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ABSTRACT 

Data collected from zenith pointing radar is used to study the range dependence of 

some meteorological radar errors assoCÎated with different sampling methods between 

radar and gauges in stratiforrn precipitation. Errors due to the vertical variation of 

reflectivity surh as those related with the bright band or with snow growth cause a much 

larger bias in radar estimates th an those due ta beam filling or gradients. The maximum 

lIseful range varies with the bright band height and the elevation angle program used, a 

CAPPI giving superior results especially for snow. The sudden change .. in bright band 

height over short distances and the large scatter of its thickness limit the accuracy of 

CUIlent conectlOns for the vertical variation ofrcflectivity based on scanning radar data. 

The possibility of using a zenith pointing radar to obtain this correction is discussed. 
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RESUME 

Des données provenant d'un radar à visée verticale sont utilisées pour l'étude de 

certaines erreurs d'estimations de précipitations stratiformes associées aux différences 

d'échantillonage entre radars et pluviomètres en fonc.tion de la distance. Les CrIcurs ducs 

aux variations verticales de la réflectivité comme celles causées par la bande bnllante ou 

par la crOissance de la neige sont de beaucoup plus importantes que celles lcliécs au 

faisceau rempli de façon non unifomle ou aux gradients. La po née utile du radar varit' en 

fonction de l'altitude de la bande brillante et du programme d'élévation, un CAPPI 

donnant de meilleurs résultats surtout pour la neige. Les changements soudallls d'a1tllude 

de la bande brillante sur de courtes distances ainsi que la grande vanabilité de son 

épaisseur limitent la justesse des présentes corrections pour la vanatlon vertIcale de la 

réflectivité qui sont basées sur les données d'un radar à balayage panoramique. 

L'utilisation possible d'un radar à visée verticale pour ce travaIl est discutée. 
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STATEMENT OF ORIGINALITY 

To the author's knowledge, high resolution zenith pointing radar data was used for 

the first time for the quantitative study of the degradation of the accuracy of scanning 

radar estimates of stratifonn precipitation with range. Using this data, it was found that 

the bright band was the main limiting factor to the accuracy of the estimations. 

The mean vertical reflectivity profile varied significantly from event to event and 

cvcn within events. Hence, corrections based on a standard reflectivity profile or on 

climatological statistics from raingauges for example are of limited accuracy. Reflectivity 

gradients and beam filling problems which were fonnerly considered very important 

sources of error have in fact a limited impact on the accuracy of the se estimates. 

Bnght band thickness was measured using rainfall data for 3 months and was found 

to fol1ow a log-normal distribution. It also showed a power law dependence with rainfall. 
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1 INTRODUCTION 

1.1 RADAR ESTIMATES OF STRATIFORM PRECIPITATION 

In the past fort y years, a great deal of research has been done on the use of radai for 

measuring precipitation. By providing instantaneous and continuous precipitation 

information over large areas, the radar has rivaled the dense rain gauge nelwork as the 

main tool for obtaining precip:tation estimates. Moreover, radar enables the genel atlOI! of 

short teml quantitative precipitation forecasts. However, there IS stilliittle concenslI!o. OJl 

the accuracy of the radar estimates because the radar does not measure ra 111 fa Il dlrectl)'. 

Radar measures the reflectivity of the hydrometeors, Z, which corresponds ln the avetage 

over the illuminated volume of the sum of the sixth powers of the drop dlameters per 111111 

volume. Ramfall is proportion al to the volumes of the drops (and hence 10 the thml pOWL't 

of drop diameters) times the fall veloctty. The latter IS also a weak functton of drop 

diameters. In addition, the reflectivlty of the precipitation IS measured at several 

kilometers above the ground and during an instant, while the quanttty of interest IS the 

accumulation over time of precipitation at the ground. In order to con vert ret1ectivlty illlo 

rainfall information, several Z-R relationships of the foml Z =- aR b have been proposed 

by assummg or measuring drop-size distributions. 

To verify the accuracy of the radar, It is essential ~o compare its estimates with ~oll1e 

sort of ground truth. This comparison is usually done with rain or snow gauges wh teh aI e 

assumed to have measured the precipitation accurately at a set of points. Wilson and 

Brandes (1979) recognizes three types of error in radar-gauge comparisons. The first type 

- 1 -
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is thc error ln cstimating the radar refleetivity factor. This includes errors from various 

sources sLich as calibration, attenuation, beam bloekage, anomalous propagation and 

crrors Iclalcd lo the fluctuating nature of the precipitation echoes and to the technique 

lI~~d ln av~ragc pulses. For snow, missed echoes beeause of reflectivity below the radar 

lhrcshold cOl/Id be added to the list. These errors have reeeived a lot of attention and aïe 

well documcnted by several papers (Wilson and Brandes list 16 references on the 

sl/bj~ct). Thc second type of error is related to variations of the Z-R relationships from 

storm to slorm and within storms. In order to detem1ine the correct Z-R relationship for a 

storm, dual wavclcngth (Ulbrich and Atlas, 1975) and dual polarization radars (Seliga 

and Bnngi, 1976) have been proposed. Good results are obtained if the drop size 

distributIOn IS a main source of the radar error (Doviak, 1983). The third type of error 

listed by Wilson and Brandes is caused by the differences in the gauge-radar samphng 

melhods. Radar estimates the mean rainfallllluminated by ils kilometers wide beam at a 

siglllficant height above the ground and during an instant every 5 to 15 minutes. Gauges 

mcaslllc the accumulation of rainfall at the ground over an area of a few decimeters 

square. Sampling errors include those due to time sampling differences, evaporation or 

accrction and to non-uniform reflectivity in the beam eaused by storms edges, bright band 

contaminatIon and missed smaU seale features. These errors can be very important in the 

case of stratiform precipitation where there are rapid changes in the reflectivity field as a 

function of hcight particularly 1/1 snow and around the melting layer. 

However, unul recently, the sampling errors were generally mueh less discused than 

the other ones because they are more difficult ta study. For example, the errors associated 

with veltical and horizontal variations of reflectivity in the radar beam as a function of 

range cannot be estllnated unless high resolution reflectivity information is available. 

- 2 -
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This lack of a correct field has inhibited research on radar-gauge sampling prohlcms. If 

any progress is to be made, one must assume that sorne "wrong" field is in faet "correct" 

enough to be a plausible "correct" field. There are a number of ways to do this. Pirst, an 

hypothetical retlectivity profile can be assumed and then calculations ean be made. ThIS 

retlectivity field can be purely theoretical or based on measurements. DOllaldson (196-l) 

used such a technique to examine the variation of eeho top measurcmcnts with range 

using plausible model ston118. Secondly, a stochastic model can be used to generate a 

plausible correct field (see Chandrasekar and Bringi, 1987). Thirdly, scanning radar data 

at the highest resolution possible (for example at close range) can be used. This high 

resolution data will then be simulated to be observed by a radar at different ranÈ,cs (rees 

and Austin, 1989). 

1.2 RADAR ACCURACY AND RANGE 

Excluding attenuation and beam blockage, the decrease of the radar accuracy with 

range is related ta the sampling differences between radar and gauges. lt also varies with 

the type of precipitatIOn (Figure 1.1, Wilson, 1976). There are several reasons for the 

degradation of radar estimates with range. First, the beam widcns with range. For 

example, a 1 degree beam widens by 1 km every 60 km of range. At a range of 30 km, 

the beam would be 500 meters wide while it would be 4 km WH.!e at 240 km. Assuming a 

constant bin length, the sampling volume is then 64 times larger at 240 km th an al 30 km. 

Gradients in the reflectivity field are more likely to be present and stronger al far range 111 

a larger volume thar. at close range, causing a range dependent bias. Zawadzkl (1982, 

1984) computed errors associated with beam smoothing ln the presence of reflectIvity 

gradients. He presented a simple example of range dependent sal11pling in the prcl,cnce 01 

- 3 -
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combinations of gradient and measurement cell size. 
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gradients. Consider a Gaussian beam sampling a field with a constant retlectivity gradient 

G (dB/km) along one direction, the field being constant in the other two. AsslIming that a 

single Z-R relationship governs the transfonmltion from Z 10 R, he shows that when the 

gradient has been sampled with the beam and then averaged into a Cartcsian grid of Sll'C 

D (in km), the ratio of the "measured" rainfall to that "actually" there at the center of the 

grid is: 

cA (ùGl). (GD) F = -exp --- slOh -
GD Ac2 cA 

where Fis the Error Factor, Ù is the distance (in km) subtended by the beam and A is the 

exponent in the Z-R relationship llsed to convert Z 10 rainfall. TllIS relatIon heIps to 

predict the discrepancies in radar-gauge comparisons (Figure 1.2). FlIrthermore, a wlde 

beam is also more likely to 1I1clude dlffcrent types of hydrometeors sllch as snow, Iain, 

sleet, hall or melting preCipitation in unknown proportion makmg the precipitation 

estimates more diffIcult. Secondly, the height of the beam axis changes with range. When 

precipitation is estimated using a 0.5 degree PPI (Plan Position Indlcator), the hCIght ot 

the beam axis is 600 meters at a range of 50 km but 2.6 km at 150 km and 5.9 km at 250 

km. This can cause serious biases at far range since the precipitation rate or the 

reflectivity measured at these heights by the radar is often sigmficantly dltTcrcnt than that 

at the surface. This problem can be somcwhat alleviated by w,1I1g a CAPPI (Constant 

