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ABSTRACT
Power spectral densities (PSDs) of mesoscale fluctuations of temperature and rate of change of temperature
(heating–cooling rate) due to a spectrum of stratospheric gravity waves are derived using canonical spectral
forms based on observations and linear gravity wave theory. The parameterization developed here assumes a
continuous distribution of horizontal wave phase speeds, as opposed to a previous spectral parameterization in
which all waves were assigned stationary ground-based phase speeds. Significantly different heating–cooling
rate PSDs result in each case. The differences are largest at small horizontal scales, where the continuous phasespeed parameterization yields heating–cooling rate PSDs that are several orders of magnitude smaller than in
the stationary phase-speed parameterization. A simple Monte Carlo method is used to synthesize randomly
phased temperature perturbation time series within tagged air parcels using either spectral parameterization.
These time series are incorporated into a nonequilibrium, microphysical trajectory-box model to assess the
microphysical consequences of each parameterization. Collated results yield a ‘‘natural’’ geophysical scatter of
instantaneous aerosol volumes within air parcels away from equilibrium conditions. The amount of scatter was
much smaller when the continuous phase-speed parameterization was used.

1. Introduction
The importance of polar stratospheric clouds (PSCs)
in ozone depletion has prompted considerable research
into their composition and formation. Observations
show that PSCs often form preferentially over mountainous terrain, where they seem to be associated with
the penetration of mountain lee waves into the stratosphere (e.g., Cariolle et al. 1989; Deshler et al. 1994;
Godin et al. 1994; Fromm et al. 1997; Carslaw et al.
1998a,b). Recent modeling work has shown that mountain wave temperature perturbations affect the formation
and growth of aerosol particles, as well as subsequent
heterogeneous chemical reactions that take place on the
particles (e.g., Peter et al. 1994; Meilinger et al. 1995;
Borrmann et al. 1997; Tsias et al. 1997). This occurs
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because microphysical processes have a strongly nonlinear dependence on both temperature (e.g., Tabazadeh
et al. 1994; Carslaw et al. 1994) and the rate of change
of temperature (e.g., Meilinger et al. 1995; Tsias et al.
1997). Thus, details in air parcel temperature histories
can have an important impact on microphysical end
products, such as particle size distributions, total aerosol
volume, and particle freezing (Drdla and Turco 1991;
Jensen and Toon, 1994; Koop et al. 1995, 1997; Tsias
et al. 1997). Furthermore, several important heterogeneous reaction rates have a strong temperature dependence (e.g., Borrmann et al. 1997), which leads to rates
of chlorine activation in stratospheric mountain waves
that are orders of magnitude faster than those encountered synoptically (Carslaw et al. 1998a). Carslaw et al.
(1998b) have proposed that the combined effect of all
such mountain waves in the Arctic could cause an overall decrease in ozone levels. The temperature oscillations of a gravity wave have also been shown to be
important in microphysical models of polar mesospheric
clouds (Turco et al. 1982; Jensen and Thomas 1994)
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and of high cirrus clouds (Potter and Holton 1995; Jensen et al. 1996; Lin et al. 1998).
All of these model studies considered the microphysical effects of single waves, whereas observations
reveal that, on average, broad pseudorandom spectra of
temperature fluctuations exist in the stratosphere (e.g.,
Nastrom and Gage 1985; Tsuda et al. 1991; Bacmeister
et al. 1996; Whiteway et al. 1997). Tabazadeh et al.
(1996) parameterized this by assuming Gaussian probability density functions (PDFs) of mesoscale temperature fluctuations due to a spectrum of waves, basing
their variances on stratospheric data taken from the microwave temperature profiler (MTP) on the National
Aeronautics and Space Administration’s (NASA) ER-2
research aircraft. Murphy and Gary (1995, hereafter
MG95) also addressed this issue by deriving mesoscale
horizontal wavenumber spectra of temperature, heating–
cooling rate (i.e., rate of change of temperature, negative
if cooling), and PSC supersaturation fluctuations, based
on the temperature spectra observed from MTP and other in situ aircraft measurements in the lower stratosphere.
The calculations of MG95 were based on the implicit
assumption that mesoscale temperature fluctuations observed by the aircraft were stationary with respect to
the ground, implying a spectrum of gravity waves with
stationary ground-based horizontal phase speeds (such
as mountain waves). However, analysis of accumulated
meteorological measurement system (MMS) data from
stratospheric ER-2 flights led Bacmeister et al. (1996,
hereafter B96) to different conclusions. They compared
fluctuations in these data with idealized models of the
two-dimensional (2D) spectrum of gravity wave–induced horizontal velocities as a function of vertical
wavenumber m, and intrinsic frequency v, G u,y (m, v).
This continuous 2D spectrum implies a broad, continuous distribution of wave phase speeds, in contrast to
the MG95 model. B96 used linear gravity wave theory
to transform G u,y (m, v) into corresponding spectral predictions for the one-dimensional horizontal wavenumber (k) spectra of horizontal velocities F u,y (k) and vertical velocities F w (k) (Gardner et al. 1993a,b). Excellent
agreement was found between these theoretical spectra
and corresponding spectra derived from MMS data,
leading them to conclude that mesoscale temperature
and velocity fluctuations in stratospheric ER-2 data were
consistent with a spectrum of gravity waves with a broad
distribution of horizontal phase speeds.
In this paper, we go on to develop a spectral parameterization of mesoscale temperature and heating rate
perturbations based on the continuous phase-speed model of Gardner et al. (1993a,b) and B96, and compare it
with the stationary phase-speed parameterization of
MG95. We demonstrate that, in each case, very different
temperature and heating–cooling rate perturbations arise
within air parcels as they are advected through the wave
fields. Reanalysis of MMS data reveals that PDFs of
mesoscale temperature amplitudes in the stratosphere
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are approximately Gaussian, with departures only in the
‘‘wings’’ of the distribution. We associate the Gaussian
components of the PDFs with the basic background
spectrum of wave activity that is always present in the
stratosphere, and the non-Gaussian tails with intermittent large-amplitude wave events. We go on to generate
synthetic time series of parcel-based temperature perturbations using a simple Monte Carlo method, which
yields Gaussian temperature PDFs that can be governed
by either the MG95 or B96-based spectral parameterizations. Finally, we use these artificial time series within
a microphysical box-trajectory model for the stratosphere to assess the microphysical impacts of each parameterization.
2. Spectral parameterization
In their analysis of velocity and temperature fluctuation spectra from MMS data from the lower stratosphere, B96 used linear polarization and dispersion relations for hydrostatic, nonrotating gravity waves to
transform models for the 2D gravity wave spectrum
G u,y (m, v) into corresponding predictions for the onedimensional horizontal wavenumber spectra of horizontal velocities F u,y (k) and vertical velocities F w (k) that
are measured by the aircraft (Gardner et al. 1993a,b).
A further assumption of horizontal isotropy in wave
propagation directions was made in these theoretical
derivations. B96 found excellent agreement between the
velocity spectra observed by MMS and theoretical predictions for F u,y (k) and F w (k) based on a separable analytical hydrostatic gravity wave spectral model of the
form
G u,y (m, v) 5 E 0 Â u,y (m)B̂ u,y (v),

