Atmos. Chem. Phys., 12, 1078795 2012 iy —* -

www.atmos-chem-phys.net/12/10787/2012/ Atmospherlc
doi:10.5194/acp-12-10787-2012 Chemls_try
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

Gravity wave reflection and its influence on the consistency of
temperature- and wind-based momentum fluxes simulated above
Typhoon Ewiniar

Y.-H. Kim 1, H.-Y. Chun?, P. Preussé, M. Ern 2, and S.-Y. Kim3

1Department of Atmospheric Sciences, Yonsei University, Seoul, South Korea
2Institute for Energy and Climate Research — Stratosphere (IEK-7),
Forschungszentrumilich, Jilich, Germany

3Korea Institute of Atmospheric Prediction Systems, Seoul, South Korea

Correspondence td4.-Y. Chun (chunhy@yonsei.ac.kr)

Received: 10 November 2011 — Published in Atmos. Chem. Phys. Discuss.: 29 February 2012
Revised: 7 October 2012 — Accepted: 9 November 2012 — Published: 16 November 2012

Abstract. For a case study of Typhoon Ewiniar performed 1 Introduction
with a mesoscale model, we compare stratospheric grav-
ity wave (GW) momentum flux determined from tempera- Gravity waves impact upon the general circulation of the
ture variances by applying GW polarization relations and bymiddle atmosphere by deposition of their momentum and
assuming upward propagating waves, with GW momentunenergy into the large-scale flow (Lindzen, 1981; Matsuno,
flux calculated from model winds which is considered as a1982; Garcia and Solomon, 1985). The vertical flux of the
reference. The temperature-based momentum-flux profile exmomentum arising from gravity waves has been estimated
hibits positive biases relative to the reference, which fluctu-by various measurement methods such as radiosonde, super-
ate significantly with altitude. The vertically-averaged mag- pressure balloon, research aircraft, and radar. More recently,
nitude of the positive biases is about 14 % of the referencghe global distribution of the gravity-wave momentum flux
momentum flux. We found that this deviation from the refer- has been inferred from satellite observations of the tempera-
ence stems from the interference between upward and dowriure variance. Ern et al. (2004) first estimated the momentum
ward propagating waves. The downward propagating GWdlux from the satellite-observed temperature variance based
are due mainly to partial reflections of upward propagatingon the linear theory of internal gravity waves, along with a
waves at altitudes where the background wind and stabilitysimultaneous estimation of the vertical and horizontal wave-
change with height. When the upward and downward prop4engths. They showed a good agreement between the global
agating waves are decomposed and their momentum fluxedistribution of the absolute momentum flux obtained from
are calculated separately from temperature perturbations, thése satellite and that from the gravity-wave parameteriza-
fraction of the momentum flux arising from the downward tion by Warner and Mclintyre (2001). The method of Ern
propagating waves is about 4.5-8.2 % of that from the up-et al. (2004) has been applied to various studies on grav-
ward propagating waves. The net momentum flux of upwardity waves using satellite observations for both specific events
and downward propagating GWs agrees well with the ref-and climatologies (e.g., Alexander et al., 2008; Wright et al.,
erence from the model wind perturbations. The implications2010; Ern et al., 2011).
of this study for the GW momentum-flux observations from  Estimating GW momentum flux needs several process-
satellites are discussed. ing steps which are sources of errors in the estimation (e.g.,
Zhang et al., 2004; Ern et al., 2004). The first step is the sep-
aration of GWs from the large-scale background state. This
can be based either on a local approximation (e.g., poly-
nomial fits to single vertical profiles; refer to Zhang et al.,
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10788 Y.-H. Kim et al.: Gravity wave reflection and momentum flux estimation

2004) or on the estimate of zonal mean and planetary-scalbased momentum flux considering exclusively the upward
waves from the global observations (e.g., Ern et al., 2004 propagating waves and the momentum flux directly calcu-
2011). After separating GWSs, the second step is estimatindgated using wind perturbations. The origin of the down-
wave parameters. For current-day satellite observations onlyard waves is also discussed. Finally, the implications of the
amplitudes and vertical wavelengths can be determined wittpresent results for satellite measurements of the gravity-wave
a good accuracy, while the horizontal wavelength has to banomentum flux are discussed.

estimated from phase differences between adjacent profiles.

