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Abstract. This study quantifies the uncertainties in winds
measured by the Aberystwyth Mesosphere–Stratosphere–
Troposphere (MST) radar (52.4◦ N, 4.0◦ W), before and af-
ter its renovation in March 2011. A total of 127 radiosondes
provide an independent measure of winds. Differences be-
tween radiosonde and radar-measured horizontal winds are
correlated with long-term averages of vertical velocities, sug-
gesting an influence from local mountain waves. These lo-
cal influences are an important consideration when using
radar winds as a measure of regional conditions, particu-
larly for numerical weather prediction. For those applica-
tions, local effects represent a source of sampling error ad-
ditional to the inherent uncertainties in the measurements
themselves. The radar renovation improved the signal-to-
noise ratio (SNR) of measurements, with a corresponding
improvement in altitude coverage. It also corrected an under-
estimate of horizontal wind speeds attributed to beam forma-
tion problems, due to pre-renovation component failure. The
root mean square error (RMSE) in radar-measured horizontal
wind components, averaged over half an hour, increases with
wind speed and altitude, and is 0.8–2.5 m s−1 (6–12 % of
wind speed) for post-renovation winds. Pre-renovation val-
ues are typically 0.1 m s−1 larger. The RMSE in radial veloc-
ities is< 0.04 m s−1. Eight weeks of special radar operation
are used to investigate the effects of echo power aspect sensi-
tivity. Corrections for echo power aspect sensitivity remove
an underestimate of horizontal wind speeds; however aspect
sensitivity is azimuthally anisotropic at the scale of routine
observations (≈ 1 h). This anisotropy introduces random er-
ror into wind profiles. For winds averaged over half an hour,

the RMSE is around 3.5 % above 8 km, but as large as 4.5 %
in the mid-troposphere.

1 Introduction

Radar wind profilers have become an established tool for
measuring wind profiles in the boundary layer (at UHF
wavelengths), the free troposphere and lower stratosphere
(at lower-UHF and VHF), and the lower mesosphere (at
VHF wavelengths). They can measure wind profiles con-
tinuously, with a temporal resolution of 10 min or less,
and a vertical resolution of 75–300 m. As well as being
valuable for research, wind profilers are increasingly used
operationally by national weather services, with measure-
ments assimilated into numerical forecasting models. For as-
similation in particular, the random and systematic errors
of wind profiles must be well characterised, but determin-
ing these errors is not a straightforward task. In this pa-
per we examine in detail how the error characteristics of a
Doppler beam swinging (DBS) VHF wind profiler – the Nat-
ural Environment Research Council’s (NERC) Mesosphere–
Stratosphere–Troposphere (MST) radar at Capel Dewi, near
Aberystwyth in mid-Wales (52.4◦ N, 4.0◦ W) – changed after
extensive refurbishment of the system in 2011.

The Aberystwyth MST radar (Vaughan, 2002; Table 1)
operates at a frequency of 46.5 MHz and can use any
of 17 beam directions between zenith angles 0 and 12◦.
The DBS technique combines measurements from at least
three beams to quantify three-dimensional winds, with more
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Table 1.Overview of the NERC MST Radar, Capel Dewi, Aberys-
twyth, UK.

Range Pulse Length Sampling Nyquist Velocity Beam
(Range Res.) Interval Velocity Resolution Width∗

1.65–21.0 km 2µs (300 m) 150 m 9.34 m s−1 0.15 m s−1 1.5◦

∗ One-way half-power half-width.

beams improving accuracy and precision (e.g.Weber et al.,
1992; Adachi et al., 2005; Cheong et al., 2008; Srinivasa Rao
et al., 2008). A three-beam profiler uses one vertical and two
off-vertical beams (pointing at orthogonal azimuths). The ra-
dial velocity (Vr) measured by an off-vertical beam may be
decomposed into components of the vertical velocity (w) and
the horizontal velocity along the beam’s azimuth (Hφ) (Eq.1,
whereθ is the off-vertical zenith angle, andφ is the azimuth,
of the beam).

Vr(φ) = Hφ sinθ + wcosθ (1)

w is measured directly by the vertical beam, with the two
off-vertical beams measuring orthogonal values ofHφ each.
Equation (2) relatesHφ to the Cartesian wind componentsu

andv (eastward and northward components, respectively).

Hφ = usinφ + v cosφ (2)

A four-beam system comprises four orthogonal off-vertical
beams. Where the wind field is homogeneous across the
beams, subtracting radial velocities from opposing beams
cancels vertical velocity components (wcosφ in Eq.1), leav-
ing only the horizontal component (Eq.3).

