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RADIOMETRIC RESOLUTION FOR MONITORING VEGETATION
HOW MANY BITS ARE NEEDED?

Compton J. Tucker
Earth Resources Branch, Code 923
ABSTRACT

The significance of the various number of radiometric quantizing
levels required for satellite monitoring of vegetation resources was evalu-
ated by using in situ collected spectral reflectance data, an atmospheric
radiative transfer simulation model, and a satellite sensor simulation model.
Reflectance data were converted to radiance data; passed through a model
atmosphere to an altitude of 706 km; and subsequently quantized at 16,
32,64, 128, 256, and 512 digital count levels for Thematic Mapper bands
TM3(0.63-0.69 um) and TM4 (0.76-0.90 um). The simulated digital
count data were regressed against the in situ biological data to quantify

the relationship between quantizing levels.

Results of the analysis demonstrated that solar zenith angle had an
effect on NEAp (as expected), that 256 quantizing levels gave a 2-3% im-
provement per channel over 64 quantizing levels * and that 256 quantizing
levels gave a 1% improvement per channel over 128 quantizing levels. No

improvements were found for 256 vs. 512 quantizing levels.

R KOT ror v
t...'.‘-g

-

*Recall that the Thematic Mapper is currently designed to provide 256 levels without gain change while the older
Landsat MSS data provide only 64 levels.

vii



RADIOMETRIC RESOLUTION FOR MONITORING VEGETATION
HOW MANY BITS ARE NEEDED?

INTRODUCTION

Radiometric resolution for satellite monitoring of vegetation involves the conversion of re-
motely sensed spectral radiances into some type of output signal from the sensor systen in question.
Usually this output signal is converted from an analog voltage to a digital binary word for telemetry
to ground stations. In the case of the Landsat Multispectral Scanner (MSS), each of the four reflec-
tive bands receives spectral radiances which are in turn converted into digital count outputs ranging
from 0 to 63. The MSS has six-bit radiometric accuracy or, in other words, quantizes input radi-
ances among 64 levels. Various analog gains are provided to match the scene dynamic range to the

capability of the ¢ santizer. Radiances which exceed the full range value are output as level 63.

The full range value is selected as the maximum radiance value which the sensor system will
experience for the band in question under various illumination conditions. The interval between
quantizing levels is simply the maximum radiance value divided by the number of quantizing levels

minus one. In the case of the MSS, there are 63 radiance quantizing levels and level 1 which is zero.

7

Previous efforts to address the question of satellite sensor system radiometric resolution have

approached this problem by using aircraft multispectral scanner data (Morgenstern et al., 1976).

The procedure used for this type of radiometric resolution investigation involved using a simulation
classifier and a set of scene cover-type spectral responses for an agricultural data set collected by an
aircraft multispectral scanner. These data were employed to define decision boundaries tor the
various scene components. Pixels in the simulated scene were randomly gen rrated from each of the
spectral response distributions and were subsequently classified. Radiometric sensitivity was simu-
lated by adding corresponding amounts of noise to the covariance matrices of the spectral responses.

Conclusions of this simulation included that a noise equivalent change in reflectance (NEAp)* of

*The NEAp of the Landsat MSS is ~2% while the Thematic Mapper will have a NEAp of ~0.5% for the first four
reflective bands.



0.5% to 2.0 resulted in an overall decrease in classification accuracy from 87% to 80%, a classifi-
cation accuracy decrease from 53% to 37% for highly stressed corn, and a classification accuracy
decrease from 94% to 85% for soybeans. These simulation results addressed the specific question of
how field center classification accnracy was affected by changes in NEAp. The authors caution that
actual classification or mensuration sccuracy is a complex function of many factors, only one of

which is field center accuracy (Morgenstern et al., 1976).

NEAp, as used in this report refers to the change in target spectral reflectance necessary to re-
sult in a spectral radiance value which is quantized by the sensor system in question into a higher or

lower output signal vis-a-vis an “unchanged’ or noiseless target spectral reflectance. Where

NEAp = (scene radiance) } . ‘ | M
. 1 (mean sensor signal)/(rms sensor noise) | | B(sccng radiance) (
' P
and
| ( { ap l

NEAp = 4 NE radiance . _— 2
¢ ) T—— \ ) d radiance | (2)

with  p = spectral reflectance of target

NE

n

noise equivalent of sensor (i.e., generally electronic and quantizing noise)

rms = root mean square
The NEAp thus represents the ability of a sensor system to detect a minimum change in target
spectral reflectance (or NEAT for thermal channels). The smaller the numerical value for the NEAp
or NEAT, the more sensitive any sensor system is to changes in target spectral radiances. Several
factors besides quantization levels impact upon a sensor sysiem’s NEAp performance. These factors
include the intensity of the target incident spectral irradiance (solar zenith angle and atmospheric

conditions) and the nature of the sensor system’s optical and electronic design.

