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Abstract. Although methods of using multiple Doppler a Doppler radar can provide high resolution information on
radars to study wind fields have long been proposed, andhe wind speed over a wide coverage area, it also suffers from
many research studies have been made, very few operationakveral draw-backs. The first draw-back is the so-called ve-
radar operators adopt methods which require the use of spdecity ambiguity dilemma where one has to compromise un-
cific scanning strategies to allow the extraction of wind in- ambiguous velocity resolution for a longer scanning range or
formation. Here we report a collaborative study on dual-vice-versa. The second draw-back is that Doppler measure-
Doppler radars based on two Doppler radars in the Po valments only provide one out of three components of the wind
ley, Italy. Unusually, the radars are only about 90 km apart,field. Various techniques (s&hapiro et al.1995 Laroche
though operated by the same authority. The wind field syn-and Zawadzki1994 Lhermitte 1970 have been developed
theses are carried out on a 30km by 30km region wherdo address these draw-backs; multiple Doppler wind retrieval
the two radars have overlapping scan coverage. An iterais one of the techniques.

tive method based on the linear wind model and the equation The studies presented in this paper are part of the Work
of mass continuity is used to construct the wind fields. ThePackage 2 of the EU Carpe Diem project. At present, many
methodology has been validated by two different methods.operational weather radars in Europe are capable of measur-
The first method is to reconstruct the radial wind observeding Doppler wind data. The objective of Work Package 2
by each radar, and the second method is calculating and confwP2) of the Carpe Diem project was to increase the ex-
paring the along-track component with that derived from theploitation of the Doppler data by two different strategies:
observations. Both two comparisons show good agreementl) direct extraction of wind information from Doppler data,
with the original data. and (2) Generation of a superobservation product from the
Doppler data and its incorporation into a numerical weather
prediction (NWP) modell{indskog et al. 2004. This pa-

per is concerned with the direct wind information extraction.
The study of the superobservation product and the integration

Doppler weather radars are very important instruments inﬁ;;hgevggn?ezgizg g];;)agin;igcﬂr\:‘éﬁt&zg ([))L;edwtmn madel

precipitation nowcasting, and can provide important input to )
There has been one previous attempt to use data from two

numerical forecasting models. Much of the precipitation es- s ) . .
timations used in weather forecasting rely on the reflectivity EUropean weather service radars to derive horizontal wind
measurements of weather radars. Doppler radars not on|§;elds. This was a study using the radars at San Pietro Capofi-

can provide the necessary reflectivity data but also measurdMe and Teolo byvatson(1999. However, the study was
the radial Doppler velocities of the hydrometeors in the at-N@mpered by the fact that the radars were not synchronized,
mosphere. The Doppler velocity data provide valuable in-2nd by the topographical factors.

formation on the speed of the hydrometeors, and thus the !N this study, we use data from two Doppler radars oper-
wind speed (by assuming the hydrometeors move with theéited by the same weather service, with synchronised scan-

wind), for use in numerical weather prediction. Although ning strategy, to derive the wind field. Both are located in a
flat terrain, which makes some low level observations easy.

Correspondence tdA. R. Holt We demonstrate that one component of the wind field can
(anthony@essex.ac.uk) be derived without the use of the continuity equation. We

1 Introduction
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multiple-Doppler wind retrieval would be an area with over-
lapping coverage from all the participating radars and free
from beam blockage. The retrieval area should be away
from the straight line connecting any two radars otherwise
both radars would essentially be reading the same informa-
tion, that is the same wind component but in the opposite
directions. The altitude difference of different radars is cru-
cial for determining the lowest elevation angle that can be
:é, e used in the retrieval process. The terrain also influences the
Capofiume choice of boundary condition to be used in dual-Doppler

. analysis. A flat terrain allows the use of a lower boundary
condition Chong et al.200Q Wuest et al. 1999 in dual-
Doppler analysis since the vertical velocity on the ground can
be assumed to be zero. On the other hand, in a mountainous
Fig. 1. Terrain topography of the region close to the radars. Twoterrain, one has to resort to using the atmospheric bound-
radars in the lower part of the figure are the GAT (Gattatico) and theary layer as an upper boundary conditiofatson 1996.

SPC (San Pietro Capofiume) radars. The distance between the twbhe process of identifying the boundary layer usually is not
radars, that represented by the straight line, is approximately 89 kmstraight forward.