(1)

where Â u,y (m) and B̂ u,y (v) are normalized 1D model
spectra and E 0 is the total wave energy per unit mass
(Fritts and VanZandt 1993). The shapes of the 1D model
spectra are discussed in depth by Gardner et al.
(1993a,b), Fritts and VanZandt (1993), and B96. Briefly,
the vertical wavenumber spectrum Â u,y (m) → m23 at
large m and peaks at a characteristic wavenumber m*,
which is around 2p (2–3 km)21 in the lower stratosphere. The normalized frequency spectrum takes the
form B̂ u,y (v) } [1 1 ( f/v) 2 ]v2p between the allowed
intrinsic frequencies | f | , |v| , N [B̂ u,y (v) 5 0 elsewhere], where f is the Coriolis parameter, N is the background Brunt–Väisälä frequency, and p 5 2. These
shapes are based on both theory and accumulated data,
and although nonseparable models for G u,y (m, v) have
also been proposed (e.g., Gardner 1996; Dewan 1997),
the separable form, (1), is still used commonly in the
stratosphere (e.g., Gardner et al. 1993a,b; Fritts and
VanZandt 1993). The model (1) implies a broad continuous distribution of wave phase speeds within the
spectrum, as opposed to the stationary phase-speed
model of MG95.

Unauthenticated | Downloaded 04/10/21 11:29 PM UTC

15 JUNE 1999

1915

BACMEISTER ET AL.

We now apply the model (1) to predict PSDs of temperature and heating–cooling rate perturbations.
a. Temperature PSDs
B96 also evaluated PSDs of MMS potential temperature data and compared them to the predictions of the
model (1). Simple polarization relations for hydrostatic
gravity waves lead to the relation

1 2

T
G T (m, v) 5
Q

2

5 Q(v)

GQ (m, v)

1 2G
NT
g

2

u, y

(m, v),

(2)

where G T(m, v) is the 2D gravity wave temperature
spectrum; GQ (m, v) is the potential temperature spectrum; g is gravitational acceleration; Q and T are background potential and absolute temperatures, respectively; and Q(v) is the ratio of potential to kinetic energy
of a given wave of intrinsic frequency, v. For hydrostatic waves, Q(v) 5 1 for nonrotating flow and Q(v)
5 (v 2 2 f 2 )/(v 2 1 f 2 ) for rotating flow (for the calculations in this paper, we have assumed a nonrotating
atmosphere). This leads to model horizontal wavenumber PSDs
F T (k) 5 T 20 Fˆ T (k) } FQ (k) }

1g2F
NT

2

u, y

(k),

(3)

where T 20 is the total temperature variance and F̂ T (k) is
the normalized model spectrum. Thus, the potential temperature, absolute temperature, and horizontal velocity
fluctuations should all have similarly shaped horizontal
wavenumber spectra. B96 showed that FQ (k) and F u,y (k)
computed from MMS data had similar shapes and thus
agreed well with the model prediction (3) based on (1).
Of additional relevance to microphysics is the intrinsic frequency PSD of temperatures, which governs the
time variations of temperature fluctuations within
tagged air parcels as they are advected by the background flow. This spectrum is difficult to measure directly. However, it is easily derived from the model
spectra (1) and (2), to yield
B T (v) 5 T 20 Bˆ T (v) 5 Q(v)
[ BTB 96 (v),

1 2 E Bˆ
NT
g

number temperature PSD based on data from various
airborne platforms, which exhibited similar spectral
shapes to the model spectrum F T (k) in (3). Under their
stationary phase-speed assumption, a Taylor transformation from the ground-based frame to the intrinsic
frame1 yields the intrinsic (parcel based) frequency PSD
B TMG 95 (v, U ) 5 T 02

