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The fit of Doppler radar radial winds with the NWP model
counterpart

K. Salonen and H. BArvinen
Finnish Meteorological Institute, Meteorological Research, P.O. Box 503, 00101 Helsinki, Finland

Abstract. An observation operator for Doppler radar ra- Remote sensing observations are usually not directly re-
dial winds has been developed. It transforms the numeri{ated to the NWP model variables and some processing meth-
cal weather prediction (NWP) model wind vector from the ods must be used before presenting the data to the NWP
model space to the observation space corresponding to thmodel. With the Velocity Azimuth Display (VAD) technique
observed quantity. Resolution of the Doppler radar radial(Browning and Wexler, 1968) vertical profile of horizontal
raw wind observations is typically higher than the resolutionwinds can be obtained from the raw radar wind data. As-
of NWP models and some preprocessing is necessary for datimilation of the VAD wind profiles is straightforward with
assimilation. One possible preprocessing method is to generarious data assimilation methods, for example with optimal
ate spatial averages, superobservations (SOs), from the raimterpolation or variational data assimilation. Another possi-
radial wind data. In this article, the fit of SOs generated with ble processing method is to generate radial wind superobser-
varying spatial averaging with the NWP model counterpartvations (SOs) with spatial averaging from the raw data. SOs
is studied. Model experiments indicate that SOs generatedre smoother than the raw data and represent a prescribed
with 10-15 km resolution fit the best the model counterpartspatial scale. Direct data assimilation of SOs is possible with
when the model resolution is 22 km. variational data assimilation where a model counterpart for
the observation is calculated with the so called observation
operator. Observation operator transforms the model wind
vector from the model space to the observation space corre-
sponding to the observed quantity, that is, from modehd

v components to radial wind, in our case.

1 Introduction

Limited area numerical weather prediction (NWP) models The aim ofth K ted in this article is to define th
focus more and more on very high resolution (kilometric € aim ot In€ work presented In this article 1S to detine the

scale) and on forecasting of extreme weather events, Iiké)pt”_nal resolution for th‘.a S.OS from the NWP model point
heavy precipitation and strong winds. Thus, high resolu_of view. The hyphothe5|s_ is that SOs should not represent
tion observations are needed to determine the initial state of°° dm:JCCh) srtr;]all Stf]aleﬁ wrélc?hare '.th resolvedtby the f(t)r:ecast
the model. Radar wind observations are extremely usefy[NCAE!. O the otherhand, there IS no sense o smooth away
in forecasting rapidly developing mesoscale phenomena. Iﬁ;l" the non-linear information that simple processing to wind

these scales the geostrophical adjustment is weak and Winerct)fll_est_ doe?.DSecltlon Zd of thg}_ ?rtlc_:lz dsegcrlblss thel (i_har-
observations are the most important source of informationco o >tCS O DOPPIET radar radial win oS- rormuation
nd evaluation of the observation operator is given in Sect. 3

when determining the state of the atmosphere. The Europeagnd defining the optimal resolution for the SOs is discussed
Doppler radar network has been rapidly expanding during re- o ) :
bp PICly Exb g g n Sect. 4. The article is concluded by a brief summary in

cent years. In many countries, like Finland and Sweden, thé
radar network has an excellent geographical coverage angeCt' 5

Doppler radars provide wind observations with good tempo-

ral and spatial resolution. A 10-day assimilation and forecast )
experiment (Lindskog et al., 2004) indicates that the use o2 Superobservations
radar wind data has positive impact on wind and temperature

forecasts in the low and middle troposphere. The horizontal resolution of the Doppler radar radial wind
raw data is around one kilometer whereas the typical reso-
Correspondence tdK. Salonen lution of a mesoscale NWP model is still of the order of ten

(Kirsti.Salonen@fmi.fi) kilometers. Doppler radar wind observations thus represent
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Fig. 1. An example of the Doppler radar radial wind raw data (a) Fig. 2. An illustration of the radar beam broadening witA 1

and superobservations generated through horizontal averaging witbeamwidth (shaded area), upper limit for the Gaussian averaging

10 km resolution (b), 20 km resolution (c) and 30 km resolution (d). kernel (dashed line) and shapes of the weight function with mea-
surement ranges of 50km and 150 km. The radar beam elevation
angle is 0.5.

