STATISTICS OF KU-BAND MICROWAVE RESPOINSE OF THE UNITED STATES
WITH A SATELLITE-BORNE RADIOMETER/SCATTEROMETER

Abstract

The Skylab 5-193 mdiomefer/sca.”erbmefer collected thousands of
meosﬁrements of scattering coefficient and brightness temperature over
various parts of the United Si’a;res during the summer of 1973 ot angles
of incidence between vertical and about 45°, These measurements
have been combined to produce histograms of the response at each of
several angles within this range, and to establish average scattering
coefficient vs angle curves with 10% and 90% exceedance levels as
well, ’ |

The variation of the radicmetric measurements is primarily in the
region from 255°K to 285°K, with very few measuremenis giving higher
values, but a significent, though small, number giving valves down to
and even beicw 200°K. The scatering coefficient varies, for the mean,
from about 0 dB at 1° off vertical to a low in the neighborhood of
~10 dB at 45°. The varichility of 1>h‘e'scat‘re.ring coefficient measure~
ments with this coarse~resclution sensor issurprisingly small,

The number of distinguishable levels is slightly more for the
scatterometer than for the radiometer, but the amount of variation in
brightness temperature cdq,sed by the physical temperature of the ground
is enough so that the scatterometer can be used to distinguish signifi-

cantly more meaningful levels than the radiometer.
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1,0 INTRCDUCTION

Preliminary results are presented of the radiometer brightness temperature and
the scatterometer differential scattering coefficient from a large number of points in

the United States, obtained with the Skylab RADSCAT instrument during the summer of
1973, These data were obtained with a quite large resolution cell; consequently,

each point r'eprésents a significant average of various kinds of terrain. The total statis-
tical picture presented givas the distribution and mean or medion values for a large

and heterogeneous sample of the United States. Consequently, the results on both mean
and variability of the duta should be quite useful for future design of high-altitude,
modest-resolution microwave sensors in the two—centimeter wavelength regime.

The Skylab Earth Resources Experiment Package carried hwo microwave instru=

ments. One of these was the $~193 Radiometer/Scatterometer, The system operated

at 13.9 GHz (2.1_.6 cm), The antenna was a pumbo“c reflector that could be scanned
mechanically over a range from vertical out to about 48° off vertical in many different
~modes. The one~way beamwidih appropriate to radiometric measurements was 2.02% at
vertical incidence this corresponds with a circle 15.4 km in dismeter and of 45° an
_ellipse 21,6 x 30.5 km. For the scatterometer, the round-trip half-power beamwidth
is required; this is 1.54° and corresponds with a circle 11.7 km in diameter at vertical
or an ellipse 16,6 x 23.5 km at 45%, The radiometer had a precision of measurement
that varied between about 0.7°K and 1,3%K for one standard deviation, with the particu=
lar value depending upon the mode selected. The scatterometer precision was 0.25 to
0.5 dB for one standard deviation. Again the variation is due to mode selection.

Data presented here was collected during the first and second occupancy of Skylab
in June and in August/September of 1973, Data collected during the winter will be
reported later. :

A coarse-resolution sensor of this type has somewhat [imited utility, for most remote
sensing applications involving the land require resolutions of the order of 200 meters or
better. However, ceriain applications appear likely, even for poor resolution sensors
of this kind, These include monitering regions of differing soil moisture content,
possible moniioring of snow, monitoring the extent of frozen ground (important in fiocod
forecasting), and monitoring the extent of ice over the ocean. A major purpose of a
catalog of scattering coefficients and brightness temperatures ot this resolution is pro=

viding information to the desioners of future redar and rodiometer systems for spacecratt,
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Although most future spacecraft radars will probably have finer resolutions, with the
synihehc aperiuiz imaging radar being the most impcrtant system, dofo coliected wit
this poor resolution is important to the design of these systems. The dynamic range
cmd required sensitivity for the synthetic-aperture radar, prior to processing the signal
to achieve fine resolution, will be approximately modeled bythe data collected with
the 5-193 scatierometer. This is because a spacecraft synthetic-aperture radar will
illuminate with its actual physical antenna aperture @ patch on the ground that is
several kilometers across in one dimension, althcugh it may be only o few tens of
meters in the other direction, Such ¢ large illuminated area will have about the same
degree of averaging as the $-193,

Another potential application of these data is comparison of the experimental
results with theory for radar backscatter and verification of the validity of the theories
for large areas. This may be particularly interesting when applied to the theories cur-
rently used for comparable or larger resolution cells on the other planets. Here, we
have an opportunity to test the techniques used for analysis of the surface properfies of

other planets on our own planet, for which we have collateral information.

