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Abstract. A small number of studies have indicated that re-
ductions in the signal strength of clear air returns can be ob-
served at low altitudes in regions of precipitation. This study
uses data from the NERC MST radar facility in Aberystwyth
(52.4◦N, 4.1◦W) and co-located tipping bucket rain gauge
data to determine whether this effect can be observed for
all periods where high rainfall rates were observed at the
ground. The period selected for examination includes all of
the days where a peak rainfall rate of 6 mm h−1 was exceeded
in 2001. A statistical examination of VHF radar signal power
during periods with and without surface rainfall suggests that
the returned power is reduced by the presence of precipitating
clouds. The corrected spectral width of the Doppler spectra is
also significantly wider during periods of precipitation. The
process which causes the decrease in the VHF signal power
seems to be associated with a reduction in Fresnel reflection
within precipitating clouds. This, in turn, may be due to a
reduction of humidity gradients in clouds. UHF wind pro-
filer data is also used to show that there is a relationship be-
tween enhanced UHF returns (signifying precipitation) and
reduced VHF returns. To clarify the processes and effects
observed we examine three case studies which show typi-
cal relationships between the VHF signal power and surface
rainfall or enhanced UHF signal-to-noise ratios. The effect
of precipitation on the signal processing scheme’s derivation
of signal power and spectral width is explored using individ-
ual Doppler spectra.

Key words. Atmospheric composition and structure (instru-
ments and techniques) – Meteorology and atmospheric dy-
namics (precipitation) – Radio science (remote sensing)

1 Introduction

Wind profiler radars operating at very high and ultra high
frequencies (VHF and UHF, respectively) are sensitive to
both clear air returns, from radio refractive index irregular-
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ities, and Rayleigh scattering, from distributed targets such
as hydrometeors. The dependence of both mechanisms on
wavelength means that UHF and VHF radars have very dif-
ferent sensitivities to these processes. A largely theoretical
study described inRalph(1995) reveals that only under con-
ditions of heavy rain (>8.4 mm h−1) is the Rayleigh scat-
tered signal expected to exceed the clear air radar return at
VHF. At UHF, however, light rain or drizzle is sufficient for
the Rayleigh scatter to dominate the clear air returns. These
conclusions are consistent with the results described inCur-
rier et al.(1992), which indicate that two radars that operate
at 915 MHz (UHF) and at 50 MHz (VHF) displayed very
different sensitivities to clear air and precipitation returns.
Specifically, the 50 MHz radar provided primarily clear air
information, while the 915 MHz radar provided precipitation
information, with only minimal clear air information even
during weak precipitation periods.

However, it should be noted that a number of studies have
also indicated that VHF radar data can be used to observe
precipitation echoes at lower rain rates (Wakasugi et al.,
1986). In particular,Chu et al.(1991) andRao et al.(1999)
have shown that while the VHF echo power associated with
precipitation is generally far weaker than that due to clear
air returns, the echo power associated with precipitation is
enhanced strikingly at the height of the melting layer, hence
the alternative term bright band, and can be greater than that
due to clear air returns by about 5 dB. It is also interesting to
note thatChu et al.(1991) reported changes in clear air return
strength associated with changes in the phase of the hydrom-
eteors. They attributed this to a cooling effect, arising from
the absorption of latent heat associated with the evaporation
of the raindrops. Alternatively, melting of the ice particles
and a vapourizing effect due to the release of water vapour
through the process of ice sublimation and raindrop evapo-
ration was also suggested byChu et al.(1991). Rao et al.
(1999) indicated that the weakening of the clear air echo at
the bright band could be due to the turbulent mixing between
the warm and humid in-cloud air, and colder and drier sur-
rounding air caused by entrainment.Fabry and Zawadzki
(1995) indicate that six effects may contribute to the bright
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band: the change in the dielectric constant through the melt-
ing region; the change in fall velocity throughout the melting
region; precipitation growth; the change in particle size dis-
tribution (aggregation and breakup); the combined effect on
echo power of the shape and orientation of melting hydrom-
eteors; and the effect of the distribution of the water within
the melting snowflake. Their study indicates that the sum of
the first three effects, which are the most cited mechanisms,
account for significantly less than the total increase in power
observed in the bright band.

