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Response of Middle Atmosphere to Short-Term Solar Ultraviolet Variations:

2. Theory

G. BRASSEUR,!'? A. DE RUDDER,? G. M. KEATING,* aND M. C. PITTS?

Ozone and temperature responses 10 solar variability, based on satellite data, have been reported in a
companion paper (Keating et al., this issue). The present paper is intended to present a theoretical
interpretation of this analysis with the purpose of better understanding the chemical behavior of the
stratosphere and the coupling between temperature and ozone concentration, when a periodic forcing is
applied to the solar ultraviolet (UV) flux. The response of the temperature and of the trace species
concentrations, including ozone, to short-term variations in the solar UV irradiance is calculated by a
one-dimensional chemical-radiative time-dependent model. The applied solar variability is assumed to be
sinusoidal with a period of 27 days (in accordance with the rotation period of the sun) or 13.5 days (when
two active regions are on opposite sides of the sun). The amplitude varies with wavelength, which is
consistent with observations made by the Nimbus 7 solar backscattered ultraviolet (SBUV) experiment.
The maximum ozone sensitivity in the stratosphere appears to be located near 3 mbar. The calculated
amplitude and phase of the ozone response are significantly modified when the feedback between ozone
and temperature is taken into account. The ozone/temperature coupling tends to modify the ozone phase
lag such that, in the upper stratosphere and in the mesosphere, the ozone peak occurs a few days before
the UV peak. Comparison of the model results with the observed ozone and temperature responses,
based on satellite data, shows that the theory is consistent in many respects with observations. The
calculated time lag of the temperature response, however, is approximately a factor of 2—4 smaller than
the time lags derived from the measurements, suggesting evidence for some additional process not
included 1n the model calculation. Large negative ozone sensitivities and positive temperature responses
are predicted in the mesosphere as a result of the absorption by O, of the solar irradiance at the Lyman
o wavelength. The model also shows that the expected variation in the stratospheric nitric acid mixing

ratio is a factor 2 larger than the corresponding opposite variation in the ozone concentration.

1. INTRODUCTION

The possibility of a link between ozone and solar variability
was raised early in this century by Humphreys [1910] and has
been extensively discussed in the past (see, for example, Willett
[1962]; London and Oltmans [1973]; Angell and Korshover
[1973, 1976]; Keating et al. [1981]; Keating [1981]). The un-
derstanding of such a relationship is indeed a prerequisite for
detecting possible changes in the atmospheric composition
due to anthropogenic effects. After the first theoretical investi-
gations by Crutzen [1973, 1974], the response of ozone to
changes in the solar emission has been estimated by means of
one- and two-dimensional photochemical models. In some of
these models the spectral distribution of the ultraviolet varia-
bility was chosen to be representative of the 11-year cycle
[Callis and Nealy, 1978, Penner and Chang, 1978, 1979; Brass-
eur and Simon, 1981; Natarajan et al., 1981; Garcia et al.,
1984]. In other studies the effect of the 27-day rotation period
of the sun was considered [Frederick, 1977; Theobald et al.,
1977; Keating et al., 1985]. The variability in the solar output
adopted by the earliest of these models was larger than the
values which are now generally accepted, especially above 200
nm. In fact, the changes in the solar irradiance over the entire
11-year cycle are difficult to assess, since they have to be
derived either from a number of individual measurements
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made by several instruments with different calibrations or
from some continuous satellite observations which might be
biased by instrument drift.

Observations of the solar variability over several rotation
periods of the sun are by far more accurate and are now
becoming available. These have been used, together with satel-
lite observations of ozone and in some cases of temperature to
detect a possible solar signal in the middle atmosphere. Gille
et al. [1984], for example, using the ozone data obtained
through the LIMS experiment and the solar irradiance pro-
vided by the solar backscattered ultraviolet (SBUYV) instru-
ment, both on board the Nimbus 7 satellite, estimated that the
ratio between the relative ozone variation and the relative UV
change at 205 nm (hereafter called the ozone “sensitivity”)
varies with increasing altitude from 0.17 at 31 km to 0.38 at 54
km. Keating et al. [1985], using the entire LIMS data set and
correcting for the effect of temperature variations, obtained
very high correlations between ozone and solar variations.
Keating et al. found a sensitivity of the order of 0.3 between 5
and 0.5 mbar, in good agreement with a theoretical analysis.
Heath and Schlesinger [1985], analyzing the Nimbus 7 SBUV
data from May 14 to August 30, 1980, showed that the maxi-
mum correlation of the solar-induced ozone variation was lo-
cated between 1.5 and 3 mbar, depending on the latitude.
Hood [1984, 1986] used the ozone measurements provided by
the Nimbus 4 backscattered ultraviolet (BUV) and Nimbus 7
SBUYV experiments, respectively, to estimate the ozone sensi-
tivity to UV variations. In his most recent study, Hood [1986]
derives ozone sensitivities of about 0.14 at 10 mbar, 0.37 at 5
mbar, 0.48 at 2 mbar, and 0.37 at 1 mbar. The phase lag of the
local O, mixing ratio relative to the 205-nm solar irradiance
decreases with altitude and even becomes negative above the
level of 3 mbar. The fact that the ozone mixing ratio peaks
before the UV flux is interpreted by Eckman [1986a] and
Hood [1986] as a consequence of temperature effects. Chandra
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[1985], using similar ozone data to those of Hood [1984],
indicates that a great deal ol the ozone and temperature oscil-
lations observed in the tropics are manifestations of high-
latitude winter planetary waves, which are apparently not re-
lated to solar variability. Ozone measurements made by the
ultraviolet spectrometer on board the Solar Mesosphere Ex-
plorer (SME) were used by Eckman [1986b] to study the sun-
ozone relationship above the level of 1 mbar. From this study,
a 1.3% variation is derived in the tropical ozone con-
centration near the stratosphere for a 2.5% change in the
205-nm solar irradiance. The fundamental importance of the
coupling between chemistry and radiation to explain the ob-
served amplitude and phase of the ozone response is empha-
sized in a related study by Eckman [1986a], who shows from
theoretical considerations that the magnitude of the ozone
variation is 25% smaller when the temperature feedback is
included in this calculation than when the temperature is not
allowed to vary. Also, in Eckman’s study the ozone peak near
the stratopause occurs about 1.5 day before the UV peak, as a
consequence of the temperature/ozone coupling. However, the
data analysis shows, during certain periods, a negative phase
lag for ozone as high as 6-8 days, inconsistent with theory.
The calculated temperature change over the solar period is
found by Eckman [1986a] to be 0.6 K in the upper strato-
sphere, with a time lag of about 3 days. This lag is significantly
shorter than the phase observed by Keating et al. [1986] and
Hood [1986].

