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ABSTRACT

Many investigators have used satellite data to derive rainfall intensity and to compare them with rain gauge
data. However, there has always been a problem: what is the optimal time period for the two different types of
data? A set of well-controlled data collected by ground-based dual-frequency microwave radiometers at the
National Central University (24.9°N, 121.1°E) in Taiwan between January of 1996 and December of 1997 was
used to find the answer. The results show that a 1-h interval would be the optimal time period and that hourly
data will provide a better accuracy than other options (5, 10, or 30 min or 2 h). Two agorithms, the differential
and the brightness temperature, were established to estimate rainfall intensity using ground-based dual-frequency
microwave brightness temperature and rain gauge data. The results show that the root-mean-square error and
the correlation coefficient are 0.63 mm h-* and 0.88, respectively, for the differential method, and 0.91 mm h—*
and 0.71 for the brightness temperature method. The analysis al so shows that because the atmospheric background
and environmental influence in the continuous observations are identical, the changes in brightness temperature
are only caused from the changes in liquid water content in the air. That probably made the differential method
a better choice for rainfall intensity estimation than the brightness temperature method. Moreover, ground-based
radiometers measure downwelling radiation from bottom up, and little ice-particle scattering or horizontal in-
homogeneity is involved. The results can be compared with retrievals from satellite microwave radiometers for
a better understanding of the physics of microwave emission and scattering due to raindrops or ice particles.

1. Introduction

Rainfall information is important not only for human
activities but also in the study of global energy trans-
formation, atmospheric circulation, and climate analy-
sis. Many investigators have focused upon getting better
rainfall intensity information. Generally speaking, the
weather stations that provide rainfall information are
still insufficient, both spatially and temporally. It is
therefore difficult to get enough data for the relevant
research. Fortunately, meteorological satellites can pro-
vide extensive satellite remote sensing data that can be
used to estimate the rainfall intensity.

Earlier research on rainfall intensity estimation used
satellite infrared or visible data. However, significant
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errors existed because these channels could not pene-
trate cloud layers. The rainfall intensity was frequently
overestimated when high cirrus clouds or anvil clouds
appeared in the field of view. Contrary to such infrared
and visible data, microwave channel data are lessinflu-
enced by cloud layers and therefore more suitable for
rainfall intensity estimation (Liu and Curry 1992; Negri
et a. 1994; Barrett and Bellerby 1992; Ferraro et al.
1992; Grody 1991; Spencer et a. 1989). In fact, the
importance of microwave remote sensing to better rain-
fall estimation has been demonstrated by some new ex-
periments, such asthe Tropical Rainfall Measuring Mis-
sion and the Earth Observing System.

Two theories, the emission and the scattering, are
frequently adopted to estimate rainfall intensity with
microwave data (Janowiak et al. 1995). The former uses
the observed emission radiation of atmospheric liquid
particles to estimate the rainfall intensity. The observed
radiation is sensitive to the surface emissivity, so it is
only applied in ocean areas owing to the sea surface
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emissivity being low and homogenous, and it isbelieved
that this theory is more appropriate for rainfall esti-
mation in areas beneath stratified clouds or shallow con-
vective clouds. The latter method may be employed to
estimate rainfall intensity by measuring the extinction
of microwave radiation caused by particles of liquid
water or ice. However, it isonly suitably applied to deep
convective systems.

Therefore, the accurate retrieval of rainfall intensity
from satellite data must involve the scattering and emis-
sion signals, respectively, which makestheretrieval pro-
cess complex. Moreover, much research has used
ground-based rain gauge data to evaluate the accuracy
of therainfall intensity estimation of satellitedata. There
has always been the problem that the sensors mounted
on satellites measure a whole vertical column, but that
raindrops or ice particles aloft do not fall to the ground
instantly. It is thus only meaningful to compare therain
gauge-measured rainfall intensity with those retrieved
from satellite data for a certain time period. However,
what is the optimal time period? It is difficult to answer
this question for satellite data because of the poor time
resolution. On the other hand, the well-controlled data
collected by ground-based microwave radiometers
could be useful in answering this question because of
continuous measurements. Moreover, ground-based mi-
crowave radiometers measure the downwelling radia-
tion so only a little inhomogeneity is involved, and the
signals come only from the emission of atmospheric
liquid particles so the signal of ice scattering is not
involved. All the above advantages make the retrievals
simpler and more suitable in comparison with satellite
retrievals, leading to a better understanding of the phys-
ics of microwave emission and scattering due to rain-
drops or ice particles.

