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Experimental Science (The Science Fair perspective.)
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Experimental Science

Real Data Instruments
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OBSERVE and/or EXPERIMENT

(Ignoring the role of models.)
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Experimental Science

In Physics, “Conclusions” are often useful mathematical relationships, e.g., 
“Mathematical Models”, which may (upon thorough testing) become 

“Laws” (Predictive/Descriptive), or which may inspire “Theories” (Explanatory).
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Multiple Roles for Models
• To explain data (experimental or observational), via case studies. 

• To test theories/hypotheses, by simulating processes that are too complicated 
or nonlinear to describe analytically. 

• To fill in the gaps, where observations are simply not feasible. 

• To simulate scenarios, that could hypothetically be observed, i.e., to generate 
synthetic data to guide future experiments. 

• To enhance their validation, to the extent necessary to predict or forecast 
outcomes, often with input from data. (May be a step towards Operations.)



What we call “Models” in 
Aeronomy and Space Physics

• Mathematical Models, based on Physical Laws and Theory*. 

• Physics-Based Numerical Models, numerical solutions to 
Mathematical Models that are based on Physical Theory.  

• Empirical / Statistical Models, based on fits to Data. 

• Physics + Assimilation Models, which combine Physics-Based 
Numerical Models with active constraints by Data.

*which typically have empirical origins from Data, too.
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Mathematical Models
Model physical processes within certain limits, e.g., “laws”, “governing equations”.

Newton’s Law Ohm’s Law
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Mathematical Models of Physics

• Equations for ray-tracing / trajectories of waves / particles. 

• Equations of continuous fluid motion: Euler, Navier-Stokes. 

• Equations of gas kinetics / statistical mechanics. 

• Maxwell’s equations of electromagnetics / electrodynamics. 

• The magnetohydrodynamic (MHD) equations. 

• Multi-fluid plasma dynamics equations. 

• Chemical reaction equations + kinetics + transport.

Used frequently in Aeronomy / Space Physics.
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Physics-Based Numerical Models
Always limited by: 

• Their underlying mathematical model and its physical basis. 

• Their underlying numerical solution techniques. 

And also limited by: 

• Domain grid(s) / mesh(es), coordinate system(s), boundary conditions. 

• Assumptions of linearity vs. nonlinearity; time-dependence vs. steady-state. 

• Assumptions about sources, sinks, free parameters, initial conditions (data!). 

• Interfaces (coupling) with other models (Empirical, Assimilation, etc.). 

• The computational cost to achieve a desired resolution, scale, or runtime.

Examples: WACCM SWMF   GITMCMAM
TGCM / TIE- / TIME-GCM

SAMI 2/3WRFMM5



Empirical Models
• New empirical models are validated 

through their agreement with data 
and mathematical/physical models.  
(Does c1=m-1? Is c0~0? Are errors ~minimized?) 

• Established empirical models can 
provide validation for mathematical/
physical models. They capture trends 
that may evince physical laws. 
(Does F=ma?)

HWM-93 / -07 / -14
MSISE-90 / NRLMSISE-00

IRI CIRA
Examples:



Assimilation Models
In Aeronomy and Space Physics, trusted Empirical Models routinely 

provide data as “context” for Physics-Based Numerical Model simulations.

Assimilation Models integrate active updates from measurements with a 
Physics-Based Numerical Model to enable forecasts and predictions.

 NAVGEM / NAVDAS-AR
USU-GAIMECMWF / IFS / EULAG

WRF / WRFDA
WACCM-DART
CTIPe

JPL-GAIMExamples:



Let’s look at some specific recent examples of Physics-
Based Modeling to explain theory or observations.
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The Effect of Breaking Gravity Waves on the Dynamics 
and Chemical Composition of the Mesosphere 

and Lower Thermosphere 
ROLANDO R. GARCIA 

National Center for Atmospheric Research, Boulder, Colorado 

SUSAN SOLOMON 

NOAA/Aeronomy Laboratory, Boulder, Colorado 

The influence of breaking gravity waves on the dynamics and chemical composition of the 60- to 
110-km region has been investigated with a two-dimensional dynamical/chemical model that includes a 
parameterization of gravity wave drag and diffusion. The momentum deposited by breaking waves at 
mesospheric altitudes reverses the zonal winds, drives a strong mean meridional circulation, and pro- 
duces a very cold summer and warm winter mesopause, in general agreement with observations. The 
seasonal variations of the computed eddy diffusion coefficient are consistent with the behavior of meso- 
spheric turbulence inferred from MST radar echoes. In particular, it is found that eddy diffusion is strong 
in summer and winter but much weaker at the equinoxes and that this seasonal behavior has important 
consequences for the distribution of chemical species. Comparison between computed atomic oxygen and 
ozone, and the abundances of these constituents inferred from the 557.7-nm and 1.27-#m airglow emis- 
sions, reveals excellent agreement. The consistency between model results and these diverse types of 
observations lends strong support to the hypothesis that gravity waves play a very important role in 
determining the zonally averaged structure of the mesosphere and lower thermosphere. 

1. INTRODUCTION 

The zonally averaged temperature structure of the earth's 
atmosphere depends both on radiative and dynamical pro- 
cesses. In the limit where absorption of solar radiation and 
infrared emission control the temperature distribution, the at- 
mosphere is said to be in radiative equilibrium. However, 
mean vertical motions can produce significant local depar- 
tures from this equilibrium through adiabatic compression or 
expansion. The zonal mean temperature distribution of the 
mesosphere, in particular, is very far from radiative equilibri- 
um. At high latitudes, the summer mesopause is typically 50 K 
colder than the winter mesopause, even though the latter re- 
ceives no direct solar radiation. The basic features of this tem- 
perature reversal have been known for over 30 years [e.g., 
Kellogg and Schilling, 1951], and their implications for the 
thermodynamic budget have been appreciated since Mur- 
gatroyd and Goody's [1958] calculations showed that there 
exists a net radiative surplus at the summer mesopause (and 
deficit at the winter mesopause) of the order of 10 K d- x. 

The very large departures from radiative equilibrium that 
occur at the high-latitude mesopause require a vigorous mean 
meridional circulation, with rising motion in summer and 
sinking in winter, to balance the thermal budget at this level of 
the atmosphere. In the early 1960's a number of calculations 
were performed that attempted to derive a mean meridional 
circulation for the mesosphere consistent with what was 
known about the temperature and wind structure. Haurwitz 
[1961] obtained the mean meridional velocity from the zon- 
ally averaged momentum equation assuming that the Coriolis 
torque due to the meridional motions was balanced by fric- 
tional forces acting as diffusion on the zonal wind. He argued 

Copyright 1985 by the American Geophysical Union. 
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that the divergence of the mean meridional wind at the high- 
latitude winter mesopause would lead to descending motion 
there. However, to produce a vertical motion field sufficiently 
strong to explain the observed mesopause temperature, an 
eddy diffusion coefficient of 10 3 m'- s -• was required. Mur- 
gatroyd and Singleton [1961] took as their starting point the 
zonally averaged thermodynamic equation and computed the 
vertical velocities necessary to balance the net radiative heat- 
ing rates obtained by Murgatroyd and Goody [1958]. They did 
not attempt to balance the momentum budget but instead 
deduced the mean meridional velocity from the continuity 
equation. The mesospheric mean meridional circulation 
derived in this way was characterized by ascent (descent) in 
the summer (winter) hemisphere of the order of 1 cm s-•, and 
meridional motions from the summer to the winter hemi- 
sphere of about 0.5 m s-x. Murgatroyd and Singleton did note 
that the rather large Coriolis torques that would be produced 
by these meridional motions implied the existence of eddy 
processes to balance the momentum budget. Leovy [1964] 
studied the problem analytically and found that temperature 
and wind distributions satisfying both the heat and momen- 
tum budgets could be obtained if the zonal winds were de- 
celerated by a Rayleigh friction process with a damping time 
of the order of 10 days. 