F̂ T (v/U )
,
U

(5)

where U 5 (U 2 1 V 2)1/2 is the background wind speed
and v 5 kU. This derivation also assumes no directional
variability in F̂ T (k) (i.e., azimuthal isotropy). Note the
strong dependence of this parcel-based spectrum on the
background wind speed.
b. Heating–cooling rate PSDs
If the wave spectrum is nondissipating, as is often the
case in the lower stratosphere [see, e.g., Figs. 7 and 8
of Tsuda et al. (1991)], an air parcel will be displaced
adiabatically about its equilibrium position by the wave
field. Thus, the potential temperature of the parcel will
be conserved, which, for a single wave, yields the linearized perturbation equation
D tu9 5 ]tu9 1 U] xu9 1 V] yu9 5 2v9] zQ,

(6)

where u9 and v9 are wave-induced perturbations of potential temperature and vertical velocity, respectively;
U and V are the background zonal and meridional
winds, respectively; Q is the background potential temperature; subscripted ] terms denote local partial derivatives (i.e., ] t 5 ]/]t); and D t is the intrinsic (parcel
based) time derivative. Horizontal gradients in background quantities were neglected in deriving (6).
Hydrostatic gravity waves have shallow vertical
structure, and so the temperature and potential temperature perturbations are approximately related, as in (2),
according to

u9
T9
5
Q
T

(7)

(e.g., Eckermann et al. 1998). Thus, rearranging terms
in (6) and scaling with (7), we obtain the expression

2

0

u, y

(v)
(4)

where B̂ T (v) is the normalized temperature spectrum.
The present analysis can be contrasted to that of
MG95, which assumed (implicitly) that all the waves
in the spectrum were stationary with respect to the
ground. MG95 used a model for the horizontal wave-

1
The Taylor transformation converts stationary horizontal wavelength structures in one frame (in this case, the ground-based frame)
into temporal variations measured within another frame that is being
advected through this horizontal variability (in this case, the intrinsic
frame). Note that this is the inverse Taylor transformation to the one
used to derive ground-based frequency spectra due to stratified twodimensional turbulence models, in which the horizontal variability is
assumed to be stationary (‘‘frozen’’) in the intrinsic frame [see, e.g.,
Eq. (9) of Vincent and Eckermann (1990)].
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D t T 5 ] t T9 1 U] x T9 1 V] y T9 5 2w9] zQ
52

paigns, as well as a brief description of the MMS dataset,
can be found in B96 and references therein. The PSDs
used in this study are calculated from discrete wavelet
transforms (DWTs) in the manner outlined in B96.

1 2
T
Q

1 2

TN 2
w9,
g

(8)
a. Heating–cooling rates PSDs

for the Lagrangian rate of change of temperature perturbation (i.e., the heating–cooling rate perturbation
within an air parcel advected by the mean wind). Thus,
for linear adiabatic gravity waves, the heating–cooling
rate perturbations are proportional to the vertical velocity perturbations, and so the heating–cooling rate
PSD F DtT (k) follows from simple scaling of the PSD of
vertical velocity according to (8):
F Dt T (k) 5

VOLUME 56

1 2

2

TN 2
F w (k) [ F BD96
(k).
tT
g

(9)

The horizontal wavenumber PSD of heating–cooling
rate fluctuations under the continuous phase-speed model (9) may be contrasted with the one arising from the
MG95 stationary phase-speed model, which is given by
2 2
F MG95
DtT (k, U) 5 U k F T (k).

(10)

This relation follows via a Taylor transformation from
the ground-based frame (where ] t terms vanish since
waves are taken to be stationary) to the intrinsic frame
to derive the parcel-based time derivative D t (Murphy
and Gary 1995). Note that, unlike (9), the MG95 heating–cooling rate PSD (10) is a strong function of the
background wind speed U.
Intrinsic frequency PSDs of heating–cooling rate follow from the corresponding temperature PSDs. For the
B96-based model,
2 B96
B B96
D tT (v) 5 v B T (v),

(11)

and so is approximately flat given the approximately
v22 shape of B B96
T (v) implied by (4). The corresponding
PSD from the MG95 model is
B DMGt T95 (v, U ) 5 v 2 B TMG 95 (v, U ) 5

v2
F (v/U ),
U T

(12)

where v 5 kU.
3. Comparisons with data
To compare the various parameterizations with data,
we use vertical velocity and temperature fluctuations
derived from MMS data during three aircraft campaigns
employing NASA’s ER-2 aircraft: 1) the second Arctic
Airborne Stratospheric Expedition (AASEII), (2) the
Stratospheric Photochemistry Aerosol and Dynamics
Experiment (SPADE), and (3) the Airborne Southern
Hemisphere Ozone Experiment/Measurements for Assessing the Effects of Stratospheric Aircraft (ASHOE/
MAESA) campaign. Locations and dates of these cam-

