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FOREWORD

This semi-annual report deals with the activities in the
fields of microwave evaluation of sea surface temperatures and
of 10 y emissivities. Included is a short paper submitted for
publication to the Journal of Geophysical Research. A part of
our activities is contained in the Doctoral Thesis of William
Kreiss, entitled "Meteorological Observations with Passive
Microwave Systems," also available as BSRL document Dl - 82 -
0692 from Boeing Scientific Research Laboratories in Seattle

Konrad J. K. Buettmner

14 June 1968



Discussion of paper by S. F. Singer and G. F. Williams, Jr.
"Microwave detection of precipitation over the surface of
the ocean." Konrad J. K. Buettrer, Department of Atmos-
pheric Sciences, University of Washington, Seattle, Washing-
ton 98105 and William T. Kreiss, Boeing Scientific Re-
search Laboratories, Seattle, Washington 98124,

Early analyses of microwave signals from a raining cloud [Buet-
tner 1963, and Buettner in Kellogg, Buettner and May 1964] showed that
rain emission could possibly be differentiated from ocean emission.
Emissivity was determined from measured attenuation and its subdivision
in absorption and scattering. This subdivision was based on Deirmend-
jian's [1960] use of a Mie - theory calculation. Since the ocean is
highly reflective the multiple ray passes have to be taken into ac-
count, as shown in fig. 14 of Kellogg et al [1964]. It was also stated

[Buettner 1963] that: '"very dense non-raining clouds have similar, but
smaller effect, whereas water in the form of ice, dust, haze, vapor and
light clouds has little influence."

These latter estimates have been evaluated in detail by Kreiss
[1968] calculating the absorption and emission by water vapor, and by
water droplets of certain sizes; this calculation was made for'"see-
ing" ground to sky, and satellite to ground, the ground being land or
sea. These calculations show a definite effect of cloud droplets and
water vapor down to frequencies of 15 gHz. The results were experi-
mentally confirmed by a radiometer ground to sky in Seattle and one air-
plane to ocean from flight data of Catoe, Nordberg, Thaddeus and Ling
[1967]1, all tests being made near 19 gHz.

It seems therefore justified to apply Kreiss' calculations to
the airplane measurement of Singer and Williams [1968]. They find with
a 15.8 gHz radiometer looking nadirwards, a brightness temperature for
cloudfree ocean of 150°K and over a shower 200°K. This difference of
50°K could be rain, as Singer and Williams claim. But it is more likely
a cloud of, e.g., 2384 m layer thickness and about 1.0 gm m’s of lig~-
uid water content as shown in fig. 5.23 of Kreiss. From fig. 4 of
Singer and Williams it appears that the effects of both rain and
clouds are evident. The core of the shower could probably correspond

to the highest temperatures of approximately 210°K, but it is noted
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that the temperature at the end of the data run are about 15°K higher
than those at the start. We believe that the clouds play an important
role here and complicate the interpretation of the measured brightness

temperatures in terms of rain rate without more supporting information.
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MICROWAVE REPORT

Progress in the microwave region of the spectrum has been concen-
trated in the application of the integrated equations of radiative trans-
fer to the analysis of data from the NASA Convair 990 flights of May
5 through June 8, 1967. Work so far has been concerned with the over-
water portions of the flight and with cloud-free atmospheres.

Assuming a horizontally stratified atmosphere, the transmissivity
of the atmosphere decreases with increasing zenith angle because of the
increase in path length according to the relationship T, = exP('“o sec¢)
where = is the vertical attenuation. Now for cloud-free conditions,
we can neglect reflection, and the emissivity of the atmosphere is given
by €, = lTa or, e_=1- exp(- ¢osec¢)

Now assuming a smooth specular reflecting surface, the emissivity
for horizontal and vertical polarization can be written as

e (#) =1- |R ()2

e(®) =1- [R(®]?
where R, (¢) and R (¢) are the Fresnel reflection coefficients for
horizontal and vertical polarization respectively at the incident angle

and are given by (Kerr, 1965)

cos¢ - /e - sin2¢

R (¢) =
B cosp + VY e - sin“d

_ e cos¢ - //e - sin2¢
R (9) = —
4 e cos¢ + Y e - sin ¢

In these equations e is the relative dielectric constant of the water
and has the value of 59 for sea water in this region of the spectrum.
Graphs of the emissivity and reflectivity for both horizontal and vertical

polarizations are given in Figures 1 and 2.



