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Abstract

Using a Curtis matrix model of 1am CGO, radiative cooling rates for the Martian atmosphere, we
have computed vertical scale-dependent IR radiative damping rates from 0-200 km altitude over
a broad band of vertical wavenumbers= 27(1-500 kmj* for representative meteorological
conditions at 46N and average levels of solar activity and dust loading. In the middle atmo-
sphere, infrared (IR) radiative damping rates increase with decreasing vertical scale and peak in
excess of 30 days$ at ~50-80 km altitude, before gradually transitioning to scale-independent
rates above-100 km due to breakdown of local thermodynamic equilibrium. We incorporate
these computed IR radiative damping rates into a linear anelastic gravity-wave model to assess the
impact of IR radiative damping, relative to wave breaking and molecular viscosity, in the dissipa-
tion of gravity-wave momentum flux. The model results indicate that IR radiative damping is the
dominant process in dissipating gravity-wave momentum fluxe€ab0 km altitude, and is the
dominant process at all altitudes for gravity waves with vertical wavelengtls-15 km. Wave
breaking becomes dominant at higher altitudes only for “fast” waves of short horizontal and long
vertical wavelengths. Molecular viscosity plays a negligible role in overall momentum-flux depo-
sition. Our results provide compelling evidence that IR radiative damping is a major, and often
dominant physical process controlling the dissipation of gravity wave momentum fluxes on Mars,
and therefore should be incorporated into future parameterizations of gravity-wave drag within
Mars GCMs. Lookup tables for doing so, based on the current computations, are provided.
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1. Introduction

Being ~95% CQ by mixing ratio, the thermal balance of the Martian atmosphere is driven
to a large degree by infrared (IR) radiative transfer (RT) among R&hds, particularly 1'mm
cooling and heating by absorption of solar radiation in near-IR bands. The advent of satellite
remote sensing of the Martian atmosphere has spurred development of detailed atmospheric RT
codes (Lopez-Valverde and Lopez-Puertas, 1994), to improve both the retrieval of atmospheric
parameters from passive IR remote sensors (Kleinbohl et al., 2009), as well as the parameteriza-
tions of radiative heating and cooling rates embedded within Martian general circulation models
(GCMs: e.g., Gonzalez-Galindo et al., 2009). These models have highlighted the importance of
departures from local thermodynamic equilibrium (LTE) in & RT that significantly modify
net heating and cooling rates abov80 km altitude (L6pez-Puertas and Lopez-Valverde, 1995;
Lopez-Valverde et al., 1998).

Finite computational resources make it impractical to incorporate detailed RT codes within
Martian GCMs to compute net GOR heating and cooling rates, and much simpler (i.e. faster)
parameterizations are needed. R radiative cooling rates are currently parameterized in Mars
GCMs at high altitudes by local cooling-to-space approximations tuned to reproduce results of
detailed d¢fline non-LTE RT calculations, and at low altitudes by simplified wide-band LTE-based
schemes (Forget et al., 1999; Richardson et al., 2007; Gonzalez-Galindo et al., 2009).

These same computational constraints force the GCMs to operate at gridpoint resolutions that
are too coarse to resolve the full spatial spectrum of atmospheric dynamics that can exist in the
Martian atmosphere (Imamura et al., 2007). Gravity waves, for example, are mostly unresolved
by Martian GCMs, and so the missinffects of their momentum flux deposition on the resolved
circulation (so-called gravity-wave drag) must be parameterized, again using simplified fast algo-
rithms (e.g., Joshi et al., 1996; Collins et al., 1997; Forget et al., 1999).

Local IR cooling parameterizations ignore the inherently nonlocal nature of radiative cooling:
for example, that an atmospheric layer wedged between two colder layers will generally cool more
rapidly than if the temperature is identical in all three layers. Thus vertical structure in atmospheric

temperature profiles can significantly change IR cooling rates. At higher altitudes where cooling
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rates on Mars are the largest, most of the short vertical staleture in atmospheric temperature
profiles is produced by gravity wave oscillations (Fritts et al., 2006; Creasey et al., 2006), which
the GCMs do not resolve. This suggests a potentially important interaction between gravity wave
dynamics and IR radiative cooling that the existing uncoupled parameterizations of each process
in Mars GCMs miss entirely.

The general issue has been recognized in planetary atmosphere for many years (e.g., Spiegel,
1957; Sasamori and London, 1966; Goody and Belton, 1967). In the Earth’s atmosphere, Fels
(1982) showed that standard WKB methods for gravity waves could be applied in the computation
of the gravity-wave-modulated IR cooling rate, which yielded a local IR radiative relaxation rate
that acted to damp the gravity wave-induced temperature perturbations. This damping rate varied
according to the wave’s vertical wavelength The Fels approach has been extended in various
ways to more realistic non-LTE RT models (Shved and Utyakovsky, 1983; Fels, 1984; Zhu and
Strobel, 1991; Zhu, 1993; Bresser et al., 1995) and the resulting scale-dependent IR damping rates
have been incorporated within parameterizations of gravity wave dynamics on Earth (e.g., Marks
and Eckermann, 1995; Eckermann and Marks, 1997).

The analytical methods of Fels (1984) were applied by Imamura and Ogawa (1995)o 15
CO, cooling within the atmospheres of Earth, Mars and Venus. On Mars, they inferred scale-
dependent IR damping rates that were significantly faster than on Earth. They also estimated the
relative impacts of molecular viscosity and radiative cooling on the dissipation of gravity waves as
a function of altitude and, on each planet. Despite these suggestive preliminary findings, there
has been, as far as we are aware, no additional research on scale-dependent IR radiative damping
on Mars. In particular, it continues to be unclear whether IR radiative damping has any relevance
to the dissipation of gravity-wave momentum flux on Mars.

Thus, this study has two parts. First, in section 2 we formulate and validate a Curtis-matrix
model of 15um radiative cooling on Mars, and apply it in section 3 to compute scale-dependent
IR radiative damping rates. Then, in section 4 we incorporate these damping rates into sim-
ple anelastic models of gravity wave dynamics on Mars, to assess their impact on gravity-wave
momentum-flux deposition, relative to wave breaking and molecular viscous dissipation. Section 5

summarizes our major findings and conclusions concerning the impact of IR radiative damping on
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gravity-wave momentum-flux deposition on Mars.

2. CO, 15 um Cooling Ratesfor Mars

2.1. Model

Exact calculations of COIR cooling rates involve solving the RT equation numerically using
first-principles line-by-line integration through an optically thick Martian atmosphere. High ac-
curacy requires multiple integrations over a range of radiance paths and a fine IR frequency grid,
which is prohibitively expensive computationally, and thus performed only occasionally for vali-
dation purposes (e.g., Zhu, 1990; Fomichev, 2009). In common with many previous studies of IR
cooling on Earth (e.g., Zhu, 1990) and Mars (e.g., Lopez-Valverde and Lopez-Puertas, 1994), we
compute a faster approximate solution using Curtis matrices.

