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Abstract. This paper describes a new signal processingl Introduction
scheme for the 46.5 MHz Doppler Beam Swinging wind-
profiling radar at Aberystwyth, in the UK. Although the Atmospheric radars which operate at frequencies of around
techniques used are similar to those already described i#0MHz, i.e. at lower-Very-High-Frequency (VHF), are pri-
literature — i.e. the identification of multiple signal com- marily sensitive to backscatter from metre-scale refractive in-
ponents within each spectrum and the use of radial- andlex irregularities (Voodman and Guillen1l974. The latter
time-continuity algorithms for quality-control purposes —itis are advected with the three-dimensional wind. Consequently
shown that they must be adapted for the specific meteorologthe radial component of the wind velocityz (9, ¢) (ms™1):
ical environment above Aberystwyth. In particular they need
to take into account the three primary causes of unwanted
signals: ground clutter, interference, and Rayleigh scatter (6. ¢) = u sing sing + v sind cos¢ + w cosy (1)
from hydrometeors under stratiform precipitation conditions. o o _
Attention is also paid to the fact that short-period gravity- I-8- that along the beam-pointing direction — wher€) is
wave activity can lead to an invalidation of the fundamental the (off-) zenith angle ang (°) is the azimuth angle, and
assumption of the wind field remaining stationary over thet: v @ndw (ms™*) are the eastward, northward and upward
temporal and spatial scales encompassed by a cycle of obsefomponents of the wind, respectively — can be determined
vation. Methods of identifying and accounting for such con- from the Doppler shift of the so-called clear-air radar return
ditions are described. The random measurement error assocdfignal. Radar returns are typically sampled over the altitude
ated with horizontal wind components is estimated to be 3.0-f2nge 2-20km atintervals of a few hundred metres. Profiles
4.0ms L for single cycle data. This reduces to 2.0-3.0th s of the three-dimensional wind vector can be derived using
for data averaged over 30 min. The random measurement ef€ Doppler Beam Swinging (DBS) technique. Observations
ror associated with vertical wind components is estimated tc?'€ made sequentially in a minimum of three non-coplanar
be 0.2-0.3m'sl. This cannot be reduced by time-averaging beam-pointing directions. A common |mplementat|on is the.
as significant natural variability is expected over intervals of three-beam format. Observations are made in the vertical di-
just a few minutes under conditions of short-period gravity- rection and at two off-vertical directions with the same small
wave activity. zenith angle (which is typically around 9)dut with azimuth
angles which are separated by’90rhe vertical beam ob-

) ~servation provides a profile of the upward wind component.
Keywords. Meteorology ~and  atmospheric  dynamicS Thjs can be combined with the profile of the radial compo-
(Mesoscale meteorology; Precipitation; Waves and tides) nent for each off-vertical beam observation to provide a com-
Radio science (Remote sensing; Signal processing) ponent of the horizontal wind along the azimuth of the off-

vertical beam, i.evy (¢)=u sing+v cosg (ms-1):

