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ABSTRACT

The ESMR (electically scanning microwave radiometer)
microwave sensor of the NIMBUS-6 satellite scanned
tropical cyclone Joan at 1530 GMI' 5 December 1975.
Transformation of the microwave brightness temperature
produces a map of the cyclone rainfall intensity at
that instant.

The path of the cyclone both before and after that date
can be deduced from infrared and visible observations
made by NOAA-4 and NIMBUS-6. Based on the known
cyclone path and the known rainfall at 1530 GMT 5
December 1975, it is possible to predict the expected
pluviograph trace at coastal stations in the path of
the cyclone.

This method is applied to Roebourne and Port Hedland
and predicts total cyclonic rainfalls of 56 mm and 98
mm respectively, as opposed to the 42 mm and 176 mm
actually recorded. The discrepancy for Port Hedland
arises from the 2K observational error in the microwave
brightness readings, which makes it almost impossible
to accurately determine very high rainfall rates. The
98 mm deduction was based on a peak rainfall rate of 5
mm/h, whereas the pluviograph shows that sustained
rainfall rates could exceed 20 mm/h.

This implies that peak rainfall determinations based
solely on microwave determined rainfall rates will
remain unreliable during tropical cyclones until the
accuracy of the microwave temperature sensor can be
improved.

INTRODUCTION

Three factors establish the rainfall distribution in an area over which a
tropical cyclone is expected to pass (Shields 1973): the initial rainfall
intensity distribution within the tropical cyclone prior to entering the
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area, its speed and direction of propagation, and the modification of the
intensity distribution as the tropical cyclone passes through the area.

Observations of the initial rainfall intensity are a problem of
measurement that can be overcome by using rain gauges, radar or satellite
observations. For the purposes of rainfall prediction, rain gauges are
unsatisfactory for a number of reasons, but primarily because it is well
nigh impossible to obtain a rainfall reading during a tropical cyclone and
transmit it to a location in the future path of the cyclone. This problem
can be overcome with the use of radar, which in turn has its own troubles
(Shields 1973), the most pertinent being that the range of accurate
rainfall rate assessment is limited to about 130 km for a 10 cm radar. 1In
practice this means that useful rainfall information is available only for
approximately 10 hours prior to the cyclone's arrival.

Rainfall estimates from satellite data can be obtained fraom the
visible cloud brightness and infrared temperature transmitted by satellites
and available virtually instantaneously. Unfortunately there is
considerable error in the derived rainfall rates and furthermore, the
infrared temperature, visible brightness and radar precipitation estimates
are not well correlated on a small .scale within the cloud mass of the
tropical cyclone (Cheng and Rodenhuis 1978). There is, however, growing
interest in the use of passive microwave sensing and some work has already
been done on tropical cyclone rainfall estimation on a coarse resolution
with the NIMBUS-6 scanning microwave sensor (Rosenkranz et al. 1978).
Adler and Rodgers (1977) used the NIMBUS-5 ESMR sensor to infer rainfall
rates over oceanic areas and there is evidence (Hall 1977) that accurate
rainfall estimates over an areas of about 20 km x 44 km can be achieved
over both sea and land by the polarised ESMR carried on the NIMBUS-6
meteorological research satellite. Presumably this information will be
available in real time in the next generation of operational satellites.

Nevertheless, of the three factors mentioned in the first paragraph,
rainfall estimation is the only one that does not require a forecast. It
is solely a problem of measurement. Both of the other factors require
forecasts and hence provide the greatest uncertainty in any attempts at a
tropical cyclone rainfall forecasting scheme.

This article examines the rainfall from one particular tropical
cyclone and attempts to assess how accurate rainfall prediction could be if
we had perfect knowledge of the cyclone's speed and direction, the best
available knowledge of the initial rainfall intensity distribution, and if
we assume that there is no subsequent change in the rainfall distribution.

