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Validation and Ground Truth for TRMM Precipitation
Radar Using the MU Radar

Toru SATOT, Toshihiro Teraoka'*, and Iwane Kimural, Members

SUMMARY  The MU radar of Japan is one of important candidates for as winds and turbulence[3].
providing accurate ground truth for the TRMM precipitation radar. It can The vertical wind velocity and the intensity of turbu-

provide the dropsize distribution data together with the background atmo- lence provide a reliable measure of discriminating the con-
spheric wind data with high accuracy and high spatial resolution. Special

observation scheme developed for TRMM validation using the MU radar VECUIVE and stratiform rains. Also, the radar is equipped
is described, and preliminary results from its test experiment are shown. With an active phased array antenna whose beam steerabil

The high-resolution MU radar data are also used in numerical simulations ity roughly covers the footprint of TRMM PR with a much
to validate the rain retrieval algorithm for the TRMM PR data analysis. higher horizontal resolution. It is thus possible not only to

Among known sources of errors in the rain retrieval, the vertical variability . .. .
of the dropsize distribution and the partial beam-filling effect are examined prOVIde an accurate radar reflectivity factowersus height,

in terms of their significance with numerical simulations based on the Mu DUt @lso to quantitatively evaluate the partial beam filling er-
radar data. It is shown that these factors may seriously affect the accuracyror of TRMM PR. In total, the MU radar can provide a very
of the TRMM rain retrieval, and that it is necessary to establish statistical gccurate ground truth for TRMM PR, although limited to the
means for compensation. However, suggested means to improve the CONzases in which the satellite passes over the radar site.

ventionala-adjustment method require careful treatment so that they do not hi fi . h ial ob .
introduce new sources of errors. In this paper, We first examine the special observation

key words: TRMM precipitation radar, MU radar, ground truth, rain re- scheme of the MU radar developed for TRMM PR ground
trieval algorithm, numerical simulation truth experiments, and then study the effect of spatial valia-

bility of the rain on the planned rain retrieval algorithm using
1. Introduction numerical simulations based on the MU radar data.

The largest advantage of space-borne measurements is in itd8.  Ground Truth Using the MU Radar

global coverage, especially in the tropical area, where most

of the rainfall occurs. TRMM (Tropical Rainfall Measuring The MU radar is designed to have a sufficient sensitivity to
Mission) satellite[1] will be the first one which installs a pre- detect backscattering from atmospheric turbulence, which
cipitation radar (hereafter referred to as PR)[2] onboard, andis also called clear-air echoes, so that the background wind
will be launched in 1997. It is expected to provide essen- field and the strength of turbulence can be monitored contin-
tial information in understanding the global water circula- uously in time and height[4]. At the frequency of the MU
tion. However, since the planned radar is a single-frequency,radar, which is 46.5 MHz, the Rayleigh scattering from rain-
single-polarization, and non-Doppler one, the retrieval of drops are received with similar intensity as the turbulence
rain intensity from the echo intensity data requires careful echo under precipitating conditions. It is thus possible to
interpretation based on sophisticated algorithms which in- estimate accurate DSD compensated for the background at
corpolate with peripheral ground validation data. mospheric motion.

The objective of this study is to 1) establish a reliable Another advantage of the MU radar for precipitation
ground truth scheme for the planned TRMM PR using a study is its beam steerability. The antenna beam direction
ground-based radar, and 2) to validate the rain retrieval al-can be changed arbitrarily from pulse to pulse within the vis-
gorithm based on the radar data. While most of ground vali- ible range of 30 from the zenith. Recent upgrading of the
dation sites for TRMM PR use microwave Doppler weather data taking system of the MU radar enabled to obtain and
radars, we use the the MU (Middle and Upper atmosphere)process Doppler spectra from a much larger number of di-
radar of Kyoto University, Japan. The MU radar, which is rections simultaneously than before[5].

a large VHF Doppler radar designed to observe the earth’s ~ Taking advantage of this improvement, we have devel-
upper atmosphere, has a unique capability of measuring theoped a special observation scheme for TRMM PR ground
vertical profile of the rain drop-size distribution (DSD) si- Vvalidation. Basic system parameters of the MU radar for
multaneously with background atmospheric parameters suchTRMM validation mode is given in Table 1.  Figure 1
shows the arrangement of the radar beams.  Large circle
shows the footprint of TRMM PR, and small circles are the
"The authors are with the Department of Electronics and Com- MU rac_lar beams at 3-_km height. These_19 beam directions
munication, Kyoto University, Kyoto, 606-01, Japan. are switched electronically at the pulse interval of 48€c

