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ABSTRACT

The infrared components of the surface radiation budget in a
mountain valley have been investigated theoretically. Calculations were
based on a set of winter and summer atmospheric soundings specifying
temperature and moisture content and for two valley models including a
linear valley model and a circularly symmetric valley model. Radiance
and irradiance calculations are compared with similar calculations for
flat terrain. Downward irradiances at the valley center were shown to
be higher than for flat terrain and were due to radiation from the val-
ley sidewalls. The largest effect was obtained for a dry winter atmos-
phere with the sidewalls warmer than the valley bottom. Downward
irradiance was increased by 167 over the flat terrain case and the net
irradiance at the valley center was decreased by 24% which would lead
to a decreased surface cooling.

Calculations were made for five spectral intervals including the
6.5 micron water band (4.4 -7.8n), the water vapor continuum or atmos-—
pheric window (7.8 - 13.4u), the 15 micron carbon dioxide band (13.4 -
16.3n), a small window (16.3 - 20.2u), and the rotational water bands
(20.2 - 48.8u). Only the two bands described as windows contribute
significantly to the changes in downward irradiance. The remaining
three spectral intervals are nearly opaque to transmission of radiation

from the valley sidewalls to the valley center.
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I. INTRODUCTION

Diurnal temperature and wind structure in mountainous terrain are
strongly affected by diabatic processes of radiation, conduction, and
evaporation. The radiative component is active at the surface and in
the free air. The radiative budget at the surface is especially impor-
tant, since surface temperature affects both conduction and evaporation.
Any attempt to predict or understand diurnal temperature changes close
to the ground demands.a specification of the energy exchanges at the
surface. Energy components Include infrared and solar irradiances,
conduction by the ground, conduction or convection by the atmosphere,
and evaporation at the surface. The work of the current effort is to
specify and bound the upward and downward infrared irradiances.

The specific objectives of this study are:

1. To conduct a theoretical study of the infrared

components of the surface radiation budget in
mountainous terrain. The components will be
considered for different atmospheric constituents
and topographic features.

2. To calculate the magnitude of the atmospheric

radiative cooling under winter conditions in a
mountain valley.

The method used to attain the first objective consisted of several
steps. First--upward and downward infrared irradiances were calculated
for flat terrain using an infrared radiative transfer computer program
that considers the atmosphere to consist of a number of plane parallel

layers of infinite extent. Each calculation requires an atmospheric



temperature, moisture, and CO2 concentration profile, as well as a
surface temperature. Calculations were made using average January and

July temperature soundings, a fixed CO, mixing ratio, and variable

2
moisture conditions to allow a determination of the limits of the
infrared energy components and their variability with moisture content
over flat terrain.

Second--once irradiance calculations were obtained for a horizon-
tally homogeneous atmosphere, the infrared irradiance fields for a
representative mountain valley were obtained for comparison. In this
way the magnitude of the effect of a mountain valley on irradiance
fields can be directly compared to a known standard (flat terrain) and
the conditions under which the effect is maximized can be obtained.

It is immediately apparent that the horizontal inhomogeneity (i.e.,
non-finite extent) of alr layers within a valley will require irradiances
to be calculated from first principles——~i.e., they must be calculated
from radiance fields. The choice of a symmetrically configured valley
greatly reduced the complexity of these calculations. Additionally,
irradiance calculations for a mountain valley differed in one important
aspect from those over flat terrain; they included a contribution from
an extra source--radiating sidewalls. In order to calculate the con-
tribution from this source it was necessary to specify the actual
temperature profile along the sidewalls and the transmissivity between
the sidewalls and the point where irradiances are desired. Such com-
putations of components to radiance fields naturally requiré a great
deal more computing time and data handling than are required in
irradiance calculations, but the results allow a determination of the

wavelength dependence and angular dependence of the radiation fields.



Third--combination of the contributions to downward irradiance at
the valley floor from the three components:

(1) the radiating sidewalls

(2) the air within the wvalley, and

(3) the air above the valley
then lead to a total downward irradiance at the valley floor. The
infrared energy balance at the surface was then constructed from the
component parts to determine downward, upward, and net infrared radia-
tion streams given si&ewalls with different radiating temperatures.

The second objective--that of determining the magnitude of atmos-
pheric radiative cooling under winter conditions in a mountain valley--
was accomplished qualitatively by calculating atmospheric cooling rates
over flat terrain and considering the effect of the addition of mountain

sidewalls in producing changes in surface net radiation.



IT. RADIATION BACKGROUND

Net radiation at the earth's surface, HN’ is the sum of four
components (SWH+ - SWH+ + LWHY - LWH+) where irradiance, H, is the
power per unit area denoted as up or down by arrows and preceded by
short wave, SW, or long wave, LW. A positive value for the sum results
in surface heating and a negative value in cooling. Irradiances used
to determine the net radiation are normally calculated using the theory
of radiative transfer with several approximations included. The intent
of the current study is to examine the long wave component, particularly
the downward long wave component, of the net radiation; consequently
the study must begin with the equation of radiative transfer.

Spectral radiance, Nv’ is the radiant energy in a specified wave
number interval (v, v+dv) which is transported across an element of
area (do) in directions confined to an element of solid angle (dw)

during a time period (dt). The energy increment dEv is given by
dE = N dvdodwdt (1)
v v

and the units of Nv are joules cm cmfzsr-lsec_l which is power per unit
wave number per unit area per unit solid angle. Thus radiance is a
field property of radiation describing the radiation in a narrow beam
in a specified direction. The defining equation for spectral radiance

(Goody, 1964) is illustrated in Fig. 1 and given by

"0
9T

N\)(S) = Jv(so)rv(s,so) - f JV(S') Ts\)— (s,s')ds' (2)

s'=0



where Jv is the source term, Tv is the transmittance, and s is distance

along the path of integration. For infrared long wave calculations in

S30

Fig. 1 Radiance in mountain valley.

which scattering and ground reflection are neglected the source ternm

becomes the Planck black body function which is only dependent on

temperature.
s'=g
© Brv
- -— e | ]
N (s) = Nv(To)Tv(s,so) N, (T) 3a7 (s,s")ds (3)
s'=0

The radiance arriving at the bottom of a valley as depicted in Fig. 1
is composed of two terms. The integral term accounts for the radiation
originating in the atmosphere between s = 0 and s = S, from the gases
002 and HZO' The second term is a boundary term which accounts for

the radiation emitted by the valley sidewall and transmitted to the
valley bottom. For a line of sight which does not intersect the side-

wall the boundary term is zero. Radiance calculations at a variety of

zenith angles reveal the quantity and origin of radiation reaching the

valley bottom.



The definition of spectral irradiance is given in terms of

H\) = —/;\Ivcose dw (&)

where © and w are zenith angle and solid angle. Solid angle is

radiance by

specified by
dw = sin6 de6 d¢ (5)

with ¢ being an azimuth angle. Spectral irradiance is then a result of

integrating spectral radiance over solid angle and is given by

s'=so
Brv
= -— . T 1
Hv Nv(To)Tv(s,so)cosedw Nv(T) Py (s,s8"')ds'dw (6)
s'=0

Total irradiance is obtained by integrating spectral irradiance over

wave number as

0

H= fH“dv . (7

o}

Calculations presented in following sections include spectral radiances,
spectral irradiance, and total irradiances which illustrate the changes

in the radiation field due to the valley topography.



IITI. RADIATION ON FLAT TERRAIN

As a first step in determining the effect of a mountain valley on
components of infrared net radiation, a set of mean January and July
atmospheric soundings were obtained and utilized in a radiative transfer
computer program that calculated irradiance fields over flat terrain.
Subsequently, using another radiative transfer program, longwave spectral
radiances were resolved from this irradiance field in order to investi-
gate the angular and spectral components. In this section we present
the results of an analyéis of the radiance and irradiance fields over
flat terrain; in subsequent sections these calculations will be used as
a standard against which we can determine the effect of introducing

valley topography into the radiation model.

A. Irradiance Field

First, irradiances were calculated for a horizontally homogeneous
atmosphere for 6 specified soundings obtained from averaged Grand
Junction, Colorado radiosonde data. The soundings included a mean
January and July sounding, a dry January and July sounding, and a
saturated January and July sounding. The soundings, consisting of
temperature and water vapor mixing ratio curves as a function of pres-
sure, are presented in Appendix A. Details of the computer program used to
calculate irradiances was described by Cox et al. (1976) and is summarized in
Appendix B. The results of the calculations are shown in Figs. 2-7,
including information on the longwave downward and upward fluxes, the
net longwave flux, and the atmospheric heating rate in degrees Celsius

per day. Computer printouts of the actual computer-generated data are

presented in Tables 1-6.
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Table 1.

NAVAID JAN GJT =35 INPUT DATA IRADLON 06702777
L Y TR Y Y Y Y Y Y Y Y Y T Yy Y Ry Ty Ty Yy Y Y R Y Y Y Y Y Y Y YT Py A R S Y YRR Y YA PO YIRS SRR Y PO YA LA A2 E RSS2 Z 222422 2]
PRE SSURE TEMPERATURE W H20 w N3 w Cng
MR NEG ¢ G/KG U6/6 G/KG
100,0 61,0 2001 =-0.000 Y.TY
2n00,0 «57,.4 «001 «0,000 YT
300.0 -47,2 »050 =0.000 <486
500,0 22,7 +330 0,000 486
700,0 =7.0 1.000 0,000 ARG
850,0 2,2 1.200 «0,000 . 486
LAYER
HEIGHT TEMPERATIIRE W H20 % 03 W coz U H20 PRESSURE HEATING L¥ uP Lw DOWN LW NET
MFTERS DEG C G/KG UG/G G/KG ATM CHM MB NEG C/DAY WATTS/M2 WATTS/M2 WATTS/M2
145R1,0 61,0 001 «0.000 486 0.000 100,0 ———— 223,8 0,0 223,.8
_ -2,20
12081,7 =59,2 001 0.000 486 «000 150,0 ——— 224,7 14,0 210,8
'-31
10241,7 «57.4 «001 0,000 «486 «000 200.0 ———— 226.0 17.1 20A8.9
-1'61 R
RA1S,6 -82.3 »025 0.000 486 2001 250,0 i 229,7 30,3 199,4
-.BO .
76?23.2 ~47,2 »050 0,000 486 £003 300,.0 mee 233,4 38,7 194,64
‘ -1.91 .
6589,.6 41,0 .120 0,000 LAA6 2012 350,0 ———- 241,5 58,2 183,3
-073
5669,6 -34,7 190 0.000 o486 2022 400,0 acoa 250,.0 71,0 174,9
.65
4836,5% -28,5 .260 0,000 L4686 .N32 4%0,0 -—— 258,5 83,4 175.1
-.89
4072.0 22,2 .330 0,000 486 041 500,0 m—— 266,0 96,2 169,8
1,86
1366,2 -18.4 497 0.000 W 4R6 £075 580,0 ———— 273,7 114,9 158.8
-l. 06
?712.1 -14,6 - 665 0.000 486 .109 600.0 ———— 281,5 129,0 152,5
.87
2101,4 -10,8 .R32 0,000 486 2143 6500 emee 289,1 141,8 1647,3
“1 005
1527,7 7.0 1.000 «0.000 486 177 TH0.0 me—ea 295,6 154.5 161.1
«1.39
988,0 8.4 1.067 0.0n00 .486 233 T50.0 ———— 299,5 166,.6 132,9
-1.04 X
4R0,0 1.8 1.133 0.000 486 «289 BOO LN ——— 303,1 176.4 126,7
-e39

0.0 -2.2 1,700 0,000 486 «346 850,0 ———— 305,9 185.0 120,9
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Table 2.

