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A Model Study of the Response of Mesospheric Ozone
to Short-Term Solar Ultraviolet Flux Variations

M. E. SUMMERS,] D. F. STROBEL,Z.3 R. M. BEVILACQUA, I XUN ZHU,Z

M. T. DELAND,4 M. ALLEN,5 AND G. M. KEATING6

A one-dimensional photochemical model and a time-dependent heat equation which incorporates
non-local thermodynamic equilibrium (non-LTE) IR radiative transfer are used to study the response
of mesospheric ozone concentration to short-term solar UV flux variations. We compare our model
results with the observed ozone response obtained from a statistical analysis of Solar Mesosphere
Explorer (SME) data (Keating et aI., 1987). Our model with sinusoidal 27-day-period forcing of
mesospheric chemistry by solar ultraviolet flux, when combined with temperature-chemistry feed­
back, time-dependent atmospheric temperature effects, and low eddy mixing rates, reproduces the
major characteristics of the observed ozone response but not the observed temperature response.
Below 60 km the calculated response shows a strong dependence on the magnitude of the assumed flux
modulation in the Hartley region of the spectrum. A comparison of the model 0 3 response with the
SME observations suggests that there is negligible 27-day variation of solar flux longward of 2400 A,
in agreement with Lean (1987). The magnitude of the computed ozone response to increased solar UV
flux in the upper mesosphere (above 70 km) is strongly coupled to the water vapor abundance through
the HOx catalytic cycle that removes ozone. Our model predicts the essential aspects ofthe observed
ozone response only when the water vapor mixing ratio and vertical eddy diffusion coefficient are a
factor of 5 below observed and inferred mid-latitude values. But then the model results are in almost
complete disagreement with the observed temperature amplitude and phase lag. Calculations per­
formed with imposition of the temperature response observed by Keating et al. (1987) produces an
ozone response in the middle mesosphere in severe conflict with observations, suggesting a need for
better mesospheric and solar data and further modeling efforts to determine the role ofdynamics in the
mesospheric ozone and temperature response to solar UV variability.

I. INTRODUCTION

It is well known that the solar ultraviolet flux varies in
magnitude over the II-year solar cycle and also on time
scales characteristic of the evolution and rotation of solar
active regions (see review by Lean [1987] and references
therein). Short-term irradiance variations arise primarily
from the enhanced ultraviolet emissions in plage regions on
the solar disk. The enhanced flux in Ly a, for example, can
be as much as 40% higher when an especially active plage
region occurs than when the Sun is inactive or "quiet." This
variation of solar ultraviolet irradiances over time scales of
days to months has been observed over the two most recent
solar cycles by the AE-C, AE-E, Nimbus 7, Solar Meso­
sphere Explorer (SME), and other satellites [Lean, 1987] and
perturbs the ozone abundance in the stratosphere and me­
sosphere, due to a combination of effects resulting from
changes in Oz and 0 3 photodissociation rates and changes in
atmospheric temperature which affects temperature-
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dependent reaction rates [Frederick, 1977; Allen et al., 1984;
Eckman, 1986a, b].

The response of stratospheric ozone (and in some cases
temperature) to solar UV flux variability associated with
rotation of active regions in the solar photosphere has been
measured in several observational studies [Gille et al., 1984;
Chandra, 1986; Hood, 1987]. However, attempts to detect
observationally the mesospheric response of ozone have
until recently given ambiguous results. Mesospheric ozone is
currently believed to respond to solar UV irradiance varia­
tions in the wavelength range 1200 A < A < 3000 A with a
phase lag of less than a day [Brasseur et al., 1987]. Over a
solar rotation period of -27 days the solar UV flux variation
longward of Ly a is typically <10%. At Ly a the amplitude
of the flux variation may be as large as 20%. The photochem­
ical time constant for changes in ozone concentration in the
mesosphere is short (-100 s in the upper mesosphere), and
thus ozone there is highly variable. Because of this rapid
variability and the small magnitude ofthe fractional variation
of solar UV flux, the fractional change in ozone concentra­
tion in the mesosphere is difficult to detect; to detect
unambiguously the response, one must examine large
amounts of data.

Two statistical studies of the correlation of SME airglow
observations of mesospheric ozone with solar UV fluxes
have reported a statistically significant mesospheric ozone
response to solar UV variations with a 27-day period and
presumably associated with solar rotation [Aikin and Smith,
1986; Keating et al., 1987]. Using a SME data set of 244
days, Aikin and Smith [1986] established a positive correla­
tion between ozone and solar UV flux with a primary period
of 27.1 days for the middle atmosphere. In the altitude region
between 65 and 70 km and near 50 km, a secondary period of
13.5 days was apparent. Keating et al. [1987], using a larger
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SME data set of 622 days, detected an ozone response to
solar UV variations throughout the 0.5- to 0.05-mbar (ap­
proximately 55- to 85-km altitude) region of the mesosphere.
Both studies used the magnitude of the solar Ly a flux as an
indicator of solar UV variability.

In the statistical study performed by Keating et al. [1987],
ozone concentration, solar flux, and atmospheric tempera­
ture were analyzed in terms of "ratios" of averages of these
observables, that is,

where X is a 5-day running mean of a particular observable
(e.g., 0 3 density or solar Ly a flux) and X is a 27-day running
mean of X. This function represents a statistical filter that
enhances variations that occur near the 27-day period and
suppresses shorter- and longer-term variations. The ozone
response as defined by Keating et al. [1987] is R(03)/
R(FLya)' The statistically inferred mesospheric ozone re­
sponse, as shown in Figure 13 of Keating et al. [1987],
clearly shows structure in the 60- to 85-km-altitude region.
The response is positive below 63 km and above 78 km and
negative in the intermediate altitude region.