In all data analyses the ozone sensitivity is of the order of
0.1 at 10 mbar (~ 32 km) and increase with altitude to reach a
value between 0.25 and 0.60 at 2 mbar (~44 km). A large part
of the differences in the derived ozone sensitivities can prob-
ably be attributed to the analysis technique or to the statistical
method applied to the data. For example, Keating et al.
[1985] correct for ozone variations due to temperature fluctu-
ations, while in most other treatments of the observations
[Gille et al., 1984; Chandra, 1985; Hood, 1986, etc.], this cor-
rection is not applied.

The purpose of this work is to identify, through a theoreti-
cal approach, the key processes that control the ozone and
temperature response to solar variability. This study will be
based on a one-dimensional chemical-radiative time-
dependent model of the middle atmosphere, in which a period-
ic solar irradiance is applied as an external forcing. The re-
sulting response (amplitude and phase) of the temperature and
of the concentration of ozone and other trace species is deter-
mined and discussed. The results are intended to help in inter-
preting the recent data analyses by allowing a better under-
standing of the involved physical and photochemical processes
in the middle atmosphere. A companion paper [Keating et al.,
this issue] concentrates on the observed response of ozone and
temperature in the stratosphere and mesosphere, based on the
most recent satellite data.

2. BRIEF DESCRIPTION OF THE MODEL

The model which is considered in the present study has
been described by Brasseur et al. [1982, 1985] and used, for
example, in the work by Keating et al. [1985]. It extends from
the earth’s surface to the altitude of 100 km. The vertical
distribution of about 40 species, belonging to the oxygen, hy-
drogen, carbon, nitrogen and chlorine families, is calculated,
together with the vertical temperature profile.

The chemical code derives the production and destruction
rate for each species, using the chemical and photochemical

BRASSEUR ET AL.: MIDDLE ATMOSPHERE RESPONSE TO SOLAR UV VARIATIONS, 2, THEORY

parameters (temperature-dependent rate constants, absorption
cross sections) compiled by DeMore et al. [1985] and the
spectral distribution of the solar irradiance provided by Brass-
eur and Simon [1981]. Diurnal average conditions are as-
sumed for the solar illumination, corresponding to 30° latitude
and to equinox. The solar penetration in the region of the
Schumann-Runge bands of molecular oxygen and the O,
photodissociation coefficient in this spectral interval are com-
puted using the parameterization of Kockarts [1976]. The ab-
sorption cross sections of O, in the Herzberg continuum, on
which the stratospheric ozone production rate is strongly de-
pendent, are similar to the values derived from in situ observa-
tions by Herman and Mentall [1982]. The water vapor mixing
ratio is determined above the tropopause, such that the total
number of hydrogen atoms appearing in H,0, CH,, and H, is
conserved. The short-lived species are assumed to be in im-
mediate photochemical equilibrium, while the long-lived trace
gases (including the families) and the potential temperature
are transported in the vertical by an “eddy diffusion” type
exchange.

The radiative code provides the net heating rate resulting (1)
from the absorption of solar radiation by O, and O,, (based
on the formulation of Schoeber! and Strobel [1978]), and (2)
from the emission and absorption of terrestrial radiation by
CO,, O,, and H,O. The code for long-wave radiation (J. J.
Mocrette, private communication, 1983) solves the one-
dimensional radiative transfer equation in which the transmis-
sion functions are parameterized for four broad wavelength
intervals, namely the 15-um CO, band, the 9.6-um O, band,
the rotational and 6.3-um H,O bands, and the atmospheric
window (8—12 um). This parameterization is based on a more
detailed representation of the transmission over 116 spectral
intervals, in which a random model [Goody, 1952] is used for
H,0 and CO,, and a Malkmus model [Malkmus, 1967] is
adopted for CO, and O,. Overlapping of several bands is
taken into account, while temperature and pressure effects on
the spectral parameters are treated according to the methods
suggested by Curtis [1952], Godson [1954], and Rodgers and
Walshaw [1966]. Calculations are performed for a global
cloud cover of 50% with a top altitude of S km and a fixed
relative humidity in the troposphere, following Manabe and
Wetherald [1964].

The vertical transport of heat is parameterized using a first-
order closure scheme with an eddy thermal diffusion coef-
ficient [Liou and Ou, 1983]. This eddy thermal diffusion is
largest in the troposphere where convective instability occurs
and is several orders of magnitude smaller in the stratosphere
where, except near the tropopause, the globally averaged tem-
perature profile essentially results from radiative equilibrium
conditions. The quantitative value of the eddy thermal diffu-
sion coeflicient is similar to the value used for the vertical
transport of trace species.

