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Abstract—We have investigated the middle atmospheric response to the 27-day and 11-yr solar UV flux
variations at low to middle latitudes using a two-dimensional photochemical model. The model reproduced
most features of the observed 27-day sensitivity and phase lag of the profile ozone response in the upper
stratosphere and lower mesosphere, with a maximum sensitivity of +0.51% per 1% change in 205 nm
flux. The model also reproduced the observed transition to a negative phase lag above 2 mb, reflecting the
increasing importance with height of the solar modulated HO, chemistry on the ozone response above
45 km. The model revealed the general anti-correlation of ozone and solar UV at 65-75 km, and simulated
strong UV responses of water vapor and HO, species in the mesosphere. Consistent with previous 1D
model studies, the observed upper mesospheric positive ozone response averaged over +40° was simulated
only when the model water vapor concentrations above 75 km were significantly reduced relative to current
observations. Including the observed temperature-UV response in the model to account for temperature—
chemistry feedback improved the model agreement with observations in the middle mesosphere, but did
not improve the overall agreement above 75 km or in the stratosphere for all time periods considered.
Consistent with the short photochemical time scales in the upper stratosphere, the model computed ozone—
UV sensitivity was similar for the 27-day and 11-yr variations in this region. However, unlike the 27-day
variation, the model simulation of the 11-yr solar cycle revealed a positive ozone—UYV response throughout
the mesosphere due to the large depletion of water vapor and reduced HO UV sensitivity. A small negative
ozone response at 65-75 km was obtained in the 11-yr simulation when temperature—chemistry feedback
was included.

In agreement with observations, the model computed a low to middle latitude total ozone phase lag of
+3 days and a sensitivity of +0.077% per 1% change in 205 nm flux for the 27-day solar variation, and a
total ozone sensitivity of +0.27% for the 11-yr solar cycle. This factor of 3 sensitivity difference is indicative
of the photochemical time constant for ozone in the lower stratosphere which is comparable to the 27-day

solar rotation period but is much shorter than the 11-yr solar cycle.

1. INTRODUCTION

In recent years, considerable effort has been made
to investigate the middle atmospheric response to vari-
ations in solar ultraviolet flux on short and long time
scales. The variation in solar UV flux at wavelengths
of 120-400 nm affects the stratospheric and meso-
spheric ozone concentrations through changes in O,
and O, photodissociation rates, changes in catalytic
loss processes such as that due to odd hydrogen chem-
istry, as well as through induced changes in tem-
perature which affect the temperature dependent
reaction rates (GARCIA et al., 1984 ; ALLEN et al., 1984 ;
EckMAN, 1986a,b; Hoob, 1986, 1987 ; KEATING et al.,
1987 ; BRASSEUR et al., 1987; HooD and DOUGLASS,
1988 ; SUMMERS ef al., 1990 ; CHANDRA, 1991 ; HUANG
and BRASSEUR, 1993). Previous studies have also
examined the possible indirect solar-induced changes
in the large scale circulation and resulting temperature

changes (e.g. Hoop, 1986; Hoop and JIRIKOWIC,
1991). Quantifying the atmospheric response to the
27-day modulation in solar UV flux is necessary, for
example, to separate it from other naturally occurring
phenomena such as the relatively stronger non-solar
dynamically-induced perturbations which have simi-
lar periods of 35 weeks (CHANDRA, 1986 ; Hoob and
Jrikowic, 1991). Understanding the response to the
11-yr solar cycle is also important in determining the
long term trends induced by anthropogenic influences.

Previous investigations have established many of
the fundamentals of the ozone—UYV response through-
out the middle atmosphere. However, some questions
remain, such as a model-data discrepancy above
75 km for the 27-day variation as noted by SUMMERS
et al. (1990). Moreover, numerical studies of the 27-
day response have involved only 1D models and have
viewed the stratosphere and mesosphere separately;
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the 2D model studies of GARCIA er al. (1984) and
HuUANG and BRASSEUR (1993) examined the response
for the entire middle atmosphere, but only for the 11-
yr solar cycle. In this paper, we will address certain
details of the 27-day response using a 2D model with
pre-specified temperature and circulation fields which
do not vary with solar flux. Our goal is to ascertain
how much of the observed response can be accounted
for by a purely photochemical 2D model. As such, we
confine our analysis to the latitudinal region between
+40° where photochemistry is most important and
where direct solar UV forcing is best detectable.
Although our model formulation does not allow for
coupling between solar flux and the transport fields
(i.e. meridional circulation and eddy diffusion, X,,,
K..), we expect such direct solar driven variations to
be small, as shown in previous model studies (GARCIA
et al., 1984 ; BRASSEUR ef al., 1987 ; HUANG and BraSss-
EUR, 1993). We will show the effects of temperature—
chemistry feedback on the computed ozone response
by incorporating into the model a pre-specified tem-
perature response obtained from observations. We
will present results for profile ozone for the entire
middle atmosphere from ~ 20 to 85 km, and for total
ozone, and compare with observations and previous
modeling studies. Using a self-consistently computed
water vapor formulation also allows us to show the
response of H,O and HO, species to the solar UV.
Finally, we will examine the responses of ozone, H,0,
and HO, for time scales similar to the 11-yr solar
cycle, and discuss how they differ from the 27-day
response.

The outline of this paper is as follows. We give an
overview of previous observational and theoretical
work on the solar UV response in section 2. In section
3 we describe our 2D model and the method of simu-
lating the 27-day solar rotation and the 11-yr solar
cycle variations in the model. In section 4, we sum-
marize the 27-day response of profile ozone seen in
the observations, and present our model results and
compare with the observations and previous model
investigations. Results and comparisons for total
ozone are given in section 5, and a summary of the
findings and conclusions is made in section 6. The 2D
model used in this paper has recently been upgraded
to include mesospheric heights (6090 km), computed
water vapor, and improved eddy diffusion par-
ameterizations. In Appendix A, we compare model
calculations with climatological observations of
ozone, water vapor, and carbon monoxide, with an
emphasis on the mesosphere. The model horizontal
eddy diffusion (X,) formulation is given in Appendix
B.

2. OVERVIEW OF THE OZONE RESPONSE TO SOLAR UV

Over a 27-day solar rotation, the observed ampli-
tude of the UV variation is reported to be 20% near
120 nm, 3% at 200 nm, and <1% at 300 nm (LEaN,
1987; SUMMERS et al., 1990). Analogous quantities
over the 11-yr solar cycle are not as well observed,
and questions still remain as to the long term spectral
variations in UV. For the 27-day variation, HooD
(1986, 1987) and KEATING et al. (1987) observed a
positive correlation between ozone and 205 nm flux
at 30-60 km in the tropics using Nimbus-7 SBUYV,
LIMS, and SAMS data. Qualitatively, the positive
response is caused by the increased production of odd
oxygen via photodissociation of O, by solar flux near
200 nm. The response maximizes near 2—-3 mb with a
sensitivity of 0.5% per 1% 205 nm solar flux change.
GARCIA et al. (1984) and HUANG and BRASSEUR (1993)
computed somewhat smaller stratospheric responses
in their 2D model studies of the 1 1-yr solar cycle. The
Hoop and KEATING et al. studies observed a 27-day
response phase lag of about +5 days near 10 mb
which decreased to near zero at 2-3 mb, and reversed
sign above 2 mb (ozone leading UV) which they attri-
buted to temperature feedback effects. Similar findings
were made by BRASSEUR et al. (1987) in their 1D model
study. Previous model studies have calculated a direct
solar-induced temperature response of 0.5-2 K below
75 km (GARCIA ef al., 1984 ; BRASSEUR et al., 1987 ;
SUMMERS et al., 1990; HUANG and BRASSEUR, 1993),
with small associated changes in circulation and eddy
diffusion. Observational studies indicate a tem-
perature—UV response of 0.5-1.5K in the middle
atmosphere (Hoobp, 1986 ; KEATING et al., 1987 ; HooD
and JIRIKowic, 1991), along with the possibility of an
indirect solar-induced dynamical component of the
temperature response which may explain the fact that
the observed upper stratospheric temperature-UV
phase lag of 6-10 days is significantly larger than
predicted by photochemical-radiative models (BrASSs-
EUR et al., 1987).

Because the ozone-UV response decreases rapidly
below 35 km, the response of total ozone is small and
difficult to infer from observations. Theoretical model
calculated changes in column ozone range from 0.3 to
4.0% for solar UV changes over the course of a solar
cycle (e.g. GARCIA et al., 1984 ; BRASSEUR ef al., 1987 ;
HUANG and BRASSEUR, 1993). A similar total ozone
response to solar cycle variations was inferred from
Nimbus-4 and Nimbus-7 satellite data, and from the
ground based Dobson station network (CHANDRA,
1984 ; REINSEL et al., 1987, 1988 ; CHANDRA, 1991 ;
HERMAN et al., 1991). CHANDRA (1991) also found
that for the UV variations over a 27-day solar
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rotation, total ozone lagged the solar UV by 34 days,
and that the sensitivity of +0.11% (per 1% change
in solar UV at 205 nm) was a factor of 2-3 less than
that for a solar cycle. This difference was attributed
to the photochemical time constant of ozone in the
lower stratosphere, which is comparable to the 27-day
solar rotation period but is much shorter than the 11-
yr solar cycle period.

