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Abstract. Evidence for in situ generated atmospheric gravity considered distinct from an SSWleriwether and Gerrard
waves associated with a stratospheric temperature enhancg004) have reviewed the phenomenology of STEs and have
ment (STE) are presented. The signatures of two sets of gravhighlighted the interesting attributes of the structures, includ-
ity waves are observed by molecular-aerosol lidar in conjunc4ing (1) the nature of their development and evolution, (2)
tion with the early December 2000 STE event above Son-how STEs may serve as precursors to sudden stratospheric
drestrom, Greenland. The first set of gravity waves showsvarmings, and (3) the role of STEs as in situ generators of
downward phase progression with a vertical wavelength ofmiddle atmospheric gravity waves. The first issue has been
~8 km while the second set shows upward phase progressioaddressed by a number of authors, including a companion pa-
with a vertical wavelength of9km. With estimates of the per by Thayer and Livingstorf2008. This paper addresses
background wind fields from synoptic analyses, the variousthe third issue by analyzing a STE event in December 2000,
intrinsic gravity wave parameters of these two wave struc-when the height of the stratopause dropped-#2 km and
tures are found. The observed wave features compare well temperatures were enhancedb%0 K, described in that ear-
previous numerical modeling predictions. lier Thayer and Livingstoti2008 paper.

As noted in the review bivleriwether and Gerrar(2004),
numerical modeling of STE events thairlie et al.(1990
suggest that gravity waves are generated at the location of the
STE. More recentlyadas and Frittg2001), andFritts et al.

Stratospheric temperature enhancements (STEs) have beé%ooa halve dllscg§sed strong temper_atlure anomallesfand SPb'
experimentally observed, theoretically and numerically mod-S€duent local adjustment as potential generators of gravity

eled. and discussed in the scientific literature for some timeWaves. As reproduced frofairlie et al.(1990 in Fig. 1,

often under differing nomenclature such as: stratospheri¢/PWard propagating gravity waves are seen in model runs

baroclinic zones, stratospheric sudden warmings (SSWS)\{Vith horizontal wavelengths of1200km, vertical wave-

winter stratospheric temperature anomalies, etc. SSW or ‘ljle'nglthsl of~8 krrll, and |ntr|ni|c pe;'_OddS ot10h. Thoughl
major warming is defined by the World Meteorological Orga- SINd'€ large-scale wave such as this does not transport large

nization as an increase in zonal-mean temperature of the pdMounts (:L hlorlzonta_l rtnomelrtum v:artlcallyt, their pretsence
lar region such that the net zonal-mean zonal winds becom&'@Y NONENEIESS assiSt smaller-scale gravity waves 1o move

easterly north of 60N at 10 hPa or below. An STE, such as towards convective or dynamical instability due to localized

the one discussed in this paper, leaves the lower stratosphe%ave'wave_ |'nteract||on5F (itts hand AIexar;1der2003.. Fgrl' |
relatively undisturbed from a global context and is therefore!"€rMore, it is not clear to what extent the associated local-

ized momentum deposition plays a role in the re-stabilization
of the high latitude middle atmosphere system (i.e., the ref-
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Fig. 1. From Fairlie et al.(1990. Simulated cross-section of temperature (dashed, units of K) and the divergence of the horizontal wind
(solid, units of 108s~1) at 57.5 N on 25 February 1979. Regions of convergence are shaded. Note that the the original pressure axis of
millibars (written as mB) has been retained. The figure has been modified to highlight modeled, upwardly propagating gravity waves to both
the west and east of the STE/baroclinic zone. Estimated gravity wave parameters are listed.

