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Abstract

This paper presents a case study of a deep stratiform cloud observed with a 95 GHz polarimetric
Doppler radar on 06 Dec., 1995, at Geesthacht, Germany. The levels of echo top and bottom were ~
5.15 km (-30 °C) and ~I1 km (-7 “C), respectively. The radar signal contained convective echoes above
~4.5 km, and streaks between 3 and 4.5 km. Another thin stratiform radar echo below 2.5 km was also
observed. The estimated vertical air velocity indicated the existence of wave motion (wavelength ~3.6
km) of air in the streak region. The vertical air velocity showed convective-scale ( 05~ 1 km)
fluctuations in the convective echo region. The general time-trend of vertical air velocity correlated well
with the wave motion of air in the lower convective region. The intermittent updraught apparently
originated at the crest of the wave. In addition, smaller-scale (<100m) but strong up- and downdraughts
were observed near the cloud top, where the bulk Richardson number was ~1, mainly due to the strong
wind shear.  Their vertical air velocities did not correlate with the wave motion of air below.

1 Introduction

Millimeter-wave radars are quite sensitive to
small hydrometeors, and provide excellent spatial
resolution and minimal susceplibility. They are
currently being applied to studies of microphysics,
dynamics and turbulence of various kinds of
clouds (e.g., Pazmany et al., 1994; Bluestein et al.,
1995; Clothiaux et al., 1995; Syrett et al., 1995,
Uttal et al., 1995, Danne et al., 1996). Another
advantage of mm-wave radars is their mechanical
compactness, which allows them to be operated
from mobile ground-based, airborne, and space-
based platforms, as well as from ships.

The development of solid-state mm-wave
components and high-power klystron amplifiers
has spurred the evolution of reliable, coherent
radars operating up to 95 GHz (W-band), which is
about the shortest wavelength that can be used for
a meteorological radar (Lhermitte, 1987 and 1988).
In addition, advances in digital signal processing
technology have resulted in single-card processors
that can simultaneously execute algorithms to
compute reflectivity, Doppler, and polarimetric
quantities in real time (Pasqualucci et al,, 1983;
Mead et al., 1994). Using these variables, many
researchers are developing various algorithms to
retrieve ice/liquid water content, size distributions,
number density, fall speed and shape of particles in
clouds (e.g., Sassen, 1987; Matrosov et al., 1992;

Russchenberg, 1993; Mead et al., 1994; Atlas et al.,
1995; Brown et al., 1995; Kropfli and Kelly, 1996;
Schneider and Stephens, 1995; Sekelsky and
MclIntosh, 1996).

A 95 GHz polarimetric Doppler radar
(MIRACLE, Mlllimeter RAdar for Cloud Layer
Exploration) was installed at the GKSS Research
Center, Geesthacht, Germany, in late 1995, to
study the complex role of clouds in the climate
system. During a first field test of the system, a
deep stratiform ice cloud was observed at GKSS
from 1603 to 1608 GMT on 06 Dec., 1995, which
is subject of this paper.

2 The GKSS 95 GHz polarimetric
Doppler radar

The main characteristics of the GKSS radar
(MIRACLE) are shown in Table 1 (see further
details in Quante et al., 1996). The beamwidth of
the antenna is 0.17°, that is, 15 m at an altitude of 5
km. Basically, this radar can measure Zy,, Z.,, Zpr
and, mean Doppler velocity and spectral width by
the pulse-pair method, and Doppler velocity
spectrum by the FFT method.

During the observational period, the radar was
fixed wvertically, transmitting only vertically
polarized pulses, and measuring the Doppler
velocity by the pulse-pair method. The detection
limit of Z,, was-25dBZat5 km. The radar
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Figure 2: Vertical profiles of air and dew point
temperatures (Fig. 2a); potential temperature (Fig. 2b);
relative humidity with respect to waterfice (Fig. 2c); wind
speed (Fig. 2d) at Lindenberg at 1200 GMT on 06 Dec.,
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Figure 1: Time-height cross section of the equivalent ice is larger than 100 % are shaded in Figure 2¢ (I, II,
radar reflectivity (10 Log Z,; dBZ) (Fig. 1a) and retrieved and III). The dotted line in Figure 2d indicates the
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with respect to ice. The top of each layer was
bounded by a temperature inversion or strongly
stable stratification. = The convective echoes
occurred in layer III (~ -29 °C). The level of
echo top was ~5.15 km (-30 “C) and apparently
exceeded that of layer IIl. The streak echoes
occurred in the dry region between layers IT and IIL
The dry and thermally stable layer above layer 111
was also characterized by strong wind shear.
Wind direction (not figured) changed slightly with
altitude as follows: 140° in layer I, 120° in layer 11,
120° in layer I, and 110° above layer IIL
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Figure 3: Vertical profiles of bulk Richardson number
(Fig. 3a) and square of vertical wind shear (Fig. 3b). The
vertical bar indicates the depth of the layer where each
value was calculated.