Hφ =
Vr(φ) − Vr(φ + 180)

2sinθ
(3)

A five-beam system (one vertical beam and four off-vertical
beams) uses the same approach as a three-beam setup. Mul-
tiple vertical beam measurement are made in a cycle, and
Eq. (1) is used to calculateHφ for each off-vertical beam.
Values from opposing beams are averaged to reduce errors.

The DBS method assumes temporal and spatial homo-
geneity of the wind field across the beams, which may be sep-
arated by several kilometres in the lower stratosphere. Where
there are rapid changes in vertical velocity, vertical beam
measurements may not represent the average background air-
flow. These discrepancies propagate through Eqs. (1–3), into
the horizontal winds (Weber et al., 1992; Adachi et al., 2005).
Cheong et al.(2008) examined the homogeneity across a
DBS sampling area, using a coherent imaging radar. They
concluded that the assumption of homogeneity was invalid at
short (i.e. single-cycle) observation times. Such effects can
be reduced with temporal averaging, but this can remove
some of the genuine structure in the horizontal flow (We-
ber et al., 1992), particularly during the passage of fronts

(for example,Luce et al.(2001b) showed poor agreement be-
tween radiosonde and radar winds measured around a warm
front). Inhomogeneity across the sampling area becomes in-
creasingly likely with altitude, as beam separation increases.
For example, the horizontal separation between opposing 6◦

beams (routinely used by the radar in this study) is 4.2 km at
a range of 20 km. (Where the radar antenna can be steered
in a circle, methods like velocity azimuth display and vol-
ume velocity processing, e.g. Waldteufel and Corbin, 1979,
can be used. The Aberystwyth MST radar, however, can only
point to four different azimuths at any given zenith angle, so
these approaches cannot be used.)

The uncertainty in winds is also affected by the strength
of the signals received by the radar. These decrease with
range above the tropopause, and the signal processing al-
gorithm struggles to accurately identify the clear-air signal
where the signal-to-noise ratio (SNR) is small (Weber and
Wuertz, 1990; Luce et al., 2001b; Srinivasa Rao et al., 2008).

The uncertainties associated with these different contribu-
tions are difficult to quantify. Radiosondes are the typical ref-
erence instrument, but they sample the wind field in a very
different way to a wind profiler, measuring the average wind
velocity along short sections of the line of ascent. In contrast,
DBS radars combine volume averages over several beams
and several minutes. Radiosondes also drift from the launch
site, and may not sample the same volume as the radar.Weber
and Wuertz(1990) andSrinivasa Rao et al.(2008) compared
radiosonde and radar winds, and noted an increase in wind
velocity differences with height; however they were unable
to separate the potential effects of radiosonde drift.

At VHF, the effects of anisotropic scatter must also be con-
sidered, since the strength of backscatter at angles closer to
the vertical is usually enhanced (Luce et al., 2001a), caus-
ing the effective pointing angle of off-vertical beams to move
closer to the zenith. Horizontal winds will be underestimated
if the effective pointing angleθeff is not used in Eqs. (1–3).
For the Aberystwyth radar,θeff is calculated using the fol-
lowing formula (Hocking et al., 1986):

sinθeff = sinθ

[
1+

sin22

sin2ϑs

]−1

, (4)

whereθ is the intended pointing zenith angle of the beam
and2 is the beam’s two-waye−1 half-width. ϑs indicates
the degree of aspect sensitivity (Hocking et al., 1986) and is
defined as follows (Hooper and Thomas, 1995) using echo
powers,P(θ), from two beams at zenith anglesθ1 andθ2:

ϑs = arcsin

√√√√sin2θ2 − sin2θ1

ln P(θ1)
P (θ2)

− sin22. (5)

ϑs approaches zero for specular reflectors, and is around 4–5◦

or greater for isotropic scatterers, where vertical beam echo
powers are compared with off-vertical measurements (Hock-
ing and Hamza, 1997). Experiments by Hocking et al. (1986)
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with the SOUSY (Sounding System for Atmospheric Struc-
ture and Dynamics) radar showed a rapid fall-off of echo
power with angles close to the zenith, followed by a slower
decrease at larger angles. This implies that different values of
ϑs apply at different beam zenith angles. The same result has
been found with measurements from the Aberystwyth MST
radar (Hooper and Thomas, 1995).

