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Abstract. Using a fully nonlinear two-dimensional (2-D) nu- 1 Introduction

merical model, we simulated gravity waves (GWSs) break-

ing and their contributions to the formation of large winds

and wind shears in the mesosphere and lower thermosphet&owledge of wind structures in the mesosphere and lower
(MLT). An eddy diffusion coefficient is used in the 2-D nu- thermosphere (MLT) has advanced in recent years with
merical model to parameterize realistic turbulent mixing. Our Sounding rocket measurements and radar and lidar remote-
study shows that the momentum deposited by breaking GW§ensing techniques. In the chemical release experiment by
accelerates the mean wind. The resultant large backgroungounding rockets at different latitudes, longitudes, seasons,
wind increases the GW's apparent horizontal phase Ve|0cand local times, Iarge horizontal winds and Strong vertical
ity and decreases the GW's intrinsic frequency and verticaishears have been measured (e.g., Wu and Widdel, 1992;
wavelength. Both the accelerated mean wind and the del-arsen, 2000, 2002; Larsen et al., 2005; Larsen and Fesen,
creased GW vertical wavelength contribute to the enhance2009; Koizumi et al., 2009). Moreover, both the magnitudes
ment of wind shears. This, in turn, creates a background con@nd vertical structures of winds and shears measured by
dition that favors the occurrence of GW instability, break- the sodium lidar and non-specular meteor radar are in line
ing, and momentum deposition, as well as mean wind aCyVith those obtained by Sounding rocket measurements (e.g.,
celeration, which further enhances the wind shears. We find-arsen etal., 2003, 2004; She, 2004; Larsen and Fesen, 2009;
that GWs with longer vertical wavelengths and faster hori- OPpenheimetal., 2009, 2014; Yue etal., 2010). Various wind
zontal phase velocity can induce larger winds, but they mayneasurement techniques indicated that large winds and wind
not necessarily induce larger wind shears. In addition, theshears occur frequently in the MLT region regardless of local
background temperature can affect the time and height ofimes, seasons, latitudes, and longitudes (Larsen, 2002).

GW breaking, thus causing accelerated mean winds and wind Large winds and wind shears in the MLT region play im-
shears. portant roles in dynamical, electrodynamical, chemical, and

) . transport processes. For example, large wind shears affect
Keywords. Meteorology ~and ~atmospheric dynamics o stapility and dissipation of GWs (Fritts and Alexander,
(mesoscale meteorology; middle atmosphere dynamicsyng3) | arge wind shears can lead to the formation of
turbulence) sporadic E and sporadic sodium layers (Whitehead, 1970;
Clemesha, 1995; Qian et al., 1998; Miyagawa et al., 1999;
Larsen et al., 2005). Large wind shears provide favorable
conditions for producing Kelvin—Helmholtz (KH) instability,
which can perturb airglow emissions (Hecht, 2004; Snively
et al.,, 2007; Liu et al., 2009). Large winds also play an
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important role in the transport of constituents both in the Andreassen et al. (1994) suggested that if the enhanced mix-
zonal and meridional directions (Liu, 2007; Yue and Liu, ing effect in a 3-D model is parameterized properly in a 2-D
2010; Yue et al., 2013). model, the 2-D model could emulate the effect of 3-D insta-
However, ground-measured large winds and wind shearsility on GW breaking and mean wind acceleration. By intro-
are often absent from wind climatologies derived from satel-ducing a turbulence transport model into a 2-D GW model,
lites; they are also underestimated in the empirical Hor-Liu et al. (1999) demonstrated that general features of wave—
izontal Wind Model (HWM) model and the general cir- mean-flow interaction could be well represented.
culation model (e.g., NCAR TIME-GCM: National Center In this 2-D model, we use a turbulence model to parame-
for Atmospheric Research, Thermosphere lonosphere Mesderize the effects of 3-D mixing on the mean flow. A cost-
sphere Electrodynamics-General Circulation Model). Possi-effective and commonly used turbulence closure model is
ble mechanisms for the formation of large winds and wind eddy diffusion formulation with a “switch-on” eddy diffusion
shears have been proposed (Zhao et al., 2003; Fritts et alcoefficient when the local Richardson numbigi) [drops be-
2004, Li et al., 2005, 2009; Liu, 2007; Larsen and Fesen,low the critical value of dynamic instabilityRj < 1/4) (Liu
2009; Yue et al., 2010). Various waves, including GWS, tideset al., 1999). An eddy diffusion coefficient was carefully se-
and planetary waves, are possible contributors to the formalected to study the GW breaking and the formation of large
tion of large winds and wind shears. Liu (2007) found that winds and wind shears in the MLT region.
the theoretical maximum shears allowed by the background The 2-D numerical model and its initial configurations are
temperature and dynamical stability are similar to those ob-described in Sect. 2. In Sect. 3, we present a case that shows
tained by sounding rocket measurements. However, thesthe propagation and breaking of GWs and the formation of
large shears cannot be reproduced in global models becausarge winds and wind shears. In Sect. 4, comparative studies
the waves are either unresolvable (e.g., GWSs) or underestiare performed to examine the effects of GW wavelengths and
mated (e.g., tides) due to coarse model resolutions (Larsebackground temperatures on the formation of large winds
and Fesen, 2009). Strong GW activities and the resultanand wind shears. Our conclusions are given in Sect. 5.
turbulence can contribute to the formation of large winds
and wind shears (Fritts et al., 2004). But subgrid-scale GWs
are often parameterized in GCMs. A recent study by Yue e