The ozone-UV response in the mesosphere was
examined by KEATING et al. (1987) and HooD et al.
(1991) using data from the Solar Mesosphere Explorer
(SME). They obtained a negative ozone-UV cor-
relation at 63-78 km, with a positive response above
and below this layer for the 27-day solar rotation. The
negative response in the middle mesosphere is thought
to be caused by the increased Lyman alpha dis-
sociation of H,O and subsequent increase in con-
centrations of odd hydrogen species (HO, = H, OH,
HO,) which catalytically destroy ozone. The model
results of GARCIA et al. (1984) and HUANG and Brass-
EUR (1993) for the 11-yr solar cycle were in general
agreement with these observations. In their 1D model
study of the 27-day variation, SUMMERS er al. (1990)
also reproduced these observations below 75 km.
However, they simulated the positive response in the
upper mesosphere only by significantly reducing the
model water vapor below current ground based micro-
wave observations (BEVILACQUA et al., 1989). Previous
model calculations have also been unable to reproduce
the large positive temperature response near 70 km
observed by KEATING et al. (1987).

3. 2D MODEL DESCRIPTION

For this study, we used our two-dimensional (2D)
photochemical model with pre-specified temperature
and transport fields which extends from the ground
to approximately 90 km (0.0024 mb) and has a ver-
tical grid equally spaced in log-pressure with a reso-
Iution of ~2km (DoOUGLASS et al., 1989 ; JACKMAN
et al., 1990). The latitudinal extent is from 85°S to
85°N with a 10° grid spacing. The climatological tem-
perature field is based on National Meteorological
Center (NMC) data for the ground to 0.4 mb, and
CIRA (1972) for levels above 0.4 mb. Heating rates
and the residual circulation were calculated following
ROSENFIELD et al. (1987), using SME ozone data for
the mesosphere.

There are 23 transported species or families, includ-
ing O, (0s;, O, O('D)), NO, (N, NO, NO,, NO,,
HO,NO,, N,0;, and CIONO,), Cl, (Cl, CIO, HOC]I,
HCI, and CIONO,}, Br, (Br, BrO, HBr, BrONO,),
HNO,, H,0, N,0, CH,, H,, CO, CH,00H, CFC(l,,

CF,Cl,, CH,Cl, CCl,, CHCIF,, C,Cl,F,, C,CL,F,,
C,CIF;s, CH,CCl;, CBrCIF,, CBrF;, and CH,Br.
Reaction rates and photodissociation cross sections
were taken from DEMORE et al. (1990). The upper
boundary conditions are zero flux for all species. The
lower boundary condition for ozone is a deposition
velocity of 0.1 cm s™'. Lower boundary conditions for
the other transported species are based on 1990 values
(WMO, 1990) and are given in Table 1. Lower bound-
ary conditions for HNO; and NO, were determined
as follows. We used the tropospheric chemistry model
results of THOMPSON et al. (1990) to calculate the total
concentration of NO, (NO,+HNO,) at the lower
boundary at a given latitude as a function of marine
or continental conditions. We then weighted these
values by the percentage area of land or ocean at each
latitude, as given in SELLERS (1965), to produce a
zonal mean NO, boundary condition for each model
latitude. These were then used to determine the lower
boundary conditions for HNO; and NO, for each
latitude, using a partitioning ratio of 30% for HNO,
and 70% for NO,. This ratio was based on aircraft
measurements of ATLAS et al. (1992). Based on these
computations and the THOMPSON e al. (1990) model
results described above, we obtained area weighted
global average lower boundary conditions of 45 pptv
for HNO; and 105 pptv for NO,.

To properly simulate the HO, chemistry in the
mesosphere, we incorporated computed water vapor
in the 2D model. All photolytic and chemical pro-
duction and loss processes of H,O were included, and
tropospheric water vapor below 400 mb has been fixed
to the climatological values of Oort (1983). Water
vapor loss due to rainout in the upper troposphere
above 400 mb is computed in a split process. That is,
the chemical production and loss, as well as transport
and diffusion were first used to compute an “inter-
mediate updated” value of water vapor. All “inter-
mediate” water above 50% relative humidity was then
rained out separately to give a final updated water
vapor concentration. This methodology is similar to
that used in STORDAL et al. (1985). Our tropospheric
water vapor, along with the NO, and HNO, boundary
condition described above, produced a methyl chloro-
form (CH,;CCl;) lifetime of 6.3 yr, within the range
of observed values (WMO, 1992). Our tropospheric
OH/HO, ratios are also in agreement with those of
the one-dimensional photochemical model results of
the troposphere (THOMPSON and STEWART, 1991;
THOMPSON et al., 1993). More detailed comparisons
of our computed ozone and water vapor fields with
observations throughout the model domain are given
in Appendix A.

The horizontal eddy diffusion (X,,) formulation is
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Table 1. Lower boundary conditions for all transported species in model

simulations for the year 1990 (WMO, 1990)

Type of boundary

Species condition (units) Value
N, O Mixing ratio (ppbv) 310
CH, Mixing ratio (ppmv) 1.675
CcoO Mixing ratio (ppbv) 100
H, Mixing ratio (ppbv) 500
CH,00H Flux (cm~2s7") 0.0
CH,;Cl1 Mixing ratio (pptv) 600
CH,CCl, Mixing ratio (pptv) 150
CCl, Mixing ratio (pptv) 105
CFCl, Mixing ratio (pptv) 275
CF,Cl, Mixing ratio (pptv) 468
C,CLF; Mixing ratio (pptv) 51
C,CLF, Mixing ratio (pptv) 7
C,CIF; Mixing ratio (pptv) S
CHCIF, Mixing ratio (pptv) i1
0, Deposition velocity (cm s™") 0.1
HNO; Mixing ratio (pptv) 45
NO,(wo HNO,) Mixing ratio (pptv) 105

" Flux (cm~257Y) 0.0
CH;Br Mixing ratio (pptv) 10
CBrF, Mixing ratio (pptv) 32
CBrCIF, Mixing ratio (pptv) 1.8
Br. Flux (cm™*s7") 0.0

Units are in parts per million by volume (ppmv), parts per billion by volume

(ppbv), and parts per trillion by volume (pptv).

described in Appendix B; a latitude-height cross sec-
tion of the model K, for December is shown in Fig.
B-1. The vertical eddy diffusion (X.,) is prescribed as
follows: in the troposphere, K, is a function of lati-
tude; the largest values occur in the tropics with a
monotonic decrease towards the poles. In the strato-
sphere, K, is independent of latitude and was deter-
mined to provide a computed water vapor field which
reasonably simulates Nimbus-7 LIMS observations
(see Figs A-7 to A-11). In the mesosphere, we adapted
a K, profile which increased by a factor of 3 from 50—
90 km, fixing the top model level to the maximum K.,
value possible in the mesosphere (6x 10* cm? s™')
for a time step of one day, without inducing numerical
instability. This profile has a height variation similar
to that used by STROBEL e? al. (1987) who derived their
K., profile based on providing a best fit of their model
computed water vapor with ground based microwave
H,O measurements. Qur resulting K., profiles are
shown in Fig. B-2. Note that K, is independent of
season and varies with latitude only in the tropo-
sphere.

To simulate the 27-day solar rotation variation, a
sine wave with a 27-day period and a pre-specified
amplitude modulation for a given wavelength interval
was incorporated into the 2D model. The amplitude
modulation (the ratio of the perturbed to baseline

solar flux) varies with wavelength from 10% at Lyman
alpha (121.6 nm), to 1.5% at 200 nm, and <0.5% at
300 nm, as taken from SUMMERS et al. (1990), and
corresponds approximately to those observed during
the SME time period. The model was then run with the
photolysis calculations updated every day to obtain a
time dependent simulation for the 27-day response.
To simulate the response over an 11-yr solar cycle, we
ran steady state simulations with the solar flux held
constant throughout the model run using: (1) the
baseline solar flux, and (2) the perturbed solar flux
corresponding to twice the amplitude modulations
described above. Our model calculations revealed that
the response was essentially linear, that is, the species
change per 1% change in UV was independent of the
magnitude of the solar flux perturbation. As such, we
present computed species changes which have been
normalized to the solar flux change. Since we are
studying the photochemically driven aspects of the
response, we confine our analysis on an annually aver-
aged basis to low and mid-latitudes where the meri-
dional transport effects on the computed response are
expected to be small. As such, we do not consider
high latitude stratospheric ozone changes such as that
which may be induced over a solar cycle by ther-
mospheric NO, production. All model simulations
were run for 20 yr to obtain a repeating seasonal cycle.
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We used the final year of model output to compute
correlation coefficients and sensitivity factors between
205 nm flux and ozone mixing ratio at each altitude,
and for total ozone, as a function of phase lag. Note
finally that we do not include results above 85 km
since the model simulations above this level are
strongly influenced by the top boundary condition
(~90 km).