The benefits of simultaneously observing precipitation and
clear air turbulent activity using a combination of UHF and
VHF radar has been recognized by the scientific community
for several years. The sensitivity of these profilers to motions
of hydrometeors has enabled studies of the vertical structure
of precipitating clouds to be made. This vertical structure
is important in understanding how the distribution of latent
heating affects the atmospheric circulation and how to better
parameterize precipitating clouds in numerical models. In
addition, this capability has allowed many precipitation re-
lated parameters, such as the terminal velocity of hydrome-
teors and the three-dimensional wind-field within clouds, to
be measured directly. Particular attention has been paid to
accurately determining the drop size distribution of hydrom-
eteors, which is inferred from the the spectrum of raindrop
terminal fall speeds.Atlas et al.(1973) showed that a correc-
tion must be made for the vertical air velocity which offsets
the whole spectrum. The accuracy of distributions derived
from microwave radar observations is therefore limited by
the fact that these radars are primarily sensitive to hydrome-
teor returns. The value of the vertical air velocity must there-
fore be assumed. Thus, under many conditions combined,
UHF and VHF radar data is necessary to evaluate precipita-
tion information accurately.

Chu and Song(1998) analyzed VHF radar returns from
hydrometeors and refractivity fluctuations associated with a
cold front. A composite analysis of the precipitation echo
intensity and the vertical air velocity indicated that the latter
plays a vital role in the formation of the bright band. VHF
radar reflectivity from precipitation at the height around the
melting layer may be enhanced for weak vertical air velocity,
while the bright band may be disrupted if the upward ver-
tical air speed is large. These updrafts may also diminish
the echo intensity from refractivity fluctuations through the
mechanism of turbulent mixing. They postulate that a plau-
sible mechanism for the depletion of the precipitation echo
accompanying an intense updraft in the height range of the
melting layer is the process of turbulent mixing. Their study
also suggests that the depletion of the clear air echo power
can be attributed to the turbulent mixing between warm and
humid in-cloud air, and cool and dry ambient air entrained
into the cloud following a strong updraft.

Vaughan and Worthington(2000) investigated the varia-
tion in power of VHF radar vertical echoes as a function
of atmospheric humidity. Their work indicated that the ob-
served echoes are greatest in air of moderate humidity, and
least in very dry or near-saturated air. The standard Fresnel

scattering model for relating clear air echo power to the mean
vertical gradient of generalised potential refractive index thus
seems to overpredict echo power at high relative humidities
(Ottersten, 1969). Their study proposes that this is due to
the role of precipitation in suppressing metre-scale humid-
ity structures. Their study also suggests that the echoes are
more isotropic, and their spectra are broader, at high humid-
ity, indicating a greater contribution from turbulent scatter
than Fresnel scatter. The present study aims to examine the
effects of precipitation on clear air returns using a combi-
nation of surface rainfall measurements and co-located VHF
and UHF radar observations.

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◦ 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◦ off-vertical in a
variety of azimuths.

Several recent studies have described methods used to de-
rive parameters from Doppler spectra. Normally, these pro-
cessing schemes aim to determine the returned signal power,
Doppler shift and spectral width associated with the clear air
returns observed at VHF frequencies. Studies which discuss
this type of analysis includeBarth et al.(1994), Hocking
(1997), Hooper(1999), andMay and Strauch(1998). More
complicated processing schemes can also be used to attempt
to separate the characteristics of any precipitation signal from
the clear air signal (Wakasugi et al., 1986; Rajopadhyaya
et al., 1994). In this study, the standard processing scheme
used by the NERC MST radar is used in a statistical exam-
ination of the data. A more complicated scheme, similar to
that described inRajopadhyaya et al.(1994), is also used to
identify the precipitation and clear air signals in two case
studies, to show the difficulty in separating these signals at
low rainfall rates.

The simple, single-peak spectral processing technique
used 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
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Table 1. The mean VHF signal power is shown averaged over the height range indicated during periods where the indicated rainfall threshold
was and was not exceeded. In addition, the number of positive and negative changes are shown 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.
The surface rainfall is observed by a tipping bucket rain gauge co-located with the VHF radar.

Height range
(km)

Surface rainfall
threshold
(mm h−1)

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 (posi-
tive/negative)

Significant
decreases/Total

2–4 0.0 64.1 66.7 4/29 20/33
4–6 0.0 57.4 57.8 12/21 9/33
16–18 0.0 31.2 31.0 21/12 4/33
2–4 3.0 64.0 66.3 8/25 16/33
4–6 3.0 56.9 57.8 13/20 8/33
16–18 3.0 31.1 31.0 12/21 2/33

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
from the lower troposphere. It is only under conditions of
very heavy precipitation that the two components, observed
by this radar, are distinct (Hooper et al., 2003). It is more
common for the components to overlap so that both are iden-
tified as belonging to a single signal. Techniques are avail-
able to separate strongly overlapping signals, but Fourier-like
techniques generally provide poor results because of the lack
of resolution (Boyer et al., 2003). Under such conditions, us-
ing the simpler processing scheme, the principal spectral pa-
rameters are not representative of the clear air returns alone.
In particular the signal power will be overestimated and the
spectral width can no longer be interpreted in terms of turbu-
lence intensity (Chu and Lin, 1994). Nevertheless, since the
aim of this paper is to demonstrate the reduction in clear air
radar return power associated with precipitation, this short-
coming will only reduce the magnitude of the effect in cases
where the signal power associated with precipitation is ap-
preciable. This limitation of the current study is discussed in
detail in Sect.4.