It was noted in section 2 that the two parameterizations use a similar observationally constrained model
for the horizontal wavenumber spectrum of temperatures F T (k) but derive different heating–cooling rate
PSDs from it. These differences are illustrated in Fig.
1.
The
solid curve with triangular symbols in Fig. 1a shows
F B96
D tT (k) derived from MMS vertical velocity spectra using (9). It represents a log average over all flights in
the AASEII, SPADE, and ASHOE/MAESA campaigns.
The remaining curves in Fig. 1a show F MG95
D tT (k, U) for
three U values of 1, 20, and 50 m s21 , as obtained by
scaling a corresponding log-averaged PSD of MMS
temperature (shown in Fig. 1b) using (10).
The shapes of the two heating–cooling rate PSDs are
clearly very different. The MG95 PSDs are much flatter
at small scales. At scales smaller than 6.4 km,
F MG95
D tT (k, U) decays weakly with a spectral index between 0 and 21, while F B96
D tT (k) decays more rapidly with
a spectral index close to 23. The magnitude of
F MG95
D tT (k, U) also depends sensitively on the background
flow speed U, since it determines how rapidly the parcels are advected through, and perturbed by, the stationary horizontal wave structures. In contrast, the heating–cooling rate PSD determined from the B96-based
parameterization (9) has no explicit dependence on
background flow conditions. Observationally, B96
found a weak dependence of the MMS vertical velocity
PSD on the magnitude of the background horizontal
wind, and other studies have also reported some sensitivities of stratospheric velocity spectra to the background wind profile (e.g., Eckermann 1995). The sensitivity of the MMS vertical velocity PSDs to background wind speed appeared to vary with horizontal
scale: at k . m* the vertical velocity PSDs appeared to
be less sensitive to changes in the background wind
speed than the PSDs at k , m* (Bacmeister et al. 1996).
So, while some evidence for a dependence on wind
speed exists, existing data indicate that it is significantly
weaker than the quadratic dependence of F MG95
D tT (k, U)
on U in (10) and Fig. 1a.
Table 1 gives spectrally integrated root-mean-square
(rms) heating rates for the B96-based heating–cooling
rate spectrum within several logarithmically spaced
wavenumber ranges, as determined by numerically integrating F B96
D tT (k) in Fig. 1a. Integrated heating–cooling
rates based on (9) peak at scales between ;3 and 25
km. This is in contrast to the MG95 spectral model,
which yields integrated heating–cooling rates that increase monotonically as horizontal scales decrease (see
Table 1 of MG95).
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FIG. 1. (a) Power spectral density (PSD) of heating–cooling rate as a function of horizontal
wavenumber k; (b) PSD of temperature as a function of k. (a), (b) PSDs are obtained from log
averages over all flights in AASE II, SPADE, and ASHOE/MAESA. (a) Filled triangles show
heating–cooling rates obtained by scaling the mean PSD of vertical velocity as shown in (3). (b)
Solid, dotted, and dashed lines show heating–cooling rates obtained from the horizontal derivative
of the mean temperature, following MG95. Results shown are for 3 different values of mean U:
20, 50, and 1 m s21.

b. Temperature PDFs
Another approach to parameterizing multiwave temperature perturbations within microphysical models is
to employ Gaussian PDFs (Tabazadeh et al. 1996). The
DWT analysis of MMS data by B96 preserves information about the location and amplitude of fluctuations
at each of the characteristic scales (or ‘‘octaves’’) reTABLE 1. Rms heating–cooling rates within logarithmically spaced
horizontal-scale ranges, using the B96-based model.
Horizontal-scale range
(km)

Heating–cooling rate
(K day21 )

102.4–25.6
51.2–12.8
25.6–6.4
12.8–3.2
6.4–1.6
3.2–0.8

652
671
686
687
670
647

solved by the DWT, which allows us to study temperature fluctuation statistics and PDFs as a function of
horizontal scale.
Figure 2 shows PDFs of DWT temperature amplitudes at different horizontal scales. Least squares fits to
a Gaussian distribution over the central 68% of the data
are also shown. Within 61s of the peak, the PDFs
closely approximate a Gaussian distribution, as assumed
by Tabazadeh et al. (1996). The rms amplitudes of the
fluctuations in Fig. 2 are comparable to those obtained
by MG95 at similar horizontal scales.
However, there is evidence of non-Gaussian highamplitude tails in all of the PDFs in Fig. 2. In other
words, high-amplitude temperature fluctuations are
somewhat more probable than would be inferred from
the Gaussian distributions determined from fits to the
central 68% of the data. These departures from Gaussianity become more pronounced as the horizontal scale
of the fluctuations decreases in Fig. 2. Chi-squared tests
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FIG. 2. Log10 of normalized PDFs of temperature fluctuation amplitude determined using discrete wavelet transforms
of MMS temperatures measured during ASHOE/MAESA. Thick dashed curves show Gaussian fits (which appear parabolic here) to the central 68% of data. Results are shown for fluctuations with characteristic horizontal scales of (a)
12.8, (b) 6.4, (c) 3.2, and (d) 1.6 km. Fluctuation amplitudes appear to be well described by a normal distribution in
the central or small-amplitude portion of the distribution. However, PDFs show non-Gaussian, high-amplitude tails,
especially at smaller horizontal scales. These may be associated with infrequent high-amplitude wave events, such as
waves generated by intense convection or flow over mountains.

of the observed PDFs versus the Gaussian fits indicate
that the non-Gaussian behavior in the wings of the distributions is highly significant statistically. Similar behavior is observed in the PDFs of horizontal velocity
fluctuations measured by MMS in the stratosphere (Bacmeister et al. 1997a). The origin of the non-Gaussian
tails in the temperature fluctuations is not entirely clear.
However, intermittent large-amplitude wave events are
likely to be at least partially responsible (Bacmeister et
al. 1990; Alexander and Pfister 1995).
4. Parameterizations for parcel-based calculations
The spectral parameterizations (3), (9), (10), and
those of MG95 are presented as horizontal wavenumber
spectra, which govern the horizontal ‘‘line’’ distribution
of a collection of parcels at a given instant in time.
However, many microphysical models are Lagrangian,
concentrating instead on time variations of meteorolog-

ical and microphysical parameters within tagged air parcels as they are advected by the background flow.
For such models, spectral parameterizations of waveinduced temperature fluctuations following an air parcel
are needed. These are given by the intrinsic frequency
spectra (4) and (5) for the B96-based and MG95 parameterizations, respectively. Again, the two parameterizations give very different results. For temperatures,
quasi-invariant spectra ;v22 arise in the B96-based
model (4), whereas the MG95-based spectrum (5) follows the shape of the horizontal wavenumber spectrum
according to F T (v /U), and its intensity scales with background wind speed U. Analogous differences exist between the heating–cooling rate spectra (11) and (12).
To assess the effects of each parameterization on Lagrangian microphysical models, it is first necessary to
generate parcel-based temperature perturbation time series governed by these spectral models. A straightforward approach for the B96-based parameterization is to
generate a random time series of the form