vr(@, ) — w cosH

= 2

vy (4) <ing (2)
Correspondence tdD. A. Hooper The five-beam format provides redundancy for the hori-
(david.hooper@stfc.ac.uk) zontal wind estimates by making additional observations in
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the complementary off-vertical directions, i.e. those sepa-Vaughan 2002. It was designed for research purposes and
rated by 180 in azimuth from each of the first pair. Two began operations in 1990 using a variety of observation for-
complementary-beam observation volumes are separated byats. Since each of these was based around a three- or
a horizontal distance ofxind (m), wherer (m) is the range  five-beam sequence, using a zenith angle of @0the off-
from the radar. This is the order of a few km at a range ofvertical observations, wind-profile data were available irre-
10km. Each observation in a different beam-pointing direc-spective of the precise format being used. Although the radar
tion, known as a dwell, requires measurements to be accumuwvas initially operated for only a few days at a time, since Oc-
lated over the order of a few tens of seconds. A typical cycletober 1997 it has been observing on a quasi-continuous basis
of observation therefore lasts a few minutes. A central as-using variations on the five-beam format.
sumption of the DBS technique is that the three-dimensional The (UK) Met Office began to evaluate the potential of the
wind-field remains stationary over the spatial scales separatAberystwyth wind-profile data for assimilation into a numer-
ing the different radar observation volumes and over the temical weather prediction model at an early stayagh 1994).
poral scale of a cycle. Although this is largely true, this paperThis led to gradual improvements being made to a version-
will focus on those conditions under which the assumption isO (vO) signal processing scheme over the period 1990-2000.
invalid. Although this scheme was robust and gave data of a suffi-
The DBS technique can also be applied to radars operateiently high quality for the Met Office to assimilate them
ing at frequencies of around 400 and 1000 MHz. One of theoperationally, it was limited by its fundamental simplicity.
principal differences is that such radars are additionally senMany aspects had remained unchanged since 1990, when
sitive to Rayleigh scatter from hydrometeors (grsenand  relatively-limited computer power was a key consideration
Rottger, 1987 Ralph 1995. Under conditions of precipita- in design of the algorithms. Consequently, in order to fur-
tion, the vertical beam observations tend to give a measurgher increase data quality, it was necessary to go back to first
of the fall speed of the hydrometeors and not of the verticalprinciples and to develop an entirely new signal processing
wind. Nevertheless, the hydrometeors can still be assumed techeme. This went through two off-line incarnations (ver-
act as a reasonable tracer for the horizontal wind @ugertz sions 1 and 2) before a version-3 (v3) scheme began oper-
etal, 1988. ating in parallel with the vO scheme in January 2006. This
Advances in quality-control techniques over the past threeallowed the Met Office to evaluate the quality of both data
decades have led to the accuracy of radar-derived horizontatreams, for a period of 12 months, by calculating monthly
winds (e.gLarsen 1983 Weber and WuertZ199Q Thomas  comparison statistics against model wind fields. For the first
et al, 1997 Luce et al, 2003, Dibbern et al. 20033 be- seven months, only data from vO scheme were actually as-
coming comparable to that of radiosonde measurements (e.gimilated. The v3 data were assigned a test status. However,
Kitchen 1989 Nash 1994. Moreover wind-profiling radars the consistently superior performance of the v3 scheme over
are typically operated on a continuous basis and can providéhis early periodilooper et al.2007) persuaded the Met Of-
wind-profile data at intervals as short as just a few minutesfice to switch over to data from the v3 scheme for operational
By contrast, radiosondes cannot be launched during condiassimilation in August 2006.
tions of strong surface winds (when measurements are most The purpose of this paper is to validate the v3 signal pro-
needed) and they are rarely launched at intervals of less thacessing scheme. Since small improvements were made to it
6 h (intervals of 12 h are more common in the UK). Conse-in June 2006, the primary validation period is taken as 1 July
quently there has been considerable interest in making ope2006—31 January 2007. Secti@rgives a brief description
ational use of the radar data by national weather services. Iof the MST radar at Aberystwyth and describes the nature
the US this has led to the development of a demonstratiorof both the desired clear-air and the unwanted radar return
network of over thirty profilers by the National Oceanic and signals. Section8 and4 give overviews of how the vO and
Atmospheric Administration (e.§trauch et a).1984 Barth  v3 schemes, respectively, have been designed to avoid con-
et al, 1994. A similarly-sized operational network exists tamination from the unwanted signal components. Se&ion
in Japan (e.glshihara et al.200§. The spread of wind- focuses on how the v3 scheme exploits the complementary-
profilers in Europe was initially less concerted, with the level beam information in order to maximise both data coverage
of interest varying from country to country. Nevertheless aand horizontal wind component accuracy. Sectogxam-
de facto network has grown out of the COST-T4faysse ines the accuracy of the v3 wind-profile data by three sepa-
1994 and COST-76Dibbern et al. 20030 projects; COST  rate methods. Finally, Seci.discusses the implications of
is the abbreviation for “European co-operation in the field of this work for optimising DBS observation formats for both
scientific and technical research”. As part of COST76, 250perational and research purposes.
wind-profilers from 10 countries participated in the network
(Nash and Ruffieux003.
One of the radars which has contributed to this European
network is the UK's 46.5MHz Mesosphere-Stratosphere-
Troposphere (MST) radar at Aberystwyléter et al.1992
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2 The MST radar at Aberystwyth 14 _
The Aberystwyth MST radar operates at 46.5 MHz. The an- 13 i i
tenna consists of a 20 by 20 array of four-element Yagi aeri- 12 L
als at 0.85 wavelength spacing, i.e. giving it side lengths of
104.1m. It is located at 50 m above mean sea level. The
beam has a one-way half-power half-width of°1.5he radar
has a peak transmitter power of 160 kW and a maximum duty
cycle of 2.5%. For each dwell during the primary validation
period, the following observation parameters were used: an
8 us transmitter pulse with a/2s complementary code baud ] I
length (i.e. giving a range resolution of 300 m), a 320 7 -
inter-pulse period, sampling of the receiver signal atsl 1 I
intervals (i.e. at 150 m, irrespective of the range resolution 6 0 1 5 é 4 5
used) between ranges of 1.65 and 20.85km from the radar, Frequency of occurrence (%)
512 point coherent integration, a Rectangular data weighting
window (this was the only option available with the data ac-
guisition system used at the time of the test), and a Discretéig. 1. Probability distribution of tropopause altitudes, in 150m
Fourier Transform (DFT) length of 128 points. This gives bins, derived from the radar return signal power of the first verti-
radar return Doppler power spectra with a Nyquist velocity cal_begm obs_ervation of each observation cycle during the primary
of 9.84ms? and a resolution of 0.15n78. In this paper,  validation period.
a positive value of Doppler velocity will imply motion away
from the radar. The acquisition duration for each dwell is
approximately 21's. There is an approximately 2 s delay be- Figure 1 shows the probability distribution of tropopause
tween the end of one dwell and the beginning of the next toaltitudes, derived from the radar return signal power using
allow for beam steering. The power spectral density (PSD)the objective method dfiooper and Arveliug2000, for the
of the zero-Doppler-velocity velocity bin is replaced with a primary validation period. This indicates that the tropopause
value linearly interpolated between those to either side. Thidies predominantly between altitudes of 8.0 and 12.5km. The
is to remove contamination from dc biases in the in-phaseclear-air radar return signal power generally decreases with
and quadrature receiver samples (&lgoper 1999. increasing altitude throughout the troposphere, increases at
Off-vertical beam-pointing directions are referred to by the tropopause, and then continues to decrease with increas-
their nominal azimuths (Wh|Ch arel7.5 with respect to |ng altitude thereafter. When the trOpOpause altitude |ieS
the actual values so that NE refers to an azimuth of 7.5 above 10km, it is generally not possible to detect clear-air
and by their zenith angles. During the primary validation radar return signals in the uppermost troposphere for obser-
period, observations were cycled through the following en-vations made at 6°0off-vertical. The extent of such a gap
hanced five-beam sequence: NE6.0, Vertical, SW6.0, Vertiin useful altitude coverage also depends on the water vapour
cal, SE6.0, Vertical, NW6.0, Vertical, W4.2, Vertical, Meso- field in the uppermost troposphere (e-tpoper et al.2004).
spheric, Vertical. A single vertically-pointing mesospheric The maximum useful altitude at which clear-air returns can
observation is included towards the end of the cytledqper be detected in the lower stratosphere is primarily determined
and Astin 2007). This will not be considered any further in Py the profile of vertical temperature gradient. It is typically
this paper. The ratio of the radar return signal powers obPetween 15 and 20km for observations made at 616
served at 4.2and 6.0 off-vertical is used to compensate the vertical. This altitude can vary by several km over time scales
magnitude of the horizontal wind components for the effectsOf just a few hours. For vertical beam observations, clear-air
of aspect sensitivityThomas et a.1997). This is applied by radar returns are typically detectable over the entire altitude
both the vO and v3 schemes. Vertical beam observations aréinge.
made every other dwell so that profiles of the vertical wind Horizontal wind speeds above Aberystwyth tend to be sev-
are available at regular intervals of approximately 47 s. Thiseral tens of ms! — see Fig. 10. They can drop close to zero
feature was introduced in order to study the rapidly-varyingover a broad altitude range under high pressure conditions.
vertical velocities associated with convectidtopper et al. Alternatively they can rise to 90 nT$ within a jet stream
2005. Nevertheless, as will be discussed in Sé&cthis is in the uppermost troposphere. For most of the time, verti-
a desirable feature of a regular wind-profiling scheme. At-cal wind magnitudes are of the order of 0.1nts How-
tention is drawn to the fact that each pair of complementary-ever, mountain wave activity is common at Aberystwyth (e.g.
beam observations are grouped together, separated by a vdRéttger, 2000 and gives rise to magnitudes of up to a few
tical beam observation, within a period of 1 min 11s. A full ms™1. From Eq. Q) it can be seen that the relative contri-
cycle of observations takes 4 min 43 s. butions of the horizontal and vertical wind components to
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Fig. 2. Radar return Doppler spectra (left panel) and v3 signal component limits (right panel) for SE6.0 beam observations made at

07:06:56 UT on 18 January 2007. The spectra are contaminated by ground clutter. Doppler velocity extents are shown for the primary
(blue lines) and secondary (orange lines) signal components by peak smoothed PSD. The red dots show the radial velocities of the signa
components accepted for the clear-air profile by the radial-continuity algorithm.

radial velocity are weighted by sithand co®, respectively. 3 km, those around 7 km, and sometimes those around 10 km.
This is approximately 1:10 for observations made at 616 Occasionally, as in this example, the lower two range gate
vertical. Consequently under conditions of mountain wavebands merge into a single broader band. These ground clutter
activity, the horizontal and vertical wind components will signal components tend to be stronger, in terms of peak PSD,
contribute comparable magnitudes to the off-vertical beanthan the clear-air signal components at most of the range
radial velocities. The design of a signal processing schemeates where they are seen.