Although the radar is operated in a multi-beam mode, at-
tention will be confined to the vertical beam observations in
this study. An 8-µs pulse which has a phase code of 2µs

(giving a range resolution of 300 m), is used with an inter-
pulse period of 320µs. The Doppler spectra are derived
using 1024-point coherent integration and 64 point discrete
Fourier transforms. The minimum altitude that atmospheric
returns can be observed from is 1.7 km.

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 utilised and
atmospheric conditions and generally only extends signifi-
cantly above 2 km when precipitation is present. Although
the cycle time for observations is of the order of a few min-
utes, the available data represents a consensus average over
30 minutes.

3 Results

This study uses data from the NERC MST Radar facility at
Aberystwyth in mid-Wales. Examples of the effect of pre-
cipitation on the observed signal power are shown after a sta-
tistical analysis of the effect of precipitation on VHF returns.
To examine the role of precipitation on clear air returns statis-
tically, a number of days associated with high rainfall rates at
the surface were selected. High rainfall days were defined in
this study as days where the surface rainfall rate was greater
than 6 mm h−1 for a continuous period greater than or equal
to 20 minutes. A total of 33 days during the calendar year
2001 were selected using this criterion. Later in the statisti-
cal analysis co-located UHF wind-profiler measurements are
used to examine the statistical relationship between precipi-
tating cloud regions (associated with large signal-to-noise ra-
tios in the UHF signal at high altitudes) and the VHF returns.
A subset of 23 days from the 33 days previously selected is
used in this analysis because of a lack of simultaneous UHF
data during many days.

3.1 Statistical analysis

Table 1 shows the mean signal power, for three alti-
tude regions, associated with surface precipitation and non-
precipitation conditions. As a check, two different threshold
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Table 2. The mean VHF spectral width is shown averaged over the height range indicated during periods where the indicated rainfall
threshold was and was not exceeded. In addition, the number of positive and negative changes are shown in the spectral width as well as the
number of significant increases in the spectral width associated with periods of surface rainfall above the indicated threshold. The surface
rainfall is observed by a tipping bucket rain gauge co-located with the VHF radar.

Height range
(km)

Surface rainfall
threshold
(mm h−1)

Mean VHF spectral
width during
periods when the
surface rainfall
threshold was
exceeded (m s−1)

Mean VHF spectral
width during
periods when the
surface rainfall
threshold was NOT
exceeded (m s−1)

Values (posi-
tive/negative)

Significant
increases/Total

2–4 0.0 0.41 0.27 32/1 31/33
4–6 0.0 0.31 0.23 31/2 26/33
16–18 0.0 0.22 0.22 17/16 4/33
2–4 3.0 0.48 0.27 32/1 24/33
4–6 3.0 0.34 0.24 28/5 16/33
16–18 3.0 0.22 0.21 15/18 3/33

rainfall rates (0 mm h−1 and 3.0 mm h−1) are used to distin-
guish precipitation conditions from non-precipitation ones.
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 clear decrease of 2.6 dB is ob-
served during rainfall. Between 4 and 6 km this difference
decreases to 0.4 dB and at 16–18 km it is only 0.2 dB. This
decrease indicates that this change is not associated with in-
creased noise levels at all altitudes caused by rain static. The
observed altitude dependence also seems to suggest that pre-
cipitation between 2 and 4 km causes this change. When the
rainfall threshold is increased to 3.0 mm h−1 the difference
between the signal powers remains approximately the same
for measurements between 2 and 4 km. This suggests that
the effect observed is associated with changes in the clear
air returns because this increase in rainfall rate would be as-
sociated with increased reflectivity for a precipitation sig-
nal (Doviak and Zrníc, 1993). Thus, an increase in signal
power would be observed if the precipitation signal made up
an appreciable amount of the observed signal power. How-
ever, separating VHF signal power data into periods of heav-
ier (rate greater than 3.0 mm h−1) and lighter (rate less than
3.0 mm h−1) surface rainfall changes the results for the 4–
6 km altitude region, giving rise to a difference of 0.9 dB. It is
suggested that this difference is caused by the larger vertical
extent of convective precipitation which is generally respon-
sible for the highest rainfall rates at this location. Table1 also
shows the number of events where the variation in the mean
changes significantly at the 95% level. Examination shows
that over half the events display a statistically significant de-
crease in signal power during rainfall for averages derived
from data between 2 and 4 km.