2.0 COVERAGE

The 5193 operated on numerous passages over the United States in eoch of
its modes. Figure 1, 2, and 3 illustrate coveroge with three of the different modes,

In Figure 1, the In=Track Contiguous Mode coverage is shown, With this mode,
a measurement was made for each of five incident angles every four seconds {about 30 kms
of fravel). Thus, in regions where all anguler meosurements overlapped, a curve of
scattering coefficient versus angle is possible, On the illustration, the open port of
each coverage bar shows the region where vertical~incidence measurements were made,
The stippled extensions show the regions where the antenna made measurements while
tilted chead, but for which the instrument was turned off as the spocecraft passed over-
head. Thus, the dota sets for different ongles come frem similer arecs, but the creas
are not identico!. Measurements made with this mode invelve o single antenna poluriza=
tion; that is, the scattering coefficient was measured with the seme polarization for
transmitting and receiving, und the same receiving polarization was vsed for radiometer

~and scotberoreier,
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Figure 2 shows the coverage for the In=Track Non-=Contiguous Mode. With
this mode, a iwcasurement was made every 100 ki oi each of the five angles, but this
measurement usvally consisted of vertically and horizontally polarized radiometric
measurements and vertical, horizontal, and cross-polarized scatterometer measurements,
This mode was primarily intended for use over the ocean so that its use over the land Q\fcs
“quite restricted as obvious from the figure. -

Figure 3 illustrates the large coverage obtained with the Cross=Track Contiguous
Mode, 1n this mode, 12 measurements are made in a scan across the track with a scan
interval of 2.1 seconds. The center of the scan may be in various position os indicated
on the figure. The angular range is approximately 22°; thus, when the center is at
pitch=angle 0, roll-angle O, the scan goes through nadir with a maximum ongle of inci-
dence of about 11° on each side of the spacecraft ground track. The scan center, pitched
chead ]50, 290, or 40°, results in @ smaller range of incident angles for the 1 1 motion
either side of the track. When the antenna is pitched ot angle 0, but rolled to the right
or left, the full 22° scon results in different incident anglzs. The ground irack is shown
at center for each case where the roll angle is 0, and at the leff or right for the iare
" cases where the roll angle is 15°, Since most of the data collected with the Cross~Track
Contiguous Mode are in the western part of the United States, some bias exists in the data
sets. However, the large 1TC pass (indicated in Figure 1) over the eastern part of the
United States should partially balance the western bias of the [arge/cqﬁcnfify of Cross-

Track Contiguous Mode data shown in Figure 3.

3.0 OBSERVATIONS NEAR VERTICAL INCIDEM

-«

Histograms have been prepared of the brightness temperature and differential
scattering coefficient both for the entire dota sef\ond for various subsets, In this section
are shown histograms for the angle of incidence near vertical, The complete deta sct
includes all of the angles cut to 11°, but examples ore shown only for the 1 ~ 2° and
the 10 = 11° ceses. -

Dense clouds may. significontly aitenucte the radar signal resulting in o reducc
measured value for scattering coefficient, but they ore even more important with with
regord fo the radiomeiric brightness, for they not only atienuate bui also radiaie inio

the radiometer receiver. No attemp! hos Leen mode here to correct the results for i
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presence of clouds. Such on attempt will be made later and reported sepa~
rately. ' )

