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COMPARISON OF THE 3-5 MICROMETER AND 8.12 MICROMETER
REGIONS FOR ADVANCED THERMAL IMAG ING SYSTEMS:

LOWTRAN REVISITED

INTRODUCTION

In 1975 , Milton , Harvey, Ker shenstein , and Miko losko published a paper on the com-
parison of the 3- 5. and 8. 12-Mm regions for advanced therma l imaging systems, using the
LOWTRAN 2 atmospheric transmission computer code to examine the tradeoff as a func.
tion of meteorological parameters. Similar comparison s have been made by Barh ydt , Brown,
and Don 12 1,  for the conditions investigated by Taylor and Yates 13 1 , by Schnitzler (4 1,
and by Tam and Corriveau [51. Thomas W. Tuer (61 has also compared the various methods
used by Barh ydt , Schnitz ler , Milton , and Harvey using LOWTRAN 3A. The evolution of the
LOW 1’RAN atmospher ic transm ission code is, however , continuing, and the code is up-
graded as new exper imental data become available and more becomes known about the
atmosphere. Because there have been several major changes made in the LOWFRAN code
since pub licat ion of Ref. I in 1975, it was considered worthwhile to make a new compar i-
son using the LOWTRAN 3B code. Comparisons between spectral bands are important at
this juncture because the development of new focal plane array detection technologies may
negate the conventional wisdom , and different detection technologies need emphasis
depending on spectral band preference.

The most important modifications leading to the LOWTRA N 38 code are a red uction
of the attenuation coefficien t due to the water vapor continuu m in the 8- to 14-Mm region ,
the inclw on of an attenuation coefficient dup to the water vapor continuum in the 3.5. to
4.2-M m regions, and the addition of three new aerosol models which can be selected at will.
The new aerosol models are called the Urban , Rural, and Maritime. They replace the
Continental model of the LOWTRAN 2 and 3A code. The most important Inputs to the 3B
code are still absolute humidity and visibility , although a gradual temperature dependence
of the 8- to 14-jAm continuum absorption has been introd uced.

The comparisons repo rt ed in this pap er use the LOWTRAN 3B code to consider long-
range thermal imaging in humid , fairly clear atmosphere .. In all cases the target is assumed
to be a small temperature difference ~ T against a uniform background. Atmospheric

• extinction is used to reduce the apparent contrast at the sensor. Path radiance effects that
might change the background Irradiance are not considered . Reduction of the modulation
transfer function (MTF) and Image breakup from atmospheric turbulence are also not
considered In detail. The comparisons do not Include any discussion of smoke penetration ,
which may be important in battlef ield scenarios. Differences In background clutter , which
would be important for automat ic detection systems, are also r~~t considered .

~~ 6~~~ 1

-~~ Manuscript submItted September 23, 1977.
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MILTON, HARVEY AND SCHMIDT

In the comparisons of performance in different spectral bands it is assumed that all
detectors operate background limited (BLIP) with the same level of detector technology
(the same quantum efficiency and the same immunity to recombination noise).

Conside ring current technology, this assumption tends to unfairly penalize the 3-to
5-pm band , since high-quantum-efficiency photodiodes are more readily available in the 3-
to 5.pm region. Under BLIP operat ion aphotod lode can provide an advantage in signal-to-
noise ratio of a factor of~/~ compared to a photoconductor operating in the conventional
mode with the same quantum efficiency.

Imaging systems with the same number of detectors , same frame rate, same total field of
view, and same instantaneous field of view, but different operating spectral bands are com-
pared in terms of signal-to-noise ratio . In the initial sections of th is report compar isons
mostly concentrate on horizontal sea level paths. In the init ial comparisons the concept of
relative signal-to-noise ratio (SNR), which ignores the diffract ion-limited optical MTF advan-
tage of 3. to 5-pm systems is used . MTF effects will, however , be considered in the computa-
tions presented near the end of the report for slan t path s with a maximum altitude of 305 m
(1000 ft).

The effect of varying degrees of detector technology (number of detectors) on the pre-
ferred choice of operating spectral band is discussed. With advanced Imaging systems
operating at longer ranges , atmosphe ric transmittance will become the overrid ing considera-
tion in the choice of spectral band (along with MTF for small or even medium-sized target s).
This suggests that the optimum choice of spectral band should be reexamined when con.
sider ing the use of high-performance focal-plane-array technology which allows the me of
thousands of infrare d (IR) detectors In an individ ual system. High humidity tend s to
penalize the 8- to 12-pm region, whereas poor visibility (scattering from haze) tends to
penalize the 3- to 5-pm regions. Thus , It can be expected that under some conditions
atmospher ic transmittance will favor the 8. to 12-pm region (hazy, dry ) and under others,
the 3- to 5-pm region (clear , humid). The purpose of this study Is to use the updated
LOWTRAN 38 atmospheric code [7) and subsequent modifications to examine th is trade-
off. The comparisons, of cour se, depend on the accuracy of the LOWTRAN model.

APPROACH

The approach used was to assume that the target was a small thermal contrast (~~T -
1°C) on top of a blackbody background near 300 K. Taking the target to be a variation In
temperature rather than a variation In emisaivlty favors the shorter wavelength region;
however , it is standard practice.

