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Abstract

We consider in-situ observations and results from a global circulation model to study

the latitude dependence and probability distribution of polar mesospheric turbulence.

A comparison of summer observations at 69
◦
N and 79

◦
N shows that mesospheric

turbulence weakens towards the summer pole. Furthermore, these data suggest that5

at both latitudes in about ∼70% of all samples there are non-turbulent altitude bins in

the considered altitude range between 70 and 95 km. The remaining 30% with de-

tectable turbulence show an approximately log-normal distribution of dissipation rates.

A low-resolution model version with a gravity wave (GW) parameterization explains the

observed latitude dependence as a consequence of a downshift of the breaking lev-10

els towards the summer pole and an accompanying decay of turbulent heating per unit

mass. When we do not use a GW parameterization but employ a high spatial resolution

instead to simulate GW effects explicitly, the model predicts a similar latitudinal depen-

dence with weakening turbulence towards the summer pole. In addition, the model

also produces a log-normal distribution of dissipation rates. The simulated probability15

distribution is more narrow than in the observations since the model resolves at most

mid-frequency GWs, whereas real turbulence is also excited by smaller-scale distur-

bances. The GW resolving simulation suggests a weaker tropospheric GW source at

polar latitudes as the dominating mechanism for the latitudinal dependence.

1 Introduction20

It is well known that the thermal and dynamical structure of the mesosphere and

lower thermosphere (MLT) region is mainly controlled by wave-mean flow interaction

(Dunkerton, 1978). In the mesopause region, breaking GWs drive a summer-to-winter-

pole residual circulation, which induces downwelling and adiabatic warming in winter,

as well as upwelling and adiabatic cooling in summer. The latter results in the extremely25

low temperatures at the polar summer mesopause (e.g. Lübken, 1999). Consequently,
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detailed knowledge of gravity wave breakdown and the accompanying turbulence is

mandatory for a detailed understanding of the dynamics and energetics of the middle

atmosphere. While our data base and understanding of gravity wave characteristics

has considerably grown over the past decades (see Fritts and Alexander, 2003, for a re-

cent review), the available data base concerning mesospheric turbulence has remained5

scarce. This is mainly because of the experimental difficulties in measuring associated

small-scale atmospheric properties, such that our current knowledge mainly rests on

the results from a few in-situ soundings (e.g., Lübken, 1997; Lehmacher et al., 2006),

and observations with radars which are, however, often difficult to interpret quantita-

tively (e.g., Hocking, 1996; Engler et al., 2005). Since available measurements are10

concentrated at very few geographical locations (i.e., basically all previous in-situ ob-

servations were obtained at ∼69
◦
N), information on the latitudinal dependence and the

probability distribution of turbulence is very limited.

In this paper we present a comparison of turbulent energy dissipation rates, ǫ, mea-

sured in situ at ∼69
◦
N and ∼79

◦
N. The observed latitude dependence in mean and15

variable dissipation rates are compared to results from a mechanistic general circu-

lation model, suggesting a log-normal probability distribution for the dissipation and

yielding two distinct mechanisms that both may contribute to the observed latitude de-

pendence.

2 Experimental results20

In this section we compare the available in-situ measurements of turbulent energy dis-

sipation rates under summer conditions at two geographical latitudes, i.e., at ∼69
◦
N

(including two flights at 68
◦
N) and 79

◦
N. All experimental values were obtained from

analyzing ionization gauge measurements of relative neutral air density fluctuations

(Lübken, 1992). In short, turbulent energy dissipation rates, ǫ, are derived from such25

measurements by converting the relative density fluctuations to power spectra with ei-

ther Fourier or wavelet-techniques, and then comparing these power spectra to those
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expected from turbulence theory (see Lübken, 1992; Strelnikov et al., 2003, for details).

Spectra which clearly do not reveal a “turbulent” shape (i.e., which do not show an in-

ertial subrange characterized by a classical k
−5/3

power law, see e.g. Fig. 2 in Lübken

et al., 2002) are discarded as non-turbulent. The data from ∼69
◦
N were previously

presented by Lübken et al. (2002), Müllemann et al. (2003) and Rapp et al. (2004).5

Some basic information on these flights is summarized in Table 1.