PROCEDURE

Because the ESMR sensor of the NIMBUS-6 satellite is not continually turned
on, it was necessary to use the only available pre-landfall scan of
tropical cyclone Joan. This turned out to have been taken at 1530 GMT 5
December 1975 at a wavelength of 8.1 mm: the cyclone subsequently made
landfall at 2200 GMT 7 December 1975 very close to the Western Australian
town of Port Hedland. Between these two times infrared observations were
made by NOAA-4 and by NIMBUS-6 (the infrared THIR sensor runs continually),
which allows one to determine the path and speed of the cyclone. Most of
the infrared photographs also show evidence of a cirrus canopy (e.g. the
eye is not visible in Fig. 1) so that it was decided to use the
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Fig. 1 Thermal infrared negative (11.5 micron) of cyclone Joan at 1530 GMT 5 December 1975. The grid bars are at 2°
intervals with 10°S, 20°S and 120°E forming dashed lines. Cloudy areas appear black.
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ESMR-=determined rainfall" rates, -as augmented-by -the-simultaneous infrared
scan, as a measure of the initial rainfall distribution and to assume that
the rainfall distribution did not change over the 55 hours until landfall.
The validity of this assumption will be discussed subsequently.

The above data, subject to the aforementioned assumptions, make it
possible to predict the expected pluviograph traces at Roebourne and Port
Hedland. These two towns were the closest coastal pluviograph sites to the
point where the eye of the cyclone crossed the coast.

RAINFALL RATES

The polarised microwave brightness temperatures deduced by the ESMR need to
be converted to rainfall rates. The theoretical basis for this is the work
by Savage (1976) as summarised by Savage and Weinman (1975) and Weinman and
Guetter (1977). Basically, the microwave brightness temperature is low and
fairly constant over water surfaces. At the ESMR operational frequency it
is independent of sea surface temperature. Enhanced Mie scattering due to
raindrops increases the brightness temperature, which maximises at a
rainfall rate of 4 mm/h for the 37 GHz NIMBUS-6 sensor. At higher rainfall
rates the water content of the cloud starts to depress the observed
microwave temperature. ‘

Over land the situation is slightly different. The microwave
brightness temperature there depends on the product of the soil emissivity
and the ground temperature. This means that the observed brightness
temperature will fluctuate considerably, making it difficult to isolate
precipitating regions - which have a lowered brightness temperature ~ from
regions of low soil emissivity, or low ground temperature. Because
precipitating regions over land are difficult to identify, but .
precipitating regions over water show up very clearly, the early uses of
the NIMBUS-5 ESMR system were limited to oceanic rainfall determination.
However, the introduction of polarised microwave sensing on the NIMBUS-6
ESMR has made it possible to determine rainfall rates over the ground since
the surface ground signal is depolarised, whereas ever greater amounts of
rain produce ever larger polarisations. Weinman and Guetter (1977) have
found a transformation that will eliminate the land-sea boundary and lead
to rainfall rates over any surface. Beer (1980) has discussed the problems
associated with this conversion in some detail.

Nevertheless there are certain advantages at this exploratory stage in
limiting ourselves to the case of a tropical cyclone whose rainfall is
completely over the ocean. This gives four different ESMR based rainfall
determinations, namely two based on each of the polarisation components, a
third based on the polarisation difference and a fourth based on the
Weinman-Geutter transformation. Beer (1980) has applied all four of these
methods to the aforementioned microwave scan of tropical cyclone Joan using
a semi-empirical extension of Weinman and Guetter's, which would be
equivalent to a cloud top temperature of 273K. Figure 2 represents an
attempt to extend those results to 1 mm/h rainfall rate intervals. The
resulting rainfall rates refer to averages over a 20 km x 44 km area and
should be compared to the simultaneous 11.5 micron infrared observation of
the NIMBUS~6 THIR sensor (Fig. 1).
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The microwave observations have succeeded in providing much greater
detail of the rainfall structure within the cloud mass of Fig. 1. At the
same time two limitations are clear:

(i) it is very difficult to adequately differentiate between large
masses of saturated non-precipitating cloud, and areas of light
precipitation. The conservative interpretation of a rainfall
rate of less than 1 mm/h could equally well mean that no rain was
falling in that region;

(ii) even over an area of about 850 km2, a rainfall rate of 4 mm/h is
exceptionally low in a tropical cyclone.