The relative research using ground-based microwave
radiometer data began in the 1970s (Ulaby et al. 1986).
Guiraud et al. (1979) used a dual-channel microwave
radiometer to measure the precipitable water vapor.
They indicated that ground-based microwave radiom-
eter data can be used to monitor precipitablewater vapor
better than conventional radiosonde data can. Westwater
(1978) also investigated the accuracy of the estimation
of water vapor and cloud liquid water using ground-
based microwave radiometer data. Gao et a. (1992)
compared different techniquesfor precipitable water va-
por estimation using downlooking, near-infrared, and
infrared imaging systems and uplooking microwave ra-
diometers. Their estimates agreed within 0.1 cm of pre-
cipitable water vapor. Snider et al. (1995) used ground-
based microwave radiometer data for climate research.
Some investigators have estimated the vertical water
vapor structure by combining different data sources
(Han and Westwater 1995; Stankov et al. 1995; Feltz et
al. 1996; Spankuch et al. 1996). As compared with the
research about precipitable water vapor and liquid water,
papers about rainfall intensity estimation using ground-
based microwave radiometer data have been fewer. It

JOURNAL OF APPLIED METEOROLOGY

VoLuMmE 40

TABLE 1. Instrument specifications.
Frequency (GHz) 19.25 22.235
Bandwidth (double size) 1 GHz
Beamwidth (°) 25
Absolute accuracy 0.5-1
Sample time (s) 0.01, 0.05, 0.1, 5, 10
Antenna dimensions (in.) 16 X 9 X 45
Antenna weight (Ib) 15
Instument controller dimension (in.) 15X 17 X 7
Instrument controller weight (Ib) 25

has motivated us to develop an algorithm for rainfall
intensity estimation. The purpose of this study isto find
the optimal time period for comparing rain gauge data
and radiometry data and to establish an algorithm for
rainfall intensity estimation.

A short description of the collection and processing
of ground-based dual-frequency microwave radiometer
and rain gauge data is given in section 2. Section 3
illustrates the methodol ogy used in this paper for rainfall
intensity estimation. A discussion and analysis of the
results are shown in section 4, and a preliminary sum-
mary is shown in section 5.

2. Data

A set of ground-based dual-frequency microwave ra-
diometers was used in this study. They were manufac-
tured by Scientific Technology, Incorporated. This set
has been in operation continuously for four years (from
January of 1996 to the present) at the National Central
University (hereinafter NCU; at 24.9°N, 121.1°E) except
for the period of field experiments. The basic charac-
teristicsareshownin Table 1. They are operated at 19.25
and 22.235 GHz (hereinafter 19 and 22 GHz), also often
used by satellite-borne sensors in rainfall estimation
(e.g., Wilheit et al. 1991). The sampling time of these
radiometers is changeable (0.01, 0.05, 0.1, 5, 10 s) but
has been fixed at 5 sduring their operation. The antennas
were set at a 45° zenith angle, and a big fan had been
set behind the antennas to keep raindrops from falling
on the antennas themselves (Fig. 1). To avoid stray ra-
diation from the ground or nearby objects, all unnec-
essary objects were removed. Also, regular calibration
(every six months) of the instruments has been done to
correlate the radiometer readings to the absol ute antenna
temperature and to ensure the data quality. Because a
linear relationship exists between the output voltage and
the reading temperature, once this relationship is de-
rived, the calibration can be done. In this paper, the
controlled room temperature of a black body is set as
the warm reference point, and the measured temperature
under the situation that the antenna was input and hold-
ing radar absorber dipped in liquid nitrogen is set as the
cold reference point. The calibration of the instruments
can be finished with the aforementioned referenced tem-
perature points and the corresponding voltages.