In situ observations of STE-associated gravity waves havesarly December 2000Thayer and Livingston2008. Mea-
not been reportederiwether and Gerratd2004. To our  surements were taken on the days indicated by black markers
knowledge, this paper presents the first observations of suchnd interpolated across the entire duration of the STE event.
gravity wave signatures and associated wave structures gemncertainty of the lidar-deduced temperatures is less than
erated during an STE event. The observations were takeB8 K below 70 km. Of particular note is the lidar data from
during 11-12 December 2000 above Sondrestrom, Greent1-12 December [day of year 346—-347] , whose time evo-
land. Synoptic scale conditions prevalent during this STElution is also portrayed in Fig. 3. The temperature data here
were presented iffhayer and Livingstorf2008); this study  was low pass filtered in the vertical with a cutoff at 7 km. Un-
deals exclusively with the period of peak STE temperaturescertainty on the measured temperatures is less than 5 K below
over Sondrestrom. In Sect. 2 we present a brief overview of74 km. In these data the STE is clearly evident as a narrow
the instrumentation and analysis, in Sect. 3 we discuss theidge of temperatures exceeding 320 K; over 40K above the
gravity wave characteristics, and in Sect. 4 we discuss theselimatological value Gerrard et a|.2000.
findings. From the ~25h long set of molecular — aerosol lidar
data spanning this time period, it is possible to obtain time-
resolved relative atmospheric density perturbations between
30km and 70 km as outlined i@errard et al(1998 2004H.
Data used in this study originate from the ARCLITE The density perturbation data (relative to an estimated atmo-
molecular-aerosol lidar system located at SondrestromSPheric background), available in 5min by 192m vertical
Greenland. The ARCLITE system is discussed in detail inresolution bins, have been low pass filtered with cutoffs at
Thayer et al.(1997 and data from this system consist of 2km in the vertical and 30 min in the temporal. These rela-
range-time resolved temperature profiles of the upper stratotive density perturbations are shown in Fig. 3.
sphere and lower mesosphere, relative gravity wave activity In a perturbation analysis of the base-state parameters of
in the upper stratosphere, and aerosol volume backscatter can ideal gas, it can be shown that regions of high density per-
efficients. The data products have been used to explore mesturbations correspond to regions of lower temperatures. This
spheric clouds Thayer et al. 2003, relationship between is the case on inspection of Figs. 2 and 3, where high den-
gravity waves and mesospheric cloue(rard et al.1998 sity perturbations are 18@ut of phase with the correspond-
20044b), thermal and gravity wave climatologie&érrard  ing temperatures. As such, Figs. 2 and 3 essentially show
et al, 2000, and the synoptic development of the polar vor- the same thing, but gravity wave signatures are more readily
tex (Gerrard et a].2002. In Fig. 2 we present interpolated extracted and analyzed in the relative density perturbations.
temperature profiles taken by the Sondrestrom lidar system ifrrom these figures, one sees that the STE peak temperatures

2 Instrumentation and analysis
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Fig. 2. From Thayer and Livingstor{2008. Evolution of middle atmospheric temperatures over Sondrestrom, Greenland in December
2000 as measured by the molecyirosol lidar system. The vertical black line represents the day under study herein. (right) Range-time
temperature evolution over Sondrestrom over the day near the estimated peak STE represented by the vertical black line (i.e., day of yeal
346-347, night of 11-12 December 2000, leap year). Time is local solar time (LST) with 00:00 representing midnight of 11 December.

peak intensity through the course of the observations. This is TS T ALY
presumably due to the time-varying nature of the baroclinic w.
-\

zone and other atmospheric structures, like gravity wave ac-
tivity.

3 Gravity wave structures

Inspection of Fig. 3 shows at least two regions of relatively
coherent wave-phase progression. These two areas of wave
like structure are highlighted in Fig. 3, where the waves in
the upper left corner (centered-a04:00 LST and~65 km,

and indicated by red streaks sketched by inspection of the
data) are referred to as “set 1", and the waves on the right
(centered at-09:00] LST and~50km, and represented by
blue streaks) are referred to as “set 2.” No wave structures
were apparent in the data belowt5 km.

Addressing wave set 1, the wave structure has a downwarétig. 3. Relative upper stratospheric and lower mesospheric den-
phase progression in time, a vertical wavelength-&km sity perturbations observed by the molecular/aerosol lidar system at
and an observed period ef5h. This type of structure is S'ondrestrom.for the same range-time of Fig. 2'. The relative den-
common over Sondrestrom (for e.g., seen in data presenteglty Perturbations are scaled froril0 % to 10 % in 20 grey-scale
in Gerrard et al. 1998 and Gerrard et al. 2000, and has intervals. Black reprgsents the nggatlve perturpathns, while Whlte
the characteristic of an atmospheric gravity wave propagat_represents the ppsmve perlturbatlons. Solar_ noise is present in the

60- to 70 km region of the figures around 12:00 LST which prohib-

Ing upwar'ds '_n he'ght ,("e" the phase progression is d,own"lted robust calculation of the temperatures in Fig. 2. Phase peaks of
ward, which is indicative of upward energy progression). ,yard and downward phase lines corresponding to the two gravity
Strictly speaking, downward phase propagation results in Upwave sets are determined by inspection and highlighted.

ward propagation of energy in a fluid at rest or in a frame

moving with the background wind. This would hold approx-

imately true if the polar vortex mass did not move signifi-

cantly during the STE event. Such an assumption is not untnited Kingdom Met Office (UKMO) shows that geopoten-
reasonable; for instance, analysis presentd8hattacharya tial height at 10 hPa remained relatively constanB§ km)

and Gerrard2010 using stratospheric assimilated data from over Resolute Bay (PN, 95° W) during the STE period
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reported here. Assimilated data from National Center for En-4 Conclusions
vironmental Prediction (NCEP) gives the average horizontal

wind velocity~50 m st at ~65 km.

