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PRECIPITATION DETECTION WITH SATELLITE MICROWAVE DATA

Yang Chenggang
Institute of Agrometeorology
Academy of Meteorological Science
State Meteorological Administration
Beijing, People's Republic of China

and

Andrew Timchalk
Satellite Applications Laboratory
Washington, NC

ABSTRACT. When all four channels of the NOAA
polar-orbiting satellite Microwave Sounding Unit
(MSU) instrument were screened against a measure
of rainrate, MSU Ch 2 (53.74 Ghz) was found to be
the most useful channel for detecting precipita-
tion over land. A median filter algorithm which
isolates the decrease in brightness temperature of
MSU Ch 2 from the normal background temperature in
this channel was used to calculate a Median Filter
Anomaly (MFA2),

The MFA2 values were found to be correlated with

an Effective Rain Rates (ERR). Coefficients were
as high as 0.6 over land during the spring and

summer cases. Correlation was highest when con-
vection was strong and echo tops reached to near

the tropopause levels.

In the winter cases, convection was relatively

weak and rain rates were small. Echo tops were
relatively low and reached to only approximately

25,000 ft. For the winter cases, the MFA2
algorithm showed no skill in detecting precipita-
tion.

Results indicate that the MFA2 is marginally use-
ful in detecting rain rates. Its operational use
in the TIROS Operational Vertical Sounding (TOVS)
algorithm, however, does serve well to prevent
"cold" biased temperature retrievals from being

calculated in areas where precipitation con-
tamination is strong.



I. INTRODUCTION

Prior to 1979, polar-orbiting satellite temperature retrievals were used
experimentally. Beginning in 1979, satellite temperature profiles were
produced routinely by the National Environmental Satellite, Data, and
Information Service (NESDIS) and used operationally by the National
Meteorolgical Center (NMC). .

By 1980, it was found that cloudy path temperature retrievals made with the-
microwave channels showed a lower (cold) temperature bias when heavy preci-
pitation rates were reported (Phillips, 1980; Hubert et al., 1981).
Subsequently, tests were devised to prevent retrievals from being calcu-
lated if precipitation was suspected to be biasing the MSU brightness tem-
perature measurements and thereby biasing the retrieved temperatures.

These early tests were devised for oceanic areas, where the water surface
emissivity is more uniform and about one-half of that over land surfaces.
These two factors make the MSU window Ch 1 (50,73 GHz) much more sensitive
to clouds and precipitation over water. Over land, however, MSU Ch 1 can-
not be used in the precipitation tests simply because it is too sensitive
to the large variations of surface emissivity typically found over land
areas.

At the present time, quantitative estimates of rainfall are made opera-
tionally based upon a satellite data technique developed by Scofield
(1987), Scofield and Oliver (1977). This technique relies heavily upon the
vertical extent of the convective cloud tops that are determined from
satellite infrared imagery. Various techniques for estimating rainfall
have been developed by Griffith et al. (1978), Negri and Adler (1987),
Arkin (1979), and others. These techniques are based primarily on the use
of infrared or infrared and visible satellite data. Barrett's technique
(1981) dncludes cloud types as well as climatological constraints.

Studies by Staelin et al. (1975) pertaining to the SCAnning Microwave

System (SCAMS) instrument indicated that microwave temperature retrievals
should not be affected by clouds with less than 0.01 gm/cm2 Tiquid water.

Numerous authors have reported on the use of passive microwave measurements

to detect precipitation. It was concluded by Atlas (1981) that passive
microwave radiometry will become useful over the oceans with the advent of

higher resolution, but that useful measurements over land are much less
promising.

Grody (1983) showed no effects due to precipitation in the MSU channels for

radar intensities of less than level-3, which is a radar estimate of less
than 41.9 mm/hr (Table 1), when he examined microwave measurements over a

convective storm of 12 April 1979 over the central United States.



Studies of rain rates with Scanning Multichannel Microwave Radiometer
(SMMR) data by Spencer (1984, 1985a) have shown correlations as high as
0.80 over land in the summer.

A recent paper discussing the precipitation effects on Microwave Sounding
Unit (MSU) data by Nappi et al. (1986) provided the stimulus for this
study. In that study, a median filter algorithm was devised to detect and
eliminate precipitation contamination in the operational MSU retrieval pro-
cedure.

The main purpose of our study was to evaluate the sensitivity of MSU chan-
nels in detecting precipitation over land, namely, over the United States.
A1l four MSU channel brightness temperatures (TB's) plus all four derived
Median Filter Anomaly (MFA) values were statistically screened for possible
useful relationships with precipitation.

In addition, a large part of our work concentrated on the evaluation of the
precipitation-induced decreases of MSU Ch 2 brightness temperatures (TB2)
discussed by Grody (1982, 1983) and the sensitivity of a Median Filter
Algorithm (MFA) in detecting precipitation.

The main question addressed was: How well does the Median Filter Anomaly
of MSU Ch 2 (MFA2) detect precipitation areas and intensities over land?

II. PROCEDURE AND DATA USED

MSU brightness temperatures (TBs) were obtained from the NOAA 6 and 9 polar
orbiting satellites for the period, April through December 1986, The data
were collected directly from the operational files with the assistance of
the NESDIS Sounding Implementation Branch and the ST Systems Corporation
Technologies personnel., Data were extracted from the files at the point
where the raw MSU TB's had been earth located, 1imb corrected, and calibra-
tion corrected, hut hefore any of the MSU channels were flagged for eleva-
tion or precipitation contamination.