A brief review of how target spectral radiances are sensed by a satellite multispectral scanner
system is necessary to understand the relationship of radiometric resolution to overall system per-

formance.
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Target spectral radiances are in part reflected upward and, with the addition of atmospheric
backscattered spectral radiances, both impinge upon the sensor’s detectors at the satellite system's
orbital altitude. In general the spectral radiances are converted by the detectors into an output
signal (current or voltage) which is amplified and passed through a low=pass presample filter. The
low=-pass filter controls (1) the rms electronic noise; and (2) the high frequency aliasing due to tar-
gets smaller than a resolution element. Recall that the Nyquist theorem states that the total infor-
mation in a band limited signal can be reconstructed if sampling occurs at 2 times the highest
frequency component. Therefore, the low=pass presample filter minimizes the effect of high spatial

frequency targets which can appear “aliased™ as lower frequencies within the filter bandpass.

Electronic sampling then occurs to obtain voltage (analog) values for each pixel which are re-
presentative of the scene radiances. This sampled voltage is next converted from an analog level into
a digital value by the analog/digital converter. This is a straightforward task where the input voltage
is converted into the binary representation of the voltage level to which it most closely corresponds.
The various bands for the system in question are multiplexed and encoded serially into a data
stream which is telemetered directly or recorded for subsequent telemetry to ground receiving

stations.

The number of quantizing levels impacts upon the data rate transmitted from the satellite to
ground receiving stations. Because of the relationship of the number of bands, the spatial resolution,
and various aspects of sensor system performance to the resulting data rate, detailed understanding
of radiometric resolution will allow for instrument design trade-offs to be made for optimum sys-

tem performance. These are related by the equation:

(!‘)-O's'g'h

DATA RATE = —r——y (3)
s

where

DATA RATE = BITS/SECOND
v = speed relative to ground



altitude

viewing angle

samples per IFOV

quantizing levels

number of bands

scanning efficiency (i.e., TM = 0.85, MSS = 0.45)
angular IFOV

Qu’:'.‘:"nmq::

DESCRIPTION OF RESEARCH UNDERTAKEN

The work described herein was undertaken to explore and quantify the relationship between
the number of quantizing levels of a satellite remote sensing system and the ability of that system
to resolve detailed spectral information related to physiologic condition from vegetated surfaces.

A new approach was taken where in situ collected reflectance data, computed radiance data for the
orbital altitude of the sensor system in question, and simulated digital count satellite scaner
system output for 16, 32, 64, 128, 256, and 512 quantizing levels were evaluated. These -elation-
ship(s) were quantified statistically by regressing the spectral variables against sampled plant canopy
biological data. Comparison of coefficients of determination (r* values) then allowed for quantify-

ing the improvement(s)/degradation(s) resulting from the different quantizing levels.

The research described in this report addressed the specific question of how many quantifying
levels or number of bits were required for earth resource satellite missions which monitor vegetation
resources. To accomplish this end, Landsat=D Thematic Mapper bands TM3 (0.63-0.69 um) and
TM4 (0.76-0.90 um) were selected for detailed radiometric resolution study. TM3 was selected
because it received spectral radiances which are very low in energy as a result of chlorophyli absorp-
tion in the 0.63-0.69 um region. TM4 was selected because it receives spectral radiances which aie
very high in energy as a result of the high levels of foliar spectral reflectance characteristic of green
vegetation. These two bands th.n represented the two extremes in the 0.40-2.50 gm spectral re-

gion for remote sensing of vegetation missions.

This study addresses the question of radiometric resolution tor monitoring vegetation condi-

tion and not classification accuracy. It is assumed, however, that remote sensing radiometric



resolution requirements for monitoring vegetat ‘on and classification uf vegetation types are similar.
This follows in that differences between types of vegetation result from differences in morphological
expression which are usually associated with differences in vegetation geometry, biomass, chloro-

phyll density, projected leaf area, foliar water density, etc.