al. (2010) found that the semidiurnal tides significantly con- The 2-D numerical model was initially developed by Liu et

tribute to the large shears in the MLT at mid-latitudes. . .
. " al. (2008) and has been used to study the nonlinear inter-
Above the mesopause region, the positive temperature gra- _. ; .
. . = . actions between tides and GWs and the resultant transient
dient and strong static stability can support larger ampIItUdevariations of tidal amplitudes. The numerical model was also
GWs (VanZandt and Fritts, 1989; Liu, 2007). When these P )

. . used to study the nonlinear propagation of GWs from the
larger amplitude GWs become unstable, they deposit mor(?ower atmosghere into the MpLTpregion and the formation

momentum and energy, induce larger mean winds and Wmdf Kelvin—Helmholtz billows (Liu et al., 2009). Recently,

shears, and decrease the positive temperature gradient (Fri % e . .
et al., 2004). This, in turn, provides a favorable condition fortbOth molecular and eddy diffusions were introduced into the

inducing more GW instability and breaking, along with mo- model to study their effects on the momentum deposition of

. . : small-amplitude and non-breaking GWs in the lower ther-
mentum deposition and mean wind acceleration. Thus, a pos-

itive feedback process is formed among GW instability andmospherg (Liu _et al., 2013). The governing equ.atlons are
. . . the two-dimensional compressible, nonlinear Navier—Stokes

breaking, momentum depaosition, mean flow acceleration, de—e uations and the equation of state for an ideal gas:

creased GW vertical wavelength, and enhanced wind shear. q q gas.

This positive feedback process is difficult to quantify in 3,

a global model because resolved GWs are absent. In thig); +pV-U=0, @)

work, the process of large winds and wind shears formation

will be investigated in more detail using a nonlinear two-

dimensional (2-D) GW numerical model (Liu et al., 2008, PU + Evp —g= Ev (pKdissVU)

2009, 2013). Although a 2-D GW model is very computa- Dt~ p Y

tionally efficient, its main deficiency is simulated unrealisti- 1 _ /

cally long overturning time, leading to wave amplitudes that + §V (pKissV - U) (D) U, (2)

are too large (Fritts et al., 1996, 1998, 2009a, b; Andreassen

et al., 1998). The enhanced mixing of streamwise-aligned

(parallel to thg wave propa'gation' direction) vortices caused?T n RT (V.-U)= Yy. (0KaisVT) —a () T' + &, (3)

by GW breaking in three-dimensional (3-D) models cannot Dt Cy P

be resolved because the 2-D models do not have a hori-

zontal dimension perpendicular to the wave propagation di-

rection (Andreassen et al., 1994; Fritts et al., 1994, 1996)p = pRT. 4)

Numerical model
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wherex andz are the horizontal and vertical coordinatgss
the acceleration of gravityy, p andT are the density, pres-
sure, and temperature, respectively, of atmospheeaid w
are the horizontal and vertical velocities, respectivelyis
the specific heat at constant volumeis the ratio of specific
heat; andr is the gas constant for dry air. In the equations,
u’', w andT’ are the time-dependent fluctuations associated
with the GWSs, and they are calculated by subtracting the av-
erage values over the horizontal domain from the total values
(Xu et al., 2003). The Rayleigh frictiosa(z) is adapted from 50
Xu et al. (2003) to reduce or eliminate spurious reflection
from the lower and upper boundaries.