With the assumption s associated with BLIP operat ion stated In the introduction, the
SNR on a display for a target that subtends a given angular resolut ion elr’!r.i nt will be
proportional to rad iation function ~~~~ as defined by Barhydt et al (2).  That Is,

R~ r — 
1 f’ 

Tp (X ) T,(X )~~~~( X)d X 
(1)

2~/27i~ 1 11,2

Li:” 2’~( X)QO )dXj

2 
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where C is the velocity of light, h Ia Planck ’s constant , T~, ( A )  is the transmittance of the
cooled filter that selects the spectral band , T5 ( A) is the atmøspherlc transmittance at the
wavelength A, W is Planck’s spectral emit tance function , and Q( A) Is Ptanck’s photon
spectral distribution. The numerator represents the signal in photons arising from the
thermal contrast, whereas the denominator represents the noise from the b.ckg~ound . As
shown by Kleinhauns [8), the optimum spectral transmission is unity for certain wave-
lengths and zero elsewhere. An exact optimization depends on the details of T5 ( A )  and is
therefore a function of range to the target. Rather than optimizing for each case comparisons
were made of three specific bands, several of which were suggested by Barhydt et al 12 );
namely, the 8.1- to 12.2-pm band , the 3.4- to 5.1-pm band, and the 8.4- to 4.1-pm band . In
this report , a relative signal-to-noise ratio SNR~~ is used ; it is unity (or the 8.1-to 12.2-pm
band at zero range and ii reduced by the net atmospheric transmission for the spectral band
of interest for target ranges other than zero. With the above umptlons,

SNR S~A - . (2)rd R~ r(8.l 12.2, T.Ot ) — 11

This expression is a function of range R to the target, since T0 is a function of ra pge. The net
atmospheric transmission for a given spectral band ii simply SNR~J (R)/SNR~~ (0).
Another quantity of interest is the relative noise voltage caused by the background, or
(Nb)~42, again normalized to the 8.1- to 12.2-pm band. For a 300K background, this is a
function only of the spectral band chosen:

ill2I I Q( X)d A~
N 1/2 1J~ J (3)( b)r.I 12.2 11/2 -

18.1 Q(X)dAj

The smaller this is, the harder it will be to obtain background-limited performance. The zero
target range comparison is given by Table 1. Clearly , at very short ranges the 8- to 12-pm
region has the advantage because of the larger difference in photon flux caused by a given
~ T, and wider spectral bands in the 3- to 5-pm region will be better than narrow ones.
This is not necessarily the case for ranges at which atmospheric transmittance can influence
(SNR)~j. An example of the spectral dependence of atmospheric transmittance derived
from the LOWTRAN 3B model is shown in FIgs. 1.4. The contributions of the various
atmospheric constituents to the attenuation are shown In Table 2. Clearly the middle of
the 4- to 5-pm region becomes opaque at rather short ranges. With the Rural aerosol model
at longer ranges, the region arnund 4 pm shows up as a super transparent band as shown in
Fig. 1.

Table 1—Zero Range Comparison

~ A (pm) (SNR)~ j ’  for R (Nb) ir’42

8.1 - 122 1 1
3.4 - 5.1 0.342 0.154
3.4 - 4.1 0.147 0.056

3
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Fig. 1—Plot of typ ical LOW TRAN 35 cod. output

The LOWF RAN 3B model computes atmospheric transmittance as a function of wave-
length for a range from the sensor to the target. If a standard atmosphere is not used ,
atmospheric pressure, temperature, ozone density, relative humidity, and sea level meteoro-
logical visibility range must be entered Into the program. Actuall y, only two visibility
range s are available : 5 and 23 km. The program Interpolates for other values of visibility
ra np. The calculations for sea level condit ions was’s made with a pressure of 100.6 X
10~ Pa(1 ,006 mb), and an ozone density of 6 X i0~ g/m3 . In fact with the LOWTRAN
model only two environmental parameters significantly affect the transmission In the region
of intere st : meteorological visibility and absolute humidity. Transmission for sea level
visibility ranges of 8 km and 23 km and absolute humidities of 14 g/m 3 and 19 g/m 3
were used to study trends. Results using the LOWTRAN 3B Rural and Maritime aerosol
models are compared. For the slant-path calculations, the standard Midlatitude Summer
(14 g/m3) and Tropical models (19 g/m 3) were used; the temperatures and absolute
humidities of these two models are the same as the values used for the horizontal path
calculations. Figure 5 can be used to convert from the absolute humidities used to relative
humidities at various temperatures.
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15.0 n.m. (27.5 km) SEA LEVEL PATH
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0.0