Altitude Plan Position Indicator) Wll1Ch combines data from several elevallons angles in 

one radar map (Marshall, 1957). A good examplc of the problem IS shown in Jm,; and 

Waldvogel (1990). They used mean vertIcal reflectlvity fields such as thme dcnvcd hy 

Koistinen (1986) ta look at the effect of range on radar derived vertical precipHa110n 

- 5 -
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profiles for different types of precipitation (Figure 1.3). They clearly demonstrate the 

importance of the range dcpcndallcc of prccipitation IllcasurClllcnts, espccially whcn the 

precipitation is limited to 10w levcls as in stratifonn Tain or snow (sec also Joss and 

Waldvogel, 1989). Tees and Austin (1989) used high resolution radar data from summer 

precipitation at close range and mapped it at far range to simulate what the radar wou Id 

have mcasurcd. Sub-bin f;radienls were assumcd to be ncgligiblc. Scvcn stonl1S wcrc 

studied by a radar generating CAPPIs at 3 km and the "measurcd" accumulallon as a 

function of range was plotted (Figure 1.4). Here again the estimation decœases 

considerably as a function of range. 

30 

,.... 2S c C D 
L n Il. 0 ..c Il. A A E 20 a E 

\,J 

J). 
c: 0 0 f"\ Q n "il 
tW IS "il r. ~D a 
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• 10 • - • - • E . , • :J fi v .... .. ... .. A .. .. .- . • 0 

" ::>0 :> • Al'" .. , • • • • À 1 • • •• • a 
0 

200 250 300 0 SO 100 150 
Rang~ (kM) 

Fig. 1.4- Volume Mean rainfall rate vs range for the curved earth simulation for seven 

summer storms in Montreal (from Tees and Austin, 1989). 
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One approach to correct for range vruiations of the reflectivity field, suggested by 

Calheiros and Zawadzki (1987), is based on mapping the cumulative probabilities of 

rainfall in raingauges to the cumulatIve probability of radar retlcctivity. Since the 

intensity distributions change with range, this method produces range dependent Z-R 

relatiollships. This method attempts to match the radar to the climatology of the gauges. 

However, this method is only intended to work "on the average" since the comparison oÎ 

ally panicular event with the climatology is doubtful. It also treats similarly convective 

and stratiform events which have different vertical reflectivity profiles and hence 

different range dependent biases. 

To study stratiform precipitation where vertical reflectivity variations are strong, 

high resolutlOn reflectlvity field is needed. But using scanning radar data cven at close 

range dnes not give the necessary vertical resolution 10 resolve accurately strong and 

narrow features like the bright band. However, actual radar data wou Id make a more 

realistic input field than a mean vertical profile without gradients or a stochastic model or 

fractal precipitation field. The best way to obtain a high resolution field based on radar 

data is 10 combine a zenith point1l1g radar transmitting short pulses and a very fast 

digitizer. This data is ideal to study the range dependance of radar estimates and to 

~eparately evaluate the contribution From different tenns. This thesis will de scribe how 

zenith pOllltlllg radar data from rainfall and snowfall events was used to investigate the 

range dependance of radar estimates and to what extent the different phenomena causing 

a non unifoml reflectivity in the beam affect these estimates. As will become apparent in 

the fol!owlllg chapters, the case to case and time to time changes in the shape of the 

vertical profIle of precipitation are important, leading to sorne reservations about the 

applicabihty of an average vertical profile as a real-time correction. 
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1.3 ATTACKING THE SAMPLING PROBLEM WITII A ZENITH POINTING 

RADAR 

A zenith pointing r .. dar measures the height-time variation of precipitatlon as it 

moves over it. Since this two-dimensional picture of precipitation is of !tille inlen':~l ln an 

operation al environment, it is mostly used for research 111 microphyslcal and dynamical 

studies of precipitation at relatively small seules. Radars measunng only rdlectlVl\ies 

were first used together with vertically scanning radars 10 look al features hkc the hnghl 

band (Austin and Bémis, 1950), snow trads (Marshall, 1953), gcneraling œlls (Gulln el 

aL, 1954; Douglas et al., 1957; Sauvageot, 1976) and ceho ~hapcs (Boucher, 1')57) 

Doppler technology has yielded new data on particle size~ and fall spccds III bright band 

cases. These results were obtained either using radar alone (Lhenllltte and Atlas, 196~) or 

by combining radar with other instruments (Waldvogel and StclIler, 19X6). IrH.:rea~e 11l 

sensltivity and resolution together wi,h the development of FM-CW radars (RichIer, 

1969) expanded research on clouds and clear air echoes (Gossard and Su auch, 19X3). 

The main advantage of using a zenith pOIl1ting radar to study radar-gauge sampling 

problems IS that 1Is sampling method more closeiy resembles that of a ram or snow gaugt.: 

than that of a scanl11ng radar. First, it can evaluale the precipitation very c1mt.: to the 

ground using the first bms rather thun higher up as for scanning radars. It aho takc!\ 

measurements continuously Illstead of every 5 mmutes; hence accumulatlon~ can ht.: 

computed in the same fashion as for gauges. Furthermore, the surface ovcr whlch the 

precipitation is estimated IS of the order of a few meter square agall1~t declfllctcr ~qllart.: 

for a gauge and kllometer square for a ~canning r:.tdar. Therefore, the prccipitallon rate 

statistics determined from zenith pointing data would more closely approximatc thosc by 
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gauge than those from a scanning radar. 

By definition, the zenith pointing radar measures only the reflectivity from weather 

cchoes moving above il. Changes in the measured quantity occur at a much slower rate 

than for a scanning radar whose field of view vary significantly in a tenth of a second. 

Thus the zenith pointing radar has more time to average the retlectivity data from several 

pulses 111 order 10 reduce the echo fluctuations. This gives the stable and accurate 

rncasurements nccessary to make rehable simulations. In addition, the data collected can 

have high vertical and time resolutions. As an example, the radar used in this study allow 

us to get a new retlectivity measurement every 20 meters and a new series of 

tneasurements every second or two. This high resolution makes it possible to compute the 

efft~cts of the bright band or the reflectivity gradients on radar precipitation estimates. 

The ma1l1 limitation of using zenith pointing radar measurements for simulations is 

that the data IS only available in two dimensions. Indeed, the radar only obtains data in 

one spatIal dimension, helght, the other dimension being time. The observed lime 

variations of the data recorded arise from a combination of the translation across the 

beam of spatial variations in the precipitation pauerns and of the evolution of the 

structure in time. The physical interpretation of the measurements is therefore difficult 

and their use for simulations limited unless some assumptions are made about the 

bchavior of the reflectlvity data in the two other spatial dimensions. However, if the 

zenith pointing radar 18 operated in conjunction with a scanning radar, then considerable 

additional information is available to aid in the interpretation. 
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Measurements from a zenith pointing radar seem singularly appropriatc to study the 

accuracy of precipitation estimates by scanlllng radar since the initial field produccd 

using this data is closer to the real field th an can be gencrated by most othcr I11cthods. 

whether they are based on model rainfalls or scanning radar data. 
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2 EXPERIMENTAL WORK 

2.1 MECIIANICAL AND ELECTRONIC SET·UP 

The zenIth pointing radar was installed in a trailer located in the parking lot of the 

MeGill Radar Observatory from the fall of 1989 (Fig. 2.1). The transceiver was installed 

on a structure ll1sIde the trailer build previously for an iceberg remote detection 

expenment. Above the structure, two aluminium bars were put across the trailer's sunroof 

opening and WCIC used as a support for the 1.2 meter diameter vertically pointing 

antenna. The rest of the sunroof Openl'lg was covered WIth rubber to prevent the entry of 

precipitation 1I1to the trader and a plastic radome was added over the dish. A schematic of 

the expcnmental arrangement IS shown in Flgure 2.2. 

The tlanscelver used was obtall1ed From an X-band Decca RM926 marine radar. The 

specifications for the zenith pointll1g radar are given in table 2.1. 

Table 2.1 - Radar specifications 

Wavelength 
Peak Transmitted Power 
Pulse Length used 
Pulse Repetiuon Frequency 
Receiver Transfer Function 
Receiver Sensitivity 
Antenna Size 
Beam Width 
Mil11mum Detectable Signal 

- 12 -

3.2cm 
25 kW 
0.25 ~s 
1700 Hz 
Logarithmic 
-97 dBm 
1.2m 
2.3 Q 

7 dBZ (0.1 mm/hr) at 10 km 



1 

Fig. 2.1 - McGill zenith puinting radai UI1 Ils li ;ukr. 
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Fig. 2.2 - Sketch of the expel imenlal ~el-llp in the tlalla. 
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The output of the receiver was fed to a digitizer also made previously for the iceberg 

experiment. It has 6 bit resolution and a sampling rate of 7 MHz which yields an 

excellent vertical resolution with bins every 21.4 meters. The digitizer was slightly 

ll10dified and then calibrated so that its input range matched the receiver's output 

voltages. The rcturned power data was then sent to a Micro PDP-II whieh processed and 

then archivcd the data for analysis. The computer also sent the data to a graphies screen 

which acted as a rcal time display. 

