
 

          
 
 

        
     

 
 

 
 

 
 

  
 

  
 

 
         

     
 

 
 

       
         

     
            

      
         

  
         

        
 

            
      

  
           

        
        

  
          

           
 

       
       

          
       

         
        

       
          

    

   

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited. 

Modeling the Influences of Acoustic-Gravity Waves Due to Seismic Events 
and Atmospheric Sources on the Low- to Mid-Latitude Ionosphere 

David C. Fritts
 
GATS/Boulder, 3360 Mitchell Lane, Boulder CO  80301
 

phone: (720) 274-4747  fax: (720) 305-4457     email: dave@gats-inc.com
 

Award Number: N0014-13-1-0488
 

Date: 16 September 2015
 

LONG-TERM GOALS 
The long-term goals of our research within the ONR BRC program are to advance the 

understanding of, and predictive capabilities for, forcing of the ionosphere accoumpanying 
acoustic-gravity waves arising due to terrestrial and atmospheric sources.     

OBJECTIVES 
Our four-year research program is a collaborative effort between GATS, which has a finite-

volume (FV) code that describes the nonlinear dynamics of acoustic-gravity waves (AGWs) in a 
deep atmosphere, and NRL, which developed the SAMI3/ESF model of the ionosphere. 
Employing the FV code results as inputs to the SAMI3/ESF global ionosphere model is enabling 
us to jointly address ionospheric responses to various anticipated AGW sources, parameters, and 
spatial distributions. Our specific research objectives that address the above long-term goals, in 
order of our anticipated efforts, include the following: 

1.	 Apply our coupled models to atmospheric AGW sources and their ionospheric 
responses to address the individual and stochastic effects of these dynamics, and their 
likely seasonal and geographic dependencies, under more typical conditions, 

2.	 Define AGW responses from the surface into the thermosphere for realistic seismic 
sources and propagation environments, including all relevant physical processes (i.e., 
3D sources and propagation, transience, nonlinearity, and AGW saturation processes), 

3.	 Determine the ionospheric responses to AGWs from various seismic sources and their 
dependence on atmospheric and ionospheric parameters via coupling of our neutral and 
ionospheric models and evaluation/validation of model results where AGW sources and 
ionospheric responses are characterized well by observations, and 

4.	 Assess and improve the NRL stochastic wave model via parameterization of nonlinear 
effects as a fast and efficient input to SAMI3 and SAMI3/ESF for more general studies of 
AGW influences on ionospheric dynamics. 

Initial efforts addressed thermospheric and ionospheric responses to AGW amplitudes, 
scales, and frequencies arising from atmospheric sources that we can already quantify in some 
detail. These dynamics included propagation of 1D and 2D AGWs from atmospheric sources in 
variable winds, effects of transience, nonlinearity, 2D and 3D instability dynamics and 
turbulence, and their plasma responses in the ionosphere. More recent efforts have focused on 
realistic seismic responses having peak ocean surface displacements of ~0.5 m, wavelengths of 
~200-500 km, and phase speeds of 200 m/s in representative thermospheric temperature and tidal 
wind fields. Applications of these results in the NRL SAMI3/ESF ionospheric model and new 
studies having more realistic tsunami forcing and atmospheric environments are in progress. 
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APPROACH 
We are employing both a finite-volume (FV) code and the NRL SAMI3/ESF global 

ionosphere model for our collaborative studies. The FV code was developed specifically for deep 
GW dynamics studies and solves the anelastic or compressible Navier-Stokes equations in two or 
three dimensions (2D or 3D). The FV code can employ idealized or realistic AGW forcing at the 
Earth’s surface, or at intermediate altitudes as needed, to describe various sources and the AGW 
spatial and temporal distributions that arise from them. The FV code output fields are then 
employed as neutral seeds for the longitudinal wedge within the NRL SAMI3/ESF code. The 
SAMI3/ESF code was developed at NRL to address ionospheric dynamics extending to very 
small spatial scales. Together, these codes offer unique capabilities for addressing AGW 
responses in the ionosphere. 
WORK COMPLETED 

The GATS portion of this joint research had three thrusts during the past year. All continued 
suites of simulations addressing atmospheric and tsunami sources of AGWs and their penetration 
to, and dynamics in, the thermosphere. Parallel plasma simulations employing these neutral 
dynamics as seeding conditions were explored by colleagues at NRL and Cornell University. 