The third radar, TEO, is located at a higher altitude on the mountain - From the map in Figl, the ideal retrieval area will be

of Monte Grande. the flat plane to the north of the line connecting the GAT
and SPC radars. The area to the south of the line connect-

show that it is in good agreement with the component of the'N9 lthe GlAT a_nd SPC radars is not :ge;ll forkthe af‘ﬁ'ys's r?s
calculated wind field vector, thus providing a partial verifica- "0 'OW €levation measurement could be taken without the

tion of the retrieval. We give examples in both stratiform and mﬂuence of clutter af‘d it would b.e too re”.“’te from another
convective conditions. third radar. The possible useful third radar is from the ARPA-

Veneto Teolo, TEO (421'46” N, 11°4025’ E ) radar which

is located near Monte Grande. The TEO radar, together
2 Po Valley, Italy with GAT and SPC, form a triangle with sides approximately

112 km, 89 km, and 80 km. The TEO radar is potentially
The eastern Po valley region can experience severe conveaseful for the purpose of checking dual Doppler wind fields
tive storms and this region has one of the best weather radahat were generated by GAT and SPC radar data, and pos-
coverage in Europe. The two radars used in this study belongibly performing triple Doppler analysis. Unfortunately, to
to ARPA-SIM (previously known as SMR), the Civil De- date, we have not had sufficient data for these purposes, and
fence Agency of the Emilia-Romagna region. One is locatedthis work is left for a future publication.
at San Pietro Capofiume, SPC {3917’ N, 11°3725"E)
and the other at Gattatico, GAT (#4%7'30" N, 10°30'30" E). o
Both the GAT and the SPC radars are synchronised and ems  Data gridding

ploy the same scanning'strategy. The set of scans is repeaterq]e raw data from the ARPA-SIM radars is measured in po-
every 15min, and consists of 3 different volume scans: (1)Iar coordinates. It is usually easier to convert the raw data

4min and 4 different elevation angles dual PRF scan, (Z)i to Cartesian coordinates when performing dual Doppler
8 min and 15 different elevation angles single PRF scan, and . P 9 pp

. ) . wind analysis. We used a simple algorithm to convert the
(8) 3min and 5 different elevation angles long range (non_data' the chosen area is divided into rectangular grid, with
Doppler) scan. We have used mainly the dual PRF Doppler =" 9 gne,

Data to perform the wind retrieval to avoid the aliasing prob- each cell in the grid having dimension of 0.5 ki@.5 km.
)P . , . gp Then, individual pixels (bins) from the radar data which fall
lem, since the unambiguous velocity range—id9 m/s to

. . inside the grid cell are identified. Each Cartesian cell is as-
+49 m/s. However, the analysis could be extended to single . : S :
X . . S{gned the value of the bin falling into that particular cell. If
PRF scans if the proper pre-processing has been carried ol . : .
) more than one bin fall into the same cell, the value of cell is
(seeBergen and Albersl988 Haase and Landeliu2004). . Y
: the average of those of the bins. Fig@&é an example of
The gate size of the radar beams for both ARPA-SIM radarst S : .
. . : . he data conversion, it shows that the conversion retains most
varies for different volume scans. It is 250 m in dual PRF of the features of the orainal data
scan mode, 125 m for the single PRF scan and 1000 m in the 9 '
long range scan.
The terrain height in the region of the radar sites is
an important factor in determining the area for perform-

ing multiple-Doppler wind retrieval. A suitable area for

Gaﬂaﬁ;\
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4 Wind extraction

Dual Doppler wind retrieval is achieved by solving the stan-
dard linear wind field model coupled with the equation of
mass continuity

Fi - v = u Sin@; COS¢; + v COS; COSP; + w Sing;
=v, —Sing;W, =V;, i=12 (1)

ap
ot

where, r;=sina; COSg;i+ CoSa; COSP; j+ Sing;k is the <30
unit vector of the direction of ray from theé-th radar; <05
v(r)=(u, v, w) is the wind vector at the location with u, =s0s
v andw as the three Cartesian componentss the azimuth Eed
angle clockwise from the north anrfdis the elevation angle; .

+ V- (pv) =0, 2

vy, is the Doppler velocity measured lxth radar;V; is the
component of the wind vector towards the radar; &nds
the terminal fall velocity of the scatterers.

We have used an iterative method to solve the equation§&ig. 2. Example of the output from the data gridding algoritha).
and the method will be outlined here. A more detailed dis-and(c) show the section of PPI displays of the raw Doppler radial
cussion of the method can be foundDowell and Shapiro  Velocity data in the retrieval areqb) and(d) show the same PPI
(2003, andGoh and Hol{(2004). First, Eq. () is rearranged ~ Sections after applying the gridding procedure .
so that now the horizontal wind components are linear func-
tions of the vertical wind component.