2.2 DATA ARCIIIVAL PROGRAM 

The archiving program on the PDP-II was written in assembly language in order to 

mll1il11lZe processing time. The program starts by reading the initial parameters such as 

the number (k) of pulses 10 be averaged for each final measurement and the frequency of 

meaSUIcments. It then starts executing its main (infini te) loop until stopped by the 

operator. 

The fIrst part of the loop is devoted to the data collection. In order to attempt to 

reduce the fluctu.ltlons in the measurements due to the Observer's Problem (Marshall and 

Hitschfeld, 1953; Wallace, 1953; Smith, 1964), the program reads k independent pulses 

of data proportlonal 10 the logarithrn of the 1 eturned power from the digitizer. For aIl the 

data sets used in this thesis, k is equal 10 20. To further reduce the fluctuations, the 

program avcrages the retumed power measurements linearly instead of summing their 

loganthms. In order to do this in rcal ume, an averaging technique was developed and is 

dcscnbcd ltl more detall in Appendix A. 
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The stable returned power values are then converted into reflectivities. The power 

received (Pr) and the reflectivity (Z) are related by 

Z 
Pr=C­

r 2 

where C is a constant which de pends on radar parameters and r is the range at which the 

reflectivity is measured. Since the power received data fcd to the computer are 

proportion al to In(Pr), 

In(Z) = In(Pr) + 2In(r) -In(e) 

We th en ob tain reflectivity data proportion al to IneZ), a conVCnIent form for radar 

meteorology purposes. 

The next step in the data proeessing is to correct the near range v.tlues for the 

attenuation made by the transmit-receive cell. The purpme of the T-R ccll is to aVOld thc 

situation where the 25 kW transmitter pulse power goes dlreetly to the reCClver dcsigncd 

to deteet powers 15 orders of magnItude weaker. When the radar is translluttmg, the gas 

in the T-R celI is ionized and this plasma protects the receiver. When the tran~n1lSsion l~ 

completed, the gas deiomzes but this takes some time and causes a notable attenuatlon for 

reflectiviues up to about 1.2 km in range. Since after activation the ion populatIon 

follows a gaussian function and stnce attenuation lS proportion al to the number of ions, 

then 
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where r3dll is the distance corresponding to the time constant of the ion deionization. For 

this radar, r1dB is about 750 rneters. While this correction allowed us to use the data 

collected at much doser range, it is not perfecto The reflectivity information at a range 

doser th an around 300 meters tended to be unreliable, although the first 150 meters were 

dominatcd by ground duuer anyway. After this correction, the data was saved on disk 

and displayed in real time on a graphies monitor. 

2.3 DISPLA y PROGRAMS 

Two small communication programs were written to transfer the data from the PDP 

to IBM PC compatible microcomputers. This was do ne because the author was more 

familiar with the latter family of computers and because the tools for data analysis such 

as language compilers and the computers themselves were more available. A display 

prograrn was written and allov:cd any height-time window of the data set to be viewed 

and to be printed on a laser printer. An example of the output of this program is shown in 

Figures 2.3 and 2.4. Figure 2.3 shows 14 hours of precipitation associated with the 

passage of a cold front, giving a synoptic seale picture of the situation. Figure 2.4 on the 

other hand focuses on a small window in the early part of the event. We can see snow 

trails starting from "generating cells" and merging further down, giving sorne information 

on what is happening in the microseale. 

2.4 DATA COLLECTED 

The data set eollected for this thesis is prirnarily height-time indicators (HTI) for 

about half the precipitation events at the radar site from rnid-October 1989 until the end 
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of November 1989 and from the end of March until the end of April 1990. Due tu the 

particularly rainy conditions especially in November, the relatively short collection 

period is rich in variety, including events from tornado genemting convective min ln 

moderate snowfall and an unusual freezing min thunderstorm (Fig. 2.5). 
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3 SIMULATION OF PRECIPITATION ESTIMATES BY RADAR 

3.J SIMULATION 

The reflectivities measured by the zenith pointing radar were used as the initial field 

in a study of the effects of the sampling differences between radar and raingauges. A 

simulation was deve10ped to estimate the ratio of the precipitation measured by a 

scanning radar and the surface precipitation as a function of range and of the beam 

height. 

3.1. J In put data 

Most of the previous attempts to eva1uate the discrepancies due to the sampling 

differences between precipitation estimates by radar and measurements by rain gauges 

were made using mode1 rainfalls or focused primari1y on convective precipitation events 

(Zawadzki, 1984; Chandrasekar and Bringi, 1987; Tees and Austin, 1989; Joss and 

Waldvogel, 1990). A similar attempt for stratiform precipitation is described in this 

chapter except that the high reso1ution reflectivity data obtained by the zenith pointing 

1 adar was used illstead of a model or average rainfall or snowfall field. 

To simulate what the scanning radar would have measured, it is assumed that the 

reflectivity sequence [rom the zenith pointing radar occurs over a point located at a 

distance r from the scanning radar. The four portions of events chosen from the data set 

collccted, together with a description of the type of weather represented, are listed in 

.. lble 3.1. 
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Table 3.1 - Events dates and descriptions 

1. 
2. 
3. 
4. 

Date 
November 9, 1989 
November 9, 1989 
November 16, 1989 
November 28, 1989 

Time 
9:05- 9:50 
16:50-18:25 
16:50-17:25 
4:20- 5:45 

Shown in 
Figure 3.1 
Figure 3.3 
Figure 3.5 
Figure 3.7 

Description 
Low intensity stratifonn mm 
Moderate stratifol111 rain 
Intense stratifonn rain 
Moderate S!lOW 

In aIl cases, the reflectivity of snow increased as it fell from its level of dctcction. 

For the first three events, the snow melted around 2 or 3 km giving rise to a rcgion of 

enhanced radar reflectivity known as the bright band. Below the melting layer, the 

reflectivity was almost constant down to the ground except for the flrst evcnt (Figure 3.1) 

where the reflectivity increased with decreasing height. Il should be notcd that for that 

particular event the rain rate enhancement was more significam when the precipitation 

was weak, suggest1l1g that the observed stratus clouds under the meltll1g layer may havc 

caused raindrops growth by accretion (Austin, 1987). 

An important problem is that reflectivlty data 111 four dimensions is usually rcqllired 

for this kind of simulation to properly evaillate the effects of gradients or of attel1uation. 

However, the initial field has only two dimensions, one in space and one in time. To 

compensate for one of the two missing dimensions, at least two scenarios can be 

proposed. 

In the first scenario. the weather sequence moves towards the radar at a velocity v. 

Using Taylor's approximation, the time-height data can be converted into rangc-height 

data. Then. reflectivity information is present at aIl distances between the scanmng radar 
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and the pOint over which rainfall is estimated. This scenario is appropriate for attenuation 

studies. But there is data only for one azimuth, which makes the estimation of the effects 

of reflectivity gradients with a widening beam almost impossible. 

In the second scenario, the weather sequence moves tangentially to the radar and 

Taylor's approximation is again used to get data for the dimension perpendicular to the 

line belween the raJm and the point studied. This scenario is more suitable for gradient 

studies but the study of attenuation must then be ignored since there is no data along the 

radial. 

The subject of attenuatiol1 has been much discused in the literature (Hitschfeld and 

Borden, 1954; Atlas, 1964; Medhurst, 1965; Battan, 1973). Furthermore, attenuation 

studies are Ilot greatly improved by the availability of high resolution data needed for 

gradient studies. Therefore, the second scenario was chosen for the simulation. For each 

simulation, the time-height data was transformed into time-distance data using Taylor's 

approximation. The echo velocity v needed for the transformation was taken from the 

storm displacement as measured by the McGill operational radar trac king program 

SHARP (Bellon and Austin, 1978). 

In addition, the initial reflectivity field was modified at low levels, typically less 

than 300 meters, because of the ground clutter contamination and of the inadequacy of 

the T.R. cclI correction described in the previous chapter. 

3.1.2 Scanning radar characteristics 

The observation of the initial reflectivity field by an horizontally scanning radar is 

then simulated. The model antenna beam has a pencil beam radiation pattern and consists 
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of two gaussian lobes. The main lobe has a 1 degree beam and the sidclobc is 0.5 dcgrcc 

wide and located 2 degrees from the main beam with a peak in intcnsity 40 dB below that 

of the main lobe. The height of the radar horizon is taken with respect 10 li hYPOlhclical 

curved earth of radius 4/3Rearth (Bean and DUllon, 1968) which accounts for thc d'rccls of 

the earth 's curvature and normal refraction of a Standard Atmosphcre. The contnbulion 

to the reflectivity of weather under the horizon IS set to zero. The radar surfers no 

attenuation for the reasons explained above and has no minimum rctleclivity Ihreshold. Il 

is assumed to be in a flat country where no obstacles can reduce HS observation 

capabilities at far range. Time sampling effeets (Wilson and Brandes, 1979) are not 

considered and the sampling interval of the radar is of the order of two seconds. 