Neglecting the effects of solar radiation, the brightness tempera-
ture as seen by the downward viewing radiometer is given by the follow-
ing expression, where ew(¢) and rw(¢) are the values for horizontal-
ly polarized radiation, since the radiometer was only responsive to this
radiation.

Ty, = ew(¢) T,Ta +t T8 e, T.T, + T
The first term is the contribution from the water surface, the second
term is the radiation emitted by the atmosphere and reflected by the
water and the third term is the contribution from the atmosphere between
the water surface and the radiometer. A graph of theoretical bright-
ness temperatures versus incident angle for various values of vertical
transmissivity and for a smooth water surface is given in Figure 3.

The effect of a rough surface is to distribute the reflected or
emitted energy away from the nadir angle: the rougher the surface the
greater is the effect. One method of determining an effective emissivity
is to assume specular reflection and then integrate the angular distri-
bution of emissivity for a smooth surface over the distribution of slopes
of the water surface. Using slope distributions given by Cox and Munk
(1554), rough calculations have been made using this method and the ef-
fect is to increase the emissivity at large angles of incidence. A
schematic diagram of the effect is given in Figure 4, for increasing
values of sea roughness. A computer program to provide quantitive values
for the emissivity is currently being worked on.

A theoretical study of the effect of various sea states on the
brightness temperatures seen with a downward viewing radiometer has been
calculated by F.J. Janza of Ryan Electronics and Space Systems (1968),
and his results are shown in Figure 5. The net effect is to increase
the temperatures seen at large viewing angles, until for very rough seas,
the radiometer sees almost a constant brightness temperature for the
range of viewing angles.

The curves shown in Figure 5 would be the average values that would
be observed, actual data should show variations from point to point,
depending on the actual amount of specular reflection at each instant.

A typical curve showing one complete scan off the coast of California



and for cloudless sky conditions is shown in Figure 6.

One effect which has been left out of the development so far has
been the influence of solar radiation. In the spectral range of inter-
est, the sun emits like a black body at 6000 K. Thus for a smooth sur-
face and the radiometer looking at the sun's image on the water surface,
the increase in brightness temperature due to the sun would be given by

the following equation,

- 30 2 -2
Tb = (3 x 10" %K) rw(¢)ra r_. Ty
where: r {¢) = the reflectivity of the water
T = the transmissivity of the atmosphere
ro = the radius of the solar image in degrees
ry = the radius of the antenna beam in degrees

and the temperature of the sun has been reduced by one-half because of
the polarization of the radiometer. Therefore, using the sun's diameter
as 0.5 degrees and the beam diameter as 2.7 degrees, and a vertical
transmissivity of 0.9, the effect of solar radiation would increase
the brightness temperature by 50°K if the sun was directly overhead.

For a rough surface, the solar radiation would be reflected over
a variety of angles, decreasing the temperature from the maximum seen
with a smooth surface. To calculate the magnitudes for a rough sur-
face, an integration of the solar intensity over the distribution
of slopes and in the direction of the antenna would have to be done.
Rough estimates have been made using this technique and increases of
10°K to 209K would be expected. A computer program to obtain more
accurate results is being planned at this time.

Evidence that these values are reasonable can be seen in Figures
7 and 8. TFigure 7 shows the brightness temperatures off the California
coast seen at nadir viewing angles and with a cloudless atmosphere.®
The large variations could be due to the specular reflection of solar
radiation. Figure 8 shows two scans taken over the North Pacific
Ocean approximately six minutes apart. The only difference between
the two curves is that the aircraft changed course by 50 degrees and
hence its direction of scan in relation to the sun. Thus it appears

that the sun has an effect which must be taken into account before

— e—g

" during Nasa Convair flight.
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any quantitave values of the brightness temperatures can be obtained.

Once the effects of sea roughness on the effective emissivity
and the solar radiation are determined, then the real analysis of the
data can begin. That is determining the water vapor content of the
atmosphere from the angular distribution of brightness temperature
and determining the effect of clouds in the radiation field.

FUTURE WORK

1. Determination of effective ocean emissivities for various
values of surface roughness. Theoretical values can be determined by
the method outlined above and then compared with the data, where values
of surface roughness could be determined from the aerial photographs.

