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[1] In situ observations of small-scale dynamics and compositional structure in the tropopause
region are presented. The measurements were made aboard the Grob ‘‘Egrett’’ high-altitude
research aircraft above Aberystwyth, Wales, in the summer of 2000. The observations presented
here show evidence of mixing of ozone and water vapor in a patch of intense turbulence just above
the tropopause. This turbulence is shown to be the result of wind shear above a tropospheric jet
stream. The value of the vertical eddy diffusion coefficient in this turbulence is estimated to be 0.9
m2 s�1. It is also shown that wavelike perturbations superimposed on the overall tracer structure can
be accounted for by a gravity wave. INDEX TERMS: 3379 Meteorology and Atmospheric
Dynamics: Turbulence; 3362 Meteorology and Atmospheric Dynamics: Stratosphere/troposphere
interactions; 0368 Atmospheric Composition and Structure: Troposphere—constituent transport
and chemistry; 3384 Meteorology and Atmospheric Dynamics: Waves and tides; KEYWORDS:
Kelvin-Helmholtz instability, wave breaking, jet stream, aircraft measurements, atmospheric
chemistry, tropopausal turbulence

1. Introduction

[2] During May and early June 2000 an intensive airborne
measurement campaign was conducted over Britain and Ireland
with the objective of studying small-scale wave, turbulence, and
mixing processes in the midlatitude tropopause region. The cam-
paign made use of the Grob 520T ‘‘Egrett’’ aircraft operated by
Airborne Research Australia. The Egrett is a purpose-built high-
altitude research aircraft, capable of flying at low airspeeds
(typically 100 ms�1) at altitudes of up to 15 km. The aircraft is
therefore ideal for the study of small-scale dynamics and composi-
tional structure around the tropopause.
[3] During the experiment the Egrett was equipped with high-

resolution turbulence probes as well as instruments for measuring
ozone, water vapor, and other trace species. This paper describes
measurements made during a flight on 6 June 2000, when a strong
tropospheric jet stream produced a layer of intense wind shear just
above the tropopause. The Egrett encountered a region of strong
turbulence as it flew through this shear layer.
[4] Associated with this turbulence were complex features in

the temperature, ozone, and humidity fields. The most striking
feature is a region of decreased ozone and increased humidity
which coincides with the region of most intense turbulence. We
show that these anomalies can be accounted for by turbulent
mixing and gravity wave motions.

2. Measurement Methods

[5] The instrumentation relevant to this case study is described
below. In addition to the airborne instruments, ozonesonde and
radar wind profiler measurements were available from ground-
based facilities at Aberystwyth on the west coast of Wales (52.4�N,
4.1�W).

2.1. Aircraft Measurements

[6] Wind and temperature measurements were provided by a
Rosemount turbulence probe mounted on the right wing of the
aircraft. Measurements were made with a sampling frequency of 55
Hz. At the normal airspeed of 100 ms�1 this corresponds to a
horizontal resolution of approximately 1.8 m.
[7] A model TE-49C ultraviolet absorption spectrometer man-

ufactured by Analytical Systems provided ozone measurements
with a response time of 10–20 s and an accuracy of ±1 ppb.
Water vapor measurements were made using a model CR-2
cryogenic frost point hygrometer manufactured by Buck
Research. This is capable of measuring moisture concentrations
down to 0.01 ppm at standard pressure, making it ideal for
stratospheric conditions. The response time of the instrument is
typically less than 40 s.

2.2. Ground-Based Measurements

[8] One ozonesonde was launched during the flight, at 1200
UT. The balloon payload consisted of an electrochemical concen-
tration cell ozonesonde, together with a Vaisala RS-80 radiosonde
package. This provided a profile of ozone mixing ratio, temper-
ature, pressure, and humidity up to around 30 km altitude [Reid
et al., 1996].
[9] The UK mesosphere, stratosphere, troposphere (MST)

radar, located just outside Aberystwyth, operated continuously
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during the measurement campaign. The radar provides vertical
profiles of the wind velocity with a resolution of 300 m [Slater
et al., 1992].