3.1.3 Radar accumulation computation 

The radar accumulations are computed as a function of the range of the target and 01 

the height at which the center of the beam is sampling. For eaeh set of range and hCIght, 

the weighting function of the model antenna beam is computed. Evcry lime step, a 

reflectivity is measured by the scanning radar by wcightîng the height-distanœ 

reflectivity data with the antenna pattern function. For the rainfall cases, the rcflcctivity is 

converted lIlto a rainfall rate whatever the height at whleh it has been measlllcd. Thc 

rainfall rate at that instant is computed using the Z-R relationshlp denved from the 

drop-size distribution measured by Marshall and Palmer (1948) 

Z = 200R I6 

For the snowfall case, the snowfall rate is computed using the Z-R expression of Sckhon 

and Srivastava (1970): 
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Z = 1780R22
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An accumulation is finally computed by summing the contribution from each time step. 

3.1.4 Gauge accumulation computation 

Surf.tce rainfall measurements cannot be used as ground truth for the evaluation of 

gauge-radar sampling differences because other sources of errors such as variations in the 

Z-R relationships or errors in measuring the initial radar reflectivity factor would 

influence the Lnal result (Wilson and Brandes, 1979). The surface rainfall estimation 

must then come From the initial reflectivity field itself. To compute a simulated gauge 

accumulation, ail the reflectivity measurements taken at 300 meters by the zenith 

pointing radar were converted into instantaneous rainfall or snowfall rates using the Z-R 

relationshlps descnbed above. The rainfall rates were then integrated to obtain the surface 

accul11ul,uÎons. 

3.2 RESULTS 

The results of this simulation for each event are shown as contour plots in Figures 

3.2, 3.4, 3.6 and 3.8. These figures show the ratio between the radar and gauge estimated 

accumulations (ERlEG). 

3.2.1 Stratiform rainfall cases 

The first three cases, which correspond to rainfall events, have at least three features 

in common. Flrst, the bright band which is between 2 to 3 km for the 3 events 

significantly affects the estimation of rainfall. When only the bright band is sampled, the 

rainfall can be overestimated by a factor 4.5 at near range (Fig. 3.4, just above 2 km). Its 
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influence wcakens with range but spreads in heights as shown by the torch-like shape of 

the rainfall estimation contours around the height of the bright band. This feature is less 

obvious in the first case where precipitation increases significantly under the bright band 

and where the enhancing effect of the bright band is moderated by the relatively weak 

precipitation at that level. 

The second common feature is the increase in height with range of the lowest 

contour. As shown by Donald~on (1964) for convective rainfall, this effeet translates in 

the apparent increase of the eeho tops as a function of range. This is due to the widening 

of the beum with range. As the beam widens, it will sample reflectivities from a 

broademng range of heights. Hence, even if the center of the beam is ab ove the 

precipitatIon, the radar will stillmcasure a reflectivity due to the precipitation located in 

the bottom part of the beam. 

The third obvious feature IS the very strong drop in the estimates at a range of about 

200 km. This sharp decrease in rainfall estimation occurs when the radar horizon, or the 

hcight that the beam wou Id reaeh if it was at an elevation angle of 0 degree, reaches a 

kvel close to the bright band height. Beyond this range, the beam ean only sample snow 

with weak reflectIvities sinee the strong rain and bright band are now under the horizon. 

Therefore, the range of the sudden drop tends to be greater when the bright band is 

higher, a fealure clearly visible when comparing the second event (Figure 3.4, 2.2 km 

bright band, range of drop at 185 km) wuh the third (Figure 3.6, 2.9 km bright band, 

range of drop at 215 km). The range at which the height of the radar horizon corresponds 

to the helght of the melting layer can be computed: 
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r = ~4/3 x 2hR,ar,h + h 2 

where ris the range and h is the height of the melting layer. Beyond thm range any 

attempt to obtain quantitative rainfall estimates is extremely difficult. Furthermore this 

range is an upper bound to the maximum useful range for aIl elevation angle 

combinations: whether PPIs, CAPPIs or others are used, the maximum lIscful range will 

always be less or equal to r. 

Another important consideration in obtaining good rainfall estimates is the elevation 

angle combination which must carefully avoid the bright band as much as pOl.sible. That 

is, there must be an appreciable distance between the bright band and the height at which 

reflectivities are measured. Being just under the bright band is not good enollgh bccause 

the effect of the bright band broadens with lIlcreasing range. For example, m the !o.econd 

event, the bright band is around 2.2 km. Measllring reflectiviues at 1.5 km, some dl!o.tanœ 

away from the bnght band, at 100 km range would have stillled to a 60% overestullal10n 

of the rainfall accumulation (Figure 3.4). Measuring reflectivities at too Iowa level i~ not 

a solution either because ground echoes contaminate the rainfall measurement and SClcen 

the radar beam at fllrther range. Estimating bright band height in reaI time bccol11c'i 

essential in arder ta assess the qllality of the reaI time ramfall estlrl1ates However whcn 

the bright band is tao low, good rainfall estimates are impossible without tryl!1g to con cet 

for its effect, a difficult task achieved with sorne success by the British MeteoroIogicaI 

Office (Smith, 1986). 

It is interesting to compare the results of the first and second simulations which u~e 

data only 8 hours apart. The two portions of events are apparently sinuIar, both bell1g 
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stratifom1 and having their bright band between 2 and 2.5 km. However, the contours of 

ER/EG changes drarnatically at aIl ranges. Sorne investigators proposed a range 

dependent Z-R relationship based on climatological rainfall statistics to correct the 

variations of reflectivity with range. If such correction would have worked for one event, 

it would have been inappropriate eight hours later. Things can get worse if the bright 

band changes height as it was the case an hour after the second event (Fig. 4.5). Hence 

range corrections based on c1imatological data like the range dependent Z-R relationships 

proposed by Calheiros and Zawadzki (1987) or Atlas et al. (1989) are likely to give 

spurious corrections. This is especially true for stratiform precipitation where the vertical 

reflectivity profile can change drastically from one event (Fig. 3.1 and 3.3) to another 

(Fig. 2.3) a few days apart and even within events. Therefore any range correction of 

radar data should be based on information about the storm itself rather than on statistical 

methods. 

The bright band height and the elevation angle combination used are then two 

important parameters affecting the quality of stratifonn rainfall estimation. The 

evaluation of the performance of sorne elevation angle programs for case study 3 and 4 

will be presented in section 3.3. 

3.2.2 Snowfall c\'cnt case 

The problems related to accurate snowfall estimation are different than those for 

rainfall primanly because of the absence of the bright band. Instead of reaching a strong 

maximum at some height, the snow reflectivity profile tends to decrease with height 

(Figure 3.7). Hence, measured snowfall amounts decrease as the height of the observation 

increascs. There is no sudden drop at a certain range but a graduaI decrease in the 
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accuracy of the accumulation measurement (Figure 3.8). On the basis of this one case 

analyzed, the maximum range of accurate snowfall estimation is of the order of 70 km, 

which is much smaller than for the rainfall cases (200 km). 

Since the reflectivity of snow decreases regularly with height, an horizontal 

stratification of the snowfall estimation contours can be observed: at close and medium 

range, ER/EG contours are roughly horizontal. However the range at which this 

stratification extends is a function of height: the higher the estimation is made, the further 

in range the bias of the estimation remains nearly constant. If an estimation of the 

snowfall accumulation is made at constant altitude between 1 and 3 km, it will be biased 

by the same amount for a range much longer th an 70 km. Therefore, if the estimates are 

corrected by SI10W gauges measurements, the range of accurate snow accumulations 

could be extended by measuring the snowfall at a constant altitude abo· ... e the surface. 

However, locallow level orographie enhancement may render this task very difficult. 

Snow echoes are weak. Therefore another problem not simulated might cause a 

problem for snowfall accumulation: the reflectivity might be under the detectability 

threshold. Since reflectivity decreases with height, it sets a constraint similar to that for 

the rainfall cases: in order to obtain good precipitation estimates, the radar must measure 

retlectlvities at a low altitude, but still sufficiently high to avoid ground duuer problems. 

llerc again the choice of a good elevation angle program for the scanning radar is critical. 

3.3 PERFORMANCE OF UIFFERENT ELEVATION ANGLE PROGRAMS 

The results of the simulations described in the previous paragraphs are difficult to 

use to estimate directly to what extent a radar using a given elevation angle combination 
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would have performed for any of these events. They are however very llseflll as a 

database on which several scenarios can be tried. This can be done by computing the 

height h at which the radar beam is pointing at range r. Then the ER/EG value at the (r,h) 

coordinate can be retrieved. This procedure was done for the third rainfall event and the 

snow event using three elevation angle combinatiolls: a 0.5 degree PPI and IWO 1.5 km 

CAPPIs, one made with 4 elevation angles (0.5, 1.5,2.5 and 4 degrees) and one with 24 

(like the McGiIl radar, with angles listed in table 3.2 (Marshall and BaIJantync, 1975)). 