In order to predict the ozone and temperature response to
changes in the solar UV radiation, a sinusoidal variation in
the solar irradiance is added to the average value as given by
Brasseur and Simon [1981]. The period of this forcing has
been chosen to be the rotation period of the sun (27 days) or
half of this period (13.5 days). Indeed, the observed short-term
UV variability exhibits these two types of behavior, depending
on the number and distribution of active regions on the Sun.
The amplitude of the UV variation is a function of wavelength
and changes from cycle to cycle. However, in order to deal
with mean situations, we have adopted for the 27-day cycle
the spectral variability given in Table 1 [from Keating et al.,
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TABLE 1. The 27-Day Spectral Variability of the Solar Irradiance
Adopted in the Model
Wavelength, yi,,, 11,
nm % Lr05/1205.av
Lyman «(121.6) 10.00 390
170.0-188.7 334 1.30
188.7-198.0 2.80 1.09
198.0-208.3 2.57 1.00
208.3-250.0 1.09 0.42
250.0-270.3 0.58 0.23
270.3-317.5 0.22 0.09
>317.5 0.00 0.00

1985], which is in accord with the values measured by the
Nimbus 7 SBUV instrument, averaged over 15 solar oscil-
lations [Heath et al., 1983]. The amplitude of the variation in
solar irradiance at 205 nm is taken equal to 2.57% of the
average irradiance. Because of smaller average variability
during 13.5-day cycles, the solar irradiance variability, as it
appears in Table 1, is reduced at all wavelengths by 10.5% for
model runs simulating 13.5-day cycles, so that the variability
at 205 nm becomes 2.30% instead of 2.57. The averaged varia-
bility in the irradiance responsible for solar heating by ozone
absorption has been taken equal to 0.8% in the Hartley band
and 0.15% in the Huggins bands. The time step for the nu-
merical integration is chosen as 6 hours (but no diurnal vari-
ation of the solar irradiance is allowed). In general, the ozone
and temperature response will be expressed in terms of sensi-
tivity, referring to a 1% change in the solar irradiance at 205
nm [Gille et al., 1984; Keating et al., 1985].

3. MobpEL RESULTS AND DISCUSSION

3.1. Simplified Model

The calculated response of the ozone and of the temper-
ature to an applied sinusoidal variation in the solar irradiance
has an amplitude and phase varying with height. The relation
between ozone and UV changes can be inferred, as a first
approximation, from the continuity equation of ozone

% + 205 + pO,% =2J,0,

in which it is assumed that the loss can be expressed by a
linear (L, = 2O,) and a quadratic (L, = BO,?) destruction
term. Applying to the O, photodissociation coefficient J, a
periodic variation with frequency w,, assuming that «, §, the
concentration of molecular oxygen O,, and the temperature T
remain constant during the entire oscillation, and neglecting
second-order effects, the relative amplitude AO,;/O; and the
phase @, of the O, variation can be expressed as

A0, AJ, X

- 1
0, 7, [+ g o

and
(Doz = tan_l [wo"'c] (2)

where 7, = [@ + B O,] ! is the relaxation time of ozone, O,
the average ozone concentration, and X = (L, + L)AL,
+ 2L,) a parameter equal to 1, if the destruction rate is purely
linear, and to 0.5, if it is entirely quadratic. An intermediate
value is used in this work, based on an inspection of the ozorne
loss terms, as calculated by our one-dimensional model (0.6 at
0.5 and at 1 mbar, 0.8 at 3 mbar, and 0.9 at 5 and 10 mbar).
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Since a large part of the radiation contributing to the dis-
sociation of O, in the stratosphere and mesosphere is confined
in a spectral region around 200 nm, it is expected that the
205-nm solar irradiance is a good index to monitor the ozone
production rate. The ozone sensitivity to a change in the
205-nm solar irradiance,

g _ A0, (AL,
-,

1205

can be expressed by the product of two factors: (1) the vari-
ation of the ozone concentration to a change in the O, photo-
dissociation frequency J,; and (2) the variation of the J, coef-
ficient to a change in the solar flux (expressed as a change in
the 205-nm irradiance). Factor 2 is a function of the chosen
spectral dependence of the solar variability. As shown, for
example, by column 4 in Table 2, the relative variation in the
J, coefficient (and thus in the ozone formation rate) for a 1%
change in the 205-nm solar flux is found to be 0.6 at 1 mbar,
when adopting the spectral variability given in Table 1 and
accounting for the effect of the change in O, column abun-
dance resulting from UV radiation. This factor decreases with
decreasing altitude (e.g., 0.24 at 10 mbar), since the UV radi-
ation at longer wavelengths, which has smaller variability,
penetrates deeper in the atmosphere than the radiation at
shorter wavelengths, which has higher variability.

The ozone sensitivity to a change in the J, coefficient is,
according to expression (1), equal to X when the ozone life-
time is short. The effect of the lifetime becomes apparent
below the level of 3 mbar. In other words, the ozone sensitivi-
ty in the lower stratosphere becomes dependent on the period
of the solar UV variation. Therefore calculated sensitivities for
a 13.5-day period may not be extrapolated for 27-day of 11-
year periods without introducing a correction for the “life-
time” effect. As will be shown below, the ozone/temperature
coupling, which is not considered in (1) and (2), introduces a
more complex relation between the ozone sensitivity and the
period of the solar forcing.

Table 2 also compares the ozone response predicted by (1)
and (2) (columns 5 and 6) to the sensitivity (column 7) and
phase lag (column 8) obtained from a full one-dimensional
calculation in which the temperature feedback is omitted, but
the concentration of all atmospheric species is allowed to vary
as a response to the change in solar UV. The general trends in
the sensitivity and phase are similar (except in the upper
stratosphere and mesosphere, where the odd hydrogen chemis-
try, whose effect is not included in expressiotis (1) and (2),
plays a major role and tends to reduce the ozone amplitude).

The sensitivity and phase of ozone are not only sensitive to
the chemical lifetime of O, but also to the radiative lifetime of
the atmosphere, which affects the temperature response. The
values of these quartities derived in the model are shown in
Table 3. Also given in the Table 3 is the corrected radiative
lifetime obtained when considering the adjustment of the
ozone concentration to changes in the temperature (photo-
chemical acceleration). The residence time for vertical trans-
port (H2/K, where H (~7 km) is the atmospheric scale height
and K is the eddy diffusioni coefficient used in the model) is
given for comparison purposes.

