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Sudden Stratospheric Warming

ion temperature data in this study as it provides direct
evidence of energy coupling between different layers of
the upper atmosphere. In addition, ion temperature is a good
measure of neutral temperature for lower heights, and close
to exospheric temperature at !250 km. Variations in other
parameters and latitudinal and longitudinal relationship
between ionospheric changes and location of the SSW will
be investigated in separate papers.

2. January 2008 Sudden Stratospheric Warming

[6] Figure 1 summarizes stratospheric and geophysical
conditions during the campaign period, January 17, 2008–
February 1, 2008. After staying at historically low levels in
December 2007 and first part of January 2008, stratospheric
temperatures began increasing on January 21–22 and
reached a peak on January 24, 2008, indicating sudden
stratospheric warming. Figure 1a shows NCEP stratospheric
temperatures at 10hPa (!30km) for 90!N (triangles) and
zonally averaged temperatures for 55–75!N (circles) in
January 2008 (solid lines) in comparison with !30-year
median temperatures (dashed lines). At 90!N, the warming
exceeded 70K and the peak temperature of 267K broke all-
time record. The temperature anomaly shows a clear down-
ward progression, with peak warming at 30hPa (!23 km)
occurring 2–3 days later (not shown). The stratospheric
circulation, characterized in Figure 1b by a zonal mean
zonal wind at 60!N and 10hPa, shows decrease in the

eastward wind. This SSW occurred during very low and
slowly changing solar activity (F10.7 = 71–74) and low
geomagnetic activity (Kp < 3+, Ap3 = 0–22, average Ap3 = 7),
thus reducing influence of these major drivers of iono-
spheric variability.

3. Results and Discussion

[7] Measurements of ionospheric parameters (Ne, Te, Ti,
wind) were obtained by the Millstone Hill ISR from January
17, 2008 to February 1, 2008. We limit this study to daytime
data only to avoid influences from the midlatitude trough,
which was observed on several nights. To minimize temper-
atures variations due to solar ionizing flux, geomagnetic
activity, and season [Zhang and Holt, 2007], we use as a
baseline case data from January 20–23, 2007, with F10.7 =
79 and Kp < 3+ (Ap3 = 3–8, average Ap3 = 5). Figure 2
presents difference field of daytime ion temperature at
altitudes of 100–300 km between mean January 2008 data
(i.e., Jan 17–Feb 1 period) and mean January 2007 data
(i.e., Jan 20–23 period). A 20–50K decrease in mean
January 2008 temperature is observed above !140 km,
with maximum temperature differences recorded in the
morning hours (7–11LT) and afternoon hours (15–19LT).
The lower thermospheric warming in the altitude range of
!120–140 km exceeds 30–50K in the afternoon. The
observed variation in ion temperature is consistent for all
three antenna pointing directions and for both alternating
code (i.e., !5km altitude resolution) and single pulse (i.e.,
!18km altitude resolution) modes.
[8] Figure 3 (left) shows baseline (i.e., January 2007) ion

temperatures at 130 km and 230 km (F-region peak), with
error bars representing standard deviation for 1-hour bins.
Figure 3 (right) shows the observed difference between
January 2008 data and baseline data for 130km and
230km altitudes (dark symbols) as well as the difference
expected from the empirical model (light symbols). As the
reference case of Jan 20–23, 2007 had slightly different

Figure 1. Stratospheric winter of January 2008 (solid
lines) in comparison with 30-year mean January conditions
(dashed lines). (a) NCEP zonally averaged stratospheric
temperatures at 10hPa (!30 km) in different latitude bands.
A SSW event occurred in late January 2008, with peak
warming at 10hPa level on January 24–25, 2008. (b)
Abatement in the zonal mean zonal flow at 60!N. The
stratospheric warming occurred during (c) low solar flux
and (d) quiet geomagnetic conditions.

Figure 2. Difference field of ion temperature between
mean January 2008 data and mean January 2007 data. A
20–50K decrease in temperature is observed above
!140 km in the morning hours (7–11LT) and afternoon
hours (15–19LT). A narrow area of warming is observed in
the lower thermosphere at !120–140 km.
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the whole F region ionosphere [Zhang and Holt, 2008b].
Periodic variations in Ti reported here maximize below
~250km and strongly dissipate at higher altitudes. Due to all
of these reasons, we focus on an interpretation of the observed
Ti variability as not related to the magnetic activity.

3.2. Disturbances with Tidal Periods
[30] Temperature variations with ~12 h periods are some

of the strongest found in the data, reaching 60–90K below
~250 km and decreasing to ~30–35K between 250 and
400 km (Figure 10). Out of all of the observed periodicities,
the ~12 h waves are the easiest to interpret. Ionospheric
variations with ~12 h period could result from the upward
propagation of migrating and nonmigrating semidiurnal
tides that are generated in the stratosphere through the
absorption of solar UV flux, the nonlinear interaction of
planetary waves with migrating tides, or longitudinal asym-
metries in the absorbing media [Hagan and Forbes, 2002,
2003]. As observations from a single ground-based location
do not allow separation of migrating and nonmigrating com-
ponents, it is not possible to determine which tidal mode
produced the enhancement in the 12 h periodicity. We note