Table 3.2 - Mc Gill radar e1evation angles (deg) 

# Elevation # Elevation # Elevation # Elevation 

1 0.3 2 0.5 3 0.7 4 0.9 

5 1.1 6 1.4 7 1.8 8 2.2 

9 2.7 10 3.4 Il 4.1 12 4.9 

13 5.9 14 7.1 15 8.6 16 103 

17 12.3 18 14.6 19 17.2 20 20.3 

21 23.8 22 27.7 23 32.1 24 34.4 

The results for the rainfall event are shown in Figure 3.9 to 3.14. Figure 3.9, 3.11 

and 3.13 show the result of the rainfall estimate simulation as in Figure 3.6 over which 

are plotted the 3 elevation angle combinations. Figure 3.10, 3.12 and 3.14 show the ratio 

of the measured over the real rainfall accumulation as a functioll of range. AIl thrce 
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Fig. 3.14 - Ratio of the radar estimated rainfall and of the surface rainfall for the 
strollg stratiform event if the 24 elevation angle CAPPI is used. 
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elevation angle combinations perform relatively weil at short range. As the range is 

increased, the radar tirst overestimate the precipitation as the height of the observation 

traverses the bright band. Then the rainfall is underestimated as more and more SI10W fill 

the beam. Around 220 km, ERIEG quickly decrease as the range of sudden drop is 

reached. The tirst two elevation angle combinations are comparable in quahty. At short 

range, the 4 elevation CAPPI is worse than the PPI mainly because the second angle 

penetrates too far into the zone of influence of the bright band. Both are equally accUlatc 

up to 110 km where the bright band begins to affect the rainfall estimates. Beyond 145 

km where both elevation angle combinations overestimate the rainfall by more th an 40%, 

the estimates decrease steadily up to 225 km. Even if the simulation shows similar 

performance, it should be noted that the estimations from the PPI are more likely lO be 

contaminated by ground echoes than the CAPPIs. The 24 elevation angle CAPPI 

performs better by getting accurate rainfall estimates up to 130 km, and the 

overestimation due to the bright band is always less than 30%. The estimates are 

generally better up to 220 km where they quickly drop because from there on the beam 

only samples low reflectivity snow. 

The results of the elevation programs test for the snowfall event are showll in 

Figures 3.15 to 3.20. Since snow decreases with height and the height of the PPI 

increases continuously with range, the sllowfall estimates show a decrease with range. 

These are accu rate up to 60 km From where they decrease steadily (Figure 3.16). This 

behavior is consistent with the measurements made by Jatila (1973; sec also Wilson, 

1976). The snowfall estimations from the four elevation based CAPPI are not accuratc at 

any range and make se veral jumps each time a change in elevation is made (FIgure 3.18). 

The 24 elevation CAPPI shows more interesting results. There IS a systematic 
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underestimation by 25% up to 110 km. Beyond this range, the magnitude of the 

measurements decrease steadily (Figure 3.20). Since the underestimatlon witlun Il () km 

is constant, the radar can be calibrated with snowgauges and accurate snowfall cstimatcs 

cou1d be obtained up to range near1y two times greater than for the PPI (üu'lson and 

Marshall, 1972). 

The main advantage of using a CAPPI is to avoid the presence of grollnd echoes at 

close range. Furthermore, it 1eads 10 superior precipitation estimates with extcnded range 

if the number of elevation angles is sllfficient. If the number of angles is too small, the 

qua1ity of the precipitation estimates will suffer. 
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4 EFFECTS OF NON UNIFORM REFLECTIVITY IN THE 

BEAM ON ESTIMATES OF STRATIFORM PRECIPITATION 

Non uniform reflectivity in the radar beam is one of the causes of disagreement 

bctwcen radar derived and rain gauge accumulations. In stratiform precipitation, the three 

main causes of these non uniformities are the bright band for rain, the incompletely filled 

beam for snow and the horizontal and vertical reflectivity gradients for both. Each of 

thcse causes and their effects on radar derived precipitation estimates are studied more 

closely in this chapter. 

4.1 BRIGHT BAND IN RAIN EVENTS 

The simulations in the previous chapter have shown that the bright band is the main 

cause of bias in rainfall estimations at short and medium range. The reflectivity 

enhancerncnt corresponds to the legion just under the O·C isotherm where snowflakes 

mclt into raindrops. The peak in reflectivity separates a region of weak reflectivities 

above corresponding to solid precipitation from a region of stronger reflectivity below 

correspondmg to rain (Austin and Bémis, 1950; Battan, 1973; Sauvageot, 1982). A 

typlcal vertical reflectivity profile using data from the zenith pointing radar is shown in 

Figure 4.1. However, the bnght band shape, strength and thickness vary considerably 

l'rom storm to storn1 and even within storms (Waldvogel and Steiner, 1986; Figure 4.2 

and 4.5) . 
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4.1.1 Bright band thickness measurement technique 

Before attempting any corrections for the bright band, the thickness and the intensity 

of the reflectivity enhancement must be known. The zenith pointing radar data collected 

in fall 1989 and spring 1990 is used to deterrnine bright band characteristics. This 

calculation was performed for each series of measurements. To ùeterrnine the 

instantaneous bright band thickness, the maximum vertical gradient in reflectivity on 

cach side of the bright band (~tax is found. The bright band limits are then defined as 

the first points beyond the maximums where the vertical gradient in reflectivity is half of 

the maximum found on each slope (when: =::; H~ta). Even if this definition is 

ul1orthodox, it gives good results: using this definition, the bright band on Figure 4.1 

would be about 520 meters thick which closely corresponds to a subjective estimate. The 

rainfall rcflectivity associated with the bright band thickness is also measured (Figure 

4.2) t,lking into account the drift of the rainfall trail due to wind shear (Marshall, 1 Q53; 

Sallvagcot, 1982). 

-4.1.2 Rcsults of thickness measurements 

Figure 4.3 shows the results of the frequency of occurrence of bright band thickness 

for ail the data where the reflectlvity was above or equal to 6 dBZ (or rainfall above or 

cqllal to 0.1 mm/hr) just below the bright band. ThIS graph is similar to the one made by 

Steincr and Waldvogel (1989) except that it is a composite of three months of rainfall 

data. A mean lhickness of 346 meters is found but there IS a wide scatter as 95% of the 

I11caSlIrcmcnts are From 160 meters to 560 meters. The mean thickness of the bright band 

and ils stand:ud devialion for each 5 dBZ Illterval of rain reflectivIty IS shown in FIgure 

4.4. On thc bottom part of the graph, the frequency distribution of rainfall reflectivity is 

shoWIl to glVC additional information about the distribution of rain rates in the data set. 
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The dependence of the bright band thickness on rain reflectivity for the entirc data set is 

comparable to what Klaassen (1988) obtained using 49 I-minute averaged thickness 

measurements. 

The distribution of rain reflectivity looks normal on the dBZ scale (Figure 4.4). 

Hence, the distribution of rainfall rates is log-nonnal, which is generally the case for 

sufficiently long periods of time. The mean bright band thickness increases cxponcntially 

with the logarithm of the rainfall reflectivity. This is due to the fact that the larger 

snowflakes associated with higher rainfalls takes more time to melt and travel a longer 

distance before they melt since they fall faster (v = 160Do 3
; Langleben, 1954). Slncc thl' 

distribution of rain reflectivity is normal on the dBZ scale and since the bright band 

thickness mcreases exponentially on the same scale, the bright band thid.ness should 

follow a log-normal distribution when the contnbution from ail rainfall rates arc 

combined. Although the distribution in Figure 4.3 does not include data for rall1fall Iates 

under 0.1 mm/hr, it appears to be log-nom1al. 

Even for rainfalls having similar rates, there is still wide scatter in the bnght band 

thickness measurements. The standard deviation of each measmement is relauvcly large 

as can be seen by the size of the error bars in Figure 4.4. This retlects the fact that thc 

bright band shows large variations between different events as well as wllhin a distinct 

event. A good example can be seen in Figure 4.5. The bright band of a normal depth 

became quickly wider after 19:20. This sudden change is also illustrated in figure 4.6 

which shows that the change in thickness is not simply associated with a vanatIon in 

rainfall intensity but also to a variation in conditions. 

The sratter in the measurement can have se veral origins: 

- 47 -



a) changes in the temperature profile or the lapse rate around QOC affecting the 

meIting duratlon; 

b) the presence of an updraft or downdraft which can shonen (updraft) or lengthen 

(downdraft) the size of the melting layer; 

c) changes infall speed related with the height of the bright band because the higher 

the bnght band, the faster the hydrometeors. The friction due to air is reduced at high 

altitudes where the air pressure is reduced and the velocity is proponional to p-O•S; 

cl) changes in the snowflake size distribution where the presence of a few 

exceptionaIly large snowflakes (or their absence) will affect the size of the bright band; 

e) the wldth of each interval (5 dBZ) for which aIl the thickness measurements are 

combined; 

f) algorithm induced scatter such as errors in the thickness measurements due to the 

noisy data or in the rainfall measurement. The matching of a rainfall rate with the 

associated thickness can be difficult because of changes in the slope of trails (Figure 4.2, 

left versus right) or in the intensity of precipitation between the bright band and the level 

at which the rainfall is measured. 