Previous theoretical work by Frederick [1977] and Garcia
et al. [1984] predicted a negative ozone response to an
increase in UV solar flux, peaking near 70 km. Garcia et al.
[1984], who investigated the response to the ll-year solar
cycle variation, limited the location of negative ozone re­
sponse to the 70-km region, with a strong positive response
at higher altitudes peaking at 80 km. According to Frederick
[1977] however, the response was negative throughout the
mesosphere. The key difference between the two studies is
that Frederick [1977] had a fixed water vapor profile, while
Garcia et al. [1984] allowed the water vapor profile in their
model to respond to the solar flux changes. Although the
Garcia et al. [1984] results are in better agreement with the
Keating et al. [1987] analysis, they substantially overpredict
the magnitude of the observed ozone response maximum
near 80 km.

Frederick [1977] and Garcia et al. [1984] both calculated
the response for effective times much longer than the 27-day
flux variation, essentially the asymptotic response. Thus an
adjustment of the atmosphere, which may occur as a re­
sponse to the enhanced flux and which has a characteristic
process time scale comparable to 27 days, would not be fully
evident in these calculations, for example, tracer transport
by diffusive processes with a time scale of the order of 2
weeks in the middle mesosphere.

In their study of mesospheric and lower thermospheric
ozone, Allen et al. [1984] performed a systematic investiga­
tion of the sensitivity of 0 3 to changes in various atmo­
spheric parameters, including solar illumination conditions
and changes in spectral output of the sun [see Allen et al.,
1984, Table 3]. Their steady state results incorporated the
response of the abundances of transportable constituents,
specifically water vapor, to changes in solar irradiance. For
variability in solar illumination, both for changes in season
and over an II-year cycle, Allen et al. [1984] found a positive
correlation between solar flux and ozone above 80 km. At 80
km their calculated change in ozone abundance was 10% and
larger at higher altitudes. Below this altitude their calculated
response was less than 1%. This result above the 8o-km­
altitude level is at variance with Frederick [1977], but is
consistent with Garcia et al. [1984], and illustrates the

R(X) = (X - X)/X (I)

necessity of incorporating the response of transportable
constituents to variability in solar illumination in model
studies of the ozone response.

Eckman [1985, I986a , b] modeled the time-dependent
ozone response primarily in the region below 70 km and
obtained results in partial agreement with SME measure­
ments of the ozone response. This theoretical study explic­
itly included time dependence of photochemical processes in
the model of ozone response to solar flux variations. How­
ever, the distributions of HzO and Hz were specified rather
than calculated in this model, which limits the applicability
of the Eckman [l986a] model to middle and upper mesos­
phere ozone responses since photodissociation of water
vapor is the source of odd hydrogen species which catalyt­
ically destroy ozone.

Brasseur et al. [1987] also investigated the theoretical
response of ozone to solar flux variations with a one­
dimensional photochemical radiative time-dependent model
of the upper stratosphere and lower mesosphere and found
substantial agreement between model results and the data
analysis of Keating et al. [1987]. The Brasseur et al. [1987]
model also included a specified constant water vapor mixing
ratio with altitude and no variation of water vapor abun­
dance with solar irradiance. Above -65 km the water vapor
abundance falls sharply due to photodissociation from solar
UV radiation, primarily Ly a, and a realistic model of the
ozone response in this region of the atmosphere must include
realistic water vapor abundances.

In the lower mesosphere (below 60 km) and upper strato­
sphere the observations of the ozone and solar UV correla­
tion are in substantial agreement with simple photochemical
models [Hood, 1987; Hood and Douglass, 1988]. Both the
amplitude and phase of the response in this region of the
atmosphere can be accurately described when the observed
temperature response is incorporated into such models
[Hood and Douglass, 1988].

In light of the recent detection of a 27-day mesospheric
ozone periodicity [Keating et al., 1985, 1987], we performed
a detailed one-dimensional modeling study of the mesos­
pheric ozone response to solar UV flux variations to remove
some of the deficiencies in previous studies and to examine
specifically the importance of solar zenith angle, self­
consistent calculation of water vapor abundance, and tem­
perature feedback with a non-local thermodynamic equilib­
rium (non-LTE) radiation model. The goal ofthis paper is to
determine the relative importance of several modeled pro­
cesses in controlling the magnitude and phase of the mesos­
pheric ozone response.

The plan of this paper is as follows. In section 2 we
describe the photochemical model used to study mesos­
pheric chemistry and the response of chemistry and constit­
uent profiles to solar flux variations. We discuss the assump­
tions made for the purpose of comparing model results with
the Keating et al. [1987] ozone response. Section 3 contains
numerical results for the theoretical ozone response. At the
end on section 3 we show the results of selected time­
dependent calculations to illustrate the degree to which a
relatively simple model of the mesosphere such as used here
is able to capture the major characteristics of the observed
response. A summary of the major conclusions and implica­
tions of this study is made in section 4.
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TABLE I. Zenith Angle Probability of Occurrence

model results dilIers little from a single diurnally averaged
run with a zenith angle at 1500 LT of 550

• At equinox this
occurs at latitude 33°N.

The SME instruments measured ozone and solar flux on a
daily basis. The solar irradiance spectrometer range covers
our region of interest (1200-3000 A) in the solar spectrum.
SME solar flux measurements for the time period January
1982 through December 1983 were averaged to form the
baseline solar flux profile, Fref(.~.)' This is the same time
period covered by the SME ozone data analyzed by Keating
et al. [1987]. We ignored the solar flux variation for wave­
lengths outside of the above wavelength range, since depo­
sition of solar radiation for wavelengths below 1200 A is only
significant in the thermosphere, and solar flux variations
over a solar rotation period above 3000 A are too small (less
than 1% [see Lean, 1987]) to be important.

An attempt was made to correlate the SME solar flux at
Ly a with all other wavelengths within the above wavelength
range, using the Keating et al. [1987] parameter R as a
variable. This provided a variation curve with complex
structure. The correlation coefficients of the regression fits
become poor for wavelengths longer than about 2000 A.
However, the essential physics associated with this correla­
tion can be represented by a function for the amplitude ofthe
solar flux variation over a solar rotation with monotonic
dependence on wavelength.

