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ABSTRACT

A Barnes PRT-4 portable radiometer with a spectral response in the 8-14 ¢ range wasused to determine the
equivalent blackbody temperature of 1) the slope of Mt. Fuji, 2) Sagami Bay, and 3) the city of Tokyo. A
twin-engine aircraft was used to fly over these areas at various altitudes up to 12,000 ft. Through mapping
the slope temperatures of Mt. Fuji, it was learned that the rocky slope heats up under the morning sun very
rapidly to 32C almost irrespective of the elevation. The distribution of measured temperatures explains the
reasons for the rapid growth of cumulus clouds along the east slope in the early morning hours. The nadir
angle and the height dependence of equivalent blackbody temperatures measured over Tokyo and Sagami
Bay were examined. The measured temperatures were compared with those computed from the radiative
transfer equation. Tt was found that the values over Tokyo are reproduced fairly well by the addition of a
graybody smog filling the layers up to 910 mb. To express the effects of atmospheric radiation upon the re-
duction of the radiant emittance from the surface, a damping factor was introduced. The factor which
designates the reduction of the amplitude of the surface temperature when measured from aircraft or satel-
lites must be known to an accuracy of about 10% in order to estimate the true temperature variation or
gradient from measured equivalent blackbody temperatures. Further investigation of the temperature

damping is nects ary to determine accurately the radiometric sea-surface temperature.

1. Introduction

As a result zf the latest development in infrared
radiometers which can be operated on hcard an aircraft
or a satellite, their applications to meteorology are
increasing rapidly. Combs et al. {1965) made aerial
measurements of ground and cloud temperatures by
using Barnes R-4D1 industrial radiometers with a
spectral response extending from 8 to beyond 32 u and
a model 14-310 radiometer with 8-13 u spectral re-
sponse. Their study showed that the emissivity of
various types of soil exceeds 0.96 except for beach sand,
making it possible to assume blackbody radiation
at the surface for most practical purposes. The equiva-
lent blackbody temperatures measured from an aircraft
flying over Arizona showed a significant contribution
from the atmosphere located beneath the flight level. An
18.5C reduction of the desert temperaturce was obtained
when measured from 10,500 {t and the reduction was
only 4.6C when the radiometer was nointed toward the
adjacent irrigated field. The atmospher. ver the desert
and the adjacent field may be regarded identical in

! The research reported in this paper has been sponsored by
ESSA (MSL) under Grant Cwh WBG-34 and NASA under Grant
NsG 333. The portion of the research performed in Japan was
sugported by US-Japan cooperative science program under Grants
NSF GF-255 and JSPS GEO-19.

terms of vertical distribution of temperature and
moisture. In other words, the temperature difference of
26.2C between the desert (60.2C) and the field (34.0C)
was reduced to only 12.3C when measured from the
10,500-it level. '

Effects of atmospheric radiation in airborne measure-
ments of surface temperature were estimated by
Lenschow and Dutton (1964). Since their main concern
was to measure surface temperatures from a low-flying
airplane equipped with a radiometer of a 20° field of
view, the measured radiation was separated into the
energy from the ground and that from the atmosphere
assumed to be of a uniform temperature. Then they
obtained an equation for computing the surface tem-
perature from the measured temperature, air tempera-
ture, and a parameter indicating the ratio of the
increments in measured and air temperatures. Recent
measurements by Kuhn and McFadden (1967) revealed
the importance of atmospheric radiation in deter-
mining surface temperatures by airborne radiometers.

Despite the fact that the atmosphere beneath the
flight level attenuates the outgoing radiation from the
underlying surface while reradiating at its temperature,
resulting sometimes in a significant difference between
measured and actual temperatures, a window-channel
radiometer can be used for indirect measurements of
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F16. 1. Surface chart showing the distribution of clouds and visibility at 0900 JST 28 July
1967, the day of radiation measurements over Mt. Fuji, Sagami Bay and Tokyo.

ground- or water-surface temperature from the air.
Aerial measurements of the sea surface by Lorenz
(1966, 1967), for example, demonstrated the capability
of detecting warm and cold spots as well as the thermal
gradients on the sea surface.

Our radiation measurements over the Mt. Fuji and
Tokyo areas were carried out by using a Barnes PRT-4
radiometer in an attempt to obtain the surface tempera-
ture of the city, the mountain, and a bay between them.
Shown in Fig. 1 are the isolines of visibility contoured
at 10-km intervals and the locations of Mt. Fuji, A;
Sagami Bay, B; Tokyo, C; and the upper-air station at
Tateno, D. The radiometric measurements were made
from a twin-engine aircraft based at Haneda Inter-
national Airport southwest of Tokyo. Five flights were
made between 0400 and 1800 28 July 1967.

2. Spatial and spectral responses of PRT-4 radi-
ometer

The Barnes PRT-4 is a portable radiometer with its
output either read from an indicator dial or recorded
with an Esterline Angus recorder. We took advantage
of both capabilities so that any change in measured
temperature could be noticed immediately while obtain-
ing a continuous record for later data reduction and
analyses.