Ignoring boundary flux terms, the cooling rate expressed in Curtis-matrix form is

dT
Q= vl CO. (1)

HereQ, T and® are column vectors representing a discretized vertical profile of cooling rate,
temperature and normalized source function at a series of vertical grid geints. . L at succes-
sive altitude (pressure) levedg (px), andC is theL x L Curtis matrix that specifies the generally
nonlocal dependence of cooling rate on temperature and mixing ratio.

Inclusion of a complete list of COvibration-translation (V-T) and vibration-vibration (V-V)
transitions in (1) yields a large number of nonlinearly coupled rate and RT equations which can
be very dificult or even impractical to solve numerically (Kutepov et al., 1998). For the reduced
collection of major V-T and V-V transitions used by Dickinson (1984), Zhu (1990) showed that
nonlinearity in the resulting equations arose from coupling terms due to V-V exchanges which, if
eliminated, reduced the system to an equivalent two-energy-level problem. While V-V transitions
are clearly significant to the RT in individual sub-bands, Zhu (1990) argued that they were less
significant in determining total non-LTE cooling rates over the entire barfllin® calculations
by Zhu and Strobel (1990) found errors of no more thdnk day in total IR cooling rate at
the Earth’s mesopause when V-V transitions were ignored. For Mars, Lopez-Puertas and Lopez-

Valverde (1995) also found little change in total cooling rate when V-V rates were varied. Their
5



results also indicated that the contribution of V-V trarsis to the total cooling rate in the Martian
atmosphere is smaller than on Earth. Hence we ignore V-V transitions in what follows.

For the resulting equivalent two-energy-level Curtis-matrix model of Zhu (1990), Zhu et al.
(1992) developed an algorithm for deriving cooling rates for arbitrary atmospheres by interpolating
a reference Curtis matrik,, computed for reference profiles of presspsetemperaturd, and
CO, mixing ratio rgOZ, to yield a solution for giverp, T andr®%. The element j k) of the
interpolated Curtis matrig is derived by modifying the reference vaIO% as

Cik = Cj + AT+ ARV + ZAfQ(aT ) + 2Ajif(v K)?
ATV i) + 75T + E'}’jokz (). (2)

The matrice\”?, defined in (24a)-(24e) of Zhu (1990), aréfdiencing approximations of deriva-
tives resulting from Taylor series approximation of the escape function at leyvaislp,, andoT;
is a temperature correction from the referentg (o actual temperatur€ at levelp;. Following

Fels and Schwarzkopf (1981), the matrix

k
Vik = Zn:i—Gng, 3)
n=j =n
in (2) encapsulates the change in transmission due to an integrated change in temperature between
levelsp; and py, based on the precomputed weight vectofor the reference state. The last two
terms in (2) with cofficient matrices/j* andyj* represent the first- and second-order corrections
due to the &ects of integrated changes in €&lumn density between levejandk, where (Zhu,

1994)

S Galn (r§%/rg.)
Yk Gn(In2-1n05) /2
Non-LTE correction of the Curtis matrix (2) follows the equivalent two-level approach of Zhu

(1990) as summarized by the matrix equation (24) of Zhu et al. (1992). With a non-LTE-corrected

M = (4)

C thus computed, the cooling rate (1) follows by specifying the wide-band normalized source
function column vecto® = 6(T) at the band center frequencyf~675 cnt:
B(vo.Tk) 127.38

B(v0,200 K) exp(%X) - 1
6

0(Ty) = (5)



whereB(vo, Ty) is the Planck function. The source function is normalized in (5) by the Planck
function value at 200 K so th&t, scaled by the same factor, yields approximate cooling-rate con-
tributions in its matrix elements [this normalization factor cancels out of (1)]. The normalization
temperature of 200 K in (1) is scaled down from the 250 K used for Earth by Zhu (1993) to reflect

generally lower mean temperatures on Mars.

2.2. Computation and Validation of Mean Rates

We defined representative ranges of atmospheric variability by averaging vertical profiles of
temperature, pressure, and £&nd O mixing ratios at a given latitude from the Mars Climate
Database (MCD: Lewis et al., 1999). Solid curves in Figure 1 show mean and magimmimum
profiles of various fields at 481 under conditions of typical background dust loading and moderate
solar EUV activity (Forget et al., 1999). The gray scale depicts the profile distribution density for
the kinetic temperatur€, CO, and O mixing ratios and & O, mixing ratio.

The mean profiles in Figure 1 are used as our reference state for the cooling-rate computations
and are interpolated to a height gad(k = 1...L) of resolutionAz = 0.5 km atL = 401 levels
from the surface to 200 km. The reference Curtis malgxand the various interpolation matrices
in (2) were then calculated by the correlatedistribution method (Lacis and Oinas, 1991; Zhu,
1994). The correlated-codficients and the temperature and pressure dependences were calcu-
lated by line-by-line integration using the 1986 HITRAN database (Rothman et al., 1987) for 20
different pressure levels (from 0 to 1100 hPa) and 7 reference temperatures from 150 K to 300 K
(see Table 1 of Zhu et al., 1992). The entire LB-um band (525-825 cnt) was divided into
12 equally spaced subbands and 30 Gaussian quadrature points were used in each subband to per-
form the integration (Zhu, 1994). Since the vibrational partition function of the T8:m band
is nearly constant, the cficient was simply extrapolated to 100 K to cover the lower temperature
range encountered in the atmosphere of Mars (see Figure 1b). The resulting reference matrices
and vectors were saved as lookup tables for subsequent use in (2).

In addition to the standard modifications of physical constants, the following rate changes
were made for Mars. For Earth, Zhu (1990) used deactivation rates p£BT emissions by

collisions with air molecules (Nplus @) and O atoms from Dickinson (1984) and references
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therein. For the predominantly G@mosphere of Mars, the former rate [eq. (73a) in Zhu (1990)]
is replaced with a new rate based on collisional deactivation by othgrn@lecules. For the

v, = 1 — 0 V-T transition we adopt the analytical fiksf) in Table 3 of Lopez-Valverde and Lopez-
Puertas (1994). The rate due to collisional deactivation by monatomic oxygéh, (@ _co,,
which has a large impact on high-altitude cooling rates, was originalyl213 cm s in (73b)

of Zhu (1990). It is reset here t0x8310712 cm s, based on recent modeling and laboratory work
(e.g., Bougher et al., 1994; Khvorostovskaya et al., 2002; Castle et al., 2006), and is identical to the
value for Mars used by Lopez-Valverde and Lopez-Puertas (1994) kiheamd recommended by
Lopez-Valverde et al. (1998). Lacking measurements of the rates-ef2 — 1 V-T transitions,
Lopez-Valverde and Lopez-Puertas (1994) scaled theirl — 0O rates by 2.5 and 2 for collisions
with CO, and CGP, respectively, which we also adopt, the former rate replacing (72b) of Zhu
(1990).