Figure 4 shows the radiometric brightness temperature at the 1 - 2° angle of
incidence for the complete data set, Efforts are underway to estimate the emissivity
related to these brightness temperatures, but the results are not yet availeble. Thus,
the temperatures shown here have o wider disper'sion than the emissivities, for some
of the measurements were made in the northern tier of states and others in the south-
western deserts. The histogram shown extends down fo 200°; few measurements were
made with brightness temperatures lower than this value. In every case, these could
be ascribed to water surfaces so they are not reporfed here since this discussion deals
on!y with land surfaces. The preponderance of measurements is in the range from
265°K to 285°K. Since the anticipated differences in ground tempercatures are about
10°, the corresponding emissivities probably have on even narrower range of variation,

Figure 5 shows differential scattering coefficients for the same 1 - 2° range
of angles of incidence. As expected, the scattering coefficient peaks up in the
neighborhood of 0 dB or stightly balow, with almost no values less than =5 dB and
only a few greater thean 48 dR. The +15 dB volue may in fact be even larger, for this
is the saturation level of the instrument. Values in this region were found for the sait
flats adjacent to Great Salt Lake in Usch and for smooth woter surfoces. Probably the
cluster of points around +10 dB also should be associated with either water or the salt
flats, ,
| Figure 6 shows a histc;grcm cimilar fo.that of Figure 4, for the brightness tem=
perature in 10 - 11° range of incident angles. The dispersion at this angle of incidence
is significantly greater than that closer to vertical. The comments regarding the effects
of cloud and of surfoce temperaiure apply in this case as well,

Figure 7 for 10 - 11° should be compared with Figure 5 for 1~ 2° for the
scattering coefficient, The dispersion ct 10 = 11 is much less for the scatterometer
than thot ot vertical incidence ond peaks around @ value of about =7 ¢8; that is, the
scatiering is censidorally weawer af 10 or 112 than closer o vertical, This is in Geeord
with both theory and experiments made with aireraft and ground-based instrumenis, The
relatively smaii dispersion af this engle of incidence is perhaps in port caused by the
cross—over of scct‘rcring"coe:fi'icien%"vcrsus'm*.gle curves in the neighborhood of 10 - 15°.

That is, most theories and previous experiments indicate ihwi welatively flat suifuces have
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steeper scattering-coefficient-versus—angle curves thon relatively rough surfaces, and
the curves tend io cross in this range of angles ol Licidence.

- Specific examples ore presented here for two cases: one run across the Utah
salt flats and adjocent high desert and mountain areas, and the other across agricultural
plains of North Daketa and eastern Montana.

Figure & shows the radiometric brightness temperature for the Utah measurements.
Note that in cddition to the concentrotion in the neighborhood of 270 to 280° there is
much dispersion to lower brightness temperatures. In fact, this pass also contains many
measurements below 200°K. Most of these quite low temperatures are associated with
the specular reflection in the salt flats where apparently moisture is close enough to the
surface to significantly reduce the measured brightness remperature,

Figure 9 shows the scattering coefficient for the same area. Here, the scattering
coefficient range splits into two parts, the one between 0 and =5 dB compares well
with the scattering coefficient observed in other parts of the country. The'scattering
coefficients chove +5 dB appear fo be mostly from the nearly specular salt flats, The
higher concentration in the 14,5 and 15 dB values is because of saturation of the instru=
- ment at this point. No doubt the actual effective soattering coefficient histanrmm woild
extend to higher values if saturation had not taken place. The figure shows only the
angles of incidence between 0 and 2°, whereas the corresponding figure for the radiometer
showed all values between 0 and 15%, This is possible with the radiometer because there
is little variation with angle near vertical incidence, whereas the variation for the scat+
tering coefficient near vertical incidence is'quite large so the scattering coefficient figuie
‘must be for a confined range of angles.

Figure 10 shows the brightness femécru’rures measured in the first 15° from vertical
over the North Dakota farmland; although these concentrate in the neighborhood of 270°,
they alse extend down to 260°, Since there is little likelihood of a very flat wet surface
in North Doketa, the explenation of the values between 220 and 1 250° has not yet been
established. The tower mode of the distribution prosumebly hos to do with the Tower
surfoce physical temparatures in North Dekota relative to the wirfoce temperatures in Utah.

