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INTRODUCTION

The primary factors affecting infrared electro-optical surveillance, guidance and
weapon systems in the marine environment are atmospheric water vapor and aerosols
which absorb and scatter the radiation. In the absence of real-time measurements, we
must presently rely on the LOWTRAN 6 atmospheric propaganon code! to predict
infrared transmission losses and sky backgrounds, using as inputs measured
meteorological parameters. The effects of water vapor absorptions are adequately
handled by LOWTRAN 6. and selectable size distribution models are available for

3 calculating the aerosols’ absorption and scattering properties. One of these aerosol
j. , models (Navy Maritime Model). which is applicable to ocean atmospheres, was

developed by Gathman? at the Naval Research Laboratory, utilizing a large data set of
size distributions and meteorological parameters measured near the surface in a variety
of marine environments. The particle size distribution model (at radius r) is the sum
of three log-normal distributions given by

a(r) =;§i A, exp [-[‘?r:]2], enum (1)
where —
A, = 2000 (AM)2 (2a)
| A, = 5.866 (7-2.2) (2b)
! Ay = 0.01527 (v -2.2) . (2¢)

Component one represents the contribution by continental aerosols. (AM) is an air
mass parameter which varies between integer values of 1.0 for open ocean to 10 for
coastal areas given by

(AM) = Rn/4 + 1, (3)

where Rn is the measurement of atmospheric radon content expressed in picocuries
per cubic meter (pCi/m3). Components two and three represent equilibrium sea spray
particles generated by the 24-hour averaged (v) and current (v.) surface wind speeds 1
in meters per second. In Eq. (2b). if 5.866(v-2.2) < 0.5. then A; = 0.5: and in Eq. !
(2c). if 0.01527(v.-2.2) < 1.5 x 105, then A; = 1.5 x 105

In Eq. (1). r; . the modal radius for =ach comnonent, is allowed to grow with
relative humidity (RH) according to

2 - RH/100 1173
f= [6 1 - RH/100 ] : (4)
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o The contribution to the total extinction or absorption by each aerosol component can
S be written as

3 2
S Pa,aM); = € 1 g y0rim) exp [-(E2ET rar (6)
25

3
5&,. where C; = W(AJ The factor f! in the expression for C; insures a constant
B total number of particles as the relative humidity increases. Q.a.(X.r.m) is the cross

< section for either extinction or absorption normalized to the spherical-particle
s geometrical cross section. and m is the complex refractive index, which is allowed to
> change from that of dry sea salt as the particle deliquesces with increasing humidity.
_" LOWTRAN 6 provides precalculated values in tabular form of the parameter B, .())i/Ci
%, at discrete wavelengths and four relative humidities (50, 85. 90 and 99%). from which

the average extinction or absorption coefficient for a specific wavelength band and

>, relative humidity can be readily determined by interpolation between the stored values.
-,.';. When an observed surface visual range (visibility) is available as an input to the
g model, the amplitudes of the three components will be adjusted so that the calculated
“' visual range at a wavelength of 0.55 um is the same as the observed value.

£
i';, The accuracy to which this model can predict infrared extinction coefficients has
R been tested only against a limited set of surface transmissometer and meteorological
o measurements at San Nicolas Island®. Good correlations between calculated and
- measured extinctions for wavelengths of 1.06 gm and 3.6 um were obtained. At 10.5
= pm the agreement was less, with the calculated extinctions being 20 to 40% greater

ot than those measured by the transmissometer. These correlations, however, were
sensitive to the selection of the air mass factor and whether or not the visibility was

N used as an input. An alternative approach is to test the model's utility to predict

":_ the infrared radiance of the sky. It is well known* that the absorption (and

~I

Y

:

emissivity) of the atmosphere for the 8- to 12-um wavelength band depends on the
optical path length such that the effective blackbody temperature of the sky will
increase with the zenith angle. Near the horizon, the sky temperature will equal the

J ambient air temperature unless aerosols, which scatter the radition, are present. The
K effects of aerosols for this wavelength band, however, are noticeable only at zenith
.:". angles greater than about 85 deg (in cloud-free skies). In this paper, we examine the
:? utility of the aerosol model (with the LOWTRAN 6 radiance algorithm) to predict
i infrared (8 — 12 um) sky radiances which were measured close to the horizon
Y simultaneously with radiosonde measurements of meteorological parameters. For this to
be a valid approach. we must rely upon the accuracies of the measurements and the .
N LOWTRAN 6 radiance algorithm.