METHODS-ANALYSIS

Three in situ collected data sets were used for this study. They included a September 1971
grassland data set, an April 1978 winter wheat data set, and a May 1978 data set (Figure 1; Table 1).
The three data sets v »re selected because they represented a range of different reflectance values
and also represent data from a natural ecological scene (the grassland data) and agricultural scenes

(the winter wheat data).
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Figure 1. Reflectance values used for the three
data sets for TM3 (0.63-0.69 um) and TM4 (0.76-
0.90 um). The April, 1978 and May, 1978 data
sets are from winter wheat while the September,
1971 data set is from blue grama grass.,



TABLE |
Statistical Summary of Reflectances and Canopy Variable Characteristics for the Three Data
Sets Fvaluated. (A) The April 1978 winter wheat data set; (B) The May 1978 winter wheat
data set; .d (C) The September 1971 blue grama grass data set.

. SAMPLE . STND. . STND. ERROR | COEFF.OF
VARIABLE sizé | MEAN | ey, RANGE OF MEAN | VARIATION
A RED REFL. (%) 20 726 | 153 438-10.63 034 21.04
IR REFL. (%) 20 3374 | 218 | 28.70-37.70 0.49 645
TOTAL DRY 20 79502 | 15251 | 480.78-1004.50 34.10 19.18
BIOMASS (g/m?)
B REDREFL.(7%) 20 563 | 203 3.13-10.50 045 36.03
IR REFL. (%) 20 4398 | 354 | 3870-5161 0.79 805
TOTAL DRY 20 79502 | 152.51 | 480.78-1004.50 34.10 19.18
BIOMASS (g/m?)
C  REDREFL.(%) 40 1190 | 247 6.27-1598 0.39 20.72
IR REFL. (%) 40 2130 | 334 | 1560-2857 0.53 15.69
LEAF WATER 40 9275 | 5093 | 28.03-19080 8.05 5491
CONTENT (g/m?) l

The three data sets were used to provide in siru reflectance data for Landsat-D Thematic Map-

per bands TM3 (0.63-0.69 um) and TM4 (0.76-0.90 um).

Satellite sensor bands receive spectral radiances according to their spectral configuration. The
in situ data used for this analysis are spectral reflectance daia and thus conversions were made to

express the spectral reflectance data as spectral radiance data.

To accomplish this, an atmospheric transmission model was used where each of the spectral
reflectances were illuminated by a computed spectral irradiance value at sea level. The resulting
spectral radiance then was passed directly overhead to a 706 km orbital altitude. Data input values
to the atmospheric model included the mid-band reflectances of TM3 and TM4 (i.e., the reflectance
data; Table 1), twelve solar zenith angles (Table 2), and a horizontal visibility at sea level of 27 km

(Tinkler and Reini, 1973).
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The atmospheric radiative transfer model which was used for this analysis was based on the
Turner and Spencer (1972) model. This simulation program calculates the spectral path radiance
and the total spectral radiance at any altitude in the earth’s atmosphere according to a modified 2-
stream radiative~transfer function. The path radiance is a funciion of the solar zenith angle, the
nadir view angle, the azimuth angle between the vertical solar plane and the vertical view plane, the
horizontal visibility at sea level, the surface background spectral reflectance, and the target spectral
refleciance. The horizontal visibility at sea ievel was a surrogate for the atmospheric aerosol con-

centration.

The atmosphere was treated as being plane-parallel, horizontally homogeneous, and non-
absorbing which was bounded by a spatially uniform Lambertian surface (Tinkler and Reini, 1973).
It was therefore well suited for evaluating the 0.63-0.69 and 0.76-0.90 ym bands used in this

analysis.

The reflectance data did not correspond exactly to the TM3 and TM4 mid-band reflectances.
Tone September 1971 data used were 0.675 um for TM3 and 0.765 um for I'M4. The April and May
1976 data used were collected with 0.65-0.70 um and 0.775-0.825 um bands. Alt'iough the data
used in this analysis do not correspond exactly to TM3 and TM4 data, in every case they fall within
or extremely close to the Thematic Mapper 0.63-0.69 and 0.76-0.90 um bands evaluated. Previous
research by the author has demonstrated that no spectral constraints were violated by the approach

used herein (Tucker 1978).