Examination of Table2 shows that the vertical spectral
width, which is corrected for the effect of beam broadening,
observed during periods above the surface rainfall threshold
is larger than that during periods when the surface rainfall

threshold is not exceeded. Table2 also shows the number of
events when the spectral width increase during rainfall is sig-
nificant. It is interesting to note that this effect is much more
pronounced than the signal power decrease, with nearly all
days (31 out of 33) showing a significant increase in spectral
width. This statistical increase either suggests that a combi-
nation of clear air and precipitation returns is observed by the
standard signal processing scheme used by the VHF radar or
that a large contribution is observed from turbulent scatter in-
side precipitating clouds. If this increase in the spectral width
during periods of rainfall is associated with a combination of
clear air and precipitation returns, it is highly significant; this
is because it indicates that the signal power observed is also a
combination of both precipitation and clear air returns, sug-
gesting that the true reduction of the clear air return must be
even larger than indicated since some part of the observed
signal power will be associated with the precipitation return.
This is discussed further in Sect.4 where it is concluded that
the signal processing scheme can in cases produce a spec-
tral width which can be identified with both precipitation and
clear air returns.

A closer examination into whether the change in the VHF
signal return is associated with precipitation is achieved us-
ing the signal-to-noise ratio (SNR) between 2 and 4 km of
a UHF wind profiler. Table3 displays the mean VHF sig-
nal power averaged over the 2 to 4 km range during periods
where the mean UHF SNR averaged between 2 and 4 km is
greater or less than a threshold value. During the periods
where the mean SNR of the UHF signal is greater than 0 dB,
the signal observed by the VHF radar is 3.6 dB smaller than
during the other periods. It should be noted at this point that
if the subset of data used for the UHF data comparison is
processed using a rainfall threshold of 0 mm h−1, the differ-
ence is only 2.7 dB. Thus, regions of precipitation identified
by the UHF profiler seem to clearly correspond to regions
of low signal power in the VHF return. This supports the



A. J. McDonald et al.: The effect of precipitation on wind-profiler clear air returns 3963

00:00 6:00 12:00 18:00 00:00
0.0

10.0

20.0

Time  (UT)

R
ai

nf
al

l (
m

m
/h

) (d)

30

40

50

60

70

2

6

10 (a)

A
lti

tu
de

 (
km

)

0

0.2

0.4

0.6

0.8

2

6

10

A
lti

tu
de

 (
km

)

(b)

0

10

20

2

4

6

8
(c)

A
lti

tu
de

 (
km

)

Fig. 1. Time-height contour plots of(a) vertical signal power (dB),(b) vertical corrected spectral width (m s−1) observed by the VHF radar,
(c) the vertical signal-to-noise ratio measured by a co-located UHF wind profiler (dB) and(d) the variation of surface rainfall observed by a
tipping bucket rain gauge on 17 May 2001.

conclusion that the clear air return is reduced in periods of
precipitation. It also suggests that the variations in Table1
and Table2 may represent a lower bound on the effect, since
in many cases enhanced returns in the UHF data associated
with precipitation do not correspond to periods of surface
rainfall.

To clarify the processes and effects observed three differ-
ent case studies are examined.

3.2 Case study 1: 17 May 2001

Figure 1 displays time-height contour plots of the vertical
signal power and corrected spectral width observed by the
VHF radar and the corresponding surface rainfall rate mea-
sured by a tipping bucket rain gauge. The negative correla-
tion between VHF signal power and surface rainfall rate ex-
pected from the statistical study is clearly evident at the low
altitudes. The positive correlation expected between beam-
broadening corrected spectral width and surface rainfall rate
is also apparent but not as clearly.

Examination of the UHF signal-to-noise ratio during this
day, shown in Fig.1c, displays enhancements between 2 and
3 km during the period of intense rainfall. This indicates that
hydrometeors are present in the range where the VHF signal

power is reduced, which again implies that the signal is af-
fected by precipitation or some process associated with the
precipitating clouds.

