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Abstract. Contamination of weather radar echoes by anomaitation estimates (Joss and Waldvogel, 1990; Collier, 1996;
lous propagation (anaprop) mechanisms remains a serious i€ollier and Hardaker, 2003). Although significant progress
sue in quality control of radar precipitation estimates. Al- has been made in terms of identifying clutter due to anaprop,
though significant progress has been made identifying clutincluding Doppler (Doviak and Zrnic, 1993), texture (Kra-
ter due to anaprop there is no unique method that solves thgwski and Vignal, 2001; & chez-Diezma et al., 2001; Had-
question of data reliability without removing genuine data. dad et al., 2004), height profiling (Alberoni et al., 2001), or
The work described here relates to the development of anulti-sensor methods (Pamment and Conway, 1998; Michel-
software application that uses a numerical weather predicson and Sunhede, 2004) there is no unique method that solves
tion (NWP) model to obtain the temperature, humidity and the question of data reliability without excessively removing
pressure fields to calculate the three dimensional structurgenuine data. Better results can be obtained using polarisa-
of the atmospheric refractive index structure, from which ation diversity measurements (lllingworth, 2003) though most
physically based prediction of the incidence of clutter can beradar systems are still limited to single polarisation observa-
made. This technique can be used in conjunction with ex-ions.

isting methods for clutter removal by modifying parameters  Built on previous studies (Bebbington, 1998), the work
of detectors or filters according to the physical evidence fordescribed here relates to the development of a methodol-
anomalous propagation conditions. The parabolic equatiorgy to simulate radar echoes and its implementation as a
method (PEM) is a well established technique for solving software application that uses numerical weather prediction
the equations for beam propagation in a non-uniformly strat-(NWP) model data as input. NWP data provide the tempera-
ified atmosphere, but although intrinsically very efficient, is ture, humidity and pressure fields to model the three dimen-
not sufficiently fast to be practicable for near real-time mod- sional structure of the atmospheric refractive index structure,
elling of clutter over the entire area observed by a typicalfrom which a physically based prediction of the incidence
weather radar. We demonstrate a fast hybrid PEM techniquef clutter can be made. This technique can be used in con-
that is capable of providing acceptable results in conjuncunction with existing methods for clutter removal based on
tion with a high-resolution terrain elevation model, using a post-processing of observations according to the physical ev-
standard desktop personal computer. We discuss the perfoldence for anomalous propagation conditions and diagnostic
mance of the method and approaches for the improvement adr prognostic anaprop products also based on NWP output
the model profiles in the lowest levels of the troposphere.  (Bech et al., 2006).

The backbone of the methodology described in this pa-
per lies in the use of the parabolic equation method. The
parabolic equation method is a well established technique
for solving the equations for beam propagation in a non-

Weather radar echoes affected by anomalous I0roIoagatio\‘,\niformI_y_strat?fied atmo_sphere, but although intrinsically
(anaprop) mechanisms remains a serious issue in quality corYe"Y efficient, is not sufficiently fast to be practicable for

