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Abstract. The influence of a monochromatic atmospheric gravity wave of fixed
amplitude on the mean vertical distribution of mesospheric minor species is studied
using a dynamical-photochemical gravity wave model. The fluctuations of winds,
temperature, and species concentrations produced by the wave are calculated by
a coupled linear gravity wave model. The effects of the wave on the mean mixing
ratio of 19 key chemically active species is derived from a coupled system of
continuity equations which accounts for full nonlinear photochemistry in a vertical
column. This study focuses on the impact that gravity wave induced nonlinearities
in the chemical reaction rates has on the chemical species distribution. The effects
of gravity wave induced chemical transport and background diffusion are also
calculated. Calculations indicate that the impacts of gravity waves on the vertical
distribution (mean concentration) of atmospheric minor constituents are largest
in the mesopause region, especially during nighttime. A comparison of the three
effects indicates that for short lifetime chemical species such as Oz and OH, the
tendency due to chemical reaction perturbations induced by gravity waves is much
greater than that due to transport and diffusion. The altitude range over which
these nonlinearities is important is narrowly confined to the chemically active region

near the mesopause.

1. Introduction

Atmospheric gravity waves are recognized as impor-
tant, particularly in the upper mesosphere, where they
provide much of the momentum forcing that drives the
mean circulation. The characteristics of gravity waves,
their contribution to the transport and dissipation of
momentum and energy, the mechanisms and impact
of their dissipation and breaking, and the influence of
gravity waves on the atmospheric circulation have been
the subject of many investigations [e.g., Andrews and
MclIntyre, 1976; Lindzen, 1981; Dunkerton, 1982; Fritts,
1984; Smith et al., 1987; Weinstock, 1990].

The effect of atmospheric gravity waves on the distri-
bution of minor atmospheric constituents has also been
studied. Much of the theoretical and modeling work has
been motivated by observations of airglow fluctuations
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as waves propagate vertically and has been focused on
using airglow fluctuations to infer properties of the grav-
ity waves themselves or the chemical processes involved
in airglow [e.g., Walterscheid et al., 1987; Makhlouf et
al., 1995; Makhlouf et al., 1998; Swenson and Gard-
ner, 1998]. There have also been models of the details
of transport of conserved and chemically active trace
species for realistic gravity waves [e.g., Eckermann et
al., 1998; Fritts et al., 1997).

In studies that focus on the chemical composition, a
dominant impact of gravity waves is the vertical mixing
generated by wave breaking and by organized (advec-
tivej vertical mass transport. These are often repre-
sented as vertical diffusion of trace species [Allen et al.,
1981; Garcia and Solomon, 1985] since the exchange
of air will tend to mix chemical species that have sig-
nificant gradients. However, Strobel [1981] noted that
the strong coupling between chemistry and temperature
through the temperature dependence of chemical reac-
tion rates affects the net vertical wave transport of mi-
nor constituents. Schoeberl et al. [1983] and Strobel et
al. [1987] simulated this effect for transport of heat and
chemical species and compared it with the diffusion by
breaking gravity waves. They found that the chemical
transport effect acts to augment the net mass transport
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for a few species and can result in a factor of two ampli-
fication in the tendency to the background concentra-
tion. In these studies, the chemical source/sink terms
were assumed to be represented by linear loss rates.

Walterscheid and Schubert [1989] have also studied
the gravity wave induced transport of active chemi-
cal species using a model which represents five species
in the oxygen and hydrogen family at the nightside
mesopause. The chemical interactions simulated in
their model were simplified and perturbations to the
photochemical rates were parameterized. They found
that gravity waves can influence the mean profiles of O3
and OH near the mesopause through nonlinear trans-
port processes. The nonlinear effects can become domi-
nant because there is a correlation between the vertical
motion of the wave and the wave-induced perturbations
in trace constituents. Walterscheid and Schubert [1989]
pointed out that the effective net transport is not neces-
sary down-gradient and therefore cannot be represented
by vertical eddy diffusion.

Photochemical reactions are nonlinear processes and
their rates depend sensitively on the densities of chemi-
cal species and on temperature. Therefore there can be
significant variations in the production and loss rates
of chemical species associated with gravity wave in-
duced fluctuations in temperature and in the mixing
ratios of interacting trace constituents. Representation
of the mean photochemical production or loss rate by
the product of mean species concentrations may intro-
duce substantial errors.