MEASUREMENTS

The infrared (8 — 12 um) sky radiances for these investigations were obtained on
16 April 1986. The measurements were made with a calibrated thermal imaging
system (AGA THERMOVISION, Model 780) using a 2.95 field-of-view (FOV) lens
with an instantaneous field-of-view (IFOV) of 0.9 mrad. The response of each

wavelength band is determined by placing a blackbody of known temperature (¢ 0.1°C
for temperatures <50° C) close to the aperture of the lens. The digitized video signal

transfer function of the system then allows the blackbody temperature to be
reproduced to within 0.2 C. The video cutput of the scanner is digitized and

processed on a microcomputer to allow the temperature of selected pixels of the scene
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to be displayed. For these measurements the scanner was directed due west over the
. ocean from an altitude of 33 m such that approximately 2 of the FOV was above
the horizon. During the recording period. radiosondes were launched from a ship (USS
Point Loma (AGDS-2)) 5 km off the coast of Pt. Loma, San Diego. CA. The

0 radiosonde system employed was the VAISALA model RS80. The measured
3 temperature and relative humidity variations with altitude for three periods 0845. 1245
: and 1645 PST 16 April) are graphically shown in Fig. 1 and tabulated with the
) pressure variations in Table 1. During the first launch, broken stratus clouds were

present near an elevation of 900 m. During the subsequent launches, the clouds
persisted, but the coverage was scattered. Surface wind speeds and directions were
recorded continuously on shore at the sensor site and periodically aboard the ship.
Y Northwesterly winds (310° + 10°) had persisted for 24 hours prior to and during the
K measurements with varying speeds as shown in Fig. 2. At 0800 PST on 16 April
; the wind speed had increased from approximately 3 m/s to values between 9 m/s
and 12 m/s. The 24-hour average and current wind speeds coinciding with the times
of the radiosonde launches are tabulated in the figure. Measurements of atmospheric
radon were also made aboard the USS Point Loma to aid in determining the air mass
characteristics. The radon counts measured as a function of time are shown in Fig.
3 and indicate the air mass was primarily of maritime origin (<4 pCi/m?) throughout
the measurement period. The increased radon counts near 0400 PST on 15 April
coincide with the in-port time of the ship.

COMPARISON OF MEASUREMENTS AND CALCULATIONS

The LOWTRAN 6 radiance algorithm assumes the atmosphere to be composed of

a number (ngnax = 33) of isothermal layers characterized by a temperature T; and

. spectral transmittance 7(X. i. B) along the optical path traversing the ith layer at angle
B. From Kirchoff's law. the spectral radiance of the i'" layer is

B(\,T,
N(X,i,8) = [1-ra(x,4,e)]—¥ : (6)

where 7,().i.8) is the absorption transmittance and B(X.T;) is Planck’s blackbody
' radiation formula. Then the spectral radiance reaching the ground through the
intervening atmosphere

) ‘ i-1 _ _ -1 . B(X,T.)
, N(A,i,8) [T 7(r.i,8) = [1 - Ta(x,.,e)] I 7(xi,8)]— (7)
. j=1 J=1
r Summing up the contribution from all layers. the spectral radiance reaching the ground
' is
n . i-1 _ B()\,Ti)
NOLE) =3 [, 0008 T i8] —— (8)
i=1 j=1
3
)
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Figure 1. Radiosonde measurements of temperature and relative humidity variations with altitude.