2. More work is needed on the influence of solar radiation.

Using a computer program, theoretical values of the angular distri-
bution of the solar increase of temperatures for various elevation
angles and directions of scan can be determined and then compared with
the observed data.

3. Once the effective emissivity and influence of solar radia-
tion are given quantitive values, the determination of water vapor con-
tent of the atmosphere using the angular distribution of brightness
can be worked on. Verification could be obtained by comparing the syn-
optic data closest to flight times and track.

4. Another major area of study would be the influence of clouds
in the radiation field. Employing various models used in Bill Kreiss's
thesis (1968) , the effect of clouds on the surface brightness tempera-
tures can be determined.

5. Further analysis of the data over other portions of the flight
can be analysed. Included in this would be comparison of fresh water
lakes to that of sea water, emission over ice fields and snow fields
and their variation with angle and variations over various types of

land features.



b5

- ——

1
PO

N D NO L Al

[EEL 20 BV 4

¢

PN RS S S

[FR N S

tis

a,l}
S — s e
. M e Lo s
prosee s ok \w 1 AR -
T T ;:;.M.:.¢,
. .8., - R ol m
L win# . . . 5 |
H w < - N M ~_< 7 -w |
i N T : : i .
; e S w > w i
i : > O R : 1 4 -] H
; : o |
: t Loaerdl .. % : P O i
hm.f. FET S - L ord ord m
o } S WO b e X
N [ ]
._ Rt S i . S B >y N
! - . i i s
! Bog 10 S \ A
| ST s Y A N
S S YOI S TS T S T TR L | B
; 4W.Mu,.m..m._z+frn.7”.:¢ ! .m. ﬂ m‘.f
.Nrm” TR TS S O Y I ¢ ey e
N e .i?«t.w.?xm...f\.' . PR PR -t O
um‘ ;....?L.v,,waﬂ..,fl....,«lqv. RN - / L@ .MNW ]
A RRRREE & gk s
vo’ x.f!.i;.n..ﬂorlwil. - EEEERr e gy ] & 4 et
; TN 408 S U B A L s I -9 5.
i . IS SERAN BN NI FRA N SR - . £ oy 5 O -
i .,.n!..,.wL - ., - — Y e ——
! E ! . ' BT TER -
i . Q
i o 9 m .
~ .
0 =
-9

Horizon

ia

L3

s

. . e .
.- fON - N
. . e !
- N .
. cg e
. . . e o
g B
e e
B R
. iy B
. § -
N 3 2 SO
B '
. PO Ckoe -
. " . - {
; : i |
N ' . -
{ .- - [ Pae P .
i bo- : i
W Pl 1
X { P T T
e S VURPRRSVR. . - i + B b s |
r N N 1 H
t i ' - - oo
) N . Vo
+ - . .
N ; . e e e e
1
i " -
e e s AP e =t + iy e < e e 4 PO, - - " ;° - St - et e+ . s e+ s eperamannbe o < o vty + + e ey < ity S5+ <812 1w ot 1 ot




