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IR sky radiance distributions in the marine boundary layer
William J. Schade

Alcoa Defense Systems, Inc.
16761 Via Del Campo Court
San Diego, CA 92128

David B. Law

Naval Ocean Systems Center
San Diego, CA 92152-5000

ABSTRACT

Infrared optical propertics of the marine boundary layer are bisic in the performance of thermal imaging systems, such
as forward looking infrared (FLIR) scnsors, over the occan. To aid in evaluating the performance of thesc sensors, spatial
distributions of infrared sky radiance in the 3- § um mid-wavelength infrared (MWIR) and 8 - 12 pum long wavelength
infrared (LWIR) spectral bands were measured simultancously at low elevation angles above the sea surface. Calibrated
AGA, Modc! 780, dual scanning systems functioned as imaging infrared radiometers. Infrarcd sky radiance and
metcorological parameters were recorded concurrently in a serics of four data sets during one diumal cycle starting 15 April
1986 at 1500 Pacific Standard Time (PST) and cnding 16 April 1986 at 1730 PST. Rudiosondes werc released from the
deck of the USS POINT LOMA, about 7.6 m above the ocean, at a range of 5 km duc west of the coastal sensor site at
Naval Occan Systems Center, San Dicgo, CA. Wind speed, direciion, sca temperature, and cloud conditions were also
recorded on board the ship. Sequentinl images of radiance distributions provided control data for monitoring the stability or
variability of atmospheric conditions $woughout the tisne for radiosonde ascent to about 6 km altitude.

Measured IR sky radiance distributions were compared with corresponding ctear-sky radiance using the LOWTRAN 6
computer code. Cloud radiance and scattered solar radiation restricied the comparison to clevations closs to the optical
horizon where acrosol aucnuation would be greatest,

Infrarcd ucrosol transmittance was inferred (rom the rato of measured rodiance w caleulated clear-sky radiance along th
horizon ling of sight (LOS). Equivalent emperaturoes for blackbody rediance at the horizon were cliher loss than or equal to
the ambient air temperature near the sea surface, except when the MWIR band included scattered solur radiaton;
consequently, only the LWIR band could b used to infer acrosol transmittarce retiably, ‘

Rudiunce atong the optical horizon originated mainly in the lowest 100 m of the atmosphere; thorefore, reasonably
aceurats horlzon radiance or Uunsmittance predictivns could be mada from metcorological duta within this low attide.
These results indicate thut o LWIR seiosol transmissomcter coutd be doveloped by compatiag the ratio of measured borkesn
sky rudianco o calguluted elear-sky radiance using local ambicm meisorological daw, . o :

The effects of acrosols on the propugation of infrared radiatiay through the marine boundary layer are basic in the uss of
both active and passive remots sensing systems over the ocean. ‘The extent (o which these effects con be evaluutcd and
wmodelid depends Lurgely on the methods for charsctenizing the atmospheric constituents along the optical path.

Cutvent methods for mcasuring pasticle sizes and concentrations are limited to local sampling volumes at the sensor

site which are not characteristic of extended path lengths, Lidar measurements have been used 1o compute twial volume

extinction coefficients as a function of range; however, lidar dua are gencrally acquired at sequential intervals along different
directions botween which the mewcorological conditions could change without notice, Additional uncertaintics arise when
lidar data at one wavelength are applied w0 other spectral regions.

An alicmative method tor inferring the cffects of acrosols on atmospheric transmiuance 3 describe in this paper.
Snatial disuributions of Infrarcd sky cadiance in the 3- 10 5-um mid-wavelongth infrared (MWIR) und 8- 0 12-um long

Qo = 928 OKK
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wavelength infrared (LWIR) spectral bands were measured at low clevation angles above the sea surface, These distributions
represent the integrated radiance propagated along contiguous optical paths through the cntire atmosphere within the ficld of
view (FOV) of the calibrated thermal imaging sensor. Since the FOV of the AGA Thermovision 780 is scanned in 40 ms,
the daws for each distribution arc almost simultaneous.

The extent to which the measured radiance differs from the corresponding clear-sky radiance can be used to imply the
clfective transmittance. The clear-sky radiance was computed with the LOWTRAN 6 computer code using radiosonde
measurements of metcorological parameters concurrent with the measured radiance over the ocean.! This technique offers a
viable method for evaluating the total acrosol effect through the entire marine boundary layer by remote sensing.

