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PREFACE

This joint research report presents the results obtained by the
Soviet/American exchange program between the U.S. National Science
Foundation and the U.S.S.R. Hydrometeorological Service aimed at
studying aerosol and cloud effects upon radiative processes in the real
atmosphere as part of working group 8. The team of Soviet scientists
from the Main Geophysical Observatory and Leningrad State University,
headed by Professor K. Ya. Kondratyev, have supplied field data measured
in the CAENEX observational program. A radiative transfer model deve-
loped by Dr. Welich has been used for the intercomparison studies between
observations and caiculations. It is the authors' hope that this timely
exchange of scientific results will facilitate research progress in

atmospheric radiation studies throughout the world.



ABSTRACT

This report summarizes the results of a joint Soviet/American ex-
change program to compare calculations with observations in the real
atmosphere for determination and study of diabatic processes that are
important for tropospheric energetics. Complete spectral measurements
of the radiation field and aerosol optical properties under turbid con-
ditions have been supplied. Using these data, radiative transfer calcu-
lations have been performed in order to provide an independent check on
the accuracy of previous measurements as well as provide recommendations
for improved observations.

The effect of a small amount of highly absorbing material, such as
hematite, upon the radiation field has been demonstrated. Theoretical
results indicate (1) that the effects of variations of the solar zenith
angle during observations is not an important consideration, (2) that
variations of surface albedo do not contribute significantly to the
radiation fields in highly turbid conditions, (3) that ozone absorption
variations are not important in the troposphere, and (4) that variations
in the size distribution with height were surprisingly ineffective in
determining radiation fluxes. On the other hand it was shown that
variations in aerosol concentrations had a major impact upon radiation
fluxes, and particularly upon the flux divergences.

Extensive data are presented giving spectral shortwave radiation
flux and flux divergence values as a function of height in the atmo-
sphere. Furthermore, the complete aerosol data used in the inter-
comparison studies are also presented along with the theoretical
calculations.
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ABSTRACT (Continued)

It is shown that no "best fit" over all spectral regions was possible.
Therefore, further studies have been performed to test the sensitivity
of results to small variations in input parameters. It is a normal
procedure to assume that contributing aerosol particles share a similar
size distribution function, even if variations in height are included.
However, preliminary results indicate that it may be necessary to pro-
vide size distributions for the various componenté of aerosol, or at

least for such optically active particles as hematite.
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INTRODUCTION

Extensive experimental investigations have been carried out in
recent years as part of the Compiex Atmospheric Energetics Experimenf
(CAENEX) program. The data have been obtained from simultaneous surface,
airborne, and satellite measurements of the shortwave radiation field
for various geographical and atmospheric conditions. In addition, those
surface and atmospheric parameters which determine the radiation field
have also been measured. From these data taken in the real atmosphere.
it is now possible to more fully understand both quantitatively and
qualitatively the contribution of shortwave radiation aerosol absorption
to the atmospheric heat budget through radiative flux divergences. In
particular, previously detected "residual absorption” in those wave-
lengths where moleculiar absorption is low has now been identified as
absorption of shortwave radiation by aerosol. The radiation measure-
ments during the 1970 CAENEX and the 1974 GATE field observations both
showed strong aeroscl absorption by ferric oxides.

Detailed analysis of the experimental results can be performed
only on the basis of numerical modelling of radiative transfer under
measured atmospheric conditions. In order to properly simulate the
radiation field observations, it is necessary to develop a theoretical
model capable of reasonably accurate reproduction of radiative fluxes,
net fluxes and flux divergences.

A great number of different techniques for theoretical description
of radiative transfer in the atmosphere are known. As applied to the
experimental results of the CAENEX program, it is reasonable to use

approximate calculation methods which do not require extensive computer



-2-

time since the accuracy of both the measurements of radiative fluxes
and flux divergences as well as optical parameters are rather limited.
The present work is the result of combined efforts of Soviet and
American specialists brought together through an exchange program between
the U.S. National Science Foundation and the U.S.S,R. Hydrometeorological
Service. The goals of this exchange program are (a) to calculate spectral
radiative fluxes, net fluxes and flux divergences in the free atmosphere
from measured optical atmospheric and surface parameters for one of the
observational days of the CAENEX program, 25 October 1975, and (b) to
compare measured with calculated results. While further and much more
extensive intercomparisons are continuing, the purpose of the present
paper is to discuss preliminary results along with the specification of

the calculational scheme and optical parameters used in this study.

Part I. EXPERIMENTAL DATA

1. Results of the observations of spectral fluxes, net fluxes and radi-

ative flux divergences in the free atmosphere on 25 October 1970.

Experiments included within the "CAENEX-70" program are described
in detail in the 1iterature.1'5 Therefore, the present paper refrains
from descriptions of observational technique and data processing. The
observational program has been conducted aboard the flying laboratory
IL-18 of the Main Geophysical Observatory, Leningrad, over the Kara Kum
desert in the Repetek region of the USSR. The 25 October 1970 data were
taken both in the surface layer at the ground and in the troposphere from
aboard the IL-18 flying laboratory.

In the surface layer the aerosol number density, size distribution, and
chemical composition were measured. On board the IL-18 the following

observations have been carried out during the CAENEX-70 program:



1. Spectral distribution of upward and downward fluxes of short-
wave radiation using a diffraction spectrophotometer, K-2
(spectral range 0.4-0.9um, spectral resolution 0.02um; re-
cording time is 10 sec.).

2. Spectral brightness distribution of the surface~atmosphere
system in different directions using a prism spectrophotometer,
SPI-2M (spectral range O.Q—Z.Sﬁm, view angle is 30°; recording
time is 10 sec.).

3. Concentrations and size distributions of aerosol particulates
using a continuously operating impactor,

4. Spectral transmission of the atmosphere using the infrared-
solar spectrometer IRSS-2 (spectral range 2-2.5um, view angle
is 0.5°; recording time is 10 min.).

5. [Integral upward and downward lTong- and short-wave fluxes using
pyranometers (spectral range 0.3-3.0um and 3-30um, view angle
is 180°; time of one measurement is 3 min.).

6. Vertical profiles of temperature, moisture, ozone concentra-
tion, and atmospheric pressure.

The Repetek 25 October 1970 observations showed for the first time
that aerosols as well as absorption by gases may lead to significant
radiative flux divergences in the real atmosphere. In some cases aerosols
can absorb energy of similar magnitude as the gaseous components. Fig-
ure la shows the difference in the net fiux between 8.4 and 0.3 km as a
function of wavelength for gaseous and aerosolabsorption. Figure 1b
shows the net flux difference of Figure la divided by the average total
downward flux for this same height range. The spectral distribution of

radiative flux divergence has the same spectral variation as does the
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approximated by the dependence Nl
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imaginary part of the refractive index of ferric oxide as shown in
Figure 2. The hematite component of the aerosol gives the reddish color
to desert sand in the Repetek region. It is interesting to note that
observations of radiative flux divergences in the town of Shevchenko in
1970 showed that aerosol absorption was highly variable, decreasing in
some cases to zero. Its value depends upon the lecation and cornditions
under which the aerosoil air mass was formed.

The 25 October 1970 observations were statistically processed and
smoothed, and atmospheric spectral optical characteristics were con-
structed at 100 mb intervals (through interpolation from 350 to 950 mb
and through extrapolation outside of this interval). These data are
given graphically in previous papers.6'7 In the present work these data
are reproduced in Tables 1-6 and are later used for intercomparisons
with the calculational results. Observations indicated that under desert
conditions the aerosol was mainly generated at the earth's surface and
rose to a level of about 500 mb. In the higher layers there must be
another source of aerosci since in these layers the optical properties
differed considerably from the surface aergsol.

Using the two-flux radiative transfer approximation, extincticn and
absorption coefficients Baxt® 2 and Babs® 3 and the single scattering
albedo & have been estimated at various heights in the atmOSphere.5’8’9
In these simulations it was found that o, < 0.85-0.90 in all cases.
Therefore, it becomes clear that pure scattering does not exist in any
spectrail interval. The given @, estimates, being obtained from approxi-
mate calculations, are rather tentative. However, since the true absorp-
is substantial, the conclusion about the lack of pure

tion Eabs’ X

scattering is beyond doubt.
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Figure 2. Absolute shortwave spectral heat budget (1) compared

with the imaginary part (k) of the compliex index of
refraction (2) for hematite.
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Table 1. Verticai profiie of downward radiative spectral flux.
Fi _}04 wa;ts
cm um
P{mb)
Aum) 0 100 200 300 400 500 600 700 800 900 1000
0.42 1090 1078 1045 1011 977 939 881 853 799 738 670
0.43 1145 1096 1062 1027 911 950 884 858 800 734 652
0.44 1200 1142 1107 1070 1033 991 927 895 837 768 684
0.45 1244 1197 1162 1124 1085 1042 986 946 888 821 741
0.46 1276 1245 1210 1171 1132 1088 1033 992 636 872 800
0.47 1292 1273 1237 1198 1159 1115 1071 1021 967 907 844
0.48 1287 1273 1238 1199 1160 1117 1076 1025 973 218 862
0.49 1264 1247 1212 1175 1137 1096 1054 1007 957 907 856
0.50 1226 1200 1167 1131 1094 1055 1015 971 924 878 831
0.51 1179 1143 1110 1078 1041 1005 966 927 884 841 797
0.52 1128 1086 1054 1024 989 955 520 885 845 805 764
0.53 1079 1037 1007 978 946 G916 882 851 814 777 739
0.54 1036 999 971 944 915 887 856 827 793 759 723
0.55 1000 972 946 919 894 868 B840 812 780 748 714
0.56 973 853 928 9CZ 80C 855 829 803 772 741 708
0.57 951 937 914 888 869 844 819 794 764 734 703
0.58 932 920 899 874 855 831 B8O7 783 754 724 6594
0.59 913 901 811 858 838 814 796 766 739 710 680
0.60 893 879 859 839 816 793 769 745 719 691 662
0.61 872 855 83% 817 792 770 746 722 697 €70 641
0.62 848 830 809 792 788 746 722 699 675 648 620
0.63 824 805 784 768 745 724 701 679 655 629 601
0.64 800 780 760 744 724 705 683 662 638 613 530
0.65 776 757 739 723 706 688 668 647 624 600 573
G.e6 754 735 720 704 689 672 654 635 612 588 562
6.67 734 714 702 687 674 657 641 622 600 576 550
0.68 714 732 721 707 690 671 648 624 592 555 514
0.6 694 673 654 636 617 597 574 552 526 550 471
0.70 674 662 655 642 630 628 602 584 563 540 514
0.71 654 648 640 629 618 627 591 575 556 534 508
G.72 633 610 607 603 596 586 573 557 535 507 472
0.73 613 624 608 606 597 625 576 564 549 532 512
0.74 594 612 593 596 588 616 570 559 547 533 516
0.76 578 569 558 546 534 520 505 488 468 444 416
C.7¢ 564 494 474 453 431 408 384 360 332 303 271
0.77 553 544 B4Q0 535 522 513 502 490 473 452 429
0.78 544 557 546 547 542 B41 530 521 512 501 48¢°
0.76 536 541 534 532 527 522 515 505 495 482 467
.80 527 525 522 517 512 504 499 489 476 462 444
0.81 518 509 508 502 497 483 483 473 459 442 422
0.82 506 516 504 492 480 466 452 436 418 398 375
0.83 493 483 484 478 470 457 447 434 418 398 375



Table 1. Vertical profile of downward radiative spectral flux (Continued)

F; .104 watts
cm oum

P(mb)

Alum) 0 100 200 300 400 500 600 700 800 900 1000

0.84 478 466 464 459 455 449 440 431 419 404 387
0.85 464 454 452 447 443 437 429 421 410 398 384
6 551 445 442 437 433 427 420 413 404 394 383
7 441 439 434 430 425 420 414 407 399 390 380
0.88 436 435 430 426 421 416 410 403 395 385 373
9 438 433 430 425 420 416 409 402 390 376 358
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Table 2. Vertical profile of upward radiative spectral flux

b, qot watts

A L
ampm

P(mb)

A(um) 0 100 200 300 400 500 600 700 800 900 1000

OOOUOD OO OOOODOOOOODOOOOOODOOOCOOOODOOOOOOOOOOOLOOOCOO

42 284 268 253 235 216 194 172 150 122 93 63
.43 280 285 250 234 216 1% 176 153 127 &7 64
44 285 272 257 242 225 207 187 165 139 110 76
45 294 282 268 253 237 220 200 179 154 125 92
.46 300 288 275 262 246 230 211 190 166 138 106
47 300 289 277 264 249 234 215 196 173 146 116
.48 285 284 273 260 246 232 214 195 174 149 122
.49 285 275 264 253 239 225 209 192 172 149 123
.50 275 265 255 244 231 218 203 187 i68 147 124
.51 266 257 246 236 224 211 197 182 i65 146 125
.52 260 250 240 229 218 207 194 180 164 147 127
.53 255 246 235 225 215 204 192 180 165 143 130
.54 250 242 231 222 213 203 192 18t 167 151 134
.55 246 238 228 220 Z2Y2 203 192 i82 169 154 137
.56 240 234 225 218 210 202 192 182 170 155 139
.57 234 228 221 215 208 200 191 181 169 156 140
.58 227 221 216 2i0 204 197 188 179 168 156 141
.58 219 214 Z210 204 199 192 185 176 166 155 141
.60 212 267 203 198 193 187 180 173 164 153 141
.61 204 200 196 182 187 182 176 170 161 152 141
.62 198 195 190 186 182 17 172 166 159 150 140
.63 188 18 183 180 176 172 167 162 155 147 136
.64 190 187 182 178 175 170 166 161 154 146 136
.65 188 185 180 176 172 168 163 158 152 144 134
.66 187 184 179 175 171 1e6 161 156 146 140 131
.67 187 183 178 173 i69 164 159 153 146 137 127
.68 185 180 175 171 166 161 156 150 142 133 124
.68 144 142 140 138 135 133 129 125 120 113 105
G0 175 171 166 162 158 153 149 143 136 128 119
.71 167 164 160 156 153 149 145 140 134 196 118
.72 132 133 133 132 132 130 128 124 120 114 107
.73 153 151 149 147 144 142 138 136 131 125 117
74 148 147 145 143 142 140 137 134 129 124 117
J5 118 115 112 108 106 102 99 96 g2 87 80
/6 106 102 98 94 91 87 84 79 75 70 64
.77 142 140 13¢ 138 136 134 132 129 125 120 114
.78 141 138 137 136 135 133 130 128 124 119 113
79139 137 136 134 132 130 128 125 121 117 111
.80 136 135 133 131 129 127 125 122 118 114 108
.81 132 131 129 128 126 124 122 118 115 11t 108
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Table 2. Vertical profile of upward radiative spectral flux (Continued)

F ; .104 watts

2
cmum

P(mb)
A(ym) 0 100 200 300 400 500 600 700 800 900 1000

.82 110 108 105 104 101 100 98 97 g5 93 90
.83 118 116 114 113 112 110 108 105 102 98 94
.84 124 123 122 120 118 116 114 112 109 104 99
.85 124 123 121 119 17 116 114 113 108 104 98
.86 125 123 121 119 117 15 113 113 108 103 98
.87 125 123 121 119 117 115 113 114 107 103 97
.88 124 122 120 118 116 114 112 112 106 102 97
.89 120 118 117 115 113 111 110 107 103 99 95