trol of radar products and, particularly, in subsequent precip"€ar real-time modelling of clutter over the entire area ob-
served by a typical weather radar. We demonstrate a fast
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model, using a typical desktop personal computer. We dis-of the ray-paths used to construct the reference mean wave
cuss the performance of the method and approaches for theurfaces. It is important to stress that the ray paths only
improvement of the model profiles in the lowest levels of the need to be modelled approximately; small errors lead to
troposphere. (re)emergence of apparent refractive index structure which
then causes a corrective beam bending. The overall mod-
elling of the refractivity structure is therefore a two-stage
2 Modelling radar echoes with the Parabolic Equation  process: firstly, the sigma-coordinate surfaces of the original
Method NWP model are used to construct a grid of refractivity-height
pairs for all the sigma-levels. A two-dimensional interpola-
The key to the efficient modelling of the electromagnetic tion procedure — a modified Akima method - is used to re-
is an adaptation of the well established parabolic equatiorsample these at suitable intervals on the radials of the radar
method (PEM). This can be made ultra-efficient by recog-coordinate system. The Akima method (Akima, 1991) is a
nising the role of Huygens’ Principle in the operation of the form of interpolation — less efficient than B-splines — that has
PEM, so that, for a radar beam of relatively narrow beamthe goal of maximizing smoothness, and in particular avoid-
width (i.e. around 1 degree), an adequate spatial discretizaing spurious overshoots. This approach was adopted because
tion, capable of resolving vertical variations in refractive in- such overshoots would misrepresent beam clearances and ex-
dex involves and angular discretization of the wavefront thataggerate roughness. The lower efficiency is of little concern,
is in the range 19-10° elements — much smaller than is typ- since this task is performed once only for a given domain.
ical with PEM techniques. For this particular application, After the interpolation, vertical spline approximations are
coherent integration of incident and reflected fields is not reconstructed. This preserves the vertical detail of the origi-
quired, since the targets of interest are distributed and inconal model data.
herent. The following subsections present the most relevant
aspects of the methodology developed. Further mathematicdl.2 Effects of terrain
details can be found in Appendix A and a description of the
implementation of the software is covered in Appendix B.  The terrain of the area studied (Catalonia, located in the NE
of Spain) was described with a DEM with a resolution on the
2.1 Effects of the air 3-D refractivity field order of 30 m in geographical coordinates and vertical reso-
lution of 1 m. Such a high resolution is important in order to
The principal phenomenon that is being modelled is the efhe able to interpolate the terrain to a polar radial grid based
fect of the refractivity structure in the atmosphere, which is on the radar coordinate frame without introducing spurious
determined by the thermodynamic parameters, temperatur@eatures, and in order to be able to make realistic models of
humidity and pressure. For the most part, these quantities arerrain slope, to which the coherent forward scatter and in-
horizontally stratified, although horizontal gradients while coherent backscatter intensity calculations are very sensitive.
much smaller are significant, since anomalous propagatiortareful consideration had to be given to the representation of
arises when all or part of a radar beam is close to grazing interrain, as the quantities of data involved at such resolution
cidence with a stratification that refracts the local wavefrontare significant in relation to available memory in current typ-
towards the ground. ical personal computers (100 s of Megabyte). A representa-
The aim of the methodology presented is to incorporate thetion that combined sufficient compactness with the required
spatial modelling of the thermodynamic fields in an NWP flexibility was found to be a B-spline. Some experimentation
model into the propagation model. The Mesoscale Atmo-was undertaken using the Catalonia dataset, to gauge appro-
spheric Simulation System (MASS model) was used for thispriate ways to fit the terrain. A method was adopted based
purpose (see Koch et al., 1985; Codina et al., 1997a, b for desn the work of Dierckx (1995) to provide B-spline fits con-
tails). In the data used gridpoint spacings are of the order oktrained by a smoothing parameter. This permits a reason-
8km in the horizontal, and 32 unequally spaced levels fromably tight fit to the terrain profile while suppressing spurious
the surface to the top level. For the purposes of the proposcillation that can occur through exact fitting.
agation modelling, it is the lowest levels that are generally
significant for anomalous propagation. Operational MASS2.3 Modelling of terrain coherent reflection
model runs have provided datasets from which the refractiv-
ity fields could be produced, based on test cases identifieds it is well known, incidence at near grazing angles re-
by SMC from radar reflectivity images and radiosonde ob-sults, even for random rough surfaces, in near coherent quasi-
servations, including cases of anaprop without precipitationspecular reflection when the Rayleigh criterion is achieved.
precipitation only, and mixed cases. This means, for incidence at close to one degree, roughness
The proposed methodology has been constructed on thscales of tens of wavelengths — at C-band, therefore of up
basis of the use of cubic spline approximations of the lo-to about 2m in standard deviation of the height can be re-
cal vertical refractivity. This allows very rapid integration garded as smooth. It is therefore reasonable to model the
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Orthotomic Locus