The data were obtained during onc diurnal cycle starting 15 April 1986 at 1500 Pacific Standard Time (PST) and ending
16 April 1986 at 1730 PST. The sensor LOS was dirccted along an azimuth of 270 degrees true radial from NOSC,
building T323, located at 32.699 degrees N latitude, 117.253 degrees W longitude, at a height of 33 m above sca level,

Radiosondes were released from the deck of the USS POINT LOMA (AGDS 2) about 7.6 m above the sca surface ata
range of 5 km from the sensor site. Wind speed, direction, and sea temperatures were also recorded on board the ship, as
well as cloud conditions. A complete description of the shipboard data is available.2

Throughout this report, clear-sky radiance refers 1o the atmosphere without acrosols. This corresponds to IHAZE =0
in the LOWTRAN & computer code when 15 = 1 in the LOWTRAN calculations for sky radiance (where {3 is transmittance
duc to scattering). This is regarded as the reference condition for comparing the respective measurcanents in the LWIR and
MWIR spectral bands.

S.-AIMOSPHERIC MEASUREMENTS
Infrured sky radiance and meteorological measurements were recorded simultancously in a scries of four daa scis, Tuble
1 lists the dates and times for the measurcments atong with the selar positions. Surface meteorological measurements were
made at the NOSC sensor site as well as shipboard, while the vertical profiles were measured by radiosondes selcased (rom
the USS POINT LOMA, The air and sea tomperatres, wind speed, and dircction are also listed in table 1.

Tuble 1, Aumospheric measurements serics for metentological parameters,

Duta Set , \ 2 3 _ 4
| bato | 1SApr86 | 16Am86 16 Apr 86 16 Apr 86
Radiosonds Time (PST) 1945 0845 - 1245 1645
Solur Position (degrees) '
Azimuth 298 106 212 270
Zenith 140 49 2% n
Alr Temp. (°C) 150 154 155 15.7
Wind Spued (kniols) 10 9 20 20
Direction (degrees) 300 330 280 no
Sea Temp, (°C) L 17.8 16.7 112 17,2

Figures 1,2, 3, and 4 show the rudiosonde measurements for emperaure and relative humidity ploted with respect
altirede, These dita were used in the LOWTRAN 6 computar code w caleutate clear-sky vaditnge as a ferction of clevation

angle above the horizon. ‘The duta in figure 1 were used t evaluate the meteovological sensitivites of e radiunce

calculations. This set presents the nighttime data for a well-delined cloud-wp boundary and an adisbutic lpsc sate of 9.8°C
in the first kilometer above sea level, ' .

The uncenainty in rlative humidity is estimated 1o be S percent, which provides a beuer approximation to the water
vapor density than any of the standard moded auncspheres. The sensitivity of the radiance calculations to (his unccrainty in
huimidity was examined by incrementing the relative humidity profile £5 percent whiie keeping the emperalure profile

“unchanged from the measured values, Similarly, the scasltivity 1o th tempesturs uncerinty of 0.5 *C wos evaluaied lor
the observed relative humidity profile of figure 1. _ o
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Figure S shows the comparative effects of deviations in temperature and relative humidity. The calculated clear-sky
radiance, for IHAZE = 0, is plotted as a function of elevation angle. Radiance discrepancies resulting from relative humidity
crrors arc less than those resulting from temperature errors throughout the range of elevation from 0 to 2 degrees. For
clevation less than 0.5 degree, the effects of errors in relative humidity are negligible compared with those in temperature.
A wemperature error of 20.5°C changes the radiance by about £0.033 mw/(cm? - str) in the LWIR band and about £0.0033
mw/(cm? - str) in the MWIR band.
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Figure 5. Calouloted cic.¥’svy distisbutiens of LWIR radiance above the horizon for
comparative emvors in temperatwse (T £ 0.5°C) and rolative humidity (RH % .05)

Sky rardiance data were acquired in the 3.5- © 5.54um and 8- 1o 12-4m spectral bands simultancously with the AGA
780 dual scanning sysiems funciioning as imaging radiometers. ‘The operationsl characienistics of the sensor sysiems arc
listed in tabls 2. The anatog video signals in the 3- by 3-degree FOV are tnterfaced through a Dattink anatog-1a-digial
converier 10 a digiwl image processor. The format of the digital display is 128 by 128 pixels with 8-bit resotutlon, The
minimum detectabls wmperwre difference (MDTD) betwesn adjscent instantaneous fields of visw (IROVs) is 0.1°C. '