partly phenomena which are not resolved by the NWP model3  Observation operator for Doppler radar radial winds
Calculating spatial averages from the raw data decreases thj
representativeness error. The processing software for supe

observation generation has been developed as an extensi%e analysis method used in High Resolution Limited Area
to the Radar Analysis and Visualization Environment RAVE Model (HIRLAM) reference system (Unden et al., 2002) is
(Michelson, 1999). 3-dimensional variational assimilation (3D-Var) (Gustafsson

o ) ) et al., 2001, Linskog et al., 2001). 3D-var is based on mini-
The SO generation is based on horizontal averaging. Th?nizing the cost function

desired resolution for the SO can be defined with two pa-

rameters, range bin spacing and the angle between the outr _ I+ J, = }(x —x®)TBL(x — xP)

put azimuth gates. For example SOs generated with parame- 2

ters 10 km and 3represent approximately 10 km resolution. i Tp—1n,

Near the radar the raw polar data used in the averaging is + 2(y )Ry = H). @
selected from the area limited by the arc distance of the two;, measures the distance of the model state the model
adjacent output azimuth gates. After the arc distance exceedéackground state® andJ, to the observationgrespectively.
the value of range bin spacing, range bin spacing defines the;ch source of information is weighted according to its error
data selection area. With this approach fewer polar bins in¢oyariance matrixB for the model background state aRd
fluence on SO near the radar than with longer measuremeny the observations. Observation operakbiproduces the
ranges and averaging of radial winds with significantly dif- ,qdel counterpart of the observed quantity.

ferent directions is avoided. More details about the SO gen- The formulation of the observation operator for the

eration can be found in Lindskog et al. (2004). Doppler radar radial winds (Salonen et al., 2003) involves

.1 Observation operator formulation

Figure 1 shows raw polar data and SOs with 10 km, 20 km 1. Horizontal and vertical interpolation of the NWP model
and 30 km resolutions. Between the azimuth anglésarl wind components andv to the observation location.
240 the radar radial wind is mainly negative, i.e. towards
the radar, while elsewhere the radial wind is mainly posi-
tive. Some local discontinuities can be seen in the raw polar
data. These outlying data are likely due to radar echoes from
non-meteorological targets, such as birds or ships, or aliased The broadening of the radar beam is modelled by using
wind observations. After horizontal averaging the wind field Gaussian averaging kernel in the vertical interpolation in-
is smoother and the local discontinuities have vanished. Withstead of linear interpolation. Figure 2 displays the beam
30 km resolution most of the variability of the real wind field broadening and examples of the vertical averaging kernel at
is also smoothed, which is of course not desirable. ranges of 50km and 150 km. The obscuring effect of the

2. Projection of the interpolated NWP model horizontal
wind towards the radar, and finally on the slanted di-
rection of the radar beam.
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Fig. 3. Mean (upper panel) and rms (lower panel) difference be-Fig. 4. Percentage of observations for which the difference of ob-
tween 15 km resolution SOs and the model counterpart as a functiogervation height calculated @-Iaw and as calculated with the
of range. The observation operator with linear interpolation in ver- Snell's law is more than 100 m (black), 200 m (dark gray), 300 m
tical, with Gaussian averaging kernel, and with Gaussian averaginglight gray) and 400 m (white) at different measurement ranges.
kernel and the the Snell’s law are denoted by solid line, dashed line

and dash-dotted line respectively.

radar horizon is taken into account by assuming a radar horiH/IRLAM model background state which is a 6-hour fore-
zon of @ elevation angle, below which the model informa- cast. The model resolution is 22 km on 40 vertical levels.
tion is not used. This lower limit of the averaging kernel is

denoted by the lower limit of the shaded region in Fig. 2. . s and the model counterpart are shown in Fig. 3 as
An empirical upper integration limit is set to 1.5 times the a function of range. The mean difference is negative up to
beamwidth (Koistinen, 2003). This is based on the fact thatmeasurement range of 40 km, but with longer measurement
the radar reflectivity usually decreases rapidly above tha?anges the observed wind is ’stronger than the model coun-
height. The ubper Iimit for the averaging kemel is denOtedterpart. In terms of mean difference, observation operators
by a dashed line in Fig. 2. taking into account the broadening (gauss), or the broaden-

Radar beam bending is taken into account by applying theng and the bending (snell) of the radar beam perform slightly

Snell's law. The local refraction index is calculated from the petter. The rms difference is the smallest for the observation
NWP model temperature and humidity profiles for model gperator using linear interpolation in vertical.

levels assuming horizontal homogeneity between the mea-

surement and the radar location. The calculated effective el- Accounting for the beam bending in the observation opera-
evation angle is used in the projection of the horizontal windtor has animpact on the elevation angle used in the projection
on the slanted direction of the radar beam. This approacl®f the model wind vector and on the observation height. Fig-
modifies also the observation height from the value obtainedire 4 shows the percentage of the observations where the dif-

by applying the‘g‘r-law (Doviak and Zrnic, 1993). ference between the observation height as calculat%kby
law (provided by the RAVE software) and as calculated by

the Snell’s law is more than 100 m, 200 m, 300 m and 400 m,
respectively.