MSU TB's are flagged for several reasons. For example, MSU Ch 2 TB is
flagged if surface terrain elevation is high enough to affect the channel
measurement. Figure 1 shows the weighting functions for the four MSU chan-
nels. Even though the weighting function of MSU Ch 2 (53.74 GHz) peaks
near 600 mb, the area within the lower 1imb of the weighting function
increases rapidly with elevation. Thus the brightness temperature of Ch 2
(TB2) is significantly affected when the surface elevation reaches higher
than about 1500 meters (850 mb). When this occurs in the operational pro-
cedure, the MSU TB2 values are flagged and TBZ is not used to generate a
retrieval at that location.

The Median Filter Anomaly (MFAx) was calculated separately for all four MSU
Channels (1,2,3,4). An example of how the MFA is calculated is shown in



Figure 2. In this example, Ch 2 brightness temperatures (TB2) were used to
derive MFA2. The MFAx is derived by using a moving 3 x 3 array of MSU Ch x
brightness temperatures (TBx) to filter out possible precipitation con-
tamination at the center position of the array. The MFAx is defined as the
difference between the median TBx value and the central TBx value. In
Figure 2, the median TB2 value of the nine points is 253°K. The central
value is 251°K. Thus, the MFA2 value is equal to a positive 2.0°K.
Precipitation is suspected if the MFA2 value is larger than 1.0°K.

In the current operational procedure, if the MFA2 exceeds 0.8°K then the
rain test failure is invoked, the MSU TB2 is set to zero, and no retrieval
is calculated for that particular point.

Because the instantaneous field of view (IFQV) of the MSU instrument is
quite large, several methods were considered in order to obtain a represen-
tative measure rain area and/or rain rate. Figure 3a illustrates the ele-
ven beam positions and the earth-located IFOVs of the MSU channels for the
April 8, 1986 case. At the nadir beam #6 position, the resolution is about
110 km, while at the outer beam positions (#1 and #11), the footprint shape
is elliptical with axes of 323 km and 179 km.

To obtain rain rates, we used the NMC Radar Summary charts and the Z-R
relationship for convective precipitation (Table 1) developed by the
National Weather Service, (Hallgren 1979). Rain rates were determined at
each MSU beam position by first overlaying the MSU footprints atop the
Radar Summary charts. We then estimated the areal coverage of each radar
echo intensity level within each of the MSU footprints. These areally-
weighted echo intensities were then converted to an Effective Rain Rate
(ERR mm/hr) by using the weighting shown in Equation (1).

ERR = ZAjRj Eq. (1)

In Equation (1), A; is the percentage area of radar-echo intensity within
the MSU footprint and R; is the rain rate prescribed by each VIP level as
given in Table 1. On the radar-echo charts, echo levels 1, 3, and 5 are
mapped out as shown in Figure 3b.

Figures 3c and 3d show the corresponding GOES 6 infrared image and six
hourly precipitation charts, respectively. These two figures will be
discussed later in Section 3.2.

Although other cases were extracted and examined, we restricted our
detailed statistical analyses to a representative sample. The cases pre-
sented here will include 0056Z April 8, 12457 July 1, 1317Z October 24, and
2005Z December 9, 1986.



IIT, RESULTS

3.1 Screening Regression of Effective Rain Rate (ERR) Against A1l MSU
Channels

As our first step, we used as independent variables, the brightness tem-
peratures (TB) of four MSU channels represented by (B1-B4) and the median
filter anomalies (MFA) of the four channels represented by (Bs-Bg), as
shown in Table 2. These eight variables were statistically screened to
search for a useful relationship with the ERR values. A Forward Stepwise
Screening Regression program was run separately for each of four days:
April 8, July 1, October 24, and December 9, 1986 and for the first three
dates combined. Besides partitioning the data by date, the data were also
partitioned into sets over land only, and rain only sets, as shown in
Figures 4 through 8.

Table 2 shows a tabulation of the screening statistics for each of the
above dates. The statistics are assumed to represent the conditions
during spring, summer, fall, and winter.

Points over the ocean and the Great Lakes were included in Figures 4
through 7 above, but the results over water areas will not be presented
hereafter since the sample sizes over water were quite small. Small sample
sizes over ocean areas result because the radar coverage was available at
only a few coastal radar sites. Table 2 shows the statistics over land
only for each date (season) and the first three orbits/dates (Seasons) com-
bined. The three orbit combination exclude the winter case. Each date
(season) is shown subdivided into two ERR classes: (1) Rain + No Rain
represented by (R + NR), and (2) Rain only represented by (R).

Values under column (R + NR) include all available points. These include
points for which Rain and No Rain was determined via the radar charts;
while the column labelled R shows only points for which rain was deter-
mined. The sample size is given in row n. In the long regression equation
shown near the bottom of Table 2, BO is the intercept and Bl through B4 are
the coefficients for the MSU TB1 through TB4 variables respectively; while,
B5 through B8 are the corresponding coefficients for the MSU MFAl through
MFA4 variables. The regression coefficient is denoted by "r", the Standard
Error by "S". ERR(AV) is the average effective rain rate in mm/hr, and
TB2(AV) is the average brightness temperature (°K) of MSU Ch 2.

If an "X" is tabulated in lieu of any of the independent variable coef-
ficients, that particular variable was not chosen during the screening run,
It therefore contained 1ittle or no relationship to the effective rain rate
(ERR).



