
JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 11,589–11,599, doi:10.1002/2013JD020526, 2013

Seasonal cycle of orographic gravity wave occurrence above small
islands in the Southern Hemisphere: Implications for effects
on the general circulation
M. J. Alexander1 and A. W. Grimsdell1

Received 7 July 2013; revised 27 September 2013; accepted 7 October 2013; published 28 October 2013.

[1] Orographic gravity waves generated by flow over the topography of small islands in
the southern oceans have been observed from orbit with the Atmospheric Infrared
Sounder on the Aqua satellite. We examine the occurrence frequencies of these waves in
the stratosphere at �40 km above 14 islands and examine geographical and seasonal
changes. Our results show that these small island mountain waves occur commonly in the
stratosphere in the May–September season, though not every day. Differing seasonal
variations are evident at different islands, and the seasonal variations are closely related
to latitude and prevailing wind patterns. We also examine interannual variability in
2 years of data and the relationships between occurrence frequencies, momentum fluxes,
and stratospheric and surface winds. The results suggest that stratospheric winds have a
first-order limiting effect on the observations of these island mountain waves in
Atmospheric Infrared Sounder (AIRS) data. Surface wind direction and island orographic
relief have an additional but secondary influence on the island mountain wave occurrence
frequencies in AIRS data. The implications are that these wave events are extremely
common and that on many days when the waves are not observed in AIRS data they have
likely dissipated and induced a drag force on the atmosphere below the 40 km observation
level. Observations of momentum flux during these wave events also permit a first
estimate of their importance to the general circulation of the Southern Hemisphere.
Citation: Alexander, M. J., and A. W. Grimsdell (2013), Seasonal cycle of orographic gravity wave occurrence above
small islands in the Southern Hemisphere: Implications for effects on the general circulation, J. Geophys. Res. Atmos.,
118, 11,589–11,599, doi:10.1002/2013JD020526.

1. Introduction
[2] Most of today’s climate models struggle with

systematic westerly biases in the Southern Hemisphere
stratospheric circulation, even those models that include
a reasonably well-resolved stratosphere [Butchart et al.,
2011]. The biases appear as excessively strong winter vor-
tex winds and, in particular, a delayed breakdown of the
stratospheric vortex in spring that is associated with cold-
biased polar temperatures and excessive ozone loss. It is
now widely recognized that ozone loss in recent decades
and predicted ozone recovery in the 21st century has a first-
order impact on surface winds and climate [Son et al., 2008;
Perlwitz et al., 2008; Gerber et al., 2012], and this raises
the importance of correcting these common model biases in
the stratosphere, preferably in a way that is tied to realistic
physical processes.
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[3] The cause of the model biases has long been under-
stood to be related to the Southern Hemisphere’s lack of
orographic waves and orographic wave drag relative to
the Northern Hemisphere, and this in turn is associated
with the largely oceanic surface in the south and lack of
area covered by mountainous terrain. Mountains are the
source of some of the largest amplitude waves in the strato-
sphere, as evidenced in satellite, balloon-borne, and air-
craft observations [Bacmeister et al., 1990; Dörnbrack et
al., 1999; Eckermann and Preusse, 1999; Hertzog et al.,
2008; Alexander, 2010; Hoffmann et al., 2013]. Some cli-
mate models include parameterizations for non-orographic
gravity wave sources (often globally uniform). These non-
orographic wave parameterizations primarily influence the
mesosphere with only weaker influence in the extratropical
stratosphere although significant in the summer subtropi-
cal stratosphere [Okamoto et al., 2011]. The non-orographic
waves are sometimes given larger amplitudes in the south
to partially correct model biases there [e.g., Geller et al.,
2011] but without any clear observationally motivated ratio-
nale. This is more a deficiency in the observations than
in the models at this time. A more desirable approach is
one that permits the parameterized waves to respond to
changing weather and climate conditions [e.g., Richter et
al., 2010]; however, we currently lack the observational
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validation needed to ensure that such complex approaches
are also more realistic.