3. Observations

[10] On 6 June, between 1000 and 1500 UT, the Egrett flew four
stacked level flight legs over the mountains of Snowdonia in north
Wales, followed by two legs over Cardigan Bay, Aberystwyth, and
the Cambrian Mountains (see Figure 1). In addition, vertical
profiles were measured by ascending through the tropopause over
both Snowdonia and Aberystwyth. The flight legs were oriented
parallel to the wind, which was west-northwesterly, dominated by a
strong tropospheric jet below 10 km (illustrated in Figure 2). In this
paper, only data from one profile ascent and one horizontal flight
leg are presented, both of which passed over Aberystwyth.

3.1. Vertical Profiles

[11] Figure 3 shows profiles of ozone, water vapor, temperature,
potential temperature, wind speed, Richardson number, and turbu-
lence kinetic energy between 8 and 13 km. These data are a
combination of measurements from the Egrett ascent over Aber-
ystwyth, the ozonesonde profile, and measurements from the MST
radar. Ozone measurements are plotted from both the Egrett ascent
and the ozonesonde profile (Figure 3a). The radar wind profile
(Figure 3c) was calculated by averaging half an hour of MST radar
measurements, starting at 1300 UT. The gradient Richardson
number (Figure 3d) was calculated at 100 m intervals from the
Egrett wind and temperature measurements. The turbulence kinetic
energy (TKE) per unit mass is calculated as ½ 1=2ð Þu02 þ v02 þ w02�
from the Egrett wind measurements.
[12] The ozone mixing ratios measured from the Egrett agree

well with those from the ozonesonde. The measured water vapor is
decreasing and anticorrelated with the ozone mixing ratio, as
expected in the lower stratosphere.
[13] The wind profile (Figure 3c) shows a strong westerly jet

stream below 11.4 km. The top of this jet is marked by a layer of

intense wind shear. The Richardson number profile (Figure 3d)
clearly shows that the strong shear layer at 11.4 km is associated
with a region of Richardson number smaller than 1/4, the threshold
for generation of turbulence by shear instability. In this layer there
is a distinct peak in turbulence intensity (Figure 3e). There are also
minima in the Richardson number at approximately 10.4 km and
10.0 km alititude, which correlate with layers of enhanced turbu-
lence intensity.

3.2. Horizontal Flight Leg

[14] As indicated in Figure 3, the Egrett flew a horizontal flight
leg above Aberystwyth in the region of maximum wind shear at
11.4 km. Figure 4 shows measurements made during this leg,
between 1300 and 1320 UT. The figure shows vertical winds w,
TKE, potential temperature q, ozone mixing ratio, and water vapor
mixing ratio.
[15] The TKE was calculated along this flight leg using 10 s

(1 km) averaging windows. The first 50 km of the flight leg were
observed to be moderately turbulent, with values of TKE between 0
and 0.5 J kg�1. The second half of the flight leg is dominated by a
sharp increase in turbulence intensity to values of TKE reaching 4.2
J kg�1 over a patch of approximately 20 km in horizontal extent.
[16] The power spectra of all three components of the wind are

shown in Figure 5 for a region of moderate turbulence (indicated as
‘‘M’’ in Figure 4) and the region of most intense turbulence
(indicated as ‘‘T’’). They show a k�5/3 wave number dependence
at scales smaller than 200 m, consistent with the Kolmogorov
inertial subrange turbulence spectrum.
[17] Applying a moving average to the vertical wind trace (the

smooth line in Figure 4a) reveals a clear wave motion in the latter
half of the flight leg with a horizontal wavelength of around 12 km.
The maximum amplitude of this wave is approximately ±0.5 ms�1.
[18] The potential temperature along this flight leg (Figure 4c)

exhibits a variety of structures. Superimposed on the large-scale
trend of decreasing potential temperature is a wavelike structure
which is 90� out of phase with the wave observed in the vertical
wind component. Also evident are small-scale temperature fluctu-
ations with a horizontal ground-based wavelength of approxi-
mately 1 km (e.g., at 50 km flight distance). These are likely to

Figure 1. Map of Wales, showing the flight track of the Egrett on
6 June 2000. Filled contours indicate the terrain height above sea
level. The cross indicates the position of Aberystwyth.