Figure 2a plots the mean kinetic temperature profile used by Lopez-Valverde et al. (1998) to
compute cooling rates using the more detailed Curtis-matrix Mars RT code of Lopez-Valverde
and Lopez-Puertas (1994). Figure 2b plots the:uibcooling rates from our interpolated Curtis
matrix calculation using their temperature profile and mean profiles of O and@dng ratio
in Figures 1c and le, respectively. Despitfatences in mixing ratio profiles and our simpler
RT model, the cooling rates in Figure 2b are very similar in overall shape and magnitude to those
of Lopez-Valverde et al. (1998) (see their Figure 1b). Figure 3c shows variations in cooling rate
for the mean 4N profiles in Figure 1 aky_co, is halved and doubled. The cooling rates show a
similar range of variability to that found in a similar sensitivity test of Mars cooling rates performed
by Lopez-Puertas and Lopez-Valverde (1995) (see their Figure 6). Other tests (not shown) reveal
similarly strong increases to those found by Lopez-Puertas and Lopez-Valverde (1995) when the
profile of O*P mixing ratios is increased to values representative of solar maximum conditions.

Here and throughout this paper, we express our heating rates and damping rates in terms of
Earth days (day). Corresponding rates in terms of a Martian day (§chre obtained by multi-
plying these rates by 1.027491.



3. Vertical Scale-Dependent IR Radiative Damping Rates

Our approach to quantifying scale-dependent IR radiative damping of temperature perturba-
tions closely follows that of Zhu and Strobel (1991) and Zhu (1993), who provide more details
and justification.

If we add small temperature perturbati@sto a background temperature vecigy, lineariza-
tion of (1) yields

doT [ 00

W = Cﬁ]béT + 6C®b, (6)

where terms computed at the unperturbed temperdiyreave the subscriptd’” Eq. (6) can be
reexpressed, with the aid of matrix manipulations (Zhu and Strobel, 1991), as

dsT
— = DoT. 7

Calculations by Zhu and Strobel (1991) show that, for s@iBlcontributions from the first term

in (6) are an order of magnitude larger than from the second. Thus, to a good approximation

00
D- [Cc’)_TL' ®)

The linear system (7) and (8) describes nonlocal damping of temperature perturbations, and
can be solved using either the eigenvalue or the Newtonian cooling approach (Goody and Yung,
1989). Both solutions were computed and compared by Zhu and Strobel (1991) and Zhu (1993).
They found that, while each gave equivalent results in certain limits, the two solutions generally
differed. They found that the most accurate solution overall was a Newtonian cooling rate that
varied both with height and the vertical scale of the temperature perturbation, derived explicitly as
(Sasamori and London, 1966; Zhu and Strobel, 1991)

i zm) = - fw K(Z,2) cosm(Z — 2)]dZ, (9)

whereK(z, 2) is the kernel function (Spiegel, 195 = 2r/4; is the vertical wavenumber of
(assumed) sinusoidal eigenmodes, atfd m) is the e-folding damping time scale of a sinusoidal
temperature perturbation of wavenumbedue to infrared radiative cooling. Since (7) and (8) can

be expressed equivalently as a discretized form of the integral relation (Zhu, 1993)

dagt(z) _ f  K@Z.20T@)dz. (10)
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then solutions to (9) follow by evaluating (7) and (8)atising a perturbation temperature profile
6T(2) = T cosm(z — z), whereuporr;X(z,m) = —T-dsT(z)/dt. The choice fofl is arbitrary
since it has no impact on the fingl*(z, m) estimate due to the linear nature of the calculation.

We computed rates using the mean temperature and constituent profiles in Figure 1 as our
background, fon, = 2r/mvalues in the range 1-500 km. Figure 4 profiles the resultji(g, m)
estimates. We see strong vertical scale dependence in the rateS§ 400 km, with damping
rates peaking at30-40 days' (i.e., e-folding times ok1 hour) at the shortest vertical scales
atz ~60-80 km. The rates become largely scale-independent 4?0 km due to breakdown of
LTE that yields an optically thin, transparent damping limit that is well approximated by a constant
cooling-to-space term, due to negligible layer exchange.

Figure 5 profiles these radiative damping rates féfedent choices oft, = 2r/m. This plot
resembles the presentation in Figure 4 of Zhu (1993) of corresponding@DQ damping rates
for the Earth’s atmosphere. Comparisons between the two plots show that scale-dependent thermal
damping rates due to 1bm CGO, cooling in the Martian atmosphere are, overall, about 20 times
faster than on Earth. This finding is broadly consistent with an earlier Mars-Earth comparison of
radiative damping rates by Imamura and Ogawa (1995). Figure 6 compares our scale-dependent
rates with those of Imamura and Ogawa (1995), which were derived using the analytical approx-
imations of Fels (1984). Our values are generally larger than theirs. A sinfiitat detween the
two rate calculations on Earth was noted by Zhu (1993), and ascribed to a more accurate treatment
of non-LTE dfects in the current approach relative to that of Fels (1982, 1984). Given other large
differences between the two calculations (e.dgtedent mean temperatures, mixing ratios and rate
codficients; see below), there is reasonable overall agreement in Figure 6 between the rates from
each calculation at all altitudes. Note in particular the transition from strong scale dependence at
z=60-80 km to an essentially scale-independent raze>al 20 km.

Our rates were computed using the mean background tempefa(@yen Figure 1b, repro-
duced as the thick curve in Figure 7a, with the damping rate profile it yields at5 km also

plotted in Figure 7b. Following Fels (1982), we can scale those reference rates to yield damping
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rates at some other background temperaiuas

00/0T

-1 Ly 9vot g .
TI’ (29 m’ T) - [GQ/GT]bTr (29 m! Tb)’ (11)
where, from (5),
exp( LK
P 123686x 1°K (%) St (12)
oT T2 [exp(2E) - 1

Thin curves in Figure 7a plot temperature profilékset fromTy(2) by +5 K, +10 K and+20 K.
The corresponding temperature-scaled ratég m; T) atA, = 5 km from (11) and (12) are plot-
ted with thin curves in Figure 7b. The rates show a strong dependence on background temperature
through (12). The impact is particularly largezat70-120 km due to the low background tem-
peratures at these altitudes which yields a larger relative change to (12), such that a uniform 10 K
warmer atmosphere at all altitudes causes a doubling of the radiative damping rate at these alti-
tudes.