From a statistical study of the solar flux variation with
rotation over many solar rotations and using a number of
data sets including SME, Lean [1987] deduced the average
solar rotational modulation of ultraviolet irradiance within
selected wavelength intervals. The solar rotational modula­
tion is simply the maximum percentage variation in irradi­
ance during a solar rotation. The observed rotational modu­
lation ofthe solar irradiance at selected wavelengths is < 1%
at 3000 A, 2.5% at 2500 A, 6% at 2000 A, 16% at 1500 A, and
40% at 1216 A. Using these values (reduced by a factor of 2
to give an amplitude for the assumed periodic solar flux
variation), we generated a smoothly varying function with
wavelength to represent the amplitude of the periodic solar
UV flux variation. Over the time period of the SME obser­
vations used by Keating et at. [1987], the amplitude of
variation was about half that deduced by Lean [1987]. We
therefore reduced the above fractional variation by another
factor of 2 for use in the model calculations. This gave an
amplitude for solar flux variation over a "typical" solar
rotation period at Ly a of approximately 10%. The factor by
which the solar flux is multiplied to obtain the maximum
during a solar rotation period is shown as the dashed curve
in Figure I. At Ly a the average solar flux over this time
period was 3.23 x 1011 photons cm-2 s-l.

Two solar flux profiles were used for the asymptotic model
calculations of the ozone response: the baseline profile
Fref(A) and the baseline profile multiplied by the assumed

2. THEORETICAL MODEL

The one-dimensional photochemical model developed at
California Institute of Technology and described in detail by
Allen et al. [1981, 1984] was used in this study. It incorpo­
rates vertical transport by eddy and molecular diffusion and
updated (Jet Propulsion Laboratory (JPL-1987» kinetic rate
constants [Strobel et al., 1987]. The lower boundary of the
model was selected to be at 40-km altitude, and because
CIOx and NOx chemistry is not included, the model solu­
tions are deemed reliable above -55 km. The upper bound­
ary was chosen to be 130 km. The calculations adopted
diurnal averaging of atmospheric transmission functions in
the UV and visible regions of the solar spectrum. In this
paper, photochemical reactions will be referred to with the
same numbering scheme given by Allen et al. [1981]. The
baseline reference model (case A) is in all essential respects
model C of Strobel et al. [1987]. The time-dependent tem­
perature calculation part of the model is described in section
3.2.

The background atmosphere was adopted from Barnett
and Corney [1985] for altitudes between 0 and 80 km,
extended to 120 km using both the Air Force Geophysical
Laboratory (AFGL) model of Cole and Kantor [1978] and
the data of Forbes [1985]. As mentioned in section 1, the
statistical study of Keating et al. [1987] includes almost 2
years of data at many latitudes and as such introduces a
problem in the choice of an appropriate background atmo­
sphere for our one-dimensional model calculations. An ex­
amination of the atmospheric data base showed that near
equinox, the vertical profiles of temperature and total den­
sity have a relatively small variation over a wide range of
latitudes. Also, atmospheric pressure and temperature fields
near equinox are generally midrange between the values at
solstices for mid-latitude regions. Thus we chose a monthly
average temperature and total density profile appropriate for
March and 33°N for the background atmosphere in this
paper, although in some future study, background atmo­
spheric variations may have to be considered. This particu­
lar choice of latitude will be discussed below.

The ozone response curve shown in Figure 13 of Keating
et al. [1987] incorporates a large amount of data, covering
almost 2 years in time and ±40° in latitude. Since it would
clearly be prohibitive to make enough model runs to repro­
duce even partially this data set, some simplifying assump­
tions are necessary. In particular, only the effects of varia­
tions in the magnitude of the solar flux and solar zenith angle
(X) are considered. The one-dimensional model, when used
to represent diurnally averaged conditions, has been shown
[Allen et at., 1984] to give results which are appropriate for
a local time of approximately 1500, the time of SME obser­
vations [Thomas et al., 1984]. We ran the model under solar
illumination conditions that give effective average solar
zenith angles (X) at 1500 LT of 45°, 55°, 65°, and 75°. In Table
I we show the probability of the occurrence, in the Keating
et al. [1987] data set, of a solar zenith angle (X) at 1500 LT,
within the tabulated 100 bins. More than 98% of the expected
solar zenith angles are less than 800

• For purposes of
comparison between the Keating et al. [1987] observed
ozone response and the photochemical model, we used a
weighted sum of model runs made at the above selected
zenith angles, where the weights are obtained from Table l.
We have found that in general, the weighted sum of the

Range of X

40-50
5Q-60
60-70
7Q-80
80-90

Probability of Occurrence

0.517
0.233
0.144
0.089
0.017
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Fig. 1. Ratio of perturbed solar flux profile (dashed curve) to baseline SME solar flux profile (averaged from January
1982 to December 1983) between 1200 and 3000 A adopted for the calculations.

3. MODEL RESULTS

relative variation factor given in Figure 1 to give F max(A).
The fractional variation of solar Ly a flux is defined by

where [03] represents the ozone density. As will be shown
later, if one scales the ozone response by the assumed
fractional solar flux variation at Ly a, the result is relatively
insensitive to both the absolute magnitude of the solar fluxes
and to the amplitude of the Ly a variation adopted in the
calculations. In what follows we will calculate the ozone
response in this manner, and for comparison with the
observations of Keating et al. [1987], we present this re­
sponse normalized by the fractional variation of solar flux at
Lya.

FmaiLy a)-Fret<Ly a)

Fret<Lya)

We define the ozone response to be

~03 [03]max -[03]ref
--=
0 3 [03]ref

(2)

(3)

increase in solar flux. In section 3.2 we will present time­
dependent calculations of the coupled ozone and tempera­
ture response to time-varying solar flux variations.