The radiance data at 706 km were remotely sensed by a computer program which converted
the spectral radiances into digital count output values for 16, 32, 64, 128, 256, and 512 quantizing
levels (i.e.,4,5,6,7, 8, and 9 bits). This was done for TM3 by using the saturation target reflec-
tance value of 53% for a solar zenith angle of 22° and a clear rural atmosphere horizontal visibility

of 27 km. The saturation target reflectance value of 75% was used for TM4 with the identical



atmospheric conditions.  Ten percent was added to each maximum saturation to bring each viiue

exactly in line with the Thematic Mapper specifications for TM3 and TM4 (Duck 1979),

ine conversions of the TM3 and TM4 input radiances at 706 km into digitized counts were
consadered to be natse-tree. The author acknowledges that noise 1 introduced by the sensor elec-
tronics and the quanuzing process but these considerations he outside the scope of this paper. It
should be remembered, however, that “quantizing noise’ was present in the reflectance data used in

this analysis.

I'he September 1971 spectral reflectance data were regressed against the leal water content
tafter Tucker 1977 while the April and May 1978 spectral data were regressed against the total dry

biomass (after Tucker et al., 1979),

RESULTS  DISCUSSION

The first portion of the analysis was to quantify the relationships between the four spectral
reflectance varables and the respective plant canopy biological vanables tor the three dota sets (Fig-
ure 2 Tables 3,4, and S) 1t was inberent in this study that one could not improve upon the baseline

reflectance data as that data served as the basis tor the ssmulations which tollowed.

Fhe radiance data at 700 km for each of the solar zenith angles evaluated were wdentical ina
regression sense to the reflectance data (Fygure 3, Tables 3,4, and 5) This would be expected be-
cause the radiance data are simply a scalar product of the reflectance data for the vanous atmospher.c

onditions evaluated.

Ihe conversion of the spectral radiance data at 700 km into digatal count data was tllustrated
graphically in Figure 4. Radiance data were presented to the sensor in question and were subse-
quently quantized to the radiance level which was closest in equivalence to ats radiance value, The
satellite syster: then outputs a binary code value (or digital count) tor an imteger from O to 63 cor-

responding to the quantizing level closest in equivalence to the input radiance value (Figure 4). It

9



"SISA[EUE 2] U pasn BIEP 20URIIA[JaI 2] Juasardar
382y | “((]) S® SDULIJJIP PIZI[BULIOU 20UBIIA[JaI 3Y) pue () se sieadde ones aouedapgar wr ¢ 9°Q/wr ¢9 02yl ‘wr <9/ 0 (g) pue
wr §/9°0 (V) 18 dURAJay "wIep purssesd [L6] “1oquiaidag ay) 10) SUONBUIGUIOD 1RAUT| PAIRIDOSSE PUR BIBP DURIIAYIY T 2Ind14

a D
(2/8) INFINOD HILYM 4vI) (z/8) INILINDD HILVM 4V
o0z 051 o0l L3 0 002 05t 001 05 0
- T T T N B (& 1 1] ﬁ T T T
- X GRD00-MW00=A g ' <900 f 4zi
ﬁ WO=z4 . ,
r nep ecundeuey 4 -0 3
L (pei-mi/(pesa) = ON dsto M ST |
| o
920
[ * L
L ..ﬂ.vom qrz m
“%0 2
3 ¢
o 3 +40¢
o 2 $
- ! m
<%0 - 4t
| | e L]
<080
_ L]
i —~ %0 . . o : (4
a1 A4
(z%/8) INJINOD HIALYM 4V (zw/B) INFINOD HILVYM VTS
00z 05t 001 05 0 002 06t 0oL s 0
r T T T L § — r T T T
| . | . .
S XelS00-GmSL=A 4891 .. “t
W=z
WUGRY 0 M eOuUmDeyeY
4z6l - B ke
m z
-
1-.-m r e 9
—40n m i -El M
X W00 LESE=A ]
4*." UOo=2z St
w590 18 soumdeyeY e o
. i 4 A L4 —— - - _h—