Figure Y1 shows the 1 - 3% ccattering cocfiicient measurements in North Dokota
{the number of measurements between 0 end 19 vees insignificont). The general renze
for the North Dekete near-vertical measurements is compareble with ihat for the entire

~ ' N IR ot W o | ri .t r t
U.S. duta set. Presumably ihe ihree volues near 15 dB may be reficciions from lakes,
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4,0 OFF-VERTICAL MEASUREMENTS

Although measurements were made at various angles as summarized later, the |
examples shown here ore for the region of 32 = 32° incidence and for vertical polerization,
These were selected since measurements at this angle end polarization were more plentiful
than at cny other angle because of the preponderance of Cross-Track-Contiguous data
with a 29° pitch angle for the center of the scan. The incidence angle with the curved
carth is somewhat larger than the pitch engle at the spacecraft even for measurements
made qlong the ground track, and incidence angle is somcwhat larger than that for the
measurements off the ground track. This explains the presence of ihe largest number |
of measurements in the range cbout 3% beyond the pitch angle. -

Figure 12 shows the overalldistribution of brightness temperature in this angular
range. Note that the horizontal scale has been expanded compared with the scale used
in previous figures, so the widih of the distribution appears only half as greot as the
previous scale. Nwertheless, the distribution does have mcmy vatues over the 30°

range from 265 to 295°, 1f we assume a variation of 10 or 15° in the JFOU"]d tcmpeacture,

‘!'l
-
(o
b ]

the remaining disi,ibution would still be in the neiokbohood of 20 fo 157 &t
tion for differences in ground temperature.

Figure 13 shows the comparable range of scczHermg coefflclents. Cnce again,
the scale has been expanded, compared with the previous examples, so thai it is now
a total of 20 dB rather thon 50 dB. The range of scattering coefficients observed is
surprisingly small in view of the great variability evidenced by data measured in previous
ground-based or aircraft programs. Presumabiy, this is partly due to the averaging of
the large resolution cell and portly to the consistency of the measurements here mode over
a relatively short period of time and with the same carefully calibroted instrument, when
compared with measuremenis made over long periods of time with instruments that in some
cases are less carefully calibrated. No cbservations were made at 1hese aenglesof incidence
of scottering coefficient exceeding ~6.3 dB, A very emall nurber of meusurements is tess

than =15 dB and these mey be from occasiona! water surfaces.
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5,0 SUMMARY OF MEASUREMENTS - ,

No consistent trend of angular variation waz observed for the brightness tempera~
ture measurements, but the measurements of scattering coefficient show extremely consis™
tent frends. Consequently, curves are presented of variation of scattering cocfficient
with angle, but no such curves are presented for the brightness temperature.

Figure 14 shows an expunded-scale summary of the near-vertical measurements of
vertical polarization scaitering coefficient. No point. is indicated for 0° because most
of the measurements were af least at a 1° angle of incidence, so that the number of
points between 0 and 12 is insufficient to obtain good statistics.

The mean value calculated here is shown with a solid linc, The upper and
Tower 10% observation levels are also indicated. The points on the mean value curve
are quite consistent, The inconsistencies in the values for the 10% and 90% levels are
due to the relatively small numbers of sumples outside these bounds, Even so, it is quite

apparent that the spread in measured values is greatest very close to the vertical, Clearly,

designers for altimeters and other devices that operate upon the signals from very close fo

the verricu) wat use vaiues for scattering coefficients of the order of =5 dB in iheir desians
with confidence that the instrument will indeed be sufficiently sensitive for nearly every
case. Presumably, since this value is somewhat greater than those observed in ground=
based experiments, the larger minimum value of differential scattering coefficient in

this spacecraft experiment is in part due to averoging over relatively large illuminated
areas. _

Figure 15 shows the summary of meosurements at all of the angles of incidence
for which a large enough somple is available, Note that the horizontal scale is different
from that of the previous figure by about a factor of 5. The points shown within the first
10° are the same as those pletted in the previous figure. The well~known phenemenon
of flattening of the scatiering coefficient curve seems to occur at around 10°, which is
a somewhat anatler engle than previous ground-based measurements indicate; but is in
the some order of megniiude as these previeus meastrements,