QOO OOOOO



Table 3,

F

217~

(F +_ F‘+\ ]04 watts

Vertical profile of spectral radiative balance {net flux)

NoA A cmzum
P{mb)
A(um) 0 106 200 300 400 500 600 700 800 900 1000
0.42 826 809 792 775 759 743 724 700 675 641 604
0.43 849 831 819 793 776 754 731 704 675 636 589
0.44 890 870 850 829 810 785 759 731 699 660 611
0.45 936 916 894 872 851 824 796 767 736 698 652
0.46 978 957 934 910 887 860 832 802 771 736 695
0.47 1005 983 959 934 9i0 883 885 825 785 762 726
0.48 1001 989 964 939 914 887 859 830 801 770 738
0.45 994 972 947 922 837 871 844 816 788 759 729
0.50 957 935 912 888 862 838 812 786 759 732 704
0.51 908 886 864 842 818 795 771 747 722 686 670
0.52 856 836 815 794 772 750 728 706 683 660 635
0.53 811 791 772 753 732 712 6%2 672 651 630 608
0.54 776 757 740 721 702 683 665 647 627 608 589
0.55 751 734 718 700 €83 665 647 631 612 594 577
0.56 735 719 704 687 670 653 636 620 602 585 569
0.57 724 708 693 677 661 644 628 612 595 578 563
0.58 713 699 683 667 652 635 618 €03 586 569 554
0.56 700 686 670 654 639 622 606 55C 573 556 541
0.60 684 670 653 637 €22 605 585 573 556 538 524
0.61 684 670 653 637 K02 586 569 553 537 520 505
0.62 670 651 631 611 592 572 Bh3 533 514 494 474
0.63 624 611 594 578 563 547 531 514 489 483 466
0.64 604 591 576 561 546 532 516 500 484 467 449
6.65 584 573 B60 547 533 519 504 489 472 455 436
6.66 566 556 546 534 522 510 495 481 463 445 425
0.87 549 547 533 524 512 501 488 474 456 437 418
3.68 533 527 521 513 503 493 480 468 449 428 414
0.69 549 532 514 447 494 485 473 460 443 422 411
0.70 505 501 497 48] 484 475 464 450 435 417 409
8.71 492 488 484 479 472 464 454 436 427 409 404
0.72 479 475 471 465 459 457 440 428 415 404 392
.73 493 485 476 470 461 452 441 430 418 407 393
0.74 454 448 441 433 424 413 402 387 375 358 345
0.75 440 432 422 414 404 392 379 365 351 333 316
0.76 426 437 408 398 386 374 360 345 330 31z 291
0.77 428 420 471 402 383 385 376 366 354 339 323
0.78 411 409 407 404 401 398 393 387 380 372 362
0.79 395 389 380 376 368 359 348 337 322 305 283
0.80 389 385 377 375 370 362 353 344 330 314 294
0.81 382 380 37C 374 369 363 356 347 334 320 301
0.82 417 408 359 388 377 365 352 345 322 320 303
0.83 384 363 362 353 388 351 345 337 325 314 300
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Table 3. Vertical profile of spectral radiative balance (net flux)
(Continued)

+)-104 watts

e
FN,A B (Fx' Y

cm oum

P(mb)
A{um) 0 100 200 300 400 500 600 700 800 900 1000

0.84 351 350 347 346 343 338 332 325 315 306 294
0.85 337 336 334 332 328 324 319 312 304 297 288
0.86 325 323 322 319 315 311 306 301 295 289 282
0.87 316 314 313 309 306 302 298 294 289 284 277
0.88 313 311 309 306 303 300 296 292 287 280 273
0.89 318 317 314 311 309 307 301 297 289 279 266
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Table 4. Vertical profile of shortwave heat balance (flux divergence)

pFy ,(P+50mb) = [Fy  (P) - Fy , (P+100mb)]- 10* watts

Nsh cmum

P{mb)

aMum) s 150 250 350 450 550 650 750 850 950

.42 153 157 164 172 182 199 223 263 324 399
43 180 166 194 204 217 236 264 304 355 472
.44 200 206 215 226 240 259 285 322 362 48]
45 214 221 230 240 254 271 294 323 355 447
.46 226 232 240 25 262 277 295 316 340 396
A7 234 240 248 256 266 279 292 307 324 350
.48 237 242 249 257 265 277 286 236 309 316
.49 234 239 245 252 259 270 276 284 294 294
.50 226 231 236 242 248 257 262 268 276 277
51 217 220 224 229 233 240 243 249 255 258
.52 207 205 21t 214 216 221 223 227 231 236
.53 196 197 198 200 201 203 204 206 208 213
54 186 187 187 187 187 188 188 189 189 192
S5 177 177 177 176 176 176 176 176 178 176
.36 170 169 169 169 169 168 168 167 167 166
.57 164 164 164 164 164 163 163 162 162 161
.58 161 161 161 161 161 161 160 160 16C 159
.59 160 160 160 160 160 160 160 160 160 159
.60 lez 162 161 161 160 160 160 160 160 160
161 160 162 162 162 162
.62 184 185 187 190 193 196 199 203 206 210
.63 154 155 155 156 157 158 162 164 167 170
.64 140 143 145 148 151 155 159 163 168 173
.65 1217 125 129 135 142 148 153 160 168 177
.66 98 104 111 120 131 143 145 155 167 179
.67 77 85 %4 106 120 136 135 150 164 179
.68 62 71 82 95 111 130 195 234 275 318
.68 158 162 166 172 177 184 191 199 208 217
.70 55 63 72 84 98 115 116 136 151 169
.71 159 65 73 82 94 108 113 131 145 162
.72 63 68 74 82 91 111 141 180 224 280
73 67 71 76 81 26 98 109 124 135 150
.74 68 71 75 80 88 9 108 121 133 148
.75 65 68 72 77 85 93 166 119 132 148
.76 150 161 171 180 192 205 219 233 249 266
7 49 51 56 62 70 80 93 107 123 142
v 37 39 44 50 59 70 83 98 116 135
.79 26 27 32 39 49 61 74 90 168 129
.80 14 18 23 30 41 54 67 84 103 124
.81 11 12 18 26 37 75 98 128 166 212

OOOOOOOULOOOODOOLDOOCTOOOOOOOO0OO0COOO0DCOODOODOOOOO
O3
oo
e
(o)
[AS]
—
(o))
o
wwnad
()]
[N
P 3
(o)}
™3



-14-

Table 4. Vertical profile of shortwave heat balance (flux divergence)
(Continued)

4 watts

aFy, 5 (P¥50mb) = [Fy ,(P) - Fy ,(P+100mb)]-10

N szum

P(mb)
Awm) 50 150 250 350 450 550 650 750 850 950

9 11 17 25 36 134 148 165 182 200
11 13 19 27 37 9% 116 138 163 190
14 17 22 29 38 47 59 71 84 98
19 21 26 31 37 45 54 63 73 87
22 24 28 31 35 41 47 53 61 68
24 25 27 30 33 37 42 48 55 62
22 23 24 28 32 38 44 52 62 75
18 18 20 27 36 40 59 74 93 118
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OCONNOOTPRWN



_15-

Vertical profile of spectrai relative absorption.

Tabie 5.

P{mb)
450

650 750 850 950

550

150 250 350

50

A(um)
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Vertical profile of spectral relative absorption (Continued)

Table 5.

Fy(P)

P(mb)
450

650 750 850 950

550

50 150 250 350

A{m)
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0
0
0
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Table 6. Vertical profile of spectral albedo. A, -10°
P{mb)
a(m) ¢ 100 200 ..300. 400 500 .600 700 800 900 1000
0.42 255 250 243 233 221 207 192 175 148 124 92
0.43 247 242 236 227 218 206 194 179 155 132 102
0.44 242 237 232 225 218 208 198 185 164 142 113
0.45 238 234 230 224 218 210 201 189 172 151 122
0.46 234 231 227 223 217 211 203 191 177 158 130
0.47 229 227 223 220 215 209 202 191 179 161 136
0.48 225 223 220 217 212 207 200 190 179 163 142
0.49 222 220 218 215 211 206 199 190 180 165 147
0.50 224 221 219 216 212 207 201 192 182 169 153
0.51 228 225 223 220 215 211 205 197 187 175 160
0.52 234 232 229 225 221 216 210 204 194 182 167
0.53 240 238 235 231 227 223 217 210 202 191 174
0.54 245 243 240 236 233 228 223 217 209 198 181
0.55 247 245 243 240 236 232 228 222 215 204 188
0.56 247 245 244 241 238 235 231 226 218 209 194
0.57 245 244 242 241 238 236 233 228 221 212 200
0.58 242 241 240 239 238 236 234 229 223 215 205
0.50 240 239 238 238 237 236 234 230 225 218 210
0.60 238 237 237 237 236 236 234 232 228 228 215
0.61 237 237 236 237 236 236 235 234 231 226 220
0.62 237 237 237 237 237 237 236 236 234 225 225
0.63 239 239 238 239 239 239 238 238 237 234 234
0.64 241 2417 281 241 241 240 230 240 239 237 228
0.65 245 245 244 244 243 243 242 241 240 238 232
0.66 240 249 248 247 246 245 243 242 240 237 234
0.67 253 252 251 247 248 246 244 242 240 237 234
0.68 256 254 252 251 249 247 245 243 240 236 233
0.69 209 211 213 216 219 221 224 226 229 231 232
0.70 253 252 251 249 247 246 244 242 239 235 231
0.71 250 249 248 247 246 245 244 242 239 235 230
0.72 217 217 218 219 220 221 222 223 224 225 231
0.73 246 246 246 245 245 244 243 242 240 233 233
0.74 248 248 247 247 246 246 245 244 242 239 235
0.75 252 251 250 250 249 248 247 246 244 241 238
0.76 205 206 207 209 212 214 217 221 225 231 241
0.77 235 237 238 240 242 244 245 247 248 245 243
0.78 246 246 259 258 256 254 253 251 249 244 244
0.79 261 259 258 256 255 253 252 251 249 246 245
0.80 258 256 255 254 253 251 250 250 248 246 246
0.81 242 242 242 242 243 243 243 244 246 247 247
0.82 207 208 209 210 211 214 218 222 227 233 248
0.83 253 252 251 251 251 251 251 251 251 251 250
0.84 257 257 256 256 256 256 256 256 256 255 252
0.85 265 265 264 264 263 263 262 262 261 259 255
0.86 274 274 273 273 271 270 269 268 268 263 258
0.87 281 281 280 279 277 276 274 271 268 265 260
0.88 283 282 281 280 278 276 274 271 268 265 262
0.89 276 274 273 271 270 269 268 266 265 264 264
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Conclusions derived from the 25 October 1970 observations are con-
firmed by observations made on 17 June 1970 in the region of the town
Shevehenko, USSR. Observations made simultaneously over the land and
sea in the region of Krasnovodsk, USSR, on 10 June 1971 provide similar
results. In all these cases the total spectral variation of radiative
flux divergence was similar. Hence, one may consider that the 25 October
1970 Repetek observations represent shortwave radiative characteristics
found over large regions in the Soviet Union with desert conditions. The
question of whether these results are representative of desert conditions
in other regions of the globe can only be answered with further observa-
tions. Nevertheless, GATE results indicate a very strong absorbing
aerosol in the Saharan dust which has been identified as hematite. There-
fore, the present results should aid the interpretation of the GATE

observations.

2. OQptical Model of the atmosphere from the results of the 25 October

1970 observations.

Atmospheric conditions in the observational region were character-
jzed by an extensive anticyclonic air mass with weak winds and high air
(above 20°C) and soil (up to 40°C) temperatures. The atmosphere was
extremely dry with relative humidity never exceeding 31%. Vertical pro-
files of meteorological variables are given in Table 7, where H is
height, P is pressure, t is temperature, yu is relative humidity, and
q is specific humidity. The corresponding vertical profile of ozone
concentration is given in Table 8. Since only the total ozone content
was measured, this table gives values calculated with respect to height

10

using the mean latitudinal ozone distribution curve. Optical
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Table 7. Vertical Profile of Various Meteoroiogical Parameters

Hkm)  P(mb)  t(°C)  w(®) ()
0 997 26.0 27.0 3.6
0.1 988 16.2 25.7 3.2
0.29 965 14.4 25.5 2.3
0.35 950 13.0 26.9 2.8
0.50 942 12.2 27.8 2.7
0.88 900 9.0 29.7 2.4
1.05 882 7.6 30.5 2.3
1.36 850 6.3 30.7 2.2
1.84 800 4.2 30.9 2.0
1.98 786 3.6 31.0 1.9
2.37 750 1.7 29.1 1.8
2.59 730 0.7 28.0 1.8
3.05 707 -2.1 24.0 1.7
3.14 700 2.7 23.3 1.6
4.35 60C -10.6 4.0 0.6
5.10 543 -16.0 16.0 0.4
5.73 500 -18.7 17.0 0.25
7.36 400 -30.8  21.0 0.15
7.40 397 -32.2 21.0 0.13
8.29 350 -36.8  23.0 0.092
9.43 300 -42.4 21.5 0.060
10.57 250 -48.0 28.0 0.028
12.36 200 -51.3 19.2 0.026
15.00 i26 -56.3 18.0 0.021
16.52 120 -60.6 17.2 0.020
17.00 91.7 -62.1 17.0 0.019
19.00 63.5 -58.1 17.0 0.030
20.78 50.0 -64.0 17.0 0.025
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Table 8. Vertical Profile of Ozone Concentration

P(mb) v, (g 10 2
1000 0.221
950 0.216
900 0.218
850 0.223
800 0.229
750 0.235
700 0.240
650 0.276
600 0.290
550 0.310
500 0.395
450 0.446
400 0.519
350 0.589
300 0.612
250 0.698
200 0.850
150 1.140
100 1.710
50 1.920
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parameters necessary for numerical calculations were calculated for the
0.4-0.9um spectral region. Since absorption coefficients were not avail-
able in the oxygen and some water vapor bands, the effects of these

gases were neglected in the present calculations. Ozone absorption was
only included within the Chappius band. Molecular scattering was taken
into consideration using Etterman's mode1.11

The primary purpose of the present investigation was to determine
the effect of aerosols upon radiation characteristics in the real atmo-
sphere. Since the data are sufficiently complete it became possible to
provide calculations which reasonably simulate the experimental con-
ditions.

The aerosol content of such elements as Fe, Ca, and Zn was extremely
variable, which points either to the existence of compounds of these
elements in the coarse disperse fraction of the aerosol or to the in-
stability of a particle source containing these elements, Chemical
composition of the tropospheric aerosol is rather similar to that of the
surface aerosol. The main difference in these two regions is a rel-
atively high content of Fe, Al and Mg in the tropospheric aerosol as
compared to the surface aerosol (the maximum concentration of Fe com-
pounds was 7 ug/ms.) The content of various chemical elements in the
atmospheric aerosol is given in Table 9. As a result of extensive
aeroso! samples and their subsequent analysis, it was established that
quartz particies were the main aerosol component in the surface layer.

These aerosol measurements have been carried out during the experi-
ment both in the surface layer at the ground reference peint and in the

troposphere from aboard the IL-18 flying laboratory. Vertical profiles
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of aerosol number density, size distribution, and chemical composition
have been obtained.

Table 9. Contents of various elements (ug/m3) in the measured aerosol.