NAVAID JUAN GJUT AVG INPUT DATA IRADLON 06/02/77
.QOQQDGQDGQ.OQ.Q!Iii.lOICG“O!l.li.ll...l....ﬁ'....b..Q..Q....0.0QQQOQI.'OQOQQ..lQlGQ..QOOI.I.‘!G0.;;..!'0.'.0.’.'..'...QQQQQ..Q'.'
PRESSURE TEMPERATURE W H20 W 03 w €02
MB DEG € G/K6 uG/6 G/KG
100,0 =61.0 2001 =0,000 2486 )
200.0 87,4 2001 =0.000 486
300.0 -‘7.?. .050 -0.000 .‘Rﬁ
500,0 =-22,2 «600 0,000 Y.1
700,0 -Telt 1.700 0,000 486
850,0 2,2 2.400 0,000 < 4R6
LAYER
HEIGHT TEMPERATURE W H20 w 03 w Cn2 U H20 PRESSURE HEATING LW yP Lw DOWN Lw NET
METERS OEG C G/KG uG/6 G/KG ATM CM MR DEG C/DAY WATTS/M2 WATTS /M2 WATTS/M2
14582.9 -61,0 «001 -0,000 <486 0.000 100,0 ———— 218.8 0.0 218,8
. . . -?.?n
120%3,6 =59.2 .N0% 0.000 486 000 180,60 e 219,7 14,0 205,7
. -,32
10243,6 =57.4 «N01 =0.000 +486 - «00N 200,0 mm——— 220.9 17.1 203,8
. -1.63 . .
RB17,5 -52.3 «025 0.000 +486 o001 ?250,0 P, 224,5 30,3 194.1
-84
7625,.1 47,2 «050 =0,000 .486 «003 ann.n ceea 2271.,9 38,7 19,2
R . "2.53
6591 .4 41,0 .188 0,000 - 486 <019 50,0 - 236,6 62,5 174,2
. , -.83
5671.4 -34,7 2325 0.n00 +AB6 036 4n0,0 I 245,.7 716.5 169,.3
, =.70
4838.3 -28,5 «462 0.000 486 . 052 450,0 - 254.9 89,8 165,1
. . . '090
4073,6 -22,2 600 «0,000 486 <069 5n0,0 ———- 262,9 103,2 159.8
. =1.94
1367,7 -18.4 +875 0.000 Y11 .128 550,0 e 271.1 122.9 148,13
. ~1.09 . |
2713,4 =14,6 1.150 0,000 486 186 600,0 ———— 279,5 137.7 141.8
-,93
2102.5 -10,8 1.42% 0.000 Y1 « 245 650.0 - 287,7 151 .4 136,3
-l .1?
1528,5 -T.0 1.700 =0.000 +486 <304 TH0,.0 c—— 294,.7 165.0 129,.6
1,60
9R8,.6 5,4 1,933 0,000 + 486 +408 750.0 ———— 298,9 178,7 120,2
, , ) =1.12 .
4R0.4 =-3,8 2.167 0.000 486 <513 800,0 me-- 302.9 189,13 113.5
"1.?0

0.0 2,2 2,400 w0,000 +486 «617 8%0,0 e 305,9 199,5 106,4
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Table 3.

NAVATID UAN GJY SAT INPUT DATA 1RADLON 06702777
O...QnIOl.l!..'.....dt#ODQ..Q..QQ.....QOOI..QOQQ.QOQ.QQD!C.QQG’..QO........Q..lQQ..QQOQ..QQ..Q..QQ..Qa.......Q.Q...Ql.............
PRESSURE TEMPERATURE W H20 W 03 W Co2
MR NEG ¢ G/KG UG/6 G/KG
100,0 -61,0 +001 -0,000 YT
200,0 =57 .4 2001 «0,000 +486
300,06 47,2 .150 «0,000 486
500.0 -22.7 1.300 0,000 +486
700,0 -T.0 3,200 0,000 486
850,0 -2,? 3,700 «0,000 <486
LAYER
HE IGHY TEMPERATURE W H20 w 03 W co? U H20 PRESSURE HEATING LW yP Lw DOWN LW NET
METERS DEG C G/KG uG/6 G/KG ATM CM M8 DEG C/DAY WATTS/M2 WATTS/M2 WATTS/M2
14586,8 61,0 .001 =0,000 486 0,000 100,0 ———— 208, 4 0.0 208,4
=2.21 .
17057,4 -59,2 001 0.000 L4086 «000 150,0 coe- 209,2 14,0 195.3
. 3 -033 .
10247.4 ~57,.4 «001 =0,000 486 2000 200,0 cmme 210,.4 17,1 193.3
X "2.66 . .
8821.3 '52.3 n075 0.000 .‘86 .006 250.0 —oeoe 21‘.7 37.2 17705
. -.96 .
7628,9 -47,2 150 «0.,000 486 .008 300.0 cnsa 218.,8 47,0 171.8
-2.36 )
6595,1 -41,0 «437 0,000 486 . 045 350,0 - 228,5 70,6 187,.9
-na‘
5674,9 -34,7 7258 0,000 486 .08? 400,0 . 238,7 85,6 153,1
‘.69
4841,5% 28,9 1,012 0,000 486 119 450,0 ———- 249,0 100,0 169,0
94
4076,6 .22.2 1.300 «0,000 486 .156 500,0 PP 258,2 114,8 143,64
. -1-9‘
3370.3 «1R,.4 1.775 0.000 <486 .271 50,0 cane 267,3 135.4 131.9
_ =1.2% .
?2715.6 -14,6 2.250 0.000 »4R6 +38% 6N0,0 - 276,5 152.1 124,5
. -lnll . .
2106,3 «10,.8 2.725 0.000 .486 2500 650,.0 e 285,7 167.8 117.9
-1.34
1529.8 «7.0 3,200 «0.000 YIS .615 700,0 . 293,6 183.7 109,9
-‘ 595
989 ,4 5,4 3,367 0,000 686 .791 750.0 ———— 298,2 199,9 98,4
al 47
480,.8 -3.8 3,531 0.000 YT 967 800,0 ———— 302,6 212.9 89.7
wlob3

0.0 -2.2 3,700 «0.000 . 486 1.143 850,0 - 305,9 224,7 81,2
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Table 4.

NAVAID JUL GJT =35 INPUT DATA IRADLON 06/02/77
9Q.0..l000000.000.QQQlQQ..Q.Q..'l..bﬂl.l.l!’..’i!lIIQIII!G&QQlQQQD!ﬁﬂ#l'..'“'nllllQl.b.'...0.QOGOigl..Ql..!"'.'h.ldﬂ'ﬂ’ﬂ.II-IQDIIGO
PRESSURE TEMPERATURE W H20 w 03 w Cnz
M8 DEG C G/KG UG/G G/KG
100,0 -66,1 001 -0,000 486
200,0 -53,8 001 =0,000 486
300.0 =34,4 «110 «0,000 «4R6
500.0 -8,1 1.400 =0,000 <486
700,0 14,1 4,000 =0,000 »486
850,0 23.5 S.400 ~0.000 . 486
LAYER
HF 1GHT TEMPERATURE W H20 W 03 W €02 U H20 PRESSURE HEATING LW uP LW DOWN LW NET
METERS DEG C G/KG uGg/G G/KG ATM CM M8 NEG C/DAY WATTS /M2 WATTS/M2 WATTS/M2
15162,3 66,1 .001 0,000 486 0,000 100.0 ———— 274,2 0,0 274.2
«]l.91 )
12669,7 60,0 2001 0.000 +4B6 000 15040 B 276,3 13,5 262,9
‘026
10848,7 53,8 001 =0.000 +4R6 2000 200,0 cama 27%.1 17.7 261,4
. -2'2? . .
9384,.5 -44,] «055 0,000 486 003 ?250,0 ————- 287.0 38,7 248,2
. =1.12 .
A136,2 34,4 110 -0,000 <486 2006 300.0 enne 2940 S2.4 241,6
' , . . =3.61
7043,7 27,8 432 0,000 486 Y 3%50.0 e——a 306,2 86,0 220,2
. , -1.06 .
6071,4 =21.3 +75% 0.000 486 «083 400,0 conen 319,0 105.0 213,9
=.80 . .
5190,9 14,7 1,077 0.000 «4A6 121 450,0 ———e 33z, 1 1272.9 209,2
: =.99 )
4382,9 -8,1 1.400 0,000 486 «160 500,0 ———— 344,3 141,0 203,3
2,28 .
3634.,7 2.6 2.050 0.000 2486 298 §50,N comn 360,2 170,46 189,8
. -1.37
29137,? 3,0 2,700 0.000 486 439 600,0 cman 376,.8 195,1 181,7
. w]loN9
?2R2.3 8,5 3,350 0.000 486 573 650,0 ———— 393,5 218,13 175.2
«1.55
1663,7 14,1 4,000 =0,000 486 LT TN0,.0 v 40R.5 242,5 166,0
) . I Y
1078,7 17.2 4,467 0,000 486 «951 7%0,.0 P 4l9,7 268,1 151,.6
-l oao
525.5 20,3 4,933 0,000 486 1.190 RNO,L0 m——— 430,5 289,5 141.0
-2,21

0.0 23.4 5,400 0,000 486 1.430 8%0.0 ———— 438,9 311,0 127,9
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Table 5.

NAVATIOD JUL GJT AVG INPUT DATA IRADLON 06702777
lGl.ol#Ql.QOQO.QQQQQQQ..#.QQOQ...“QQI“Q.Q..OQ.O.QQl.0'Qili.ld...i.."l.i.....QQQQQQQQ.&'.0'.0..‘..’.600.00..Qllﬁﬂﬁ..lﬂﬁldﬂﬂﬁ...ﬂlb
PRESSURE TEMPERATURE W H20 w0l w C02
MB NEG ¢ G/KG UG/G G/KG
100.0 -66.1 «N01 0,000 “4B6
200.0 =53,A 001 0,000 #4856
300.0 -34,4 «200 «0,000 YT
500,.0 -8,1 2.200 -0,000 486
700,0 14,1 6,000 0,000 2486
850,0 23.5 7,300 -0,000 486
LAYER '
HF IGHT TEMPERATURE W H20 W 03 w co2 U H20 PRESSURE HEATING Lw uP LW DOWN LW NET
METERS DEB C G/KG UG/G G/KG ATM CM MR DEG C/DAY WATTS/M2 WATTS/M2 WATTS/M2
158167,.6 wb6,]) N0 0,000 .4B6 0.000 100.0 - 260,9 0.0 260,9
-1.91
12674,9 =60,0 «001 N.n00 «486 000 150,.0 ——— 263,0 13,5 249.6
'-27 . B
10853,9 -%3,8 .001 «0,000 486 .000 20040 [ 265,7 17.7 248,0
-2.84
9389,7 -4, 100 0,000 2486 . 005 250.0 ———— 274.5 43,3 231,1
. . -l.16
8141.4 34,4 .200 =0.000 486 .010 Ino.o ———— 282,3 58,1 224.2
-3.53
7048, A -27.8 .700 0.000 L4R6 072 350.0 —— 295,3 92,0 203.3
"1 L] 03
6076,3 -21,3 1,200 0.000 +486 «1373 40040 ———— 309,1 111,9 197.2
-.90
5195,5 -14,7 1,700 0.000 +4R6 +194 A50,0 cmea 323,2 130,.8 192.4
, -1.06 ‘ ‘
4387,1 =-8.1 2,200 «0,000 486 . 255 500,0 - 3136,4 150,2 186.1
-2.46
363A,5 2.6 3,150 0.000 486 464 550,0 —r—— 353, 7 182,2 171,.5
] -1,45
2940.5 3,0 4,100 0,000 486 678 600,0 anme an .7 208,8 162,9
-1 55‘
22R5,0 8,5 5.050 0,000 486 .8813 65040 ———a 389,9 236.2 153,7
-1.93
1665,6 14,1 6,000 -0,000 L4R6 1.092 700.0 . 406,3 2640 142,13
, , -2.R3 ,
10R0,0 17.2 6,433 0.000 .486 1.4 750,.0 P 41R .4 292,9 125.5
~2.38 , ,
526,1 20.3 6,867 0.000 .4R6 1,771 BHN.0 - 430,0 318,5 111.5
=2+55

0.0 23.4 7.300 «0.000 686 2,110 B%0,.0 —— 438,9 342,5 96,3
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Table 6.

