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Abstract. Previous studies have indicated that VHF clear-air
radar return strengths are reduced during periods of precipi-
tation. This study aims to examine whether the type of pre-
cipitation, stratiform and convective precipitation types are
identified, has any impact on the relationships previously ob-
served and to examine the possible mechanisms which pro-
duce this phenomenon. This study uses a combination of
UHF and VHF wind-profiler data to define periods associated
with stratiform and convective precipitation. This identifica-
tion is achieved using an algorithm which examines the range
squared corrected signal to noise ratio of the UHF returns
for a bright band signature for stratiform precipitation. Re-
gions associated with convective rainfall have been defined
by identifying regions of enhanced range corrected signal to
noise ratio that do not display a bright band structure and that
are relatively uniform until a region above the melting layer.

This study uses a total of 68 days, which incorporated sig-
nificant periods of surface rainfall, between 31 August 2000
and 28 February 2002 inclusive from Aberystwyth (52.4◦ N,
4.1◦ W). Examination suggests that both precipitation types
produce similar magnitude reductions in VHF signal power
on average. However, the frequency of occurrence of statis-
tically significant reductions in VHF signal power are very
different. In the altitude range 2–4 km stratiform precipita-
tion is related to VHF signal suppression approximately 50%
of the time while in convective precipitation suppression is
observed only 27% of the time. This statistical result sug-
gests that evaporation, which occurs more often in stratiform
precipitation, is important in reducing the small-scale irreg-
ularities in humidity and thereby the radio refractive index.
A detailed case study presented also suggests that evapora-
tion reducing small-scale irregularities in humidity may con-
tribute to the observed VHF signal suppression.
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1 Introduction

Wind profiler radars operating at very high and ultra high fre-
quencies (VHF and UHF, respectively) are sensitive to both
clear air returns, from radio refractive index irregularities,
and Rayleigh scattering, from hydrometeors. The depen-
dence of both mechanisms on wavelength means that UHF
and VHF radars have very different sensitivities to these pro-
cesses.Ralph (1995) indicates that only under conditions
of heavy rainfall is the Rayleigh scattered signal expected
to be larger than the clear-air return for VHF wind-profilers.
Whereas light rain or drizzle is all that is necessary for the re-
turn from hydrometeors to be larger than that from the clear-
air for UHF wind-profilers. While this is true in general, sev-
eral studies (Chu and Lin, 1994; Cohn et al., 1995; Vaughan
and Worthington, 2000; McDonald et al., 2004) have sug-
gested that processes associated with precipitation can di-
rectly impact the magnitude of the clear-air signal.Chu and
Lin (1994) indicated that heavy convective precipitation sup-
presses VHF radar clear-air returns which they attributed to
the effect of entrainment of dry, cold air into a warm, moist
cloud. The relationship between temperature and humidity
fluctuations associated with this process would act to reduce
the magnitude of refractive index irregularities, to which the
radar reflectivity is directly related. This possibility is sup-
ported byRao et al.(1999) which indicated that the weaken-
ing of the clear air echo observed at the bright band in strat-
iform precipitation might also be due to the turbulent mix-
ing between warm and humid in-cloud air and colder and
drier surrounding air. Alternatively,Vaughan and Worthing-
ton (2000) proposes that the reduction in VHF signal power
returned is produced by heavy precipitation acting as a source
of moisture which tends to “wash out” small-scale irregulari-
ties in humidity, bringing the air to the local saturated vapour
pressure. The work ofVaughan and Worthington(2000) sug-
gests that this mechanism is not specific to periods associ-
ated with convective rainfall as previously suggested byChu
and Lin (1994) andChu and Song(1998). Indeed,Houze
(1997) implies that evaporation is more often observed in
stratiform precipitation. Work byMcDonald et al.(2004)
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also suggests that the VHF clear-air signal is suppressed dur-
ing precipitation. Their study indicates that there may be a
difference between the magnitude of the suppression asso-
ciated with different precipitation types. This study aims to
determine whether different types of rainfall, separated into
stratiform and convective types, have different effects on the
magnitude of the VHF signal power observed. The different
structure, especially the latent heat release profiles, associ-
ated with these two precipitation types may be of utility in
better understanding the mechanism which produces the sig-
nal suppression observed.

In general most studies separate precipitation into strati-
form or convective types (Houze, 1981, 1997; Drummond
et al., 1996). Stratiform and convective precipitation can
de defined in terms of their vertical velocity scales (Houze,
1997). Stratiform precipitation is defined as a precipitation
process in which the vertical air motion is small compared to
the fall velocity of ice crystals and snow. Ice crystals in the
upper levels of the cloud play an important role in the pre-
cipitation process since precipitation particles that fall to the
ground as raindrops have their early history as ice particles
at upper levels. The low vertical velocities in stratiform pre-
cipitation allow the ice particles to grow via deposition, the
time available for growth from cloud top being of the order
of 1–3 h. Stratiform precipitation is fairly homogeneous in
the horizontal giving it a layered structure in the vertical. In
particular there is often a layer of pronounced Rayleigh Scat-
ter enhancement, known as the bright band, associated with
the melting layer (Doviak and Zrníc, 1993; Houze, 1997).

The convective precipitation process as defined inHouze
(1997) differs sharply from stratiform precipitation and this
is associated with the large vertical velocities in convection
which equal or exceed the fall speeds of ice crystals and
snow. The time available for the growth of precipitation par-
ticles is limited, being of the order of half an hour. This time
is so short that precipitation particles must originate and grow
not far above the cloud base. It is possible for growth to occur
at this time because the updrafts are large enough to carry the
growing particles upward until they become too heavy. Since
the strong convective updrafts carrying the particles upward
during the growth phase of the cloud condense large amounts
of liquid water, the larger particles (which will move down-
ward because of their larger terminal velocities) can grow
readily by sweeping out the cloud water in their fall paths.
For water drops, this process is called “coalescence” and in
the case of ice particles it is known as “riming”, these being
the only microphysical growth mechanism rapid enough to
explain the observations. From this viewpoint the magnitude
of turbulent mixing within the cloud is important for these
growth processes. Stratiform radar echoes contrast with con-
vective precipitation which appears as cells (or horizontally
localized patches). In vertical cross section, a cell is a tall,
thin column of high reflectivity.

