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ABSTRACT 

The changes in solar absorption and in local heating -?tes due to pel^urbations to O3 
and H0 2 concentrations caused by stratospheric injection oi NO x and CFH pollutants are 
assessed. The changes in species concentration profiles are derived from theoretical cal
culations using a transport-kinetics model. Because of significant changes in our under
standing of stratospheric chemistry during the past year,- the assessment of the effect of 
stratospheric perturbations on the solar radiation budget differs from previous assess
ments. Previously, a reduction in 0 3 due to an N0 X injection caused a net decrease in the 
gaseous solar absorption; now the same perturbation leads to a net increase The implica
tion of these changes on the surface temperature-is also discussed. 

INTRODUCTION 

During the past several years, many threats to the stratospheric O3 layer have been 
proposed, including engine emissions from supersonic aircraft (SST's), the atmospheric 
release of chiorofluoromethanes (CFM's), and nitrogen oxides (N0X) produced by atmospheric 
nuclear explosions. SST engine emissions, in addition to affecting f.he concentrations of 
O3 and NO2, also affect the stratospheric burden of water vapor ard sulfate aerosols. 
Changes in stratospheric composition can lead to climatic effects ov perturbing the global 
solar and longwave radiation budgets. This paper will -focus on changes in O3 and NO2 con
centrations and their effect on the solar radiation budget. In order to put these changes 
in perspective, the potential climatic effects of changes in water vapor abundance and 
aerosol loadins in the stratosphere are also considered. 

Over the years there have been many changes to the numerical models used to compute 
the effects of stratospheric perturbations on 0 3. New species (mostly chlorine contain
ing) and reactions have been added. Poorly known reaction rates have been remeasured 
using more accurate, methods, and the O3 photodissociation rate calculation has been 
improved. Temperature coupling and feedback on reaction rates has been added, and diurnal 
averaging has been accounted for more accurately. These changes have significantly modi
fied the O3 impact assessments. It is important, therefore, to reanalyze the impact of 
the potential changes in stratospheric composition on the global radiation budget. 

In a previous assessment of the effects of changes in O3 and NO2 concentrations on 
solar absorption and stratospheric heating rates, Luther [3] used species concentration 
profiles derived from a then-current transport-kinetics model. In updating the assess
ment, it is desirable to present the results in a more general way so that the radiative 
effects can be inferred for any transport-kinetics model results. This would also enable 
the radiative effects to be updated simply whenever there is a significant-change in the ?j 
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stratospheric mode1, assessments, 
solar absorption by O3 and HO2. 

-2-
We have attempted to do this for calculations of total 

COMPARISON OF CiLUlGtSS IN SOLAR ABSORPTION BY O3 AN3 N0 2 

In the cas? of a stratosphere perturbed by an N0 X injection, Luther [3] shoved that 
the increase in solar absorption by H0 2 at steady state was a significant fraction (35 to 
50%) of the decrease in solar absorption by 0 3. Since that time, the sensitivity of the 
transport-kinetics models to an H0 X injection has de -reased. Consequently, the change in 
solar absorption by N0 2 is now expected to be a much larger fraction of the change in 
solar absorption by O3. 

Solar absorption by O3 is shewn in Fig. 1 as a function of O3 column density. The 
absorption rate given is the instantaneous value for a solar zenith angle of 60°. The 
radiative transfer model used to compute the solar absorption rate includes Rayleigh scat
tering and assumes a cloudless, plane-parallel atmosphere above an isotropically scatter
ing ground [3]. The effect of large changes in O3 column density can be found by inter
polating from Fig. 1. The change in solar absorption due to a small change in O3 column 
density can be estimated by the first term of a Taylor series: 

AAbs(03) 
dAbs(03) 
~35: AO„ CD 

Since model results are often presented in terms of the percent change in 0 3, Eq. (1) can 
be rewritten as 

dAbs(O-) 