The ficld of view at the half-power point is 2°,
equivalent to the radiant emittance which would be
received from a circular area 35 m in diameter when
viewed straight down from 1000 m above the ground.

The full-power field of view naturally extends much
beyond the circle. Nevertheless, the hand-held operation
permitted us to measure the radiation from relatively
small areas such as bridges on rivers, playgrounds,
railroad yards, etc.

The spectral response of the radiometer extends
between 7.4 and 16.0 4 with an insignificant response
near 19 u. Presented in Fig. 2 is the distribution of the
spectral response ¢, excluding that around 19 u. The
spectral radiant emittance of a blackbody, B(A\,T)
[W m™2 7] was computed at 10C intervals between
—20 and 50C to determine the spectral radiant emit-
tance W(A\,T) filtered by the radiometer’s optical sys-
tem. Fig. 2 shows that the wavelength giving rise to
the maximum contribution shifts from 9.5 toward 12 p
as the blackbody temperature decreases to —20C.

The effective radiant emittance as defined by NASA
(1961) was then computed from

= f " BOT)ndN M

which denotes that portion of blackbody radiant
emittance which would be detected by a sensor with a
spectral response ¢, when the field of view is completely
filled with a unique temperature radiator. It should be
noted that no atmospheric absorption is assumed to
exist between the sensor and the blackbody radiator
when W is computed as a function of temperature using
Eq. (1). The results of such computations for the
radiometer are shown in Fig. 3.
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Fic. 2. The Planckian radiant emittance B(A,T) between —20 and 50C and the spectral radiant
emittance W (A, T) over the same temperature range, obtained by multiplying by the spectral response
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FiG. 3. The effective radiant emittance W of a Barnes PRT-4 radiometer. At about 40C the
chopper temperature of the unit used in this experiment was so low that the output reading in
mV showed a reversed response when the radiometer was calibrated on the ground by pointing
it toward hot objects heated by the sun.

803



804

JOURNAIL OF APPLIED METEOROLOGY

VOLUME 7

SKM ) e
O?Sj i LAKE
Ll YAMANAKA]
E) A
[y _
A
ﬂ
&
o)
79
~ 35920 59°F ' 35°20 N
=
A
5
138°45E
i

Fic. 4. Four scan lines on the slope of Mt. Tuji, a 3776-m (12,886 ft) volcano. These scans
were made on 28 July 1967 from an aircraft at 12,000 {t while circling the peak keeping a radius
of about 13 km. The stippled areas are the ground with loose rocks and sand mostly free from

trees.

The radiation transfer equation as discussed by
Greenfield and Kellogg (1960) can be written as

W=/[mB()\,T)drd)\—l—’/‘esn;\d»\B(?\,T.)d}\, (2)

where r denotes the transmissivity of the atmosphere
from the sensor to any level, and =, the transmissivity
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Fic. 5. Examples of recorded traces obtained on 28 July 1967
from the east slope (upper) and the west slope scanning, About
2 min were spent in completing a V-shaped scan. Horizontal lines
represent the equivalent blackbody temperatures without correc-
tions due to water vapor absorption.

to the background radiator with temperature T, and
emissivity e, of the emitting surface. The first integral
represents the contribution of the atmosphere and the
second, that of the background. Although we may
assume that e,=1, the measured effective radiant
emittance expressed by Eq. (2) is not a unique function
of T, due to the influence of the atmosphere which
would change the first integral as well as 7, in the second
integral.

In accordance with the NASA definition we use the
term equivalent blackbody temperature T'pp to desig-
nate the temperature obtained by equating Eqs. (1)
and (2). Thus, we obtain Tpy simply by converting
measured effective radiant emittance into the corre-
spending temperature by using the curve in Fig. 3 or

Eq. (1),

3. Slope temperature of Mt. Fuji heated by the
early morning sun

A circular flight at 12,000 ft around Mt. Fuji was
made shortly aiter sunrise on 28 July 1967. A hand-held
radiometer scanned along four separate scan lines
shown in Fig. 4. Each scan was completed in about
2 min leaving an inverted V-shaped scan line. The
topography of the mountain up to its height of 3776 m
is shown with contour lines drawn for every 500 m. The
areas of rocks and sand distribute asymmetrically down
from the inactive crater at the top.

The recorded traces along two scan lines indicated by
the letters A through E and I through N are reproduced
in Fig. 5. The circled letters in Figs. 4 and § correspond
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to each other. The traces show that the equivalent
blackbody temperature decreased from A to C as the
scan spot moved upward along the western slope which
was still in the shadow of the mountain. The rise in
temperature from C to E took place almost sym-
metrically to the scan-up trace.

