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Wind and reflectivity fields around fronts observed with a VHF radar
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The wind and VHF radar reflectivity fields around frontal zones are examined. While even weak
upper level baroclinic zones can be seen in both the refiectivity and wind fields, the reflectivity
signature of low level fronts may be obscured. Humidity terms dominate the refractive index gradient
in the lower troposphere and can mask the enhancement of the gradient as a result of the stable

frontal layers.

1. INTRODUCTION

Mesosphere-stratosphere-troposphere (MST) ra-
dars and wind profilers operating in the VHF band,
at frequencies around 50 MHz, have observed en-
hanced signal levels in beams pointed to the zenith.
The magnitude of the enhancements seems to be
correlated with stability allowing the detection of
the tropopause [e.g., Rottger and Liu, 1978; Gage
and Green, 1979] and upper frontal boundaries
[e.g., Rottger, 1979; Rottger and Schmidt, 1981;
Larsen and Rottger, 1982, 1983, 1984]. Tsuda et al.
[1988] have shown quantitatively that profiles of
radar reflectivity follow profiles of the square of the
generalized refractive index gradient M2. However,
below about 500 mbar, M? is dominated by humid-
ity terms, and it is suggested here that the enhanced
reflectivity associated with low level fronts may
often be masked. However, even weak upper level
baroclinic zones can be seen in the reflectivity. An
example using the middle and upper (MU) atmo-
. sphere radar in Japan is used as an illustration.

2. EQUIPMENT

The MU radar, located in Shigaraki, Japan (35°N,
138°E), about 45 km southeast of Kyoto, represents

! Cooperative Institute for Research in the Environmental
Sciences (CIRES), University of Colorado, Boulder.

? Now at BMRC, Melbourne, Australia.

3 Radio Atmospheric Science Center, Kyoto University, Uji,
Kyoto, Japan.

4 Department of Electrical Engineering, Kyoto University,
Uii, Kyoto, Japan.

Copyright 1991 by the American Geophysical Union.

Paper number 91RS00964.
0048-6604/91/9IRS-00964%$08.00

the state of the art for the wind profiler technology
and MST radars. Comprehensive descriptions of
the radar are given by Kato et al. [1984]) and Fukao
ef al. [1985a, b]. The routine operation of the radar
allows observations to be performed with five (or
more) beam directions, essentially simultaneously,
in this case, one beam directed to the zenith and
four beams directed 10° from the zenith, to the
north, east, south, and west. A range resolution of
150 m was used, and the time resolution was of the
order of 1 min. The minimum observable altitude
was about I km, and winds up to the lower strato-
sphere (~19 km)} were measured,

A least squares fitting method was used to esti-
mate the spectral moments and a precision of about
0.2 ms™! is obtained for the vertical wind compo-
nent [Yamamoto et al., 19388] and therefore about
1.5 ms ™! for the horizontal wind components using
a 1-min sample. Small-scale wind fluctuations limit
the accuracy of the wind measurements to about 1.5
ms ! [May et al., 1989], even for hourly averages
[Strauch et al., 1987]. The data here are averaged
over 12 consecutive 1-min soundings using a con-
sensus averaging technique [Fischler and Bolles,
1981]. Other effects such as thin scattering layers
can introduce errors, but these errors are generally
small below the jetstream [May et al., 1988].

3. OBSERVATIONS

A shallow cold front associated with a mid-
latitude cyclone 600 km to the northeast passed
over Shigaraki at around 1500 UTC (local midnight)
on January 23, 1987. The cross section using obser-
vations from the standard observing network and
surface chart (Figure 1) clearly show the presence
of a relatively weak low level front associated with
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Fig. 1. (@) Surface chart showing the analyzed cold front

associated with the low-pressure system over Hokaido. The line
A-A' shows the line used to objectively analyze (&) a cross
section of the frontal system showing the potential temperature
structure through the front, The stations used along A-A' are
Yonago {YON), Shionomisaki (SHI}, Hamamatsu (HAM}, and
Hachijojima (HAC).

the low pressure cell to the northeast. The
tropopause appears to slope downward to the west.
There was a cold air outbreak behind the front, a
common occurrence with cold fronts near Japan
during the winter [GARP, 1981). The cold air be-
hind the front was about 3 km deep, and there was
significant rainfall (~8 mm/hr) at the radar site for
about 4 hours following the frontal passage.

