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at high latitudes as determined by in situ measurements
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Abstract. In the last 6 years a series of 22 sounding rockets were launched in
order to investigate the dynamic state of the mesosphere and lower thermosphere.
Of these flights, 19 were performed at high latitudes, either from the Andgva
Rocket Range (17 flights) in northern Norway (69°N) or from Esrange (2 flights)
in northern Sweden (68°N). An ionization gauge mounted on board these sounding
rockets measured neutral density fluctuations down to very small spatial scales of
a few meters. During several flights, small-scale density fluctuations were found
in layers of a few kilometers thickness. Subsequent analysis of these fluctuations
indicates that they were caused by turbulent motions. The high resolution of
these measurements makes it possible to unambiguously deduce turbulent energy
dissipation rates ¢ from the spectra of the relative density fluctuations. The ¢ profiles
and the corresponding heating rates obtained at high latitudes show a significant
and systematic seasonal variation: Whereas in winter the turbulent heating rates
are comparatively small (typically 0.1 K/d and 1-2 K/d below and above ~75
km, respectively) in the entire mesosphere and lower thermosphere, much stronger
mean values of ~10-20 K/d are observed around the summer mesopause (~90 k).
During none of the seven summer flights have we detected any noticeable turbulence
in the middle and lower mesosphere. Turbulence is confined to a relatively small
height region of 78-97 km during summer but covers the entire mesosphere from
60 to 100 km during winter. From our measurements we arrive at the curious
conclusion that turbulent heating in the mesosphere is strongest at the coldest part
of the atmosphere, namely, at the polar mesopause in summer. Our observations
imply that turbulent heating is an important contribution to the energy budget of
the upper mesosphere in summer, whereas it is presumably negligible in the entire
mesosphere in winter. Mean turbulent velocities w;,,., and mean turbulent diffusion

coefficients K do not exhibit

such a distinct seasonal variation.

In the lower and

upper mesosphere, typical values for wy,,; are 0.3 and 1-3 m/s, respectively, and

typical values for K are 4 and 100 m?/s, respectively.

The seasonal variation

of mean profiles of turbulent parameters as obtained by high-resolution in situ
techniques puts a serious constraint on models dealing with the energy hudget of
the upper atmosphere, in particular the parampterlaatmn of subgrid process in

terms of mean state quantities, e.g.,

1. Introduction

Turbulence is believed to play a major role in upper
atmosphere physics and chemistry, since it transports
constituents and heat. In addition, it contributes to
the thermal budget, since it dissipates kinetic energy
into heat, and it is presumably the main mechanism for
the deceleration of the mean flow by momentum dissi-
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used in gravity wave breakmg scenarios.

pation. The parameterization of turbulence in models
turns out to be difficult for various reasons. For exam-
ple, phenomena other than turbulence may contribute
to the physical process under consideration to an un-
known extent, since they cannot be described theoreti-
cally, nor can they be measured with techniques avail-
able today. A turbulent quantity that has a relatively
simple and unambiguous physical interpretation is the
turbulent energy dissipation rate ¢; it can simply be
expressed In terms of a temperature increase per unit
time. As will be explained later, this quantity is deter-
mined unambiguously from our measurements, whereas
the derivation of other parameters, such as the turbu-
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lent diffusion coeflicient, requires assumptions that can-
not be proven with the available data.

To measure turbulence in the upper atmosphere, 1t
would be desirable to measure the velocity fluctuations
of the turbulent flow directly. Unfortunately, this is not
possible In the middle atmosphere because of experi-
mental limitations. Instead of measuring winds one can
also study the fluctuations of a passive tracer caused
by turbulent velocity fluctuations. Tracers such as
chemoluminescent clouds [Blamont and DeJager, 1961;
Rees et al., 1972] and chaff clouds [Wu and Widdel,
1989; Lubken et al., 1994c| have been released from a
rocket, and their spatial and temporal evolution has
been investigated in order to measure turbulent diffu-
sion. The problem with these techniques is that non-
turbulent effects can disperse the cloud (e.g., from the
release process), leading to false quantitative results.
Furthermore, the spatial resolution of these techniques
1s only some tens of meters, a measure that 1s not suf-
ficient to detect the smallest scales in the turbulence
field.

A common technique to obtain information about
turbulence 1s to study its effect on the backscattered sig-
nal of a radar. Both the signal strength and the broad-
ening due to turbulent motions have been used [Gage
and Balsley, 1984; Hocking, 1985, 1990]. In deduc-
ing quantitative results, uncertainties are introduced,
since 1t 1s difficult to appropriately correct for nontur-
bulent effects on the backscattered signal. Furthermore,
background parameters needed to deduce quantitative
results are normally not measured simultaneously and
have to be taken from reference atmospheres. On the
other hand, this technique allows for a nearly continu-
ous time coverage of turbulent processes 1n the upper
atmosphere and therefore can be used to qualitatively
map the temporal variabihty of turbulence, e.g., the
variation with season. Again, care must be taken, since
the “illumination” of the turbulent structures by elec-
trons (required to produce a radar echo) is dependent
on season and on 1onospheric processes.

More recently, neutral and plasma density fluctua-
tions measured from a rocket have been used as passive
tracers for turbulence [ Thrane and Grandal, 1981; Blix
et al., 1990; Lubken et al., 1994c|. The idea behind
these measurements 1s that any vertical excursion of an
air parcel due to turbulent motions results 1n a differ-
ence between the number density (neutral or plasma) in
the air parcel and that of the environment. This den-
sity fluctuation is similar to a passive tracer variation
caused by turbulence on a background gradient. The
magnitude of the number density fluctuation depends
on the strength of turbulence and on the background
conditions. The main advantage of these in situ mea-
surements is that the instruments are capable of detect-
ing fluctuations down to spatial scales of a few meters.
It turns out that this capability is crucial in deducing
quantitative parameters [Ltbken, 1992]. Another ad-
vantage of these techniques is that the background pa-
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rameters needed to deduce geophysically relevant para-
meters are measured at the same time and at the same
location, either by the same instruments or by accom-
panying ground-based and/or in situ techniques.

In this study we will consider results from neutral
density fluctuations only (and not lons or electrons),
mainly because the physical processes causing the plas-
ma fluctuations around the summer mesopause and
their relationship to neutral turbulence are not yet un-
derstood (see discussion in section 4.2). Recent mea-
surements suggest that ions and electrons are not reh-
able tracers for neutral gas turbulence under the unique
circumstances present around the summer mesopause.