These different precipitation types display distinctly dif-
ferent vertical profiles of latent heat release to the atmo-
sphere (Houze, 1997). The updrafts of the overturning cell
(in convective precipitation) must transport more mass than

the downdrafts for the net flux of air needed to account for
the condensation of water in the layer. Stratiform regions are
dominated by weaker air motions and cloud liquid water pro-
duction is minimal. The convective mode therefore displays
a heating release throughout the depth of the troposphere (as-
sociated with precipitation particles growing in the updraft),
whereas the stratiform mode exhibits warming (from particle
growth supported by rising air motion) in the region above
the zero degree isotherm and a cooling (caused by melting
and evaporation of particles in subsiding air) at levels below
the zero degree isotherm.

It should be noted that not all studies have suggested that
the clear-air return is suppressed during precipitation. For ex-
ample,Cohn et al.(1995) made observations with a 915 MHz
profiler in light precipitation and indicated that when rain or
snow falls through a region of clear-air it modifies the humid-
ity structure and possibly also influences the small-scale air
circulation and thus may affect the returns. Their study fo-
cused on persistent clear air layers which can be examined
before and during surface rainfall. The surprising feature
of their study is that the clear air returns do not weaken, as
might be expected if the humidity irregularities are smoothed
out by evaporation, but actually strengthens. Their study can
not explain this phenomena using thermodynamic affects be-
cause these would reduce the reflectivity of the clear air layer.
Dynamical affects associated with the outer scale of turbu-
lence are more difficult to predict. However, they do sug-
gest that they observe no evidence for turbulent intensity in-
creases and thus the enhanced UHF returns are not explained.

A brief description of each of the instruments used in this
study and a short review of the measurement philosophy is
detailed in Sect.2. A technique to identify stratiform and
convective precipitation using UHF UK Met Office wind pro-
filer data is described in Sect.3.1. The identification algo-
rithm is then used in a statistical analysis aimed at identi-
fying whether the characteristics of the signal suppression
observed are different in differing precipitation regimes. Re-
sults of a statistical analysis are then detailed (Sect.3.2). Fi-
nally, a case study of particular relevance to the questions
raised by the statistical study is described in Sect.3.3. Sec-
tion 4 discusses possible interpretations of the observations
detailed in Sect.3.

2 Instruments and measurement strategy

The NERC MST radar at Aberystwyth (52.4◦ N, 4.1◦ W),
described inVaughan(2002), operates at a frequency of
46.5 MHz and has a peak transmitted power of 160 kW. The
antenna consists of a 20 by 20 array of four element Yagi
aerials covering an area of 110 m by 110 m. The radar beam
has a one-way half-power half-width of 1.5 deg and it can be
steered in sixteen possible directions. These include the ver-
tical and at angles of 4.2, 6.0, 8.5 and 12.0 deg off-vertical in
a variety of azimuths. However, in this study attention will
be confined to the vertical beam observations only.



A. J. McDonald et al.: VHF signal power suppression in precipitation 25

This radar derives parameters from Doppler spectra using
a simple, single-peak spectral processing technique which
has been developed for general purpose use rather than
specifically for precipitation conditions. The mean noise
power spectral density (PSD) is evaluated using the objec-
tive algorithm ofHildebrand and Sekhon(1974). The peak
PSD within each spectrum is initially assumed to relate to the
desired clear air radar return (subsequent reliability flagging,
based on the time continuity of the Doppler shifts, is found to
be effective at removing those spectra for which this assump-
tion is clearly false). The spectral limits of the signal are
bound by those points at which the PSD, to either side of the
peak PSD, first drops below the mean noise PSD. For strong
signals, the limits are further restricted by identifying those
points at which the PSD first drops to 0.01 of the peak PSD.
The principal spectral parameters of signal power, Doppler
shift and spectral width are then calculated within these lim-
its by the standard method described byWoodman(1985).
Problems can arise when hydrometeor returns and clear air
returns both contribute to the observed radar return signals.
It is only under conditions of very heavy precipitation that the
two components, observed by this radar, are distinct (Hooper
et al., 2005). It is more common for the components to over-
lap, if a precipitation signal is observed at all, so that both are
identified as belonging to a single signal (McDonald et al.,
2004). In this situation the signal power will be overesti-
mated and the spectral width may not be interpreted in terms
of turbulence intensity without further analysis (Chu and Lin,
1994). It should be noted that more complicated processing
schemes can be used to attempt to separate the characteris-
tics of any precipitation signal from the clear air signal (Sato
et al., 1990). An algorithm similar to that used inRajopad-
hyaya et al.(1994) is used in Sect.3.3. However, because the
aim of this paper is to demonstrate the reduction in clear air
radar return power associated with precipitation, the short-
coming of using the simple signal processing scheme will
only mask the magnitude of the effect in cases where the sig-
nal power associated with precipitation is appreciable. Note
that examination of Fig.2 in Sect.3 suggests that the vast
majority of signals are unaffected by precipitation at least in
a statistical sense.