%. ! - - - e e el e e e e ke s pm— 4 SR
: | I S RO .
[ - H - - : - ,
T : ;;.:r.r:;“m*;; IS R I S o
. . 1. e 1)7»1::.4. . i
' B [ et = T \
! ; B . ¢ .
- HER -
2 K R
- - ' ’L .Aa‘\« H r s
-~ - - - M - olxi* 1\0!4;..? e - .- o : P
N . . . bo- .Ov-f‘.r‘.o - (' 14
; , b, DU SRR -
4 , _ R _ . L,.. v odem e .- [, ‘b h R -
+ T * - B
; s ST S TIRED SR - - - e !
. i B I R SRS s e g . o
- l P R ST C e e i L. i
. SRR S S . L . 0l e i
. A S e (>3- . :
— 2 : . ! ' ord o . H
‘ ER e T S 4 . - Co ; fe] s ;
. : ,i:lT N:#+.1., R - - -
... ' - . B [ w om
— . < 2 :
’ - - . . . . . [P - Fp—— Q [, - . .
. - .l ERNI o > ﬂ e .
e e e m e . e P 4
. . . . - s PR 00 3 . ;- .
. IR - _ - P e e d Y B g .- [ g .
S . DI B PN . < W ¢ -
- ; e e e e i e ia ST . . 5 [ .
— ) . o . : ——t
” ) : UREOIM SRR SRS SN0 S 0R > N
- - - - . B —— e - . - . n . e . N H - o . e g el
: - - P RN . S - - m FY e - - - e
P . - 1:.1?451!2 R - .- . - : -
. - % e et N S S $ .f.ini. Tlf.l_.. e . nn\w % . . B - v e
. . g - -l f-?«.tx..lx P R o . RREEE e b
; . 4 ll:xrvLJ.ml e . . m . PR
R e e em s - ey
. - P B Ll . A - - B B r . P
| R ,.mus.f. -
v . o1 NI S I
« . - 3 Yoo T
s s L e e Lo g . R ..
e “L:p.‘;”..,.r..zZ..,......E,....,.Hll-l‘fd. R . I RN S e mn]
. S S T . i . m - R
. o . e s R ) . Y N S b g o
- ! e . . epd .
s [RPTRR S S . Cp e e - . + . - N
SR > B L . L e
S i e Mw - ..;f.il.exw‘A 4 - . PO - . - =
e e e e I ey . - — - S i
SENDERS SERRS NS it RS DS SR A
) .- S A ) i . o
4 . : i -« - . .
- - - e " PR e e
{ 1
-~ an m . - - =i
X - T i - -
b e poore S
. S . .- . -4 o e |
. - “ A ) s . i M . - . - A
: R : . I . .,..._w

379 .

NO

FULUCENE DIETZIGEN SO




T R it ey —— " 7 v Y T -
t - - - M b e e A x,,.f». + { LA B .
N H P - B T 3 I S i - B . m
X N [ e . dode e e e ik B . . L.
“ i L L Pl ;
IR M e N - - et B s SRT ol SR 1IJ¥1:1!& R - L - - ..
o | H . R . * - .o . e SIS OO SO S S L,I..‘Q.;H SCOUDOS R S U AN - - . . - . .
. Q_J . . L . S DI REUE I S S N o
: i R PR . PO - e e g} J».vAJI ‘e : P PR h R o~
" S . - “ - _Hlf..u;hvll e - . .. % .. - . ‘ A s 19
IS e e .- .- P . .o
S ) R L,v — il . C H fow PO}
— . st ‘ * = 1 LT 3
2 R . e e q. R SO S SRR (U AL bt e b e U . g e
i : v . I i
- - - e - e et ¢ e e g PR S B I . .. e e e - - . . . b
: ;

e

e

&
T
Janza

SOOI S S e I . == TEE

0

TR R T T . R I - . - PP .
- e e s
&

'

e [ U SO SRS A -+ b

e -~ ~1I.tv..d P T v.,‘»y. .Z.y:.w.w ) "™ e

.. JSSURPRNUNIE Y SRR S

io
om:
n
1 .

VNP

i

+

i

1

ac

i 90
us

i [PURTRPUSTR S &

+

rojgh sea

TR SN

e .
T
& e eia
by
G 3
p - .
R :
O
F FR
NI
' oo e
N :‘3 [T
. "’7"?‘
Cadet d oL
. ‘» .o
RO .
Bd g oi TN
dth! surface |
ferate-sen-
40 .
P P

1

(i

» var

smd
RO

. . e e . .- O M-
. . . R .. PEPURS S S VRSP ;SO . . v e P - WOV .
) )%) [ .a: . R - P LD,
, . . - . T Dy o e g w e
. i . o~ . IR TE 2 HEY
) . - . . B TR © L N “ P
. i . U S - - Yy -
e e e Y . N S .0 4
. e - m. . .

< v
T7- W— . B .‘&.H..v\l &!‘4 ».1.9' FUNS RSO A ..NL.
e . - . Y ».117« -~ i [
RO SNTRED - NS~ 4!61,.& R S - J.Mvi.?fv‘u.»!d—x.\f‘ .
; L B~ 2 O bt ebge s ded s Lo
vl . y.illi«y. S kR s L beed
SR S W 1A U SNSRI S5 SN0 AU S S
RN FRETID= o N 4
- S m [ S