10



L0 L0 L0 1L0 TLO EL0 $90 620 S9°L1 OLLVY
1L'0 10 L0 IL0 TLO . 90 I+0 89°LT OLLVY
L0 10 L0 00 1L0 OL0 £L0 LEO 2obs o1V
L0 0L0 0L0 L0 890 TLO 190 190 LT 0P OLLVY
1L'0 L0 L0 L0 L0 S90 OL0  S90 T¥s OLLVYH
6L°0 6L°0 6L0 6L0 6L0 0S80 SLO b0 9Ll as
6L°0 6L0 6,0 6L0 0S0 080 OLD 950 89'LT as
6L0 6L°0 6,0 6L0 SL0 180 8LO IS0 29bs an
6L°0 6L°0 600 6L0 LLO LLO OLO GLO Loy an
6L°0 6L°0 080 6L0 LLO €L0 LLO €90 TPs (N
L9°0 L9°0 L90 L90 990 890 %90 090 9L PINL
L9°0 L9°0 890 890 690 S90 L90 650 89'LT PINL
L9°0 L9°0 L90 890 S90 690 690 650 29bE PINL
L9°0 L9°0 L90 890 L90 L90 690 650 LTop PINL
L9°0 L9°0 L90 190 690 L90 L0 S8E0 Ths PINL
£L°0 £L°0 L0 S0 TLO L0 890 950 9L EWL
£L°0 £L0 €40 €L0 €L0 9L0 650 SHO 89°LT EINL
€0 €L'0 €40 TLO EL0 LLO OL0  I¥0 29'pE WL
£L°0 £L°0 TL0 €0 OL0 690 090 S9°0 LTop €L
£L°0 £L°0 PLO TLO 690 S90 €90  LEO TS EWL
SAONVIOT T WY 90L 6 & Lt 9 5 ¢ ﬂ_mﬁx_wm_m.# TIAVIAVA
404N IVSIONVIAVE | 619097 ONIZIINVAO 40 ¥49KAN | ¥VIOS TVHLIAdS

EWNL/PINL = OLLVY buP (EWI+PIWL)/(EWNI-PINL) = AN

‘wrl 06'0-9L°0 = INL ‘W 69°0-£9°0 = EINL "PIRA 8L61 ‘AR U} 10 SSPWOIY A1(] [PIO] PUP SI[BUY YIIUIZ R[OS ALY
10] SIQRUP A [B1193dg Y] UIIMIDE SUOISSAUIZE Y Y1 WOl FUNNSY SAN[RA { ,1) UOHPUILLINA(] JO U0

£9T4VL

11



780 80 780 €80 80 080 SLO 850 9L OLLYY
80 280 780 T80 T80 180 9L0 £LO 89°LT OLLYY
80 280 780 T80 €80 0%0 80 9L0 19'bE GILLYVY
80 80 780 T80 180 ®80 080 190 LTOF OLLVY
780 80 780 T80 T80 IS0 9.0 OLO Tes OLLVY
580 $8°0 $80 980 S80 80 T80 Iv0 S9LI an
$8°0 58°0 980 S80 SS0 P80 6L0 LLO 89°L7 an
580 $8°0 S80 S80 980 ®80 SS0 8LO 29'b¢ an
$8°0 580 S80 S80 S80 980 180 190 LTOb aN
$8°0 580 980 S80 S80 80 LLO HLO TS an
9L°0 9L°0 90 LLO 9L0 9L0 L90 850 9Ll PINL
9L°G 9L°0 90 LLO 9L0 $LO 990 ILO 89'LT PIL
9L°0 9L°0 90 9L0 SLO 8L0 LLO 890 29pe P
9L'0 9L°0 90 9L0 9L0 SLO TLO I¥0 LTov PINL
9L'0 9L°0 90 9L0 LLO HLO 090 L90 TS PINL
Lo Lo TLO0 TLO IL0 890 890 640 oLl EWL
Lo Lo L0 TLO TLO IL0 990 650 89°LT EWL
Lo Lo L0 TLO L0 IL0 OL0 090 29'pE EIWL
Lo Lo TLO0 TLO IL0 TLO 690 0S0 LTOF eI
Lo Lo TL0 TLO IL0 OL0 650 0S0 TS EWL

