Optimal level of time-averaging

What is the optimal level of time-averaging for radar-derived wind-profiles?
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1. Introduction

The (UK) Met Office currently assimilates wind-profile data from a number of European radars. The
quality of the data for an averaging period of 30 minutes can be comparable to that of radiosonde-derived
winds, i.e. with random measurement errors of up to a few m s~! (e.g. Dibbern et al., 2003). As ever-
increasing computing power allows numerical weather prediction models to be run at increasingly-high
resolutions, there is a corresponding need to increase the resolution of the assimilated data. However,
by reducing the period over which radar-derived wind-profiles are averaged, the effects of random mea-
surement errors will become more significant. This is demonstrated in the left panel of Figure 1, which
shows the root mean square (RMS) differences between the eastward wind components, derived from
Doppler Beam Swinging (DBS) observations made by the MST Radar at Aberystwyth, at adjacent times.
The RMS differences represent a combination of the random measurement error and of the natural de-
gree of variability of the wind. The latter is expected to increase with increasing time separation between
the estimates. Note that the RMS differences between wind components estimated from just a single
cycle of observation (orange line), i.e. at separations of 4.7 minutes, are considerably larger than those
estimated for 30 minute averages (blue line). This suggests that the variability between single cycle
estimates is dominated by the random measurement error. Moreover, as will be shown here, much of
this random measurement error can be attributed to geophysical effects which fundamentally limit the
accuracy of single cycle measurements.
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Figure 1: The results of statistical analyses which show (left panel) that the RMS difference between
wind components at adjacent times is greater for single cycle data than it is for 30 minute averaged
data, and (right panel) that the distribution of the full complementary-beam continuity factor is shifted
to larger values for the stratosphere compared to the troposphere.
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2. The Complementary-Beam Continuity Factor

The statistics shown in Figure 1 relate to observations made by the Aberystwyth MST Radar during the
period 1st July 2006 - 31st January 2007. Each cycle of observation followed an enhanced five-beam
sequence, i.e. one which includes dwells in the Vertical direction and at four off-vertical directions
which share the same zenith angle, 6, and which have azimuth angles, ¢, at intervals of 90°. The radial
velocity derived from the Vertical beam dwell is interpreted as representing the upward wind component,
w (the convention used here is for a positive radial velocity to represent motion away from the radar).
This allows the horizontal wind component along the azimuth of each of the off-vertical beams, v (),
to be inferred from its radial velocity, vg (6, ¢):

vr(0, ¢) —wcosb

sin 0

v (¢) =

The availability of complementary (off-vertical) beam pointing directions, i.e. those separated in az-
imuth by 180°, allows two quasi-independent estimates (albeit with opposite signs) to be made of the
horizontal wind component along each of two orthogonal azimuths. These are averaged in order to give
a single estimate along each of the two orthogonal azimuths. What is of particular interest here is the
use of the difference between the two estimates (after taking the change of sign into account) to give a
measure of the reliability of the averaged value. The complementary-beam continuity factor, Avgc (o),
is defined as:

ey

Avge(d) = vi(¢) +vu (o + 180°) 2

Attention will be confined here to the full complementary-beam continuity factor, Avgc(full), which
is defined as the root of the sum of the squares of the values for the two orthogonal azimuths.

The details of the enhanced five-beam sequence are as follows: NE6.0°, Vertical, SW6.0°, Vertical,
SE6.0°, Vertical, NW6.0°, Vertical, W4.2°, Vertical, Mesospheric-Vertical, Vertical. The names for off-
vertical beam directions represent first the azimuth and then the zenith angle. Each dwell represents
almost 21 s worth of observations made at 300 m range resolution, albeit sampled at 150 m intervals.
Note that every other dwell is in the Vertical direction, which provides estimates of the upward wind
component every 48 s (taking the 3 s gaps between dwells into account). This was originally introduced
for studies of convection, which can give rise to absolute changes in the upward wind in excess of 1 m
s~1 over this time scale (Hooper et al., 2005). Nevertheless, as will be demonstrated shortly, such an
observation strategy is desirable for regular wind-profiling activities. For each off-vertical beam dwell,
the upward wind velocity from the Vertical beam dwell which is closest to it in time is used in deriving
the corresponding horizontal wind component. Note that complementary (6° off-vertical) beams are
grouped together, albeit separated by a single Vertical beam observation. The total cycle time was 4
minutes 43 s.

The right panel of Figure 1 shows the probability distributions of Avge(full) values for single cycle
data at tropospheric (orange line) and stratospheric (blue line) altitudes. The altitude of the tropopause,
which is predominantly between 8.0 and 12.5 km, is derived from the profile of Vertical beam signal
power. Values of Avgc(full) are calculated only where all four 6° off-vertical beam observations have
passed radial- and time-continuity quality control tests, as described by Hooper et al. (2008). Never-
theless, values in excess of 10 m s~! occur for a significant proportion of the time. Such large values
are inconsistent with the fundamental DBS assumption of the wind field being stationary over the time
scale required to make a full cycle of observation and over the horizontal scale separating the different
radar observation volumes.