forward propagation on incidence with either sea or terrain Cubic Spline Profile
by means of a smooth curve representation of the local to- |
pography. Rigorous asymptotic methods for scattering from 60
a rough interface between two dielectric half spaces show
that the far-field contributions may be constructed by means 0.4 40
of geometric phase factors associated with reflection from
the local tangent planes combined with local Fresnel reflec- 20
tion coefficients. In addition, there may be resonant terms, = 0
but we do not evaluate these as they are not related to propa—-g
gating modes. B g
A major challenge for the implementation of the model -20
was to preserve the efficiency of the hybrid ray/PEM tech-
nique while evaluating the reflection from a randomly un-  ©0-1
dulating terrain. This was neatly solved by consideration of
the orthotomic image of the source with respect to the ter- o .
rain profile. The orthotomic is constructed as the image of a 0051152253 R TR T I TR O T
point (in effect the centre of curvature of the mean incident Path distance Path distance
wavefront) in the envelope of tangent planes to the surface.
Thus, the required phase factor in the integral can be realisefig. 1. The left hand graph shows a model curve formed from cubic
by constructing virtual sources on the orthotomic curve. spli_nes representing the large scale form of_ hill)_/ terrain; units are
In general, one would expect the orthotomic curve of aarblltrary, but.the slopes are actugl. On th(? right is a plot of the col-
smooth, random surface with respect to a general point to béectlon of points on the orthotomic curve imaged for a point (rep-

itself a highlv random curve. However. the tvpical aeometr resenting the radar location at 100 units from the terrain section).
gnly ’ ' yP 9 Y For reference, a circular arc is plotted close to the points. This illus-

of near grazing incidence (which is the most significant CaS8yates that although the orthotomic images of nearby points are not

for anornglous propagation) ensures that the points of Fhe Ofnecessarily close, all the image points lie close to a surface of well
thotomic lie close to a surface of constant curvature (Fig. 1).defined curvature.

The key step that allows the terrain contributions to be
evaluated by essentially the same technique as that for the di-
rect radar beam is to interpolate data to the mean orthotomic
curve, compensating for the spatial adjustment of the source
positions by a phase factor; this is permissible because of the :
paraxial nature of the wavefront angles. Hence, the propaga- ¢
tion of the reflected waves is evaluated by the application of
Huygens’ Principle in the same way as before. It takes one
application of the split-step method to propagate the field for-
ward onto a convex surface close to the point of incidence of ' h T
the wave with the terrain surface. The total extra computation
per step due to terrain interaction is therefore comparable t@ig. 2. The figure shows the modified refractive index field M (plot-
that of the free-space beam. ted in N-units) calculated from NWP model output thermodynamic

In the case of terrain of relatively high relief, only a small fields for one of the case-study examples, at an azimuth of 250 de-
portion of the terrain is ever involved in interaction. In the 9rees. Areas of negative vertical gradient (highlighted) can clearly
software application, the total field is described by a dataPe seen, which lead to downward curvature of the radar beam.
structure organised as a tree of “wave surfaces”. Thatis, each
set of reflections is handled independently and related to a lo-
cal propagating wavefront. 3 Acase study

For the purposes of the application, it is not generally nec-
essary to evaluate the total coherent field; however, for vali-A case study has been selected to illustrate the results of the
dation purposes it will be possible to superpose linearly thenethodology described in the previous section. The anoma-
coherent contributions that are local to any point of interest.lous propagation event simulated took place in the NE of
In practice, the “tree” does not subdivide geometrically, asSpain on the 19 July 2003. In mid and late summer intense
downward-propagating wavefronts ultimately are stopped bysuper-refractive events are quite common in this region (Bech
the terrain, and upward propagating wavefronts only subdi-€t al., 2000, 2002).
vide if they are subsequently bent back towards the ground. The refractivity field was modelled for the entire volume

of the radar scan, and a section at 250 degrees azimuth is
shown in Figs. 2, 3, and 5. Figure 2 depicts the modelled
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Fig. 3. Modelled one way path transmission loss (in dB) from the
radar, using the modelled modified refractive index fields of Fig. 2.
Curvature of the beam can clearly be seen in the vicinity of the area
of negative gradient in M. Local enhancement of the beam intensity
can also be discerned.