Examination of the UHF signal-to-noise ratio profiles dur-
ing the period of rainfall (not shown) indicates the presence
of a bright band during most periods. Previously,Williams
et al. (1995) used the presence or absence of a bright band
in the UHF signal profile in an automated algorithm to dis-
tinguish between convective or stratiform precipitating rain
clouds. Thus, this data suggests that during stratiform rain
a clear VHF signal power reduction can be observed. The
decrease in VHF signal power suggests that in this case the
bright band phenomenon is not observed by the VHF radar,
since this is associated with a signal enhancement. The re-
duction observed is not as clear in rainfall periods associated
with convection, where signal power can sometimes increase
during rainfall. A possible explanation for these cases is the
lofting of lower tropospheric humid air into the upper tro-
posphere which produces a region with high humidity and
therefore large clear air returns. However, an examination
based on different precipitating cloud types is outside the
scope of the present study because of the relatively small data
sample (only 33 days).
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Table 3. The mean VHF signal power is shown averaged over the 2 to 4 km height range during periods where the UHF signal-to-noise
ratio was greater or less than the thresholds indicated. The number of positive and negative changes are also shown in the VHF signal power
as well as the number of days where a significant decrease in signal power was associated with large UHF signal-to-noise ratios.

UHF SNR
between 2 and
4 km (dB)

Mean VHF signal power
during periods when the
UHF SNR threshold is
exceeded (dB)

Mean VHF signal power
during periods when the
UHF SNR threshold is
NOT exceeded (dB)

Values (posi-
tive/negative)

Significant
decreases/Total

0.0 63.3 66.9 4/19 17/23
5.0 63.1 66.7 5/18 16/23
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Fig. 2. VHF Doppler spectra taken at 07:24 UT on the 17 May 2001, the observation altitude being shown for each spectrum. The black line
represents the raw data, and the dotted and dashed lines show fits to any possible Rayleigh or clear air echoes using a technique similar to
that described inRajopadhyaya et al.(1994).

VHF radar Doppler spectra at 07:24 UT on the 17 May
2001 (close to the peak in the surface rainfall rate of 13.2 mm
h−1) are shown in Fig.2. Examination of these spectra shows
a possible secondary peak associated with a precipitation
echo in nearly all the spectra displayed, with the clearest sec-
ondary peaks being observed at lower altitudes. It should be
noted that negative Doppler velocity corresponds to down-
ward motion. The width of the echoes is large at higher alti-
tudes, which is likely to indicate that the signal is associated
with a combination of the clear air and precipitation return.
It should be reiterated that if this is the case, the decrease in

clear air returns during precipitation will be larger than indi-
cated, since some part of the observed signal power would be
associated with the precipitation return. This possibility has
previously been indicated by the statistical increase in the
spectral width observed during rainfall. Figure2 also shows
fits to possible clear air and Rayleigh scattering peaks using
a technique similar to that described inRajopadhyaya et al.
(1994). It should be noted that examination of these fits and
their residuals (not shown) displays the difficulty in trying to
separate the observed data into these two signals, particularly
at higher altitudes.
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Fig. 3. Time-height contour plots of(a) vertical signal power (dB),(b) vertical velocity (m s−1) observed by the VHF radar,(c) the vertical
signal-to-noise ratio measured by a co-located UHF wind profiler (dB) and(d) the variation of surface rainfall observed by a tipping bucket
rain gauge on 22 January 2001.

While the statistical analysis suggests that precipitation
is associated with decreases in signal power and increases
in spectral width, another possible interpretation of these
changes is possible, namely that the change in air mass
which usually occurs during the period of rainfall causes
these changes rather than the precipitation. This interpre-
tation could indeed be used to explain the change observed
in Fig. 1. Unfortunately, at midlatitude sites in the North-
ern Hemisphere, and particular in the UK, the predominant
weather pattern associated with precipitation is one in which
frontal systems cross the region, in the case of the UK, from
west to east. Thus, an attempt to deconvolve the two possible
causes of the observed changes in signal power and spectral
width is difficult. The second case study attempts to address
this possibility and a further analysis in Sect.4 also discusses
this possibility. Conclusions based on these results and pre-
vious published material are then made.

3.3 Case study 2: 22 January 2001

Figure3 shows time-height contour plots of the vertical sig-
nal power and vertical velocity observed by the VHF radar
and the corresponding surface rainfall rate measured on 22
January 2001. Examination of the period indicates that in-

termittent rainfall is observed over a period of roughly 12 h
from 09:00 to 21:00 UT. Comparison of the variation of sig-
nal power at altitudes below 4 km and the surface rainfall rate
indicates that the regions associated with surface rainfall cor-
respond well to regions of decreased vertical signal power.
However, examination also suggests that outside the periods
of rainfall the vertical signal power is similar throughout the
period specified. This suggests that the reductions of sig-
nal power observed are closely related to periods of rainfall.
Thus, changes in air mass are not a factor at least in this case.
However, it is still possible that the reduction in signal power
is associated with the frontal zone between air masses and
this is discussed later in Sect. 4. It should also be noted that
the vertical velocities associated with the periods of surface
rainfall are relatively small and sometimes upward. Thus,
they are indicative of measurements whose derived Doppler
velocity is associated with clear air returns rather than the
terminal velocity of hydrometeors. Similar examination of
the other data used in this study shows that this is true in the
majority of cases, with the data displayed in Fig.2 being an
example of one of these periods.
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Fig. 4. Time-height contour plots of(a) vertical signal power (dB),(b) vertical velocity (m s−1) observed by the VHF radar,(c) the vertical
signal-to-noise ratio measured by a co-located UHF wind profiler (dB) and(d) the variation of surface rainfall observed by a tipping bucket
rain gauge on 5 October 2001.