NAVATD JUL G6JT SAT INPUT DATA 1RADLON 06/02/77
QQ.QQO.QGOQQQI...lol..&'&b“i’...#"000“.#"0'0.60(’.0000*'600..0!..!‘0“0'OOQIIQQQQQ!....QQ'QQQO}DII'Q’QGGQQ'Q.Q..QQ'OOQ...'...."..
PRESSURE TEMPERATURE W H20 W 03 W co2
MR DEG C G/KG UG/6 ‘ G/KG
10,0 -66,1 001 «0.000 486
2n0,0 =53,A «100 -0,000 486
300,0 -34,4 .T00 -0,000 4R6
500.0 -8.1 4,2n0 «0,000 #4B6
700,0 14,1 15,000 ~0,000 L6486
850,0 23.5 22.100 «0,000 J4R6
LAYER
HEIGHT TEMPERATIRE W H20 w 03 W €02 U H?0 PRESSURE HEATING LW UP Lw DOWN LW NET
METERS DEG C G/KG VU676 G/KG ATM CM MB DEG C/DAY WATTS/M2 WATTS/M2 WATTS/M2
15191,2 66,1 .001 =0,000 +486 0.000 100,0 ——— 220.3 0.0 220,13
-3.38
12698,6 -60,0 +050 0.000 486 .003 150,0 ———— 224,3 23,9 200,3
-,94
10877.9 -53,8 .100 0,000 L4686 005 200.0 . 228.5 33.8 194,7
. =1.90
9413,1 44,1 400 0.000 <486 «026 250.0 . 239,7 56,2 183,5%
) . =1.12
B164,5 =34, .4 «700 0,000 «4R6 <046 ane.o -——— 249,9 73.1 176.8
“2.67
T071.4 -27.8 1.575 0,000 486 178 50,0 c——— 264 ,4 103.4 161,0
=1,10
£098,3 «21,3 2.450 0.n00 486 296 400,0 ceme 279.7 125.2 154,5
. =1.05 ‘
€216,7 16,7 3.325 0.000 486 421 450,0 e 295,4 167.1 148,3
wlad?
4407, 4 8,1 4,200 =0,000 J4R6 546 S00.0 - 309,9 170,.3 139.6
-4,35
1687,5 2.6 6,900 0.000 486 1.036 S50,.0 PP 330,6 216,.8 113.8
«3.20
2957,6 3.0 9.600 0.n00 486 1.526 6N0,0 e 352,7 257.9 94,9
-2-9‘
2299,.6 8,% 12,300 0,000 YT 2.015% 650,0 w——— ars,2 ?297.8 TT.4
, , =3,11
1677.3 14.1 15.000 -0,000 «4R6 2.505 T00.0 ——— 395,11 336,272 59,0
. . -‘051
1088,2 17.2 17.367 0.000 486 3.452 7%0.0 cawa 4114 379,1 32.2
. -206?
530.3 20,3 19.733 0.000 486 4,398 A00,.0 m——— 427,1 409,3 17.8
-1 .‘a

0,0 23.4 22,100 0,000 4R6 S.344 850,0 ———— 438,9 429,48 9,1



Summarizing the results of the computer runs we see that, in winter,
downward irradiances at the surface range from 185 to 225 anz while in
summer, they range from 311 to 439 Wm-'2 . The highest seasonal downward
irradiances are associated with the moister soundings. Since a drier
atmosphere is less opaque, more of the downward-coming radiation origi-
nates higher in the atmosphere, where temperatures are colder. These
result in relatively low downward irradiances. It is apparent from the
calculations that the maximum differences in downward irradiances between
a mountain valley case and a flat terrain case will occur with the drier
soundings since, in this case, a larger relative contribution can come
from the radiating sidewalls, and the contribution from the air mass
within the valley is minimized.

Upward irradiances at the surface remain fixed for the January
and July soundings by virtue of the fixed radiating temperature of the
ground surface. In both the January and July soundings the upward
irradiances (fluxes) decrease with height. This decrease is more rapid
in the moister soundings but is much less pronounced in the winter sound-
ings where precipitable water values are low. Note that precipitable
water values are given for each of the soundings in Appendix A.

As a result of the near-uniform rates of decrease of upward and
downward irradiances as a function of height, net radiation is a near-
linear increasing function of height. Surface values of net radiation
as calculated by the computer program for the winter soundings range
from 81 to 121 anz. In summer they range from 9 to 128 Wnrz. The

biggest relative changes in net radiation at the surface from summer to

winter occur with the relatively unrealistic saturated soundings. Note
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that the soundings utilized in the radiative transfer programs do not
contain clouds; calculations are for clear atmospheres only.

Atmospheric cooling rates in the reference atmospheres are generally
about 1°C/day at all levels in the winter soundings and 2°C/day in the
summer soundings. Enhanced cooling of the lower levels of the soundings,

however, occur when water vapor contents are high.

B. Radiance Field

In order to ascertain the contributions from various spectral
intervals, zenith angles, and layers of the atmosphere to the surface
irradiance over flat terrain, the average and dry January and July
soundings were utilized in a second radiative transfer program called
PROGRAM RADLON. A description of this program has been given by Cox
et al. (1976) and their description is summarized in Appendix B. 1In
short, the computer program is a spectral infrared radiative transfer
program that allows radiances to be calculated for any zenith angle and
spectral interval of interest. The spectral intervals chosen for these
calculations correspond to major absorption bands of CO2 and water vapor
and are presented below in Table 7. The actual delineation of the edges
of the individual bands was accomplished in mountain valley calculations
for a special isothermal atmosphere, as described later in this report.

Results of the calculations are illustrated in Figs. 8 through 27.
In these figures cumulative energy fraction is’'plotted against pressure
for the January and July average and dry soundings, the 5 spectral bands
and 4 viewing angles. The abscissas of the figures, labeled cumulative
energy fraction, enable one to determine the fraction of the radiance

arriving at the ground from various viewing angles that comes from
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Table 7. Spectral Intervals Utilized in Calculations

Band Wavelength Wavenumber Band
No. (microns) (em™1) &
1 4,4- 7.8 1285-2265 H20
2 7.8-13. 4 745-1285 HZO continuum
3 13.4-16.3 615-745 CO2
4 16.3-20.2 495-615 Small window
5 20.2-48.8 205-495 H20 rotation
All 4.4-48.8 205-2265 -

different layers of the atmosphere. An example of the use of these
figures is provided by Fig. 11. Here for an average January sounding
we see that for an 80° viewing angle approximately 907 of the energy
reaching the surface in the 16.3 - 20.2 micron band comes from the layer
extending from the surface to about 780 mb. Thus most of the energy at
this viewing angle comes from the lowest 70 mb of the atmosphere. For
the 0° viewing angle (i.e., looking straight up) 90% of the radiance
reaching the surface comes from the layer extending from the surface to
675 mb, i.e., the lowest 175 mb of the sounding. In bands 1, 3, and 5
(Figs 8, 10 and 12) most of the radiance reaching the surface comes from
the 100 mb layer nearest the surface. Bands 2 and 4 have significant
percentages of their radiance come from higher levels of the atmosphere--
i.e., atmospheric transmittance is greater in these bands. 1In the drier
soundings, e.g. compare Figs. 13- 17, more of the radiation reaching the
surface in all bands comes from higher atmospheric levels. The figures
suggest that, in future computations of radiance fields within mountain

valleys, atmospheric characteristics within the valley will be of
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primary importance and the contribution to radiance fields from high

atmospheric levels will be slight.

21



NAVAIR GJT JAN AVG SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
BAND k. 4.4- 7.8 MICRONS

100~ T LI S s S A N
1‘50.t

200,
250.
300.
350.

T T TT

-
N o
o o

PRESSURE (MB)
[S1 IS
A

600.
650.
700.f
0.t
900.:-

850. U B I R A

ML A ryrYrrrTToerd

T 1

0.0 .1 .2 .3 4 5 6 .7
ACCUM ENERGY FRACTION

.8 .9 1.0

Fig. 8 Cumulative fraction of energy
received at the ground from various
pressure levels for given zenith angles

and wavelength bands.

NAVAIR GJT JAN AVG SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES

BAND 3 13.4-16.3 MICRONS
100. L B S S SR SRS R

T T M \

150,
200.

n
[8)]
o
LB S o e s Rt o S

450.

PRESSURE, (MB)
g N
[T -
S & o

650.
700.
750.
800.F
850 it —— .

T T T T

PU T

0.0 .1 2 .3 .4 5% 6 .7
ACCUM ENERGY FRACTION

Fig. 10 Same as Fig. 8

53400.

L
S500.
w

‘g‘sso.

22

NAVAIR GJT JAN AVG SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
7.8~13.4 MICRONS

BAND 2
Tt

100.
150.
200.
250.
300.
350.

T T 1 T v T T T

SN W A S e S S SN S B

450.

soo.;
e50.f
700.}
750.f
800 .}
850.

PRES [T U N T A B

0.0 1 2 3 .4 % 6 7
ACCUM ENERGY FRACTION

Fig. 9 Same as Fig. 8

NAVAIR GJT JAN AVG SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
BAND 4 16.3~20.2 MICRONS

’00- T T Al 1 LA L B | T T A T

150,
200.
250.
300.
350.

T T T Tt T

Hh b
g o
< o

T T

T

PRESSURE (MB)
a a
g 3

o D
N o
=T =)

700.

T

BCO.I

850 , ek +
0.0 .1 2 .3 .4 % 6 .7

ACCUM ENERGY FRACTION

Fig. 11 Same as Fig. 8

PRI WP U U G 'Y




100

150.
200.
250.
300.
350.

PRESSURE (MR)
[ N - Y
g4s

[81)
[S2)
=]

600.
650.
700.
750.
800.

850 .
0.0 .1 .2 .3 .4 .5 6 .7 .8 .9 1.0

NAVAIR GJT JAN AVG SOUND [NG-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
BAND § 20.2-48.8 MICRONS

.L'll T LS SR Al S Seet S S S e S et

Pl T T ryrrrrrrrr T T

T T T T

s L i i &

ACCUM ENERGY FRACTION

Fig. 12 Cumulative fraction of energy
received at the ground from various
pressure levels for given zenith angles
and wavelength bands.

23



NAVAIR GUT JAN -35 SOUND ING-EXTENDED

ZENITH ANGLES 0,30,60,80 DEGREES

BAND1  4.4- 7.8 M{CRONS
,00‘ v LML | v 1 v L v
150.
200.
250.

300.