The studies of Murgatroyd and Singleton and of Leovy 
demonstrated that an efficient mechanism of momentum 
transfer was needed to balance the momentum budget if a 
meridional flow of the order of 1 m s- x existed in the meso- 
sphere. An air parcel moving meridionally at a speed of 1 m 
s- x experiences a Coriolis acceleration in the zonal direction 
of about 10 m s-• d- x in midlatitudes, wla•ch explains why 
Leovy was forced to use such a large Rayleigh friction coef- 
ficient to obtain a realistic and self-consistent solution for the 
dynamical and thermal structure of the mesosphere. Recently, 
Allen et al. [1979] and Wehrbein and Leovy [1982] have 
shown that the thermal relaxation rate in the mesosphere is 
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Oxygen and Ozone Airglow  
from Model vs. Satellite Data

[Garcia and Solomon, JGR, 90, 1985]
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Fig. 13. Calculated vertical profiles of atomic oxygen at midlatitudes for equinox and solstice. 

season and latitude compared to the observations by Cogget 
et al. [1981]. It should be noted that we have also included 
diffusion due to breaking tides at low latitudes, as discussed in 
section 2.5, and that this contributes to the low green line 
intensities predicted here for the tropics. 

These data illustrate the usefulness of the green line emis- 
sion as an indicator of the intensity of atmospheric diffusion 
near 90-100 km. Comparison with the calculations suggests 
that the latitudinal and seasonal variation of diffusion is simi- 
lar to that obtained with our very simple gravity wave model. 

4.2. Other Airglow Emissions 
Ozone is also a member of the odd oxygen family and 

therefore exhibits changes due in part to direct transport 
which are generally similar to those of atomic oxygen near 100 
km. In particular, larger flux convergences are found in the 
spring season when diffusion from 80-90 km is slower than in 
winter or summer. However, slower diffusion at these altitudes 
also influences water vapor densities, and these in turn can 
affect the odd oxygen abundances in the mesasphere. 

Water vapor is not produced chemically in the mesasphere, 
but it is destroyed by photochemical processes, which convert 
it predominantly to H2 in the 75- to 85-km range; its source is 
provided by upward transport from the stratosphere. Thus 
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Fig. ]4. Seasonal variation o• the atomic oxygen green line (55?? 
emission intensifies observed by the ISIS satellite at 3S•N [adapted 

[rom Oo•er e• ol., ]98]] compared with model calculations. 

when diffusion is rapid, water vapor densities in the mesa- 
sphere will be larger than when it is slow. Figure 16 shows the 
computed profiles for H20 and H• for summer and spring in 
mid-latitudes. The very low H•O abundances in spring prin- 
cipally reflect the influence of the low diffusion in that season. 
Near 80 km, H•O changes of about a factor of 2 are com- 
puted, and these changes are reflected in corresponding in- 
creases in H•. The conversion from H20 to H• occurs via the 
following photochemical processes: 

o 
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Fig. 15. Seasonal and latitudinal variations of atomic oxygen O 
green line emission intensities as observed by the ISIS satellite 
[Cogger et al., 1981] and calculated in the model. Data and model 
results labeled "summer" ("winter") encompass the spring (fall) maxi- 
mum. See Cogger et al. for details. 
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Fig. 18. (Top) Ratio of O 3 observations by the Solar Mesasphere 
Explorer satellite [Thomas et al., 1984] for 1-week averages about day 
270 to day 1 (southern hemisphere spring/summer; northern hemi- 
sphere fall/winter). (Bottom) Same, as computed by the model. 

of oxygen and hydrogen species in the mesosphere and lower 
thermosphere is not particularly complex; indeed, it can be 
well described by perhaps 20 photochemical reactions [see 
Allen et al., 1981], most of which have been reasonably well 
studied in the laboratory. Further, the emphasis here has been 
deliberately placed on the relative rather than absolute vari- 
ations in minor species. This minimizes the dependence on 
poorly known photochemical rates, unless they exhibit very 
strong temperature sensitivities. 

The relative variations in minor species are thus primarily 
dependent upon dynamics rather than on photochemistry for 
species which are subject to transport. The good agreement 
obtained here from independent observations of the green line 
intensities near 100 km, and ozone densities from 70-95 km 
provide strong indications that variations in gravity wave 
propagation and dissipation largely control the transport pro- 
cesses occurring in the mesosphere and lower thermosphere. It 
should be emphasized that these are modulated by the zonal 
wind structure in the stratosphere and its effects on gravity 
wave propagation, providing a coupling mechanism between 
the upper and lower portions of the middle atmosphere. It is 
interesting to note that such a connection is in qualitative 

agreement with other observations of airglow features. For 
example, it is well known that green line emission intensities at 
middle and high latitudes increase dramatically during strato- 
spheric sudden warming events [see e.g., Fukuyama, 1977b; 
lsmail and Co•l•ler, 1982]. Holton [1983-1 performed a sudden 
warming experiment with his zonally averaged, two- 
dimensional model, and showed that the propagation of grav- 
ity waves was substantially blocked during such events, lead- 
ing to reduced diffusion and momentum deposition in the 
mesosphere. This should lead to enhanced atomic oxygen and 
ozone densities as discussed above, and associated increases in 
the indicated airglow emissions. 

It should also be noted that the agreement between model 
results and airglow observations is consistent with the idea 
that the transport mechanism that produces the equinoctial 
increases in O and 03 is diffusion. We have shown that the 
atomic oxygen maxima are due to reduced loss of this constit- 
uent through downward transport from the lower thermo- 
sphere, while the ozone maxima are primarily a result of less 
transport of HeO upward into the upper mesosphere. Clearly, 
advective transport cannot produce both these effects simulta- 
neously. 

Other emissions that may be affected by seasonal variability 
in mesospheric transport processes include those of sodium, 
and the OH Meinel bands. There is presently a great deal of 
uncertainty in the photochemical rates of processes involved 
in these emissions [see, e.g., Sze et al., 1982]. Further, the 
reasons for diurnal variations in OH emissions are not well 
understood at present [e.g., Moreels et al., 1974]. Therefore we 
have chosen to restrict this study to the relatively better un- 
derstood airglow features of atomic oxygen and ozone. 

5. SUMMARY AND DISCUSSION 

We have used the two-dimensional, dynamical/chemical 
model of Garcia and Solomon [1983] with Lindzen's [1981] 
parameterization of wave drag and diffusion to study the effect 
of breaking gravity waves on the dynamics and chemical com- 
position of the mesosphere and lower thermosphere (60-110 
km). In our calculations, a spectrum of gravity waves of wave- 
length 100 km and phase speeds 0, _ 10, ..., _40 m s-X is 
specified at the lower boundary of the model. The amplitude 
of the waves is chosen so that they will break in the meso- 
sphere if they do not encounter critical levels in the strato- 
sphere (in which case they are absorbed). For solstice con- 
ditions the waves break strongly in both the summer and 
winter hemispheres and produce momentum flux conver- 
gences and eddy diffusion coefficients of the order of 100 m 
s- • d- • and 10 e m e s- •, respectively. At equinox, wave break- 
ing is much weaker, and wave drag and diffusion are much 
smaller than at solstice (cf. Figures 6 and 7). 

The large wave drag produced by the breaking waves under 
solstice conditions reverses the zonal winds in both hemi- 
spheres above about 85 km. It also drives a vigorous mean 
meridional circulation which is responsible, through adiabatic 
cooling and warming, for cold summer (140 K) and warm 
winter (200 K) mesopause temperatures at high latitudes. The 
computed mean zonal and meridional winds, and the temper- 
ature distribution are in good qualitative agreement with ob- 
servations (e.g., CIRA, 1972). The meridional wind, in particu- 
lar, reaches values of over 10 m s- x at 90 km, consistent with 
recent radar measurements [e.g., Carter and Balsley, 1982; 
Manson et al., 1981; Vincent and Ball, 1981]. 