needs to take into account the nature not only of the desired The interference signal components are those seen be-
clear-air radar returns but of the three principal sources of unyyeen Doppler velocity limits of-8.5 and—6.5ms? in
wanted signal components: ground clutter, interference, angne |eft-hand panel of Fig. 3 (cMorse et al, 2002. The
Rayleigh scatter from hydrometeors under stratiform Condi'DoppIer velocity limits and the signal powers change very

tions. little from one range gate to the next. The peak PSDs tend

The clear-air radar return signal components in the SE6.GC €xceed those of the clear-air signal components only at
beam spectra shown in the left-hand panel of Fig. 2 are thos&e higher range gates. Each episode of interference tends
with peak PSDs in the Doppler velocity range +3to +7Ths to last between tens of minutes and several hours. During
The unwanted signal components, which are centred arounfis time, the Doppler velocity limits remain relatively sta-

a Doppler velocity of zero, are attributed to ground clutter tionary for each of the beam-pointing directions affected. In-
(e.g. Cornman et a.1999. This form of contamination terference can affect any beam-pointing direction, although
at Aberystwyth is only seen in observations made by off-it tends to be confined to only one or two of them during
vertical beams and is associated exclusively with strong low-2nY one episode. The Doppler velocity limits of the interfer-
level winds. Consequently the unwanted signal component§NCe Signal components vary from one episode to the next.
tend to persist for anywhere between several hours and sevn€ Aberystwyth MST radar has always suffered from spo-
eral days at a time. During an exceptional period betweerd@dic episodes of interference. It is suspected that these are
the beginning of January and the end of March 2005, grouncprimarily caused py overheating in the receiver equipment.
clutter was seen for more than 50% of the time. The surfacdt Pécame a particularly common and severe problem be-
wind speed, recorded from a 10 m tower located 3 km to théWeen April and October 2006, apparently as a result of sev-
west of the radar site, was in excess of 10that the time eral pieces of previously free-standing equipment being in-
of the observations shown in Fig. 2. It is emphasised thaStalled into a single rack. The installation, in early 2007, of a
this problem is distinct from the dc bias described in S2ct. continuously-operated air-conditioning unit has reduced the
in that it is spread across several velocity bins. Ground clutfréguency of the problem to pre-2006 levels.

ter observed by other radars can extend across a wide range For observations made at frequencies around 400 and
of altitudes. However, at Aberystwyth it is confined to spe- 1000 MHz, the radar return signal power caused by Rayleigh
cific range gates, notably those just below 2 km, those aroundcatter from hydrometeors is expected to exceed that from
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Fig. 3. As for Fig. 2 but for SE6.0 beam observations made at 22:54:30 UT on 25 September 2006 when interference occurred.

clear-air echoes. This is true even under conditions of verysouth of Aberystwyth. The Rayleigh scatter signal compo-
light precipitation (e.gRalph 1995 Williams et al, 1995. nents are those characterised by the most negative Doppler
Such signals are not considered a form of contamination avelocities at altitudes below this. Fall speeds of up to a few
these frequencies. Indeed, the presence of hydrometeors cams ! are common at the lowest range gates observed by the
significantly increase the altitude coverage of wind-profilersradar. Similar patterns are seen by all beam-pointing direc-
operating at frequencies of around 1000 MHz. The strengthions. The tipping bucket range gauge at the radar site, which
of Rayleigh scatter is dependent on the minus fourth powerecords a tip for each 0.2 mm accumulation of rain, indicated
of the radar wavelength. Consequently it is only expected toca 10 min mean rain rate of 1.2 mmh (i.e. the minimum
exceed that of clear-air echoes, for observations made at fredetectable) during this period. The surprise hddedqper
guencies of around 50 MHz, if the precipitation rate exceedsand McDonald 2007) is that the strength of the Rayleigh
5mmh1 (e.g.Fukao et al.1985 Larsen and Bttger, 1987 scatter signals, for such a low rain rate, can exceed that of
Lucas et al.2004. This is consistent with convective rather the clear-air signals at altitudes significantly below th€ 0
than stratiform conditions. Nevertheless, even under stratisotherm (cf.Larsen and Bttger, 1987 Ralph 1995 Lucas
iform precipitation conditions, i.e. rain rates of the around et al, 2004. This can be explained by the fact that the clear-
1mmh L, lower-VHF radar observations have been able toair radar return power is significantly reduced below that ex-
detect weak Rayleigh scatter signals at tropical locations (e.gpected from standard models under conditions of precipita-
May and Rajopadhyayd 996 Narayana Rao et all999. tion (e.g.Vaughan and Worthingtqr2000.

Owing to the fact that the fall speeds of snow flakes and Stratiform precipitation is the most common type falling
the vertical winds are both small under stratiform precipi- over the British Isles. Each episode tends to last for several
tation conditions, the signal components can be difficult tohours at a time. An analysis of all twice-daily Camborne ra-
distinguish at altitudes above thé@ isotherm. However, diosonde temperature profiles between 2003 and 2006 (not
below this the snow flakes melt and the resulting rain dropsshown) indicates that the altitude of theisotherm is al-
accelerate rapidly downwards. This gives rise to a Dopplemways below 5km. In 73% of cases it is above 1.7 km, the
velocity separation between the peaks of the two signal comaltitude of the lowest range gate observed by the Aberyst-
ponents. The signal power of the hydrometeor returns is typwyth MST radar. Consequently this form of contamination
ically smaller than that of clear-air returns except, perhapsjs observed often enough to require special attention.
within a narrow bright-band region around thf&0isotherm Deep convection is seen sporadically at Aberystwyth in
(e.g.Narayana Rao et al1999. This is caused by the par- episodes which tend to last for the order of half an hour (e.g.
tial melting of ice-crystals, which results in them becoming Hooper et al.2005. The associated rain rates are greater
coated with water and hence increases their reflectivity. than 5mm il and the hydrometeor fall speeds can reach al-

As can be seen from the vertical beam spectra in themost 10ms? at the lowest observable altitudes. The hy-
left-hand panel of Fig. 4, similar patterns can be seen adrometeor returns dominate the clear-air returns under such
Aberystwyth under stratiform precipitation conditions. The conditions. However, as will be seen later, it is the nature of
level of the OC isotherm has been determined from a ra- the clear-air radar returns which pose a more serious problem
diosonde launched at Camborne, which is 270km to thefor wind-profiling. Updrafts and downdrafts can be as large
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Fig. 4. As for Fig. 2 but for vertical beam observations made at 08:42:17 UT on 25 October 2006 when hydrometeor returns were observed
during a stratiform precipitation event. The altitude of ti€@sotherm is determined from a radiosonde launched at 11:00 UT on the same

day from Camborne, which is located 270 km to the south of MST radar site. The two sites are more often than not located within the same
air mass and so the Camborne measurements of temperature and of pressure (and, to a much lesser extent, of relative humidity) tend to k
broadly representative of the atmosphere above the MST radar.

as 10ms?t and can change by more than 1ntén undera  a radial-continuity algorithm can be applied to test how well
minute. the radial velocity is matched for signal components at adja-
cent range gates. For a given range gate (and beam-pointing
direction), a time-continuity algorithm can be applied to test
how well the radial velocity is matched for signal compo-
nents at adjacent cycles. Although such a scheme can be

The simplest way to identify a signal component is to as- fective at removina unwanted sianal components. thi n
sume that it is responsible for the peak PSD within aspec-e ective at removing unwanted signal components, this ca

trum. Its Doppler velocity limits can be established to eitherlead to persistent data gaps if the source of these compo-

side of the peak location where a smoothed PSD enveloerntS is long-lived. This is unlikely to be a problem for an

first drops below the noise PSD. The latter can be evaluatecgp?rat'ont?l.SyStemd fHowever, 'rt] Is less des:\able whgre the q
using an objective algorithm such as thattifidebrand and ata are being used lor research purposes. A more advance