Of particular interest is the temperature trace
obtained while scanning along the eastern slope which
had been in the sun since 0446 JST, the sunrise time.
As expected, the equivalent blackbody temperature
dropped a few degrees while the scan spot advanced
from F to G. Upon reaching a small area of rocks at H
the temperature jumped by 13C then plunged down
while crossing a narrow grassland separating the small
rocky area from the main area of rocks and sand. From
J to M, the temperature went up and down keeping a
mean value of about 30C regardless of the elevation
of the slope.

The distribution of the equivalent blackbody tem-
perature on the mountain slope is presented in Fig. 6
which also includes the direction and the elevation
angles of the sun between sunrise and the time of the
radiometric measurement. It will be found that the
temperature decreases with height over the slope
regardless of the sunlit and the shadow sides, except
over the rocky and sandy slope illuminated by the
morning sun. There are two hot spots on the east slope.
The one near the mountain top was probably due to
the lesser atmospheric absorption of shortwave radia-

BARALT AND K. TSUCHIYA

805

tion and to the large angle between the slope and the
incoming ray. The other at a lower elevation would be
due to the lapse rate of the ambient atmosphere which
resulted in a higher mean temperature during the night.

Two days earlier, on 26 July 1967, a series of near-
infrared pictures was taken looking south from Funatsu
Weather Station. The meteorological conditions around
the mountain were almost a carbon copy of those on the
day of our experiment. The pictures in Fig. 7 show that
the cumulus clouds on the east slope became thicker
and thicker between 0845 and 0917 JST when the
elevation angle of the sun increased from 47° to 53°.

It would be desirable to obtain detailed meteoro-
logical data along the eastern slope while airborne
measurements are being made. Even though no such
attempt was made at this time, it was learned that the
Japan Meteorological Agency (1958) had operated
several network stations along the slope. From these
data we selected 18 August 1952, a day when meteoro-
logical conditions were very similar to those of 28 July
1967, for making the time sections of clouds, winds,
surface, and air temperatures shown in Fig. 8. The
locations of the stations numbered 1 through 5 appear
in Fig. 4. All stations are approximately in line with
the 110° azimuth from the highest station at 3775 m on
the southwest rim of the crater. As seen in Fig. 8, the
lowest station at 468 m was covered with stratus cloud
during most of the night hours. Only scattered to
broken cumuli were reported following sunrise, Station 2

138°45°€
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I'i6. 6. Distribution of the equivalent blackbody temperature obtained by the PRT-4 radiometer
between 0743 and 0756 JST 28 July 1967. The distance from the aircraft to the scan spots varies between
5 and 15 km, resulting in a variation of the scan-spot size between about 150 and 500 m in diameter. The
azimuth and the elevation angle of the sun in the figure show that the east slope has been heated since

0500 JST. ;
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Fic. 7. Stages of the formation of cumulus clouds along the
east slope of Mt. Fuji. Pictures were taken from Funatsu Weather
Station on 26 July 1967, two days before the radiation measure-
ments (courtesy of Saburo Yamamoto and Yadoru Yuyama).

at 1300 m, located in a wooded area, showed a gradual
rise in the surface temperature. Due to the fact that
thé station was located just outside the rocks and sand
area, it was in the cumulus base continuously between
0900 and 1800 JST. Stations 3, 4 and 5 located in the
rocks and sand area showed a marked rise, as much as
30C, in the surface temperature. Cumulus formation
took place over stations 3 (2780 m) and 4 (3240 m),
suggesting that the patterns of cumulus along the slope
would have been just like those presented in Fig. 7.
It'is of interest to find that the rise in the air tem-
perature meastred inside the instrument shelter was
gradual, amounting to only a few degrees and showing
no response to the abrupt rise in the surface
ternperature,

Results of our radiometric measurements, infrared
photography from Funatsu station, and network station

roc:ky slope of Mt. Fuji is heated very rapidly by the
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early morning sun while the shady slope remains cool
during early morning hours. A significant heat source
along the east slope early in the morning stimulates the
cumulus formation, thus providing a natural laboratory
for studies of orographic convection involving solar
heating effects. It was found that the equivalent black-
body temperature measured from an aircraft is very
useful in learning the mode of heating and cooling of
the mountain slope with various radiative charac-
teristics ranging from those of a rocky and sandy slope to
wooded ground at low levels. :

' 4. Height and nadir-angle dependence of the equiv-

alent blackbody temperature measured over
land and water '

Two areas for aerial measurements of radiation were
selected in order to study the effects of the height and
the nadir angle in determining the equivalent blackbody
temperatures by means of indirect sensing from the air.
The first area selected was over Sagami Bay (Fig. 9)
with an approximate 26C sea-surface temperature. The
area was relatively smog-free with surface visibility in
excess of 20 km as shown in Fig. 1. The second area was
selected over the western part of Tokyo covered with
medium density smog reaching to 910 mb. A separate
thin layer of smog was seen at about the 900-mb level
(Fig. 10).

