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Abstract. Rayleigh and resonance lidar observations werel Introduction
made during the Turbopause experiment at Poker Flat Re-

search Range, Chatanika Alaskaq65 147 W) overa 10 h

X ) . Turbulence is critical in determining the vertical distribution
period on the night of 17-18 February 2009. The lidar Ob'_and transport of minor species in the middle atmosphere as

servations revealed the presence of a strong mesospheric ifjja|| 45 contributing to the dissipation of waves and tides in
version layer (MIL) at 74 km that formed during the obser- . region. The dynamical processes of gravity-wave in-

vations and was present for over 6h. The MIL had a maxi-giaijity. overturning, breaking, and nonlinear behavior both
contribute to turbulent processes in the mesosphere and are

mum temperature of 251 K, amplitude of 277 K, a depth
i —1
of 3.0km, and overlying lapse rate of &0.3Kkm™=. impacted by them (see the collection of papers in the mono-

The MIL was located at the lower edge of the mesosphericgraph edited by Siskind et al., 2000; and the review arti-

sod?um layer. During this coincidence the lower edge of thecles by Fritts and Alexander, 2003; Hecht, 2004). Efforts
sodium layer was lowered by 2km to 74km and the bot-y, cparacterize turbulence vary between attempts to describe

ton;(side shcale height offtr;]e sodium incregsed from 1:<m Ghe time-averaged behavior that supports studies of the com-
15km. The structure of the MIL and sodium are ana yzedposition and circulation of the middle atmosphere at sea-

:n ternl;s of (\j/efrtic:[il dif;L(ljsiv;f'Fransport. f-lf_.h_e atna;yjés@yiellds @sonal and climatological time-scales (e.g., Schoeberl et al.,
ower bound for the eddy diffusion coe 'C'in 0 B 1983; Vlasov and Kelley, 2010) and attempts to describe the
anq the energy d|SS|pat|_on r_ate °f2-? mV\T at 76_,77 km. small-scale transient processes that generate turbulence lo-
This value of the eddy diffusion coefficient, determined from cally (e.g., Lehmacher andibken, 1995; Hecht et al., 1997:

naturally occurring variations in mesospheric temperaturesBishOp et al., 2004; Lehmacher et al., 2006). Furthermore
and the sodium layer, is significantly larger than those "®there are significant differences in the techniques used to

g_or_':jed 1;or rlnean wmter(\j/a_llues in the '?‘rCt'C but similar tg_'ln' measure turbulence that tend to yield systematic differences
vidual values reported in regions of convective instability in'tne values of turbulent parameters (e giibken, 1997-
by other techniques. Hecht et al., 2004).

Keyords. Woteology and amosphericdnanics (i 112 TIPS SORTment oS esgnes o suance
dle atmosphere dynamics; Turbulence; Instruments and tech- 9 P . PP >SOSP
: and lower thermosphere by making rocket-borne indepen-
nigues) : .
dent measurements across the turbopause using two dif-

ferent techniques; (i) spectral analysis of small-scale high-

frequency density fluctuations, and (ii) expansion of lumi-
nous vapor trails (Lehmacher et al., 2011). In this paper we
present lidar observations of the upper mesosphere on the
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the Turbopause experiment. The lidar observations werel9:47 until 07:12 on the night of 17-18 February 2009 LST
Rayleigh lidar measurements of temperature proftdd—  (04:47-16:12, 18 February 2009 UT, UT=LST+9h).
90 km) and resonance lidar measurements of mesospheric In this study we report temperature profiles for both the
sodium profiles £70-120km). The rocket-based measure- entire night over the 40—90 km altitude range and successive
ments coincided with the appearance of a mesospheric inve2-h intervals over the 40-82km altitude range. When we
sion layer near 75 km, with an overlying near adiabatic lapseconsider the temperature structure at the time of the rocket-
rate, and changes in the structure of the bottomside of théborne measurements (i.e., profiles based on the integration
sodium layer at the same altitude. We analyze these observaver the 2-h intervals centered on the rocket-borne measure-
tions in terms of recent studies of wave-breaking, turbulencement), we use the corresponding ionization gauge tempera-
and sodium chemistry and estimate the eddy diffusivity assoture measurement as the initial temperature in the lidar in-
ciated with the mesospheric inversion layer. version. When we consider the temperature structure for the
This paper is arranged as follows. In Sect. 2 we describevhole night (i.e., the nightly mean or a sequence of 2-h pro-
the Rayleigh and resonance lidar techniques and the methodies), we use the average of the ionization gauge temperature
used to determine and characterize the thermal structure antgieasurements as the initial temperature in the lidar inversion.
the sodium layer. In Sect. 3 we present the lidar observation§Ve determine the uncertainty in the measurements due to the
in terms of the mesospheric inversion layer and the coinci-initial temperature by calculating the variation in the mea-
dent structure of the sodium layer. In Sect. 4 we analyze thesured temperatures due to changes in the initial temperature
observations in terms of turbulent transport and estimate th¢+10 K, £25 K).
eddy diffusion coefficient. In Sect. 5 we discuss our obser-
vations and results in terms of other studies of turbulence2-2 Resonance lidar