In this paper we extend the previous studies [Stro-
bel, 1981; Walterscheid and Schubert, 1989] but fo-
cus mainly on the impact of nonlinear photochemical
reactions associated with gravity waves on the chem-
ical species distribution. This process occurs when
changes in temperature or in the concentrations of a
trace species have significant impact on the production
or loss of another species. We use a full nonlinear photo-
chemistry model to assess the importance of this effect
in the mesopause region. Comparison of the impact of
this effect, the gravity wave induced chemical transport
studied by Strobel [1981] and Walterscheid and Schubert
[1989], and the diffusion induced by breaking gravity
waves will be made.

2. Theory

Distributions of minor atmospheric constituents are
determined by photochemical reactions, transport as-
sociated with resolved dynamical processes, and unre-
solved mixing process. The continuity equation for the
species j in terms of mixing ratio can be written

19 k%
poaz”" * 0z
i=123,...,J (1)

where t is time; V = (u,v,w) is the vector wind veloc-
ity; u, v, and w are the wind velocities in z, y, and z
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directions, respectively; ¢;(j = 1,2, ..., J) are the mix-
ing ratios of the J chemical species; and pg is the back-
ground atmospheric density. V- V4q; represents the rate
of change of the mixing ratio for species j due to re-
solved (advective) transport. P; and L; are the rates
of change of species j due to photochemical production
and loss. K, is the vertical eddy diffusion coefficient,
which accounts for vertical mixing due to unresolved
processes (turbulence, gravity wave breaking, etc.).

Without loss of generality, the model fields can be
split into mean and perturbation fields. Mean fields are
denoted wug, v, wo, To, and qo ;, and perturbation fields
are u',v',w',T",q;, etc. The production and loss rates
are functions of rate coefficients or photolytic cross sec-
tions and one, two, or three concentrations for photol-
ysis, two-body and three-body reactions, respectively.
Perturbations in the photochemical production and loss
terms can result from variations in temperature, which
affect many of the reaction rates, and variations in the
concentrations of one or more of the reactants. When
written in terms of mean and perturbations, the conti-
nuity equation for species j becomes

aqov] 6 1
w'e +W+V0 V0, +V' Va0,i+Vo- Vq,+V Vg =

1 0
P (Poy = Loj) + 55

J 9 1
+ —(Py; — L '
,;aQO,k [po ( 0.1 O,J):| g

2
1 0
T’— § Py, —L
( + Qkaqok) [Po( 0, — O,J)]

+ 1 8
Poazpo

[ (Po,; — Lo,]-)] T

5110,3'
8z (2)

To determine the mean mixing ratio of species j, the
time average of (2) is taken. For a coherent gravity
wave, the time average of the first-order fluctuation
terms over one wave period is zero, giving

o0 4V Vay = o (Poy = Lny) +D; =T 4R, (3
where 18 3qO,j
b, = Po 209270 87
T, =V'-vd},

J
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This equation is formally similar to (1), with the ad-
dition of two terms that represent the impact of gravity
waves on the time average distribution of chemical com-
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pounds. Reading from left to right, the first four terms
are similar to those in (1) and represent time tendency
of the mean distribution, net advection by the back-
ground wind, photochemical sources and sinks based on
the background composition and temperature, and the
vertical diffusion term D;. The next two terms express
the effect of gravity waves on the mean mixing ratio.
The third term on the right side of (3), 7,, represents
the changes to the average atmospheric trace gas con-
centrations from the net advection produced by gravity
wave winds. It is the gravity wave induced chemical
transport or advection term. Some characteristics of
this term have been studied by Strobel [1981] and Wal-
terscheid and Schubert [1989]. They showed that it can
make a significant contribution to the impact of grav-
ity waves on the composition and can in some cases
be larger than the effect of net mass transport by dif-
fusion. The last term on the right side of (3), R;, is
new and represents the changes in the average trace gas
composition that occur when fluctuations in tempera-
ture and concentrations affect the net photochemical
sources, and will be referred to as the gravity wave in-
duced photochemical reaction term. As shown below,
the magnitude of the gravity wave induced transport
and photochemical reaction terms can become signifi-
cant in the vicinity of the mesopause. Although the K,
term should also respond to gravity waves since K, is
enhanced when gravity waves break, in this study we
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specify a fixed K, in order to concentrate on the effects
of the gravity wave induced transport and photochem-
ical reaction terms.

