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Overarching science goal: coupling from below

Science goal
Investigate gravity wave-induced coupling mechanisms in

Earth’s whole atmosphere
in order to advance the knowledge of

atmospheric general circulation

Technique
General Circulation Modeling (⇐ Gravity wave parameterization)

⇓

Upper atmosphere
Determine the dynamical and thermal effects of GWs
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Vertical coupling on Earth
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Earth’s atmosphere-ionosphere (Yiğit and Medvedev 2015, Figure 1)
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Vertical coupling: Meteorological effects
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Gravity waves
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Noctilucent clouds – Gravity waves
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What are internal gravity waves?

Gravity waves (GWs)
• Buoyancy oscillations
• Primary generation in the lower atmosphere
• Propagate upward, interacting continuously with the atmospheric flow,

e.g., via nonlinearity and viscosity

Small-scale GWs
• Important for the general circulation of the whole atmosphere system
• Challenge: unresolved & parameterized in general circulation models

(GCMs)
• Small-scale⇔ large-scale
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Gravity wave parameterizations

• Problem: Previous parameterizations have ignored the
effects of GWs in the upper atmosphere.

Dynamical equations

∂u
∂t

=

ares︷ ︸︸ ︷
−1
ρ
∇p − (u ·∇)u + ∇(ν∇ · u)− 2ΩΩΩ× u + g− νni (u− vi ) (1)

+ agw

∂T
∂t

= Qres + Qgw (2)
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Gravity Wave Effects in the Atmosphere – Year 2008
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A whole atmosphere parameterization

GW whole atmosphere effects
So, how do we get a physics-based representation of

the GW contributions agw and Qgw
to the energy and momentum balance

in the whole atmosphere?
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A whole atmosphere parameterization

Parameterization of the effects of vertically propagating gravity waves

for thermosphere general circulation models: Sensitivity study

Erdal Yiğit,1 Alan D. Aylward,1 and Alexander S. Medvedev2

Received 16 March 2008; revised 8 July 2008; accepted 22 July 2008; published 8 October 2008.

[1] A parameterization of gravity wave (GW) drag, suitable for implementation into
general circulation models (GCMs) extending into the thermosphere is presented.
Unlike existing schemes, the parameterization systematically accounts for wave
dissipation in the upper atmosphere due to molecular viscosity, thermal conduction, ion
friction, and radiative damping in the form of the Newtonian cooling. This is in
addition to using the commonly employed breaking/saturation schemes, based on either
linear Hodges-Lindzen instability criteria or its nonlinear extension to multiple-
harmonic spectra. The scheme was evaluated in a series of tests of increasing
complexity. In the thermosphere, the simulations suggest that the dissipation competes
with the instability caused by amplitude growth, and can seriously alter GW
propagation and the associated wave drag. Above the mesopause the GW drag is
generally created by harmonics with fast horizontal phase velocities, which under
favorable conditions can propagate into the F2 layer. The effects of thermospheric
dissipation are more complex than a simple exponential decay of GW fluxes above
certain levels. We examine the sensitivity of the GW drag profiles to the variations of
the source spectra typically employed in GCMs. These results suggest that GWs
can provide strong coupling between the meteorological events in the lower
atmosphere and the circulation well above the middle atmosphere.

Citation: Yiğit, E., A. D. Aylward, and A. S. Medvedev (2008), Parameterization of the effects of vertically propagating gravity
waves for thermosphere general circulation models: Sensitivity study, J. Geophys. Res., 113, D19106, doi:10.1029/2008JD010135.

1. Introduction

[2] Internal gravity waves (GWs) generated in the lower
atmosphere play a crucial role in the modification of the
energy and momentum budget of the mesosphere and lower
thermosphere (MLT). Their effects are well understood in
the middle atmosphere. GWs are responsible for the reversal
of the mean zonal wind and the associated reversal of the
meridional temperature gradient, turbulent mixing of chem-
ical constituents and the transport of heat [Fritts and
Alexander, 2003]. GWs interact with other type of waves
of larger scale and modify their vertical propagation char-
acteristics [Williams et al., 1999]. There is increasing
observational and modeling evidence that GWs are capable
of significantly perturbing the upper atmosphere as well
[Oliver et al., 1997; Kazimirovsky et al., 2003; Djuth et al.,
2004; Miyoshi and Fujiwara, 2008]. While the observa-
tional properties of GWs in the upper atmosphere have been
extensively studied, there is still a lack of understanding of
consequences in the thermosphere of GWs originating in the