The seasonal behavior of the wave-induced drag and diffu- 

Model Confirmation of GW effects on 
summer/winter mesopause temperature.
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WAVE BREAKING SIGNATURES IN NOCTILUCENT CLOUDS 

David C. Fritts, Joseph R. Isler, and Gary E. Thomas 
Laboratory of Atmospheric and Space Physics, University of Colorado 

•yvind Andreassen 
Norwegian Defense Research Establishment 

Abstract. Results of a recent modeling study of grav- 
ity wave breaking in three dimensions by Andreassen 
el ai. and Frills el ai. showed wave saturation to oc- 
cur via a three-dimensional instability oriented normal 
to the direction of wave propagation. The instability 
was found to occur at horizontal scales comparable to 
the depth of unstable regions within the wave field 
and to lead to substantial vertical displacements and 
tilting of isentropic surfaces. Because of strong simi- 
larities between the wave and instability structures in 
the simulation and the structure observed in noctilu- 
cent cloud layers near the summer mesopause, we have 
used these model results to compute the advective ef- 
fects on cloud visibility and structure for a range of 
viewing angles and cloud layer widths. Our results 
show the gravity wave breaking signature to provide 
a plausible explanation of the observed structures and 
suggest that noctilucent cloud structures may be used 
in turn to infer qualitative properties of gravity wave 
scales, energy and momentum transports, and turbu- 
lence scales near the summer mesopause. 

Introduction 

For many years, structures observed in noctilu- 
cent clouds (NLC) occurring near the cold summer 
mesopause have been attributed to various wave and 
instability processes. Structures with spacings of ~ 10 
to 100 km or more were described as "bands", with 
those occurring at scales of ~ 3 to 10 km termed 
"billows" or "whirls", depending on their form [Wit- 
t, 1962; Haurwitz and Fogle, 1969, Fritts and Rastogi, 
1985; Gadsden and Schroeder, 1989; Thomas, 1991]. 
Some images also included structures of unknown ori- 
gin, but commonly perpendicular to the more widely 
spaced bands, at somewhat smaller scales. We will re- 
fer to these as "streaks" to distinguish them from the 
billows arising due to shear instability in our discus- 
sion below. An example of these structures is shown 
in Figure I for reference and for comparison with the 
simulated structures discussed below. 

Until recently, our knowledge of the motion field 
near the mesopause, the instability processes that limit 
wave amplitudes, and the effects of such motions on 
NLC morphology and brightness has been meager. 
This has changed, however, with radar, lidar, and 
rocket studies of mesopause structure and dynamics 
[Fritts et ai., 1988, von Zahn and Meyer, 1989, Riister 
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and Reid, 1990] and numerical studies of wave influ- 
ences on NLC particle growth and wave instability pro- 
cesses [Turco et ai., 1982, Jensen and Thomas, 1993, 
Andreassen et al., 1993, Fritts et ai., 1993]. As a re- 
sult, we are now in a position to apply these advances 
to better understand NLC structures and their impli- 
cations for mesopause dynamics. 

Our purpose here is to use a recently completed 
three-dimensional (3-D) simulation of gravity wave 
breaking in a mesopause environment to compute the 
influences of such a process on NLC structure. This is 
accomplished by embedding an NLC layer in an atmo- 
sphere at rest and using the 3-D model results to com- 
pute its evolution within the breaking wave field. Our 
assumed NLC distribution and the 3-D wave breaking 
model are described in section 2. These are chosen 
to provide sensitivity to a range of NLC widths and 
viewing geometries. Results are discussed in section 3 
and include a simulated NLC image and the sensitivi- 
ty of brightness to NLC width and viewing angle. Our 
discussion and conclusions are presented in section 4. 

Model Formulation 
We describe here the assumed distribution of NLC 

and the gravity wave model used to compute the wave 
breaking signatures and intensity variations presented 
below. To make the computation as simple as possible, 
we neglect brightness variations due to NLC particle 
growth or decay and consider only variations in the 
line-of-sight column density due to advection by wave 
and instability fields. This is justified because the time 
scales for NLC particle growth or decay are much slow- 
er than those describing the much more rapid evolution 
of gravity wave and instability processes [Jensen and 
Thomas, 1993, Andreassen et al., 1993; Fritts et al., 
1993] and because these motions are to a very good 
approximation nondivergent. 

NLC Distribution 

The NLC layer density is assumed to be gaussian in 
height in an atmosphere at rest, 

n(z) - hoe -(z-zc?/2•=, (1) 
where n0 is the maximum layer density, zc is the height 
of maximum density, and a specifies the width of the 
cloud layer. We also assume that the layer is com- 
posed of particles of uniform size and that the NLC 
optical depth is sufficiently small that only single scat- 
tering occurs. The NLC layer is then advected by the 
wave and instability structures and the brightness in 
any viewing direction is given simply by the integrated 
layer density in that direction. 
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sult, we are now in a position to apply these advances 
to better understand NLC structures and their impli- 
cations for mesopause dynamics. 

Our purpose here is to use a recently completed 
three-dimensional (3-D) simulation of gravity wave 
breaking in a mesopause environment to compute the 
influences of such a process on NLC structure. This is 
accomplished by embedding an NLC layer in an atmo- 
sphere at rest and using the 3-D model results to com- 
pute its evolution within the breaking wave field. Our 
assumed NLC distribution and the 3-D wave breaking 
model are described in section 2. These are chosen 
to provide sensitivity to a range of NLC widths and 
viewing geometries. Results are discussed in section 3 
and include a simulated NLC image and the sensitivi- 
ty of brightness to NLC width and viewing angle. Our 
discussion and conclusions are presented in section 4. 

Model Formulation 
We describe here the assumed distribution of NLC 

and the gravity wave model used to compute the wave 
breaking signatures and intensity variations presented 
below. To make the computation as simple as possible, 
we neglect brightness variations due to NLC particle 
growth or decay and consider only variations in the 
line-of-sight column density due to advection by wave 
and instability fields. This is justified because the time 
scales for NLC particle growth or decay are much slow- 
er than those describing the much more rapid evolution 
of gravity wave and instability processes [Jensen and 
Thomas, 1993, Andreassen et al., 1993; Fritts et al., 
1993] and because these motions are to a very good 
approximation nondivergent. 

NLC Distribution 

The NLC layer density is assumed to be gaussian in 
height in an atmosphere at rest, 

n(z) - hoe -(z-zc?/2•=, (1) 
where n0 is the maximum layer density, zc is the height 
of maximum density, and a specifies the width of the 
cloud layer. We also assume that the layer is com- 
posed of particles of uniform size and that the NLC 
optical depth is sufficiently small that only single scat- 
tering occurs. The NLC layer is then advected by the 
wave and instability structures and the brightness in 
any viewing direction is given simply by the integrated 
layer density in that direction. 
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Figure 1. View of NLC display from Kustavi, Finland (61øN, 21øE) on 22 July 1989 showing characteristic 
band and streak structures. In this case, bands are separated by ~ 50 km and streaks by ~ 3 to 5 km (photo 
by Pekka Parviainen). 

Gravity Wave Breaking Model 

The gravity wave breaking model used to advect the 
NLC distribution is that discussed by Andreassen et al. 
[1993] and Fritts et al. [1993]. Important features for 
our purposes here are the ability to describe gravity 
wave breaking and instability in three dimensions and 
the relevance of the spatial scales in that simulation to 
the mesopause and NLC environment. 

The wave breaking simulation was performed in 
a model domain with dimensions (x0, Y0, z0) = 
(4H, 2H, 1.5H) with a scale height H ~ 7 km relat- 
ed to temperature and stability. A gravity wave with 
a horizontal wavelength x0 was excited at lower levels 
and achieved convective instability within the domain 
over a depth of ~ I kin. This triggered an instabili- 
ty aligned normal to the direction of wave propagation 
comprised of counter-rotating vortices that introduced 
significant vertical displacements of fluid (or NLC den- 
sity_)_surfaces elongated hLax F_or additional de ' 
this simulation, the interested reader is referred to tl•e 
discussions of instability generation and collapse by 
Andreassen et al. [1993], Fritts et al. [1993], and Islet 
et al. [1993]. For our purposes here, the NLC layer 
density is parameterized in terms of potential temper- 
ature, which is approximately conserved at wave and 
instability scales in our wave breaking model. 

Simulated NLC Densities and Variability 
As one expects from the variable structure within a 

breaking wave motion, the implications for NLC densi- 
ty variations depend on a number of factors. These in- 
clude the position of the NLC within the wave field, the 
width of the NLC layer relative to the scale height H, 
the stage of the wave field evolution, and the viewing 
angle. It is impossible to consider all these effects in 
the limited space available. To illustrate the potential 
for modulation of NLC brightness by wave breaking 
processes, however, we position the NLC to respond 
most strongly to the corrugated structures arising due 
to wave instability (see Fritts et aL [1993]). 