Sekhon(1974. The spectra may first be extended, by self- scheme requjres the identification of multiple signal com-
mirroring about the Nyquist velocity at either end (éBgrth po_nents within _each spectrum _(e@lothlaux et al, 1994.
et al, 1994. This allows the appropriate signal limits to be Grlgsser and R|chn;-.\?199&. This allows a s_econd Ch(.)'ce
determined even where partial velocity aliasing occurs. The(?]c signal F’O’T‘p"”e”t if the strongest one fails the radial- or
three lowest-order moments — from which the signal power,t'me'ContInUIty tests.
radial velocity and spectral width are calculat&dopdman Figure 5 shows a simplified block diagram of the vO signal
and Guillen 1974 — are then evaluated within these signal processing scheme. It can be seen that the level of complex-
limits. If no clear-air signal component is detectable, this ity lies somewhere between the simplest and most advanced
technique will identify a random section of the spectrum, scenarios described above. Although only a single signal
where a small noise fluctuation is most prominent above thecomponent is identified within each spectrum, this is not nec-
mean noise PSD. essarily the strongest one. After selecting the strongest signal
The simplest form of quality-control is to accept all signal component at the lowest range gate, a radial-continuity al-
components whose signal-to-noise ratio (or power or pealgorithm restricts the Doppler velocity limits within which a
PSD) exceeds a given threshold. However, this is prone tgpeak PSD location may be identified at the next highest range
accepting unwanted signal components, such as those seengate. This search pattern is repeated at all subsequent range
the previous section, where they are stronger than any cleagates upwards through the profile. Although it is highly ef-
air radar returns present. A more effective quality-control fective at avoiding unwanted signal components which are
scheme relies on the fact that there is a high degree of corelearly distinct from the clear-air components — such as the
relation between wind vectors which are closely separated irclutter components seen at altitudes of around 7 km in the
time orin altitude (e.gWeber et al.1993. For a given dwell, left panel of Fig. 2 and the interference components seen at

3 An overview of the vO scheme
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Incoherently integrate spectra, applying
a time-continuity algorithm in order

to reject any which show outstanding
total spectral power

Identify a single signal component
within each spectrum, applying a
radial-continuity algorithm in order to
restrict the Doppler velocity limits

Calculate a 3-beam wind-profile

\

If complementary beam observations

within which it may be found (at all but
the lowest range gate)

exist, calculate a second (quasi-
independent) 3-beam wind-profile

Use a threshold signal-to-noise

h A Apply aspect sensitivity correction
ratio as a quality control measure PpY asp 4
I

to the horizontal wind magnitude

ALL DWELLS FOR A GIVEN BEAM SINGLE AVERAGED DWELL SINGLE AVERAGED CYCLE

POINTING DIRECTION WITHIN A GIVEN
TIME INTERVAL

Fig. 5. A simplified block diagram of the vO signal processing scheme.

all altitudes in Fig. 3 — the vO scheme is not able to resolvethe same beam-pointing direction and the same range gate)
partially-overlapping unwanted and clear-air signal compo-which are each separated from the next by a whole cycle, i.e.
nents — such as those seen at altitudes below 3.0 km in Fig. By a few minutes. Both the time-continuity algorithm and the
and those seen at altitudes below 3.5km in Fig. 4. In thesdime-averaging of spectra are carried out over 3 cycles of ob-
cases, the PSDs between the peaks of the two sighal compgervation, which corresponds to just over 14 min. The radial
nents do not drop to below the noise PSD. Consequently theyelocities are derived for signal components identified within
are identified as belonging to a single, broad signal compothese incoherently-integrated spectra before being combined
nent (cf.Wilczak et al, 1995. with those for the other beam-pointing directions in order
Although it is not common for clear-air and ground clutter O give the three dimensional wind vector. This is some-
signal components to overlap in the way seen below 3 km inwhat 5|m'|lar tg .derlv'mg the radial velocities for signal com-
Fig. 2, it is always the case for clear-air and Rayleigh scattefPOnents identified within unaveraged spectra, then averaging
signals under stratiform conditions. The radial velocities de-the radial velocities separately for each each pointing direc-
rived by the vO scheme for altitudes below 3.5km in Fig. 4 ion, and then combining these with those for the other beam
correspond, approximately, to the locations of the minimaP0inting directions (e.gweber et al.1993. Both methods
between the two peaks. They become increasingly negativé'® acceptable When.the ver.tlcal wind shows.ngghglble varia-
with decreasing altitude, reaching approximately m s tions over tr_u_e averaging per|c_>d. How_ever, this is _npt the case
at the lowest range gates. Owing to the fact that these com{nder conditions of short-period gravity wave activity, which
bined signal components show both radial and time conti-'S Principally generated by convection (ettauf, 1993 or by
nuity, they are not rejected by the quality-control procedures [loW over orography (e.grottger 2000).
This form of contamination leads to errors in both the vertical  The atmosphere can support gravity waves which range
and horizontal wind components in episodes which typicallyin period from the Brunt-¥iisala period — approximately
last several hours. 10 min in the troposphere and 5 min in the lower stratosphere

The vO scheme makes use of a time-continuity algorithm,(€.9.Hooper et al.2004 — up to the inertial period, which is
which was designed specifically to avoid contamination fromapproximately 15 h at the latitude (52 M) of Aberystwyth.
aircraft echoes. Aircraft are typ|ca||y seen through the Side-FOf waves with periods of less than one hOUI’, the oscillations
lobes of the radar beam and so their horizontal motion transare primarily in the vertical direction. Under quiet condi-
lates into rapid changes in range as a function of time. Conlions, i.e. characterised by vertical wind magnitudes of the
sequently they are not expected to be seen at the same rangeder of 0.1 ms?, radar-derived vertical-velocity frequency-
gates by the same beam-pointing direction from one cycle tépectra tend to show a small peak in PSD at the Bruxtla
the next, i.e. with a time separation of a few minutes. Theperiod, approximately constant values at longer periods, and
v0 scheme rejects any spectra whose total power is signifa sharp reduction in value at shorter periods (&gklund
icantly different to that of their nearest neighbours in time. €t al, 1983. Consequently any variability of the vertical
Although this is effective, the signal components which passwind during the course of one, or even of several, cycles will
the time-continuity test are subsequently time-averaged in ai€ of insignificant amplitude.
unconventional, and a not entirely desirable, way. Under conditions of mountain wave activity, i.e. charac-