3.2. Temperature Response in Stratosphere
and Lower Mesosphere
The temperature sensitivity to changes in the solar flux in-

creases with altitude, but the calculated amplitudes are signifi-
cantly smaller than the current variability associated with all
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TABLE 2. Sensitivity of the Photodissociation Rate of O, and of the O, Concentration to the
Variation in the 205-nm Solar Irradiance: Time Lag of the Ozone Response

D,

Level, o, AO,/0, « AJy M, s ®,.° se d;zys
mbar days AJL N, AlLos/ 505 days ’ (£0.25)

0.5 0.03 0.60 1.26 0.70 0.03 0.26 0.125

(0.36)°

1 0.1 0.60 0.60 0.36 0.1 0.31 0.250

3 0.5 0.78 0.54 0.42 0.5 0.41 0.750

5 1 0.86 0.37 0.31 10 0.36 1.625

10 15 0.66 0.24 0.16 5.5 0.16 4.125

“Calculated from expression (1) with w, = 2/27 day ~!.
*Taken from the one-dimensional model calculation for a 24-hour averaged solar insolation (30°

latitude, equinox).

¢Ozone sensitivity derived from the two previous columns.

4Calculated from expression (2) with w, = 27/27 day ™.

‘Sensitivity derived from the full one-dimensional model, neglecting temperature feedback.
fPhase lag derived from the full one-dimensional model, neglecting temperature feedback.
?Same as footnote e, but neglecting the effect of water vapor and odd hydrogen variability.

kinds of dynamical features in the atmosphere (see Figure 1 in
the works by Keating et al. [1985] or Chandra [1985]). The
calculated temperature variation in percent for a 1% change
in the solar irradiance at 205 nm and the corresponding time
lag versus the UV forcing are shown in Figures la and 1b. The
model predicts, at 1 mbar, a corresponding temperature in-
crease of 0.13 K, when the solar irradiance at 205 nm rises by
1% from its minimum to its maximum value. This value is in
good agreement with the data analysis of Hood [1986] (0.17
K/percent) and of Keating [this issue] (0.14 K/percent) which
was based on 22 months and 4 years of SAMS data, respec-
tively. The calculated phase lag at 1 mbar is 1.5 days. This
number is consistent with the radiation relaxation time predic-
ted by the model in the upper stratosphere (3.6 days for the
effect of infrared radiation on temperature variations (See
Table 3)), provided the fact that the atmosphere response is
slightly accelerated by photochemical relaxation, as shown, for
example, by Hartmann [1981] and Ghazi et al. [1985]. The
global radiative response time (infrared and solar contri-
butions) provided by the model is indeed 4.8 days at 1 mbar.
The calculated phase lag (1.5 days) is somewhat smaller than
the value obtained by Eckman [1986a] but larger than the
value derived by Wuebbles (private communication, 1986).

In all cases, the calculated phase lag is considerably smaller
than the value provided by the observations (about 6 days in
the studies of Keating et al. and of Hood). Hood [1986] con-
cludes that an additional dynamically induced temperature
component is required to explain the large temperature time
lags. The dynamical response of the middle atmosphere to
solar activity has been studied by Geller and Alpert (1980),
Bates [1977, 1981], and more recently, by Callis et al. [1985].
Ebel et al. [1981] have found significant spectral coherences
between the 10.7-cm solar flux and various harmonic compo-
nents of planetary waves in the middle and lower stratosphere.
Schmidt [1985] reports from a data analysis that the zonal
and meridional circulations in mid-latitudes of the northern
hemisphere are largely influenced by solar activity il in addi-
tion to the sunspot number, the solar facula areas are also
taken into account.

More recently, Ebel et al. [1986] have found significant
coherence between the 27- and 13.5-day solar flux variation at
10.7-cm and atmospheric oscillations. They indicate that a

large fraction of the temperature disturbance in response to
solar variability is of dynamical nature, which represents an
indirect effect of the short-term solar variation, in contrast
with the direct response associated with the diabatic and
chemical effects. Their study also suggests that planetary
waves are an essential part of the components of this indirect
temperature modulation. Dameris et al. [1986], using a three-
dimensional mechanistic model similar to that of Rose [1983],
show that a weak temperature disturbance applied near the
stratopause (and assumed to result from a solar-induced
ozone change) may propagate to lower altitudes under specific
dynamical conditions (reduced inertial stability at low lati-
tudes). Dameris et al. also show that the period of the oscil-
lation found in the lower statosphere may be different from
the solar period, as a result of the nonlinear behavior of the
atmosphere. Dynamical processes may thus play an important
role and introduce complex nonlinear feedback mechanisms.
The nature of such dynamical coupling between direct and
indirect effects of solar UV modulation is not yet understood
and requires further investigation. Dynamical oscillations co-
herent with solar variability could be partly related to wave
activity [Chandra [1985, 1986]. Other possible causes of the
discrepancy between the temperature response derived from
satellite data and the one predicted by one-dimensional
chemical/radiative models have to be explored.

TABLE 3. Characteristic Times for Ozone, Temperature, and
Vertical Transport

Ozone Residence Time

Approximate  Chemical Radiative for Vertical

Level, Height, Lifetime, Lifetime, Transport,
mbar km days days days
0.5 53 0.10 6.7, 5.0° 25
1 48 0.17 4.3% 3.6° 45
2 44 031 6.3%, 5.3* 74
3 41 0.60 8.3%, 8.0° 106
5 37 20 11.1%, 11.0 176
10 32 14. 16.7%, 16.7° 326
20 27 91 25.0°, 25.0° 629

“Due to infrared cooling only.
bIncludes effect of photochemical acceleration.
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Fig. 1a. Amplitude of the temperature variation (expressed in per-
cent of the background temperature) calculated in response to a vari-
ation in the solar irradiance of 1% at 205 nm, with a period of 27
days. The values provided by the model are compared to the observa-
tional data from Keating et al. [this issue] (labeled Keating et al.
(1986)) and Hood [1986].