lower atmosphere. Since existing general circulation models
(GCMs) do not resolve subgrid-scale waves, so-called GW
(or GW drag) parameterizations are commonly used. This
paper addresses the issue of how to properly account for
GW effects in thermosphere models.
[3] Depending on their characteristics, vertically propa-

gating GWs are able to penetrate into the thermosphere-
ionosphere (TI), and deposit momentum and heat into the
larger-scale flow. By contrast to the middle atmosphere, GW
propagation into the TI is strongly influenced by molecular
viscosity and thermal conduction [Vadas and Fritts, 2005],
by ion friction, and to a lesser degree, by radiative damping,
usually approximated in parameterizations by Newtonian
cooling. In order to distinguish these dissipative mechanisms
from the breaking/saturation caused by pure ‘‘internal’’
nonlinear effects associated with the instabilities at large
amplitudes, we shall sometimes refer to the additional GW
damping in the thermosphere as an ‘‘external’’ dissipation.
Mathematically, the vertical attenuation of GW harmonics
affected by dissipation is described by the imaginary part mI

of the vertical wave number m = mR!imI. The expressions
for mI have been found for molecular viscosity and heat
conduction [Vadas and Fritts, 2005], ion friction [Gossard
and Hooke, 1975], and Newtonian cooling [Holton, 1982].
Parameterizations of the GW momentum deposition and
heating usually require a knowledge of the vertical flux of
the horizontal eddy momentum (per unit mass) F = u0w0,
where the bar denotes an appropriate averaging. For harmon-

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, D19106, doi:10.1029/2008JD010135, 2008
Click
Here

for

Full
Article

1Department of Physics and Astronomy, University College London,
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2Max Planck Institute for Solar System Research, Katlenburg-Lindau,
Germany.
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Nonlinear Whole Atmosphere Gravity Wave
Parameterization

• “Extended parameterization” (Yiğit and Medvedev 2013)
• Small-scale (subgrid-scale) GWs in GCMs (Yiğit et al. 2008)

• Neither intermittancy factors nor fudge factors are used!
• Accounts for the dissipation of GWs of lower atmospheric origin
• Input: Initial gravity wave activity at a given source level (e.g., ∼15 km)

Gravity wave propagation & dissipation

u′w ′i (z) = u′w ′i (z0) ρ(z0)ρ−1(z) τi (z) (3)
β(z) = βnon + βion + βnew + βmol + βeddy (4)

Output
GW induced dynamical (agw ) and thermal effects (Qgw )
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Prof. Yiğit Global Scale Modeling International Beacon Symp 12 / 25



Nonlinear Whole Atmosphere Gravity Wave
Parameterization

• “Extended parameterization” (Yiğit and Medvedev 2013)
• Small-scale (subgrid-scale) GWs in GCMs (Yiğit et al. 2008)
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Prof. Yiğit Global Scale Modeling International Beacon Symp 12 / 25



Nonlinear Whole Atmosphere Gravity Wave
Parameterization

• “Extended parameterization” (Yiğit and Medvedev 2013)
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Modeling framework: GCM + paramaterization

GCM
A General Circulation Model that extends into the thermosphere
(Coupled Middle Atmosphere Thermosphere Model-2)

+

GW representation
A GW parameterization that accounts for GW thermospheric dissipation
(Spectral nonlinear GW parameterization (Yiğit et al. 2008))