The initial GW packet launched in the 2-D model has the
same spatial shape as that in Liu et al. (2013):
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p( 2H ) [ * 3 O)] ®) Figure 1. Temperature profiles (the black lines, the bottoraxis)

The horizontal and vertical wave numbers age= 27/, calculated from NRLMSIS-OO at three Ia;itude§:(ﬂﬂe solid line,
andk, = —27/A,; i and A, are the horizontal and vert- 70° N: the d_ash line, 70S: the dash dot Ilne)_on day 355 apd the
cal wavelengths, respectively. The center of the initial wavecorreSpo'm“ng buoyancy frequency (the red lines, the uppars).
packet is located at the altitude gf = 45 km. The observa-
tions showed that the typical horizontal wavelengths of the
dominant GWs in the MLT region vary from several tens The background temperature profiles from NRLMSIS-00
to several thousands of kilometers, and the vertical wave{Picone et al., 2002) at three latitudes {8) &, 70° N) on
lengths are usually 4-15 km and can be as large as ca. 30 kthe 355th day of the year are selected for our numerical ex-
(e.g., Manson and Meek, 1988; Nakamura et al., 1993; Frittperiments (Fig. 1). The profiles of buoyancy frequemn¢y
and Alexander, 2003; Hu et al., 2002; Kubota et al., 2006;calculated from the corresponding temperature profiles are
Lu et al.,, 2009). Based on these observations, three difalso shown in Fig. 1. These temperature profiles are cho-
ferent wave packages are launched individually in differentsen to represent the seasonal and latitudinal variations of the
runs: a large-scale GW (L, = 400km,A, = 20km, period = background atmosphere. The initial background winds are
(tgw) = 112min), a medium-scale GW (M, =200km, set to zero both in the horizontal and vertical directions so
Az =15km, igw = 74 min), and a small-scale GW (8; = that their filtering effects on GWs can be neglected. We focus
100 km,A; = 10 km, rgy = 55 min). on the effects of the initial background temperature and GW
The wave amplitude ig = 2.5ms ! to ensure that wave scales on the formation of large winds and wind shears in
overturning and breaking occur in the MLT region. The wave the MLT region. The effect of the interaction between back-
amplitude chosen here results in the peak momentum flux o§round (mean and tidal) wind field and GWs is a subject of
1.5x 103Pa, 11 x 10 3Pa, and O x 103 Pa, which are  our future work.
consistent with the climatological value 6f1-5x 103 Pa According to the initial background temperature at the
in the stratosphere (Fritts and Alexander, 2003). To properlyatitudes of Equator (E), PN (N), 70° S (S), and differ-
simulate the overturning and breaking of GWSs, our simula-ent wave scales, the numerical experiments are denoted as
tions are performed in the computational domain with uni- [E/N/S][L/M/S].
form grid spaces of,, /200 km and 0.05 km in the horizontal The diffusion coefficienK yiss is the sum of the molecu-
and vertical directions, respectively. lar (v) and eddy £) diffusions. Here, the standard molecular
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diffusion is adopted from Banks and Kockarts (1973) and (a) total wind (ms-) (b) mean wind (ms")
written as (unit is s 1) ]

v(z) =35x 10 'T(2)%%%/p(2). (6)

Since the atmospheric density)(decreases exponentially
with height, the molecular diffusion increases exponentially
with height and dissipates upward propagating GWs effi-
ciently in the thermosphere (Vadas and Fritts, 2005; Liu et
al., 2013).