Si Ca Fe Mg Al Ni Cr Pb Mn Cu

Average 13.5 7.2 5.0 2.8 0.9 0.35 0.3 0.3 0.05 ©
Minimum
Content 12.0 6.5 3.0 0.7 0.6 0.3 0.2 0.2 0.03 O
Maximum
Content i5.0 7.8 7.0 5.0 1.2 0.4 0.4 0.4 0.07 0

Assuming that all chemical compounds included in the aerosol com-
position are uniformly distributed both fractionally and internally and
knowing the optical constants of all constituents it is then possible to
determine the optical parameters for such aerosol matter. Such calcu-
lations were performed for the aerosol model with the following approxi-

- . . 0 o 0 0, ) +2 0,
mate composition: S1O2 - 35%, SO4 - 18%, NH4 - 4%, NO3 - 1%, C03 - 8%,

*2 T gy, nat -2

Fe,0, - 6%, Fe >(salts) - 1%, Aly0, - 5%, Ca'= - 9%, Cl
KF . 1%, crystallized water - 5%, C-0 - 1%, and other elements - 1%. The
value of the imaginary part of the complex index of refraction for this
model is about 0.005 in the wavelength range 0.4 to 0.9 um. The‘real
part of the complex index of refraction in this region was 1.65. The
size distribution of aerosol particles and the vertica] concentration

profile is given in Table 10.
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Table 10, Particle size distribution (ym) of tropospheric aerosol.

Height|Concentration|% of aerosol in various size distribution intervals

3

(m) N(cm ~) r<0.25um [0.25- | 0.30- |0.60- | v>1.20um
0.30 0.60 [1.20
0 200 0.70 0.14 0.08 10.045 0.035
5500 0.5 0.62 6.19 0.18 0.009 0.002

Using these data and applying Mie theory, phase function, extinc-
tion, absorption, and scattering coefficients were then calculated for
the surface layer and at the P=500 mb level. It was assumed that these
quantities varied linearly in the 1000 - 500 mb Tayer and were constant
with height above this layer. Values of the absorption, scattering and
extinction coefficients as a function of wavelength are given in Table 11
for the surface and at a height of 5500 m.

1

Table 11. Absorption, scattering, and extinction coefficients (in km
for N=103 partic]es/cm3) as a function of wavelength at H=200 m

and 5500 m.
H=200 m H=56500 m
A (um) Babs Bscat Pext Babs PBscat Bext
0.40 { 0,38 2.42 2.80 0.55 3.80 4.35
0.45 | 0.32 2.44 2,76 0.60 3.65 4.25
0.50 | 0.29 2.49 2.78 0.65 3.50 4.15
0.60 | 0.26 2.49 2.75 0.62 3.30 3.66
0.70 | 0.25 2.44 2.69 0.40 3.26 3.66
0.80 | 0.24 2.39 2.63 0.35 3.00 3.35
0.90 | 0.23 2.44 2,57 0.36 2.84 3.20

From the data of Table 171 it is seen that the absorption, scattering,
and extinction coefficients increase with height. This is a result of the
fact that the particle size distribution function varies with height. At

high altitudes there is an increase in the percentage of large, optically
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more active, particles. This phenomenon is related to coagulation of small
particles at great heights where particle residence times are larger than
in the Tower atmospheric layers.

The previously described aerosol model is primarily responsible for
the scattering of solar radiation. However, there is a maximum "residual®
aerosol absorption due to hematite particles, Fe203, in wavelength range
0.42-0.45um. Therefore, for an accurate description of the radiation
field, this aerosol component should also be included separately.

In order to calculate the coefficients of absorption, scattering,
and extinction due to individual hematite particles not included in the
previously described aerosol model, the following assumptions were made:
since the measured hematite particle distribution function is narrow
with a maximum at about 0.lum, a delta function size distribution with
radius r=0.1um is used. The corresponding vertical distribution of Fe,0,
particle concentration is given in Table 12.

Table 12. Yertica1 distribution of Fe203 particle concentration.

H(km) 0 1 2 3 4 5 6 7 8
N(Cm-3) 1000 800 500 300 250 200 100 50 25

The above particle concentration profile was calculated based upon
data concerning the profile of mass concentration of Fe203 in the total
aerosol with the above assumption about hematite particle sizes.

Absorption, scattering, and extinction coefficients for F9203 are

given in Table 13.
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Table 13. Absorption, scattering, and extinction coefficients for
hematite (in km'1 for N=10° cm’B)g

 A(m) Babs Bscat Bext
0.40 0.0245  0.046  0.071
0.45 0,0388  0.121 0.160
0.50 0.0044  0.143  0.147
0.55 0.0039  0.160  0.164
0.60 0.0074  0.194  0.201
0.65 0.0083  0.200 0,208
0.70 0.0020  0.078  0.080
0.80 0.0006  0.029  0.029
0.90 0.0003 0.016  0.016

A11 of the optical characteristics presented in this section are
the initial data used for further calculations and intercomparison. Data
on the spectral albedo of the underlying surface needed for the solution
to the radiative transfer equation are presented in the column P=1000 mb
in Table 6. Spectral data on the extraterrestrial solar radiation
entering the earth's atmosphere are presented in the column P=Q mb of
Table 1.

To take into account the influence of the various parameters des-
cribed above, these values were varied within small Timits. These
variations are described in more detail in the second part of the pre-

sent report.

Part II. Calculation of Radiation Characteristics of the Atmosphere.

3. Method of Spherical Harmonics.

There are a large number of techniques available for the solution of
the radiative transfer equation in the literature. A preliminary report
of the International Radiation Commission on "Standard Procedures to
Compute Atmospheric Radiative Transfer in a Scattering Atmosphére“ gives

a rather comprehensive description of the various procedures in
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general use. However, intercomparisons of these radiative techniques
for accuracy and computer processing time requirements remains incomplete.

Simplified radiation treatments used in general circulation models
do not give sufficient accuracy in either a highly polluted or cloudy
atmosphere: even if the radiative fluxes at the earth's surface could
be determined with reasonable accuracy, flux divergences would remain
highly inaccurate. On the other hand, the observational measurements
are not sufficiently accurate to warrant extremely precise radiative
transfer treatments requiring large amounts of computer time. It is
precisely this state of affairs to which the present effort is directed.
It is expected that theoretical calculations will help to determine in
which areas more thorough measurements are required. Therefore, in the
present investigation a reasonably accurate approximate solution of tre
radiative transfer equation is required including both scattering and
absorption in the vertically inhomogeneous atmosphere. A number of
theoretical models which meet the above requirements are available. In
particular, the adding or doubling method, the discrete-ordinate methcd,
and the spherical harmonics method all provide rapid numerical evaluation
and accuracy commensurable with the quality of the input data.

The following description will outline the spherical harmonics

12

approach as developed by Zdunkowski and Korb. This technique has been

13 and has been extended to in-

clude the infrared window region by Korb et a1].4

applied to cloud models by Welch, et al
In addition, the

spherical harmonics approach has also been applied recently by Welch and

17 18

Zdunkowski,15 Canosa and Penafie1,16 Dave and Canosa, ' and Deuze et al.

It should also be pointed out that the discrete-ordinate approach

19

as developed by Liou ~ leads to the same solution of the radiative
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transfer equation when fluxes are calculated as does the spherical
harmonics approach.

The mathematical treatment follows the method of Chandrasekhar21
in which the radiative intensities are expanded into the cosine series
in order to remove the azimuthal dependence. Therefore, we begin with

the azimuthally independent radiation transfer equation:

I{t,u") !z ay Py(w) Py(u”) du”

(1)

where t - optical depth measured from the top of the atmosphere
Hs Mo Moo cosines of the zenith angles of scattered, incident, and
direct solar radiative intensities
I(m) - the "m-th" component of intensity expanded in the cosine
series
k - total absorption coefficient divided by the total extinction

coefficient

a1 - phase function expansion coefficient

Pl(“) - Legendre Polynomial
Eo - incident intensity of solar radiation at the top of the earth's
atmosphere
and ao,m Kronecker delta function.

Due to the fact that only fluxes and flux divergences were needed

in the present investigation, only the m=o component will be retained.
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In the following development the m=o superscript has been deleted for
convenience. The angular variables in the phase function are separated
using the addition theorem of spherical harmonics.

The radiation intensity was then expanded into a series of Legendre
polynomials in order to separate the dependency of optical pathlength

and zenith angle

=

I(t,u) = I Iy () Py (w) (2)
j=o0
In the present study N=3 was chosen. However, this restriction does not
influence the generality of the procedure.
The radiative transfer equation now takes the following form after

applying the orthogonality condition for Lengendre polynomials

N s L SRR = I (x) o2 Ps(a)
v = P.(u = 2 IAt)P.(y) -— ¢ a;, I (1) s P.lu
j=o 9 dt jeo 9 2 jeo 4 2341 7]
(3)
1-k t/ug N J
-5 Eo ¢ R (-1) 3y Pj(u) Pj(uo)
j=o
where a; are the phase function expansion coefficients. Next the
integral operators
1
S; (~==-) u! du with 1= Oj 1, ~--N (4)

-1

are applied to equation (3). An alternate scheme is to apply the

operators
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1
S (<===) py(n) o

as suggested by Canosa and Penafie].]6 A matrix differential equation

of the following form results

. -1 ‘T/uo
I=B AI(z)+D (1) e

where T , B, A, and D are matrix gquantities.
In particular for the case N=3 we have

-~

.
i
™
]
| Sensar”
[
P L} = | e ]

where A and B are constant matrices. The formal solution to equation

(5) is given by

T

10 -S/u
e-B M(-:—s) e

-
t"‘
(@]
+
O(./—-j

D ds =N(x) € +¥H(z) (6)

where

___,_._1
)
O OO0 o
W P - 0o
—

are the integration constants.

The evaluation of the exponential matrices follows the method of

-
)

Putzer. In addition a complete analysis and analytical soluticn for
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k=0 (absorption) and k#o (noh—absorption) in both resonance and non-

resonance cases is given by Zdunkowski and Korb.12
In the case of N=3 the integration constants of the general

solution are found by specifying the mean intensity and flux for upward

and downward radiation both at the top of the earth's atmosphere and

at the surface. The mean intensity (f) and flux (F) are recognized as

the zeroth and first statistical moments of radiative intensity and may

be given in the following form:

For upward radiation

1

M-l(o) (t) = ZWS I{t,u) uo du = 2r I' (1)
o]
1

M](” (1) = ZWS I(t,u) ul dy = F-I(T)

0

For downward radiation

0
2m j; I(tou) 10 du
-1

0
27 f; I{t,u) u1 du =
-1

=
o~
(o]
g
—
=)
N

1]

1
N
=
—_

N
P
,_1
S®

=
~—~
md
g
P
=
N
1]
I
nNo
—~
-
S

Further we considered a horizontally homogeneous atmosphere above a
diffusely reflecting surface of uniform albedo which is i1luminated by
parallel solar radiation. Using the above expressions, the boundary

conditions take the following form:
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Top of the atmosphere, t=9:

M, (o) = o

n
Q

MZ(]) (O)

Earth's surface, t=T:
M (00 (1) = an (D) ()

(1) oy = n (o (D) o)

When a vertically inhomogenecus atmosphere is considered, then
boundary conditions are required at each interface. The zeroth and
first statistical moments of radiative intensity are required to be
continuous for both upward and downward radiation at each interface.

13-15 have indicated that radiative fluxes are

Previous studies
accurate to within 1-2% and that flux divergences are accurate to within

10-15%.

4. Preliminary Results of Calculations

The present investigations use 10 horizontally homogeneous vertical
layers. Within each layer, all input data is assumed constant with
height. Input parameters include: aerosol absorption and extinction
coefficients (km']), Rayleigh scattering coefficients (km'T), phase
functions, aercosol concentrations (particTes/cmB), water vapor density
(gm/cm3), ozone concentration (cm/km), pressure (mbar), incident soiar

flux (watts/cmzum), surface albedo (%), zenith angle, and waveiength.
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Output (calculated) data include downward and upward diffuse flux,
total downward flux, net flux, and flux divergence.

Several calculations were made in order to obtain a preliminary
"best fit" with observations and to determine the contributions of various
input parameters. However, the primary purpose of these preliminary
calculations is to properly account for the large absorption observed in
the hematite region 0.42-0.45um where there is no gaseous absorption.
Intercomparison of calculations and measurements for three wavelengths
(0.45, 0.60, and 0.85um) and two atmospheric levels (P=0and 1000 mb) is
shown in Table 14. It should be remembered that measurements are es-
timated to be accurate to within 2-5% for fluxes and 30-40% for flux
divergences.

The first calculation assumed an aerosol primarily of S1'02 (Table 9)
which had small absorption coefficients: this will be called the "mean”
aerosol in subsequent discussion. The calculations gave poor agreement
with observations, particularly in the region 0.42-0.45uym. The experi-
mental data refer to the layer from 350 to 950 mb. Observed values
given in Table 14 for 1000 and O mb have been extrapolated below 950 mb
and above 350 mb. The second theoretical study used the same aerosol
concentration as before but arbitrarily increased the absorption para-
meters by a factor of three. In tﬁis case, much better agreement was
obtained between observations and calculations, particularly for wave-
lengths > 0,60um. However, these intercomparisons showed that absorp-
tion would have to be mulitplied by a factor of 4 or 5 to obtain any
kind of reasonable agreement in the strong hematite region, 0.45um,
Therefore, it seems clear that Si0, and other Tow-absorption aerosols

are not of primary importance in determing the characteristics in the
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Table 14. Radiation fluxes for various calculational models at
the top of the atmosphere and at the surface.

(wagts .104)
cmum

Observed values | "mean" aerosol mean" aerosol
with absorption
increased X3

NCUPRITUT AN A PR I A SR I A

i N N

0 294 1244 930 | 348 1247 899 | 301 1246 945

o 1000 92 741 651 | 119 955 836 | 109 879 770
0 212 893 681 {239 895 692 | 203 895 692

060 1000 141 662 521 | 163 755 592 | 152 706 554
0,85 0 124 464 340 (132 465 333 | 113 465 352

1000 98 384 284 1107 420 313 | 100 395 295

Hematite alone aerosol aerosol and
scattering hematite scattering
hematite and absorption
absorption

AGm) [P(mb) | F© O FY Ry IFT T R LD R
0 355 1247 892 265 1246 981 | 400 1248 848
0.45
1000 96 763 667 [ 107 861 754 83 656 573
0 319 8396 577 | 239 896 656 | 329 896 567
0.60
1000 144 658 514 | 164 759 595 | 125 571 446
0 126 465 339 | 1450 479 334 | 148 465 317
0.85

1000 114 452 338 | 112 445 333 98 380 282




=-34-

0.4-0.5um wavelength region. Within this spectral interval aerosols
may have their maximum impact upon the radiative heat budget since the
solar intensity reaches a maximum in this region.

The third model assumed only the hematite (Fe203) aerosol which has
strong absorption properties in the visible part of the spectrum. The
hematite calculations showed better agreement with observations, indi-
cating ‘that the very strong absorption in the region 0.4-0.5um is largely
due to this aerosol. Actual data indicate absorption exceeding 20% near
0.45um. It appears safe to conclude that hematite has the greatest
impact upon solar radiation in the spectral region 0.4-0.5um for these
observations. However, in the Near-Infrared regions without gaseous
absorption (0.75-0.90ym), the SiOZ—type of aerosol gave better agreement
with measurements than did hematite alone.