After describing the experimental technique 1 the
next section, we present in section 3 the data avail-
able from all our sounding rocket flights. Some of the
individual profiles of turbulent parameters have been
published in the context of the data presentation for
individual campaigns. We will present new data from
recent campaigns, and we will derive mean profiles for
the sunmer and for the winter season. A discussion and
a comparison of the mean profiles with other measure-
ments and with models are presented in section 4.

2. Method of Observation and Data
Analysis

2.1. TOTAL and CONE Sensors

In recent years we have developed two versions of a
rocket-borne 1onization gauge for in situ measurements
of small-scale density fluctuations: The TOTAL and
the CONE sensors. The TOTAL sensor (the name in-
dicates that the instrument measures total number den-
sities) 1s equipped with a closed ion source, where the
gas molecules experience several wall collisions before
they enter the 1onization volume in an accommodation
sphere [Hillert et al., 1994]. This ion source geometry
limits the time constant for the exchange of gas from the
ambient atmosphere to the 1on source to approximately
2-8 ms, depending on pressure. To lower this time con-
stant, we have developed the combined neutral and elec-
tron sensor (CONE), which 1s equipped with a system
of grids such that the ambient gas molecules enter the
ionization region directly (apart from a small percent-
age being deflected by the grids). The time constant of
(CONE is below 1 ms [Lubken, 1996]. In addition, the
CONE instrument 1s capable of detecting electron den-
sity fluctuations with very high time resolution of the
order of 1 ms.

Both the TOTAL and the CONE sensors measure
neutral density fluctuations in the altitude range from
~115 to ~65 km with a spatial resolution of a few me-
ters and with little instrumental noise, typically less
than 0.1% of the total signal. These instruments also
measure absolute number densities with the same high-
altitude resolution but only in the height range from
~115 to 90 km. The reason for this height limitation
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1s the unknown effect of atomic oxygen, which reacts
with the mechanical components of the sensor and leads
to unacceptable uncertainties in total densities above
~115 km. The lower altitude limit 1s determined by
the increasing uncertainty of the so-called “ram correc-
tion,” which has to be performed in order to convert
nurnber densities measured by the sensors to ambient
number densities. This correction can be calculated re-
hably only under free molecular flow conditions, which
are fulfilled above ~90 km. Temperatures are derived
from the density profile assuming hydrostatic equilib-
rium (for more technical details on the instruments see
Hillert et al. [1994] and Libken [1996]). The TOTAL
and CONE sensors were mounted on board the Turbu-
lence Bonn Oslo (TURBO) payload, together with other
instruments measuring atmospheric quantities relevant
to the specific scientific aims of the individual cam-
paigns.

2.2. Background Parameters

Atmospheric mean state background parameters such
as temperature and kinematic viscosity are needed in
order to deduce turbulent parameters from the mea-
sured density fluctnations (see below). In addition, the
thermal and dynamical state of the atmosphere can be
studied in order to identify possible sources of turbu-
lence. All TURBO sounding rocket flights were accom-
panied by launchings of meteorological rockets, mainly
falling spheres. This technique gives absolute number
densities, temperatures, and horizontal winds in the al-
titude range from ~93 km down to ~30 km with a
vertical resolution of a few kilometers [Jones and Pe-
terson, 1968; Schmadlin, 1991]. The smallest scales de-
tectable by the sphere are typically 7, 3, and 0.8 km
at. 85, 60, and 40 km, respectively. The uncertainty of
the absolute temperature data obtained from the falling
sphere 1s typically 7, 3, and 1.5 K at 90, 80, and 70 km
altitude. A comparison between falling sphere measure-
ments and other techniques (e.g., Rayleigh lidar and
TOTAL) was performed during the Dynamic Adapted
Network for the Atmosphere (DYANA) campaign. It
was found that the measurements of the various tech-
niques are reliable and that in general, the error bars
given are realistic [Libken et al., 1994a].

2.3. Data Reduction Procedure

From the neutral density height profile, relative fluc-
tuations An/n are deduced [Libken, 1992; Hillert et al.,
1994], where An is the density difference between the
air parcel and the environment and n is the mean den-
sity. We determine An as the difference between the
measured densities and a smooth profile, which is ob-
tained from a spline fit in an altitude interval of 1 km
(the height interval is increased to 5 km above 85 km
to account for the larger kinematic viscosity at high al-
titudes, which results in larger-scale eddies for a given
turbulent intensity).
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The magnitude of the density variation for a given
vertical excursion Az 1s proportional to the square of
the Brunt-Vaisala frequency wpg [Lubken, 1992],

5
an YBa, (1)
n q

where g is the acceleration of gravity. This equation pre-

sumes that turbulent structures occur n the presence

For a given

furbulent intensity the magnitude of the fluctuations

1s expected to be smaller in the summer mesosphere

of a stratified background environment.

than 1in the winter mesosphere because of the smaller
square of the Brunt-Vaisala frequencies in the summer
mesosphere. We will return to this topic in section 4.1.
From the relative density fluctuations a power spectrum
1s calculated, and a theoretical model 1s fitted to the
spectrum (see Ltibken et al. [1993a] for more details).
From the fit we obtain the “break” in the spectrum
(called “inner scale” £:'), which is unambiguously re-
lated to the Kolmogorofl microscale i via

gy 1/4
ff:&myn:&m-ci) : (2)
where v 1s the kinematic viscosity (derived from the
background measurements) and ¢ is the turbulent en-
ergy dissipation rate, the quantity that we want to
determine. The superscript H in equation (2) indi-
cates that this relationship 1s true only 1if the theo-
retical model of Heisenberg is used in fitting the mea-
sured spectra. We have also tested a model proposed
by Tatarskit [1971], which is very similar to the Heisen-
berg model and basically results in the same ¢ values
(see later).