⇓

GW effects in the thermosphere-ionosphere
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Gravity wave effects in Earth’s atmosphere

mesosphere. These jets are formed by the Coriolis force
acting upon the mean meridional pressure gradient directed,
generally, from the hot summer hemisphere toward the
colder winter hemisphere. The strato-mesospheric jets peak
in midlatitudes at !60–70 km in both hemispheres with
magnitudes of !80 and "60 m s"1 in the HWM93 winter
and summer hemispheres, respectively, and are somewhat
weaker in the EXP0 simulations. In the MLT region, the
zonal winds are reversed in the HWM93, which is not
captured in the run with Rayleigh drag. Above this region,
the EXP0 thermospheric winds increase with altitude, and
reach maximum values of 110 and "120 m s"1 at midlat-
itudes in both hemispheres, respectively. They have approx-
imately zero vertical shears. A relatively weak ("10 m s"1)
easterly wind region is seen in the winter high latitudes
between !200 km and !250 km. This feature is a conse-
quence of the summer to winter meridional flow reversal
associated with the high-latitude Joule heating and its
enhancement by particle precipitation [Dickinson et al.,
1977; Roble et al., 1977].

[24] It is seen that the EXP0 simulation in Figure 2b
overestimates the magnitude of the thermospheric winds,
and underestimates the high-latitude winter easterly rever-
sal. Figure 2c shows the zonal mean zonal winds simulated
with the GW momentum flux cut off close to the turbopause
(EXP1). This artificially imposed limit completely elimi-
nates the direct GW effects above !105 km. Replacing the
Rayleigh friction with more realistic GW drag significantly
modifies the zonal mean circulation below !105 km. The
strato-mesospheric jets become more developed compared
to the EXP0 case with peak values of !80 and !"50 m s"1

in the winter and summer hemispheres, respectively, similar
to the HWM93. There is a clear reversal of the summer
easterly jet due to GW saturation. In particular, in the
midlatitude MLT region, the peak value of !30 m s"1 is
centered at around 100 km, which is close to the HWM93
climatology. Unlike the HWM93, no clear reversal occurs in
the winter hemisphere. As one would expect from the fact
that the GW drag cut off at !105 km does not affect the
upper atmosphere much, there are only minor changes in the

Figure 3. Height-latitude cross sections of the zonal mean zonal GW drag (ax
GW) and ion drag (ax

ION) in
m s"1 d"1 averaged over three weeks corresponding to Figures 2c and 2d. (a) EXP1: GW drag cutoff
above !105 km. (b) EXP2: GW drag in the full model domain. Ion drag for (c) EXP1 and (d) EXP2. The
contour intervals are 20 m s"1 d"1 and 50 m s"1 d"1 for the GW drag and ion drag panels, respectively.

D07101 YIĞIT ET AL.: GRAVITY WAVE DRAG ABOVE TURBOPAUSE

6 of 14

D07101

Simulated mean GW effects with the Coupled Middle Atmosphere Thermosphere Model-2 ((CMAT2), Yiğit
2009) implementing the Yiğit et al. 2008 GW parameterization (Yiğit et al. 2009, Figure 3)

No GW effects in the upper atmo-
sphere (OLD SCHOOL)

GWs effects extending
into the upper atmosphere
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Gravity wave effects in Earth’s upper atmosphere

Simulated ū(contours) and GW drag (color) (Yiğit et al. 2012, Figure 6)

IGNORED
INPAST
STUDIES
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Gravity wave effects in Earth’s upper atmosphere

Simulated ū(contours) and GW drag (color) (Yiğit et al. 2012, Figure 6)
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GW heating/cooling in Earth’s upper atmosphere

contributes to the daily and zonally averaged rates shown in
Figure 2d. The variations of heating rates are closely related
to the modulation of the GW drag by the diurnal tide, as was
discussed in section 9 of the work by Yiğit et al. [2009].
Two strong peaks of westerly momentum deposition at
!10 UT and 16 UT (not shown here) take place at 200–
210 km, just above the altitude that divides the regions of
GW heating and cooling. In the given longitude point of the
high-latitude NH, the total effect of GW heating is modu-
lated by both diurnal and semi-diurnal tides, with maxima
of about 500 K d"1 at 140 km.
[10] Snapshots of the GW-induced heating/cooling rates

at 210 km in Figures 3c and 3d illustrate an extent of the
spatial and temporal variability of the latter. The two
distributions, which are 12 hours apart, demonstrate that
most of the variations are associated with the sun-
synchronous diurnal tides, especially in the mid- and high
latitudes in both hemispheres. Locally, the thermal effects of
GWs can significantly exceed the average values. For
example, an enhanced cooling of more than 3000 K d"1

at 150!W in the SH appears particularly striking.