This is prone to aliasing, and the direction of the wave re-

mains unknown. Accordingly, the error of GW momentum- 2 Method

flux estimates from limb-sounding measurements is at Ieasta 1 Data and momentum flux estimation

factor of 2 (Ern et al., 2004). However, recent advances in de-"

tector technology make limb-imaging observations feasible,-l-he data used in this study are the results of a three-
which would allow for three-dimensional (3-D) temperature dimensional numerical simulation of gravity waves gener-

measurements, if realized (Preusse et al., 2009). In this casg;q, 4 by Typhoon Ewiniar (2006) from 01:00 UTC, 7 July to
3-D fitting techniques can be applied for the estimation of ;. UTC, 8 July. The simulation was conducted by Kim
the momentum flux (Lehmanr_1 etal., 2012) and the currentlyg o (2009) using the Advanced Research WRF (Weather
dominating errar rslou:]ces vt;amsh. | q b Research and Forecasting) model (Skamarock et al., 2005)
_ Error sources that have been neglected so far may DECOMGith a horizontal grid spacing of 27 km. 132 vertical lev-
important in the GW momentum-flux estimation using 3-D els are used from the surface to 0.1 hRa-@5km) with
temperature measurements such as future limb imagers: firsf, | o i) grid spacing of about 500m in the stratosphere.
the assumption that all observed waves propagate UpWarGe o rizontal domains for the simulation and the wave
and second, the polarization relation between the wind an nalyses are illustrated in Fig. 1 of Kim and Chun (2010)
temperature perturbations employed to calculate the momeny o previous studies by Kim.et al. (2009) and Kim and.
tum flu>§. Th_e assumption has been uged for the momentumey, (2010) showed that the stratospheric gravity waves
flux estimations of the observed gravity waves not only by ap,q\e Typhoon Ewiniar in this simulation are in good agree-
the satellites but by other measurement methods as well (€.9, ot with those in European Centre for Medium-Range

Espy etal., 2004; Hertzog et al., 2008; Lietal., 2011). HOW- \yeather Forecasts (ECMWEF) analysis data and the Atmo-

ever, in the middle atmosphelre downward propagation. ofspheric Infrared Sounder (AIRS) observations in terms of the
gravity waves occurs by reflection of the upward propagatlngtiming' location, propagation direction, and wavelength.

waves due to the changes in the vertical wavenumber with Gravity wave perturbations are obtained by subtract-

height (e.g., Hines_ano_l Reddy, 1367; G(_)ssard and HOOkE5ng the background states from the simulated variables.
1975) or from the in situ wave sources in the upper IevelHere the background states are defined as 21 point

(e.g., _Holton and ﬁ‘leé(ander, 1(1999; Zhoq etal., 2002; Chu(;](567x 567 km) horizontal running averages of the variables.
and Kim, 2008). The downward propagating waves can mod-rpq genendence of the results on the background states is

ify the momentum flux significantly in bOt,h magnitude and discussed in Sect. 4. Hereafter, prime and overbar indicate
ispgctral shallpg, as Shg"\;n b);]Chun and K|mﬂ(2008).. Thg POihe gravity-wave perturbation and the background state, re-
_anzatlon re a“oﬂ used for the m_omentum- ux est_'mat'onsspectively. Using the polarization relations between wind and
is based on the linear theory of mid-frequency gravity WaVeStemperature perturbations, the mean zonal-momentum flux

under the upward-propagation assgmptlon. (Fw = pu’w’) of upward or downward propagating gravity
In the present study, we examine the accuracy of th aves can be expressed as

gravity-wave momentum-flux estimate using the temperature

variance under the assumption that all the observed waves are -2
propagating upward. For this, we use the three-dimensiona}: _ _g_2 _ Z k ‘T‘ )
mesoscale-model result of Typhoon Ewiniar (Kim et al., "7 =~ ~ 2 P mN2 172’