Table 1. Radiosonde measurements of pressure (P. mb). temperature (T. °K). and
refative humidity (REL H, %) with altitude (Z, km) taken aboard USS
Point Loma (AGDS-2)

16 April 1986 16 Apnl 1986 16 Apnil 1986
0845 PST 1245 PST 1645 PST
1 P T REL W 1 P T REL W l P ! R[} H
xm mey (kM B o (kM W
.008 1014.800 288.55 6%.00 008 1017.700 65 50.00 008 1016100 288.85 50.00
.068 1007.600 287.55 70.9C ggl :008‘700 g:g,ﬁ 52'00 .083 1007.100 287.29 54.00
143 998.700 266.65 13.90 158 999.700 286.75 54,00 M1 999.900 78655 S6.00
219 989.800 286.25 75.00 23990900 286.25  S2.00 233 989.300 28375 58.00
308 979.300 285.45 78.00 264 987.400 286.05 54 00 .Jos ;80.600 285.25  98.00
428 965.400 284.45 @1.00 338 98.600 295.25  S0.00 413 968.400 284.25  60.00
532 953.500 283.45 84.00 AS) 964800 28435 49 00 427 966.700 284.05 58.00
450 940.000 262.45  86.00 590 949.400 28335 35 00 373 549.600 782.55 46 00
783 925.100 281.45 86.00 650  942.700 283.75 31.00 A 932~200 ;91-25 71.00
843 918.500 280.95 86.00 728 930.300 262.7% 36 00 138931200 28105 71.00
901 912.000 280.75 86.00 798 926.100 282.45 57 00 869 916.400 279.95  71.00
1.018 899,100 280.15 84.00 856 911.500 282.05 49.0p 895 914800 279.75 1N.00
1.123 889.500 719.45 83.00 931 911.300 28175 4800 957 906.700 279.45  54.00
1.225 878.500 278.75 81.00 960 908100 28155 49 00 .987  903.400 279.75 31.00
1.458  833.300 277.15 78.00 1922 890.500 28025 32,00 1177 882.800 278.95 28.00
1,544 844.300 276.45 73.00 1384 $2.400 21815 &3 00 1323 867.200 279.25 12.00
1629 839.300 275.85 78.00 155 848700 227.75 2300 1483 850.400 279.15 11,08
1,773 819.600 274.95 72.00 1.689  £10.700 278.45 4.00 1.860 811.900 276.75 9.00
1903 806.500 276.15 15.00 2012 760.000 27595 5 00 2,062 791.900 276.25 600
. . . ’
2007 792300 27735 8.00 2700 733.400 21515 100 2,292 769.700 275.65 26 30
2,957 708.200 276.43  2.00 2043 720400 27365 400 2,422 757.400 274.85  26.00
3.087  697.000 275.45 20.00 2930 712.900 27495 32 00 2522 748.000 274.15 23.30
3.658  649.100 271.85 21.00 1102 697,00 273.85 32 00 2,622 738.800 273.45  50.20
3.999  629.700 270.25 16.00 3139 692.800 27395 24 00 2964 707.900 27165 41.99
1292 599.100 268.05 25.00 1330 678100 27315 26 00 3261 681.900 270.15 42.00
512 573.000 265.05 33.00 3.459  667.300 272.85  39.00 Jua es.300 27065 40,00
4778 562.900 264.25 43,00 1729 65100 27145 3700 3.598  636.900 21185 7.00
2149 536.500 262.75 35.00 4.000 620,400 220.05 26.00 1.090 613,900 269.55 1100
3510400 25945 40.00 €152 611,600 269.35  36.00 1369 .80 26675 18.00
5.085 542.800 260.05 27.00 3149 536.200 262,45 32.00
S.687 501.900 260.25  28.00 ;s S o o
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Figure 2. Surface wind-speed variations with the time of day. b
.t

RN WL ¥

3
1
¢
\
1 .
3
3l
KR
A
’ t
- 6

T

S D O IO AL O D 0 OGO AR 0N e St
SOOI A e b SRS O RO S DSt DA



T —————— - ————

12

10
_ 8 F
il
E -
Q
S 6t
z \
Q I
Q — |
g ]
4 |

—
\f’h
e

E\-&ﬂ‘ ,,H;" - *,
0 1 | P 1t

1600 1600 1600
4 14 86) (4 15 86) 14 16 86)
TIME (GMT)
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In this equation scattering is considered only as a loss mechanism through the
extinction transmuttance term  i7(x 1.8)  and 1s not included as a source of radiation
It has been proposed by Ben Shalom et al * that the LOWTRAN algorithm was
deticient e multiple scattering eftects over the long propagation paths afferting the
sky radince were not properly addressed  They proposed a modification to LOWTRAN
to indlude scattenng as o source of radiation by replacing the absorption transmittance
i Eq (&) bv the extinction transmittance  However. utilizing data similar to that
bercon Hueghes et alt have shown that the proposed conservative scattering
moditications to LOWTRAN crossly overestimate the horizon sky radiances when
actosols are present and that multiple scattering effects are negligible. at least for the
viavelength band and atmospheric conditions considered.