3.4 Case study 3: 5 October 2001

Figure 4 displays time-height contour plots of the vertical
signal power and vertical velocity observed by the VHF radar
and the corresponding surface rainfall rate measured by a
tipping bucket rain gauge measured on the 5 October 2001.
Comparison of the vertical signal power and the surface rain-
fall in this case shows a less clear negative relationship than
observed in Fig.1. Examination also indicates that on this
day enhanced vertical velocities associated with mountain
wave activity are observed, but that no clear enhancements
in vertical velocity are related to precipitation, in particular
no large downward vertical velocity enhancements are ob-
served during precipitation periods. However, a possible re-
gion of convection, identified by large upward velocities and
enhanced signal power at higher altitudes, may be observed
at 20:30 UT.

Examination of the UHF SNR during this day (shown in
Fig. 4c) displays enhancements between 2 and 6 km during
periods of intense rainfall. This indicates that hydromete-
ors are present in the range where the VHF signal power is
reduced, which implies that the signal is affected by precip-
itation. It is particularly interesting to note in this case that
a region which displays a decrease in the signal power ob-

served by the VHF radar at approximately 15:00 UT does
not correspond to surface rainfall, but does match well with a
period of enhanced SNR observed by the UHF wind profiler
at roughly 15:00 UT. This suggests that a signal associated
with precipitating cloud is observed by both radars, but that
the precipitation does not reach the surface because of either
advection or evaporation.

4 Discussion

The first question that arises from the statistical analysis and
case studies shown is whether the reductions in signal power
and increases in spectral width observed are real or process-
ing anomalies. The most obvious flaw in the processing used
is that a simple procedure has been used to identify regions
of signal and that no great effort has been made to separate
the precipitation signal from the clear air return. Many stud-
ies have shown that this is an important omission (Rao et al.,
1999; Chu et al., 1991). However, all of these studies have
also indicated that the signal power associated with precip-
itation is usually much smaller than that related to clear air
returns, apart from periods associated with very high rainfall
rates or in altitude regions related to melting precipitation,
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Table 4. The mean VHF signal power is shown averaged over the height range indicated during periods where the indicated rainfall
threshold was and was not exceeded. In addition, the number of positive and negative changes are shown in the mean signal power associated
with rainfall as well as the number of significant decreases in the signal power associated with periods of surface rainfall above the indicated
threshold. The surface rainfall is observed by a tipping bucket rain gauge co-located with the VHF radar.

Height range
(km)

Surface rainfall
threshold
(mm h−1)

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 (posi-
tive/negative)

Significant
decreases/Total

2–4 0.0 72.6 75.6 3/30 18/33
4–6 0.0 66.2 66.6 13/20 10/33
16–18 0.0 40.0 39.9 13/20 6/33
2–4 3.0 72.2 75.1 7/26 13/33
4–6 3.0 65.6 66.6 14/19 7/33
16–18 3.0 40.0 39.9 13/20 6/33

the bright-band effect. Thus, if the current study uses peri-
ods outside very heavy rainfall the majority of the time and
the bright band effect is not important, the analysis associated
with signal power should be valid. The effect of overlapping
precipitation and clear air returns may still have an important
impact on spectral width even when these conditions are met.

Before testing the observations for the impact of large
rainfall rates and enhancements associated with the bright
band it is worth noting that the statistical analysis was com-
pleted using two separate signal processing schemes. This
is because a revised version of the signal processing system
was implemented during the period of this study. The older
scheme which has not been detailed is mentioned inSlater
et al. (1991). Both of these schemes are associated with
single peak spectral processing, but the two schemes have
a number of differences, for example, the old scheme uses
a peak-tracking algorithm to ensure consistent observations
are made and uses a different noise level derivation technique
than the new scheme. Thus, comparison of results from the
new and old scheme allows us to determine whether the re-
sults are likely to be applicable to other processing schemes
and thereby other radar. Table 4 indicates the changes in
signal power associated with periods inside and outside sur-
face rainfall for the old scheme. Comparison of Table 4 with
Table 1 indicates that while the absolute value of the signal
power has changed dramatically, the number of days which
show statistically significant decreases during rainfall is sim-
ilar and that the difference in signal power inside and outside
periods of surface rainfall is also very similar, for the altitude
range 2–4 km and for a rainfall rate threshold of 0.0 mm h−1,
2.6 dB and 3.0 dB for the new and old processing schemes,
respectively.