!.!qﬂlb, B B T [ SO N ‘h,
¥ -~y T
bt 'nxl.4i el
T T

empelr
i)

pe?atu

.60

INITN2

s e

-
3

b
i

.
i
4y
+

i

R R

. Angle. deg,
ness te
- ten

t

NIDTLFIG

ps

.-

L oo e wlfli - - S P

‘ON o

S

B

b

++

g
.,40;
énde

.fdcid

S e P

'

Ce Lo.!* B T T A

surfa

‘
'
s

Loea s \‘viml jn g b b g
AT%!?IYL«JI‘O B e et H..A

tica
true

.

e .lol;..f‘ .- ..1.4‘.1

S R

YL

re

i

BT
20

'
s
1
i

i

@t
i P -~ o
.. -1 P . . = .m
Ce s 17 : i : .
L T T EE = -} !'1.IAI.OK+.14L T T .v« .141.. - 5 - - .- . 1t oy ey
R UGS S e i s bt - R . B e e B
.- . - i- — S .- H .. S . -
Lo - . - . R ,u . .rrq@"
T T 1 H .
i O PR . .L L it L M“ N N B T L R
- e e e . - ﬂlln1!1li - o - . Lo i . e
e S O S ﬁl.\wy# [ NREIE . S, RUURVONE SV R e S
4 by ERECEN 3 v« bt 19 s e e eed + B et A!,QilJlu.»lL..it B S e - _TJ B L E TS S
. - e i - nt s Ehatiat R o
L : T 1T eanyeretugy "I T
. 4 - P : PN TS R
. P S - . RO - . e e ek
L . A — B - .- . e e a el
[ e b
- T
b g et e — o s . . . . . R S a i emmaend e
. Aeee e . e v - - o . PR, -t
. . B T T S - - - - e - - e PREp—
ot S SOPUR
e e e T - - R s

e e e e i e te.J...f.v;Jr..Li;Ll.Llr e e e e e e

e Tt T T .T..xxw o L:q.).-. S N B
I, - hrmioonr R rH )




s Srom—

ST LIl
I R
S ) SRS DR SR
. R v o -
.- R~
< a - A
o
! P -
IR - ]
fom - -
T N T M =
«w J— AAO‘I.OA' PR A
- . BN ST .
P . ,m.l-».;.&Jﬂ,nnw.”.i,,‘.,:”‘+ R

/31/50;

Time (2 sec i}mtervals)

- T
-4
PRI P _

20

46,

i
)
i
i
]

20/37/50

s temperatures for Flt
/00 to 1u8/

j

Lo O - RS ;
. - — N, PO
- g2 - £ N i

o__*% Y T
e [ R oo
v Tt 0 T '

—— N R S FOR 0~ 1
i 1” P . .

i BE - LR

. N - R T
. SN S . =
- Co e o
H R e e O O o - -

™~ . - B
o e~ &=
' : o
DR -~ L]
t ‘ o o0 -
Ca e . N e
i _ L . 3
Sov e ,;1..;lyvz, DS R L Jtaaetl e 't -4
S e L T ranes , -
.4 : Vw R I it It SR SRR o - . - =
- E_— [ B eiolioJ.x\t»ialJlr g ed e ; [P S, — - RV - - - - -
b Eee b ?o%é«ﬁ&%ﬁ&&;wm@ﬁ#& L.. - ﬂ‘oﬁﬂnﬂ%ﬁo& hwuﬁu.ﬂw.m.u : B R h
e SO S R Garnin e R e . S S
R uﬁﬂﬂwwwmn%u”- SERRRTS R SRR s e Y S | L
L A bl el , s LU SRR S : -
j . . 1

e S te ST EEDERASEN & N | S , ,

- - - _ B R S ] 4} . - - ~ * - - )
. S SR ; H . i

o P R LRk o - - - .o VP S |
NSO SO - PRV SO USRI . !

td T e

N T

TLCEM T 0

[FIEA

Vg



-11-

Oh

e3ewy JeTos wouaj Aeme BuTuuRds 00/02/00/0GT SWTL

USNE} UBed) OTFTORJ YIJON oYl Jea0 suanjeasdusy sseuryStaq o suess om]

o€

06

.Hm QHUQ
0z o1
[~
N 00T
I .., .s /\ ’ , . \sJ Jp—
J.,,.. w :
\ 1)
/ :
\ , ; 0Tt
i ‘
/// . Ao
A > \/ q
/ / avs /\ \ / Noet L
. e ! i
- . /\
~ @
/ 0eT
/
ohT

(Z) 9Aaand (7)

e3euy JeTOS OJUT SUTUURDS #0/9Z/00/0ST BWIL (T) @AINO (T)
jaede sajnutw xJs
8 214



Tza Surfzce Renort

1. Progress of the Study of the Influence of Rain on Sea Surface
Temmerature and Salinity.

During the past six months the main emphasis has been on experi-
mental work. In the Third Annual Report on this contract (Buettner et
al.1967) the experimental set-up is described.