Since both hematite and other aerosols coexist in the atmosphere,
the next investigations included both sources. The fourth model included
hematite and "mean aerosol" absorption and "mean aerosol" scattering,
neglecting hematite scattering. The fifth model included both hematite
and "mean aerosol" absorption and scattering. While these latter two
models provide a better average fit over all wavelength intervals, it
can be seen that no one model is completely adequate in all spectral
intervals.

The worst percentage agreement in net flux divergences occurred in
the region between 0-500 mb where experimental data on aerosol parameters
are non-existent. It seems either that a much larger aerosol absorption/
extinction ratio exists in this region or that extrapolations of flux

measurements from the Tower atmosphere are in error.
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In subsequent analysis, only the first, fourth, and fifth schemes of
Table 14 will be used (renamed Models I, II, and III)., Results of cal-
culations for these models are given in Tables 15-27, and should be
compared with Tables 1-6. More detailed discussion is found in the next

section.

Part III. COMPARISON BETWEEN THE CALCULATED AND EXPERIMENTAL DATA

5. Comparison between the calculated and measured radiation character-

The intercomparison between the experimental and calculated data
should begin with the comparison between the adopted optical model of
the atmospheric aerosol and the optical characteristics calculated by

3-10 Figure 3 shows curves of the absorption

an approximate formula.
coefficient Bapg» and Figure 4 shows the corresponding curves of the
extinction coefficient Baxt obtained from the 25 October 1970 data. To
calculate optical characteristics, it is necessary to multiply the
corresponding coefficients of Tables 11 and 13, by particle concentra-
tions from Tables 10 and 12 for three atmospheric levels corresponding
te 500, 700, and 900 mb (for which reliable measurements are available).
Inspection of Figure 3 shows that the absorption coefficients used
in Models II and III and similar to those obtained from the approximate
formula in the hematite absorption region. Agreement is better in the
region below 700 mb. As to the extinction coefficient, values obtained

9-10 are between the values corresponding

from the approximate formula
to Models II and III. The difference between calculated and observed
extinction coefficients is about a factor of 2. As will be seen from
further comparisons, a model intermediate between Models II and III gives

best agreement.
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Table 15. Vertical profiles of downward spectral flux. Model I
Y .]04'watts
cm-um
P(mb)
Afum) 0 100 200 300 400 500 600 700 800 900 1000
0.42 1093 1074 1074 1065 1053 1025 968 939 906 862 788
0.43 1148 1127 1127 1118 1107 1080 1030 999 964 918 844
0.44 1203 1184 1182 1172 1161 1137 1089 1062 1025 981 904
0.45 1247 1228 1221 1211 1200 1180 1138 1112 1076 1030 955
0.46 1279 1260 1248 1237 1226 1210 1173 1147 1115 1068 990
0.47 1291 1276 1262 1251 1239 1225 1193 1168 1133 1090 1013
0.48 1290 1271 1255 1245 1233 1222 1193 1170 1137 1095 1020
0.49 1267 1248 1233 1222 1212 1202 1177 1155 1124 1082 1012
0.50 1229 1211 1196 1186 1175 1167 1147 1126 1098 1060 991
0.51 1182 1164 1149 1140 1130 1123 1105 1086 1059 1023 958
0.52 1130 1113 1098 1089 1081 1075 1059 1042 1016 983 922
0.53 1081 1064 1051 1042 1034 1029 1015 999 976 943 887
0.54 1038 1022 1008 1001 994 989 976 962 933 910 856
0.55 1002 986 973 966 960 955 944 930 910 882 853
0.56 975 959 948 940 934 930 919 906 887 860 811
0.57 953 937 926 919 913 910 900 887 868 843 796
0.58 934 918 907 901 895 892 883 871 853 828 782
0.59 915 899 889 883 877 874 866 854 837 813 769
0.60 895 879 869 864 859 856 848 837 820 797 755
0.61 874 860 850 846 841 838 830 820 804 782 741
0.62 850 837 829 824 820 818 810 800 78 764 725
0.63 826 814 807 803 799 797 790 781 767 746 711
0.64 802 792 785 781 778 776 770 761 747 727 693
0.65 778 769 763 760 756 755 749 740 727 709 676
0.66 756 748 742 739 736 735 729 721 709 691 659
0.67 736 728 723 721 718 717 711 704 692 674 644
6.68 716 709 705 702 700 698 693 686 674 658 628
0.69 696 689 686 684 682 680 675 668 658 641 612
0.70 676 670 667 665 663 662 657 651 640 624 597
0.71 655 650 647 645 644 643 638 632 621 606 580
0.72 634 630 627 625 623 622 618 612 602 587 562
0.73 614 610 607 606 604 603 599 593 584 569 545
0.74 595 591 589 587 586 585 581 575 566 552 529
0.75 579 575 573 572 570 569 566 560 552 538 516
0.76 565 561 559 558 557 556 552 547 539 526 504
0.77 554 550 549 547 546 545 542 537 529 516 495
0.78 545 542 540 539 538 537 534 529 522 508 487
0.79 537 534 532 531 530 529 526 521 513 501 481
0.80 528 525 524 523 522 522 518 514 506 494 474
0.81 519 516 515 514 513 513 510 505 498 486 467
0.82 507 504 503 502 502 501 498 494 486 475 456
0.83 494 491 490 490 489 488 485 481 474 463 445
0.84 479 476 476 475 474 473 471 467 460 450 432
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Table 15. Vertical profiles of downward spectral flux. Model I
(Continued)

et L watts
cmoum

P(mb)
aym) 0 100 200 300 400 500 600 700 800 900 1000

0.85 465 463 462 461 460 460 457 453 447 437 420
0.86 452 450 449 448 448 447 444 441 434 425 408
0.87 442 440 439 438 438 437 435 430 422 416 400
0.88 437 435 434 433 433 432 430 426 420 411 3%
0.89 439 437 436 435 435 434 432 429 423 413 398
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Table 16. Vertical profiles of downward spectral flux. Model II
F¥ .10 wagts
. .Cm-um
P(mb)
Alum) O 100 200 300 40C 500 6060 700 800 900 1000
0.42 1093 1025 983 359 935 915 861 823 766 690 583
0.43 1148 1077 1034 1000 985 967 908 868 806 721 609
0.44 1200 1130 1086 1062 1037 1018 957 914 845 721 636
0.45 1248 1172 1127 1098 1089 1062 1007 949 877 781 656
0.46 1280 1204 1161 1137 1114 1095 1040 17988 916 831 699
0.47 1296 1228 1180 1157 1135 1169 1164 1114 1048 862 734
0.48 1291 1225 1180 1159 1138 1120 1012 1025 960 879 760
0.49 1268 1205 1163 1144 1125 1110 1066 1023 962 886 775
0.50 1230 1170 1132 1115 1097 1087 1049 1010 954 887 782
0.51 1182 1125 1087 1372 1056 1046 1010 980 919 850 755
0.52 1131 1076 1041 1026 1010 1001 968 933 982 816 725
0.53 1082 1029 996 981 967 958 927 895 846 783 697
0.54 1039 987 955 942 929 921 892 860 814 754 672
0.55 1003 953 922 309 896 890 858 832 796 730 651
0.56 975 927 897 385 872 865 838 809 765 709 632
0.5 953 900 876 364 852 845 815 790 747 690 615
0.58 935 887 859 347 835 828 802 773 730 675 600
0.59 916 869 8471 329 818 811 785 756 714 659 586
0.60 8% 849 822 311 800 793 767 739 697 640 571
0.61 875 830 805 794 784 777 752 725 684 630 560
0.62 851 808 784 774 764 757 734 707 667 616 548
0.63 826 78 764 754 745 738 715 689 652 603 540
.64 802 764 742 734 725 719 687 671 635 586 525
0.65 778 742 721 714 705 700 678 654 618 571 512
0.66 756 722 703 696 688 683 660 641 609 567 511
0.67 736 704 687 680 673 668 651 630 601 563 512
0.68 716 687 669 663 656 652 638 620 594 559 512
0.69 696 667 652 640 640 636 624 609 586 555 511
0.70 676 649 635 630 624 621 611 597 577 550 510
0.77 656 631. 616 612 606 604 594 581 562 537 499
0.72 635 610 597 592 587 585 576 564 548 523 488
0.73 615 591 579 574 570 567 559 548 533 510 476
0.74 596 572 B61 557 552 550 543 533 518 498 466
0.75 580 557 546 542 538 536 529 520 506 487 457
0.76 565 544 534 530 526 524 517 509 496 477 448
0.77 554 533 523 H20 516 514 508 500 486 469 442
0.78 545 525 515 512 508 506 498 492 480 463 435
0.79 537 517 508 504 501 499 498 486 474 457 431
0.80 528 510 500 497 494 492 486 479 468 452 426
0.87 519 500 492 489 486 484 478 471 460 445 420
0.82 507 489 480 478 474 473 467 461 450 436 411
0.83 494 477 469 466 462 461 455 449 439 425 402
0.84 479 463 454 452 448 447 441 436 426 413 391
0.85 465 449 447 439 436 434 430 424 415 402 380
0.86 452 437 429 426 424 422 418 413 404 391 371
0.87 442 427 420 417 415 413 409 404 395 383 363
0.88 437 423 415 413 410 409 404 399 392 380 360
0.8 439 425 417 415 412 411 407 402 394 382 352
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Tabie 77. Vertical profiles of downward spectral flux. F -°i04 ﬂgézi

CM uf

P(mb)

A{um) O i00 200 300 4C0 500 500 700 800 900 1000
0.42 1092 1066 1033 1014 992 973 940 %0H 860 800 203
0.43 1747 1121 1088 1068 1048 1034 995 959 912 g5 146
0.44 7202 1176 1143 1123 1103 1080 1052 1014 _979 904 791
G.45 1246 1220 1186 1168 1150 1138 109 1067 1009 94§ 828
0.46 1278 1253 1222 1205 1187 1175 1138 1102 1052 99z 88O
0.47 1294 1270 1242 1226 1209 1198 1164 1131 1085 1023 §23
0.48 1289 1267 1242 1227 1212 1202 1172 Wié2 1300 1044 952
0.4 1266 1246 1224 1212 1198 1189 1162 1136 1300 1053 969
0.50 1229 1210 1182 1181 1171 1162 1140 1118 1088 1046 975
0.57 1182 1163 1136 1126 111% 1112 1098 1078 1050 1€11 943
0.52 1130 1112 1096 1087 1078 1071 1053 1035 1008 972 907
0.53 1081 1064 1048 104C 1032 1026 1010 992 967 933 §7§
0.54 1038 1021 1007 1999 991 886 972  95% 93? 200 843
0.55 1002 985 972 965 958 953 940 9z4 90z 872 818
0.56 975 958 945 939 932 927 915 e300 879 849 797
0.57 953 937 924 918 917 907 835 830 865 831 780
0.58 934 917 908 900 893 889 877 363 843 815 765
0.59 915 898 888 881 275 8717 860 845 526 798 750
0.60 8935 878 868 862 830 853 842 828 80¢ 781 734
0.61 874 859 849 844 838 835 825 817 793 766 720
0.62 850 837 828 822 818 815 805 792 774 748 704
0.63 826 814 835 801 797 794 784 773 755 731 690
0.64 802 791 783 779 775 773 764 753 736 712 672
0.65 778 768 761 758 754 752 744 733 716 693 655
0.66 756 747 741 738 7335 732 725 714 700 67 638
0.67 736 728 722 719 716 714 702 898 634 664 623
0.68 716 708 706 707 098 695 691 682 668 649 607
0.69 696 689 685 683 687 675 673 655 653 635 591
.70 676 670 666 664 66o 660 656 643 638 620 576
0.7t 655 650 647 645 643 642 637 630 619 603 576
0.72 634 629 626 625 623 522 618 617 600 585 559
0.73 614 610 607 605 604 603 599 592 582 568 542
0.74 595 597 588 587 585 584 580 574 565 5517 327
0.75 579 575 573 572 570 568 566 560 551 537 G514
0.76 565 561 559 558 557 55 552 547 53d 525 503
0.77 554 550 548 547 546 545 542 537 528 515 494
0.7 °45 542 G4G 538 538 535 533 528 520 508 486
0.79 537 534 532 531 B30 529 526 521 513 501 480
0.80 528 525 524 523 522 521 518 513 505 494 473
0.81 512 516 515 514 513 512 510 505 497 485 466
0.82 507 505 503 502 501 500 498 493 486 475 455
0.83 494 497 490 489 489 483 485 481 474 464 444
C.84 479 477 475 474 474 473 470 466 460 44t A3]
0.85 455 463 461 461 460 459 457 453 446 437 410
0.86 452 450 449 448 447 447 444 480 434 425 AQ8
0.87 447 440 439 438 438 437 435 431 425 4ls 399
0.88 437 435 434 433 433 432 430 426 420 411 395
0.89 432 437 436 435 435 434 432 428 422 4L 4G
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Table 18. Vertical profiles of upward spectral flux. F+ -104 watts
Mcdel I. cm-ym
P(mb)

Alum) O 100 200 300 400 500 600 700 800 900 1000
0.42 323 306 309 300 288 260 209 180 152 118 74.9
0.43 333 317 317 308 297 271 222 198 166 131 88.6
0.44 343 326 326 316 306 280 236 213 182 147 104
0.45 348 332 326 316 305 286 247 225 194 160 119
0.46 354 338 329 318 308 292 257 235 209 172 136
0.47 354 339 327 317 306 288 262 242 213 180 140
0.48 349 334 322 312 301 290 264 244 217 185 147
0.49 338 325 312 302 292 283 260 242 217 187 151
0.50 324 312 300 290 282 275 255 239 216 187 - 153
0.51 312 300 288 280 272 266 249 234 213 186 155
0.52 298 288 276 269 261 256 242 228 209 184 156
0.53 284 ' 275 264 258 251 247 235 222 204 181 156
0.54 273 265 255 249 243 239 229 218 206 180 156
0.55 264 256 247 242 236 233 224 214 199 179 157
0.56 258 251 242 237 232 230 222 212 197 179 158
0.57 253 246 239 234 230 227 220 211 197 179 160
0.58 248 242 235 231 227 225 217 209 187 179 161
0.59 244 238 232 228 224 222 216 208 196 179 162
0.60 239 234 228 224 221 219 214 206 195 179 163
0.61 236 231 226 222 219 217 212 205 194 179 164
0.62 232 227 222 219 216 215 210 203 193 178 164
0.63 228 224 220 217 214 212 208 202 192 178 167
0.64 218 214 216 207 204 203 199 193 183 170 158
.65 213 209 205 203 201 220 195 190 180 168 157
0.66 208 204 201 199 197 195 it 186 177 164 155
0.67 202 199 195 193 191 190 186 181 173 161 15]
0.68 196 192 189 188 186 185 181 176 168 156 147
0.6 190 186 183 182 180 179 175 171 162 152 142
0.70 183 180 177 176 175 173 170 165 158 147 138
0.7v 177 174 172 170 169 168 164 160 152 142 134
0.72 171 168 166 165 164 163 160 155 148 138 130
0.73 167 164 162 161 160 158 156 151 145 135 127
0.74 162 160 158 156 155 154 152 148 142 132 125
0.75 159 156 154 154 152 152 149 145 139 130 123
0.76 156 154 152 151 150 149 147 143 137 129 122
0.77 153 151 149 149 148 147 144 141 136 127 120
0.78 151 149 147 146 146 145 142 139 133 125 119
0.79 149 147 146 145 144 143 141 138 132 124 118
0.80 147 146 144 144 143 142 139 136 131 123 116
0.81 145 143 142 141 141 140 138 134 129 122 115
0.82 142 140 139 138 138 137 135 132 127 119 113
0.83 139 137 136 136 135 134 132 129 124 117 111
0.84 135 134 133 132 132 131 129 126 121 114 109
0.85 132 131 129 129 129 128 126 124 119 112 107
0.86 129 128 127 127 126 126 124 121 117 110 105
0.87 127 126 125 124 124 124 122 119 115 109 104
.88 126 125 124 124 123 123 121 118 114 108 104
0.89 127 126 125 125 124 124 122 120 116 109 105
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Table 19. Vertical profiles of upward spectral flux. Fr -104 HE%E§
Model II cm-um
P(mb)