Once € 1s known, we determine the heating rate
o 0.0864.c

i

[K/d] (3)
where ¢, = 1003 J/(K kg) is the heat capacity of air at
constant pressure and € is in milliwatts per kilogram. In
addition, we evaluate the mean turbulent velocity weyrp,
the turbulent diffusion coefficient K, and the outer scale
of turbulence Lp, following Weinstock {1978, 1981]:

¢
w ur —
furt \/049 L

K = [J.SI-ET

“h

(4)

Wg

ﬁfj’; = 0.9

; Lp =27 /kpg (6)

Wiurh

We note that the derivation of these turbulent pa-
rameters (i.e., Weyp and K) relies on fairly restrictive
assumptions concerning the turbulence field. They are
therefore much more uncertain than our ¢ values, which
are obtained more or less directly from the observed
spectra. Despite the questionableness of wy,p and K
we have determined these parameters, since they are
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commonly derived by other techniques (e.g., by radars,
with similar uncertainties) and are used for intercom-
parison.

We will later need an estimate of the amount of fluc-
tuations, ¢.5p, expected for a given turbulent intensity
¢ and a Brunt-Vaisala frequency wpg. This quantity is
given by the integral of the frequency spectrum, where
the integration limit at small frequencies (large spatial
scales) 1s given by the vertical extent of our altitude
bin (Wmin = (27vR)/Lmaz; vr is the rocket velocity).
The integration cutoff scale at large frequencies 1s not
important, since the contribution from small scales to
the integral is negligible. To facilitate computations,
we will therefore apply an inertial subrange (ISR) type
spectrum, even at very small scales (smaller than the
inner scale), where the actual spectrum deviates from
an ISR spectrum due to viscous forces. The inertial
subrange part of the Heisenberg spectrum used in our
data reduction is given by (see Liibken et al. [1993a] for

br AN

more details)
W\ 53
. 7
hug elf3 (t’ﬂ) (7)

Here, A = 0.0574 is a numerical constant, and N (not
to be confused with the Brunt-Vaisala frequency wg) is
given by [Liibken, 1992]

Ww) =

fo B Ricwy g

Pr g? ’ (8)
where Ri is the Richardson number, Pr i1s the turbu-
lent Prandtl number, f, = 2 18 another numerical con-
stant, and B is a factor introduced by Bliz et al. [1990],
which takes into account the degree of 1sotropy of the
turbulent fluctuations and can take values between 3

(1sotropic) and 1 [hnrizmntaﬂy stratified). The normal-
ization of the spectrum in (7) is such that

- —/ W(w) d (9)

where o 1s the variance of the fluctuations. Integrating
the spectrum in (7) from wy,in to infinity yields the
magnitude of fluctuations expected:

N =

T Ww) du

Wi em

ﬂp — 9 (10)

(the factor 2 stems from the fact that the spectrum is
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symmetric about w = 0). Combining equations (7)—(10)

yields
B Ri
— 1/3 fa el/3 1/3
ey \/ (27) A\/ Pr g2 B L1
— 0.0982 ¢!/3 wpg LY3 (11)
In (11) we have used B = 3, Ri = 0.81, and Pr = 1,

mainly to be consistent with other publications using
these parameters (for a discussion on the physical back-
ground and the variability of the constants B, Ri, and
Pr, see Libken [1992]; please note that o.;, depends
only in a square root law on these parameters). Equa-
tion (11) is not valid under convectively unstable con-
ditions where Ri <0.

We want to complete this section by estimating the up-
per and lower limits for K and e¢. Certainly, the tur-
bulent diffusion coeflicient K cannot be much smaller
than the molecular diffusion coefhicient [, because, 1f
so, molecular diffusion would destroy turbulent eddies
immediately (the corresponding timescales are propor-
tional to K and D, respectively). We therefore get as a
rough estimate

Komin & D (12)

Since 1n the atmosphere D &~ r numerically, this also
gives a lower limit estimate for €, since from equation
(5) we get

(13)

We will later compare profiles of €¢,,;, with our mea-
suremments. This lower limit should not be taken too
seriously, since the derivation of ¢,,;, is based on dimen-
sional arguments and results in an order of magnitude
estimate for €,,;, only.

2.4. Rocket Flights

The TURBO sounding rockets were launched within
coordinated programs (“campaigns”) dedicated to spe-
cific scientific problems described elsewhere [Goldberg
et al., 1993; Alpers et al., 1993; Lubken and Bliz, 1994;
Offermann, 1994; Libken, 1997]. The campaigns are
histed in Table 1, and the individual TURBO launches
within each campaign are listed in Table 2. The TOTAL

Table 1. Campaigns With Launches of the TURBO Payload

Campaign

Number

Label Campaign Period Location Latitude of Flights
DYANA Januarv-March 1990 Biscarosse 44°N 3
DYANA January-March 1990 Andgya 69°N 6
NLC July—-August 1991 Kiruna 68°N 2
METAL September-October 1991 Andgya 69°N 6
SCALE July—-August 1993 Andgya 69°N 2
ECHO July-August 1994 Andgya 69°N 3




Table 2. List of the TURBO Flights
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Flight Date Time, UT Location
DYANA Campaign in 1990
DAT13 Jan. 22 1115:00 Andgya
DATS50 Feb. 25 1920:00 Andgya
DATG62 March 6 0241:00 Andgya
DAT73 March 8 2253:00 Andgya
DATT76 March 9 0025:00 Andgya
DATS&4 March 11 2042:00 Andgya
DBN 1 Feb. 20 0454:00 Biscarosse
DBN 2 March 6 0518:28 Biscarosse
DBN 3 March 13 0421:00 Biscarosse
NLC Campaign in 1991
NBT5 Aug. 1 0140:00 Kiruna
NAT13 Aug. 9 2315:00 Kiruna
METAL Campaign in 1991
LT1 Sept. 17 2343:00 Andgya
LT6 Sept. 20 2048:00 Andgya
LI9 Sept. 20 2240:00 Andgya
LT13 Sept. 30 2055:15 Andgya
LT17 Oct. 3 2227:30 Andpya
LT21 Oct. 4 0008:00 Andgya
SCALE Campaign in 1993
SCT3 July 28 2223:00 Andgya
SCT6 Aug. 1 0146:00 Andgya
ECHO Campaign in 1994
ECT2 July 28 2239:00 Andgya
ECTT July 31 0050:33 Andgva
ECT12 Aug. 12 0053:00 Andgya

The apogee of the flights is approximately 125 km. The
latitudes of the launch sites are Andgya (Norway), 69°N;
Biscarosse (France), 44°N; Kiruna (Sweden), 68°N.

sensor was used in the first three campaigns (DYANA,
Noctilucent Clouds (NLC), and METAL, in which metal
layers were studied), whereas the CONE sensor was
used 1n the Scattering Layer Experiment (SCALE) and
ECHO (in which radar echoes were studied) campaigns.