Figure 3 shows the kinetic stability of the air,
that is, the bulk Richardson number (Fig. 3a) and
square of vertical shear of horizontal wind (s?)
(Fig. 3b) calculated from the sounding data at
Lindenberg. The vertical wind shear increased
drastically above 5.0 km (above layer III), and the
bulk Richardson number was about 1 at altitudes
between 5.0 and 5.4 km (just above layer Il and

near the level of cloud top). Convective echoes
were embedded in the layer where the bulk
Richardson number was negative, that is, at
altitudes between 4.6 and 4.9 km (in layer III). It
was also negative between 2.9 and 3.0 km (just
below streak echoes), although there were no
convective echoes in this layer.

4 Estimation of vertical air velocity

The vertically directed Doppler radar measures
the effective fall speed of precipitation particles.
To deduce vertical air motion from the Doppler
velocity (Vp), the terminal fall velocities of
particles (V,) have to be estimated.  Many
researchers use the formula V.= a Z, ® to calculate
V.. If there is no vertical air motion, the Z Vj
relationship gives an estimate of the terminal fall
velocities of particles. Further, if the mean vertical
air motion is weak and the degree of fluctuation of
updraught is nearly the same as that of
downdraught, the regression line of Z.- Vp would
represent the Z.- V, relationship.

Good Z.- Vp correlations are found between
altitudes of 1.6 and 3.9 km. However, the Z.- V)
relationship above 3.18 km (Type A) apparently
differs from that below 2.55 km (Type B). The Z-
V, relationship for snowfall presented by
Sauvageot (1992) matches well with Type A.

V,=0817Z% (Typed) (1)

V,=2" (Iype B) ~ (2)

Relationships (1) and (2) agree well with those
obtained by Heymsfield (1975b) and Carbone and
Bohne (1975). 'They differ slightly from those of
Auria and Campistron (1987), Carbone and
Srivastava (1975), Herzegh and Hobbs (1975), and
differ strongly from those of Matrosov et al. (1994).
The difference among these Z.- V, relationships
would be mainly caused by types of snow crystals.
Type A was found in the lower stratiform region
(~-10 °C). Laboratory experiments and field
observations indicate that column or thick plate
crystals are the predominant type of snow crystals
that grow in this temperature region (e.g,
Kobayashi, 1961; Magono and Lee, 1966). Type
B was found in the streak echo region (~-18 °C),
where plane dendritic crystals are known to be the
predominant type of snow crystals. If the sizes
are the same, column or thick plate crystals fall
faster than plane dendritic crystals (e.g,
Pruppacher and Klett, 1978), consistent with the
observed result.

The time-height cross section of the estimated



vertical air velocity is shown in Figure 1b. There is
a discontinuity in the vertical air velocity at an
altitude of 3.0 km, since different Z.- V,
relationships were used below and above 3.0 km.
Maximum up- and downdraught were ~1.5 m s’
Morphologically, like the echo free vault in a super
cell storm, a radar echo of convex shape
corresponds to a strong updraught region (e.g., at
the time marks of 60~75 seconds and 240~255
seconds in Figs. 1a and 1b). It is to be noted that
the sign of V, was negative and particles actually
moved upward in the strong updraught regions (2
I ms?).
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Figure 4: Relationship between echo top level and mean
vertical air velocity (black circle) at each echo top level.
Standard deviation of the mean air velocity is also shown
(open triangles). In this figure only, positive values mean
updraught and negative values mean downdraught.