In order to calculate the steady state response we first
calculate the steady state distribution of species with the
baseline solar flux profile and then the steady state distribu­
tions with the increased solar flux profile. We define the
asymptotic ozone response to be the fractional change in
ozone concentration between the two cases (equation (3». In
Table 2 we list the model cases considered and the key
assumptions for each. The reference model, case A, incor­
porates standard JPL stratosphere/mesosphere chemistry
(JPL-1987) and an eddy diffusion coefficient (Kzz ) which was
found to provide satisfactory agreement between the model
H20 vertical mixing ratio profile and recent microwave
measurements of mesospheric water vapor, i.e., model C of
Strobel et al. [1987].

3.l.1. Wavelength-dependent UV flux variations. The
sensitivity of the calculated ozone response to solar flux
variations in individual wavelength intervals is shown in
Figure 2 for model A, where we have chosen solar illumina­
tion conditions which correspond to 1500 LT solar zenith
angle of 55°, and the solar UV flux is increased over the

3.1. Sensitivity Study

We begin by looking at the steady state ozone response for
two reasons. First, this investigation is aimed at determining
which of several processes are most responsible for charac­
terizing the response of ozone to solar flux variations in the
mesosphere and are not primarily interested in obtaining a
detailed "fit" to observations. Rather, we are exploring the
sensitivity of the ozone response to selected parameters, and
steady state calculations are adequate for this purpose.
Second, the steady state response is computationally about 2
orders of magnitude faster than calculations of the time­
dependent response. After exploring the relative magnitude
of differing assumptions on the magnitude of the steady state
response, we will show results (section 3.1.6) for a time­
dependent calculation of the response to a step function

TABLE 2. Summary of Model Cases

Model Case Description

A reference case (JPL-1985 chemistry)
B HOx rate coefficient modifications

[Rusch and Eckman, 1985]
C Bevilacqua et al. [1987] water vapor profile
D temperature-chemistry (T-C) feedback effect
E time-dependent response, step function in M,

no T-C feedback
F time-dependent response, step function in M,

T-C feedback
G time-dependent response, sinusoidal FA(t) forcing,

T-C feedback
H time-dependent, sinusoidal FA(t), specified T(t)
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Fig. 2. Ozone response for changes in solar UV flux within discrete wavelength intervals of the solar spectrum. The
change in solar flux within the intervals is equal to the ratio shown in Figure I. The wavelength intervals are defined
in the text. Calculations were made at a zenith angle of 45°,

baseline flux by a factor equal to the ratio plotted in Figure
1 within specific wavelength regions. The four wavelength
regions are shown at the top of Figure 1 and are labeled SRC
(1200-1750 A), SRB (1750--2000 A), Herzberg (2000--2425 A),
and Hartley (2425-3000 A). In Figure 2 we show the effect of
varying the flux within the first three ranges and a case where
we have varied the flux only within the Ly a line. For a much
more detailed discussion of mesospheric chemistry and of
the atmospheric regions that are most sensitive to the solar
UV flux in these regions ofthe solar spectrum, the reader is
referred to the works by Allen et al. [1981, 1984], Clancy et
al. [1987].

It is clear from Figure 2 that the greatest response above
about 63 km is due to the Ly a flux variation (except for a
very narrow region at 75 km). In the region between 65 and
75 km the increased Ly a solar flux enhances the photodis­
sociation of water vapor and hence increases the density of
odd hydrogen (HOx)' This effect peaks near 70 km where
unit optical depth for Ly a penetration through overlying
absorbing molecular oxygen occurs. Above 75 km there is
insufficient HOx production to overcome increased Ly a
photodissociation of molecular oxygen (odd hydrogen still
plays a role in determining the ozone density to about 82
km). Thus, at 85 km where increased net production of odd
oxygen maximizes, there is a peak in the ozone response.

Above 75 km the ozone response to increased solar flux is
complex, with Ly a, Schumann-Runge continuum, and
Schumann-Runge band regions all contributing in significant
amounts, through enhanced odd oxygen production. Below
65 km, penetration of solar photons in the Schumann-Runge
bands and Herzberg continuum produces a net positive
ozone response, since insignificant water vapor photodisso­
ciation occurs that low in the atmosphere. The effect of
varying the solar flux in the Hartley region of the solar
spectrum by the assumed ratio function produces a negligi­
ble ozone response. It should be noted that the magnitudes
of the ozone response profile's maxima and minima are

similar to those shown by Garcia et al. [1984] in both
location and degree.

Figures 3b and 3c show the fractional change in photodis­
sociation rate coefficients and rates, for the photodissocia­
tion pathways for 02' OJ, and H20, respectively. Note that
although the fractional changes may be large (-10%), e.g.,
Ly a dissociation of

H 20 ~ H 2+O( ID)

the reaction may be of minor importance in the photochem­
istry over an extended altitude range (e.g., H20 below 65
km). Note that the net fractional change in the water vapor
photodissociation rate coefficient is positive and large
throughout the upper mesosphere and also that the water
vapor abundance profile has decreased slightly (see Figure
3a) as a result of the increased solar flux. As a result, the net
rate of water vapor photodissociation has decreased above
about 81-km altitude. This illustrates the necessity of incor­
porating the response of the water vapor abundance profile
to solar flux changes in order to model accurately the
response of ozone to solar flux changes.