As can be seen from Table 2, a total of 22 flights took
place in the last few years, 19 of which were performed
at high latitudes (Andgya, 69°N, and Kiruna, 68°N). In
Figure 1 we show the distribution of the flights at high
latitudes as a function of season. We have grouped the
flights into “winter” and “summer” before averaging. In
particular, we have combined the four flights performed
in early August together with the three July flights (all
seven flights representing summer), and we attributed
the September and October flights to the winter season.
The main reason for this grouping is the thermal struc-
ture of the upper atmosphere, which exhibits a rather
abrupt transition from summer to winter conditions in
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late August (the temperature profiles are indeed very
similar in June, July, and early August but are very dif-
ferent from the rest of the year [Lubken and von Zahn,
1991; Libken et al., 1996]). In addition, the ¢ profiles
obtained during July and early August are very similar
in their general behavior but are significantly different
from the other flights.

3. Seasonal Variation of Turbulent
Parameters

3.1. Neutral Density Fluctuations and Spectra

As an example for a height profile of An/n, we show

in Figure 2 the relative density fluctuations (“residu-
als”) observed during SCALE flight SCT6 on August
1, 1993. Residual fluctuations exceeding the noise level
of approximately 0.1% are observed in the height range
85 to 94 kilometers. The fluctuations are of the order
of 1%, which is the magnitude we expect from equation
(1) for air parcel excursions of a few hundred meters and
Brunt-Vaisala frequencies of approximately 0.02/s. The
residuals 1n Figure 2 exist down to very small spatial
scales, as can be seen more clearly from the spectrum
of these fluctuations shown in Figure 3. A Heisenberg
type theoretical model is fitted to the observed spec-
trurn shown in Figure 3, and the inner scale £ is ob-
tained from the best fit. As can be seen from Figure
3, the observed spectrum 1s adequately described by
a Heisenberg model with an inner scale £ of 27.3 m.
Applying equation (2) and taking into account the mea-
sured kinematic viscosity of v = 3.5 m?/s, this €7 cor-
responds to an energy dissipation rate of ~740 mW /kg
and a corresponding heating rate of ~64 K/d. In Fig-
ure 3 we have also plotted a Tatarski spectrum (dotted
line), using the ¢ value from above. This theoretical
spectrum is very similar to a Heisenberg spectrum and
also nicely fits the observed spectrum (see discussion by
Litbken et al. [1993a)).

Several examples of spectra similar to the one 1n
Figure 3 have been published in the literature; they
demonstrate that the spectra observed in turbulent
layers are appropriately fitted by theoretical models
such as the Heisenberg or the Tatarskii model | Libken,
1992; Lubken et al., 1993a, 1994b; Hillert et al., 1994;
Lehmacher and Libken, 1995]. These spectra result in
reliable and unambiguous values for the turbulent en-
ergy dissipation rates ¢. On the other hand, turbulence
1s not everywhere present in the middle atmosphere, as
can be seen from Figure 2. In all TURBO flights we
find that turbulence 1s concentrated in layers of a few
kilometers thickness and that the major part of the at-
mosphere shows very little or no turbulent activity.

3.2. Individual Profiles of Turbulent Energy
Dissipation Rates

In Figure 4 the altitude profiles of the turbulent en-
ergy dissipation rate ¢ (heating rate on the top ab-
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Figure 1. Seasonal distribution of the TURBO flights at high latitudes (Andgya or Kiruna). A
total of 19 flights are considered in this plot, which are all the TURBO flights available except
the three performed at Biscarosse (44°N). The crosses indicate the times of the various launches

within each month.

scissa), the mean turbulent velocity wiu,s, the esti-
mated turbulent diffusion coeflicient K. and the tem-
perature lapse rate dT'/dz are shown for the summer

flight ECT2 during the ECHO campaign. The gen-
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Figure 2. Relative density fluctuations ( “residuals”) in
percent from flight SCT6 performed during the SCALE
campaign in sumnmer 1993. Fluctuations exceeding the
noise level of ~0.1% are present in the altitude range
85-94 km. The rocket time of flight is shown on the
right axis.

eral altitude dependence of the turbulent parameters
shown in Figure 4 is very similar, a consequence of
the close relationship between these parameters through
Wiurs X \/€/wp and K o ¢/w? (equations (4) and (5),
respectively). Minor differences in the altitude depen-
dence of €, wiyrp, and K are introduced by their differ-
ent dependence on the Brunt-Vaisala frequency. In Fig-
ure 4 we also show the rough estimate for the minimum
theoretical value for ¢, calculated from equation (13)
(for reasons of comparison we have used CIRA (1986)
temperatures, not the falling sphere temperatures, to
determine €,,in, since the theoretical uncertainty of €,in
is much larger than the variability caused by different
temperature profiles). The example shown in Figure 4
is typical for a summer profile with rather larger energy
dissipation rates of 123 mW /kg around 90 km (corre-
sponding heating rates of ~10 K/d). No turbulent ac-
tivity 1s detected in the lower mesosphere.

Figure 5 shows all ¢ profiles measured during sum-
mer except for flight ECT2, which was already shown
in Figure 4. Figure 6 shows all profiles measured dur-
ing the METAL campaign. There are six more winter
profiles; which were obtained during the DYANA cam-
paign and were shown by Hillert et al. [1994]. There is
a systematic difference between the 12 winter profiles
and the seven summer profiles; whereas in winter, the
turbulent layers are spread over the entire mesosphere,
the summer layers are obtained in the upper mesosphere
only (typical altitude range is between 85 and 95 km).
In addition, the heating rates in summer (typically 10-
20 K/d) are significantly larger than those in winter
(typically 0.1-1 K/d). The common feature in both the
summer and the winter profiles 1s the fact that turbu-
lence occurs in layers of a few kilometers in thickness.
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Figure 3. Spectrum of the residuals in the altitude range 8942.5 km shown in Figure 2. Fre-
quencies f are converted to scales using £ = vg/f, where vp=859 m /s is the rocket velocity. The

