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Abstract. The latitudinal and seasonal variations of grav- Keywords. Meteorology and atmospheric dynamics (Mid-
ity wave (GW) potential energy densitfg), kinetic energy  dle atmosphere dynamics)

density Ek), and total energy densityEf), i.e, the sum
of potential and kinetic energy densities in the tropospheric

(typically 2-10km) and lower stratospheric (typically 18— )

25km) segments have been derived from 10 years (19981 Introduction

2007) of radiosonde observations over 92 United States sta-

tions in the Northern Hemisphere. The latitudinal variation Decades of observations and simulations have revealed the

of Ep in the lower stratosphere is in good agreement withKey role of gravity waves (GWs) in determining the local
satellite observations. HoweveEx and Et in the lower and global dynamic and thermal structures of the middle and
stratosphere are different from satellite observations and th&PPer atmosphere by dissipating their energy and momen-
difference is believed to be linked with the latitudinal depen- tum in the background atmosphere through various complex
dence of GW sources. Our analysis reveals that GW energprocesses. In modeling global scale atmospheric dynamics,
properties exhibit distinctive latitudinal and seasonal vari-the effects of GWs must be parameterized to obtain real-
ations. The upward-propagating GW energy in the tropo-iStic mean atmospheric circulations and thermal structures.
sphere is larger than that in the lower stratosphere at low latiHfowever, the parameterized GW effects are believed to be
tudes but the opposite holds true at high latitudes. The transit@jor sources of uncertainties in model predictability and
tion latitude, where the upward- propagating energies in thdeliability. Numerical experiments suggested that different
two altitude regions are the same, occurs &88hrough-  Wave source parameterizations could lead to rather differ-
out the year. So striking differences between GW activity ent results (Manzini and McFarlane, 1998) and an appropri-
in the troposphere and lower stratosphere are not likely exte source parameterization is essential in developing a good
plained only by the background wind Doppler shifting due Wave drag parameterization. Lack of observations, especially
to strong tropospheric jets. Our analysis indicates that the reglobal observations, is one of the primary limitations in de-
gion around tropopause, roughly from 10km to 18 km, is anVeloping and verifying GW source parameterizations. The
important source region, especially at latitudes belo\85 lower atmosphere, especially the troposphere, is believed to
Our studies strongly suggest that in order to fully understand?€ the main source region of GWs propagating in the middle
the global GW activity in the lower atmosphere, the GW and upper atmosphere. Thus, observations of lower atmo-
kinetic energy and its geographical and seasonal variation§Pheric GWs are important in extending our knowledge of
should be included, and more attention should be given t@tmospheric GWs and their impacts on the background at-
GWs in the troposphere and GW sources within the interme Mospheric dynamic and thermal structures.