Aspect sensitivity tends to be strongest at the tropopause
and in the lower stratosphere (Hocking et al., 1986, 1990;
Luce et al., 2001a), though strong aspect sensitivity has been
observed throughout the free troposphere during, and af-
ter, the passage of synoptic fronts (Hooper and Thomas,
1995; Kawano and Fukao, 2001). It is likely that corrugated
sheets of constant refractive index are responsible for the
anisotropic echoes typically observed at VHF frequencies
(Luce et al., 2001a). Equation (4), however, assumes that
sheets are smooth, and some studies suggest that correct-
ing winds for aspect sensitivity may not improve measure-
ments.Hocking et al.(1990) found that corrections for ef-
fective pointing angle were not needed to get close agree-
ment between horizontal winds measured at different beam
zeniths.Kawano and Fukao(2001) directly measured the ar-
rival angle of echoes under conditions of aspect sensitivity,
using spatial interferometry, and found that these were dis-
tributed about the intended 10◦ pointing angle, rather than
biased towards the vertical. We return to this point in Sect.3.

Quantifying aspect sensitivity may also be complicated by
an azimuthal dependence of echo power.Worthington et al.
(1999b) created maps of aspect sensitivity, using both the
MU (Middle and Upper Atmosphere) radar in Japan and the
NERC MST radar at Aberystwyth (used in this study). They
showed that the peak in echo power can be displaced from the
zenith, and that displacement direction was correlated with
the direction of wind shear. Echo power anisotropy can ex-
tend to large off-vertical zenith angles (Worthington et al.,
1999a, measuring with the MU and Aberystwyth radars,
found aspect sensitivity at zenith angles of 30 and 12◦, re-
spectively).

Several studies have sought to quantify the various uncer-
tainties in winds derived from the Aberystwyth MST radar.
Thomas et al.(1997) made a comparison with 75 radioson-
des launched from Aberporth, 50 km southwest of the radar
site. They concluded that the radar underestimated horizon-
tal wind velocities by 4–5 %, and that aspect sensitivity cor-
rections were necessary to remove the bias. However, they
also reported that correction actually degraded the correla-
tion at some altitudes, and had no effect at others, when
sonde profiles were considered individually.Hooper et al.
(2008) compared Aberystywth radar and radiosonde winds
to wind fields from the global run of the Met Office’s Uni-
fied Model (see alsoHooper et al., 2013b). They noted a sys-
tematic overestimate of radar wind speeds below 10 km, and
an underestimate above; the magnitude of the bias was less
than 1 m s−1. The root mean square (RMS) difference in con-
secutive 30 min averages of horizontal wind speeds showed

an increase with altitude, from 2 m s−1 at 2 km, to 3 m s−1 at
15 km. RMS differences above 15 km increased significantly,
as SNR reduced.

A surprising result from long-term VHF radar measure-
ments is that average vertical velocities are often non-zero.
Such profiles have been measured with many different in-
struments, including the Aberystwyth radar (Worthington
et al., 2001). To achieve conservation of mass, mean verti-
cal velocities are expected to be negligible; however typical
profiles measured at Aberystwyth show downward motion
in the mid-troposphere (peaking at more than−4 cm s−1)
and upward velocities in the lower stratosphere (peaking at
2 cm s−1). Worthington et al.(2001) reviewed the potential
causes of such measurements, which included persistent ver-
tical velocities observed around jet streams and streaks, false
measurements associated with tilted aspect sensitive layers,
and false measurements associated with gravity waves. The
authors concluded that local mountain waves are the only
mechanism capable of explaining all of the cases examined
at Aberystwyth. Under such a model, the phases of mountain
waves above the radar are not random. This skews long-term
averages of vertical velocity towards the dominant mountain
wave pattern.

The Aberystwyth MST radar was renovated in
March 2011 (Hooper et al., 2013a). This paper re-assesses
the uncertainties in its wind velocity measurements, both
before and after the renovation, using 127 radiosondes
launched from the radar site. This data set is expected
to give a more accurate reflection of the uncertainties in
radar winds than previous studies, given the proximity of
the sondes to the radar. We also re-examine the effects
of aspect sensitivity corrections, using 8 weeks of special
observations that measured on 17 different beams. The next
section introduces the radar and radiosonde measurement
techniques, and analysis methods; Sect.3 discusses the
results; and the conclusions are presented in Sect.4.

2 Radar and radiosonde measurements

The NERC MST radar (Table1) operates at 46.5 MHz
and has a phased antenna array which allows 17 possi-
ble beam pointing directions: vertical, and 4.2, 6.0, 8.5, and
12.0◦ off-vertical. For each non-zero zenith angle, beam
pointing directions are available in four azimuths, at 90◦ sep-
arations.

