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1. INTRODUCTION

In addition to estimating precipitation, Doppler weather
radars are routinely used for measuring winds. The most
popular wind products are Velocity Azimuth Display (VAD)
providing a nearly horizontal intersection of wind field and
Velocity Volume Processing (VVP) which averages horizon-
tal wind at altitude ranges above the radar (Fig. 1).

However, perceiving actual wind field by visual inspec-
tion of VAD requires some experience. This is due to well-
known limitations of Doppler. Firstly, winds are projected
on the radar beam, hence reduced to one dimension. Sec-
ond, the observable speed range is limited by Nyquist veloc-
ity V. = AF/4 where X is the wavelength and F the pulse
repetition frequency of the radar. Values exceeding range
[-Vn, +V,] become hence wrapped around ie. aliased, ap-
pearing as abrupt jumps of +2V/, in data. These limitations
affect also computation of further products.
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FiG. 1: Conventional Doppler products.

Several algorithms for dealiasing Doppler data has been
suggested, for example based on cancelling velocity jumps in
areas of connected bins (Jing and Wiener, 1993). In this pa-
per, we present a solution for approximating two-dimensional
wind field from the azimuthal derivatives of aliased Doppler
winds. Our approach resembles that of Haase and Landelius
(2004), where measured wind and azimuth are mapped
on a torus and the best-matching order of aliasing is ob-
tained through differentialization. In our approach, the two-
dimensional wind is solved directly by inverting a matrix of
continuously accumulated differentials. We have used this
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kind of sliding window technique also earlier in detecting mo-
tion (Peura and Hohti, 2004) and birds (Peura and Koistinen,
2016) in radar.

2. THE PROPOSED METHOD

Essentially, our approach is based on observing changes in-
stead of absolute values of Doppler wind. First, consider
the Doppler fields of Fig. 2. For this illustration, synthe-
sised fields have been generated for a constant wind v (from
south-west). If the wind is within the Nyquist velocity range
[—Va, +V5], no aliasing takes place and the wind only gets
projected on radar beams, generating a single line of zero
speed area (white). For higher-velocity winds, projected
speeds will be aliased ie. wrapped around the Nyquist ve-
locity range. Crossings of the range appear as dark areas in
this illustration. New (faulty) zero speed lines will appear as
well. What is essential for the proposed algorithm, the az-
imuthal change rates in Doppler field reflect the magnitude
and direction of the true wind field.
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FiG. 2: Doppler fields of constant wind speed within (left)
and beyond (right) Nyquist velocity range.

Consider wind v = [u v]T observed with radar using a
low elevation angle. Let us model a radar beam at azimuthal
direction o as as unit vector b(a) = [cosa sina]™. (In low
elevation angles we can omit the vertical component.) Ob-
served wind v, is the component projected on the beam:

vp(a) = v'b(a) = ucos o + vsin o (1)

This is illustrated in Fig. 3. Next, consider the rate of the
observed beam-to-beam change in projected wind, here de-

noted as
vb(ag) - vb(al) _ A’L)b

s —aq T Ao’ @)
Notice that since azimuthal resolution A« is typically around
one degree, the changes of v, are small compared to
absolute values. Hence, crossing Nyquist velocity range
[—Va, +V5] in computing Awv, can be handled safely.
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FiG. 3:
angle a.

Observing change Aw, as a function of azimuth

In our approach, the basic idea is to match d against the
theoretical derivative of beam projected wind vy:

d"' (9'[)[,

~ — = —usina + vcosa (3)
O

A critical assumption is that the wind field be locally smooth.
Then, we can find wind v = [u v]" that best explains the
changes of beam-projected speed in a local window. Assume
Doppler measurements inside a window of m x n radar bins,
with range coordinates r;, i € {1,2,...,m} and azimuthal co-
ordinates «;, j € {1,2,...,n}. This is illustrated in Fig. 4.
Practically, we have noticed that the window should be az-
imuthally wide, some tens of degrees, whereas a couple of
kilometers in range are sufficient.

Fig. 4: A Doppler window 2 of m x n bins around bin
position vector p.