diate region, especially the upper troposphere. Satellite observations have contributed significantly to our
understanding of global gravity waves (GWSs) in the lower
atmosphere (Fetzer and Gille, 1994; Wu and Waters, 1996;
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et al., 2007; Alexander et al., 2008; Hei et al., 2008). A latitudes 12S-68 S. 3) Concentrated mainly on wave po-
salient result revealed by these satellite observations is thaential energy rather than the total energy density (Allen and
the lower stratospheric GW energy exhibited a prominentVincent, 1995). In these studies, the total energy dersijty
peak (maximum absolute value) in the low latitudinal re- was estimated from only the normalized temperature fluctu-
gion. A seasonal cycle of GW energy can be observed imations (Allen and Vincent, 1995) by applying a linear GW
middle latitudes (Tsuda et al., 2000). Such a lower latitudi-spectral theory, in which a constant spectral ingeaf 5/3
nal peak (maximum absolute value) was supported by multiis used. Furthermore, aside from of these limitations, the
station radiosonde observations (Allen and Vincent, 1995multi-station radiosonde observations are generally sparse.
Wang and Geller, 2003; Wang et al., 2005). It should be Another question is what role tropospheric GWs play in
noted that because of the difficulties in lower atmosphericdetermining the middle and upper atmospheric dynamics.
wind field measurements, most of the above cited satellitePrevious radiosonde observations at equatorial stations (Vin-
observations took the GW potential energy densfty)( es-  cent and Alexander, 2000) suggested upward-propagating
timated from the temperature measurement, as an indicatoraves excited in the troposphere had no significant influ-
of total gravity wave energy densitf(), i.e., the sum of po-  ences on the upper atmospheric dynamics due to the absorp-
tential and kinetic energy densitieBK). That is to say that tion by the tropospheric jet, and only the stratospheric GWs
the peak of GW energy in low latitudes revealed by satel-might propagate upward and exert a profound impact on the
lite observations in fact indicated only the peakByf rather  dynamic and thermal structures of the middle and upper at-
than that ofET. Although the GW kinetic energy can be esti- mosphere. However, by using multi-station radiosonde data,
mated from wind profiles by radiosonde observations, unfor-wang and Geller (2003) analyzed GW energy in both tropo-
tunately, some multi-station radiosonde observations (e.g.sphere and lower stratosphere and suggested the time series
Allen and Vincent, 1995) focus mainly on the potential en- of tropospheric GW energies is virtually uncorrelated with
ergy and little attention has been paid to the wave kineticthat in the lower stratosphere. Furthermore, Zhang and Yi
energy and total energy. Wang and Geller (2003) have in{2007) carefully compared the parameters of GWs in the tro-
vestigated botlEp and Ex from 4 years (1998-2001) of US posphere and lower stratosphere (TLS) and found that the
high vertical resolution radiosonde observations over moredifferences of GWs in these two height regions could not
than 90 stations and found th&t of stratospheric GWs have be completely explained by linear gravity wave dispersion
very large value sin winter in middle latitudes. Recently, relation and background wind Doppler shifting. Recently,
Zhang and Yi (2007) analyzed the radiosonde observation&ong et al. (2008) investigated the source spectra informa-
from five stations located in latitudes of 28—40° N and  tion for GWs in the lower stratosphere by using multi-station
found that although th&p has a maximum value at Haikou US radiosonde data. Moreover, numerical studies (Manzini
station (11012 E, 20°12 N), which is in the lowest latitude  and McFarlane, 1998) emphasized the importance of further
among these five stations, tli#& and Et exhibited maxi-  understanding of the characteristics of GW activity in their
mum value in latitudes about 30! due to the strong tropo- source regions, which are believed to be located mainly in
spheric jet, which is thought to be an important GW source.the troposphere instead of the stratosphere.
Thus, a question arises: Do the kinetic energy and the to- This paper is a study extending the work of Wang and
tal energy in the lower stratosphere really have completelyGeller (2003) and Wang et al. (2005) with the benefit of an
identical latitudinal and seasonal variations as those of thexxtended data set. The purpose of this paper is to study the
potential energy? latitudinal and seasonal variations of total GW energy den-
Radiosonde observations can measure both the lower asity in both the troposphere and lower stratosphere by ana-
mospheric temperature and horizontal winds with high res-yzing routine radiosonde data in a wide geographical region.
olution, which allow us to simultaneously estimafe and  The data description and processing method are introduced
Ex. Moreover, radiosonde observations usually have widein the following section. The statistical results and discus-
land coverage and long term accumulation, thus, multi-sions are presented in Sects. 3 and 4, respectively. In the last
station radiosonde observations should be favorable to resection, we give a brief summary.
veal the latitudinal variation of GW energy densities. Up
to now several multi-station radiosonde observations have
been reported (Allen and Vincent, 1995; Wang and Geller,2 Data description and analysis method
2003; Wang et al., 2005; Zhang et al., 2006; Zhang and
Yi, 2007; Gong et al., 2008). However, some limitations The data used in this paper are the United States radiosonde
of these previous observations should be noted: 1) Narrowdata in 1998-2007 obtained from National Oceanic and At-
latitude coverage or too few stations were included. In themospheric Administration (NOAA) National Climatic Data
study by Zhang et al. (2006) and Zhang and Yi (2007), dataCenter (NCDC). These data are freely accessed through the
from only 5 stations in latitudes 20N-40° N were included.  Stratospheric Processes and Their Role in Climate Data Cen-
2) Relatively short-term data accumulation. Allen and Vin- ter (http://www.sparc.sunysb.edu/There are 93 stations in
cent (1995) analyzed only 2 years data from 18 stations irtotal, located across the contiguous United States, Alaska,
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Table 1. The station names, latitudesN), longitudes { E) and available data accumulations (years) of the 92 US stations.

