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Abstract. Resonant sodium lidar measurements from thedynamical instabilities resulting from gravity wave fluctu-
transition region between the mesosphere and lower therations in the mesosphere (e.fritts and Rastogi1l985
mosphere have revealed frequently-occurring overturningBishop et al.2004. Larsen et al(2004), however, suggested
events characterized by vertical scales ©8-6km and thatthere is also a different class of overturning features with
timescales of several hourd.arsen et al(2004 proposed longer time scales of several hours and larger vertical scales
that a convective roll instability, similar to that found in the of 4—6 km that are not easily explained by gravity wave or
planetary boundary layer, is the likely mechanism responsiKelvin-Helmholtz instabilities. In that pap&arsen et alar-

ble for the events. This type of instability requires an in- gued that the relevant dynamics were closely related to the
flection point in the background winds near the center of theinflection point instabilities that generate convective roll vor-
vortex roll with a low static stability region capped by an in- tex features in the planetary boundary layer (PBL) with char-
version. The earlier paper argued that the conditions requiredcteristics similar to those observed in the MLT region.

to support the instability are common in the altitude range The literature on convective roll features in the PBL is ex-
where the features are found. In this paper, we use data frorensive (see, e.gBrown, 1972 198Q Stensrud and Shirgr
the University of Illinois sodium lidar that was located at the 1988 and references therein). Originally, it was thought that
Starfire Optical Range near Albuquerque, New Mexico, andthe rolls were infrequent since the events were mainly iden-
from the Maui/MALT Lidar Facility in Hawaii and present tified by the visual indicator of cloud streets observed from
several cases that are used to examine the behavior of th&rcraft or in satellite photos. More recent observations using
inflection point in detail as a function of time during the evo- radars and lidars have shown that the features are common
lution of the overturning event. In addition, we examine the and dynamically important in the boundary layer. The fea-
background static stability conditions using the temperaturetures, which are usually referred to as boundary layer rolls

data from the lidar. or vortex rolls, are associated with an instability that requires
Keywords. Meteorology and atmospheric dynamics (Ther- &N inflection pointin the background wind profiles that leads
mospheric dynamics; Turbulence: Waves and tides) to longitudinal instabilities. The inflection point is the height

where the second derivative with height of the wind compo-
nent vanishes, i.e., the altitude where the Rayleigh inflection
point criterion for instability is satisfied. In addition to the
sheared wind profile, the existence of a lower stability region
capped by a region of higher stability is also required to gen-
erate the rolls. As discussed in more detailllaysen et al.
?2004), the instability is distinct from the Kelvin-Helmholtz
"’}hstability and does not require subcritical Richardson num-
bers.

Lilly (1966 presented the first detailed analysis of the in-
ction point instability as it applies to the Ekman spiral
in the PBL. In particular, he showed that the variation of

Correspondence td:. Hurd the winds with height in the lowest few kilometers of the
BY (Ihurd@clemson.edu) atmosphere tends to be unstable because of the turning and
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1 Introduction

A number of observational studies of neutral instabilities in
the mesosphere and lower thermosphere (MLT) region hav
focused on shorter time scale and smaller spatial scale fe
tures, most likely associated with gravity waves or Kelvin-
Helmholtz instabilities in regions with low Richardson num-
bers. Several have shown evidence for both convective anﬂe
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Fig. 1. Contour plots as a function of time and altitude of the temperature, sodium density, zonal winds, and meridional winds measured
with the Maui/MALT lidar on 13 April 2002.

wind speed shears that generally characterize that altitudeslative to the mean background wind direction at the height
range. The background winds therefore often satisfy theof the inflection point. The convective rolls are important in
requirement of the existence of an inflection point togetherthe PBL because of the enhanced transport and eddy mixing
with the requirement for a substantial shear across that inflecthat they create.