Unauthenticated | Downloaded 04/10/21 11:29 PM UTC

15 JUNE 1999

BACMEISTER ET AL.

FIG. 3. Model power spectral density of temperature as a function
of vertical wavenumber m and intrinsic frequency v, G T (m, v), from
(2) based on the separable model (1) of Gardner et al. (1993a). Contours of this two-dimensional PSD for m 5 2p (3.0 km)21 are shown
with solid curves. Cusps in the contours* at m 5 m mark the shape
* and v , | f | 5
change in Â uy (m) in (1). For v . N 5 0.02 rad s21
24
21
10 rad s , G T (m, v) is identically zero. Shaded region shows portions of the (m, v) plane enclosed by curves of constant horizontal
wavenumber corresponding to the range of horizontal scales between
102.4 and 0.8 km. For m 5 2p (3.0 km)21 approximately 21% of
total variance lies within *this shaded region.

O (Bˆ
n

T 9B 96(t) 5 Ï2T0

B 96
T

(v i )Dv)1/2 sin(v i t 1 f i ), (13)

i51

where Ï2 transforms from rms to peak amplitudes, Dv
is a (constant) frequency step, v i is the ith (evenly
spaced) frequency, and f i is a random phase for this
harmonic. The frequency step Dv must be small enough
to resolve shape transitions in B B96
T (v) adequately, and
n and Dv are chosen so as to integrate B̂ B96
T (v i ) over its
full range between f and N (i.e., v1 5 f 1 Dv/2, v n
5 N 2 Dv/2). While this is similar to the Monte Carlo
method of Eckermann (1990), many other randomly
phased Fourier and/or wavelet synthesis methods could
also be used (e.g., Owens 1978; Benzi et al. 1993; Alexander 1996; Elliott et al. 1997). Note that (13) yields
Gaussian temperature PDFs and so is also consistent
with the PDF-based modeling strategy of Tabazadeh et
al. (1996).
The main remaining task is to choose a representative
total rms temperature amplitude T 0 for insertion into
(13). Here, we attempt a data-based estimate of it from
our temperature PSD in Fig. 1b, which was computed
over a limited wavenumber range k1 , k , k 2 , where
k1 5 2p (102.4 km)21 and k 2 5 2p (0.8 km)21 . Thus,
integrating this spectrum gives us some fraction, e, of
T 20. We estimate e by numerically integrating G T (m, v)
in (2) over all m and v and comparing it with a second
integral constrained within the range k1 , k , k 2 . Figure
3 shows a sample contour plot of G T (m, v) for m* 5
2p (3 km)21 . The shaded region shows the integration
range on restriction to the horizontal wavenumber range
k1 , k , k 2 . Using a typical stratospheric value of m*

1919

5 2p (3 km)21 (Tsuda et al. 1991), we obtain e 5 0.21
using representative midlatitude f and N values. Thus,
according to the continuous phase-speed model (2), a
little over one-fifth of the total variance T 20 is contained
in the horizontal wavenumber PSDs shown in Fig. 1b
and B96.
On numerically integrating the 1D temperature PSD
in Fig. 1b, we obtain a variance of 0.16 K 2 , and thus a
total variance T 20 5 0.16/e ø 0.8 K 2 . This is a small
value compared to other measurements and analyses
(e.g., Tsuda et al. 1991; Allen and Vincent 1995), but
it should be kept in mind that a significant fraction of
the total ER-2 flight miles during these experiments occurred over open ocean, where wave variances are
smaller than those over land (e.g., Nastrom et al. 1987).
Furthermore, the mean spectra in Fig. 1b and B96 are
log averages of wavelet spectra taken during 1024-s
flight intervals. Log averages de-emphasize periods of
high activity, and thus the variance of the log-average
spectrum is less than the mean variance of the data.
Nevertheless, our estimate of T 20 ø 1 K 2 can be considered broadly representative of ‘‘ambient’’ stratospheric conditions, or a ‘‘lower bound’’ estimate. In any
given situation, T 20 may be considerably larger and may
depend on environmental factors such as underlying
cloudiness and terrain, background winds (at all levels),
altitude, and so on. A sample parcel-based temperature
fluctuation time series using T 20 5 0.76 K 2 in (13) is
shown in Fig. 4a.
Temperature perturbation time series for the MG95
parameterization can also be generated by replacing
B̂ B96
T (v i ) in (13) with the corresponding normalized
MG95 spectrum U21 F̂ T (v i /U ) from (5). Figure 4b
shows the resulting time series, using the same n, T 0 ,
and f i values as in Fig. 4a, U 5 50 m s21 , and where
the shape and wavenumber range of the temperature
PSD in Fig. 1b was used to specify F̂ T (v i /U). Note the
smaller time range and the ‘‘rougher’’ appearance of
this time series, due to higher-frequency content and a
different spectral shape. This time series also highlights
a serious shortcoming of the MG95 parameterization:
that the gravity wave frequency limits | f | , |v| , N
are not imposed in this parameterization, and thus unphysical high-frequency temperature oscillations are
simulated within air parcels when U is large.
An additional general caveat must be made about the
use of (13) to generate parcel-based temperature fluctuations. For multiparcel trajectory models, we would
expect some degree of spatial correlation between the
temperature perturbations within closely adjacent parcels. A straightforward application of (13) within such
models will not provide these correlations. However,
(13) can be generalized to provide spatiotemporal parcel-based temperature fluctuation fields T9(x, y, z, t) using the complete four-dimensional model power spectrum H T (k, l, m, v), assuming isotropy or some other
simple directional dependence in wave propagation directions (e.g., Gardner et al. 1993a,b).
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FIG. 4. (a) Temperature as a function of time for an air parcel advected through a random field of gravity waves
with an intrinsic frequency spectrum B(v) ; v22 between f and N (B96-based approach). (b) Temperature history
for an air parcel traversing a stationary wave field with a temperature power spectrum like that in Fig. 1b (MG95
approach). A relative speed of 50 m s21 is assumed for the air parcel with respect to wave field. A total temperature
variance T 20 ø 0.76 K 2 was used in both cases. Total aerosol volume as a function of temperature for the two different
parameterizations of gravity wave temperature fluctuations [(a) and (b)] are shown in (c) and (d), respectively.
Aerosol volumes were calculated for ternary HNO 3 /H 2SO 4 /H 2O droplets using the box model of Meilinger et al.
(1995). Each of the aerosol volume plots in (c) and (d) combines the results of four calculations using the temperature
perturbation histories in (a) and (b), with different mean temperatures of 188, 190, 191.5, and 193 K. The thin black
line in each panel is the thermodynamic equilibrium result for ternary droplets (Carslaw et al. 1994). Arrows depict
the approximate range of scatter in the data of Dye et al. (1992).