Station Lat Lon Available Station Lat Lon Available
data data
Ponape Island 6.97 158.22 10 Topeka, KS 39.07-95.62 10
Majuro/Marshall Island 7.08 171.38 10 Grand Junction, CO 39.12108.53 9
Koror/Palau Island 7.33 134.48 10 Wilmington, OH 39.42 —-83.82 10
Truk Intl/Moen Island 7.47 151.85 10 Reno, NV 39.57 —119.8 9
Yap Island 9.48 138.08 10 Denver/Stapleton Airport, CO 39.77104.88 10
Seawell Airport 13.07 -59.5 6 Lincoln-Logan County Airport, 40.15 —89.33 10
IL
Guam, Mariana Island 13.55 144.83 10 Pittsburgh/Moon Township, PA 40.5380.23 10
Belize City 17.53 —88.3 6 Salt Lake City, UT 40.77 —111.97 8
San Juan/Isla Verde, PR 18.43 —66 10 Brookhaven, NY 40.87 -72.87 10
Grand Cayman 19.3 -81.37 4 Elko, NV 40.87 —115.73 9
Hilo, HI 19.72 —155.07 10 North Platte, NE 41.13 —-100.68 10
Lihue/Kauai, HI 21.98 —-159.35 10 Omabha/Valley, NE 41.32 —96.37 10
Key West 24.5 —-81.8 10 Davenport Municipal Airport, 1A 41.6 —90.57 10
Miami Florida International Uni- 25.75  —80.38 10 Chatham, MA 41.67 —69.97 10
versity, FL
Brownsville, TX 25,9 —-97.43 10 Medford, OR 42.37 —122.87 10
Tampa Bay Area/Ruskin, FL 27.7 -82.4 10 Detroit/Pontiac, Ml 42.7 —-83.47 10
Corpus Christi, TX 27.77 —-97.5 7 Buffalo/Grenter Airport, NY 4293 -78.73 9
Del Rio, TX 29.37 -100.92 10 Riverton, WY 43.06 —108.47 9
Lake Charles, LA 30.12 —-93.22 9 Boise, ID 43.57 —116.22 9
Slidell, LA 30.33 —89.82 10 Gray, ME 43.89 -70.25 9
Tallahassee, FL 30.38 —84.37 9 Rapid City, SD 44.07 —103.21 9
Jacksonville, FL 30.43 -81.7 9 Green Bay, WI 4448 —-88.13 10
Santa Teresa, NM 319 -106.7 10 Gaylord/Alpena, Ml 4455 —-84.43 10
Midland, TX 31.93 -102.2 8 Chanhassen, MN 44.83 —93.55 8
Tucson, AZ 32.12 —-110.93 10 Salem, OR 44.92 —123.02 10
Jackson/Thompson Field, MS 32.32 —-90.07 10 Aberdeen, SD 45.45 —-98.42 9
Shreveport Regional Airport, LA 32.45 —93.83 9 Bismarck, ND 46.77 —100.75 9
Fort Worth, TX 32.8 —-97.3 10 Caribou, ME 46.87 —68.02 10
Miramar Nas, CA 32.87 —-117.15 10 Great Falls, MT 47.45 -111.38 10
Charleston, SC 32.9 -80.03 1 Spokane International Airport,47.68 —117.63 7
WA
Birmingham(Shelby  Airport), 33.1 —86.7 10 Quillayute, WA 47.95 —124.55 10
AL
Peachtree City, GA 33.35 —-84.56 10 Glasgow, MT 48.2 —106.62 10
Morehead City/Newport, NC 347 -76.8 10 International Falls, MN 48.57 —-93.38 10
North Little Rock, AR 34.83 —92.27 10 Annette Island, AK 55.03 —131.57 10
Albuquerque, NM 35.05 —106.62 10 Cold Bay, AK 55.2 —-162.72 10
Norman, OK 35.23 -—97.47 9 St. Paul Island, AK 57.15 —170.22 10
Amarillo, TX 35.23 -101.7 9 Kodiak, AK 57.75 —152.48 10
Flagstaff/Bellemt(Army), AZ 35.23 —-111.82 9 King Salmon, AK 58.68 —156.65 10
Greensboro, NC 36.08 —79.95 9 Yakutat, AK 59.52 —-139.67 10
Nashville, TN 36.25 —86.57 10 Bethel, AK 60.78 —161.8 10
Desert Rock/Mercury, NV 36.62 —116.02 10 Anchorage International Air-61.17 —150.02 10
port/Pt. Campbe, AK
Roanoke/Blacksburg, VA 37.2 -80.41 10 McGrath, AK 62.97 —155.62 10
Springfield Regional Airport, 37.23 —-93.4 9 Nome Ap, AK 64.5 —165.43 10
MO
Oakland International Airport, 37.75 —122.22 10 Fairbanks, AK 64.82 —147.87 9
CA
Dodge City, KS 37.77 —99.97 10 Kotzebue, AK 66.87 —162.63 10
Sterling(Washington Dulles), VA  38.98 —77.47 8 Point Barrow, AK 71.3 —156.78 10
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Hawaii, Caribbean islands, and western tropical Pacific is-ponents (e.g., zonal wind, meridional wind and tempera-
lands. Among these 93 stations, Pago Pago Internationalre) may be different. In our analysis the average value of
Airport station was excluded in our dataset because it is thehese three dominant wavelengths is taken to be the wave-
only one located in the Southern Hemisphere. Thereforelength of the extracted quasi-monochromatic gravity wave.
data from 92 radiosonde stations locating in the NorthernOnly when the relative standard deviation of the three dom-
Hemisphere were used in this paper. The geographical loinant wavelengths is less than 20% do we consider a quasi-
cations and available data accumulations of these 92 stationmonochromatic GW observed. Such a criterion will lead to
are listed in Table 1. The longitudinal and latitudinal cov- smaller energy density and occurrence rate of GW events.
erage of these 92 stations are [170.22 171.38 E] and Having specified the vertical wavelength, we take a har-
[6.97° N, 71.30 NJ, respectively. As shown in Table 1 of this monic fitting to the fluctuation components to determine the
paper and Fig. 1 in Wang and Geller (2003), the geographiavave amplitudesu’,v’, T'] and phases for each wave com-
distribution of these stations is somewhat irregular. For in-ponent. The hodograph of the fitted horizontal wind distur-
stance, 1) all the stations in the south of Nare islands in  bances is an ellipse, and the anti-clockwise or clockwise ro-
the Western Pacific; 2) between©l&nd 30 N, the stations  tating hodographs indicate that the GW energy is, respec-
are either located in the Central Pacific or in the Carribbeartively, downward- or upward-propagating in the Northern
islands; 3) in the mid-latitudes, they are located in the con-Hemisphere. Wave kinetic and potential energies per unit
tiguous US; and 4) in north of BN, the stations are solely mass are computed from
located in Alaska.