**-<V- "00757 AV°3 ( 2 ) 

d I n Abs(O-) 
AAbs(0 3> - A b s ( 0 3 ) d l n 0 3

3 A 0 3 / O 3 ( 3 ) 

40 
A, = 1.00 

0.75 
0.50 

rE 0.25 

I 
1 

30 -
0.00 

0-25 0.30 
Total ozone — atnvcm 

03 

— •-1 1 1 1 

A,= 1.00^. 
0.75 - X 

r 0.50 V v \ — 0.25000"*. 
0.00 O s N > o t̂ HHSS 

^ • " " ^ ^ ^ - ^ V ^^~^^~-
^~~~^**^^'~ **" -^ 

- -

« ' • ' 

_ 0.C 
o 

S os ->- -S-

020 025 0.30 035 
Total ozone— atnvcm 

0.40 

FIGURE 1. Solar absorption by ozone for a 
solar zenith angle of 60°. Ag is the sur
face albedo. 

FIGURE 2. Values of d ln(03 abs.)/d in 
(total O3) for a solar zenith angle of €0° 



Vatuss of d lT![Abs(03)]/d In 0 3 are presented in Fig. 2 (also for a solar zenith angle of 
60"). SiniLlar equations can be written for the change in solar absorption by N0 2. Values 
of Abs(N0;) and d ln(Abs(K02)l/d In HO? are presented in Figs. 3 and 4, respectively. 

E 100 r 

- — T 1 1 1 1 1 T I 1 1 1 - • f 1 i_ 

- -
- -
7 \=1.00-

0.75-
0.B0-
0.25-N ̂ < 

• 0.00-

r d%r -
- -- -

: / 
-

|T -
r . . . . 1 . • 1 . I 1 J -

10« 10' 6 

Total NO, 

10" 
- molecules/cm2 

10 1 8 

1.0 ~ + ^ 
N[ 

!——1 r - j -

_ 0.9 _ ^ fev 
1 

£ 
-

^ = 1 . 0 9 ^ 
0 . 7 5 - ^ 

> 
1 

1 

1 „ 0 . 5 0 - ' ' j***^ \J*A 
- 0.7 _ 0 3 5 ^-^•"^v^n ~ 
g 0 . 0 0 - ^ \ m \ 
_ \n\ £ \n\ 
' 0.6 

- I 
ns • > . . 1 . 1 1 1 1 1 1 - V 

10 1 5 10 1 6 10 1 7 

Total N 0 2 — moleculesfan 2 

10 1 8 

FIGURE 3. Solar absorption by H0 2 for a 
solar zenith angle of 60°. 

FIGURE 4. Values of d ln(K02 abs.)/d In 
(total K0 2) for a solar zenith angle of 60° 

Ambient and perturbed species concentration profiles were computed using the Lawrence 
Livemore Laboratory one-dimensional transport-kinetics model (same version used by Luther 
ec al. [5}). Two cases were considered: N0 X injections (as KO2) at 17 or 20 km at the 
rate of 1000 molecules cm""3s"1 uniformly distributed over a 1-ko-thick layer. This corre
sponds to a hemispheric injection rate of 6.2 x 10 8 kg/yr. Changes in the O3 and NO2 
column densities and solar absorption rates for a solar zenith angle of 60° and a surface 
albedo of 0.25 are summarized in Table 1. The unperturbed column densities are 9.730 x 
10 1 8 molecules/cm2 (0.352 atm.ca) for O3 and 3-506 x 10 1 5 molecules/era2 for W>2-

TABLE 1. Increases in total atmospheric solar 
absorption by 03 and NO2 due to NOx injections at 
the rate of 6.2 x 10 8 kg/yr. 