By examining the screening results, we found that the independent
variables, MFA2 and TB2, contained practically all of the rain rate infor-
mation. At this juncture, we turned our attention toward examining the
Median Filter Anomaly algorithm. Our results corroborate those of Grody
(1982) and Nappi et al. (1986), showing that MSU Channel 2 (53.74 GHz) is
the most sensitive of the four MSU channels for precipitation detection.
Of the four MSU channels, our data set showed that Channel 3 (54.96 GHz)
was the least sensitive to precipitation.

The December 9 case was subsequently isolated from the combined set because
the most frequently chosen variable, MFA2 (B6), was not selected for that
case. In Table 2, those variables, whose coefficents are labelled X,
contributed an insignificant amount of explained ERR variance and thus
their non-selection is simply the result of arbitrarily setting the
limiting F statistic to 0.5.

Figures 4 through 8 show the order in which the independent variables were

selected and the corresponding improvement in the correlation coefficient
(r) as more variables are added by the screening process.

In Figures 4 through 7, parts (a) and (b) include the sample points over
both land and water surfaces, while parts (c) and (d) include sample points
over land only. Parts (b) and (d) of these figures are restricted to those
sample points over which the Effective Rain Rate (ERR) was >0, i.e., points
at which rain (R) was occuring (as determined from the radar chartss.

Parts (a) and (c), however, included all sample points whether or not rain
was occurring (R + NR). The screenings show that the MFA2 varijable was
selected first in most runs.

In Figure 4, April 8, 1986, the MFA2 variable was selected first in parts
(a), (b), and (d), while MFAl was selected first in part (c) with MFA2
second. Since part (c) contained points over land only, we suspect that
the MFAl selection was due to a strong reduction of surface emissivity
caused by wet land areas where rain had recently fallen,

In Figure 5, July 1, 1986, MFA2 was selected first in all four partitions.
The selection of the second variable was mixed.

In Figure 6, October 24, 1986, MFA2 was selected first in only part (c).
MFAl was selected first in parts (b) and (d) and TB2 was selected first in
part (a). Note that TB2 was the second selection in parts (c) and (d).

In Figure 7, December 9, 1986, MFA2 was not selected in any of the parts.

782 was selected first in all four parts. Recall that a variable may not
be selected simply because the screening was halted when the F statistic

reached 0.5. The selection of TB2 in this winter case was not surprising
but a positive correlation was unexpected.



Figure 8 shows the April 8, July 1, and October 24, 1986 cases combined.
Only the cases over the land are shown. The MFA2 was selected first and
explained nearly all of the variance of the Effective Rain Rate (ERR). In
the 302 cases of the (R + NR) class, the cumulative correlation coefficient
was 0.56, This compares to the 0.67 value of the 94 cases of the Rain only
(R) class. Hence, the explained variance was 45% for the R class and 31%
for the (R + NR) class. ‘

As seen later in Table 4, a sign reversal in the correlation between ERR
and TB2 occurred in both the October and December cases. The sign reversal
is particularily significant in the December case since it reveals a
weakness inherent in the present MFA2 algorithm. This weakness will be
discussed later in Section 3.3.

3.2 Relationship Between Effective Rain Rate (ERR) and the
Median Filter Anomaly (MFA2)

Table 3 shows the results of the ERR values regressed on the MFA2 values.
The highest correlations of 0.66 and 0,67 were found in the April and July
cases when rain was occurring (R). For these dates, if non-raining points
are combined with the raining points (R + NR), then the correlations are
reduced to 0.58 and 0,57, respectively.

Thus if the points over land for the spring and summer cases are con-
sidered, we see that the MFA2 algorithm explained more than 43% (r2) of the
ERR variance when rain was occurring. But, the explained ERR variance was
reduced to about 32% when non-raining points were included. This finding
indicates that the MFA2 algorithm is more sensitive when rain is observed
and that the algorithm does contain some false alarm potential; i.e., the
MFA2 values exceeded the 1,0°C threshold value, indicating precipitation,
when in fact none was observed. 0Overall, we see that for the spring and
summer cases, at least 32% of the rain rate information was accounted for
by the MFA2 values.

In the October 24, 1986 (fall) case, the correlations were lower than in

the spring and summer cases. Correlations were 0,42 and 0.32 for the rain
only (R) and the rain plus no rain (R + NR) classes respectively. Thus,

only about 18% and 10% of the ERR variance of their respective classes
could be explained by the MFAZ values.

In the December 9, 1986 (winter) case, the correlation between the ERR and

MFA2 was further reduced. The positive relationship, in the first three
dates (seasons), disappeared totally and a small negative relationship is

indicated. The actual r values were -0,12 and -0,04, respectively.

Tables 5 through 10 show the distribution of MFA2 values as a function of
ERR for each date separately and in combined sets. Here, the ERR values
are divided into four standard National Weather Service (NWS) rain rate



categories: HEAVY, MODERATE, LIGHT, and NO RAIN. HEAVY was defined as ERR
greater than 7.62 mm/hr, MODERATE as 2.54 to 7.62 mm/hr, and LIGHT as less
than 2.54 mm/hr. NO RAIN was assigned to points where no echoes were
plotted on the radar charts within the MSU footprint.

In Table 5, of the 81 footprints (points) for which data was analyzed on
April 8, radar charts indicated rain was falling at 18 points (22%) while
no rain was indicated at 63 of the points (78%). Of the 18 rain cases, 4
of the 5 points in the MODERATE and HEAVY classes showed MFA2 values
greater than 1.5°K or larger; while in the LIGHT rain category 5 of the 13
points showed negative MFA2 values. In the NO RAIN category, the MFA2
values were generally negative. However, two points in this category had
MFA2 values larger than 1°K.