Generally,. at ea(;h station, the radiosonde observations arg, _ }(ﬁJrﬁJrﬁ) 1)
launched twice daily at 00:00 and 12:00 UT. In each sound- 2
ing, pressure, temperature, relative humidity and horizontahnd
winds are measured. The atmosphere is sampled at irregu-
lar height resolution, ranging from ten to hundreds meters. 1W
For convenience, in this paper the raw data were processeldp = 2 N272
to have a regular height resolution (50 m) by applying a cu- 0

bic spline interpolation to temperature and wind measureyespectively, wherd is the background temperature, which
ments. The maximum altitude of radiosonde observation coris attained from the second-order polynomial fits of the raw
responds to the burst height of the balloon, which is typica”ytemperature profilesN is the buoyancy frequency, which
25-30km. Thus we chose 25 km as the upper height limit ofcan pe calculated from the background temperature profile;
our analy;es. _ g is the gravitational acceleration; the over bar denotes an
Employing the method presented by Zhang and Yi (2005,ynweighted average over height. Although we do not have
2007), we can obtain the inertial GW parameters, includingmeasurements of the vertical wind, it is much smaller than
intrinsic frequency, amplitude, wavelength and wave energyihe horizontal wind (Venkat Ratnam et al., 2008) and thus

density. Here we briefly introduce the method. Firstly, the neglected in our computation of wave kinetic energy.
background winds and temperature were removed by fitting

a second-order polynomial to the vertical profiles of horizon-

tal winds and temperature, respectively. Then, the residualy Results

are regarded as fluctuation components. Typically, the fits

are performed for two separate height ranges: a tropospherigy using the approach introduced in Sect. 2, we calculate

segment from 2km above the ground to 10km, and a lowcomplete GW parameters, e.g., the intrinsic frequeficy

stratospheric segment from 18km to the lower height be-vertical wavelength, horizontal wavelength, wave amplitude,

tween 25km and the burst height of balloons. For StatiOI’ISEP, Ex andEt for each measurement. Generally, the ranges

with lower (lower than 12km) tropopause height, the up- of GW parameters revealed by the present analyses are con-

per limit height for the tropospheric segment is chosen to besistent with previous observations (Wang and Geller, 2003;

2km below the tropospause. While for stations with higher\wang et al., 2005). In order to study the latitudinal variation

(higher than 16 km) tropopause height, the lower limit of the of GW activity, the calculated GW energy is divided intd 5

stratosphere segment is set to be 2 km above the tropopaudgins in latitude.