The salt water tank was placed out-of-doors during natural
rainfall on several occasions, and the temperature and salinity profiles
before, during and after the rain were observed. The details of the
experiments will be given in a final report soon to appear, but a few
generalizations can be made here. The frequency of large drops, which
can be correlated with the rain rate, (See for instance Best (1950)
or Blanchard (1953).) determines the depth to which the change in
temperature and salinity will be observable. Laboratory experiments
with monodisperse drop size distributions have also brought out that
the larger drops are much more effective in producing mixing. This is con-
sistent with the observations that a rain consisting of small drops
produces the larger change in surface values for the same rain rate.*

The experiments also show that the rain produced stability has
pronounced effects on the heat and mass transport near the surface.
Before the rain any surface cooling leads to convection and the tempera-
ture of the tank remains uniform throughout, except for a cool surface
film, observable with the Barnes radiometer. After a rainfall the
stable layer acts as a protective 1lid against mixing. There is now
a deep layer in which all transfer of heat or mass is molecular. The
surface layer can be cooling as well as warming without convection
taking place, because the salinity gradient is much more than the tempera-
ture gradient, which determines the vertical gradient of density; since

molecular transfer of heat is much larger than that of salt the tempera-

hours, while the salinity gradient remains almost unchanged for

days after the rain has stopped. The salinity gradient is slowly

% .
Figure 9 demonstrates these observations.
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than by salt-water diffusion.

-1 .er Teflectivity in the Visible as a Function of Temperature

and Salinity.

In the Third Annual Report we discussed a very intriguing rho*~-
grammetric picture obtained with three visible and one near infrared
filter, which supposedly displayed a difference between a salt water
and a recently rained on area. The effect of dilution on reflectivity
has since been calculated with the use of data on the refractive index
of seawater of various salinities given for A - 587.6 i by Defant (1961),
and the Fresnel formula. The formula is greatly simplified by the fact
that the index of absorption is negligibly small here, and reduces to
the following form:
a2 + sin2¢ tan2¢

R = a2 - 2a cosp + cos2¢ =

a2 + 2a cosd + cos2¢ a2 + 2asin¢ tand + sin2¢c032¢

where n is index of refraction, ¢ angle of incidence and a is defined
through

a2 = n2 - sin2¢

Data on ( n - n, ) by Lubben (1913) given in Timmermans Tables

(1956 - 1960), where n is the refractive index of a salt solution and
nois that of pure water, show this quantity to be almost constant through-
out the visible spectrum. Therefore our calculation should apply at

least for the three filter reglons in the visible. It is not known to
the author, if there may be any drastic changes in the progression of

the indices of refraction and absorption, when we enter the near infra-
red. Table I gives values of reflectivity for selected incidence

angles and for several combinations of temperature and salinity. We

see that the effect of salt concentration and temperature is exceedingly

small, but increases somewhat with angle. Yost and Wenderoth claim



that their color-addition technique is capable of differentiating

Y ,500,000 color differences, as compaiad to 203 sl L
the more conventional black and white photogrammetric methods. Their
article does not describe any details of the particular rain shower
t...7 tueelr photogrammetric picture detected. 1t would be of great in-
terest to know the duration and intensity of the shower, and the time
elapsed between the end of the rain and the time of the photograph.
If the small change in reflectivity between say a 35 parts per thousand,
20°C saltwater surface and a 20 parts per thousand, 10 °C rain area,
is really observable, their technique would be most powerful, and should
have many applications in oceanography and meteorology.

There may, however, have been contributing circumstances here.
The heavy rains of hurricane Inez, with which this rainfall was connected,
may have produced runoff through storm sewers, which could be turbid
water. Accompanying the rain may be other surface effects such as a
temporary destruction of the naturally occuring thin oil film, and also,
a difference in slope distribution of the sea surface, because of the
impinging rain drops. There may remain a difference in the subsurface
turbulence due to the stabilizing density stratification in the rain
area, which may also affect the surface patterns. The effect on the
reflective properties of the surface due to these possibilities has

not been assessed.