Appendix A describes least-squares fits of eti(z, m; Ty) rates that can be used with (11)
and (12) as a simple computationallffieient parameterization of scale-dependent IR radiative

damping rates.

4. Gravity Wave Damping

Following Marks and Eckermann (1995), we consider gravity waves governed by the anelastic

dispersion relation
(k2 +12) (N? - w*?)
— 2
nt = 22 —-a“. (13)

Wave parameters are as followsis ground-based frequenay; = w — Uk — VI is intrinsic fre-

guency, andk, I, m) is the wavenumber vector. Background atmospheric variables are horizontal
wind (U, V), inertial frequencyf, buoyancy frequenci, ande?® = 1/4H2, whereH,, is the density
scale-height.

Gravity wave dissipationféects the larger-scale circulation through deposition of the wave
momentum flux

F = po (UW, VW) = (k. ) CieA. (14)
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Here (r, vV, w) is the gravity wave-induced vector velocity anomalyis background densitg,,
is vertical group velocityA = E/w* is wave action densitg is total (kinetic plus potential) wave
energy, and overbars denote horizontal averages.

In the absence of dissipation, wave action den&ityconserved through the continuity relation

oA
=+ V(6gA) = 0, (15)

wheregy is the ground-based three-dimensional group velocity vector. In the absence of horizontal
gradients and local time variations, the solution of (15) is a constant vertical flux of wave action,
Cy A, and thus constant momentum fléxthrough (14), sincek(l) is also constant. Dissipation

of gravity waves causes some fraction of the wave momentum flux (14) to be deposited locally,
which in turn exerts a forcedF/dz on the background flow. Appendix B of Marks and Eckermann
(1995) outlines how general mechanical and thermal dissipation terms in the linearized Navier
Stokes equations yield net wave action dissipation terms on the right hand side of (15). Substituting
standard expressions for viscous dissipation and thermal Newtonian damping, the net dissipation
of wave action density can be expressed in the Newtonian damping form (Marks and Eckermann,
1995)

0A 2A
— +V.(cA) = ——, 16
5 V) = - (16)
where the damping rate of gravity-wave amplitudes

1 (112w 1 2 1-f2/w _11-2w*

1 Tr (1—w+2/N2) T (1 T TNt Pr 1-w*? N2
Tw = £2 N2+ o+2 £2 ’ (17)

[1 + wt? + NZtZ))*'2 (1 T W )]

= T+ T = Wt b+ Wt (18)

In (17), 771 is the scale-dependent IR radiative damping rate (#£),= n(k? + I + m? + a?)
is the viscous damping rate,is the kinematic viscosity an@r is the Prandtl number. In the
equivalent form (18)z,} andr,} are the damping rates of gravity-wave amplitudes due to IR
radiative cooling and viscous dissipation, respectively. These in turn depend on the gravity-wave
weighting codficents for radiative dampingy;, and viscous dampingy,. Figure 8 shows how

12



they vary as intrinsic frequeney* is varied from the low-frequency Iimitf@/w+2 ~ 1) through

to a nominal high-frequency limit ab**/N2 — 1 (note that gravity waves governed by (13) have

a high-frequency limiw{ that is typically less thaiN: see Marks and Eckermann, 1995). The
variations in Figure 8 are due to the polarization characteristics of gravity waves. For example,
the vanishing ofv, (and hence}) asw® — f2is due to an enhancement in wave kinetic energy

at the expense of wave potential energy, which reduces wave-induced temperature perturbations
and thus the net impact of thermal damping on wave action. Note too the strong sensitivity of the
viscous damping of gravity waves to the Prandtl number.

Below the turbopause, viscous damping has both molecular and turbulent contributions. Since
the Prandtl numbers of each vary, to treat both forms of viscous damping it proves necessary to
further subdivide the viscous gravity-wave dampirg in (18) into the sum of separate molec-
ular and turbulent contributions, given in each case by the second term on the right-hand side
of (17), but in each instance substituting the relevant molecular or turbulent viscegioy {:,

respectively) and Prandtl numbér(, or Pry, respectively): i.e.,

Since turbulent viscositieg; on Mars are poorly constrained (see, e.g., Bittner and Fricke,
1987; Chassefiere et al., 1994; Izakov, 2007), we defer their treatment and discussion until later
in the paper, and consider for now just the molecular viscosity contribution. We specify kinematic

molecular viscosities as
9.18x 103T§-91
Nm = ) (20)
Po

The numerator in (20) is a least-squares fit to molecular viscosities (in units of kg H over

the 50-500 K range from laboratory measurements for a Mars-like mixture of gases, taken from
Table 1 of Catalfamo et al. (2009). In tAg=100-400 K range, data in Tables 1-2 of Catalfamo

et al. (2009) yieldPr,, ~0.7-0.95, while a representative Marti@y = 805 J kg* K™ yields

Prn ~0.89 when applied to the same data. We adopt a median vaR,cf 0.8, slightly larger
thanPr,, = 0.71 for the Earth’s atmosphere, consistent with theory and laboratory measurements
that a mostly triatomic molecular atmosphere of&Bould have a slightly higher Prandtl number

than the mostly diatomic atmosphere of Earth.
13



The inverse density dependence in (20) yields an exponentisase im, with height, so
that local molecular viscous damping will eventually exceed the local IR radiative damping of
waves at some altitudg. Imamura and Ogawa (1995) estimatgdo be ~120 km on Mars.

We used the gravity-wave equations above to calculdbased on mean temperature and density
profiles in Figure 1 that specify both our! rates from Figure 4 and oy, values from (20). The
profiles ofN andH, based on this mean temperature profile are plotted in Figure 9. To keep these
initial calculations simple, here we adopt constant values, based on approximate profile means in
Figure 9, ofN =0.01 rad s' andH, =9.5 km, so thamin (13) remains constant (later calculations

will remove this assumption). We sét=10"* s™*, corresponding to a latitude of #8. Figure 10

plots the altitude at which;! first exceeds ! as a function of vertical wavenumberand total
horizontal wavenumbef,; = (k? + 12)/2. We find a strong variation of, with m, varying from

~80 km at1, ~1 km to~140 km at1, ~100 km.