œ-D Fields 

To illustrate the structure of NLC brightness im- 
plied by gravity wave breaking, we show in Figure 2 

ß the'brightness in an (x, y) plane computed with a cloud 
layer width of 1 kin,' an elevation angle of 0 - 18 ø, and 
azimuths of qb - 180 ø, 135 ø, õ0 ø, and 0 ø (relative to the 
direction of wave propagation) at a time of maximum 
amplitude and coherence within the instability field. 
Our assumption of a constant elevation angle is justi- 
fied because the simulated cloud structures do not vary 
strongly with this quantity. The dominant features of 
these fields are bright bands along the breaking phase 
of the incident wave motion and streaks of brightness 
~ 2 to 4 km apart that are perpendicular to the wave 
phase surfaces. In each case, the structures closely re- 
semble the brightness patterns frequently observed in 
NLC displays (see Figure 1). 

Variations in brightness are more difficult to quan- 
:::•. ... .•,... ^• o• fin- Figure 2 varies from ~ 
0 to 2, relative to the mean, for each viewing angle. 
These values may not be representative, however, and 
a more thorough assessment of the dependencies on 
NLC width and viewing angle is provided below. 

Brightness Variations with Viewing Angle and NLC 
Width 

To quantify [he variations in NLC brighiness, we 
presen[ in Figure 3 s[andard deviations of brightness 
(or contrast) as functions of viewing angle and NLC 
layer width. Figure 3a shows the contras[ variations 
for cloud layer wid[hs of 0.5, 1, and 2 km for an az- 
imu[h of 135 ø as a function of elevation angle. Figure 
3b compares the probabiliW dis[ribution of brightness 
predicted for various elevation angles a[ an azimuth of 
qb - 135 ø and a cloud layer wid[h of i kin. As expec[- 
ed, viewing up through the vortex s•ruc•ures leads 
to maximum con[ras[, while viewing more normal to 
these struc[ures and a[ lower elevation angles decreases 
contrast. The con[fast also increases as [he cloud layer 
thins and decreases as the layer thickness approaches 
the spacing between adjacen[ vor[ex strutlures. 
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Figure 2. Simulated NLC brightness at the time of lnaximum instability amplitude at an elevation of 18 ø 
and azimuths of 180 ø (a), 135 ø (b), 90 ø (c), and 0 ø (d). These images represent projections of an area with 
xo - 2yo - 4H. 
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Figure 3. Contrast as a function of elevation angle 
(or ground range L versus altitude Z) for cloud layer 
widths of 0.5, 1, and 2 km and an azimuth of 135 ø (a) 
and distributions of brightness at four elevations for a 
cloud layer width of i km and an azimuth of 135 ø (b). 

Discussion and Conclusions 

We have presented a simple model of the effects of 
advection within a 3-D simulation of a breaking grav- 
ity wave on the structure and variable brightness of 
an NLC layer assumed to be embedded in the motion 
field. The advection approximation is justified because 
the time scale for wave breaking and instability (~ tens 
of minutes) is much shorter than that for NLC particle 
growth or decay (~ hours) for wave motions at hori- 
zontal scales ~ 100 km or less. The placement of the 
NLC layer was chosen to optimize the advection by the 
3-D instability in a manner consistent with observed 
NLC structures. 

Our modeled NLC structure captures a number of 
the features commonly observed in such displays, in- 
cluding enhanced brightness along a fairly discrete 
phase of the incident wave motion, the alignment of 

closely spaced brightness streaks perpendicular to, and 
in close association with, the bright phase structures 
of the incident gravity wave, and a dependence of the 
observed NLC structure on viewing angle. 

Given these similarities, we believe a good case can 
be made that the observed NLC structures are com- 
monly due to upward-propagating and breaking grav- 
ity waves. Also given the scales at which NLC streaks 
typically occur near the summer mesopause and the 
correspondence of these with the vertical scales of wave 
instability, such wave motions and their transports of 
energy and momentum are likely to have very dramat- 
ic effects on the dynamics and structure of this region 
of the atmosphere. In principle, it should be possible 
to use NLC observations to develop a qualitative, and 
perhaps quantitative, statistical view of wave forcing 
of this region for comparison with or extension of lim- 
ited radar and lidar measurements at discrete sites. 

Similar structures noted in airglow observations 
[Taylor and Hapgood, 1990] may have similar origins, 
provided that the widths of these layers are less than 
the scales of the wave and instability features account- 
ing for layer deformation, and may lead to similar in- 
ferences about wave transports and ttteir influences at 
mesospheric and lower thermospheric heights. Because 
wave signatures in airglow layers depend on both dy- 
namical and photochemical effects, however, we will 
provide an assessment of these effects inferred from 
our 3-D modeling studies elsewhere. 
Acknowledgments. This research was supported by the 
SDIO/IST and managed by the Naval Research Lab- 
oratory under grants N00014-92-J-2005 and N00014- 
90-J-1277. Computer resources were provided by NSF 
grant ATM9118899. We thank two anonymous review- 
ers for helpful comments on the manuscript. 

REFERENCES 

Andreassen, O., Wasberg, C. E., Fritts, D.C., Isler, 
J. R., Gravity wave breaking in two and three di- 
mensions,part i: Model description and compar- 
ison of two-dimensional evolutions, J. G½ophys. 
Res., submitted, 1993. ._ 

[Fritts et al., GRL, 20, 1993]



A time-split nonhydrostatic atmospheric model
for weather research and forecasting applications

William C. Skamarock *, Joseph B. Klemp

National Center for Atmospheric Research,1 P.O. Box 3000, Boulder, CO, 80307-3000, USA

Received 6 July 2006; received in revised form 24 January 2007; accepted 25 January 2007
Available online 17 February 2007

Abstract

The sub-grid-scale parameterization of clouds is one of the weakest aspects of weather and climate modeling today, and
the explicit simulation of clouds will be one of the next major achievements in numerical weather prediction. Research
cloud models have been in development over the last 45 years and they continue to be an important tool for investigating
clouds, cloud-systems, and other small-scale atmospheric dynamics. The latest generation are now being used for weather
prediction. The Advanced Research WRF (ARW) model, representative of this generation and of a class of models using
explicit time-splitting integration techniques to efficiently integrate the Euler equations, is described in this paper. It is the
first fully compressible conservative-form nonhydrostatic atmospheric model suitable for both research and weather pre-
diction applications. Results are presented demonstrating its ability to resolve strongly nonlinear small-scale phenomena,
clouds, and cloud systems. Kinetic energy spectra and other statistics show that the model is simulating small scales in
numerical weather prediction applications, while necessarily removing energy at the gridscale but minimizing artificial dis-
sipation at the resolved scales. Filtering requirements for atmospheric models and filters used in the ARW model are
discussed.
! 2007 Elsevier Inc. All rights reserved.
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Keywords: Numerical methods; Time splitting; Numerical weather prediction; Compressible flow

1. Introduction

Efforts to simulate small-scale atmospheric flows where nonhydrostatic effects are important, such as eddies
in the atmospheric boundary layer (ABL) having length scales of order a few kilometers or less, and deep con-
vective clouds that can span the depth of the troposphere, are coincident with both the development of com-
putational fluid dynamics and the evolution of computer technology. In the early 1960s, Lilly [22] performed
simulations of ABL vortices and convective clouds using a time- and space-centered (leapfrog) integration
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plicated in that model forecast errors are strongly affected by deficiencies in model initial conditions and phys-
ics. We can, however, look at the statistics of the flow and determine whether the statistics related to the small-
scale structures are consistent with observations [1]. This provides an additional perspective on verification
that addresses the realism of scales represented in the model rather than quantitative accuracy, and allow
an assessment of the scale selectivity of dissipation in the model.

Kinetic energy (KE) spectra for the Dx = 4 km spring–summer 2003 ARW experimental forecasts were
examined in [34]. The ARW spectra reproduced the wavenumber dependent transition from k!3 ! k!5=3,
where k is the wavenumber, that was observed and analyzed [27,23]. The ARW results indicated that the char-
acter of the spectra and the transition was largely independent of height in the free troposphere and lower
stratosphere. The ARW spectra also showed a sharp dropoff of energy at the highest wavenumbers, indicating
where the filters in the model are dissipating energy. The sharp drop-off is not physical – the observed spectra
continue to show k!5/3 behavior. Model numerics do not correctly represent the smallest wavelengths (2–6Dx),
and removal of energy at these scales is appropriate and important to prevent aliasing to the well-resolved
longer wavelengths. We discuss the filters and energy dissipation in models in Section 3.4.