3.1.2. Solar flux and zenith angle variations. The cal­
culated ozone response for several solar illumination condi­
tions (effective solar zenith angles) is shown in Figure 4.
Here we have normalized the calculated ozone response by
the fractional change in Ly a flux for the purposes of
comparison with the data analysis of ozone response by
Keating et al. [1987] which is plotted on our altitude grid [see
Keating et aI., 1987, Figure 13]. The Keating et al. [1987]
response is shown for reference only in the following figures,
and conclusions regarding a comparison between model
results and this observed response will be discussed later.
The calculated ozone response is a strong function of effec­
tive solar zenith angle. The negative response maximum
increases in altitude from 67 km at a zenith angle of 45° to 72
km at 75°. The variations in the altitude of the ozone negative
response maximum with increasing latitude are also in
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Fig. 3a. (Left) The baseline vertical profile of eddy diffusion coefficient (Kzz ) used model calculations. (Middle) The
corresponding calculated water vapor mixing ratio. (Right) The fractional change in water vapor abundance (ppmv) for
model A.

agreement with the Garcia et al. [1984] results. This is a
general result for most of our calculated asymptotic re­
sponses using spring water vapor concentration profiles
[Bevilacqua et al., 1983, 1987]. The small positive response
below 60 km, roughly constant with altitude is relatively
insensitive to the solar zenith angle, i.e., invariant with
latitude. The calculated ozone response is dependent upon
the assumed baseline Ly a flux level, which varied from
-2.5 to 4.5 x 10" cm -2 s -1, over the time period in which
SME measurements were made. We performed calculations
with Ly a baselines over this range and found the response
(not shown) below 60 km nearly the same in all cases, within
model determinations. Between 60 and 70 km, a factor of 1.6

increase in the flux level lowers the altitude of the maximum
negative response about 2 km and increases its magnitude by
about 15%. Above 70 km the response is more sensitive; at
the peak in the positive response the variation is about 30%.
The important point is that the character of the response
curve is basically insensitive to the magnitude of the solar
UV photon flux.

As noted in section I, the amplitude of variation of solar
irradiance depends on the "activity" of the plage regions in
the solar atmosphere. Thus the amplitude of irradiance
variation will vary from one solar rotation to the next. On the
basis of the study of Lean [1987] the rotational solar flux
amplitude variation at Ly a ranges between 5 and 30%. Over
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this range of amplitude variation we find that (simulations
not shown) the ozone change is nearly linear; thus there is
negligible change in the calculated ozone response when
normalized by the flux in Ly a. This supports the validity of
our method for performing these calculations and comparing
with mesospheric data. Normalizing to the solar flux at the
Ly a line removes the almost certain variation of solar flux
amplitude with wavelength from one solar rotation to an­
other.

3.1.3. Ozone chemistry. The ozone density in the me­
sosphere is a strong function of the kinetic reaction rates for
the HOx catalytic cycles which remove ozone [Allen et al.,

1981,1984], and various proposals involving modifications of
these rates and other key rates involving net odd oxygen
production have been put forward as attempts to explain the
modeUdata discrepancies of ozone in the mesosphere and
lower thermosphere [Rusch and Eckman, 1985; Strobel et
aI., 1987; Clancy et al., 1987]. We have incorporated the
Rusch and Eckman [1985] changes in the calculation of
ozone response in model B. As seen in Figure 5, these
changes yield only a slight decrease in the magnitude of the
calculated ozone response, with a maximum decrease in the
positive ozone response at 83 km of less than 20%. Similar
model runs were made with the additional changes recom-
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Fig. 5. Ozone response for the reference model (model A, solid curve), for the case where the efficiency of the HOx
catalytic loss of ozone has been decreased according to the recommendations of Rusch and Eckman [1985] (model B,
short dashed curve), and for the case where the water vapor is increased high in the mesosphere to match the June data
of Bevilacqua et al. [1987] (model C, long dashed curve).

mended by Clancy et at. [1987] (in their models A and B).
These model runs produced results almost identical to those
shown for our model B. Thus one can conclude that these
suggested modifications in mesospheric ozone photochemis­
try may be sufficient to alleviate modeVdata discrepancies in
ozone abundances but do not affect in a significant way the
prediction of the ozone response to solar flux changes
expected during a solar rotation.

3.1.4. Water vapor abundance. The mixing ratio of
water vapor at 80 km is 1.6 parts per million by volume
(ppmv) for model A and is consistent with ground-based
microwave measurements of water vapor which represent an
average for the time period April-June 1984 at JPL [Bevil­
acqua et al., 1985]. More recent microwave measurements
of mid-latitude mesospheric water vapor at Penn State,
which encompass the months November-July, show sub­
stantial seasonal variation of upper mesosphere water vapor
[Bevilacqua et al., 1990], with December, April, and June
values of 1.0, 1.6, and 2.9 ppmv, respectively, at 80 km.

In model C we have increased the magnitude of the
background vertical mixing to give 3 ppmv of water vapor at
80 km, with a vertical gradient in water vapor mixing ratio
from 60 to 80 km that is similar to that for the June water
vapor measurements [Bevilacqua et al., 1990] and the water
vapor profile used in the model calculations of Allen et al.
[1981]. The abundance of water vapor in model C is large
enough that enhanced Ly a flux produces an increase in
reactive HOx sufficient to generate a net increase in the
catalytic loss of ozone up to 80 km, thus reducing the ozone
response shown in Figure 5. A model run was performed to
simulate the winter conditions with -1 ppmv at 80 km.
Although the water vapor abundance was smaller than the
value for the model A, the calculated response was almost
identical, which indicates that there is an effective threshold
value of the water vapor abundance above which there is the
onset of negative ozone response in the region above 80 km.

This threshold is approximately 1.5 ppmv at 80 km, typical
of spring microwave measurements [Bevilacqua et al.,
1990]. We therefore infer that the ozone response to solar
UV flux variations should be seasonally variable through the
seasonal variation of water vapor abundances.

3.1.5. Temperature-chemistry feedback. Temperature
in the stratosphere and mesosphere is intimately connected
to the ozone distribution. Variabilities in ozone concentra­
tion and local atmospheric temperature are likewise related
to a phase lag which depends on altitude [Brasseur et at.,
1987; Keating et al., 1987; Mohanakumar, 1985; Hood,
1987; Hood and Douglass, 1988]. Although the phase lag
may be as long as weeks in the middle stratosphere, the
phase lag in the upper mesosphere is much shorter than the
solar rotational period [Brasseur et al., 1987].