Moreover, since the height coverage for both the tropospheric

and stratospheric segments are variable, only when the heigl®.1 Lower stratospheric GW energy

coverage is larger than 5km do we consider an acceptable

measurement to be attained, and the data can be adopted. Figure 1 illustrates the latitudinal and monthly variations of
Subsequently, we perform a Lomb-Scargle spectral analGW potential, kinetic and total energy densities in the TLS.

ysis (Scargle, 1982) on the fluctuation components to de-The latitudinal and seasonal variations®f in both tropo-

termine the vertical wavelength. Obviously, the dominantsphere and lower stratosphere are in good agreement with

vertical wavelengths derived from three different wave com-the results presented by Wang and Geller (2003). A salient

)
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Ep (J kg=!) Ex (] kg=!)

Latitude/Deg

Latitude/Deg

JFMAMIJIJASOND JFMAMIJIJASOND JFMAMIJJASOND
Month Month Month

Fig. 1. Latitudinal and monthly variations of GW potential (left), kinetic (middle) and total (right) energy densities in the troposphere (lower
panel) and lower stratosphere (upper panel). The blanks indicate the lack of available data.

feature of the lower stratospheric GW potential energy den-the radiosonde and satellite observations also seems to imply
sity (Ep) shown in Fig. 1 is its poleward decrease trend. Al- that in the lower stratosphere, most small scale disturbances
though due to the lack of latitudinal coverage of radiosondeowe to monochromatic GWs.

stations, we can not assert the exact latitude where the lower The lower stratospheri€p in the low latitudes has a strong
stratospheri&p has the maximum value, thg does exhibit  seasonal cycle: the large and small values occur in winter
a prominent peak value about 3.7 Jkgn the lowest lati-  and summer, respectively. A similar but rather weak sea-
tudes of 8 N-10° N. Moreover, the poleward decrease trend sonal variation can be observed in high latitudes, while in the
of Ep is steeper in the low latitudes than that in the high middle latitudes no obvious seasonal variation can be found.
latitudes. The latitudinal variation dfp in the lower strato-  This seasonal variation of G\p is different from that re-
sphere is consistent with satellite observations (Tsuda et alvealed by the satellite observations (Tsuda et al., 2000), in
2000; Venkat Ratnam et al., 2004) and previous multi-stationwhich a strong seasonal cycle 8 was found in the mid-
radiosonde observations (Wang and Geller, 2003; Wang eglle latitudes. Such a difference may be due to geographical
al., 2005). Moreover, the vertical wavelengths (not presentediistribution of the radiosonde stations. All subpolar stations
here) for GWs in the lower stratosphere derived from presentre located in Alaska. And all the data used in this paper in
radiosonde observations are usually less than 5km and conhe south of 10N are from stations located in islands in the
centrate around 2 km, which is in good agreement with satel\Western Pacific, where deep convection with strong annual
lite observations (Tsuda et al., 2000; Venkat Ratnam et al.yariation may be the main GW source.