CHINVIIATATY WY 90L $ & - . 4 m.“wwwzwm_ﬂWN TTEVINVA

paaeny LVSAONVIAOVE | 19497 oONIZLINVAO 40 ¥AGRNN AV10S TVALOAdS

WL/ PINL = OLLVY pue (EW L+ L)/ (EWL-PINL) = AN

‘wrl 06°0-9L°0 = PINL "W 69°0-€9°0 = EWL PIRQ [L6] “12quandag Ayl J0J JUIIUOD JANBA JRAT PUR SIABUY YIIUIZ IBJOG ALY
10§ SA[qEUEA [R1102dS Y] UdIMIdE SUOISSAIFRY ) wol) Funnsay san[eA (1) UONRUIULIANA( JO JUADIIII0)

P ATEVL



860 8670 860 860 560 860 L60 OLO 9L OLLVY
%60 860 860 860 860 860 160 €60 89'LT oLV
860 8670 260 860 860 L60 S60 060 29be OLLVY
860 860 860 860 860 960 ¥60 €L LToY OLLVY
860 860 860 860 860 960 680 180 TS OLLVY
00'1 00l 001 001 001 660 860 890 oL an
00| 001 001 001 001 660 S60 160 89'LT an
00'1 00'1 001 001 001 660 €60 160 29'bs an
00’1 001 001 001 001 860 960 L0 LTop an
001 00'1 001 001 660 860 060 080 TPs an
00’1 00'1 001 001 001 660 60 990 oL PINL
00'1 00'1 001 001 660 860 €60 980 89'LT PINL
00'1 00'1 001 001 660 860 60 9L0 29ps PINL
00'1 00'1 001 001 660 860 160 OLO LTob PINL
001 00'1 00 001 660 L60 180 9L0 TPs PINL
001 00! 001 001 660 860 #60 L90 S9LI EWL
001 00'1 001 001 660 660 760 9L°0 89°L2 EWL
001 00'1 001 001 660 860 160 €80 29pE EWL
001 00'1 001 001 660 860 160 850 LTOY EWL
001 00'1 001 001 660 L60 LLO €90 Ths WL

SEONVIOTTITY WY 90L ¢ & & * 5. 2 mhww_wm_ww_ww TIAVIMVA

NI LVSIONVLIVE | 69 A9 ONIZIINVAO 40 HTENAN AVIOS TVaLO3ds

EWL/PINL = OLLVY Pur (EWIL+¥INL)/(EWL-PINL) = AN "W 06'0-9L°0 = PNL
‘wr 69°0~£9°0 = EWL "9 pue e saindiq ul suonenbsy uoissaiday ayl AQ pajeiauan) a1am BIB(] DUBIIAJOY
AL BRI DURDIPYIY pINL PUT WL PARALIO) A[102]13¢ 10 JUIUO)) 1B A R Y] PUB SIFUY YIIUIZ IBJOS AAL{
10) sajqrUR A [R1102dS Y1 UIIM]AM] SUOISSAIFIY AU} WOI) FUNNSAY SaNEA ( z4) UOHBUTULLIIA(] JO JUIDLJI0))

sTIMVL

13



"30UAIAJJIP PAZIPULIOU DURIPEL U} ((]) PUR ‘01RL DURIp=s W 69 0-£9°0/Wwr 06'0-9L°0 (D) ‘Piep duvtper wr
06°0-9L°0 () ‘®1ep 2duripes wr 69°0~£9°0 (V) "[9pOU 12jsurs) SLAYASOWE UR JO 28N AQ BIBP DURIPRS OJUT PIUIAUOD 21am T U3l |
ul BIEp DURPIAI Y| "EIEP purjsseId [ L6] 12quiaidag 2y} 10§ SUONBUIQUIOD JBIUT| PIIBIDOSSE PUR WY 9OL 1B PIBP DURIPRY "¢ amai 4

a o
(zw/8) INIINOD HALYM S¥vT (zw/B) INIINOD HIALVM 4VT1
o0z sl 004 3 0 00z 051 001 05 0
T T T 1 ﬁ T T T
" X+ 8SL00-9W6Z L= A . 491
“0 | 280= 2
| Z¥6 = #BuR yuuez ieos
) - m | Wiy gOf i@ seduepey & L vz M
< { . 2
> _ o
E
-“0v0 m T <Z¢t m
g | 2
= -
4050 = H1or =
—
3 3
-080n 18y
_Eo L . L 9%
3 | v
zw/6) INJINOD HILVYM v (zw/B) INIINOD HILYM JvT
w0z 05l 001 0% 0 00z 051 001 (v ] 0
[ T T T “ . — T _3Zil0
. |
Av X « BELO00 - WLOZY 0 - A -t -~ Zv0 , . &
_ 0=z - o 0 4o B
2~ wibue yuuer oS . - _ =
r Wy g/ ' soumpes W) -8v0 > W
wros0 - 80 : =,
- W P
| | s wh.
r . 4950 ™ m
7 El 3
,_ | £ =
| l o -
- 3 <090 2, 3
.ﬁl | m :
! -990