During the radiation measurements the aircraft flew
at a constant pressure altitude while the hand-held
radiometer was raised from a minimum nadir angle of
about 40° to a maximum of 100°. The observer’s hand
was placed momentarily in front of the radiometer when

the scan spot crossed the apparent horizon. The angular

velocity of the sensor was kept more or less constant
manually so that the nadir angle of view can be obtained
by dividing the recorded trace at uniform intervals.
During the measurement at each height between 500
and 10,000 ft, the sensor was raised upward to a 100°
nadir angle followed by a return to the minimum
nadir angle. -

The equivalent blackbody temperatures obtained
from altitudes of 1000, 2000, 4000, 6000, 8000 and 10,000
ft were plotted and contoured in Fig. 11. Both the
pressure and the pressure altitude of the aircraft appear

along the right and the left sides. The nadir angle

increases toward the right from 0 to 120°.

The contour lines drawn for the T'55 show that the
measured value increases to a maximum of more than
26C when the aircraft altitude increases to about 2000
ft, suggesting that the atmosphere below this level was
warmer than the sea surface. By extrapolating the
measured values down to the sea surface, the sea-surface
temperature was estimated to be slightly less than 25C,
After the completion of our radiometric measurements,
it was learned that the sea-surface temperature beneath

measurements.
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Fic. 8. Time cross sections of meteorologlcal parameters observed at five stations along the east slope of Mt. Fuji.
Tg denotes the ground temperature, 7' the air temperature measured inside the instrument shelter, ancl black
triangles, the times of sunset and sunrise.

If we know the temperature and humidity distribu- borne detector by using the radiative transfer equation, il
tion over the sea surface, it is feasible to compute the ’ il o
equivalent blackbody temperature as a function of NOT)= f BLT) i BT

Y i . T 4

pressure or pressure altitude and the nadir angle of s @)
view. Now we shall discuss the result of our computation
made by using a 7094 computer at the University of and the spectral response ¢, of the PRT-4 radiometer,

Chicago. we divided the spectral range between 7.4 and 16.0p
In computing the radiance N (A,T) reaching the air-

T

Fic. 10. The western part of Tokyo where radiation measure-
S 6. 9. The- Sagaml Bay area where the nadir angle and Lhe ments were made by changing both nadir angles and flight levels. 3
SFE T e;ght dependence of Trz were obtained.. Note that the east . The city was covered with a light to moderate smog. The air =

s e slope of Mt. Fuji is covered with scattered cumuli. above the smog top was very clean.
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Fic. 11. Patterns of 7' pp measured over Sagami Bay between
0811 and 0843 JST 28 July 1967. The sea-surface temperature is
extrapolated to be about 24.5C.

(see Fig. 2) into 43 parts each with 0.2 p intervals. Then
the transmissivity between the aircraft and a specific
layer, either above or below the aircraft, was computed
by dividing the atmosphere into 40 layers of 20 mb
each located between 1010 mb at sea level and 210 mb.

Then we computed the effective optical path #. given

by

secyp P
U=~ f g_dP ) (4)
g Jr. Po

where P, is the static pressure at the flight level,
Po=1000 mb, ¢ the mixing ratio and 5 the nadir angle
of view. Absorption by CO, was not included.?

For the window region between 8.1 and 12.9 u, we
used the approach of Wark ef al. (1962) in which the
transmissivity for a specific wavenumber or wavelength
is expressed as a function of %, only. Outside the window
region, we approximated the calculation by neglecting
the temperature effect so as to use Elsasser’s (1942)
generalized absorption coefficient,

7=f(u.L). (5)

Because the spectral radiance on both sides of the
window region will be reduced significantly by the
spectral response of the PRT-4, we used the 7 vs u.L
relationship at Po=1000, used by Wark et al. in their
computation.

Assuming the aircraft to be at the top of a layer for
the convenience of computation, spectral transmis-
sivities from the aircraft to either the bottom (when
looking down) or the top (when looking up) of all 40

2 Due to the fact that the spectral response extends to 16 u, the
absorption by CO. will affect the measured values to a certain
extent, However, the filtered energy within this absorption band
is no more than 10% of the total effective radiant emittance.

Estimates indicated that the error due to the CO. omission does
not exceed 1-2C in measured temperatures.
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layers were calculated. After changing Eq. (3) into
radiant emittance form,

1
W= f B(\T)dr+B(\ T, (©)

&

in order to obtain Tpp from Eq. (1), we write it in
the difference form

=g

Wy=3 BO\Ta)Ar.+B\T)r, (7)
n=1

for the looking-down case and

n=b

n=g+l

for the looking-up case. The layer number n=1 is
assigned to the bottom layer, #=a to the layer just
below the aircraft, and =23, the uppermost layer.

The effective radiant emittances for the looking-down
and the looking-up cases are written, respectively, as

W= 2 2 OB T)ATAN
m=1 n=l
+ 3 SBATIrAL,  (9)
m=1
and
m=e¢ n=b
W=3% X $:B(\nTx)A7ad), (10)
m=1 n=ae+1

where AA=0.2 u for this case. The effective radiant
emittances computed from Egs. (9) and (10) were
converted into equivalent blackbody temperatures from
Eq. (1) or Fig. 3.