[4] McLandress et al. [2012] demonstrated that by adding
unspecified sources of orographic gravity wave momen-
tum flux in the latitude band near 60ıS, the modeled
wind, temperature, and vortex breakdown timing errors were
greatly reduced in the Canadian Middle Atmosphere Model
(CMAM). They summarized two leading hypotheses for
the source of the missing drag: (1) horizontal propagation
of orographic waves from sources to the north and south
[Preusse et al., 2002; Sato et al., 2009; Wells et al., 2011;
Sato et al., 2012] and (2) island wave sources that are
missing or grossly underestimated because of the small hor-
izontal extent of the island topography compared to the
model resolution [Alexander et al., 2009].

[5] The effect (1) is undoubtedly of at least some import
since it is clearly observed in both high-resolution models
[Sato et al., 2009, 2012] and observations [Preusse et al.,
2002; Eckermann et al., 2007; Alexander and Teitelbaum,
2011]. (Note that purely vertical propagation is assumed in
orographic parameterizations.) This horizontal propagation
effect is far more important for longer horizontal wave-
length gravity waves than shorter wavelength waves, and
the effect can be described with linear theoretical mod-
els [Broutman et al., 2001; Sato et al., 2012]. In a case
study of Andes mountain waves observed from satellite,
Alexander and Teitelbaum [2011] found that the longer
waves for which the horizontal propagation is most impor-
tant carry far less absolute momentum flux than the shorter
waves that propagate more nearly vertically. In both obser-
vations and high-resolution models, the waves that are
observed farthest in latitude from mountain sources are ori-
ented more nearly meridionally; hence, their effect on zonal
wind biases is even smaller than the absolute flux implies.
These considerations might suggest that the waves that
refract into the gap at 60ıS latitude may not carry enough
zonal momentum flux to correct the biases noted in the
McLandress et al. [2012] study. However, latitudinal propa-
gation does at least partly “fill the gap” in one global model
study [Watanabe, 2008] with moderate horizontal resolution
of �60 km. Gravity waves in this model show significant
propagation with latitude and give realistic reversals in the
direction of the mesopause zonal winds without any parame-
terized gravity wave drag [Sato et al., 2009]. Another recent
study [Wells et al., 2011] also suggested that horizontal prop-
agation of orographic waves is an important consideration
for future parameterization development. Hence these longer
mountain waves with a significant component of horizontal
propagation likely contribute to some degree to filling the
gravity wave drag “gap” near 60ıS (hypothesis (1)).

[6] The present manuscript focuses on hypothesis (2).
Many islands in the southern oceans have been identified
as potentially important wave sources [Wu et al., 2006].
The wave momentum fluxes associated with waves observed
over South Georgia Island in the Alexander et al. [2009]
case study suggest that such island waves may be an impor-
tant missing source of gravity waves and drag on the middle
atmosphere circulation. Here we examine radiance mea-
surements from the Atmospheric Infrared Sounder (AIRS)
instrument that detect gravity waves in the stratosphere
above 14 islands in the Southern Hemisphere. We examine
both seasonal and interannual variations in island mountain

wave occurrence frequencies and momentum fluxes to better
assess their relative importance to the global circulation.

[7] Our results will show that these small island moun-
tain waves occur commonly in the May–September season,
though not every day. Differing seasonal variations are evi-
dent at different islands, and the seasonal variations will
be shown to be closely related to latitude through prevail-
ing wind patterns. We also examine interannual variability
in 2 years of data and the relationships between occurrence
frequencies, momentum fluxes, and both stratospheric and
surface winds.

[8] Section 2 describes the AIRS observations and the
method used to detect gravity waves in these data and
estimate their properties and momentum fluxes. Section 3
reports on statistics of wave occurrence, and section 4
describes the wave momentum fluxes. Section 5 places
these results in context for climate model simulations, and
conclusions are summarized in section 6.