For the eddy diffusion, its magnitude varies in the range
of 10-1000M s~ 1 in the MLT region, depending on sea-
sons and latitudes (Hocking, 1987; Xu et al., 2009). The

(c) perturbation wind (ms™) (d) total wind shear (ms”'km")

N

z (km)

proper magnitude of eddy diffusion in the 2-D model is ad- N
justed to obtain a realistic overturning time (Andreassen et % T T e s wo o
al., 1994; Fritts et al., 1996; Lund and Fritts, 2012). We chose Time (min) Time (min)

an observed value of 10048 ! (Keneshea et al., 1979; _ _ _
Hocking, 1987; Fukao et al., 1994), which produces a GWFllgure 2. Tlme—hglght F:ontours of th&i). total wind, (b) mean
overturning time of- 2.9 times ofrg,. This is close to previ- wind, (c) perturbation wind andd) total wind shear located at the

ously reported values of 2.5 times ofrg, from 3-D models m|dp0|r_1t of tEe horizontal computation domain for the case EM
. (GW with A, = 15km).

(Andreassen et al., 1994; Lund and Fritts, 2012). Our numer-

ical experiments also show that the increasing eddy diffusion

reduces the overturning time and the magnitudes of winds .
; : . scales, the numerical model results show that the momentum
and wind shears in the MLT region.

deposition that results from GW breaking always forms large
winds and wind shears (Fritts et al., 2004). The enhanced
3 Case study eddy diffusion reduces the magnitude of total wind and wind
shear, but it does not undermine the physical mechanism.
The time—height contours of the total wind (a), mean wind Here the mechanism is that large winds and wind shears
(b), perturbation wind (c) and total wind shear (d) located can be caused through GW breaking and mean flow inter-
at the midpoint of the horizontal domain for the case EM actions. The maximum total wind shearis46 ms 1 km=1
are shown in Fig. 2. Here, the mean wind is calculated byif the eddy diffusion coefficient is raised to 3081 from
averaging the total wind over the horizontal computational100nfs~! in the model (not shown here). We note that
domain (equivalent to one horizontal wavelength). The per-Fig. 2a and ¢ do not exhibit GW breaking features. Because
turbation wind is calculated by subtracting the mean windthe main purpose of this paper is to study the GW-mean-
from the total wind. Figure 2 shows that the maximum total flow interaction, the turbulence mixing is parameterized by
wind is as large as 170 nT$ at the time interval of 200— an eddy diffusion coefficient. The evolution of the GW itself
280 min (Fig. 2a) and that the maximum mean wind movesafter the turbulence model is turned on should not be taken
downward from the height of 120 to~ 100 km (Fig. 2b). literally. By properly choosing eddy diffusion coefficient, the
The downward movement of the maximum mean wind is production of breaking GWs is suppressed by the dissipation
mainly caused by the dispersion of a GW packet propagatof eddy and molecular diffusions. Thus, we cannot see the
ing through non-isothermal temperature background. GWdreaking signatures in Fig. 2. If we turn off the eddy diffu-
with fast vertical group velocity propagate upward quickly sion in the 2-D model, wave breaking can be simulated but
and deposit their momentum in the lower thermosphere. Thisvith unrealistic long overturning time (not shown).
induces the maximum mean wind above 115km. At a later As mentioned earlier, the maximum mean wind reaches
time, GW propagation becomes slower, and most GWs breala value of~120ms?! at the height of~110km and at
in the MLT region. ~ 230 min, as shown in Fig. 2b. This is much faster than the
Figure 2 illustrates that the mean wind reachesapparent (relative to the observer on the ground) horizontal
~120ms?! at 230 min in the height range of 105-115km phase velocity of 45.1 nTs of the initial GW at 45km. To
(Fig. 2b). The maximum of the total wind shear at the sameclarify this contradiction, we plot the temporal evolution of
altitude is~82ms1km~. These winds and wind shears the mean windi, the red dash line), the apparent horizon-
are consistent with those observed by rocket chemical releasal phase velocityd,,, the red solid line), and the apparent
experiments in both the height range (95-120 km) and magwave period {g, the black solid line), as well as the am-
nitude (> 100 mst in wind, >40 ms1km~tin wind shear;  plitude of perturbation windmax(’), the red dash dot line)
Larsen, 2002). Although the induced wind and wind shearand the intrinsic (relative to the observer moving with mean
magnitudes are dependent on the initial wave amplitudes anaind) horizontal phase velocity . — i, the red dot line) at
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z=110km (Fig. 3). Hereggy is calculated from the time se-
ries of perturbation wind’ atz = 110 km with the method of
discrete Fourier transformation (DFT) confined in a sliding
window. Thenc,,, is calculated fromh, /zgy. From Fig. 3, z
we can see that the increasing mean wind drives the ap-%
parent phase velocity,, to a magnitude~ 130-150 msl. o
This is probably caused by the self-acceleration of GWs C. %
due to the strong mean wind. The self-acceleration results [ _-7 . , , 1o
in the increase of,; and has been simulated by Fritts and 120 160 200 240 280
Dunkerton (1984) who used a quasi-linear numerical model, time (min)