T T T T T T Y

r{rvy1rr1rr1r ryryrrr vV
A

[<2]
o
o
LA S |

700,

a
(=]
l’-l'l

B0C.
850 . —et

60 ¥ 2 3 .4 5 & .7 .8 .9 1.0

ACCUM ENERGY FRACTION

Fig. 13 Cumulative fraction of energy
received at the ground from various
pressure levels for given zenith angles
and wavelength bands.

NAVAIR GJUT JAN ~3S SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
BAND 3 13,4-16.3 MICRONS

100. T T T T 1 LN SR T L

150, ]
200.
250.
300.

T T
i

T

1Y
N
=3

LB L ¢

-
o
(=]
T T T T Y

800.

Aot - A

0.0 1 .2 .3 4 5 6 .7 8 .9
ACCUM ENERGY FRACTION

Fig.15 Same as Fig. 13

24

PRESSURE. (MB)
g

[$)]
(3]
=]

NAVAIR GJT JUAN -35 SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
BAND 2  7.8-13.4 MICRONS

100. T 1 LML e |

150,
200.
250.
300.
350.

LA SR R B R |

PU TS U U T T W

LA S TR A SR S S SRR |

-

[N

o
T

[Sg

(=

p=3
T

700.

800.

0.0 .1 2 3. .4 % 6 7 8 .9 1,0
ACCUM ENERGY FRACTION

Fig. 14 Same as Fig. 13

NAVAIR GJT JUAN =35 SOUND ING-EXTENDED
ZENITH ANGLES 0, 30,60,80 DEGREES
100 BAND 4 16.3-20.2 MICRONS
150.
200.
250.
300.

350.}

— T T T =TT T

1=
o
L=
T T i rrrtTvTy
"

1Y
n
o

2]

(S

o
T T T T T T

0.0 1 2 3 .4 5 & .7 .8 .9
ACCUM ENERGY FRACTION

Fig. 16 Same as Fig. 13



NAVAIR GJT JUAN -3S SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES

BANDS  20.2-48.8 MICRONS
T v —T—

100, ; —
50
200.}
250,
300.
350.
& 400.

E=%
0N
P

A B S A N S B A ma

PRESSURE (M
a N
o 0N o
=) o o
‘i ¥ .l v .l

[e)]

u

o
T

700.f
750.F
800.F

L T T T T T T T T

PIO U S EEPUE W URPUR AT B

il

850 .——t
6.0

Fig. 17
received
pressure

2 .3 4 5 & 7T .8 .9 1.0
ACCLM ENERGY FRACTION

Cumulative fraction of energy
at the ground from various
levels for given zenith angles

and wavelength bands.

25



150.
200.
250.
300.
0.
@ 400.

L
%500.
n

o 3
&'550.

600.
650.
700.
T50.
800.
850.

0.

100
150

200.
250.
300.
350.

1

}
b
o
o

PRESSURE (MB
@ g oan
o o S
S & o

650.
700.
0.
800,

850 .~
0.0 .1 .2 .3 .4 .5

G SOUND ING-EXTENDED
0,60,80 DEGREES
MICRONS

—~wo
® <

.

Ll L A] A ¥

LN DL A S A SR SR S 4

L B AN | LRI

Ty

F P WA SR R S i A i

J Y

edea b oa A

Aebdndd,

450.

LA A

o .1 2 3 4 5 6 .7
ACCUM ENERGY FRACTION

Fig. 18 Cumulative fraction of energy

.8 .9

received at the ground from various

pressure levels for given zenith angles

and wavelength bands.

NAVAIR GJT JUL AVG SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
BAND 3 13.4-16.3 MICRONS

] v T v v 1 M LER T

0

T T T

A DL B |

| SR A dn

Aebd.

ACCUM ENERGY FRACTION

Fig. 20 Same as Fig. 18

6 .7

NAVAIR GJT JUL AVG SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES

100.
150.
200.
250.
300.
350.
g00.
l%Jas,o.
2500,

gsso.

600.
650.

700.

750.

800.

BAND 2

7.8-13.

T T

4 MICRONS

T L T 1

T T T T T
I

M |

T Ty

850.

Fig. 19

100

150.
200.
250.
300.
350.

700.
750.
80O

850.
0.0 .+ .2 .3 .4 5 & .7 .8 .9

Fig. 21

26

000 2 .3 .4 5 6 .7 .8 .9

. L Ll

ACCUM ENERGY FRACTION

Same as Fig. 18

NAVAIR GJT QL AVG SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DECGREES
BAND 4 16.3-20.2 MICRONS

T . ' 1 7 T

PR B

T 7 v T
A

LS un Sy M S Ml SN SN SN |

L AL AR

ACCUM ENERGY FRACTION

Same as Fig. 18



NAVAIR GJT JUL AVG SOUND ING-EXTENDED

ZENITH ANGLES 0,30,60,80 DEGREES

BAND 5 20.2-48.8 MICRONS
IOO-L T - ) bl 1T v L T L] LA v T T T
150. ]
200. ]
250.
300.

350.

—tda

LI Sk St B S S B e may S a ¢
el

=Y

wn

o

T
TP SR

T Ty

800.
850. P . 30

0.0 .1 .2 .3 .4 5 6 7 .8 .9 1.0
ACCUM ENERGY FRACTION

L A i !

Fig. 22 Cumulative fraction of energy
received at the ground from various
pressure levels for given zenith angles
and wavelength bands.

27



NAVAIR GJUT JA. =35 SOUND ING-EXTENDED NAVAIR GJT JA -3S SOUND ING-EXTENDED

ZENITH ANGLES 0,30,60,80 DEGREES ZENITH ANGLES 0,30,60,80 DEGREES
BAND 1 4.4- 7.8 MICRONS BAND 2 7.B-13.4 MICRONS
'oo.er'irT-crrfyv;ryvrv 100. 111-rwl-|'I'l"r‘r‘
150.F 1 150 ]
200.+ 1 200.f ]
250.4 ] 250.} )
300.f ] 300_"F 1
350.F . 350.1 ]
gdoo.E 1 @400
u450.: ] ‘&JASO.':
gsoo._- ] 2500,
&'550.1 . #2550
b a |
600.I E 600.F
650.F GSO.L
700.F 700.1
-
m0.r 750. 30
800.} 800. ]
850. " N L' - 2 e I " 950. . N N i n 1 el i F—
0.0 .t .2 .3 4 5 & .7 .8 .9 1.0 0.0 .1 .2 .3 .4 5 .6 .7 .8 .9 1l
ACCUM ENERGY FRACTION ACCM ENERGY FRACTION
Fig. 23 Cumulative fraction of energy Fig. 24 Same as Fig. 23
received at the ground from various
pressure levels for given zenith angles
and wavelength bands.
NAVAIR GJT JA -35 SOUND ING-EXTENDED NAVAIR GJT JL -35 SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES ZENITH ANGLES 0,30,60,80 DEGREES
..o BAND 3 13.4-16.3 MICRONS BAND 4 16.3-20.2 MICRONS
B2 I A S S B S SRS SR AN B AN RS S SENN SN SR S foo.Lﬁifl‘|'|'l-|'*r'|'T'-
?50.)" B 150.f —
LCO._‘ b 200.: y
250.1 1 250.1 .
390.1 ] 300.f :
=0} ] 0. ’
SHR L @400 F 1
.80 ; 450 ¢
._’: g m -
JIS00. R500.F
Jr o m .
F550.1 &550.F
@ L a L
600.} 600.1
650, 650.1
700.1 700.¢
0.r 750.[
i 4]
80C.I- 800.
850 , bt e - 850, it . .
0.0 .1 2 .3 4 5 6 .7 .8 .9 t.0 0.0 N .2 3 4 5 6 .7 .8 .9 1.0
ACCIM ENERGY FRACTION ACCLM ENERGY FRACTION
Fig. 25 Same as Fig. 23 Fig. 26 Same as Fig. 23

28



PRESSURE (MB)

NAVAIR GJT JL -35 SOUND ING-EXTENDED
ZENITH ANGLES 0,30,60,80 DEGREES
BAND § 20.2-48.8 MICRONS
100 ./ —r—T1—r——T1T—T7—7
L
150.
200.
250.

300. 4

T t T T T T T 17T

LARNE L A L B |
PUR N SR W ')

g

n I

p=3 o

= P=Y

vﬁ*r.| ™7 v“] ™7
L

=
g
=)

[§)]
an
<

1

T

600.
650, 7
700.
50,
800.

T rrvyr v vyrory

PR A I

o2 3 4% 6 7 .8 9 1.0
ACCUM ENERGY FRACTION

Oa
o

Fig. 27 Cumulative fraction of energy
received at the ground from various
pressure levels for given zenith angles
and wavelength bands.

29



IV. RADIATION FOR MOUNTAIN VALLEYS

A. Radiance and Irradiance Field Components for Mountain Valleys

Two slightly different approaches were taken in calculating theo-
retical radiance fields within a mountain valley. In the first approach,
reported in the Interim Progress Report, a linear mountain valley was
envisioned (Fig. 28) in which a number of points were located on the

valley sidewalls and on the valley floor.

Fig. 28 1Idealized valley configuration with
calculation points indicated.

The desired information from this model was the following: Given
two points—-one on the valley floor and the other on a valley sidewall—-
each radiating as a black body at temperature T, what is the spectral
transmissivity between the two points and what is the spectral radiance

across the IR spectrum at either of the points when lcoking in the
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direction of the other point? The spectral radiance, of course, will
involve a product of the radiation at a given wavelength leaving the
first point and the transmissivity of the intervening atmosphere at

that wavelength between the two points. 1In general, another contribu-
tion will come from the atmospheric layers along the path length between
the two points, which will be radiating at their respective temperatures.
The radiation emitted from these layers will be partially absorbed and
transmitted by intervening layers before reaching the second point.

A complete atmospheric sounding was not required for this model
since the only atmospheric contribution to radiance came from within the
valley. Consequently, to simplify the calculations, an isothermal
sounding was specified within the valley such that the valley atmosphere
had the same temperature as the sidewalls and valley floor. The atmos-
pheric sounding is reproduced in Appendix A as the VAIL DEC ISO sounding.

The results of this analysis are presented in the form of detailed
spectral radiance and transmittance calculations in the Interim Progress
Report, reproduced in Appendix C. An example of the results for point 3
is reproduced in Fig. 29.

The curve labeled A in Fig. 29 represents black body radiation at
point A in Fig. 28. Curve B represents the spectral radiance received
at point 3 from point A when looking in the direction of point A. Since we
are dealing with an isothermal atmosphere in which both points have the
same radiating temperature we may equivalently say that curve B represents
the spectral radiance received at point A when looking in the direction
of point 3. The area between the two curves represents the loss of

radiant energy due to the limited transmittance of the atmosphere
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Fig. 29 Black body and surface radiance
as a function of wavelength for
VAIL DEC ISO sounding, Station 3.
intervening between the two points. The ratio of the areas under the
two curves is .38, indicating that only 38% of the radiant energy
directed from point A arrives at point 3. Point 3 is 15 degrees in
elevation above the valley floor at a distance of 1.45 km from point A.
Curve B in Fig. 29 enables us to ascertain the portions of the
infrared spectrum that are most effective for longwave radiation
transfer within a valley, and indicates that most of the transferred
radiation at point 3 occurs mainly within 2 bands. One band is centered
in the water vapor continuum, or atmospheric '"window", at about 8 -13
microns; the other is centered around 16 - 20 microns in a '"small window"

between the carbon dioxide and rotational water absorption bands. 1In
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future work it will be more efficient to make radiance calculations for
discrete spectral bands rather than for the 10 &':m_1 wavenumber intervals
used in Fig. 29. Thus, in order to simplify further calculations of
valley radiance fields the infrared spectrum was broken into 5 discrete
absorption bands--the "window", the "small window", the 6.5y water vapor
band below the "window'", the rotational water vapor band above the "small
window", and the 15u CO, band between the "window" and '"small window"

bands. The wavelength and wavenumber limits of the 5 bands were previously

presented in Table 7.