3.3. Ozone Response in the Stratosphere
and Lower Mesosphere

The ozone sensitivity and phase lag, calculated as a function
of altitude with the full one-dimensional time-dependent
chemical model, are shown in Figures 2a and 2b. In one of the
model cases the temperature is allowed to vary as a result of
changes in the heating and cooling rates along the 27-day
solar rotation period. In the other case the temperature is kept
fixed. Although the temperature variations calculated in the
first case have different phases than the observed variations, a
comparison between the two cases is nevertheless useful to
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Fig. 1b. Same as Figure la, except for the temperature phase lag
(expressed in days).
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Fig. 2a. Amplitude of the ozone variation (expressed in percent of

the background concentration) calculated in response to a variation
in the solar irradiance of 1% at 205 nm, with a period of 27 days. The
ozone sensitivity is calculated with and without temperature feedback
and compared to the observational data of Keating et al. [this issue]
(labeled Keating et al. (1986)) and Hood [1986].

understand the qualitative effect of temperature feedback on
the UV/ozone relationship. It can be seen, for example,
(Figure 2a) when the temperature phase lag is small (see
Figure 1b) the ozone sensitivity above 10 mbar is reduced
when the temperature coupling is included in the calculation.
This is a manifestation of the negative feedback mechanism
between ozone and temperature in the chemically controlled
region of the stratosphere. For example, the ozone sensitivity
calculated without temperature feedback is predicted to be
0.31 at 1 mbar, in good agreement with the value derived from
(1), but is is reduced to 0.18 when the temperature feedback is
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Fig. 2b. Same as Figure 2a, except for the ozone phase lag (ex-
pressed in days).
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included. In fact, the temperature/ozone coupling can be de-
scribed in terms of a @ parameter expressed in degrees Kelvin
and defined by

_ 2In[0,]

0
oT !

where [O,] is the ozone concentration (in cubic centimeters),
and T is the temperature. A similar parameter can be defined
by using the mixing ratio of O instead of the concentration;
its value is smaller than 8 by approximately the magnitude of
the local temperature T. The regions with the highest negative
feedback between ozone and temperature are characterized by
the highest positive values of 6. Approximate analytical ex-
pressions for this parameter can be given [Barnett et al., 1975,
Chandra et al., 1978, Haigh and Pyle, 1982], introducing possi-
bly a correction for hydrostatic coupling. For an atmosphere
with pure oxygen chemistry, in which the hydrostatic adjust-
ment is neglected, the 6 parameter is found to be close to 1400
K, indicating a strong negative coupling between temperature
and ozone. If the loss of ozone was entirely due to HO,, Cl1O,,
or NO,, the theoretical value of & would be 510, 260, or 1200
K, respectively [Haigh and Pyle, 1982]. In other words, in the
mesosphere, where the HO, chemistry dominates the ozone
balance, the ozone/temperature relation is expected to be
weak; in the stratosphete, where the NO, chemistry plays the
major role, this link should be stronger, with a maximum
around 4045 km [Keating et al., 1983], where the Chapman
reactions contribute the most to the ozone loss. Our model,
which considers simultaneously the action of all chemical fam-
ilies and corrects for hydrostatic changes, provides 8 values of
980 K at 35 km, 1120 K at 40 km, 1040 K at 45 km, 952 K at
50 km, 660 K at 60 km, and 609 K at 70 km. Keating et al.
[1985] have reported for 6 a value of 1128 K at 2 mbar (44
km), based on the analysis of LIMS data and in good agree-
ment with our theoretical estimates. The strong anti-
correlation observed between ozone and temperature does not
necessarily imply that the dynamical terms in the ozone conti-
nuity equation are unimportant compared to photochemical
terms. In fact, as shown by Rood and Douglass [1985], the
dynamically induced phase between O, and temperature can
mimic the phase expected from photochemical equilibrium
conditions. This emphasizes again the importance of possible
dynamical influence in the relationship between ozone, tem-
perature and solar activity.

Because of this negative ozone/temperature feedback, a tem-
perature disturbance which is in phase (or almost in phase)
with the periodic variation of the solar UV irradiance tends to
reduce the amplitude of the ozone response (as seen in Figure
2a). However, a temperature wave which is 180° out of phase
with the sun tends to increase the amplitude of the ozone
signal. Finally, if the phase of the temperature is intermediate,
(say, 90°) the phase of the ozone response will be shifted so
that the ozone signal will possibly peak before that of the
solar irradiance. An accurate determination of the time lag in
the temperature response, particularly in the upper strato-
sphere where the value of @ is high, is thus crucial to deter-
mine the exact value of the ozone sensitivity and phase. These
considerations have to be kept in mind when comparing the
calculated ozone response with values derived from observa-
tions.

The ozone sensitivity predicted by the model is somewhat
smaller than the values inferred from the satellite data (see
Figure 24 and the companion paper by Keating et al. [this
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Fig. 3a. Amplitude of the temperature variation (expressed in per-

cent of the background temperature for a 1% change in the solar
irradiance at 205 nm), as specified in several numerical experiments
discussed in the text. Two different vertical distributions (cases 1 and
2) of this temperature variation are considered.

issue]. The agreement, however, is improved when the “no-
temperature feedback” model case is compared to the data
which have been corrected for temperature variability [Keat-
ing et al., 1985].

The calculated time lag between ozone and UV variations
decreased with increasing altitude, as a result of the variation
with height of the ozone lifetime. In the upper stratosphere,
however, where photochemical conditions are reached rapidly,
the time lag approaches zero when the temperature is kept
constant but becomes negative when the temperature feedback
is included in the model. These negative time lags have been
found in the Nimbus 7 SBUV observational data by Hood
[1986], Keating et al., [this issue], and Eckman [1986a], but
with considerably larger negative values. A linearized analyti-
cal model used by Hood [1986] indicates that negative phase
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Fig. 3b. Same as Figure 3a, except for the temperature lag (ex-
pressed in days).
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Fig. 4a. Amplitude of the ozone variation (expressed in percent of

the background concentration) calculated in response to a 27-day
variation in the solar irradiance of 1% at 205 nm and a simultaneous
temperature change specified as in Figures 3a and 3b (cases 1 and 2).

lags can be found for small values of the ozone lifetime (upper
stratosphere and the mesosphere) and for positive values of
the temperature phase lag.

