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1. INTRODUCTION

Small-scale turbulence has an important influ-
ence on the cloud structure and therefore on the
spatial distribution of the optical and microphysics
properties. Turbulence is also directly linked to the
life cycle of the clouds through internal mixing and
entrainment processes. A good way to estimate
the turbulence activity is to measure the turbulent
kinetic energy (TKE) dissipation rate (ε) which rep-
resents the rate of conversion of TKE into heat or in
other words the rate at which the TKE is dissipated
by viscosity.

Several methods have been proposed in order to
derive this parameter from observations. The most
common one is to perform spectral analysis on air-
craft data (for instance Gultepe and Starr (1995))
or from ground based radar data (Brewster and
Zrnić 1986). Another technique is to derive ε
from ground based spectral width measurements
such as Chapman and Browning (2001) or Kol-
lias et al. (2001). Turbulence inferences made at
vertical incidence such as those by Kollias et al.
(2001) may be biased, especially at low turbulence
levels, because of the contribution from the spread
of terminal velocities in the particle size distribution.

In this paper a new method, inspired by the early
work of Rogers and Tripp (1964), is presented. It
consists of exploiting the very high temporal resolu-
tion of Doppler measurements performed by ground
based 94 GHz radar in order to derive ε within non-
precipitating clouds which can be composed of wa-
ter droplets such as stratocumulus or ice crystals
such as cirrus.

As a first step the principle of the method is ex-
plained, then the underlying hypotheses are tested
and finally the method is applied to data collected
by the 94 GHz radar of Chilbolton (UK) operated in
the framework of European Project CloudNet.

2. PRINCIPLE

The first hypothesis which must be justified is
that the radar targets (e.g. water droplets or ice
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crystals) are good tracers of the turbulent motions;
this is why this method can only be applied to
non-precipitating ice clouds or to particular water
clouds such as stratocumulus which contain only
small drizzle droplets. As a second step the TKE
spectrum is assumed to be Kolmogorov in form
which means that turbulence is isotropic and ho-
mogeneous at the scale sampled by the radar.
Fig.

���
displays the shape of the TKE spectrum and

shows that within the inertial subrange a relation-
ship should exist between the large-scale velocity
fluctuations and the TKE dissipation which occurs
at wavelength of a centimeter or less.
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F IGURE 1: Schematic plot of the TKE spectrum. The dotted line
indicates the different regions of the TKE spectrum which are
labelled.

Kolmogorov’s theory states that, within the in-
ertial sub-range, the spectral density can be ex-
pressed as :

S(k) = aε2 � 3k 5 � 3
where a is the universal Kolmogorov constant with
a value of 1.62 and k is the wave number.

Rogers and Tripp (1964) show that the average
TKE per unit mass of air (E) can be written as:

σv
2 + σt

2 = 2E

where σv
2 is the variance of the mean Doppler ve-

locity and σt
2 is the variance due to turbulence

within the pulse volume. In addition to having the
property that their sum is proportional to the TKE
the two variances are such that their relative mag-
nitudes indicate the manner in which the TKE is
partitioned between different scales. The variance
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σv
2 of the mean wind is an indicator of the kinetic

energy in turbulent scales that are generally larger
than the dimensions of the sampled volume. Con-
versely the average variance σt

2 is an indicator of
the kinetic energy energy in the small scales of tur-
bulence (Rogers and Tripp (1964)).

These variances can be thought of as part of
the TKE spectrum. The variance due to turbulence
within the pulse volume may be rewritten as follows:

σt
2 =

� k2

k1

aε2 � 3k 5 � 3dk

where k2 = 2π � L2 = λ � 2 is the smallest scale that
can be probed by the Doppler radar, ultimately λ � 2
(where λ is the radar wavelength), k1 = 2π � L1 is re-
lated to the scattering volume dimension and so in-
cludes large eddies traveling through the sampling
volume during the dwell time (Kollias et al. 2001).
This variance contributes directly to the spectral
width and must be extracted from the other contri-
butions to spectral width, such as wind shear and
particle terminal fall speed, if we want to estimate ε
from this measurement (see for instance Chapman
and Browning (2001) or Kollias et al. (2001)).

In the same way the variance of the mean
Doppler from successive spectra can also be ex-
pressed:

σv
2 =

� k1

k
aε2 � 3k 5 � 3dk

where k = 2π � L is related to the large eddies travel-
ling through the sampling volume during the sam-
pling time (typically about 30 s). The different L
parameters represent the length scales related to
each wave number.

By integrating this last expression and assuming
that k1

1 � k 1 ε can be expressed as:

ε = � 2
3a � 3 � 2

σv
3k

The main contribution to k is due to the ad-
vection of clouds by the wind through the beam,
a distance which is generally much larger than
the width of the radar beam at a given altitude.
In this paper the horizontal wind is derived from
the ECMWF analysis (stored every hour at the
same geographical location in the framework of the
CloudNet project). The wave number can then be
written as:

k =
2π
L

=
2π

beamwidth + Ts 	�
 �Vh 	
where Ts is the sampling time, 	

 �Vh 	 the modulus
of the horizontal wind interpolated from the hourly

analysis and the beamwidth can be computed at a
given altitude by using : beamwidth = 2z sin(θ � 2)
with θ=0.5 in our case.
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F IGURE 2: (a) Reflectivity in [dBZ] observed by the verti-
cally pointing 94 GHz Doppler radar at Chilbolton (UK) on the
17th July 2001. (b) Estimated ε in [m2.s 3] by using the previous
explained method. The boxes displayed within the cloud and la-
belled from 1 to 5 are used for validation in the next section.

As an illustration the method is applied to a deep
ice cloud observed on the 17th July 2001. Fig.