Time-averaging of spectra, known as incoherent integraterised by vertical wind magnitudes of the order of 1Ths
tion, is typically performed on data acquired for contiguous there is no peak in PSD at the Brun&i¢ala period. In-
time slots. The vO scheme applies it by averaging spectra (fostead the PSDs show an approximatg¢ly® 2 dependence,
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wheref is the wave frequency, at periods of between 10 andity limits within which the smoothed PSD is above the noise
100 min. Moreover, they do not do not fall off rapidly at pe- level (e.g.Hooper 1999. Although this has a negligible ef-
riods of less than the Bruntaisala period and can be nearly fect on the signal power and on the radial velocity, it can lead
two orders of magnitude greater in the 2—3 min period rangeto a substantial overestimate of the spectral width. It is noted
than under quiet condition&¢klund et al. 1985. Referto  that the same truncation can be achieved by fitting a Gaus-
Worthington and Thomad 998, and references therein, for sian curve to the observed signal envelope (Eahn et al.
a discussion as to why the power from apparently monochro2001).
matic waves should be spread across a wide range of frequen- The blue lines in the right hand panels of Figs. 2—-4 show
cies when observed by a ground-based instrument. Undethe Doppler velocity extent of the signal components associ-
mountain wave conditions, the vertical wind can be expectedated with the peak (smoothed) PSD within each spectrum.
to change significantly not only from one cycle to the next, The orange lines show the extent of the secondary signal
put possibly even during the course of a single cycle. Thiscomponents, which are associated with the strongest peak
latter condition, which will lead to a violation of the funda- smoothed PSD outside of the primary limits. As can be
mental DBS assumption of a stationary wind field, will be seen, the simple method of resolving partially-overlapping
discussed in more detail in Seét. At this stage, it is suffi-  signal components is highly effective. It is noted that some
cient to say that vO-derived (14 min) time-averaged horizon-authors (e.dNarayana Rao et al1999 Lucas et al.2004
tal wind components can sometimes show unrealistic modMcDonald et al. 2004 have used Gaussian curve fitting
ulations, which are not seen in the v3 data and which argechniques in order to establish the principal signal param-
clearly related to vertical wind variations. However, this is eters for partially-overlapping clear-air and hydrometeor sig-
not always the case as the form of mountain wave activity isnal components. Moreover, techniques exist for separating
quite variable. signal components which are fully-overlapping (eBpyer

et al, 2004. However, neither of these has been employed

by the v3 scheme at the current time.
4 An overview of the v3 scheme The radial continuity algorithm used by the v3 scheme

is very similar to that described b@riesser and Richner
Figure 6 shows a simplified block diagram of the v3 sig- (1998. However, the latter carries out both radial- and time-
nal processing scheme. This level of complexity was ne-continuity tests as part of the same procedure. The primary
cessitated by the nature of the unwanted signal comporole of the v3 radial-continuity algorithm is to determine
nents described in Sec. The vl and v2 pre-cursors to which one of the two signal components at each range gate
the v3 scheme identified only a single signal componentis most likely to correspond to a clear-air radar return. At-
(the strongest) within each spectrum and relied on a timetention is restricted to these signal components in all subse-
continuity algorithm for quality-control purposes. The lack quent processing. The algorithm begins by identifying radial
of a radial-continuity algorithm made them prone to contam-chains, i.e. groups of signal components at contiguous range
ination from ground clutter and interference. Both types of gates which are unambiguously connected. These are then
signal component tend to be stronger than the correspondeined together with other chains to form longer profiles. The
ing clear-air returns and they show a high degree of time-combination of chains which encompasses the largest num-
continuity (cf. Wuertz et al. 1988. However, a more fun-  ber of signal components is chosen as the basis for a clear-air
damental requirement for the v3 scheme was the ability toreturn profile.
resolve partially-overlapping clear-air and unwanted signal As can be seen in Fig. 3, interference signal components
components. This is achieved by defining a signal compo-can lead to a higher degree of radial-continuity than clear-air
nent Doppler velocity limit where the (five bin) smoothed signal components. Fortunately, a profile of interference sig-
PSD envelope encounters a local minimum (8arayana  nal components is easy to identify since the power changes
Rao et al. 1999 Lucas et al.2004 which is at least 10dB  very little from one signal component to the next. Clear-air
below the peak smoothed PSD. signal components, by contrast, vary in power by several or-

A signal component limit can also be identified where the ders of magnitude over the altitude range 2—20 km. Conse-

smoothed PSD drops to below20 dB relative to the peak quently, if the standard deviation of signal power within the
smoothed PSD, if this is reached before the noise PSD idongest (basis) profile is found to be less than 3dB, the next
crossed. This third criterion accounts for the fact that thelongest profile is tested for its suitability. Since ground clut-
original data acquisition system allowed only a Rectangularter observed by the Aberystwyth MST radar is confined to
window to be used, for weighting the coherently-integratedlimited range gates, there is no possibility of it causing the
in-phase and quadrature samples, prior to applying a DFTsame problem. However, this can be an important consider-
Spectral leakage through the sidelobes of this window be-ation for other radars (e.Griesser and Richnet998. The
comes apparent for peak signal PSDs more than approxifradial velocities of the) signal components identified as be-
mately 20 dB above the noise leveldrris 1978. Thisleads longing to the clear-air profile are indicated by the red dots
to, amongst other things, a broadening of the Doppler veloc4in the right hand panels of Figs. 2—4.
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Combine
= complementary-beam
horizontal wind
components where
deniity o signal v v o Ereaggee o= v
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Fig. 6. A simplified block diagram of the v3 signal processing scheme.

It is noted that radial-continuity is not a sufficient basis sider all signal components within 30 min to either side of
for discriminating between the clear-air and Rayleigh scatterthe one being quality-controlled. There are only slight differ-
signal components seen below tif&€dsotherm. Additional  ences between the results of these two implementations. Sig-
work will be required in order to improve the v3 scheme’s nal components must pass both radial- and time-continuity
ability to select the clear-air component. A more detailed quality-control procedures in order to be considered further
discussion of this topic is beyond the scope of the presenfor deriving wind-profiles.
manuscript.

The v3 scheme’s time-continuity algorithm is based onthes  Exploitation of complementary-beam information
principles of consensus averaging, which is commonly ap-
plied to wind-profiler data (e.darth et al, 1994. All sig- The availability of complementary off-vertical beam obser-
nal components, for the same beam-pointing direction andsations can be used to provide two quasi-independent esti-
for the same range gate, within a one hour interval are commates of the horizontal wind components (&tgauch et aJ.
pared. It has already been mentioned that the vertical windL987). This was done by the vO scheme. However, it is more
can change significantly over such an interval. Moreover thecommon to calculate the average of the two components,
magnitude of its contributions to the radial velocities for off- vy (¢) (ms™1), taking the change of sign into account, i.e.:
vertical beam observations can be comparable to that of the
horizontal wind. Consequently the degree of variability of
the radial velocities is potentially much larger than can real-vy ¢ (¢) = vi (@) — vii (¢ + 180)
istically be attributed to changes in the horizontal wind vec- 2
tor. For this reason, the time-continuity algorithm is applied This reduces the random error inherent in each individ-
to the horizontal wind components for off-vertical beam ob- ual estimate. The difference between the estimates (taking
servations (and the results of this test are attributed to thehe change of sign into account) can be used to derive a
off-vertical beam signal component, despite the fact a verti-complementary-beam-continuity factakvyc(¢) (ms2),
cal beam observation was also involved in deriving the hori-which provides a measure of reliability:
zontal wind component) and to the vertical wind components
for vertical beam observations. Avgc(p) = [ve(¢) +vu (¢ + 180)] 4)

~ The time-continuity algorithm is applied twice. On the |t s noted that the averaged horizontal wind components can
first occasion it is applied to all signal components within pe derived simply by taking the difference between the radial
the hour prior to the time of the one being quality-controlled. ye|ocities for a complementary-beam pair (éddachi et al,

This minimises the delay in producing quality-controlled 2005, since, by substituting forg from Eq. (L):
data for operational assimilation. However, for data which

are destined for off-line analysis, it is more desirable to con-vg (0, ¢) — v (0, ¢ + 180°) = 2vy (¢) SiNH (5)

®)
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18 L L L L L L L L L ways able to propagate upwards beyond the tropopause level
I (e.g.Worthington and Thoma49963.