—40

~~~~ ~~~~~~~~~~~~~~~~~ 
: - -  :~~.. A - - - .

8.00 8.50 9.00 0.50 10.00 10.50 11.00 11.50 1200
WAV ELENGTH (m .m.ws)

Pig. 2—Plot of typ ical L.OWTRAN 3B code output

RESULTS

Relative Signal-to-Noise Ratios with Respect to Range

Figures 6-13 shows relative signal-to-noise ratio (SNR)~_j  as a func tion of target range
for the var iety of atmospher ic conditions studied . The curve s in Figs. 6-13 are not straight
lines when plotted on semiog paper because different parts of the spectral band s have
different extinction coefficients . For most of the calculations sea level transmission paths
were considered , although targets might well be over the horizon at the longer ranges. In
compari ng signal-to-noise ratio as a function of range , we assumed that the target subtends
the same angular width at the imager for all ranges. This underestimates the decrease in
signal-to-noise ratio at the display with increas ing range which would be exper ienced with a
target of constant size. A more sophisticated performance analysis would include the effect
of diminish ing target angular subten se with increasin g target range by using the methods
developed by Schnitzler [4) .

Several different bands in the 8- to 14-pm region have been suggested by various pro-
ponents. Four were examined : 8.06-12.2 pm , 8.47-11.11 pm, 8.7-9.76 pm, and 8.06-8.93
pm. A comparison was made for a slant path and the meteorological conditions shown
on Fig . 6. As might be expected , the widest bands resulted In better SNR~,1 at short range,
and the 847 to 11 11 pm band resulted in th: best performance at very long range Since
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5.0 n.m. (925 km) SEA LEVEL PATH

~~~ RURA L HAZE VIS - 15km TEMP • 10 C

El MARITIME HAZE VIS • 15km REL HUMIDITY • 55%
1.0 

U

0.8 - -
Uz

:: J 
_ _ _ _WAVELENGTH (mI,.. .m.1&. )

FIg. 3—Plot of typical LOWTRAN 3~ cod, output. Note .ff.ct of lows,
v~lblli ty compared to Fig. 1.

in all cases there was little difference between the 8.06- to 12.2-pm band and the 8 47- to
ju l-pm band , the 8.06- 12.2-pm band was retained as the reference band because it WU

used in the earlier reyort (1) . SelectIng a narrower band can at best only improve (SNR ),,1
by red ucing (Nb)~~’, which is very nearly proportional to (~tX) ’2  in the 8- to 12-pm
region. Selecting the narrower band In the 8- to 12-pm ~eglon will not have a dramatic
effect on the signal-to-noise ratio as conventionally defined. However, the use of only the
most transparent part of the window may help to avoid observation of spurious thermal
fluctuations associated with the turbulent atmosphere, which would appear as pattern noise.

An examination of FIp. 6-13 shows that at ranges less than 8 km the 8.1- to 12.2-pm
band is usually superior from the point of view of (SNR),,1, whereas at ranges of 20 km and
more this Is often not the case. At long ranges under fairly clear, humid conditions the
3.4- to 4.1-pm band seems to be the best of all, but by not more than a factor of two com-
pared to the 3.4- to 5.1-pm bind.

Figure 7 shows (SNR)~)  for a sea level path with midlatitude summer conditions, I...,
visIbility -23 km, air temperature 20.9°C and absolute humldlçy 14 g/m3 (R.H. - 79%),
using the Rural aerosol model. Under these conditions (SWR) ~~ is larger for the 3- to
5-pm bands for ranges beyond about 12 km. We define the range beyond which
(SWR )~J 4.1 Is larger than (S WR) ~~’~’ ~~~ as the crossover range. Beyond that range a

6 
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5.On.m ,. (9.35 km) SEA LEVEL PATH
RURAL HAZE VI$• 13k m TEMP IOC

El MARITIME HAZE V I$- lSkm
1_0 — —T-— —— - -V -
0.8 . 1

~~o e .

: 
-:~~~~ -.

00 -.~ 4 ~~~~~~~~ 
.
~ ~~~

8.00 8.~0 900 9.50 10.00 10.50 11.00 11.50 12.00
WAV ELENGTH (mi .~~miturs )

Fig. 4—Plot of typical LOWTRAN 3D code output. Note effect of lower
visibility compared to FIg. 2.

system using the 3.4- to 4.1-pm band could be expected to provide higher signal-to-noise
ratio fora given ~~T contras t. Figures 8 and9sbow that thls croesover range ls not
appreciably influenced by changing the temperature to 28.9° C or by changing the visibility
to 8 km. Indeed, from our experience with LOWTRAN 3B using the Rural aerosol model it
is safe to conclude that transmission In the IR bands of interest here is not greatly in-
fluenced by small temperature variations or by changes In visibility range down to visibility
ranges of 5 km.

Water Vapor Continuum Absorption In the 3- to 5-pm Region

There is concern that the present LOWTRAN 3B model does not predict sufficient
water vapor continuum absorption In the 3- to 5-pm region. Appendix A describes the
algorithm used to predict this contribution in LOWTI(AN 8B. LOWTRAN 3B uses
continuum absorption values derived for the data of Burch, Grynak, and Pembroke (91.

Guttman , Horton, and Han ley (101 at NRL have made measurements In the 3- to 5-pm
band In an attempt to separate the extinction due to water vapor from that due to aerosols.
From preliminary analysis of their data, it appears that the extinction coefficient derived
from the NRL data will be up to a factor of two higher than Burch’s values. To examine the

7
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RELATIVE HUMIDITY

Fig. 5—Qiart for convening from relativ e to absolute hum idity

effect of changing the wafer vapor continuum absorption in this region, the calculations
shown in Fig. 7 were repeated with the extinction coefficient due to water vapor continuum
doubled for the 3.5- to 4.2-p m region. The results , shown in Fig. 10, show that the cross-
over ranges axe not increased by more than 2 km so that a doubling of this contribution to
the extinction coefficient should not significantly alter our conclusions.