best fit Heisenberg model with an inner scale of £ =27.3 m is shown as a thick dashed line. The
Tatarskil model, using the fit parameters from the Heisenberg model, is also shown (thick dotted
line).
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Figure 4. Altitude profiles of the turbulent energy dissipation rate ¢ (heating rates are shown
at the top abscissa), the mean turbulent velocity w;,r5, the turbulent diffusion coefficient K,
and the temperature lapse rate for flight ECT2 performed on July 28, 1994, during the ECHO
campalgn. For comparison we also show the theoretical estimate of the minimum value T
deduced from equation (13) (left panel) and the lapse rate from CIRA 1986 for July and 70°N
(smooth solid line in the rightmost panel). The adiabatic lapse rate and the isothermal case are
also shown in the rightmost panel (dotted lines).
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Figure 5. Altitude profiles of the turbulent energy dissipation rate ¢ (heating rates are shown
at the top abscissa) and the temperature lapse rate for all summer flights except flight ECT?2
shown in Figure 4. We also show the ¢,,;,, profile according to equation (13), the lapse rate from
CIRA 1986, and the adiabatic lapse rate and the isothermal case (dotted lines in the rightmost
panel). The flight label and the launch time and date are indicated in the plot.

3.3. Mean Profiles

Figure 7 shows all individual ¢ profiles obtained dur-
ing summer (seven flights). A mean profile 1s deter-
mined by averaging and smoothing the individual mea-
surements with a five-point running mean. The max-
imum energy dissipation rate 1s ~150 mW /kg, which

is obtained in the altitude region around 90 km. This
value corresponds to a heating rate of ~13 K/d, which is
of magnitude comparable to that of other contributions
to the energy budget in the mesosphere (we will come
back to this point in the discussion). No turbulence
1s observed below ~80 km in any of the seven summer
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Figure 6. Same as Figure 5 but for the winter flights of the METAL campaign in 1991,

flights. The mean profile has been smoothed further by
spline fitting, and the final data are listed 1n Table 3.
Figure 8 shows all individual ¢ profiles obtained
during winter at high latitudes (12 flights). Again, a
mean profile for winter is determined by averaging and
smoothing the individual measurements. The mean
profile of ¢ exhibits a rather smooth altitude depen-
dence in the upper mesosphere with a maximum value
of ~20 mW /kg around 90 km. This value corresponds
to a heating rate of ~2 K/d, which is almost an or-

der of magnitude smaller than the summer maximum.
The energy dissipation rates in the lower mesosphere
(below ~77 km) are even smaller with typical values of
I-2 mW /kg (corresponding heating rates of less than
0.2 K/d). The variability of the individual ¢ values at
a given altitude is approximately a factor of 5 with no
distinct altitude dependence.

The mean profile of Figure 8 has been smoothed fur-
ther by spline fitting, and the final data are histed in
Table 4. These data are very sumilar to those histed by
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Figure 7. All individual altitude profiles available

(seven flights) of the turbulent energy dissipation rate
¢ (heating rates at the top abscissa) obtained with the
TOTAL and CONE instrument during summer. The
flight labels are indicated in the plot. The mean profile
is also shown (thick line). For comparison the theoret-
ical estimate €,,;, deduced from equation (13) is also
shown.

A

Libken et al. [1993a] (their Table 3), basically because
the same flights contribute to both profiles. The main
difference 1s that Liubken et al. [1993a] averaged the
campaign means, whereas all individual profiles were
averaged and smoothed for the data listed here 1n Ta-
ble 4. This was done in order to perform a consistent
data processing for both the summer and the winter
data. The difference between the data listed 1n Table 4
and those by Libken et al. [1993a] is typically less then
10%, which is negligible for our further discussions.

As can be seen from Figures 7 and 8, turbulence 1s
confined to a relatively small height region of 78-97 km
during summer but covers the entire mesosphere from
60 to 100 km during winter. A comparison of the mean
summer and winter profile of the smoothed turbulent
energy dissipation rates 1s plotted in Figure 9 together
with the theoretical estimate for the lower limit, €in,
and the range of global values listed in CIRA (1986).
We will come back to a comparison of our data with
CIRA (1986) in section 4.

Figures 10 and 11 show the mean smoothed profiles
of the turbulent velocity w¢yr-» and the turbulent dif-
fusion coefficient K, respectively, for summer and for
winter. Typical turbulent velocities in winter are 0.3
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and 1-2 m/s below and above ~75 km, respectively.
In summer, wgyrp reaches approximately 3 m/s around
90 km. Turbulent diffusion coefficients are typically 50—
150 m?/s above an altitude of ~80 km. They show only
httle variation with season, which i1s within the variabil-
ity of the individual profiles. We repeat our reservation
concerning the absolute values of w;y,, and K, which
are much more uncertain in comparison with ¢ because
of the limitations and the stringent assumptions in the
derivation of equations (4) and (5).

4. Discussion

4.1. Is There Any Systematical Bias 1n the
Rocket Data?

We will now discuss whether the seasonal variation of
our mean turbulent parameters could be systematically
biased because of instrumental effects. We have men-
tioned earlier that the sensitivity of our experimental
method 1s reduced 1n the summer mesosphere, since the
magnitude of the neutral density fluctuations for a given
air parcel excursion caused by turbulent motions is pro-
portional to w¥
the summer mesosphere than in the winter mesosphere.
Does this reduction explain the fact that we do not
obtain turbulence below ~85 km in summer? There

are several arguments why this i1s very unlikely. Most

(see equation (1)), which is smaller in

Table 3. Mean Turbulent Parameters for Summer
Near 7T0°N Latitude

: . dT/dt, Wrurs, K.
kin mW /kg K/d m/s m? /s
97.0 15.8 1.36 0.92 16.3
96.0 18.9 1.63 1.03 18.2
95.0 21.7 1.87 1.11 21.2
94.0 26.7 2.30 1.24 29.3
93.0 42.2 3.63 1.52 51.3
92.0 86.1 7.42 2.01 103.
91.0 136. 11.7 2.42 159,
90.0 156. 13.5 2.5R8 183.
89.0 155. 13.4 2.56 180,
&8.0 136. 11.7 2.38 161.
&7.0 958.3 8.47 2.01 132.
86.0 67.4 5.81 1.58 108.
85.0 52.7 4.54 1.27 93.1
84.0 37.4 3.22 0.98 67.9
83.0 12.6 1.08 .65 28.0
&2.0 1.90 0.16 0.39 6.72
&]1.0 0.76 0.07 0.30 2.69
20.0 0.70 0.06 0.28 1.91
79.0 0.81 0.07 0.28 1.71