Measurements from 79
◦
N were recently obtained during the ROMA-SvalRak (Rock-

etborne Observations of the Middle Atmosphere at the SvalRak facilities) campaign

which took place from 29 June to 6 July 2003 at Ny-Ålesund on Svalbard (79
◦
N, 12

◦
E).

We note that collocated mesospheric temperature measurements performed with a10

potassium resonance lidar in the summers 2002 and 2003 indicate that this period was

a “typical” summer week with no extraordinary events (J. Höffner, private communica-

tion, August 2006). The main scientific aim of the sounding rocket campaign was the

study of small-scale processes related to neutral and plasma dynamics in the MLT. For

more details on this campaign and an initial overview of achieved results see Strelnikov15

et al. (2006). For this study, we focus on the turbulence measurements obtained during

the three sounding rocket flights labeled ROMI01-03 (see Table 1 for details).

In Fig. 1 we present a comparison of all turbulent energy dissipation rates, ǫ (or

heating rates Q), from the observations at 69
◦
N with the new data obtained at 79

◦
N.

This figure suggests that heating rates observed at 79
◦
N were on average smaller20

than those observed at 69
◦
, i.e., most crosses lie to the left of the majority of values

indicated by the black diamonds. In addition, it is interesting to note that flight ROMI03

(blue crosses) represents the first in-situ measurement in the polar summer, where

not a single altitude bin (here consistently taken as 1 km for all flights) revealed any

turbulent activity.25

Given the rather poor statistics of only three sounding rocket flights at 79
◦
N, we have

performed a more in-depth statistical comparison of the turbulent heating rates mea-

sured at 69
◦
N and 79

◦
N. We have taken all measured Q-values in the entire altitude

range between 72 and 95 km for each latitude and counted how many of these fell into
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classes with Q=0 (i.e., no turbulent spectrum was observed), 0.001 K/d≤Q<0.01 K/d,

0.01 K/d≤Q<0.1 K/d,..,Q>100 K/d. The resulting histograms are presented in Fig. 2,

where measurements with Q=0 are presented as the leftmost vertical bars.

This figure shows several interesting details: first of all both histograms reveal that in

about 70% of all measurements (precisely speaking 67% at 69
◦
N and 80% at 79

◦
N),5

observed spectra did not show any evidence for turbulence. The remaining Q-values

larger than 0 are approximately normally distributed in values of log(Q), i.e., they ap-

proximately reveal a log-normal distribution. Note that we have performed the same

type of analysis for the limited altitude range of 82–90 km yielding essentially the same

results (but note that the turbulence occurrence rate is certainly much larger in small10

altitude ranges, see Rapp and Lübken (2003), Fig. 7, for an altitude profile of the tur-

bulence occurrence rate at 69
◦
N). Mean (median) values of the two distributions for

the full altitude range (72–95 km) are 13.7 K/d (1.6 K/d) in the case of 69
◦
N and 3.2 K/d

(0.2 K/d) at 79
◦
N, respectively. We note that since the ensembles show an approxi-

mately log-normal distribution, the median values actually provide a better characteri-15

zation of these data than the means. In order to clarify whether the obtained median

values truly indicate that turbulent heating rates at 79
◦
N are on average smaller than at

69
◦
N, we have performed a Student’s t-test (e.g., Taubenheim, 1965) on the distribu-

tions in log(Q) and found that the difference between the two median values is indeed

significant at the 90% confidence level.20

We note that this result is most probably not an artifact of an improper sampling of a

potential tidal signature in mesospheric turbulence: if we assume that the recent MF-

radar results of Hall et al. (2006) obtained at Tromsø (70
◦
N, 19

◦
E) are applicable to

our measurements at both 69
◦
N and 79

◦
N, we would expect larger dissipation rates

between 08:20 UT and 09:23 UT (when measurements at 79
◦
N were made) than be-25

tween 21:21 UT and 01:40 UT (when measurements at 69
◦
N were made), i.e., the

opposite of what we have observed.