At each bin, this leads to solving a set of mxn equations,
in matrix form minimizing |e| in

di —sinaj cosag
da1 —sina; cosax
’ . U
di,2 — | —sinas cosas =d-Tv=e (4)
. v
da,2 —sin g Ccosas
dm,n —sinaw, cosay,
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where v = [u v]T is unknown. Its minimum squared-error
approximation is

v=(T"T)"'Td (5)

Rewriting the column vectors of T in (4) as T = [s c] we get
N STS STC -1 ST

V= [ c’s c'e } cT d (6)

which involves an inversion of a 2x2 matrix easily written out

. 1 cc —cTs s™d 7
V= (sTs)(cTc) — (cTs)2 | —c’s sTs cd |- )

Hence, this approximates original wind at a given radar
bin. However, if a radar sweep consists of M rays, each
having N range bins, and the computational window cov-
ers m rays and n range bins, the overall computational ef-
fort involves order of M x N x m x n steps — for example
500 - 360 - 90 - 5 =~ 8.000.000 operations — which is easily
unfeasible. Luckily, the computation can be accelerated, as
explained next.

3. SLIDING WINDOWS - SPEED THROUGH ACCUMULA-
TION

First, consider a simpler problem: smoothing image f of size
M x N with an averaging window 2 of size m xn. In the
smoothed image, each pixel is assigned the average intensity
flk,l) = i 52,22, f(k + 1,1+ ). If computational effort is
of no concern, the average could be computed over and over
in each pixel, resulting in M x N x m xn operations. On the
other hand, the average can be also computed cumulatively:
when the window is moved one step, one column of elements
is subtracted and one column is added in the sum, resulting
in MxN xn operations. This "pipeline” approach is illustrated
in Fig. 5.
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FiG. 5: In the sliding approach, traversing the m x n ele-
ments (left) are replaced with n subtractions and n additions
(right). Additions and subtractions are marked with & and ©,
respectively.

In addition to computing averages, all the statistics which
can derived from accumulated values are suited to pipeline
architecture. For example, also variance can be computed
using accumulated values as follows:
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One can design the computation such that the statistics
are initialialized only once, in the starting corner of image
traversal. This leads to forth-and-back row traversal illus-
trated in Fig. 6.
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FiG. 6: A sliding window (2 traverses each row (or column)
in the image once, reversing the direction at the image edges.
To minimize computational effort, a non-square (m # n) win-
dow should move shorter edge facing the main direction.

The solution for Doppler wind retrieval (7) involves five
summations that can be accumulated continuously: ¢’c, ¢’s,
sTs, s7d, and c'd. This means that sliding window technique
can be applied for solving v = [u v]™ quickly for each bin of a

radar sweep.
4. EXAMPLE

A result of the proposed (u, v) retrieval algorithm for a single
radar is shown in Fig. 7 (FMI Kuopio radar, 2017/06/12 16:00
UTC). The applied window size was 90 degrees (90 bins) and
5km (10 bins). The algorithm produces also a quality (cer-
tainty) measure of the retrieved field, defined as the deter-
minant of the matrix inversion: |TTT| = (s's)(c’c) — (cTs)?.
The quality is illustrated as opacity of arrows. Apparently,
the algorithm performs well in large areas but is sensitive to
noise in small areas. Also, far from radar the algorithm pro-
vides wind approximations of lower quality. This is probably
due to relatively larger area and hence, larger variability in
wind. On the other hand, wind vectors far from the radar can
be expected be larger as they originate from bins higher in
the atmosphere.

Further, the wind fields retrieved separately for all the
FMI radars have been composited using quality-weighted av-
erage. As input quality, determinant as well as fuzzy weight-
ing of height has been applied. The result is shown in Fig.
8.

5. CONCLUSIONS

We presented a fast wind retrieval method in which the ba-
sic idea is to find (u,v) that best explains the observed lo-
cal azimuthal speed change. The involved least-squares fit-
ting is computed in original polar coordinates using a two-
dimensional neighborhood window. The size of the window
should be relatively large in azimuthal direction, for exam-
ple 60 or 90 degrees, whereas rather small beam-directional
range, say 3-5 kms, seems sufficient.

Fig. 7: Original Doppler field (left) as well as the corre-
sponding retrieved wind field superposed on reflectivity of the
lowest (0.5°) elevation of FMI Kuopio radar on 2017/06/12
16:00 UTC.

The proposed method is rather insensitive to small
Nyquist velocities. The reason is in that also for strong winds
the observed changes of speed in azimuthal direction are
much smaller than the (unambiguous) speed range, hence
differences can be treated unaliased. However, the algo-
rithm fails in convective precipitation, as velocity field be-
comes noisy inside the sliding window.

This proposed quick computation of wind fields can be
utilized directly in meteorological image products as well as
in computation of extrapolation based forecasts.
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Fic. 8: Wind field v = [u v]* obtained as quality-weighted composite of wind fields solved separately for each radar.
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