Quantity 
HO I n j e c t i o n Al t i tude 

Quantity 
17 km 20 km 

M 3 
AS0 2 

flabs(03) 
o4bs(K0 2 ) 

1.06Z 0.39% 
6.87Z 15.60Z 
0.16 W/m2 0 .06 W/tn2 

0 .06 W/m2 0 .13 W/m2 

In both cases the injection of BQg resulted in a small increase in total 0 3. Although 
the changes in the O3 column density are small, the change in the local O3 concentration 
(Fig. S) may be several percent. The change in column density reflects the net difference 
between regions of O3 increase (below 22 km) and O3 decrease (above 22 km). Consequently, 
although the change in the net heating may be small, the redistribution in" altitude of 
where this heating occurs may be significant. The change in the local concentration of 
HO2 is shown in Fig. 6. 
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FIGURE 5. Change in local ozone concentra
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FIGURE 6. Change in local N0 2 concentration 
due to E0 X injections (as N0 2) of 6.2 x 10 8 

kg/yr. 

CHANGES TO THE SOLAR RADIATION BUDGET AND HEATING RATES 

in addition to the two N0 X injection cases already described, we also considered the 
steady-state O3 reduction due to CFH's at the 1975 release rate, which is assumed to be 
290 fcilotonnes/yr for CFC13 and 425 kilotonnes/yr for CF2CI2. The change in O3 column 
density computed at steady state vas -14.42. For a solar zenith angle of 60° and a sur
face albedo of 0.25, there is a reduction in solar absorption by O3 of 2.45 W/m 2. The 
change in the local O3 concentration is shown in Fig. 7. There is a reduction in O3 con
centration at all altitudes with the largest percent reduction occurring at 40 km. 

In addition to affecting the gaseous absorption of solar radiation in the strato
sphere, charges in stratospheric composition also affect solar absorption in the tropo
sphere by changing the atmospheric transmissivity. A decrease in O3 column density, for 
example, allocs more solar radiation to reach the troposphere, thereby increasing both the 
amount of solar absorption and the amount of radiation scattered back to space. Changes 
to the solar radiation tudget are presented in Table 2 for the three perturbation cases. 
The net solar flux at the top of the atmosphere is defined as the incoming flux minus the 
outgoing flux. The values for the change in solar absorption in the troposphere include 
the change in gaseous absorption and the change in absorption by the earth's surface. The 
changes in the instantaneous solar absorption rates for the H0 X injection cases are small 
compared with the unperturbed values. The CFH perturbation case, on the other hand, 
represents a significant perturbation to the solar radiation budget. There is a signifi
cant reduction in the solar absorption in the stratosphere and an increase in the tropo
sphere. 

TABLE 2. The Perturbed Solar Radiation Budget 
(solar zenith angle = 60°, surface albedo = 0.25). 

Quantity 

Perturbation Case 
Unperturbed 

Value Quantity HO , 17 km x ' N 0 x , 20 km CFH 
Unperturbed 

Value 

4Net s o l a r f lux a t top of atmosphere 

1Stratospheric s o l a r absorption 

^Troposphere/surface s o l a r absorption 

0 .1 W/m2 

0.13 

- 0 . 1 

0 .0 W/m2 

0.08 

- 0 . 1 

- 1 . 0 W/m2 

- 2 . 3 5 
1 .3 

470 W/m2 

3 4 . 1 

436 
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FIGURE 7. Change in ozone concentration at FIGURE 8. Change in the instantaneous solai 
steady state due to CFM's at the 1975 heating rates for a solar zenith angle of 60° 
release rate. and Ag = 0.25 due to an N 0 X injection at 17 fan. 

The changes in the O3 and HO2 solar heating rates are presented in Fig. 8 for the 17-
km B 0 X injection and in Fig. 9 for the 20-km S 0 X injection. 0 3 and H 0 2 both contribute to 
an inrrease in the heating rate in the lower stratosphere. Consequently, the change in 
solar heating tends to increase the temperature in the lower stratosphere and decrease the 
temperature in the upper stratosphere. 