~.1.3 Discussion on bright band correction techniques 

Obtaining the best information about the vertical profile of the precipitation is 

essential before attempting any bright band corrections. One way to retrieve it with a 

scanning radar is to use the data from several elevation angles. For exampJ.e, Collier et al. 

( 1980) used the ratio between the reflectivity obtained with two CAPPIs to determine 
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whether the echo received was from stratiform, convective or ground echocs. Knowing 

that information, it is then possible to eliminate the ground echoes and correct the 

reflectivity of the stratiform and convective precipitation to obtain the best rainfall ratc 

map. 

Corrections for the enhancement of the bright band t ave been attempted by a few 

investigators. Harrold and Kitchingman (1975) first proposed a scheme which uscd the 

ratio of reflectivity measurements taken at two different elevation angles to correct fOI 

any vertical variations in the reflectivity. However, the algorithm was however 

numerically uns table and minor improvement in the ove raIl accuracy was observed. 'l'hl' 

current method used operationally by the British Meteorologlcal Oflïce is dc~cnbed in 

Smith (1986). The technique builds on the one proposed by lIarrold and Kitchingman bllt 

only attempts to correct for low level bnght bands. It obtains rea~onablc success in 

real-time with limited computing power using a conservatlve approach. 

The aforementioned techniques assume that the bright band stays at the saille hCIght 

everywhere or that the vertical structure is horizontally uniform. ThIs condition is 

necessary otherwise reglOns of strong precipitation might be confused Wllh rcllcCl1vlly 

enhancement due to the bright band and corrections would be incorrcctly applred. 

However, a bright band can rise or sink (Figure 2.3 and 4.5), appear or dlsappcar (Flgulc 

2.5 and 4.7), become discontinuous tHarrold et aL, 1968) and even split in two parts 

(Plank et al., 1955; Figure 4.8) over distances smaller than the radar range. Thercfore thc 

restriction of a constant bright band height is a serious lImitation. One way to reduCl: the 

problem is to correct the radar reflectlvity using ralllgauges (Collier, 1986). But thls 

attacks the symptoms rather than the problem and errors in preclpllation csUmate'\ in 
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bright band cases are still on the average several times larger than in no bright band cases 

(Browning and Collier, 1989). Since bright band height or thickness variations occur on 

sc ales much smaller thun the radar range, any correction of rainfall estimation ovel a 

small region must be carried out using local information. For example, a zenllh pointing 

radar installed in or close to a city could correct scanning radar data for any vanatiolls of 

reflectivity with height much more accurately for the urban area than a scannll1g radar 

using several elevation angles. The accuracy would be improvcd mostly becallsc the 

vertical resolution of such radar could easily be 20 meters or less comparcd with the 

scanning radar whose beamwidth is 1 km or more at ranges in excess of 50 km. This kind 

of correctIon could readily be done in real time. Furthermore, the zemth pointll1g radar 

could give infomlatIOn about the bright band thlckness and intensity to the scanning 

radar. If the bright band height remains constant over the scannlllg radar range (I.e. if the 

time-r.istory of the bright band on the zenith pointing radar shows constant hCIght and if 

the bright band height measurements from the two radars match), the bnght band 

characteristics measured precisely by the zenith p01l1ting radar cOlild bc lIscd for thc 

correction for the whole radar scan. This could be done for aIl brigLt band hcights, CVCll 

over 1000 meters where the scanning radar starts 10 have problcms evaluatlng bnght band 

characteristics (Smith, 1986). If the bright band height changes 111 timc or ~pace, thc 

information provided by the zenith pointing radar could be used for local correction only 

In this case, the time-history of bright band heights cou Id also be used with synoptIc 

maps to help ta determine a bnght band height map, assum1l1g that tÏlcsc fcatmes arc only 

advected with the mean flow as measured usÎlg radar echo track\l1g. ThiS map could bl; 

used for the bright band correction yielding to more accurute COlTcctions than avadable 

before. Hence, a zenith pointing radar or a small network of them, could be u ... cd nOlonly 
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for rcsearch on microphysical processes but also to help to correct operational radars for 

vertical variations in reflectivity. Clearly this is practical only if the cost of a zenith 

pointing radar can be made much smaller th an appropriate scanning radars. Cost studies 

Ilot included as part of this thesis suggest that non-Doppler high resolution zenith 

pointing radars may be deployed for as liule as 17,000 US$ and a plan to deploy such a 

system in northern England where stratiform rain predominates is under way. 

4.2 INCOMPLETE BEAM FILLING IN SNOW EVENTS 

When measuring a low altitude phenomenon like snowfall, it is likely that beyond a 

certain range, the radar beam will be high and large enough to be not completely filled 

with precipItation. In order to evaluate the magnitude of this effect, a new simulation was 

done for the snowfall event. 

The simulation for the snowfall case (Figure 4.9) was done for two beam widths in 

order to o;tudy the advantage of using a shorter wavelength other radar parameters being 

equal. It was thought that a narrower beam being completely filled with precipitation 

wOlild lead 10 better estimates of snowfall than a wider beam which would be partially 

filled after a certam range (Giguère and Austin, 1989). Figure 4.10a shows the results for 

the 1 degree beam and. Fig~re 4. lOb those for the 0.3 degree beamwidth corresponding 

rollghly to the beam wldths of the McGill radar in its summer (S-band) and win ter 

(X-band) mode respectively. A comparison of the two simulations shows a close 

sÎmilarity between the ER/EG contours. Sorne small differences can be noticed. First, at 

short range and at sorne distance from the ground, the returns from the S-band radar are 

very similar in magnitude to those from the X-band radar. The S-band radar beam may 
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miss some snow in the top part of its beam because of partial beam filling, but this is 

compensated for by the stronger snow echo it gets in the bottom part. The beam filling 

argument then appears 10 be wrong. However at long range (150 km) and for low 

clevalions (corrcsponding to angles between 0 and 0.3 degree), the X-band radar is 

slightly superior ta the S-band. In this case, a significant part of the wide S-band beam is 

bclow the horizon while the narrow X-band beam does not suffer from this problem. 

Furthennorc, ground echo problems are more likely and stronger when using a wide 

bcam and a long wavelength th an with a narrow beam at a short wavelength (Ulaby et al., 

1981). To ex tend the useful range when measuring snowfall, a beam at 10w elevation is 

cssential. Since il narrow beam radar can be pointed at a lower elevation angle than a 

wider beam, it is therefore shghtly superior for snowfall accumulauon estimates. As can 

be seen whcn comparing the two figures, the difference between the performance of the 

1WO radars 1S notable if the sampling is done at very low levels (like in a PPI) but 

relauvcIy modest if made at constant height (like in a CAPPI). Hence, most of the 

improvcmcnt in quantitative estimation of snowfall of the McGill X-band radar over the 

S-band radar descnbed in Giguère and Austin (1989) probably cornes from the 4.6 dB 

improvement in sensitivity in favor of the X-band radar, rather th an from beam filling 

effccts. 

4.3 GRADIENTS IN RAIN AND SNOW 

Them are twv ways gradients in the reflectivity field can affect the reflectivity 

mcasurement or the rainfall rate estimation at a point. First, if strong gradients are present 

in the volume sampled instantaneously by a beam, the rainfall rate for the whole region 

will be undercstimated even if the reflectivity measurement is correct. For example if a 1 
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mm/hr rain (23 dBZ reflectivity using the Marshall and Palmer rclationship) is present 

over half of the region and the other half is precipitation free, the radar willmeasllle the 

rainfall to be 0.65 mm/hr (20 dBZ) for the whole region. However, if radar measurements 

are interpreted as the rainfall rate at the center of the beam, the rainfall rate might he 

either underevaluated or overevaluated depending on the shape of the retlectlvlly 

function in the beam (Zawadzki, 1982). Secondly, reflectiVIty mea~urcmcnts can be made 

incorrect at the post-detection integration step in the presence of gradients. Depend111g on 

the way reflectivity data is averaged, loganthmically versus lineatly for cl\umple, 

addition al eITors can be produced in the presence of strong gradients or if the area over 

which reflectivities are averaged IS large (Rogers, 1971; Zawadzki, 19X2). 

The magnitude of gradients in stratifoml rain varies signiftcantly t'rom ~tonn to 

storm dependll1g primarily on whether the precipitation IS generated t'rom i~olated SIlOW 

trails (Figure 3.1 or 4.11), shower-type cells (FIgure 3.3) or roughly uniformly (Figure 

3.5). The snow trail generated events tended to have the stronger gradient~. In order to 

appreciate their strength, the refIectivity function along a line at 1.5 km (FIgure 4.11) 1<; 

shown in Figure 4.12. To generate that function, the reflectivnies l'rom each measurcment 

of the two bins close st to 1.5 km were averaged and then plotted on the reflectlvity-til11e 

graph. The field is relatively noisy (l dBZ root mean square) because only 40 pubes are 

averaged to reduce the statistical fluctuations. Most of the large scale rdleclIvity 

variations seem to follow an exponentIal power law (Shaffner et al., 19H 1). The 1110S1 

severe variations are close to step functions in appearance. Changes in reflectivity of 

more than 15 dB are observed on penods smaller than 30 seconds. More intense gradient.., 
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tend to be observed at higher altitudes in the snow from wherc the oftcn narrow trails 

originale. Variations of 30 dBZ over 100 meters (vertical) or 10 scconds (horizontally) 

were observed for several events. 