that the temporal development of a 12 h wave indicates high
amplitudes in the 200–230 km region during the first part of
the period (18–23 January), with rapid reduction by 24
January, and negligible 12 h amplitudes after 28 January.
As solar flux gradually decreased during this period from
F10.7 = 82–85 sfu on 18–24 January to F10.7 = 73–75 sfu
on 29 and 30 January, tidal dissipation is expected to be
weaker, enabling easier propagation to higher altitudes.
Observations of stronger 12 h variations in the upper
atmosphere during the higher solar flux conditions (18–23
January) indicate that the tidal amplitudes were significantly
enhanced during this period (in comparison to 25–30
January) in order to counteract effects of higher solar flux.
Thus, we conclude that the 12 h waves were strongly
amplified in the midlatitude upper thermosphere during the
first part of the campaign (18–23 January) and decreased
to normal levels by the end of the campaign (28–30
January).
[31] We propose four possible mechanisms for the

observed temporal variation in the 12 h wave. The first
mechanism is related to the interaction of the planetary wave
1 and SW2 tide that is expected to enhance the nonmigrating
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Figure 10. Decomposition of the main periodicities that are less than 24 h. The left panel represents the
Ti residual oscillations at selected altitudes under study, while the isoline plots on the right shows the
reconstructed periodicities. The white lines are Ti= 0K, and the stratospheric temperature at 10 hPa for
90!N (light gray line) is superposed onto the isoline plots to help visualize the SSW event. The period
ranges are 7.7–8.3 h, 9.9–12.9 h, and 14.1–18.2 h from the top row to the bottom row, respectively.
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Figure 1: Left: NCEP T̄ and ū ∼ 30 km in Jan 2008 (Goncharenko and Zhang, 2008, Figure 1).
Right: Ti residual oscillations during Jan 2010 SSW (Goncharenko et al., 2013, Figure 10).

• Ionospheric effects (Goncharenko and Zhang , 2008; Goncharenko et al., 2010;

Pancheva and Mukhtarov , 2011)

• Primary cause: PW amplification & breaking

• Wave signatures in the upper atmosphere during SSW (Goncharenko

et al., 2013)
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Introduction - Science Question

Motivation/Science Question

How do gravity waves

influence

the thermosphere

during
sudden stratospheric warmings?
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Gravity Waves
• Small-scale internal waves generated in the lower atmosphere.

• Unresolved & thus parameterized in GCMs.

• GW signatures observed in the thermosphere (Djuth et al., 2004)

• Propagation into the thermosphere (> 105 km) and resulting ...

– dynamical effects (Yiğit et al., 2009; Vadas and Liu , 2009; Yiğit et al.,

2012)

– solar cycle variations (Fritts and Vadas, 2008; Yiğit and Medvedev , 2010)

– heating/cooling (Yiğit and Medvedev , 2009)

• Significant variations of GW-induced effects in the thermosphere are
expected during transient events occurring in the lower atmosphere.
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The Extended Spectral Nonlinear
Gravity Wave Parameterization
• Subgrid-scale GWs in GCMs (Yiğit et al., 2008)

• Neither intermittancy factors nor fudge factors are used!

• Input : Initial gravity wave activity at a given source level

• Output: GW induced dynamical and thermal effects

• Further developments of the work by Medvedev and Klaassen (1995)

• Accounts for the dissipation of GWs of lower atmospheric origin in
the thermosphere: Nonlinear diffusion βnon, ion drag βion, radiative
damping βnew, molecular viscosity and thermal conduction βmol, eddy
viscosity βeddy.

• Applications:
Earth: (Yiğit et al., 2009; Yiğit and Medvedev , 2009, 2010; Yiğit et al., 2012;

Yiğit and Medvedev , 2012)

Mars: (Medvedev et al., 2011a,b; Medvedev and Yiğit , 2012)

Venus: (Nakagawa et al., 2013)
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The Extended GW 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

1Department of Physics and Astronomy, University College London,
London, UK.

2Max Planck Institute for Solar System Research, Katlenburg-Lindau,
Germany.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2008JD010135
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Gravity waves during SSW

Figure 2: Zonal mean a) RMS; b) zonal GW drag (Yiğit and Medvedev, 2012, Figure 2).
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GW activity

Figure 3: GW activity variability at 250 km. [Yiğit et al., 2013, GRL, submitted]
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GW drag

Figure 4: GW drag variability at 250 km. [Yiğit et al., 2013, GRL, submitted]
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Effects on Thermospheric Variability

Figure 5: Zonal wind variability change at 250 km in the SH [Yiğit et al., 2013, GRL, submitted].
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Summary and Conclusion

Significant variations of GW activity/effects during SSW

During SSWs,

• GW penetration into the thermosphere above the turbopause

• Mean GW activity/effects in the thermosphere increase

• GW temporal variability increase

• GWs produce effects in the Southern (summer) Hemisphere in the
thermosphere

• GWs influence thermospheric wind variability dramatically

SSW-induced GW variations are an appreaciable source of

thermospheric variability
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COSPAR: C2.2 Wave-coupling Session

2–10 August 2014

Abstract submission starts: 19 August 2013
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