Finally, in Sect. 6 we present our summary and conclusions. . . .
Resonance lidar measurements of the mesospheric sodium

layer have been made at Chatanika on an ongoing basis since
1995 (Collins et al., 1996; Collins and Smith, 2004). The
configuration of the resonance lidar during the Turbopause
2.1 Rayleigh lidar experiment differed from that reported by Collins and Smith
(2004). For this experiment we replaced the 0.35 m diameter

Rayleigh lidar measurements of middle atmosphere temperd€!€scope with a 1.04 m diameter telescope, and we replaced
tures have been made at Chatanika on an ongoing basis sinda€ flashlamp-pumped dye laser with an excimer-pumped
1997 (Thurairajah et al., 2009). The configuration of the Ii- dye Igser. Coqsequently due to the Increase in thg recever
dar system during the Turbopause experiment was the sanfd €& Increase in the laser power, redlu_c'uon |n_Iaser_I|neW|dth,
as that reported in recent studies (e.g., Thurairajah et al2nd increase in laser frequency stability, the lidar signal lev-
2010a, b). The lidar observations yielded measurements 0@Is; were a factor 10-20 times greater than in earlier studies

the stratospheric and mesospheric temperature profte< at Chatanika. The resolution of the resonance lidar measure-
80 km) under the assumptions of hydrostatic equilibrium angMents was 100s and 75m. We then integrated the resonance

an initial temperature at the upper altitude. In previous stug-lidar data to 15min to improve the statistical confidence in

ies we had taken the initial temperature values from a climatdh€ sodium measurements. We used the same standard in-

atlas. The initial temperature was the major source of uncerY€rsion methods as used in previous studies to determine the

tainty in the lidar measurement in the altitude range within aSCdium concentration profiles between 70 and 120km. We
scale height¢8km) of the upper altitude. In this study we ope_rated the resonance lidar over a 10 h period from 20:35
used the Turbopause rocket-borne ionization gauge measur&til 06:00LST (05:35-15:00 UT).

ments of temperature (Lehmacher et al., 2011) to provide the

temperature at the upper altitude and thus remove this source opservations

of uncertainty from the lidar measurements. The Turbopause

rocket-borne measurements were made with four rocket8.1 Stratospheric and mesospheric temperature

launched over a period of two hours. The ionization gauge

measurements were made during the downleg stage of twiVe plot the average temperature profile for the observation
of the rockets that were launched at 01:29 LST (10:29 UT)period in Fig. 1. We integrated the lidar signal over the whole
and 01:59LST (10:59 UT). The resolution of the Rayleigh observation period to provide a statistically significant profile
lidar measurements was 50 s and 75 m. We then integrate thap to 90 km. We also plot the temperature profile from the
Rayleigh lidar data to improve the statistical confidence inmonthly reference atlas of the Stratospheric Processes And
the temperature measurements. Except for the choice of initheir Role in Climate (SPARC) (SPARC, 2002; Randel et al.,
tial temperature, we use the same inversion methods as tho26€04). The measured temperature profile on the night of the
reported in recent studies (e.g., Thurairajah et al., 2010b)17-18 February was significantly different from the Febru-
We operated the Rayleigh lidar over an 11 h period fromary SPARC profile. The stratopause from the lidar was at an

2 Experiment and methods
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Fig. 1. Temperature profiles measured by Rayleigh lidar at _g- 15

Chatanika, Alaska on the night of 17-18 February 2009. The <

nightly average temperature measured over the interval 19:47-g 10 Max. 27.2 K
07:12LST (04:47-16:12 UT, thick dashed line) and the tempera- = 5 Min. 132 K
ture profile measured over the two hour interval 01:04—03:04 LST 0 Avg. 208 K

(10:04-12:04 UT, thin solid line) are plotted. The one-sigma tem-
perature errors due to the statistical fluctuations in the lidar signal
(dashed lines) and the SPARC February temperature profile (dashei -
line and solid squares) are also plotted. The linear fit to the topside§ 10
of the mesospheric inversion layer is indicated.