This study uses measurements made with a vertical reso-
lution of 300 m and a sampling interval of 150 m. Typically
each cycle comprises (i) dwells in all four 6◦ off-vertical
beam pointing directions, for the derivation of horizontal
wind components; (ii) a dwell at 4.2◦ off-vertical (towards an
azimuth of 252.5◦), used to derive the effective pointing an-
gle of 6◦ off-vertical beams; (iii) a vertical beam dwell cov-
ering mesospheric altitudes; and (iv) a vertical dwell cover-
ing stratosphere–troposphere altitudes at every second dwell.
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The latter were originally introduced to study rapidly vary-
ing vertical velocities associated with convection (Hooper
et al., 2005). The measurement time for each dwell is ap-
proximately 21 s. There is a gap of a few seconds between
each dwell to allow for beam steering. The cycle time be-
fore the March 2011 renovation was 4 min 55 s. The new
beam steering components require longer to switch, result-
ing in a slightly longer cycle time of 5 min 14 s. This study
also uses data from a special observation format that ran for
8 weeks immediately following the renovation. This used all
17 available beam pointing directions, including a vertical
beam observation at every third dwell. A single vertical dwell
separated complementary 6◦ off-vertical dwells. The total cy-
cle time was 11 min 25 s.

Radial and horizontal wind components are calculated us-
ing the radar’s routine signal processing software (version 3;
Hooper et al., 2008). This uses a variety of self-consistency
checks, including for radial and for time continuity, in order
to quality-control the data. For each 6◦ off-vertical beam, the
corresponding horizontal wind component is derived from
Eq. (1) using the vertical beam dwell that is closest in time.
The off-vertical angle is initially assumed to be 6.0◦. The hor-
izontal components for complementary beams are then aver-
aged; however, they are flagged as unreliable if they differ
by more than 10 m s−1. For each cycle,θeff is derived from
Eqs. (4) and (5) using the average signal power from all four
6◦ off-vertical dwells and the single 4.2◦ off-vertical dwell.
A simplified factor of sin6.0/ sinθeff is used to compensate
the wind speed for the effective pointing angle. This assumes
that variations inθeff do not affect the value ofwcosθ in
Eq. (1). This assumption is justified because cosθ varies by
only 0.002 between aθeff value of 6.0◦ (i.e. zero aspect sen-
sitivity) and one of 4.5◦ (a large aspect sensitivity). The av-
eraged 6.0◦ beam signal power is occasionally greater than
the 4.2◦ beam value. Under such conditions aϑs of 90◦, rep-
resenting perfectly isotropic scatter, is assumed. The wind
speed compensation factor is clamped to a maximum value
of 1.5 for highly anisotropic scatter, corresponding to aθeff
of 4.0◦.

Radiosonde winds are taken from 127 Vaisala RS92G
flights launched from the Aberystwyth radar site between
March 2008 and January 2012. Winds are calculated from
the position of the sonde, measured using the instrument’s
GPS receiver. The standard error in radiosonde wind compo-
nents is less than 0.5 m s−1 (Nash et al., 2011). Radiosonde
winds are averaged over 300 m height intervals, correspond-
ing to the radar’s pulse length, and are used to calculate the
systematic difference between radar and radiosonde horizon-
tal winds.

Radial velocities from opposing beams can be combined to
give vertical velocity (wc, Eq.6), assuming homogeneity of
the wind field across the beams. The difference with directly
measured vertical velocities (wd, from the vertical beam)
gives a measure of the random errors in radar winds that
arise from inhomogeneity across the beams (Eq.7, where

1w = wd − wc).

wc =
Vr(φ) + Vr(φ + 180)

2cosθ
(6)

RMS=

√√√√ 1

N

N∑
i=1

(1wi)
2 (7)

Where beams with different zenith angles are compared in
this study, velocities and echo powers have been linearly in-
terpolated to the range gates of the 6◦ zenith beams, to ac-
count for differences in sampling altitudes.

3 Results and discussion

3.1 Biases

The impact of the radar renovation is illustrated in Fig.1,
which shows the systematic difference between radiosonde
and MST radar horizontal wind speed. Before renovation,
the radar underestimated horizontal wind speed at nearly all
altitudes (Fig.1a). Post-renovation speeds, corrected for as-
pect sensitivity, show no overall difference (Fig.1d), but
wind speed is overestimated below 10 km and underesti-
mated above (Fig.1b). The post-renovation profile has the
same pattern as that presented byHooper et al.(2008), who
calculated mean wind speed differences between V3 winds
and the Met Office Global Model, between July 2006 and
January 2007. The origin of this altitude dependence is dis-
cussed shortly.