A tipping bucket rain gauge was used. Therain gauge
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unit is in millimeters. If the rainfall amounts are larger
than 0.3 mm, the bucket will empty and a computer will
record the accumulated rainfall instantly. The bucket
will also automatically empty once per minute. It is
about 300 m between the radiometer and rain gauge
locations.

For the purposes of determining the optimal time pe-
riod for comparisons between rain gauge and rainfall
estimations derived from radiometer data, the mean
brightness temperature (K) and the rainfall intensity
(mm t-*) for 5 time intervalst (5, 10, and 30 min and
1 and 2 h) were calculated and analyzed. The effective
samples from January of 1996 to December of 1997 are
shown in Table 2.

3. Methodology

Much previous research has shown that a good re-
lationship between the microwave brightness tempera-
ture and the rainfall intensity exists under certain con-
ditions. Therefore, we try to find this relationship and
use it to establish a rainfall intensity estimation model
using ground-based dual-frequency microwave bright-
ness temperature data.

For this study, two different estimation methods ac-
tually were tested. The first one was the differentia
method. This method determines the relationship be-
tween temporal changes in rainfall intensity and bright-
ness temperature. Because the microwave brightness
temperature is influenced by the precipitation, it is rea-
sonable to estimate the rainfall intensity using temporal
changes in the brightness temperature. The advantages
to this approach are that any unwanted stray radiation
from the ground or nearby objects can be eliminated,
and the problem of beamfilling of the wide Iobe angle
(25°) can be reduced. In addition, because the minimal
measurement resolution of the rain gauge is 0.3 mm,
any rainfall intensity smaller than 0.3 mm t—* is dis-
carded to assure the quality of the data. The differential
method can be written as follows:
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TABLE 2. The number of effective samples between Jan 1996 and
Dec 1997.

Time

interval 5 min 10 min 30 min 1h 2h
No. 115 586 57 890 18 981 8895 4446
R =R, + AR
AR, = a + bATh,,; + cATh,,, D

where R is the rainfall intensity; Tb is the brightness
temperature; A is the temporal change in the rainfall
intensity or the brightness temperature; i is the time
index; 19 and 22 are the values observed at 19 and 22
GHz, respectively; and a, b, and c are the curve-fitting
coefficients. Temporal changes in the rainfall intensity
can be derived easily by substituting temporal changes
in the brightness temperature at 19 and 22 GHz into Eq.
(1). Therainfall intensity then can be estimated by add-
ing any temporal changes in rainfall intensity into the
rainfall intensity for the previous time step.

The second method is the brightness temperature
method. It can find the relationship between the bright-
ness temperature and the instantaneous rainfall intensity
as follows:

R=a+ bIn(280 — Thy) + ¢ In(280 — Thy,). (2)

The rainfall intensity can be derived by substituting the
observed brightness temperature at 19 and 22 GHz into

Eq. (2).

4. Results and analysis

In the differential method, one-half of the precipita-
tion data were picked up randomly as training data to
determine the relationship of hourly changesin therain-
fall intensity and in the brightness temperature at 19 and
22 GHz from January of 1996 to December of 1997 at
NCU (Figs. 2a,b). The relationships between temporal
changes of different time periods for dual channel in
the rainfall intensity and in the brightness temperature
were examined and are shown in Fig. 3. The variance
(R?) of hourly change is larger than those for the other
time periods. Therefore, a 1-h time period serves to be
the optimal time period. In addition, the dual-channel
mode was tested through training data for a 1-h time
period, and it showed that a better correlation could be
reached than for the single-channel mode (Table 3).