Figure 1 clearly indicates a strong correlation
between echo top level and vertical air motion.
Figure 4, the relationship between echo top level
and mean vertical air velocity at each echo top
level, shows that the echo top level decreased with
increasing mean downdraught velocity. When the
mean vertical air velocily was 0 m s, the level of
echo top was 5.15 km, which corresponded well to
the averaged echo top level. The standard
deviation of the mean air velocity shown in Figure
4 increased strongly above an altitude of 5.15 km.
This result suggests that turbulence caused by
strong wind shear greatly affected the air velocities
of overshooting air parcels.

S Stability and turbulence

Quante et al. (1996) analyzed the cloud
structure of this case by spectral analysis of radar
reflectivity and Doppler velocity time series.

They reported that the reflectivity as well as
velocity spectrum showed higher spectral
amplitudes in the convective region than in the
streak region. They gave clear evidence for a -
5/3th power law, indicating that microscale
turbulence  processes made a  significant
contribution to the observed velocities.  Since the
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Figure 5: Vertical profiles of pseudo turbulent kinetic
energy (PTKE). See text for the definition of PTKE.
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Figure 6: Dependency of PTKE on bulk Richardson
number.  Since the bulk Richardson number is
calculated in each layer represented as vertical bar in Fig.

4, some PTKEs are plotted on the same bulk Richardson
number.

results of the detailed spectral analysis are reported
in another paper, the turbulent structure of the
cloud will be simply studied here by using pseudo
turbulent kinetic energy (PTKE). The definition
of PTKE follows that of normal turbulent kinetic
energy and it indicates the degree of fluctuation of
vertical air velocity:
PTKE = § (w,.; - /N 3)

Here, w and w,_{*denote time-averaged vertical air
velocity and vertical air velocity at time=i,
respectively.  The time step is equal 1o the



sampling interval, that is, 0.3-second. Figure 5
shows the vertical profiles of time-averaged PTKE.
PTKE decreased with altitude between 1.4 and 2.2
km, and increased between 2.2 and 2.8 km. It
was large at altitudes above 4.0 km, and especially
so above 5.0 km (near the cloud top).

The relationship between the bulk Richardson
number and time-averaged PTKE is depicted in
Figure 6. Although the sounding data were
observed about 280 km from the radar site about 4
hours before, the figure shows that PTKE
increased when the bulk Richardson number was
less than 10. This result is consistent with those
found in the boundary layer by many researchers
(e.g., Stull, 1988).

6 Discussion
6.1 Waves and convection

In the following, we assume that the observed
system did not change largely its structure during
such a short period of observation time as 5
minutes.

The time-height cross section of the estimated
vertical air velocity suggests the occurrence of
wave motion of the air between altitudes of 2.5 and
4.0 km. Since the time interval between crests of
the wave was 210 seconds and the mean air speed
of the layer was 17.0 m s’, its wavelength is
estimated to be ~3.6 km.

Updraughts predominated in the convective
region above the region where the air moved
upward in the wave. On the contrary, down-
draughts predominated above the region where the
air moved downward in the wave. Time changes
of the vertical air velocity in Fig. 7 indicate more
clearly the strong connection between the
convective activity and the undulatory air motion.
The amplitude of the vertical air velocity was ~
0.1 m s below 2.8 km and increased with altitude
above 2.8 km. The short-term fluctuation of
vertical air velocity between 2.8 and 3.96 km (in
the wave) was smaller than that below 2.8 km.
Gultepe and Starr (1995) also found that the
amplitude of small-scale fluctuations was generally
suppressed in larger-scale waves in cirrus clouds.
Just below the convective region (H = 4.26 - 4.56
km), the general time-trend of vertical air velocity
correlated well with the lower-level undulatory air
motion (H = 3.66 - 3.96 km), although its fluctu-
ation was large. In the upper half of the convective
echo region (H = 4.86 - 5.16 km), however, the
vertical air velocity did not correlate with the

undulatory air motion, but showed strong smaller-
scale (=1 km) fluctuations.
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Figure 7: Time changes of the vertical air velocity from
1.56 to 4.56 km (a) and from 1.56 to 5.16 km (b). The
vertical air velocity was averaged for layers of depth 0.3
km. The sign of the ordinate is inverted, since upward air
motion is defined to be negative.