The point marked by the "#" symbol (MFA2=1.7K) was located at 34.9N 112W
and was related to an unflagged surface elevation over the Colorado Plateau
in Arizona. At least 30% of this footprint was located over elevations
above 1800 meters. The point marked by the "*" symbol (MFA = 1.3K) was
located at 31.8N 89.6W over northern Mississippi. There was no elevation
problem here, but we suspect that falling rain or clouds containing large
1iquid water drops were associated with this point although it was not
indicated by the radar echo charts.

We note that the New Orleans radar was out for maintenance at this time.
The six hourly synoptic precipitation chart (see Figure 3d) showed no
measurable precipitation over the reporting stations in Mississippi;
however, the GOES 6 cloud picture (Figure 3c) showed an elongated overcast
cold-cloud-top over that area. Given these conditions, we suspect that the
1.3K MFA2 value was caused by precipitation that fell between reporting
stations.

An analyses of the the rain rates and the vertical extent of the radar sum-
mary chart echo-tops indicate that the MFA2 algorithm is most sensitive to
precipitation when the rain rates are large and the echo-tops reach to tro-
popause heights. These conditions occur most frequently in the spring and
summer over the United States when convection is most pronounced and rain
rates are very high.

The seasonal effect is clearly seen in Table 2. In the December case, the
effective rain rate averaged only 2.89 mm/hr compared to 7.96 mm/hr for the
April case. Thus, the April ERR was 2.75 times larger than the December
ERR. Echo-tops reached as high as 56,000 feet in the April case compared
to only about 20,000 feet over New York State (28,000 feet over northern
Alabama) in the December case (not shown).

Finally, we found that the relationship between ERR and MFA2 was better
over land than over land and water areas combined. A probab)e reason is



that large land-water temperature gradients {land-sea breeze thermal struc-
tures) exist along coast lines and if these temperature gradients are suf-
fiently strong and deep enough, they influence the TB2 values and thence
the MFA2 values.

Further, we see that the relationship is better for the rain class than for
the no rain plus rain class. This relationship results because the bright-
ness temperatures of Ch 2 (TB2) includes emission from the warmer near-
surface boundary layer in the relatively clear skies of the no rain areas;
but, in the rain areas, the Ch 2 brightness temperatures (TB2) are reduced
by rain-scattering coupled with the supression of emission from the warmer
near-surface boundary layer.

The correlation between ERR and MFA2 changed with rain rate. Table 11,
shows that the correlation with MFA2 increased as rain rates increased.

The MFA2 is more likely to detect moderate and heavy rain, (i.e., ERR
greater than 2.54 mm/hr); while, it shows no ability (r=-0.04) to detect
1ight rain, (i.e., ERR less than 2.54 mm/hr). The correlation coefficients
were .30 and .45 for moderate and heavy effective rain rates, respectively.

3.3 Relationship Between Effective Rain Rate (ERR) and MSU Ch 2 Brightness
Temperature (TB2)

As seen in the screening regressions of Figures 4 through 8, TB2 was not
selected as an important variable in its relationship to ERR on either
April 8 or July 1 dates. Results were mixed for the October 24 date, while
TB2 was the first variable selected on the December 9 date. On individual
cases over land, it was expected that TB2 would show markedly lower values
under heavy rain conditions. However, it is clear from this study that the
relationship between ERR and absolute values of TB2 is poor.

The correlations however, became positive on the October 24 and December 9
dates reaching as high as 0.42. The switch in the sign of the correlation
coefficients indicates that the absolute values of the Ch 2 temperature
themselves (TB2) cannot be used to estimate precipitation and further, that
the important factor is the relative decrease of TB2.

Table 4 shows the results of the ERR values regressed on the TB2 values.
The highest correlation (r=-0.47) occurred on the April 8 date, for those
footprints at which Rain was falling (R). The correlation was very low
(-.06 and -.15) but still negative on the July 1 date.

Table 4 also shows, as did Table 3, that ERR value was 7.96 mm/hr for the
April 8 date and 2.89 mm/hr for the December 9 date. However, note that
the correlation for the first three dates (3 orbits) was near zero (-.08).
This indicates that the absolute values of TB2 themselves cannot be used
to determine rain areas or rain rates.



By using data from the April 8 case, it was found that about 64% (r=-0.8)
of the variance of TB2 was explained by its latitudinal gradient. Between
latitudes 30N-50N, the TB2 decreased by about 0.5 K/ deg latitude. When
this Tatitudinal gradient was removed from the TB2 field and the MFA2 then
applied, there was no significant improvement in the MFA2-ERR relationship.
This indicates an important feature of the three-row matrix of the MFA
algorithm, i.e., the northernmost (colder) row is largely compensated for
by the southernmost (warmer) row.

Thus, the MFA algorithm demonstrates that it is the areal anomaly of TB2
that is important. To be successful in detecting precipitation with this
channel, any approach must be designed such that the anomaly (decrease in
TB2) caused by precipitation is isolated from the existing background ther-
mal emission. For the cases examined in this study, the MFA2 (3 x 3)
filter served well to isolate decreases of TB2 caused by moderate or heavy
precipitation.

IV. SUMMARY

Of the four MSU channels, channel 2 (53.74 Ghz) was the most useful channel
in detecting precipitation over land. The brightness temperature values
(TB2) of channel 2 alone were not sufficient to detect precipitation; but,
a median filter algorithm (MFA2), which isolates precipitation induced
decreases in TB2 from the normal background radiative temperature, showed
the highest correlations with effective rainfall rate.

The MFA2 value was correlated with Effective Rainfall Rate (ERR) with
correlation coefficients of about 0.6 during the spring and summer cases;
but during the winter, correlations were near zero.