4. RESULTS—PROFILE OZONE SOLAR RESPONSE

4.1. Observations

To review the observed 27-day solar variation
response, we computed the correlation coefficients and
sensitivity factors (% change in ozone per 1% change
in 205 nm flux) as functions of altitude from time
series of daily ozone and solar UV flux for time lags
from —30 to +30 days. Mesospheric (0.75-
0.0056 mb, ~50-85km) ozone mixing ratio values
from the SME IR instrument for the period 1982-
1983 were used which, although in the declining phase
of the solar cycle, were still influenced by a pelatively
high level of solar activity. We used stratospheric (30—
1 mb) ozone mixing ratio data from Nimbus-7 SBUV
for 1982-1983 corresponding to the SME time period.
For corresponding solar flux values, the R(MGIIc/w)
index was used which has spectral characteristics simi-
lar to solar UV at 205 nm. This index (referred to
as Mgll) is based on the core to wing ratio of the
magnesium h and k lines measured from the SBUV
spectrometers on Nimbus-7 and the SBUV/2 spec-
trometer on NOAA-9 in their continuous scan modes
(HeaTH and SCHLESINGER, 1986; DONNELLY, 1991;
DEeLAND and CEBULA, 1993).

For the initial analysis, the ozone time series were
latitudinally averaged over 40°S—40°N to minimize
dynamical signals which have near equal but opposite
low latitude perturbations in the two hemispheres. We
will discuss the latitudinal variations of the response
later in the paper. All time series were smoothed with
a 5-day running mean and then deseasonalized by
subtracting out the 35-day running mean. The result-
ing correlation coefficients are presented as a function
of phase lag and altitude in the contour plot in Fig. 1
(adapted from CHANDRA et al., 1993), and are con-
sistent with previous analyses (Hoop, 1986, 1987;
Hoob et al., 1991 ; KEATING et al., 1987). A dominant
27-day response is szen at all levels. Ozone and solar
UV are positively correlated throughout the strato-
sphere and lower mesosphere up to ~60 km and in
the upper mesosphere above 75 km, and negatively
correlated in the middle mesosphere between 60—
75 km. The maximum ®orrelation in the stratosphere

occurs at 4045 km (+0.57) with a sensitivity factor
of +0.46% +0.016 and phase lag of 0 to —2 days
(see Fig. 6a-b for vertical profiles of the maximum
sensitivity factors and phase lags). Below 10 mb, the
phase lag increases with decreasing height to +10-12
days at 30 mb, due to the increasing photochemical
time constant of ozone. The corresponding cor-
relation and sensitivity decrease below 10 mb to rela-
tively small values at 30 mb.

The observations reveal that the phase lag becomes
increasingly negative with height above 2-3 mb
(ozone leads UV). Previous studies have attributed
this to being a result of the positive temperature
response being in near-quadrature with the solar UV
perturbation which in turn produces a negative ozone
response through the strongly temperature dependent
Chapman chemistry (Hoop, 1986, 1987 ; KEATING et
al., 1987 ; BRASSEUR et al., 1987). We will discuss the
significance of this phase change later in the context
of our 2D model simulations.

In the mesosphere above ~ 60 km, solar-modulated
odd hydrogen concentrations induce a negative solar
UV-ozone response which maximizes near 70 km
where solar absorption reaches unit optical depth.
Figure 1 shows a peak correlation at 70 km of —0.55,
and a sensitivity to MglI (205 nm) of —1.15% +0.065,
with a phase lag of —13.5 days (180° for a 27 day
period) (Fig. 6a-b). The response becomes positive
above 75 km, as H,0 and HO, concentrations are
diminished, and the solar-induced odd oxygen pro-
duction plays the dominant role in determining the
ozone distribution. The positive response peaks near
80 km (correlation = +0.22; sensitivity = +0.64%
+0.10) with the phase lag decreasing from +5 days
at 76 km to —1.5 days near 85 km (Fig. 6a-b)
(in general, the ozone sensitivity to solar Lyman alpha
UV is a factor of 4-5 smaller than that for the
205 nm (Mgll) flux—see KEATING et al., 1987 ; HooD
et al., 1991).

4.2. Model simulations

Analogous to Fig. 1, the model results for the 27-
day solar variation are shown in the correlation con-
tour plot in Fig. 2. Note that the model results are
generally smoother and have a higher degree of cor-
relation, compared to observations, due to the lack
of natural background variability and instrumental
noise, and the smooth sinusoidal solar UV forcing
function that we have incorporated. The simulation
in the stratosphere and lower mesosphere below 80 km
is in good agreement with the observations and pre-
vious theoretical work. Maximum positive ozone—
205 nm correlations of greater than 0.9 are seen every-
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Fig. 1. Ozone-solar UV flux correlation coefficient as a function of phase lag and altitude derived from

Nimbus-7 SBUV (30-1 mb) and SME IR (0.75-0.0056 mb) ozone data for 1982-1983, deseasonalized and

averaged over 40°S-40°N as discussed in the text. The Mgl index (described in the text), which corresponds
to wavelengths near 205 nm, was used (adapted from CHANDRA et al., 1993).

PRESSURE (MB)

PHASE LAG (DAYS)

Fig. 2. Ozone-205 nm solar flux correlation coefficient as a function of phase lag and altitude derived from
model calculations of the 27-day solar variation. All time series have been deseasonalized and averaged
over +35°
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where between 30 and 65 km, with the response falling
off rapidly with decreasing height below 30km
(10 mb). Above 10 mb, the phase lag decreases with
increasing height from a value of +5 days at 10 mb
to near zero days at 2-3 mb. The maximum sensitivity
(+0.51%) also occurs at 2-3 mb, consistent with
observations. The phase lag becomes increasingly
negative with height in the lower mesosphere, with a
value of —2.5 days near 60 km. Since the model uses
a pre-specified climatological temperature field which
does not vary with solar flux (no temperature chem-
istry feedback), we attribute the change-over to a
negative phase lag above 40 km to the increasing
influence with height of HO, chemistry on the solar-
modulated ozone concentrations, offsetting the solar-
induced odd oxygen increase. This result is at variance
with the 1D model simulations of BRASSEUR et al.
(1987) who obtained a negative ozone-UV phase lag
above 40 km only when the feedback between ozone
and temperature was included.

In the middle mesosphere, the solar-modulated
HO, concentrations induce a negative ozone-solar
flux correlation. The phase lag of the maximum nega-
tive response is near zero as seen in the observations, and
the peak negative correlation (—0.85) and sensitivity
(—0.95%) occur at 75-80 km, which are slightly
higher in altitude than observations (70-72 km).
These results below 80km are also qualitatively
similar to the theoretical work of SUMMERS et al. (1990).

The associated solar responses of H,O and HO,
(H+OH+HO,) are shown in Figs 3 and 4, again as
functions of phase lag and altitude. Here we present
the sensitivity factor (per cent change per 1% change
in solar flux) of these constituents to Lyman alpha
flux, since mesospheric H,O and HO, have the stron-
gest response to radiation at this wavelength. As
expected, water vapor reveals a large negative
response above 65 km with a maximum sensitivity of
—0.44% at the top model level (~85 km). The phase
lag is +6 (or —7.5) days, consistent with the pho-
tochemical lifetime of mesospheric water vapor
(BRASSEUR and SorLoMON, 1984). This also implies a
phase lag of near 90° for a 27-day period, which is the
maximum lag for a direct response to sinusoidal solar
forcing based on a linear perturbation analysis of the
constituent continuity equation (HooD, 1986 ; BRASS-
EUR et al., 1987 ; CHANDRA, 1991). The corresponding
HO, response (Fig. 4) is positive throughout the upper
stratosphere and mesosphere with the largest value
(+0.39%) again at the top model level. The mag-
nitude of the mesospheric HO, sensitivity reflects that
of water vapor, since HO, production at these levels
is directly related to the photodissociation of water.
The phase of the HO, response is —1 to —2 days

above 65 km; this is a mid-range value between the
water vapor response (phase of —7.5 (or +6) days)
and the solar forcing itself (zero phase lag), both of
which control the solar modulated HO, production in
the mesosphere. HO, exhibits a relatively weak solar
response in the stratosphere which changes sign at
10 mb. The negative HO,-UV correlation below
10 mb is probably due to a combination of effects due
to the solar modulation of odd oxygen [O5, O, O('D)]
production, and changes in the HO, family par-
titioning which may increase or decrease the actual
odd hydrogen concentrations. A detailed analysis of
this is beyond the scope of the present paper.