3. A Proposal for Future Work.

As a follow up of the rain study, but with a broader view, it is
proposed that the investigation of sea surface temperatures be contin-
ued by employing satellite radiometer data of the highest resolution
available.

The effects on sea surface temperature of a passing hurricane
have been reported from observations at coastal stations and a weather
ship (Hazelworth, 1968), and by radiometric measurements from aircraft,
(McFadden, 1968). The temperature change is in the order of 3 °C, and
it takes 10 - 13 days for the surface temperature to return to normal.
This local anomaly in the sea surface temperature should be observable

in the more accurate satellite data. It is caused by a combination of
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advection, upwelling, evaporation and rain cooling, and sensible and
radiative heat losses at the surface. By use of satellite data the

sea surface temperature could be related to the intensity and horizontal
extension of the storm, the storm track, etc.

It may be possible with theITOS HRIR (High Resolution Infrared
Radiometer), but more likely by the VHRR (.yery High Resolution Radiometer)
described by Bandeen (1968), to observe the effects on sea surface tem-
perature from the occurence of a thunderstorm over an area such as
the Gulf of Mexico. T.V. camera pictures, or photometric measurements
in the visible, such as the visible channel of the MRIR (Medium Reso-
lution Infrared Radiometer) collects, should be uscd togsether with the
infrared radiation data. Preferably the visible and infrared data
should be synchronous and geographically aligned, in order that low
clouds and fog can be separated from warm ocean areas.

Since our group is not large, and this project would largely be
the effort of one individual, it is proposed that detailed study be
made of a few, well chosen cases only, but with as much supporting in-

formation as possible on meteorological and oceanographic conditions.
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Infrared Emissivity Experiment

The results of measurements of a few sands and soils as shown in
the Third Annual Report of this contract show a considerable decrease
in 8 - 14 micron average emissivity at large viewing angles. The
values are down 5 to 7 per cent at a 60 degree angle from the normal
to the target surface. Subsequent data on solid and granulated minerals
show the same effect. In order to determine if the angular dependence
is truly that strong it was necessary to reconsider possible systematic
errors.

An extensive check on the uniformity of temperature across the
specimen surface was carried out by monitoring the temperature at
various points with tiny thermocouples. Lead wires were laid across
the top of the target material and up through the material, and in both
cases no deviations in temperature from the value at the center were
found greater than 0.25°C.

The field of view (FOV) of PRT-5 Barnes Infrared Thermometer is
advertised as being '2° nominal". The design of the experiment al-
lowed for twice that FOV, so that even at a viewing angle of 60° the
target surface exceeded the viewable area. But recently it was nec-
essary to undertake a measurement of the FOV for short object dis-
tances to see if the instrument was actually "seeing" outside the
target area.

The infrared thermometer was set up to view normally through a
hole in a blackened board to a plate painted black about 26 cm from
the outer optical element. The center of the area being viewed was
determined by positioning a flat circular aluminum mirror about 1.5 cm.
in diameter on the black plate until a maximum output was acquired.
This meant that infrared radiation from the 55°C detector cavity reflect-
was a maximum; therefore the mirror was centered
on the optical axis.

A hot black bead connected by a polished copper wire to a solder-
ing iron was probed radially inward just above the background plane.

It was verified that the image viewed by the PRT-5 is circular because

points of equal signal enhancement for a constant background temperature
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formed a circle.

The hot bead 4.0 mm in diameter was passed across the field of
the PRT-5 and the positions noted using marks scaled off on the black
plate. Fig. 10 shows the increase in radiance N versus the distance
from the center divided by the increase for the bead at the center,

p = 0. The angle = is zero at the point directly under the edge of
the aperture, which is 0.50 cm. in radius, and is equal to half the
FOV as defined by marketing firms. It can be seen that the half-
power point is at about « = 1.2° or an FOV of 2.4°, but the infrared
thermometer actually views as far out as 8° on each side of center.

In fig. 11 the relative enhancement of radiance due to a ring of
width equal to the bead width and of mean radius p is plotted.