3.4. Relation Between Temperature and
Ozone Response

Since the predicted negative phase associated with the
ozone variation is significantly smaller than the observed
phase (e.g., —1.4 days versus —2.4 days at 1 mbar), it is
worthwhile to estimate if this discrepancy can be attributed to
the incorrect prediction in the temperature phase lag, as dis-
cussed above. In order to test this hypothesis a new model run
has been performed, in which the temperature response is no
longer self-consistently calculated but is specified in close
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Fig. 4b. Same as in Figure 4a, except for the ozone phase lag (ex-
pressed in days).
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agreement with the data analysis. The amplitude and phase of
this specified periodic variation in the temperature is shown in
Figures 3a and 3b. Two different cases (labeled 1 and 2), both
fairly consistent with data analyses, have been chosen to pro-
vide indications on the sensitivity of the ozone response to the
amplitude and phase of the temperature variation. Case 1 is
close to the values reported by Hood [1986], while case 2 is
close to the data provided by Keating et al. [this issue]. The
ozone response resulting from the simultaneous variation ap-
plied to the solar irradiance and to the temperature is dis-
played in Figures 4a and 4b. It can be seen that the agreement
with observed O, sensitivity is significantly improved, indicat-
ing that theory and observations are consistent in regard to
the temperature/ozone feedback. For example, in case 1 the
amplitude of the ozone modulation is increased from 0.34 to
0.52 at 3 mbar and from 0.33 to 0.43 at 5 mbar, bringing the
model prediction in closer agreement with the data analysis of
Hood [1986] and Keating et al. [this issue] (see Figure 4a).
The phases are also modified, particularly at high altitude. At
0.5 mbar, for example, the lag in case 1 becomes —2.75 days
instead of —2.0 days, and at 0.2 mbar, —2.7 days instead of
—1.75 days. Thus the ozone response, obtained by the model
when the temperature amplitudes and lags are specified in
accordance with the data analysis, is in better agreement with
the satellite observations than if the temperature response is
self-consistently calculated.

3.5. Sensitivity of the Ozone Response
to the Adopted Chemical Scheme

In order to investigate potential causes other than the tem-
perature feedback effect to explain the discrepancy between
the calculated and observed ozone responses (amplitude and
phase) and, in particular, to estimate the effect of possible
errors or omissions in the chemical scheme, additional model
experiments have been performed. Such numerical studies,
moreover, might help to explain the discrepancy between cal-
culated and observed ozone concentrations in the upper
stratosphere and in the mesosphere. The possible over-
estimation in the models of the ozone destruction rate, es-
pecially by HO_, NO,, and ClO,, is one of the potential causes
of this discrepancy [Froidevaux et al, 1985; Rusch and
Eckman, 1985; World Meteorological Organization (WMO),
1986]. The response of ozone has therefore been estimated for
conditions in which the chemical action on ozone of HO,,
NO,, or ClO, is individually removed. The calculated ampli-
tudes and phases of the ozone UV response are only slightly
different from the standard case in which the effects of HO,,
NO,, and ClO, are simultaneously considered. Thus the nu-
merical experiments do not clearly suggest an explanation for
the ozone deficit found in the models near and above the
stratopause. Only the high ozone sensitivity in the mesosphere
derived from the LIMS data by Keating et al. [1985] and by
Gille et al. [1984] seems to require lower concentrations of the
HO, radicals than generally predicted in the models, but those
differences may be related to non-LTE (local thermodynamic
equilibrium) effects on mesospheric ozone measurements by
emission [Solomon et al., 1986].

Another possible explanation of the discrepancy between
theory and observation is the nonlinear behavior of the ozone
response to the 205-nm solar variability. Indeed, the model
assumes for the 27-day cycle a constant variation of 2.57% in
the solar irradiance at 205 nm, while, as shown by the con-
tinuous monitoring of the solar emission, the maximum ampli-
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Fig. 5. Temperature sensitivity to a sinusoidal variation in the
solar irradiance (1% at 205 nm) with different periods (13.5 days, 27
days, steady state).

tude of the ultraviolet signal varies significantly from one cycle
to another (by about a [actor of 2). The average strength of the
ozone variation resulting from this irregular modulation of the
solar flux is not necessarily equal to the amplitude of the
ozone change calculated for an average amplitude of the solar
variation. The importance of such nonlinear effects has been
investigated by doubling at all wavelengths the applied solar
forcing given in Table 1 (5.14 instead of 2.57 at 205 nm). The
calculated ozone sensitivity (expressed relative to a 1% change
at 205 nm) is almost unchanged except below about 20 mbar.
At 25 mbar, for example, the departure from a perlect linear
behavior is found, however, to be smaller than 5%.

3.6. Effect of the Solar Period on Ozone
Response

Finally, the effect of a change in the period of the solar
forcing is investigated. Indeed, on some occasions, when active
regions appear on opposite sides of the sun, the variability in
the solar irradiance is characterized by a period of 13.5 days
instead of 27 days. Such behavior was observed, for example,
in early 1979, when the LIMS instrument was in operation.
Figures 5 and 6 show a comparison between the temperature
and ozone sensitivities calculated for a 27-day and a 13.5-day
period, as well as for steady state conditions. This latter case
applies to a period in the solar variability much longer than
the ozone lifetime, such as in the case of the 11-year cycle. As
one can show from a simple analytical model (see expression
(1) and Hood [1986]), the ozone and temperature sensitivities
are dependent on the solar period if the length of this period is
comparable to the lifetime of ozone and the radiative lifetime
of the atmosphere, respectively. In the lower stratosphere,
where the sensitivity of ozone to photochemical conditions is
weak, the (w,7,)? term in (1) cannot be neglected compared to
1, so the amplitude and phase of the ozone response are obvi-
ously increasing with the period of the solar variation. The
same type of behavior appears for the temperature response.
At 1.5 mbar, for example, where the radiative lifetime 7, is of
the order of 5 days [Schoeberl and Strobel, 1978], the term
(wytg)?, which is equal to 1.35 and 5.4 for the 27-and 13.5-day

periods, respectively, cannot be neglected compared to 1. (See
also expression (25) from Hood [1986]). The relative temper-
ature sensitivity is thereflore increasing with the period of the
solar forcing at all altitudes between 10 and 0.1 mbar. The fact
that the ozone sensitivity decreases with the solar period in
the upper stratosphere, where (w,7,.)? < 1, is explained by the
ozone/temperature feedback mechanism, which at these alti-
tudes is characterized by a clear anticorrelation between the
ozone density and the temperature.