The model simulated ozone response in Fig. 2 does
not reveal the observed positive correlation above
75 km (Fig. 1)—a fact most likely related to the local
water vapor concentrations (this is probably not an
artifact of the non-solar varying temperature field
used in the model as will be discussed later). SUMMERS
et al. (1990) found that a net increase in HO, catalytic
ozone loss due to enhanced solar flux occurred above
80 km when the water vapor abundance reached a
certain threshold level, estimated to be 1.5 ppmv at
80 km. The water vapor time scales for photo-
chemistry and replenishment via upward transport are
both ~ 10 days in the upper mesosphere. Therefore, a
negative ozone-UV response could persist in the
upper mesosphere over the course of a 27-day cycle,
if the local water vapor amounts were large enough.
By reducing the model mesospheric water vapor
amounts (via reduction in eddy diffusion by a factor
of five), SUMMERS ef al. obtained a positive ozone-UV
response above 75 km peaking near 80 km, similar to
observations. The water concentrations were reduced
by a factor of four at 80 km and by more than a factor
of 25 at 90 km. To simulate the observational response
above 75 km in our 2D model, it was necessary to
reduce the water vapor concentrations by a factor of
1.5 at 70 km, 15 at 80 km, and 25 at 90 km using a
methodology similar to that of SUMMERS er al.
described above. The resulting ozone-20S nm cor-
relation plot is shown in Fig. 5, and is similar at all
levels to the observations in Fig. 1. The response is
qualitatively similar to the standard H,O response
(Fig. 2) below 78 km, although the level of maximum
negative response has decreased in altitude from ~ 77
to 73 km and is closer to that seen in observations.
Also, the magnitude of the negative correlation at 65—
78 km has been reduced due to the lower water vapor
amounts. Above 78 km, the response in Fig. § is posi-
tive as less water vapor is available for generation of
HO, by the increased UV, and the ozone response is
controlled by the odd oxygen increase. Our goal here
was to estimate the magnitude of the water vapor
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Fig. 4. As in Fig. 3, but for the sensitivity of HO, (H+ OH+HO,) to Lyman alpha.

reduction necessary to resolve the observed upper
mesospheric positive response in our 2D model simu-
lations. However, as SUMMERS et al. (1990) note, it is
not likely that the actual water vapor amounts are

as much as an order of magnitude lower than the
observations suggest, and that the deficiency may
point to some other process which is not accounted
for in present model formulations.
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Fig. 5. Ozone-205 nm solar flux correlation coefficient as in Fig. 2, but from model calculations using
water vapor which has been reduced above 60 km as discussed in the text.

The results presented above are summarized in Fig.
6(a) and (b) which show vertical profiles of the
maximum sensitivity factors and phase lags of the
ozone-UYV response obtained from observations and
from the two model scenarios using standard and
reduced H,O presented above (results from a third
model scenario shown here are described below). The
observations are based on SME and Nimbus-7 SBUV
ozone and the MgII UV index for the 1982-1983
period used in Fig. 1. Figure 6(a) and (b) also shows
the stratospheric ozone-UV response during solar
maximum of solar cycles 21 and 22 based on Nimbus-
7 SBUYV for the 1979-1981 period and the recently
reprocessed NOAA-11 SBUV/2 data for the 1989-
1990 period (PLANET et al., 1993). Below 60 km, the
model simulations with standard and reduced H,O
are nearly identical and reproduce the general features
of the observed response, including the maximum sen-
sitivity at 40-45 km and the change-over to a negative
phase lag above 45 km. The simulation above 75 km
is greatly improved with the reduced water vapor
computation, which gives a positive response at
these levels. Also note that the peak negative response
at 70-75 km is significantly lower in altitude in the
reduced water simulation and is thus closer to that
seen in the observations (Fig. 6(a)), although the
agreement in the magnitude of the maximum nega-
tive response is not as good as in the normal water
case.

As discussed earlier, previous studies have exam-
ined the impact of temperature~chemistry feedback
on the ozone-UV response. To investigate this in our
model calculations, we incorporated the observed
solar-induced temperature response into the model by
means of a sine wave with a 27-day period as was
done for the solar UV perturbation (standard H,0O
was used). We adapted amplitude and phase values
as a function of altitude from the analyses of Hoop
(1986) and KEATING et al. (1987) for the stratosphere,
and HooD et al. (1991) for the mesosphere. Peak
amplitude values occur near 48 km (+0.06% (0.16 K)
per 1% 205 nm change) and 68 km (40.14%, 0.3 K),
with the phase decreasing from +8 days at 40 km
to near 0 days at 70 km (note that this temperature
response created only small changes in the transport
fields). The results are shown in Fig. 6(a) and (b) (the
third model scenario) and reveal that the computed
ozone response at 4060 km is 1-2 days more negative
in the phase lag, and the sensitivity is slightly larger,
relative to the model run with no temperature
response. These changes are consistent with the tem-
perature perturbation at these heights being approxi-
mately in quadrature with the UV. This slightly
enhances the ozone response through the negative
ozone/temperature feedback from Chapman and HO,
chemistry (the latter being weakly temperature depen-
dent), and increases the negative time lag between
ozone and solar flux (BRASSEUR ef al., 1987 ; KEATING
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et al., 1987). However, incorporating the observed time periods shown. At 65-75 km, the temperature

temperature response has not necessarily improved
the overall model comparison with the stratospheric
observations in terms of phase lag, and has slightly
worsened the comparison in sensitivity, for the three

response is nearly in phase with the UV so that the
negative ozone response is enhanced when the tem-
perature response is included and is closer to the SME
observations. Only a small (if any) phase difference
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would then be expected in the middle mesosphere by
including temperature feedback, as is illustrated in
Fig. 6(b). In the upper mesosphere, the observed tem-
perature response is small (0.03—0.05% per 1% change
at 205 nm) with a phase near — 2 days, so that includ-
ing temperature feedback with standard water in the
model only slightly enhances the negative response (it
does not produce the observed positive response).

We have presented this temperature feedback scen-
ario to illustrate the effects of incorporating a par-
ticular observed temperature response on the model
calculations. As was shown here and in previous inves-
tigations, accounting for the observed temperature—
chemistry feedback in this manner requires proper
determination of the temperature response phase lag.
It is important, therefore, to recognize the possible
uncertainties inherent in such an analysis. Previous
theoretical studies have predicted only small direct
solar-induced temperature fluctuations on the 27-day
and 1l-yr time scales (maximum of 1-2 K below
75 km), along with small associated changes in zonal
wind (0.5-3 m s~ '), meridionat circulation, and hori-
zontal and vertical eddy diffusion coefficients (1-3%)
(GARCIA et al., 1984 ; BRASSEUR et al., 1987 ; HUANG
and BRASSEUR, 1993). Therefore, one must be careful
when separating the direct and indirect solar induced
oscillations from the stronger dynamical (non-solar)
fluctuations which have periods near 27 days.

Note that the stratospheric observations in Fig. 6
are generally similar for the three time periods shown.
However, the NOAA-11 SBUV/2 data for 1989-1990
show a 25-40% lower sensitivity at 1-2 mb compared
to the Nimbus-7 SBUYV data for the other time periods
(1979-1981, 1982-1983). It is possible that the
increased levels of atmospheric chlorine observed dur-
ing the past decade have reduced the sensitivity of the
ozone-UYV response in the upper stratosphere where
C10, chemistry strongly modulates ozone loss. To
investigate this possibility, we compared the model
simulated 27-day ozone response using 1980 versus
1990 boundary conditions of source gases at the
ground, corresponding to 2.5 and 3.6 ppbv, respec-
tively of total C1, (WMO, 1992) (the 1990 values were
used in all model results shown thus far). Decreasing
the background C1, by this amount resulted in a 3
4% increase in the ozone sensitivity at 40-50 km with
a negligible change in phase when temperature feed-
back was included. This is consistent with the idea that
reducing the total C1, and subsequent C10, catalytic
ozone destruction will increase the ozone—temperature
sensitivity in the upper stratosphere. This will enhance
the positive ozone—UV response provided that the
temperature response is 90-180° out of phase with
the UV, as is the case in this model scenario. When

temperature feedback was not included, the ozone-
UV response was driven only by O, photolysis, and
was not affected by varying the amount of chlorine.
However, this 3-4% increase explains only a small
part of the observational discrepancy. Most of the
difference between the two time periods is explained
by accounting for the respective non-solar tem-
perature fluctuations when determining the ozone-
UV sensitivity. This is not surprising since ozone is
strongly coupled with temperature as well as UV in
this region, and even small non-solar temperature
fluctuations of 1-2 K with periods near 27 days can
significantly influence determination of the ozone-UV
response (CHANDRA, 1986). However, we determined
the observed ozone response (Fig. 6) without account-
ing for the temperature fluctuations since we are
mainly studying the phenomenon in terms of photo-
chemistry. Finally, it is possible that part of the differ-
ences in the observed ozone—UYV phase lag in the upper
stratosphere over the different time periods (Fig. 6(b))
(and perhaps a small part of the sensitivity differences)
result from temporal changes in the temperature-UV
response phase lag and amplitude.

4.3. Latitudinal variations

Latitude-height cross sections of the ozone-205 nm
sensitivity factor at zero days phase lag, which is gen-
erally close to the maximum sensitivity, are shown for
the observations (Fig. 7) and the reduced H,O model
simulation (Fig. 8). At 30-75 km, both the data and
model exhibit generally little latitudinal variability on
an annual mean basis at low to middle latitudes of
both hemispheres. The response shows more variance
at transition altitudes where the signal is relatively
weak : the lower stratosphere below 30 km, and the
lower mesosphere at 55-65 km. Figures 7 and 8 also
reflect the general magnitude and altitudinal variation
of the sensitivity factors averaged over 40°S—40°N,
shown in Fig. 6(a).