3. Numerical Model

This section describes a linear, three-dimensional cou-
pled gravity wave and photochemical model that derives
the gravity wave contributions to the tendency of mean
concentrations. The model is three-dimensional in that
it considers all three components of the gravity wave
winds, but the background fields of temperature and
trace species are assumed to have no horizontal gradi-
ents. The model proceeds in two steps. First, the back-
ground fields are defined. The dynamical background
fields (T, VE), K,) are specified, while the background
chemical fields are determined with a one-dimensional
photochemical model described below. Then the per-
turbation dynamical and chemical fields are determined
from a coupled gravity wave calculation. These are used
to calculate the magnitude and structure of the pertur-
bation terms discussed in the previous section.

3.1. Chemical Scheme

The chemical scheme includes 19 species belonging
to the oxygen (O3, O(3P), O(' D)), hydrogen (H, OH,
HO,, HO3NO,, H202), nitrogen (N, NO, NO3, NOs,
N2QOj5, HNOj3), and chlorine (Cl, Cl1O, HCl, HOCI,
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Figure 1. Background concentrations (cm~3) of several minor atmospheric constituents as a
function of altitude (kilometers) in the mesopause region at (top) midnight and (bottom) midday.
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CIONO;) families. Concentrations of several longer-
lived species (O2, Ng, Hy, CO,, CO, CHy, NoO and
H,0) are specified using distributions from Brasseur
and Solomon [1986]. The chemical rate constants are
taken from DeMore et al. [1997] where available and
in a few cases are taken from Brasseur and Solomon
[1986].

Figure 1 shows model calculated background profiles
of O(®P), O3, H, OH, and HO, at midday and mid-
night between 70 and 100 km. These five compounds
are considered here because they control photochemical
processes in this altitude range and their concentrations
can be highly variable. The calculation has been per-
formed for equinox conditions at 45°N. The calculated
density of O(3P) is about 3.2 x 10'! cm™2 at midday
and 2.9 x 10!! cm~2 at midnight in the region of the
mesopause, which compares well with the mean value
of 3.5 x 10! cm~2 at 40°N and 50°N in March from the
reference model of Llewellyn and McDade [1996]. The
ozone density calculated at 86 km is about 1.1 x 108
cm™3 (0.7 ppmv) at noon, compared with the average
daytime satellite observed ozone of about 0.6 ppmv at
the altitude of 0.003 mbar averaged between 40°N and
50°N in March [Keating et al., 1996]. These calculated
profiles are used as the background profiles of atmo-
spheric trace gases. The profiles are assumed to be valid
over the horizontal extent of the wave. The same set
of chemical reactions in perturbation form is also used
to calculate the trace species perturbations associated
with the gravity wave, as described below.

3.2. Perturbation Model

A coupled linear inertiogravity wave model is used to
estimate the gravity wave fluctuations of wind, temper-
ature, and mixing ratios.
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_ Ho¢
" R 9z’
where ¢ is the geopotential, f is the Coriolis parame-
ter, H is the atmospheric scale height, 8% = dT'/dz +
RT/(HCj}), Cp is the specific heat at constant pressure,
and R is the gas constant. The diabatic heating and
photochemical source rates are assumed to vary with
temperature and species concentrations. The right-
hand sides of (4d) and (4e) represent linear expansion
of these variables, with ()¢ representing the background
net diabatic heating rate and Py, and Lo, represent-
ing the background photochemical production and de-
struction rates. Since the middle atmosphere is a sys-
tem with strong coupling between radiation, dynamics,
and chemistry, the diabatic heating and cooling and the
photochemical reactions are coupled to the gravity wave
model. If diabatic photochemical heating and cooling
were ignored, {4a)-(4d) would describe the evolution of
an adiabatic linear inertiogravity wave [Andrews et al.,
1987].

The net diabatic heating term Qg in (4d) is composed
of photochemical (solar) heating and atmospheric cool-
ing. The photochemical heating rate includes the con-
tributions due to direct solar ultraviolet absorption and
to exothermic chemical reactions. The methods used
to calculate the chemical heating rates are described
by Brasseur and Offermann [1986] and Mlynczak and
Solomon [1993]). The calculation of longwave cooling
rate uses the algorithm of Fomichev et al. [1996], which
accounts for the radiation effects of CO,, H,0O, and O3
and the quenching of C0O2(010) with O(3P).