This study concludes that precipitation is more easily detected over land,
with the use of the 53.74 GHz channel 2 via the MFA2 algorithm, during
spring and summer when convection is strong (reaching to tropopause levels)
and when rain rates are high.

Because of the vertically broad weighting function of MSU Ch 2, which peaks
at about the 600 mb level, the MFA2 algorithm should not be used over moun-
tainous areas where heights are above 1500 meters. The 1500-meter eleva-
tion flag is currently in use and has been utilized in the TOVS algorithm
since 1980.

The present MSU instrument with its Tow resolution shows no skill in
detecting rain rates when they are light. In addition, the algorithm is
not reliable when surface elevations exceed 1500 meters; further, it should
not be used for those footprints over coastal areas where strong land-water
thermal gradients (seabreeze circulations) are suspected to extend higher
than one km into the lower atmosphere.
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In the current operational procedure, the rain test failure is invoked and
no retrieval is calculated for a particular point if the MFA2 value exceeds
0.8°K. As shown in Table 10, when the MFA2 values were greater than 1.0°K,
they were clustered in the heavy and moderate ERR classes.

Over non-mountainous land areas, the statistics show that when the MFA2 was
positive and 1.0°K or greater, the ERR was greater than 2.54 mm/hr. If the
MFA2 was negative and less than -0.5°K, then there was at least a 93%

chance that the ERR was less than 2.54 mm/hr or that no rain was occurring.

Although the MFA2 algorithm is marginally useful in deriving rain rates, it
does serve well to prevent cold-biased satellite temperature retrievals
from being calculated at those points where moderate or heavy precipitation
is occurring.

Finally, with the higher resolution and dual polarizations of the SSMI
(Special Sensor Microwave Imager) and AMSU (Advanced Microwave Sounding
Unit), it is anticipated that algorithms can be devised to better detect

rain rates and their areal extent.
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Figure 3a. MSU footprints (IFOV) for 0056 GMT April 8, 1986

Figure 3b. Radar echo summary chart for 0035 GMT April 8, 1986
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Figure 3c. GOES 6 infrared image 0100 GMT April 8, 1986

Figure 3d. Six hourly precipitation 06 GMT April 8, 1986
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Table 1. Radar-echo level (VIP number) conversion
to rain rate.

Rainfall Rate

Echo-level Echo Convectivet
(VIP number) Intensity (mm/hr)
1 light 2.5
3 heavy 41.9
S intense 147.3
1.6

* Based on the relationship 2Z=55R

Table 2. Screening regression statistics for ERR as a function of all four MSU

.
| Date
’. _____
| Sat
+ _____
|

+ -----
| Data
.‘ _____
| n

+ -----
| BO
o -
| Bl
o
| B2
$rm———
| B3
-
| B4
o -
| BS
fm————
| B6
bm—————
| B7
4, _____
| B8
. ——
| ¢
o -
| s

+ _____

|ERR(AV)| 1.77

TB and MFA values (land only)

mrfeme e ce e crf e erem e e e em e e e ma———————— S o +
|4-8-86 oossz |7-1-86 12452|10-24-86 1317z|12 9-86 2005Z| 3 ORBITS |
e e T LSRR PR e et e e e e ——————f————————————
. | NOAA-6 | NOAA-6 | NOAA-6 | NOAA-9 i |
B e T TP frrmrmmcmcc e e e e ——————— - e +
| ERR | ERR | ERR I ERR I ERR I
——pmmm——— tmm———— 4 tm————— Y tom—— demm———— e +
| RNR | R | R#NR | R | R#NR| R | R#NR | R | R+NR R |
metm———— tmm———— O tom——— tmm———— ST T . Hmm———— Lt T +
| 81 | 18 | 105 | 41 | 116 | 33 | 98 | 46 | 302 92 |
et mm——— e ——— ettt 3 + tmm———— - $om———— tommmnm tmmmmm— +
1790.47| -2955|-412.8(-79.81|-146.8|-241.0]|~156.3|-659.6|~-36.89{124.79]
mepmm———— 4o S e e —pmm———— tommman - O s T i +
| ~.241}=-2.793] =-.273| -.184] -.081| -.918] X | -.177| =.098| =-.443|
-t Y i tm—m——— S tmm——— e prmm——— 4o R +
| X | 8.982] X | .517] .672] 1.952] .414| 1.704| .254] .474|
e ——— o —— e —tem———— 4o tommm tmmm——— tom———— R it 4remm—— +
[-3.208] X [ 3.100f X | X | X | X | X | X | x|
——pm———— tpm———— pommm—— tmm——— tomm——— S Ty - . N S $mmmm—— +
| X | 6.836|-1.034] X | X | X | .260] 1.346] X | -.574]
——pmmm——— T Sp— tomm——— tomm—— et ————— O S - fommm—— +
| 1.16 ] X | .02 X | X |1.01] X | -.181] .13 ] X |
——fmm———— e T - pomm——— L T O - - b +
| 2.77 | 13.41] 4.43 | 6.12 | 3.62 | 3.05 | X | X | 4.94 | 6.60 |
——pmmm——— R T ., R 4mm——— 4mm———— T —— fomm——— - B +
| X | X (2.9} X | X | X | X | X |1100] X |
—tmm—— —tm————— R s e B S $mm———— tommmaa $omm——— b —— dmmm +
| 5.39 1 39.70f X | X | X | -9.86] X | X | 1.23 ] X |
et m——— o brmm—— tmmm——— R to—m——— r———— fommm——— tmmm——— 4o +
| -68%€] .79 | ,65%%| ,69%%| _46%%| .B44%| _40%%| .S554%| ,564%| ,6Tu#|
——tm————— pmm———— S tmmm———— pm————— tmm———— D - o T R b +
| 6.38 | 12.22| 3.48 | 4.77 | 3.07 | 3.50 | 2.94 | 3.62 | 4.60 | 7.03 |
——pmm——— Fom———— 4o tmm——— S e tomm——— pom———— N N s +
| 7.96 | 1.65 | 4.22 | 0.90 | 3.15 | 1.36 | 2.89 | 1.39 | 4.57 |