2009) that includes both temperature and wind data. First, kol

the gravity-wave momentum flux estimated from the temper-whereu, w, T, p, andN are the zonal and vertical winds,
ature variance using the method of Ern et al. (2004) basedemperature, density, and the background Bruiisala fre-

on the upward-propggat_ion assumption is Compared_to theiuency, respectively. The tilde indicates a complex Fourier
momentum _ﬂux th_at is directly c_:alculated from the horizon- . ficient such that’ — Y Re {fexp[i(kx ly— wt)]}'

tal and vertical wind perturbations. Then, the temperature Kl

perturbations are decomposed into upward propagating andherek, I, andw are the zonal and meridional wavenum-
downward propagating waves. The vertical profiles of thebers and ground-based frequency, respectively. The vertical
temperature-based momentum fluxes according to the upaavenumber is obtained from the dispersion relation of the
ward and downward propagating components are calculatechid-frequency gravity wavesp? = N2/é2, whereé is the
separately, and their sum is compared with the temperaturentrinsic phase speed. Note that the sigmois negative for
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upward propagating waves and positive for downward prop- (a)

agating waves, with the sign convention of non-negative T -
For the calculation of; in this study, we take the sign of ] Rl
m to be negative, based on the assumption that the tempera- 40 C
ture variance stems from upward propagating waves, which :
is often made in other studies as well (e.g., Espy et al., 2004, 367 C
Boccara et al., 2008; Hertzog et al., 2008; Li et al., 2011). 1 i

32 -

z [km]

2.2 Wave decomposition 28: i
Internal gravity waves can be decomposed into upward and 1
downward propagating components, and the Fourier coef- 1
ficient of the temperature perturbation can be written as 20 e
T = Tup+ Tgown, Where the subscripts “up” and “down” in- 06 08 1 12 14 16 18 2
dicate the upward and downward propagating components, F [mPa]
respectively. For two-dimensionat+{z) waves, the Fourier (b)
coefficients of horizontal winds can be obtained from the po-

larization relation of internal gravity waves agp = ATup

and iigown= —ATdown, Where A =ig (N T)_l under the ]
mid-frequency approximation and the WKB approximation. 36 1
From the above equations, the Fourier coefficients of the up- 1
ward and downward components of the temperature pertur-
bation are obtained as

Tup= (T +ia) /2 2)

Taown= (T . ﬁA) /2

244 -

44

40

z [km]

32
28

24 -

20 4

whereii = A (Tup— Tdown>. This result is expanded to the F [mPa]

three-dimensional waves by replaciiagn Eq. (2) by (i, ) -

K /|K|, wherek is the horizontal wavenumber vector. Then, Fig. 1. Momentum-flux profiles(a) estimated from temperature

the momentum ﬂux Cons|der|ng both the upward and down_variances (th|ck) and calculated from wind pel’turbations (th|n) and

ward propagating gravity waves can be obtained as (b) estimated from temperature variances for eastward (solid) and
westward propagating (dashed) waves.

FTtolaI = FTup + FTdown (3)

~ 2
Tu p

2 ~
- ‘ Tdown

_ _8_2 5 Z k however, larger than that d@fy, at most altitudes, and it fluc-
2" A mN?2 T2 tuates vertically. The difference betweBn and Fyy is in the
o . _ range of 0.25-0.34 mPa (17-39 %[af ) atz = 22, 25, 28.5,
where the sign ofn is the same as that used in Eq. (1), 32,%nd 37.5km and is OF4O mPa (602,/M) atz = 44.Km,

.., negative with the sign convention of non-negatie and the vertically averaged difference is 0.14 mPa (14 % of
The difference between Egs. (1) and (3) is that Eq. (3) use ). Figure 1b s)k/mws pr%files ity for eastwérd& - 0)(and

the difference of the temperature variances from upward an estward propagating (< 0) waves. The momentum flux

downwa_lrd propagating waves rather than the total tempera(—)f the westward waves is much smaller than that of the east-
ture variances.

ward waves, because most westward waves are filtered out by
the stratospheric easterly winds (see Fig. 5a) in the summer-
3 Results time. As the momentum flux of the eastward waves is dom-
inant and fluctuates with amplitudes similarfip shown in
Figure la shows profiles of the zonal-momentum flux cal-Fig. 1a, we hereafter present the results only for the eastward
culated directly from the wind perturbationgy) and esti-  waves.
mated from the temperature variances considering only the To clarify the origin of the vertical fluctuations if7,
upward propagating gravity waveg). Both profiles rep-  structures in the temperature variances are investigated. Fig-
resent a consistently decreasing trend of the momentum fluxire 2a shows the—; cross section of temperature variances
with altitude, which is due mainly to the radiative and tur- for the purely eastward propagating waves (ixess 0, where
bulent dissipation of waves (for details, see Marks and Eck- is the azimuthal angle of wave-propagation direction) at
ermann, 1995; Kim et al., 2005). The magnitudefof is, 00:00 UTC, 8 July. The variance signals are slanted eastward
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K/ A ] ance. Along the phase lines, there exist nodes’ iwhere
24, F 24+ . : ;
] , ; ; 1 local maxima ofw’ are located, and vice versa, resulting that
B on 3000 3400 280 B 2‘000 2200 5500 the covariance betweari and w’ has less prominent node
x [km] x [km] structure. Those two features in the covariance field (Fig. 2b)
S e g p e cause the differences between the zonal-mean variance and
covariance profiles (and thuB; and Fy). In addition, zonal
Fig. 2. x— cross sections dof) temperature varianceg) covari- mean of the covariance betweghand7’, which should be