tion point. Analytic theories, such as that developed ily , The overturning events of interest to us occur at the meso-
have been successful in showing the tendency for instabilitysphere/lower thermosphere transition region near 100 km al-
but have been less successful in predicting the characteristidtude rather than in the boundary layer. In the upper atmo-
of the structures. Numerical models are generally requiredsphere, the inflection point instability is associated with the
because of the large number of variables involved. Moreoverturning and speed shears associated with the tidal fluctuations
the instability depends on the angle between the mean flovand the rapid increase in the wind speeds that occurs in the al-
and the roll orientation and on the horizontal wavelength. Re-itude range between 95 and 105 km, as discussddtsen
sults of numerical modeling studies have predicted aspect ra2002), rather than the Ekman spiral. In addition, the tran-
tios, i.e., the ratio of the horizontal to the vertical scale of sition region is characterized by lower static stability in the
the rolls, of 5-6, although aspect ratios as large as 15 havenesosphere capped by a higher static stability region at the
been observed in the boundary layer. Both the analytic ananesopause and in the lower thermosphere, i.e., the second
numerical studies predict that the convective roll axes will becondition required to support the convective roll instability.
rotated clockwise between16—20 in the horizontal plane
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Fig. 2. Wind profiles showing shears and and the inflection point for varying vertical orientations at different stages of the observing period
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In this paper we examine data from several cases obtained
with the high-sensitivity University of lllinois sodium lidars
that were operated at the Starfire Optical Range in New Mex-
ico and at the Maui/MALT facility at Haleakala on the island
of Maui in Hawaii. Besides the sodium density, the instru-
ments provide the temporal variations of the temperature and
wind profiles. Details of the lidar instrumentation and the
technigue can be found in the article biu et al. (2002.

The overturning features are characterized by a vertical scale
of ~4-6 km near the transition from the mesosphere to the
lower thermosphere. The observations also show a timescale
of ~1-4h. Our goal here is to determine if the observed
characteristics are consistent with the behavior expected for
a convective roll instability. Specifically, we will estimate
the aspect ratios of the convective rolls. This will allow us to
make comparisons with the convective roll studies from the
lower atmosphere, described above, and to look for similari-
ties between the vortex rolls that are commonly observed in
the planetary boundary layer and the convective rolls that are
observed in the lidar data. As we will show, the aspect ratio

Ann. Geophys., 27, 2ZB8¥5-2009
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Fig. 4. Contour plots as a function of time and altitude of the temperature, sodium density, zonal winds, and meridional winds measured
with the Maui/MALT lidar on 14 January 2002.

for the MLT events is consistent with the aspect ratio pre-2 Observations

dictions of the modeling studies for the lower atmosphere.

This analysis also allows us to investigate the variation of the2.1 Maui/MALT, 13 April 2002

wind profile inflection point with time as the overturning fea-

tures develop and eventually dissipate. As we will show, theThe first example of a convective roll observed with the

roll features are present during the period when the inflectiorMaui/MALT lidar is shown in Fig1 from 13 April 2002. The

point is present and well defined, but not before or after. sodium density plotted in the upper righthand panel of the

The analysis presented here does not exclude other instdigure shows that overturning began near 12:00 UT around

bilities as an explanation for the observed roll structures, bu94—95 km. The top of the structure was at 98—99 km and ex-

shows that the convective roll instability can explain the maintended to the end of the observing period near 16:00 UT. The

characteristics of the observed rolls. Particularly, we will temperatures, zonal winds, and meridional winds measured

present an analysis of three events that are representative bf/ the lidar are plotted in the other three panels in the figure.

other similar events. A necessary condition for the convective roll instability is
that the second derivative of the background wind with re-
spect to height is zero somewhere, i.e., that there is an inflec-
tion point in the background wind profile (see, eBrown,
1972 198Q Etling and Brown 1993. In practice, the roll
axes are expected to be aligned withirt4&0 of the direc-
tion along which the largest shear occurs with an inflection
point. The text byHouze(1994 presents a good discussion
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Fig. 5. Wind profiles showing shears and and the inflection point for varying vertical orientations at different stages of the observing period
for 14 Janurary 2002. The legend refers to the degrees of the direction for the corresponding profile.
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with an example of how the wind profiles are analyzed in
the case of a boundary layer flow with an Ekman spiral pro-
file. In effect, for variations that are close to sinusoidal, the
inflection point is found near the zero crossing.

In Fig. 2, we have plotted average wind profiles for four
different times during the overturning event, using the same
approach described ylouze Specifically, the wind pro-
file components for planes separated by BDazimuth are
shown for the azimuth range froni €0 150°. The four sets
of profiles correspond to times near 07:50, 11:50, 13:00, and
16:10 UT, i.e., a period before the overturning starts, a period
at the start of the overturning, a period when the overturning
is fully developed, and a period at the end of the observation
interval. The profiles from 11:50 UT show a clearly devel-
oped zero crossing in the center of the altitude range where
the roll structure develops. The zero crossing is still present,
although not as well defined in the profile from 13:00 UT, and
disappears completely from the height range of the convec-
tive roll by the end of the observation period when the over-
turning feature becomes weaker and appears to dissipate.