AGW plasma bubble seeding: An 
AGW arising from a lower 
atmosphere source was employed to 
explore the efficiency of equatorial 
plasma bubble (EPB) seeding due to 
differing AGW phase alignments in 
the two hemispheres at the seeding 
altitudes. The initial conditions are 
shown in Figure 1 (top). The left and 
right panels at bottom show two cases 
with aligned and anti-aligned AGW 
fields at the two ends of the field 
lines. Alignment is found to enable 
much more efficient EPB seeding 
(see Wu et al., 2015, for details). 

AGW self-acceleration dynamics: 
A second suite of simulations using 
the FV code continued a series begun 
previously addressing self-
acceleration (SA) dynamics for AGW 
packets localized in one and two 
spatial dimensions. AGW packets 
localized only in altitude exhibit 
strong mean-flow accelerations and 
AGW phase distortions that 
ultimately cause their dissipation. 
These SA dynamics are illustrated for 
one case in the u’, w’, vorticity, and 
T’ fields at three times in Figure 2, Figure 1. GW seeding conditions and EPB structures 
and described more generally by (top and bottom) generated by SAMI3/ESF with a
Fritts et al. (2015a). Newer results are neutral GW seed with λh = 120 km (Wu et al., 2015). 
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expanding the initial studies for AGW 
packets localized in two dimensions. These 
show similar SA dynamics, but also represent 
a very strong source for secondary AGWs at 
larger spatial scales that readily penetrate 
much higher into the thermosphere. An 
example of these dynamics is shown at two 
times in Figure 3. Note the much larger 
AGW scales and penetration altitudes in the 
latter three panels. This series of simulationa 
is exanding, and a second paper describing 
these various results is anticipted to be 
completed in the near future (Laughman et 
al., 2015a). 

Tsunami AGW forcing and responses in 
variable tidal fields: During the past year, we 
have also significantly expanded our initial 
suite of FV code simulations addressing 
AGW responses to tsunamis. These have 
employed both more accurate tsunami 
packets and varying tidal fields extending 
into the thermosphere. Performing such 
simulations in a deep domain is critical to 
providing adequate initial conditions for 
initiation of tsunami forcing of ionospheric 
responses in the SAMI3/ESF model, given 
the potential for an elevated F layer under 
moderate and strong solar forcing conditions. 
Thus we used a  thermospheric temperature 
profile that approaches ~800 K at higher 
altitudes (e.g., solar mean conditions) and 
canonical winds approximating tidal forcing 
of 100-150 m/s larger and smaller than the 
surface wind in the direction of the tsunami 
propagation direction. These profiles are 
illustrated in Figure 4. The assumed surface 
displacement and induced vertical velocity 
for a tsunami phase speed of 200 m/s are 
shown in Figure 5 (e.g., same forcing as 
employed by Hickey et al., 2009). 

The multiple cases explored have yielded 
a range of responses, among them 1) 
confinement of peak amplitudes to lower 
altitudes (~200 km) when thermospheric 
tailwinds are strong, 2) refraction to larger 
vertical scales, amplitudes, and higher 
altitudes (300 km) when thermospheric 
headwinds are strong, 3) significant 

Figure 2. AGW undergoing SA dynamics for a
packet localized only in altitude with λh = λz = 
20 km and ωi = N/1.4.  

Figure 3. AGW and mean perturbation u 
(positive, red, to the right) due to a 2D Gaussian 
AGW packet having λh = λz = 20 km and ωi = 
N/1.4 propagating to the left at the times shown 
(in minutes). The domain is 1000x450 km. 
Secondary AGWs arise accompanying 
accelerating local mean flows (blue, to the left) 
due to SA dynamics as the AGW reaches 
higher altitudes. 
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Tsunami forcing – "Hickey" modified Airy function

- mean stability and mean and tidal winds

Tsunami forcing – "Hickey" modified Airy function

- 0.5 m peak amplitude, 200 m/s phase speed  

as readily happens for large-scale AGWs that have large vertical group velocities. The 
consequences are AGW instabilities of various types. AGW breaking has been studied for some 
time, but related self-acceleration (SA) dynamics may be even more pervasive, as these readily 
occur beginning at much smaller AGW amplitudes. Importantly, SA dynamics drive both strong 
AGW dissipation (though of a different form than AGW breaking, and with AGW leakage to 
higher altitudes) and strong secondary AGW generation, often at spatial scales much larger than 
the initial AGW packet undergoing SA dynamics. These secondary AGWs likely attain much 
higher altitudes than the initial AGWs and large amplitudes that we expect to have significant 
implications for ionospheric plasma dynamics at many scales for a wide range of environmental 
conditions. 