and by Walterscheid and Schubert (1990), Liu et al. (1999)

and Fritts and Lund (2011) using nonlinear numerical mod-bI . : . ; _

: .__black solid line), mean windi, right axis, the red dash line), the ap-
?IS. 'However, the phyS'Cal_ process of the Self-acceleratlorbarem horizontal phase velocity,;, right axis, the red solid line),
1S St'_” unclear. The increasing,, decreasesg,(= Ax/Cpx)  the amplitude of perturbation wind (mé@x), right axis, the red
and increases the apparent GW frequency under a periodic@hsh-dot line) and the intrinsic horizontal phase veloaify, (— i,
horizontal boundary condition. right axis, the red dot line) for the case EM at 110 km.

Figure 3 also illustrates that the amplitude of horizon-
tal velocity perturbation (the red dash dot line) exceeds the
GW intrinsic phase velocity (the red dot line) since 188 min. to about 32min (Fig. 3). At this time, the apparent wave
This shows the occurrence of super-saturation. The degreperiod equals the intrinsic wave period because of the neg-
of super-saturatione() is defined as the ratio between the ligible mean wind. Thus, the intrinsic frequency increases
GW horizontal velocity perturbation amplitude and GW in- 2.3 (~ 74/32 min) times. After considering that increased
trinsic phase velocity (Weinstock, 1988). The maximum de-~ 1.6 times from~ 45 to ~110km (the red solid line in
gree of the super-saturation is about 2 between 200 anéig. 1), according Eq. (7), the vertical wavelength at 150 min
240 min and is consistent with and varies from 1.25to 3.0 is about 21.5km « (2.3/1.6)x 15km) and approximately
in Weinstock (1987). This value is also consistent with the coincides with the 20 km shown in Fig. 4. Thus, a reason-
in situ experimental result af = 2.8 presented by Philbrick able explanation is that the initial GW with, = 15km is
et al. (1984) and reanalyzed by Weinstock (1988). The max~vanishingly small in the region of 80-140km. Then as the
imum degree of super-saturation reported here is also supsimulation progresses and the wave propagates up, the ini-
ported by a recent 3-D model in whieh= 1.6 (Lund and tial vanishingly small GW with., = 15 km in the region of
Fritts, 2012). Super-saturation is possibly a nonlinear ef-80-140km is replaced by the refracted GW with= 20 km
fect, but was also present in quasi-linear models (Fritts andhat had propagated from below. Here, the refracted GW with
Dunkerton, 1984). Due to super-saturation and stronger wind., = 20 km is likely caused by the dispersion/refraction of
perturbation, the maximum shear can be larger than that exthe wave packet propagating in the non-isothermal atmo-
pected based on the linear saturation theory. sphere.

The wind shear is determined not only by the wind am-  As the mean wind acceleration becomes more prominent
plitude, but also by the vertical wavelength of GW. Figure 4 after 180 min), decreases to 5.5 km (Fig. 4) until the end of
shows the temporal variations of the vertical wavelength (  our simulation. Figure 3 shows that the intrinsic frequency
of dominant GWSs, which is calculated by applying DFT on is 2.6 x 10 3s™1 (calculated from the apparent wave period
the profiles of horizontal velocity perturbation. These pro- of 32 min and the mean wind of 20 m%shown in Fig. 3)
files located at the midpoint of the horizontal computation at 150 min. Then at 300 min, the intrinsic frequency .8
domain and in the height range of 80-140 km, with the centerl0~4 s~ (calculated from the apparent period of 23 min and
at 110 km. It can be seen that increases first from the ini- the mean wind of 120 nT¢ at this time). Thus, the decrease
tial 15 to 20 km ¢ 1.33 times the initial vertical wavelength) of A, from 20 km at~ 150 min to 5.5 km at 300 min satisfies
at 150 min and then decreases with time after 160 min. ToEq. (7) sinceV is almost constant at the same altitude. There-
explain the variations of;, a simplified dispersion relation fore, the variation of., in Fig. 4 is caused by the combining
is invoked (Fritts and Alexander, 2003): effects of dispersion/refraction (before150 min) and mean
he= A Q/N ) flow acceleration (after 150 min).