*Presently, the author is with Matsushita Electric Industrial Co., in a cyclic manner. Doppler echo power spectra are com-
Ltd. puted at a height interval of 150m for each beam direction
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Tablel  Basic parameters of the MU radar for the TRMM validation
mode.
Parameter Value
Location Shigaraki, Shiga, Japan (3485 136.10E)

Radar system
Operational frequency
Antenna

monostatic pulse radar; active phased array system
46.5 MHz
circular array of 475 crossed Yagi's

aperture 8330 r7n(103 m in diameter)
beam width 3.8 (one way; half power for full array)
steerability steering is completed in each IPP

beam directions
polarizations

19;%-30° off zenith angle
linear

Transmitter 475 solid state amplifiers
(TR modules; each with output power of
2.4 kW peak)
peak power 1 MW (maximum)
average power 2.5 kW (duty ratio 0.25%)
bandwidth 1.65 MHz
(pulse width: 1us)
IPP 400us
Receiver
bandwidth 1.65 MHz
IF 5 MHz

12 bitsx 8 channels
none

A/D converter
Pulse compression

MU radar beam at 3.0 km height

(small circles)

(km)

Fig. 1
height.

Beam arrangement of TRMM PR and the MU radar at 3 km
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Fig.2  Distribution of estimated rain intensity in numerical simulation.

The given rain intensity is 12.6 mm/h. The top and bottom panels are for
N =5andN = 30, respectively.

every 10 seconds, and averaged for 1 minutes. Rain drop-
size distribution is estimated from the observed spectra by
fitting the theoretical spectra assuming the gamma distribu-
tion[6]. Background wind and spectral broadening due to
atmospheric turbulence are automatically compensated for
by simultaneously fitting the atmospheric component[3].
The accuracy of derived rain and atmospheric parame-
ters with the MU radar has been quantitatively evaluated by
numerical simulations, and that of the rain intensity and wind
velocity has been confirmed by observations. Figure 2 shows
the result of estimated rain intensity by numerical simula-
tions. Theoretical Doppler spectrum with typical precipita-
tion and atmospheric condition is generated and distorted by
statistical fluctuations whose magnitude is the same as tha
of the actual observation condition, averaged incoherently
for NV times, and then analysed by the fitting procedure. The
figure shows the distribution of rain intensity estimated from
1000 spectra with the same theoretical spectrum but with dif-
ferent random numbers. The upper figure shows the distri-
bution for N = 5, which corresponds to the time and height
resolutions of 1 min and 150 m, respectively. The true rain
intensity given in the simulation is 12.6 mm/h. The standard
deviation of the estimated rain intensity is 1.66 mm/h. The
error due to statistical fluctuations in the spectra is roughly
constant for different rain intensity. The lower figure is the
same as the upper one, but fir= 30, which corresponds
to the time and height resolutions of 1 min and 900 m, re-
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Horizontal distribution of Rain Intensity Rayleigh region, the attenuation coefficient at a given range
0 — 3 m heig .
16-SEP-1994 11:01:22.00 — 11:02:09.00 r from the radar is expressed as[11]
k@) = aZ(r)’ (2

where Z(r) is the reflectivity factor, which is related to the
rain intensityR(r) by

Z(r) = aR(r)" . 3)
o g The measured reflectivity factdfy, is given by
:: ‘i’ Zn() = Z()[1 — ¢S()] Y7, @
‘o E where
2.0 i q= O'Zf}ln 10 )
0.0 & S(r) = /0 aZm(s)’ds . ©)

Fig. 3  An example of the horizontal distribution of rain intensity. If the given parameters and 3 are correct Egs. 4-6

can be solved to give the classical Hitschfeld-Bordan solu-
tion[12] of Z(r), and thusR(r), which is known to be sensi-
tive to errors in the parameters when the attenuation is large.
If the path-integrated attenuation (PIA) is given, itis possible
to adjusta so that it satisfies the relation

spectively. The standard deviation in this case is 0.65 mm/h,
which is the expected accuracy of the MU radar rain estimate
for a column average over 900 m in height.