altitude of 49.8km and had a temperature of 235.1K. The
SPARC stratopause was at 49.1km and had a temperatur3

apse Rate (K/

/y Max. 9.5 K/km

of 253.4K, nearly 20 K warmer than the lidar measurement. & d Min. 5.2 K/km
The lidar measurement also shows a mesospheric inversior Vg 1T K
layer (MIL) that extended from 67.6km to 73.2km. The 00 01 02 03 04 05 06 07
MIL had a maximum temperature of 232.5K, amplitude of Time (LST = UT-9h)

9.8+ 2.3K, and a depth of 5.6 km. We determined the lapse
rate over 3km intervals on the topside of the MIL and find Fig. 2. Characteristics of mesospheric inversion layer (MIL) mea-

that the maximum lapse rate wag 4 0.2 K km~1 over the sured by Rayleigh lidar at Chatanika Alaska on the morning of 18
76.8—79.8 km range. February 2009 (solid thick line closed square). The values due to
errors in the initial temperature at 82km (long dashed lines) are

We calculated the temperature profiles over the tWO'houralso plotted. Upper: Peak MIL altitude as function of local time.

period spanning the rocket-borne ionization gauge measureyigdle: MIL Amplitude, as a function of time. The error bars are
ment at 02:04 LST (11:04 UT). We initialized the tempera- pne-sigma uncertainties due to the statistical fluctuation in the lidar

ture profile with the ionization gauge measurement at 82 kmsignal. Lower: MIL Lapse Rate as a function of time. The error bars
The temperature profile is plotted in Fig. 1. The MIL is are one-sigma uncertainties due to the statistical fluctuation in the li-
clearly evident. The 01:04-03:04 LST profile shows a MIL dar signal. The dry adiabatic lapse rate is also plotted (short dashed
that extends from 71.2km to 74.2 km. The MIL has a maxi- line). The maximum, minimum and average values are noted.
mum temperature of 251.0 K, amplitude of.2#£ 6.8 K, and

a depth of 3.0km. We find that the maximum lapse rate

is 9.4+ 0.3Kkm™1 over the 74.5-77.5km range. MILs of quence of temperature profiles using the initial temperature
similar amplitude have been reported at Chatanika at lower25K, —10K, 410K, and+25 K. The MIL appeared in the
altitudes (Cutler et al., 2001). In order to study the evolu- Rayleigh lidar temperature profiles as a robust feature from
tion of the MIL over the entire observation period we calcu- 00:30 LST until 06:00. We plot the variation of the MIL alti-
lated a sequence of 19 temperature profiles that are derivetlide, amplitude and topside lapse rate as a function of time in
from the Rayleigh lidar signal integrated over 2 h intervals Fig. 2. The MIL generally descends over time with a maxi-
at 30 min offset. Given the proximity of the MIL to the ini- mum altitude of 76.4 km and a minimum altitude of 71.4 km,
tial ionization gauge temperature, we also calculated the sewith an average altitude of 73.5km. The amplitude of the
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Fig. 3. Sodium concentration measured by resonance lidar at

Chatanika, Alaska on the night of 17-18 February 2009. TheFig. 4. Sodium concentration profile measured by resonance li-
concentration is plotted in false color as a function of time dar at Chatanika, Alaska on the night of 17-18 February 2009.
(LST=UT-9h) and altitude. The concentrations have been low The nightly average sodium concentration measured over the in-
pass filtered with Parzen filters having cut-offs of 1 km and 2 h. Theterval 20:35-06:00 LST (05:35-15:00 UT, thick dashed line) and

contour levels are 100 ch¥, 250 cnt3, 500 cnt 3, ... 4750 ¢ 3. the sodium profile measured over the 15 min interval centered at
The two vertical lines mark when the rocket-borne ionization 02:00LST (11:00 UT, thin solid line) are plotted. The profiles are
gauges made their measurements. SmOOthed Wlth a 1 km Parzen f||ter

. . ; 3
MIL varies between 13.2 and 27.2K, with an average valueWith an average value of.2x 10°cm°. The structure of
of 20.8 km. The MIL has maximum amplitude at 02:04 LST the sodium layer can be characterized by the column abun-
corresponding to the 2-h profile in Fig. 1. The uncertaintiesdance, centroid height, and rms width (Gardner ei?l., 1986).
in the amplitude vary between 5.3 and 8.0 K with an averagel e column abundance varies between>410° cm™? and