Figure 7 reveals that the positive response observed
above 75 km exhibits a good deal of latitudinal varia-
bility, and is positive only poleward of ~ 15°S—15°N.
This was reflected in the relatively low correlation
(40.22) at these heights averaged over +40° (Fig. 1).
‘The sensitivity to Lyman alpha revealed similar results
(the correlation between Lyman alpha and the Mgll
index for 1982-1983 was +0.95). The observational
analysis in Fig. 7 may be a signature of local variations
in water vapor amounts as discussed previously. Vari-
ous measurements have indicated that mesospheric
H,O may exhibit large variability (Kopp, 1990 ; LAUR-
ENT et al., 1986 ; GROSSMAN et al., 1985 ; ARNOLD and
KRANKOWSKY, 1977). Large seasonal and latitudinal
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variations of water vapor and related transport mech-
anisms have been observed (BEVILACQUA et al., 1989 ;
MEeek and MansoN, 1989) and computed in model
simulations (GARCIA and SoLoMoN, 1985; HoLtoN
and SCHOEBERL, 1988 ; SMITH and BRASSEUR, 1991).
Therefore as noted by SUMMERS ez al. (1990), the upper
mesospheric ozone—UV response may also have large
seasonal and latitudinal variations. We also computed
the ozone-Lyman alpha sensitivity for the period Jan-
uary 1982—September 1985 and obtained a primarily
positive response at low latitudes above 75 km, con-
sistent with the analysis of HooD et al. (1991) but
different from our analysis averaged over 1982+1983
(Fig. 7). It is possible that the observed upper meso-
spheric response in Fig. 7 is indicative of a relatively
high level of water vapor at tropical latitudes due to
atmospheric variability, averaged over the 1982-1983
time period; or, perhaps it is indicative of different
levels of solar activity occurring. It may also be that
these findings reflect the limitations of the SME data,
such as its reduced longitudinal coverage, in resolving
the ozone-UYV response above 75 km.

The model simulation (Fig. 8) was not able to
resolve the observed latitudinal variations in the upper
mesosphere. If such variations are indeed real, a more
complete formulation of the residual circulation and
K., profile, including latitudinal and seasonal vari-
ations, would be needed in the 2D model to reproduce
such a response. This may explain, in part, why rather
unrealistic water vapor reductions were necessary in
the model simulations of SUMMERS et al. (1990) and
in this work to reproduce the positive response seen
in the SME data averaged over 40°S—40°N. Certainly,
further observations are needed using Upper Atmo-
spheric Research Satellite (UARS) measurements of
solar flux and mesospheric ozone, water vapor, and
hydroxyl (OH) for various latitudes and seasons.

4.4. Eleven-year solar cycle response

Observational evidence of the stratospheric
response to the 11-yr solar cycle is presented in Fig.
9, adapted from CHANDRA and MCPETERS (1994).
Here, we show 14-yr deseasonalized and detrended
time series of the Mgll index, ozone mixing ratio at
2 mb inferred from combined Nimbus-7 SBUV and
NOAA-11 SBUV/2 data, and total ozone from Nim-
bus-7 TOMS (the ozone data has been averaged over
+45°). The SBUYV data, corrected for the instrument
degradation (version 6), cover the period January
1979-January 1989. The NOAA data begin from Jan-
uary 1989 and are normalized to the SBUV January
1989 data to account for the differences in the cali-
brations of the two instruments. The dotted and solid

lines represent the monthly values and the 12-month
running average, respectively. Note that such data are
not available for mesospheric heights. Figure 9 reveals
a high degree of correlation between the 2 mb ozone
and the UV over the course of a solar cycle (the total
ozone response will be discussed in the next section).
Both the MglI index and 2 mb ozone reveal changes
of 6-8% over the solar cycle period, giving a sensitivity
factor of near + 1.0% per 1% change in 205 nm flux.
This is a factor of two larger than observations indi-
cate for the 27-day response (+0.46%).

The model steady state calculations (described in
section 2) which simulate the 11-yr solar response are

. shown in the latitude-height cross section of ozone—

205nm sensitivity factor in Fig. 10. The cor-
responding plot for the 27-day variation (Fig. 8) is
similar in the upper stratosphere and lower meso-
sphere, with the low latitude maximum near 40 km
being slightly larger for the 11-yr case (0.64% vs.
0.51%). This is consistent with the photochemical
time constant of upper stratospheric ozone being
much shorter than both the 27-day and 11-yr periods,
so that similar solar response magnitudes would be
expected for the two time scales. However, these
model results are at variance with observations, which
indicate a factor of two difference between the 27-day
and 11-yr responses as noted above. Reasons for this
are unclear, and the discrepancy only increases when
including temperature-chemistry feedback in the
model calculations. It is possible that this is indicative
of an indirect dynamical component of the solar
response (e.g. HooD et al., 1994). However, as dis-
cussed by CHANDRA and MCPETERS (1994), it is also
possible that the current Nimbus-7 SBUV ozone data
(version 6) cannot accurately resolve the 11-yr solar
cycle response in the upper stratosphere.

The model computed sensitivity decreases with
height in both cases to relatively small values at 60—
65 km (Figs 8 and 10). However, unlike the 27-day
case, the 11-yr response remains positive throughout
the mesosphere with a peak value of +4.3% (per 1%
change in 205 nm flux) near 80 km. We found this
response to be insensitive to both the amount of ambi-
ent H,O and the magnitude of the solar flux pertur-
bation. This difference relative to the 27-day variation
is a result of the water vapor concentrations at solar
maximum being depleted faster than can be replaced
by upward transport from the stratosphere. This is
illustrated in Fig. 11, which shows a negative water
vapor sensitivity to Lyman alpha throughout the
mesosphere, with a total water decrease of 12% at
75km and 35% at 85 km (20% Lyman alpha vari-
ation). This resulted in a 25-35% decrease in the sen-
sitivity of odd hydrogen (Fig. 12) and reduced the
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catalytic HO,~ozone destruction relative to the 27-day
variation (Fig. 4) in the middle mesosphere. Above
78 km, the large water vapor loss created a negative
HO,-UV response (opposite to the 27-day variation)
resulting in a large positive ozone response in this region.

Other model calculations of the 11-yr response
(GARCIA ef al., 1984; HUANG and BRASSEUR, 1993)
are similar to ours in the upper mesosphere with a
large positive response maximizing near 80 km. How-
ever, these studies computed a negative response at
65-75 km (the level of the minimum positive response
we obtained in Fig. 10) and a maximum sensitivity in
the upper stratosphere (+0.2-0.23% per 1% 205 nm
change) which was significantly smaller than we
obtained (+0.64%). These differences are due in part
to the fact that the GARCIA et al. and HUANG and
BraASSEUR models allow temperature to vary with solar
flux, where as we did not allow for temperature—chem-
istry feedback. They reported solar maximum to solar

minimum temperature changes of +1 to 3 K at 30—
75 km for low to middle latitudes, which induced a
negative ozone response through the negative tem-
perature—ozone coupling. To estimate the effects of
temperature feedback for the 11-yr variation in our
model calculations, we included the temperature
response computed by the HUANG and BRASSEUR
(1993) model as a function of altitude only (adapted
from their Fig. 1 at low latitudes). We factored in the
ratio of the 205 nm flux variations used in the two
studies (3% :6.6%) giving, for example, an upper
stratospheric response of 0.62 K. The resulting ozone
response was reduced at all levels. The upper strato-
spheric maximum was +0.35% compared to 4 0.64%
with no temperature feedback (Fig. 10), although this
was still larger than computed by the other models
(+0.2 to 0.23%). The response at 65-75 km became
slightly negative (—0.01% per 205 nm change), but
was not as large as computed by the other models



Middle atmosphere response to solar variations 347

T 1 T T 1 T T 195
- j 80
-

o -3.80 -185

E 2807 ,00 m
0.01f ‘S.BF 420> g > ‘1 80
-3.00 3.00~ 75

2.00 ~

E \ 1 00\ 170~
~~ E - 50 X
= o10F %o ow\i%ETBSV
E : 0. T 608
e 1555
é L —o0.30 0.30- o =
E 1.00 E ~0.40 0.40- S é
-0.50 050- —{45 &
[ -0.80 0.60 ——— _405%

[ -0.60 35

0.60-
10.00 E— -0.:50 0.50 —
' 130

T v T T
o

(¥

[=4

\%
)v

o -120
100.00 RN SRR MR U S 1 |\'~ I~ 1 15
~60 =50 —40 -30 -20 —10 O 10 20 30 40 50 60

Fig. 10. Ozone-205 nm sensitivity as a function of latitude and height, derived from model computations
for the 11-yr solar cycle variation.

0.01

~
o

58 638 &
Approx. Altitude (km)

[ LARLAJLLILE S LLLE I S
|
o

@
(=]

1
)]

P
1
[9;]

1.00

Pressure (mb)
|
~

| LALLAR L
|
(@]
[&,]

10.00 {20

TTT T T

100.00 | ] 1 1 1 1 | 1 1 1 1 15
-60 =50 -40 ~30 -20 -10 O 10 20 30 40 50 60
Latitude
Fig. 11. As in Fig. 10, but for the sensitivity of water vapor to Lyman alpha.




348 E. L. FLEMING et al.

T

—190

85
1

0.01

AL B

0.10

| —
A O

| AAJLLILEL I B

Pressure (mb)

1.00

|
(&)

o
o
>
\
1
F

10.00

/

LA N S i AL B B B

100.00 'IZ L =000 .

4
<
»
1
|
o
h o o o
Approx. Altitude (km)

Sy 25

o
%\k‘”
{ [ 1 15

-60 -50 —-40 -30 -20 -10 O
Latitude

10 20 30 40 50 60

Fig. 12. As in Fig. 10, but for the sensitivity of HO, (H+OH+ HO,) to Lyman alpha.

(~ —0.8%). This result is consistent with our 27-day
model simulation in which the negative ozone
response at 65-75 km was enhanced when including
the observed temperature response with a near-zero
phase lag.