The next question is to what extent the se important and 1111111erolls changcs III the 

reflectivity field on sorne stratiforrn events bias the rainfall estimation. SlIlCC thclc :lIe 

several ways for gradients to bias the rainfall m~asurements depcndmg on the way 

refleetivities are derived and on whether point, surface or volume rall1fall1~ con~l(.lcred a.., 

the ground truth, the foeus will be on how gradients bias the ralllfaii estllllallon for t'le 

volume ilIuminated by the beam at an instant. The effcct of pmt-dctection 1I1tcglal1Oll will 

not be investigated here. To answer thls que~tlOn, we must compare the aetual rainfall 

estimation with what the radar wOllld have obscrved if no ret1ecllVlty gradients \Vere 

present. 

The four precipitatIon events studled earher were reexam1l1ed to ~tudy the dfeets or 

reflectivlty gradients on stratifoml precipItation e~til11ation. The tïr~t ~tep conSI.,ts of 

computing the mean vertical reflectivIty profile of each event. The~e average profIlc~ 

were then med as III Joss and Waldvogel (1990) to detenmne \Vhat a ~cann1l1g radar 

would have seen as a functIon of range and hCIght aS~lImlT1g the evcnt \Va.., horll.ontally 

stratified. The result IS a sHllulatlOn ~1l1l11ar to the one ~ho\Vn 111 CharlCr 3 (Fig. 3.2, 3.4, 

3.6 and 3.8) except using data havll1g a constant vertical refleclivIty profile. The ratio of 

the results ~lInlllation with the onglllai data and the rC~l1lt'i from the ~lInlllalion \Vith a 

constant vertical reflectivity profile wIll then give a mea~ure of the clfeet'i of gradlcnt.., on 

the precipitation estimations. 
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The data WIed for the simulation fluctuates somewhat because of the modest number 

of samplcs avcraged. To sorne extcnt, this might introduce artificial reflectivity 

fluctuations and hcnce nullify the study. However, Figure 4.12 suggests that this effect is 

going 10 be !o.l1lall compared with the one due ta rcal fluctuations. To further support this 

assulllption, an addltIonal test was made. A veraging 20 pulses gives reflectivity 

mcasuremcnts accurate to less than 1.5 dBZ. If the radar reflectivity in the beam is 

consta1'l at 23 dBZ, a ralllfall rate of 1 mm/hr is measured. If the reflectivity in the beam 

is illhomogcncous, with half at 24.5 dBZ and half at 21.5 dBZ, a rainfall of 1.022 mm/hr 

is mea-;ured. Smcc the probabdny distnbution of ~c ... ,urcd / ~Cdl is not gaussian (Marshall 

and lIitschfeld, 1953) and low values are shghtly more probable than l11gh values when 

avcragll1g 20 pulses, the blas caused by the fluctuation of the lI1put data then become~ 

ncgliglblc. 

The results of the study of the effects of gradIents are shown 1Il Figures 4.13 to 4.16 

correspondll1g to the events shown in Figures 3.1, 3.3,3.5 and 3.7 re~pectively. The 

contour lines used are the same for ail the four graphs. The bias contour plots are nOisier 

than tho!o.e of the nunfall e~tlJnates bccHlIse the contour intervals are much !o.maller. 

Fir!o.t, the bJas due to retlectivity variatlons becomes more important wnh helght as 

the field becomcs les!o. and Ic~s homogcneolls. There IS a strong correlation between the 

rcglOlls in the graph where enhancement IS weak and where the contnbution to the 

rainfall cstllna110n came JJnmanly from ram and bnght band echoes. There is a ~lIdden 

lI1crca~e arollnd the echo top hCIght and contours ahove that hCIght are artdiclally lllgh 

and l110stly due 10 the few peaks of radar noise that went hlgh enough to register as 

Idkctlvlly l11easurements. These were then interpreted by the Simulation as localized 

- 58 -



-- -~~ ----------------------------------

6 

5 

----

o 50 200 150 100 25l) 
~f';::I;:-,----r___r~__r---r-~._r__r_r""l""l""l_r__r___r_r_~I-r--r V 

6 4 _ \.2 .:.s:. -

----,.... 
t: 

.:.st. 

.... 
;) 
Q3 

::r: 

----
~ ...... _------

1. 1 ) () 

c.J~1 
. 1 

2 ') 

o 1 () 

o 50 100 150 200 
Range (km) 

Fig. 4.13 - Contour plot of the overevaluation due to gradients for the lIght 1 a 111 fa Il event 
as a flll1CtIOn of range and height. The graph shows the ratio of what the Iadar e.,tllllated 
\VIth what il wOllld have e~tIl11ateù if the reOectivIty field wa~ honzontally ~tratJlled. 
Contour lines arc 1.02, 1.05, 1.1, 1.2, 1.4 and 1.6. 

0 50 100 150 200 ) 1 ) ~) 

r~~~1 ~I~ 
Î ') 

6 l, 
1 , 

5 
1 

') 

1 

ll~ 
" 1 

4 " 

1 

,1 

=1 3 \ 

2 ..... ~ ;; 

, ) 

'J, 

0 L_ L_l l 1_1_1- 1) 

0 50 100 150 2 OC) /' " ., ) 

Range (km) 
Pig. 4.14 - Saille a~ Fig. 4.13 but for the modcrate ralllfall cvcnt 

- 59 -



0 50 100 150 200 250 

6 6 

'If 

.l 'J 5 

~ 

~ 4 c: 
~ 
-' 

- N .r:: 5 0 3 
.~) 
v 

::r:: 
2 lf) 2 

0 0 
N 

o L-L-~J-~-L-L~~ __ ~~~~~-L~~~~~~~~~~~~ 0 
o 50 100 150 200 250 

Range (km) 
Fig. 4.15 - Same as Fig. 4.13 but for the strong rainfall event. 

0 50 100 150 200 250 

-
~ ·1 4 c: 
~ -- -~ 3 .r:: 
CI) 

V 
:r:: 

') 2 
'\ .'\ 

li L_~~_~~~~-J~~~~~~-L~~~ __ ~~~~_-L~~~~ 0 
o 50 100 150 200 250 

Range (km) 
!'lg 4.16 - Saille as Fig. 4.13 but for the moderate snowfall event. 

- 60-



l 

1 

precipitation echoes in the middle of an eeho free region. 

AIl four events show littJc enhancement due 10 gradients at very low levels. Por the 

fin,t rainfall event, it is panly due to the faet that precipitation increased as 1t approached 

the ground due to raindrop accretion in a low lcvel stratus. The weakcr ralll incrca.;cd 

significantly while the moderate min did not IIlcrease as much, which caused a 

weakening of the gradients. But the main cause for the 100 wcak cnhanœment at low 

levels for the first and the other events is artificial: at low levels whclc the Icllcctl vit y 

data was inaccurate, the reflecl1vity values were set to the valuc around 300 mcters 

(Section 3.1.1), wiping out aIl vertical reflectivity gradients. Bcnce only the honzontal 

only gradients contribute to the enhancement at low levels. 

The first minfall event which had the greatesL variations 111 rcflccllvlty shows the 

greatest precipItation estimauo!l enhancement. ln the portIOn undcr 2.5 km corre:-,pollllIng 

to min, the ennancement increases wlth range a~ more and strongcr gradients II[ III the 

widening beam. For ranges smaller than 150 km, bcyond wlllch rall1f;tll c:-.timations ale 

inaccurate for that l'vent, the bias is Just abov~ l()%. The ~ame l~ true for the snowfall 

event for ranges under whleh accurate estimations are pos~lble. For the ~econd ewnt, the 

blas is even smaller and almost negliglble for the :-.trong ~tratlrorm ewnt S\I1CC beyoml 

these ranges the raillfall estimatIons drop wlllIe the effect of gradIent" tend.; to lI1crca"c 

ER/EG, it can be concluded that in stratiform case~, vanatlons 111 rcllccllvlly do not play 

an Important role in bIasing rainfaB estimation by radar. 

The results of the reflectivIty gradient simulation were made u~II1g a 2-D rdkctivity 

field. The effect of the 3rd dimenSIon vane~ wilh scenarios. If wc cOIl"Idcr a !ltandard 

radar beam, the length of the radar pulse which is along tlm tlmd dimenSion 1" 150 
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mctcrs for a typical 1 micrmecond pulse. This is a short distance campared ta the 

diameter of the beam Wl.lCh is of the order of a few kiIometers. Therefore it is unlikely 

that the rcsults of the 2-D simulation are gaing to be modified significantly by the 

addItIon of the third dimension. This might not be true if what happens at the 

post-detection integration level is included in the analysis. If the averaging method is 

logarithmic or the surface over which reflectivities are averages is large, significant bias 

cOllld be indllccd. 
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5 CONCLUSION 

5.1 CONCLUSION 

Reflectivity data of fall and spring Montreal weather was collecled by a lugh 

resolution X-band zenith pointing radar. The data was used to try 10 evalliate the efferts 

of the sampling dlfferences between a scanning radar and gallges, and how thclr 

magnitude varies with range. 