If the wind velocity vectorU is aligned with the gravity
wave horizontal wavenumber vectbr (in general, gravity
waves with such aspect ratios propagate in the direction o
wind as modeled irGerrard et al. 20043, and using the
buoyancy frequencyv deduced from the nightly averaged

Assuming that the first real root of set 1 and the first real
root of set 2 are the physically meaningful roots (i.e., both
indicating upwards gravity waves propagating from the STE
fegion which fits the physical model), the observed gravity
wave characteristics compare very well with model output of
Fairlie et al.(1990. Furthermore, there was no indication

temperature profile, the horizontal wavelength and intrinsicof any wave structures below the STE temperature peak (i.e.,

period o™ of the wave can be estimated from the gravity
wave dispersion relationship in the form:

N2k2 + f2m2

2 2

1)
where, aside from the variables already described eadlier
is the ground-based frequency,is the Coriolis parameter,
andm is the gravity wave vertical wavenumber. The group
velocity of the gravity wave can also be determined from this
equation by taking the derivative afwith respect to the hor-
izontal or vertical wavenumber to yield the horizontal group
velocity or vertical group velocity, respectively.

Numerical solution of the dispersion relation using a La-
guerre method yields two real roots and two imaginary roots

between 30 km and 45 km) to indicate a gravity wave passing
through the STE. As such, we conclude that this is strong
evidence for an observation of upward propagating gravity
waves generated in situ by a STE event.

It should be noted that higher than normal total ozone
content were reported in the Arctic vortex (until°@$ lat-
itude for which ozone data was available) for the 2000—
2001 winter; for December 2000, total ozone was higher by
~20,% compared to early 1980s (NCEP-NOAA Winter Bul-
letin, 2000-2001). An unusual and extensiv8 km thick
aerosol cloud layer, spanning almost the entire polar vortex
around~38 km altitude also formed in the first two weeks
of December 2000, as reported Berding et al.(2003
observed from four different Arctic station8hattacharya

‘et al. (20049 have also reported increased gravity wave ac-

The imaginary roots are discarded as they represent evaneﬁ\—,ity in the mesopause (hydroxyl airglow layer) polar vortex

cent structures. The first real root results in a gravity wave

with a horizontal wavelength o£1700 km and an intrinsic
wave period of~10.5 h, with positive horizontal and verti-
cal group velocities indicating an upward propagating grav-
ity wave moving in the direction of the background wind.
The second root yields horizontal wavelength~e400 km
and an intrinsic wave period of4 h, with a positive hor-
izontal group velocity and negative vertical group velocity
indicating a downward propagating gravity wave moving in
the direction of the background wind.

Addressing wave set 2, the wave structure has an upwar
phase progression in time, a vertical wavelength-8fkm,
and an observed period 626 h. Estimating that the back-
ground wind velocity from NCEP analyses to be +70Th,s
coupled with the assumption of wave vectapproximately
aligned withU, the first real root yields a gravity wave with
a horizontal wavelength of£1870km and an intrinsic wave
period of~10.4 h, with positive horizontal and vertical group
velocities indicating an upwards propagating gravity wave
moving in the direction of the background wind. The sec-
ond real root yields a wave with a horizontal wavelength of
~6200km and an intrinsic wave period of12.6 h, with a
positive horizontal group velocity and negative vertical group
velocity indicating a downward propagating gravity wave
moving in the direction of the background wind.

It can be shown that uncertainties-of km in the vertical
wavelengths+1h in the observed periods, aafdlOmst
do not dramatically alter the estimated horizontal wave-
lengths and intrinsic periods.

Atmos. Chem. Phys., 11, 119181917 2011

immediately following the STE events described in this pa-
per. These observations in the current context increase the
likelihood that the temperature enhancement, and the asso-
ciated GW generation had their origins within a relatively
shallow layer in the stratosphere. The long wavelength ob-
served is also suggestive of a horizontally extensive forcing
and a slower adjustment proceBsitts et al, 2006, unlike a
vertically extended source typically found around the edges
of a split vortex.

Based on this one observation, we are currently searching
ﬂwrough the NCEP geopotential data archive for similar polar
vortex configurations seen during this event. However, the
combination of observing conditions, namely (a) the disrup-
tion of the polar vortex over Sondrestrom and actual occur-
rence of an STE when (b) there are clear sky conditions in
which (c) the ARCLITE lidar system was collecting data is
quite rare. Utilization of other lidar data archives, e.g., from
the ALOMAR lidar system, the Poker Flat Lidar system, and
the Eureka lidar system, would likely increase the probability
of observing gravity waves associated with a STE.

In conclusion, in situ forcing of middle atmospheric grav-
ity waves are of interest to the upper and lower atmospheric
communities because, to date, little is known about the con-
tribution that such waves may play in the global circulation.
In this study we have demonstrated the likely origin of such
in situ forcing associated with an observed STE. Further
studies are necessary to better understand the role of such
waves in the high latitude environment, how frequently such
waves are generated, and the synoptic impacts on the sur-
rounding atmospheric environment.
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