2. AIRS Observations of Waves
in the Stratosphere

[9] Measurements from the AIRS [Aumann et al., 2003]
on the Aqua satellite allow imaging of horizontal wave-
lengths and propagation directions for gravity wave packets
in the stratosphere from radiance measurements in CO2
emission channels [Alexander and Barnet, 2007]. AIRS
scans ˙49.5ı across the nadir view point below the space-
craft to give continuous swaths of radiance measurements
at high spatial resolution, with 13.5 km cross-track footprint
at the nadir point, increasing to 41 km at the swath edges,
but with an average cross-track footprint width of �20 km.
The along-track resolution is �20 km. At the southern lati-
tudes of interest in this paper, measurements occur at local
times�1:00 A.M. and�2:00 P.M. and cover the area around
a given island on average about twice per day. To study
waves in the stratosphere, we examine brightness temper-
ature anomalies in the 667.8 cm–1 channel, which detects
emission in the CO2 15�m band. The peak of the con-
tribution to this channel comes from altitudes near 40 km
(or pressure 3 hPa). Brightness temperature anomalies are
computed from level 1 radiance measurements after sub-
traction of a cross-track fourth-order polynomial fit as in
Alexander and Barnet [2007]. The shape of the kernel func-
tion [Hoffmann and Alexander, 2009] together with noise
for this channel (noise equivalent � brightness tempera-
ture = 0.4 K) make it most likely that only waves with
vertical wavelengths longer than 12 km can be seen in
these data. This gives the wave observations a sensitivity
to wind speed in the stratosphere independent of any vari-
ations in wave sources below because the wave vertical
wavelength grows as the wind speed in the direction oppo-
site to the wave propagation increases. Generally speaking,
strong westerly winds exceeding �40 m s–1 are required
for orographic waves to be visible in AIRS radiances
[Alexander and Barnet, 2007].

[10] Alexander et al. [2009] described orographic waves
observed above South Georgia Island with AIRS in Septem-
ber 2003. The orographic waves often display a wing-shaped
pattern, characteristic of a point source [Broutman et al.,
2001]. Smaller-scale oscillations also often appear as arc-
shaped patterns above and to the east of the island and
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Figure 1. Brightness temperature anomalies (K) derived from radiances measured in the AIRS
667.78 cm–1 channel that peaks near 40 km altitude. Areas where anomalies are smaller than 3 times the
measurement noise [Alexander and Barnet, 2007] appear white. The figure includes four example swaths
over Southern Hemisphere islands. (top left) Kergulen and Heard Islands on 10 August 2003. (bottom
left) Prince Edward Island on 11 August 2004. (top right) S. Georgia Island on 6 September 2003. (bottom
right) S. Georgia Island on 3 August 2003.

broader V-shaped phase lines extending to the north and
south. Several examples over Kergulen and Heard Islands,
Prince Edward Islands, and South Georgia Island are shown
in Figure 1.

2.1. Data Selection and Identification of Island
Orographic Waves

[11] We have looked for orographic waves during the win-
ter season, from May to September, since this is when the
waves are most likely to be visible in the AIRS data. In
order for AIRS to observe the waves, they must propagate
vertically through the atmosphere to an altitude of around
40 km. In the summer, stationary orographic waves tend to
have critical levels below 40 km, preventing this propaga-
tion. (Critical levels occur where the wind in the direction
of wave propagation equals the wave phase speed, and for
finite amplitude waves, dissipation occurs below this level.)
Orographic waves were identified by visual examination of
each AIRS overpass using the distinctive arc or V-shaped
patterns and proximity to the island orography.

[12] The AIRS satellite swath crosses each island two or
three times per day, but not all these overpasses provide
usable observations. In some cases the swath may just miss
the island, making it impossible to determine whether some
very small pattern may have existed; in other cases the island
may be so close to the edge of the swath, particularly to the
eastern edge, that any possible pattern would be excluded.

Overpasses where either of these situations occurred
were discarded.

[13] Even in cases where the swath provides good cov-
erage of the island, wave events can still be difficult to
identify. Weak waves can be indistinguishable from the mea-
surement noise, and the presence of background waves can
also make orographic waves difficult to recognize. Back-
ground waves not associated with the island topography
can in some cases have large enough amplitude to obscure
any island orographic wave event. (This was a particu-
lar issue for Auckland Island with its close proximity to
the Southern Alps of New Zealand.) Since the resolution
decreases away from the center of the swath, observabil-
ity can be limited near the swath edge. We have found
evidence for a sensitivity of derived momentum flux to
the horizontal resolution (i.e., dependence on scan angle)
such that the larger momentum fluxes (>4 mPa) never occur
in the outer two scan angles, where resolution is coarser
than 37 km.