T ’ It has been suggested that the observed large wind shears
Here, 2 is the GW's intrinsic frequency (relative to the ob- may be the result of the superposition of various waves
server moving with mean wind)y is the background buoy- (GWs, tides, etc.) and the mean flow (Larsen, 2002; Zhao
ancy frequency (the red solid line in Fig. 1). Equation (7) et al., 2003; Fritts et al., 2004; Yue et al., 2010). The individ-
indicates that a large¥ or smallerS2 leads to a shorter ver- ual contributions to the total wind shear from the mean wind
tical wavelength given constant, in our model. Thus, at shear (Fig. 5a) and the perturbation wind shear (Fig. 5b) for
150 min and 110km, the apparent period changed from 74he case EM are shown in Fig. 5. Here, the mean wind shear

3100

speed (ms

Figure 3. Temporal evolution of GW periodz§w, left axis, the
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(a) mean shear (ms'km™) (b) perturbation shear(ms-'km-)
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Figure 4. Temporal evolution of the vertical wavelength for the case computation domain for the case EM.

EM.

is calculated as the vertical gradient of the mean wind, andr'hus, for the large-scale wave, its momentum flux and diver-
the perturbation wind shear is calculated as the vertical gragence associated with wave breaking, along with the wave
dient of the perturbation wind and is equivalent to the to-induced mean wind, are larger given the same initial wave
tal wind shear minus the mean wind shear. Figure 5 show@&mplitude.

that the perturbation wind shear is larger than the mean wind Although the induced total winds and mean winds increase
shear by one order of magnitude. This is in contrast to thewith GW scales, the numerical experiments show that the
significant contribution of GW-mean-wind interaction to the maxima of total wind shears do not increase significantly
mean wind (Fig. 2b). Although the direct contribution of the with GW scales. The maxima of wind shears are about 72,
mean wind to the total shear is relatively small, the acceler-82, and 76mstkm~! in EL, EM, and ES, respectively.
ated mean wind reduces the intrinsic frequency and the verThe peak of wind shears appears at approximately the same
tical wavelength of GWs (Fig. 4) due to self-acceleration, heights (100-120 km) for these cases. The perturbation wind
which in turn results in a large wind shear. Therefore, theshear is determined by both the wind perturbation amplitude
accelerated mean wind caused by the GW’s momentum deand the vertical wavelength of the GW. Although the total

position plays an indirect role in forming large wind shears. wind in EL reaches larger values, its maximum shear is off-
set by its longer vertical wavelength.

The waves in the cases presented here are all relatively fast

4 Comparative studies GWs. Their apparent horizontal phase velocities are 30.2,
45.1, and 59.4 mg, respectively. This is because only fast

4.1 Effects of GW scales on the formation of large waves can penetrate into the MLT altitudes without being
winds and wind shears filtered by the background wind (Fritts and Vadas, 2008).