4. Summary and Conclusions

[11] Heating and cooling of the thermosphere by breaking
and/or dissipating small-scale internal gravity waves have
been studied for the first time using a comprehensive GCM

extending from the tropopause to the F2 region. A spectral
nonlinear GW parameterization suitable for these heights
[Yiğit et al., 2008] has been implemented in the CMAT2
GCM and estimates of GW-induced heating/cooling rates
for the June solstice have been obtained under low geo-
magnetic and solar activity conditions.
[12] The irreversible heating due to wave energy dissi-

pation is strong (up to 100 K d"1 in zonally and temporally
averaged sense) in the high latitudes of both hemispheres,
which constitutes between 20 and 40% of that by the Joule
heating. However, the net thermal effect of GWs above the
turbopause is dominated by cooling associated with the
divergence of the induced downward heat flux. The maxima
of "150 to "180 K d"1 occur also in the high latitudes
around 210 km. When the total GW heating and cooling are
taken into account in the GCM, the simulated thermospheric
temperatures become colder: up to 200 K over the summer
pole, and up to 100 to 170 K at other latitudes near 210 km.
[13] Instantaneous values of GW heating and cooling

rates are highly variable, and can significantly exceed the
averaged quantities. In our simulations they can easily reach
up to 500 and"1100K d"1 and evenmore than"3000K d"1

locally in the F2 region. Most of variations and largest
heating/cooling rates take place in the high latitudes of both
hemispheres, and are strongly modulated by solar tides.
[14] It must be noted that GW effects in the upper

thermosphere, both dynamical [Yiğit et al., 2009] and

Figure 3. The total GW heating/cooling rates (color-shaded) and temperature (white contour lines) simulated with
CMAT2 on 22 June: height-Universal time (UT) variations at (a) 75!S, 140!W and (b) 75!N, 140!W; geographical
distributions at (c) 0400 UT and (d) 1600 UT.

L14807 YIĞIT AND MEDVEDEV: GRAVITY WAVE HEATING IN THE THERMOSPHERE L14807

4 of 5
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GWs can significantly exceed the average values. For
example, an enhanced cooling of more than 3000 K d"1

at 150!W in the SH appears particularly striking.

4. Summary and Conclusions

[11] Heating and cooling of the thermosphere by breaking
and/or dissipating small-scale internal gravity waves have
been studied for the first time using a comprehensive GCM

extending from the tropopause to the F2 region. A spectral
nonlinear GW parameterization suitable for these heights
[Yiğit et al., 2008] has been implemented in the CMAT2
GCM and estimates of GW-induced heating/cooling rates
for the June solstice have been obtained under low geo-
magnetic and solar activity conditions.
[12] The irreversible heating due to wave energy dissi-

pation is strong (up to 100 K d"1 in zonally and temporally
averaged sense) in the high latitudes of both hemispheres,
which constitutes between 20 and 40% of that by the Joule
heating. However, the net thermal effect of GWs above the
turbopause is dominated by cooling associated with the
divergence of the induced downward heat flux. The maxima
of "150 to "180 K d"1 occur also in the high latitudes
around 210 km. When the total GW heating and cooling are
taken into account in the GCM, the simulated thermospheric
temperatures become colder: up to 200 K over the summer
pole, and up to 100 to 170 K at other latitudes near 210 km.
[13] Instantaneous values of GW heating and cooling

rates are highly variable, and can significantly exceed the
averaged quantities. In our simulations they can easily reach
up to 500 and"1100K d"1 and evenmore than"3000K d"1

locally in the F2 region. Most of variations and largest
heating/cooling rates take place in the high latitudes of both
hemispheres, and are strongly modulated by solar tides.
[14] It must be noted that GW effects in the upper

thermosphere, both dynamical [Yiğit et al., 2009] and

Figure 3. The total GW heating/cooling rates (color-shaded) and temperature (white contour lines) simulated with
CMAT2 on 22 June: height-Universal time (UT) variations at (a) 75!S, 140!W and (b) 75!N, 140!W; geographical
distributions at (c) 0400 UT and (d) 1600 UT.