2004). These suggest that most of the latitudinal variation of - Ag predicted by the linear GW theorgk in the lower
GW activity can be revealed by the long-term multi-station stratospheric segment shown in Fig. 1 is generally larger than
radiosonde measurements. We would like to note that satelg, Similar to Ep, Ex in the lower stratosphere also exhibit
lite observation results (Tsuda et al., 2000) were based 0B evident peak in low latitudes. More interestingly, besides
the lower stratospheric temperature variances with small verihe |ow latitudinal peakEx also has a weaker peak in the
tical wavelengths, which were extracted by filtering from miqgle latitudes (30N—4C N), which is different fromEp
measured temperature profiles. In other words, the satellitgng is likely caused by strong tropospheric jets in the mid-
observations mainly revealed the features of broad spectrale |atitudes. In fact, many previous observations have con-
GWs in the lower atmosphere, while the radiosonde obserfirmed that the mid-latitude tropospheric jet can generate in-
vations presented in this paper in fact reflect the features ofensjve GWs (Plougonven et al., 2003; Zhang and Yi, 2005,
monochromatic GWs. Therefore, the consistence betweepoo7, zhang et al., 2008). And, recent satellite observations
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by Venkat Ratham et al. (2004) have also confirmed a second Discussion
maximum of Ep at midlatitudes during winter. More differ-
ences can be observed in their seasonal variations: The lowdiany efforts have been carried out to account for the low
stratospherid@yk has obvious seasonal variation in almost all latitudinal peak of the lower stratospherige. Alexan-
latitudes, including the middle latitudes. These differencesder et al. (2002) attributed such a peak to a natural conse-
imply that the variations of total gravity wave energy density, quence of the latitudinal variation in the Coriolis parameter
i.e. ET, may not be represented only By. Considering that  f, which controls the lower limit for GW intrinsic frequency
the GW kinetic energy is usually larger than the potential en-2. Based on the dispersion relation of inertial GW, Alexan-
ergy, the kinetic energy should exert more contributions toder et al. (2002) showed that the intrinsic frequency and verti-
the total GW energy than the potential energy. cal group velocity of vertically propagating inertial GWs can
Due to the contribution ofk, the total energy densities be smaller in the lower latitudes due to the smaller value of
E in the lower stratosphere show two enhancement latitudithe Coriolis parametef. Consequently, they suggested that
nal regions. The strong one is in low latitudes, and the weaknertial GWs have more chance to be observed in the lower
one is around the latitudes of 3H, potentially due to the latitudes, because these waves may stay longer in the strato-
strong tropospheric jet in middle latitudes, which has beensphere before they propagate out of the observational alti-
seldom reported by satellite observation because of the diffitudes. But, it should be emphasized that according to above
culty in wind measurement. Another important feature of theinterpretation, the lowey at low latitudes only implies that
lower stratospheri&y is their evident seasonal variability in  GWs at low latitudes have a larger probability to be captured
almost all latitudes. These are different from thos&efand by a single radiosonde measurement rather than that GWs at
strongly suggest that in the study of lower stratospheric GWlow latitudes have larger energy. However, multi-station ob-
activity, it may be inappropriate to take only the potential en- servations by Zhang and Yi (2007) indicated that in the tro-
ergy into account, and, we should pay more attentions to thgposphere, which was extensively regarded as the main GW

kinetic energy, total energy and their variations. source regions, the GW occurrence rates (defined as the ra-
_ tio of the number of GW events to that of acceptable mea-
3.2 Tropospheric GW energy surements) in the low-middle latitudes have almost the same

_ o o o value of about 50% and have no obvious latitudinal varia-
It is obvious in Fig. 1 that the latitudinal variations of both on. Similar results (not shown) can also be obtained from
Ep and Ex in the troposphere are completely different from {he presented data set. Most recently, Chun et al. (2007) ex-
those in the lower stratospheré:p in the troposphere ex-  amined the convection sources in the tropical regiort &0
hibits an obvious poleward increase trend except for a secongy N) by analyzing high-resolution Global Cloud Imagery
maximum value occurring around the latitude of B0 The (GCI) and 6-hourly NCEP-NCAR reanalysis data. Their
maximum Ep in the troposphere is about 2.6 Jkgoccur- study suggested that the equatorial pealEpfrevealed by
ring in latitudes of 7ON-75"N in winter. Moreover, an ob- - gatellite observations resulted mainly from latitudinal varia-
vious seasonal variation dfp can be observed in almost all tjons of the convective source rather than those of Coriolis
latitudes. These are different from those in the lower Strato'parameter. Thus, it is likely that the equatorial peak of GW
sphere.Ex in tqg troposphere shows a prominent peak valuepgtential energy was mainly caused by strong convection in-
about 5.0 Jkg™ in latitudes around 40N in winter, which  gstead of larger occurrence rate of GWs in the low latitudes.
is believed to be yielded by strong middle latitudinal tropo- e difference between the latitudinal distributionsif

spheric jets in winter. and Ep in the lower stratosphere may also be attributed to

As a natural consequence, the latitudinal and seasongl,e |atitude distribution of GW sources. It is well known
variations ofEt in the troposphere are remarkably different ¢ pesides topographic generation, strong convection, tro-
from those in the lower stratospheore. In the troposphere, th‘foospheric jets and polar night jets also play important roles
Et has a prominent peak around°4%. One can observe a i, ihe excitation of GWs in, respectively, the low, middle and
strong seasonal variation of ti#& in all latitudes, especially high latitudes. Furthermore, a simulation study (Huang et
in the middle and high latitudes, which are evidently different 2002) indicated that, when a GW was newly excited by

from those in the lower stratosphere. So striking differences, hermal (momentum) source, large (Ex) could happen
between GW activity in the troposphere and lower strato-patore the occurrence of largex (Ep). Therefore, the lat-

sphere are not likely explained only by the background windjy inal distributions ofEx and Ep could be different due