) —2 i —2
value of 6.4K. The MIL lapse rate varies between 5.2 and®4x 199 cm™“ with an average value of6x 10°cm™2, The
9.5K km L, with an average value of 7.7 Kkm. We sum-  centroid height varies between 87.8 km and 89.3 km with an

marize the evolution of the MIL as follows; the MIL forms 2average value of 88.8km. The rms width varies between
over a period of an hour, and reaches a maximum amplitud®-1 km and 5.7km, with an average value of 5.4km. We
with near adiabatic lapse rate an altitude of 74.2km wherePlOt the average sodium layer profile for the observation pe-
it remains for over an hour (01:04-02:04LST). The MIL fiod in Fig. 4. The peak of the sodium layer was at 86.1km

then weakens and descends, before strengthening again @d the peak concentration wa® 4 10°cm~3. While the
71.4km. column abundance, centroid height, and rms width describe

From Fig. 2, we see that our estimates of the MIL char- the shape of the sodium layer in terms of a single Gaussian
acteristics are robust and relatively insensitive to change irProfile, the sodium layer is asymmetric about the peak. The
initial temperature {25K, —10K, +10K, and+25K). In topside-bottomside asymmetry of the layer is evident from
general the MIL characteristics are most sensitive to initialth® narrower spacing of the contours on the bottomside than
temperature when the amplitude of the MIL is smaller. At the_ topside of the I_ayer. The to_psude scale height was 3.7 km
00:34 we see that the estimates of the MIL amplitude and/hile the bottomside scale height was 2.3km and the top-
lapse rate vary most significantly. The robustness of thes§'d€ rms width is 6.9 km while the bottomside rms width is

observations is due to the large amplitude of the MIL. 3.7km. _ o _
The sodium layer shows coherent oscillations with down-
3.2 Mesospheric sodium layer ward phase progressions that are most pronounced on the

bottomside of the layer. These oscillations reflect the pas-
We determine the sodium concentration profiles over successage of upwardly propagating waves through the layer. These
sive 15min intervals at 75m resolution and then low-passsodium oscillations have a period of 3.5h with a vertical
filter the profiles at 1 km and 2 h with a Parzen filter. We plot phase progression that indicates a vertical wavelength of
the filtered sodium concentration in false color as a func-24 km. The amplitude of the oscillations is 0.9 km. There
tion of altitude and time in Fig. 3. The variations in the are oscillations of similar period in the relative density fluc-
structure of the sodium layer are typical of those observeduations derived from the Rayleigh lidar observations. The
at Chatanika. The peak of the layer varies between an altisodium layer also shows overturning in sodium concentra-
tude of 82.7 and 89.4 km with an average value of 86.5 kmtions (e.g.,~81km at 21:00 LST), consistent with the pas-
and a concentration of.3x 10°cm™3 and 50 x 103cm=23  sage of large amplitude and/or breaking gravity waves (e.g.,
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Fig. 5. Characteristics of bottomside of the sodium layer as a 71 MIL
function of time (LST=UT-9h) measured by resonance lidar
at Chatanika, Alaska on the night of 17—-18 February 2009. The 20 21 22 23 00 01 02 03 04 05 06 07
sodium concentration averaged over the 76-77 km altitude range Time (LST = UT-9h)

(dashed line with open circle) and the sodium scale height over the

75-78km altitude range (solid line with full circle) are plotted. Fig. 6. Altitude of sodium concentration contours (alternate solid

and dashed lines) and mesospheric inversion layer peak (solid line

) ] with closed square) as a function of time measured by resonance
Hecht et al., 1997, 2000; Collins and Smith, 2004; Xu et al., and Rayleigh lidars respectively at Chatanika, Alaska on the night