Maritime Aeroeol Model

A change from the rural to the maritime aerosol model drastically reduces transmission
in the 3- to 5-pm region. Figure 11 shows that this change increases the crossover range to
18-20 km for conditions with a humidity of 14 g/m 8 and sea level visibility range of 23 km.
Under midlatitude summer cond itions this effect Is even more noticeable as the visibility
range becomes shorter than 23 km. Figure 12 predicts no crossover at all for a visibility
range of 8 km. It can therefore be concluded that unless the visibility range is significan tly
longer than 23 km , conversion to the Maritime aerosol model significantly increases the
crossover range. The relation between visibilIty range (transmission around 0.5 pm) and
extinction coefficient due to aerosol scattering in the 3- to 5-pm micrometer region is thus
very different for the Maritime aerosol model. This conclusion is also valid for slant paths as
modeled by LOWTRAN 3B ( FIg. 13). Indeed , in general, the (SNR )~J~ curves for slant
paths with a maximum altitude of 305 m (1000 ft) do not differ appreciabl y from those for
sea level horizontal paths. The Maritime model severely penalizes the 3. to 5-pm region.

9
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I T I I I I I I I

8 .47— 1I .l l ~im

MIO LATITUDE SUMMER
VIS 5k m
A.H. 14 g /m’

.1 . TEMP 20 9’C -

RURAL
SLANT PATH 0.305 km alt.

0
I-.

z
8.7 - 9.78~ m

>
~ .01 . -

8.06 - 8,9~~m
ILl

.001 . -

I I I I I I I I I

0 2 4 6 8 10 12 14 16 18 20
TARGET RANGE (kmi

Fig. 6—Relative S/N ratio as a function of range , showing effect
of spectral bandwidth in the 8- to 12-pm region. The Rural aeroso l
model is used.

Humidity

Even with the new LOWTRAN code the effect of absolute humidity on transmission
in the 8- to 12-pm region is still strong. Humidity is less influenti al In the 3- to 5-pm region
so that the crossover range decreases as the absolute humidity increases . This leads to an
advan tage for 3- to 5-pm systems under tro pical conditions. Crossover range Is plotted as a
function of absolute humidity in Fig . 14 for various visibility conditions . Our analysis
shows that the curves do not change very much a~i a function of vIsibility (>5 km) with the
Rural aerosol model; however , Fig. 14 shows that It does shift to shorter ranges and higher
humidities as a function of decreasing visibility ran ge if the M aritime aerosol model is used.
The curves show that with the Rural aerosol model for target ranges larger than 17 km there
can be a significant advantage for 3. to 5 pm systems with humidities above about 12 g/m3
and for the Maritime aerosol model (visibility of 23 km) above about 14 g/m3 . This con-
clusion stems from the relatively superior transmission of the band near 4 pm under condi.
tions of high absolute humidity .

10
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I I I I I r I I I

RURAL
VIS 23 km
A.H. I4W m ’
TEMP 20.Yc

\..-. 3.4-5lia m
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- 4 1~am

‘C

.01 - -

.001 .

I I I I I I 1 1 I —

0 2 4 6 8 10 12 14 16 18 20
TARGET RANGE 1km)

Pig. 7—Relative 8/N r~t1o as a function of range, wIth 23-km visiblilty.
humidity of 14 glm°, and 20.9’ C background . The Rural aerosol
model is used.

System Performance

The crossover range curves In Fig. 14 delineate ranges of high humidity and long range
to the target at which 3- to 5-pm imaging systems should provide relatively larger signal-to-
noise ratios. However, the region may or may not be Importa nt, depending on whether
various Imaging tasks of interest can be performed at all at those ranges with available
3.5 pm systems. For example , a relative advantage at target ranges greater than 15 km Is
worthless if the 3-5 pm Imaging system does not provide a high enough signal-to-noise ratio
for target ranges beyond 10 km. As emphasized In Ref. 1, desIgners of present IR Imaging
systems (~~200 detectors) correctly prefer the 8-to 12-tim band, since a 8- to 5pm Imager
with 200 detectors providing Imagery with resolution similar to TV would not be sensitive
enough to perform most Imaging tasks at ranges long enough to obtain the relative atmo-
spheric transmission advantage. This preference remains valid with the LOWTRAN 3B code
since most of the changes Incorpotated In the 3B code work against the 3. to 5-pm region.

11
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I I V I I I I I I I

RURAL
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TEMP 26.YC
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Pig. 8—Relative S/N qtlo as a function of rang ,, with 23-km viobiftty,
humidIty of 14 g/m4. and 26.9°C background. Tb. Rural asvosol
model I. used.

Advanced technology systems (10,000-20,000 IR detectors) could, however, lake ad-
vantage of the superior transmission near 4 pm that is evident in relatively clear but humid
weather. A complete quantitatIve characterization of this phenomena would require selec-
tion of a task and a target, as well as derivation of a minimum resolvable temperature (MRT)
curve for an advanced system to use with our curves for atmospheric transmission to gain an
estimate of expected maximum operating ranges. To simplify matters, we will make some
fairly gross approximations. Their relevance to real situations Is discussed In Appendix B.