In order to perform a more detailed interpretation of the
satellite data, an estimation of the ozone response to a 13.5-
day variation, applied simultaneously to the solar irradiance
and to the temperature, is compared with a similar case where
the period of the forcing is 27 days. The specified amplitude
and phase describing the temperature variation are the same
as case 2 ol Figures 3a and 3b. The ozone response is signifi-
cantly different for the two cases (Figures 7a and 7b). Indeed,
as the period of the solar and temperature forcing decreases,
the maximum of the ozone amplitude is displaced towards
higher altitudes (see Figure 7a). This behavior is the conse-
quence of two different effects: (1) the ozone sensitivity de-
creases with the decreasing solar period in the lower and
middle stratosphere; and (2) the phase of the specified temper-
ature variation, although the same in both cases when ex-
pressed in days, is a factor of 2 different when expressed in
radians or degrees. At 2 mbar, for example, the adopted time
lag for the temperature is chosen to be 6.5 days, corresponding
to 90° and 180° for the 27- and 13.5-day cases, respectively. In
other words, when the solar UV irradiance reaches its maxi-
mum, the amplitude of the temperature variation at this
height equals zero when the period is 27 days, but it reaches a
negative maximum when the period is 13.5 days. Obviously,
since the feedback between ozone and temperature is clearly
negative in the upper stratosphere, the ozone sensitivity at 2
mbar should be larger in the 13.5-day case than in the 27-day
case.

A comparison between the ozone lags (Figure 7b) obtained
for both solar periods suggests that, for a given temperature
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Fig. 6. Same as Figure 5, except for the ozone concentration.
These three curves refer to cases in which the temperature variations
are self-consistently calculated with the ozone variation.
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Fig. 7a. Effect of a change in the solar period (13.5 versus 27

days) on the amplitude of the ozone variation when the solar irradi-
ance varies by 1% at 205 nm, and the change in the temperature is
specified as in Figures 3a. and 3b (case 2).

forcing, larger time lags should be expected in the ozone signal
detected in the upper stratosphere and mesosphere when the
period of the solar irradiance is increased from 13.5 days to 27
days. Again, such differences can be understood when con-
sidering, for example, the temperature conditions at 2 mbar.
As indicated previously, the 90° differences of phase between
temperature and solar irradiance, which appears in the 27-day
case, produce a negative phase in the ozone response (see
above), whereas the 180° difference of phase appearing in the
13.5-day case gives smaller phase shilts in the ozone signal.
Such behavior is clearly seen when comparing the time lags
derived from the SBUV data over time intervals rich in 27-day
signals and over time intervals rich in 13.5-day signals [Keat-
ing et al., [this issue]

01— T O T T T T
135 days

02k 0ZONE 4
E | 27 days
E o5} N
- | 4
I K 4
>
2 R ]
a - ]
w 1 —
o
a

2 k 4

| with speafied
! temperature variahion _
10 F 1 [ 1 .
4

]
-4 -3 -2 A 0 1 2 3
PHASE (days)

Fig. 7b. Same as Figure 7a, except for the ozone phase lag.
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TABLE 4. Heating Rate Between 65 and 95 km Altitude
Absorption
by Molecular Oxygen
Altitude, Absorption Schumann-

km by Ozone Runge Lyman o Total
65 38 0.3 3x 1074 42
70 1.9 04 2% 1072 23
75 0.7 0.6 0.1 14
80 0.3 09 0.3 1.5
85 23 1.2 0.5 40
90 1.8 23 0.4 4.5
95 0.7 5.5 04 6.6

Heating rate is stated in degrees Kelvin per day.

3.7. Ozone and Temperature Responses in
the Upper Mesosphere

Since radiative transfer in the upper mesosphere involves
complex non-LTE processes, which are not considered in our
radiative code, no detailed calculation of the ozone and tem-
perature variations will be reported over 0.1 mbar (62 km).
The key processes involved in the atmospheric response to
solar variability can, however, be understood from simplified
calculations. For example, the model indicates, when ignoring
temperature feedback, that the ozone sensitivity changes sign
sharply above 68 km. Such abrupt change occurs only if the
variability in the solar radiation at Lyman « is included in the
calculation. As a matter of fact, the ozone loss in the meso-
sphere is due mainly to the action of hydroxyl radicals, which
are produced principally above ~68 km, essentially by the
photodissociation of water vapor by solar radiation at Lyman
o. The mixing ratio of mesospheric H,O decreases with alti-
tude so that the production rate of OH and the related nega-
tive ozone sensitivity to solar variability peaks near 75 km.
This behavior has already been noted by Frederick [1977].
The model predicts a sensitivity of 1.4% per percent of
205-nm radiation for OH and a sensitivity of —0.32% per
percent for ozone at 75 km.

The change in the heating rate associated with the absorp-
tion of UV radiation by ozone in the Hartley band is essen-
tially proportional to the change in the ozone concentration
and is thus expected to be negative (cooling) at 75 km, as the
solar irradiance increases. In the upper mesosphere and in the
thermosphere, however, a significant part of the heating re-
sults [rom the absorption of solar energy by molecular oxygen.
The contribution to the heating rate of the highly variable
Lyman o radiation is of the order of 20% of the total heating
near 80 km (see Table 4). At this height, for a solar zenith
angle of 60°, the energy deposition by Lyman « radiation is
maximum. For lower solar zenith angles the altitude of this
maximum decreases. Adopting, for example, an ozone sensitiv-
ity of —0.60 at 80 km, a variation in the solar irradiance of
1.2% for the spectral region of the Schumann-Runge systems
and 4% for Lyman « (assumed to correspond to a 1% change
at 205 nm), the resulting change in the total heating rate is
estimated to be 2.4 x 10~ 2 K/day, when the values quoted in
Table 4 are used. If a Newtonian cooling coefficient of 0.1/day
is adopted for illustrative purposes, this corresponds to a tem-
perature variation of 0.24 K.