Fig. 8 depicts KE spectra for a two-week period from January 2005 taken from a winter forecast experi-
ment (DWFE [4]) using the ARW model with Dx = 5 km covering the continental United States. The KE
spectra are computed using the approach described in [34]. The winter season weather is characterized by
propagating baroclinic waves as opposed to unstable deep convection characteristic of the summer season.
Even with the different weather regimes, the winter-season spectra are similar to the summer season spectra.
Both show the k!3 ! k!5=3 transition at a several hundred kilometer wavelength and a lack of height depen-
dence. There is also a sharp dropoff of energy at wavelength of approximately 7Dx–8Dx consistent with the
summer season forecast-derived spectra [34].

Since the scale depth of the atmosphere is of order 10 km, the spectral transition and the mesoscale spec-
trum correspond to two-dimensional flow. There have been a number of hypotheses proposed to explain the
transition and the mesoscale character of the spectra (see [23] for a summary), but no conclusive evidence has
been presented to confirm any of the candidates. To gain additional insight into the mesoscale spectra, we
have decomposed the spectrum from a recent summer-season forecast into rotational, divergent, and defor-
mational components. This is accomplished by decomposing the horizontal velocity fields into a rotational

Fig. 7. Observed radar reflectivity (left) from the Mobile Alabama radar for Hurricane Katrina making landfall at 14 UTC 29 August
2005. A 62 h ARW reflectivity forecast valid at that time using Dx = 4 km.
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[1] We report on six continuous hours of OH airglow imager observations (at z ! 87 km)
of convectively generated gravity waves (GWs) near Fort Collins, Colorado, on the
evening of 08 September 2005. These GWs appeared as nearly concentric rings, and had
epicenters near the locations of deep convection in three thunderstorms in Colorado,
Nebraska and South Dakota. Using GOES satellite and weather radar observations,
we show that the GWs closely follow the thunderstorms. Using the background wind from
a nearby radar, the intrinsic wave parameters and vertical wavelengths are calculated.
The temperature perturbations are estimated to be T ′=T ! 1–3% for GWs with horizontal
wavelengths lh ! 20–40 km and horizontal phase speeds !40–60 m/s. The horizontal
wavelengths of GWs from a convective cluster decreased in time from 30 to 15 km.
We employ convective plume and ray-trace models to simulate the GW-induced OH
intensity perturbations from convective plumes, clusters and complexes. We find
that the results using the background model wind (radiosonde/TIME-GCM) agree well
with the late-time observations, when the images are dominated by southwestward,
short-wavelength, high-frequency GWs. These late-time GWs propagate against the
background wind, and have lh ! 30–40 km and periods of t ! 20–30 min. The OH
intensity perturbations are enhanced because the vertical wavelengths lz increased,
T ′=T increased, and the vertical velocity perturbations w′ decreased (because the GWs
were near their reflection levels). We also find that these short-wavelength GWs were
created !5 h earlier by an extremely energetic, deep convective plume in South Dakota,
thereby showing that small-scale, convective GWs directly link the troposphere and
mesopause region.

Citation: Vadas, S., J. Yue, and T. Nakamura (2012), Mesospheric concentric gravity waves generated by multiple convective
storms over the North American Great Plain, J. Geophys. Res., 117, D07113, doi:10.1029/2011JD017025.

1. Introduction

[2] Atmospheric gravity waves (GWs) and their dissipa-
tion through wave breaking/saturation are recognized to
play a major role in the general circulation, temperature, and
constituent structure of the mesosphere and lower thermo-
sphere (MLT) [Lindzen, 1981; Holton, 1982; Garcia and
Solomon, 1985]. To properly account for the momentum
and energy budget of the middle atmosphere, and to inves-
tigate the lower-upper atmosphere coupling, it is important
to characterize the sources, propagation and damping of
GWs within the atmosphere.
[3] Deep convection (i.e., strong thunderstorms) can

frequently excite gravity waves in the lower atmosphere
during the spring, summer and fall months [e.g., Holton

and Alexander, 1999]. During a strong thunderstorm,
an energetic, warm and moist plume can rise rapidly in a
convectively unstable environment to the tropopause.
If energetic enough, the plume can overshoot the tropopause
by up to 1–3 km into the stably stratified stratosphere, where
it thereafter collapses and spreads out horizontally as an
anvil at the tropopause [Lane et al., 2001; Wallace and
Hobbs, 2006]. This overshooting displaces the air in the
stable environment from equilibrium, exciting GWs. At the
same time, diabatic forcing (latent heating and cooling) in
the lower stratosphere also excites high-frequency GWs
[Alexander et al., 1995; Pandya and Alexander, 1999;
Beres, 2004]. These processes excite a broad spectrum of
GWs that have a large range of temporal and spatial scales
[e.g., Pierce and Coroniti, 1966; Holton and Alexander,
1999; Lane et al., 2001; Song et al., 2003; Choi et al.,
2007; Vadas et al., 2009a, 2009b].
[4] While radiating away from the plume, GWs may

imprint their concentric-ring shape on the cumulus clouds.
For example, a 30-mile-wide storm cloud with small-scale
concentric rings over the coast of Nigeria was seen from
the space shuttle Columbia during NASA’s STS-55 mission

1NorthWest Research Associates, Inc., Boulder, Colorado, USA.
2High Altitude Observatory, National Center for Atmospheric Research,

Boulder, Colorado, USA.
3National Institute of Polar Research, Tokyo, Japan.
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the GW structure, consecutive raw images are subtracted to
create difference images. Then the difference images are
unwrapped onto geographical coordinates. This algorithm
was introduced by Garcia et al. [1997], and was applied in
Y09. The unwrapped difference image on a flat geographic
field for Figure 1a is shown in Figure 1b. We see that the
elliptical rings are transformed into nearly circular rings.
Another group of rings moving southwest(SW)ward from
the upper right-hand corner is also visible in Figure 1b.
Although a very large area of 800 km ! 800 km is plotted in
Figure 1b to display as many wave structures as possible,
GWs at the edges are distorted, so their parameters cannot be
measured accurately there.
[10] Selected flat-field OH images on 8 September 2005

(approximately 30 min apart) are displayed in Figure 2.
An animation playing the sequence of all difference OH
images during this night is provided as auxiliary material.1

From 0300 to 0845 UT, the appearance of concentric GWs
changed dramatically. At "0300 UT, one group of concen-
tric rings was centered on northeastern Colorado at (39N–
40N, 101–103W). The southern portion of the rings were
blocked by clouds (gray and white patches). Clouds in the
raw images are noticeably brighter than the ambient airglow
emissions and stars, and move through the imager field of
view quickly. Additionally, clouds usually block stars and
saturate the airglow images. By fitting (round) circles of
different radii to each ring, we estimate each ring’s epicenter,
and show them as red dots in Figure 2. If the intervening
wind between the tropopause and mesopause is negligible,
these epicenters will coincide with the locations of the
wave sources in the lower atmosphere. The only known
common tropospheric source which can create symmetric,
concentric rings of high-frequency GWs are deep convective
plumes [e.g., Piani et al., 2000; Lane et al., 2001; Vadas and
Fritts, 2009]. Point sources, such as earthquakes and nuclear
explosions, also excite concentric GWs, although they are

unusual. Horizontal body forces (created from the momen-
tum deposited in the fluid when a GW breaks) also create
concentric rings; however they are asymmetric, not sym-
metric (e.g., the amplitudes of the GWs parallel (perpen-
dicular) to the force direction are maximum (zero)) [Vadas
et al., 2003]. For the 11 May 2004 event, Y09 traced the
concentric GWs back to their sources, which were two adja-
cent single plumes. On that night and on 8 September 2005,
the Thermosphere-Ionosphere-Mesosphere-Electrodynamics
General Circulation Model (TIME-GCM) model climato-
logical wind and radiosonde wind were smaller than 20 m/s
at all altitudes [see Y09, Figures 7–9].
[11] The red dots in Figure 2a show that there may be

multiple wave centers in the area of (39–40N, 101W–103W)
if the intervening wind is negligible; this could be indicative
of different convective plumes within a cluster or complex.
Otherwise, temporally or spatially varying background
winds can also lead to such an observation, since the wind
Doppler shifts the GWs in each ring and each epicenter
differently because the GWs in each ring have different
frequencies and phase velocities (V09). We see this as fol-
lows. For zero background wind, the angle that a high-
frequency, small-scale GW’s phase front makes with the
vertical is a, and is related to the GW’s intrinsic frequency,
wI, via [Hines, 1967],

cos a " wI

N
ð1Þ

where N is the Brunt-Vaisala frequency. If the background
wind is constant in time, the apparent or observed GW fre-
quency is constant in time [Lighthill, 1978]. For a vertical
propagation distance from convective overshoot to the OH
layer of Dz, and if the constant background wind is constant
with altitude (or negligible), the radius of a GW in the hor-
izontal plane of the OH layer is