The wave appeared in the layer with a negative
bulk Richardson number and strong wind shear,
that is, 7.2 x 10 s? between 2.4 and 3.0 km and
5.1 x 10 s between 3.0 and 4.0 km. These are
favorable conditions for development of a gravity
wave. Following the theory of Lalas and Einaudi
(1976), the possible wavelengths of the shear-
induced gravity wave are 10.9 km (mode I), 20.0
km (mode II) and 29.6 km (mode III). These
wavelengths  are larger than the observed
wavelength. However, if we assume that the wave
developed above 2.8 km, as indicated in Fig. 7, the
calculated wavelengths are 6.8 km (mode I), 12.6
km (mode II), 185 km (mode III). Since the
sounding data at Lindenberg were not sufficiently
reliable, especially in height resolution, mode I
could account for the observed wavelength. In fact,
Gultepe and Starr (1995) reported that gravity
waves were more frequently found of scales
between 2 and 9 km.

Figure 1b shows another small-scale structure,



that is, a large increase of updraught velocity
above 4.0 km and several maxima in the updraught
region, indicating intermittent convection. In
their numerical experiments, Starr and Cox (1985
b) also pointed out that the cells in the cirrus case
appear more as rising bubbles or puffs than the

more sustained thermals seen in the altostratus case.

The intermittent updraught apparently did not
originate in the convective echo region (above 4.6
km), but in the streak region (~4 km) and below
the thermally-unstable layer.

A strong interaction between convection and
formation of gravity waves in the stable layer
below has been suggested by many researchers
(Carbone and Bohne, 1975; Heymsfield, 1975 a;
Testud et al., 1980; Wang et al., 1983; Starr and
Cox, 1985 a; Auria and Campistron, 1987; Sassen
et al., 1989; Heymsfield et al., 1990; Starr and
Wyle, 1990; Quante, 1989; Gultepe et al., 1995;
Gultepe and Starr, 1995; Kropfli and Kelly, 1996).
However, our case exemplified this strong
connection directly.

6.2 Microphysical structure of the
ice cloud

The vertical profile of radar reflectivity is an
indication of microphysical processes in a cloud.
The time-averaged vertical distribution of radar
reflectivity (10Log Z,) in Fig. 8 shows that this
value increased strongly with decreasing altitude
from 5.2 to 4.9 km, and continued to increase from
4.9 to 4.6 km (in the convective echo region).
From 4.6 to 3.4 km (in the streak region), 10Log Z,
increased only slightly. Therefore precipitation
particles are inferred to have grown mainly in the
convective echo region. Between 3.0 and 2.7 km
altitude (a layer with low relative humidity),
10Log Z. decreased with decreasing altitude,
suggesting the evaporation of particles.

Also shown in Fig. 8 is the time-averaged
vertical distribution of the vertical Doppler
velocity (Vp). Here, the positive sign of Vj
means that particles move downward. 10Log Z,
increased slightly in the lower stratiform echo
region (between 2.7 and 2.1 km, in layer II), then
strongly below 2.1 km. Vy, also decreased largely
below 1.8 km, indicating the evaporation of
precipitation particles at least below this altitude.
The values of Vp in the lower stratiform echo
region (below 2.5 km) were higher than in the
convective and streak echo regions. In contrast,
the values of 10 Log Z, were much smaller in the
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Figure 8: Vertical profiles of " time-averaged radar
reflectivity 10 Log Z, (open circle; Fig. 8a) and vertical
Doppler velocity (Fig. 8b). The horizon-tal bar shows
the standard deviation. Vertical profiles of time-averaged
radar reflec-tivities in updraught (black triangle) and
downdraught (star) in the convective region are also
shown in Fig. 8a. Positive sign of Doppler velocity in
Figure 8b means downward motion of particles.

lower layer than in the upper layer. This fact
suggests that the difference in Doppler velocity can
be ascribed to a difference in the type of particles
or a difference in the mean vertical air velocity, as
discussed in section 4.

Convective-scale (1~0.5 km both in vertical
and horizontal scales) up- and downdraughts were
seen in the convective echo region in Figure 1b.
The figure shows that the rising air parcels
continued to exist near the cloud top even though
downdraught was predominant below them. These
air parcels would be able to survive until the air
lost its buoyancy due to the entrainment of dry air
caused by the small-scale and strong turbulence,
and would be able to continue to produce
precipitation particles.