R R pmmm——— b e T 4mm——— e ——— b —— et drm————— +
ITB2(AV)| 254.9] 252.7| 258.1| 258.2| 251.8| 252.1) 248.8| 251.9] 254.8] 254.9]
——tm————— o tm————— oo S fo———— e ———— o m——— o ——— +

ERR (mm/hr) = BO + B1(TBl) + B2(TB2) + B3(TB)) + B4(TB4) +

B5 (MFAl) + B6(MFA2)

+ B7(MFA3) + B8 (MFA4)

NOTE:

X = Not selected by stepwise regression R = Rain
* = Significant 5% level NR = No rain
*#* = Significant 1% level
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Effective Rain Rat-'(xRR) regressed on Median Filter Anomaly of

Table 3.
MSU Ch 2 (uraz) .
S Rt -t ——— -4 St eremmm e ————
| Data {(4-8-86 00562 |7- -86 12452 10-24-86 1317Z|12-9-06 200521 3 ORBITS .l
tmmmmn=t 4= + + -t -——
| sat. | NOAA-6 |  NOAA-6 | NOAA-6 | NOAA-9 { {
fmm———— oo ———— 4ommemmeaan -—t + + —em———t
| | ERR | ERR | ERR { ERR | ERR |
bom—————— 4o ———— tmm——— S to————— 4 m—— to———— bm———— $oo—— —$m———— tomm———— +
{Data { R*NR| R [ RtNR| R | R4NR}| R | R#NR| R | RNR} R |
$mmmm——— 4o m——— tom——— —tm——— —tem——— i TR EE R S + D +
| n ] 81 } 18 |} 105 | 41 | 116 | 33 | 98 | 46 | 302} 92 |
fmmm———— +- —te- + + tomm——— + + e o ———— —tem———— +
[ A [ 1.63 ( 4.26 | 1.61 | 2.96 | 0.92 | 3.00 | 1.36 | 2.95 | 1.36 | 3.21 |
prm————— m——— —e———— 4 ——— to————— o b ——— - o m——— tom———— tommm—— +
{ B | 6.29 | 8.43 | 4.46 | 6.25 | 2.79 | 4.53 | -.78 | =-3.00| 5.09 | 7.23 |
pomm—m—— tmm——— tem—— —t————— e $ommmem tom———— R $ommm—— to—m——— dommmm— +
| T | -S8%%| _66%%| ,S74a| _g7aw| ,I2%&| _42%k| ~ 04 | ~.12 | .5I%%| .63%#|
b m——— tom———— e b ——— Pom———— te————— tm—————— L et A Sabatalal o toemm—— $omm——— +
| S | 6.90 | 13.04] 3.66 | 4.74 | 3.24 | 5.39 | 3.19 | 4.16 | 4.67 | 7.21 |
O $mm———— D —t o o ——— o tom——— et $ommm Y $mmm——— +
|ERR(AV)| 1.77 | 7.96 | 1.65 | 4.22 | 0.90 | 3.15 | 1.36 | 2.89 | 1.39 | 4.57 |
tomm b —— tom—— —t e ——— o ————— tom———— tm———— trmm——— trm———— o m———— tmmm———— +
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------------- L Bt ks Sttt atnttata ettt Ll et ol S DL Ll bl Sl bbbl
ER.R (mm/hr) = A + B(MFA2)
NOTE: *® Signiflicant S\ level R = Ralning
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Table 4. Etfectlve Rain Rate (ERR) regressed on MSU Ch 2 Brightness
Temperature (TB2)
R $oemmen e bttt R e C L LT P L L et R LT P |
| Date 14-8-86 00567 |7-1-86 12457 10-24-86 13172112-9-86 20052! 3 ORBITS ]
R LRt b L e R AR P m e LR e e $erremem- ————]
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| emem——- $mmmmm s —cm s el e rmmm e e~ LRl L R bl L L |
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|~ pmmm——— LR $omme tm————— bt o —-— Y ¢ w———— o Jorvew- i
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| emmm e D e ——— - b b ——— - ——— brm———— m————— Pommm——— o i
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Table 5. Distribution of Ch 2 Median Filter Anomaly (MFA2)
as a function of Effective Rain Rate (ERR) for
0056 GMT April 8, 1986.
Rttt T St A e e e e it ittt et 2
MFA2 -1.0]1-0.5 0.0 0.5 1.0} 1.5
n < to to 0.0 to to to to >
ERR -1.0{-0.5| 0.0 0.5| 1.0] 1.5| 2.0] 2.0
fmmm———— Rt e et e e S i St &
HEAVY 3 o 0 0 0 0 o 0 1 2
F(%) 100% o%| 0% 0% 0% 03 0% 0%| 33%| 67%
4o il e Rt S e R s T S
MODERATE 2 0 0 1 o (0] 0 0 0 1
F(%) 100% 03| 0% 50% 0% 0% 0% 0% 0%] 50%
fomm————— e e e B s D St Rttt
LIGHT 13 2 0 3 4 1 3 0 0 0
F(%) 100%| 15%| 0% | 23%| 31%| 8%| 23%| o0%| o0%| 0%
R e R et e e s T Tt P BRI S
NORAIN 63 4 6 18 18 13 2 1# 1% 0
F(%) 100% 6%|10% 29%| 29%| 21% 3% 1% 1% 0%
e Rt et T Rttt St Sttt Sttt &
SUM(n) 81 6 6 22 22 14 5 1 2 3
F(%) 100% 7% 7% 27%| 28%| 17% 63 1% 3% 4%
to——m———— it e e i St Rt ettt Sttt &
Table 6. Distribution of Ch 2 Median Filter Anomaly (MFA2)
as a function of Effective Rain Rate (ERR) for
1245 GMT July 1, 1986.
$o————— Rt D s R St Dt i St TP
MFA2 -1.0]-0.5 0.0| 0.5] 1.0| 1.5
n < to to} 0.0 to to to to >
ERR -1.0{-0.5| 0.0 0.5] 1.0} 1.5) 2.0| 2.0
tmm—————— R Rttt e A et it St SR SRS
HEAVY 9 0 0 0 0 0 5 3 0 1
F(%) 100% 0% 0% 0% 0% 0%| 56%| 33% 0%| 113%
tomm————— Rt D T B s St it Tt TR
MODERATE 6 0 1 1 1 1 0 1 o 1
F(%) 100% o%| 17%| 17%| 17%| 17% 0%| 16% 0% 16%
Fmmm————— e s T e A e T RS
LIGHT 26 (0} 4 11 6 5 0 0 0 o
F(%) 100% 0%| 16%| 42%]| 23%| 19% 0% 0% 0% 0%
fmmm———— e D i et it ST SEPEEIEE SRS
NORAIN 64 3 2 19 26 12 2 0 0 0
F(%) 100% 5% 3%| 30%| 40%| 19% 33 0% 0% 0%
o e T s St B et et ST S S
SUM(n) 105 3 7 31 33 18 7 4 0 0
F(%) |100%| 3%| 7% 29%| 31%| 17%| 7%| 43| ox| o0%
o T it e s s el TR S
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Table 7. Distribution of ch 2 Median Filter Anomaly (MFA2)
as a function of Effective Rain Rate (ERR) for
1317 GMT October 24, 1986.