[14] In order to identify waves in as objective and consis-
tent a manner as possible, we used the following criteria:

[15] 1. There must be an arc or V-shaped pattern that is
directly associated with the island.

[16] 2. There must be a clear difference in the wave pat-
tern near the island to distinguish island waves from waves
from other sources; i.e., the location of the island should be
clearly indicated by the position of the wave pattern.
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Figure 2. The black line shows the brightness tempera-
ture response in the AIRS 667.8 cm–1 channel as a function
of vertical wavelength. Also plotted is the kernel function
for this channel (gray line) versus altitude, in normalized
units to illustrate the vertical structure [after Hoffmann and
Alexander, 2009].

[17] 3. If the observation includes both an island wave
and a larger-scale background wave pattern, there must be a
distinct change in the pattern directly adjacent to the island.

[18] Using these criteria to identify island wave events
allows us to calculate a wave occurrence frequency. This is
the number of wave observations divided by the total num-
ber of observations and expressed as a percentage. Monthly
occurrence frequencies were calculated for each island or
island group.

[19] The detection criteria are obviously subjective, and
there are a number of observations with possible wave
events that are weak and do not stand out above noise or
above background waves. Observations in this class are
categorized as uncertain and are used to compute a rough
estimate of error in the orographic wave occurrence frequen-
cies. This method gives an uncertainty in the occurrence
frequencies of ˙8%. The monthly occurrence frequencies
are derived from 45–96 AIRS overpasses per island group,
depending on latitude, resulting in confidence intervals on
monthly frequencies ranging 10–15%.

2.2. Analysis of Momentum Flux
[20] We seek to determine the importance of these island

orographic waves to the circulation in the middle atmo-
sphere. We therefore use the analysis described in Alexander
et al. [2009] to compute momentum fluxes associated with
the events. Briefly summarizing, the analysis computes the
horizontal wave number vector k and brightness tempera-
ture amplitude OTB as a function of latitude and longitude
across AIRS measurement swaths using spectral analysis
methods. The cross-track Fourier cospectra between adja-
cent scans averaged for scans near the islands are analyzed
to identify cross-track wave number (k1) peaks. These peaks
are then identified in the cross-track wavelet covariance for
each pair of adjacent scans, and the phase shift (��) for
these identified waves gives the along-track wave number
k2 = ��/�s, where �s is the distance between adjacent

scans, and the amplitude OTB determined from the square root
of the wavelet covariance. The wave number k is (k1, k2)
transformed to geographic zonal and meridional components
(kx, ky) with knowledge of the orbit geometry. Finally, the
ambiguity in propagation direction along the line (kx, ky) is
broken with the assumption that the waves are stationary
and propagating with an upwind component. Vertical wave-
length is computed from the dispersion relation for station-
ary waves (ground-based frequency and phase speed = 0).
Supplementary wind data are also needed, and we use ERA-
Interim reanalysis data. The vertical wavelength �Z is then
given by

�Z = 2�
�

N2

U2 – |k|2
�–1/2

. (1)

Here N is the buoyancy frequency, and U is the horizon-
tal wind component in the direction of k. The momen-
tum flux vector is then estimated using linear polarization
relations as

F =
N��Zk
4�

� g
N

�2
 
OTs
NT

!2

, (2)

where g is the gravitational acceleration, OTs = OTB/A(�Z)
is the sensible temperature amplitude, and NT and N� are
the background temperature and density, respectively. A(�Z)
is a response function, which is the ratio of the bright-
ness temperature response to the wave sensible temperature
amplitude. A(�z) varies with vertical wavelength as shown in
Figure 2 (black line), which results from the kernel function
for this channel (gray curve in Figure 2). These are the func-
tions computed by Hoffmann and Alexander [2009]. Longer
vertical wavelength waves have a larger response and will
therefore tend to have larger signal to noise and be more
easily detected.

[21] Because the above analysis assumes that the waves
are stationary, the estimated momentum flux may have larger
errors if the field of view includes non-orographic waves that
are not associated with the islands since these waves may
not be stationary. However, in cases where the island oro-
graphic wave is embedded in a field of these non-orographic
waves, the wavelet method for computing the horizontal
wavelength and propagation can distinguish the local prop-
erties of the island waves near the island. So the momentum
flux near the island may be accurate, but the non-orographic
waves can give an erroneous background flux in the sur-
rounding region. We will return to this issue in section 4.
Additional problems can occur when gaps between swaths
may obscure much of the orographic wave pattern. Also note
that the resolution of the measurements varies across the
swath, so the shortest horizontal wavelength waves may be
obscured if the pattern occurs near the edge of the swath.
Examples shown in Figure 1 help to illustrate some of
these issues.