In summary, our measurements imply that a typical occurrence rate of mesospheric

turbulent activity at polar latitudes (i.e., both 69
◦
N and 79

◦
N) in summer is ∼30%, and
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that turbulence at 79
◦
N is on average weaker than at 69

◦
N. In the following section,

we compare these findings to results from a global circulation model and try to identify

the underlying physical causes.

3 Latitudinal dependence of mesospheric turbulence in a GCM

We employ the Kühlungsborn Mechanistic general Circulation Model (KMCM) which is5

described elsewhere (e.g. Becker, 2004, and references therein). Note that this model

focuses on the principal physical processes creating the most important qualitative

features of the dynamical and thermal structure of the atmosphere. Hence we do not

aim to provide a one-to-one correspondence to measurements. It is also “only” these

general features which we will discuss in this section.10

First we use the previous model version with a typical climate-model resolution and

completed by a Lindzen-type gravity-wave parameterization (Becker, 2004; Becker

et al., 2004). Inspection of Fig. 4d in Becker et al. (2004) already reveals that tur-

bulent dissipation rates in the summer MLT decrease from mid-latitudes towards the

pole. In Fig. 3 corresponding profiles of turbulent heating rates at 60
◦

and 80
◦
N are15

shown along with corresponding profiles of the mean zonal wind.

The mechanism suggested by Fig. 3 is as follows. In the model, the dominating GW

that gives rise to wave-mean flow interaction and dissipation in the summer MLT is

an eastward propagating wave with a phase speed of c∼30 ms
−1

. The altitude of the

breaking (or saturation) level zb is given by20

zb = 3H ln(|ū − c|/ũ) (1)

where H is the pressure scale height, ū is the mean zonal wind, and ũ is a measure of

the wave amplitude at the launching level (e.g. Becker, 2004, Eq. 41). Therefore, when

launched at 80
◦
N, this wave will start breaking at a lower altitude than at 60

◦
due to

the weaker mesospheric easterlies. Since the background neutral density is larger at25

lower altitudes, this implies a weaker dissipation per unit mass at 80
◦

than at 60
◦
N –
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provided the GW source is latitudinally uniform, which is still a common assumption in

present-day parameterizations.

General circulation models that employ GW parameterizations along with course

spatial resolutions can certainly not provide us with estimates of the short-term vari-

ability of turbulence in the MLT. In order to simulate at least a portion of the observed5

variability, GWs must be simulated explicitly (e.g. Hamilton et al., 1995). Recently,

Becker and Fritts (2006) have presented an extension of KMCM in which they simu-

lated the effects of mid-frequency GWs by increasing the model’s vertical resolution

to 190 hybrid levels between 0.1 km and 125 km, and using a horizontal resolution of

T85 corresponding to a horizontal grid spacing of 1.4 degree or 162 km. Gravity waves10

are self-generated by the tropospheric dynamics and their dissipation in the MLT is

induced by nonlinear horizontal and vertical diffusion schemes with prescribed vertical

profiles of the mixing lengths. Like a conventional model with parameterized GWs, this

high-resolution model version produces a climatology which is in general agreement

with observations (see Fig. 4 in Becker and Fritts, 2006). As a notable difference to the15

older model version, the mean dissipation in the summer MLT peaks at higher latitudes,

i.e., at 60
◦

in the model of Becker and Fritts (2006) instead of 45
◦

in the case of Becker

(2004). As a result, the high-latitude mean dissipation rate is in much better agreement

with observations. Profiles of mean dissipation rates at 60
◦
N, 70

◦
N and 80

◦
N along

with the mean profile from observations at 69
◦
N are presented in Fig. 4.20

The latitude dependence in Fig. 4 yields weaker heating rates at 80
◦

than at 60
◦
N,

consistent with Figs. 2 and 3. But with resolved GWs the maximum dissipation shifts

to higher altitudes with increasing latitude, as opposed to the behavior seen in the low-

resolution model with a horizontally uniform GW source. This suggests that the self-

generated tropospheric GW source becomes weaker at polar latitudes such that the25

“saturation” levels shift upwards (see also Eq. 1). Obviously this overcompensates the

effect of a downshift of the “saturation” levels due to reduced mean easterlies. There-

fore, the high-resolution simulation implies that a weaker tropospheric GW source at

polar latitudes is the dominating mechanism that yields on average decaying dissipa-
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tion rates towards the summer pole.