The inverse temperature dependence of ozone has been
observed in the mesosphere and upper stratosphere by Aikin
and Smith [1986] and has been investigated with a one­
dimensional radiative and photochemical model (not includ­
ing transport) by Eckman [1985]. For the region above about
75 km where ozone chemistry is relatively simple this
negative feedback may be described as follows. A positive
ozone response will lead to a local increase in the heating
rate, since ozone and molecular oxygen are the primary
absorbers of solar UV energy in this region of the atmo­
sphere [Strobel, 1978]. Here the atmosphere is in approxi­
mate radiative equilibrium on a globally averaged basis; thus
an increase in heating leads to an increased temperature,
with a time lag of the order of I day at 80 km [Brasseur et al.,
1987].

To first order, an increase in temperature has two kinetic
effects. Increased temperature results in a lower kinetic rate
coefficient for three-body recombination of atomic and mo­
lecular oxygen, that is,

Reaction (R54) of Allen et al. [1981]
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Reaction (R60) of Allen et al. [1981]

and a higher rate coefficient for the two-body reaction of
atomic hydrogen and ozone

[see Allen et al., 1981, 1984]. Both of these effects serve to
moderate the effect of an increased production of atomic
oxygen by photodissociation of°2 , thus suppressing ozone
density variations due to solar UV flux variations.

Temperature feedback is difficult to model accurately in
the mesosphere because of the complexity of the non-LTE
nature of the IR radiative transfer. We constructed a time­
dependent model for temperature profile where heating is
due to absorption of solar energy by O2 and 0 3 and cooling
is by 15-Mm bands of CO2 , We calculate the time-dependent
atmospheric temperature from the equation

Zhu and Strobel, [1990b, equation (8)]. At each time step,
new oxygen and ozone densities are calculated in response
to the updated temperature field, which are then used to
update the new heating and cooling rates to time step the
temperature equation.

We show the asymptotic response with temperature feed­
back both with and without an increase in the photon flux in
the Hartley region of the spectrum as case D in Figure 6, in
comparison to model case A. Above 75 km the normalized
ozone response with an increase in the Hartley region is
decreased by about 25% over case A when temperature
feedback is included. Between 65 and 75 km the temperature
feedback has a relatively more dramatic effect on the calcu­
lated response. Below 65 km, temperature feedback sup­
presses the calculated ozone response. This is a result of the
assumed I% increase in solar flux out to 3000 A. Suppressing
this variation in the Hartley region of the spectrum (~2425

A) has little effect on the ozone response above 73 km, but
below 60 km where most atmospheric heating is due to the
absorption of solar photons in the Hartley continuum by
ozone the positive ozone response is restored with temper­
ature feedback included, albeit at reduced amplitude for Ii.T.

Above 80 km the effect is to improve slightly the model!
data agreement over case A when temperature feedback was
not included. Temperature feedback decreases the positive
response near 84 km but not sufficiently to match the data.
Between 65 and 75 km the temperature feedback drives the
calculated response in the direction to improve the agreement
with the Keating et al. [1987] data. Below 60 km where most
atmospheric heating is due to the absorption of solar photons in
the Hartley continuum by ozone, the positive ozone response
is obtained with temperature feedback included and supression
of solar flux variation in the Hartley region.

3.1.6. Time-dependent step function increase in solar
[IV. The time evolution of active plage regions in the solar
atmosphere is clearly not simple to model. Even for plage

(4)

k54 = 5.0 X 10-35 e720/T

k
60

= 1.4 X 10- 10 e-470/T

dT
pCp - = H(t) - C(t)

dt

where p is the mass density of the atmosphere and cp is the
atmospheric heat capacity. The time-dependent heat equa­
tion is solved for atmospheric temperature in a manner
similar to that of the time-dependent chemical continuity
equations; that is, we time step equation (4) forward in time.
We used the parameterization of Strobel [1978] to calculate
the heating rates. The non-LTE cooling by CO2 is calculated
by the Curtis matrix formalism described by Zhu and Strobel
[1990a, b]. The baseline model atmosphere in our calcula­
tions is assumed to be in radiative equilibrium at the ob­
served temperature. Perturbations on the temperature field
lead to perturbations in the net cooling represented by a
matrix (generated from the baseline atmosphere) operating
on the vector defined by the temperature perturbation [see
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Fig. 7a. Time-dependent ozone response without temperature feedback for a step function increase in solar flux after
7, 14,27, and 54 days, and the asymptotic limiting response.

regions undergoing little changes in the level of activity over
a solar rotation, the exact periodicity will depend upon their
solar latitude, since the Sun does not rotate as a solid body.
From a study of the periodicity of UV solar flux with solar
rotation, Lean [1987] found maximum power at time periods
of 27 days and 13 days. A single long-lived active region on
the solar disk will produce enhanced UV irradiance for
several weeks. Thus, ignoring the evolutionary aspects of
plages, enhanced UV irradiance may be approximated as
either a step function with a step length of half a rotation
period or possibly as a sinusoidally varying function with a
wavelength of the order of a rotation period. This assumes
that only one localized region of the Sun is producing the
enhanced UV emission. If several plage regions are active
and widely dispersed in solar longitude, then an effective
time scale could be much longer than half a rotation period.

We have simulated the time-dependent response of me-

sospheric ozone to solar ultraviolet forcing by time marching
the photochemical solution in accord with a step function
increase in solar flux. On the basis of the results from model
D, we have set the Hartley flux variation to zero in all of our
time-dependent calculations. For models E and F (see dis­
cussion below) we have simulated the ozone response with­
out (E) and with (F) temperature-chemistry feedback, re­
spectively. We started the time integration at day 1 with a
steady state solution calculated with a baseline solar flux
level and then at each subsequent time step used the
maximum solar flux level and allowed the constituent pro­
files to respond to the increased solar flux. In Figures 7a and
7b we show results for models E and F, respectively, after 7,
14, 27, and 54 days of time integration. The asymptotic
response is simply the ratio of the ozone profiles for the
steady state enhanced flux solution to the steady state
baseline flux solution, also shown in Figure 7.
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Fig. Sa. Ozone response for a sinusoidal variation of solar UV flux for model G, using the baseline model K"

profile, and Kzz decreased by a factor of 5. Temperature response is calculated, and temperature-chemistry feedback
is included.