We assume the existence of wave solutions of equa-
tions (4a)-(4f) of the form

T (4f)

(u’,v’,w’,T’,q;) =
(ug, vy, wg, To, q;(,) exp [iwt —i(kex + kyy + k,z) + %
j=1,23,...,J, (5)
where w is the frequency of the wave and &, k,, and
k. are wavenumbers.

The substitution of (5) into the model equations (4)
and the elimination of w' lead to J+3 (=22) coupled
equations:

wy = Ay,
where A is a (22 x 22) square matrix and ¥ is a vector
whose elements are the wave amplitudes ug, v), ¢§, and
2o (7 = 1, 2, ..., J). For a given set of wavenum-
bers of k;, ky, and k, values (specified), the frequency
w is obtained from the eigenvalues of matrix A. For a
specified amplitude of temperature fluctuation T, and
for the gravity wave frequency w calculated above, the
substitution of (5) into (4a)-(4f) provides the perturba-
tions of wind ', v’, w' and the species mixing ratios q;-
The choices of kg, ky, k., and T} will be discussed in the
next section. The gravity wave induced transport and
photochemical reaction terms can be calculated from

(3).
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4. Calculation and Discussion

In order to calculate gravity wave fluctuations, back-
ground values of wind, temperature, and trace gas con-
centrations must first be determined. In the present
calculations, the background wind velocities are cho-
sen to be zero. The background temperature profile is
taken from the U.S. Standard Atmosphere. The back-
ground atmospheric trace gas profiles are either speci-
fied (for the long-lived constituents) or calculated us-
ing a time-dependent one-dimensional photochemical
model, as described above.

Wavelengths in three dimensions are needed as input
to the gravity wave model. The rocket and radar data
of the Structure and Atmospheric Turbulence Environ-
ment (STATE) experiment reported a wide range of ver-
tical wavelength (2-30 km) near the mesopause. A typ-
ical horizontal wavelength is around 102-10® km [Fritts
et al., 1988]. Therefore, as a representative example,
the vertical and horizontal wavelengths are taken as 10
and 1000 km, respectively, in the calculations.

Observations suggest that the variations of temper-
ature induced by gravity waves in the mesosphere are
typically 10-20 K, although larger amplitudes are not
uncommon |[Theon et al., 1967; Philbrick et al., 1985;
Schubert et al., 1990; Zhang et al., 1993]. In the present
calculations the amplitude of the temperature pertur-
bation is taken to be T§ = 10 K. This constrains the
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amplitude for all other perturbation variables, chemical
as well as dynamical. The model solves for perturbation
quantities at each altitude independently. The graphs
that display perturbations as a function of altitude, to
be discussed below, should be interpreted as the relative
local impact that a gravity wave with 10-K amplitude
would have and not as the vertical structure from a sin-
gle wave. Therefore we can compare the magnitudes of
the gravity wave induced chemical transport and photo-
chemical reaction terms between different altitudes for
gravity waves with the same amplitudes, and we can
investigate at which altitudes the second-order gravity
wave effects are important.

The amplitudes and phases of the gravity wave in-
duced variations of O(3P), O3, H, OH, and HO; during
nighttime and daytime are shown in Figure 2. The rel-
ative amplitudes of several species fluctuations induced
by gravity waves during nighttime have peaks near 80
km that can reach 2-3 times the background concen-
trations. This occurs in regions of very sharp vertical
gradients in the O(3 P) mixing ratio near the mesopause.

From (4e) we can see that the effect of gravity waves
on minor atmospheric constituents is related to the
product of the vertical dynamical perturbation w’ and
the vertical mixing ratio gradient 8qo,,/0z. In the case
of O{3P), this gradient is largest near the mesopause
(see Figure 1). The vertical gradient is particularly
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Figure 2. The relative amplitudes of the Oz, H, O(3P), OH, and HO, fluctuations induced by
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large during nighttime because the concentration of
O(3P) decreases very rapidly after sunset below about
80 km, where the photochemical time constant is much
less than 1 hour. Above this level, the photochemical
lifetime for atomic oxygen is long and the concentration
remains almost unchanged over 24 hours. The effect of
gravity waves on atomic oxygen is therefore expected
to be largest in the vicinity of the mesopause during
nighttime. Other minor atmospheric constituents will
be indirectly influenced by gravity waves through pho-
tochemical reactions with atomic oxygen. In situ ob-
servations showing strong fluctuations in atomic oxygen
concentration in the mesopause region [e.g., Dickinson
et al., 1985; Offermann et al., 1981] provide supporting
evidence for the large fluctuations calculated here.