ances between the zonal and vertical wind perturbat(an)z,onal zero for either upward propagating or downward propagating
wind perturbation, andd) vertical wind perturbation for purely ravity waves, is also calculated (not shown). In our case, this
eastward propagating waves (waves propagating along the x- aX'Sgovarlance is non-zero and it fluctuates vertically, indicating
at 00:00UTC, 8 July. The variables are normalized by the baswthe superposition of the upward propagating and downward
density in(a) and(b) and by the square root of the basic density in .
(c) and(d). propagatlng waves (Dunkerton, 1995). Note that the nega-
tive momentum flux for the eastward propagating waves in
Fig. 2b also indicates the existence of downward propagat-
ing waves.
and reveal several nodes at fixed altitudes of 23, 26.5, 30.5, To investigate the downward propagating waves quantita-
35, and 42km inx > 2000 km. Note that the altitudes of tively, temperature fields are decomposed into upward and
the nodes correspond to the local minimamf as shown  downward waves, as shown in Eq. (2), and.the cross sec-
in Fig. 1. These imply that waves slanted westward are sutions of variances in the decomposed temperature fields are
perimposed with non-negligible amplitudes on the eastwardoresented in Fig. 3a and b for the zonal waves at the same
slanted waves, and that the interference between the eastwatithe as in Fig. 2a. As expected, the downward waves coex-
and westward slanted waves is responsible for the verticaist with the upward waves in > 2000 km. Both waves have
fluctuations in the profile of’r. Given that only eastward similar dominant horizontal wavelengths of about 500 km,
propagating waves are considered here, a westward slant dfut various vertical wavelengths with height ranging from 6
waves indicates downward propagation. to 15km. The temperature variance of the downward waves
Indeed, the vertical node structure also appears in the variis about 7.9 % of that of the upward waves. It is notewor-
ances of other single variables, whereas it does not appedhy that even though the variance of the downward waves is
in the covariance betweeri andw’. Between the variance much smaller than that of the upward waves, effects of the in-
and the covariance, two different features are found in theiterference between the two waves on the total variance fields
two-dimensional fields (Fig. 2a and b): first, the node struc-can be significant, as shown in Fig. 2a. T e cross sections
ture is less prominent in the covariance field, and secondat other times (not shown) indicate that the ratio of the mean
there are negative values of covariance between the regiongariance of the downward waves to upward waves is about
of large positive covariance. The former can be explained byB.2 %, and that the altitudes of nodes are not time-dependent
locations of local maxima and nodes in the fields:6find  during 06:00 UTC, 7 July—00:00 UTC, 8 July.
w’ (Fig. 2c and d). For the eastward slanted waves, the two The eastward propagating waves illustrated in Fig. 3 are
variables are in phase, which result in the positive covari-the most abundant component for both the upward and
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downward waves in this simulation. For waves propagat- () (b)
ing in other directions  # 0, not shown), the horizontal T
wavelength analysis shows broad spectra (200660 km) with | | " R ]

40+ ! — E F 404 o

much smaller amplitudes than the zonal waves. The altitudes

Tup i |
! 4 - Froom [ ]

of nodes for these waves are relatively irregular and different_ ss{ | F 36 e
from those for the zonal waves, which might result from the &€ _, ] , F o]
broad spectra of waves. Regardless of the different charac™ | Eo ¢
28 \ r 284 N