Upward and downward Doppler velocities (Fig.
8b) and the values of PTKE (Fig. 5) increased



drastically near the cloud top (above 5.1 km),
similar to the observation of Gultepe et al. (1995).
This result suggests that the forced convection near
the cloud top amplified the vertical air motions,
since the bulk Richardson number was ~1 above
5.0 km, due mainly to the strong wind shear. In
addition to the convective-scale up- and
downdraughts, small-scale ones (<100 m both in
vertical and horizontal scales) were seen above 5.0
km, as shown in Figure 1b.  This would
correspond to the small-scale disturbance caused
by strong wind shear (small-scale Kelvin-
Helmholtz waves) as found by many researchers
(e.g., Rayment and Readings, 1974; Heymsfield et
al., 1990; Sassen et al., 1990).

As seen in Figure 1b, strong downdraughts
existed between convective cells, that is, weak
echo regions, and updraughts existed in convective
cells. Thus, in general, there was a correlation
between reflectivity and updraught as found by
Carbone and Bohne (1975). From this result,
they suggested that most of the particles are falling
back through the updraught rather than diverging
aloft into the downdraught. In our case, however,
the organized downdraughts penetrated into the
convective cells and below updranght regions.
Further, strong reflectivities were also found in
downdraught regions (as seen between altitudes of
4.0 and 4.5 km at the time mark of 90 seconds in
Fig. 1). Therefore, particles grew both - in
updraught and downdraught regions.

The averaged vertical profiles of radar
reflectivity in up- and downdraughts are also
shown in Fig. 7a. Radar reflectivity in down-
draughts was smaller than that in updraughts above
4.5 km on an average, which corresponds to the
fact that the main downdraughts were formed in
weak echo regions between generating cells.
Radar reflectivity in updraughts increased rapidly
with increasing altitude from 4.45 to 4.65 km.
This fact indicates the existence of an
accumulative layer of particles at the altitude of
4.65 km, as suggested by Sassen et al. (1989).
Radar reflectivity decreased strongly above 4.9 km
both in the updraughts and the downdraughts,
indicating evaporation of ice particles due to
entrainment of upper dry air in the cloud top area.
Radar reflectivity in the downdraught increased
more strongly with decreasing altitude than that in
the updraught from 4.9 to 4.6 km in the convective
echo region, indicating that particles in the
downdraught grew faster than those in the
updraught. In general, the amount of supercooled
liquid water and the value of relative humidity are

smaller in the downdraught than in the updraught.
Therefore, the large increase in radar reflectivity
with height in the downdraught suggests that
precipitation particles increased their size during
their fall by aggregation.

7 Summary and conclusion

This paper presents a case study of a deep
stratiform ice cloud observed by the GKSS 95
GHz polarimetric Doppler radar. The altitudes of
echo top and bottom were ~5.15 km (-30 °C)
and ~1 km (-7 °C), respectively. Echo top
level increased with increasing mean downdraught
velocity. The cloud contained convective echoes
above ~ 4.6 km, and typical streak echoes
between 3 and 4.6 km. There was another thin
stratiform radar echo below 2.5 km formed by
weak ascending air motion.

The time-height cross section of the retrieved
vertical air velocity indicales the occurrence of
wave motion (wavelength ~3.6 km) of air in the
streak region. The wave is suggested to be a
gravity wave developed just above the lower
stratiform echo.  Just below the convective region,
the general time-trend of vertical air velocity
correlated well with the lower-level undulatory air
motion. The intermittent updraught originated in
the crest of the wave in the streak region (~4 km).
The rising air parcels continued to survive and
produce precipitation particles near the cloud top
until the air loses its buoyancy. In addition to the
convective-scale (0.5~1 km) up- and down-
draughts, small-scale (<100m) ones existed near
the cloud top, where the bulk Richardson number
was ~1, due mainly to the strong wind shear.
Their vertical air velocities did not correlate with
the undulatory air motion below.

Radar reflectivity decreased strongly above 4.9
km both in the updraughts and the downdraughts,
indicating evaporation of ice particles due to
entrainment of upper dry air.

This study showed as an example the
capabilities of a 95 GHz-radar to study the detailed
dynamical and microphysical processes within ice
clouds. However, further observations of various
types of cloud systems by using the cloud radar
and simultancous in situ measurements are needed
to confirm and evaluate the processes presented in
this case study.
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