The mean and root-mean-square (rms) difference between

3.2 Observation operator evaluation

A two-week experiment (1 to 14 June 1999) has been per- With measurement ranges 52.5-112.5 km 25-30% of the
formed to evaluate the accuracy of the observation operatobservations exceed the value 200 m. It is more common that
Radar wind observations are from the Swedish radar networkhe observation height given by t@r—law is higher than
where the unambiguous velocity intervalds18 m/s. SOs the observation height calculated with the Snell’s law, i.e.
generated with 15km resolution have been used in the exthe bending of the radar beam is stronger than in the nor-
periment. The observation operator assumes that the projeenal conditions (ICAO standard atmosphere). Only in 0.1—
tion of the vertical velocity on the radar beam is negligible. 0.4% of the cases the height calculated with the Snell’'s law
This implies that the observation operator is applicable foris over 200 m higher than the height provided by RAVE.
assimilation of radar data only with low elevation angles. In The difference between the observation heights is over 400 m
the following results elevation angles 0,4.3° and 2.4 are  for approximately 1% of the observations with measurement
considered. The model counterpart is calculated from theaanges longer than 97.5 km.
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Fig. 5. Mean (upper panel) and rms (lower panel) difference be-Fig. 6. Mean (upper panel) and rms (lower panel) difference be-

tween the Sos and the model counterpart as a function of SO resaween the SOs generated with 5 km (solid line), 15 km (dashed line)

lution. and 30 km (dash-dotted line) and the model counterpart as a func-
tion of measurement range.

4 Optimal SO resolution

wind field variations which are not represented in the 22 km
A set of two week experiments has been performed to study.qjution model.

the fit of the SOs generated with different resolutions to the
model counterpart. SOs are generated with 5km, 10km,
15km, 20km, 24km and 30km resolutions. The model5 Summary
counterpart is calculated using the observation operator ac-

counting for the broadening and the bending of the radarAn observation operator for the Doppler radar radial winds
beam. The model resolution is again 22km on 40 verticalhas been developed and tested for the HIRLAM 3D-Var.

levels. Model experiments reveal that in terms of mean difference
Figure 5 shows the mean and the rms difference betweeRetween the SO and model counterpart, observation opera-
the SOs and the model counterpart as a function of SO redlor using Gaussian averaging kernel and the Snell’s law per-
olution. In general, the mean difference is always positive, forms the best. It is typical that the observation height calcu-
i.e. the observed wind is stronger than the model wind. Thdated with the Snell's law is lower than the observation height
mean difference is smallest for the SO resolution of 15 km.given by the3r-law.
The variation in rms difference is quite small for SOs gener- Model experlments with 22km resolution HIRLAM
ated with 10-24 km resolutions and the minimum is attainedmodel indicate that among a range of SO resolutions the SOs
with 20 km resolution. SOs generated with 5km resolution generated with 10-15 km resolution have the best fit with the
have the largest rms difference and also the mean differencgodel background. With 5km resolution, especially with

is nearly twice as large as the mean difference for 10 km ofmeasurement ranges less than 60 km, the rms difference be-
15 km resolution SOs. tween SOs and the model counterpart is significantly larger

Figure 6 displays the mean and the rms difference aghan for SOs with coarser resolution. Possible reasons for
a function of measurement range for SO resolutions 5km¢his are that 5km resolution SOs represent partly phenom-
15 km and 30 km. The mean difference is generally small forena which are not resolved by the forecast model, and with
all resolutions, and tend to be the largest around 80 km meashort measurement ranges the local discontinuities are not
surement range. In terms of rms difference, SOs generate@moothed away from the 5km resolution SOs.
with 15 km resolution perform the best and SOs generated
with 5 km resolution the worst. One reason for this behaviour”\cknowledgementrhis research has been funded by the Academy
is that the 5 km SO contains fewer raw data and the random gf Finland project "Doppler radar wind data assimilation’”
errors in raw data do not average out as effectively as for
example in the 15km SO. Furthermore, if the raw data in-
cludes information of non-meteorological targets, the 5km
SO generation does not smooth that information away with
short measurement ranges as effectively as SO generation
with coarser resolution. Another possible source of mean
and rms difference is that the 5km resolution SO includes
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