The surface rainfall rate used in this study is measured by
an ARG100 raingauge. The amount of rain collected is mea-
sured by the well-proven tipping bucket method. A contact
closure at each tip is recorded by a datalogger and the num-
ber of tips during a 10-min interval is recorded. Thus, the rain
gauge measures the integrated rainfall for a given time inter-
val. In addition use is made of data from a (UK) Met Office
915 MHz (UHF) boundary-layer wind-profiler which was co-
located with the NERC MST radar between 17 November
1999 and 11 March 2002. The useful altitude coverage of
the UHF profiler varies with the measurement mode utilized
and atmospheric conditions. It generally only extends signif-
icantly above 2 km when precipitation is present. Although
the cycle time for observations is of the order of a few min-
utes, the data available for use in this statistical study rep-
resents consensus averages over 30 min. A limited amount
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Fig. 1. Scatter plot of the variation of mean Doppler velocity and
mean range squared corrected signal to noise ratio,τcorr, obtained
from the vertical beam of the UKMO UHF wind-profiler for the
68 days examined. Individual points are colour coded with the value
of the surface rainfall rate measured by an ARG tipping bucket rain
gauge. The centre of mass for the precipitation and no precipitation
periods are identified by a plus sign and a cross, respectively.

of higher time resolution data is also used in the case study
described in Sect.3.3.

3 Results

This study uses data from the NERC MST Radar facility at
Aberystwyth in mid-Wales. An example of the effect of dif-
ferent types of precipitation on the observed signal power is
shown after a statistical analysis of the effect of precipitation
types on VHF returns. A total of 68 days between 31 Au-
gust 2000 and 28 February 2002 inclusive were used in this
study.

Figure 1 shows a scatter plot of the Doppler velocity
against the range squared corrected signal to noise ratio ob-
served by the vertical beam of the UK Met Office (UKMO)
UHF wind profiler, the colour scale indicating the rainfall
rate observed at the ground by a tipping bucket rain gauge. It
should be noted that range squared corrected signal to noise
ratios,τcorr, have been used because this quantity is directly
proportional to the reflectivity factor used more commonly
by weather radar (Doviak and Zrníc, 1993). In addition,
the use ofτcorr makes the determination of regions associ-
ated with a bright band and thereby stratiform precipitation
amenable. Examination suggests that the UHF returns can
be separated into two groups, the centre of mass of these two
groups being displayed on the diagram. The first group as-
sociated with no surface rainfall covers a region associated
with τcorr values between 50 and 75 dB and Doppler veloci-
ties between –1 and 1 ms−1. The Doppler velocities in this
case are associated with the vertical component of the mo-
tion of the atmosphere because the returned signal is associ-
ated with clear air returns. The second group covers a much
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Fig. 2. Scatter plot of the variation of mean Doppler velocity and
mean vertical signal power obtained using the VHF radar for the
68 days examined. Individual points are colour coded with the value
of the surface rainfall rate measured by an ARG tipping bucket rain
gauge. The centre of mass for the precipitation and no precipitation
periods are identified by a plus sign and a cross, respectively.

wider range of Doppler velocities between 0 and –7 ms−1

(all downward) andτcorr values between 75 and 95 dB and is
associated with periods of precipitation. The second group-
ing results from enhanced returns associated with Rayleigh
scattering from hydrometeors at this wavelength. Therefore
the Doppler velocities in this case are associated with the net
effect of the terminal fall speed of the hydrometeors and the
air motion.

Figure 2 displays a scatter plot of the Doppler velocity
against the signal power in the vertical beam observed by
the NERC MST radar, the data points are colour coded to
represent periods with different rainfall rates. Two group-
ings based on rainfall rates can be formed, the centre of mass
of these two groups being displayed on the diagram. The
first group associated with no surface rainfall covers a re-
gion associated with signal powers between 60 and 80 dB
and Doppler velocities between –1 and 1 ms−1. The sec-
ond group covers a very similar range of Doppler veloci-
ties, but the range of signal powers varies between 50 and
70 dB and is associated with periods of precipitation. The
fact that the averaged Doppler velocities in the data are sim-
ilar during periods inside and outside precipitation suggests
that the Doppler velocities during rainfall are largely unaf-
fected by the returns from hydrometeors which will travel at
a vertical velocity determined by the summation of their ter-
minal velocity and the air’s vertical velocity. The reduction in
the observed vertical signal power during periods of rainfall
also suggests that any enhancement associated with Rayleigh
scatter is not, in general, significant at VHF wavelengths.

3.1 Stratiform and convective precipitation identification
algorithm development and validation

A number of radar studies have indicated methods to distin-
guish stratiform and convective precipitation; most of these
are dependent in some form on examining the reflectivity
profile (or equivalent) for the presence of a bright band or
other features (Bandera et al., 1998; Klassen, 1988; Williams
et al., 1995). The majority of these studies have been used in
conjunction with radar operating at microwave frequencies,
the exception beingWilliams et al.(1995). Their study uses
a combination of range squared corrected signal to noise ra-
tio (which they call equivalent reflectivity), vertical velocity
and spectral width to identify different rainfall types. Unfor-
tunately, the time averaging of 30 min available for data in
the majority of cases from the UKMO UHF profiler and the
sparsity of reliable vertical velocity and spectral width data
means that this study is limited to using profiles of the range
squared corrected signal to noise ratio observed by the pro-
filer’s vertically orientated beam only.

Houze(1997) indicates that the presence of a bright band
gives an unambiguous indicator of stratiform rain. However,
the absence of a bright band does not guarantee the absence
of stratiform rain. A strong bright band only occurs if some
of the particles are in the form of large melting aggregates.
Thus, a bright band indicates a certain type of stratiform pre-
cipitation. Thus, an algorithm to detect a bright band signa-
ture makes up the main component of the stratiform precip-
itation identification algorithm. In a similar manner to that
used byWilliams et al.(1995) regions associated with con-
vective rainfall have been defined by identifying regions of
enhanced range squared corrected signal to noise ratio that
do not display a bright band structure and that are relatively
uniform until a region above the melting layer.