Here, z is altitude, € is turbulent energy dissipation rate,
dT'/dt is heating rate, weyrs is turbulent velocity, and K is
turbulent diffusion coefficient. The profiles contributing to
the mean were obtained by the TOTAL instrument during
NLC 1991 and by the CONE instrument during SCALE
1993 and ECHO 1994. The flights were performed at high
latitudes (Andgya, 69°, or Kiruna, 68°).
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important, the sensitivity of our experimental method
is still large enough to detect turbulence of significant
strength. Using equation (11), we estimate the magni-
tude of the expected fluctuations for a given energy dis-
sipation rate, a Brunt-Vaisala frequency, and the height
interval L.,z used in our data reduction (1 km in the
lower mesosphere). For typical thermal conditions in
the summer mesosphere (d7'/dz = -5 K/km, T=200 K,
wp = 0.015/s) an energy dissipation rate of 100 mW /kg
corresponds to a mean fluctuation (RMS) of 0.7-0.8%.
We have never observed this amount of fluctuation in
the lower summer mesosphere.

A more simple way to further clarfy the arguments
above 1s to assume that the turbulent kinetic energy {or
perhaps only a certain fraction of it) is converted to po-
tential energy, which implies vertical excursions of air
parcels. For a given kinetic energy with a typical verti-
cal velocity w’ (assumed to be completely converted to
potential energy) this vertical excursion and the result-
ing relative density fluctuations are given by

An  wp
—_— = — W

= (14)
In the summer mesosphere, where wg ~ 0.015/s, a ver-
tical velocity of 4 m/s results in a relative density fluc-
tuation of ~ 0.6%, which requires a vertical excursion
of ~ 270 m. We don’t observe this magnitude of fluc-
tuations in our 1 km altitude bin.

In summary, we conclude that the reduced sensitivity
of our experimental method has no major impact on the

Az=v'/wg ;
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mean profile shown in Figure 7. In particular, the fact
that we have never observed any significant turbulence
in the lower summer mesosphere 1s most likely a geo-
physical phenomenon and not an experimental artifact.

Most of our summer flights were performed under po-
lar mesosphere summer echo (PMSE) conditions, which
are believed to be somehow related to turbulence (see
next section). Could this circumstance have caused a
systematic bias of the mean summer profile toward too
large values? First, we note that the role of neutral

Table 4. Mean Turbulent Parameters for Winter Near
TO°N Latitude

z, €, dT'/dt, Weurs, K,

km mW kg K/d m/s m? /s
100.0 14.6 1.25 1.22 33.1
99.0 15.4 1.32 1.17 29.4
98.0 14.5 1.25 1.11 26.4
97.0 13.0 1.12 1.08 27.7
96.0 12.3 1.06 1.13 40.5
95.0 13.1 1.13 1.23 65.6
94.0 14.6 1.26 1.32 31.4
93.0 17.3 1.49 1.40 97.2
92.0 20.3 1.75 1.45 100.0
91.0 21.8 1.88 1.43 91.5
90.0 20.4 1.76 1.31 66.4
&89.0 17.9 1.54 1.16 42.4
88,0 15.9 1.37 1.08 32.0
87.0 15.1 1.30 1.10 43.0
&56.0 14.4 1.24 1.17 60.6
85.0 13.5 1.17 1.22 74.8
84.0 12.8 1.10 1.23 79.1
&4.0 11.8 1.01 1.17 70.4
82.0 10.3 0.89 1.03 45.4
81.0 8.08 0D.75 0.85 27.7
80.0 7.16 0.62 0.70 18.0
79.0 D.41 0.47 (.58 12.3
78.0 3.31 0.28 0.47 7.45
77.0 1.76 0.15 0.38 4,23
76.0 1.33 0.11 0.35 3.40
75.0 1.41 0.12 0.35 3.79
74.0 1.55 0.13 0.35 4.29
73.0 1.54 0.13 0.34 4.27
72.0 1.41 0.12 0.31 3.87
71.0 1.24 0.11 0.29 3.32
70.0 1.11 0.10 0.28 2.89
69.0 1.14 0.10 0.28 2.90
6.0 1.33 0.11 0.30 3.42
67.0 1.64 0.14 0.33 4.39
66.0 1.83 0.16 0.34 5.09
65.0 1.84 0.16 0.34 5. 18
64.0 1.72 0.15 0.33 4,85
6:3.0 1.53 0.13 0.31 4.31
62.0 1.37 0.12 0.29 3.79
61.0 1.22 0.11 0.28 3.28
60.0 1.25 0.11 0.28 3.22

Here, z is altitude, ¢ is turbulent energy dissipation rate,
dT'[/dt is heating rate, w4 is turbulent velocity, and K is
turbulent diffusion coefficient. The profiles contributing to
the mean were obtained by the TOTAL instrument during
the DYANA and the METAL campaign in 1990 and 1991,

respectively. Only the flights performed at high latitudes
(Andgya, 69°N) were considered.
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Figure 9. Mean smoothed profiles of the turbulent
energy dissipation rate ¢ for summer (dashed line) and
winter (solid line) as listed in Tables 3 and 4, respec-
tively. The hatched area shows the range of global ¢
measurements from CIRA 1986 [Hocking, 1990]. The
emin profile according to equation (13) 1s also shown
(dotted lines).

air turbulence in the creation mechanism of PMSE 1s
not clear at the moment; PMSEs have been observed
with and without neutral air turbulence [Libken et al.,
1993b]. Furthermore, PMSE is a very frequent phe-
nomenon in the high-latitude summer mesosphere with
an occurrence rate of more than 50% [Cho and Kelley,
1993; Hoffmann et al., 1995]. This fact implies that
even in the worst case (i.e., if there is no turbulence
present at times of no PMSE) the bias in our mean ¢
values in summer would be less than a factor of ~2.