Figure 2. Geopotential height contours from the European
Centre for Medium-Range Weather Forecasts analysis for 6 June
2000 at 1200 UT on the 300 hPa surface, showing the jet stream
over the Atlantic. Values are in decameters (dam), and contours are
at 5 dam intervals. The thick line indicates the 7 hour back-
trajectory of an air parcel initialized along the Egrett flight path; the
crosses mark the parcel position at 1 hour intervals.
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be a signature of Kelvin-Helmholtz billows appearing during the
transition to turbulent flow [Browning et al., 1973]. It is interesting
to note that these small-scale waves exhibit a striking sawtooth
waveform on closer inspection.
[19] The ozone measurements (Figure 4d) are fairly constant

for the first 30 km, varying between approximately 445 and 455
ppb. In the region of most intense turbulence, however, the ozone
mixing ratio drops quite suddenly by approximately 23 ppb at its
lowest point. The water vapor measurements (Figure 4e) show a
corresponding increase of approximately 1.7 ppm in their large-
scale mean. It will be shown in section 4 that these anomalies
can be accounted for by turbulent mixing and gravity wave
motions.

4. Analysis and Discussion

[20] The most striking feature of these measurements is the
sudden decrease in ozone and increase in water vapor during the
most turbulent section of the flight. The correlation of these
anomalies with the presence of intense turbulence points to
turbulent mixing as a likely cause. However, there is also a
wavelike structure superimposed on these tracer measurements,
implying a possible contribution from gravity wave motions. In
sections 4.1 and 4.2 we will address both of these possible causes.
[21] In order to quantify the large-scale decrease in ozone and

potential temperature and increase in water vapor in the turbulent
region, the mean values of q, ozone mixing ratio, and water vapor
mixing ratio were calculated in two regions: (1) between 0 and
50 km flight distance and (2) between 52 and 73 km flight distance.
The changes in the mean value for each quantity were �2.0 K for
potential temperature, �18.1 ppb for ozone, and +1.7 ppm for
water vapor. The wavelike perturbations in region 2 have ampli-
tudes of approximately ±1 K for potential temperature, ±7 ppb for
ozone, and ±0.5 ppm for water vapor.

4.1. Turbulent Mixing

[22] It is possible to derive the vertical eddy diffusivity for the
observed turbulence given the measured vertical potential temper-

ature gradient and the measured vertical heat flux. We use the
gradient transfer equation:

FH ¼ �KH

@q
@z

; ð1Þ

where FH is the vertical flux of sensible heat, KH is the vertical
eddy diffusivity for heat, q is the measured potential tempera-
ture, and z represents height. The vertical heat flux is determined
from the measurements by FH ¼ w0�0, where w is the measured
vertical wind component and the prime denotes perturbations
from the mean.
[23] In calculating the heat flux the Egrett time series was

divided into two sections of 300 s duration (corresponding to
approximately 30 km wind-relative flight distance), representative
of the moderately turbulent region (hereafter referred to as ‘‘mod-
erate,’’ or ‘‘M’’) and the intensely turbulent region (hereafter re-
ferred to as ‘‘turbulent,’’ or ‘‘T’’). These regions are indicated in
Figure 4.
[24] A high-pass filter was applied to the data in order to

remove contamination from gravity waves and larger-scale varia-
tions. In order to test the effect on the derived heat flux of changing
the filter cutoff, various cutoff periods were tried, ranging from 1 s
(100 m) to 50 s (5000 m). A filter cutoff of 10 s (1000 m) was
chosen.
[25] For the moderately turbulent region (‘‘M’’ in Figure 4a) the

heat flux was found to be �1.4 	 10�3 K ms�1. Using a potential
temperature gradient of 35.8 K km�1 (based on the Egrett pro-
file below 11.4 km), this corresponds to an eddy diffusivity of
0.04 m2 s�1.
[26] For the region of intense turbulence (‘‘T’’ in Figure 4a) the

heat flux has a value of �3.3 	 10�2 K ms�1, corresponding to an
eddy diffusivity of 0.9 m2 s�1. The measured vertical potential
temperature gradient which was used in this calculation corre-
sponds to the unmixed ‘‘background’’ gradient. It should be noted
that the values of eddy diffusivity given here are likely to be
underestimates, since the potential temperature gradient in a mixed
layer will normally be significantly smaller than the unmixed
background gradient.