R ¼ Dz tana ¼ Dz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN=wI Þ2 & 1

q
: ð2Þ

Figure 1. (a) OH raw image at 0350 UT, 8 September 2005. Top and left correspond to north and west,
respectively. Elliptical rings radiate from the lower right corner. The bright band across the field of view is
the Milky Way. The two shadows on the top are irrelevant objects installed near the imager on the ground.
(b) Unwrapped difference image on a 800 km ! 800 km area.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JD017025.
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Figure 12. Horizontal slices of I ′=I at z = 86 km at 0300, 0330, 0400, 0430, 0500, 0530, 0600, 0630,
0700, 0730, 0800 and 0830 UT, calculated from the ray trace model on 08 September 2005. The back-
ground wind model with the radiosonde/TIME-GCM wind is used. The dashed lines show the state lines.
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Concentric Gravity Waves Above a Convective System

[Vadas et al., JGR, 117, 2012]
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The asteroid impact near the Russian city of Chelyabinsk on 15 February 2013 was the largest airburst
on Earth since the 1908 Tunguska event, causing a natural disaster in an area with a population
exceeding one million. Because it occurred in an era with modern consumer electronics, field sensors,
and laboratory techniques, unprecedented measurements were made of the impact event and the
meteoroid that caused it. Here, we document the account of what happened, as understood now, using
comprehensive data obtained from astronomy, planetary science, geophysics, meteorology, meteoritics,
and cosmochemistry and from social science surveys. A good understanding of the Chelyabinsk
incident provides an opportunity to calibrate the event, with implications for the study of near-Earth
objects and developing hazard mitigation strategies for planetary protection.

Chelyabinsk Oblast experienced an impact
that was 100 times more energetic than the
recent 4 kTof TNT–equivalent Sutter’sMill

meteorite fall (1). This was the biggest impact over
land since the poorly observed Tunguska impact in
1908, for which kinetic energy estimates range from
3 to 5 (2) to 10 to 50 MT (3). From the measured
period of infrasound waves circum-traveling the
globe (4), an early estimate of ~470 kTwas derived
for Chelyabinsk (5). Infrasound data from Russia
and Kazakhstan provide 570 T 150 kT; see supple-
mentary materials (SM) section 1.4 (6). Spaceborne
visible and near-infrared observations (7) recorded a
total irradiated energy of 90 kT (5, 8), corresponding
to a kinetic energy of 590 T 50 kT using the
calibration by Nemtchinov et al. (9). All values are
uncertain by a factor of two because of a lack of
calibration data at those high energies and altitudes.

The manner in which this kinetic energy was
deposited in the atmosphere determined what
shock wave reached the ground. Dash-camera
and security camera videos of the fireball (Fig. 1)
provide a light curve with peak brightness of
–27.3 T 0.5 magnitude (Fig. 2) (SM section 1.2).
The integrated light curve is consistent with other
energy estimates if the panchromatic luminous
efficiency was 7 T 3%. Theoretical estimates un-
der these conditions range from 5.6 to 13.2% (10).

Calibrated video observations provided a tra-
jectory and pre-atmospheric orbit (Table 1) (SM

section 1.1). The fireball was first recorded at
97-km altitude, moving at 19.16 T 0.15 km/s with
entry angle 18.3 T 0.2° with respect to the horizon,
which is slightly faster than reported earlier (11).
Combined with the best kinetic energy estimate,
an entry mass of 1.3 × 107 kg (with a factor of two
uncertainty) and a diameter of 19.8 T 4.6 m is de-
rived, assuming a spherical shape and themeteorite-
deriveddensityof 3.3g/cm3basedonx-raycomputed
tomography (SM section 4.2, table S16).

Size and speed suggest that a shock wave first
developed at 90 km. Observations show that dust
formation and fragmentation started around 83 km
and accelerated at 54 km (figs. S16 and S22).
Peak radiation occurred at an altitude of 29.7 T
0.7 km at 03:20:32.2 T 0.1s UTC (SM section
1.1-2), at which time spaceborne sensors mea-
sured a meteoroid speed of 18.6 km/s (5). Frag-
mentation left a thermally emitting debris cloud
in this period, the final burst of which occurred at
27.0-km altitude (Fig. 1), with dust and gas set-
tling at 26.2 km andwith distinctly higher billow-
ing above that location (fig. S22). The dust cloud
split in two due to the buoyancy of the hot gas,
leading to two cylindrical vortices (12).

Comparedwith themuch larger Tunguska event
(2, 3), Chelyabinsk was only on the threshold of
forming a common shock wave around the frag-
ments when it broke at peak brightness (SM section
1.2). Fragments were spatially isolated enough to be

efficiently decelerated, avoiding the transfer of mo-
mentum to lower altitudes and resulting in less
damage when the blast wave reached the ground.

Damage Assessment
In the weeks after the event, 50 villages were vis-
ited to verify the extent of glass damage. The
resulting map (Fig. 3) demonstrates that the shock
wave had a cylindrical component, extending fur-
thest perpendicular to the trajectory. There was
little coherence of the shock wave in the forward
direction, where the disturbance was of long du-
ration, shaking buildings and making people run
outside, but causing no damage.
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Fig. S43C. The relative pressure  Р/Р0 distribution (P0 is the pressure at the surface) for Case V (520 kt 

TNT released in proportion to the light curve). 

 
Blast Wave Arrival Times 

(Contributed by: V. V. Shuvalov, O. P. Popova, Y. S. Rybnov, and P. Jenniskens) 

 
A blast wave is a particular type of shock wave caused by the deposition of a large amount of 

energy in a small very localized volume, a propagating disturbance characterized by an 

extremely rapid rise in temperature, pressure, and density [91]. Blast wave arrival times can be 

estimated assuming that the wave expands with a constant velocity equal to the sound speed. Our 

numerical simulations show that this is a good assumption for the blast wave when an airburst 

occurs at high altitude [91]: 



“Tiger Elves”: Gravity Waves Illuminated by “Elve” TLEs  
[Yue and Lyons, GRL, 2015; Marshall et al., JGR, 2015]: 



“Tiger Elves”:  
[Marshall et al., JGR, 2015]: 

Elves are “airglow” triggered by 
lightning-generated electromagnetic 
pulses (EMP). Marshall et al. applied a 
finite-difference time-domain (FDTD) 
model of the EMP to a gravity-wave 
disturbed atmosphere to investigate 
the GW structures within the “Elven 
Airglow”.



Breaking Gravity Waves and Turbulence in PMCs 
[Miller, Fritts, et al., JGR, 2016]: 



Formation Mechanisms of Neutral Fe Layers 
[Chu and Yu, JGR, 2017]: 



Ionospheric signatures of gravity waves produced by
the 2004 Sumatra and 2011 Tohoku tsunamis:
A modeling study
Yonghui Yu1 , Wenqing Wang1, and Michael P. Hickey2

1College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing, China, 2Department of Physical
SciencesandCenter for SpaceandAtmospheric Research, Embry-RiddleAeronauticalUniversity,DaytonaBeach, Florida,USA

Abstract Ionospheric fluctuations inferred from observations of total electron content have previously
been attributed to tsunamis and have confirmed the strong coupling between Earth’s ocean and
ionosphere via atmospheric gravity waves (AGWs). To further advance our understanding of this wave
coupling process we employ a linear full-wave model and a nonlinear time-dependent model to examine the
ionospheric response to the AGW perturbations induced by the 2004 Sumatra and the 2011 Tohoku
tsunamis. In the 2004 case, our modeling analyses reveal that one component of the propagating AGWs
becomes dynamically unstable in the E-region ionosphere at a range exceeding 2000 km in a direction 340°
clockwise from north. Another component becomes convectively unstable in the E-region ionosphere at a
range exceeding 700 km in a direction 250° clockwise from north. In the 2011 case, a significant enhancement
in the ionospheric disturbance occurs in a direction northwest from the epicenter about 1 h following the
tsunami onset, in general agreement with observations. Our simulations also indicate that the AGW
propagating toward the southeast is responsible for a traveling ionospheric disturbance that remains of an
observable amplitude for over 4 h during which time it propagates horizontally almost 4000 km.