5. Microphysical effects of the parameterizations
Figures 4a,b show that the B96-based and MG95 parameterizations lead to noticeable differences in simulated mesoscale temperature variability along an air parcel trajectory. Meilinger et al. (1995) and Tsias et al.
(1997) have shown that rapid temperature fluctuations
can cause the composition of liquid stratospheric aerosols to depart from equilibrium. The extent of nonequilibrium depends upon the cooling or heating rates
of air parcels (Tsias et al. 1997), with more rapid cooling
or heating leading to greater departures from equilibrium. Under conditions where the stratospheric aerosol
is composed principally of H 2SO 4 and H 2O (typically
at temperatures T . 195–200 K), the effect of temperature fluctuations can largely be ignored since equilibrium between gas phase H 2O and the droplets is rapidly
achieved. The greatest departures from equilibrium occur under conditions where HNO 3 is strongly partitioned

from the gas phase into the liquid aerosol, which is
typically at T , 195–200 K (Carslaw et al. 1997).
Here, we investigate how each parameterization affects the evolution of ternary H 2O/HNO 3 /H 2SO 4 aerosol
droplets by inserting the time series in Fig. 4a,b into
the nonequilibrium microphysical box-trajectory model
of Meilinger et al. (1995). We also investigate the effect
of these temperature fluctuations on the growth and
evaporation of nitric acid trihydrate (NAT) particles.
Our aim is to examine how the different natural background temperature fluctuations might affect the instantaneous volumes of these typical stratospheric particles.
In the experiments using this model, parcels were
advected along the Q 5 454 K isentrope using an initial
water vapor mixing ratio of 5 ppmv and an initial gasphase HNO 3 mixing ratio of 10 ppbv. The perturbation
time series in Figs. 4a,b were superimposed upon the
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mean temperature, and four separate experiments were
conducted for each time series using T 5 188, 190,
191.5, and 193 K (with corresponding mean pressures
p 5 47, 48.7, 50, and 51.4 hPa, respectively2). Total
aerosol volume and temperature within the parcel were
calculated and recorded at each time step. Results for
all four experiments using the B96-based and MG95based temperature perturbation time series are collated
and plotted in Figs. 4c and 4d, respectively. The thin
black line on both panels represents the thermodynamical equilibrium curve of Carslaw et al. (1994). Also
indicated on each figure is the approximate amount of
scatter in observed aerosol volumes (in terms of the
equivalent scatter in temperature) measured by Dye et
al. (1992) on 24 January 1989. These observations were
used by Carslaw et al. (1994), Tabazadeh et al. (1994),
and Drdla et al. (1994) for comparison with volumes
calculated using a liquid aerosol model assuming thermodynamic equilibrium.
Figures 4c and 4d show that the temperature fluctuations in both the B96-based and MG95 parameterization lead to significant scatter in aerosol volume around
the thermodynamic equilibrium value. This is because
the time constant for diffusive growth and shrinking of
the droplets by HNO 3 mass transfer is rather large compared to the rate of change of air parcel temperature
that induces the size changes [for a discussion of these
time constants, see Meilinger et al. (1995)]. In particular,
it is the large droplets whose growth is diffusively hindered, while, as pointed out by Meilinger et al. (1995)
and Tsias et al. (1997), the small droplets adjust their
mass rapidly to changes in temperature. However, these
small droplets do not contribute significantly to the total
aerosol mass. For both the B96-based and MG95 gravity
wave parameterizations, the departures in aerosol volume from equilibrium are even greater than those produced by rapid synoptic-scale cooling (Carslaw et al.
1997).
The results using the MG95 parameterization (Fig.
4d) show a great deal more scatter about the equilibrium
line in the 189–193 K range than the B96-based results
in Fig. 4c. Since there is more rapid heating and cooling
of parcels in the MG95 parameterization (see Figs. 4a,
b), large aerosol droplets can be rapidly heated to high
temperatures before they can adjust by evaporating
mass, leading to larger departures from the equilibrium
curve. Aerosol volumes a factor of 5–10 larger than
equilibrium predictions occur in Fig. 4d. Nonequilibrium behavior is also evident in the B96-based experiments (Fig. 4c) but is much less pronounced, with aero-