A computed result appears in Fig. 12 in which Tzg
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T1c. 12. Computed patterns of Tpp. The sea-surface tempera-

ture of 26.0C and the air temperatures entered along the vertical- - - -

through n=90° were used as input data.
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was plotted and contoured at 5C intervals with heavy
lines and at 1C intervals with light lines. The input air
temperatures are seen along the vertical through the
90° nadir angle at which the radiometer measures the
temperature at the flight level, because secy in Eq. (4)
reaches infinity. The maximum temperature, 27.6C at
about 1000 ft above the 26.0C sea surface, resultsin an
increase in Tpp of a few tenths of a degree when the
aircraft altitude increases to about 1000 ft. Above this
altitude Tp5 decreases as the flight level increases.

Similar measurements were repeated over Tokyo on
28 July 1967. The city was covered with light to
moderate smog reaching to about 910 mb (Fig. 10).
A separate thin layer was seen at the 900-mb level
which was approximately the base of convective clouds.
A few pieces of very low stratus clouds were located at
about the 960-mb level. In our radiation measurements
none of these clouds were scanned to avoid undesirable
consequences. Measurements started at the 10,000-ft
pressure altitude where the air was clean with extremely
high visibility permitting us to see distant mountains
to the west and north. The measured equivalent black-
body temperature dropped sharply when the sensor axis
was raised beyond the apparent horizon. The first
indication of smog at the flight level was felt when the
aircraft descended from 4000 to 2000 ft. At the time of
the scan from the 2000-ft level it was noticed that Tzp
did not decrease as it did at the higher levels when the
radiometer was pointed a few degrees above the ap-
parent horizon. The response to the space background
was much slower when measured from the 1000-ft
altitude, the lowest flight altitude permitted over
Tokyo. The result of measurements over Tokyo appear
in Fig. 13 in which the smog-covered portions in the
diagram are stippled.

In view of the existence of smog over Tokyo, efforts
were made to compute equivalent blackbody tempera-
tures taking the influence of smog into consideration.
No satisfactory experimental data for such computa-
tions are available as far as Tokyo smog is concerned.
Unlike the case of Los Angeles smog, residents rarely
feel eye irritation in Tokyo although the smog reduces
the visibility, resulting sometimes in a dim sun even
at midday.

In our computation we assumed that the smog in
question is a graybody within the spectral range of the
PRT-4 radiometer. This assumption may not seem
valid because the largest size of aerosols in the atmo-
sphere is no larger than 10 u. In their computation of
visibility from the particle-size distribution, Pueschel
and Noll (1967) showed, however, that the concentra-
tion of large-size aerosols is one order of magnitude
larger in an urban atmosphere than in a maritime
atmosphere. Barret and Ben-Dov’s (1967) measure-
ments by lidar also indicated that the concentration
inside a plume reached 3 mg m=2 in a 200-ft thick layer,
showing that it was about two orders of magnitude

“larger than normal conditions. If Tokyo smog contains
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Fic. 13. Patterns of Tzp measured over Tokyo between
1115 and 1142 JST 28 July 1967. The levels of smog layers over
the city are stippled.

considerable numbers of particles in excess of 10-20 g,
our assumption of gray smog may not be too far
from realistic.

We make the further assumption that the trans-
missivity inside the smog decreases exponentially as

7= kA Pseen, (1 1 )

where 7" denotes the transmissivity in the direction of
nadir angle n and AP is the pressure difference at the
top and the bottom of the smog which attenuates the
radiant energy. Then we define the smog according to
its absorptivity ¢" when radiation penetrates vertically
through a 100-mb depth, i.e.,

(1—a)=7"=¢100% (12)

where k should be expressed in mb™ units. If we desig-
nate graybody smog as No. 1, 2, 3, - -+, 9, correspond-
ing, respectively, to absorptivities a"=0.1,0.2, 0.3, - - -,
0.9, the the corresponding values of % are 1.06, 2.23,
6.93, - -+, 16.09 in 10~ mb™ units. A blackbody smog
or No. 10 smog is therefore characterized by o"=1.0
or k=infinity.

In order to find out the influence of smog upon T'pp
measured from various altitudes, Tpp was computed
for the cases of no smog, and for smog Nos, 2, 5 and 8.
The results in Fig. 14 reveal that T 55 decreases rather
rapidly as the aircraft height inside the smog increases.
The rate of decrease, as expected, becomes pronounced
as the smog number increases. In the case of a black-
body smog, Tzp and the smog temperature should
coincide,

Of importance is the contribution to the radiation
from the ground upon the effective radiant emittance

measured at the various aircraft altitudes. We define
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Fic. 14. Decrease in T measured downward from various altitudes.s&‘:aled ir} mb (left).
The density of smog was changed from transparent to blackbody smog. Mixing ratio of surface
radiation M also decreases as the flight level increases. Note that the blackbody smog gives

M =0 at all altitudes.

the ratio

W (k)

where W, (kn) denotes the effective radiant emittance
of the surface reaching the airborne radiometer after
passing through the atmosphere including moisture and
smog, W the total effective radiant emittance, and

X 1000

0

" N, \[TokYo with smos o2
Computed Values

Fic. 15. The best fit patterns of T'pe over Tokyo obtained
by introducing a smog of 0.2 absorptivity when looking down
through a 100-mb atmosphere.