Systematic differences in pre-renovation winds are simi-
larly observed when radial velocities are compared. For ex-
ample, Fig.2 compares vertical velocities derived from com-
plementary and vertical beams, where the wind direction was
within 45◦ of the north-east beam azimuth angle (27.5◦);
one year of measurements are used pre- and post-renovation
(2010 and 2012, respectively). There is no systematic differ-
ence in post-renovation winds (except possibly at very high
wind speeds where sampling statistics are poor – Fig.2b and
d), but pre-renovation differences vary with wind speed and
the complementary beam pair used. However, when winds
are directed along the orthogonal beam pair (NW–SE direc-
tion, not shown) a different pattern emerges: the NE–SW
beams show no bias, and the NW–SE profiles are negative
but do not change with wind speed. This unpredictable pat-
tern suggests a problem with beam formation, affecting all
beams (such a fault is discussed byHooper et al., 2013b). The
biases disappear after the renovation, suggesting that a fault
with beam steering prevented proper phasing of the antennas
in the array. The similarity between our post-renovation wind
speed differences (Fig.1b) and those presented byHooper
et al.(2008) suggests that the beam steering fault developed
after January 2007 (the end date of the Hooper et al., this
study).
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Before renovation After renovation

(c) (d)

(a) (b)

(e) (f)

Figure 1. Comparison of wind speeds measured by the MST radar, and 75 and 52 radiosonde launched from the Aberystwyth radar site, pre-
and post-renovation, respectively.(a) Average radar–radiosonde wind speed differences at different altitudes, before the renovation. Negative
differences correspond to radar speeds smaller than radiosonde speeds. The grey shading shows the standard error. Radar winds have been
corrected for aspect sensitivity.(b) As (a) but after the renovation.(c) MST against radiosonde wind speeds at all altitudes. The grey line is
a best fit, quantified by the text at the top of the panel.(d) As (c) but after renovation.(e) Average MST radar wind speed (bottom axis and
black line) and aspect sensitivity correction (top axis and grey line, with shading giving standard error) for the pre-renovation comparison.
(f) As (e)but after renovation.
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Figure 2. Vertical velocity bias at different wind speeds before and after the renovation. Biases are derived from comparison of vertical
beam vertical velocities and the difference of complementary beam radial velocities (Eq.6). Different shaded curves correspond to different
horizontal wind speeds. The curves comprise all valid winds where the mean wind direction was within 45◦ of the NE beam azimuth
(27.5◦), during 2010 (pre-renovation) and 2012 (post-renovation). Negative biases correspond to an underestimate of vertical velocity by the
complementary beam pair.(a) Pre-renovation biases from the NE–SW beam pair.(b) As (a) but post-renovation.(c) As (a) but for NW–SE
beam pair.(d) As (b) but for NW–SE beam pair.

There is a striking anti-correlation between radar–
radiosonde wind speed differences (post-renovation) and ver-
tical velocities measured by the radar (Fig.3). This sug-
gests that horizontal winds above the radar are influenced by
mountain waves: because radiosondes drift from the radar
site (shown by the flight tracks in Fig.4), they measure a
different phase of the mountain waves, thus introducing the
horizontal wind speed differences in Fig.3a.

The pattern of mountain waves, and hence average ver-
tical velocities, is expected to change with wind direction,
because the terrain around Aberystwyth is inhomogeneous.
Figure 5a shows average vertical velocity profiles from 30
months of measurements, binned according to the 2 km wind
direction. (2 km winds have been chosen as a measure of
low-level winds that could drive mountain waves;Worthing-
ton, 1999.) Westerly winds occur 49 % of the time (approx-
imately 617 000 profiles), with an average vertical velocity
profile like that of the special operation period. (Note that
westerlies dominate the special operation period and radar–
sonde comparisons.) Southerly (24 % – 299 000 profiles) and
northerly (18 % – 223 000 profiles) winds are associated with
smaller average vertical velocities, with magnitudes roughly

half those of the westerly profile. Finally, average vertical
velocities during easterly winds (9 % – 119 000 profiles) are
around half the strength of the westerly profile below 10 km,
but tend to zero above. The tendency towards zero can be
explained by changes in winds with height. Figure5b shows
that easterly winds at the surface persist up to an altitude of
8 km, and then gradually back to northerlies over the next
5 km; there then follows a sharp backing to westerlies over
less than a kilometre. This backing through 180◦ is a critical
layer, through which the mountain waves cannot propagate,
hence the near-zero vertical velocities above 10 km.Pavelin
and Whiteway(2002) presented a case study of such critical
level filtering above the Aberystwyth radar site.