We assume that a present-technology BLiP Imager operating in the 8.1- to 12.2-pm
band with 200 detectors can provide adequate imagery down to net atmospheric trans-
mission of 0.1. This corresponds, for example, toa~~Tat th.target of1.0°C and an MRT
of 0.1°C at the angular resolution of Interest. Since under SUP conditions, using the same
field of view, the signal-to-nois. ratio Is proportional to the aqua. root of th. number of
detectors, a future advanced technology system with 20,00C BLIP det.ctois operating In the
8-12 pm region would be able to operate effectively down to an atmou~~srtc transmission of
0.01 for the same angular resolution In target space. EquIvalent 3- to 5-pm Imagers

-
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Pig . 9—Relative 8/N ratio u a function of range. Note effect of lower
visibility compared to FIg. 7. The Rural aerosol model ii used.

(assuming no improvement in MTF) would , of course, require a higher net transmittance to
compensate for the reduced differential photon flux in the 3- to 5-pm region. The corres-
ponding minimum tranamittances for equivalent performance with the same AT contrast at
the target are given in Table 3.

With the above approximations It is then possible to determine the maximum operating
range of an advanced-technology system operating in the 3.4- to 4.1-pm band as a function
of humidity for a given visibility range. For various visibilities these maximum ranges for
targets with ~ T ~ 1K are shown as nearly vertical dashed lines in FIg. 14. With the Rural
aerosol model the max imum operating range Is 32 km for an advanced 34- to 4.1-pm
system for a humidity of 14 g/m3 and a visibility range of 23 km. However , for the same
visibility with the Maritime aerosol model th is maximum operat ing range for a target con-
trast of AT -1K Is red uced to 16 km. The Imaging of higher contrast targets would
increase the maximum operating range. For example , the maximum operating range for a
AT -4K contra st target would be 26 km for a Visibility range of 23 km using the Ma ritime
aerosol model. Nevertheless, the introd uction of the Maritime aerosol model not only
moves the curve of crossover ranges to high humidities, but It also sharply curtails the

13
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Fig. 10—Relative S/N ratio a function of range. The 3- to 5-pm water
vapor extinction coef fi cient ii twice that used in FIg. 7. The Rural aerosol
model is used.

expected maximum operating range of advanced-technology 3- to 5-pm systems. With the
Maritime model, even under fairly humid conditIons, the region in which an advanced 3- to
5-pm system would have an advantage over the 8- to 12-pm system and could still be ex-
pected to accomplish meaningful imaging tasks Is restricted. For visibility ranges less than
15 kin, this region of advantage in range to the target becomes vanlshlngly small.

Influence of Optical MTF

For a given optical aperture and diffractIon-lImited optics, the optical modulatIon
transfer function MTF0~t for a 3- to 5-pm system will be superior to that for a 8- to 12-pm
system. We have Ignored this effect in the compar isons. One approach Is to reduce the
detector size of the 8- to 12-pm system to t~1 

to match the overall MTFs of the two systems
and then to calculate the effect on (SNR)~ 1 of thIs disparity In detector Instantaneous t

14
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Fig. 11—Relative SNR as a function of range. Compare this figure ,
which uses the Maritime aerosol model , with FIg. 7 , whIch uses the
Rural aerosol code.

field of view. Since this approach Is not practical for high-resolution systems we will instead
keep the instanta n7~

eous field of vIew constant for all wavelengths and include a relative MTF
factor In (SNR)~ 1 , such that