Figure 2 indicates that in the daytime, the amplitudes
of the fluctuations induced by gravity waves of O(3P),
O3, H, OH, and HO> are about 4 times smaller than
they are at midnight. We can also see from Figure 2 that
above and below the mesopause region, the amplitudes
of chemical species variations induced by gravity wave
are quite small.

These calculated variations are used to solve for the
gravity wave induced tendencies to the mean composi-
tion. In order to assess their importance to the budget
of the compounds, we compare the gravity wave ten-
dencies with that due to vertical eddy diffusion. The
vertical eddy diffusion coefficient is taken to be 106 cm?
s~! in the mesopause region [ Garcia and Solomon, 1985;
Lijbken, 1997; Lindzen, 1981]. The gravity wave in-
duced tendency terms and the eddy diffusion effect are
shown for five species in the oxygen and hydrogen fam-
ilies for both night and day conditions (Figure 3). In
these figures the gravity wave induced tendency terms
and eddy diffusion term for each species have been di-
vided by the mean concentration. They are as follows:

R; = LRJ, T, = Lﬂ', Dj = i"D]’
9, 90,5 do,;
and the units are in inverse seconds. The gravity wave
induced photochemical reaction term R; is, for some
of these species, larger by as much as several orders of
magnitude than the diffusion D, and the gravity wave
induced chemical transport T; tendencies.

Figure 3 shows that the gravity wave tendencies for
oxygen and hydrogen compounds are significant in the
region of 75-90 km, where the amplitudes of chemical
species induced by gravity waves are largest, but are
small in other altitude regions of the atmosphere. This
figure shows that the effect of diffusion on the atomic
oxygen concentration is of the same order as that of
the gravity wave induced photochemical reaction term.
The distribution of atomic oxygen at about 80 km is
therefore affected both by the dynamical process of dif-
fusion and by nonlinearities in the photochemical re-
action process. Atomic oxygen that is brought down
through the mesopause, by whatever means, is rapidly
destroyed by photochemistry. By advecting air down,
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gravity waves accelerate this process. In the narrow
transition region between long and short photochemi-
cal lifetimes for atomic oxygen, gravity waves introduce
a perturbation to the atomic oxygen density that im-
pacts the production and loss rates of other trace species
in the oxygen and hydrogen families. When advective
transport by gravity waves is responsible, there is a cor-
relation between perturbations of T and the O(3P) con-
centration that can both have direct impacts on the pro-
duction and loss rates of other trace species. For Og,
OH, and HO,, which have short lifetimes in this region,
the diffusive timescale is longer than the photochemi-
cal timescale. Therefore their profiles are mainly deter-
mined by photochemistry and the gravity wave impacts
are occurring through chemical interactions.

In order to investigate the overall importance of the
gravity wave induced photochemical reaction and chem-
ical transport effects and the vertical eddy diffusion for
the distributions of trace gases, we compare E;, T;, and
D, with the relative photochemical loss rate £;, which
is the inverse of the photochemical lifetime

;= Lo
q0,5P0

Table 1 gives the peak values of R;, Tj, and D; near 80
km and the value of £; at the altitude of the R, peak.

Table 1 shows that for a gravity wave with a tempera-
ture amplitude of 10 K, the values of R;, £,, and D; for
atomic oxygen have the same order of magnitude near
80 km during night. This indicates that the distribution
of atomic oxygen at about 80 km is controlled by dif-
fusion, background photochemical reactions, and wave-
induced photochemical reactions. In the same region,
ozone is affected approximately equally by background
and wave-induced photochemistry. During night the
ozone distribution can therefore be modified when grav-
ity waves pass through the mesopause region.

From Table 1 we can see that for O(3P), O3, H, OH,
and HO,, the gravity wave induced transport terms are
smaller than other tendency terms. The influence of
gravity waves on these species distributions is mainly
through nonlinear photochemical reactions. During
day, when the background chemistry is more active and
the atomic oxygen gradient is reduced, the magnitudes
of the chemical species fluctuations induced by gravity
waves are relatively small for all five species (see Figure
2).