For the brightness temperature method, one-half of
the precipitation data were picked up randomly astrain-
ing data to determine the relationship between rainfall
intensity and brightness temperature of a 1-h period at
19 and 22 GHz from January of 1996 to December of
1997 at NCU (Figs. 4a,b). The relationships of different
time periods for dual channel were examined and are
shown in Fig. 5. The R? of a 1-h period is also larger
than the others. The dual-channel mode was also tested
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FiG. 2. (a) The relationship between hourly changes in the rainfall
intensity and in the brightness temperature at 19 GHz from Jan 1996
to Dec 1997 at NCU. (b) Same as (@) but for 22 GHz.

through training data, and it showed that a better cor-
relation could be reached than with the single-channel
mode (Table 4). Therefore, the optimal time period for
the brightness temperature method will also be a 1-h
period.

In fact, it isimportant for our estimation to determine
from the brightness temperature observation whether it
is raining. All nonprecipitation observations from Jan-
uary of 1996 to December of 1997 were used to establish
the appropriate no-rainfall indicator. Histograms for the
brightness temperature of nonrainfall observationsat 19
and 22 GHz are shown in Figs. 6a and 6b, respectively.
The maximum brightness temperature frequency ap-
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peared at about 72.58 and 119.26 K, with standard de-
viations at 14.09 and 26.25 K for 19 and 22 GHz, re-
spectively. Thus, for rainfall observations, the observed
brightnesstemperature for 19 and 22 GHz must be larger
than 72.58 and 119.26 K, respectively.

To test the methods above, the remaining one-half of
data observed between January of 1996 and December
of 1997 were used as testing data. The correlation co-
efficient and the root-mean-square error (rmse) for the
observed and estimated rainfall intensity are determined
to be 0.88 and 0.63 mm h—1, respectively, by using the
differential method (Fig. 7). Although the number of
larger rainfall samples (>10 mm h~?) is insufficient,
there is still a good consistency between the estimated
rainfall intensity and the observed rainfall intensity. Fig-
ure 8 shows the correlation coefficient and rmsefor both
the observed and the estimated rainfall intensity using
the brightness temperature method. They are 0.71 and
0.91 mm h-%, respectively.

Except for the regions near the equator or the North
and South Poles, the atmospheric backgrounds of most
areas vary seasonally because of different weather sys-
tems. For instance, the northerly polar dry and cold high
is the dominating weather system in the winter near
Taiwan but switches to the southerly tropical wet and

TABLE 3. The curve-fitting results of hourly changes in the bright-
ness temperature and in the rainfall intensity from Jan 1996 to Dec
1997: AR = a + bATb,, + CATh,,.

Coefficient a b c R?
19 GHz -0.1124 0.0515 0.5265
22 GHz —0.0879 0.0581 0.4819
Dual-channel -0.1115 0.0556 —0.0049 0.5267
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B gfszqedgfgg;g.;gm'|n(2eo-X) + | 7] are better than the brightness temperature ones when
’ rainfall intensity was smaller than 3 mm h—t (Figs. 7
< and 8). Besides, the environmental influence isidentical
€ in continuous observations, causing changes in bright-
i ness temperature to come only from the changesin lig-
3 uid water content in the air. In contrast, the observed
e brightness temperature includes information from both
= environment and liquid water content. This may also
e explain why the differential method has better results.
c Moreover, for showers that sometimes bring heavy
rainfall but suddenly stop (or reduce to a slight rainfall),
the radiometers may have detected a lower brightness
temperature, but the rain gauge may have read a larger
rainfall intensity instead. This possibility may lead to
incorrect rainfall intensity estimation from the relation-

0 50 100 150 200 250 300
Brightness Temperature (K)

Fic. 4. (a) The relationship between the hourly rainfall intensity
and brightness temperature at 19 GHz from Jan 1996 to Dec 1997
at NCU. (b) Same as (a) but for 22 GHz.

warm high in the summer. Consequently, the average
nonprecipitation brightness temperature in the summer
is higher than that in winter, causing some samples of
the radiometers measured in the warm and wet (cold
and dry) season possibly to be viewed incorrectly as
precipitation (nonprecipitation) because of their larger
(smaller) brightness temperature. Theoretically, this
kind of mistake will not appear when applying the dif-
ferential method, because the estimation is dependent
on the relationship between the temporal changes in
rainfall intensity and in brightness temperature. That
reason probably is why the differential method results

ship between brightness temperature and rainfall inten-
sity, but the differential method alleviates the problems
by mathematical reasons[see Eq. (1)]. That may explain
why some special points (A, B, C and A’, B’, C') in
Figs. 7 and 8 also show that the differential method
results are better than the brightness temperature ones.
In fact, the estimated rainfall intensity at these points
from the brightness temperature method was signifi-
cantly underestimated, because the brightness temper-
ature made a sharp decrease leading to lower rainfall

TABLE 4. The curve-fitting results of hourly brightness temperature
and rainfall intensity from Jan 1996 to Dec 1997: R = a + b In(280
— Thy) + ¢ In(280 — Th,,).