L14807 YIĞIT AND MEDVEDEV: GRAVITY WAVE HEATING IN THE THERMOSPHERE L14807
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Simulated GW heating/cooling (color) and temperatures (contour) (Yiğit and Medvedev 2009, Figure 3)

cooling

heating
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GW effects: parameterizations vs. high res.

wave numbers, respectively. Figure 3
shows the latitude-height distribution of

the vertical convergence of u′w′ . Below
100 km, the eastward (westward) wind
acceleration occurs in the NH (SH), which
acts to decelerate the stratomesospheric
jets [Lindzen, 1981; Matsuno, 1982]. In the
100–120 km height region, the westward
(eastward) acceleration appears in the
NH (SH). The GW drag reaches !140 and
105 m s!1(d)!1 in the NH and SH,
respectively. The GW drag above 150 km
height is much larger than that in the
mesosphere and lower thermosphere
(MLT). In particular, the eastward
acceleration with a maximum value of
+230 m s!1(d)!1 is located at high
latitudes. This result indicates that the GW
drag plays an important role above the

turbopause. Yiğit and Medvedev [2010] estimated the GWdrag distribution in the thermosphere using CMAT2.
Their result [Yiğit and Medvedev, 2010, Figure 10a] showed the strong eastward acceleration at middle
and high latitudes between 150 and 250 km heights and is consistent with our result. However, our result is
the first one obtained by a high-resolution GCM that can resolve GWs explicitly. The GW drag distribution
in June solstice has been shown, and the distribution of the GW drag in December solstice is quite similar to
that in June solstice (not shown).

The present GCM can resolve GWs with horizontal wavelength larger than 380 km. MF09 investigated the

momentum flux u′w′ distribution in the thermosphere as a function of the zonal wavelength. MF09
showed that the momentum flux due to GWs with wavelength of 500 km (850 km) is smaller than that of
1000 km by a factor of 3 (2). Thus, the momentum flux due to GWs decreases with decreasing wavelength of
GWs. However, the momentum flux due to GWs with much shorter wavelengths is not well known and
may affect the GW drag in the thermosphere. This means that the GW drag in the real atmosphere may be
larger than the GW drag shown in Figure 3. In order to estimate effects of smaller-scale GWs on the GW drag,
numerical simulation with higher horizontal resolution model is required.

The diurnal variations of the zonal wind and the GW drag are examined next. Figures 4a and 4b show the
diurnal variations of the zonal wind at 20°S and 55°N, respectively. These representative latitudes are
chosen because the diurnal mean GW drag in the thermosphere has maximum or minimum there. In
this figure, the zonal wind is averaged for all longitudes, so that the zonal wind associated with the
nonmigrating tides are removed. The time variation in the zonal wind is small below 80 km height,
while the semidiurnal variation prevails in the 100–200 km height region. The downward phase
progression with increasing local time, which is characteristic of upward propagating semidiurnal tide, is
clearly seen in the lower thermosphere. Above 200 km height, the diurnal tide with longer vertical
wavelength dominates.

Figure 4c shows the local time-height distribution of the GW drag at 20°S. The semidiurnal variation of the GW
drag is evident in the 100–200 km height region, while the diurnal variation dominates above 200 km height.
The GW drag is predominantly directed against the background zonal wind and acts to decelerate the
background wind. There is the eastward drag during the day with a peak value of 270 m s!1(d)!1 at 350 km
height, while the westward drag prevails during the night. As shown before, the diurnal mean GW drag at
350 km height is only 30 m s!1(d)!1. However, the low-latitude zonal GW drag from 150 to 400 km heights
indicates a cancelation between the westward and eastward GW drags. The GW drag at a height of 200 km
ranges from!130 m s!1(d)!1 to 120 m s!1(d)!1.Miyoshi et al. [2012] estimated the zonal momentum balance
of the neutral atmosphere at low latitudes in the thermosphere. They indicated that the magnitude of the ion
drag and molecular diffusion at 200 and 300 km height are 200–400 and 800–1500 m s!1(d)!1, respectively.