Comparison of the accuracy with a ground-based rain
gauge is a more difficult task due to the different sampling Ag=[1-¢S@rlv? | )
volume for the two sensors. We carefully chose steady strat- _ .
iform rain situations so that spatial homogeneity is ensured, Where As is the measured PIA factor, anglis the range of
and compared the 1-min average rain intensity observed bythe sea surface. The PIA factor can be estimated fr_om the
the MU radar with a drop-counter type rain gauge, whose magnitude of the echo from the sea surface assuming that
sensitivity is 0.002mm (0.12mm/h for 1-min resolution). the reflectivity of the sea surface in the precipitation area is
The MU radar data were averaged for 900 m in height. It the same as that of neighboring precipitation-free region.
was found that the standard deviation between the two sen-  Other three parameter§ a, andb are assumed to be
sors is about 1 mm/h, confirming the theoretical expectation.constant. In this paper we use the following values based

Figure 3 is an example of the horizontal distribution of On the Marshall-Palme# — R relation and an empirical
the rain intensity observed during a convective rain event ¥ — R relation[13] interpolated to the TRMM PR frequency
on September 16, 1994 with the 19-beam method.  Eachof 13.8 GHz as the initial set of parameters.
shaded hexagon denotes the rain intensity averaged for 1 min _ _

) : S I a =200 b=16
in 2-3 km height range at each beam direction shown in Fig- _ 4 _ (8)

. L a=506x 10 3=075
ure 1. A much larger horizontal variation than the accuracy
!|m!t seen in thl$ figure demonstrate_s the natural varla_lbllty 4. Effect of DSD Variationsin Height
inside a local rain event. Accumuration of such data will be
of crutial importance in evaluating the partial beam-filling

. Extensive studies have been made to compare accuracies C
(PBF) error of the TRMM PR radar algorithms. P

different rain retrieval algorithms using numerical simula-
tions as well as observed data[14-16, 9]. However, the main
emphasis of these studies is on the comparison of different
. o . techniques, and contributions from individual sources of er-
The most essential part of the precipitation radar signal pr-q ¢ are not yet clearly identified. Among various sources of

cessing is the cpn\_/ersion from the m_easured re_flectivity errors, the nature of the spatial inhomogeneity of rain is little
factor into the rain intensity. The candidate algorithm for known mainly because of the difficulty in observations

thdg rain profllmﬁ (dZ¢—295) va ill be abn .ea(tensmn Olf th’; | We plan to quantitatively examine the effect of the ver-
adjustment method[7-9]. Here we briefly summalize the al- 4.5 and horizontal inhomogeneity of rain on the accuracy of

gorithm of the basie:-adjustment method]10]. TRMM PR standard algorithms with numerical simulations
We assume an exponential DSD which is expressed by ot imijar approach as we verified the accuracy of the MU

N(D) = Noexp(-AD) , (1) fedardata. _ o
In this section we examine the effect of the height vari-
whereD is the drop diameter, an (D) is number density  ations of DSD using the MU radar data as realistic examples
distribution. Further assuming that the scattering is in the of the given ‘truth’ in the simulation.

3. Rain Profiling Using Space-bor ne Radar Data
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6 N B beams are arranged within Lfiom the zenith.
]S;‘Eflr;zte 4 Rainfall parameters derived from the observed data for
S ] each beam at the same height are averaged, and two adjace
1 range gates of 150-m intervals are also averaged in order tc
‘g4 2 simulate 250-m range resolution of TRMM PR. ThandZ
I 1 factors at 13.8 GHz are computed for each range bin from the
2 3 — observed DSD, and then convertedag profile. In order to
e avoid additional source of error associated with the bright
T 2r - band, we used the data only below the freezing level. Using
‘ ‘ these profiles as the given model values, we made numerica
1k ‘ ! . simulations. Thev-adjustment method is applied to each 1-
, ‘ ‘ min profile and the rain intensity is estimated at each range
S B s s PR bin. The result is averaged for the entire data set. The error
0 S 10 15 20 bar put on each estimated value denoted by a circle indicates
Rain Intensity (mm/h) the standard deviation of the difference between the instan-
taneous model rain intensity and the estimated one. The er-
ror bar for the convective case is about twice larger than the
6 — stratiform case, probably due to larger vertical variations of
—— model DSD in the convective rain cells.
5L e estimated | It should be noted that the vertical variation of DSD also

causes positive bias errors even thoughutlagjustment cor-

4k 4 rectly compensates for the path integrated attenuation. The
bias at the sea surface level is 15% and 27% for the strati-
form and convective cases, respectively. This bias error is
due to the non-linearity in th& — R andk — R relations.
Although the bias is within the standard deviation, it has a