o ——— Rt St R A T PRI W U G SIS
MFA2 -1.0]~0.5 0.0 0.5 1.0} 1.5
n < to to| 0.0 to to to to >
ERR -1.0|-0.5| 0.0 0.5 1.0| 1.5| 2.0| 2.0
m——————— e e Rt Lok E TRt S A T S S S SO W ¢
HEAVY 4 0 0 1 1 1 0 0 0 1
F(%) 100% 0% 0%]| 25%| 25%| 25% 0% 0% 0%] 25%
tmmm—————— et et s st St S S R S SO
MODERATE 4 0 1 1 0 1 0 1 0 0
F(%) 100% 0%| 25%| 25% 0%| 25% 0%] 25% 0% 0%
Fom————— i et e R Rt (RPN QT QY S |
LIGHT 25 0 4 4 8 8 1 0 0 0
F(%) 100% 0%| 16%| 16%] 32%] 32% 4% 0% 0% 0%
e e e et i ot KPS SIS S S
NORAIN 83 1l 4 22 30 23 3 o} 0 0
F(%) 100% 1% 5%| 26%| 36%| 28% 4% 0% 0% 0%
R S Onninint Sttt bl bd Tl S S RS S ST ST SR
SUM(n) 116 1 9 28 39 33 4 1 0 1
F(%) 100% 1% 8% 24%| 34%) 28% 3% 1% 0% 1%
o ——— R B e ettt P S U S S R (TS

Table 8. Distribution of Ch 2 Median Filter Anomaly (MFA2)
as a function of Effective Rain Rate (ERR) for
2005 GMT December 5, 1986.

tmmrm———— D il s At Dt h Satatate ettt Rt TEL L 5
MFA2 -1.0{-0.5 0.0/ 0.5] 1.0} 1.5
n < to to] 0.0 to to to to >
ERR -1.0]-0.5§ 0.0 0.5] 1.0} 1.5y 2.0} 2.0
o e e e ittt aaias Sttt ttata s ettt TP e S
HEAVY 5 0 0 2 2 1 0 0 0 0
F(%) 100% 0% 0%| 40%| 40%| 20% 0% 0% 0% 0%
e ———— B et D s T b b e S ettt atadeat o
MODERATE 5 0 0 0 4 1 0 0 0] (0]
F(%) 100% 0% 0% 0% 80%| 20% 0% 0% 0% 0%
fom————— el el R Rttt st B e e s it Saaduntas ¥
HEAVY 36 0 1 4 24 7 0 0 0 0
F(%) 100% 0% 3%) 11%]| 67%) 19% 0% 0% 0% 0%
e e i B bt T e it s ettt SRR TR P S
NORAIN 52 0 2 10 27 13 0 0 0 0
F(%) 100% 0% 4% 19%| 52%| 25% 0% 0% 0% 0%
tmrmm———— R e b e A R e it Rt it et R R SRS
SUM(n) 98 0 3 16 57 22 0 0 0 0
F(%) 100% 0% 3% 16%| 58%| 23% 0% 0% 0% 0%
N et D R Al it kbt Stk T R e
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Table 9. Distribution of Ch 2 Median Filter Anomaly (MFA2)
as a function of Effective Rain Rate (ERR) for
April, July, and October, 1986 cases combined.