Unfortunately this is one of the limitations of the ESMR sensor (other
limitations are discussed by Beer 1980), namely that very high rainfall
rates cannot be accurately determined. It arises from two causes: the
first of these is the double valued nature of the function relating
brightness temperature to rainfall rate. At very high rainfalls this
function is asymptotic to a brightness temperature that is the product of
the emissivity of water and the assumed cloud top temperature. For the
NIMBUS-5 sensor this asymptotic temperature value was reached at a rainfall
rate of 15 mm/h and rainfall rates greater than this could not be
effectively determined. This was no longer true for the NIMBUS-6 ESMR
sensor, since the polarisation difference at high rainfall rates, combined
with the actual values of the two microwave temperatures, could, in theory,
be used to identify high rainfall rates. The problem, however, is that at
high rainfall rates the polarisation difference is about 2.5K, whereas the
deduced microwave temperatures are accurate to only 2K. Thus, unless it is
possible to reduce the errors on the microwave temperatures to less than
1K, it will be impossible to accurately differentiate a rainfall of 6 mm/h
(say) from that of 20 mm/h. Once again the quoted value of greater than 4
mm/h represents a conservative estimate.

TROPICAL CYCLONE PATH

All available NIMBUS-6 and NOAR-4 infrared observations and Port Hedland
radar photographs were collated (Table 1) and used to determine the
location of the eye of the cyclone from the time of its ESMR microwave
observations until well past landfall. Figure 3 depicts these observations
as well as the smoothed path on which the subsequent calculations are
based. It is worth mentioning that large positioning exrrors occur when the
cyclone is near the edge of a satellite scan, as has occurred at positions
1, 4 and 7: these positions were ignored when deciding the most likely
track.

The speed of the cyclone can then be determined by using the date and
times of each satellite and radar observation. These data are indicated to
the right of the eye's deduced path in Fig. 3.

PLUVIOGRAPH PREDICTION

Given the initial rainfall distribution of Fig. 2 and the track of Fig. 3
it is possible to predict what the expected pluviograph records at Port

Hedland and Roebourne would have been. This was accomplished by drawing
two tracks onto Fig. 3, both of them parallel to the smoothed path of the
tropical cyclone's eye. One of these tracks passed through Port Hedland,
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and one of them passed through Roebourne. The rainfall at 1530 GMT on 5
December 1975 was then determined by noting that both these places were in
rainfall free areas of Fig. 1. The tracks of Fig. 3 were overlayed onto
Fig. 1 and the forward motion of the cyclone simulated by moving backward
along the tracks, as given by the dates and times on the left hand side of
the track. In order to avoid introducing spurious detail into the
pluviographs, and to try to be as conservative as possible, all rainfall
areas of less than 2 mm/h were arbitrarily treated as representing 1 mm/h,
areas of greater rainfall but less than 4 mm/h were arbitrarily taken as
2.5 mm/h, and any areas of higher rainfall were arbitrarily treated as 5
mm/h. The results obtained by this procedure are displayed in Fig. 4 along
with the actual pluviograph determined rainfall.

Table 1 Observations used in determining path depicted in Fig. 3

Number Method Day Time (GMT)
1 NIMBUS-6 4 1620
2 NOAA-4 4 2336
3 NOAA-4 4 1147
4 NOAA-4 5 0031
5 NOAA-4 5 1239
6 NIMBUS-6 5 1530
7 NOAA-4 S 2331
8 NOAA-4 6 1334
9 NIMBUS-6 6 1440

10 NOAA-4 7 0026
11 NOAA-4 7 1237
12 NIMBUS-6 7 1558
13 Radar 7 1708
14 Radar 8 0230
15 NOAA-4 8 0121
16 NORAA-4 8 1329
17 Radar 8 1030
18 NIMBUS~6 8 1500

Inspection of Fig. 4 reveals substantial discrepancies between the
rainfall that would have been predicted by this scheme, and the actual
rainfall that was observed at Roebourne and Port Hedland. The method used
herein overestimates the rainfall at Roebourne - by predicting 56 mm as
against an actual total of 42 mm; but underestimates the rainfall at Port
Hedland -~ by predicting 98 mm as opposed to the 176 mm actually observed.
There are two major possibilities for the source of this error:

(i) either the rainfall distribution changed sufficiently over the
two days that updated rainfall information would need to be

utilised, or

(ii) the initial rainfall estimate of Fig. 2 is in error.