Coefficient a b c R?
19 GHz 43.5867 —8.3746 0.7471
22 GHz 30.5934 —6.2446 0.7136
Dual-channel 41.0866 —6.4747 —-1.5137 0.7500
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Fic. 6. (a) Histogram for the brightness temperature of nonrainfall
observations at 19 GHz from Jan 1996 to Dec 1997. (b) Same as (@)
but for 22 GHz.

estimation. When applying the differential method, the
derived rainfall was larger because the rainfall intensity
was cal culated by adding temporal changesinto therain-
fall intensity for the previous step. Thefalling brightness
temperature made a sharp decrease in the rainfal in-
tensity estimation when applying the brightness tem-
perature method. This result indicates that just after
heavy rainfall the differential method may provide a
better choice for estimating the rainfall intensity than
the brightness temperature method does.

5. Summary

A set of well-controlled data collected by the ground-
based dual-frequency microwave radiometers at the Na-
tional Central University of Taiwan (24.9°N, 121.1°E)
from January of 1996 to December of 1997 was used
to find the optimal time period for the comparisons be-
tween rain gauge rainfall intensity and those retrieved
from radiometer data. The results show that a 1-h period
will provide a better accuracy than the other options,
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and the appropriate choicein optimal time periodisvery
important in reducing rmse.

Two agorithms, the differential and the brightness
temperature, were established for the rainfall intensity
estimation by using ground-based dual-frequency mi-
crowave brightness temperature and rain gauge data.
The results show that rmse and the correlation coeffi-
cient are 0.63 mm h-* and 0.88, respectively, for the
differential method and 0.91 mm h-* and 0.71 for the
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Fic. 8. The relationship of the observed rainfal intensity and the
estimated rainfall intensity using the brightness temperature method,
from Jan 1996 to Dec 1997.
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brightness temperature method. Because the atmospher-
ic background and environmental influence in the con-
tinuous observations are identical, the changesin bright-
ness temperature are caused only by the changesin lig-
uid water content in the air. The rainfall intensity of the
differential method was calculated by adding temporal
changes in rainfall intensity into the rainfall intensity
for the previous time step. That probably made the dif-
ferential method results better, so the differential method
should be a better choice for estimating rainfall intensity
than the brightness temperature method is.

The application of satellite-borne microwave sensors
has dominated visible and infrared sensors, because of
its superior capacity to penetrate cloud layers. It is an
obvious fact that the microwave band will become a
mainstream tool in rainfall monitoring. Hence, morein-
vestigations and comparisons under different weather
systems (e.g., stratiform and convective clouds) are nec-
essary. The estimated rainfall information by ground-
based radiometers can be compared with retrievalsfrom
satellite microwave radiometers for a better understand-
ing of the physics of microwave emission and scattering
due to raindrops or ice particles. Related research will
be done in the future.

Acknowledgments. This work was supported in part
by grants from NSC89-2625-7-008-001 for ground-
based microwave radiometer data processing and
NSC89-2111-M-008-024-AP6 for rainfall intensity
model development. The authors also thank the Center
for Space and Remote Sensing Research and the Insti-
tute of Atmospheric Physics for providing the radi-
ometers and rain gauge data.

REFERENCES

Barrett, E. C., and T. J. Bellerby, 1992: The application of satellite
infrared and passive microwave rainfall estimation techniques
to Japan: Results from the First GPCP Algorithm Intercompar-
ison Project. Meteor. Mag., 121, 34—46.