The total system response for cach spectral band is calibrawd in isotherms which represent the video signal amp!imdc.s.' :
for cadiation from a blackbody at o measured temperature and close range. Scis of conversion curves relaing isotherms 0
objuct emperatures (with emissivity = 1) are obtained with (he eapression ' ' -

1= CI(CT » exp (C2/T) -1), O
where T is the blackbody temperature in degrees Kelvin, The constunts C1, C2, and €3 ase derived for the calibration
source al several different temperalures, : : ST




Table 2. AGA Thermovision 780 dual scanning systems operational characteristics,

Scanner SWIR LWIR Both

Spectral Band: um 351055 8w 12
Delector: 1each InSb HgCdTe
Temperature: °K 7
FOV (az by cl): degrees Jby3
IFOV (ax by cl): mrad 1.2 by 0.9
Telescope Objective

Diamcter: cm 10.6

Focal Ratio .18
FOV Scan Mode

Horiz. Linc Time: ms 04

Vert. Field Time: ms 40
Ficld Rate: Hez 25
Framc Rate: Hz 6.25
IFQV dwell: ps 33
Signal Processing: AC + DC Restored

MDTD: °C/AIFOV 0.1

Temp. Ranga: °C -20 t0 1000

The original image is analyzed with the microcomputer by assigning the equivalent blackbody temperature to lhc
corresponding isotherm value for selected pixels in the FOV, thmugh the ransposition of cquation 1,

T=C¥nu, @
when _
us (CI/1) + 1)/C3.

Rudiance values are computed for each blackbody temperature through the integration of Planck's cqanuon for the
appeopriate spectral band. ‘The final form of tho equation for sadiance as a funcion of isotherms s

LESBT) = a+I(T) - b, ' &)
where SB is the spectral band, a is the slope, b is the intereept, and I(T) is a noalinear function of T in equation 1. The
constants for converting isotherms (0 radiance in equation 3 are listed in table 3 for cach spectral bund, as well as the -
calibeation source charcieristics,

Tuble 3. Colibraion constants for converting isothenms to radiance.

Scanner SWIR LWIR Baih

Cl: Isothenns - 3831404 15144

C2 *K 2945.0 12942

C3: dimensionless 1.0 0.503

2 mw/(cm? - 3ur - isotherm) 9,695 « 10°6 1.002 + 104

b: mw/em? « sur) 1556 - 103 1.002 < 104

Culibration Source :

Distance: m 30
Emigsivity: 10.01 098
Tempemiure: $0,1°C - 15100

The main source of uncertinty in ihe converston to radiance is in the isctherm values (or the video signal amplivdes,
Lsothenms are calculated with mcmm:ocompuwwwnmm ml.wummempumdmcwmwwmcu B




reproduced within £0.2°C.  This uncertainty in the temperature causes a radiance error of £0.01 mw/(cm? - str) in the LWIR
band, and +0.001 mw/(cm? - s1r) in the SWIR band.

In cach of the four data sets, both infrared sensor systems were refercnced to a calibration source at ambient air
temperature within 1 hour prior to the radiosonde ascent. Thermal images of sky radiance were recorded continuously on
analog vidco tape and sequentially on digital diskette during 1 hour preceding and following the radiosonde measurements.
Thesc data provide an unambiguous verification of cither the stability or variability of the sky radiance distributions during
mctcorological measurements. No measurable changes were observed during each of the data sets reported here, except for
temporal variations in cloudiness.

J_RADIANCE DISTRIBUTIONS

Figure 6 shows the four LWIR radiance distributions as a function of ¢levation angle above the optical horizon. Zcro
degrees clevation corresponds to the IFOV tangent to the sea surface where the radiance is muximum. The elevation IFQV
angular subtense of 0.05 degree is shown in the figure as well as the radiance uncertainty comresponding to a temperature
deviation of TD = 10.2°C.
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Figuro 6, LWIR sky mdiance disiributions above the harizon; plot 1: 135 April 86, 1945
E‘{ST ptgt" 16 Apnl 86, 0845 PST; plot 3: 16 Apuil 86, 1245 PST; plot 4: 16 Apail
1645 PST.