In conclusion, a negative sensitivity for ozone, together with
a high positive sensitivity for the temperature, are predicted by
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Fig. 8. Amplitude of the O,;, HNO,, NO,, NO, and CH, re-
sponse (expressed in percent of the background concentration) to a
change in the solar irradiance corresponding to 1% at 205 nm with a
period of 27 days. These curves refer to the case where the temper-
ature response 1s sell-consistently calculated together with the changes
in chemical composition.

theory in the upper mesosphere and are fairly consistent with
the data analysis by Keating et al. [this issue]. The peak iso-
lated in the observational study is, however, 5-10 km lower in
the atmosphere than predicted by the model. Part of the dif-
ference may be attributed to the fact that the data used for the
temperature analysis proceed from tropical regions (+ 20° lati-
tude), whereas the model deals with globally averaged con-
ditions. Moreover, the model in its present development as-
sumes a constant water vapor mixing ratio with height up to
the mesopause and no variation with solar irradiance. A sell-
consistent calculation of the H,O vapor would reduce the
ozone sensitivity near and above the mesopause and therefore
sharpen and lower the peak in ozone/UV sensitivity.

3.8. Response of Other Trace Species

Finally, the sensitivity of selected species is compared in
Figure 8 to the calculated sensitivity of ozone obtained when
performing a fully interactive chemical-radiative model run.
Clearly, the sensitivity of nitric acid to solar variability should
be larger than that of ozone; it should therefore be detectable,
at least in the atmospheric regions where the dynamical per-
turbations are the weakest. A negative correlation with the
205-nm index is expected because a large fraction of the
photodissociation of nitric acid in the stratosphere takes place
near 200 nm. Keating et al. [1986] have recently reported the
solar signal in the LIMS HNO, data and derived at 10 mbar
a sensitivity of about 0.4, in good agreement with model calcu-
lations. Further work is required to fully understand the re-
sponse of other minor species to solar variability.

4. (OzONE RESPONSE TO 11-YEAR SOLAR VARIABILITY

The ozone response to solar variation associated with the
11-year cycle of the sun can be calculated theoretically using
the steady state solution discussed in section 3.6. The ampli-
tude of the solar emission variation over the 11-year cycle is
poorly known, so that the model prediction is quite uncertain.
If it is assumed that the spectral distribution of the long-term

MIDDLE ATMOSPHERE RESPONSE TO SOLAR UV VARIATIONS, 2, THEORY

irradiance ratio is similar to the variability adopted for the
27-day period, only the 11-year change in the irradiance at
205 nm must be specified. This latter parameter was deter-
mined by a regression coefficient between the (Nimbus 7
SBUYV) 205-nm “ratio” and the (Ottawa World Data Center)
10.7-cm “ratio” for the period between November 1978 and
September 1981. The long-term variations of the 10.7-cm flux
are known, and thus using the regression coefficient, an esti-
mate can be made of the 205-nm variability if it is assumed
that the regression coefficient for short-term variations is ap-
proximately the same as that for long-term variations. This
study of the relationship between the 10.7-cm and 205-nm flux
yields an estimated 10% variation over the solar cycle for the
205-nm solar flux. On the other hand, if the variations at 180
nm noted by Hinteregger [1981] are assumed, and the relative
variations between 180 and 205 nm [Keating et al., 1985] are
taken into account, the 205-nm variation over the solar cycle
could be as high as 15%. In contrast, recent studies with solar
radiances measured by the SME satellite [Rottman, 1985]
yield variations smaller than 10% and probably as low as
2-6% (G. Rottman, personal communication, 1986). We
assume here that the 205-nm radiation variability ranges be-
tween 2 and 15% over the solar cycle. The corresponding
variations in ozone mixing ratio, total column ozone, and
temperature are shown in Table 5. Thus changes in ozone may
reach 5% and changes in temperature 2 K in the stratosphere
but are more probably 2.8-3.5% and 1.3-1.6 K, respectively,
(assuming 8-10% 205-nm variability). It is interesting to note
that the estimated long-term change in total column ozone
(0.3-2.6%) is in accord with the observed change detected
from analysis of Nimbus 4 BUV ozone after correcting for
instrument drilt [ Keating et al., 1981].

5. CONCLUSIONS

The relation between short-term periodic variations in the
solar ultraviolet radiation and stratospheric ozone, which has
been a subject ol controversy in the past, seems now to be
established through the analysis of satellite data and partly
explained by model calculations. The coupling between ozone
and temperature seems to play a fundamental role in this
problem. Sensitivities predicted by fully coupled chemical-
radiative time-dependent models are about 30% smaller than
the amplitudes derived from satellite data. The discrepancy,
however, seems to be resolved if the observed rather than the
predicted phase lag of the temperature is used in the model
calculation. Hood [1986] suggests that an additional dynam-
ical forcing, fully coherent with the solar variation, is required
to understand the phase lags of the temperature/UV relation.
Such dynamical coupling is not considered in the present one-

TABLE 5. Estimated 11-Year Variations
Approximate

Pressure, Altitude, O,, T,

mbar km % °K
0.5 54 0.16-0.9 0.32-24
1.0 48 0.20-1.7 0.32-2.1
2.0 43 0.40-3.2 0.32-2.1
5.0 36 0.7-5.1 0.20-1.3
100 31 0.6-4.2 0.16-1.0

Assuming 8 + 6% variation of 205-nm radiation. Steady state cal-
culation with temperature feedback. Total column variation is 0.32—
2.6%.
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dimensional model, as it requires more sophisticated dynam-
ical simulations, including the formation and the propagation
of a large spectrum of atmospheric waves. However, other
potential causes, related to radiative and chemical processes,
should not necessdrily be ruled out. Further work should con-
sider the latitudinal and seasonal dependence of the ozone and
temperature response to solar variablity.
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