To study in greater depth the impact of radiative damping relative to other gravity-wave damp-
ing mechanisms on Mars, we developed a simple one-dimensional anelastic gravity-wave model
based on the dispersion relation (13) and it's associated linear gravity-wave equations, as described
in Appendix B. The model simulates gravity-wave propagation and amplitude evolution through
a vertical atmospheric column extending from the surface to 200 km using the same height grid
z. as for the radiation calculations. Peak vertical displacement ampliti{@eand momentum
fluxesF(2) = |F(2)| are computed subject to radiative and molecular viscous damping, and am-
plitude saturation due to wave breaking. The model is a slightly more complicated version of
the one-dimensional formulations used in gravity-wave drag parameterizations (Joshi et al., 1996;
Collins et al., 1997; Forget et al., 1999). Although background horizontal wi{dsandV(2)
are included in the model, for simplicitly we sét= V = 0 so that large wavenumber refraction
effects are eliminated, allowing us to mongeetively study dissipation as a function of vertical
wavenumber at a range of altitudes. Since IR radiative damping rates are acutely temperature
sensitive (see Figure 7), the simulated gravity waves propagate through the realistic background
temperatur@,(z) shown in Figures 1b and 7a. For consistency, our model calculations include the
resulting height variations it andH, shown in Figure 9, which cause values to vary slightly

with height through the dispersion relation (13).
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For each wave, we must choose a launch (source) altizgdend an initial peak vertical dis-
placement amplitude(z;). We chooses = 0 on the assumption that major gravity-wave sources
are located in the lower atmosphere, such as waves forced by flow over mesoscale terrain (Joshi
et al., 1996). There are few observations to reliably guide our choic&#gr On Earth, mean
gravity-wave amplitudes are controlled by vertical wavenumber spectra with highly reproducible
shapes that peak in variance at a characteristic vertical wavenumberhich is typically in the
range Z(1-3 km) ! in the lower atmosphere (Allen and Vincent, 1995). While there have been no
measurements of vertical wavenumber spectra on Mars to date, the observed horizontal wavenum-
ber spectra of Imamura et al. (2007) bear a strong resemblance to those measured on Earth in the
mesoscale range, which in turn suggests thoeretically that vertical wavenumber spectra should also
have somewhat similar shapes (see, e.g., Bacmeister et al., 1996). The total vertical displacement
variance, obtained by integrating canonical forms for gravity-wave vertical wavenumber spectra
observed on Earth, is 0.1n? (Fritts and VanZandt, 1993), which, on choosing a representative
m, = 2x(2 km)™ for the lower atmosphere, yields an r.m.s. wave-induced vertical displacement of
100 m. Given conflicting evidence as to whether gravity-wave amplitudes are weaker or stronger
on Mars relative to Earth (see section 5), we adopt the default assumption of similar wave ampli-
tudes and thus séfz;) =100 m for our simulations.

Figure 11 plots(2) (left panel) andF(2) (right panel) for a gravity wave ofy, = 27/Kot =
100 km and ground-based phase speed.6 m st which yields a source-level vertical wave-
length, = 27/Im(z)| = 2.5 km. The thick gray curves in Figure 11 show gravity-wave solutions
in which no dissipation has been applied, whereup@) remains constant with height adg¢k)
grows with height roughly as, "/ o exp [ dz/2H,. The thick gold curves are solutions in which
only wave breakingaturation has been applied, which is the standard parameterization approach
(Joshi et al., 1996; Collins et al., 1997; Forget et al., 1999). The black dashed (blue dotted) curve
is the solution in which only IR radiative (molecular viscous) damping has been applied, with
the solid aqua curve showing solutions with both IR radiative and molecular viscous damping
applied. The red curve shows the solution in which all three damping processes (IR radiative
damping, molecular viscous damping, and saturation due to wave breaking) were applied. The

results in Figure 11 show that the amplitude evolution of this wave is dominated by IR radiative
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damping. The IR damping of this wave is so severe tf@tdecreases with altitude in Figure 11a
and never attains a threshold amplitude for wave breaking.

Figure 12 shows corresponding solutions for a wave of ground-based phase sigeéad s?,
which yields a source-level vertical wavelength= 27/|m(zs)] =5 km. While wave amplitudes
grow slowly with altitude in this example up te40 km altitude, they are strongly dissipated above
40 km and again do not attain breaking amplitudes at any altitude. Dissipation of wave amplitude
and momentum flux is again dominated by the IR radiative damping term.

Figure 13 plots solutions for a wave of ~12.9 m s!, which yields a source-level verti-
cal wavelengtht, = 27/|m(zs)] =10 km. This wave grows in amplitude with height and attains a
breaking amplitude at60 km, whereupon it continues breaking as a saturated wave-®tkm
before being rapidly dissipated by molecular viscosity thereafter. Clearly, all three damping mech-
anisms (IR radiative cooling, molecular viscosity, and wave breaking) play a role in progressively
depositing this wave’s momentum flux throughout the atmospheric column. To assess the relative
contributions, the red curve in Figure 13c plots the cumulative percentage of the wave’s original
momentum flux that has been deposited into the background flow for the simulation in which all
three damping processes were activated, showing that essentially 100% of the wave’s momentum
flux has been dissipated by the time the wave has propagated-t400 km. The remaining
curves in Figure 13c show the contributions to this total from saturation (gold curve), IR radiative
damping (black dashed curve), molecular viscosity (blue dotted curve) and radiative plus molec-
ular damping (aqua curve). These results show #€f1% of this wave’s momentum flux was
dissipated by IR radiative dampingl10% by wave breaking (saturation), aati% by molecular
Viscosity.

Only on progressing to Figure 14, which plots solutions for a wave 19.0 m st (1, =
2r/Im(zs)] =15 km), do we see wave breakjsgturation become competitive with IR radiative
damping in dissipating wave momentum flux. In this example, Figure 14c reveals that wave break-
ing accounts for slightly more than 50% of the overall flux deposition through the column, and
IR radiative damping accounts for slightly less than 50%. Again, molecular viscous damping is
essentially negligible, acting only to damp out the tiny momentum flux residual that remains at

high altitudes.
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To provide a broader integrated picture, we conducted assefisimulations like those in
Figures 11-14 for a range of waves withfdrent source-level vertical wavenumbe&;), with
all physical damping processes activated in each case. Figure 15a plots the cumulative percentage
of dissipated momentum flux as a functionzdind|m| for waves ofK, = 27(100 km)?*. The
contributions to the percentage totals in Figure 15a from wave breakitugation, molecular
viscous damping, and IR radiative damping, are plotted in Figures 15b, 15c and 15d, respectively.
In all cases, molecular viscous damping accounts for much less than 1% of the total flux deposition.
At low altitudes, IR radiative damping is the dominant momentum-flux dissipation mechanism for
all the waves, and it remains dominant at higher altitudes for those gravity wave&gf <
15 km. At higher altitudes, saturation eventually becomes the dominant flux deposition process
for gravity waves of1,(z;) = 15 km, accounting for 90% of the flux deposition for waves with
A(zs) > 40 km.