modified refractive index field, which depends on pressure,
temperature and water vapour pressure, plus a linear term of
157 N-units per km in height, which corrects for the Earth’s
curvature. In normal conditions the latter term is strong a
enough to dominate the natural tendency of actual refractive
index to fall with height because of reduction in density of
both dry air and the moist component. In anomalous prop-
agation conditions, the latter effects due to temperature gra-
dient can be so severe that the M gradient becomes negative,
allowing anomalous propagation to occur. In Fig. 2, a re-
gion to the right of centre is particularly strong, and there
is also a less pronounced area in the first 30 km from the
radar. Figure 3 shows the modelled one-way pass loss factor
from the radar (shown in dB). One-way path loss expresses
the ratio of transmitter power to that coupled to a remote
isotropic antenna. The intensity of the apparent reflectivity
from backscatter from terrain depends on the square of the
path-loss factor and the intrinsic reflectivity of the ground at
the angle of incidence of the lower edge of the beam. Al-
though the latter factor is hard to model accurately without
detailed information on the surface roughness height, the un-
certainties are somewhat less than the magnitude of varia-
tion of the path loss factor. In Fig. 3 it is possible to discern ()
strong filaments in the beam pattern at low levels, which have

a large impact on the modelled value of reflectivity, whose g 4 (a) Actual observed radar reflectivity factor (dBZ) for the
variation along the path is shown in Fig. 4a. The increase incase study modelled in Figs. 2 and 3. Agreement with the areas for
ground clutter compared to observations under normal propwhich enhanced reflectivity is predicted (around 95 km and 136 km
agation conditions can be appreciated comparing Fig. 4a ands indicated by arrows) is good. Predicted high reflectivity at further
Fig. 4b. The vertical refractivity gradient among surface level ranges from 190 km is not seen at this azimuth, although present in
and 1 km above ground observed by a nearby radiosonde staearby azimuths. As a referen¢e) shows an equivalent PPI obser-
tion (located 20 km from the radar) in the two events were vation recorded under normal propagation conditions (21 July 2003
—112knt! and —42 kml, respectively. 00:30 UTC). Note the lower intensity of ground and sea clutter.
Figure 5 shows a plot of the actual recorded radar reflec-
tivity factor pattern for the example of the case study. It is
clear that the regions of enhanced reflectivity along the 250PPI images of the predicted and observed reflectivity patterns
degree azimuth are in substantial agreement with the modehlnd also a reference of clutter pattern for normal propaga-
In particular, the ground clutter echoes between 100 and 15€ion conditions. The overall simulated and observed patterns
are remarkably similar, both in position and intensity. are similar in intensity and spatial distribution, particularly in
A more complete view is given in Fig. 6 which shows full the first 60 km from the radar. From there, the pattern to the
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Observed radar reflectivity (dBZ)
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Fig. 5. Observeda) and predictedb) values of radar reflectivity :.
along the path shown in Figs. 2, 3 and 4. Observed reflectivity de- (b) cmo ey

pends on the path loss factor (each way) as well as the backscatter
from the ground. The latter factor is uncertain, because the slope

dependence of reflectivity is strongly dependent on surface rough-
ness.

north agrees generally the major sheltered areas. The hills lo-

cated to the W/SW are also correctly simulated, including the

first isolated mountain massif located between 60 and 80 km

to the W from the radar. The sea clutter area observed to

the SWI/S is qualitatively indicated in the prediction but lo-

cated further south. The forecast also overpredicts sea clutter

echoes to the east. In fact, though not present in this case

in the observation, sea clutter is commonly observed near

the coast in that direction in anaprop events (Bech, 2003). (c)
It should be noted that the high resolution digital elevation

model covered the area of Catalonia (indicated by the coun- ) o
ties in Fig. 4) but not the surrounding areas nor the island Oﬂ:lg. 6. (a) Simulated full PPI radar reflectivity factor correspond-

. . . . ing to the case study and actual radar observation (19 July 2003
Majorca and Minorca, which present ground clutter in 6b. 03:36 UTC) shown in Fig. 4a butin the same display format. A nor-