Figure 3. Profiles over Aberystwyth on 6 June 2000. The dashed horizontal line on all plots marks the altitude of the
Egrett flight leg at 11.4 km. (a) Ozone mixing ratio (thin lines); water vapor mixing ratio (thick line). Solid lines
represent Egrett measurements, and dashed lines represent balloon measurements. (b) Potential temperature (solid line,
Egrett; dashed line, ozonesonde). (c) Zonal wind (thin lines) and meridional wind (thick lines); solid lines are Egrett
measurements, and dashed lines are MST radar measurements. (d) Gradient Richardson number, calculated from Egrett
data. The vertical dashed line indicates Ri = 1/4. (e) Turbulence kinetic energy derived from Egrett wind measurements.
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[27] In order to test whether the observed turbulence could
account for the potential temperature, ozone, or water vapor
anomalies, a one-dimensional numerical model was constructed
to simulate the effect of a layer of enhanced vertical diffusivity.

The model was similar to that employed byWhiteway et al. [1995].
We integrate the diffusion equation, for example, for heat:

r cp
@q
@t

¼ @

@z
r cpKH

@q
@z

� �
; ð2Þ

where r is the air density, cp is the specific heat of air at constant
pressure, q is the potential temperature, and KH is the vertical eddy
diffusivity. The model was run with a 2 s time step and 20 m height
resolution. Linear ozone, water vapor, and potential temperature
profiles were used, with gradients derived from the Egrett profile
between 11.2 and 11.4 km. A turbulent eddy diffusivity profile
consisting of a 1 km thick layer was employed (see Figure 6a).
[28] We assume that if turbulent mixing accounts for the ozone

and water vapor anomalies, then the Egrett was flying through the
top of a turbulent layer. Thus, in our model calculations we have
used a maximum value of KH which is larger than the observed
eddy diffusivity by a factor of 2, because we assume that the eddy
diffusivity at the top edge of a turbulent layer is smaller than that at
its center. The model also incorporates heating due to turbulent
dissipation, although this effect was found to be insignificant.
[29] The result of diffusive mixing in this model can be quanti-

fied as the maximum value of the ‘‘mixed’’ tracer profile minus the
original ‘‘unmixed’’ profile. This value will be referred to here as
the mixing anomaly. Clearly, the mixing anomaly is dependent on
the length of time over which the mixing has occurred.
[30] A rudimentary ‘‘order of magnitude’’ estimate of the

mixing time can be made by estimating the time for which an air
parcel sampled by the aircraft has been located in the shear region
above the jet. Figure 2 shows an isentropic air parcel back-
trajectory computed from the European Centre for Medium-Range
Weather Forecasts analysis over 7 hours ending at 1200 UT on
6 June. The trajectory was initialized at 52.4�N, 4.74�W on the
355 K potential temperature surface (i.e., on the Egrett flight path).
It is clear that the parcel remains well inside the jet for the entire
period. It therefore seems reasonable to assume that the air parcel
has been in a high-shear, and consequently turbulent, environment
for several hours.
[31] By varying the mixing time in the model it was found that

3.75 hours of mixing resulted in anomalies very close to the
observed shifts in the mean values of each quantity: 2.0 K for
potential temperature, 18.4 ppb for ozone, and 1.8 ppm for water
vapor. Figures 6b–6d show the results of this model on the
potential temperature, ozone, and water vapor profiles. This result
encourages our belief that the observed tracer anomalies may
reasonably be attributed to mixing. Note that this mixing does
not perturb the profiles sufficiently to eliminate the vertical
gradients. This layer is therefore not what would normally be
described as ‘‘well mixed.’’