14



1 T 1

0272 ¢ = 063 069.m 1
| Red radiances at 706 kin

L Solar zenith angle - 542° |
3 0240+ . 2o0n ]
1 { : ~ o Y 026408 000058 « X
; I . » B L .
.
i . ..h\\‘ . : ° 1|
.
aowe} . \\.\ - 1
é | . i \o
a { |
& 0144} a 4
B .
02k i 1 i 4
0 50 100 150 200
LEAF WATER CONTENT ig'ma)
A
37 QUANTIZING LEVELS
083 089 um
SOLAR ZENITH ANGLE = 84 2
e 5
Sy 1
'
[ B
e b 4
“ | {
+ i -. ° Lo eees
! 5 4 1 LA R AR R R R R R R RN
| H . 4 -} o L seesesssnnse
| " Y
] - ANY ADANCE o1 o A ~ =
al 1] M ECANNER SYBTEM
B

Figure 4. Conversion of TM3 (0.63-0.69 um) radiance data

at 706 km into digital count data for TM3 with 32 quantizing
levels. (A) represents the radiance data presented to the satel-
lite band, and (B) shows the quantizing levels (in energy units
and the associated digital count values) and digital count out-
put for the data in question.
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Figure 4 (Continued). Conversion of TM3 (0.63-0.69 um)
radiance data at 706 km into digital count data for TM3
with 32 quantizing levels. (C) plots the digital count output
from (B) against the leaf water content. The degrading ef-
fect of quantizing at 32 lcvels is apparent by comparing (A)
to (C).

was obvious that, depending upon the number of quantizing levels, a certain degree of “rounding-
off™ occurred. This was principally due to the number of quantizing levels but was also impacted by
the solar zenith angle (Figure 5). Lower solar zenith angles were found to be limiting and thus were
used to illustrate the quantizng levels results. In addition, there was a relationship between the

solar zenith angie and the noise equivalent change in reflectance (NEAp) (Figure 6).

The number of quantizing levels had a decided influence upon the relationship between the
digital count and plant canopy biological data (Tables 3,4, and 5). The 128 and 256 quantizing
levels were consistently better in terms of r? values than 64 or lower quantizing levels. In a few
cases. higher r values were reported for some digital count variables than existed for the baseline re-
flectance data (i.e., TM3 for 34.62° and 64 levels). This resulted from “fortuitous” rounding-off

and was an artifact of the analysis. Any departure from the baseline reflectance or radiance data

16
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Figure 5. The influence of solar zenith angle upon digital count output range for TM3 (0.63-0.69
um) with 32 quantizing levels. The same reflectance data is used with solar zenith angles of (A)
17.65°,(B) 34.62° and (C) 54.2°. Note that (A) has 6 different digital count output values, and
(B) has 5, and (C) 4.
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was considered as an expression of a degrading influence in the analysis. This was in every case con-

firmed by referring to the plotted data of the fortuitous rounding-ofT,

It was apparent from the analysis that 128 levels were approximately 2% superior in a regression
sense to 64 levels. Sixteen and 32 quantizing levels were dismissed from consideration because of
their demonstrated regression inferiority (Tables 2, 3, and 4). No systematic regression improve-
ments were found for 5§12 levels vs, 256 levels. This suggested that 256 levels represented the maxi-
mum number of quantizing levels required for orbital remote sensing of vegetation resources using

satellite sensor bands similar to Thematic Mapper bands TM3 and TM4.

In order to eliminate the possibility that the in siru reflectance data had “biased” the analysis,
the analysis was rerun for a data set of perfectly correlated data. This was accomplished by using
the regression equations in Figures 2a and 2b to generate perfectly correlated reflectances with
respect to the leaf water content. These data were solar irradiated and passed upwards by the iden-
tical atmospheric model to 706 km where they were quantized at 16, 32, 64, 128, 256, and 512
levels for TM3 and TM4 bands. The simulated digital counts were subsequently regressed against the

leaf water content (Table 5).