2
Note that Carslaw et al. (1994) used a constant pressure of 55
hPa in calculating aerosol volumes as a function of temperature,
implying a change in potential temperature between the different
temperatures. Here, the calculations refer to aerosol volumes on a
constant potential temperature level. The difference in volume is
small.
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sol volumes generally less than a factor of 2 greater than
equilibrium predictions. The strong nonequilibrium behavior in the MG95 parameterization also produces a
higher total mean aerosol volume than in the B96-based
parameterization.
Clearly the amount of scatter in the B96 case is much
closer to that observed by Dye et al. (1992) than is the
case for the MG95 trajectory. This may reflect the fact
that the MG95 trajectory yields unrealistically rapid
cooling and heating rates, and therefore unrealistically
broad scatter of calculated aerosol volumes. The calculated scatter in liquid aerosol volumes in the B96 case
indicates the ‘‘natural’’ range of scatter along an individual trajectory arising from a background of mesoscale temperature fluctuations. The scatter observed by
Dye et al. (1992) most likely includes this effect but
also contains scatter arising from airmass variations, as
well as from instrument noise, particularly at low volumes. Another source of scatter in the measurements is
that due to different particle types (most likely in different air masses). The Dye et al. observations from 24
January 1989 appear to be consistent with pure liquid
ternary aerosols at all temperatures, which is not the
case for observations on other days. Note that the calculated scatter shown here is apparent only where aerosol volumes increase sharply with decreasing temperature, while scatter is apparent at all temperatures in the
Dye et al. data. From their measurements alone, it is
not possible to say how much of the observed scatter
in aerosol volumes was produced by mesoscale temperature fluctuations. However, the observed scatter in
the data should represent an upper limit on estimates of
the true value of scatter due to temperature fluctuations.
We now consider the effect of the B96-based temperature fluctuations on NAT growth (Fig. 5) using an
extended version of the Meilinger et al. (1995) model
(Tsias et al. 1997). We show a case where 1% of the
background liquid aerosols are assumed to be nucleated
as NAT (corresponding to about 0.1 cm23 ). NAT particles were assumed to form and evaporate at the NAT
equilibrium temperature. It is likely that NAT formation
may require a large degree of supercooling or may even
occur heterogeneously on ice at temperatures several
kelvins lower. The calculated scatter shown here is
therefore a lower limit to that expected in reality. Figure
5 shows the scatter in total aerosol volume and is therefore comparable with aerosol volume measurements.
The effect of liquid aerosols is relatively minor, so the
volumes shown are also rather similar to those of NAT
alone. The amount of scatter is now considerably greater
than was the case for liquid aerosol growth. The reason
is that, with only 0.1 NAT particles cm23 , the individual
particles grow rather large and are therefore more
strongly diffusively limited than the many smaller liquid
aerosols. The amount of scatter is the same as the amplitude of the temperature fluctuations themselves. With
100% NAT activation, the scatter again resembles that
for liquid aerosols, while for even fewer NAT particles
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FIG. 5. Total aerosol volume as a function of temperature for NAT
particles, where 1% of the background liquid aerosols is assumed to
be nucleated as NAT. Results were derived using the parcel-based
temperature time series in Fig. 4a (B96), using four different mean
temperatures of 188, 190, 191.5, and 193 K. Solid line is NAT volume
at equilibrium; dashed line is liquid HNO 3 /H 2SO 4 /H 2O droplet volume at equilibrium.