[22] Errors in AIRS brightness temperatures in this chan-
nel are estimated in Pagano et al. [2003]. To estimate the
error in the momentum flux associated with pure noise, we
assume OTB equal to the noise-equivalent �TB of 0.4 K, a
horizontal wavelength of 40 km (approximately twice the
average resolution) and typical winter values for NT, U, and N
at 3 hPa (250 K, 100 m–1, and .022 m–1, respectively). These
give an estimate of the magnitude of momentum flux due to
pure noise of �4 mPa.
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Figure 3. Polar projection of the Southern Hemisphere
with the 14 islands examined in this study labeled. The lon-
gitude/latitude and peak altitude of each island are given in
Table 1. Several islands in the lee of the Andes and New
Zealand Southern Alps were omitted from our analysis due
to interference in these locations from orographic waves
from these larger mountain ranges.

3. Southern Hemisphere Islands and Statistics
of Wave Occurrence

[23] We first examine all observations above the 14
islands labeled on the map in Figure 3 during the month
of July in 2003 and 2004. Table 1 lists the longitude, lati-
tude, and peak altitude for each island. These islands lie at a
range of latitudes from 37ıS to 62ıS and have peak altitudes
ranging from 410 to 2934 m. We expect latitude to play a
role in the orographic wave forcing through the strength and
seasonal variation of surface winds, and peak altitude plays
an obvious role, since the strengths of orographic waves
are expected to increase with increasing mountain height
[e.g., Gill, 1982; Bacmeister, 1993].

[24] This examination of AIRS data above these islands
suggested that waves do not clearly appear in the AIRS
data until a lower limit to the island topographic height is
exceeded. This lower limit is likely related to the tempera-
ture amplitude of the waves in the stratosphere relative to the
measurement noise.

[25] Only islands with peak altitudes greater than 1000 m
resulted in clearly recognizable orographic wave patterns.
Thus, MacQuarie, Amsterdam, Gough, Auckland, and
Bouvet Islands were eliminated from further analysis. Note
that these islands may still be significant orographic wave
sources [Jiang et al., 2013], but the limitations of the data
do not permit us to study them further. In particular, note
that a few weak events were identified over Auckland Island,
which lies at a favorable latitude with strongest surface
winds in July. However, a separate problem is the prox-
imity of Auckland Island to the very steep topography of

the Southern Alps of New Zealand, which frequently gen-
erate wave patterns extending over Auckland Island, mak-
ing the detection particularly difficult. In the S. Sandwich
Island group, wave events are seen only over the highest,
Montagu Island.

[26] For islands with peaks over 1000 m, Table 2 presents
statistics on the occurrence of the characteristic orographic
wave patterns for July. Because of the close proximity of
some of the islands, they are combined into six groups: (1)
Tristan da Cunha, (2) Tasmania, (3) Prince Edward/Crozet,
(4) Heard/Kerguelen, (5) South Georgia/Sandwich, and (6)
South Orkney, ordered in latitude. The statistics combine
2003 and 2004. Although the Prince Edward Islands and
South Orkney Islands have similar peak altitudes, the occur-
rence of orographic waves over South Orkney is much
lower. This is likely due to wind differences at these loca-
tions, which we next examine in more detail.