A second and more intensive approach to calculating theoretical
radiance fields within a mountain valley was accomplished by considering
an idealized circularly-symmetrical valley with a flat bottom. The
3-dimensional valley was shaped like a truncated cone and a vertical
cross-section through the center of the truncated cone produced the
valley cross-sections shown in Figs. 30 and 31. Since calculations
were to be accomplished at selected pressure levels in the computer
program we chose to use slightly different "standard valleys" for the
January and July cases. This was necessary since the warmer air in the
summer sounding resulted in the pressure levels being farther apart
within the valley. As seen in the figures each of the standard valleys
are 100 mb deep. Sounding resolution is 5 mb in the lowest half of the
valley, with the valley floor at 850 mb. In accordance with the goal
of determining the maximum difference in the radiance and irradiance
fields between the mountain case and the case of flat terrain we chose
to consider a relatively steep-~walled mountain valley. The slopes of

the sidewalls were 31.3° and the valley was 1 km wide at the valley

floor.
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Fig. 30 Summer standard valley.
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Fig. 31 Winter standard valley.



Using these valley sections calculations were made for the zenith
angles to each of the intersections of pressure lines with the valley
sidewalls. These zenith angles could be specified in the computer
program for the desired radiance calculations. Thus we were able to
specify the soundings, viewing geometry (zenith angles), and spectral
intervals desired for radiance calculations. The January and July
average and dry soundings listed in Appendix A, the spectral intervals
listed in Table 7, and the zenith angles calculated from the respective
standard valleys as depicted in Figs. 30 and 31 were then run in a
modified spectral radiative transfer program (see PROGRAM RADLON
description in Appendix B) to calculate radiances at the center of the
valley floor. The close spacing of pressure calculation levels shown
in Figs. 30 and 31 resulted in good angular resolution for the radiance
calculations. TFor zenith angles less than the zenith angle to the ridge
(i.e., elevation angles above the ridge) contributions to the radiance
came from the entire depth of the atmosphere. Radiance contributions
for zenith angles greater than the zenith angle of the ridge came from
two sources: first, a contribution came from the limited volume of air
(hereafter called the Air Wedge) enclosed by 3 surfaces: wvalley floor,
valley sidewall, and zenith line to the ridge. Secondly, a contribution
came from the radiating sidewall, considered as a black body radiator at
a given temperature T(Z). The radiance from the sidewall depended on
its black body radiating temperature and the transmissivity along the
path from sidewall to valley center. TFor simplicity, rather than choos-
ing a temperature profile up the sidewalls, the sidewalls were assumed

to have a constant temperature. It is stressed, however, that the
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method developed can be easily applied to valleys having non-isothermal
sidewalls. The calculations for a temperature profile up the sidewalls
are straightforward, but require more computational effort. The general
results are more easily seen in terms of calculations for several dif-
ferent isothermal sidewall radiating temperatures. Since IR emissivities
of most naturally occurring ground materials are near 1, an emissivity of
1 was assumed. The effects of different surface materials on radiance
calculations therefore appeared only in the temperature of the sidewalls.
The radiances resulting from calculations using the modified RADLON
program for a point at the center of the valley floor are presented as
a function of viewing geometry for the various spectral intervals and
soundings in Figs. 32 through 35. Note that the radiances are not pre-
sented as simple functions of 6. Instead the figures are plotted as
N cos 6 vs cos 6. This is advantageous because of the nature of the
relationship between irradiance H and radiance N for the case of a

circularly symmetric valley, since:

2n .1
HY = f f N cos & d cos & ded¢
o "o

and, with the circularly-symmetrical geometry of the valley:

T n
H = 2wj. Ncosodcoso T 2r ) (N cos8)A cosb.
o i=1
Thus the area under the individual curves represents contributions to
irradiance. Individual lines in Fig. 32, for example, are described as
follows:

i) N: The line labeled with an N shows the dependence
of radiance on cos® .
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ii) BAND 1, ..., BAND 5: The area under each of these
curves represents the contribution to total
irradiance over flat topography from wavelength
bands 1-5, as defined in Table 7.

iii) AIR WEDGE ONLY: The area under this curve represents
the contribution to irradiance from the air wedge
within the valley, as previously described in
section III B 3. Note that the curve is defined
only for zenith angles, 8, between 65.02° and 90°,
i.e. the wedge does not extend above the ridgetops.

iv) MOUNTAIN ONLY: The area under each of the three
curves labeled with temperatures T, through T
represents the contribution to irradiance at ghe
valley center from radiating sidewalls having the
temperatures indicated. Note that temperature T2
is the same temperature as the 850 mb temperature
of the sounding. Temperatures T, and T, thus
represent temperatures *20°C dif%erent %rom the
air temperature at the base of the sounding.

v) AIR WEDGE + MOUNTAIN: The area under each of the
three curves labeled with temperatures T. through
T., represents the summed contribution to irra-
diance from iii) and iv) above.

vi) NO MOUNTAIN--ALL BANDS: The area under this curve
represents the downward irradiance to be expected
theoretically in the case of flat terrain for the
frequency spectrum of the calculations, i.e.
4.4 - 48.8 microns. Thus the curve represents
the sum of the curves labeled BAND 1 through
BAND 5. Note that the irradiances calculated for
flat terrain in section IIT A will differ from
the values represented here due to the differing
frequency domains of the calculations. Approxi-
mately 5% of the area under a black body curve
is contained at wavelengths below 4.4 microns or
above 48.8 microns (see Fig. 36, following).
Therefore the area under this curve does not quite
represent the full irradiance over flat terrain.

To further illustrate the interpretation of the figures, we may
summarize the main points of Fig. 32:
(1) Band 5 provides the largest contribution to irradiance on
flat terrain, followed in order of importance by bands

3, 4, 1, and 2. At the larger zenith angles band 2, and
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to a lesser extent band 4, assume more relative ilmportance.
The bands of importance in transmissions from the sidewalls
(not indicated on the figure) are bands 2 and 4, as previously
indicated.

(2) Considering our "standard" mountain valley, if we assume
the sidewalls do not radiate, the irradiance at valley bottom
comes from the area under the NO MOUNTAIN--ALL BANDS curve to
cos B =.,422 and then from the area under the AIR WEDGE ONLY
curve for 0 < cos® < .422. This total area differs little
from the total area under the NO MOUNTAIN--ALL BANDS curve.
Thus, any major difference in the irradiance field over a
mountain valley as compared to the irradiance field over flat
terrain comes mainly from the effect of radiating sidewalls.

(3) Neglect of the effect of the air wedge and consideration of
the radiating sidewalls only (MOUNTAIN ONLY curve) would
result in an irradiance field that would be less than that
expected over flat terrain. Proper consideration of the
contributions by the air wedge and the radiating sidewalls
results in a valley irradiance field larger in magnitude
than that expected over flat terrain. The magnitude of the
difference depends on the temperature of the sidewalls--the
higher the temperature the greater the irradiation.

In order to determine the effect of a drier atmosphere we may com-—

pare Figs. 32 and 33. From Fig. 33 we see that, for a drier atmosphere,
the total irradiance over flat terrain is expected to be reduced slightly.

The relative effect of valley sidewalls is seen to be most important for
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this case. 1In other words, the effect of radiating sidewalls is most
important for dry winter soundings. Even when sidewall temperatures
are 20°C lower than those in the sounding, the irradiance field in the
valley is greater in magnitude than that observed over flat terrain.

Turning to Figs. 34 and 35, the relative effect of radiating side-
walls is less in the summer case than in the winter case, especially
for an average sounding, as opposed to a dry sounding case. When the
atmosphere is "dry" the sidewalls assume more importance, although they
have less relative importance than in the winter case.

Due to the limitations of space on Figs. 32 - 35 the spectral con-
tributions to irradiance components could not be shown for zenith angles
greater than the angle to the ridge, Gr. This situation is remedied in
Figs. 37 - 39, where the contributions are presented for the average
January sounding only. In Fig. 37 the downward irradiance over flat
terrain (NO MOUNTAIN--ALL BANDS) is seen to consist of contributions
from bands 5, 3, 4, 1, 2, as listed in order of importance. When the
winter "standard valley" is introduced, the sidewalls have the effect
of cutting off part of the atmospheric contribution to the downward
irradiance at valley center. In fact the only atmospheric contribution
left at zenith angles greater than Br is the contribution from the air
left within the valley, termed the AIR WEDGE. When the effect of
radiating sidewalls is ignored (i.e. we consider the AIR WEDGE ONLY) the
irradiance from the alr wedge is less than that from the full atmosphere
over flat terrain. Thus the AIR WEDGE ONLY--ALL BANDS curve lies below
the NO MOUNTAIN--ALL BANDS curve. Each of these curves, however, is

composed of spectral components. The effect of introducing the valley
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topography is to change the relative importance of the spectral bands
in making up the AIR WEDGE contribution to downward irradiance. 1In
particular, bands 2 and 4 become relatively less impertant in contribu-
ting to the air wedge component of downward irradiance at the valley
floor.

On the other hand, as seen in Fig. 38, when we ignore the contribu-
tion to downward irradiance from the air wedge and consider only the
contribution from radiating sidewalls (MOUNTAIN ONLY) we see that most
of the contribution from radiating sidewalls comes through band 2, the
atmospheric "window". Band 4, the "small window", similarly plays a
relatively important role here.

When the contributions from the air wedge and radiating sidewalls
are added to get the total effect of the valley configuration it is
easily seen (Fig. 39) that the contribution (AIR WEDGE + MOUNTAIN--ALL
BANDS) is greater than that expected from the same zenith angles over
flat terrain (extension of the NO MOUNTAIN--ALL BANDS curve). Due to
the important contribution of radiation through band 2 from the radia;
ting sidewalls, band 2 is the most significant contributor to mountain
valley irradiance from zenith angles greater than er. Band 2 is
followed by bands 5, 3, 4, and 1 in order of importance in this zenith
angle sector. Overall, when all zenith angles are considered, band 5
makes the biggest contribution to downward irradiance.