Feltz, W., W. L. Smith, R. O. Knuteson, and B. Howell, 1996: At-
mospheric emitted radiance interferometer temperature and wa-
ter vapor retrievals: Improvements using an integrated profile
retrieval approach. Proc. Sixth ARM Science Team Meeting, San
Antonio, TX, Department of Energy CONF-9603149, 81-83.

Ferraro, R. R., N. C. Grody, J. C. Alishouse, and G. FE Marks, 1992:

LIUETAL.

1041

The cdlibration of SSM/I scattering index for rain rate retrievals
using RADAP-I1 and AMeDAS radar data. Preprints, Sixth Conf.
on Satellite Meteor ology and Oceanography, Atlanta, GA, Amer.
Meteor. Soc., 290-295.

Gao, B. C,, E. R. Westwater, B. B. Stankov, D. Birkenheuer, and A.
F H. Goetz, 1992: Comparison of column water vapor mea-
surements using downward-looking near-infrared and infrared
imaging systems and upward-looking microwave radiometers. J.
Appl. Meteor., 31, 1193-1201.

Grody, N. C., 1991: Classification of snow cover and precipitation
using the Special Sensor Microwave Imager. J. Geophys. Res.,
96, 7423-7435.

Guiraud, FE O., J. Howard, and D. C. Hogg, 1979: A dual-channel
microwave radiometer designed for measurement of precipitable
water and liquid. |IEEE Trans. Geosci. Electron., GE-17, 129—
136.

Han, Y., and E. R. Westwater, 1995: Remote sensing of tropospheric
water vapor and cloud liquid water by integrated ground-based
sensors. J. Atmos. Oceanic Technol., 12, 1050-1059.

Janowiak, J. E., P A. Arkin, P Xie, M. L. Morrissey, and D. R.
Legates, 1995: An examination of the east Pacific ITCZ rainfall
distribution. J. Climate., 8, 2810-2823.

Liu, G.,and J. A. Curry, 1992: Retrieval of precipitation from satellite
microwave measurements using both emission and scattering. J.
Geophys. Res., 97, 9959-9974.

Negri, A. J, R. E Adler, E. J. Nelki, and G. J. Huffman, 1994:
Regional rainfall climatologies derived from Special Sensor Mi-
crowave/lmager (SSM/I) data. Bull. Amer. Meteor. Soc., 75,
1165-1182.

Snider, J. B., D. A. Hazen, A. J. Francavilla, W. B. Madson, and M.
D. Jacobson, 1995: Ground-based radiometric observations of
atmospheric water for climate research. Proc. Fourth Atmo-
spheric Radiation Measurement (ARM) Science Team Meeting,
Charleston, SC, Department of Energy CONF-940277, 287—290.

Spankuch, D., W. Dohler, J. Guldner, and A. Keens, 1996: Ground-
based passive atmospheric remote sounding by FTIR emission
spectroscopy—first results with EISAR. Beitr. Phys. Atmos., 69,
97-111.

Spencer, R. W., H. M. Goodman, and R. E. Hood, 1989: Precipitation
retrieval over land and ocean with the SSM/I: Identification and
characteristics of the scattering signal. J. Atmos. Oceanic Tech-
nol., 6, 254-273.

Stankov, B. B., B. E. Martner, and M. K. Politovich, 1995: Moisture
profiling of the cloudy winter atmosphere using combined remote
sensors. J. Atmos. Oceanic Technol., 12, 488-510.

Ulaby, E T, R. K. Moore, and A. K. Fung, 1986: Microwave remote
sensing: Active and Passive. Vol. 11, From Theory to Appli-
cations, Artech House, 1329 pp.

Westwater, E. R., 1978: The accuracy of water vapor and cloud liquid
determination by dual-frequency ground-based microwave ra-
diometry. Radio Sci., 13, 677-685.

Wilheit, T. T., A. T. C. Chang, and L. S. Chiu, 1991: Retrieval of
monthly rainfall indices from microwave radiometric measure-
ments using probability distribution function. J. Atmos. Oceanic
Technol., 8, 118-136.