3.1. Latitudinal Dependence of Wave
Occurrence Frequencies

[27] The occurrence frequencies in Table 2 are to a large
extent governed by the strength of the winds at the observa-
tion level. These winds are primarily zonal, with a distinct
latitudinal variation in the month of July, peaking near 50ıS.
Figure 4 shows this relationship graphically. Occurrence fre-
quencies (red/squares) at each location ordered along the
x axis in increasing southern latitude show a close resem-
blance to the variation in the wind at the observation level
(blue/diamonds) at each location. Winds at each location
are derived from ERA-Interim reanalyses and averaged over
a longitude/latitude region surrounding each island group:
Tristan da Cunha (Tristan), 10–13ıW/36–40ıS; Tasmania,
145–148ıE/41–43ıS; Prince Edward/Crozet Island group
(PEI), 37–51ıE/46–47ıS; Heard/Kerguelen (Heard), 69–
73ıE/49–53ıS; S. Georgia/S. Sandwich group (S. Georgia),
26–37ıW/54–58ıS; and S. Orkney, 44–46ıW/60–61ıS. The
dependence of wave occurrence frequency on zonal wind
also explains some of the observed interannual variabil-
ity between the 2 years we have studied (2003 = dashed;
2004 = solid).

[28] Wind speeds near the surface influence mountain
wave generation and wave amplitude. Some dependence
of wave occurrence on low-level winds is therefore also
expected. A third effect will be associated with directional
changes in the winds between the surface and the obser-
vation level. The stratospheric winds are primarily zonal,

Table 1. Southern Hemisphere Island Data

Name Peak Altitude Latitude Longitude

MacQuarie 410 m 54.5ıS 159ıE
Auckland 705 m 50.7ıS 166ıE
Amsterdam 867 m 37.8ı 77.5ıE
Gough 910 m 40.3ıS 9.9ıW
Bouvet 935 m 54.4ıS 3.4ıE
Crozet 1090 m 46.4ıS 51ıE
Prince Edward 1242 m 46.9ıS 37.7ıE
South Orkney 1266 m 60.6ıS 45.5ıW
South Sandwich 1370 m 58.4ıS 26.4ıW
Tasmania 1617 m 42ıS 146ıE
Kerguelen 1850 m 49.3ıS 69.6ıE
Tristan da Cunha 2062 m 37.1ıS 12.3ıW
Heard 2745 m 53.1ıS 72.5ıE
South Georgia 2934 m 54.2ıS 36.8ıW
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Table 2. July Wave Occurrence (%) and Winds (ms–1)

Island Group Latitude July % NU900mb NU3mb U900mb � 0

Tristan da Cunha 37ıS 20% 12 77 8.1%
Tasmania 42ıS 34% 11 67 12.9%
Prince Edward/Crozet 46–47ıS 44% 18 100 4.8%
Heard/Kerguelen 49–53ıS 72% 19 103 1.6%
South Georgia/Sandwich 54–58ıS 36% 14 87 14%
South Orkney 61ıS 2% 13 72 18%

and surface winds are also primarily zonal and consistently
strong at these locations in the Southern Ocean. Table 2
also lists the mean 900 hPa zonal wind at each island in
July. The values range 11–19 ms–1, and plotting these on
Figure 4 (gray/triangles) shows that these have similar lat-
itude dependence as the upper level winds, although these
variations would not likely explain much of the variation in
wave occurrence because all of the values are strong enough
to generate waves. The last column of Table 2 shows the
frequency of occurrence of weak or easterly 900 hPa winds
in July at these locations, conditions that indicate a change
in wind direction aloft that would prevent wave propaga-
tion. These conditions occur less than 20% of the time and
less than 2% of the time at Heard/Kerguelen Island where
the wave occurrence frequencies are a maximum. So surface
wind conditions clearly also play some role in wave occur-
rence at 3 hPa, but since surface winds are so often strong
and westerly, they do not play a dominant role.

[29] Strong winds at the observation level will imply that
orographic waves occur at these levels with long vertical
wavelengths (see (1)). Long vertical wavelength waves will
suffer less attenuation in the AIRS radiance measurements
because of the depth of the kernel function associated with
radiances in the AIRS 667.8 cm–1 channel and the response
function (Figure 2). The first-order effect of winds at 3 hPa
on wave occurrence frequency is caused by this response
function, also called the “observational filter” [Alexander,
1998].

[30] The secondary dependence of wave occurrence fre-
quency due to low-level wind reflects dependence of oro-
graphic wave amplitude on surface wind [e.g., Smith, 1979;
Durran, 1990]. All other things being equal, a larger ampli-
tude wave will be more easily apparent above the noise in the
AIRS measurements. Changes in wind direction between the
surface and the observation level will create a critical level
for orographic waves. Large values of zonal winds both at
low levels and in the stratosphere is an indication of strong
zonal wind throughout the column and a lack of orographic
wave critical levels.