Frm—————— e e et St e it toatatta sttt Attt LTS
MFA2 -1.0{-0.5 0.0} 0.5} 1.0} 1.5
n < to to| 0.0 to to to to >
ERR -1.0]|-0.5| 0.0 0.5 1.0{ 1.5| 2.0 2.0
tr——————— et R e Db bt Rt R A et shela etk
HEAVY 16 0 0 1 1 1 5 3 1 4
F(%) 100% 0% 0% 6% 6% 6%| 31%| 19% 7%| 25%
form——————— et e R i Dt St bt Sttt T S g o
MODERATE| 12 (4] 2 3 1 2 0 2 0 2
F(%) 100% 0%l 17%% 25% 8%l 17% o%l 17% 0%| 16%
tomm————— e B it fatababts ettt ettt ettt Rkttt SateEtl
LIGHT 64 2 8 18 18 14 4 0 (4] 4]
F(%) 100% 3%| 13%| 28%| 28%| 22% 6% 0% 0% 0%
tm—————— B s it Rttt Attt Sttt bt e e R
NORAIN 210 8 12 59 74 48 7 1% 1% 0
F(%) 100% 4% 631 28%) 35%| 22% 3% 1% 1% 0%
tmm— bt Dt Dttt et i S L SR R B e el
SUM(n) 302 10 22 80 94 65 16 6 2 6
F(%) 100% 3% 7% 27%| 31%) 22% 5% 2% 13 2%
tmm————— R e Sttt Sttt Rttt Sttt Rttt fatieda ettt daletated: o

Table 10. Distribution of Ch 2 Median Filter Anomaly (MFA2)
as a function of Effective Rain Rate (ERR) for
April, July, October, and December cases combined.

b ———— R N it R R Rttt Rttt Satalalel Tt TR P R
MFA2 -1.0{-0.5 0.0} 0.5 1.0 1.5
n < to to| 0.0 to to to to >
ERR -1.0{-0.5| 0.0 0.5 1.0} 1.5 2.0f] 2.0
e D e et e Dttt Dttt Dttt it it Rttt o
HEAVY 21 0 0 3 3 2 5 3 1 4
F(%) 100% 0% 0% 14%] 14%| 10%| 24%) 14% 5%] 19%
e ————— Rt e R s Rlaih At Sttt el Sttt ket Ratababet 4
MODERATE{ 17 (0] 2 3 5 3 0 2 0 2
F(%) 100% 0%| 12%| 18%| 29%| 18% 0| 12% 0% 11%
o ——— e it i bbbt Sahtatat Rttt S tatatad Satattat ettt ¥
LIGHT 100 2 9 22 42 21 4 0 0 0
F(%) 100% 2% 9%| 22%| 42%) 21% 4% 0% 0% 0%
o Rt R el it Rttt Eattat it Sttt ik et &
-NORAIN 262 8 14 69 101 61 7 14 1* 4]
F(%) 100% 3% 5%] 26%1 38%| 23% 3% 1% 1% 0%
e R e e Rtk Rt Rttt Sttt Matatatat Sadat et ST L P
SUM(n) 400| 10 25 97 151 87 16 6 2 6
F(%) 100% 3% 6% 24%| 38%] 22% 4% 1% 1% 1%
o ——— Rt A s Rttt et A itk e teEt PR P S
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Table 11. Effective Rain Rate (ERR) values regressed on Ch 2
Median Filter Anomaly (MFA2) values for each ERR
class. Samples are for April, July, and October,
1986 cases combined.

$ommmmm - $omm—— $o————e N it tm————- $ommm e e tommm———— +

ERR CLASS N A B r S ERR TB2
mm/hr (ave) (ave)

D et LT L T DL R et D bttt D Dt T L

LIGHT 64 .63 -.06 -.04 .58 .63 254.7
0 -2.53
R et e e R it e ettt L e L e
MODERATE 12 4.26 .55 .30 1.72 4.51 255.6
2.54-7.62

e Rttt $o—mm—- $o—m——- tmm——— $mm——— e et Rttt

HEAVY 16 13.47 5.80 .45 12.50 20.4 255.4
>7.62

po—mm e ettt $om $ommm—— tomm——e N it $--————- e
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The National Oceanic and Atmospheric Administration was established as part of the Depar
Commerce on October 3, 1970. The miasion responsibilities of NOA A are to assess the socioeconom:
of natural and technological changes in the environment and to monitor and predict the state of
Earth, the oceans and their living resources, the atmosphere, and the space environment of the E.
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The major components of NOAA regularly produce various types of scientific and technical - no s

tion in the following kinds of publications:

PROFESSIONAL PAPERS—Important defini-
tive research results, major techniques, and special
investigations.

CONTRACT AND GRANT REPORTS—Reports
prepared by contractors or grantees under NOAA

sponsorship.

ATLAS—Presentation of analyzed data generally
in the form of maps showing distribution of rain-
fall, chemical and physical conditions of aceans and
atmosphere, distribution of fishes and marine
mammals, ionospheric conditions, etc.

TECHNICAL SERVICE PUBLICATIONS—Re-
ports containing data, observations, instructions,
etc. A partial listing includes data serials; predic-
tion and outlook periodicals; technical manuals,
training papers, planning reports, and information
serials; and miscellaneous technical publications.

TECHNICAL REPORTS—Journal quality with
extensive details, mathematical developments, or
data listings.

TECHNICAL MEMORANDUMS—Reports of
preliminary, partial, or negative research or tech-
nology results, interim instructions, and the like.
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