A comment is necessary here on the large amplitude
of the gravity wave induced changes. As noted in the
discussion of Figure 2, the amplitudes of some of the
chemical perturbations computed by the model exceed
the background mixing ratios. This is clearly not phys-
ical because it can only be realized if the mixing ra-
tio is negative over part of the wave period. It occurs
because downward advection of atomic oxygen by the
gravity wave in the vicinity of strongest gradients causes
its concentration to increase severalfold over some wave
phases. There is not a comparable decrease during the
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Figure 3. Nonlinear tendency terms due to photochemistry R; (solid lines) and gravity wave
advection T, (short-dashed lines) and the diffusive tendency term D, (long-dashed lines) for (a,b)
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Table 1. Maximum Values of Several Processes Near 80 km

XU ET AL.: GRAVITY WAVE IMPACTS ON MESOPAUSE CHEMISTRY

Ts=10K Ty =20 K

Species  Time L,,s7') R,,s7' T,,s7' Dj,s! R,,s T,,s™*
o(P) midnight 049 (-3) 047 (-3) 027 (-3) 042 (-3) 0.19 (-2) 0.1 (-2)
noon 0.23 (-3) 028 (-4) 0.56 (-4) 0.72 (-4) 0.11 (-3) 0.22 (-3)

Os midnight  0.13 (-2) 0.31 (-2) 035 (-4) 0.27 (-4) 0.13 (-1) 0.14 (-3)
noon 015 (-1) 029 (-2) 044 (-4) 020 (-4) 0.1 (-1) 0.18 (-3)

H midnight  0.34 (-2) 0.23 (-2) 0.30 (-3) 0.12 (-2) 0.90 (-2) 0.12 (-2)
noon 028 (-2) 0.71(-3) 0.32(-4) 0.18 (-4) 0.28 (-2) 0.13 (-3)

OH midnight  0.38 (1)  0.55 (0) 0.67 (-4) 051 (-4) 022 (1) 0.27 (-3)
noon 088 (1) 034 (0) 0.31(-4) 0.28(-4) 0.14(1) 0.12(-3)

HO, midnight  0.80 (1)  0.29 (1) 062 (-4) 0.11(-3) 0.12(2) 0.25 (-3)
noon 0.10(2) 023(1) 0.38(-4) 057(-4) 091(1) 0.15(-3)

Read 2.0(3) as 2.0 x 103.

upward advection phase of the wave because the gra-
dient dies out rapidly in the vertical. Since the linear
equations used here do not permit the background con-
centration to vary, the local maxima and minima lead
to amplitudes greater than 1 and therefore to appar-
ent negative mixing ratios. This situation is a result
of two factors: the linearity of the model and the as-
sumed sinusoidal form of the chemical perturbations.
The solution can distort the calculation of the nonlin-
ear gravity wave tendencies if the perturbation chem-
istry field is not realistic. To account for this effect in
the model, we have recalculated these nonlinear ten-
dency terms with the following adjustment: wherever
in the wave the sum of the background and perturba-
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Figure 4. Comparison of the second-order gravity

wave photochemical effect Rp, for ozone. The solid
line is calculated using equation (6); the dashed line
is calculated with all concentrations constrained to be
nonnegative.

tion concentrations indicates a negative mixing ratio,
we have replaced the mixing ratio by zero. This will
tend to reduce the magnitude of the nonlinear terms,
with a maximum reduction of a factor of two where the
perturbation is much larger than the mean concentra-
tion. Figure 4 shows an example of the reduction in the
nonlinear photochemical tendency induced by gravity
wave for ozone during night. Reductions of the other
nonlinear terms are comparable.

The above mentioned calculations are for tempera-
ture fluctuations with an amplitude of T of 10 K, which
is about 5% of the background temperature. The obser-
vations show that the typical range of root-mean-square
values of T /Ty is 0.05-0.1 for the region around 80 km,
while values of T /Ty > 0.15 are not uncommon [ Theon
et al., 1967; Philbrick et al., 1985]. When repeated for
T§ = 20 K (summarized in Table 1), the calculations
show that the magnitudes of the gravity wave induced
chemical transport and photochemical reaction terms
are about 4 times their values in the previous case, and
now the gravity wave induced photochemical reaction
effects exceed the background photochemical tendencies
during nighttime. During daytime, the gravity wave
induced photochemical reaction tendencies of the five
species (R;) are approximately equal in magnitude to
the background photochemical rates £;. The fourfold
increase comes about because when T is doubled, the
amplitudes of all perturbation quantities, ug, vy, and w}
as well as q;-O, are also doubled because the gravity wave
model is linear. The second-order gravity wave induced
changes, which result from the product of two pertur-
bation quantities, will rise by factors of 4. This means
that when the amplitude of gravity waves is large, their
impact on the distribution of trace gases in the region
of the mesopause is magnified.