The skew-T plot taken from a radiosonde
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Fig. 2. Skew-T plot from a radiosonde launch from the radar
site at 1900 UTC, about 4 hours after the frontal passage. Note
the frontal inversion at 700 mbar (~3 km) and the tropopause at
210 mbar {~11 km).

launched from the radar site at 1900 UTC, some 4
hours after the frontal passage (Figure 2) clearly
shows a well-defined frontal temperature inversion
between 2.6 and 2.9 km, corresponding closely to
the height of the enhanced low level vertical shear
layer measured by the radar. The cold air below the
inversion was saturated, but there was also signifi-
cant moisture aloft. The profile is stable above the
inversion up to at least 500 mbar, as was also seen
in the cross-section, with a deep layer close to dry
adiabatic above. The tropopause height was about
11 km.

Figure 3 shows the wind profiles and radar refiec-
tivity field observed by the radar. The reflectivity is
from the zenith pointing radar beam. Every other
wind observation in time and height is plotted (i.e.,
1/4 of the observations) so that the plot is not too
cluttered. The passage of the low level front is
clearly seen as the winds veered slightly with time
and weakened about local midnight. Regions where
the vertical gradient of the wind

-

is greater than 10 ms~! km~! are shaded. The
enhanced vertical wind shear highlights the frontal
passage. A possible upper level baroclinic zone can
be seen descending from about 11.5 km down to 7
km between 1800 and 2000 UTC highlighted by
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Fig. 3. (4) Wind profiles measured around the passage of the
~surface front. Areas where the vertical wind shear exceeded 10
ms ™! km ™! are shaded. A flag represents 25 ms ™', barb 5 ms ™!,
and a half barb 2.5 ms™!. (5 Contours of radar reflectivity
measured by a zenith pointing beam about the frontal passage.
Note the confused field around the front and the thin layer of
enhanced reflectivity extending down from the tropopause at
1900.

enhanced wind shear. The reflectivity field shows a
layer with about a 3-dB enhancement in signal
strength coincident with the upper shear layer.
However, the reflectivity field below 4 km is very
convoluted and no clear signal associated with the
surface front can be distinguished. The tropopause
can be clearly seen at about 11 km in the reflec-
tivity,
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4. DISCUSSION

The wind field clearly shows the lower tropo-
spheric frontal zone. Locating frontal surfaces and
shear zones are capabilities which make wind pro-
filers such useful tools for meteorology [Shapiro et
al., 1984]. The vertical shear associated with the
lower tropospheric front was well organized and
strong (up to 20 ms ™! km™!) below about 3.5 km.
The upper level vertical shear zone associated with
a possible upper level baroclinic zone is nearly
masked in the flag and barbs plot but is clearly
delineated by the wind gradient field. Backing of the
wind with height in the lower frontal zone indicates
cold advection below 3 km (assuming approximate
geostrophic balance) within the cold air mass be-
hind the front; consistent with the cold air outbreak.
A significant question is whether the reflectivity
observed by a VHF zenith pointing radar beam can
be used to locate and track frontal surfaces.

Various studies have shown that the backscat-

. tered power from a vertically pointed beam is

related to M? le.g., Gage and Green, 1978; Green
and Gage, 1980]. In particular, Tsuda et al. [1988]
showed quantitatively a 1-1 correlation between the
echo power and M?. M may be written as