I Figure 7 shows the probability distribution of the full

14 1 B complementary-beam-continuity factor, i.e. the root of the

124 i sum of the squares of thAvgyc(¢) and Avgyc(¢p+90°)

values, for the primary validation period. Values have

only be calculated where all four®6off-vertical signal

components have individually passed the radial- and time-

continuity quality-control procedures. The distribution for

10 Stratosphere -

Frequency Of Occurrence (%)
(]
1
T

® . the stratosphere (blue line) shows the expected shift towards
4+ i larger values compared to that for the troposphere (orange
2 . line). The tropopause altitude is determined as described in
- Sect.2. The reliability of the horizontal wind estimates as-
0 0 2 4 6 8 10 12 14 16 18 20 sociated with the larger values of the full complementary-
Full Complementary-Beam-Continuity Factor (m s™') beam-continuity factor must be doubted, even if individually

the wind components appear to be reliable. For this reason,

vyc(¢) estimates are flagged as being unreliable if the cor-
Fig. 7. The probability distribution of the full complementary- responding values ckvyc(¢) are greater than 10.0 m&
beam-continuity factor values, in 1.0 m% bins, for tropospheric The use ofAvyc(¢) for quality-control purposes was in-
(qrange line) and_ stratosp_heri_c (blue_ line) altitudes. Data are conyrgduced in the v2 scheme as a way of dealing with con-
sidered for the primary validation period. tamination from ground clutter and interference. Neither of
these types of signal component could be rejected on the
basis of time-continuity alone (and the v2 scheme lacked a
radial-continuity algorithm). However, at any one time, they
do not tend to contaminate the observations made by both
of the complementary beam-pointing directions. This gives
rise to Avyc(¢) values of several 10s of nT$. This tech-
nique was also found to be an effective way of rejecting the
clearly-unreliable horizontal wind variations associated with
convective activity. Although only clear-air signal compo-
nents are involved, the associated changes in vertical wind
can be more than 1 m$ in under a minuteHooper et al.
However, this assumes that the magnitude of the horizontapppg. This clearly violates the fundamental DBS assump-
wind contributions for each of the complementary-beam ob-tion of a stationary wind field. It should be noted that most
servations is exactly equal. This would impl\ayc value  of the signal components associated with convection are al-
of zero. A non-zero value ohvyc would result if the wind  ready rejected on the basis of failing the time-continuity test.
vector changed significantly either over the spatial scale sepother authors (e.gMNorthington 2004 Adachi et al, 2005
arating the complementary-beam observation volumes (i.ejshihara et a.2006 have reported inhomogeneities between
approximately 2km at an altitude of 10 km) or over the tem- the observations made in different beam pointing directions
poral scale Separating the dwells (|e 1min 11 S). Eitherunder convective conditions.
of these is possible under conditions of Short-period gravity Based on the above experiences, it was anticipated that
wave activity. the distribution of full complementary-beam-continuity fac-

Although the typical horizontal wavelengths of mountain tor values would be mostly concentrated around zero, but

waves, 10-30 km (e.gMorthington 1999, are much larger  with a small spread at much larger values. It was unexpected
the separation between the radar observation volumes, thoghat the locations of the peaks of these distributions should
of convectively-generated gravity waves can be in the rangéde significantly non-zero and that the frequencies of occur-
2.5-8.5km (e.gHauf, 1993. Moreover, it has already been rence should decrease so gradually at larger values. Although
established that wave-driven vertical winds can change siglarge values ofAvyc(¢), i.e. >10msL, are often associ-
nificantly within the time scale of just a few minutes. There ated with short-period gravity waves, they are not correlated
are three reasons for expecting valueg\of; ¢ to be greater  with the magnitude of the vertical wind (as determined from
in the lower-stratosphere than in the troposphere: gravitwertical beam observations). They can often be associated
wave amplitudes increase with increasing altitude, the Brunt-exclusively with the top of a region of mountain wave ac-
Vaisala period is shorter (and therefore closer to the cycletivity, i.e. where the wave is breaking (e\yorthington and
time), and the radar observation volumes are further aparfThomas 19963, or with the transition from troposphere to
However, it should be noted that gravity waves are not al-lower-stratosphere, which is accompanied be a reduction in

This is directly equivalent to first calculating individual hori-
zontal components and then averaging them since theso
terms for each value afy cancel. Taking the sum of the ra-
dial velocities for a complementary-beam pair, in principle,
gives a measure of the vertical velocity:

vr(0, ®) + vr(0, ¢ + 180°) = 2w cosh (6)
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vertical wavelength. They can also be associated with re- : L : L : L : L
gions of large vertical shear of the horizontal wind, which 20
are expected to be turbulent.

Despite the usefulness of the complementary-beam-
continuity factor as a final test of horizontal wind component 157
reliability, attention should not be restricted to those range
gates for which both of the individual complementary hori-
zontal wind components have previously been flagged as be-
ing reliable. The green profile in Fig. 8 shows the frequency ]
of NE wind component availability, as a function of altitude, 1 NE6.0 and SW6.0
based on the requirement that both the NE6.0 and SW6.0 ]
signal components have been flagged as being reliable. As
shown by the orange profile, significantly better availability ] I
is possible if only one of these signal components (in this 0 20 40 60 80 100
case from the NE6.0 beam observations) is required to be Frequency of NE wind component availability (%)
reliable (the profiles for the SE6.0, SW6.0 and NW6.0 obser-
vations are very similar). _ _ ) o

There can be significant imbalances between radar returfy'9- 8- Frequency of NE horizontal wind component availability,

. . . as a function of altitude, when just the NE6.0 beam derived com-
signal power for complementary-beam observations. This ) .
- ) . .. ponents are considered (orange line), when both the NE6.0 and
can be caused by the tilting of isentropes by wave activity

. . the SW6.0 derived components must be available (green line), and
(e.g.Worthington and Thomas 996h Worthington 1999 when either NEG6.0 or the SW6.0 derived components are available

or by Kelvin-Helmholtz instabilities (e.duschinski199.  (plue line). Data are taken from the primary validation period.
Consequently it is to be expected, particularly in regions of

low signal-to-noise ratio, that a clear-air signal component

may be seen in one of the complementary beam-pointing di- . : . . .
: . mparison inst radioson were routinely m in
rections but not in the other. As can be seen from the blu gomparisons against radiosonde data were routinely made

Lo . . M e BlUGHe past (e.gThomas et a).1997, Aberporth is not part of
profl_le n F'.g' 8, horlz_ontal W'.nd component availability is the (pUK) f\/le% Office’s operationgl radiogonde netW(?rk. Con-
moas):irgllSi%;L;h(; ;Egus'lr erlglazglrif%;zrr]llt);?onig;t\?aeilggl]:r (or sequently wind-profile data are not available from there on a
P Th y3 h 9 | P q . loitati .f h routine basis. No data at all were available for the primary

€ vo scheme cons_equent)_/ a ‘f"pts Its exploitation o t.e{/alidation period. The Met Office’s principal method of eval-
complementary-beam information in response to the avail

‘uati -deri i lity is theref ki
ability of individual components. If both complementary- uating radar-derived wind data quality is therefore by making

b horizontal wind " lable. th comparisons against the short term forecast wind fields from
€am horizontal wind components are available, tn€y are avy, , global run of the Unified ModeDjbbern et al.20033.