MTF~0 t(SNR) ‘~ ‘~ SNR~.J’ -
~~~~

This factor (MTF~ /MTF10) Is a constant for a given product of resolution element size and
aperture diameter and is plotted as a function of this product for it 5 pm in Fig. 15. The
influence of the MTF factor depends strongly on the angular resolution element size In
target space. For example, for an aperture with D - 25 cm and a resolution element size of
0.04 mR the 3 4 - t o  5.1-pm (SNR )~j  curves should be rai sed by a factor of 1~8 due to
MTF effects , wherea s for the same aperture and a resolution element size of 0.1 mR the
effect Is negligible (a factor of 1.2).
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Fig. 12—Relative SNR as a function of range . Note the combined
effect of Maritime aerosol model and low visibUlty as compared to
Figs. 7 and 11.

In most cases in the infrared the optical MTF even from diffraction-limited optics will
dominate any image blurring caused by propagation through a turbulent atmosphere. This
Is, however, not necessarily the case for large optical diameters with 3- to 5-pm systems.
Using the approach described in Ref. 11, we estimate that for moderate turbulence (C~ -
iO~ m~~’3 ) the long-term MTF at it - 5pm due to atmospheric prop agation will compete
with the diffraction-limited MTF at target ranges longer than 7 km for aperture diameters of
25 cm. ( For propagation through 7 km the two MTF. have the value of l/e at the same
spatial frequency.) The princIpal effect of including a turbulence MTF is to reduce the
relative MTF advantage of large-aperture 3- to 5-pm systems. Atmospheric turbulence will
nevertheless be Ignored in our comparisons.

For a specific Imag ing task with a particular target (for example, classification of a cer-
tain size of ship), the angular resolution element size of Interest will be a function of range
to the target. In that case (SNR)~j~ by Itself loses iti mean ing as a function of range since
MTF and signal integration factors will be changing along with atmospheric transmission .
The ratio of (SNR)’~h hI  to (SNR ) 8 1 2  Is still meaningful, however , and will describe the

16 
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Fig. 13—Relative SNA as a function of range , with a slant path
from an altitude of 305 m (1000 ft) . The Maritime aerosol
model ii used.

relative advantage of a particular wavelength band at a particular range. Figures 16 through
21 describe (SNR ~ A )/(SWR 8 12 ) for a number of atmospheric conditions through a slant
path with a maximum altitude of 305 m (1000 ft) and the combinations of target resolu-
tion element size optics and aperture diameter listed in Table 4.

At long ranges (SNR)’~ ~ becomes larger for the 3- to 5-pm systems, however , and
once again operating range must be estimated to ascertain whether this advantage can be
useful. For an advanced-technology 3- to 5.1-pm system we will assume for the per-
formance of meaningful tasks that the minimum value of SWR ~~ Is 0.005. Regions where
SNR ‘~~ Is less than this for the 8- to 5.1-pm band are Indicated by d hed lines in Fij i.
18-21. The influence of MTF alone can be estimated by plotting (SNR”~~/SNR’8

~ 9 as
a function of range assuming that the atmosphere is 100% transmisslve as in Fig. 22.

An overview of the curves leads to several conclusions. Task 1 is dominated by atmos-
pheric transmission. Optical MT? effects play a small role to ranges of 30 km. Task 2 Is
influenced by both MT? and atmospheric transmission, and Task 8 is domInated by the

I 17 
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PREFER 8 — 12j~m
2 .

0 I I I I I I I I I I I I I I I I

0 2 4 6 8 1 0  12 l4 16 I8 2 0 f l 2 4 26 28 30 32 34
CROSSOVER RANGE 1km)

Fig. 14.—Composite curve of absolute humidity vs croesover range, using data
from Figs. 6-13 and Ref. 1. The results of using the LOWTRAN 11 code with the
Continental aerosol model are shown for comp .riaon . The nearly vertical lines
attached to the Marit ime curves represent an estimate of ths maximum useful
range of an advanced-technology imaging system (20 ,000 detectors) for target con-
trasts of 1K as a function of absolute humidity for two visibilities using the
Maritime aerosol model . Th. hatched areas, therefore , represent regions of target
range and absolute humid ity In which a 8.4- to 4.1-pm, advanced-technology
Imaging system could be expected to have a useful advantage over the advanced -
tech nology , 8.08- to 12.2-pm system in the presence of a maritime aerosol.

Table 3—Comparison of Bands for
Equivalent Performance

Current Technology Advanced Technology
~ X (pm ) 200 Detectors— 20,000 Detectors —

M m .  Transmittance M m .  Transmittance

8.1 - 12.2 0.1 0.01
3.4 - 5.1 0.292 0.0292
3.4 - 4.1 0.678 0.0678

18
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~0 2 ~ 3.~ 4.0
c,n-mrsd

Fig. 15—Plot of the ratio of the diffraction-limited optic al modulat ion
transfer function (MTF) at X 5 pm to the MTF at X — 10 pm, as a
function of pD, where p is the angular width of the bar In a test
pattern and D is the aperture diameter of the refractive optical system.

2.8 I I I I I I I j I 1 I I I I I I

2.6 . / /
2.4 - 

j / MIDLAT ITUDE SUMMER

I I VIS 8km
2.2 - I A.H. 14 q/m’

/ TEMP 20.85 C
2.0 - 2 RURAL

lB SLANT PATH
E 3.4 — 5.I~m 0.306 km alt

~~~~~~1.6 - 3 OPTICS
- I DIAM. BAR/SPACE

S 1.4 - 1 0.25m 2.Om
2 0.25 m 0.6 m

1.2 - 3 0.125m 0.5m

1.0 ___________________________________________

8.08-I2.Zm ”
0.8

0.6

0.4

0.2

0 I I I I I I I I I I I I I I I I

0 2 4 6  e 1 0 12 14 16 18 20 22 24 26 2$ 30 32 34 I , .
RANGE (km)

Fig. 18—Product, of relative 8/N ratio and M2’P as a function of range ,
with various Dp factors. The Rural aerosol model Is used.
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Fig. I 7—Products of relative S/N ratio and MTF as a function of range, with
various Dp factors. Compare with Fig. 16, in which visibility is poorer. The
Rural aerosol model ii used.

influence of the optical M7’F. With the R ural aerosol model for advanced systems there is a
considerable advantage in the 3.4- to 5.1-pm band for all tasks under tropical or midlatitude
summer conditions. With the Maritime model , however, the advantage for Tasks I and 2
remains only under clear trop ical conditions and for Task 3 under clear conditions (sea level,
visibility of 23 km). With a maritime visibility of 8 km the expected maximum operating
range is too short to provide a significant region of advantage for the 3.4- to 5.1-pm system.