Actual irradiances (Wm_z), obtained by numerical integration of the
area under each of the curves in Figs. 32 - 35, are presented below in
Table 8. Tables 9 through 12 present ratios of areas under individual

curves for each of the soundings. For example, in Table 10, Column 1,
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Table 8

Irradiances -

Irradiance Wm
Area under listed curves JAN AVG JAN -35 JUL AVG JUL -38
1. NO MOUNTAIN ALL BANDS 186.97 172.68 310.84 286.33
2. " " " 0<6# 5.er 149.76 138.39 246.24 227.38
3. " " " er < 8 < 90° 37.21 34,29 64.59 58.96
4. AIR WEDGE 29.46 26.55 48.39 46,48
5. MOUNTAIN ONLY T1 15.85 17.77 21.79 23.18
6. " " T2 23.26 25.79 30.66 32.61
7. " " T3 32.78 36.06 41.64 44,29
8. AIR WEDGE + MOUNTAIN Tl 45.30 44,32 70.18 69.67
9. " vteoomoon T2 52.72 52.34 79.04 79.09
0. " weer 'I‘3 62,23 62.61 90.03 90.77
11. NO MTN ALL BANDS O < 6 i_er + AIR WEDGE + MTN Tl 195.06 182.71 316.42 297.04
12. " " " T2 202.48 190.73 325.29 306.47
13. " " " T3 211.99 201.00 336.27 318.15
14, NO MTN ALL BANDS 0 < 8 <6, + AIR WEDGE 179.22 164,94 294.63 273.86

6_ is the zenith angle from valley center to ridgetop. For winter soundings this angle is 65.02°;
for the summer soundings it is 64.59°.
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Area Ratios from Figure 32 (column variable/row variable)
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Table 10
Dry January Grand Junction Sounding
Area Ratios from Figure 33 (column variable/row variable)

WO~ WN

1 2 3 4 5 6 7 8 9 10 11 12 13
1.00# 1.25 5.04 6.50 9.72 6.70 4.79 3,90 3.30 2.76 0.95 0.91 0.86
0.80 1.00 4.04 5.2y 7.79 5.37 3.84 3.12 2,64 2.21 0.76 0.73 0.69
0.20 0.25 1,00 1.29 1.93 1.33 0.95 0.77 0.66 0.55 0.19 0.18 0.17
0.15 0.19 0.77 1.00 1.49 1.03 0.74 0.60 0.51 0.42 0.15 0.14 0.13
0.10 0.13 0.52 0.67 1.00 0.69 0.49 0.40 0.34 0.28 0.0 0.09 0.09
0.15 0.19 0.75 0.97 1.45 1,00 0.72 0.58 0.49 0.41 0.14 0.14 0.13
0.21 0.26 1.05 1.36 2,03 1.40 1.00 0.81 0.69 0.58 0.20 0.19 0.18
0.26 0.32 1.29 1.67 2.49 1.72 1.23 1.00 0.85 0.71 0.24 0.23 0.22
0.30 0.38 1.53 1.97 2,95 2.03 1.45 1.18 1.00 0.84 0.29 0.27 0.26
10 0.36 0.45 1.83 2.36 3.52 2.43 1.74 1.41 1,20 1.00 0.34 0.33 0.31
11 1.06 1.32 5.33 6.88 10.28 7.08 5.07 4.12 3.49 2.92 1.00 0.96 0.91
12 1,10 1.38 5.56 7.18 10.73 7.39 5.29 4,30 3.64 3.05 1.04 1.00 0.95
13 1.16 1.45 5.86 7.57 11.31 7.79 5.57 4,54 3.84 3.21 1.10 1.05 1.00
14 0.96 1.19 4.81 6.21 9.28 6.39 4,57 3.72 3.15 2.63 0.90 0.86 0.82

*
variables defined in Table 9
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Table 11
Average July Grand Junction Sounding
Area Ratios from Figure 34 (column variable/row variable)

1 2 3 4 5 6 7 8 9 10 11 12 13
1 1.00 * 1.26 4.81 6.42 14.26 10.14 7.46 4,43 3,93 3.45 0.98 0.96 0.92
2 0.79 1.00 3.81 5.09 11.30 8.03 5.91 3.51% 3.12 2.74 0.78 0.76 0.73
3 0.21 0.26 1.00 1.33 2.96 2.11 1.55 0.92 0.82 0.72 0.20 0.20 0.19
4 0.16 0.20 0.75 1.00 2.22 1.58 1.16 0.69 0.61 0.54 0.15 0.15 0.14
5 0.07 0.09 0.34 0.45 1.00 0.7p 0.52 0.3@ 0.28 0.24 0.07 0.07 0.06
6 0.10 0.12 0.47 0.63 1.41 1.00 0.74 0.44 0.39 0.34 0.10 0.09 0.09
7 0.13 0.17 0.64 0.86 1.91 1.36 1.00 0.59 0.53 0.46 0.13 0.13 0.12
8 0.23 0.28 1.09 1.45 3,22 2.29 1.69 1.00 0.89 0.78 0.22 0.22 0.21
9 0.25 0.32 1.22 1.63 3.63 2.58 1.90 1,13 1.00 0.88 0.25 0.24 0.24
0.29 0.37 1.39 1.86 4.13 2.94 2,16 1.28 1.14 1.00 0.28 0.28 0.27
1.02 1.28 4.90 6.54 14.52 10.32 7.60 4.51 4.00 3.51 1.00 0.97 0.94
1.05 1.32 5.04 6.72 14,93 10.6% 7.81 4.64 4.12 3,61 1.03 1.00 0.97
1.08 1.37 5.21 6.95 15.43 10.97 8.07 4.79 4.25 3.74 1.06 1.03 1.00
0.95 1.20 4.56 6.09 13.52 9.61 7.07 4.20 3.73 3.27 0.93 0.91 0.88

%
variables defined in Table 9
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Area Ratios from Figure 35 (column variable/row variable)

1 2 3 4
*
1 1.00 1.26 4.86 6.16
2 0.79 1.00 3.86 4.89
3 0.21 0.26 1.00 1,27
4 0.16 0.20 0.79 1.00
5 0.08 0.10 0.39 0.50
6 0.11 0.14 0.55 0.70
7 0.15 0.19 0.75 0.95
8 0.24 0.31 1.18 1.50
9 0.28 0.35 1.34 1.70
10 0.32 0.40 1.54 1.95
11 1.06 1.31 5.04 6.39
12 1.07 1.35 5.20 6.59
13 1.11  1.40 5.40 6.84
14 0.96 1.20 4.65 5.89

*
variables defined in Table 9
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Table 12
Dry January Grand Junction Sounding
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rows 2 and 3, 80% of the area under the NO MOUNTAIN--ALL BANDS curve comes
from zenith angles less than the zenith angle to the ridge; 207 from

zenith angles greater than this angle. 1In row 4, the air wedge contains
167 of the irradiance represented under the NO MOUNTAIN--ALL BANDS curve.
Row 12 shows that the mountain valley floor (assuming radiating sidewalls
at temperature TZ) has 8% more irradiance than an equivalent surface on
flat terrain. The effect of the enhanced irradiance varies with the
temperature of the sidewalls (Cols. 11-13, 104% to 113%). Other ratios

that may be of interest can be obtained from the tables.

B. Components of IR Radiation Budget at the Surface

From the irradiance calculations in the previous sections we can
summarize the components of the downward IR irradiance at the surface
for January and July average soundings as depicted in Figs. 40 and 41
below. The surface energy budget can then be determined assuming that
the valley floor is at the same temperature as the base of the sounding
(850 mb) and is radiating as a black body. The resulting upward
irradiance can be determined by using Fig. 42. The complete IR energy
balances are then as shown in Tables 13 and 14.

In Table 13 energy budgets are presented for the January average
and dry soundings. Upward irradiance in both cases 1is 292 anz,
figured on the basis of black body radiation at the temperature of the
base of the sounding (-2.15°C). For the average January sounding,
downward irradiance at the surface over flat terrain is calculated to
be 187 Wurz. Using the "winter standard valley", comparable irradiances

are 195 Wm-'2 for the case with cold sidewalls, 202‘.\Tm_2 for the case
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Fig. 40 Irradiance contributions--January average sounding. Left column
is in irradiance units, right column in percentages. Contribution of air
wedge, radiating sidewalls, etc. shown in schematic view.
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Fig. 41l Irradiance contributions--July average sounding. Left column
is in irradiance units, right column in percentages. Contribution of
air wedge, radiating sidewalls, etc. shown in schematic view.
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with sidewalls at -2.15°C, and 212‘Jm72 for the case with warm sidewalls. Thus
downward irradiances are enhanced over the flat terrain case by 4 to 137%.
Since net radiation is the difference between the upward and downward
irradiances, Hnet over flat terrain is 105 Wufz. Net irradiances are
lower than this for all of the valley cases, ranging from 76% of this
figure for the warm sidewall case to 92% for the cold sidewall case.

Considering the dry winter sounding, downward irradiances over both
flat and valley terrain are reduced from those of the average winter
sounding. They are reduced somewhat less for the valley cases than for
the flat terrain case. Considering the downward irradiance over flat
terrain of 173 anQ for the dry winter sounding downward irradiances
are enhanced by the presence of a valley by 6 to 167. Net radiation
values also differ between the average and dry soundings, being somewhat
higher for the dry case.

The results of Table 14, presented for the summer soundings, are
qualitatively similar to those for the winter soundings in Table 13.
Values of H4 and HY are, as expected, much higher for the summer case.-

Values of Hn are also higher by 6 to 157 for the summer cases. When

et
the valley results for net radiation are compared to net radiation over
flat terrain the summer ratios are quite comparable to the winter ratios.

Downward irradiance ratios, however, are somewhat lower for the summer

cases--ranging from 1.02 to 1.11 as compared to 1.04 to 1.16.

C. Radiative Cooling in Valley Atmosphere
Upward, downward and net irradiance calculations of the preceding
sections have been calculated for a single point on the surface of the

center of the valley floor. In order to determine IR atmospheric
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Table 13.

Infrared Radiation Energy Budget

at Valley Bottom - January

JAN AVG
Cold Warm
No Valley Sidewalls Valley Sidewalls
W mfz W m—2 anz W m_2
H4 292 292 292 292
Hv 187 195 202 212
H 105 97 90 80
net
Hy/HY (No Valley) 1.00 1.04 1.08 1.13
% of Hyoe 100% 927 86% 762
(No Valley)
JAN -3S
HA 292 292 292 292
Hy 173 183 191 201
H 119 109 101 91
net
HY/HY (No Valley) 1.00 1.06 1.10 1.16
Zof H .o 100% 92% 85% 76%

(No Valley)
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Table 14. Infrared Radiation Energy Budget
at Valley Bottom - July

JUL AVG
Cold Warm
No Valley Sidewalls Valley Sidewalls
W mfz W m_2 anz W m_2
H4 422 422 422 422
HY 311 316 325 336
H 111 106 97 86
net
HY/HY (No Valley) 1.00 1.02 1.05 1.08
Zof H ¢ 1007 95% 87% 77%
(No Valley)
JUL =38
Ht 422 422 422 422
HY 286 297 306 318
H 136 125 116 104
net
H¢/H+ (No Valley) 1.00 1.04 1.07 1.11
Lof H oot 100% 927 85% 76%

(No Valley)
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cooling rates at points in the atmosphere above the valley floor, Hnet
calculations would be required at various points in the atmosphere.
Since Hnet is the difference between H+ and HY at the same level, these
individual components should be calculated. The HY for levels above

the valley atmosphere will be unchanged from the flat terrain case.
Within the valley atmosphere, however, H+ will be larger than corres-
ponding values over flat terrain. At the valley floor the difference
between flat terrain and valley downward irradiances will be a maximum
or nearly a maximum, but this difference, even for the relatively
extreme cases of steep walled valleys and heated sidewalls, is only 167%.
For the dry January sounding this will result in an increase to 201 anz
from the flat terrain case of 173 anz. The upward irradiance in the
atmosphere within the valley will likewise be increased above the flat
terrain case due to the effect of elevated radiating sidewalls, at least
for the case of constant temperature up the sidewall. A minor increase
of Ht above the ridgetop level will similarly be caused by sidewall
radiation. This increase will diminish slowly with height. As a

result of the changes in both H% and HY, a slight change in cooling
rate relative to the flat terrain case is possible but significant

changes are not envisioned. Consequently, no attempt has been made to

calculate cooling rates from detailed calculations in a valley.
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V. SUMMARY AND CONCLUSIONS

Infrared radiation components in mountain valleys were investigated
theoretically using a radiative transfer computer program in which
radiances were calculated for different spectral bands and for different
atmospheres and viewing angles. First, in the case of a linear valley,
transmissivities between various points on the valley sidewalls and the
center of the valley floor were determined. Using this linear valley
model and assuming that the valley surfaces radiated as ideal blackbodies,
spectral radiances were calculated for individual points within the val-
ley for specified viewing angles. In the calculations an isothermal
winter atmosphere having the same temperature as the valley surfaces was
utilized. An analysis of the spectral radiances showed that two spectral
intervals were particularly important in allowing radiation transfer
between valley surfaces. One band corresponded to the water vapor con-
tinuum or atmospheric "window" at 7.8 to 13.4 microns and the other was

in a "small window", at 16.3 to 20.2 microns, between the CO, and rota-

2
tional water absorption bands. Radiation from the sidewalls in other
spectral bands is effectively attenuated by the small transmittances
along the beam paths due to absorption by atmospheric water vapor and COz.
The above analysis resulted in partitioning of the IR spectrum into
5 separate bands which were utilized in all subsequent work. The bands,
designated as Bands 1 through 5, correspond to the water vapor band at
4.4 to 7.8 microns, the water vapor continuum at 7.8 to 13.4 microns,

the 002 band at 13.4 to 16.3 microns, the small window at 16.3 to 20.2

microns, and the rotational water band at 20.2 to 48.8 microns, respectively.
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A further analysis of the linear valley model calculations showed
that 32 to 38% of black body radiation transmitted at one point reached
the receptor point for path lengths between 1.45 and 2.25 km. For
longer path lengths of 3 to 9 km, only 16 to 297 of the radiation was
transferred. The great proportion of transferred radiation came through
the atmospheric windows.