eraged — and the complementary-beam-continuity factor is o )
used for quality-control purposes. However, if only one of The Unified Model does not provide a perfect representa-
tion of the atmosphere. For example, it is known that wind

the individual horizontal wind components is available, that b
alone will be used. Only those horizontal wind componentsCOmpPonent forecast errors can be larger than 21irs the
wer troposphere at mid-latitudeBipbern et al. 20033.

which have passed all quality-control tests are subsequentl i _
oreover, the relative coarseness of the model’s horizon-

used to derive the 30 min averaged wind-profiles which are , , X X
assimilated by the Met Office. tal resolution (approximately 40 km at mid-latitudes) means

that it is not able to represent some of the small-scale wind

fluctuations observed by the radar. Consequently the model-
6 Measures of v3 data accuracy comparison statistics should not be regarded as represent-

ing solely the errors in the observations. Nevertheless the
Radiosondes are still the primary source of upper-air wind-model fields provide a convenient common frame of refer-
profiles. The quality of the data has been extensively ex-ence against which all sources of assimilation data are com-
amined and the error characteristics are well-known (e.gPared. If two sources of data have similar model-comparison
Kitchen, 1989 Nash 1994). Consequently the ideal method Statistics, it can be inferred that their measurement accuracies
for evaluating the accuracy of Aberystwyth radar-derived are broadly comparabl®{bbern et al.20033.
wind-profiles would be to compare them against radiosonde Owing to the fact that the nearest operational radiosonde
data for launches from Aberporth (52918, 4.57 W), which station is over 200km away from the radar site, a com-
is 45km km to the south-west of the radar site (52M0  posite of wind data from all radiosonde launch sites across
4.01° W). Thomas et al(1997) note that even such a small the British Isles has been found to provide the most ap-
distance between radiosonde measurements can give rise poopriate reference model-comparison statistics. These
root mean square (RMS) differences of 3—-4mh.sAlthough are shown by the blue lines in Fig. 9. The radiosonde

10

NE6.0 or SW6.0

tude (km)

Alt
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Fig. 9. Profiles of observed-model horizontal wind comparison statistics for radiosondes (blue lines), vO data (green lines), and v3 data
(orange lines) for the primary validation period. The leftmost panel shows the root mean square differences in eastward (thick lines) and
northward (thin lines) components, the middle panel shows the mean differences in direction, and the rightmost panel shows the mean
differences in speed.

stations are located at Lerwick (60718, 1.18 W), Albe- indicates that the v3 scheme also leads to a slight reduction
marle (55.02N, 1.88 W), Castor Bay (54.50N, 6.33 W), in systematic directional bias (to less than dompared with
Watnall (53.02 N, 1.25 W), Valentia (51.93N, 10.25 W), that of the vO scheme. Although, as shown in the right-hand
Larkhill (51.20°N, 1.82 W), Herstmonceux (50.88\, panel, there is a systematic overestimate of v3 wind speed
0.32 E), and Camborne (50.2%, 5.33 W). at altitudes below 10 km, and a systematic underestimate at

The most important of the model-comparison statistics ishigher altitudes, the magnitude of these errerg ns™?) is
the RMS difference between the observed and the modelo0 small to be of particular concern.
wind components, shown in the left-hand panel of Fig. 9. Although Aberporth radiosonde data were not available
This represents a combination of both systematic and randorfor the primary validation period, data for 147 launches are
errors Dibbern et al.20033. As mentioned above, the fact available for the period June—-December 2007. The produc-
that the values for radiosondes (blue lines) and for vO radation of vO data ceased in February 2007 and so it is only pos-
data (green lines) are so similar, at altitudes below 8 km, sugsible to compare wind speeds from radiosondes with those
gests that the accuracies of the two techniques are broadlglerived from the v3 scheme. These data are only shown in
comparable. The deviation between the two sets of profiled=ig 10 where samples for both instruments are available. The
at higher altitudes is a consequence of the vO scheme’s rev3 data have been averaged over 1h (the approximate time
atively simplistic quality-control techniques. Although the taken for a radiosonde to reach an altitude of 20 km) starting
radial-continuity algorithm is effective at avoiding unwanted from the time of the radiosonde launch. This plot has fewer,
signal components where strong clear-air signal componentand less significant, outliers than the equivalent Fig. 3 shown
exist, it is less effective at quality-controlling potential sig- by Thomas et al(1997) for the vO scheme.

nal components in regions of low signal-to-noise ratio. Since The best fit between these data is found by the method of
the time-continuity algorithm is designed solely to avoid con- Hocking et al.(200]). The regression lines, shown in blue,
tamination from aircraft I’eturnS, many random noise ﬂuctua'correspond to the assumptions that a” of the errors are asso-
tions are accepted as being reliable signals at the higher ranggated with the radiosonde measurements (which gives rise
gates. to a gradient of 0.939) and that all are associated with the
The orange lines in Fig. 9 demonstrate that significantlyradar measurements (which gives rise to a gradient of 1.018).
improved accuracy is possible at all altitudes using data froniThe 258 data points shown in green were excluded from
the v3 scheme. The quality of the v3 data is almost indis-this analysis by iteratively removing all data points which
tinguishable from that of radiosonde data right the way up tolay more than 3 standard deviations from an intermediate
an altitude of 14 km. Although there is a slight reduction in fit. This leaves 9178 data points. Assuming that the mea-
data quality at the higher range gates, this is not as dramatisurement errors are distributed equally between the radar and
as that associated with the vO scheme. The mean of the (olihe radiosonde data, the best fit line has a gradient of 0.959.
served - model) direction values, shown in the middle panel,The magnitude of the measurement errors is represented by
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Fig. 11. Profiles of the root mean square differences between v3
wind components at adjacent cycles (orange lines) and at adjacent
30 min average messages (blue line). The left panel shows the pro-

2007. The 258 points shown in green were removed before pen‘ormfvTlres for the eastward wind component and the right panel shows

ing a regression analysis on the remaining 9178 data points shoWthe profiles for the upward wind component. Data are considered

in orange. The two blue lines show the best fits for the regression o or the primary validation period.
y onx and ofx on y following the method oHocking et al.(2001).

Fig. 10. Scatter plot of radiosonde- and v3 radar-derived wind

fluctuations typically show arf ~>/3 dependence, wherg
o . _ is the frequency (e.gsage and Nastrond985. Therefore a

a standard deviation of 1.64m’% This value, in part, rep-  greater degree of natural variability is expected between the
resents the degree of atmospheric variability over the spatiagy min averaged radar-derived horizontal wind components
scale separating the two measurements and the difference bggan peween the single cycle components. Nevertheless, the
tween the way in which the measurements are méiteK-  (jime.averaging serves to reduce the random measurement er-
ing et al, 2001). ror associated with individual values. The RMS differences