Figure 3. Latitude-height cross section of the vertical convergence of
u′w′ due to GWs (the zonal GW drag) averaged over the period from
16 to 30 June. Units are m s!1 (d)!1. Positive (negative) values indi-
cate eastward (westward) acceleration, respectively.
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during high solar activity. For instance, the midlatitude
easterly jet at 200 km is ∼20 m s−1 weaker in EXP2 than
in EXP1, and the maximum of westerlies in the winter
hemisphere of the same magnitude (∼30 m s−1) is shifted
from 150 to 200 km.
[30] Distributions of the mean zonal torque by GWs are

shown in Figures 10a and 10b. It is immediately seen that
the main dynamical effects of GWs both in the middle and
the upper atmosphere are to decelerate the mean zonal wind
in an average sense. During the low solar activity, the GW
drag is twice as strong in the high‐latitude winter hemisphere
and in the midlatitude summer one, and has approximately
same magnitudes over the summer pole. The former result
shows a good agreement with the findings of numerical
studies conducted in the work by Vadas and Fritts [2006],
who showed that the body force created from a localized
convective plume has an amplitude twice as large during solar

minimum as compared to solar maximum. The peaks in
our simulations occur at different heights: around 200 and
280 km during small and large F10.7 periods, respectively.
GWmomentum deposition is generally weaker below certain
height during strong solar activity, which was also captured
in our offline calculations. For instance, GW drag is weaker
below ∼220 km at 70°S and 80°N during solar maximum,
but exceeds the one for the solar minimum above this height.
At 60°N, the wave‐induced torque during solar maximum is
greater only above 240 km, where all GWs from the source
spectrum are almost entirely dissipated.
[31] The GW drag pattern looks somewhat differently

when viewed in pressure coordinates (not shown here). Then,
it gets shifted downward to higher pressures (lower log‐
pressure heights) at high solar activity, and the magnitudes
of the drag become weaker. This behavior is consistent
with the notion that the molecular dissipation monotonically

Figure 10. Mean zonal GW drag (in m s−1 day−1) at (a) low‐ and (b) high solar activity. GW‐induced
total heating/cooling (in K day−1) at (c) low‐ and (d) high solar activity. Grey‐shaded areas are the regions
of the eastward GW drag (Figures 10a and 10b), and of the net (positive) heating (Figures 10c and 10d).
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Intercomparison of parameterized GW
effects (Yiğit and Medvedev 2010, Fig 10a)
with high-resolution simulations of Miyoshi
et al. 2014, Fig 3
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GW propagation during SSWs

Science question
What is the role of gravity waves

in the vertical coupling
between the lower and upper atmosphere
during sudden stratospheric warmings?
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A minor SSWs

A minor SSW simulated by a GCM (Yiğit et al. 2014, Figure 1a)
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GW effects during SSWs

GW propagation into the thermosphere during the different phases of the minor warming (Yiğit et al. 2014,
Figure 2abc)

Prof. Yiğit Global Scale Modeling International Beacon Symp 20 / 25



Ionospheric effects

particular, in the high-latitudes by convection electric fields, Econ,
of magnetospheric origin. The ion drag is the primary mechanism
of how ions can transmit their momenta to the neutrals
(Meriwether et al., 1973; Rishbeth, 1979). Thus, the associated
body force (per unit mass) is known to strongly modify the
circulation of the thermosphere at F region altitudes that is
largely maintained by the balance between the pressure and the
Coriolis force (Killeen and Roble, 1984).

Fig. 3a shows that the GW drag in the isotropic cutoff case is
confined to the MLT region with peak values of !40 m s!1 day!1

in both hemispheres, and is mainly responsible for the closure of
the NH and SH westerly jets and for favouring the downward
extension of the thermospheric easterly winds. No GW drag is
present above the turbopause because of the artificial cut-off. The
ion drag aion ¼ ðaion

x ,aion
y ,aion

z Þ is proportional to the collisions
between the neutrals and the ions nni and their differential
motion, that is, nni(v!u), where v¼ ðui,vi,wiÞ and u¼ ðu,v,wÞ are
the three-dimensional ion and neutral velocities, respectively.

The associated mean zonal ion drag (Panel c) aion
x increases

with altitude above 110 km and is primarily a decelerative force.