2006). of 17-18 February 2009. The sodium concentration contours are
Of particular interest is the spreading of the sodium layerlabeled in cnv3.
on the bottomside that (serendipitously) coincides with the
rocket-borne measurements when the 100¢gontour ap- ) ) o
pears below 76 km from 00:30 LST until 02:15LST with a the MIL and bottomside sodlum'contours in Fig. 6. The
minimum altitude of 74.1km at 02:00LST and 02:15LST. MIL forms and appears to entrain the sodium on the bot-
This behavior is evident in Figs. 3 and 4. In Fig. 3 the altitude tomside of the sodium layer and moves downward. The
separation of the 100 cnd and 250 crm® contours has ame-  Maximum spreadl_ng_of the _sod|um layer b_etween 01:00 L_ST
dian value of 0.9 km and reaches a maximum value of 4.4 kn?nd 02:00 LST coincides with the MIL having largest ampli-
at 02:00LST. This extension of the sodium layer below tude and largest topside lapse rate (i_.e., being §trongest), and,
78km is clearly seen in the profile at 02:00 LST relative to W& assume, the largest eddy diffusion (see Fig. 2). As the
the average profile in Fig. 4. In Fig. 5 we plot average sodiumMIL weakens aft_er 02:_00 LST the diffusive transport weak-
concentration and the bottomside scale height as function§nS and the sodium disappears. When the MIL strengthens
of time. The average sodium concentration over the 76-after 04:00 LST it does so at lower altitudes and does not ap-
77 km altitude range reaches a maximum value of 276cm Pear to entrain the sodium. We note that the spreading of the
at 01:00LST considerably larger than the local maxima ofSdium layer is evident between the 250¢hand 500 cm® .
110cnT3 at 20:45 LST and 84 ci? at 04:30 LST. The bot-  contour after 00:00 LST and appears to move downward, in-
tomside scale height over a 3km altitude range centered officating that wave breaking may begin at that time and move
the 184 cm sodium contour (at 76.5km at 02:00 LST) has dovynward following th.e phase progression of a gra_wty wave
typical values of about 1 km when the 100chsodium con- ~ ©F tide before the MIL is fully detected by the Rayleigh lidar.
tour is above 76 km. At02:00 LST we find a bottomside scale Our analytic approach is guided by observational and

height of 1524 1.4 km over the 75-78 km altitude range. ~ Modeling studies of MILs. Whiteway and co-workers per-
formed ongoing soundings of the mesosphere with Rayleigh

lidar, and found that MILs were often associated with near

4  Analysis adiabatic lapse rates on their topsides (Whiteway et al.,
1995). Whiteway and coworkers used a one-dimensional
4.1 Motivation model to show that these observations were consistent with

the presence of a well-mixed turbulent layer. Lehmacher and
Based on the key observations (i.e., (i) appearance of @oworkers have reported ionization gauge measurements of
MIL with near-adiabatic lapse rate on the bottomside of theenhanced turbulence in layers with near-adiabatic and super-
sodium layer, and (ii) simultaneous spreading of the sodiumadiabatic lapse rates in the upper mesosphere (Lehmacher
layer to unusually low altitudes) we analyze the observationsand Lilbken, 1995; Lehmacher et al., 2006). Thomas and co-
in terms of wave-breaking, instability, and eddy diffusion to workers performed wintertime soundings of the mesosphere
estimate the eddy diffusivity associated with the MIL. To il- with Rayleigh lidar and VHF radar and found that the pres-
lustrate our approach we plot the trajectory of the peak ofence of MILs coincided with the presence of enhanced radar

www.ann-geophys.net/29/2019/2011/ Ann. Geophys., 29, 2Z123-2011
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scattering and concluded that the presence of the MILs coinwhereK is the eddy diffusion coefficient;, is the concen-
cided with instabilities and turbulence (Thomas et al., 1996).tration of the background atmosphere, afié=n/ny) is the

Liu and coworkers have conducted a series of numerical exmixing ratio of the tracen;. The sodium lidar provides mea-
periments to show that interactions between tides and gravitgurements of, while the Rayleigh lidar provides measure-
waves could result in gravity-wave breaking and the forma-ments of the relative concentration of the background atmo-
tion of a MIL (Liu and Hagan, 1998; Liu et al., 2000; Liu sphere,, which can be normalized to 1 at the altitude of
and Meriwether, 2004). Salby and co-workers used lidar andnterest. Thus the expression for the vertical flux becomes,
satellite observations and models to show that the formation
of MILs was consistent with breaking planetary waves (Salbyy — — g x [d_” _ n%} 2)
et al., 2002). Meriwether and Gerrard (2004) have identified d

two subtypes of MILs. One type of MIL is found at higher ;sing the scale height of a tracer with concentration increas-
altitudes (-85 km and above) and are formed through inter- ing with height, H#, and the background atmosphere with

actions of gravity waves with large amplitude tidal waves. .qcentration decreasing with height, we can express the
A second type of MIL is found at lower altitudes and are ¢, in terms of the scale heights as

formed by dissipating planetary waves. In this study we ana-
lyze the lidar observations in terms of vertical transportofa 1 1
chemically active tracer to estimate the eddy diffusion associ® = ~Kxnx [ﬁ + FJ ©)
ated with the MIL. While we expect that the MIL at 74 km is ] . ] .
formed by planetary waves, we do not attempt to directly de-Following Hunten, we estimatg by assuming that during

termine the mechanism underlying the formation of the MIL the disappearance of the sodium, the diffusion is suppressed
(i.e., planetary-wave breaking or gravity-wave breaking). and the observed loss rate is the chemical loss rate. Thus