Alpm) 0 100 200 300 400 500 600 700 800 900 1000
0.42 354 318 282 263 249 230 192 164 127 85.6 56.4
0.43 371 334 296 278 264 246 206 177 138 93.8 65.0
0.44 388 350 317 298 280 261 217 190 150 103 74.9
0.45 400 361 327 309 292 270 233 202 160 110 83.1
0.46 419 379 346 329 311 294 254 222 178 126 94.1
0.47 433 393 362 345 328 312 268 240 195 141 103
0.48 441 398 372 35 340 326 284 256 211 156 111
0.49 442 405 378 363 348 336 296 269 224 168 118
0.50 440 404 380 366 352 345 314 283 238 180 123
0.51 424 350 366 354 341 334 306 276 234 179 124
0.52 406 374 352 345 328 323 297 265 228 176 124
0.563 383 35 338 326 316 311 288 261 223 173 124
0.54 374 345 326 315 305 301 276 255 218 171 125
0.55 362 334 315 306 297 294 270 250 215 169 125
0.56 354 327 309 300 297 288 269 246 212 167 125
0.57 347 322 304 295 287 284 262 243 210 166 126
0.58 341 317 299 291 283 280 2562 240 207 165 126
0.59 335 312 295 287 279 276 259 237 205 163 126
0.60 329 306 289 282 274 272 252 -234 203 161 125
0.61 323 301 285 278 271 269 249 231 201 160 126
0.62 316 295 280 273 266 264 244 227 208 159 126
0.63 308 287 273 266 260 257 241 222 194 157 129
0.64 297 277 263 257 251 248 230 2i14 186 150 122
0.65 280 270 257 252 246 243 227 209 183 148 121
0.66 277 258 246 240 235 233 216 203 179 146 122
0.67 264 245 235 229 225 222 208 195 {74 144 122
0.68 251 233 222 218 213 211 199 187 168 142 121
0.69 238 218 211 207 202 200 191 180 162 139 120
0.70 224 207 198 195 191 189 180 172 157 136 119
0.77 215 199 190 187 183 182 174 165 151 332 116
0.72 206 191 183 179 176 174 168 139 146 129 114
0.73 198 183 176 173 170 168 162 156 142 126 112
0.74 191 177 170 166 164 162 156 149 138 123 11l
0.75 185 171 164 161 159 157 152 145 135 121 110
0.76 180 167 160 i58 155 154 149 143 133 120 109
0.77 177 163 157 155 152 151 145 140 131 118 108
0.78 173 160 154 151 149 148 143 138 129 116 107
0.79 170 157 152 149 147 146 141 136 127 116 106
0.80 168 155 149 147 145 143 139 i34 126 115 106
0.81 164 152 147 144 142 141 137 132 124 113 104
0.82 160 148 143 141 339 138 134 129 12t 111 103
6.83 156 145 140 138 135 134 130 126 119 109 101
C.84 152 141 136 134 132 131 i27 123 il6 106 99.2
0.85 148 137 132 330 128 127 124 1206 113 104 97.7
0.8 144 134 129 127 126 125 122 117 111 103 96.3
6.87 141 131 127 125 123 122 119 116 109 101 95.1
0.88 140 130 125 124 122 121 118 115 109 101 94.9
0.89 147 131 126 125 123 122 118 116 110 102 96.3
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F+ ,104 watts

Vertical profiles of upward spectral flux.
Model III : : - . : cmzum
P(mb)
Alum) O 100 200 300 400 500 600 700 800 900 1000
0.42 256 238 212 196 180 164 140 122 101 80 66
0.43 255 237 212 2001 180 165 144 126 107 88 78
0.44 252 236 211 196 181 168 148 132 115 97 91
0.45 245 230 207 193 179 166 150 136 121 105 102
0.46 264 250 227 213 200 187 171 156 140 121 116
0.47 281 267 245 232 220 208 191 175 157 137 127
0.48 294 280 260 249 237 226 208 193 174 152 137
0.49 303 290 273 262 252 242 225 209 189 165 144
0.50 311 298 284 275 266 257 240 224 204 178 151
0.51 298 287 274 266 257 250 235 221 201 177 152
0.52 286 275 263 256 248 242 229 216 197 175 153
0.53 273 264 252 246 239 234 223 211 194 173 153
0.54 262 254 244 238 232 227 217 206 191 172 154
0.55 253 246 237 231 226 222 214 204 190 172 155
0.56 245 239 230 226 220 217 209 200 187 170 156
0.57 239 233 225 220 216 213 206 197 186 170 157
0.58 233 227 220 216 212 209 203 195 184 167 158
0.59 227 222 215 211 207 205 200 192 182 168 158
0.60 220 216 210 206 203 201 196 189 180 166 158
0.61 217 213 207 204 201 199 194 188 179 166 159
0.62 213 209 204 201 198 196 192 186 178 165 159
0.63 210 206 201 198 196 194 190 185 176 165 162
0.64 199 196 191 189 18 185 181 176 168 157 154
0.65 195 191 187 185 183 181 178 173 166 155 152
0.66 192 189 185 183 181 180 i76 172 164 154 150
0.67 190 186 183 181 179 178 174 170 162 153 148
0.68 185 183 180 178 176 175 172 167 160 150 144
0.69 183 179 177 175 173 172 169 164 157 147 141
0.70 179 176 173 172 170 169 166 161 154 145 137
0.71 174 170 168 167 166 164 161 157 150 140 133
0.72 168 166 164 162 161 160 157 153 146 137 129
0.73 164 161 160 158 157 156 153 149 143 134 127
0.74 160 158 156 154 154 153 150 146 140 131 124
0.75 157 155 153 152 151 150 148 144 138 129 123
0.76 155 152 151 150 149 148 145 142 136 128 121
0.77 152 150 148 147 146 145 143 140 134 126 120
0.78 150 148 146 145 144 144 141 138 133 125 118
0.79 148 146 144 144 143 142 140 138 131 124 118
0.80 146 144 143 142 142 141 139 135 130 123 116
0.81 144 142 141 140 140 139 136 134 128 121 115
0.82 141 139 138 137 137 136 134 131 126 119 113
0.83 138 136 135 135 134 133 131 128 124 117 111
0.84 135 133 132 131 131 130 127 125 121 114 109
0.85 132 130 129 128 128 127 125 123 118 112 105
0.86 129 127 126 126 125 125 123 120 116 110 105
0.87 127 125 124 124 123 123 121 118 114 108 104
0.88 126 124 123 123 123 122 120 118 114 108 104
0.89 127 125 125 124 124 123 122 119 115 109 106
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Table 21. Vertical profiles of spectra] net flux Fy (F* - £t 10® EE%EE
Model I . cm™{im
P(mb) _

Alum) O 700 200 300 400 500 600 700 800 900 1000
0.42 770 767 766 765 765 764 762 758 754 744 713
0.43 815 812 811 810 810 809 808 804 798 788 756
0.44 860 858 856 856 855 854 853 849 843 833 799
0.45 899 896 895 894 894 893 892 888 882 872 836
0.46 924 921 920 919 918 918 916 912 906 895 839
0.47 940 936 934 933 933 932 930 326 920 908 873
0.48 941 936 934 933 932 932 930 325 919 905 872
0.49 928 923 921 920 919 919 817 G113 9206 896 861
0.50 904 899 89 895 894 894 892 888 882 371 838
0.51 870 863 861 860 858 858 856 852 846 836 803
0.52 832 825 822 821 826 819 817 813 807 798 766
0.53 797 789 786 784 783 782 780 777 770 762 731
0.54 765 757 753 752 750 750 747 744 738 729 700
0.55 739 730 726 724 723 721 720 716 710 700 685
0.56 718 708 7064 703 701 700 698 695 689 681 653
0.57 700 690 687 685 684 682 680 677 671 963 636
0.58 686 676 672 670 668 667 665 561 656 648 621
0.59 671 661 657 ©655 654 652 650 646 641 633 607
0.60 65 645 641 640 638 636 634 630 625 618 592
0.61 638 628 625 623 622 620 618 615 610 603 578
0.62 618 610 606 605 504 602 600 597 593 586 561
0.63 597 590 587 586 585 584 582 579 575 568 544
0.64 584 578 575 574 573 §572 571 568 564 557 B35
0.65 564 559 557 556 556 555 553 551 847 541 519
0.66 548 543 541 541 540 540 538 536 532 526 505
0.67 533 530 528 527 527 526 525 523 519 513 493
0.68 520 516 515 514 514 514 512 510 507 502 481
0.69 506 503 502 502 501 501 500 498 494 489 470
0.70 492 490 489 489 488 488 487 485 482 477 458
0.71 478 476 476 475 475 475 474 472 469 464 446
0.72 463 461 460 460 460 459 458 457 454 449 432
0.73 448 446 445 445 445 444 443 442 439 434 418
0.74 433 432 431 431 430 430 429 428 425 420 404
0.75 421 419 418 418 418 418 417 415 413 408 393
0.76 409 408 407 407 407 407 406 404 402 397 382
0.77 401 400 399 399 398 398 398 396 393 390 375
0.78 394 393 393 392 392 392 391 360 387 383 369
0.79 388 387 38 386 386 386 385 384 381 377 363
0.80 381 380 380 380 380 380 379 378 375 371 358
0.81 374 373 373 373 373 373 372 371 3568 364 351
0.82 365 364 364 364 364 364 363 362 360 356 343
0.83 355 355 354 354 354 354 353 352 350 346 334
0.84 344 343 343 343 343 343 342 341 336 335 323
0.85 333 332 332 332 332 332 331 330 328 324 313
0.86 322 322 322 322 322 322 321 320 318 315 303
0.87 315 314 314 314 314 314 313 312 310 307 296
0.88 311 310 310 310 310 310 309 308 306 303 292
0.89 312 311 211 3W 311 311 310 309 307 304 293
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Table 22. Vertical profiles of spectral net flux F (F+ - F+) -104 watts
Model 11 N cméym
P(mb)

A(um) O 100 200 300 400 500" 600 700 800 900 1000
0.42 739 712 696 691 685 684 6/5 660 639 612 532
0.43 777 749 733 727 721 721 709 692 668 637 544
0.44 815 786 769 763 757 757 743 723 696 662 561
0.45 847 818 799 793 787 786 770 748 718 687 573
0.46 861 831 814 808 802 801 78 766 738 704 604
0.47 863 834 818 812 807 805 792 774 750 720 631
0.48 850 822 807 802 797 795 783 769 749 723 648
0.49 825 799 785 781 776 774 769 753 737 717 658
0.50 789 766 753 749 745 742 735 727 716 701 658
0.51 758 734 722 718 715 711 704 697 686 671 630
0.52 725 701 689 685 682 678 671 664 653 639 600
0.53 693 670 658 654 651 647 640 633 623 609 572
0.54 665 641 630 626 623 619 612 605 596 583 547
0.55 641 618 607 603 600 596 583 582 573 560 526
0.56 622 599 588 584 581 577 570 563 553 540 506
0.57 607 583 573 569 565 562 554 547 537 524 489
0.58 594 570 559 556 552 548 540 533 523 510 475
0.59 580 557 547 543 539 535 526 519 509 496 460
0.60 567 543 533 529 525 521 512 505 494 482 446
0.61 552 529 519 516 513 508 500 493 483 470 435
0.62 534 514 505 500 498 494 486 479 470 456 422
0.63 518 499 491 488 485 482 474 468 458 445 411
0.64 505 488 480 477 474 471 464 458 448 436 403
0.65 488 472 465 462 460 467 450 444 435 423 39]
0.66 479 464 457 455 453 450 444 439 430 420 390
0.67 472 458 452 450 448 446 440 436 428 418 390
0.68 465 453 447 445 443 441 437 432 426 417 390
0.69 458 470 442 440 438 436 433 429 423 415 391
0.70 452 441 437 435 433 432 429 426 421 414 391
0.71 441 431 426 425 423 422 419 416 412 405 383
0.72 428 419 415 413 412 410 408 405 400 394 374
0.73 416 407 403 402 400 399 39 394 390 384 364
0.74 404 396 392 390 389 388 386 383 380 375 355
0.75 394 386 382 381 380 379 377 374 371 366 347
0.76 385 377 373 372 371 370 368 366 363 358 339
0.77 378 370 366 365 364 363 361 359 356 351 333
0.78 372 364 361 360 359 358 35 354 351 346 329
0.79 367 360 356 355 354 353 351 350 346 342 324
0.80 361 354 351 350 349 348 347 345 342 337 320
0.81 355 348 345 344 343 342 341 340 336 332 315
0.82 347 340 338 337 33 335 334 332 329 325 308
0.83 338 332 329 328 327 326 325 323 320 316 301
0.84 327 321 319 318 317 316 135 313 311 307 292
0.85 317 312 309 308 307 307 305 304 301 298 283
0.86 308 302 300 299 298 297 296 295 292 289 274
0.87 301 295 293 292 291 291 290 288 286 282 268
0.88 297 292 289 288 288 287 286 285 282 278 265
0.89 298 293 291 290 289 288 287 286 284 280 266
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Table 23. Vertical profiles of spectral net flux FN=(F+ - F+) -104 EE%Eé