Locat ion

Since the 3- to 5-pm region is preferred under humid , clear conditions and the 8.1- to
12.2-p m region under dry , hazy conditions, the expected location for sensor use can have a
significant impact on spectral band preference. Table 5 describes a list of st-sea locations
and indicates which of these hive absolute humidit ies greater than 14 g/m3 60% of the time
and indicates the percentage of the time the visibility range is greater than 16 km (whenever
the ceiling is greater than 305 m (1000 ft)). Of course , If the M aritime aerosol model Is to
be believed, humidities greEter than 14 g/m3 and visibiities greater than 16 km must occur
simultaneously for the 3- to 5-pm region to be preferable.
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Fig. 18—The effect of changing from the Rural to the Maritime aerosol model.
Camper. with Fig. 16. The dashed curves ndlcate regions in which the product
of transmission and MTF is low , where even an advanced- technology imaging
‘ystem may be unable to perform meaningful tasks.

THE MARITIME AEROSOL MODEL

The analysis presented so far demonstrates that the mar itime character of the aerosol
can have a profound influence on spectra l band preference. The maritime particle size
density dis tribution incorporated into LOWTRAN 3B by Shettle and Fenn (131 ii shown in
Fig. 23. The distribution Is supposed to correspond to a relative humidity of 80% and
moderate windspeeds. Although it ii acknowledged that the size distribution will in
actuality be a function of windspeed , relative humidity, and altitude, in the LOWTRAN 3B
code only the totat particle number density Is varied both as a function of sea level visibility
range and altitude. The same particle size distribution is used for all calculations. Thus, the
ratio of the extinction due to aerosol at a particular IR wavelength to the extinction in the
visible remains constant as visibility range and altitude change (for altitudes under 2 km) .
The increased extinction in the 3- to 5-pm region with the Maritime model is caused by the
sea spray -induced bulge in the particle size distributions around a particle radius of 2 pm.
In reality this spray- induced component (ould be a strong funct ion of altitude , so that the
extinction in the 3- to 5-pm region could be lower for slant paths than Is currently predicted
by LOWFRAN.

FIgure 24 plots extinction due to the various LOWTRAN aerosol distributions as a
function of wavelength normalized to a visibility range of 23 km. Clearly the relationship
between extinction In the visible, which can be characterized by a visibility range, and
extinction In the 3- to 5-pm region due to aerosols Is drast ically altered by the Introduction

4 of the Marit Ime model distribution The extinction near 10 pm Ii dominated by absorption
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Fig. 19—Products of relative SNR and MTF as a function of range. A dashed curve
ii used to identify regions where the product of transmission and MTF is low. The
Maritime aerosol model is used.

in the droplets rather than scatterIng, whereas, in the 3- to 5-pm region scattering is also
important. If decreased visibility were caused by a growth In particle size rather than by
an increase in number It is likely that the ratio of the aerosol extinction coefficient in the
two wavelength regions would change as visibility decreased.

Experimental data for a maritime environment are rare , and even comparison s with
other transmission codes are difficult since the other codes often use different In put
variables (i.e., windspeed and relative humidit y instead of visibility range). However , Table
6 summarIzes currently available information concernIng extinction coefficients. Represent-
ative value s from several runs are used.

The EM! data were taken with a low-Level , over-water path. Winter extinction measure-
ments are summarized In the EM! Table 6 entry under the assumption that th ose are aerosol
dominated .
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Fig. 20—Product s of relative SNR and MTF as a function of range.
The Maritime aerosol model is used.

CONCLUSIONS

With comparable quali ty detectors, present-technology thermal imaging systems
(~~2OO detectors) should provide superior performance if they are designed to operate in
the 8- to 12-pm spectral band . With an advanced technolgy (~~2O,OOO detectors), operation
in the 3- to 5-pm band will be preferred from a SNR point under humid conditions or when-
ever optica l MTF effects dominate if the Rural aerosol model is appropriate.

The introd uction of the M aritime aerosol model, however, strongly affects the SNR
ratio tradeoff since for a given visibility range , 3- to 5-pm transmission is reduced . Under
moderate visibility condition (8 km) the 8- to 12-pm region seems to be preferred even
under fairly humid conditions. With the Maritime aerosol model , the advantage of the 3- to
5-pm band as to atmosphere transmi ssion is restricted to clean visibility of (23 km) humid
conditions . In many cases with the M aritime aerosol distr ibution , even an advanced tech-
nology 3. to 5-pm system will be unable to perform meaningful tasks at ranges long enough
to experience MTF and atmospher ic transmIssion advantages.
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Fig. 21—Product, of relative SNR and MTF as a fuI.ctlon of range. Dashed lines
indicat, regions where the product of transmission and MTF is low.