The momhers of mc(:SL-iI'CP.‘.t':I_‘!?S ivolved in each point ore different, but ihe means
ore believed 1o be recsonably accurate in every case. The low value for the 1056 fevel
point at 35% is probably due to inclusion of o cmall amount of data from waoter surfaces
and from the Uiah salt flots, This daia quantity is farge enough to significontly affect
PR LA PN P L Lo noeponch b cdonificontly chance Hee mean.  Presomably, the
sealler "ﬁ%-z_u cot arcociat L with the 457 angle of incidence dous not include aivy such

-
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surfaces. Most of the 45° dota were obtained during the fong pess illustroted in Figure
1, where the In=Track Contiguous Mode was used in the eastern United States.

Perhaps 1he most surprising thing about this figure is the relatively small range
within which 80% of the observations lie ot any particular angle. In no case awoy
from the vertical does this range exceed 5 dB (if we ossume thot the dash line is more
representative of the 10% level at 33° for land than the observation point there).
Hence, the dynamic range required for any rader system using a large illuminated area
comparable with that of the Skylub scatterometer is quite small at the larger angles of
incidence. Of course, if the instrument had to operate over the full range of angles
as did the 5~193 scatterometer, the dynamic range would be greoter and if it had to
opetate over both land and water, the dynamic range would be significantly greater than
shown here for land clone.

1t is interesting to compare the relative voriation of the scattering coefficient
and brightness temperature measurements. To get some idea of the number of discernible
levels that might be measured with each of the two instruments, Figure 15 tahulates this
information. The 10 - 50% range of scattering coefficient over the entire angular range
between 14 and 47° comes out to only 2.63 dB and the 50 ~ 90% range comes out fo
1.78 dB. For the brightness temperature the values as indicated are 8,86 and 4.76"K. To
get some idea of the number of discernible levels, orte must divide this range by the measure-
ment precision which is a rough indication of the width of a discernible level. This has
‘been done in the bottom part of the figure, using the opproximate precisicns for the
instruments of 1°K for the radiometer ond 0,25 dB for the scatterometer. On this basis
- the scotterometer has a somewhot larger number of discernible levels than the rodiometer,
although the ratio is not great. In other words, the number of discernible levels is
comparable in the fwo, but somewhat less for the radiometer. One should also consider,
however, that the radiometer requires o calibration in terms of the actual surfoce tem=
perature because the brightness temperature is proportional fo the product of emissivity
and surface temperoture.  Thus, the scottering meostrement seems more likely to be avle
lo discern o sionificant number of differences in the terain thon the rediemetric tempera=-
ture meosurerent if information is not evaileble on the physicel temperature of the ground.
1f information 15 aveilable for the physical temperature and cloud effects ace not inpartent,

the two instruments oppoar o have comparable amplitude resolution,

. ‘ . B
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6.0 CONCLUSIONS

Preliminary indications from the Skylab microwave measurements made during
the summer are that the brightness temperature vories over a range of about 30° for
the majority of terrains re|c:tive|y. independent of angle of observation between vertical
and 45°, The variation for the scattering coefficient with angle is quite significant
and has been presented in graphical form. The range of variation of the scattering coeffi-
cient is rela%iQely small compared with whot one might have concluded on the basis
of previously reported aircraft and ground measurements, but this may be due in farge
part to the larger area averaged by the spacecraft instrument. |
The preliminary observations reported here constitute a quite useful set of
information for design of future spacecraft radiometers and radars operating in the vicinity |
of the 2=centimeter wavelength used for this set of measurements. The observations are
being further anulyzed to categorize them and to determine the ability of the two instru-
ments fo measure variations in terrain of value to those charged with monitoring or
determining differences on the earth's surface. Indications are that both instrunents are
capable of about the some degree of diserimination if the phyeical femneratura of the
ground can be determined and if clouds are not a significant factor. If clouds are «
significant foctor, or if the physical temperature of the ground cannot be determined
readily, the scatterometer seems to offer more promisé for discrimination of ground phe-

nomench,
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