Model I1I cmoum

P(mb)
{um} © 100 200 300 400 500 600 700 800 900 1000
.42 836 828 820 817 815 815 801 784 760 727 636
.43 892 833 876 872 868 859 853 833 804 767 668
44 850 940 932 927 924 924 906 832 850 807 700
45 1001 990 980 976 972 972 950 925 889 841 726
A6 1014 1004 995 997 987 987 G968 946 9i3 871 764
A7 1014 1004 997 993 990 990 974 955 927 891 796
.48 985 987 982 987 976 976 963 948 926 896 815
.49 963 956 951 949 947 947 939 923 911 889 325
S50 818 911 908 9206 905 904 901 894 884 869 324
.51 883 876 872 871 869 868 864 858 848 834 790
.52 845 837 833 832 830 829 825 819 810 79 754
.5 808 8GO0 796 794 793 792 788 782 773 760 720
.54 776 767 763 761 760 756 755 749 743 728 689
.55 749 739 736 734 732 731 727 721 712 701 664
.56 730 720 716 713 712 711 706 700 692 679 0642
57 714 703 699 697 695 694 689 683 674 661 623
.58 701 €90 685 683 681 680 675 668 659 646 607
.59 688 677 672 670 668 666 661 654 644 B3] 592
.60 674 662 656 655 653 652 646 639 629 615 575
.61 657 646 642 640 638 636 631 624 614 500 561
.62 637 627 624 621 620 618 613 606 596 583 545
.63 616 608 604 602 601 600 595 583 578 565 528
.64 602 595 592 597 589 583 533 577 567 555 518
583 577 574 573 571 571 he6 559 550 538 503
.66 563 558 555 h54 553 552 548 543 535 523 491
.67 546  54] 53¢ 539 537 537 537 533 528 521 482
.68 529 525 524 523 522 522 518 515 509 500 473
.69 513 510 506 508 507 507 504 500 495 488 464
.7 496 494 493 492 492 492 490 487 482 476 455
.71 482 480 479 A78 478 477 476 473 469 453 443
.72 486 464 483 462 462 462 L60 453 454 449 429
.73 450 448 447 447 447 446 445 443 439 434 419
.74 435 433 432 432 432 432 430 428 425 420 403
.75 422 420 419 419 419 419 418 416 433 408 392
76 416 409 406 408 408 408 406 405 402 398 381
JF7 402 400 400 400 399 399 398 396 393 382 374
.78 395 3%4 393 393 333 393 392 390 387 383 368
.79 389 388 387 387 387 387 38 384 381 377 362
.80 382 381 381 380 380 380 380 378 375 371 357
375 374 374 374 374 374 373 371 369 365 350
366 365 365 365 365 365 364 362 360 355 342
.83 356 355 355 355 355 355 353 352 350 346 333
.84 344 344 343 342+ 342 342 342 341 338 335 322
.85 333 333 332 332 332 332 332 330 326 328 312
.86 323 322 322 322 322 322 321 320 318 314 302
87 315 315 314 314 314 314 314 312 310 307 295
.88 11 311 31¢ 310 310 310 309 308 306 303 292
312 312 317 311 311 311 310 309 307 304 292
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Table 24. Vertical profiles of spectral flux divergence for the three
calculational models AFN,A = [FN,A(Pl) - FN,A(PZ)] 104 yatts
‘ : szum
AP{mb)
0-500. 500-900 . --900-1000 0-1000
Alpm)l T IT  IIT| 1 IT  II1 41 II 11T {1 I1 IIT
0.42] 6 55 21{ 20 62 88 | 31 80 91 | 57 207 200
0.43| 6 56 231 21 84 102 | 32 93 99 | 59 233 224
0.44 | 6 58 261 21 95 117 | 34 101 107 | 61 254 250
0.45| 6 61 29¢ 21 99 131 36 114 115 | 63 274 275
0.46 | 6 60 271 23 97 116 | 36 100 107 | 65 257 250
0.47 | 8 58 27| 24 85 99 | 35 89 95 | 67 232 218
0.48 | 9 55 20| 23 72 80| 37 75 81 | 69 202 181
0.49 | 9 51 161 23 57 58 | 35 59 64 | 67 167 138
0.50 9 47 14 23 41 351 33 43 45| 66 131 94
0.51 |12 47 15| 22 40 34 1 33 41 44! 67 128 93
0.52 |13 47 16| 21 39 33132 39 42 )66 126 91
0.53 {15 46 16| 20 38 32 { 31 37 40| 66 121 88
0.54 |15 46 17| 21 36 31 29 36 39| 65 118 87
0.55 |18 45 18| 20 36 301 27 34 37 65 115 85
0.56 |18 45 19( 19 37 32 1 28 35 37|65 116 88
0.57 |18 45 200 19 38 33127 35 3864 118 91
0.58 |19 46 21 19 38 34 | 27 36 39|65 119 94
0.59 {19 45 221 19 39 35| 26 36 39| 64 120 96
0.60 |20 46 221 18 39 37 | 26 35 40| 64 121 99
0.61 |18 44 22| 17 38 36 | 25 34 39| 60 120 96
0.62 |16 40 191 16 38 351 25 34 38|57 112 92
0.63 |13 36 16| 16 37 351 24 33 37|53 109 88
0.64 (12 34 14] 15 35 33122 32 3749 102 84
0.65) 9 21 12| 14 44 33|22 30 35|45 97 80
0.66 | 8 29 11 14 30 29 1 21 28 32|43 89 72
0.67 | 7 26 9| 13 28 16| 20 27 39| 40 82 64
0.68} 6 24 71 12 24 22 | 21 24 27 | 39 75 66
0.69 | 5 22 6| 12 21 19 119 23 24| 36 67 49
0.70 ] 4 20 41 11 18 16 | 19 22 21 | 34 61 41
0.71| 3 20 5( 11 17 14|18 22 20| 32 59 39
0.72 | 4 18 4) 10 16 15 {17 20 20| 31 5% 39
0.73 1 4 18 41 10 15 12116 20 15| 30 53 31
0.74 | 4 16 3] 10 13 12116 20 17 | 30 49 32
0.75| 3 15 37 10 13 11115 19 16| 28 47 30
0.76 | 2 15 21 10 12 10115 19 17 {27 46 29
0.77 | 3 15 3 8 12 10115 18 15| 26 45 28
0.78 1 2 14 2 9 12 10| 14 17 15| 25 43 27
0.79} 2 14 2 9 1N 10 14 18 15| 25 43 27
0.801 1 13 2 9 11 94 13 17 14} 23 41 25
0.81 | 1 13 1 9 10 9113 17 15|22 40 25
0.82 | 1 12 1 8 10 9113 17 14 {21 39 24
0.83 | 1 12 1 8 10 9112 15 13|21 37 23
0.84 1 1 11 1 8 9 7112 15 13 {20 35 2]
0.85{ 1 10 1 8 9 7111 15 13|20 34 21
0.86 | 0 11 1 7 8 8112 15 12|19 34 2]
0.87 ] 1 10 1 7 9 71117 14 12119 33 20
0.88| 1 10 1 7 9 711 13 1119 32 19
0.89 ] 1 10 1 7 8 7011 14 127119 32 ..20 .
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Table 25. Vertical profile of spectral albedo. A, -10
Model I "
P(mb)

A(um) 0 100 206 ~ 300 400 500 800 700 800 900 1000
.42 295 284 287 281 273 253 215 191 167 136 91
.43 290 281 281 275 268 250 215 198 172 142 104
44 285 275 275 269 263 246 216 200 177 160 115
45 279 270 266 260 254 - 242 217 Z02 180 155 124
.46 276 268 263 257 251 241 219 Z04 187 181 137
47 274 265 259 253 246 235 219 207 187 165 138
48 270 262 256 250 244 237 221 208 190 168 144
.49 266 260 253 247 240 235 220 209 193 172 149
50 263 257 250 244 240 235 222 Z12 198 176 154
.51 263 257 250 245 240 236 225 215 201 181 161
52 263 258 251 247 2417 238 228 Z18 205 187 169
53 262 258 251 247 242 240 231 222 209 19t 175
54 263 259 252 248 244 241 234 Z26 220 197 182
55 263 259 253 250 245 243 237 Z3¢ 218 202 184
56 264 2617 255 252 248 247 241 233 222 208 194
57 265 262 258 254 251 249 244 237 226 212 201
58 265 263 259 256 253 252 245 23¢ 219 216 205
59 266 264 260 258 255 254 249 243 234 220 210
60 267 266 262 259 257 255 252 246 237 224 215
61 270 268 265 262 260 258 255 250 247 228 221
.62 272 271 267 265 263 262 259 253 245 232 226
63 276 275 272 270 267 265 263 258 250 238 234
64 271 270 267 265 262 261 258 253 244 233 227
.65 273 271 268 267 265 281 260 256 247 236 232
66 275 272 270 269 267 265 262 257 249 237 235
67 274 273 269 267 268 264 261 257 250 238 234
68 273 270 268 267 265 265 261 256 249 237 234
69 272 269 266 266 263 259 255 246 237 237 232
70 270 268 265 264 263 261 258 253 246 235 231
71 270 267 265 263 262 261 257 253 244 234 231
72 269 266 264 264 263 262 258 253 245 235 23]
73 271 268 266 265 264 262 260 254 248 237 233
74 272 270 268 265 264 263 261 257 250 239 236
.75 274 271 268 269 266 267 263 258 251 247 238
76 276 274 271 272 271 269 266 262 257 246 242
77 276 274 271 273 271 269 265 262 257 246 242
78 277 274 272 270G 271 270 265 262 254 246 244
79 277 275 274 273 271 270 263 264 257 247 245
80 278 278 274 275 273 273 268 264 258 248 244
81 279 277 2715 274 274 272 270 265 259 251 246
.82 280 277 275 274 274 273 271 . 267 261 250 247
.83 281 279 277 277 276 274 272 268 261 252 249
84 281 281 279 277 278 276 273 269 263 253 252
.85 283 282 279 279 270 278 275 273 266 256 254
86 285 284 282 283 281 279 274 269 258 258 257
87 287 286 284 283 283 283 280 276 272 262 260
88 238 287 285 286 284 284 281 276 271: 262 262
89 289 288 286 287 285 285 282 279 274 263 263
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Table 26. Vertical profile of spectral albedo. A, 10
Model II.
P(mb)

alum) O 100 200 300 - 400 500 600 700 800 900 1000
0.42 323 310 286 " 274 266 251 222 199 165 124 9
0.43 323 310 286 278 268 257 226 203 171 130 106
0.44 323 309 291 274 270 256 226 207 177 142 117
0.45 320 308 290 281 268 254 232 212 182 140 126
0.46 327 314 298 289 279 268 244 224 194 151 134
0.47 334 320 306 298 288 266 230 215 186 163 140
0.48 341 324 315 307 298 291 280 249 219 177 146
0.49 348 336 325 317 309 302 277 262 232 189 152
0.50 357 345 335 328 320 317 299 280 249 202 157
0.51 358 346 336 330 322 319 302 281 254 210 164
0.52 358 347 338 336 324 323 306 288 232 215 171
0.53 359 345 339 332 326 324 310 291 263 220 177
0.54 359 349 341 I3 328 326 309 296 67 226 186
0.55 360 350 341 36 331 330 314 300 270 231 192
0.56 363 352 344 338 333 332 321 304 277 235 197
0.57 364 357 347 341 336 336 321 307 281 240 204
0.58 364 357 348 343 338 338 326 310 283 244 210
0.59 365 359 350 346 341 340 329 320 287 247 215
0.60 367 360 351 347 342 343 328 316 291 251 218
0.61 369 362 354 350 346 346 331 318 293 253 225
0.62 371 365 357 352 248 348 332 321 311 258 229
0.63 372 365 357 352 348 348 337 322 297 260 233
0.64 370 362 354 350 346 344 329 318 292 255 232
0.65 372 363 356 352 348 347 334 319 296 259 236
0.66 366 357 349 344 341 341 327 316 293 257 238
0.67 358 348 342 336 334 332 319 309 289 255 238
0.68 350 339 331 328 324 323 311 301 282 254 236
C.69 341 326 323 323 315 314 306 295 276 250 234
0.70 331 318 311 309 306 304 294 288 272 247 233
0.71v 327 315 308 305 301 301 292 283 268 245 232
0.72 324 313 306 302 299 297 291 281 266 246 233
0.73 321 309 303 301 298 296 289 284 266 247 235
0.74 320 309 303 298 297 294 287 279 266 246 238
0.75 318 307 300 297 295 292 287 278 266 248 238
0.76 318 306 299 298 294 293 288 280 268 251 243
0.77 319 305 300 298 294 293 285 280 269 251 244
0.78 317 304 299 294 293 292 287 280 268 250 245
0.79 316 303 299 295 293 292 286 279 267 253 245
0.80 318 303 298 295 295 290 286 279 269 254 248
0.81 315 304 298 294 292 291 286 280 269 253 247
0.82 315 302 297 294 293 291 286 279 268 254 250
0.83 315 303 298 296 292 290 285 280 271 256 251
0.84 317 304 299 296 294 293 287 282 272 256 253
0.85 318 305 299 296 293 292 288 283 272 258 257
0.86 318 306 300 293 297 289 291 283 274 263 259
0.87 319 306 302 299 296 295 292 288 278 265 263
0.88 320 307 301 300 297 295 292 288 278 265 263
0.8 321 308 302 301 298 296 292 288 279 267 273
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Table 27. Vertical profile of spectral albedo. A, -10° Model 111
P(mb)

Aum) 0 100 200 300 400 500 600 700 800 900 1000
0.42 234 223 205 193 181 163 148 134 117 100 94
0.43 222 211 194 188 171 153 144 131 117 102 104
0.44 210 200 184 174 164 155 140 130 118 107 115
0.45 197 192 174 165 155 145 136 128 119 110 123
0.46 206 199 185 176 188 159 150 141 133 121 132
0.47. 216 210 197 189 181 173 164 154 144 133 138
0.48 238 220 209 202 195 188 177 169 158 145 144
0.4 237 232 223 216 210 203 193 183 171 156 149
0.50 253 246 238 232 227 222 210 200 187 170 155
0.51 252 246 241 236 229 225 214 205 191 175 16
0.52 253 247 239 235 230 226 217 208 195 180 168
0.53 253 248 240 236 231 228 220 212 200 185 175
0.54 252 248 242 238 234 230 <©23 215 204 191 183
0.55 253 249 243 239 235 233 227 220 210 197 189
0.56 252 249 242 240 236 234 228 222 212 200 196
0.57 251 248 243 239 237 235 230 223 216 204 202
0.58 250 247 242 240 237 235 231 225 218 204 206
0.59 248 247 242 239 236 235 232 226 220 210 211
0.60 246 246 241 237 237 236 232 228 222 212 216
0.61 245 247 243 241 239 238 235 231 225 216 221
0.62 251 245 246 244 242 241 238 234 229 220 226
0.63 254 253 249 247 245 244 242 239 233 225 235
0.64 248 247 243 2482 240 239 236 233 228 220 230
0.65 248 248 245 244 242 241 239 236 231 223 229
0.66 254 253 249 247 246 246 242 240 234 227 235
0.67 258 255 253 251 250 250 245 243 236 230 240
0.68 260 258 255 253 252 252 248 244 239 231 238
0.69 263 259 258 256 254 255 251 246 240 231 239
0.70 265 262 259 259 256 256 253 248 241 233 233
0.71 265 261 259 258 258 255 251 249 242 232 230
0.72 264 263 261 259 258 256 254 250 243 234 230
0.73 267 263 263 261 259 258 255 251 245 235 234
0.74 268 267 265 262 263 261 268 254 247 237 235
0.75 271 269 267 265 264 264 261 257 250 240 239
0.76 273 271 270 268 267 266 262 259 252 243 240
0.77 274 272 270 268 267 266 263 260 253 244 242
0.78 275 273 270 269 267 268 264 261 255 246 242
0.79 275 273 270 271 269 268 266 262 255 247 245
0.80 276 274 272 271 272 270 268 263 257 248 245
0.81 277 275 273 272 272 271 266 265 257 248 246
0.82 278 275 274 772 273 272 269 265 259 250 248
0.83 279 276 275 276 274 272 270 266 261 252 250
0.84 281 278 277 276 276 274 <72 268 263 253 252
0.85 283 280 279 277 278 276 273 271 264 256 255
0.86 285 282 280 281 279 279 277 272 267 258 257
0.87 287 284 282 283 280 281 278 273 268 259 260
0.88 288 285 283 284 284 282 279 276 271 262 263
0.89 289 286 286 285 285 283 282 278 272 263 265
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The short analysis of the calculations made for the different

aerosol models gives an estimation of the impact of aerosol parameters

upon the radiation field. A more detailed analysis will permit one to

judge the applicability of the models to properly describe the radiation

characteristics in the real atmosphere. In addition, results from such

analysis may be used to help determine how representative are experi-

mental data on aerosol composition and concentration.

After the preliminary analysis mentioned in the previous section,

the following aerosol models were chosen for a more detailed treatment:

(a)

(b)

(c)

Model I - the "mean" aerosol, whose optical characteristics
are given in Tables 10 and 11. This model is predominantly
characterized by scattering; absorption is small.