These findings are highlighted in a slightlyffiérent way in Figures 15e and 15f, which plot
the ratio of saturation and IR radiative damping percentages, respectively, to the overall local
flux deposition percentage in Figure 15a. Contours exist only in the top-left regions of these
panels, with the remaining “blank” regions corresponding to a broad aneaaspace where the
saturation contribution to the momentum-flux dissipatior 186, and the IR radiative damping
contribution is>99%. This highlights the major role played by IR radiative damping in controlling
the momentum flux deposition of these waves.

Figure 16 plots “top-of-the-atmosphere” momentum-flux deposition percentages240 km
due to each gravity-wave dissipation process, resulting from 3600 individual gravity-wave simu-
lations spanning the indicated range of horizontal and vertical wavenumber pairings. Figure 16b
again reveals a large area of this two-dimensional wavenumber space where IR radiative damping
is the dominant flux deposition process. Molecular viscous damping is again very small for every
wavenumber pairing considered. Wave breaking is significant only at longer vertical wavelengths
and shorter horizontal wavelengths, which is consistent with the faster vertical group velocities
at these wave scales that yield less time-integrated IR radiative damping along the ray path, in

addition to the smaller radiative damping rates that occur at long vertical wavelengths in Figure 4.
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5. Discussion and Conclusions

While faster radiative relaxation rates on Mars relative to Earth were inferred more than 40
years ago by Goody and Belton (1967), the damping of small vertical-scale temperature structure
on Mars by 15um CGO, cooling has remained largely unquantified. In particular, it has remained
unclear whether longwave radiative cooling yields significant thermal damping of gravity-wave
momentum fluxes. The parameterizations of gravity-wave drag currently included within Mars
GCMs do not include it, and thus tacitly assume that it is a secondary, neglifiste. e

Using a Curtis matrix model of 1am radiative cooling specifically adapted for Mars, we
computed scale-dependent IR radiative damping ratég m) from z =0-200 km over a vertical
wavelength band from 1-500 km, for a representative mean Martian atmosphetl atV&then
used those rates to study the impact of IR radiative damping on the dissipation of gravity wave
momentum fluxes, and compared it to those of other gravity-wave dissipation processes, such as
wave breaking (saturation) and molecular viscous dissipation. Using a linear gravity wave model
governed by simple anelastic wave physics, our results suggest that IR radiative damping is the
dominant process by which gravity wave momentum flux is dissipated on Mars at altitudes below
~50 km, and is also the dominant flux-dissipating process at all altitudes for those waves whose
vertical wavelengths ar€10-15 km (see Figures 15 and 16).

The precise demarcations with altitude and wavenumber summarized in Figures 15 and 16
depend on a number of specific assumptions adopted in our modeling. For example, source-level
gravity-wave amplitude&(zs) could be much larger than our current choice of 100 m, which would
cause waves to break at lower altitudes and thus increase the role of wave breakiiegenDi
background thermal conditions will also reduce (or increase) radiative damping rates. We ran a
series of simulations in which these and other choices were varied. While the locations of the
contours in Figures 15 and 16 can vary in response, the overall morphology does not change
markedly, and hence the major conclusions that we drew from the large-scale features evident in

these results also do not change in any substantial way: Specifically,

¢ IR radiative damping is the dominant momentum-flux dissipation mechanism for all gravity

waves in the lower atmosphere and lower regions of the middle atmosphere;
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e for gravity waves whose source-level vertical wavelengths@6-15 km, IR radiative

damping is the dominant momentum-flux dissipation mechanism at all altitudes;
e molecular viscosity has negligible impact on the total flux deposition of gravity waves; and,

e wave breaking is the dominant flux dissipation mechanism for “fast” gravity waves of short
horizontal wavelength arar long vertical wavelengths, which escape major IR damping at
lower altitudes and deposit the majority of their momentum flux through wavebreaking and

saturation at higher altitudes.

In short, our results strongly suggest that scale-dependent IR radiative damping is a first-order,
and frequently dominant, mechanism by which gravity-wave amplitudes are dissipated on Mars,
and hence exerts an important influence on gravity-wave momentum flux deposition and the wave-
driven circulation of Mars.

Parameterizations of subgrid-scale orographic gravity-wave drag currently embedded within
Mars GCMs are adapted from similar parameterizations in Earth GCMs, which only parameterize
flux deposition due to wave breaking and saturation (Joshi et al., 1996; Collins et al., 1997; Forget
et al., 1999). As Read and Lewis (2004) discuss in their review of gravity-wave éegseon
the Martian climate (chapter 4.4.4), when these parameterizations were initially adapted for and
embedded within Mars GCMs, the parameterized source-level wave momentum fluxes had to be
reduced by 1-2 orders of magnitude to produce a realistic climate (e.g., Collins et al., 1997). Taken
at face value, this would imply much weaker orographic forcing of gravity-wave momentum flux
on Mars relative to Earth. Yet surface flow patterns, and particularly orographic relief, would
(if anything) seem to suggest the opposite, and the limited direct measurements of high-altitude
gravity waves on Mars to date seem to support this countervailing viewpoint (e.g., Fritts et al.,
2006).

The calculations presented in this paper lead us to propose an alternative explanation of this
result. Our results reveal appreciable IR radiative damping of the momentum flux of all gravity
wave at altitudeg ~0-50 km. This radiative damping prevents short vertical wavelength gravity
waves from attaining breaking amplitudes (e.g., Figures 11 and 12), and causes waves of inter-

mediate and longer vertical wavelength to break at higher altitudes (e.g., Figure 13), where the
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wave possesses less remaining momentum flux to deposit vialivaaking and thus produces a
weaker local mean-flow acceleration. For parameterizations that lack a model of scale-dependent
IR radiative damping, the only way to tune the parameterization to compensate for this missing
physics is to articificially reduce wave amplitudes at the source, so that waves break higher and
deposit less momentum flux via breaking.

More work is needed to ascertain the exact ways in which IR radiative damping and wave
breaking combine to control the deposition of gravity-wave momentum flux throughout the Mar-
tian atmosphere and in turn drive a large-scale wave-driven circulation. As on Earth, a major
controlling factor will be the form of the background Martian wild&) andV(2). In this initial
work, we deliberately omitted the complicatinfjexts of mean wind shear and vertical wavenum-
ber refraction by setting = V = 0, to focus more easily on the relative impacts of IR damping
relative to other processes as a function of height and wave scale, using waves of roughly con-
stant frequency and wavenumber. Traditionally, westerly zonal wih@s and westerly shear,
for example, are viewed as progressively removing gravity waves with westerly phase cpeeds
critical levels aso* — f2. Our results strongly suggest that such waves will be heavily dissipated
by IR radiative damping as their vertical wavelengths contract, and will be “radiatively quenched”
well before reaching either wave-breaking amplitudes or being absorbed at a critical level. Those
easterly phase-speed waves propagating against the westerly flow will refract to longer vertical
wavelengths, attain fast vertical group speeds, and thus may refract into regions of wavenumber
space where upper-level wave breaking may be dominant (see Figures 15e and 16a). The situation
becomes complicated since wave breaking conditions also vary strongly in response to background
winds and shear. Generalization to three dimensions with variable wind and wave vector azimuths
further complicates the picture, as does the nature and distribution of wave sources, making es-
timates of relative impacts complicated and case-specific. While these arguments indicate that
more detailed model studies are needed to fully quantify stielets, we believe that the results
presented here already present flisiently strong and compelling case to consider IR radiative
damping an indispensable component of any parameterization that seeks to model gravity-wave
momentum flux deposition accurately, as is required in GCMs. As described in Appendices A

and B, the first orderféects of IR radiative damping could be incorporated into existing gravity-
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wave models and parameterizations with little increase arallycomputational complexity and
overhead.