These results show the potential of the technique thainal propagation example showing the usual clutter pattern (Fig. 4b)
should be further explored. In general, the most significants also given as a reference. The maximum range represented in (a)
expected limitations of this approach derive from the limited is 250 km and ir(b) and(c) is 240 km.
vertical resolution of the refractivity field. The basic success
of the method suggests that improvements in modelling the
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vertical profile in the first hundred metres would be benefi- The methodology that has been pursued is to implement
cial. the PEM via a hybrid technique that implicitly exploits Huy-
gens’ Principle by integrating the phase paths between an ini-
tial mean phase front and a target mean phase front.
4 Summary and conclusions The PEM ‘split-step’ methodology combines the effects of
stationary phase integration with the accumulation of wave-
The successful implementation of this work should mark anfront distortions due to local variations in refractive index
improvement in the identification of clutter due to anoma- variation. For each step one starts by tracing a small number
lous propagation in weather radar data, which would in turnof ray-trajectories across the wavefront. For a triad of trajec-
lead to useful enhancements in the quality indexes of suchories a ray’s congruence may be interpolated so that the sec-
data. The modelling system proposed is more realistic thamond mean wavefront may be constructed. Then, ideally, the
the geometric optics approach of the radar beam propagatiophase paths between corresponding points are stationary. In
assumed typically in radar beam blockage corrections thathe standard PEM technique, phase integration is estimated
take into account propagation conditions (Bech et al., 2003with respect to straight-line paths and path-averaged refrac-
Fornasiero et al., 2005). tive index. In the present case, the phase paths arise from cur-
This improvement shows potential to contribute to en- vature in a non-uniform refractive index gradient. The actual
hance the quality controls in assimilation of rainfall products phase variation can be determined implicitly for short arcs
in hydrological forecasting systems and numerical weatheiby knowledge of the excess geometric paths without explicit
prediction (NWP) models (Alberoni et al., 2003). The need integration of the refractivity, since the two contributions are
to do so is expected to become increasing acute over the neit the ratio 2:1.
decade, as the computational capabilities available will per- In this appendix, we show that, to a good approximation,
mit grid-scales to decrease by almost an order of magnitudassuming paraxial propagation, the unknown phase integral
in a few years. It is clear that in many forums within the between any two points can be determined by a knowledge
weather forecasting community improvements in the quan-of the refractive index on the start and end surfaces, and an
titative measurement and forecasting of precipitation will beintegral of the squared slope of the ray, without any further
given increasing priority, since it is believed to be likely that assumption on the detail of the refractive index structure in
situations with severe impact due to extreme weather eventbetween.
may become more frequent, and the most effective way to In the paraxial approximation we compare the actual ray
mitigate the effects of such events is to marshal resourcepaths between two points, whose separation along the nomi-
through decisions based on quality controlled data and unnal x axis is L with the straight line path. Assuming a ray is
derstanding of its reliability. propagated between two vertical planes indexed 1, 2 and sep-
The case study presented illustrates the potential of therated by L, we define three integrals between the endpoints
technique proposed. Further research is needed to performof the ray,
a more detailed sensitivity analysis of the various parameters

L L
of the propagation model in order to better understand they,;, — [dr~ [ (1+ %2>dx
limitations of this methodology. oL oL
Moreover the system described in this paper may also be. dr~ [ (1+2%\g Al
used to visualise the simulated echoes over terrain model*2 _{ " g( t2 ) * (A1)
data and then compare them to real radar observations. As L L 52
described by Curtis et al. (2000) this may provide a deepersiz = [ n(rdr ~ [ (1"‘ 2 )dx

understanding of the different interactions between both real 0

and spurious precipitation echoes with terrain features andvherels is the straight line pathr is the integrated length

thus lead to further improvement in the radar observationdin space) of the ray, anc is the integrated optical path

and precipitation estimates in complex topography environ-dependent on the refractive indek) which is path depen-

ments. dent, g is the slope of the straight path, atids the slope of
the ray at each point of the path. According to ray-optics, we
find from Snell’'s law that

Appendix A n cosy = const
This appendix contains some mathematical details —not menfor any ray. In the paraxial approximation, and assuming
tioned explicitly in the text — regarding the methodology de- n ~ 1 can express this appropriately as,

scribed in this paper. A full detailed formulation is out of the 92 92
b

scope of this paper but interested readers may hopefully fing, (9) = » (9,) + — — == (A2)
a useful description in this appendix dealing with the most 2 2
remarkable aspects. for any suitable referencg,.
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Table B1. Different software modules for terrain and microphysics/refraction computations.