A final method of evaluating v3 data quality is to carry for the 30 min averages, shown by the blue profile in Fig. 11,
out a self-consistency test. A commonly-used technique isare reduced to 2.0-3.0m% This suggests that the reduc-
to calculate the RMS differences between velocity compo-tion in random measurement error is more significant that the
nents at adjacent time steps (ébgpbern et al.20033. This increase in natural variability.
is only done where the wind components at both time steps The orange profile in the right-hand panel of Fig. 11 shows
are flagged as being reliable. The values represent a comhe RMS differences between vertical velocity components
bination of random measurement errors and of the degregt 1 cycle intervals. This uses the first vertical beam dwell
of atmospheric variability over the time scale between thefrom each cycle. It has already been pointed out that sig-
measurements. The values of 3.0-4.0thfor the single  nificant variability of the vertical velocity over such a short
CyC|e horizontal wind components, i.e. those available at in-time scale can result from Short-period gravity-wave activ-
tervals of 4 min 43s, are shown by the orange profile in theity. Consequently the values of 0.3-0.4ntsre likely to
left-hand panel of Fig. 11. The profiles for the eastward andreflect some degree of natural atmospheric variability in ad-
northward components are very similar and so only the for-dition to the random measurement error. However, this also
mer is shown. The horizontal wind components are expectegneans that the random measurement error cannot be reduced
to show a low degree of natural variability over such a Shortby time-averaging_ Even a small degree of time averaging
time scale. Consequently the RMS difference values largelyyill begin to reduce the natural variability which is of scien-
represent the random measurement error. tific interest (cf.Weber et al.1992. An alternative approach

Kitchen (1989 has shown that the RMS differences be- for estimating the random measurement error is to restrict at-
tween radiosonde wind measurements (for a single statention to those days for which the degree of natural variabil-
tion) increase with increasing time difference between theity is low. A profile (not shown) of the minimum daily RMS
launches. This is consistent with observations made by windvalues at each range gate gives values of 0.2—-0:3'misis
profiling radars. The frequency spectra of horizontal-wind noted that these values are close to the 0.15Woppler
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velocity resolution of the spectra. It is also noted that therestraint is only significant for the dwells required to derive an
is no source of independent vertical velocity measurementéndividual horizontal wind component. It seems likely that
against which the radar data can be checked. the time separation between the pair of dwells required to
derive one component of the horizontal wind and the pair re-
quired to derive the orthogonal component is less significant.
7 Discussion Consequently it is less important to minimise the total cy-
cle length, so long as beam-pairs are appropriately grouped
This study has highlighted the fact that the characteristic timewithin the sequence.
Scales, over which Significant natural Varlablllty can be ex- The Met Office are moving towards increasing|y h|gh-
pected, are quite different for the vertical and for the hori- resolution grids for the nested UK domain of their numer-
zontal components of the wind. This has implications for thejcal weather prediction model. Their aim is to be able to
optimum way in which DBS observations should be made. accurately forecast small-scale but high-impact phenomena,
For the most part, the observed vertical wind fluctua- such as convection. This creates a requirement for increas-
tions are of small magnitude~0.1ms™), which is com-  ing the temporal and spatial resolutions of assimilated ob-
parable to the estimated random measurement error (0.2servations. At present, they assimilate 30 min averages of
0.3ms1). Their contributions to the radial velocities ob- v3 wind-profile data, which are known to have a high ac-
served by off-vertical beams are so small that they can beuracy. By decreasing the averaging interval, the random
ignored without a significant degradation in horizontal wind measurement error will inevitably rise. Consequently it is
component accuracy. However, under conditions of shortunclear as to whether or not higher-time-resolution data will
period gravity wave activity, characterised by vertical wind be of any more value. Given that the random measurement
magnitudes of the order of 1 m¥ their contributions to  error decreases as the averaging interval increases, but that
the radial velocities observed by off-vertical beams can bethe natural atmospheric variability increases, it is anticipated
comparable to those from the horizontal wind. Moreover, that there may be an optimal level of averaging for which
significant variability can be expected over time scales ashe two effects are balanced. Identifying such a level will
short as 2min, which is considerably less than the Brunt-be an important area of future work. This question also has
Vaisala period (even at stratospheric altitudes). Under suchimplications for the research use of horizontal winds. Can
circumstances, irrespective of whether the horizontal windthe variability between single cycle horizontal wind compo-
components are derived from a vertical/off-vertical beam paiments be guaranteed to reflect natural atmospheric variation

(i.e. through Eq2) or from a complementary-beam pair (i.e. as opposed to increased random measurement error?
though Eq5), the interval between the two dwells should be

minimised.

During the primary validation period, a vertical beam ob- 8 Conclusions
servation is made at every second dwell. The v3 scheme
therefore minimises the errors caused by short-period verThis paper has examined a new signal processing scheme for
tical velocity variability by pairing each off-vertical beam the Doppler Beam Swinging 46.5 MHz wind-profiling radar
dwell with the vertical beam dwell which is closest in time. at Aberystwyth. Itis shown that a radial-continuity test is vi-
However, so far, little additional use has been made of theal for avoiding contamination from unwanted signal compo-
47 s interval vertical beam observations. Nevertheless, givefients. These are principally a result of ground clutter, inter-
that significant variability is expected from one cycle to the ference, and Rayleigh scatter from hydrometeors under strat-
next, under conditions of Short-period gra\/ity wave activ- iform precipitation conditions. In the case of the Iatter, the
ity, it makes sense that vertical beam observations should bécheme must have the ability to resolve partially-overlapping
made more often than off-vertical beam observations. More-signal components. It is also shown that short-period grav-
over, under quiet conditions, the frequency-spectra of verti-ity wave activity can lead to a reduction in horizontal wind
cal velocities can be used to derive the Bruritigila period ~ component data quality. This is a result of the wind field be-
(e.g.Rottger 1980 Ecklund et al. 1985. This, in turn, can coming non-stationary over the temporal and spatial scales
be used to derive a profile of temperature (Rgvathy etal.  €ncompassed by a cycle of observation.
1996. Observation formats encompassing multiple vertical
beam dwells are consequently to be encouraged for researdknowledgementsThe Aberystwyth MST radar is owned and

applications. The Met Office do not currently make any op- gredoq:insrétg(:funlfgd by ]Ehed(UdK)bN?ﬁ“rabinv&o?rg?fm Re;lesa_;ch
erational use of the vertical wind estimates. ouncil ( ). Itis co-funded by the (UK) Met Office.
radar dataNatural Environment Research Council, 2D@ve pro-

Increasing the interval between the dwells will increase the, ;o4 courtesy of NERC and radiosonde dae( Office, 2003
chances that the fundamental DBS assumption of & stationaryre provided courtesy of the Met Office through the British Atmo-

wind field will be invalidated. However, since the degree of spheric Data Centre. The model-comparison statistics were pro-

natural variability of the horizontal wind is apparently quite vided by Colin Parrett of the Met Office’s Data Assimilation and
low over time scales of up to at least 30 min, this time con-Observation Monitoring Team. We are grateful to Andrew Birks,
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of the Rutherford Appleton Laboratory, for the many useful discus- Harris, F. J.: On the use of windows for harmonic analysis with the
sions which have impacted on humerous aspects of the v1, v2 and discrete Fourier transform, Proc. IEEE, 66, 51-83, 1978.

v3 signal processing schemes. Hauf, T.: Aircraft observation of convection waves over southern
Topical Editor U.-P. Hoppe thanks two anonymous referees for Germany — a case study, Mon. Weather Rev., 121, 3282—-3290,
their help in evaluating this paper. 1993.

Hildebrand, P. H. and Sekhon, R. S.: Objective determination of the
noise level in Doppler spectra, J. Appl. Meteorol., 13, 808-811,
1974.
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