���
(a)

shows the observed reflectivity which is in the range
-25 dBZ to 10 dBZ. Lower values than -25 dBZ are
not detected at this time due to a loss of sensitiv-
ity of the radar at this time (see Hogan et al. 2003).
Figure

���
(b) shows the values of ε which range from

10 4 m2.s 3 at the base of the cloud to 10 8 m2.s 3

within the interior of the cloud. These values are in
the same range as those obtained in previous stud-
ies (see for instance the summary table of Gultepe
and Starr (1995)).

These initial values seem consistent with those
reported in the literature. We now present a de-
tailed analysis to justify the assumptions made in
this radar technique.
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3. VALIDATION

In this section we evaluate the two hypotheses
on which the radar method is based. First we have
to be sure that the TKE spectrum is of the Kol-
mogorov form. To test the first hypothesis we show
that the value of ε is independent of the number of
one second mean Doppler velocities used to com-
pute σv

2 thus demonstrating that we are staying
within the inertial subrange. The mean value of ε
within each of the areas labelled in Fig.

���
(b) is

computed for different numbers of mean Doppler
estimates and the results are displayed in Fig.

���
.
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F IGURE 3: Mean value of ε in [m2.s 3] for the areas shown on
Fig. ��� (b) computed for different number of points.

Fig.
���

shows that the mean values of ε are not
sensitive to the number of points used to compute
the σv

2. A slight variation in the results can be ob-
served for the 10 and 20 second dwells, however
for the longer dwells the mean value of ε is nearly
constant. This is mainly due to the fact that for com-
puting ε, σv

2 is multiplied by k in which appears the
sampling time which is itself related to the number
of points. What can also be observed from Fig.

���
is that even though the mean is computed over 60 s
it is still constant, and that on this scale there is no
contribution from any variations in the terminal ve-
locity which could result if patches of precipitation
were drifting past.

As a second step to justify this method based
of computating σv

2 in order to retrieve ε, we now
compare it with the classical way of estimating ε by
using the spectral analysis of the long time series.
In this case, ε values are computed using 30 points
and then a FFT is applied to each 30 point sample.
Then the spectrum is fitted (only for points above
the noise level) with a power law of the type αk 5 � 3.
The value obtained for α corresponds to aε2 � 3.

The comparison of individual values of ε by the
two methods is difficult since the FFTs are com-
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F IGURE 4: Scatter plot of value of ε in [m2.s 3] with ε values
deduced from the present analysis on the x-axis and ε deduced
from spectral analysis on the y-axis.

puted using a small number of points so a statis-
tical comparison is more representative. Figure

���
shows a scatter plot of the ε values obtained from
the FFT against the computation of σv

2. The two es-
timators are in very good agreement, the data are
spread closely around the 1/1 line (the solid black
line in Fig.

���
). However it is observed that the

spread does increase for the smallest values of ε
especially for ε lower than 10 7 m2.s 3. Testing this
method of estimating ε against a spectral analysis is
in fact equivalent to checking the second hypothesis
performed in the previous section : (k1

1 � k 1).
In this section, the main hypothesis (i.e. that

the TKE spectrum is Kolmogorov in form) has been
evaluated by using different times to compute σv

2.
The deduced values of ε are not sensitive to the
sampling time, showing that the Kolmogorov the-
ory is a good approximation for TKE spectrum for
our purpose and that the time interval typically used
(about 30 s) stays within the inertial subrange. A
point to point comparison between this analysis and
a spectral analysis has been carried out and also
shows a very good agreement between the two
ways of estimating ε. We conclude that the use of
the variance of the mean Doppler provides a reli-
able estimate of ε.

4. RESULTS

One of the main strengths of this approach is
that ε can be evaluated for a large data set of radar
measurements, provided that the time resolution is
such that the data are within the inertial sub-range
and that an estimate of the horizontal wind is avail-
able. It is then possible to investigate if some com-
mon characteristics exist for the dissipation of TKE
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within different kind of clouds and to see if these
characteristics are related to the microphysical, ra-
diative and dynamical processes in the clouds. This
investigation is possible since a large data set is
available from the 1 year of data obtained in the
framework of CloudNet.
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F IGURE 5: Histogram of log(ε) in [m2.s 3] by altitude in [km] for
the 17th July 2001. Contour levels correspond to percentage of
occurrence of a given value of log ε at each altitude.

This technique is being applied to the whole data
set and several characteristics can be identified.
For instance, for the case of the 17th July 2001,
the histogram of the frequency of the values of ε
as a function of altitude displayed in Fig.

���
and

shows the typical features often encountered within
ice cloud: high values at the top and even larger
values at the bottom but much smaller values in
the interior. Similar behaviour was found by Hogan
and Illingworth (2003) in their study of the horizon-
tal variability of ice water content as a function of the
distance from cloud top and base. The increase at
cloud base is probably due to turbulence resulting
from the evaporative cooling where the ice particles
fall in an unsaturated environment, The generality
of this kind of behaviour is under investigation and
more detailed results will be give during the presen-
tation.

Another characteristic often encountered within
pre-frontal clouds are thin layers having a higher
level of turbulence than their surroundings. For in-
stance the typical values of ε observed within the
cloud core are like shown in Fig.

���
about 10 8–

10 7 and these thin layers present values about
10 5 i.e. two or three order of magnitude larger.
These regions appear to coincide with localised in-
tense vertical wind shear.

Analysis of stratocumulus clouds reveals in-
cloud values within the range 10 4–10 2 in agree-
ment with previous studies. No particular corre-

lations with the stratocumulus dynamics or micro-
physics is obvious. However a common character-
istic is that within drizzle, identified by a radar cloud
base extending below the lidar cloud base, the tur-
bulence activity is one order of magnitude smaller
(about 10 5).

Further statistical analysis of the whole data set
will be presented at the conference.
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