Table 4—Aperture Sizes Required for Various Tasks

Target Optics
Resolut ion Aperture Classification TaskTask No. Element Sizee Diameter

_______________ 

(m) ( cm) 
_____

2 25 Large ship as viewed
from a patrol aircraft

2 0.5 25 Small boat as viewed
from a patrol aircraft

3 0.5 12.5 Tank as viewed from
and attac k aircraft

_ _ _ _ _  — —-5- __  _ _ _ _ _ _ _

WIdth of th, bar in. bar chart.
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Recommendations

Experimental verification of the IR extinction to be expected with maritime aerosols is
needed before intelligent focal plane array technology development choices use at sea can be
made. Part icular attention should be given to transmission in the 3- to 5-pm band for slant
paths that would be characteristic of air-to- ground surveillance .
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Fig. 22—Effect of MTF on the product of SNR and MTF,
aesuming no atmospheric ext inction.
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Tabl e 6—Aerosol Model Extinction Coefficienta~
Model u4 pm/oO.53 pm I olO p m/ a OS 3 pm

Rural 0.1 0.1
Maritime 0.6 0.18
Katz (Wells, Gal, Munn ) 1141 0.65 0.23
EMI (Data ) 0.75 0.7

‘Compw.~~n of Visibility 23 km.
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Appendix A

WATER VAPOR CONTINUUM FOR 3 TO 5-pm

When attenuation occurs over a broad band and is apparent ly not caused by well-
defined absorption lines, the attenuation is attributed to continuum absorption. In the
3- to 5-pm region it is thought that attenuation due to water vap or continuum absorption
exists, but there is not enough measured data on which to base a model . It has been
suggested that the values of 3- to 5-pm water vap or continuum absorptio n used in
LOWFRAN 3B should be from zero to several times the values contained in the model.

The equation for calculating transmission at a particular wavelength in LOWTRAN 3B
has the form

t — (e~~~~)e~~v ’~

where t is the transmi ssion, A is the atten uation coefficient for molecular absorption , C,, ~sa coefficient for the 3-5 pm water vap or continuum absorption associated with the wave-
length , the constant k is a function of the percipitable water , the pressure, and the tempera-
ture and R is the ran ge. The exact form of the equation for transmission is complicated by
several correction factors and is given below in the complete form in which it occurs in
LOWTRAN 3B: The extinction coefficients associated with other gases are included in the
factor A .

I = (e A R ). R(0 1 WH) 1PP W + 0.12 (PS - PPW)j#4
~~ ’~~ (1.05 X 10 3)C,,

where WH is the water vapor density, PPW Is the partial pressure of water vapor, PS is the
total pressure in atmospheres, and I’S is the ratio 273.0 K over the air temperature in
degree. Kelvin.

There are 15 values of C,, between the frequencies 2350 and 300 cm~
1 (3 .3-4.25 pm)

given at the Intervals of 50/cm in the LOWTRAN 3B code. The maximum value of C,, Is
0 330 at 3000 cm~~, and the minimum Is 0.087 at 2600 cm~~. For this analysis the
program was modified so that C,, could be multiplied by any desired value. All runs but one
were made using the value. of C11, contained in the program. For the plot shown in PIg. 10
the values of C,, were multiplied by two.
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Appendix B

MAXIMUM RANGE ESTIMATES

The estimates given in Tab le Bi for the minimum useful atm ospheric transmittance
for an advanced-technology , 20,000-detecto r imaging system , of course , depend on the
imaging task being performed and on the other parameters of the particular imaging system.

These estimates were obta ined by analyzing the expected performance of imagers with
entrance apertures of 25 cm and 20,000 BLIP detectors. Each imager used a different
spectral passband . A magnification of 20, an overall field of view of 1.90 X 2.50, a 40-pR
detector instantaneous field of view , a photodiode detector quantum efficiency of 0.5, and
an MTF limited solely by the diffraction-limited refractive optics and the detector size were
assumed in all three cases.

Minimum resoluab le temperature difference as a functio n of spatial frequency curves
were derived scaling from the results of A. D. Schnitzler to be published in an IDA paper
“Effects of Focal Plan Arrays , MTF and Atmospheric Attenuati on on the Predict-ed
Performance of FL IR Imaging Systems.” In the low-spatial-freq uency regime the MRT
curves are flat as a function of spatial frequency . These curves show that with atmospheric
transmission to the target greater than those shown in Table Bi there will be a greater than
50% probability of detection for bar chart targets with a bar: to-space temperature dif-
ference AT of 1 K and spatial frequencies less than approximatel y 4 cycles per milhiradian
for the 8- to 12.2-pm system and less than 8 cycles per millirad ian for the 3- to 5-pm sys-
tem. A bar pattern target with four bars and a length-to-width ratio of 7 to 1 was assumed
in all cases. In practice , at low spatia l freq uencies with focal plane arrays the MRT may be
limited by spurious effects associated with pattern noise in the background arising from the
intervening atmosphere. This is hard to quantify and is ignored in the estimate presented
here.

For A I’ - 1K bars of width 2m the minimum transmission estimates in Table Bi are
therefore reasonable to target ranges of 16 km for the 8.1- to 12.2-pm system and 32 km for
the 3- to 5-pm systems. At longer ranges with 2-rn bar pattern targets with ~ T 1 K, higher
total transmittance will be required due to MTF and signal integration effects. Smaller tar-
gets will require even higher transmittance as the range increases.
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Table 81—Comparison of Bands for
Equipment Performance

Current Technology Advanced Technology
~~X (pm) 200 Detectors — 20,000 Detectors—

ME n. Transmittance M m .  Transmittance

8.1 - 12.2 1 0.1 oo1
3.4 - 5.1 0.292 0.0292
3.4 - 4~j  0.678 0.0678

1
/

32