Cloud radiance conributions are apparent at elevations greater than 0.4 degree. Seawred solur sadiation from cluuds is
cspecially nolble in data set 4, whea the sun is about 20 degrees above the sensor LOS,

The radiunces for duta sets 3 and 4 arc equal within the measusement uncentainty, for low ¢levations beween 0 and 0.3
degree; however, the solar zenith angle changed froim 26 degrees in data set 3 w 71 degrecs in data set 4. These conditions -
imply that acrosol scatering of solir radiation is negligible in the LWIR band since the meteorological parameters e
ncurly the same for these two dala seis as showa in figures 3 and 3. .

Figure 7 shows the MWIR sky radiance distributions. ‘These four plots are concurvent with those of the LWIR dnm.

On the radiance scale used in figure 7, plots 1, 2, and 3 are approximately equal, within e temperature deviaiton D=

20.2°C. Plot number 4 shows a very lusge increase in radiance resuliing from scattered solar radiarion in the clouds and

lﬁowa;unmphcnc lovels. The equivalent blackbody ummmcscalcsmshowanlmg meo:dmmsonthcnghxorﬁgums -
and
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Figure 7. MWIR sky radiance distributions above the horizon and coincident with the
LWIR distributions.

Figures 8 and 9 compare the abserved radiance distributions and the corresponding calculated clear-sky radiances.
Figures 8a, b, ¢, and d show the distributions for the LWIR band, and figures 9a, b, ¢ and d show thoss for the MWIR band,

The clear-sky radiances wero calculated using atmospheric models with 30 layers in the LOWTRAN 6 computer code.
The meteorological enuies were provided by the radiosonde data, The concentrations of uniformly mixed gases and ozeno
were those in the 1962 U.S. Standard modce! aunosphere.

The imporance of the humnduy and temperature lapss rates in calculatng sky radiancs distributions in the boundary
laycr was noted previously?  Accordingly, the first kilometer above sea level was divided into 10 levels with about 1°C -
increments for each 100 m botween levels, The remainlng aunosphere was dividsd into 20 lovels baiween 1 and S Skm.
The rudiosonde dat terminated at about 6 km,

The LOWTRAN exgprossion for calculating nunosphc:in radiance (Knelzys et al., 1980) is
N1 ; tsli) + legu +1)
L= X -0+ 1) 8(s8 FE7D) ¢ )
+B (S8, T M) b, @

where the sununation along a specificd LOS is over (N « 1) isotharmal layers at wmperatures T (i), and
sB = spectrad band: 3w Sumor8to 12 um '

[h] = band average tansminance due to absoruion,

K = band average ransmiance due to single scautering,

i = band average tansmitance from sensor w closd boundary,

B({SB,T) = Planck bluckbody function for a specural band and average emperature T of an atmosphoric

Lluyer.

: To avoid the effecis of cloud radiance, the comparison of ebserved-w-calculated radiance is restricied o the horizon LOS
wlicre the atmosphceic optical depth and acrosol aucnuation are greatcst. Aloag zcro clevation, the LWIR moleculive

(absomption) ransmittance, 1g, Is less than 1 x 104 throuph the 137- km herdzontal optical path to the cloud base. Witha
cloud-base wmperaure of 6,8°C, the maximum LWIR cloud radiaace is 2.7 tmwl(m2 - sir), which becomes acgligible at
J the scasor apatuure,
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‘_ Figurc 8. Comparison of measwred LWIR sky radiance dasmhuuaus with calouluted cloar-sky rudiance fiom
LOWTRAN 6: IHAZE = 0, - ; ‘ ' '

For calculation of clear-sky radisnce, §5 = 1 foe all aumespheric layers. Along the hosfzon LOS, the sky radiince
originates predominantly in the lowest toyer which appronimates 3 hotizoatally homogeneous atmasphere about 160 m
high. This condition is clewrly evident in table 4 which lists the LWIR radiance and band avesags absorpiion tansmittance,
1. for ranges alony the hosizon LOS o five levels in the first nine atmuspheric layers. Over 99 percent of tie clear-sky
radiunce along the honzon LOS is altsibuiable o the lowest 100 m of the aunosphere. Within this lowest layer, équation 4
ui‘llmcs w .