A simple algorithm to identify bright bands has been de-
veloped, using similar methodologies to those discussed in
Tilford et al. (1993) andBandera et al.(1998). This algo-
rithm uses the range squared corrected signal to noise ratio
profile observed by the UHF radar to identify a bright band.
It should be noted that previous to being passed to the al-
gorithm this profile is passed through a three point running
mean in altitude. The algorithm identifies the centre (or peak)
of the bright band by examining the first and second deriva-
tive of the aforementioned profile. The minimum gradient
marks the mid-point of the bright band lower limb and the
maximum gradient marks the mid-point of the bright band
upper limb. A further test uses the second derivative to ensure
a maximum is observed. A bright band is then successfully
identified when the feature identified has a peak greater than
85 dB, this value being specific to the wind-profiler, and a
width no greater than 2.5 km. It should be noted that the UK
Met Office UHF profiler transmits 1.4µs pulses and thus has
a range resolution of 200 m. This together with the three-
point running mean and the fact that the 30-min consensus
average acts to filter the data means that the width of the
bright band can be over-estimated and thus only the position
of the peak of the bright band is used in this study.
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Fig. 3. Typical profiles of(a) range squared corrected signal to noise ratio,τcorr, observed by the UKMO UHF wind profiler at Aberystwyth
and(b) a near simultaneous radiosonde temperature profile launched from Aberporth (approximately 50 km away from the radar site) are
displayed for the 11 December 2000 at 05:30 UT. The position of the peak of the bright band identified by the automated algorithm is also
displayed.

A typical example of a UHF range squared corrected sig-
nal to noise ratio (τcorr) profile associated with stratiform
precipitation is displayed in Fig.3a. A clear enhancement
in τcorr is observed with a peak at around 2 km. Figure3a
also shows the altitude of the centre of the bright band using
the algorithm. Figure3b displays a temperature profile mea-
sured by a radiosonde launched simultaneously from Aber-
porth, approximately 50 km from the radar site. Examina-
tion of the two profiles suggests that the peak of the bright
band derived using the algorithm is approximately 400 m be-
low the position of the zero degree isotherm observed in the
temperature profile. The algorithm thus correctly identifies a
period of enhancement associated with the melting layer and
approximately the correct altitude. These facts are of prime
importance in this study and a small error in the position of
the bright band is acceptable.

By using surface rainfall data it is also possible to exam-
ine statistically whether this algorithm is identifying bright
bands correctly. Using 3243 UHF profiles, a total of 970 pro-
files were associated with periods of surface rainfall, the al-
gorithm identified a total of only 174 bright band features.
Note that a bright band may not be observable during the
early periods of rainfall and will not generally be observ-
able during periods of convective rainfall. Table1 displays
a contingency table. The tetrachroic correlation for this con-
tingency table is 0.76 (Brooks and Carruthers, 1953). Thus,
surface rainfall and periods associated with a detected bright
band are strongly correlated as should be expected.

Table 1. Contingency table which identifies the number of events
associated with surface rainfall, observed using an ARG tipping
bucket rain gauge, and the detection of a bright band (BB) signa-
ture identified in UHF UK Met Office wind-profiler data.

No Rainfall Rainfall

BB not detected 2231 796
BB detected 42 174

To further examine whether the bright band detection al-
gorithm performs as expected temperature data from the UK
Met Office mesocale version of the unified model (Cullen,
1993) has been utilized to determine whether the position of
the bright band peak identified by the algorithm corresponds
to a position below that of the zero degree isotherm. The
data utilized covers the period 10 to 12 December 2000 and
corresponds to a period when the bright band detection algo-
rithm identified a total of 14 separate bright bands. Exami-
nation of Fig.4 shows that the correspondence between the
position of the zero degree isotherm and that of the peak of
the bright band is generally excellent. The rapid change in
the altitude of the zero degree isotherm at around 21:00 UT
on 10 December 2000 and 18:00 UT on 12 December 2000
are associated with periods of frontal passage over Aberys-
twyth. Only two periods show the position of the bright
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Fig. 4. Time-height contour plot of temperature taken from the UK Met Office mesoscale model predictions over Aberystwyth for the period
10 to 12 December 2000. Also displayed are crosses which indicate the position of the peak of the bright band identified by the bright band
detection algorithm during this period.

Table 2. Contingency table which identifies the number of events
associated with surface rainfall, observed using an ARG tipping
bucket rain gauge, and the detection of a convective signature iden-
tified in UHF UK Met Office wind-profiler data.

No Rainfall Rainfall

convection not detected 2264 914
convection detected 9 56

band being significantly greater than that of the zero degree
isotherm these occur at 20:00 UT on the 10 December 2000
and on 10:00 UT on the 11 December 2000. Comparison of
the mesoscale model data with radiosonde data, radiosonde
measurements from the close by Aberporth site (see Fig.3b)
were available from launches at 06:00 and 16:00 UT on the
11 December and 05:00 UT on the 12 December 2000, in-
dicate that the second of these points may be real since the
position of the zero degree isotherm in the radiosonde data
is roughly 200 m higher than that in the model at the same
time. However, the first point seems anomalous and is sug-
gested to be associated with a cloud top whichTilford et al.
(1993) indicates is sometimes a problem. However, the re-
sults displayed in Figs.3 and4 and also Table1 indicate that
the bright band identification algorithm works effectively in
the vast majority of cases.