The preceding analysis was useful in gaining a preliminary view of
the magnitude and nature of radiative interactions between radiating
valley surfaces. In addition to this component, however, the radiation
at a point on a valley surface will include a contribution from the
adjacent atmosphere. In order to gain an appreciation of the magnitude
of this contribution in various spectral intervals and for selected
viewing angles, flat terrain calculations were made for 4 horizontally
homogeneous atmospheres. The atmospheric soundings were obtained from
upper air data statistics for Grand Junction, Colorado and included
January and July average and dry soundings. The dry soundings were
obtained from dew point statistics by adjusting the dew point values of
the average sounding downwards by 3 standard deviations. This analysis
allowed a determination of the fraction of energy arriving at the ground
from various viewing angles coming from éifferent layers of the atmos-
phere. Most of the radiance reaching the surface in bands 1, 3, and 5
comes from layers very close to the surface. By contrast, significant
percentages of the radiance in bands 2 and 4 come from higher levels of
the atmosphere, since transmittance is larger in these bands. For the
dry soundings more of the radiation reaching the surface in all bands

comes from higher in the atmosphere. Given the 4 soundings, in which
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temperature and water vapor content decrease with height, the fraction

of energy received at the surface from a given layer in the atmosphere
is higher for higher zenith angles. The effect of zenith angle is
particularly pronounced for the higher zenith angles. Transmittances
are so low in bands 1, 3, and 5 that their contribution to radiances at
the surface comes essentially from the lowest 100 meters of the atmos-
phere. This analysis, while conducted for flat terrain, suggests that
the atmospheric structure (temperature and moisture profiles) within a
valley will be much more important in reckoning the contribution to
radiances and irradiances at the valley floor than the structure above

the valley.

The effects of mountain valley terrain on surface radiance and
irradiance fields were calculated for an idealized, circularly-symmetrical,
flat-bottomed mountain valley. In particular, the radiances at the center
of the valley floor were presented as a function of viewing angle for
five spectral intervals and four atmospheres. Use of the éircularly—
symmetrical valley allowed comparison of the various components making up
the surface radiance field, including the effect of atmospheric radiation
at elevation angles above the surrounding ridgetops, atmospheric radiation
from the air wedge within the valley, and the effect of the radiating
sidewalls on the surface radiance field for several different sidewall
temperatures. For comparison with these components calculations were also
made of the equivalent radiance field over flat terrain. The circular
symmetry of the idealized valley cross—section further allowed a simple

angular integration to be performed resulting in calculations of downward
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irradiance at the center of the valley floor. The resulting irradiances
were compared with corresponding irradiances over flat terrain and the
downward irradiances were found to be somewhat higher in the case of the
mountain valley. The magnitude of the effect of the radiating sidewalls
was largest when the valley volume contained small quantities of water
vapor and when the sidewalls were warm relative to the air within the
valley. The largest relative effect was, therefore, seen in dry winter
soundings. In such cases the downward irradiances at valley center can
be 6 to 16% higher than those over flat terrain. The highest value
obtained corresponds to the effect of a sidewall that is 20° C warmer
than the temperature at the base of the sounding. Even when the sidewalls
are 20° C less than the temperature at the base of the sounding the down-
ward irradiance is enhanced by 6% over the case of flat terrain. 1In
accordance with this result a sharp discontinuity in the radiance field
occurred at the critical zenith angle of the ridgetop. For zenith angles
greater than this critical angle the downward radiance field was signifi-
cantly enhanced over the flat terrain case. The effect of the atmosphere
within the valley at zenith angles greater than the critical angle (called
the "air wedge' in the analysis) also provides an important component of
the surface irradiance. This component comes mainly from spectral bands
5, 3, and 4 where transmittances are low. The component from the radiating
sidewalls, on the other hand, comes through bands 2 and 4 where atmospheric
transmittance is high.

For the dry winter sounding, where the relative effect of radiating
sidewalls was most important, values of downward irradiance varied from

183 anz for cold sidewalls to 201 anQ for warm sidewalls. These
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irradiances may be compared to the downward irradiance of 173 Wm_2

calculated over flat terrain. If we assume that the surface is radiating
as a black body at the temperature of the base of the sounding we may
calculate an upward irradiance of 292 Wnrz. By considering the differ-~
ence between upward and downward irradiances we arrive at net loss of

109 wHFZ for the cold sidewall case and 91 anz for the warm sidewall
case. These compare to 119 Wm_2 for the flat terrain case. Thus the
effect of the sidewalls is to decrease net radiation by 8 to 247%,
resulting in a decrease of the cooling rate at the surface. This effect,
of course, will be somewhat smaller for valleys shallower than the modeled
valley where sidewalls sloped upwards at 31°, and for more realistic,

non-circularly~symmetrical valleys.
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APPENDIX A
Standard Soundings

1. VAIL DEC IS0

Isothermal sounding constructed utilizing approximate temperature and
mixing ratio values obtained from December 1975 Vail tethered balloon data. The
sounding was used for calculating transmissivity within the valley from a
point at the center of the valley floor to any arbitrary point on the sidewall

of any arbitrary-shaped valley. Details of the sounding are listed below in

Table Al.
Table Al
VAIL DEC ISO
Pressure Temperatures Mixing Ratio
(mb) (°C) (gm/kg)
655 =5. 4.5
680 =-5. 4.5
700 ~5. 4.5
715 ~5. 4.5
725 -5. 4,5
730 -5. 4.5
735 -5. 4.5
740 -5. 4.5
745 ~5. 4.5
750 -5. 4.5
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2. NAVAIR Soundings

January and July averages and standard deviations of temperatures
and dewpoints at standard levels above Grand Junction, Colorado, were
used to construct reference atmospheresfor use in calculations. The data
for standard levels came from NAVAIR 50-1C-52: "Selected Level Temperatures
and Dew Points For The Northern Hemisphere.' Average soundings, dry
soundings and saturated soundings were used for both months. The "dry"
soundings were constructed using the average temperature soundings, but
utilizing dew point temperatures that were 3 standard deviations below
normal. Interpolations were used to calculate temperatures at pressures
between the standard levels (i.e., the soundings were "EXTENDED"). The

surface pressure at Grand Junction was taken to be 850 mb.

2.1 NAVAIR JAN GJT AVG.: Average January Grand Junction sounding.

Shown below in Table A2 is a listing of this sounding. The sounding

is plotted in Figure Al.
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Table Al
NAVAIR GJT JAN AVG

Pressure Temperature Mixing Ratio
(mb) (Deg C) (gn/ kg)
850 -2.150 2.400
845 -2.315 2.375
840 -2.480 2.350
835 -2.645 2.325
830 -2.810 2.300
825 -2.975 2.275
820 -3.140 2.250
815 -3.305 2.225
810 -3.470 2.200
805 -3.635 2.175
800 -3.800 2.150
750 -5.400 1.900
700 -7.030 1.700
650 -10.300 1.400
600 -14.000 1.100
550 -18.000 .800
500 -22.240 . 600
450 -27.300 .300
400 -33.000 140
350 -39.700 .080
300 ~47.250 .050
250 -52.000 .000
200 -57.380 .000
150 -59,000 .000
100 -61.000 .000

Precipitable Water: .617 cm
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2.2 NAVAIR JAN GJT -3S: Dry January Grand Junction Sounding

Table A3 lists the sounding; Figure A2 provides a plot of the

sounding.
Table A3
WAVATIR GJT JAN -3S5
Pressure Tempetature Mixing Ratio
(mb) (Deg C) (gn/ kg)

850 -2.150 1.200
845 ~2.315 1.194
840 -2.480 1.188
835 -2.645 1.182
830 -2.810 1.176
825 -2.975 1.170
820 -3.140 1.164
815 -3.305 1.158
810 -3.470 1.152
805 -3.635 1.146
800 ~-3.800 1.140
750 -5.400 1.070
700 -7.030 1.000
650 -10.300 .800
600 -14.000 .600
550 -18.000 460
500 =22.240 .320
450 -27.300 .190
400 -33.000 .100
350 -39.700 . 062
300 -47.250 .025
250 -52.000 .000
200 -57.380 .000
150 -59.000 .000
100 -61.000 .000

Precipitable Water: .346 cm 79
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2.3 NAVAIR JAN GJT SAT: Saturated January Grand Junction Sounding

This sounding was used only for irradiance calculations for flat
terrain. Taple A4 lists the sounding; Figure A3 provlides a plot of

the sounding.

Table A4
NAVAIR JAN GJT SAT
Pressure Temperature W H20
(mb) (Deg.C) (gm/kg)
100.0 -61.0 .001
200.0 =-57.4 .001
300.0 -47.2 .150
500.0 =22.2 1.300
700.0 -7.0 3.200
850.0 =2.2 3.700

Precipitable water: 1.143 cm
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2.4 NAVAIR JUL GJT AVG: Average July Grand Junction Sounding.

Table A5 lists the sounding; Figure A4 provides a plot of the

sounding.
Table A5
NAVAIR GJT JUL AVG
Pressure Temperature Mixing Ratio
(mb) (Deg C) (gm/kg)

850 23.45 7.30
845 23.17 7.25
840 22.88 7.20
835 22.60 7.15
830 22.31 7.10
825 22.03 7.05
820 21.74 7.00
815 21.46 6.95
810 21.17 6.90
805 20.89 6.85
800 20.60 6.80
750 17.30 6.40
700 14.06 6.00
650 9,10 4.80
600 3.90 3.90
550 ~2.00 3.00
500 -8.13 2.20
450 ~13.60 1.60
400 -19.70 1.20
350 -26.50 .54
300 -34.40 .20
250 -43.30 .10
200 ~53.79 .05
150 -59.10 .00
100 . -66.13 .00

Precipitable water: 2.110 cm
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2.5 NAVAIR JUL GJT -3S:

Dry July Grand Junction sounding.

Table A6 lists the sounding; Figure A5 provides a plot of the

sounding.