4.2. Comparison With Other Turbulence
Measurements

A large number of turbulence measurements using
various techniques were compiled for the CIRA (1986)
reference atmosphere (see Hocking [1990] for more de-
tails on the database and the averaging procedure). Fig-
ure 9 shows the 67% range of the global energy dissipa-
tion rates from CIRA (1986). It is interesting to note
that our winter profile is significantly smaller in com-
parison with CIRA (1986), whereas our summer profile
is in rough agreement with this data collection, at least
in the upper mesosphere. Please note that most of the
measurements contributing to the global CIRA (1986)
profile stem from radar techniques, which are some-
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what uncertain because of nonturbulent effects on the
backscattered signal and/or because of unknown back-
ground parameters. In addition, we should keep in mind
that most of the radar data in CIRA (1986) were ob-
tained by a MF radar located in Adelaide (35°S), Aus-
tralia, thus at a very different latitude in comparison
with our rocket flights.

Considering high latitudes, Ecklund and Balsley [1981]
first noted a distinct seasonal modulation of VHF radar
echo height and strength in the atmosphere. In partic-
ular, very strong echoes, later called “polar mesosphere
summer echoes,” were observed from around the sum-
mer mesopause region [Ecklund and Balsley, 1981; Rott-
ger et al., 1988; Cho and Kelley, 1993]. The seasonal
variation of echo power was commonly taken as an in-
dication of neutral air turbulence, which causes small-
scale plasma density fluctuations and therefore creates
refractive index variations at the Bragg scale of the
radar waves. However, simultaneous in situ observa-
tions of neutral and plasma density fluctuations in the
presence of PMSE have shown that neutral air turbu-
lence 1s not necessarily the cause of either the plasma
fluctuations or the PMSEs [Libken et al., 1993b]. On
the other hand, there have indeed been a few cases in
which neutral air turbulence and strong plasma fluctu-
ations were observed 1n the vicinity of PMSE, but there
is still no simple relationship between PMSE and neu-
tral versus plasma density fluctuations, since the latter
extend to smaller scales 1n comparison with the neu-
trals. These observations have been interpreted as be-
ing due to a reduced molecular diffusion coefficient de-
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Figure 10. Mean profiles of the mean turbulent veloc-
ity for summer (dashed line) and winter (solid line) as
listed 1n Tables 3 and 4, respectively.
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Figure 11. Mean profiles of the turbulent diffusion co-
efficient K for summer (dashed line) and winter (solid
line) as listed in Tables 3 and 4, respectively. The

hatched area shows the range of global ¢ measurements
from CIRA 1986 [Hocking, 1990].

scribed by a Schmidt number larger than unity (the
Schmidt number is defined as the ratio of the kinematic
viscosity to the molecular diffusion coeflicient for the
tracer under consideration) [Kelley et al., 1987; Lubken
et al., 1994b]. Several theories for the explanation of
PMSEs exist; some still involve neutral air turbulence,
at least as an indirect or supportive process for creat-
ing or maintaining small-scale plasma fluctuations {Cho
and Rottger, 1997]. We conclude that the role of neu-
tral air turbulence 1n the creation mechanism for PMSE
is still not clear. This conclusion also implies doubts
in the interpretation of the seasonal variation of radar
echoes. Despite these uncertainties we note that our in
situ measurements of turbulence confirm the oversim-
plified interpretation of the radar echo seasonal vari-
ation, showing strong turbulence around the summer
mesopause and relatively weak turbulence 1n the entire
mesosphere 1n winter.

Do radars at lower latitude observe a significant vari-
ation of turbulence throughout the season? MF radar
measurements performed at Adelaide show a rather
smooth semiannual variation of energy dissipation rates
with maximum values of ~ 140 mW /kg at solstice and
minimum values of ~ 100 mW /kg around the equinoxes
| Hocking, 1988; Vandepeer and Hocking, 1993]. The al-
titude of these measurements 1s ~86 km. In a recent
paper Hocking [1996] has discussed in more detail the
procedure to deduce turbulent energy dissipation rates
from radar spectral widths. He concludes that modifi-
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cations need to be made that “...reduce previous radar
estimates of energy dissipation rates by up to a factor
of 2or 3.” It is not known at the moment whether these
modifications also affect the amplitude of the seasonal
modulation.

Fukao et al. [1994] have summarized nearly 3 years of
VHF radar measurements from Japan (35°N), including
turbulent diffusivities K deduced from the radar spec-
tral widths. At mesospheric heights (60-82 km) they
found a seasonal maximum of K in summer and only a
small semiannual component. It is interesting to note
that the difference between summer and winter reaches
an order of magnitude, similar to our in situ observa-
tions for € at high latitudes (see Figure 9). On the other
hand, because of the wg dependence of K in equation
(5) the difference between our summer and winter mean
1s smaller in K than it is in ¢ (see Figure 11).

4.3. Comparison With Model Predictions of
Turbulence

A detailed comparison of our winter mean profile with
models has been performed by Lubken et al. [1993a).
Only a few of these models make a prediction on the
seasonal variation of turbulent parameters and present
energy dissipation rate profiles. Here we will con-
centrate on a recently published model by Fritts and
Luo [1995], which specifically concentrates on the high-
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Figure 12. Comparison of our mean energy dissipa-
tion rates during summer (thick dashed line) with the
model of Fritts and Luo [1995] (thin lines). The two
lines represent the ¢ variation for various model para-
meters. The €,,;, profile according to equation (13) is
also shown.
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latitude mesopause region i summer. In Figure 12 the
results from this model are plotted together with our
mean summer profile. As a common feature 1n the data
and in the model the energy dissipation rates are com-
paratively small in the lower mesosphere and increase
significantly around 80-85 km. The largest difference
between the model and the measurements is observed
in the lower mesosphere and in the lower thermosphere,
where the model predicts significantly larger ¢ values
in comparison with our measurements. To express this
difference 1n terms of density fluctuations, we have de-
termined the magnitude of the expected fluctuations
for the model energy dissipation rates from equation
(11), using the appropriate Brunt-Vaisala frequencies,
and the height interval L, ., of our data reduction (1
and 5 km n the lower mesosphere and 1in the lower
thermosphere, respectively). For model energy dissi-
pation rates of 20 and 700 mW /kg at 65 km and 100
km, respectively, we arrive at relative density Hluctua-
tions (RMS) of 0.4% and 4.5%, respectively. We do not
observe these kinds of large fluctuations in the lower
mesosphere and thermosphere, respectively (we should
not forget, however, the uncertainties m the parame-
ters used in equation (11)). We conclude that the dif-
ference between our mean ¢ profile in summer and the
model of Fritts and Luo [1995] cannot be explained by
experimental constraints but should be accounted for
by modifying the model parameters. We note that the
¢ values calculated from this model may be considered
an upper limit, because gravity waves may lose energy
by processes other than turbulence. In addition, the
Fritts and Luo model was tuned to the mesopause re-
gion and thus is rather speculative at greater and lower
altitudes.