As previously indicated the convective precipitation iden-
tification algorithm identifies profiles that do not display a
bright band structure and that are relatively uniform un-
til above the melting layer. It was found that a mean

value of τcorr of 80 dB in the first 5 km of the atmosphere
and a period without a bright band signature produces a
reasonable identification of convective precipitation periods
for the particular UHF data under consideration. Table2
displays a contingency table, which allows the correspon-
dence between convective periods identified by the algorithm
and periods of surface rainfall measured by an ARG tipping
bucket rain gauge to be examined. The tetrachroic correla-
tion for this contingency table is 0.8. Thus, surface rainfall
and periods associated with a detected convective rainfall pe-
riod are strongly correlated as should be expected. Examina-
tion of the contingency table suggests that of the 3243 UHF
profiles the algorithm identified a total of only 65 convective
features which represents a total of 32.5 h of observations.
It should be noted thatHouze(1997) indicates that, at least
in the tropics, it is difficult to identify a large portion of the
rainfall as either convective or stratiform and therefore the
large number of surface rainfall periods not clearly identified
as either precipitation type should perhaps be expected.

3.2 Statistical analysis

It was previously indicated inMcDonald et al.(2004), using
33 days of data from 2001 that the mean VHF signal power
decreases during periods of rainfall. It was also observed that
the spectral width increases during periods of rainfall. How-
ever, the small number of observations made it impossible to
separate the rainfall into different types. In this study a sta-
tistical analysis showing the relation between stratiform and
convective precipitation, identified using the techniques indi-
cated in Sect.3.1, and VHF radar signal suppression is exam-
ined. This study uses a total of 68 days between 31 August



A. J. McDonald et al.: VHF signal power suppression in precipitation 29

Table 3. The mean VHF signal power averaged over the height range indicated during periods where the indicated rainfall threshold was and
was not exceeded is shown. In addition the number of positive and negative changes in the mean signal power associated with rainfall and
the number of significant decreases in the signal power associated with periods of surface rainfall above the indicated threshold are shown.
The surface rainfall is observed by a tipping bucket rain gauge co-located with the VHF radar.

Height range
(km)

Mean VHF signal
power during
periods when the
surface rainfall
threshold was
exceeded (dB)

Mean VHF signal
power during
periods when the
surface rainfall
threshold was NOT
exceeded (dB)

Values (in-
crease/decrease)

Significant
decreases/Total

2–4 63.5 65.4 20/48 32/68
4–6 56.0 56.0 34/34 16/68

Table 4. The mean VHF signal power averaged over the height range indicated during periods where a Bright band was detected by the
automated algorithm described in Sect.3.1. In addition the number of positive and negative changes in the mean signal power associated
with the presence of a bright band and the number of significant decreases in the signal power associated with periods which displayed the
presence of a bright band are displayed.

Height range
(km)

Mean VHF signal
power during
period when
stratiform rain was
identified

Mean VHF signal
power during
periods when the
stratiform rain was
NOT observed

Values (in-
crease/decrease)

Significant
decreases/Total

2–4 61.6 65.2 5/44 25/49
4–6 54.6 55.8 18/31 10/49

2000 and 28 February 2002 inclusive to increase the number
of observations used in the previous study.

Table3 shows the mean signal power, for two altitude re-
gions, associated with periods with and without surface pre-
cipitation. When the mean signal power is calculated from
VHF data between 2 and 4 km using a rainfall threshold of
0 mm h−1 (rain and no rain periods) a decrease of 1.9 dB
is observed during rainfall. Between 4 and 6 km no differ-
ence is observed. Table3 also displays the number of days in
which significant differences at the 95% confidence level are
observed for the two categories, these categories being sur-
face rainfall and no surface rainfall. Examination suggests
that VHF signal power reductions are observed just under
half of the time. The values displayed in Table3 are broadly
consistent with the previous results discussed inMcDonald
et al.(2004).

Table 4, similarly to Table3, displays the mean signal
power for two altitude regions. However, in this case the
data is separated into regions identified as stratiform precipi-
tation periods and periods without surface rainfall. Examina-
tion suggests that for VHF signal powers averaged between
2 and 4 km have a value of 61.6 dB during periods associated
with a bright band and outside the surface rainfall period have
an average value of 65.2 dB. The signal power decrease for
stratiform precipitation is a factor of two larger than that ob-
served under all rainfall conditions (c.f. Table3 and Table4).
This suggests that the particular type of stratiform precipita-
tion identified by the algorithm suppresses the VHF signal

more efficiently than all rainfall types. Examination of the
frequency of occurrence of significant differences displays a
very small change in percentage terms compared to periods
associated with all rainfall types, these values being 47 and
51%, respectively. Thus, it seems likely that stratiform rain-
fall may have a larger impact on the VHF signal than other
types of rainfall. But, that the observed VHF signal reduc-
tions are not specific to processes occurring in stratiform pre-
cipitation. It should be noted that only 49 days were used out
of the possible 68 days, this was because only 49 days dis-
played stratiform precipitation with periods greater than or
equal to 1 h and were thus of use in the statistical analysis.

Data utilizing VHF signal power averages derived between
4 and 6 km (shown in Table4) suggest that the strength of
the VHF signal suppression observed is smaller than that at
lower altitudes. This difference might be associated with the
position of the observations relative to the bright band be-
cause stratiform precipitation exhibits warming (from par-
ticle growth supported by rising air motion) in the region
above the zero degree isotherm and a cooling (caused by
melting and evaporation of particles in subsiding air) at lev-
els below the zero degree isotherm. The possibility of the
suppression phenomena being related to evaporation could
perhaps explain this observation. However, examination of
the average altitude of bright bands suggests that it is more
likely that this observation is purely related to the maximum
vertical extent of the precipitating clouds.
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Table 5. The mean VHF signal power averaged over the height range indicated during periods where convective precipitation was and
was not detected are shown. In addition the number of positive and negative changes in the mean signal power associated with convective
precipitation and the number of significant decreases in the signal power associated with periods of convective precipitation are shown.