M (h,n) the ratio which may be called the “mixing ratio
of surface radiation.” It should be noted that the
surface temperature can be related uniquely to the
measured W only if M=1.

The right-side diagram in Fig. 14 shows the decrease
in the relative contribution of the ground as the height
and the smog number increases. Due to the radiation
from water vapor below the flight level, M decreases to
about 60% when measured from 700 mb without smog.
If smog behaves as a blackbody, M will be zero at all
altitudes, indicating that we are not able to determine
the radiative characteristics of the ground from aerial
measuremnents.

It would be difficult to obtain the radiative charac-
teristics of the smog over Tokyo when our radiation
measurements were made on 28 July 1967. However,
the pattern of T'sp in Fig. 13 may reveal the smog
conditions under discussion. An attempt was made,
therefore, to obtain a large number of computed Tzp
patterns by changing both the smog numbers and the
surface temperatures. A combination of 1 through 9
smog numbers and the surface temperatures 34 through
44C at 2C intervals was studied carefully, leading to
the conclusion that the surface temperature of 38C
combined with No. 2 smog («"=0.2) gives the closest
pattern to that of the measured one.

The best-fit pattern thus obtained is presented in
Fig. 15. The figure shows that the layer of smog No. 2
attenuates the radiation from the ground, resulting in
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a 4.6C reduction when measured vertically from the
smog top. The corresponding reduction without smog
is computed to be 3.0C. The lapse rate of T'zp above
the smog layer is relatively small, only about 0.6C
(1000 ft)1.

5. Damping factor and crossover temperature

Due to the fact that the effective radiant emittance
reaching a radiation sensor always includes the atmo-
spheric radiation, the equivalent blackbody tempera-
ture corresponding to the measured W differs from the
surface temperature. By computing a large number of
model atmospheres, Wark et al. (1962) showed a
statistical result that the satellite-measured Tzz from
the 8-13 u channel is almost always lower than the
surface temperature. Our results obtained from airborne
measurements also show a significant reduction in the
measured T'zp as the height increases, except near the
altitude of temperature inversion.

Since the difference between Typ and the surface
temperature is a result of the fractional contribution of
the atmospheric radiation to the total effective radiant
emittance, the atmosphere will also reduce the variation
in the surface temperature. In other words, the varia-
tion, both in time and space, in the surface temperature
measured through the atmosphere decreases as the
aircraft altitude increases.

T. FUJITA, G. BARALT AND K. TSUCHIYA 811

We shall now define the damping factor D as
D= Ty

AT,
where T denotes the measured value, T, the surface
temperature, and A their variation. The surface may
be the ground, the sea surface, etc., as long as it emits
as a blackbody.

In order to determine the damping factor over
Sagami Bay, the sea-surface temperature was changed
from 20 to 30C at 2C intervals while keeping the over-
laying atmosphere unchanged. In reality, however, the
low-level atmosphere would be modified due to air-sea
interaction. Nevertheless, such a condition could exist
where a uniform air mass stays over the sea surface
characterized by a tight temperature gradient or by
areas of local hot and cold spots. Fig. 16 shows the
variations of Tpx thus computed. The input air tem-
peratures and mixing ratios appear to the left at 20-mb
intervals. The figure reveals that the damping factor,
77% at 500 m, decreases to 51%, as the height increases
to beyond 5 km. From the satellite level, a damping
factor of 509, should be assumed in this case if this
instrument were to be used.

In view of such low values in the damping factor, it

. is necessary to correct the measured AT zp over a small

region in order to obtain the thermal gradient over the

2% 26 27 28 29 a0°C
a o ‘
s &
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i 13
140t
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_Fi16. 16. Change in T'gg of six targets measured from various altitudes up to 10 km. The
temperature and the mixing ratio of the atmosphere were kept unchanged while the target

temperatures were increased from 20 to 30C at

C intervals.
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Fi1c. 17. Decrease in the temperature damping factor D as a
function of the aircraft height above the radiating surface. The
values were computed at zero nadir angle. One case without
smog and three cases of varying smog over Tokyo indicate that
smog damps the surface temperature variations measured by an
airborne radiometer,

sea surface. This fact necessitates a large correction
unless an aircraft flies less than 100 ft above the surface
for which the damping factor would be about 90%.
For a high-level flight necessary to achieve a large-area
scan, we must know the thermal characteristics of the
atmosphere below the flight level so as to perform
required corrections afterward.