Pressure
(mb)

850
845
840
835
830
825
820
815
810
805
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100

Table A6
NAVAIR GJT JUL -38§

Temperature
(Deg C)

23.45
23.17
22.88
22.60
22.31
22.03
21.74
21.46
21.17
20.89
20.60
17.30
14.06
9.10
3.90
-2.00
-8.13
-13.60
~19.70
-26.50
-34.40
-43.30
-53.79
-59.10
-66.13

Precipitable water: 1.430 cm.
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Mixing Ratio
(gm/kg)

5.400
5.350
5.300
5.250
5.200
5.150
5.100
5.050
5.000
4.950
4.900
4.400
4.000
3.200
2.500
1.900
1.400
1.000

.700

.320

.110

.050

.025

.000

.000
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2.6 NAVAIR JUL GJT SAT: Saturated July Grand Junction Sounding.

This sounding was used only for irradiance calculations for flat

terrain. Table A7 lists the sounding; Fig. A6 provides a plot of the

sounding.
Table A7
NAVAIR JUL GJT SAT
Pressure Temperature W H20
(mb) (Deg C) (em/kg)

100.0 -66.1 .001
200.0 -53.8 .100
300.0 -34.4 .700
500.0 ~8.1 4,200
700.0 14.1 15.000
850.0 23.5 22.100

Precipitable water: 5.344 cm.
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APPENDIX B
Computer Programs

1. Irradiance Program.

A broadband infrared program has been used to calculate upward
and downward irradiance at different levels in the standard atmospheres
given in Appendix A. Atmospheric components considered include
temperature, water vapor, and carbon dioxide. In all reference atmospheres
COy is considered to have a constant mixing ratio with height of .486 gm/kg.
The effects of clouds and ozone are not considered in the calculations.

The method of calculation is given by Cox, et al. (1976) and is summarized

below:
n n n
H (P) = Ho| 1 —ZAe "ZAE +Z Ae
: i=1 j HyO0 j=1 j €O, J=1 j overlap
>
+ H + -
€
j=1 i Ae_'] Hy0 a j €Oy Aej overlap

where H(P) represents the upward or downward irradiance at pressure levei
P, and Ho is the emitted radiance of the background surface. For calculations
of upward irradiance, H(P)4 , the background surface is the earth and
we assume Ho = GT:FC . For calculations of downward irradiance, H(P) {,
the background surface is outer space and we assume Hy = 0.
The first term in the expression represents the transmitted term,
i.e., the contribution to H(P) from the background surface. The second

term represents the contribution to irradiance originating from emissions

from within the atmospherfc layers themselves, where:
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Hj =0 T4 and j is the layer index.

The A €; are emissivity increments for individual layers.

The increments are due to water vapor, carbon dioxide and a correction
term due to the overlap between CO2 and H20 bands. The actual gaseous
emissivity data used in the calculations have been determined empirically
for the various bands by several individual investigators. This informa-

tion is summarized below in Table Bl.

Table Bl
Sources of IR Emissivity Data

Band Source
HpO0 6.3 micron Staley and Jurica (1970)
Hy0 Continuum Bignell (1970), Cox (1973)
H20 Rotational Smith (1960)
COp 14.7 micron Smith (1969)
C0» - H,0 overlap Staley and Jurica (1970)

Collision broadening is accounted for in the program; details can
be obtained from Cox, et al. (1976). Computations of upward and downward
irradiances at various levels in the atmosphere enable layer cooling rates

to be calculated using the formula:

AH
2;1:' = gp A Pnet where Hp., (P) = Hi (P) - HY¥(P)
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2. Radiance Program.

The program used to calculate radiances within a mountain valley
was adapted from PROGRAM RADLON, described by Cox, et al. (1976). A
brief description of PROGRAM RADLON and the modifications necessary to
enable us to utilize this program for mountain valley calculations
follows:

The program is a general spectral infrared radiative transfer
program in which the user is required to input a specific atmosphere, a
viewing zenith angle (8), and the wavenumber limits of the specific
band (or bands) of interest. The specific atmospheres used with
this program were listed in Appendix A. Pressure, temperature, specific
humidity, and CO, profiles were specified. The effects of ozone were
ignored. The CO; mixing ratio was assumed constant (.486 gm/kg) with
height. Radiance calculations were made for the 5 distinct bands listed
below in Table B2.

Table B2

Spectral Intervals used in Calculations

Bands Wavelength Interval (u) Wavenumber Interval (cm‘l)

1 4.4-7.8 1285-2265 H20 6.3 micron
2 7.8-13.4 745-1285 Ho0 Continuum

3 13.4-16.3 615<745 COy

4 16.3-20.2 495-615 Small window

5 20.2-48.8 205-495 H,0 Rotational

Radiances were calculated using the mumerical integration:
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P, P,

N, (8,P) = - f Bv,ST) 97y dp - Bv‘,,('r)f‘;” dp
5 dp 5 [

where B(T) is the Planck radiation function, T,is transmissivity

defined by

Ty= T Tv, for i = 1, n, and where n is the total number of absorbers.

The integration across the spectral bands is accomplished as follows:

m Y2 - V1
N, (8,P) = 3 ij (8,P) AV wywherem = o
! O'U2 j:l

The program uses empirical spectral absorption data for spectral

intervals of 10 cm~l from the authors listed below in Table B3.

Table B3

Sources of IR Emissivity Data

Band Source

Hy)0 6.3 micron Elsasser and Culbertson (1960)
Hy0 continuum Bignell (1970)

Hp0 rotational Smith (1964) for u <5 cm

Elsasser and Culbertson (1960) for u> 5 em

COp 14.7 micron Smith (1969) for u < 500 cm
Elsasser and Culbertson (1960) for u >500 cm

The effects of collision broadening were handled using the scheme described
by Cox, et al. (1976). Doppler broadening effects were disregarded.

The two major modifications required to adapt PROGRAM RADLON to
handle our mountain valley calculations were: (1) modifications to allow

the pressure integration: limits to be reversed so that the integration could
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proceed downward from the top of the atmosphere, and (2) a modification to
allow Bignell's (1970) continuum absorption data to be properly meshed with

the absorption data for bands on either side of the continuum.
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3. Blackbody Flux Program

The Planck blackbody functions are defined as follows:

I

cp N7 [exp (Co /AT) - 1171 ap
v3 [exp (C, V/T) - 1171 4y

By (T) dA

By (T) dv = C3

The energy emitted by a black body of temperature T within a
discrete spectral band can be determined by integrating the Planck
blackbody function between the limits of the band. The integral thus
determined can be visualized as representing an area under the blackbody
curve as shown in Fig. Bl.

The integrations

Ao

B(T) = clf % A2 [exp (Co /AT) -117t E da and
AR

B (T) = C3 {v3 [exp (C4 V/T)—ll}dv

can be accomplished usiné a scheme described by Widger and Woodall (1976)

and Bushnell (1977). See also Widger (1968). Following is a copy of the

Widger and Woodall HP-65 Program that accomplishes the integration. This
integration scheme was used to determine the amount of energy emitted by

valley sidewalls (assuming they radiate as blackbodies) within certain

spectral intervals.
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Fig. Bl Planck blackbody curve illustrating emitted energies within discrete
spectral intervals.
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APPENDIX C

INTERIM PROGRESS REPORT

January 31, 1977

Note - Corrections to Table 3 have been made
since the issuance of the original
report. The water vapor mixing ratio
of the sounding has also been corrected.
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January 31, 1977

Cooperative Agreement No. 16-629-CA
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This report documents the progress made in a theoretical study
of the infrared radiation component of the surface energy budget in
mountain valley topography.

An infrared radiative transfer program has been modified and
utilized to simulate the transfer of infrared radiation through a
valley atmosphere. Atmospheric constituent and temperature profiles,
spectral bandpass, and viewing geometry may be specified in this pro-
gram. Radiance and transmissivity values for various viewing angles,
various spectral intervals, and at various levels in the model atmos-
phere constitute the output of the model.

The program can calculate values of radiance for any model
atmosphere. We have chosen to use the following atmosphere:

isothermal: -5°C
surface pressure: 750 mb

CO, mixing ratio constant: .486 gm/kg

2
water mixing ratio: 4.5 gm/kg

A data tape has been created for this model atmosphere containing
radiance and transmissivity values for zenith viewing angles of 0, 60,
65, 70, 75, 80, and 85° at 10 cm_l spectral intervals from 210 cm-1 to
2260 cm-1 (i.e., from “4.42 to 47.6u). Values are calculated at
pressure levels of 655, 680, 700, 715, 725, 730, 735, 740, and 745 mb
as shown in Figure 1 and Table 1 below. Note that given an azimuth
angle and pressure level we can determine the distance between the
surface (750 mb) and the pressure level along the azimuth 6.

Using this data and assuming the initial symmetrical valley shape

shown in Figure 2--namely a flat-bottomed valley with sides of constant

slope and of infinite length capable of orientation in any arbitrary
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azimuth--we can choose points on the valley sidewall corresponding to
the data points available and investigate the transmissivity of the

atmosphere between the points as a function of wavelength.

S

Figure 2. Idealized valley configuration
with calculation points indicated.

Here, for example, we choose the point A to be in the center of
the valley and the receptor points (1, 2, 3...5) to be along the side-

walls at varying distances and zenith angles from point A (Table 2).
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PoinT | ZEMTH | PRESSURE [Distance
NUmMBER grze’u L(fhv:;. Fc(«:: )A
I 70 680 2.25
a 75 680 297
3 75 75 145
4 8o 680 443
5 as ¢80 8.83

Table 2. Calculation Point Data
for 5 Sample Points.

The results of the analysis are given in Figures 3-7 (Transmissiv-

ities) and Figures 8-12 (Spectral radiances).

TRANSMISSIVITY VS WAVELENGTH-VAIL 1501~ STA 1,PHI=70,P=680
S
. o 4
wl
| ]
2 N I
|
. |
I I S |
N N

= -]
& ]
NAVELDNGTM (MICRONS}

Figure 3.
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TRANSMISSIVITY VS WAVELENGTH-VAIL 1S01-
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Figure 6.
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Figure 7.
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BLACK BOOY(A) AND SFC RADIANCE(B)-VAIL 1S01-STA 1,PH]=70,P=680
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Figure 8.
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Figure 9.
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BLACK BODY{A) AND SFC RADIANCE (B)-VAIL 1S01-STA 3,PHI=75,P=715
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Figure 10.
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Figure 11.
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BLACK BOOY (A} AND SFC RADIANCE(B)-VAIL |S01-STA 5,PH]=85,P=680

N —

RADIANCE  (RATTS/Mas2/MICRON/STERAD I AN)
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Figure 12.

Transmissivities are high in the 10p window region. Transmissiv-
ities may also be significant in the 16-24u region for shorter path
lengths. Absorption of radiation is complete even with the smaller
path lengths considered in the 6.3y H20 and 15y CO2 bands.

An additional consideration is necessary in order to obtain prac-
tical results from the transmissivity information--namely, one must
consider the amount of energy available from Planck radiation in the
different spectral intervals. Figures 8-12 provide this information.
The top curve on each figure represents the black body or Planck
radiation curve of point A at a temperature of ~5°C. The lower curve
shows the spectral radiance received at the point being considered.

The ratio of the areas under the given curves gives a measure of the
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percentage of the energy transmitted from point A that is received at
the given point. The integration results in the figures in Table 3,

following:

Point Area ratio
1 .32
2 .29
3 .38
4 .23
5 .16

Table 3. Ratio of Integrated Areas from Figures 3-12.

The largest portion of the energy received at the points 1-5 comes
through 2 spectral intervals--the 1lOp window region and the 16-22yu
region.

This analysis, to date, has allowed us to focus attention on the
spectral intervals of importance in the wvalley IR radiation component

problem.
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