Figure 4. Measurements from the horizontal Egrett flight leg at
11.4 km, between 1300 UT and 1320 UT on 6 June 2000. The
regions marked ‘‘M’’ and ‘‘T’’ correspond to the ‘‘moderate’’ and
‘‘intense’’ turbulence regions referred to in section 4.1. (a) Vertical
wind, (b) turbulence kinetic energy, (c) potential temperature,
(d) ozone mixing ratio, and (e) water vapor mixing ratio. The lines
superimposed on the vertical wind and potential temperature
represent 2000-point (3.6 km wind-relative distance) moving
averages.

Figure 5. Smoothed power spectra of zonal (solid lines), meridional (dotted lines), and vertical (dashed lines) wind
components, for (left) moderate and (right) turbulent regions. The thin dashed line represents a slope of �5/3. PSD,
power spectral density.
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4.2. Gravity Waves

[32] It is clear from the vertical wind trace in Figure 4a that
there is significant gravity wave activity during this flight leg,
particularly in the final section. It cannot be ignored that these
waves may have an effect on the distribution of trace species in this
region. In particular, it is tempting to note that the two ‘‘humps’’ in
the ozone and water vapor measurements in region T are quite well
correlated with these vertical wind perturbations.
[33] A gravity wave of intrinsic frequency w and vertical wind

amplitude w0 would be expected to produce a maximum anomaly
in a conserved tracer given by

�X ¼ 
w0

w
@X

@z
; ð3Þ

where X represents the tracer concentration. For the present case,
w0 � 0.5 ms�1, and w � 0.02 rad s�1 (estimated from the mean
horizontal wind and measured horizontal wavelength).
[34] The potential temperature, ozone, and water vapor pertur-

bations expected from this model are ±0.83 K, ±7.8 ppb, and
±0.75 ppm, respectively. These values are in good agreement with
the observed perturbations that are superimposed on the overall
anomalies that can be accounted for by mixing.

5. Conclusions

[35] Observations from the flight described in this paper have
shown the presence of intense turbulence just above the tropo-
pause. After inspection of vertical profiles of the wind and
Richardson number we conclude that this turbulence was generated

by wind shear above a tropospheric jet. Using calculations of the
vertical flux of sensible heat, we estimate the minimum value of
vertical eddy diffusivity for the most intense turbulence to be
0.9 m2 s�1. Vertical wind measurements also revealed the presence
of moderate gravity wave activity, producing vertical motions of
approximately 0.5 ms�1 amplitude.
[36] The vertical eddy diffusivity derived for this case agrees

quite well with previous observations of turbulence in the upper
troposphere–lower stratosphere region. Lilly et al. [1974] found
mean values of KH between 0.3 and 1.0 m2 s�1 from aircraft
measurements in the stratosphere. Radar observations by Kurosaki
et al. [1996] (KH = 0.3–0.8 m2 s�1) and Delage et al. [1997]
(KH = 0.1–1.8 m2 s�1), as well as aircraft measurements near the
tropopause by Schumann et al. [1995] (KH = 0.0–0.6 m2 s�1) all
yielded eddy diffusivities similar to those observed here.
[37] Associated with the region of most intense turbulence

were patches of decreased ozone and increased water vapor
concentrations. A simple diffusion model was applied to show
that after a few hours of mixing the observed turbulence is strong
enough to produce anomalies of a similar magnitude to those
observed. In addition, the wave perturbations expected are con-
sistent with the smaller-scale fluctuations observed in the poten-
tial temperature, ozone, and water vapor fields in the latter part of
the flight leg. We conclude that our measurements show evidence
for significant turbulent mixing of ozone and water vapor in the
tropopause region.
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Australia (ARA). We are grateful to the staff of ARA, in particular Captain
Noel Roediger, as well as Gerd Uhlemann of DLR, Oberpfaffenhofen, for
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Figure 6. Results of a one-dimensional diffusion model applied to the measured potential temperature, ozone, and
water vapor gradients. (a) Eddy diffusivity used in the model, (b) modeled potential temperature anomaly, (c)
modeled ozone mixing ratio anomaly, and (d) modeled water vapor mixing ratio anomaly.
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