We have used the raw data from the both SPC and GAT
u=A+ Bw, 3) radars to construct the wind field. The data was obtained
from dual PRF scans which reduced the aliasing ambiguity
problem. We have gridded the data into 4 horizontal layers
v=C+ Duw. (4) with each layer separated by 0.9 km vertical spacing. Each

layer is gridded into Bx 0.5 km?. Hence the resulting wind
The parameterd, B, C and D (Dowell and Shapirp2003  field is a three-dimensional wind field on a §.6.5x 0.9 kn?

depend on the azimuth angle, elevation angle and radiagrid. Some of the retrieved wind fields are shown in the fol-
Doppler wind measured from radars. Then, E).i§ dis- lowing section.

cretised to give

and

I'Az I'Az
1+ W= 1- o Wk 5 Dual Doppler wind fields
a a . ' .
— (a_” + a—v> Az, (5) We now show some examples of the wind fields retrieved
X y

by our method. Fig3 shows the Doppler velocity PPI at
where the subscrigt indicates the number of iterations, and SPC on 9 September 2003 at.4°lelevation angle. For both
I'=d(In p)/dz is the logarithmic vertical pressure variation, radars, a positive Doppler radial velocity means that the wind
and it is set to-0.0001 nT! (Dowell and Shapirp2003. component is directetbwardsthe radar. The square box in
The boundary conditions used in our calculation assume€ig. 3 is the chosen area for dual Doppler wind retrieval.
the vertical component of the wind on the ground to be zero. A common practice in extracting wind information from
Then, Eq. ) is integrated from bottom to top. The reasons Doppler data is to use a Velocity Azimuth Diagram, VAD
we use the lower boundary condition are threefold. Firstly, (Lhermitte 1970. A low-elevation VAD diagram will look
we would like to use the dual PRF scans which have theike a sine curve if the wind field is uniform. However, the
Nyquist velocity of 49 m/s to avoid aliasing problem, and VAD method can be difficult to interpret for a non-uniform
the dual PRF scans usually are lower than the atmospheriwind field condition, such as in our case here. The VAD
boundary layer. Secondly, obtaining the upper boundarydiagrams for both SPC and GAT radars are shown in#ig.
layer is not always straight forward. Thirdly, usually the Both VAD diagrams have the same range (58 km) which is
wind is stronger higher in the atmosphere, and integrationrapproximately equal to the distances from the radars to the
from a strong wind higher atmospheric region to weak wind centre of the box. The erratic VAD curves sugguest that the
lower atmospheric region is often problematic. wind field is not uniform in this region.

www.nat-hazards-earth-syst-sci.net/6/285/2006/ Nat. Hazards Earth Syst. Sci., 2ZH06
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Fig. 3. Doppler velocity PPI picture of SPC radar at the elevation angle45f(® September 2003, 13:15h). The two ends of the straight
line are the locations of the two radars used for dual-Doppler wind analysis. The retrieval area is shown by the square box.
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Dual Doppler wind retrieval does not rely on the uniform
wind field assumption and it can be very useful in this situa-
tion. Figure5 shows the horizontal wind field extracted from
the ARPA-SIM radar dataset by a dual Doppler wind anal-
ysis. The extracted wind field is three-dimensional, Eig.
only shows the horizontal cross section at a height of 2.3 km.
Another horizontal cross section of the wind field at different
height is shown in Figb. We can clearly see the wind is in a
westerly direction at the south of the retrieval area and even-
tually turns to a north-west direction in the north. The inserts
in Fig. 5 are the PPIs from the gridded Doppler velocity data
in the retrieval area.

Figures6 and7 show the vertical as well as the horizon-
tal cross sections of the wind field constructed from dual-
Doppler wind analysis for two different days. From F&j.
the vertical movement of the hydrometeors is not obvious.
The general trend of the wind motion is directed towards the

Fig. 4. Figure shows the VAD diagram of the GAT and SPC radars NOrth. On the other hand, Fig. shows a convective case.

(9 September 2003, 13:15 h, elevation angf#& )L The VAD curves

The horizontal cross section shows that the convective circu-

are far from being similar to sine curves, which shows that the wind-lation at the lower centre part of the figure. The correspond-

field is not uniform.

Nat. Hazards Earth Syst. Sci., 6, 2&94, 2006

ing vertical cross section of the wind field shows an active
up draft motion in the centre of the figure. For the stratiform
part, the wind field is generally moving to the South.

www.nat-hazards-earth-syst-sci.net/6/285/2006/
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Fig. 5. Horizontal cross section of the wind field constructed from dual-Doppler wind analysis at one height (9 September 2003, 13:15h).
The centre vector field represents the wind field direction and the back ground colour represents the magnitude of the wind speed. The two
small figures on right hand side are the gridded Doppler wind data from GAT and SPC.
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Fig. 7. Horizontal and vertical wind field cross sections constructed
Fig. 6. Horizontal and vertical wind field cross sections constructed rom dual-Doppler wind analysis. The date of the radar data is 31
from dual-Doppler wind analysis (9 September 2003, 13:15 h) TheJuly 2003 at 17:30h. The horizontal cross section (top) is taken
horizontal cross section (top) is taken at a height of 1.4 km. The@t @ height of 1.4 km. The vertical cross section (bottom) is taken
vertical cross section (bottom) is taken across the North-south diAcross the North-south direction and passes through the centre of
rection and passes through the centre of the retrieval area. The fiell® retrieval area. The field arrows in the figures are normalised to
arrows in the figures are normalised to unity for clarity. It is clear Unity for clarity. The vertical cross section of the wind field shows
that the wind field is stratiform since there is only slight vertical active vertical up draftin the region betwee0 km to 5 km, while
movement. the horizontal cross section shows that the wind field is a convective

wind field.
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(s () provide us with a measure of how well it fits the radar mea-
surements.