The rainfall rate necessary to produce Rayleigh scattered
signals greater than the clear air returns was derived byRalph
(1995) to be 8.4 mm h−1 for a radar with a frequency of
50 MHz. The wavelength dependence of Rayleigh scattering
and the clear air returns means that this rainfall rate will be

marginally higher for the observations indicated in this study
because of the lower operating frequency of the NERC MST
radar (46.5 MHz). Examination of the rainfall data indicates
that for the 33 days selected, which all contain rainfall rates
greater than 6 mm h−1, surface rainfall is observed approx-
imately 20% of the time. Of this rainfall only 0.5% of it is
above the 8.4 mm h−1 rain rate indicated byRalph(1995).
Thus, in the vast majority of cases the surface rainfall is not
strong enough to warrant using a more complicated signal
processing scheme.

The possibility is now examined that the bright band effect
may distort the observations, particularly in the 2–4 km range
where the reduction in signal power is most clearly observed.
To examine the occurrence of the bright band and its possi-
ble affect the altitude of the 0◦C isotherm was determined
from nearby radiosonde data taken at Aberporth, approxi-
mately 50 km from the radar site. Those days where the 0◦C
isotherm was lower than 2 km were selected. It was found
that of the nine days observed, where the 0◦C isotherm was
below 2 km, five displayed significant decreases in the signal
power during rainfall. Thus, the proportion of days where
a significant decrease at the 95% level was observed seems
very similar for the whole data set and the subset where the
0◦C isotherm was below 2 km. This suggests that the bright
band does not have a significant affect on the results of this
study. It should be noted that this may be associated with
the fact that the statistical analysis uses averages over long
periods (greater than several hours typically) and over an
extended altitude range. This lack of impact is also possi-
bly because while the bright band has been shown to have
a strong affect on returns in the Tropics (Chu et al., 1991;
Rao et al., 1999), its structure and magnitude are very dif-
ferent at mid-latitudes. For example,Rao et al.(1999) indi-
cates that the depth of the bright band observed by the Indian
MST radar is approximately 900 m, while studies at mid-
latitudes byFabry and Zawadzki(1995), Gray et al.(2001)
andKlassen(1988) have indicated that the bright-band depth
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Fig. 5. Normalised Doppler power spectra for the vertical beam
made at 15:00 UT on 14 June 2001.

varies between 150–600 m, 100–400 m and 200–600 m, re-
spectively. It should be noted that the method used to de-
termine the bright band depth used inKlassen(1988) uses
turning points of the terminal velocity.Gray et al.(2001) in-
dicates that this method produces greater bright band depths
than when the region of the bright band is defined by de-
termining the altitude of minimum and maximum rate of
change in the reflectivity. Thus, the larger values indicated
in Klassen(1988) should be used with some caution when
only the region of enhanced reflectivity is sought rather than
the region of melting. In order to attribute the reductions
in signal power observed to the presence of precipitation, it
is necessary to rule out other factors which may contribute
to the reduction. Specifically, it is important that changes
in air mass near frontal regions, which are associated with
rainfall, are not the cause of the signal reductions that have
been linked to precipitation. Changes in signal power at VHF
wavelengths have been used to study frontal activity in some
detail (Caccia and Cammas, 1998; Browning et al., 1998).
Frontal regions can be identified due to the enhanced sta-
bility associated with them. However, this enhancement is
usually observed at higher altitudes where there is little hu-
midity, allowing the static stability terms of the refractive in-
dex gradient to dominate (Lucas et al., 2001). The focus of
this study is in the region 2–4 km, so these enhancements
can be ignored in this case. The enhanced reflectivities also
tend to become organised as inclined layers due to the slop-
ing nature of the front itself (Browning et al., 1998). The
regions of signal power decrease covered in this paper show
very little sloping structure, suggesting that they are not as-
sociated with frontal regions. It should be noted that precip-
itation in the UK is predominantly related to cold, warm and
occluded fronts. The different air mass changes that corre-
spond to these frontal passages would suggest that increases
as well as decreases should occur in the signal power if the
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Fig. 6. The mean power imbalance observed by the VHF radar
between the vertical and the six degree off-vertical beams averaged
over the region 2 to 4 km for observations made on 17 May 2001.