Module Description
TERRAIN_SCATTER Calculates surface reflectivity
TERRAIN TERRAINLIT Finds portions of terrain visible to radar
PN_.ORTHOTOMIC Finds trajectory of image point
PATH_INTEGRAL Evaluates optical paths between wavefronts
MICROPHYSICS SOLVERAY _QUARTIC  Solves for extremal characteristics
and REFRACTION WSMAGE Image of point source in curved surface
SETLAY Integrates height of sigma layers
Substituting the relation far > from (Al) we have, Modelling of the distribution of the coherent field distri-
. . bution from the radar antenna via ground reflections to the
5 2 extreme range of the radar
/ (ds —dx) ~ / Podx + L\ n (D) - — (A3) Modelling of the terrain or sea reflectivity
0 0 Combining modelled imagery with radar and terrain fea-
while, ture imagery

Table B1 contains a list and a brief description of the dif-

L L ferent modules developed covering some of the above men-
/ (dr — dx) ~ 1 / 2dx (A4) tioned aspects. The user interface was expected to be a crit-
0 2 0 ical component in the evaluation of the technique. Qualita-

tively, it was useful to be able to see the radar image and
This latter term is purely geometric and can be calculatedmodel prediction either side by side or overlaid. Since ter-
from the variational solution of the ray path, using a func- rain interaction is important in anomalous propagation, it is
tional representation of the refractive index profile. Equa-also important to be able to display terrain and coastal fea-
tion (A3) represents the excess phase integral with respect taures. An important part of the software system development
the free space horizontal path, and comprises twice the gechad therefore been to consider how to achieve this, and to
metric term in (A4) plus the last term on the right hand side.implement the necessary programs to allow the various types
This latter term can be evaluated at either end of the path fobf display to be combined. It was also acknowledged that
each ray, knowing the refractive index and slope of the ray.it may only become clear after further experience had been
The latter may easily be determined (except where the fieldjained in using the package as to what works best in this
vanishes) from the local phase gradient at the ray’s launchespect. The software design has taken these factors into ac-
point. This device avoids the need to integrate the opticalcount by constructing the front end using the Tcl/tk script-
path by expressing the refractive index in terms of the actualng language (Tool Command Language/Tool Kit extension)
ray position as a function of the ray parameter. which allows rapid reconfiguration of the Graphical User In-
terface (GUI) and implementing the graphical elements as
encapsulated PostScript files. The main graphics application
then wrote an enveloping PostScript file that allowed layers

This appendix provides an overall description of the softwaret© be reshuffled without recomputation. The basic Tcl/tk GUI

application which implements the methodology described invas wrltte_n, and its funct|on§ were completed by the inclu-
this paper. The achievement of a software system to simuS'on of .SC”PtS that run the various qutran executables for the
late realistic radar observations requires the production an&ImUIatlon itself, and the graphical displays.
integration of Significant quantities of computer code. In this AcknowledgementsThis work was partially supported by CARPE
case they were written mostly in Fortran 90/95 with a numberDIEM, a research project funded by the European Commission
of distinct applications: under the 5th FP (Contract®NEVG1-CT-2001-0045).

Capability of reading and displaying radar image data

Capability to read NWP model fields and to construct in- Edited by: P. P. Alberoni
terpolated fields of radar refractivity in radar (polar) coordi- Reviewed by: two referees
nates

Capability to _utilise high resolution digi_tal elevation mod- paterences
els (DEM) and interpolate to radar coordinates

Calculation of ray-trajectories and their intersections with Akima, H.: A Method of Univariate Interpolation that Has the
terrain features or sea Accuracy of a Third-degree Polynomial. ACM Transactions on

Appendix B
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