] ! [ ] ’

teristics, the ratio of variances of the downward waves to the
upward waves is about 4-8 %, which is consistent with that 2¢{
by the eastward propagating waves. ot NPl
To quantify the difference in the momentum flux from 040 0'4F[|(:|8Pa]1'2 162 012 01 ’°'°8'_;°['zfp':j°“ 002 0.0
Egs. (1) and (3), Fig. 4 shows the profiles of the momen-
tum fluxes for the upward and downward propagating wavesrig. 4. (a) Momentum-flux profiles estimated from temperature
as well as the sum of the two. The momentum flux of thevariances by upward (red, dotted) and downward waves (red,
downward propagating waves is 0.1 mPa at20 km. This  dashed) for eastward propagating waves, and the sum of the two
decreases at higher altitudes and oscillates with amplitude&ed, solid). The momentum-flux profile calculated from wind per-
of ~0.005 mPa (Fig. 4b). The ratio of the momentum fluxes turbations for eastward propagating waves is also plotted (black,
of the downward waves to upward waves is 4.5-8.2 %. Thesolid). The momentum-flux profile from temperature variances by
net momentum flux Kz, is quite close taFy . This con- downward waves is plotted again with an enlarged scafb)in
firms that the errors introduced in Fig. 1 are due mostly to
ignoring the interference between the upward and downward L
waves in the variance fields. agating eastward at a phase speed of 10 which is

The good agreement betwegp,,,, and Fy also confirms Lhe IEnOSt dc(j)mmarllt vya(\j/e Ir]evealed n F'gsﬁ 2 a_nd ﬁ As the
that the application of polarization relations inferred from PacXgroOUNd zonal winds nave hegative shear in the strato-
the linear gravity wave theory does not cause notable errorsSPherem” of the eastward propagating wave has a decreas-

i i 7 ~7 -2
The polarization relations are derived with two approxima- ing trend with alt'tUd,e (16« 1(,)_ —2x10"radm ) )- Note
tions, i.e., WKB and mid-frequency. As justified by Wright that for any waves in the mid-frequency rangé is larger
et al. (2010), the mid-frequency approximation is valid for than zero, indicating that total reflection of waves does not

gravity waves with horizontal and vertical wavelengths of take place_. However, there are significant Chang?ﬁ_%m‘_

~ 100 and~ 10 km, respectively. The gravity waves consid- several altitudes wherd' sharply decreases, and it implies

ered in the present study are within those wavelengths, an{e €xistence ?(f paglalhreflectlc;n of waves;7Fo(rjzex§g1ple,

we found that a relaxation of the mid-frequency approxima-at L= 27_39'5d2m’"fz Cf ange?I rom 8.6107"ra mk

tion does not change the results (not shown). In order to ex;tO 4.0x10""ra m - If no reflection abover =30.5km .

amine the validity of the WKB approximation, we checked 'S 8SSUmed, a simple two-layer model reveals the reflection

whether the present gravity waves satisfy the criterion of¢0€fficientagam/2m| ~ 0.19 belowz = 27 km, where the

6 = |m./2m®— 3m./4m* < 1 proposed by Einaudi and numerator and denominator indicate the difference and sum
- 2z Z

Hines (1970). For a dominant wave in our case (a zonal Wavé)f Fhe vertical wavenumbers in the two Iaye_rs, respggtively
with a phase speed of 10 mY, the maximum value of is (Ellassen and Pal'm, 1960). Here, the reflection coefficient is
about 0.26, which is comfortably less than unity. the amplitude ratio of the downward waves to the upward
waves.
To examine the contribution of the variations M to
the wave reflection more quantitatively, the Taylor-Goldstein
equation is solved for the dominant gravity wave obtained

The downward propagating waves identified in this case havd? the present simulation with a T:orizontal wavelength of
amplitudes of 21-29% of the upward propagating waves,>00 km and a phase speed of 10m.s

based on the magnitude of their momentum flux compared _ ) )

with that of the upward propagating waves (4.5-8.2%). As 9" |:N_ 1d°U k21| 5 =0, @

F 24

4 Discussion

no apparent wave sources in the upper stratosphere are founaz? é2 + ¢ dz2

and the characteristics of the downward propagating waves

are similar to those of the upward waves, the downwardfor two different profiles ofV, one as in Fig. 5a and the other
propagation might be related to the reflection of the upwardsmoothed linearly. Note that the profile of is used as in
propagating gravity waves generated below. Figure 5 show$ig. 5a for both calculations. Herd; indicates a complex
the background zonal wind#/{), Brunt—\Vaisala frequencies  Fourier coefficient of vertical wind normalized by the square
(N), and the corresponding squared vertical wavenumbersoot of the basic density. To specify the upper boundary con-
(m?) obtained from the dispersion relation of a wave prop- ditions ofw andd®/dz, the WKB solution of Eq. (4) and its
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ing squared vertical wavenumber for purely eastward propagating
waves at a phase speed of 101 ¢solid). Shading indicates ranges
within one standard deviation of the background zonal windg)in
and of the squared vertical wavenumbergipfrom their means.