Finally, further evidence of mountain wave activity is
shown by the change in the average vertical velocity pro-
file with wind speed. Figure6 shows the westerly verti-
cal velocity profile (from Fig.5a) decomposed according
to 2 km wind speeds. Where horizontal speeds are low (5–
10 m s−1), average vertical velocities are a few centimetres
per second; but these grow, and the peaks change altitude,
as wind speeds increase. Average vertical velocities become
very large (exceeding 0.5 m s−1 below 5 km) when horizon-
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(a) (b)

θs corrected
Un-corrected

Vertical
4.2o Off-vert
6.0o Off-vert

Figure 3. (a) As Fig. 1b but showing radar–radiosonde wind speed bias corrected for aspect sensitivity (black line) and un-corrected (grey
line). Error shading has not been included to aid interpretation; the standard error for both curves is as Fig.1b. (b) Dotted line: vertical
velocities from the vertical beam averaged over the radar–radiosonde comparison period. The standard error (not shown) is the width of the
solid lines. Solid lines: vertical velocities averaged over the 8 weeks of special operation, from vertical, and complementary off-vertical (4.2
and 6◦ degree zenith), beams. Shading shows the standard error for the vertical and 4.2◦ beams. To aid interpretation, the error for the 6◦

beam is omitted, but it is comparable to that of the 4.2◦ beam.

6ºW 5ºW 4ºW 3ºW 2ºW 1ºW

51ºN

52ºN

53ºN

54ºN

50km

100km

150km

Figure 4. Flight tracks of 127 radiosondes launched from the
Aberystwyth radar site. The grey shading indicates the land surface,
and 50 km range intervals are shown by the concentric grey circles
centred on the radar site. Only the first 21 km of sonde ascent are
shown, corresponding to the upper altitude limit of the MST radar.

tal speeds are 35–40 m s−1. Westerlies with those speeds are
observed 0.02 % of the time (248 profiles in the 30-month pe-
riod); 5–10 m s−1 westerlies at 2 km occur 15 % of the time
(approximately 186 000 profiles).

The profiles in Figs.5 and6 are averages over 30 months,
and the patterns for individual cases will depend on the exact
wind direction, wind speed, and stability of the atmosphere.
Attempting to decompose such effects, and assessing their
impact on horizontal winds, is beyond the scope of this study;
however, it is clear that the accuracy of horizontal wind mea-

surements depends on local conditions, particularly low-level
wind speed and direction.

3.2 Aspect sensitivity corrections

Routine wind profiling with the Aberystwyth radar uses only
one 4.2◦ zenith beam to calculate aspect sensitivity. Az-
imuthal anisotropy of echo power therefore has the potential
to introduce discrepancies into corrections. Average power
maps at 2.5 km height intervals, derived from the special
operation measurements, are shown in Fig.7. At most alti-
tudes the echo power is largely azimuthally isotropic, though
7.5 km echo powers are skewed towards larger zeniths in the
south-west direction (the star symbol in each map indicates
the 4.2◦ beam used for aspect sensitivity calculations). Effec-
tive pointing angles derived from the average power maps us-
ing one and four 4.2◦ beams are similar (Fig.8a). In contrast,
there are significant differences between the one- and four-
beam approaches when echo powers are averaged over only
1 h (Fig. 9); at these timescales the single 4.2◦ beam mea-
surements are not representative of the average echo power,
because of azimuthal anisotropy. Routine aspect sensitivity
correction uses only one beam, and so introduces this ran-
dom error into corrected horizontal winds. (Note that these
one-hour averages span six cycles of measurements – the
same number as a half-hour average during the routine ob-
servations used in previous sections.) The RMS difference
between the effective pointing angles derived from one, and
all four, 4.2◦ beams is shown in Fig.8b, for the period of
special operation. The corresponding uncertainty in horizon-
tal wind components (top axis in Fig.8b) is around 3.5 %
above 8 km, but is as large as 4.5 % in the mid-troposphere.
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Southerly
Westerly
Northerly
Easterly

(a) (b)

Figure 5. (a) Mean vertical velocities for different 2 km wind directions. 30 months of data from May 2011 have been used. The four
curves comprise measurements whose 2 km wind vectors are within 45◦ of north, south, east and west (indicated in the legend as southerlies,
northerlies, westerlies, and easterlies, respectively). Shading gives the standard error, which is often smaller than the line thickness.(b) Mean
wind direction in the profile when the direction at 2 km lies in one of the four quadrants.

5-10 m.s-1

15-20 m.s-1

25-30 m.s-1

35-40 m.s-1

Figure 6. As Fig.5a but showing the 2 km westerly winds, decom-
posed into different 2 km wind speeds (shown by the legend).

3.3 Root mean square errors

The random error in radial wind measurements is assessed by
comparing vertical and complementary beam observations
(Eq. 7). Radar–sonde comparisons cannot be used because
sondes drift from the radar site (Fig.4) and do not sample
the local conditions above the radar.

The RMS difference of complementary beam radial winds
increases with both wind speed and altitude (Fig.10, which
shows the root mean square error – RMSE – corresponding
to a single beam,Vr, in Eq.6). The altitude dependence is re-
lated to the radar’s signal-to-noise ratio, as well as the greater
horizontal separation of the beams with height. At low SNR,
the probability of detecting the clear-air signals is reduced, so
the number of reliable beam pairs decreases toward the top

of the profile. (The definition of SNR used in this study is
the ratio of peak signal power spectral density to noise.) The
marked improvement in post-renovation SNR (around 5 dB
below 13 km and 2–4 dB above; Fig.11) provides more oc-
casions where measurements from both beams in a pair are
available to calculate the RMS differences in Fig.10.