Model II - the "mean" aerosol plus absorption and scattering
due to hematite in the wave length range 0.4-0.5um. Hematite
was detected in the form of separate small particles with a
narrow size distribution range centered about 0.Tum. There-
fore, it appears reasonable to include hematite as an additional
scattering and absorption aerosol to the "mean" aerosol. Due
to the small size of the hematite particles, the hematite
phase function was assumed to be approximated by Rayleigh
phase function.

Model III - the "mean" aerosol plus absorbing hematite alone.
This model 1is intermediate between the first two models. It
suggests that hematite is included in the composition of
aerosol particles. Scattering properties of this model
correspond to the "mean" aerosol ensemble of Model I. Such

representation of the absorption coefficient is based upon the
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(c) fact that ferric compounds generally exist as one of the com-
ponents of aerosol particles. The concentration profile of
hematite particles in Table 14 was estimated from data on the
mean mass hematite concentrations in aerosol samples.

Results of calculations of atmospheric radiation corresponding to
the Models I, II, and III along with experimental data are given in
Figures 5-9. Comparison between measured and calculated values of
downward fluxes (Figure 5) shows the best fit for Models II and III in
which hematite is included. Once again the poorest agreement is for
Model I which is connected to the fact that aerosol particles in this
model have low absorption.

In the case of upward fluxes (Figure 6), the best fit of calculated
and measured values corresponds to Model III. Again, the worst agree-
ment is for Model I. Model II overestimates the role of scattered
radiation as compared to absorbed.

Comparison between calculated and measured values of the spectral
net fiux for two levels (P=0 and 1000 mb) shows {Figure 7} the best
fit for Model III. Model I underestimetes absorbing properties of the
aerosoi. Calculations using Model II yield even smailer values of net
flux at the P=0 mb Tevel since the upward flux is overestimated. There-
fore, there is an overestimation of scatfered radiation as compared to
absorbed radiation. It should be recalled that the highest altitude at
which measurements were taken is approximately 400 mb so that extra-
polations to 0 mb may be in error. Likewise the lTowest altitude at
which measurements were taken is approximately 975 mb so that extra-
poiations down to the 1000 mb level through a dense aerosol layer may

also be in error.
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The neglect of absorbing hematite properties, particularly in the
spectral region 0.4-0.5um, is most pronounced in Figure 8 which provides
values of spectral radiative flux divergences between P=0 and P=1000 mb.
As expected Model I gives the poorest agreement between measured and
calculated values. Addition of hematite particles provides reasonable
agreement in the hematite absorbing region. However, there is a sys-
tematic underestimation of the calculated values as compared to the
measured values throughout the entire spectral region. Model II, which
includes hematite scattering, provides better results than does Model III.
Therefore, we conclude that increased scattering as well as increased
absorption is necessary to obtain a "best fit" for the entire spectral
range. It would appear either that particle concentrations have been
underestimated or that "mean" aerosol scattering and absorption co-
efficients have been underestimated. In addition, there may also be
other absorbing particles present in the atmosphere which were not con-
sidered in these caiculations.

Comparison between calculated and measured values of spectral albedo
in Figure 9 also shows the best agreement for Model III. Discrepancies
between the data in the wavelength region 0.65-0.90um are largely caused
by the neglect of molecular absorption by oxygen and water vapor.

One may conclude that the most probable model is Model III, but
with increased aerosol concentration. A model intermediate between
Models II and III would appear to describe most correctly the real
aercsol at the experimental site. A definitive answer to the question
as to how hematite should be considered in the atmospheric aerosol can

apparently be obtained from a specially devised experiment.
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6. Sensitivity Studies

A "best fit" between observations and calculations is difficult to
obtain simultaneously for alil spectral regions. Therefore, further
studies have been made to test the sensitivity of calculations to small
variations in input parameters. Model III was adopted in which hematite
absorption was included without hematite scattering. Table 28 shows
concentrations of aerosol and hematite for each of the ten vertical
layers used in the sensitivity studies. Data given in the previous
sections have been interpolated, extrapolated, and smoothed. In the
sensitivity studies, calculations were performed only at selected wave-
lengths and only at those heights where measurements were taken.

Table 28. Aerosol and hematite concentrations (partic]es/cms)

and Tayer thicknesses (m) for ten vertical layers:

the Teft column corresponds to the Tayer closest to
the surface.

Thickness (mj | 200 150 525 1000 1050 1175 1375 2925 7850 13750

Aerosol

Concentration 160 42 30 17 8 4 2 1 0.25 0.03

Hematite

Concentration 1000 900 700 550 350 200 150 20 2 1

Applying the model adopted above, intercomparisons are shown in Table 29
at heights of 8400, 2830, and 300 m for which actual measurements were
made. As can be seen, reasonable agreement exists for fluxes at 1=0.42
um, even though the flux divergence disagrees by a factor of 2. At other
wavelengths, disagreements between observations and calculations of flux
divergences may reach a factor of 4. Therefore, the flux divergence and

atmospheric heating rates are extremely sensitive to small variations in



Tablie 29.

ol
-0

Intercomparisons between measured and calculated fluxes at
selected wavelengths and heights.

Neglect of Size

Measured Model (Table 28) | Distribution
Variation

(um) | Hm) | FT FY Fy t FY Fy Ft FY Fy
8400 | 234 1070 836 | 250 1042 786 | 253 1046 793

.42 2830 162 880 718 | 151 805 754 | 149 913 765
300 92 700 608 80 742 662 82 757 676

8400 | 258 1220 972 | 288 1246 957 | 282 1248 967

47 2830 201 1030 829 | 205 1128 923 | 202 1138 936
300 139 890 751 140 961 821 142 980 838

8400 215 880 765 274 1092 819 267 1094 827

.52 2830 179 840 661 225 1029 804 223 1038 815
3001 134 750 616 | 170 932 762 | 173 950 777

8400 208 3106 704 | 236 921 685 | 231 923 692

.57 2830 183 770 587 | 205 875 670 | 204 883 679
001 149 720 571 168 799 632 | 170 814 644

8400 1 184 780 605 ¢ 217 826 609 | 212 827 615

.62 2830 166 680 514 194 788 504 183 795 602
300 148 630 452 166 720 555 168 733 565

8400 175 710 5835 | 192 722 529 | 189 723 534

.67 28301 159 610 457 175 694 519 | 174 700 526
3001 138 560 452 | 152 642 489 | 155 653 498

8400 134 600 466 169 626 457 165 627 411

.72 2830 125 560 435 | 155 606 451 154 611 457
300 107 480 373 135 568 433 137 577 440

8400 125 530 405 | 152 548 396 | 150 549 399

7 2830 127 490 363 | 142 533 391 141 557 396
30G1 113 440 327 | 125 501 376 | 127 509 383

8400 104 490 384 141 503 361 139 504 365

.82 2830 97 420 323 132 490 358 132 494 362
300 93 3%0 297 117 462 344 | 119 469 350

84007 121 430 309 | 127 439 312 125 439 314

.87 28301 112 400 288 | 120 428 308 | 119 431 312
300, 103 390 289} 107 405 297 109 411 302
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fluxes. A discussion of possible errors and recommendations will
follow later.

Surface albedos were obtained from extrapolations of the observa-
tions through a thick dust layer of 300 m. Therefore an albedo
sensitivity study was performed. Results are shown in Table 30 with
albedos scaled as indicated. The upward fluxes are most strongly
affected by albedo variations. With increasing albedo, the flux diver-
gence increases since there is additional radiation available to be
absorbed. However, differences resulting from albedo variations of 50%
are negligible. Similar results hold for other wavelengths.

Aircraft observations took place over a span of 20 minutes at
various altitudes. Therefore, the solar zenith angle of 54° adopted in
this study represents a mean value. A sensitivity study of fluxes as
a function of zenith angle is shown in Table 31. With increasing zenith
angle, the flux divergence increases since the optical path length
increases. Variations of zenith angles between 50° and 58° lead to
corresponding variations in net flux divergence of less than 10%. Similar
results hold for other wavelengths.

Ozone concentrations as a function of height were taken from a
climatic model. Table 32 shows the influence of ozone concentrations
arbitrarily increased by factors of 2, 3, and 4 upon the radiation field
for three wavelengths. The flux divergence remains relatively in-
sensitive to large ozone variations in the region A = 0.40 um to
A = 0.90 um, even in the spectral region of maximum ozone absorption.

Variation of the size distribution with height was included in the
original model. Aerosol absorption and extinction coefficients varied

by 50% from the surface to a height of 500 mb, It had been expected



Table 30. Flux calculations at selected wavelengths and heights as a function of albedo, AS.
| A050 | AL -0.75 A,-T.0 T A 125 A ST50 Y
s T e - S |A I y e e s i — A S S ﬂ
Gm) | Hm)| PR R L R R P R PR R | F F
8400 235 1039 505| 245 1041 795 256 1042 786y 267 1043 777 278 1045 76/
42 2830{ 129 902 773 140 904 764 151 905 754 162 907 744) 174 908 /35
300f 54 737 684 67 740 673} 80 742 662 94 745 651] 108 7483 640
] . - _ - I _ —
8400] 245 1243 997! 267 1244 978| 288 1246 957 310 1247 937) 332 1249 917/
A7 2830 161 1124 963! 183 1126 943] 205 1128 923| 228 1131 902] 251 1133 882
300 86 953 866{ 113 957 844( 140 961 821 167 965 799| 194 970 7/5
8400( 216 1090 874 245 1091 846! 274 1092 819| 303 1093 790} 333 1095 762
Y 2830| 164 1024 859{ 194 1026 832 225 1029 804| 256 1031 775| 287 1034 746
3000 101 922 821 135 927 792 170 932 762| 205 938 732| 241 943 702
8400| 177 920 743y 206 921 714 236 921 685| 267 922 655 297 923 625
Y/ 28301 143 871 729 174 873 699 205 875 670| 237 877 640] 270 879 610
300f 96 790 693 132 795 6€63] 168 799 632 204 804 600, 241 809 568

_89_



Tabie 31. Flux calculations at selected wavelengths and heights as a function of zenith angle, 6y
6 = 50° 6 = b2° 6 = b4° 6 = 56° 6 = 58°
A ¥ 4 { A ¥ A ¥ P
A(um) | H(m) | F F FN F F FN F F FN F F ﬁ{ F F FN
8400 { 244 1047 803 | 250 1045 795! 256 1042 7861 262 1039 777|269 1036 766
A7 2830 | 147 919 772 149 913 764 151 905 /b4 | 154 89/ 743|156 888 732
300 81 765 684 | 81 754 674 80 742 6624 80 730 650} 80 716 636
8400 { 276 1250 974 | 282 1248 966 | 288 1246 957 {295 1243 948 | 302 1240 937
47 2830 { 200 1142 9421 203 1135 933|205 1128 9231208 1120 9121211 1111 900
300 ) 141 986 8451 140 974 8341 140 961 821 (139 947 808|139 931 /93
8400 { 263 1096 833 | 268 1094 826 274 1092 819280 1090 810|287 1088 801
.52 2830 [ 219 1038 8191222 1033 812|225 1029 804 | 228 1023 795|232 1017 785
300 { 170 949 779170 941 771 {170 932 762 {170 922 752|170 911 /4]
T
8400 {1 228 924 696 | 232 923 691|236 921 685|241 920 679|246 918 672
.57 2830 | 201 882 682|203 &/9 6/6| 205 8/5 6701208 8/1 663|211 866 656
813 645|168 807 639 {168 799 632167 791 624|167 782 615

300 |168

_vgu
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Table 32. Flux calculations at selected wavelengths and heights with
Ozone concentrations arbitrarily increased by factors of
2, 3, and 4,

Ozone 2 Ozone 3 Ozone -4

¥ 4 + 4 ¥
F'oooFy | F A oo Fy

A(um) | H(m) | F?

8400 | 230 910 680 224 B899 675 | 218 888 670
.57 2830 | 200 862 661 196 849 653 | 191 836 €45
300 165 786 622 | 162 773 612| 152 761 602

8400 | 211 816 605| 206 807 601 | 200 797 597
.62 2830 | 190 776 589 | 185 765 580 | 181 754 573
300 163 709 547 | 160 698 538 157 687 530

8400 | 190 718 528 188 714 526 186 710 525
.67 2830 173 689 516} 171 685 513 | 170 680 511
300 151 637 486 150 633 483 | 149 628 479
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that this effect had a major impact upon the atmospheric radiation field.
However, Table 29 shows that neglect of the size distribution variation
with height produced insignificant variations in the radiative fluxes
and flux divergences. It should be pointed out that the size distribu-
tion variation was linearly interpolated between the surface and 500 mb.
Inspection of Table 10 shows that a Tinear interpolation of values
between the 500 and 1000 mb  levels is unjustified. Detailed Mie
calculations at intermediate Tevels would undoubtedly provide larger
attenuation parameters than given by the linearly interpolated values.
The impactor used in observations becomes saturated in highly turbid
conditions. Therefore, a size distribution, particularly for small
particles, and concentrations tend to be underestimated. Table 33 shows
the impact of increasing aerosol concentrations by 50% and 100% while
leaving the hematite concentration unchanged. With increasing aerosol
concentrations, the total downward flux decreases, the upward diffuse
flux increases, and the net flux divergence increases. However, in all
regions the net flux divergence remains significantly smallier than the
observed values. Table 33 also shows the effect of increasing the
hematite concentration by 50% and 100% while leaving the aerosol con-
centration unchanged. With increasing hematite concentration (neglect-
ing hematite scattering) the total downward flux and upward diffuse flux
decrease, and the net flux divergence increases. Increased hematite
absorption has an influence out to a wavelength of A = .72 um but has
its maximum effect in the wavelength region below A = .50 um. While
increasing the hematite concentration by 100% leads to reasonable results
for wavelengths below A = .50 um, flux divergence values between

A= .52 and » = .62 um are not well approximated with this model.
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Table 33. Flux calculations at selected wavelengths and heights for
aerosol concentrations increased by 50% and 100% while leaving
hematite concentrations unchanged, and hematite concentrations
increased by 50% and 100% while 1eav1ng aeroso] concentratlons
.unchanged o o -

.
Aerosol Aerosol Hematite Hematite
Concentration | Concentration | Concentration | Concentration
1.5 «2.0 °1.5 -2.0
Am) i | F P R L F R I R R
8400 | 269 1037 768 281 1033 752| 241 1039 798 229 1037 80¢g
.42 12830 163 894 731 173 884 710} 138 892 755| 126 880 754
3001 83 706 623 85 672 587! 72 707 '636: 64 674 610
8400| 292 1240 948 326 1239 913} 272 1244 972) 258 1242 985
.47 12830 203 1101 897! 234 1101 867 190 1115 925, 176 1102 926
300| 130 879 749! 142 874 732} 129 923 794! 119 886 768
8400| 291 1090 799! 311 1088 777 270 1092 822! 268 1092 824
.52 12830 236 1013 778 251 1004 752 221 1026 805! 218 1024 806
300 168 884 7161 169 850 681 168 926 758] 165 919 754
8400 248 919 671|265 917 652| 233 921 688| 229 921 692
.57 12830} 212 862 650; 224 854 629} 201 873 6721 197 €71 673
300 163 757 594} 164 730 5661 165 792 627} 162 785 623
8400! 224 824 599 241 822 581 212 825 614 207 825 619
.62 12830 196 775 578|209 768 560| 188 785 596; 183 782 599
300§ 159 680 521f 160 659 4991 162 711 5b0[ 158 702 544
84001 199 720 521 212 718 506 189 722 533} 186 721 536
.67 {2830 177 683 506} 186 677 491 17 692 521| 168 690 522
300 147 608 462| 146 589 442] 150 635 486] 147 €29 482
84001 177 624 447 186 623 437 168 626 458] 167 626 459
.72 128301 160 598 438 166 591 426| 154 606 4521 153 €605 452
300f 132 542 410] 130 521 391] 134 566 432] 134 565 431
8400 160 547 387} 167 546 379 152 548 396} 152 548 396
.77 12830 146 526 380| 150 520 370 141 532 391l 141 532 391
300! 122 480 358 120 461 341] 125 501 376] 124 500 376
84001 148 502 353) 155 507 346 141 503 362y 141 503 362
.82 128301 136 488 347) 140 478 338 132 490 358f 132 489 358
3001 115 443 328 112 425 313} 117 461 344] 117 461 344
8400 }33 438 305| 138 437 299 127 439 312} 127 439 312
.87 128301 i2 423 300f 125 418 292 119 428 308f 119 428 309
300! 105 388 284} 102 373 271 107 404 297! 107 404 297
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Hematite concentrations were calculated from measurements of the total
Fe203 mass assuming a delta function size distribution. The hematite
size distribution is extremely difficult to measure for these small
particles, particularly in saturated impactor samples. Due to these
difficulties, the present model assumed a delta function distribution
with a radius of 0.10 um. Tables 34 and 35 show the hematite absorption
and extinction cross-sections (umz) as a function of particle radius and
wavelength. It is seen that even small variations in the hematite
particles radius lead to large variations in absorption and extinction
parameters. Therefore, it is clear that the delta function size dis-
tribution approach used in the present study is inadequate.