The change in the solar heating rate due to a CFM perturbation is shown in Fig. 10. 
The reduction in the solar heating rate in the lower stratosphere is approximately the 
sane magnitude as the increase in heating rate computed for the 80x injection cases. The 
change in the solar heating rate is -0.07 K/day at 24 km, -0.02 K/day at 20 km, and -1.01 

-0.25 -0 .20 -0.15 -0 .10 -0.05 

Change in solar heating rats — K/day 

FIGURE 9. Change in the instantaneous solar 
heating rates for 1 solar zeni^V angle of 
60° and Ag = 0.25 due to an K0* injection. 
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angle of 60° and Ag = 0.25 Sue to CIM's at 
the 1975 release rate. 



-6-
K/day at 18 km. In this case there is cooling at all altitudes with the largest effect in 
the upper stratosphere. 

POTENTIAL CLIMATIC IMPACT 

The climatic impact of changes in stratospheric composition depends upon hot-i the 
solar and longwave effects of the perturbation. Changes in temperature, in addition to 
afrccting the transfer of longwave radiation, also affect atmospheric stability and trans
port. Here we will consider only the global impact of the solar and longwave effects and 
neglect any potential feedback on transport. 

A previous assessment of the effect of changes in C3 and M>2 OTt surface temperature by 
Rananathan et al. [8] showed a cooling a'c the surface associated with a reduction in O3 
due to an KOJJ injection. Only reductions in O3 were considered, and it was assumed that 
the changes in O3 and KO2 were uniform (percentage wise) between 12 and 40 km. Our pre
sent results differ from these modeling assumptions in that the changes in O3 and NO2 con
centrations are not uniform with altitude, and there is a net increase in O3 column den
sity rather than a decrease. Nevertheless, the work of Bamanathan et al. [8] is useful 
because it demonstrates the importance of the longwave effect of the perturbation. The 
reduction in total O3 tended to warm the troposphere by increasing the transmissivity of 
the stratosphere for solar radiation. The reduction in stratospheric tenperature due to 
reduced O3, however, had a greater effect on the longwave radiation emitted downward from 
the stratosphere. The net result was a slight reduction in surface temperature. 

A similar calculation using our current modeling results would predict an increase in 
temnernrnre i^ the lower stratosphere 14]. It is possible that the longwave effect would 
also dominate in this case. It is clear, however, that the longwave effect would tend to 
warm the troposphere, whereas the solar effect tends to cool. Based on the results of 
Ramanathan et al., an increase in NO2 of 30%, which is larger than the estimated increase, 
would cause an increase in surface temperature of approximately 0.01 K. The change in 
surface temperature due to a 12 increase in t_. al O3 is also likely to be small. 

To put thesK numbers in perspective, consider the potential climatic effect of the 
water vapor which is injected into the stratosphere along with the KOx- Assuming an emis
sion index of 1250 g/kg fuel for water vapor and 18 g/kg fuel for HOx, the asaociated 
water vapor injection rate would be 4.3 x 10*° kg/yr- According to model calculations in 
which the stratospheric water vapor profile is computed f9l, this would lead to an 
increase in the stratospheric water vapor mixing ratio of 0.17 ppmv for a 17-fcn injection 
and ca increase of 0.50 ppmv for a 20-km injection. Changes in stratospheric water vapor 
mining ratio of these Magnitudes is estimated to cause an increase in the surface tempera
ture of 0.02 K and 0.06 K, respectively [2], 

In addition to N0^ and water vapor, SST engines also emit SO2, which is converted to 
sulfate aerosols- Assuming an emission index of 1.0 g/kg fuel, the SO2 injection rate 
would be 3.4 x 10 7 kg/yr when the N0 X injection ra*:e is 6.2 x 10 8 kg/yr. This emission 
rate causes an increase in the stratospheric optical depth (AT) due to a larger aerosol 
loading at steady state of approximately 1.1 x 10~ 3 for a 17-km injection altitude and 2.3 
x 10~ 3 for a 20-km injection altitude T2, p. 431. The sensitivity of the surface tempera
ture to changes in stratospheric optical depth due to aerosols produced by SST's has been 
estimated by Pollack et al. [6] to be: 6T S = -10 K AT. Th« change in surface temperature 
due to aerosols is thus estimated to be -0.01 K for a 17-km injection altitude and -0-02 K 
for a 20-km injection altitude. 