The increase in horizontal wind component RMSEs with
wind speed is approximately linear for the speeds examined
here. Figure12 shows a combination of the the uncertainties
introduced by aspect sensitivity corrections (discussed in the
previous section, and shown in Fig.8b), and horizontal wind
component uncertainties corresponding to the radial veloc-
ity errors shown in Fig.10 (top axis). A 10 m s−1 increase
in wind speed corresponds to a 0.5 m s−1 increase in hori-
zontal component RMSE. Random errors also increase with
altitude; post-renovation they grow from 0.8 m s−1 (around
6.5 % of the wind speed) to more than 1.5 m s−1 (> 12 %)
between 5 km and the top of the radar’s altitude range, un-
der low wind speeds (10–15 m s−1). At high wind speeds
(40–45 m s−1), RMSEs are larger than 2.5 m s−1 at upper al-
titudes. Error profiles before renovation are around 0.1 m s−1

larger than post-renovation values. For practical application
an approximation to these profiles is given by the dashed
lines in Fig. 12, and is quantified in Appendix A. (Note
that Fig.12a shows RMSEs for 2009, rather than 2010 as
in Fig. 10a. The 2009 results are more consistent with those
from previous years, because of the continued degradation of
the beam steering units in 2010. Consequently we have used
2009 results to calculate the error profile approximations.)

Hooper et al.(2008) presented RMS difference profiles
of radar and model winds which show the same trends pre-
sented here; however the magnitude of their differences are
much larger. This is attributed to the comparison method: the
model comparison includes any systematic differences be-
tween the radar and the model, as well as differences between
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Figure 7.Average echo power maps derived from 8 weeks of special operation. The contours and labels give echo power in decibels. Symbols
indicate the location of beams. Circles correspond to the 0, 6, and 12◦ zeniths; triangles give 4.2 and 8.5◦ zeniths. The star indicates the 4.2◦

zenith beam used to calculate aspect sensitivity for routine observations. The range is indicated in each panel.
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All Beams
Single Beam

(a) (b)

Figure 8. (a) Average effective pointing angles for 6◦ beams, calculated across the 8 weeks of special operation. Effective pointing angles
using one (grey curve), and all (black curve), 4.2◦ beams are shown. The top axis gives the corresponding underestimate in wind speed.(b)
RMS difference in effective pointing angles derived using one and four 4.2◦ beam echo powers, calculated over the 8 weeks. The top axis
gives the corresponding uncertainty in winds corrected with the one-beam method.

Pointing Angle [o]
(All beams) 

P
oi

nt
in

g 
A

ng
le

 [
o ]

(O
ne

 b
ea

m
) 

Figure 9. Effective pointing angles derived from 8 weeks of special
radar operation, using all 4.2◦ zenith beams (x axis), and the 252.5◦

azimuth 4.2◦ beam (y axis). The grey dots are pointing angles from
hourly averages, and the pluses are averages over the whole 8 weeks
of operation. The solid line traces the 1:1 points. Only results for
every third height gate between 4 and 9 km are shown, to aid inter-
pretation.

the (effective) spatial resolution of the two techniques, and
the local effects identified in the previous section. Hooper
et al. also calculated RMS differences between consecutive

30 min averages of horizontal winds. That comparison in-
cludes any temporal changes in the background wind. In con-
trast our approach effectively quantifies the level of consis-
tency between winds measured on opposing beams, remov-
ing sampling effects from different instruments and contribu-
tions from scales larger than those of interest.

4 Conclusions

We have examined the uncertainties in winds quantified by
the NERC MST radar, before and after its renovation in
March 2011. The radar underestimates wind speed at almost
all altitudes before the renovation, and there is a complex
pattern of biases in radial winds that suggests a problem with
beam formation (generating unintended pointing angles). Af-
ter renovation there is no overall bias. The upgrade improved
the altitude coverage of the radar, and random errors in wind
velocities decreased.

Long-term patterns in vertical velocities are shown to be
strongly correlated with radar–radiosonde differences. Our
results support the conclusions ofWorthington et al.(2001),
that the radar is sampling local mountain waves. This is an
important consideration when using radar winds as a mea-
sure of regional conditions, particularly when assimilating
winds for numerical weather prediction. Many other VHF
radars record non-zero vertical velocities over long time pe-
riods. The horizontal wind effects recorded here may extend
to those instruments too.