To obtain the along-track component, let us assume that
both radars are looking at the same point and the displace-
15 ments vectors from the radars are denotedrpyand ry,

and the displacement from first radar to second radar is

20

1o rio=r1—ro. Thus,
§ v-ri2 = Vilri| — Valral. (6)
0 m/s The the radial velocity terms on right hand side of E).can
() (e .
- - < be obtained from the two Doppler radar measurement. On
i F the other hand, we could use the wind vector derived from
10 dual-Doppler analysis to calculate the left hand side expres-
sion. The difference between the left hand side and right
. B <13 hand side of the equation can be used as a indicator of how
' I a0 well the extracted wind field fit the data. Thus we defined the
B Be relative AT deviation from observation as
A verip—Valri| + Valra| )
Fig. 8. Figures show the comparison of PPI pictures using recon-|y||ris| [v]|712]

struction method.(a) PPl showing the gridded data of the GAT . .

radar.(b) PP reconstructed from dual Doppler wind-field aswould ~ Figure9a shows an example of the magnitude of the rel-

be seen from the GAT radatc) PPI showing the gridded data of ~ative difference between the along-track component derived

the SPC radar(d) PPI reconstructed from dual Doppler wind-field from radar data (Figb) and the along-track component cal-

as would be seen from the SPC radar. The data was taken at 13:15¢ulated from the wind field obtained from dual-Doppler anal-

on 9 September 2003. ysis (Fig.9c). From the colour scale, the maximum relative
difference is estimated to be approximately 1%.

Once we have constructed the wind field, the next task is
to validate it. Since there is no independent measuremen

of the wind velocity vector in the same region, we have to

. ) e have shown that it is possible to extract useful wind in-
make use of the available radar data to verify the extracte ormation from two spatially separated operational Doppler
wind-field. We used two different validation methods. First, P Y Sep P P

L radars. We have successfully analysed many datasets from
after the wind-field is extracted, we can re-calculate the ra- . ;
. . ARPA-SIM, by using the normal VAD technique, by our
dial component of the wind vector as seen from the radar ;
. o . dual-Doppler analysis, and by our newly developed along-
by performing a vector projection and comparing the result .
4 . track method. Our research has shown that we can obtain
with the Doppler wind that was measured by the radar. An-

other method of validating the wind field is by calculating a better d'escr|pt|.on of the wind field in the limited study
: area than is provided by the VAD method. For example we
the along-track component of the wind vector.

) ) ) have been able to derive not only the horizontal component
Figure8 shows the comparison of the gridded PPI data andyt the wind, but also its component in a vertical plane. De-

the reconstructed PPIs of the radial winds toward the radarsgjieq wind field information should be very beneficial both

Figure8a is the gridded PPI data for GAT radar and BG. ¢4 howeasting in convective storms, and for research in at-

is the corresponding reconstructed PPI. Similarily, F&s. mospheric processes and forecasting.

and d are the corresponding gridded I_DPI and reconstructed e validation of the analysis methodology has been rigor-

PPI for SPC radar. We can see there is excellent agreemenf;s \we have used different procedures to check the derived

between the gridded data and the recontructed picture. i fields and all indicate that the outcomes are indeed ac-
curate. We checked the convergence factor in our iterative al-
gorithm to ensure that there is no accumulation of errors. We

6 Along-track (AT) components method predicted and reconstructed PPI pictures from the extracted
wind-field, and then compared with observations. We also

It is always possible to unambiguously determine the windfound that the deviation of the along-track component of ex-

component along the line connecting two Doppler radars. Weracted wind field from the observation is negligible.

have called this the along-track (AT) component. This along-

track component of the wind vector can be used to compare

with the wind field extracted from dual-Doppler analysis and

Conclusions

Nat. Hazards Earth Syst. Sci., 6, 2884, 2006 www.nat-hazards-earth-syst-sci.net/6/285/2006/
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Fig. 9. Figures show the along-track validation meth¢a). The relative difference of the along-track component derived from two different
methods.(b) Normalised along-track component calculated from gridded daj@ormalised along-track component calculated from the
extracted wind field. Note that all quantities here are dimensionless quantities.
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