It is a normal procedure to assume that all contributing particles
share a similar size distribution function, even if variations in height
are included. Nevertheless, indications are that it may be necessary to
provide size distributions for the various components of aerosel, or for
at least such optically active particles as hematite. Some of the
difficulties in providing reasonable fits between observations and cal-
culations can be traced to the improper size distribution assumed for
hematite, particularly in the region from 0.50 to 0.70 um.

Table 36 shows the impact of increasing both aerosol and hematite
concentrations by 50% and 100%. In this case, increased net flux
divergences result which indicates that increased scattering as well as
absorption is necessary to provide a better fit with observations.
Nevertheless, for wavelengths larger than 0.50 um, the flux divergence
remains underestimated in the calculations.

While chemical analysis is relatively accurate, there may be errors

in the determination of the complex index of refraction. Furthermore,
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Table 34. Hematite absorption cross-section (umz) as a function of
particle radius and wavelength.

Particle radius (um)

0.08 . 0.09 . 0.10 .. G.11T .. .0.12

>
~
=
=3
—

.00476  .01197  .00760 .01028 .01671
.01182  .04410  .02452 .04162  .05690
.00666  .00828 .03880 .01872  .02398
.00866 .00344 .00438 .01791 .01265
.00128 .00697  .C0737  .00401  .00508
.00021  .00054 .00196 .00736  .00355
.00013 .00025 .00056 .00151  .00581
.00008 .00015 .00028 .00055 .00124

OCOOOODOO0O
W00 N O U1 -P
COOOOCOIO O

Tabie 35. Hematite extinction cross-section (umz) as a function of
particle radius and wavelength.

Particle radius (um)

A{um}  0.08 0.09 0.10 0.11 0.12

.30 .05610 .04720 .06320 .08810 .17780
.40 .09150 .12130 .07100 .12650  .09990
.45 10070  .11810  .159%0  .07820  .13030
.50 .15280  .12570 .14740 .17640 .10130
.60 .028%0  .12300 .20090 .18530 .21240
.70 .01173  .02817  .08040 .29750  .25500
.80 .00618 .01369 .02930 .06690 .21170
.90 .00361 .00781 .01590 .03130 .06300

OCODOOO0O
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Table 36. Flux calculations at selected wavelengths and heights for
aerosol and hematite concentration increased by 50% and 100%,
and arbitrarily increased aerosol absorption coefficients by
a factor of_Z‘and 3, Teaying.goncentrationslunchanged.

Aerosol and Aerosol and
hematite hematite agr Bagr
Concentration | Concentration abs abs
1.5 2.0
AGm)[Hm) [F* R FY R R F T R [FY R
8400 (255 1035 780| 252 1029 776} 233 1037 804|212 1033 821
.42 12830 |149 881 733| 144 858 714| 136 896 760|122 886 764
300 { 74 673 598| 67 609 542; 73 716 643 | 66 690 624
8400 |292 1240 948| 393 1235 942| 262 1243 980 | 238 1240 1002
.47 12830 [204 1101 897 200 1074 874| 186 1119 934 {167 1110 943
300 {130 879 749 120 804 685| 129 932 803 {119 905 786
8400 |291 1090 799 304 1087 783| 249 1091 842 | 226 1090 864
.52 [ 2830 |236 1013 778 244 999 755| 203 1022 818 | 183 1014 831
300 {168 884 716 165 838 673 157 907..750.|145 = 882 737
8400 |248 919 671 258 917 659| 215 921 705195 919 724
.57 12830 {212 862 650| 216 849 633| 187 870 683|169 864 695
300 |163 757 594 | 158 717 559| 156 779 623 | 145 759 614
8400 [224 824 599 230 821 591| 197 825 628 | 179 824 645
.62 | 2830 (196 775 578 198 762 564| 177 783 606 {161 778 617
300 |159 680 521 152 642 490 155 703 548 | 145 686 541
8400 |199 720 521) 205 718 513} 175 721 546 {159 720 561
.67 [ 2830 |177 683 506| 179 673 494| 159 690 530 | 146 686 540
300 (147 608 462} 141 577 436| 143 626 .483.[133 611 477
8400 |177 624 447|185 623 438 153 625 472 | 139 624 485
.72 {2830 {160 598 438| 164 590 427 142 603 461|129 599 470
300 ({132 542 4111129 519 390§ 126 554 428.1118 541 423
8400 (160 597 387|166 546 379| 139 547 409 {126 547 420
.77 2830 {146 526 380| 149 519 370| 129 529 400 {118 526 408
300 {122 480 358| 119 460 341) 117...489. 372.1110 478 368
8400 {148 502 353|154 501 346 129 502 373 |118 502 384
.82 {2830 |136 484 348| 139 478 338 121 487 366 | 111 484 373
300 {115 443 328) 112 424 312{.110 .451..341 [ 103. 441 338
8400 {133 438 305| 138 437 299 116 438 322 (106 438 331
.87 | 2830 ({122 423 300|125 418 292| 110 425 316 |101 423 322
300 {105 388 284 102 . 373 .270) 101.. 395 .295.| 95 = 387 292
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since the aerosol components vary with height, there may be a similar
variation in the complex index of refraction. Figure 36 also shows the
results of arbitrarily increasing the aerosol absorption coefficient by
a factor of 2 and 3 while holding all other parameters constant. In-
creased net flux divergence results for all wavelengths.

In the previous results the contribution by hematite scattering
has been neglected. Computations have therefore been performed which
include hematite scattering along with (a) doubling the aerosol con-
centration while holding the hematite concentration constant, (b)
doubling the hematite concentration while holding the aercsol concen-
tration constant, and {c) doubling both aerosol and hematite concentra-
tions. In these cases, the net flux divergence increases with increasing
concentrations, providing better agreement with observations. However,
the downward flux is then significantly reduced below observations and
the upward diffuse flux is significantly increased above observations.
It is concluded that the addition of hematite scattering provides poorer
overall agreement with observational values.

The combined calculations provided in the sensitivity study show
that calculations significantly overestimate the upward diffuse flux
and underestimate the net flux divergence. More detailed theoretical
calculations are necessary to determine the errors involved in the
current theoretical phase function expansions. The remaining discrep-
ancies wouid then be due to measurement errors.

It has been determined that aircraft roll fluctuations did not
exceed 2° during the 10 seconds necessary to perform the spectral measure-
ments. However, such errors may account for flux measurement variations

of 5% for large zenith angles (54°). Furthermore, due to refiections
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from the radiometer glass plate, incoming radiation at high angles is
underestimated, particularly the diffuse flux. Errors in the upward-
looking radiometer, where the solar beam is the major component of the
measurement, are smaller than in the downward-looking instrument. This
is particularly the case for conditions in which the diffuse flux is
nearly isotropic. Under highly turbid or cloudy conditions in which
the solar beam is very weak, then the upward-looking radiometer is also
1ikely to provide underestimates of flux. Instrumentation errors of
this kind for the highly turbid conditions encountered in the observa-
tions might (a) underestimate the downward flux in the Tower layers,
thereby indicating larger extinction and, therefore larger aerosol con-
centrations than actually observed, and (b) underestimate the upward
flux. The result would be an overestimation of net flux divergences
which are very sensitive to flux measurements. No estimates of the
magnitudes of such errors are available at this time.

Finally, in order to determine the impact of aerosol upon the
total radiation field, calculations for a "clean" atmosphere have been
made with aerosol and hematite concentrations decreased by a factor of
ten. The effect of the aerosol is to decrease the surface net flux
by approximately 20% which leads to decreased surface heating. The
upward diffuse flux is decreased by approximately 10% by the aerosol.
The corresponding net flux divergence is increased by a factor of

10-15 by the aerosol.
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PART IV. PROSPECTS FOR FUTURE STUDIES

The results from the present study indicate the very important in-
fluence of aerosols on the visible part of the spectrum. In particular,
hematite (Fe203) was verified to be the strongest aerosol absorber of
radiation and the dominant aerosol influence on the net flux. Indeed
one sees that aerosol absorption eXceeds gaseous absorption in some
cases. Strong hematite absorption was also observed during the GATE
experiment. These CAENEX results wiil aid in the evaluation of the GATE
data where similar aerosol conditions were qbserved.

In the present investigation data were analyzed in the spectral
region from 0.42 to 0.90 um. It would now be appropriate to complete
the solar spectrum by extending calculations to the regions 0.30 to 0.42
um and from 0.90 ﬁm to 3.00 ﬁm. In addition. it is important to study
the aerosol influence upon Tongwave radiative transfer. The spherical
harmonics method described above is also available in the window region,
8-12 um, for which data are also available.

The present research indicates how close cooperation between those
involved in theoretical modelling and those involved in analysis of
observational data can benefit both sides in providing deeper understand-
ing of those parameters necessary for a complete and accurate description
of the earth's radiation budget. In particular, actual data indicate
where deficiencies in current models need to be improved as well as
supply models with real data to simulate the real atmosphere. As pre-
dictive models and observations can be shown to converge, understanding
of those physical parameters influencing radiative properties in the

atmosphere increases and results in increased confidence in model
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predictions. Likewise comparison of accurate theoretical models with
observational data helps those involved in field studies better appreci-
ate which data are critical for proper evaluation of the radiation field
and where increased resolution is required.

One of the most important results of this interaction has been to
familiarize the various groups with the data and requirements which
each of them share and contribute.

One great difficulty which has been exposed in the present inter-
action is the lack of standardized data among the various parties
involved. Future efforts will be directed towards such a standardized
data format in order to facilitate utilization of the data.

As seen in the results, the greatest problems seem to be associated
with measurements of aerosol concentration, size distributions, chemical
composition and optical properties. In addition, there is a lack of
adequate gaseous concentration measurements and a lack of sufficiently
reliable data on gaseous absorption coefficients in the visible region.

A more difficult problem is to determine the aerosol properties and con-
centrations in the upper troposphere and lower stratosphere. These
regions show large relative disagreements between measured and calculated
values,

Further intercomparisons between the observational data from
different CAENEX expeditions and the results of numerical modelling
sould be valuable. ©Observations. for urban conditions and GATE observations
of the Saharan dust with strong hematite concentrations are of particular
interest.

In each of the regions of interest it would be of particular value

to consider the following cases:
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1) "clean" atmosphere; background or light aerosol conditions

and cloudless skies,

2) "“clean" atmosphere with clouds.

3) polluted atmosphere; turbid conditions,

4) polluted conditions with clouds.

At the first stage of analysis of cloudy conditions, it is impor-
tant to consider only horizontally homogeneous layer clouds. Broken
cloud conditions require statistical or Monte Carlo calculations which
are much more computationally expensive.

More extensive size distribution calculations as a function of
height are expected to be significant. However, it was not possible
during the present investigations to consider the impact of different
size distributions since the more important aerosol concentrations are
known inadequately. Finally, the impact of relative humidity upon
aerosol optical properties must be included for relative humidities
exceeding 60%.

More extensive measurements of the parameters characterizing atmo-
spheric dynamics during the radiation measurements would be extremely
valuable. In particular, recent measurements in urban regions indicate
that heavily polluted air tends to maintain those inversions, which are
responsible in turn for strong poliution episodes. Recent theoretical
ﬁﬂvestigationszo indicate that such inversions may affect surface

~

temperatures by as much as 10-15° C compared to non-polluted conditions.
A set of observations made several times during the day would provide

a sufficient data base to examine the magnitude of such effects.
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PART V. CONCLUSION

In conclusion, the following short summary of recommendations for
future complex investigations can be made.

(1) The impactor appears to have been saturated leading to under-
estimates of the aerosol concentrations and probable errors in fhe size
distribution. Such effects will lead to erroneous optical characteris-
tics. Perhaps this defect can be overcome by using a continuously
moving collector plate so as to smear the incoming particles and thereby
allow for more accurate particle counts.

(2) 1t is necessary to determine size distributions for highly
active substances such as hematite. It is not sufficient to merely
determine the percentage of total aerosol and assume either identical
size distributions or delta function distributions.

(3) A thin foil impactor or some other device would be most use-
ful to determine liquid water contents and size distribution functions
under moist and cloudy conditions.

(4) The radiometers should be recalibrated.

(5) Since it requires 12 seconds to make one complete spectral
measurement during which the aircraft platform may roll appreciably,
at least several minutes worth of data at each altitude are required
to reduce flux measurement errors.

(6) A determination of errors associated with underestimates of
incoming radiative flux at high angles to the radiometers should be

made. Such errors may be particularly significant in near isotropic

conditions.



(7) Data should not be smoothed, interpolated, or extrapolated.
Data should be ciearly labelled as to the exact time and hgight at which
it was taken. If aerosol data are taken through a’Tayef, then the height
ranges should be indicated.

(8) Theoretical calculations should be checked in order to deter-
mine the errors associated with the current theoretical phase function
expansions.

(9) There should be closer cooperation among the scientists working
on different components of the observational program to insure that
aerosol measurements correlate with flux measurements.

It can be seen that such intercomparison studies can be beneficial
to both the experimentalist and the theoretical modeller in helping to
better understand the earth's atmospheric energy budget. Therefore,
more extensive and complete field studies, improved instrumentation,
and further intercomparison studies under a variety of conditions are
indicated. In future work these studies will be extended to a broader
spectral 5nterva1.

The experience acquired during the CAENEX and GATE experiments as
well as the results obtained from calculations have been fully considered
in working out the Global Atmospheric Aerosol-Radiation Experiment
(GAAREX) proposal. It is hoped that this report will provide additional
insight into the requirements for successful radiation transfer ob-
servations in real atmospheres.

The authors express thei; sincere gratitude to M.A. Prokofyev and

to Edward Sorokin.
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