Height range
(km)

Mean VHF signal
power during
periods when
convective rain was
observed

Mean VHF signal
power during
periods when
convective rain was
NOT observed

Values (in-
crease/decrease)

Significant
decreases/Total

2–4 61.8 65.2 0/15 4/15
4–6 55.7 56.3 8/7 2/15

Table5 represents the mean signal power for two altitude
regions separated into periods inside and outside convective
precipitation detected in the UHF range squared corrected
signal to noise ratio. Examination suggests that for VHF sig-
nal powers averaged between 2 and 4 km periods which dis-
play convective precipitation characteristics have an average
value of 61.8 dB and periods in which a convective signature
was not identified have an average signal power of 65.2 dB.
These values collate well with those during stratiform pre-
cipitation, identified by the presence of a bright band. This
again is a factor of two greater than that derived under all
rainfall conditions defined by the tipping bucket surface rain
gauge. This suggests that the identification algorithms, for
both stratiform and convective precipitation, may be identi-
fying only the clearest precipitation periods. However, the
frequency of occurrence of significant differences displays a
much smaller value than that during other rainfall periods,
that being 27 and 47%, respectively.

Table5 also represents the mean signal power for data be-
tween 4 and 6 km. Examination in this case suggests that
the mean VHF signal power is again reduced during and
outside periods of convective precipitation, the values be-
ing 55.7 and 56.3 dB, respectively. It should be noted that
only 15 days were used in this statistical analysis out of the
possible 68 days, this was because only 15 days displayed
convective precipitation with periods greater than or equal to
one hour and were thus of use in the statistical analysis. It
should be noted that the statistics presented in Table3 to 5
change very little if only data that has a clear stratiform or
convective signal and also correspond to periods of surface
precipitation are accepted. It was also found that varying the
thresholds used in the stratiform and convective precipitation
algorithms had little effect on the statistics obtained.

It should also be noted that these results are consistent with
previous work detailed inMcDonald et al.(2004). The anal-
ysis discussed inMcDonald et al.(2004) suggests that the
position of the zero degree isotherm relative to the region of
signal suppression does not have a significant affect on the
amount of suppression observed. This lack of impact com-
pared with observations in the tropics (Chu et al., 1991) is
suggested to be associated with the fact that the bright band
has a very different structure at mid-latitudes.

3.3 Case study: 24 September 2000

In the previous section, it was shown that in stratiform pre-
cipitation VHF signal suppression is observed 51% of the
time while in convective precipitation suppression is ob-
served only 27% of the time at 2–4 km. Table3 also sug-
gests that this phenomenon occurs during all types of pre-
cipitation. Some process that is not as active in convective
precipitation therefore seems necessary to explain these ob-
servations. As indicated previously the two mechanisms sug-
gested to account for the observed VHF signal suppression
are evaporation smoothing small-scale irregularities in the
humidity profile and entrainment. Given the information dis-
cussed inHouze(1997) about the different latent heat release
profiles observed for stratiform and convective precipitation
it seems likely that evaporation may be the most important
mechanism. This section examines a set of data obtained
on 24 September 2000 which has some interesting features
which are of use in determining the likelihood of the two
mechanisms being important contributors to the VHF signal
suppression mechanism.

Figure5a displays a time height contour plot of the VHF
signal power derived on the 24 September 2000 between
03:00 and 13:00 UT. Figures5b and c display time height
contour plots of theτcorr and vertical velocity, respectively.
It should be noted that high time resolution UHF data was
available on this date. The resolution of this data being ap-
proximately 2 min rather than the half hour consensus av-
erages used previously in the statistical study described in
Sect.3.2. Comparison of the vertical signal power from the
VHF wind-profiler andτcorr from the UHF profiler shown
in Figs. 5a and b, respectively, indicates a number of simi-
lar features. The two most distinct features observed in the
UHF wind-profiler data are periods of rainfall observed be-
tween approximately 03:30 and 04:00 UT between 2 and
4 km and the large cloud shaped structure between approx-
imately 06:30 and 12:30 UT which extends from roughly 3
to 6 km. The first feature displays a clear enhancement in the
UHF τcorr (see Fig.5b) and a region of large downward ve-
locities (see Fig.5c). These signatures are indicative of UHF
signal enhancements associated with returns from Rayleigh
scattering from hydrometeors moving with a vertical velocity
which is a summation of the terminal velocity of the particles
and the background wind velocity. It should be noted that the
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Fig. 5. Time-height contour plots of(a) vertical signal power (dB) observed by VHF radar,(b) the vertical range squared corrected signal to
noise ratio (dB) and(c) the vertical velocity (ms−1) measured by a co-located UHF wind profiler observed on 24 September 2000. Note that
the UHF data has a higher time resolution than that available in the rest of this study.

Fig. 6. Profiles of(a) vertical signal power (dB) observed by VHF radar and(b) the vertical range squared corrected signal to noise ratio
(dB) measured by a co-located UHF wind profiler on 24 September 2000. The dotted line indicates the profile for 03:20 UT (outside a period
of surface precipitation), the full line the profile for 03:45 UT (inside a period of surface precipitation) and the dashed line the profiles for
04:20 UT (outside a period of surface precipitation). Also displayed is a shaded region which indicates the position of the peak of the bright
band identified by the Bright band detection algorithm during this period.
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bright band identification algorithm also classifies this region
as a period of stratiform precipitation. The peak of the bright
band being identified at approximately 2.6 km.