162 AUSTRALIAN METEOROLOGICAL MAGAZINE 28:3 SEPTEMBER 1980
7TH 8TH 9TH
2400 IOGOO 1 1200 1 1800 |2400 10600 31200 11500 12400
TIME/GMT
01 DECEMBER 1975 1
50 - 4
== U PV Sy OY —
s04 £ . E
AN .—. ACTUAL
30 _—lJ -—— PREDICTED b
= -
> P4 ROEBOURNE
204 ¢ EYE < (a) T
« DUE EAST/
.,'
| / )
ST DECEMBER 1975
o * TIME/WST
V1200 T1800 Y2400 Toso0 Y1200 V1800 © T2a00 Vo600 T1200
7TH 8TH 9 TH
7TH
0 1800 2400 0600 11200 1800 ,2400 Ioc5008TH L1200 1800
TIME/ GMT i ———— — =
DECEMBER 1975 /
160 / -
L -—- ACTUAL
1404 / —— PREDICTED 1
1204 / PORT HEDLAND E
/ (b)
€ k
w004 E / 1
N
o
i
804 <« 1
w
z
w] 2 _
404 4
] EYE
7/ DUE WEST
204 g
DECEMBER 1975
e TIME / WST
a0 Y0600 1200 T1800 ‘2400 Y0600 1200 "1800 2400
8 TH

Fig. 4 Pluviograph predictions based on the rainfall estimates of Fig. 1 and the tracks of Fig. 3 compared

with actual pluviograph records for (a) Roebourne, and (b) Port Hedland.
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RAINFALL DISTRIBUTION VARIATIONS

In the absence of further ESMR observations, the rainfall distribution can
be estimated from 10 cm radar echoes. The Commonwealth Bureau of
Meteorology has supplied a copy of the trace fraom the Port Hedland radar
taken at 1535 GMT 5 December 1975 and this together with an approximate
latitude and longitude grid is shown in Fig. 5. The corresponding radar
photograph just before the eye of the cyclone made landfall is shown in
Fig. 6, with very high rainfall regions (> 9 mm/h) shaded.

The radar results indicate that as the cyclone approached land the
rainfall region contracted. The tota area of rainfall intensity greater
than 2 mm/h was only about 16 000 km2 according to the radar photograph,
yet was originally estimated to be over eight times this area on the basis
of Fig. 2.

Though there is certainly a reduction in area of precipitation over
the two days, the general orientation of the region of maximum
precipitation - namely forward and to the left of the eye when facing in
the direction of motion - remains the same, and the observed high rainfall
at Port Hedland occurred basically because the eye passed nearby and to the
west of Port Hedland. Nevertheless, the discrepancy in the predicted total
rainfall cannot primarily be due to this size reduction, for in this case
both locations should have overestimated the pluviographs. Though this was
true of Roebourne, Port Hedland did not overestimate the actual .rainfall
estimate.

INITIAL RAINFALL ESTIMATE

On the basis of the radar photograph of Fig. 6, it seems clear that the
high rainfall regions of Fig. 2 have been substantially underestimated.

The conservative estimate in Fig. 2, that the dark shaded region represents
a rainfall regime greater than 4 mm/h, belies the fact that a value of 20
mm/h would have been closer to the actual value. 1Indeed, a reasonable
approximation of the actual Port Hedland pluviograph would see it as a
straight line of 15 mm/h running from 1200 to 2400 GMT 7 December 1975. It
can be seen that the areal contraction of the rainfall is evidenced by the
much shorter period that there was significant rain (i.e. about 12 hours)
compared to the 48 hours of steady rain that would have been predicted from
Fig. 2.

On the other hand, the Roebourne data are somewhat more encouraging.
Though the total rainfall estimate is out by 50 per cent, the slope of the
major portion of the predicted pluviograph agrees with the slope of the
observed pluviograph. This seems to indicate that the main problem with
the predicted Roebourne pluviograph was that it predicted the onset of rain
some 12 hours before it actually began. Though this could have been due to
a contraction of the size of the cyclone, it is likely that the
interpretation of Fig. 2 is also too cautious in the low rainfall areas,
and that the region marked as having rainfall less than 1 mm/h actually
represents rain-free regions.
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Fig. 5 10cm radar observation at 1535 GMT 5 December 1975 from Port Hedland Airport.
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Fig. 6 Radar observation at 2041 GMT 7 December 1975. Rainfall regions greater than 2 mm/hour are white and rainfall regions greater than
9 mm/hour are shaded.