Fig. 6. x— cross sections of the vertical wind perturbations ob-
tained from the Taylor—-Goldstein equation for the dominant east-
ward propagating wave with the horizontal wavelength of 500 km
at a phase speed of 10 m’sfor the profiles of the Brunt-¥isala
frequency(a) without and(b) with smoothing. The perturbations

vertical derivative, are normalized by the amplitude of the upward propagating waves
at 20 km and by the square root of the basic density, and the interval

w=C [exp(—i Im|zr) + Rexp(i |m| Zr)] , (5) in shading is 0.3. The profiles of the Bruntaigala frequency used

9% are also plotted in the left of each cross section.

Frie —Ci|m|[exp(—i|m|zr) — Rexp(i|m|zr)]

are applied, where, = z — zo, zo is a reference altitude at The downward propagating gravity waves in the strato-
which the vertical variation of the background state is notsphere have been detected from in situ measurements (e.g.,
rapid, and|m| is the square root of the term in the bracket Yoshiki and Sato, 2000; Yamamori and Sato, 2006; Sato
in Eg. (4).C and R are complex values of which the ab- and Yoshiki, 2008) utilizing analysis methods such as hodo-
solute values are the amplitude of the upward-propagatingyraph or two-dimensional vertical wavenumber-frequency
waves and the reflection coefficient, respectively. Note thatspectrum. Using radiosonde measurements, Yoshiki and
Eq. (5) is valid only near the reference altitudg (i.e., Sato (2000) and Sato and Yoshiki (2008) observed the down-
zr ~ 0), and far from this altitude, Eq. (4) should be solved ward propagating gravity waves around the stratospheric po-
numerically. By lettingzo = 45 km, the boundary conditions lar night jet that are generated from the upper-stratosphere
of Eq. (4) at 45km can be specified By= C(1+ R;) and  jet by a spontaneous adjustment process. Recently, Sato et
dw/dz = —Ci|mt| (1— Ry), where the subscript “t” indicates al. (2012) proposed the partial reflection mechanism by a
values at 45km. After specifying that; =0 (i.e., no re- rapid change in the static stability for the downward prop-
flected waves are assumed at 45km), Eq. (4) is integratedgating waves near the stratospheric polar jet simulated in
from z = 45 to 20 km using Bulirsch—Stoer method (Press eta high-resolution general circulation model. It is notewor-
al., 1992). Figure 6 shows the vertical wind fields obtainedthy, however, that in the conventional sounding analysis, it is
for the two profiles ofN without and with smoothing. Note non-trivial to extract the background state from the observed
that the fields are normalized by the square root of the baprofile (e.g., Zhang et al., 2004), especially the background
sic density and by the amplitude of the upward propagatingstate that changes rapidly with height. This makes it difficult
waves at 20 km. Being consistent with the simulation result,for the partial reflection mechanism to be confirmed from the
the vertical node structure appears in the vertical wind fieldobserved gravity waves compared with the simulated gravity
for the non-smoothedv case, whereas it does not for the waves.