Figure 6a displays the VHF signal power at three times
before, during and after the stratiform precipitation. Exam-
ination of these profiles suggests that the VHF signal power
profiles are relatively similar before and after the precipi-
tation, but that at altitudes between 1.7 and 4 km the VHF
signal power is reduced during stratiform precipitation. Ex-
amination of the range squared corrected signal to noise ra-
tio profiles shown in Fig.6b suggests that a bright band can
be observed at approximately 2.6 km, this also being indi-
cated by the bright band detection algorithm. Further exam-
ination of Fig.6a also indicates that the minimum difference
between inside and outside stratiform precipitation events oc-
curs close to but slightly above the bright band enhancement.
A similar feature is also observed inRao et al.(1999) (see
their Fig. 4). This observation suggests that the zero degree
isotherm may have some modulating effect on the VHF sig-
nal suppression observed. But, it is noticeable that the dif-
ference between the profiles for data before and during strat-
iform precipitation periods are of near equal value above and
below the bright band on average. This does not correspond
well with the fact that in general stratiform precipitation ex-
hibits warming (from particle growth supported by rising air
motion) in the region above the zero degree isotherm and a
cooling (caused by melting and evaporation of particles in
subsiding air) at levels below the zero degree isotherm.

The second feature observed between 06:30 and 12:30 UT
seems to be associated with a precipitating cloud. It should
be noted at this point that this cloud displays a number of
characteristics, altitude and form of the cloud, which indicate
it is likely to have a high ice water content. The boundaries
of this cloud structure have been identified by finding those
regions which haveτcorr values above 75 dB and downward
vertical velocities in the UK Met Office UHF wind-profiler
data and these cloud boundaries are superimposed on the
VHF data shown in Fig.7. Examination of the range squared
corrected signal to noise ratio profile does not show evidence
of a bright band in this case and this is probably associated
with the fact that the precipitation seems to have completely
evaporated at around 3 km slightly above the altitude of the
melting level. No other explanation for the disappearance of
the precipitation at this level seems likely in our view and this
identification of a region associated with active evaporation
and its importance is discussed later in this section.

Figure 7 displays time height contour plots of the verti-
cal spectral width (corrected for beam-broadening), and the
signal power perturbation between 06:00 and 13:00 UT on
24 September 2000. The signal power perturbation has been
calculated by removing the mean signal power profile, de-
rived using the mean for signal powers before and after the
cloud, from the VHF signal power. Comparison of the spec-
tral width derived by the VHF radar and the cloud boundary,
both shown in Fig.7a, suggests that enhanced spectral widths
are observed preferentially close to or below the cloud base.
It should be noted that spectral width enhancements are gen-

erally associated with regions of turbulence. However, the
interpretation of enhanced spectral widths observed by VHF
profilers is generally more difficult during periods of precip-
itation (Chu and Lin, 1994).

To determine the origin of the enhanced spectral widths
observed near the cloud base a more complicated signal pro-
cessing scheme similar to that described inRajopadhyaya
et al.(1994) has been used. This algorithm selects two peaks
in Doppler spectra in which both precipitation and clear-air
signals can be identified in a statistical manner. Figures8a
and b display the spectral width associated with the precipi-
tation and the clear-air signals, respectively, a threshold value
has been used on the precipitation signals so that only rela-
tively large precipitation signals capable of contributing to
the combined signal significantly are displayed in Fig.8b.
Figure 8c shows the vertical velocities associated with the
clear-air component of the returns. Examination of Fig.8c
suggests no preferential direction of motion for these signals
in the vertical direction, the values of the vertical velocities
for the precipitation signal (not shown) on other hand are
always downward. This suggests that the algorithm works
well at identifying and separating the precipitation and clear-
air signals in general. Examination of the spectral widths in
Fig. 8a suggests that precipitation signals are preferentially
observed in the region of enhanced spectral widths previ-
ously displayed in Fig.7a. However, the values of the spec-
tral widths associated with the clear-air component of this
signal are still enhanced in this region even after the contri-
bution from the precipitation signal has been corrected (see
Fig.8b). It should be noted that the spectral widths displayed
in Fig.8 are significantly larger than those identified in Fig.7
because no attempt has been made to correct for beam broad-
ening in this case. Thus, it seems that hydrometeor con-
tamination only accounts for some of the enhanced spectral
width. It should be noted that when the precipitation and
clear-air signals are strongly overlapped it is sometimes very
difficult to separate these signals and thus hydrometeor con-
tamination could feasibly explain all of the enhanced spectral
width observed in Fig.7a.

While there is a possibility of hydrometeor contamination
producing the enhanced spectral widths observed, previous
work byBouniol et al.(2004) using cloud radar has observed
similar structure in calculated values of the turbulent kinetic
energy dissipation rate. Work described inAlbrecht and Kol-
lias (2001) also suggests that in-cloud turbulence is prefer-
entially observed at cloud base. In addition the fact that the
enhanced spectral width region follows so closely the precip-
itating cloud base suggests that in this case the enhancements
are associated with turbulence.Bouniol et al.(2004) sug-
gests that large values of turbulent kinetic energy dissipation
rates at cloud base can be explained by evaporation of ice
particles falling in an unsaturated environment, this evapora-
tion absorbs latent heat which tends to increase the mixing
processes. This region of entrainment is of particular rele-
vance because it suggests that if entrainment plays a role in
the VHF signal suppression then the suppression should be
particularly strong close to these altitudes.
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Fig. 7. Profiles of(a) vertical spectral width (ms−1) and(b) vertical signal power perturbation (dB) observed by the VHF wind profiler on
24 September 2000. The full line indicates the extent of precipitating cloud regions identified using simultaneous UHF wind profiler data.
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Figure7b displays a time height contour plot of the sig-
nal power perturbation. Positive (negative) values of the
signal power perturbation relate to regions where the VHF
signal power is enhanced (suppressed) relative to the mean
VHF signal power profile calculated using the mean of sig-
nal powers before and after the cloud is observed. Examina-
tion of Fig.7b shows no particular structure outside the cloud
boundaries with nearly equal areas of VHF signal power en-
hancement and suppression being observed. In stark contrast
the VHF signal power is observed to only be suppressed in
the interior of the cloud defined by the boundary. It should
also be noted that the VHF signal suppression seems to be
relatively uniform throughout the cloud region. This corre-
spondence is excellent given the totally independent nature
of the cloud boundary derived using UHF wind profiler data
and the VHF radar data. The correspondence is so good that
the narrowing of the clouds vertical extent observed just be-
fore 09:00 UT is also observed in the VHF signal power per-
turbation for instance. In fact this correspondence is so good
that it suggests that this technique may have utility in allow-
ing cloud structure to be identified by VHF wind profilers
routinely.