The climatic effect of the CFM perturbation can be estimated roughly by considering 
the balance in the net solar and longwave fluxes at the top of the atmosphere. On a 
global mean basis, any change in the net incoming solar radiation must be compensated for 
by a similar change in the outgoing longwave radiation. 

The decrease in net solar flux at the top of the atmosphere shown is Table 2 is caused 
by aa increase in the upward solar flux scattered to space. Dividing by two to account 
for day-night averaging, there is an increase cf 0.5 W/* 2 in the global «e*a solar flux 
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scittered to space. To maintain equilibrium, there must also be a reduction in the long— 
wa'-'a flux to space of 0.5 W/nr. Using 3udyko's [1] empirical formulation relating the 
change la outgoing longwave flux to the change in surface temperature (dF/dT = 1.425 W 
m-^ K ), the required decrease in surface temperatura is estimated to be -0.35 K. This 
should be viewed as a very crude estiiuate because details oi the vertical dis'.ributicn of 
Oj ire not included in the assessment. According to the work of Ramanathan 'it al. 18], a 
rê ':-.-tion in total O3 of 14.4% would cause a change in surface temperature of -0.13 K 
assuming that the O3 reduction is distributed uniformly between 12 and 40 km. 

There is the rdditional effect of the longwave properties of CF 2Cl 2 and CFCI3. At 
steady state the troposphecic concentrations of the CFM's are computed to be larger than 
present day levels by 0.6 ppbv for CFCI3 and 1.52 ppbv for CF2CI2. The greenhouse effect 
of CFM's has been studied by Ramanathan [7]. According to the relationship between tropo-
spheric mixing ratio and global surface temperature developed by Ramanathan [7], these 
changes in concentration would result in an increase in surface temperature of approxi
mately 0.4 K. This implies approximate cancellation of effects on global mean surface 
temperature for a CFM perturbation. Detailed study is needed to more accurately assess 
the net climatic effect. 

CONCLUSIONS 

Changes in O3 and N0 2 concentrations due to an N0 X injection lead to increases in the 
total solar absorption of both species. These increases are small, however, when compared 
to the total energy absorbed by the stratosphere, and the climatic effect is estimated to 
be negligibly rnnall. Using the. criterion that changes in surface temperature less than 
0-1 K would not have major consequences [6], none of the SST engine emissions (NOx, H2O, 
and S0 2) are estimated to have a major climatic effect. The largest individual effect on 
surface temperature is that of water vapor, which is estimated to cause a temperature 
increase of 0-06 K for a 20-km injection at 4.3 x 10-° kg/yr. The combined effect of all 
engine emissions on climate is likely to be an increase in global mean temperature of less 
than 0.1 K. 

In the case of a CFH perturbation, there is a significant impact en the solar radia
tion budget leading to a decrease ir the solar heating of the stratosphere and an increase 
in solar heating of the troposphere and earth's surface. There is also an increase in the 
solar flux scattered back to space. There is considerable uncertainty about the change in 
surface temperature at steady state caused by the reduction in O3 due to CFM's released at 
the 1375 rate. Our estimates change from —0.13 K to -0.35 K. The greenhouse effect of 
CFCI3 and CF2CI2, on the other hand, tends to warm the surface, possibly by as much as 0.4 
K. The net effect on surface temperature is uncertain, but it may be in excess of +_ 0.1 
K, which would be considered significant. The potential climatic effect of a CFM pertur
bation needs further study to reduce the large uncertainty associated with these results. 
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