Our recent, more comprehensive simulations of tsunami-forced AGWs have revealed strong 
sensitivity to the background profiles. Whether a tsunami AGW reaches the F-layer peak will 
depend on many factors, of course. But the major influences suggested by our studies to date 
indicate that large-scale winds (and we expect also variations in atmospheric stability) will 
dramatically impact the propagation and amplitudes of these AGWs with altitude. Refraction by 
background winds and stability variations can either strongly enhance, or significantly suppress, 
tsunami AGWs simply by imposing larger or smaller vertical wavelengths at altitudes where 
kinematic viscosity rapidly consumes AGWs at smaller vertical scales. These variable 

amplitude attenuation when large tides 
at lower altitudes lead to turning levels, 
4) the large-wavelength components 

!!!!N2(z) mean & tidal 
headwinds 

mean & tidal 
tailwinds 

always penetrate to higher altitudes, 
and 4) nonlinear effects for deeper 
propagation lead to phase distortions 
and SA dynamics. Two examples of 
these evolutions are shown comparing 
headwinds and tailwinds with and 
without tidal structures in Figures  6 
and 7. We currently anticipate at least 
two publications by Laughman et al. Figure 4. 

and 
Background atmospheric stability, N2(z) 

(2015b) and Fritts et al. (2015b) headwind and tailwind profiles employed for 
descreibing these results. our recent tsunami AGW forcing cases. 

RESULTS 0.5 
!!!!surface displacement 

Our three FV code simulation suites 0.25 (meters) 

have revealed a number of key 0.0 
dynamics that impact how, and the 
conditions under which, AGWs impact 
the thermosphere and ionosphere (TI). 
AGWs from multiple sources readily 
propagate into the TI, but their roles 
vary and their responses depend on 
their scales, amplitudes, and the 
altitudes to which they propagate. 

-0.25

 1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

vertical velocity (mm/s) 

Nonlinear dynamics are expected to Figure 5. Surface displacement and vertical velocity 
play major roles in preventing AGW for a tsunami phase speed of 200 m/s employed for 
penetration far into the TI. These occur our AGW response simulations. 
when AGW amplitudes become large, 
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backgrounds can also induce turning 
levels (e.g., regions of evanescence) that 
yield partial AGW reflection, depending 
on their character and depths. 

Our studies to date suggest several 
new lines of inquiry that we will be 
pursuing throughout the remainder of 
this research effort. Specific research 
targets will likely include the following 
(together with our BRC co-Is and 
collaborators): 

1.	 Implications of tidal winds and 
turning levels for tsunami (and 
other) AGW penetration to TI 
altitudes, 

2.	 Implications of tsunami (and 
other) AGWs for ionospheric 
plasma responses at low and mid-
latitudes,   

3.	 Implications of SA dynamics for 
AGW packets localized in 2D 
and 3D for secondary AGW 
generation and TI penetration,  

4.	 Evaluation of the utility of ray 
tracing in addressing deep 
nonlinear AGW propagation in 
highly variable middle 
atmosphere/TI environments. 

IMPACTS/APPLICATIONS 
The simulations performed to date 

suggest the possibility for a stochastic 
specification of AGW influences on 
plasma dynamics at high altitudes in 
regions of strong AGW sources. Due to 
expected strong secondary AGW 
generation, these hotspot influences 
tshould easily extend well into the TI. 

Our recent tsunami and more general 
AGW studies have revealed the potential 
for AGWs to penetrate far into the 
thermosphere, but with strong 
modulation by tidal fields at the higher 
altitudes. Such modulation will surely 
have strong influences on AGW structure 
that will strongly influence both 
thermospheric and ionospheric responses 
at multiple spatial scales. 

Figure 6. Tsunami responses in u’ for the forcing 
and environment shown in Figure 4 and 5 and a 
100 m/s TI headwind. Min/max velocities and 
image times (in min) are shown at left and right. 

Figure 7. As in Figure 6, but for mean and tidal 
tailwinds of 100 m/s in the thermosphere. 
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RELATED PROJECTS 
Dave Fritts participates in an existing NASA LWS contract (via a subcontract from NWRA, 

Tom Lund, PI) with Joe Huba at NRL for numerical simulations of GWs and their potential 
plasma influences extending to high altitudes [e.g., Krall et al., 2013]. 
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