smoothedV case. The reflection coefficient at 20km is cal- There is also a possibility of artificial wave reflection at the
culated usingb anddw/dz obtained from Eq. (4), by ap- upper boundary of the numerical model. By using the damp-
plying Eq. (5) withzg = 20 km. The reflection coefficients at ing layer ¢ = 45-65km in the present case) with a depth
20 km are 0.18 and 0.01 for the non-smoothed and smoothedreater than the vertical wavelength of the waves, the arti-
cases, respectively. This result confirms that the partial reficial reflection near the upper boundary can be minimized.
flection by the vertical variation itV explains a large portion Based on the calculations by Klemp and Lilly (1978), the ex-
of the downward propagating waves in our simulation. pected coefficient of the artificial reflection by the damping
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layer is only about 0.05 or less in our case. The actual co-decomposed using the polarization relation between temper-
efficient of reflection at = 45km, however, appears to be ature and horizontal-wind perturbations, and the momentum
much larger £ 0.28) than that value. There are two possibil- flux for each wave is re-estimated. The relative magnitude
ities of obtaining the larger coefficient at the physical model of the momentum flux of the downward waves to upward
top  =45km): (i) artificial reflection at =45km in the  waves is 4.5-8.2 %. The downward propagation of waves can
present simulation can be larger than that predicted in the anbe explained to a large extent by the partial reflection of the
alytical study by Klemp and Lilly (1978) based on a simple upward waves at various altitudes due to the changes in the
dynamic model, and (ii) the internal partial reflections might vertical wavenumber with height, mainly by the static stabil-
also occur above = 45 km, especially near the stratopause. ity, along with a minor contribution by the artificial reflection
The relative importance of the two processes for the amounfrom a model dissipation layer.
of downward propagating waves a& 45 km is not clear at In the present study, we performed wave analyses in the
the moment. horizontal direction using the Fourier transform rather than
In this study, the vertical-mean magnitude of the bias is notin the vertical direction, allowing us to estimate the momen-
so large { 14 %). However, the mean bias becomes muchtum flux of each altitude independently. If the data were an-
more significant when greater portions of the wave spectrunalyzed by a method using vertical analysis windows, the ver-
are partially reflected or some dominant waves experiencéical fluctuations in the temperature-based momentum flux
total reflections, from whicim? becomes zero under a favor- might be much smoothed. However, the vertical-mean mo-
able setting of the basic-state wind and stability. This may,mentum flux would still have the positive biases with a mag-
for instance, happen in strong vertical wind gradients assonitude similar to that in the present (L4 %), assuming that
ciated with the winter polar vortex. Total reflection of short the vertical and horizontal wavelengths estimated using the
horizontal-scale waves is likely to occur below the maximum vertical analysis windows are also similar to those in the
of the polar night jet (e.g., Preusse et al., 2008), while partialpresent analysis. Note that this assumption can be satisfied
reflection may occur both below and above the maximum-only when the horizontal sampling number is large enough
wind altitude. to estimate the horizontal wavelength accurately (Ern et al.,
In Sect. 2.1, the gravity wave perturbations are obtained by2004). In principle, this positive bias remains, unless (i) the
subtracting the background states that are defined as the hoeastward and westward slanted waves are separated by simul-
izontal running averages. In general, the characteristics anthneous wave analysis in horizontal and vertical directions,
magnitudes of the gravity wave perturbations can be sensifii) the upward and downward waves are decomposed, for ex-
tive to the background states. In order to examine the depenample by the method used here, or (iii) the covariance of two
dence of the present results on the background states, we rgariables (e.g.4’ andT’) is used to estimate the momentum
peat the whole analyses using the background states that afieix. The last two approaches require simultaneous observa-
obtained from the two-dimensional{y) 2nd-order polyno- tions of wind and temperature profiles, which is not available
mial fits. Note that for this case, the non-gravity wave compo-from satellites at present. Also the first method cannot be ap-
nents (c?)| <|flor |c?)| > N, where® and f are the intrinsic  plied to present-day limb sounders as the horizontal sampling
frequency and the Coriolis parameter, respectively) are addiis too sparse, but might be applicable for future limb imag-
tionally filtered from the perturbations. The results from the ing missions (Lehmann et al., 2012). In the case discussed in
two methods are generally similar, although the magnitudeghis study, the fraction of downward propagating waves due
of the momentum fluxes for the polynomial-fit method are to partial reflection on sharp gradients of the buoyancy fre-
~10% larger (not shown), and the main conclusion of thequency is rather small. Larger effects may be expected below
present study is not dependent on the background states. strong wind gradients associated with the polar winter jets.
The magnitude of errors arising from the assumption of
upward propagation of GWs may be smaller than that from
5 Conclusions the other error sources in the estimation of GW momentum
flux using current-day limb sounders. However, considering
Based on mesoscale modeling results of Typhoon Ewiniathat the currently dominant errors would be largely reduced
(Kim et al., 2009), momentum flux values inferred from tem- in future limb imagers, the present study could be important
perature variances by means of the GW polarization relationgor the GW momentum-flux estimation.
are compared to a reference GW momentum flux that calcu-
lated from the model Wlnd§._The mpmentum f.qu eSt'mate(?AcknowIedgementsPart of this work was funded by ESA under
from the temperatures exhibits vertical fluctuations and posiyhe grant “Observation of Gravity Waves from Space”, contract
tive biases with peaks of 17-39 %zt 20-40km and 60%  number: 22561/09/NL/AF. YHK and HYC were supported by the
atz ~45km. The deviations stem from the interference be-Korean Meteorological Administration Research and Development
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