The results of the perfectly correlated radiance data analysis agreed closely with the in situ re-
flectance results. A 27% improvement resulted from quantizing at 128 vs. 64 levels for both TM3
and TM4 (Figure 9). A 177 improvement resulted from quantizing at 256 vs. 128 levels for TM3 and
TM4. A 2% improvement resulted for the TM4/TM3 digital count ratio for 128 vs. 64 levels with
no improvement for 256 vs, 128 levels for this same ratio of Thematic Mapper bands (Table 5). A
1% improvement resulted for the normalized differences for 128 vs. 64 levels and a 177 improvement

existed for 256 vs. 128 levels.

The results of the perfectly correlated data analysis sugzested that the in situ reflectance data

analysis was valid and furthermore demonstrated the ~2-37 improvement per channel resulting

19
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from 256 quantizing levels vs. 64 for sensors similar to Thematic Mapper bands TM3 and TM4. It

is extremely doubttul if more than 256 quantizing levels would ever be practical for orbital resource
missions and 128 quantizing levels could well be adequate. In addition, the results of this study
agreed with the previously referenced study of a very different nature by Morgenstern et al. ( 1976)
(Table 6V, General comparisons between these two studies were favorable. The results of Morgen-
stern et al. (1976), however, showed that an improvement in simulate - classification accuracy re-
sulted in five out of seven cases for a NEAp of 1077 vs, 0570 (Table 0)*. This could have resulted
from the actual scanner system NEAp being ~ 1O for the data sets used by Morgenstern et al.

(1970).

I'he MSS of Landsats-1, 2, and 3 quantizes input radiances into 64 levels. Landsat-D’s The-
matic Mapper will quantize input radiances into 256 levels. The data presented in Tables 2, 3,4, and
S demonstrate that a radiometric resolution improvement of 147 (average of ~2-370) per channel
resulted from quantizing at 2506 levels vis-a-vis 04 levels tor TM3 and TM4, This is a small but

TABLE 6

Simulated Classification Results of Morgenstern et al. (1976) as a Function of Radiometric
Sensitivity . Note the 1 to 10Classification Percent Improvement of 0.57% vs. 2,070 NFEAp.

L C wov-som | wov-som
Study Segment [ Noise Equivalent ('h:mgcrin Reflectance (NEAp)* O
0.5% 1.0 2.0% 0.5% 1.0¢% 2.0%
S-204_ 43M 90.6 97.7 953 4 98.0 98 4 96.2
S-204,42M 6.9 97.1 V6.1 95.5 97.3 Y0.1
S-204,41M 6.9 889 82.1 92.3 91.2 849
S§-212, 43M NA NA NA 91.2 90.1 81.4

*0 5% = ~256 levels; 1 0% = ~128 levels; and 2.0% = ~64 levels.

*NEAp of 1.0% = ~128 level; NEAp of 0.5% = ~ 2506 levels.



substantial improvement over the MSS. When coupled with spectral resolution improvements (bet-

ter T™M band selection), an increased numbor of bands, and spatial resolution improvements (30m

IFOV), additional improvements are expected from the interaction(s) of these three

resolution™

parameters,

CONCLUSIONS

0.

I'he solar zenith angle was found to have an influence upon the noise equivalent change in re-
flectance.

Quantizing levels had a decided effect upon the ability to resolve spectral radiances which were
highly related to plant canopy vegetational status,

TM3 and TM4 showed a per channel improvement of 2-37% for 256 levels vs, 64 levels. A slight
tapproximately 1°7) improvement resulted from 256 levels vs. 128 levels. No improvements
were found for 512 vs, 2506 levels,

I'he TM4/TM3 ratio and the normalized difterence showed a 1-37 improvement for 256 levels
vs. 64 levels. No improvement(s) were found for 256 levels vs, 128 levels for these linear com-
binations.

Either 128 or 256 quantizing levels appear optimum for orbital monitoring ol terrestrial vege-
tation for TM3 and TM4 bands or similar sensor bands.

I'he radiometric resolution of the Thematic Mapper was found to be closely matched to the
scene dyvnamic radiance range for vegetated targets without incorporating variable gain control

in the mstrument,
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