In Fig 4 the sky radiances measured at the optical horizon (zenith angle. 8 =
G177 ) are compared 1o those calculated using the unmodified LOWTRAN 6 code
vith the measured meteorological data. We have chosen to address only the sky
radiance at the optical horizon because of the possible contamination of the
measurements by the scattered stratus clouds (It can be shown” that 8 — 12 um
radiances at the optical horizon are insensitive to cloud emissions because of the low
atmospheric transmittances over the contributing optical path lengths.) The clear-air
radiance calculations were made using plus and minus uncertainties (0.5° C in
temperature and 5% in relative humidity) as shown. In each case. the clear-air
calculations are greater than the mea.urements. indicating a small presence of
acrosols  (These radiance differences correspond to equivalent blackbody temperature
ditterences of 2 to P C ) The calculations made with the Navy Maritime Aerosol
Model were for an air mass factor of unity for maritime air (as indicated by the
radon measurements) and the 24-hour average and current surface wind speeds as
listed in Fig 2 In the first case there is good agreement between the measured and
calculated radiances. By adjusting the surface visibility input to 130 km (as compared
to the default value of 96 8 km) the calculated radiance can be made to coincide with
the measured value  For the second and third time periods. the calculations differ
greatly from the measurements by _equivalent blackbody temperatures of approximately
15° C and 20° C. respectively The calculations can be made to agree with the
measurements by adjusting the default visibilities of 31 km and 35 km to values of
180 km and 210 km. respectively These visibilities are excessive, based on visual
observations of coastal islands at the time of the measurements. Los Coronados
Islands (~30 kin distant) were clearly seen However. San Clemente Island with a peak
clevation of ~600 m was not visible from the upper decks of the USS Point Loma at
o distance of 75 km  In the 8 = 12 um band. the horizon radiance is affected mainly
by the aerosols with radii greater than 1 um. which scatter the radiation. The
compatison discrepancies in Fig 4 most likely stem from the current wind speed
component. which determines the number of particles greater than 1 um. This
wavelength band s less likely to be influenced by the 24-hour average wind-speed
component  which mainly generates particles in the 0.1- to 1-pm radius interval. In
Fie 5 the relative sensitivity of the radiance calculations to the wind-speed factors is
demonstrated by means of the 1645 PST data set The radiance calculations are
insensitive 1o 24 hour wind speeds varying between 22 m/s and 10 m/s, but are
extremely sentitive to the current wind speed If the multiplying constant in Eq. (2c).
(k 001527 s’m). and a 24 hour average wind speed of 6.0 m/s are maintained.
the current vaind speed must be reduced to 26 m/s to obtain agreement between
calculated and measured radiances  If the measured value of current wind speed is to

ST AERT N KON Sl Ry AR LN

A ans o o |

e Ve T T N

Y

R LR R e S SN AT A .
O R RN G TR DS L6 H R G T GO LN E LR N EN N S



T

"9 NYHYLIMO Buisn
palejno|es asoyl Yum uozuoy (e211do ay) 1e painsea saoueipes Axys pasesjul jo uosuedwo) ¢ ainbiy

(1Sd) INIL
Sv80 .
Sv9l mv_ﬁ 4 oz
I _ | .
8L0C ﬂ I _
_ _ |
081¢C ]
wy 0L Z = (Indui bay) SIA _ _ _
wy GE = (yneyap) SIA _ | _ i
-]
aLot=A | wy 081 = (Indur bas) GIA | |
S/wQ9= A | wy |E = (Inejap) SIA | “ B
I s/wz6= A | _
_ S/WYG= A _ _ i
_ _ |
_ “ _ _
| _ — » o
[ I _ 2
_ [ wy OF | = (Indul bay) GIA _ M
_ wy g'ge = (INejep) SiA — m
_ _ s/w 2z =A _ W
| _ cugy- A _ | :
_ _ _ 1
_ g
_ _ _ —oe 3
'0+¥90°€ % 10050 ¢ vwoe (O
o too¥ote ¢ ]
: LZOO-.. . ]
. L0 o eelLE m
Y00~ .o M 160'0s 0T E M 8200+
LEOO+
—
(1L = Wv) 1epoy awnuew Axen ] e i}
Iy 12a)) @ 9 NYHLMON ohE:N —u.w
Q swewainsesapy
9861 Idy 91