The damping factor over Tokyo was computed under
various smog conditions by increasing the aircraft
altitude up to 10 km. The result in Fig. 17 shows the
obvious effects of smog, which increase with the ab-
sorptivity o'. The damping factor of 0.64 applicable to
the case without smog is reduced to 0.28 for smog No. 5
and further to 0.11 for smog No. 8, suggesting that only
about 109, of the temperature variation at the surface
will be measured from the 10-km level when the city is
covered with a dense smog. Included also in the figure
is the damping factor over the bay and over Arizona
computed from the results by Combs ef al. (1965).
There are no simple ways of estimating the damping
factor as a function of the height and the nadir angle
unless the radiative transfer equation is solved numeri-
cally, taking into consideration the temperature and
the humidity distribution inside the atmosphere as well
as the temperature of the surface and smog conditions.
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In order to convert the equivalent blackbody tem-
perature Tz measured from an aircraft into a corre-
sponding surface temperature T, we rewrite Eq. (14) as

TBB_'TCO
D_

T'—Tco
or
Ty=T¢o+ (Tpp—Tco)D7, (15)
where T'co is a specific temperature satisfying the con-
dition that T.=Tgp=Tc¢o when measured from a
given aircraft height and nadir angle. The temperature
T¢o may be called the “crossover temperature.”

Fig. 18 was prepared for further explanation of the
crossover temperature. The figure shows that computed
values of Tpp for various surface temperatures mea-
sured through a specific atmosphere from %,= 3000 it
with a nadir angle of =0 increase with T,. The mode
of increase in Tpp is more or less linear, crossing the
straight line of T’ at a point indicated by a black circle
at which Tpp and T, are equal. The circle denotes the
crossover point of two lines and the temperature at the
circle is the crossover temperature. The tangent of the
Tpp line obviously represents the damping factor D
which can be measured on the diagram. Rigorously, of
course, the damping factor D as defined by Eq. (14) is
not necessarily a constant. This is reflected in the slight
curvature of the Tpp line in Fig. 18.

It is important to note that both T¢o and D under
given atmospheric and smog conditions are, respec-
tively, a function of both aircraft height %, and the
nadir angle of view #. Thus, the surface temperature
from Eq. (15) can be computed for given vertical
distributions of temperature, water vapor, and smog or
other assumed graybody matter after expressing T¢o
and D as functions of %, and ».

TOKYO, SMOG NO.2

Computed Vaolues
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pilia soga b g pllens o [aes oo T.
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F1c. 18. A diagram for computing the crossover temperature
Tco and the damping factor D from computed values of Tzg.
Tokyo with smog No. 2 was used for the computation while
changing the surface temperature from 25 to 45C at 5C intervals.
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Fic. 19. Crossover temperatures and damping factors computed for a 45° nadir angle of
view from aircraft altitudes between 1000 and 8000 ft. These values were used in estimating
surface temperatures from equivalent blackbedy temperatures measured over Tokyo on 28

TJuly 1967.

6. Examples of temperature measurements over
the Tokyo area

About ten temperature measurement locations were
selected in an attempt to determine surface tempera-
tures. Due to the fact that the variation of surface
temperature is far more dramatic than that of air
temperature, we selected several scan spots inside each
predetermined location.

Although only three aircraft altitudes, 1000, 2000,
and 3000 ft, were used in our experiment, equivalent
blackbody temperatures were computed for altitudes at
1000 ft intervals up to 8000 ft. The nadir angle of view
was kept at 45° since this angle was found to be most
convenient in aiming a hand-held PRT-4 radiometer.
Shown in Fig. 19 are the crossover temperatures and
the damping factor for each altitude. It will be found
that the variations in Tz when measured from about
2500 ft should practically be doubled when converted
into T',. We are, of course, assuming that the atmo-
spheric stratification over the Tokyo area is uniform.
This assumption might not be true. As long as the
radiative property of the atmosphere is concerned,
however, expected irregularities are negligible in com-
parison with much greater variation in the radiant
emittance of surfaces radiating under the midsummer
sun.

Figs. 20 and 21 show six locations of Tpp measure-
ments and recorded traces scaled in both Tz5 and T,.

The latter was computed from Eq. (15) by using the
values of T¢p and D in Fig. 19.

Ginza Avenue was scanned from 1000 ft, first looking
west pointing toward the sides of buildings heated by
the morning sun, then looking east toward the sides
which had started to receive the afternoon sunlight.
Due partially to choppiness caused by a low-altitude
flight and also to the large structures on Ginza, no clear-
cut temperature patterns were obtained. It may be
stated, however, that the avenue in the shade shows a
cool 34C while some building tops are quite hot, say 44C.