Additional simulation is performed for an initial GW source
GWs have a broad spectrum of horizontal and vertical wavewith slower horizontal phase velocity (not shown here). Be-
lengths in the lower atmosphere (Fritts and Alexander, 2003)cause the slower wave has slower apparent horizontal phase
Thus, the scales of initial GWs may influence the formationvelocity and thus intrinsic horizontal phase velocity, weaker
of large winds and wind shears in the MLT region. To il- mean wind acceleration is induced. In addition, the GW with
lustrate this effect, the total wind, mean wind, perturbationslower horizontal phase velocity achieves smaller amplitude
wind, and the total wind shear for the cases of EL (long before reaching convective and dynamic instability (Lindzen,
waves) and ES (short waves) are shown in Figs. 6 and 71981). Therefore, the mean wind and wind shear driven by
respectively. By comparing the results from the three caseshe slower wave is weaker than those driven by the faster
with different wave scales in Figs. 2, 6, and 7, it is clear waves.
that the maximum of total winds and mean winds increase
with the scales of GWSs. For large-scale GWs, the total winds4.2  Effects of different background temperature
can be as large as 210ms?! between 100 and 120 km;
for small-scale GWSs, the total winds can exceed 100lns The background temperature determines the buoyancy fre-
This is because the GW with the longer vertical wavelengthquencyN (the red lines in Fig. 1) and the atmospheric static
and the larger apparent horizontal phase velocity will achievestability. This, in turn, influences the characteristics, stabil-
larger amplitude before reaching convective and dynamic indity, and momentum deposition of GWs, as well as the mean
stability (Lindzen, 1981). According to Lindzen (1981), the wind acceleration driven by GW dissipation and breaking.
acceleration rate caused by the wave breaking is proportionalo examine the influences of background temperature on the
to the cube of the intrinsic phase velocity, which is dependenformation of large winds and wind shears, we show the tem-
on the apparent horizontal phase velocity and the mean windporal evolution of the peak speed and peak height (where the
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Figure 8. Temporal evolution of the peak speed (upper two panels)
and peak height (lower two panels) of mean wind (left two panels)
and total wind shear (right two panels) for the cases NM (the solid
lines) and SM (the dash lines).
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Figure 6. Same as Fig. 2, but for the case EL (GW with=

20 km).
proportional toN given the same for the same GW source.
(a) total wind (ms) (b) mean wind (ms™") Frqm the profiles ofN shown in Fig. 1, we can find that
130 \““ 125 % N is larger at 70S than at 7ON above 80 km because the
120 \\ e 70 mesopause is higher in winter than in summer (Xu et al.,
| 60 . . .

g 10 \\X\ o % 2007). So the GW is faster in the NM than that in the SM.
N 100 ” © Thus, the wind acceleration, the height of peak winds, and

% o 20 wind shears occur earlier at 78 than at 70 S.

80 25 o Only a few quasi-monochromatic GWs are studied in

© penurbamon Wmd (ms1) (d) total wind shear (ms”'km-) this work to demonstrate that the large winds and wind

130§ 60 i & shears can be formed through interactions between GWs and

120 ¢ 4 % mean wind. A statistical study, with a full spectrum of GWs
£ 1o = s launched in the 2-D model, is essential to reveal a more
~ 100 ’ B comprehensive picture of the dependence of large winds and

ol ® s wind shears on the background temperature.
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5 Conclusions
Figure 7. Same as Fig. 2, but for the case ES (GW with= ) ) ) o
10km). Using a fully nonlinear 2-D numerical model, which includes
a proper eddy diffusion coefficient of 10¢®s ! and stan-
dard molecular diffusion, we simulated the GW breaking in
peak speed occurs) of the mean wind and total wind sheag non-isothermal compressible atmosphere, and their contri-
for the cases of NM (the solid line, 78) and SM (the dash  putions to the formation of large winds and wind shears in
line, 70°S) in Fig. 8. Although the main features, such as the MLT region.
the magnitudes and the peak heights of the mean wind and The mechanism responsible for the formation of large
wind shear, are similar, there are some differences betweefinds and wind shears through nonlinear interactions be-
the two cases. First, the mean wind is accelerated relativelyween breaking GWs and mean wind can be summarized as
earlier in the NM. Consequently, the maximum wind shearfollows. First, the breaking and dissipating GWs and their
appears earlier in the NM. Second, the heights of the meamnomentum deposition induce dramatic mean wind acceler-
wind peaks are slightly higher in the NM than that in the SM. ation. Second, the accelerated mean wind reduces the ver-
The reason for the above differences can be understooglcal wavelengths of GWs due to the decrease of intrinsic
qualitatively from the temperature dependency of verticalGw frequency. Third, both the accelerated mean winds and
group velocityc,, which is based on the linear theory, the reduced vertical wavelengths of GWSs contribute to the
Cor = QK. ®) en_hancement of wind shears. This, in turn, cr_eates a con-
dition that favors the occurrence of GW breaking and mo-
According tolk,| = Nk, /|2] (Eqg. 33 of Fritts and Alexan- mentum deposition, as well as mean wind acceleration. En-
der, 2003),k; is proportional toN. Thus, ¢, is inversely  hanced mean wind further reduces the vertical wavelength

www.ann-geophys.net/32/543/2014/ Ann. Geophys., 32, 5852 2014



550 X. Liu et al.: Simulations of large winds and wind shears

and induces larger wind shears. The whole process is positivBanks, P. M. and Kockarts, G.: Aeronomy, Part B, 355 pp., Elsevier,

feedback among GWs momentum deposition, mean wind ac- New York, 1973.