Next, we analyze the variability of the simulated turbulent dissipation in the summer

MLT. Let us consider a representative 4-day sequence of the dissipation at 60
◦
N and

0
◦
E, using model snapshots every 90 min (Fig. 5).

It is obvious that a strong temporal variability appears at periods of a few to several5

hours, i.e., periods of mid and low-frequency GWs which are the smallest features

resolved in the model. I.e., the substantial horizontal wind variations owing to the GWs

(which are of order of ±50 ms
−1

– not shown here) lead to the strong variations of the

dissipation rate.

As matter of fact, the observed variability of the dissipation occurs at even smaller10

spatial and temporal scales than in the simulation and consequently attains smaller and

larger extreme values. This notion is also supported by the direct numerical simulations

of Achatz (2006), where the resolution goes far beyond that of the present model.

We therefore expect that the distribution of the simulated dissipation will be narrower

than in the measurements. To quantify this hypothesis, Fig. 6 shows histograms of the15

dissipation in Becker and Fritts (2006)’s permanent July simulation, using a 60 day time

series with model snapshots every 90 min at latitudes of 60
◦
N and 80

◦
N for altitudes

between 70–95 km, and eight equidistant arbitrarily chosen longitudes.

The most striking difference to Fig. 2 is that there are no cases with “zero” dissipation

rates, i.e. very small dissipation rates are much less probable than in the real atmo-20

sphere. Likewise, also the probability for values higher than 10
2

K/d is much smaller.

As expected, the simulated probability distribution is thus more narrow than in the ob-

servations. Nevetheless, it confirms a log-normal distribution otherwise.

Concerning the inability of the model to produce a large number of “non-turbulent”

altitude bins, we need to consider that the modeled heating rates are actually average25

values representative of volumes with typical dimensions of a few hundred kilometers

in the horizontal, a few kilometers in the vertical, and about 30 min in time. This needs

to be compared to our measurements which are snapshots in both horizontal and tem-

poral dimension (i.e., a few centimeters and 1 s of flight-time) and are only averaged
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over a vertical scale of at most 1 km. This means that a single model value should actu-

ally be considered representative of the mean of a few thousand “real” values. Hence,

if 70% of these values are zero and 30% do show significant heating rates, then the

average of thousands of values should actually be non-zero – as seen in the model.

Hence, the missing zero heating rates in the model are not necessarily in contradiction5

to our observations but can likely be explained by the very different sampling statistics

of observations and model.

4 Conclusions

We have considered in-situ observations and results from a global circulation model in

order to yield insight into the latitude dependence and probability distribution of polar10

mesospheric turbulence. A comparison of summer observations at 69
◦
N and 79

◦
N

shows that mesospheric turbulence becomes weaker towards the summer pole. At

both latitudes, the data sets for the considered altitude range between 70 and 95 km

reveal that about ∼70% of all samples are non-turbulent. The remaining 30% with

detectable turbulence show an approximately log-normal distribution of dissipation15

rates. Two model runs with either a Lindzen-type GW parameterization or resolved

mid-frequency GWs reproduce the general decay of turbulence towards the summer

pole. The conventional model concept yields lower saturation levels owing to weaker

mean easterlies near the summer pole as a possible explanation. The GW resolving

model run, on the other hand, suggests that a weaker tropospheric GW source at polar20

latitudes is the dominating mechanism for decaying dissipation rates towards the sum-

mer pole. Furthermore, an approximate log-normal distribution of turbulent dissipation

rates is found, as in the observations. However, because of the limited resolution the

simulated distribution is significantly more narrow than in the observations. We also

note that the model does not yield a large part of samples with no turbulence at all. At25

this stage, it appears most likely that the very different sampling statistics of model and

observations create this difference. This issue will require our attention in the future.
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Table 1. Rocket flights with ionization gauge measurement of turbulence under polar summer
conditions.