change is associated with air mass changes. This does not
occur; no significant increases in signal power are observed
thus suggesting air mass changes are not a factor, statistically.
The balance of published material also seems to support the
interpretation that the reductions in signal power observed
are associated with precipitation rather than frontal regions
(Chu et al., 1991; Rao et al., 1999; Vaughan and Worthing-
ton, 2000)

In addition, Fig.5 shows the normalised Doppler power
spectra for the vertical beam at 15:00 UT on 14 June 2001.
Figure5 also indicates the bounds within which the spectral
parameters are evaluated. It is noteworthy that in this period
(which is related to a rainfall rate of 7.2 mm h−1) the process-
ing scheme tends to identify both the precipitation and clear
air peaks as belonging to a single signal at altitudes below
5km. This indicates the spectral width increase at least some
times is associated with selection of both precipitation and
clear air returns. Thus, it seems likely that the decrease in
signal power observed is also associated with precipitation.
In addition, this indicates that the signal power observed is
also a combination of both precipitation and clear air returns,
suggesting that the true reduction of the clear air return must
be even larger than indicated in the statistical study, since
some part of the observed signal power will be associated
with the precipitation return.

Chu and Song(1998) suggests that the depletion of the
clear air echo power can be attributed to the turbulent mixing
between warm and humid in-cloud air, and cool and dry am-
bient air entrained into the cloud following a strong updraft.
This conclusion can be tested by examining the vertical ve-
locity field for the three days previously examined relative
to the regions associated with depletion of the clear air re-
turns. Assessment of the vertical velocity data on 17 May
2001 (not shown) does not indicate any strong updrafts asso-
ciated with the reduction in the clear air returns. Figure3c
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and Fig.4c also show little evidence of strong updrafts. How-
ever, the presence of strong turbulent mixing cannot be ruled
out. To further examine this possibility the signal power
measured in the vertical beam relative to that measured by
a six-degree off-vertical beam is assessed. Figure6 shows
the mean power imbalance between the vertical and the six-
degree beams’ signal power for averages taken between 2
and 4 km on 17 May 2001. Comparison of Fig.1a and Fig.6
indicates that the signals observed are more isotropic during
precipitation events. This change indicates that the type of
scattering inside precipitating regions may be associated with
turbulent scatter rather than Fresnel reflection which would
lead to more anisotropic scatter. This result has previously
been indicated byVaughan and Worthington(2000) and sug-
gests that Fresnel reflection might be reduced in precipitat-
ing clouds. However, both their study and the current work
cannot determine whether this is a result of a reduction of
metre-scale humidity structures in the clouds or some other
process due to the limitations of the available data.

It is interesting to note that the Doppler spectra displayed
in Fig. 2 clearly indicate the presence of signals associated
with both clear air and precipitation returns. The rainfall
rate at this period is approximately 13.2 mm h−1 and thus
the precipitation signal should be much larger than the clear
air return, according to the work detailed inRalph(1995). In
addition, the spectral width determined by the standard sig-
nal processing scheme represents the signal from a combina-
tion of both precipitation and clear air returns at a number of
heights on a case study basis. This is noteworthy because it
implies that the reduction in the VHF signal power associ-
ated with clear air returns must be larger than indicated be-
cause the signal power determined is a combination of both
the clear air and precipitation return.

5 Conclusions

A statistical examination of VHF radar signal power during
periods with and without surface rainfall suggests that the
returned power is reduced by the presence of precipitating
clouds. The process which causes this effect seems to be
associated with a reduction in Fresnel reflection within pre-
cipitating clouds. This, in turn, may be due to a reduction
of humidity gradients in clouds. However, the available data
does not allow for a clear conclusion to be drawn about the
reduced Fresnel reflection observed.

The corrected spectral width of the Doppler spectra is
also significantly wider during periods of precipitation. This
may be associated with the difficulty in separating precipi-
tation and Bragg scatter echoes or increased turbulence in-
side precipitating clouds. If the enhanced spectral width ob-
served during rainfall is associated with a contribution from
Rayleigh scatter, which seems to be probable, then the ef-
fect on the clear air return is more substantial than suggested
since at least some proportion of the signal measured will be
associated with precipitation returns.

When UHF wind profiler measurements are compared
with the signal power observed by the VHF radar a clear
relationship between enhanced signal-to-noise ratios in the
UHF wind profiler data (which are very likely to be associ-
ated with Rayleigh scattering from hydrometeors) and reduc-
tions in the VHF signal are also observed.

Three case studies display the clear relationship between
reduced VHF signal power and surface rainfall or enhanced
UHF radar returns. Typical Doppler spectra taken from 17
May 2001 and 14 June 2001 clearly indicate the possibility
of echoes associated with a combination of the clear air and
precipitation returns, thus suggesting that the standard signal
processing scheme may reduce the impact of the observed
effect.
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