Doppler shifting due to strong tropospheric jets in the mid-, e |atitudinal dependence of different sources. In mid-

dle latitudes as proposed by Vincent and Alexander (2000) e |atitudes, the tropospheric jet can generate intensive GWs

especially in the low latitudes, where the tropospheric jet 'S(Plougonven et al., 2003; Zhang and Yi, 2005, 2007; Zhang

usually weak. et al., 2008) with very large kinetic energy, which has been
confirmed by VHF radar (Murayama et al., 1994) and inten-
sive radiosonde observations (Zhang et al., 2008). Addition-
ally, according to the GW theory, the ratio 8§ to Ep can
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Latitude/Deg

1 f /N/n 1
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I I
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Fig. 2. Latitudinal and monthly variations of difference between the lower stratosphere and troposphere in total energy densitie's @f J kg
upward-propagating GWs (left panel). The difference is defined as the values in the lower stratosphere subtracted by those in the troposphere
The thick red curve around 3M in the left panel marks the zero value. The right panel is similar to the left panel, but for the difference

in mean number of observed upward-propagating GW events, which is calculated from the monthly mean number of observed upward-
propagating GW events in the lower stratosphere at each station subtracted by that in the troposphere.

be expressed in terms of GW intrinsic frequency and Corio-the upward-propagating GW events in the lower stratosphere
lis parameter:Zk = Q%4 f2 This formula implies that at the ~are obviously more than those in the troposphere. Apparent

‘Ep T Q2—f2° i i - i
same wave intrinsic frequency and potential energy density,d'ﬁerer1Ces n th_e nL_meer O_f upward propagat_lng GW events
occur in two latitudinal regions, the first one i$/8-10° N

GWs can carry more kinetic energy in the higher latitudes, ) X
due to largerf. Thus, it is theoretically possible that Gws " March and April, and the second one is around 3n

in higher latitudes may have larger kinetic and total energiesJanuary. April, October and November. Since this difference

However, in the middle and high latitudes, due to absorp—'s especially evident in the tropical and subtropical latitudes,
tion or reflection by jets, only part of the upward-propagating /¢ speculate the upper tropospheric convection rather than

GWs excited by tropospheric jets can penetrate into the Iowthe D(?Elplir shrl]ftlndgﬁdue to stro_lr_lr? Jets Is tr:e Ta'?] cause re-
stratosphere, thugT in the lower stratosphere still exhibits sponsible Tor the differences. These results iurther suggest

a prominent low latitude peak and a weak peak in middle Iat_that the intermediate re_gion isan impor_tant source region.for
itudes in spite of a prominent middle latitude peakfpf in GW_S’ gnd ;hould b? given more attenthns n future studies.
the troposphere. Whne in latitudes higher than 35\], the situation reverses.
) o . ~__ This may result from the absorption of upward propagation

Anothe.r.lnterv'estlng issue is the causes and implicationggy energy by the tropospheric jets in the middle and high
of the striking differences between GWs in the troposphereatitydes. Another possible cause for this latitudinal differ-
and lower stratosphere. To further study the differences, Wesnce may be the latitudinal variation of the altitude distances
p!ot, in Fig. 2, the latitudinal and monthly variations of the f the lower stratospheric segment to the tropopause due to
difference between the troposphere and lower stratospherge |atitudinal variation of tropopause heights. Moreover, the
(defined as the values in the lower stratosphere subtracted ity dinal location of the zero line seems to be invariant with
those in the troposphere) iy for upward-propagating GWs  ga550n.
(left panel) and the mean number of upward-propagating - gimilar to Fig. 2, the statistical results of downward-
GWs for each station (right panel). An interesting Charac'propagating GWs are shown in Fig. 3. In almost all lati-
teristic shown .in the left panel .in Fig. 2 is a clear zero line y,qes and months, the total energy densities of downward-
around the latitude of 3N, which exactly corresponds 0 propagating GWs in the lower stratosphere are smaller than
the latitude of the second maximum value&iin the lower  those in the troposphere. The right panel of Fig. 3 indicates
stratosphere and ha§ never been reported before. In latitudesat the downward-propagating GWs in the troposphere are
lower than 33N, Ev in the lower stratosphere is larger than generally more frequent than that in the lower stratosphere.
that in the troposphere, strongly indicating that there are in-pp, extremely evident region is around“28 in May and Oc-
tensive GW sources lying in the intermediate region betweensper and November, which corresponds to the large value
the tropospheric and lower stratospheric segments, '[ypically,,egiOnS shown in the right panel of Fig. 2 and further con-

in the height range of 10-18km. This can also be observediims that the intermediate region is an important GW source
from the right panel of Fig. 2, in which we can see that ex- region.