At around 601S, it acts to accelerate the mean flow, as the
comparison with Fig. 2b suggests. The detailed variations of the
ion drag forcing at high-latitudes is a complex process as the ion
flows, v, are confined to the magnetospheric convection. The
latter has a distinct universal time (UT) variation as a conse-
quence of the rotation of the magnetic pole around the
geographic one. Depending on the orientation of the convection
patterns ions can decelerate or accelerate the neutrals at different
moments.

When GWs propagate upwards in the anisotropic extended
simulation (Fig. 2d), they generate significant momentum flux
deposition of alternating sign with increasing altitude. Immedi-
ately above the turbopause at about 110 km peak GW drag of up
to 160 m s!1 day!1 is seen in the SH middle- to high-latitudes
(Fig. 3b). This force accelerates the mean flow (cf., Fig. 2d), which
is a consequence of the strong westerly bias of the anisotropic
spectrum at the midlatitudes at the source level. Westerly GW
harmonics thus have larger amplitudes, depositing westerly
momentum flux right above the turbopause, while some faster
easterly GW harmonics possessing relatively smaller momentum

Fig. 3. Zonal mean zonal momentum flux deposition: gravity wave drag in (a) cutoff simulation (EXP0) and (b) asymmetric extended simulation (EXP2); ion drag in
(c) cutoff simulation (EXP0) and (b) asymmetric extended simulation (EXP2). Contour intervals are 20 m s!1 day!1 and grey shading shows regions of eastward gravity
wave drag.

E. Yiğit et al. / Journal of Atmospheric and Solar-Terrestrial Physics 90-91 (2012) 104–116108

• GW dynamical effects of up
to
• ± 120 m s−1 day−1 in

the lower thermosphere
• 200 to 400 m s−1

day−1 in the
high-latitude
thermosphere

are much stronger than the
middle atmospheric effect of
GWs, which is around 40 m
s−1 day−1.

• Thermospheric GW effects
comparable to ion drag
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Summary & Conclusions
Science goal

What are the effects of GWs on the upper atmosphere?

Some research highlights

1 Small-scale GWs propagate into the upper atmosphere
(thermosphere-ionosphere) and substantially influence the general circulation

2 Agreement between parameterized and high-resolution GW simulations.

3 GWs modulate ion drag effects on the neutrals

4 GWs produce thermospheric cooling

5 During sudden warmings, thermospheric GW effects increase significantly.

Conclusions

• GCMs→ physical insight into coupling processes (waves, storms)

• Application of a GCM implementing the Yiğit et al. 2008 scheme: powerful tool

• Gravity effects should be taken into account in the energy and momentum budget
studies of the thermosphere-ionosphere system
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• Gravity effects should be taken into account in the energy and momentum budget
studies of the thermosphere-ionosphere system
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COSPAR

COSPAR C2.2 Wave Coupling and Consequences in the Whole
Atmosphere
• Moscow, 2014, MSO→ NEXT: Istanbul, 2016, MSO

SCOSTEP’s VarSITI Program
• Working Group Leader: Coupling by Dynamics, ROSMIC (Role Of the

Sun and the Middle atmosphere/thermosphere/ionosphere In Climate)
program
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Future: Some Open Science Questions

1 What are the influences of meteorological processes in shaping the state,
evolution, and variability of planetary upper atmospheres?

2 What is the impact of space weather on atmospheres and vertical
coupling processes?

3 What is the significance of wave-wave interactions for atmospheric
vertical coupling?
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APPENDIX

ADDITIONAL MATERIAL
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General circulation modeling

• Goal: to predict the future state of the
atmospheric circulation from knowledge of
its present state by using numerical
approximations techniques to the
dynamical equations

• Solve coupled conservation equations in
a global grid

• Differential equations→ algebraic
difference equations

• From the initial state, integrate the
equations in time to get future state.

Prof. Yiğit Global Scale Modeling International Beacon Symp 25 / 25


	Science: Atmospheric Coupling, Waves, & General Circulation Models
	Gravity Wave Effects on the Upper Atmosphere
	Possible effects on the ionosphere
	Summary & Conclusions
	Open science questions