Altitude and wind speed both affect the random er-
ror in wind velocities. Post-renovation horizontal wind
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Figure 10. Radial velocity RMS differences at different horizontal wind speeds, before and after the renovation (panels(a) and (b), re-
spectively). RMS values are from the difference of vertical beam and complementary beam vertical velocities, normalised to indicate the
error associated with measurements made on a single beam (see text). Different shaded curves correspond to the different horizontal wind
speeds described in the legend. The curves are averages of both 6◦ zenith beam pairs. Pre-renovation and post-renovation curves use all wind
directions in 2010 and 2012, respectively. The top axis gives the corresponding RMSE in horizontal wind components.

Pre-renovation Post-renovation

(a) (b)

Figure 11. Average SNR (black curves) and the number of reliable (6◦ zenith angle) complementary beam pairs of measurements (grey
curves), before and after renovation (panels a and b, respectively). The thin black lines correspond to the upper and lower quartile of the SNR
distribution. SNR values shown here are peak signal power spectral density to noise. A whole year of measurements has been used for each
figure (2010 and 2012, respectively).

components have RMSEs ranging from 0.8 m s−1 in low
wind speeds (10–15 m s−1) and at low altitudes (below 5 km),
to greater than 2.5 m s−1 at upper altitudes in high winds
(40–45 m s−1). Faced with such a range, the practice of quot-
ing a single value for wind velocity uncertainty is clearly
inadequate. Where the radar is used as a measure of re-
gional winds, the systematic differences identified by the ra-
diosonde comparison, and quantified byHooper et al.(2008),

will also be significant. The random RMSE in radial winds
is < 0.04 m s−1.

Aspect sensitivity corrections remove the overall bias in
horizontal winds, but also contribute to the random error.
The mean correction for 6◦ zenith angle beams is largely
constant with height throughout the troposphere and lower-
most stratosphere (up to 15 km), and corresponds to a hor-
izontal wind speed increase of 5–6 %. At the timescales
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Pre-renovation Post-renovation
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Figure 12.RMSE in horizontal wind components at different horizontal wind speeds. Curves show the combined error from beam separation
(Fig.10), and aspect sensitivity corrections (Fig.8b) before and after the renovation (panels(a) and(b), respectively). Different shaded curves
correspond to the different horizontal wind speeds described in the legend. Pre-renovation and post-renovation curves use all wind directions
in 2009 and 2012, respectively. The dashed lines are approximations of the solid lines, calculated with Eq. (A1a) in the Appendix.

used for routine wind profiling (≈ 1 h), aspect sensitivity is
azimuthally anisotropic. Routine wind profiling uses fewer
beams than the special operation period examined in this
study. This introduces uncertainty into aspect-sensitivity-
corrected winds, caused by azimuthal anisotropy of echo
powers, and is equivalent to 3.5 % of wind speed in the lower
stratosphere and troposphere, and up to 4.5 % in the free tro-
posphere.
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Appendix A: An approximation of standard error in
NERC MST radar winds

Here we present a simple formula to approximate the ran-
dom errors in horizontal wind components. RMSEs arising
from the separation of the off-vertical beams (presented in
Sect.3.3), and beam pointing angle corrections for aspect
sensitivity (Sect.3.2) are considered together. A cubic least
squares fit to each RMS profile in Fig.12 has been made.
The shape of the fits vary with year and wind speed. A single
curve shape is used to approximate all of the error profiles;
it is expressed by Eq. (A1a) and constants a–c in Table A1.
x corresponds to the height (h) of observations in kilome-
tres (Eq.A1b); the height offset (hoff) is an adjustment to ac-
count for the step change in errors following the renovation.
Changes in random errors with wind speed (U ) are imple-
mented by Eq. (A1c); goff is another offset to account for the
pre/post-renovation step change. The final term in Eq. (A1c)
corresponds to the error arising from aspect sensitivity cor-
rections, and is approximated as 4 % of wind speed. Variables
and constants are summarised in Table A1. Equation (A1a)
is plotted with the corresponding RMSE profiles in Fig.12.

E(x) = a x3
+ bx2

+ cx + d (A1a)

x = h + hoff (A1b)

d = g + U f + goff + 0.04U (A1c)

Table A1. Variables and constants used to approximate the random
error in NERC MST radar horizontal winds with Eqs. (A1a–c).

E Standard error in horizontal
winds (m s−1)

h Observation height (km)
U Wind speed (m s−1)
a 1.10× 10−4

b 1.64× 10−3

c −4.17× 10−2

f 8.10× 10−3

g 3.70× 10−1

hoff Pre-renovation: 1.5
Post-renovation: 0

goff Pre-renovation: 1.02× 10−1

Post-renovation: 0
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