flight label date time (UT) launch site

NAT13 9 Aug 1991 23:15:00 68
◦
N, 20

◦
E

NBT05 1 Aug 1991 01:40:00 68
◦
N, 20

◦
E

SCT03 28 July 1993 22:23:00 69
◦
N, 16

◦
E

SCT06 31 July 1993 01:46:00 69
◦
N, 16

◦
E

ECT02 28 July 1994 22:39:00 69
◦
N, 16

◦
E

ECT07 31 July 1994 00:50:33 69
◦
N, 16

◦
E

ECT12 12 Aug 1994 00:53:00 69
◦
N, 16

◦
E

MDMI05 6 July 1999 00:06:00 69
◦
N, 16

◦
E

SOMI05 17 June 2001 00:05:00 69
◦
N, 16

◦
E

SOMI12 24 June 2001 21:21:15 69
◦
N, 16

◦
E

MMMI12 2 July 2002 01:44:00 69
◦
N, 16

◦
E

MMMI24 5 July 2002 01:10:00 69
◦
N, 16

◦
E

MMMI25 5 July 2002 01:42:00 69
◦
N, 16

◦
E

ROMI01 1 July 2003 09:23:00 79
◦
N, 12

◦
E

ROMI02 4 July 2003 08:20:00 79
◦
N, 12

◦
E

ROMI03 6 July 2003 08:27:00 79
◦
N, 12

◦
E
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Fig. 1. Overview of all mesospheric turbulent energy dissipation rates measured with the ion-
ization gauge technique at polar latitudes. The black symbols mark observations from ∼69

◦
N.

Colored crosses mark the observations from Svalbard (79
◦
N). Measurements which were iden-

tified as “non-turbulent” (see text for further explanation) are indicated on the left ordinate. The
black solid line indicates the mean of the observations from 69

◦
N and has been smoothed

over 5 points. The upper abscissa converts energy dissipation rates ǫ to heating rates Q using
Q=ǫ/cp where cp is the heat capacity of air at constant pressure.
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Fig. 2. Histogram of the turbulent heating rates measured at 69
◦
N (in black) and 79

◦
N (in

grey). Measurements which were identified as “non-turbulent” have been counted in the class

between 10
−4

and 10
−3

K/d. Mean and median values of the measurements with Q>0 are
indicated with solid and dotted vertical lines, respectively. Finally, we have indicated how many
measured values formed the basis for these histograms (Nges) and how many of these were
retrieved from spectra showing some turbulence (marked as “N>0”).
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Fig. 3. Left panel: zonal wind profiles at 60
◦
N and 80

◦
N from a permanent July simulation per-

formed with the Külungsborn Mechanistic Circulation Model as used by Becker et al. (2004).
The horizontal lines mark the altitudes at 60

◦
N and 80

◦
N where the dominating eastward prop-

agating gravity wave with a phase speed of c∼30 ms
−1

becomes saturated. Right panel: corre-
sponding profiles of the mean turbulent dissipation of GW kinetic energy, expressed as equiv-
alent heating rates.
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Fig. 4. Zonal mean turbulent heating rates for permanent July conditions taken from the study
of Becker and Fritts (2006) at 60

◦
N (red), 70

◦
N (green) and 80

◦
N (blue). The black curve

shows the mean of all data from rocket soundings at the site of Andøya (69
◦
N).
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Fig. 5. 4-day times series of the turbulent heating rate (dissipation) in the altitude range ∼74–
94 km taken from the permanent July simulation of Becker and Fritts (2006) at 60

◦
latitude.
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Fig. 6. Histograms of the energy dissipation rates (here shown as equivalent heating rates) at
60

◦
N and 80

◦
N from the model study of Becker and Fritts (2006) for permanent July conditions.

Mean values are indicated in the insert.
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