Height (km)
w
I
|

° I H J significant meaning for TRMM project whose goal is to pro-
1k ‘ ‘ _ vide accurate rain intensity in one-month mean value. It will
| ‘ ! | be effective to make statistical compensation for this vertical
o e = N R variability of DSD based on ground validation radar data.
0 2 4 6 8
Rain Intensity (mm/h) 5. Effect of Partial-Beam-Filling Errors

Fig. 4  Model and simulation results of rain profiling for the stratiform

> . - In the basiax-adjustment method, the rain is assumed to be
rain (left) and convective rain (right).

uniform inside the PR radar beam. It is anticipated that the
horizontal inhomogeneity of the rain causes systematic bias
. . in the estimated attenuation, and thus in the rain intensity. In
Since thev-adjustment method assumes that the param-ne standard algorithm 2A-25, it is planned to make use of
etersa and/3 are constant versus height, their height varia- \4iapility of rain over adjacent beams to estimate the mag-
tion may cause errors in the derived rain intensity. Figure 4 i e of inhomogeneity of the rain inside each beam[7].
shows the result of simulations using the real DSD profiles A path-integrated parameter = ¢S(rs) is first com-

obse_rved by the MU radar as model profiles. _ Th_e UP- puted for the beam of concern and for the neighborinig<
per figure is for stratiform rains, and the lower figure is for 1) beams. Here we use the adjusteéh Eq. 6. Then its
convective ones. The stratiform case consists of 135 pro-giandard deviatios defined by

files of 1-min resolution taken on July 2-4, 1990, when a
stationary front associated with Baiu was present near the
MU radar, and the convective case consists of 43 profiles €=
taken on September 19, 1990, when a typhoon was pass-
ing near the MU radar. Determination of the rain type was LM
made for individual 1-min profile by whether echoes from _ 4 .

c—M;¥Z (10)

9)

M
S G- 0YM
i=1

rain drops, which have larger Doppler shift than snowflakes,

are observed above the freezing level or not. Only those pro-

files that satisfies this criteria for the stratiform rain for the is computed to express the magnitude of inhomogeneity in-
former data set, and for the convective rain for the latter dataside each beam. It is assumed here that the small-scale in
set, respectively, are selected. All of these data are takerhomogeneity is equal to, or at least directly related to, the
with the 5-beam method[5], which is routinely used for tro- larger-scale inhomogeneity. Since these two paraméters
pospheric observations with the MU radar. In this mode the and¢ represent the magnitude of the mean attenuation and
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Fig.5  The PIA correction factorls/ Asp versus the fractional standard ~ Fig. 6  The PIA correction factors/ Asg as a function of measured in-
deviation of rain intensity (R). homogeneity parametér

its horizontal variability, respectively, itis in principle possi-
ble to estimate the attenuation factbycompensated for the
PBF effect. However, details of the compensation algorithm
are not yet established, and require further study.

Here we briefly examine the nature of this compen-
sation scheme by numerical simulations. We assume that
the rain is uniform with height below 5 km, and randomly
varies in the horizontal direction with no spatial correlation.

It should be noted here thatis thus constant regardless to
the footprint size of the radar beam. We fi) to a constant
value of 0.1 crm, and changé\ so that the rain intensity 0.0
R follows a Gaussian distribution with negative part trun- 0.
cated. The mean of the distribution Bfafter the truncation
is denoted adio, ando(R) is used to denote the fractional Fig.7  PIAcorrection factords/ Asp as a function of the two measurable
standard deviation relative tBy. The maximum value of  parameterg ands.

o(R) is thus limited to about 0.4 due to the truncation. Since

Ny is constant, we can computeandZ from the R — Z and

k — Z relations forNy = 0.1 cni#. The Z, profile is then same as Figure 5 except that the abscissa is expressed i
computed for each point from thedandZ values, thenthe  terms of(.  Note thaté takes a value of 0-0.2, since it is
a-adjustment method is applied. the standard deviation @f which takes a value of 0—1. This