As can be seen from Figure 7a at t = 54 days, the ozone
distribution has very nearly reached its asymptotic value at
all altitudes. Below 65-km altitude the asymptotic response
is reached in much less than 7 days. However, for a time
period of 7-14 days, characteristic of the time a single active
solar plage region is on the visible disk, the ozone response
above the 65-km-altitude level is far from its asymptotic
limit. For t = 14 days the response is only 0.3 of its
asymptotic value due to the time-dependent response of the
water vapor profile, since the chemical lifetime of water
vapor varies from -100 days at the stratopause to -10 days
at the mesopause. An increase in the UV flux which disso­
ciates water vapor will depress the water vapor mixing ratio
profile. Depressing the water vapor profile above the 75-km­
altitude region leads to lower HOx and hence lower catalytic
destruction of ozone. The time scale over which the local
water vapor abundance adjusts to an increase in solar UV
flux is the transport time scale, of the order of 10 days at 80
km. The time scale for the entire water vapor vertical profile
is somewhat longer since it is an integrated effect down to
about 65 km. It is clear that the results for model integrations
for 7 and 14 days encompass the mesospheric response as
deduced by Keating et al. [1987].

The effect of temperature-chemistry feedback on the time­
dependent ozone response is similar to that for the asymp­
totic cases. The temperature increase due to increased ozone
densities near 80 km moderates the ozone response by about
30%, as is seen in Figure 7b.

The results presented above illustrate the sensitivity of the
calculated ozone response to various model parameters. Of
all the above changes, the water vapor abundance, temper­
ature-chemistry feedback, and time dependence appear to
dominate the ozone response. The seasonal variability of
mesospheric water vapor is large at mid-latitudes [Bevilac­
qua et al., 1989]. Also, the exact time dependence of solar
flux on a 27-day time scale is variable from one solar rotation
to the next. Both of these variables should be accurately
known to describe in detail the response of mesospheric
ozone to solar irradiance variations.

3.2. Periodic Solar UV Flux Variation

The time scale for changes in plage activity is of the order
of half a solar rotation. During this time, plages can form and
disintegrate. For solar activity of this sort a more proper
description of solar UV flux variation might be of a sinuso­
idal nature. A periodic variation of incident solar flux on the
mesosphere will produce a predominantly instantaneous
response from ozone and a delayed atmospheric water vapor
and temperature response at all altitudes. In order to model
the effect of a sinusoidal UV forcing, we considered two
cases with temperature-chemistry feedback. In the first we
calculated the temperature response as described above.
The second is a calculation of the ozone response with a
specified temperature response: the observed temperature
amplitude and phase of Keating et al. [1987]. The principal
uncertainty is the water vapor abundance. We calculated the
mesospheric water vapor abundance as implied by specified
vertical profiles of the eddy mixing rate parameterized by the
coefficient K zz • Below we investigate the influence of the
magnitude of eddy mixing on the calculated ozone response.

3.2.1. Calculated temperature response. For model
case G a sinusoidal 27-day variation of solar ultraviolet flux
was chosen, and the time-dependent temperature was ob­
tained from equation (4). The eddy diffusion coefficient
profile is identical to model C of Strobel et al. [1987]. The
results for this case are shown as the solid curves in Figures
8a-8d. Below 75-km-altitude the calculated response (Fig­
ure 8a) is quite similar to the 14-day response in model case
F, as expected, since a sinusoidal forcing can be crudely
approximated by half period step functions. The water vapor
abundance is out of phase with the solar flux forcing. Below
75 km the fractional change in water vapor is much smaller
than the fractional change in solar flux (Figure 3a), so an
increase in solar flux to first order only changes the abun­
dance of HOx species that are in photochemical equilibrium
with H20. But the water vapor below 75 km does not vary
significantly over a 27-day period; thus the ozone response is
not changed significantly over longer integration times.
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Above 75 km, however, the fractional change in water vapor
abundance becomes quite large, as seen in Figure 3a.
Moreover, the magnitude of the change depends upon the
length of time the solar UV flux is greater than the baseline
value. For periodic solar forcing of a period of 27 days the
water vapor perturbation above 80 km reaches less than half
that for the asymptotic limit. The strong negative ozone
response to an increase in solar UV flux above 78 km
requires a significant water vapor abundance and a sluggish
response to solar forcing such that it is far away from its
asymptotic value after 13 days.

To illustrate this point, we performed a calculation with
K zz ' decreased by a factor of 5 over the baseline profile (Kc)'
which is shown in Figures 8a-8d with the corresponding

decrease in water vapor abundance for each K u. profile
shown in Figure 9. The decrease in water vapor abundance
above 80-km altitude essentially removes BOx catalysis,
resulting in a positive ozone response in that region. The
calculated ozone response for this latter K zz profile overlaps
the error bars of the Keating et al. [1987] response.

Between about 70 and 80 km the calculated ozone re­
sponse is out of phase with the solar UV forcing for both
cases as shown in Figure 8c. This is a consequence of
increased solar UV flux producing increased BOx species.
For the case ofK zz = K co with relatively high values of water
vapor above 80 km, the out-of-phase relation continues
above 80 km. For the case of K zz decreased by a factor of 5
the ozone and solar flux start to become in phase between 80
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and 85 km, since HOx chemistry plays no role in the ozone
abundance. The decreasing role ofHOx chemistry is seen as
a decreasing phase lag with decreasing altitude from 70 to 60
km. Below 60 km, photodissociation of water vapor is
insignificant for ozone chemistry.

A positive ozone response implies positive local heating
and, ignoring the radiative exchange between layers of the
atmosphere, one expects a positive temperature response.
The situation is complicated by the IR exchange. As shown
in Figure 8b the temperature response is positive throughout
the mesosphere but has a minimum near the maximum value
of the negative ozone response. In the absence of radiative
exchange the temperature response would be negative in
that region. The fact that the temperature response is posi­
tive is indicative of the magnitude of IR radiative exchange.
The phase lag (Figure 8d) between the temperature and solar
flux is small where IR radiative exchange and HOx chemistry

is unimportant but reaches a maximum value of near 5 days
where these two effects peak in importance.