Accurate stratifonn precipitation estnnates are challenging 10 obtalll cvcn whcn only 

the effects of radar gauge sampling differences are ~tul.hed. For ralllfall, the hnght hand 

must be avoidcd by mcasunng refieCtIVltleS weil below the bnght hand If till" col1lhtioll 

is met, the dlfferent slmulated elevatlon angle combinatlons performed rea"lm,lbly weil 

A CAPPI wllh several elevatIon angles was found to be sllpcnor to a PPI or a p"cudo 

CAPPI lIsmg a few elevatlons angles JS 11 IS less ~cnsil1ve Il> vcrtlcal change" 111 

reflectivity and also avoids much of the ground duiter. After a certa1l1 rangc whlch 

increases as a function of the helghl of the bnght band, ramfall e .. timatcs arc ~eveldy 

lInderestimated and are probably uncorrectable since mo~t of the rclkcuvltlc~ colild be 

under the minimum deieciable lhreshold of the radar. For ~n()\vfall whcre rdkctlVlty 

decreases wlth helght, only the sllnulated CAPPI WIth ~ewral elcval10n angle .. obtalll" 

reasonable results up to a range whlch is about hall' lhe one for the ralnfall event<; 

Non uniform reflectiVIty 111 the radar beam IS one of the cau~e~ of d1'>agrccmellt 

between radar denved and rain gauge accumulations. The problcl11~ as~oClatcd wlth 

partial beam filling, gradients and the bright band were invc~t1gatcd ~cparately The bealll 
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fIlhng problem related to snow detection was found to be inexistant at short range and 

modest at medIum and far range. The advantage of using a radar with a smaller beam was 

IW/H.:e found to be modest unless a gain in sensitivity is obtained. Even if variations in the 

Idh:ctivity field can be sudden, their ove raIl effect on the estimation ofrainfall was 

minor at the ranges and helghts where llccurate precipitation estimation was possible. Of 

the three ma111 causes of non ulllfonnities in !ltratiform min investigated, the most 

ImpOr1:lIlt onc IS the bnght band. Bright band thickness increases exponentially as a 

fllllcl10n of thc loganthm of radar reflectivity or rain rate. However, even for similar 

1 mnfall ratcs, therc can be large ~catlcr of thickness from stonn to storm and even within 

~tor111S, as weIl as large changes 111 bnght band helghl. Thi!l is the reason why current 

bright band corrections lI~ing data from one scanning radar together with other 

c1imatologlcal data arc not Itkely to be sllccessful. It is belteved that these techniques 

cOlild be ~lgl11flcantly lI11proved by m111g zenith pOlnting radars 10 detect bright band 

hCIght'\ and thlc\"nc..,s change~. 

1 n fact ail the II1formal1on nece!lsary for a range correction of the reflectivity 

mcasurClllcnt could bc provldcd by a zenIth pointing radar except for the effects related tn 

attCl1ual1OI1 and beam blockage. A technique uSlIlg zenith pointll1g radars to provide 

Idh:cl1vlly corrcctlons could be ll11plemented 111 real-time uSlllg the data from the actual 

cvcnt. ThercfOlc, such a technique would be more precise than the statIstlcal range 

COlfCCtJOI1 procedures advocated by Calhelros and Zawadzki (1987) or Atlas et al. (1989). 
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5.2 FUTURE WORK 

The results here suggest sorne additional work which could be U1H.lertal...en. First, 

simulations similar to the one done in chapter 3 could be used to study othcr cvenls. For 

example, the accuracy and scatter of instantancous rainfall estimations by radar as a 

function of range could be invesugated and compared with the results obtalllcd for 

accumulatIons estimations. Simultancously, the accuracy of real-lime ramgaugc 

calibration cou Id be investigated by companng the reflecti vit Y aloft and al the ~lIrraœ fOI 

short penods The accuracy of radar accumulation and instantancous c~tlll1atlon'" 111 

convective storms as a functIon of range and height could also be te~tcd. Sccondly, the 

convective storm estimatlons might be more easIly bla~ed by gradients in the rellrctlvlly 

field then the ones for stratiform precipitation. A study of the effcet of gradients 111 

convective storms could hence yield to 1I1tere~tIng results. FlIlally, the fea~lbIllly and the 

accuracy of zenith poinung made bnght band or vertical retleCtlVlly vanatlon coneCl1(ln~ 

could be tested 111 field expenments and 111 rcal Ume. l-hgh resolutlon wrtlcal data do"e III 

the ground could abo be useful to study orographie enhancement of precipitation ~uch as 

the one due to seeder-feeder mechal11sm. 
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Appendix A: Aigorithm for the averaging of the rcturned power 

A-t THE OBSERVER'S PROBLEM 

Marshall and Hitschfeld (1953) ~howed that the intcn~lty of indnndual cchocs 1'10111 

a random array of scatterers tluctuates randomly with an exponcntlal dl..;lllbutlon 1 kncl'. 

in order tu obrain a good estimate of the retleCtlvity value, ~evclal l111:a..,UICIIlCIlt'i mu..,t bL' 

averaged. Calculauons and simulations of dlfferent averaglllg tcchnlLJlIc~ have bccn donL' 

by several authon, (Marshall and llit~chfeld, 1953; SmIth, 1964: Sil man), and I)ovlak, 

1973; Seed and Austll1, 1989). AlI the~e ~tudles pOll1t out that the h:chnllll1L'~ thal ail: 

computationally easy to obtall1 ~uch a~ loganthmlc averagll1g or c\poncntIal ~111()llthlng 

perform mllch wor~e than averagl'lg reflcctlvuies whlch reql1l1c~ handling numbcis 

spanning on several orders of magl1ltuue TI1lS becol11e~ even WON: whcn Idlectlvlty 

vanatlons are present when averaging pllbes downrange (Rogers, 1071; Zawad,kl, 

1982). 

A-2 Z A VERAGING TECHNIQUE 

It was felt that to obtain precise measurements fiOm the zenith pointll1g radar, the 

reflectivny measurements shollid be averaged Ill1carly.llowevcr, the radar ICCL:lwr ha..; a 

logantlul1lc amplifier. Furthennore, exponenliating a mea~llrel11L'nt III rcal Illlle Icqlllll:d 

computIng power far above the capablilues of the MICro-POP 11/73 IOfglllg the data 

Loggmg al! measurement~ for ~ub~eqllent averaging would have Icqulrcù 100 Illuch lll~k 

space. In ortler to obtain fast linear averaging, a techllll)uc wa~ uevdopeù and 
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Impkmcntcd wlth suc cess. 

The digitizer outputs a value proportional to the logarithm of the power received: 

SUppDSC that the sum of n measurements is already stored as an integer in memory in the 

fonn 

kln{IPJ 

If c is dcline as the difference between the two 

then 

The new received power measurement i~ now added to the previous ones: 

The cqllatlon has two tenns: the tirst one is the previous sum stored in the same form as 

prcviollsly and the second term is a function of C only. Since the new value comes from a 

( 
; 
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digitizer and the sum is in integer fornl, c can only lake a Ùl~crete number of valucs. 

Since the number of values of c is limited, a table of vallle!\ of the sccond term can be 

stored in the computer and accessed using c as an mdex. 

The firsl measurement coming [rom the digitizer l!\ transfcrred dllcctl v 10 thc SlIlll 

since it already has the correct format. For the next meaSlIrCml:l1ts, thc ~llmll11ng 

algorilhm is relativel)' simple: first the sum is slIbtral:ted from the I1CW 1l11:a"un:mcnt. Tk 

value obtained is then used as an tndex 10 get a numbcr from the tahlc of pn:-cakulatcd 

second term values. This numbcr IS then added to the sumo When all the mca<.,lIlClllenb 

are ll1tegrated, the sum of received powers can be eastly conveItcd to nUl11bcrs 

proportion al to the logarithm of ref1ectivities by maklng a cO! rectio!1 for rangl: and for lhl' 

number of measurements that entered in the cV1nputal1on of the !\UI11. SlIlec thl: averaglllg 

technique IS ~imple and does not require floatIng pOilU or large lI1tcgl:r calculaIlO!1S, Il ClIl 

be d(me ea~Ily 111 real-time by the 1111CrOComputer as the mea~ureml:nt<., arc takcn. The 

processing ume for 250 bins i~ more or lc~s equal to the time 11 Lake ... tn wall to get a 

ret1ectivity measurement independent ta the prevlOus one (of the orlkr of 5 lm; 

Sauvagcot, 1982) 
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Appcndix B: Sample HTIs 

The following nine pages show sorne of the HTIs collected for the thesis. Two HTIs 

arc dl\playcd on each page and they are related to the saml: event. The top image shows 

the complete evcnt while the bottom image zooms on a panicular or strange feature of the 

cvcnt. 
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