At the Japan Meteorological Agency (JMA), tem-
peratures of asphalt and soil surfaces were measured at
1-br intervals during the flight which started shortly
before sunrise and ended in midafternoon. The varia-
tions in surface and air temperatures as well as those
of wind and clouds are presented in Fig. 22. At 1025
JST when measured surface and air temperatures were
about 41-45C and 31C, respectively, the shady side of
JMA was 37C (Tpp=34C) and the sunlit side, 42C
(T's8=236C). Then the radiometer was pointed toward
the Tmperial Moat with shallow water to obtain 32C
(Tsp=30C). These temperatures seem to be quite
reasonable when compared with the ground measure-
ments. It should be pointed out that the measured Tzp
are far from actual 7', thus necessitating proper correc-
tions in order to calculate T from Tpp obtained in-
directly from aircraft.

Meiji Shrine is surrounded by woods with trees 70~
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Fic. 20. Scan lmes and surface temperatures superimposed upon aerial pictures taken on 28 July 1967,
the day of radiation measurements. Pictures are Ginza Avenue looking east, Japan Meteorological
Agency and a portion of the Imperial Moats, Meiji Shrine surrounded by extensive woods, Sumida River
with Komagata and Azuma Bridges near Asa.kusa, Harumi Pier and Sumida River, and Enoshima beach.

7 130 years old. An arc-shaped scan with a short pause

when pointing toward the shrine building, made at 1330,
resulted in 33-37C tree-top temperatures. A 44C
temperature of the building, with copper roofs renewed
in 1958, seems to be several degrees lower than expected.
It is very likely that the half-power scan spot, an
ellipse of 100150 ft, was too large to be kept on the
roofs during a short measurement pause. Moreover, the
full-power scan spot is expected to be several times

When the scan spot moved out into a residential area
just outside the shrine, the estimated surface tem-

perature increased to 46C with a peak maximum reach-

ing 48C.

The Sumida River and several bridges were scanned
with a short pause at each bridge crossing. The scan
spot was placed in the river north of Azuma Bridge,
resulting in a 31C water temperature. Two 39C peaks
were recorded while crossing Azuma and Komagata
Bridges. The third bridge showed a 37C temperature
followed by a 30C water temperature. When the scan
spot was moved to the river bank, T, increased to 43C,

Harumi Pier with warehouses on the waterfront was
scanned from 3000 ft in such a manner that the scan
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F16. 21. Recorded traces obtained from six locations in the previous figure. The radiometer’s
field of view was obstructed by the observer’s hand when the scan spot was moved from one
object to the next. The teroperature scale to the left indicates 7'gg while the other one to the
right is the surface temperature T, computed from Eq. (10) and values of T'¢co and D in Fig. 19.

spot was moved alternately from the water to the land.
A temperature difference of about 12C was obtained.
The lowest water temperature of 26C appeared at the
time when the overwater scan started.

Enoshima Beach, crowded with people, was scanned
at 1500 JST, the hottest time of the day. The spot was
moved off-shore until the entire full-power scan spot
moved into the water with breaking waves, then it was
brought back to the sandy beach. Such a motion of the
scan spot resulted in an average 31C water tempera-
ture and 40C sand-beach temperature. We expected to
obtain much higher surface temperatures from the
beach where one would feel much higher temperatures
while walking barefoot.

These examples of surface temperatures estimated
from airborne measurements of Tz indicate that it is
feasible to determine surface temperature efficiently.

The estimated values show good agreement with those
measured on the ground and also with those expected
on a midsummer day.

7. Conclusions

The experimental results of airborne infrared mea-
surements over the slope of Mt. Fuji, Sagami Bay and
Tokyo revealed that a 8-13 i radiometer is capable of
measuring equivalent blackbody temperatures from
various surfaces radiating at different temperatures.
Due to atmospheric absorption and concurrent re-radia-
tion, however, the measured equivalent blackbody
temperatures are far from the temperatures of the
radiating surfaces which may be assumed to be black-
body radiators for most practical purposes.

Since the amount of temperature correction applied
to the equivalent blackbody temperature is a function
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F1c. 22, Change in the surface and the air temperature at the Japan Meteorological Agency
located near the northeast corner of the Imperial Palace. Note that surface temperatures
reached almost 50C while air temperatures measured in the instrument shelter were only up
to 32C. Shown at the top are types and amounts of clouds.

of the surface temperature to be estimated, it is neces-
sary to obtain two parameters introduced in this paper.
These are D, the damping factor, and T¢o, the cross-
over temperature. Using these parameters, we are
able to determine surface temperatures within an area
over which the radiative properties of the atmosphere
may be assumed uniform.

Measurement examples are given together with a
correction method which will increase the accuracy
of estimating the surface temperatures through indirect
sensing of the effective radiant emittance in the 8-13 p
region.

A mnext logical step in further verification of these
results is to apply them to problems such as the deter-
mination of sea-surface temperature from satellite and
airborne radiometers, mapping of hot and cold spots
over a vast heated plane, determination of water
pollution by mapping the midday surface temperatures,
etc. Tt will even be possible to determine the degree of
air pollution if we measure the equivalent blackbody
temperature of a surface of known temperature.

As a result of this study, it is recommended that
radiometers, with cleaner window regions, such as the
ones on board Nimbus satellites, be developed and
tested for use in airborne radiometric measurements.
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