cept in the polar region (with latitudes higher tharf KD,
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Fig. 3. Similar to Fig. 2, but for downward-propagating GWSs.
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Fig. 4. Latitudinal and monthly variations of fractions (in percentage) for upward-propagating GWs in the troposphere (left) and lower
stratosphere (right). The blanks indicate the lack of available data.

Finally, we present the latitudinal and seasonal variationggation are observed in the lower stratosphere. In all latitudes
of the fractions of upward propagation (defined as the ratio ofand months, the fractions are larger than 70%, indicating that
the number of upward-propagating GWs to the total numbemost of the stratospheric GW sources are located in the lower
of GW events) for GWs in the troposphere and lower strato-heights, e.g., the troposphere. A minimum value about 70%
sphere in Fig. 4. In the troposphere, in most latitudes ancemerges in the middle latitudes in winter due to the absorp-
months the upward-propagation fractions are around 50%tions and/or reflections by the strong tropospheric jets, sug-
which is in good agreement with previous radiosonde ob-gesting the important role of middle latitude tropospheric jets
servations (Wang et al., 2005; Zhang and Yi, 2005, 2007)in determining the GW activity in the stratosphere.
and implies that most GW sources lie within the tropospheric  Generally, our analyses revealed strikingly different lati-
segment. There are two low fraction regions, one is aroundudinal distributions of GW activity in the troposphere and
15° N in February, and the other is around®2bin October.  |ower stratosphere, and the drastically different latitudinal
Recalling that around 23\ in October, as shown in Figs. 2 distributions obviously can not be fully explained by the
and 3, the number of upward- (downward-) propagating GWsphackground wind Doppler shifting, especially in low lati-
in the lower stratosphere is more (less) than that in the trotudes, where the tropospheric jets are believed to be weak.
posphere, we believe there are intensive GW sources withiton the other hand, although GWs were launched in the lower
the intermediate segment at°2§ in October. A possible stratosphere in many previous middle and upper atmospheric
source may be the intensive upper tropospheric convectiomodeling works, recent numerical experiments and compar-
in monsoon season. Much larger fractions of upward propaisons with observations (Warner and Mcintyre, 2001; Ern et
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al., 2006; Féhlich et al., 2007) suggested that in order to the lower atmosphere. Additionally, the latitudinal variation

reproduce more realistic dynamic and thermal structures irof the altitude distances of the lower stratospheric segment to

the middle and upper atmosphere, the launching height ofhe tropopause is another possible cause responsible for this

the prescribed GWs should be in the troposphere with a typdifference.

ical value at about 5km. Furthermore, Ern et al. (2006) and The difference of the upward-propagating GWs in the tro-

Frohlich et al. (2007) emphasized that the launch height inposphere and lower stratosphere displays a clear zero line

the troposphere could provide a longitudinal filtering particu- around the latitude of 33N, which exactly corresponds to

larly due to the subtropical jets and this could not be achievedhe latitude of the second maximum valueffin the lower

if the GWs were launched in the lower stratosphere. Theseatratosphere and has never been reported before. In latitudes

numerical efforts indicated that the source parameterizationower than 38N, Ev in the lower stratosphere is larger than

of GWs in the troposphere can not be replaced by that in thehat in the troposphere, while in latitudes higher thahI85

lower stratosphere, indicating the significance of comprehenthe situation reverses.

sive understanding of the tropospheric GW activities. A detailed comparison between the upward-propagating
GWs in the troposphere and lower stratosphere suggest that
the intermediate region between the tropospheric and lower

5 Summary stratospheric segments, typically, in the height range of 10—
18 km, is an important source region for GWs in the middle

Aiming at investigating the latitudinal and seasonal varia- and upper atmosphere, and should be given more attention in

tions of GWs in the TLS, we analyzed 10 years (1998—tnhe future studies.

2007) of radiosonde data over 92 United States stations in the
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