it is somewhat greater. For the MG95 temperature fluctuations and 1% NAT, the amount of scatter is somewhat
larger than that obtained with the B96-based time series,
although the difference is not as pronounced as it was
for the liquid aerosols. As the number density of NAT
particles increases, the difference in scatter between B96
and MG95 NAT aerosol volumes also increases.
These calculations indicate that, even under ‘‘passive’’ background synoptic conditions, a large amount
of scatter in aerosol volume can occur due to mesoscale
temperature perturbations. Although we have compared
the calculated scatter with a single set of in situ particle
volume observations, we believe such a natural scatter
will be present in all such particle ensembles. This sets
a natural limit on the ‘‘quality’’ of particle volume and
composition measurements. Under some conditions this
may make identification of NAT and liquid aerosols in
the stratosphere from volume observations alone very
difficult unless nonequilibrium growth is taken into account.
6. Summary and discussion
The work of MG95 indicated that the temperature
perturbations produced by a spectrum of stratospheric
gravity waves had important effects on stratospheric microphysics. Here, we presented revised models of the
PSDs of mesoscale temperature and heating and cooling
rate perturbations due to such waves, based on the spectral data of B96. The shapes of these PSDs were significantly different from those obtained by MG95. We
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derived a heating–cooling rate PSD that is more steeply
decreasing at the smallest horizontal scales and is far
less sensitive to variations in background wind speed
(Fig. 1a). Overall, rms heating–cooling rates using the
B96-based model were significantly smaller than those
derived by MG95.
We developed a simple method for generating random
time series of temperature perturbations within air parcels, as governed by either the MG95 or B96-based
spectral parameterization. These time series were imported into a microphysical box model to assess the
microphysical consequences of each parameterization.
Both parameterizations generated total aerosol volumes
as a function of air parcel temperature that departed
significantly from equilibrium (Figs. 4c,d). The MG95
parameterization generated aerosol volumes that exceeded equilibrium values by up to a factor of 10. The
B96-based approach yielded smaller departures, with
aerosol volumes generally within a factor of 2 of equilibrium predictions.
The ER-2 aerosol volume versus temperature data of
Dye et al. (1992) show significant scatter about the equilibrium curve. In flights for which airmass variations
were estimated to be small, aerosol volume as a function
of temperature does not appear to show the large departures from equilibrium predicted by the MG95 approach (Fig. 4d). As discussed in section 4, the total
temperature variance of T 20 5 0.76 K 2 used in Fig. 4 is
probably a lower bound, and use of a larger T 20 in Fig.
4 would yield even greater departures from equilibrium
using the MG95 parameterization. Thus, the degree of
scatter in the aerosol volume data of Dye et al. (1992)
is more closely approximated by a microphysical model
using a B96-based parameterization of typical stratospheric mesoscale temperature variability (Fig. 4c).
The differences between the MG95 and B96-based
approaches to parameterizing adiabatic gravity wave
heating and cooling perturbations arise from the frequency spectrum assumed for the gravity waves in each
approach. MG95 assumed (implicitly) a wave field composed entirely of stationary waves, which yields a single
intrinsic phase speed that is of similar magnitude to the
background stratospheric wind. The B96-based approach assumes that a broad distribution of intrinsic
wave phase speeds is present, with a peak centered ;10
m s21 in the lower stratosphere. Thus, waves in B96 are
assumed to ‘‘run with’’ the background flow to a large
degree, reducing the relative speed of air parcels with
respect to the waves in regions where background winds
are large (e.g., near the edge of the polar vortex).
The full implications of these differences for stratospheric microphysics are not yet clear. Generally speaking, however, both instantaneous and time-averaged
aerosol volumes and surface areas will be larger using
the MG95 parameterization. However, the duration of
cold temperature events due to gravity waves are longer
using the B96-based parameterization. This extended
residence time in cold conditions could, for example,
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lead to increased settling of particles. The time evolution
of heterogeneous reactions with strong temperature dependences could also depend on the shape of the frequency spectrum assumed for wave-induced temperature fluctuations. More work is needed to assess these
possibilities fully.
We consider it unlikely that the background temperature fluctuations described here could induce nucleation of recognized nitric acid hydrates. The work of
Tsias et al. (1997) shows that large-amplitude (.6 K
peak to peak) rapid cooling and warming events, such
as found in localized mountain-induced gravity waves,
would be necessary. In such events, the composition of
HNO 3 /H 2SO 4 /H 2O droplets can approach almost binary
HNO 3 /H 2O with HNO 3 concentrations in the liquid as
high as 59% (by weight), leading to the possible nucleation of nitric acid dihydrate from the droplets. Temperature fluctuations as large and rapid as these are not
found in the gravity wave temperature time series considered here (see Fig. 4a). Therefore, hydrate nucleation
in temperature fluctuations may well be restricted to
regions of the stratosphere directly affected by largeamplitude mountain waves [see, e.g., Fig. 2 of Carslaw
et al. (1998b)]. Note, however, that these arguments
refer only to homogeneous freezing of nitric acid hydrates from the liquid. As shown by Tabazadeh et al.
(1996), background gravity wave temperature fluctuations may sometimes be sufficient to push air parcel
temperatures sufficiently below the ice frost point to
cause ice nucleation. However, the magnitude of the
associated heating–cooling rate fluctuations (D t T 9)
probably has little influence on this mechanism.
From a purely physical viewpoint, we believe that the
B96-based parameterization will be more realistic than
the MG95 approach in most circumstances. In passive
environments away from strong wave sources, gravity
wave spectra have characteristic shapes. While the processes responsible for generating these spectral shapes
are still being debated (e.g., Hines 1991; Gardner 1996;
Dewan 1997), canonical spectral models that are constrained by the gravity wave dispersion relation, like
(1), do a good job in interrelating a wide range of observed gravity wave spectra. In particular, B96 showed
that the shapes and intensities of stratospheric horizontal
wavenumber spectra measured by aircraft were well predicted by these models. The B96-based parameterization
presented here is an extension of these same models to
temperature and heating–cooling rate spectra. However,
if spectral models other than (1) are preferred, corresponding temperature and heating–cooling rate PSDs
can be easily derived from them using similar derivations to those in section 2. The MG95 parameterization,
on the other hand, is not constrained by the gravity wave
dispersion relation and can generate unphysical highfrequency (v . N) temperature fluctuations within parcels advected by strong winds.
In regions close to strong wave sources, it is likely
that neither spectrally based approach will be the best

way to estimate wave temperature perturbations. Alternative models of direct wave propagation from orographic or convective source regions show more promise in this regard (e.g., Bacmeister et al. 1994, 1997b;
Alexander 1996; Leutbecher and Volkert 1996) and have
started to be incorporated into regional microphysical
models (Carslaw et al. 1998a,b; 1999). A complete parameterization of gravity wave effects for chemical and
microphysical models may require both a spectral approach, to capture the small-amplitude relatively ubiquitous background wave field, and explicit event-byevent modeling, to capture the rarer large-amplitude
wave events generated by strong underlying sources.
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