celeration, decreasing vertical wavelength, wind shear enClemesha, B. R.: Sporadic neutral metal layers in the mesosphere

hancement, and instability. and lower thermosphere, J. Atmos. Terr. Phys., 57, 725-736,
Our comparative studies show that the momentum de- d0i:10.1016/0021-9169(94)00049-T995. _

posited by the breaking of larger (smaller) scale GWs havingFmtS’ D. C. and Alexander, M. J.: Gravity wave dynamics and

longer (shorter) vertical wavelength, associated with larger effects in the middle atmosphere, Rev. Geophys., 41, 1003,
9 gth, 9€T" 40i:10.1029/2001RG00010@003.

(smaller) in'FrinsiC horizpntal phase §peed, will resultin Iqrger Fritts, D. C. and Dunkerton, T. J.: A quasi-linear study of gravity-
(smaller) winds but will not result in larger (smaller) wind  \ave saturation and self-acceleration, J. Atmos. Sci., 41, 3272—
shears. The main contribution to the total wind shear comes 3289, 1984.

from the wave perturbation and, to a lesser degree, from theritts, D. C. and Lund, T. S.: Gravity wave influences in the ther-
mean flow acceleration caused by the wave breaking. How- mosphere and ionosphere: Observations and recent modeling, in
ever, the accelerated mean wind in the GW horizontal prop- Aeronomy of the Earth’s Atmosphere and lonosphere, edited by:
agation direction results in the decrease of the vertical wave- Abdu, M. A., Pancheva, D., and Bhattacharyya, A., 109-130,

length and a further increase the perturbation wind shear in SPringer, doit0.1007/978-94-007-0326-1, 3011.
the MLT region. Fritts, D. C. and Vadas, S. L.: Gravity wave penetration into the

. o thermosphere: sensitivity to solar cycle variations and mean
Background temperature and the static stability (measured winds, Ann. Geophys.. 26, 38413861, d0i5194/angeo-26-

by the buoyancy frequency) affect the time and height 3841.20082008
of mean wind acceleration. Th's_ is because different baCl_('Fritts, D. C., Isler, J. R., Andreassen, @.: Gravity wave breaking
ground temperatures result in different wave group veloci- i, two and three dimensions, 2, Threedimensional evolution and
ties. These affect the time of GW breaking and mean wind  instability structure, J. Geophys. Res., 99, 8109-8123, 1994
acceleration. However, the large winds and wind shears cagritts, D. C., Palmer, T. L., Andreassen, @., and Lie, |.: Evolution
be formed in various temperature backgrounds. and breakdown of Kelvin-Helmholtz billows in stratified com-
It should be noted that GW breaking and its nonlinear pressible flows: I. Comparison of two- and three-dimensional
interactions with the mean wind are capable of inducing flows, J. Atmos. Sci., 53, 3173-3191, 1996.
large winds and wind shears in the MLT region. Other pOS_Fri_tts, D. C.,_Are_ndt, S., and_Andreassen_, .. Vorticity dyn:_:tmics
sible mechanisms, such as interactions among GWs, tides, ina breaking |nte_r_nal gravity wave Whltehead. 2: \ortex inter-
planetary waves, and background winds, magnetized Rossby actions and transition to turbulence, J. Fluid Mech., 367, 47—65,

. . d0i:10.1017/S002211209800163D98.
waves (Kelley et al., 2009) could contrlbutetotheformatlonFrms, D. C.. Wiliams, B. P. She, C. Y. Vance, J. D.

of large winds and wind shears. Rapp, M., Liibken, F. -J., Miillemann, A., Schmidlin, F. J.,
and Goldberg, R. A.: Observations of extreme temperature
and wind gradients near the summer mesopause during the
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