From Figs. 3 and 5 we see that the sodium on the botWhen the turbulence is fully formed, and the sodium has the

tomside of the sodium layer disappears on the scale of tenrgest scale height (02:00 LST), the downward vertical flux
of minutes. This is considerably longer than the chemi-rate balances the chemical loss rate, and we can express the

cal time constants that are calculated for the sodium layeflux gradient as,

(e.9., Xu and Smith, 2003). Xu and Smith conducted an ;, n

eigenvector-eigenvalue analysis of chemical timescales in the; - =—— (4)
mesospheric sodium layer following the approach used by

Prather (1994) in studying methane and in control theoryWhere‘E is the loss time constant. Following Whiteway et
since the 1960s (Gilbert, 1963). We have confirmed thisal- (1995), we assume a single slab of uniform turbulence
behavior in the bottomside of the sodium layer using tem-over layer thicknesd,, and integrate Eq. (4) to yield the flux
perature and concentration profiles from the Thermosphereas,

lonosphere-Mesosphere-Electrodynamics General Circula- n

tion Model (Roble and Ridley, 1994) and a sodium layer ¢ =—_*L ®)
model (Plane et al., 1998). In mixing the atmosphere over__ )

several kilometers (e.g., between 75 and 78 km) the atomi&inally we determinek from Eqgs. (3) and (5) as,

sodium converges to the new mixed equilibrium in seconds. L

The longer sodium lifetime reflects the equilibrium of atomic K = 7 X Heff (6)
sodium with other sodium species and background species

(e.g., atomic oxygen, ozone, etc.) as they evolve. Liu etwhere the effective scale heigtHet, is,

al. (2000) modeled the evolution of atomic oxygen associ- 4 1 1

ated with the formation of a MIL and show features lasting — = — + —. @)
several hours. Thus the atomic sodium remains in a fast equi- ef H Ha

librium with the more slowly evolving background species Given our earlier analysis we calculate the sodium scale

and eventually disappears as these species disappear. height, H, over the 75-78 km altitude region (Fig. 5). We
o - o calculate the atmospheric scale height,, over the 75—
4.2 Estimation of eddy diffusion coefficient 78km range from the Rayleigh lidar atmospheric density

) o . profile used to determine the temperature at 02:04 LST. We
We determine the value of the eddy diffusion coefficient fol- (516 the average sodium concentratiorover the 76—77 km

lowing the analysis by Hunten of vertical transport in the giijyyde range at 02:00LST (Fig. 5). We calculate the loss
atmosphere (Hunten, 1975). Ignoring vertical velocity andme constantz, from the disappearance of sodium over the

molecular diffusion, we can express the vertical flux of a mi- 76-77 km altitude range (Fig. 5). We tabulate these values in

nor constituentyp, as, Table 1. Using a value of layer thickneds, of 1000 m, we
df estimate an eddy diffusivity of.8 x 10 m?s~! and a down-
¢ =—Kxnax- (1) ward sodium eddy flux of & x 10" (atomsnT2)s~1. We

Ann. Geophys., 29, 2012629 2011 www.ann-geophys.net/29/2019/2011/
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7 2\ 1
Table 1. Measured quantities based on lidar observations of MIL f!ux of 1.4x10 (atomg m _)_S ). We aQOpt these lower es-
and sodium layer on 17-18 February 2009 at Chatanikanes timates of the eddy diffusivity and sodium flux as conserva-

147 W). tive estimates of the eddy diffusion and flux associated with
the MIL.

Measured quantities Altitude Value 4.3 Estimation of eddy dissipation rate
g”g_oslohe”‘f Srcla_'ehheighﬂa ;g—;g ';m 19552101-14 kkm Following Weinstock (1978) we relate the eddy diffusion co-
sgd:3$ ;‘r:naeecof]'sgtaft g km 55t7}r1inm efficient, K, and the energy dissipation rate as,
Sodium concentratiom, 76—77 km 186 cm3 _ 1 2
Temperaturel 76—77km 2346 K €= 0.81 X (N X K) ©)
Lapse ratey 745-77.5km %+03Kkm™1

where N is the Brunt-\aisala frequency. We calculate the
Brunt-Vaisala frequency as,

N2=8 -y (10)

tabulate these values in Table 2 with a range determined from T
the uncertainty in the measurements reported in Table 1. Whereg is the gravitational constant (9.6m%, T is the