GaRcIA et al. (1984) and HUANG and BRASSEUR
(1993) reported water vapor decreases from solar
maximum to solar minimum throughout the meso-
sphere which were generally similar to ours (Fig. 11)
in the sensitivity to Lyman alpha. Our computed HO,
response (Fig. 12) was also in qualitative agreement
with the other model results. Quantitatively, the Gar-
CIA et al. results indicate a HO, sensitivity to Lyman
alpha which was a factor of 1.2-1.4 larger than we
obtained in the middle mesosphere (Fig. 12); and the
results of HUANG and BRASSEUR (1993) also indicate
a somewhat higher OH-Lyman alpha sensitivity than
we obtained. This would indicate larger UV induced
catalytic HO,—ozone destruction which may con-
tribute to the larger negative ozone response com-
puted by the other models relative to ours in the 65—
75 km region.

Note finally that Fig. 10 shows significant differ-
ences with Fig. 8 in the lower stratosphere. This will
be discussed in the context of the total ozone response
in the next section.

5. TOTAL OZONE SOLAR RESPONSE

To investigate the observed 27-day UV response in
total ozone, we computed the correlation between
time series of daily Nimbus-7 TOMS data and the
Mgll solar index for the period 1989-1991 (cor-
responding to the solar cycle 22 maximum). Both time
series were smoothed and deseasonalized as previously
described. The resulting correlation coefficient plot is
shown in Fig. 13 as a function of phase lag and lati-
tude. The correlation is positive and independent of
latitude throughout the tropics (30°S—-20°N), with a
maximum of +0.35. The phase lag at low latitudes is
+3 to 4 days and the sensitivity is +0.11% +0.007,
similar to the observations of CHANDRA (1991). The
response and phase lag decrease with latitude pole-
ward of the tropics in both hemispheres, with a near
zero phase lag at 35-40°. This is indicative of the
increasing importance of dynamical processes in con-
trolling the total ozone distribution, as well as the
solar response signal diminishing with the decreasing
solar zenith angle.

The analogous total ozone-205 nm contour plot
from the model simulations of the 27-day variation is
shown in Fig. 14. The model reproduces the observed
response quite well (again the correlation is generally
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Fig. 14. Total ozone-205 nm solar flux correlation coefficient as a function of phase lag and latitude,
derived from deseasonalized model calculations for the 27-day solar variation.

larger in the model). A positive response independent
of latitude is seen throughout the tropics with a
maximum correlation (+0.83) near the equator. Simi-
lar to observations, the phase lag is about +3 days,
which corresponds to an intermediate pressure level
between 10 and 30 mb in the profile ozone response

(Fig. 6(b)). This is expected since total ozone at low
latitudes is heavily weighted towards ozone con-
centrations in this altitude region. The sensitivity to
solar flux at 205 nm is +0.077% (per 1% solar flux
change) which is slightly less than the +0.11% indi-
cated by observations (the model sensitivity increased
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only slightly to +0.085%, with no change in phase,
when including the observed temperature response).
As in the observations, the model correlation and
phase lag decrease with latitude poleward of +30°. A
secondary maximum with a near zero phase lag seen
in the observations near 30°N (Fig. 13) was also simu-
lated by the model, although at a higher latitude
(45°N).

As shown in the bottom panel of Fig. 9, total ozone
is observed to correlate well with the Mgll index over
the 11-yr solar cycle, with some interannual variations
such as the QBO being evident. Solar max to solar
min total ozone changes of 1.5-2% are observed, with
a corresponding 6-8% change in 205 nm flux (MgIl).
The sensitivity factor of near +0.27% is 2-3 times
greater than observed for the 27-day variation. CHAN-
DRA (1991) attributed this difference to the pho-
tochemical time constant of ozone in the lower
stratosphere which is comparable to the 27-day solar
rotation period but is much shorter than the 11-yr
solar cycle period. The model 11-yr simulations com-
pare quite well with these observations, revealing a
total ozone sensitivity factor at low latitudes of
+0.27%, which is a factor of 3.5 greater than for
the 27-day variation computed in the model. This is
reflected in the comparison between Figs 8 and 10,
which shows the lower stratospheric response being
more strongly positive for the 11-yr variation (Fig.
10). As expected, the response value of +0.27%
occurs at the level of maximum ozone concentration
(30-10 mb in the tropics). The computed 11-yr total
ozone-205 nm sensitivity was significantly larger than
computed by HUANG and BRASSEUR (1993) (+0.10 to
0.12%) and GARclA et al. (1984) (+0.18% for total
column above 16 km). Accounting for temperature
feedback explained only part of this difference, as
including this effect reduced our model sensitivity
slightly to +0.23%.

6. CONCLUSIONS

We have used a 2D photochemical model to simu-
late the middle atmospheric response to the 27-day
and 11-yr solar UV variations at low to middle lati-
tudes. For the 27-day variation, the model reproduced
most of the features of the observed sensitivity factors
and phase lags of the response in the upper strato-
sphere and lower mesosphere, including the transition
to a negative ozone-UV phase lag. We attribute this
feature to the increasing importance with height of
the solar-modulated HO, chemistry on the ozone
response above 45 km. The model revealed strong UV
responses of water vapor and HO, in the mesosphere,

and qualitatively reproduced the observed negative
ozone response at 65-75 km. This feature was more
accurately simulated when incorporating the observed
temperature response in the calculations. However,
adapting this methodology did not definitely improve
the comparison with observations in the stratosphere.
Accurate determination of the total temperature-UV
response is necessary to ascertain the temperature-
chemistry feedback effect on the ozone response.

On an annual average basis, the model reproduced
the general lack of latitudinal variability seen in the
observed response at low to mid-latitudes in the 30—
75 km region. Consistent with the findings of SUMMERS
et al. (1990), the upper mesospheric positive response
observed in the SME data averaged over +40° was
simulated in the model only by reducing the ambient
water vapor by more than an order of magnitude
relative to recent ground based microwave measure-
ments at midlatitudes (BEVILACQUA ef al., 1989). This
discrepancy may be indicative of natural variability
or other processes occurring which are not accurately
resolved in our present 2D model formulation, or it
may reflect the limitations of current satellite measure-
ments at such high altitudes. More observational
analyses of the upper mesospheric solar response are
needed as the UARS data becomes available.

Unlike the 27-day variation, the model revealed a
positive ozone-UV response throughout the meso-
sphere for the 1l-yr solar cycle, due to the large
decrease of water vapor and subsequent decrease in
HO, concentrations. Incorporating temperature—
chemistry feedback in the model caiculations pro-
duced a small negative ozone response at 65-75 km,
and partially explained the discrepancy with previous
theoretical studies of the 11-yr response in this region.

Consistent with the photochemical time scales in the
upper stratosphere and lower mesosphere, the model
simulations of the 11-yr solar cycle revealed a response
similar to the 27-day variation in this region. For the
27-day response in total ozone, the model-computed
sensitivity and phase lag were similar to observations.
The computed 11-yr response was a factor of 3.5 larger
than for the 27-day variation which is also consistent
with observations and is indicative of the relatively
long photochemical time constant of ozone in the
lower stratosphere. Including temperature feedback
in the model simulations of the 11-yr response seemed
to lessen the agreement with observations in the upper
stratosphere and for total ozone.
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Model validation/data comparison

In this paper, we have presented for the first time, results
using our model which has recently been upgraded to
include : mesospheric heights (6090 km), computed water

1989

Vertical motions in the upper middle atmosphere from
the Saskatoon (52°N, 107°W) M. F. radar. J. atmos.
Sei. 46, 849-858.

Global Atmospheric Circulation Statistics, 1958-1983.
NOAA Prof. Paper 14.

Northern hemisphere total ozone values from 1989-
1993 determined with the NOAA-11 solar back-
scatter ultraviolet (SBUV/2) instrument. Geophys.
Res. Lett. 21, 205-208.

An analysis of the 7-year record of SBUYV satellite ozone
data: Global profile features and trends in total
ozone. J. geophys. Res. 93, 1689—1703.

Statistical analysis of total ozone and stratospheric
umkehr data for trends and solar cycle relationship.
J. geophys. Res. 92, 2201-2209.

A computation of the stratospheric diabatic residual
circulation using an accurate radiative transfer
model. J. atmos. Sci. 44, 859-876.

Validation of water vapor results measured by the limb
infrared monitor of the stratosphere experiment on
Nimbus-7. J. geophys. Res. 89, 5115-5124.

Physical Climatology. The University of Chicago Press,
Chicago, US.A.

Numerical simulation of the seasonal variation of
mesospheric water vapor. J. geophys. Res. 96, 7553—
7563.

A diabatic circulation two-dimensional model with
photochemistry: Simulations of ozone and long-
lived tracers with surface sources. J. geophys. Res.
90, 5757-5776.

Vertical constituent transport in the mesosphere. J. geo-
phys. Res. 92, 6691-6698.

A model study of the response of mesospheric ozone to
short-term solar ultraviolet flux variations. J.
geophys. Res. 95,22,523-22,538.

Perturbations to tropospheric oxidants, 1985-2035, 1.
Calculations of ozone and OH in chemically coherent
regions. J. geophys. Res. 95, 9829-9844.

Ozone observations and a model of marine boundary
layer photochemistry during SAGA-3. J. geophys.
Res. 98, 16,955-16,968.