To date, strong similarities have been noted between gravity-wave dynamics on Earth and
Mars (e.g., Pirraglia, 1976; Pickersgill and Hunt, 1979; Tobie et al., 2003; Imamura et al., 2007;
Parrish et al., 2009). This is reflected in the GCM parameterizations of gravity-wave drag for both
planetary atmospheres, which at present possess almost identical governing physics (e.g., Forget
et al., 1999; Medvedev and Hartogh, 2007). Our results point to a major phydieakdce in
gravity-wave dissipation on each planet. On Earth, IR radiative damping is much weaker and wave
breaking is the dominant flux dissipation process (Marks and Eckermann, 1995), and so gravity-
wave dissipation is characterized by instability, overturning, turbulence generation and turbulent
mixing. By contrast, we find IR radiative damping of gravity waves to be a major (often dominant)
gravity-wave dissipation process on Mars. The IR radiative damping of gravity-wave momentum
and energy fluxes, while producing mean-flow accelerations and frictional heating, respectively,
does not (in and of itself) generate wave-field instabilities and turbulence. This in turn impacts
the potential role of a fourth wave-damping mechanism, raised earlier in this paper [see eq. (19)]
but thereafter ignored in our modeling: dissipation due to background turbuféundidn. In the
Earth’s middle atmosphere, most turbulence is generated by gravity-wave breaking. If, as our
results suggest, IR radiative damping reduces the amount of gravity-wave flux on Mars available
for wave breaking (and hence turbulence generation), it would (all other things being equal) reduce
gravity-wave-induced turbulence levels on Mars relative to Earth, as well as the overall impact
of wave damping due to background turbulerffuion and the turbulent verticalftlision and

mixing of trace constituents in the Martian middle atmosphere.
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Figure 1: Profiles of (a) pressure, (b) temperature, (c) @ume mixing ratio, (d) density, (€) ¥ volume mixing
ratio, and (f) G3P/CO, volume mixing ratio. Thick curves are the means of individual profiles aN4@om the
Mars Climate Database (MCD: Lewis et al., 1999) for average levels of dust-loading and solar activity. Thin curves
are minimum and maximum profiles, and gray shading in panels b, c, e and f depicts the distribution density of the

individual MCD profiles.
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Figure 2: (a) Mean kinetic temperature profile used by Loyaixerde et al. (1998) (their Figure 1a); (b) resulting

15um cooling rates using our Curtis-matrix algorithm and the mean O andh@xing ratio profiles from Figures 1c

and le. Rates are quantified here and elsewhere in terms of Earth days: ratesthatesobtained by multiplying
the values in (b) by 1.027491.
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Figure 3: Profiles of mean (a) kinetic temperature and ()@ mixing ratio from Figures 1b and 1f, respectively,

which yield in (¢) a mean IR cooling rate, plotted with a thick curve, for our prespecified @e@@éctivation rate,

ko_co,, 0f 3x 10712 cm s1. Thin curves in (c) show corresponding cooling rates whenkifiso, value is doubled
and halved.
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Figure 4: Scale-dependent IR radiative damping ratg$z m), (contour labels in day$) computed for background

conditions defined by the mean profiles in Figure 1.

29



200\, N T '/1'2'="1' km ——
i A=2km -----
: %zzs Em -
i ‘4 km —-—
150 A,=5km —
A,=7.5km
/E\ L
< 100]
N
50 |
Ol
2007
: =
| 1250k
i ,=30 km — - —]
150 4,=50 km —
~ \ B /12200 o
E r — _’/_/_/_/ == 1
N Y2
L j"///'/——’ i
50 f// :
|
O D [ [ I

Figure 5: Scale-dependent IR radiative damping ratg'{z m), plotted as a function of heiglatfor variousa, =

2r/mvalues shown in top right of each panel.
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Figure 6: A comparison of IR radiative damping ratgs(z m), atz =60, 80, 100, and 120 km in the present work

(solid curves) and corresponding estimates of Imamura and Ogawa (1995) (dotted curves).
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Figure 7: Variation of IR radiative damping ratg!(z m) at1, = 2r/m = 5 km as the reference temperature profile
in (a) (thick curve) is modified at all heights By20 K, -10 K, -5 K, +5 K, +10 K and+20 K (thin curves).
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Figure 8: Weighting factor, andw, in (17) and (18) that scale the raw radiative and viscous dampingzzgtesd

7,1 to yield the net rate of damping of gravity-wave amplitudes.
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Figure 9: Profiles of mean (a) buoyancy frequehicand (b) density scale height,, based on the mean background

kinetic temperature profil&,(2) (thick solid curves in Figures 1b and 7a).
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Figure 10: Contours o, (labels in km), the altitude above which the local molecular viscous damping of gravity
waves,w,mt,~, exceeds the IR radiative damping of the wawes; 1, for gravity waves of the indicated horizontal

and vertical wavenumbers.
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Figure 11: Profiles of (a) peak vertical displacement amgéiti{z) and (b) vertical flux of horizontal momentuffi(z)
for a gravity wave ot = 3.6 m s, 1,(z) = 27/Im(zs)] = 2.5 km, A = 27/Kior = 100 km, and’(zs) = 100 m. The

curves show solutions for fierent types of wave damping: no damping (gray solid curves), wave bre¢s&ingation

only (gold solid curves), molecular viscous damping only (blue dotted curves), IR radiative damping only (black

dashed curves), molecular viscous and IR radiative damping (aqua solid curves), and all three damping processes

(wave breakingpaturation, molecular viscous damping and IR radiative damping: red solid curves).
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Figure 12: As for Figure 11 but for a gravity wave®& 6.6 m st and,(zs) = 2r/|m(z5)| = 5 km.
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Figure 13: Panels (a) and (b) follow the same presentatiomasd=11 but for a gravity wave af= 129 m s and