This model with low K zz and the most rigorous treatment
of the chemistry and physics of ozone variability predicts the
essential aspects of the observed ozone response [Keating et
al. 1987], in particular, the precise altitudes where the
response reverses sign, for low K zz . However, it is in almost
complete disagreement with the observed temperature am­
plitude and phase lag. Given that the calculated ozone
response is in essential agreement with the observed re­
sponse, it is hard to understand how the observed tempera­
ture amplitude can have a large positive peak value at 70 km,
precisely where the ozone perturbation heating has its
maximum negative value (compare Figures 8a with 8b).

The calculated phase of the ozone response below 65 km
is small (-I day) but positive, in contrast to the calculated
photochemical response by Hood and Douglass [1988], who
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found large (-5 days) negative responses in the upper
stratosphere when forced by observed temperature re­
sponses. The negative phase of the ozone response in their
model is due to the fact that the observed temperature has a
large (-5 day) positive phase lag relative to the solar UV
forcing. The positive phase lag of the temperature in our
model is of the order of2 days, sufficiently small to eliminate
the negative phase lag of ozone.

3.2.2. Specified temperature response. On the basis of
a statistical study of Nimbus 7 Stratospheric and Mesos­
pheric Sounder (SAMS) temperature data, Keating et al.
[1987] deduced the temperature response to solar variability
at 2050 A. If the correlation between solar variability at Ly
a and that at 2050 Awere large, then the calculated temper­
ature response should mimic the observed response (above)
if the theoretical description is accurate. The Keating et at.

[1987] temperature response (Figures 8b and 8d) is, in fact,
substantially different from our calculated response. As a
consistency check, we forced the temperature response
amplitude and phase in the time-dependent model to match
the Keating et al. [1987] temperature response, and then we
calculated the time-dependent ozone response. The results,
shown in Figures lOa and lOb, show marked disagreement
with the ozone response deduced from SME data, especially
in the region where the deduced temperature response
maximizes (65 and 75 km) and generates a positive response.
Lower eddy mixing improves the agreement with the SME
ozone response curve above 75-km altitude, as in the case
with the calculated temperature response, but does not
change the positive response near 70-km altitude. The -4­
day negative phase lag near 6O-km altitude of the calculated
ozone response with the prespecified temperature amplitude
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Fig. lOb. Ozone response phase lag.
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and phase, as found by Hood and Douglass [1988], suggests
that the observed temperature response to solar UV at 2050
Ais reliable. The solar flux at these long wavelengths is the
driver of atmospheric temperature in the stratosphere. How­
ever, Ly a is the driver of HOx in the mesosphere. On the
basis of our examination of the SME UV flux data base, we
found that the correlation of Ly a fluxes with those at 2000
A and longward was generally not large. Thus the apparent
disagreement near 60 km between calculations tied to Ly a
variations and observations tied to 2050-A flux variations is
difficult to interpret. However, the disagreement between
the calculated ozone response near 75 km and the observed
response may suggest that there is a basic flaw in our
understanding of HOx chemistry in that region.

4. SUMMARY

Water vapor in the upper mesosphere exerts a strong
influence on the magnitude of the observed ozone response
to short-period solar UV flux variations. The water vapor
abundance in the upper mesosphere is critically dependent
on the magnitude of vertical transport in that region as
demonstrated by Strobel et al. [1987]. The microwave mea­
surements of Bevilacqua et al. [1989] indicate a dominant
annual variation in upper mesospheric water vapor mixing
ratios and by inference annual variations in vertical transport
dominate. Hence we expect on the basis of our study that the
water vapor seasonal variation produces a corresponding
seasonal signature in the ozone response when the water
vapor mixing ratio exceeds a threshold value, which we
determined as -1.5 ppmv at 80 km, a typical springtime
value [Bevilacqua et al., 1989]. This signature is of sufficient
amplitude to mask other signatures in seasonally averaged
ozone response data and necessitates organizing ozone data
in the future according to common background water vapor
concentrations in the upper mesosphere to extract these
other signatures.

The ozone response in the lower mesosphere, below 70
km, reaches its asymptotic limiting value for enhanced solar
ultraviolet flux on a time scale smaller than the solar rotation
period, while the response above that region requires in­
creasingly longer times to reach the asymptotic values. In
the region near 80 km the ozone response after half a solar
rotation period is only about 30% of its asymptotic value.

Finally, we note that the combined effects of water vapor
variation, temperature-chemistry feedback effects, negligi­
ble solar flux variation longward of 2400 A, and time­
dependent nature of solar rotation driven ultraviolet flux
forcing does reproduce the observed ozone response profile
of Keating et al. [1987] from SME data, if eddy mixing rates
were a factor of 5 smaller than recently inferred values
[Strobel et aI., 1987]. It is unlikely, on the basis of our
current water vapor data base which is restricted to essen­
tially mid-latitudes in the northern hemisphere, that the
actual upper mesospheric water vapor mixing ratios are an
order of magnitude lower than inferred from observations
[Bevilacqua et aI., 1989]. An alternative interpretation of our
model results is that the HOx catalytic removal of ozone is
substantially less efficient than currently accepted photo­
chemical reactions and rates imply and/or there is a funda­
mental flaw in our current understanding of HOx reactions
on ozone. The fact that the imposition of the Keating et al.
[1987] deduced temperature amplitude and phase yields a

calculated ozone response to solar UV flux variations totally
inconsistent with observations suggests the need for better
mesospheric data and the use of solar UV spectral irradiance
intervals that are highly correlated with mesospheric ozone
and temperature variability. Last, additional observational
and modeling efforts are required to determine whether
dynamics plays a central role in the ozone and temperature
response to solar UV variability.
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