L (8B,1)=(1 -3 (1)) B(SB,T(1)). ' )

From wble 4, 11 (1) = 004, 50 the emissivily of the lowest layer, e (1) = 1. @ 1), is very close to unity through
application of Kirchoff's taw. Thus, the clcar-sky radiance in the lowest layer should equal the blackbody radiance at
ambicnt air wmpcrature as reponcd previously 45 The effects of acrosols on infrarcd sky radiance can be inferved from
cquations 4 and § by including the tansminance duc 10 scaucring. The uaksmiued fudiancs aloay tho honizon LOS thea
becomes

" L(SBY = L{SB)- Is, ©®
whcre L (SB) is the clear-sky radiance givea by cquation § extended 10 all 30 Layeis. '
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Figwe 9. Comparison of moasured MWIR sky radiance distribulions with calcul:ucd clearsky radiance from
LOWTRAN 6 IHAZE = 0,
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Absorption by acrosols would tend 10 bring the emissivity of the atmosphere closer to unity through 13, which would
change by less than 1 percent from the transmittance due to molecular absorption for clear-sky conditions. Molecular
scatwering, however, is negligible in the spectral range of 3 10 12 pum, so 1§ can be assigned primarily to acrosols. Thus, the
scaucring transmittance, 15, was calculated with equation 6 using the measured sky radiance for L (SBY', which represents the
vansmitted radiance along the optical LOS from the sensor receiving aperture to space.

A summary of the horizon sky temperatures and aerosol transmittance is presented in table S for each set of radiosonde
daia. The wmperatures comresponding to the measured horizon sky radiance and calculated clear-sky radiance are listed for the
LWIR and SWIR bands. The radiosondc base temperatures and sensor (local) air temperatures are also given. Within cach
data sct, the temperature differences arc less than the uncertainties in the measurcments except for the equivalent
temperatures of the measured sky radiance, Reduced cquivalent temperatures in the LWIR band correspond to acrosol
scattering loss in radiance, while the increased temperature in the MWIR indicates additional radiance from scauered solas
rudiation in data st 4,

The calculated acrosol transmittances for both infrared bands are listed in table 5. The LWIR values show a slight
acrosol effect in data sets 3 and 4, but the MWIR values are inconsistent. Although the values for both infrared bands agree
in the nighttime and moming runs when the acrosols were negligible , the MWIR band cannot be used reliably to indicate
ucrasol atienuation when scattered solar radiation must be included. As notcd above, the horizon LWIR values were
unaffecied by solar scaucring for zenith angles from 26 to 71 degrces.

Tuble 5. Horizon sky temperature and aerosol transmitlance.

Data Set 1 2 3 A

Duts 15 Apr 86 16 Ape 86 16 Apr 86 16 Apr 86
Time (PST) 1945 0845 1245 1645
RAOB Rass (£0.5%C) 150 154 15.5 15.7
Local Als (20.3°C) 14.6 15.2 15.1 15.8
LOWTRAN6: Clear-Sky :

MWIR 14.6 151 1501 15.2

LWIR 154 159 159 16.1
Measured Sky (20.2°C) |

MWIR 14.5 14.2 14.5 237

LWIR 14.7 192 134 134
Acrow! Teansmiuancs '

MWIR 99 97 98 1.38

LWIR . 59 91 9 95

The AGA Thermovision 780 dual scanning system was used 10 measure infrared sky rdiance distibutions in the
MWIR and LWIR specural bands simultaneously. Seguential images of mdiance distibutions provided control data for
moniioring the stability or varability of aunospheric conditions tuoughowl the concurvent Ume for radiosoade ascent.

Measured infrarcd sky mdiance distributicns were compared with the corresponding clear-sky radiince using the
- LOWTRAN 6 compiter code. The presence of cloud radiance and scatiered solar tadiation restricicd the comparissn W
clevations close W the horizoa where acrosol altensation would be greatcst :

The infrared acrosol transmittance was infesred from the ratio of measured madiance to calcutased clear-sky radiance along
th havizon LOS. The equivalent empesatures for bluckbody radiance al the horizon were either kess tan or cqual to the
ambicnt air semperatute near the sea surface, except when thie MWIR band included scaticred solar radiation. Because of
-this, only the LWIR band can be used 1o infer acsosol transmittance teliably, : '

The radiance along the honizon LOS originates predominantly in the fowest 100 m of the aunosphere; therefose, -
reasonably accurate horizon radiance o¢ transmitance predictons could te made from meteorological data within this low
alutude, These conclusions suggest that a LWIR acrosol transmissomeler could be developed by computing the ratio of the




measured horizon sky radiance to the calculated clear-sky radiance using the local ambient meteorological data. Such a
point-measuring systcm weuld only require a calibrated nonimaging radiometer to record the radiance along the horizon

LOS.
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