Ann. Geophys., 27, 2ZB875-2009
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From the figure, it is evident that the largest shear occurghe lidar by the spanwise wind component, which is usually
along the 150 azimuth direction. The rolls are expected to small. In other words, we assume that the structure is frozen
be long, extended structures in the direction along that planein the flow to some extent. In the example in the previous
If the roll axis was exactly aligned with the mean wind di- section, it was clear however that the temporal variations are
rection, no time variation would be expected in the struc-also important in determining when the appropriate condi-
ture observed from a ground-fixed position, but since the rolltions occur to initiate the instability and when the conditions
axis alignment is slightly to the right of the geostrophic wind that support the instability disappear. The competing roles
direction, the small wind component spanwise to the roll of temporal and spatial variations is even more apparent in
slowly advects the roll structure past the observing site. Inthe 14 January example. In this case, the inflection point
our case, this anglg is assumed to be $8The overturning is evident in the later wind profiles (lower panel in Fig).
takes place over a period o4 h. The magnitude of the wind  with a strong shear across the inflection point. An inflection
velocity along the 150plane is~4 m/s. Using these values point is also evident in the wind profile from the time when
gives a horizontal scale size for the vortex roll around 18 km.the overturning is well developed (upper righthand panel).
Combined with the vertical scale size of 4 km, we get an as-The inflection point is not well-defined in the earliest profile
pect ratio of about 4.5, which is in qualitative agreement with (upper lefthand panel) that corresponds to a time when the
the aspect ratios for rolls in the planetary boundary layer.  overturning feature had weakened.

The temperature profile close to the time when the roll fea- The largest shear in the winds occurred along thHedsi
ture first develops is shown in Fi8. A temperature inversion entation in this case. Therefore, the convective roll should
is evident above the altitude where the roll develops. The alti-align along a direction approximately 18 the right of that
tude range below the inversion is characterized by a negativeirection. To determine the horizontal scale of the overturn-
lapse rate and lower stability. The event, therefore, has théng, we again use the time scale of the overturning and the
lower stability region capped by a higher stability region that magnitude of the spanwise velocity at the inflection point to

is a characteristic of the convective roll instability. estimate the horizontal scale of the convective roll and the
aspect ratio. In this case the overturning occurred over a pe-
2.2 Maui/MALT, 14 January 2002 riod of 3h, and the winds plotted in the righthand plot of

Fig. 5, which represent the conditions during the event, give
The second overturning event analyzed here is from 14 Jang spanwise velocity of5 m/s. The horizontal scale for the
uary 2002. The height/time contours of the sodium densityroll is therefore~17 km. Since the vertical scale is close to
are shown in the upper righthand section of BigThe layer 6 km, the aspect ratio is about 3. These values are qualita-
peak value is about 3300 cthand occurs around 08:00 UT  tively consistent with those found in the planetary boundary
at an altitude near 92km. The feature of interest, how-|ayer.
ever, is the overturning event that occurs between 07:00 and The average temperature profile for the 09:00 to 09:15 UT
10:00 UT. The bottom of the overturning is near 95 km and isinterval is shown in Fig6. Again, the vertical temperature
observed soon after 10:00 UT. The top of the convective rollstructure shows that the requirement for a lower static sta-
is located near 103 km and was observed close to 07:00 UTb|||ty region Capped by a h|gher static Stab|||ty region is ful-
Therefore, the feature in this case has a duration of 3—4 h anfjjjeqd.
a vertical scale of 5-6 km. The temperatures, zonal winds,
and meridional winds measured by the lidar are also showrp.3  Starfire, 26 October 2000
in the other three panels of Fid.in a format similar to that
in Fig. 1. The final example is from observations with lidar at the
In this case, the sense rotation associated with the conveStarfire Optical Range operated during the Turbulent Oxy-
tive roll is reversed, so that the top extent of the feature isgen Mixing Experiment (TOMEX) on 26 October 2000. The
observed first. The instability is expected to produce pairs ofcontour plots of the winds and temperature are shown in
counter-rotating vortices. The rotation therefore depends orig. 7. The overturning feature occurred between 06:00
which vortex tube in the pair happens to be above the locaand 10:00 UT. The bottom of the structure was located near
tion of the lidar at the time of the observation. 95 km at 08:00 UT, and the top was near 101 km. The strong
As in the previous example we can use the wind profilesupwelling associated with the overturning is evident between
to determine the orientation of the convective vortex axes.09:00 and 10:00 UT. The feature had a timescale of 3—4 h and
The winds for the 14 January event are plotted in Bign a vertical scale of 5-6 km. The sense rotation of the convec-
the same format that was used in the analysis in the previousve roll is the same as the previous example.
section. We also show in this case the winds at a time when Once again, the wind profiles are used to determine the
the overturning is fully developed (upper righthand panel),roll axis orientation and are presented in Fgg. As in the
as well as at the beginning and end of the observed overprevious cases, the development of the inflection point was
turning event. In general, we are assuming that the vortexclear as the overturning developed. The largest shear in the
roll feature is traced out as the roll structure is advected pastvinds occurred along the 15@rientation, implying that the