Polno
M=-=T79%10"0—
T az

e/ ()

where P is the pressure, T is the temperature in
Kelvin, ¢ is the potential temperature, g is the
specific humidity, and z is the altitude. Note that
M? can be represented by three terms: a stability
term, a humidity gradient term, and a crossed term.
If we can neglect the terms involving the humidity,
then M?, and hence backscattered power, is pro-
portional to the square of the gradient of the poten-
tial temperature. This is the physical principle
which allows tropopause detection and suggests the
possibility of sensing the static stability associated
with frontal interfaces. Figure 4 shows the profile of
M? with the humidity contribution included and the
profile of M? ignoring humidity calculated from the
radiosonde launched after the frontal passage where
the profiles were smoothed over 50 m. There are
several significant features. First, the humidity term
is some 10 dB greater than the dry term below about
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6 km. Although the dry term has a substantial peak
at the frontal inversion, the overall M 2 profile
actually has a minimum there. The structure of
humidity fields are more complex than temperature
fields, and sharp gradients are not necessarily con-
fined to frontal regions although they may be large
there. This explains why some low level fronts may
not be detected in the radar reflectivity (for exam-
ple, cold fronts observed by the Adelaide VHF
radar during the Australian Cold Fronts Program
showed no reflectivity signature). Several profiles
of echo power are shown in Figure 5 along with the
height of the surface front estimated from the wind
shear. Note that there is little correlation between
the frontal height and echo power, i.e., the height of
the front is distributed between minima and maxima
in the power profile. Above about 7 km, M? s
dominated by its dry term, although M? is small
several kilometers below the tropopause because
the air is only slightly statically stable. The gross
features of the M? profile agree with a 12-min
average power profile obtained by the radar, al-
though there are differences in detail due to the
spatial separation of the observations and averag-
ing, both in height and time of the radar reflectivity.
For example, the tropopause stands out clearly, as
it does in the radar reflectivity data. A small en-
hancement associated with the upper level layer is
visible, but it is its time-height continuity in the
radar reflectivity as seen in the reflectivity contour

km (msl)}

Altitude

Power

Fig. 4. (a) Profile of M? calculated from the radiosonde
ascent. The temperature and humidity profites were smoothed
over 50 m for the calculations. The dashed curve is the M 2 that
would be obtained with zero humidity, and the solid curve is
calculated using the full expression for M2, (b) Profile of the
backscattered power detected by the radar averaged from 1500~
1912 UTC.
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Fig. 5. Seven profiles of echo power averaged over 15 min.
Samples from the beginning of each hour from 1200 UTC up to
1800 UTC are shown. Successive profiles are offset by 15 dB.
The height of the frontal surface is marked by the arrows.

plot which makes it obvious. Thus the layers’
enhanced reflectivity indicates a statically stable
layer, and the coincident wind shear indicates a
horizontal temperature gradient, so that the layer
may be identified as a weak upper level baroclinic
zone. Note that this feature cannot be identified in
the cross section, possibly because of the poor
spatial resolution of the network.

Some theoretical studies [Gage et al., 1985] have
suggested that the enhanced backscatter from the
zenith should be proportional to M2EQ2k), where
E(2k) is the intensity of fluctuations with a scale of
half the radar wavelength. This makes the observed
proportionality to M 2 somewhat puzzling since, at
heights where humidity contributions are unimpor-
tant, M is related to the static stability, so that
regions of large M 2 may be altitudes where E(2k) is
suppressed. One possible solution [Tsuda et al.,
1988] is that the variations with height of the M*
profile are so large (factors of 10-100 about layers)
that they dominate the fluctuations of E(2k). Large
wind shears around fronts can also result in turbu-
lent regions despite high static stability [Shapiro,
19781.

5. CONCLUSIONS

Wind profilers operating in the VHF band ar¢
clearly useful tools for observing the wind fielc
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around frontal regions [e.g., Shapiro et al., 1984],
but it is shown here that the radar reflectivity may
be insensitive for locating low level fronts because
of the dominance of the humidity terms in MZ.
Fronts may be associated with large humidity con-
trasts, but the humidity microstructure is often
more complex and the humidity terms in M? may
even have the opposite signs to the enhancements
as a resuit of stable temperature gradients causing
some cancellation. On the other hand, even weak
upper level features, mostly missed by conventional
techniques have been observed in the radar reflec-
tivity. Thus a combination of shear detection and
reflectivity are an excellent tool for detecting upper
level baroclinic zones. These weak upper front
associated structures are a topic for future work,
since they appear to be common (for example, see
another example by Tsuda et al. [1988]) and there-
fore may be important for many problems such as
troposphere/stratosphere exchange [e.g., Shapiro,
1974].
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