A(zs) = 2/Im(z5)| = 10 km. The red curve in (c) plots the cumulative deposition of momentuntijax expressed

as a percentage of the original source-level flux, for the simulation with all three dissipation processes activated (red
curvesin panels a and b). Remaining curves in (c) show the contributions to this cumulative flux deposition percentage
from breakingsaturation (gold solid curve), IR radiative damping (black dashed curve), molecular viscous damping

(blue dotted curve), and combined molecular viscous and IR radiative damping (aqua solid curve).
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Figure 14: As for Figure 13 but for a gravity wave®f 19.0 m s and,(zs) = 27/|m(zs)| = 15 km.
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Figure 15: Cumulative percentages of dissipated gravity-wave momentum flux (@8dissipation, 100% total
dissipation) as a function of heightind source-level vertical wavenumbm(zs)|, for model-simulated gravity waves

of Kiot = 27(100 kmY! andZ(zs) = 100 m with all damping mechanisms activated. Plots show (a) the total percentage
of dissipated flux, and then contributions to this total from (b) bregkatgration, (c) molecular viscous damping

and (d) IR radiative damping. Remaining panels show the percentage contribution to the local total in (a) from (e)
breakingsaturation and (f) IR radiative damping, the latter showing the dominantxB8%) role of IR radiative
damping in gravity-wave momentum flux deposition for all waves 860-80 km and for waves of,(zs) < 10 km

at all altitudes.
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Figure 16: “Top-of-the-atmosphere” contributions to gtgwvave momentum flux dissipation of simulated gravity
waves as a function of source-level vertical wavenuminézs)| and horizontal wavenumbeég;,; at z = 200 km,
where close to 100% of each wave's momentum flux has been dissipated. Contour labels are percentages, due to (a)

breakingsaturation, (b) IR radiative damping and (c) molecular viscous damping.
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Figure 17: (alNo(2), (b) N (2) and (c)km(2) derived by fitting (A.1) to the71(z m) estimates.
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Appendix A. Least Squares Fitsto 77(z m)

We have fitted the scale-dependent IR radiative damping rates in Figure 4 to various functions
to facilitate their éicient numerical implementation in gravity-wave models and parameteriza-
tions. Following Zhu (1993), we first performed a nonlinear fit of the rates at each lzdigtiie

analytical function

ar i3], A

7 (2 M) = No(2) + Neo(2) {1 "k

This equation fits the rates as the sum of a cooling-to-space ytn, plus a layer exchange
term based on the analytical solution of Spiegel (1957) for an infinite homogeneous atmosphere
(Goody and Yung, 1989). By analogy to the Spiegel (1957) solukig(a) is the mean absorption
codticient andNy(2) + N (2) is the damping rate in the transparent limit. Using (A.1), scale-
dependent radiative damping rates for the reference temperature profile and constituent mixing
ratio profiles are now conveniently parameterized in terms of a lookup table of reference profiles
of No(2), N.(2), andkn(2), which are plotted in Figure 17. This fit has the advantage that it is
well-behaved and relaxes to physically plausible constant values=afr/ 1, values outside the
A, =1-500 km range where we computed raw rates from our Curtis matrix calculations.

A drawback is that close fits to the original data do not occur at every height and wavenumber
using this function. We obtained much closer fits using the third-order logarithmic polynomial fit

@z m

Y

T

exp|a(2) + b@y + c(Qy® + d@)y°|. (A.2)
logm — log 27(500 km)2. (A.3)

While this fit has the advantage of yielding a much more accurate fit at all heights over our 1-
500 km vertical wavelength range, it is poorly behaved outside of this wavelength range and thus
cannot be used at wavelengths shorter than 1 km or longer than 500 km, which is not a serious
drawback since in this case the rate at the limiting boundary wavenumber is imposed.

Lookup tables containing céiecients of both fits on the height grig} are provided online as
supplementary material, in the form of two text files designed to be used as data files for a computer
subroutine that reads in and then uses thes#ficmats to compute damping rates. These lookup
tables also store the background temperature profitg), so that fitted rates can be scaled to any

local temperature profil€(z) using (11) and (12).
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Appendix B. Anelastic Gravity Wave M odel

Our one-dimensional model of gravity-wave evolution with height is based on the anelastic
gravity wave equations of Marks and Eckermann (1995). For use on our heiglat,grie set the

ray time stepAt to Az/cy,, whereAz =0.5 km is our grid resolution, and

—orm(1- 1)

w*?

et a?

(B.1)

is the wave’s vertical group velocity. We next define a complex vertical wavenukhbem+:m;,

such that
1
= , B.2
m TwCqyz ( )
such that momentum flux varies with height above its source altzude, as
Z
F(2) = F(z)S%(2) exp —Zf m(Z)dZ|. (B.3)
Zs

S?(2) is a scaling factor that accounts for the accumulated loss of momentum flux due to wave
breaking (0< S(2) < 1), and is described below, while exﬂfzzm(z’)dZ] is the time-integrated
loss of momentum flux along the ray path due to radiative and viscous damping. In the absence of
these dissipative processes, both terms equal unity, wheré{poa F(z;) andoF/o0z = 0.

We initialize momentum flux at the source altitueleby specifying the wave’s peak vertical

displacement amplitud}.(zs), which is then converted into a corresponding action density,

1p5(2P@)¢?
and momentum fluxg, via (14), where the polarization factor
+2 2
(1+ wf—fz)(l—wN—z) o
P(2) = — - + (1 -z ) (B.5)
(1 T )(1 - 7)

(an equivalent derivation in terms of horizontal velocity amplitude is given in Appendix B of
Marks and Eckermann, 1995). Egs. (14), (B.1), (B.4) and (B.5) imply that the wave amplitude
varies with altitude as

o s [S¥2P W (2)celz) |7 z
€@ =140 [ 82((22)5) é’z(sz);t;((zz))ﬁ((zzs))zggz((zz))] exp[_fzs m(z)dzl ' (B.6)
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As the wave propagates upwards, at each heighe check whether wave amplitudes exceed the
local threshold amplitude for wave breakitig;
Z(Z) > Zsat = i, (B.7)
|
where the dimensionless wave-breaking amplitade given by egs. (33) and (34) of Fritts and
Rastogi (1985), such that @ a < 1 for f2/w*? # 0 due to wave-induced dynamical (shear)

*2 > 2 due to onset of wave-induced convective instabilities.

instabilities, anda — 1 for w
We adopt the standard linear saturation hypothesis used in most parameterizations, in which the
wave sheds gticient momentum flux to reduce the wave amplitude to the threshold for instability

(£ = Zsa), Which is achieved by setting

S(2)

[ gsat( )]’ (88)

k
]—[ (B.9)

S(z)
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