However, our analysis assumes that the observed lifetiméemperaturel” is the adiabatic lapse rate (9.5 K k), and
of the sodium represents the chemical loss rate. This analysix iS the lapse rate. Using the values in Tables 1 and 2, we es-
is only correct if the atmosphere is at rest. The measuredimate a value of the square of the Brun&isala frequency
lifetime may be significantly shorter than the true lifetime of Of 4.1x 10-®s72 (corresponding to a buoyancy period of
the layer due to advection. For a layer with horizontal scale52min) and an energy dissipation rate of 2.2mWkg
length, Ly, and a vertical scale heighty, in the presence of ~The uncertainty in the measured near-adiabatic lapse rate

winds with horizontal velocityh, and vertical velocityly,, ~ 'esults in a large uncertaintg i_”z the square of the Brunt-
the observed lifetimerops, is related to the true lifetime;, ~ Vaisala frequency (0-1% 107°s™) and contributes to the
as, large uncertainty in the estimated eddy dissipation rate (0—
11 mWkg?).
1 1 1 1
—_— =t —1— (8)

Tobs T Th Ty . .
. 5 Discussion
where t, (= Ln/Vh) and w, (= Hy/Vy) are the horizontal

and vertical advection timescales respectively. Clearly thBS]_ General structure of Stratosphere and mesosphere
observed lifetime can be significantly greater or less than

the true lifetime, and from Eq. (6) can yield an estimate The difference between the temperature profile measured by
of the eddy diffusion coefficient that is significantly biased. the Rayleigh lidar and the SPARC atlas reflected a distur-
We estimate the true lifetime by considering the winds andbance of the Arctic middle atmosphere in February 2009.
sodium scale lengths and sizes. The luminous vapor trail§hurairajah and co-workers have analyzed lidar measure-
released by the rocket yield horizontal wind measurementsnents from Chatanika, high latitude satellite measurements,
from 85 to 130km (Lehmacher et al., 2011). The wind and meteorological analyses in recent Arctic winters (Thu-
speeds near 85km are approximately 50t sWe assume rairajah et al., 2010a, b). During several of these winters they
wind speeds of 50nTg at the altitude of the MIL (76— report significant differences between nightly and monthly
77km) and a horizontal scale length for the sodium en-averaged temperature profiles measured by Rayleigh lidars
hancement of 250km. The 3.5h oscillation of amplitude at Arctic locations. These differences are due to the oc-
0.9km suggests vertical winds of amplitude 0.44thas-  currence of sudden stratospheric warmings (SSW) when the
sociated with a gravity wave. Analysis of gravity waves in zonal winds are reversed, latitudinal temperature gradients
the sodium layer indicate that the sodium displacement osare reversed, the stratospheric vortex is disrupted (and oc-
cillations are~25 % larger than the wave displacement per- casionally split in two), the lower stratosphere warms while
turbations and so we use this value as representative of thihe upper stratosphere and mesosphere cools, and an ele-
gravity wave winds (Collins and Smith, 2004). The ampli- vated stratopause may form. In spring 2009 there was a
tude of the wave (0.9 km) is less than the altitude spreadingnajor SSW in the third week of January that resulted in a
of the sodium (3 km). The measured sodium scale height isplitting of the polar vortex. The vortex remained split for
15.2km. Thus the horizontal advection timescale is 83 minalmost three weeks when the upper stratospheric vortex re-
and the vertical advection timescale is 576 min. We usedcovered with colder temperatures. By the second week of
these timescales to calculate a value of the true lifetime beFebruary the upper stratospheric vortex had completely re-
tween 31 and 225 min. Thus the value of the eddy diffusivity covered and strengthened while the mid- and lower strato-
may be as low as.8 x 10 m?s~! and a downward sodium spheric vortex remained weak. The temperature inside the
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Table 2. Derived eddy diffusion quantities based on lidar observations of MIL and sodium layer on 17-18 February 2009 at Chatanika
(65° N, 147 W).

Derived eddy quantities Value Range
Effective scale heightHeg 5.8km 5.6-6.1km

Square of Brunt-¥isala frequencyN?2 41x10 652 0-17x 106572

Eddy diffusion coefficiert, K 1.8x103més 1 1.5-21x 103 més !
Eddy sodium fluR, ¢ 5.6x 107 (atomsnT2)s™!  5.0-65x 10’ (atomsnT2)s~1
Eddy diffusion coefficierlt, K 43x10Pm2s1 3.7-52x 102 m?s~1
Eddy sodium flug, ¢ 1.4x 107 (atomsnr?) s~ 1.2-16x 107 (atomsnT2)s~1
Energy dissipation rabes 2.2mWkg1 0-11 mWkg?