The derived rain intensitie is underestimated because figure clearly shows the large dependency oh the mean
the PIA is underestimated (the PIA factdg is thus over-  rainfall rate Ry even for very smalf. For Ry > 10 mm/h,
estimated) due to the horizontal variation®f For exam-  for which the correction is important, it is essential to know
ple, Re is underestimated by 17% at the sea surface level fornot only the inhomogeneity factgr, but also the mean in-

Ry = 30 mm/h andr(R)=0.2. The error increases &sand tensity of the rain.
o(R) increase. SinceRy, which is the final parameter to be estimated,

If we can estimate the inhomogeneity correctly, it is is not available in the estimation, we have to estimate the
possible to compensate for the effect by modifying the ob- rain intensity through the parametér Figure 7 shows the
servedAs so that it represents the PIA value of a uniform PIA correction factor as a function of two measurable pa-
rain with the same intensity. Figure 5 shows the variation rametergl and¢. It is thus possible to compensate for the
of the PIA correction factors/ Ao versusos (R) for various PBF effect using this diagram if the inhomogeneity of rain
values ofRy, whereAs and Ao denotes the PIA factor for  inside the beam is the same as that derived from adjacent
a uniform rain of rain intensity?y, and the PIA factor to be  beams as assumed in the current simulation, or if it can be es-
observed by the TRMM PR, respectively. For the case of timated from the larger scale inhomogeneity assuming some
Figure 3, the correction is not necessary becdtsis small universal spectrum of the horizontal variability of the rain.
even thouglr (R) is as large as 0.24. Accumulation of fur- Intensive studies using ground-based radars located in trop-
ther data with the 19-beam method is important for obtaining ical regions is required in order to establish such spectrum.
guantitative information on the small-scale variability of the Although the above procedure provides the correction
rain events. factor, we have to be careful on its accuracy. Figure 7 clearly

In the real data analysis, the horizontal inhomogeneity indicates that the correction factor is close to unity for most
of the rain is estimated via the parameferigure 6 is the  of the values off and¢, and decreases rapidly in a rather
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Fig.8 Variation of¢ versus mean rain intensifyo. Five curves are for [1]

o(R) values of 0-0.4.

2
narrow range of the parameters. Also, the attenuation fac- =
tor ¢ is not a linear function of?y as shown in Figure 8.

Five curves in this figures are for different valuesogi) (3]
in its entire range of 0-0.4. For strong rains of more than

20 mm/h, attenuation becomes very large astharts to sat-

urate. In this region, 10% of error {phcorresponds to an er- [4]
ror of 10-20 mm/h inR. As Figure 7 shows, it is this range
that the correction becomes essential. However, in actual ob-
servationg! should be determined by the surface reference
technique using the echo intensity from the ocean surface.
Although its accuracy is not yet evaluated in detail, it will (g
not be easy to maintain the absolute accuracy of 10%. It will

be important to set some reliability criteria on the accuracy

of the surface echo, probably using its variability in the area  ["]
surrounding the current precipitation area. (8]

(3]

6. Summary

[0l
An accurate mean of the ground truth for the TRMM pre-
cipitation radar has been developed with the MU radar. Pre-
liminary experiment under a convective rain event showed a
strong spatial inhomogeneity of the rainfall intensity. It has
been confirmed that the MU radar will serve as an effective [11]
mean of ground truth for TRMM PR.

The MU radar data are also used in numerical simula-
tions to evaluate the standard rain retrieval algorithm for the [12]
TRMM PR data analysis. Effect of the vertical variability
of DSD was quantitatively examined, and it was found that [13)
it causes a bias of as large as 27% under convective condi-
tions. The proposed scheme for compensating for the PBF
error was also examined with a numerical simulation. It was
pointed out that although it is possible to make the compen-
sation, its accuracy highly depends on the accuracy of the
sea-surface echo. [15]

It is planned to apply some weighting function on the
correction factor so that the error in various factors be min-
imized[7]. In order to establish the optimum weighting,
it is needed to accumulate further quantitative study using
ground validation experiments, especially using those in the
tropical region.

(10]

[14]

[16]
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