Effect of chemical kinetics uncertainties on calculated
constituents in a tropospheric photochemical model.
J. geophys. Res. 96, 13,089-13,108.

Microwave measurement of mesospheric carbon mon-
oxide. Science 191, 1174-1175.

WMO Rep. 20, Washington, D.C.

WMO Rep. 25, Washington, D.C.

An interim reference model for the variability of the
middle atmosphere H,O vapor distribution. Hand-
book for Middle Atmosphere Program 31, 50—66.

vapor, and improved eddy diffusion formulations (X, K.;—
see Appendix B). To provide a general comparison with
observations, we present steady state model simulations in

the middle atmosphere along with various climatological
data bases of ozone and water vapor. We emphasize the
mesosphere in our comparisons and also include carbon



354 E. L. FLEMING et al.

MODEL OZONE (ppmv) DECEMBER
0.001 T T T T T T T T T T T g5
i 90
- 450/ ¥ ® -85
0.010F o5 S =80
i <o.zo 475
[ 0.20- _70:2:
s E 0.30- fae
S 0.100F -0.40 555. |60 L
= | O — 605
> E a0 100 4557
ﬁ £ 2.00- 50 =
1.000 F 3.00-
& .3.00 145 &
| —-4.00 <
C ﬂt"'—_\,————x—\ %, 40 a
L
- 48 5.00- <25
: -2.00/’__\ 89: 420
100.000 E_=Xz — 0=t - %-go. 15

-60 -50 —-40 -30-20-10 0 10 20 30 40 50 60

LATITUDE
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state model computations.
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Fig. A-2. Latitude-height cross section of ozone mixing ratio (ppmv) for December, based on Nimbus-7
SBUV data for 30-1 mb averaged over 1979-1986, and SME IR data for 0.75-0.0056 mb averaged over
1982-1985.

monoxide (CO) which is important in this region and for
which some limited observations are available. Note that
we exclude model results above 85 km which are strongly
influenced by the top boundary (~ 90 km).

Ozone. Latitude-height cross sections of model ozone are

shown in Fig. A-1, along with climatological observations
(Fig. A-2) for solstice conditions (December), based on:
Nimbus-7 SBUV data for 30-1 mb averaged over the period
1979-1986 ; and the Solar Mesosphere Explorer (SME) sat-
ellite infra-red measurements for 0.75-0.0056 mb averaged
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Fig. A-3. Vertical profiles of ozone mixing ratio from model computations and climatological observations
as given in Fig. A-1 and A-2, for December at 5°N. Climatological SME UV ozone data from 19821985
for 1-0.1 mb are also included.

over 1982-1985. The model reproduces the basic features
seen in the observations such as the middie stratospheric
maxima near 10 mb, and the minima in the middle meso-
sphere at 7075 km. Note also the general lack of latitudinal
variation in the upper stratosphere and lower mesosphere
seen in both model and data.

Figures A-3 and A-4 show vertical profiles of model and
observational ozone for December at 5°N and 45°N, respec-
tively. In addition to the data sets described above, we also
include climatological SME UV ozone measurements from
19821985 for 1-0.1 mb. Again, the model reproduces the
general structure seen in the data. The model at 5°N over-
estimates the ozone value above 65 km, although the level of
minima at 70 km is similar to observations. The comparison
in the mesosphere is generally better at 45°N.

Figures A-5 and A-6 show the monthly variations of ozone
from the model and cbservations at 5°N and 45°N for three
mesospheric levels corresponding to approximately 535, 70,
and 85km (0.5, 0.05, and 0.005 mb—we interpolated all
observations and model output to identical pressure
surfaces). At 55 km, the model shows a qualitatively similar
seasonal variation to the data at both latitudes, with the
seasonal amplitude and absolute magnitude of the model
being somewhat less. The model simulation at 70 km com-
pares fairly well with the data, although the seasonal ampli-
tude of the model is slightly larger at 45°N. The dominant
semiannual cycle amplitude and phase at 85 km are repro-
duced quite well in the model at 45°N, although the absolute
value (annual mean) of the observations is 25% higher. At

5°N (85 km), the model compares well in terms of semi-
annual amplitude and annual mean ; however the semiannual
phase of the model is offset by 2 months.

Note that the model generally underpredicts the ozone
observations in the lower mesosphere (e.g. 55 km), and over-
predicts ozone in the middle mesosphere (e.g. 70 km), while
the opposite is true for water vapor (see Figs A-11 and A-
12). This is consistent with the observation that the ozone
concentrations in the lower and middle mesosphere are con-
trolled primarily by HO, chemistry, and therefore are anti-
correlated with HO, and H,0 amounts.

Water vapor. Figures A-7 and A-8 show latitude—height
cross sections of water vapor for December and April com-
puted from the model (see section 3 for details of the model
water vapor computation). Corresponding climatological
observations for April are shown in Fig. A-9, which are
based on values from OoRT (1983) for the troposphere and
Nimbus-7 LIMS data for the stratosphere (e.g. RUSSELL et
al., 1984). The values for the mesosphere (50-90 km) are
adapted from the H,O profile of SUMMERS et al. (1990), which
was independent of season and latitude and represents the
average for April-June 1984 of ground based microwave
measurements at JPL (34°N latitude—BEVILACQUA er dl.,
1985a). Note that our model values are fixed to the values of
OoRT (1983) below 400 mb, and are therefore identical to
the observational values at these levels. The model simulated
water vapor compares fairly well with the observations in
reproducing the general climatological structure, such as the
tropical tropopause minima and the broad maxima in the
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Fig. A-4. Same as Fig. A-3, but for 45°N.

upper stratosphere and lower mesosphere, as well as their
relative magnitudes. The model also reproduces the decrease
of water vapor mixing ratio with increasing height through-
out the middle and upper mesosphere (climatological water
vapor observations in the mesosphere are not available for
December).

Vertical profiles of stratospheric water vapor from the
model and Nimbus-7 LIMS data (REMSBERG et al., 1989) for
April are shown for the tropics (a) and southern hemisphere
midlatitudes (b) in Fig. A-10 (mesospheric H,O observations
for these latitude zones are currently not available). The
model in the tropics compares well with the general structure
exhibited by the observations, although the model values are
systematically 15-30% larger. At southern midlatitudes, the
model values are less in the lower stratosphere and greater in
the upper stratosphere, with a corresponding steeper vertical
gradient throughout the stratosphere. Note that the model
accurately simulates the level of the water vapor minimum
in the southern midlatitude lower stratosphere.

Figure A-11 shows vertical profiles (stratosphere and
mesosphere) of observations from the Northern hemisphere
midlatitude interim reference profile for spring (REMSBERG
et al., 1989) which is based on LIMS data for the stratosphere
and various ground based microwave water vapor measure-
ments between 35°N and 45°N for the mesosphere, and the
empirical mesospheric water vapor profile of SUMMERS et al.
(1990) mentioned above. Again, the corresponding model
computations reproduce the general vertical structure of the
observations, while being systematically larger throughout
the stratosphere and lower mesosphere as in the tropics.

However, the model exhibits a systematic underestimation
of the observations above 60 km, as was mentioned in the
discussion of model ozone in relation to HO,—ozone chem-
istry in the mesosphere.

The model vertical X, profile in the stratosphere and meso-
sphere, which is independent of latitude and season, was
determined in large part by achieving a vertical water vapor
distribution which agreed as closely as possible with obser-
vations throughout the model domain. However the sys-
tematic biases seen in Figs A-10 and A-11 show latitudinal
and seasonal variations. Future model improvements will
provide an improved simulation of the vertical eddy diffusion
which contains latitudinal and seasonal variations.

Referring again to the December simulation cross section
of Fig. A-7, the model reveals a distinct latitudinal variation
of water vapor in the mesosphere, with values at middle and
high latitudes being larger in the summer hemisphere than
in winter. This is indicative of the upward residual circulation
in the summer hemisphere, which transports water vapor-
rich air up from the stratosphere, and the downward trans-
port of drier air from the upper mesosphere/lower ther-
mosphere in winter. Previous observational analyses have
reported a similar substantial seasonal variation in meso-
spheric water vapor (e.g. BEVILACQUA et al., 1990 ; SUMMERS
et al., 1990; SmiTH and BRASSEUR, 1991). This variation is
seen in the monthly profiles of model and observed water
vapor near 40°N at three mesospheric levels (65, 70, and
80 km—Fig. A-12). The data are from ground based micro-
wave measurements at the Pennsylvania State University
(Penn State) (41°N) and the Jet Propulsion Laboratory
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Fig. A-5. Seasonal variations of ozone mixing ratio from model computations and climatological obser-
vations at 5°N for ~ 55, 70, and 85 km (0.5, 0.05, and 0.005 mb). The model and data are as in Fig. A-3,
and all values have been linearly interpolated to identical pressure surfaces.

(JPL) (34°N) (BEVILACQUA et al., 1989, 1990). Note that the
months run from November to October. At 7080 km the
model reproduces the general seasonal variation of the data
described above, with a winter minimum and summer
maximum. The model at 70 km does indicate a minimum
during April-May which is not seen in the data. At 65 km,
the observations show relatively little seasonal variation,
whereas the model reveals a spring minimum with a sharp
increase to a late summer maximum.