2 Under assumption of zero winB;under assumption of nonzero winds

Table 3. Measured eddy dissipation rates and diffusion coefficients in the upper mesosphere and lower thermosphere.

Reference Altitude  Eddy dissipation rate,  Square of Brunt-isala Eddy diffusion coefficient,
(km) (mMWkg1) frequency N2 (x10~°s72) K (m?s1

Lehmacher and libken (1995} 75-78km 10 0-25 >32

Lilbken (1997 76—77 km 1.3-1.8 31-35 3.4-4.2

Bishop et al. (2004 85—-87 km 31-140 7.6-76 33-1500

Lehmacher et al. (2008) 92-96 km 170 8.0 1700

2 Single rocket-borne measuremehseasonal averages of 12 rocket-borne measurements

vortex was anomalously cold and lead to the formation ofthe eddy dissipation rate (Lehmacher anidbken, 1995;
an elevated stratopause in February 2009. The formation of tibken, 1997; Bishop et al., 2004; Lehmacher et al., 2006).
the elevated stratopause has been documented in zonal me8everal of these researchers then use measurements of the
temperature measurements af KO(Manney et al., 2009). Brunt-Vaisala frequency and employ the relationship of We-
The lower stratospheric vortex remained weak through theinstock (1978) to determine the value of the eddy diffusion
end of March 2009. coefficient (Lilbken, 1997; Bishop et al., 2004). We summa-
Despite the disturbed condition of the stratosphere andize these measurements in Table 3. Where the Bruiga\a
lower mesosphere, the structure of the mesospheric sodiurhas not been explicitly presented we have determined it from
layer on the night of 17-18 February 2009 was typical for the data reported in the paper. All these observational stud-
this time of year at Chatanika as reported by Collins andies assume that the observed turbulence is homogeneous and
Smith (2004) and as confirmed by both ongoing measureforms in a uniformly stratified fluid. The values reported
ments at Chatanika and measurements made during Febrby Lubken (1997) represent an average of 12 rocket-borne
ary 2009 in support of the Turbopause experiment. The valimeasurements where the individual values of the eddy dis-
ues of the sodium layer parameters and the asymmetry d$ipation rate vary between 0.3 and 10 mW kg The other
the layer were consistent our understanding of the chemicastudies represent values from individual rocket-borne mea-
equilibrium of the sodium layer (e.g., Plane, 2004), and withsurements. The measurements by Lehmacher dnukdn
the latitudinal variation of the sodium layer that have been(1995) and Bishop et al. (2004) show values that vary by
reported from other sites around the world (e.g., Yi et al.,several orders of magnitude over height changes of 1 km in-

2009). dicating strong layering of the turbulence and/or the Brunt-
- o Vaisala frequency. The lidar-based measurement of the eddy
5.2 Eddy diffusion and dissipation diffusion coefficient is in the range of values reported by

S the single rocket-borne measurements while the value of the
The observations in this study have allowed us analyze turgjissipation rate is lower. These differences may reflect dif-

bulence in the upper mesosphere by first determining thgerences in the turbulence generation mechanisms observed
eddy diffusion coefficient and then determining the eddyin the different experiments. In high-resolution numerical
dissipation rate. Experiments that employ spectral analysigjmylations of turbulence generation by gravity-wave break-

of small-scale high-frequency density fluctuations, expan-ing and shear instability, Fritts and coworkers have shown
sion of luminous vapor trails use analyses that determine
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differences in the how the turbulence effects are localizedal., 2004). Our estimate of a relatively low value of the cor-
(Fritts et al., 2003). While these simulations do not directly responding eddy dissipation rate (2.2 mW kjjreflects the
address the conditions observed in this study, they highlighpresence of a near adiabatic lapse and low value of the Brunt-
the fact that the characteristics of turbulence observed in th&/aisala frequency.

atmosphere varied considerably with the processes that cause Our observations and analysis, based on naturally occur-
the turbulence. The lidar measurements in the Turbopausfing variations in mesospheric temperatures and the sodium
experiment are made in the presence of a mature MIL whergayer (rather than artificial releases or measurement of small-
the lapse rates are similar to those reported by Lehmachescale density fluctuations), confirm that there is significant
and Lilbken (1995) and persist for several hours. Bishop eteddy diffusion associated with convectively unstable regions
al. (2004) suggest that their measurements of large eddy difef MILs in the upper mesosphere.

fusion coefficient reflect the role of large vortices generated
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