It should be noted that the boundaries of the cloud struc-
ture relate to the region of precipitation and may not relate
to the cloud top or cloud base. However, information pre-
viously described in this section and discussed inBouniol
et al.(2004) andAlbrecht and Kollias(2001) leads us to the
conclusion that these boundaries also define the cloud base
and cloud top accurately in this case. The clear region of
evaporation identified at cloud base is of particular relevance
because it suggests that the region above this level is satu-
rated. It is possible that this saturated region is produced by
the evaporation of precipitation some time previous to the
observation. This possibility also corresponds well with the
data in Fig.7b which could show regions of strong suppres-
sion where evaporation has already occurred. The evapora-
tion at the bottom of the cloud would then therefore be an
unsaturated region (this may become saturated later) which
would be related to only partial signal suppression. This in-
terpretation would suggest that if evaporation plays a role
in the VHF signal suppression then the suppression should
be particularly strong above the evaporation region and less
strong in this region. Thus, it seems likely that identifica-
tion of regions of strong signal suppression could be of use
in identifying the relative importance of the two mechanisms
previously indicated.

Another possibility that could partially explain the fact that
the signal suppression is observed only in the interior of the
cloud is associated with the fact that the cloud may be as-
sociated with a high ice water content. This change could
therefore change the saturation water vapor pressure because
this quantity has a different value on the surface of liquid wa-
ter from that on the surface of solid ice particles. However,
evidence for a high ice water content in the cloud is only cir-
cumstantial.

4 Discussion and conclusions

The development of automated algorithms to define periods
associated with stratiform and convective precipitation using
UHF range squared corrected signal to noise ratio profiles
has been described and demonstrated to be efficient. Sep-
aration of precipitation periods into stratiform and convec-
tive regions is performed to examine the affect of these pre-
cipitation types on the VHF signal power return. Statistical
analysis suggests that both precipitation types produce sim-
ilar magnitude reductions in VHF signal power on average.
However, the frequency of occurrence of statistically signifi-
cant reductions in VHF signal power are very different. At 2–
4 km stratiform precipitation shows VHF signal suppression
is observed 51% of the time while in convective precipita-
tion suppression is observed only 27% of the time. Using the
subset of days which contains both stratiform and convec-
tive precipitation increases the stratiform value to 53% and
leaves the convection value unchanged. Given the informa-
tion discussed inHouze(1997) this suggests that evaporation
may be an important mechanism in explaining the observed
VHF signal suppression. It should be noted that the observed
similarity in the VHF signal power response for convective
and stratiform precipitation is supported by previous analy-
sis in McDonald et al.(2004). Their analysis indicates that
little variation in the VHF signal suppression is observed as
a function of rainfall rate. Given that convective precipita-
tion is normally associated with significantly higher rainfall
rates than those related to stratiform precipitation their result
suggests a similar conclusion to that identified in the current
work.

The case study discussed in Sect.3.3 examines an event
where both regions of evaporation and also possibly turbu-
lent entrainment can be identified. As previously indicated,
evaporation has been suggested to act to smooth out small-
scale irregularities in humidity bringing the air towards the
local saturated vapour pressure and thus producing a VHF
signal suppression by removing the humidity component of
the small-scale irregularities in the radio refractive index pro-
file. The fact that the signal suppression observed in Fig.7b
is predominantly above the region of evaporation (i.e. in a
saturated region) is in line with the hypothesis of evaporation
removing small-scale irregularities in humidity. The reduc-
tion in the VHF suppression at the evaporation level also sup-
ports the idea that in the unsaturated region the evaporation
of hydrometeors has not removed all the small-scale irregu-
larities in the humidity profile. Thus, the detailed case study
presented suggests that evaporation reducing small-scale ir-
regularities could be important. The possibility of affects as-
sociated with changes in saturation vapour pressure can also
not be ruled out.

Regions of enhanced spectral width are also observed
and we believe these are associated with enhanced turbu-
lence rather than over-estimations associated with precipita-
tion and clear-air signals overlapping (Chu and Lin, 1994).
The proximity of the enhanced spectral width region to the
region identified as being associated with evaporation also
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suggests that this measurement is associated with turbulence.
In particular, the region of strong evaporation would act to re-
lease latent heat which tends to increase the mixing process.
Given the lack of structure in the signal power perturbation
(see Fig.7b) near the turbulent region it seems that this mech-
anism may not be important in producing the observed VHF
signal suppression. However, it should be noted that given
the right conditions it might be possible for the effects of tur-
bulent entrainment and evaporation to cancel out such that
the signal suppression would not be enhanced in the region
specified.

Acknowledgements.A. J. McDonald would like to acknowledge
grant U6518 awarded by the University of Canterbury. The MST
Radar Facility at Aberystwyth is funded by the UK Natural Envi-
ronment Research Council and the data presented in this paper has
been kindly provided through the British Atmospheric Data Centre.
We would also like to thank the (UK) Met Office who kindly pro-
vided the Mesoscale model, UHF wind profiler and high resolution
radiosonde data to this work through the British Atmospheric Data
Centre.
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