We also present similar figures for two stratospheric levels
(10 and 1.5 mb), for the northern hemisphere midlatitudes
using Nimbus-7 LIMS data for comparison (Fig. A-13).
Both model and data show very small seasonal variations
at both levels. The figure also reveals the systematic bias
described previously, with the model water vapor being con-
sistently larger than seen in the data. This was postulated as
being due in part to a lack of seasonal and latitudinal vari-
ations in our K, formulation. It is also possible that strato-
spheric water vapor has increased over the past 10-15yr
due to anthropogenic increases in methane emissions at the
ground. Such increased methane amounts would, upon
reaching the stratosphere, photolyze and provide for an

increase in stratospheric water vapor. Given a 1% per year
increase in ground-based methane emissions during the past
10-15 yr (WMO, 1992), we estimate a corresponding 5-10%
increase in stratospheric H,O. This additional source of
water vapor could account in part for the differences seen in
Fig. A-13, since the LIMS data is from 1979, whereas the
model uses boundary conditions for methane corresponding
to 1990.

Carbon monoxide. Figure A-14 shows a latitude-height
cross section of model computed carbon monoxide (CO) for
December. Carbon monoxide is primarily significant in the
mesosphere, and exhibits a general decrease with decreasing
height away from its source region in the lower ther-
mosphere. A significant seasonal variation exists in the meso-
sphere with a summer hemisphere minimum caused by the
residual circulation transport of small CO concentrations up
from the stratosphere, and a winter hemisphere maximum
induced by large CO transport down from the lower ther-
mospheric source region. These results are consistent with
the observations of CLANCY et al. (1984).

Figure A-15 shows vertical profiles of the model CO at
40°N compared with ground based microwave observations
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Fig. A-6. Same as Fig. A-5, but for 45°N.

for single days during late January 1982 (bottom) and April
1984 (top) (BEVILACQUA et al., 1985b), and February and
March 1979 (bottom) (Kunzi and CARLSON, 1982). These
measurements were taken at the AT&T Bell Laboratories
Observatory in Holmdel, New Jersey (40°N). We have also
included measurements taken in El Segundo, California
(34°N) during April and May 1975 (Fig. A-15, top) (WATERS
et al., 1976). The model compares fairly well with the obser-
vations in reproducing the general characteristics of the ver-
tical CO distribution. The model and data show particularly
good agreement for the April case. The observations during
the winter months show a good deal more variation,
although the model profile does fall in between the two
observational profiles. The limited data base currently avail-
able precludes us from showing more detailed comparisons
of the vertical profiles and seasonal variations of model CO.

As data from the Upper Atmospheric Research Satellite
(UARS) becomes available, further validation will be made
of the model generated fields of ozone (MLS, HALOE,
ISAMS, CLAES), water vapor (MLS, HALOE, ISAMS,
CLAES), and CO (ISAMS), as well as other constituents in
the mesosphere.

APPENDIX B

Calculation of a consistent K,
The eddy diffusion coefficient (X,,) is calculated from the
relationship :
f 0% — ﬁ,
4
Here, fis the Coriolis parameter, 7* the residual mean mer-
idional circulation, @ the zonal mean wind, and ¢ the poten-

tial vorticity. Equation (1) is obtained by combining the
zonal mean momentum equation,

§—f0*=vq+M, 2

K, = M

VY

and the assumption that the eddy potential vorticity flux
v’q’ and the meridional potential vorticity gradient are con-
nected by a flux—gradient relationship:

Ul_q, = - yyqy . (3)

In order to arrive at equation (1) using equations (2) and
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Fig. A-7. Latitude-height cross section of water vapor mixing ratio (ppmv) for December from baseline
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Fig. A-9. Latitude—height cross section of water vapor mixing ratio (ppmv) for April, derived from various
climatological observations : OORT (1983) for the troposphere, Nimbus-7 LIMS data for the stratosphere,
and ground based microwave measurements at JPL (34°N) averaged over April-June 1984 for 50-90 km.
(3), the unspecified source of zonal momentum M (such as
H20 (PPm}/) APRIL from gravity waves) is assumed to be negligible.
! " Tropics |2 In order to obtain K, from equation (1), the meridional
—~ 145 wind 9% is obtained from the vertical wind by continuity. The
£ 440X zonal mean wind, 4, is calculated from the thermal wind
\«; ok / 1352 relationship,
2 ! Model 25°5-25°N30 R ke
v ——-LINS 28°5-28°N |, g B,=———e Af,, @
o P a fH
a) / 20<
100 . = 15
o 1 2 3 4 5 8 7 8 9 10 where R is the gas constant, H a mean scale height, kK = R/c,,
and § is the potential temperature. The assumption that
@ = 0 at the ground is used. At the equator f — 0, so equation
(4) is invalid. A valid relationship for the equatorial region
is obtained from the meridional and vertical derivatives of
1 T 50 the geostrophic wind equation, fu = —®,:
SH Midlats | 45
0 a0 & fits+ B, = — .y, (5)
g 10F 1 5 Here, @ is the geopotential, and f = f,. The hydrostatic bal-
g 130 % ance equation, ®, = RT/H, gives:
o b) , Model 35°5-55° | zg gx R
~ —LINS 32°5-56°S ]
100 H . "~ N 5.6 s 15 o, = H T,,. (6)
o 1 2 3 4 5 6 7 8 9 10
H20 (ppmv) This is combined with equation (5) to obtain, in the zonal

Fig. A-10. Vertical profiles of stratospheric water vapor from

the model as in Fig. A-8, and Nimbus-7 LIMS data for April

in the (a) tropics, and (b) southern hemisphere mid-latitudes,
averaged over the latitudes indicated.

average,

)
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Fig. A-11. Vertical profiles of modeled water vapor at 40°N averaged over April-June ; the spring northern
hemisphere midlatitude reference profile of REMSBERG e? al. (1989) ; and the mesospheric profile of SUMMERS
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Fig. A-12. Seasonal variations of mesospheric water vapor at 65, 70, and 80 km from : the model at 40°N
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Fig. A-13. Seasonal variations of stratospheric water vapor at 10 and 1.5 mb from the model and Nimbus-
7 LIMS data averaged over northern hemisphere midlatitudes.
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Fig. A-14. Latitude-height cross section of carbon monoxide mixing ratio (ppmv) for December from
baseline steady state model computations.



Middle atmosphere response to solar variations 363
CO (ppmv) 40°N
0.001 T . 0BS April/May 1975 34°N ' 95
3 SPRING -90
F ——- OBS April 1984 40°N
= E —— MODEL April 40°N e 185
= 0.010F 180 2
E i -175 g
? 3 1708
Y 0,100 F 16545
o <C
i 460
: 455
1.000 & . 50
0.01 0.10 1.00 10.00 100.00
CO (ppmv)
0.001 " L. OBS Feb/Mar 1979 40°N ' 95
r WINTER —90
L ——-OBS Jan 1982 40°N
~ - —— MODEL Jan/Feb 40°N ;e 85
S o0.010F ; 80 3
E 175 "Q"'
? : 1702
Y 0.100fF 1653
a <
i 60
s |55
1.000 k . . . 50
0.01 0.10 1.00 10.00 100.00
CO (ppmv)

Fig. A-15. Vertical profiles of carbon monoxide from the model at 40°N and various ground based
microwave observations at 40°N and 34°N, for northern hemisphere spring (top) and winter (bottom)
conditions.

The 2D model has points at —15°, —5°, 5°, and 15°. The
values of 7 are calculated at +15° using equation (4), and at
the equator using equation (7). The zonal wind at +5° is
calculated by linearly interpolating between +15° and the
equator.

The calculation of the zonal mean wind at the poles also
requires special treatment. The angular velocity w is bounded
as the latitude, ¢, nears + /2, and @ = d/acos ¢. It follows
that as ¢ —» +n/2, @ 0 at least as fast as cos ¢. Thus, we
take

a(¢o) cos ¢
cosdy

for | ¢ | > |¢y|. In this calculation, we use ¢y = +75°.

Note that a similar methodology to that described above
was used to derive zonal winds in the equatorial region and
at high latitudes for CIRA-86 (c.g. FLEMING and CHANDRA,
1989 ; FLEMING et al., 1990.)

a(¢) = ®

The potential vorticity gradient is obtained using a
relationship derived by MaTsuno (1970) :

Cos
g, = —921—4—’ [2(Q+a)) —d’®,,+3atan ¢,

40°a*sin?¢p [ P _
BpLCALL (;w)] ©

where P denotes pressure and N the Brunt—Viisild
frequency.

This prescription allows a calculation of X,, from the
residual circulation. Some negative values of K, are
produced, which are set to 1 x 108 cm?s~'. An upper limit on
the size of K, can be obtained using a dimensional analysis
of the characteristic length and time scales associated with
planetary waves. Accordingly, we use an upper bound of
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Fig. B-1. Latitude-height cross section of horizontal eddy diffusion (K,,—in 10® cm® s™') used in the 2D
model for December.
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20 x 10° cm? s~ . Since planetary waves cannot propagate in
easterly winds, when @ < 0 the K|, field is set to the lower
bound. In the troposphere, the K, field is prescribed rather
than calculated from the residual circulation (JACKMAN et
al., 1991).

Figure B-1 shows a latitude-height cross section of the X,
field computed for the model for December. For reference,
we also include the model K, profiles, which are independent
of season, in Fig. B-2.