The values of fig. 10 were multiplied by the ratio of ring area to
bead area, which is 4 p/a, where a is the bead radius. At p = 0,
however, the proper ratio is 1ra2/11a2 = 1.

It can be concluded that for viewing a flat surface close to the
PRT-5 the ring of maximum signal is about 0.5 degrees outside the pro-
jection of the instrument®s aperture and the half power points is at
about 3.5 degrees. A crude integration of the curve for fig. 11 reveals
that half of the radiant power hitting the detector cell comes from
« greater than 1.9 degrees.

If the optical system of the PRT-5 is similar to an earlier model
of Barnes instrument we have at the University of Washington, the
PRT-4, it consists of a positive meniscus objective and a hyperim-
posed thermistor bolometer separated by three baffles and a filter, all
in a temperature controlled cavity. The presence of the lenseg means
that this measurement of field of view at short object distances is
probably not applicable to large object distances. The shape of plots
like fig. 10 and fig. 11 would probably be different for a distant
field.

A correction for this larger-than-expected field of view can be
made from the results of this measurement in analyzing the existing
emissivity data. Future angular measurements will be taken concurrently
with angular views of a relatively good blackbody in the plane of the

specimen surface.
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Because of space limitation inside the cold box the inside refer-
ence blackbody is a thin, flat, aluminum plate painted with Parson's
Optical Black laquer. The infrared emissivity of this paint was ad-
vertised as .98 based on the same value obtained by MacDowall (see
annals of IGY v. 5) of the total emissivity for Parson's Black at
25°C. Ramsey (1964) reported that this paint applied to an aluminum
substrate had an average specular reflectance, measured at a 30° angle
of incidence, less than 0.5% for the wave length range 2.5 - 4.0u. An-
other very black paint according to this report was 3M Velvet Black
Paint.

Conaway and Van Bavel (1966) obtained a value of .98 within 1.5%
for Parson's Black sprayed over Parson's Primer. Values used by our
research group, based on emissivity box measurements are .985 and .988.

I have measured the emissivity of Parson's Black paint by the
method used by Conaway and Van Bavel (1966, 1967). The surface tempera-
ture of an aluminum plate painted with the primer and outer coating was
varied over a range of about 10°C centered on a value of 26.9°C, and
the vertical radiance was carefully recorded. The target was enclosed
in the insulated, temperature controlled assembly inside the cold box,
which was kep at approximately -70°C. The Parson's paint surface was
intermittently exposed to view by the Barnes PRT-5 when its tempera-
ture was determined by thermocouples and known to be steady in time.

The temperature of the enviornment of the surface under scrutiny
was kept constant, so that any change in the radiance as seen by
the infrared thermometer was due to the term EB(T), where € is the
emissivity averaged over wave length and temperature and B(T) is the
blackbody radiance integrated over the filter response of the infrared
thermometer. The average emissivity is then a slope of the plot of ef-
fective blackbody radiance N for the temperatures given by the IR
thermometer (carefully calibrated with a blackbody cavity of high quali-
ty) versus the effective blackbody radiance for the temperatures given
by the thermocouples. The results are shown in fig. 12 and the value
for ¢ was .982-t" ,008.

Two copper-constantan thermocouples were mounted on the painted

surface, having Teflon insulated wires painted with Parson's paint.
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One was situated near the center and one near the edge to check for
lateral nonuniformity in temperature. The centrally located thermo-
couple, 0.025 mm. in thickness, was mounted within 0.1 mm. of the sur-
face with its tip apparently touching the paint.

A 1 mm. diameter hole was drilled from the center of the unpainted
side of the aluminum plate almost through to the other side, leaving a
microscopic opening in the painted surface. A thermocouple bead about
0.025 cm in size was then threaded into the hole and fitted into the
hole's conical tip. The bead had been previously coated with Parson's
primer. The surface to be measured was then given a fresh coat of the
Optical Black laquer. This left the lower thermocouple in good thermal
contact with the paint and with the topmost layer of the aluminum
substrate.

When the upper and lower thermocouples were at the same tempera-
ture, vertical gradients in the paint were eliminated and measurements
were taken.

Due to the shortage of supply of Parson's paint, I was forced to
apply it by fine, soft brush rather than by spraying. Some coatings
have yielded lower values of €, but the high value can be obtained by

brushing if the paint is adequately stirred or shaken.
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