Ann. Geophys., 27, 2932945 2009 www.ann-geophys.net/27/2937/2009/
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Fig. 7. Contour plots as a function of time and altitude of the temperature, sodium density, zonal winds, and meridional winds measured
with the Starfire lidar on 26 October 2000.

convective roll was aligned approximately°1® the right  bility mechanism, similar to the convective roll instabilities
of that direction. The spanwise velocity calculated from the observed in the planetary boundary layer. The overturning
wind profiles is~4 m/s. This result, and the period-e8.5 h, structures appear in the region where the inflection point in
yields a horizontal scale of16 km. As discussed above, the the wind profiles becomes well defined and weaken or disap-
vertical scale is near 5km, which results in an aspect ratigpear when either the inflection point disappears or the shear
of about 3 for this convective roll. Similar to the previous across the inflection point weakens. The aspect ratios, i.e.,
examples, the values are qualitatively consistent with thoséhe ratio of the spanwise horizontal scale to the vertical scale,
found in the planetary boundary layer. are also consistent with the aspect ratios for such features
The average temperature profile for the time nearobserved in the lower atmosphere. In all three cases, the
10:00 UT is presented in Fi@. The transition from lower requirement for a higher stability region overlying a lower
static stability to a higher static stability is again evident. stability region, which is conducive to the development of a
convective roll, was also found to exist.

3 Conclusions The convective roll structures have a relatively large span-
wise horizontal scale that is estimated to be on the order of
The three examples presented here show an overturnin@y5—-20 km in the cases presented here. Since the roll axes
structure in the sodium density that has characteristics conare aligned close to the mean wind direction, the spanwise
sistent with the expectations for an inflection-point insta- wind component is small, leading to the long time scale of

www.ann-geophys.net/27/2937/2009/ Ann. Geophys., 27, 2ZB8¥5-2009
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Fig. 8. Wind profiles showing shears and and the inflection point for varying vertical orientations at different stages of the observing period
for 26 October 2000. The legend refers to the degrees of the direction for the corresponding profile.

the features. With a single-station observation, such as thosgcs of the observed features. The scale sizes of the rolls have
presented here, it is impossible to separate the temporal anthe same aspect ratio as those of similar features in the lower
spatial variations unambiguously. In the first case from 13atmosphere, and the rolls occur when the inflection point and
April 2002, the sense of rotation of the overturning feature stability conditions for roll features occur. A more convinc-
and time variation of the flow suggest an interpretation ining stability analysis requires a numerical model simulation
which the conditions for instability develop with time and of the MLT region with the appropriate wind and tempera-
then disappear later, along with the overturning. The otherture profile conditions, although that is beyond the scope of
two cases, however, show weak instability conditions ini- the current study.

Overturning features of the type analyzed here, i.e., those
the strong upward movement occurs later, i.e., at the tim&yjth time scales of several hours and vertical scales of several
when the stronger instability conditions are observed, sugyjlometers are common in the lidar data sets from the Starfire
gesting that the instability conditions characterize the regionoptica| Range in New Mexico, from Puerto Rico, and from
rather than the specific time. The development of the instapmaui/MALT in Hawaii, as discussed biyarsen et al(2004)
bilities in any given case is likely to be a combination of both g1, vount et al.(2009. The general characteristics shown
effects, i.e., instability conditions that develop both as afunc—by the analysis of the three events presented here appear to
tion of temporal variations in the background flow and as apg representative of other events as well.

function of the larger scale spatial gradients.

tially and stronger instability conditions later. In those cases,

Ann. Geophys., 27, 2932945 2009

The convective roll structures in the planetary boundary
The analysis presented here is only sufficient to suggeskayer are a common feature of the dynamics in that alti-
that the convective roll instability can explain the characteris-tude range, and such large eddies contribute significantly to
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