1. Introduction

Earthquakes often produce fast Rayleigh waves at the Earth’s surface, which can in turn produce fast atmo-
spheric acoustic waves that can propagate rapidly to ionospheric heights [e.g., Liu et al., 2006, 2011].
Subterranean earthquakes are able to produce tsunamis that in turn can generate obliquely upward propa-
gating atmospheric gravity waves (AGWs), which subsequently disturb the ionosphere thereby creating tra-
veling ionospheric disturbances (TIDs). These can be detected by a variety of techniques, one of which is
through the use of the Global Positioning System (GPS) array [e.g., Rolland et al., 2010; Galvan et al., 2011,
2012; Occhipinti et al., 2013; Crowley et al., 2016], while others utilize airglow imaging systems [Makela
et al., 2011; Smith et al., 2015].

Lee et al. [2008] postulated that the TID observed over Arecibo on 26 December was a response to the AGW
induced by the 2004 Sumatra tsunami. Shown in their Figure 7, Lee et al. [2008] proposed two different pos-
sible scenarios. In the first scenario, tsunami-induced AGWs propagate between Sumatra (3.316°N, 95.854°E)
and Puerto Rico (18.5°N, 66°W) along a great circle path of about 18,000 km; the AGWs are imperfectly ducted
for a long distance, and wave energy ultimately leaks into the ionosphere over Arecibo. In the second
scenario, the AGWs over Arecibo are generated locally by nearby tsunami waves (the latter having traveled
from the epicenter along a large U-turn path first across the Indian Ocean, then into the Atlantic Ocean),
and propagate in the northwest direction over Arecibo.

The 2011 Tohoku tsunami occurred in an area densely distributed with a GPS array, providing an excellent
opportunity to study the ionospheric response to a tsunami by monitoring the total electron content (TEC)
[e.g., Komjathy et al., 2012; Galvan et al., 2012]. Previous tsunami-ionosphere studies have shown that the
ionospheric response broadly depends on the latitude where the tsunami occurred and the direction of wave
travel [e.g., Artru et al., 2005a, 2005b; Occhipinti et al., 2006, 2008]. Hickey et al. [2009] found that the iono-
spheric response to the 2004 Sumatra tsunami would be most favorable for tsunami propagation in the mer-
idional direction. This dependence is due to a significant coupling between neutrals and ions that maximizes
along the geomagnetic field direction near the equator [Occhipinti et al., 2008].

Previous GPS observations in regions close to the epicenter have revealed that the TEC fluctuations asso-
ciated with the 2011 Tohoku tsunami were largest for waves propagating toward the northwest of the
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Key Points:
• A 2-D nonlinear time-dependent
model displays azimuthally
anisotropic gravity waves driven by
tsunamis shown in TEC at ionospheric
heights

• Incomplete ducting conditions may
cast doubt upon a long-range
propagating gravity wave afar off the
epicenter in the 2004 Sumatra event

• Long-range gravity wave propagation
may have been overlooked in the
2011 Tohoku event owning to sparse
GPS receivers in the deep Pacific
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Anisotropic fluid modeling of ionospheric upflow:
Effects of low-altitude anisotropy
and thermospheric winds

M. Burleigh1 and M. Zettergren1,2
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Daytona Beach, Florida, USA, 2Center for Space Physics Boston University, Boston, Massachusetts, USA

Abstract A new anisotropic fluid model is developed to describe ionospheric upflow responses
to magnetospheric forcing by electric fields and broadband ELF waves at altitudes of 90–2500 km.
This model is based on a bi-Maxwellian ion distribution and solves time-dependent, nonlinear equations
of conservation of mass, momentum, parallel energy, and perpendicular energy for six ion species important
to E, F, and topside ionospheric regions. It includes chemical and collisional interactions with the neutral
atmosphere, photoionization, and electron impact ionization. This model is used to examine differences
between isotropic and anisotropic descriptions of ionospheric upflow driven by DC electric fields, possible
effects of low-altitude (<500 km) wave heating, and impacts of neutral winds on ion upflow. Results
indicate that isotropic models may overestimate field-aligned ion velocity responses by as much as ∼48%.
Simulations also show significant ionospheric responses at low altitudes to wave heating for very large
power spectral densities, but ion temperature anisotropies below the F region peak are dominated by
frictional heating from DC electric fields. Neutral winds are shown to play an important role regulating ion
upflow. Thermospheric winds can enhance or suppress upward fluxes driven by DC and BBELF fields by
10–20% for the cases examined. The time history of the neutral winds also affects the amount of ionization
transported to higher altitudes by DC electric fields.

1. Introduction

Ion production, loss, and transport in the high-latitude F region ionosphere are regulated by electric fields
and auroral precipitation, both of which can lead to strong thermal plasma upflow. Frictional heating-driven
upflow (type 1 of Wahlund et al. [1992]) events are typically associated with elevated ion temperatures, strong
convection electric fields, and minimal auroral precipitation. In these events, strong convection of the iono-
sphere through the neutral atmosphere leads to frictional heating of the ions in the E and F regions of the
ionosphere, resulting in anisotropic ion distributions [St-Maurice and Schunk, 1979] and large pressure gra-
dients that accelerate ions upward along the field lines [Foster et al., 1998; Zettergren and Semeter, 2012].
Observations of frictional heating-driven upflows often show a lifted F region peak location, low electron
densities below 300 km, and modest increases in electron temperature [Wahlund et al., 1992]. In contrast,
electron heating-driven upflow (type 2 of Wahlund et al. [1992]) events are associated with auroral precipita-
tion that increases electron densities and temperatures, hence pressure, throughout the F region and topside
ionosphere. The electron pressure increase results in a stronger ambipolar electric field which enhances the
upward field-aligned flow of plasma. Electron heating-driven upflows are found above auroral arcs, seem to
occur more often, and are usually stronger than frictional heating-driven upflows [Foster and Lester, 1996;
Wahlund et al., 1992; Ogawa et al., 2003]. Thermal ion upflow mechanisms may not be strong enough to
accelerate ions to escape velocities but instead are thought to provide source populations for higher-altitude
energization processes. Once ions have been lifted to high altitudes, transverse ion acceleration by broadband
ELF waves may give the upflowing ions sufficient energy, which can be converted into parallel momentum
through the mirror force, to outflow into the magnetosphere [Kintner et al., 1996; Andre et al., 1998; Moore
et al., 1999]. The existence of a multistep process resulting in ionospheric outflow is supported by observa-
tions of concurrent ion upflow and outflow drivers (fields, precipitation, ELF waves, etc.) [Yoshida et al., 1999;
Lynch et al., 2007; Ogawa et al., 2008; Strangeway et al., 2005].