St




- ——————

':; NN I | | T [ 1 | ‘
£, '
Yt ﬁ} Measured Radiance (6 = 90.17°) 16 April 1986 (1645 PST) =

4 .
i 20 (= RQW ®12um

V = 24-hr Avg Wind Speed

P
/
7
of
/
1

L

RADIANCE (mW/cm? sr)
~N
o

>, 72
=

|
//'

(]

!
>ob

i

V. CURRENT WIND SPEED (m/s)

b"
L]
2: Figure 5. Sensitivity of the optical horizon sky radiances calculated with LOWTRAN 6 using
) the Navy Maritime Aerosol Model with differing surface wind-speed parameters.
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be maintained in the LOWTRAN calculations., the multiplying constant, k, must be
reduced by a factor near 20 to 0.0007 s/m. The size distributions associated with the
different values of k are shown in Fig. 6. For particle radii less than 1 pm, the size

distributions are unaffected by changes in k. At larger radii. the size distribution for .
k = 0.0007 s/m are smaller by an order of magnitude. This reduction in the number i«
of larger particles accounts for the increase in the calculated radiance. i.e., the

scattering losses are reduced. }

Recently, published results by Dee Leeuw® of large particle size distributions (r > -
5 um) in the North Atlantic provide another method of evaluating the current wind- :
speed component in the present model. In that work, size distributions were ;
measured with an impactor at different heights (0.2 to 11 m) above the sea surface. N
Measured size distributions (normalized to a relative humidity of 80% according to the .
formulas of Fitzgerald®) were graphically presented for an altitude of 11 m as a
function of surface wind speed. Here, size distributions were calculated with the
model, using the measured surface meteorological parameters and the k-factor in the b
original model was adjusted to obtain agreement with those presented by Dee Leeuw o
(after adjustment to the average measured relative humidity in the first two s
radiosonde levels). An example of the comparisons is shown in Fig. 7 for the 1645 N
PST set of data. Excellent agreement between the adjusted and measured size '
distribution is obtained for a k- factor of 0.00109 s/m. This value is approximately
36% higher than that determined from the radiance measurements. The difference may
reflect the assumption in the present model that the number of surface-generated
particles remains constant up to an altitude of 2 km. where the LOWTRAN 6
calculations default to the Tropospheric Aerosol Model. However, it can be shown
that the radiance calculations at the optical horizon are affected less than 2% by
including only the lowest two levels of the radiosonde profile. The k-factors
determined by both techniques are shown in Fig. 8 at the measured wind speeds.
Within the measurement accuracies of both techniques and those to which the size
distributions could be scaled from the graph in Dee Leeuw’'s paper. the k-factors can
be considered to be in reasonable agreement.
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DISCUSSION

R

It is interesting to notice in Fig. 6 the suggestion of a linear dependency of the
factor k on the current wind speed. However, because of the small data sample, no
quantitative conclusions can be made in this regard.

A joint effort by the Naval Research Laboratory, the Naval Postgraduate School,
and the Naval Ocean Systems Center is presently underway to develop a Navy Ocean
Vertical Aerosol Model (NOVAM) for inclusion into a future version of LOWTRAN. '
Using the current LOWTRAN 6 Navy Maritime Aerosol Model as the surface kernel.
this new model is intended to greatly reduce the third component’s variation with

( altitude. The results of this study, however, have demonstrated that for moderate !
oy wind-speed conditions. the current wind-speed component in the kernel model may be "
K™, factors near 20 too large. Therefore, a careful re-examination should be given to the ;
«.:‘ constants of the present model before inclusion to NOVAM. :
)
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) Figure 6. Examples of aerosol size distributions calculated with different values
U of the multiplying factor k.
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Figure 7. Comparisons of measured particle size distributions with
those calculated with the original and adjusted Navy Maritime
Aerosol Model.
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