5. Summary

Gravity waves can influence the profiles of trace gases
through nonlinear effects even if the gravity waves are
not breaking. For atomic oxygen, which has a rela-
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tively long photochemical lifetime near the mesopause,
the net changes due to gravity wave induced chemical
transport, gravity wave induced photochemical reaction
changes, and vertical diffusion have comparable mag-
nitudes. However, the model presented here indicates
that gravity waves can also have an influence on species
with short photochemical lifetimes through the gravity
wave induced nonlinearities in chemical sources, which
can be much larger than the gravity wave advection and
diffusion effects. For ozone and reactive hydrogen com-
pounds, the net tendency associated with gravity wave
induced photochemical reaction effects is comparable to
the photochemical tendency associated with the back-
ground field. Therefore gravity waves can affect the
distributions of these species even though these species
are in approximate photochemical equilibrium near the
mesopause. Because the gravity wave induced changes
to the photochemistry do not necessarily act to reduce
the background gradients of the trace constituents, the
gravity wave influence cannot be represented by an ef-
fective diffusion coefficient.

The influence of gravity waves on atmospheric minor
constituent distributions near the mesopause is greater
during nighttime than during daytime. This is primar-
ily because the vertical gradient of the O(*P) mixing
ratio is greater during nighttime than during daytime.
The perturbations in mixing ratios of other trace gases
that react strongly with atomic oxygen are also largest
during nighttime. In addition, during daytime, the life-
times of some species are shorter and so the relative
impact of gravity waves on trace gas distributions is
smaller.

Table 1 and Figure 3 indicate that for individual
species with short chemical lifetimes, the changes due
to gravity wave induced photochemical perturbations
are much greater than those due to diffusion. How-
ever, this result does not contradict previous studies
that showed that diffusion is very important in the
mesopause region. The diffusion due to breaking grav-
ity waves can influence the distribution of the chemical
families, O, and HO,, whose photochemical lifetimes
are much longer than those of the individual family
members [Brasseur and Solomon, 1986]. We calculated
the gravity wave induced photochemical reaction terms
and diffusion terms of the oxygen family O, and the
hydrogen family HO,. For both the O, and HO, fam-
ilies these contributions are comparable in magnitude
to those due to the gravity wave induced photochemi-
cal reaction term. Therefore both diffusion and grav-
ity wave induced photochemical perturbations can in-
fluence the distributions of these chemical families in
the mesopause region; the latter also affects the parti-
tion among the family members.

The results presented here indicate that for a gravity
wave with 10-K amplitude, the atomic oxygen tendency
due to mean vertical diffusion is comparable in magni-
tude to that due to nonlinear effects associated with
gravity waves. However, several studies suggest that
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the vertical eddy diffusion coefficient K, is about an or-
der of magnitude smaller than the value adopted here
(10% cm? s71) [Brasseur and Offermann, 1986; Strobel
et al., 1987; Bevilacqua et al., 1990]. In addition, the
temperature amplitude associated with gravity waves
can occasionally be larger than 10 K. Our calculation
indicates that the impact of gravity waves on the distri-
butions of trace gases in the mesopause region depends
roughly on the square of the wave amplitude. Therefore
the nonlinear effects of propagating gravity waves can in
some circumstances and locations be the dominant con-
tributor to the net tendency of the mean atomic oxygen
concentration.

Finally, it should be stressed that the dynamical-
photochemical gravity wave model in this paper is a lin-
ear model, which has some intrinsic limitations. First,
the linear model does not permit the background con-
centration to vary. Second, the linear perturbation
equation does not account for conservation of mass of
the constituents, so that negative mixing ratios are
mathematically allowed and in the present study, are
computed by the model. The primary effect of this un-
physical situation for the conclusions is that it leads to
an overprediction of the net impact of the gravity waves
on the mean distribution. This overprediction is small
over much of the mesosphere (< 25%) and never more
than a factor of two. Even when accounting for this
effect, one can conclude that gravity waves have a sig-
nificant impact on the distributions of chemical species
in the mesopause region through nonlinear processes.
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