A variety of modeling studies have established many of the general characteristics of electron heating-driven
upflows and outflows driven by auroral processes. The Dynamic Fluid-Kinetic model (DyFK) [Wu et al., 1999] is
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Key Points:
• A new anisotropic fluid model is

developed and describes ionospheric
responses to energy sources causing
anisotropy

• DC electric fields dominate
temperature anisotropies at lower
altitudes, while wave heating
dominates at higher altitudes

• High-latitude thermospheric winds
can aid or hinder upflow depending
on the wind direction
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Numerical modeling of a multiscale gravity wave event
and its airglow signatures over Mount Cook,
New Zealand, during the DEEPWAVE campaign

C. J. Heale1 , K. Bossert2 , J. B. Snively1 , D. C. Fritts2 , P.-D. Pautet3 , and M. J. Taylor3
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Abstract A 2-D nonlinear compressible model is used to simulate a large-amplitude, multiscale
mountain wave event over Mount Cook, NZ, observed as part of the Deep Propagating Gravity Wave
Experiment (DEEPWAVE) campaign and to investigate its observable signatures in the hydroxyl (OH) layer.
The campaign observed the presence of a !x = 200 km mountain wave as part of the 22nd research flight
with amplitudes of >20 K in the upper stratosphere that decayed rapidly at airglow heights. Advanced
Mesospheric Temperature Mapper (AMTM) showed the presence of small-scale (25–28 km) waves within
the warm phase of the large mountain wave. The simulation results show rapid breaking above 70 km
altitude, with the preferential formation of almost-stationary vortical instabilities within the warm phase
front of the mountain wave. An OH airglow model is used to identify the presence of small-scale wave-like
structures generated in situ by the breaking of the mountain wave that are consistent with those seen in
the observations. While it is easy to interpret these feature as waves in OH airglow data, a considerable
fraction of the features are in fact instabilities and vortex structures. Simulations suggest that a combination
of a large westward perturbation velocity and shear, in combination with strong perturbation temperature
gradients, causes both dynamic and convective instability conditions to be met particularly where the wave
wind is maximized and the temperature gradient is simultaneously minimized. This leads to the inevitable
breaking and subsequent generation of smaller-scale waves and instabilities which appear most prominent
within the warm phase front of the mountain wave.

1. Introduction

Gravity waves are understood to play a crucial role in the transfer of energy and momentum from lower atmo-
spheric sources to the mesosphere and lower thermosphere (MLT) region [Hung and Kuo, 1978; Lindzen, 1981;
Holton, 1982; Vincent and Reid, 1983; Fritts and Dunkerton, 1985; Fritts and Vincent, 1987; Kelley, 1997; Hocke and
Tsuda, 2001; Fritts and Alexander, 2003]. Air flow over topography and convective processes such as thunder-
storms, weather fronts, and shears provide efficient sources for gravity wave generation [Fritts and Alexander,
2003, and references cited within]. Through physical mechanisms such as breaking, dissipation, and critical
level filtering, gravity waves have the ability to cause momentum and energy deposition into the upper atmo-
sphere and influence mean temperatures and winds [Pitteway and Hines, 1963; Lindzen, 1981; Holton, 1982,
1983; Fritts, 1984; Fritts et al., 1996, 2006; Vadas and Fritts, 2006; Vadas, 2007; Yiğit et al., 2008, 2009; Vadas and
Liu, 2009; Fritts and Lund, 2011; Waterscheid and Hickey, 2011; Hickey et al., 2011; Vadas and Liu, 2013; Heale
et al., 2014a, 2014b]. One such manifestation of this is the reversal of the mesospheric jets and the cold sum-
mer mesopause [Lindzen, 1981; Holton, 1982, 1983; Garcia and Solomon, 1985; Lübken et al., 1999; Fritts and
Alexander, 2003; Fritts et al., 2006]; thus, understanding the effects of gravity waves on the MLT is necessary
for more accurate general circulation models and predictions.

Numerous studies have been performed to quantify the momentum flux due to gravity waves [Fritts and
Vincent, 1987; Tsuda et al., 1990; Hitchman et al., 1992; Nakamura et al., 1993; Fritts and Lu, 1993; Swenson et al.,
1999; Espy et al., 2006; Gardner and Liu, 2007], and many suggest that small-scale waves (10–100 km wave-
length) with high phase speeds are likely to have the largest influences in the MLT region [Vincent and Reid,
1983; Fritts and Vincent, 1987; Fritts et al., 2014]. However, large-amplitude gravity waves can cascade into other
scales [e.g., Klostermeyer, 1991; Fritts et al., 2009; Lund and Fritts, 2012], and it can be unclear in airglow and
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Key Points:
• A 2-D nonlinear, compressible

model is used to investigate a
large-amplitude, multiscale mountain
wave event

• Small-scale waves and vortices are
generated in situ by a breaking
mountain wave, consistent with
observations

• There is a preference for instability to
appear most prominent in the warm
phase front of the mountain wave
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Nonlinear Gravity Wave Forcing as a Source of Acoustic Waves
in the Mesosphere, Thermosphere, and Ionosphere

J. B. Snively1
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Abstract Numerical simulations demonstrate theoretical predictions that gravity waves with short
periods (∼4–8 min) in the mesosphere and lower thermosphere may force secondary acoustic waves,
with harmonic periods (∼2-4 minutes), that can reach detectable amplitudes in the thermosphere and
ionosphere. The mechanism is through their vertical fluxes of vertical momentum, which lead to forcing as
they are disrupted by varying stratification or instability. This is shown likely to occur where horizontally or
radially opposing gravity waves interact at large amplitudes, such as above large convective sources, and
after overturning. Evanescence and reflection of the waves can lead to further enhancements of the vertical
fluxes and the potential for forcing. Results thus identify one of likely several mechanisms for the nonlinear
conversion from gravity waves to acoustic waves, to elucidate an unappreciated source of vertical coupling.

1. Introduction

Acoustic waves (AWs) in the ionosphere, thermosphere, and mesosphere (ITM) above convection, while
observed for decades (e.g., Georges, 1973), have recently received new attention as their perturbations can
be mapped in Global Positioning System (GPS) total electron content (TEC) data (e.g., Nishioka et al., 2013).
The AWs in data, with periods∼1–4 min, are often accompanied by detectable gravity waves (GWs) at greater
radii (e.g., Lay et al., 2015), typically with periods of ∼6–30 min. Both AWs and GWs, such as reported by
Nishioka et al. (2013), are often observed to persist over long periods of time (hours), likely due to reflection
and ducting in addition to the persistence of forcing.

Tropospheric convective disturbances may impose thermal and mechanical forcing over short periods, lead-
ing to the generation of upward propagating AWs and GWs (e.g., Walterscheid et al., 2003; Vadas, 2013). These
waves may become trapped below the lower thermosphere, thus forming resonances or ducted modes, while
gradually leaking upward into the thermosphere-ionosphere. This provides a simple explanation for their
observed persistence following seismic events and severe weather (e.g., Matsumura et al., 2012; Nishioka et al.,
2013, and references therein). Modeled “updraft” sources, used to demonstrate primary AW and GW observ-
ability in the mesospheric hydroxyl airglow by Snively (2013) and ionospheric TEC by Zettergren and Snively
(2013), also excite resonant AWs and GWs similar to those reported in thermospheric observations. In addi-
tion to filtering via reflection and resonance, the spectral coherence of AWs is enhanced by viscous dissipation
and the vertical integration of TEC measurements, which typically limits the observable bandpass to periods
longer than 1 min (Zettergren & Snively, 2015).

Model simulations of Zettergren et al. (2017) support that reflection and resonance processes enhance persis-
tence of AW signatures, especially above larger (more directive) source regions. Indeed, observations reveal
correlations between AW occurrences and larger source spatial scales (Lay et al., 2015). Shao and Lay (2016)
also found that AWs correlate with convective downdrafts and stratiform regions that may be offset from the
most active convection. This also suggests correlation with electric discharge events in the troposphere and
above (e.g., Pasko, 2009; de Larquier & Pasko, 2010), although it is unclear whether these fast processes couple
well to the ∼1–4 min period AWs detected.

Here a simple nonlinear mechanism is demonstrated for the generation of acoustic waves, which may be
either transient or persistent, via nonlinearity of gravity waves especially as they interact or overturn. By
this mechanism, AWs are generated with periods ∼2–4 min, consistent with harmonics of GWs with peri-
ods of ∼4–8 min (or longer, when GWs break/cascade to smaller scales and shorter periods while retaining
sufficient coherence). The mathematical and physical basis for these investigations is well established from
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Key Points:
• Strong gravity waves (GWs)

exhibit nonlinear fluxes of vertical
momentum

• Nonlinear GW fluxes may force
harmonic acoustic waves (AWs)

• AWs may be detectable above
interacting GW fields and
overturning regions
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• Our “Little” / “Cute” / “Idealized” / “Toy” models are often a 
critical first step towards new scientific understanding, and/
or may provide building blocks for “Large” / “Realistic” / 
“Operational” models of the future.