It seems likely that discrepancies between complementary-beam estimates of a horizontal wind compo-
nent are primarily caused by variations in the upward wind over the time scale separating the dwells.
Atmospheric oscillations which are close to the Brunt-Viisild period (around 10 minutes in the tropo-
sphere and around 5 minutes in the lower stratosphere) are predominantly evident in the vertical direc-
tion. However, it is possible that some apparent variations are caused by roughness in the nominally-
horizontal scattering layers and are not related to changes in the upward velocity. Moreover, actual
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Figure 2: Examples of enhancements in the value of the full complementary-beam continuity factor

associated with (upper panels) turbulent layers, and (lower panels) mountain wave activity.

variations in the horizontal wind, e.g. caused by turbulent motions (which will be evident at time scales
of less than the Brunt-Viisild period), cannot be ruled out as a cause.

3. Case Studies Of Reduced Complementary-Beam Continuity

The top panel of Figure 2 shows the (single cycle) values of Avg e (full) for a day characterised by low
wind speeds (< 10 m s~!) over most of the troposphere. There is a weak background of upward wind
velocity activity (not shown), which is typical at Aberystwyth owing to its close proximity to mountains.
Enhanced values of Avgc(full), at altitudes of around 3 and 4, clearly correspond to enhanced values
of the beam-broadening-corrected (Vertical beam) spectral width (second panel). The expectation that
these layers are turbulent is supported by the the accompanying large values of vertical wind shear (not
shown). Correlations between large values of Avgc(full) and large values of corrected spectral width
have been seen in a number of similar situations.

The lower two panels of Figure 2 relate to a day characterised by moderate mountain wave activity. It
can be seen that enhanced values of Avgc(full) (third panel) are more-widely-spread in the tropo-
sphere than they are in the first case study (top panel). Moreover they become particularly prevalent in
the lower stratosphere after 12:00 UT, when the amplitude of the upward wind velocity activity (bottom
panel) becomes well-established at these altitudes. Enhanced values of Avge(full) are commonly as-
sociated with mountain wave activity. However they are not obviously correlated with any particular
characteristic of the waves, e.g. their amplitude, their apparent period of oscillation, or their phase.

The probability distributions shown in the right panel of Figure 1 indicate that, unsurprisingly, large
values of Avgc(full) are more common in the stratosphere than in the troposphere. Complementary-
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beam observation volumes for a zenith angle of 6.0° are separated by a horizontal distance of only 1 km
at an altitude of 5 km but by over 3 km at an altitude of 15 km. Consequently there is greater potential
for spatial variations in the three-dimensional wind field to become apparent in the stratosphere. The
horizontal wavelength of convectively-generated gravity waves can be just 10 km (e.g. Hauf, 1993) and
that of mountain waves tends to be just a few 10s of km. Moreover, the the Brunt-Viiséld period ap-
proaches the interval encompassing two complementary beam dwells (1 minute 13 s) much more closely
in the stratosphere (5 minutes) than it does in the troposphere (10 minutes).

4. Discussion and Conclusions

The short-term variations between upward wind components are expected to be more-reliable than those
between horizontal wind components. This is partly owing to the fact, mentioned above, that the highest-
frequency oscillations are predominantly in the vertical direction. Moreover, the upward wind compo-
nents are derived from observations made during a single dwell. This minimises the potential for the
measurements to be affected by spatial or temporal variations in the three-dimensional wind field. Nev-
ertheless, no attempt has yet been made to fully exploit the availability of the Vertical beam observations
at every other dwell (i.e. at intervals of 48 s) in the Aberystwyth dataset. For example, a test needs to be
made as to how the values of the complementary-beam continuity factor will vary if the upward wind
values used to derive horizontal wind components are not taken from a Vertical beam dwell which is
adjacent in time to the off-verical beam dwells. Data from a recent set of special observations, during
April 2009, suggest that they will increase. However, this was based on a comparison between 150 m
resolution observations, which followed the dwell sequence described in Section 2, and 300 m resolu-
tion observations, which made use of a restricted 5-beam sequence for which only a single Vertical beam
dwell was available. Incidentally, Met Office monthly model-comparison statistics for April 2009 (see
“The diagnosis of a range gating problem suffered by the Aberystwyth MST Radar” on pages 123-126
of these proceedings for more details about the use of such statistics) do not suggest any degradation
in the quality of the 30 minute averages of the 300 m resolution data. This is in spite of the fact that
only 3 single cycle wind-profiles were available for each 30 minute period, as opposed to 6 for standard
observations.

In conclusion, geophysical phenomena, including mountain wave activity and turbulence, can reduce
the reliability of single DBS cycle wind-profile estimates. The optimal level of time averaging needed
to minimise the random measurement error remains to be determined.
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