(farcia and Solomon [1985, their Figure 10] have de-
termined the seasonal variation of the eddy diffusion
coeflicients for 61°N from their two-dimensional dy-
namical /chemical model. We have noted earlier the
difficultfies in comparing turbulent diffusion coefficients
from measurements and from models, since the physical
processes Involved may be very different and it may not
be clear how they are interrelated. Despite these diffi-
culties we note that there are considerable sirmlarities
between the Garcia and Solomon [1985] model and our
experimental results; the maximum turbulent activity
is located in the summer season around 90 km, with
a steep drop-off below ~80 km. Both this model and
our data show a much smoother height dependence 1n
winter than in sumimer.

In a recent model simulation, Alerander [1996] has
studied the propagation and breaking of convectively
generated gravity waves for mean conditions during
April and June. In June the filtering effect of the mean
winds at lower altitudes causes the gravity waves to dis-
sipate their energy 1n a fairly himited layer between 72
and 90 km (peak at 82 km). During April, however, the
altitude range of wave breaking is larger and extends
into the lower mesosphere. In addition, the peak ¢ val-
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ues are considerably larger in June than in April. These
results are in good agreement with our observations (see
Figure 9), suggesting that convectively generated grav-
ity waves may contribute significantly to the total wave
source in the troposphere.

4.4. Comparison of Energy Dissipation Rates
With Other Atmospheric Quantities

The importance of heating due to turbulent energy
chissipation can only be judged adequately if the other
contributions to the energy budget of the upper at-
mosphere are known, at least to a reasonably good ap-
proximation. Unfortunately, we are far from a com-
plete understanding of the thermal budget of the up-
per atmosphere, and the contributions from the various
processes involved are rather uncertain. We note, how-
ever, that our maximum turbulent heating rate of 10-20
K/d in summer is comparable to, or even larger than,
the other heating or cooling mechanisms believed to be
important in the mesopause region. Apart from turbu-
lence the main contributions are from adiabatic cooling
due to strong upwelling, radiative and chemical heat-
ing, radiative cooling, and the thermal effects of grav-
ity wave breaking (heating and cooling, e.g., by heat
transport) [Walterscheid, 1981; Garcia and Solomon,
198D; Dickinson el al., 1987; Huang and Smaith, 1991;
Mlynczak and Solomon, 1993; Riese et al., 1994; Foma-
chev et al., 1996]. We conclude that turbulent heating
plays a major role in the energy budget of the upper
mesosphere, at least at mesopause altitudes during sum-
Imer.

[t 1s interesting to compare the seasonal variation of ¢
with the thermal structure of the mesosphere, which is
very different 1n winter from that in summer. Whereas
in winter the temmperature profiles show large variability
in the mesosphere, the thermal structure 1s very stable
in summer. The mesopause 1s located around 100 kimn
winter and at ~88 km during summer [Ltbken and von
Zahn, 1991]. We note that at high latitudes in summer
the mesopause height i1s very close to the altitude at
which our mean ¢ profile exhibits a maximum (see Fig-
ure 9). This finding implies that maximum turbulent
activity is observed in a region of increased static stabil-
ity, which is in excellent agreement with the expectation
from gravity wave breaking theory appled to summer
polar mesopause conditions [e.g., Mclntyre,1989].

5. Conclusions

In summary, a total of 22 TURBO sounding rocket
thghts were performed in the vears 1990-1995, all of
which were successful and gave scientific data. With
our 1onization gauges on board the TURBO payloads
we have measured relative neutral gas densities in the
mesosphere and lower thermosphere with an unprece-
dented spatial resolution of a few meters. This high
resolution allows one to apply a recently developed the-
oretical method to unambiguously deduce turbulent en-
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ergy dissipation rates from the spectra of the density
fluctuation. At high latitudes, seven flights were per-
formed during summer, and 12 flights were performed
during winter and autumn. Taking into account the
seasonal variation of the thermal structure in the high
latitude mesosphere, the autumn flights were grouped
into the “winter” category.

Neutral density fluctuations indicative of turbulence
were found in layers of a few kilometers in thickness,
both in summer and in winter. The height coverage of
these layers exhibits a significant and systematic varia-
tion with season: Turbulence 1s confined to a relatively
small height region of 78-97 km during summer but
covers the entire mesosphere from 60 to 100 km during
winter.

The mean furbulent energy dissipation rate profiles
also exhibit a significant seasonal dependence. In sum-
mer the maximum ¢ values of ~150 mW /kg are found
around 90 km. The corresponding heating rate of
~13 K/d 1s comparable in magnitude with other heat
sources present 1n the upper mesosphere. In winter,
typical mean energy dissipation rates are 10-20 mW /kg
(heating rates of 1-2 K/d) at 80-100 km, considerably
smaller than summer rates. Even smaller ¢ values are
observed below 75 km in winter. In general, the turbu-
lent heating rates in winter are presumably negligible
in comparison with other heat sources present in the
mesosphere.

QOur observations lead to the curious conclusion that
the strongest turbulent heating in the mesosphere and
lower thermosphere occurs at the coldest place in the
entire terrestrial atmosphere, namely, at the polar me-
sopause in summer. This heating has to be compen-
sated for by cooling mechanisms, such as radiative cool-
ing, turbulent heat conduction, and adiabatic cooling
due to mean upward motions.

The seasonal variation of turbulent activity observed
in the mesosphere 1s presumably caused by breaking
gravity waves, which are generated in the troposphere
and filtered by the seasonal dependent prevailing winds
in the middle atmosphere. QOur experimental results
put a serious constraint on models dealing with the en-
ergy budget of the upper atmosphere, in particular their
dependence on gravity wave induced sources and sinks
of heat. The parameterization of subgrid processes in
terms of mean guantities used in these models must be
compatible with our mean ¢ profiles and their seasonal
variation.
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