[31] A more detailed picture of these wind effects on
wave occurrence requires an in-depth statistical study of
individual wave events and changes in the winds throughout
the column between the surface and the observation level.
Our climatological examination here of monthly means
gives only an indication of the likely importance of such a
study for future work to better understand wind effects on
wave intermittency.

3.2. Seasonal Dependence of Wave
Occurrence Frequencies

[32] Seasonal variations in wave occurrence frequency
are also closely related to wind variations. Figure 5

shows the seasonal variation in wave occurrence
(pink/squares) from May through September for two island
groups: Heard/Kergulen and S. Georgia/S. Sandwich. As in
Figure 4, dashed (2003) and solid (2004) lines show
interannual variation. Zonal winds are averaged over the
longitude/latitude regions described in the previous section.
Conclusions are similar to those derived from the latitudinal
variations examined in the previous section. The seasonal
variation in zonal wind at the observation level has a first-
order control on the occurrence frequency of wave events
in AIRS. Secondary effects will again include directional
changes in the winds between the surface and the observa-
tion level and the strength of surface winds. Together these
appear to explain much of the seasonal and interannual
variation in wave occurrence frequency at these locations.

[33] The results for the month of June 2003 above the
Heard/Kerguelen group appear anomalous, with only half
the number of wave events observed compared to the same
month in 2004. Differences in the monthly-mean zonal
winds in these 2 years might explain some of the differ-
ence but not enough to explain the large decrease in 2003.
Looking into the details, we find that during the period
11–16 June 2003 no wave events were observed, while in the
same period in 2004, six events were observed. Examination
of the daily wind variations over these islands shows that
the surface winds weakened and switched from the normal
westerly to easterly in this period in 2003, effectively turn-
ing off orographic wave propagation. Surface winds turned
easterly again at the end of the month, leading to a second
smaller gap in wave events. This anomaly illustrates that
although the monthly-mean occurrence frequencies are often
governed by zonal wind speeds in the stratosphere, condi-
tions near the surface also play an important role in wave
occurrence and can sometimes dominate the monthly-mean
statistics.

Figure 4. Wave occurrence frequencies (as %) are plotted
here (red/squares) with the ordinate showing island groups
in order of increasing southern latitude. Also shown are
strength of the zonal winds (m s–1) at the observation level
(3 hPa) at each location (blue/diamonds) and low-level zonal
wind at 900 hPa (grey/triangles). Interannual variability is
illustrated with data from 2 years, 2003 (dashed) and 2004
(solid).
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Figure 5. Monthly-mean May through September wave
occurrence frequencies and zonal winds: wave occurrence
frequency in percent (pink/squares); 3 hPa zonal winds in
ms–1 (blue/triangles); and 900 hPa zonal winds in ms–1

(gray/diamonds). Results for (left) the Heard/Kerguelen
island group and (right) the S. Georgia/S. Sandwich group.
Two years are shown: 2003 (dashed) and 2004 (solid).

[34] The latitudinal and seasonal variations in observed
wave occurrence and the clear dependence on the wind
imply the possibility that the frequency of occurrence of
these waves at altitudes below the AIRS observation level
may be much larger than the observed occurrence frequency.
Indeed, with observed occurrence frequencies in Figures 4
and 5 approaching 75% at times, it is possible that 75%
could be a common value for the frequency of occurrence
if the winds aloft were more favorable for both propagation
and viewing through the AIRS observational filter. It also
implies that the frequencies of occurrence might approach
this higher value throughout the winter season at lower alti-
tudes. If true, this in turn implies that these small island
orographic wave effects on tropospheric and stratospheric
winds may be much larger than would be inferred from
occurrence frequencies observed in the AIRS data. Further
work will be required to estimate just how frequently these
small island orographic waves occur, and this will be impor-
tant to determining the net effects of these waves on the
general circulation.

[35] Our observation that winds in the stratosphere have
a first-order effect on the AIRS-observed frequency of wave
occurrence is consistent with the statistical model in Hertzog
et al. [2012] that was used to describe the probability density
function of waves observed in the lower stratosphere. This
model found that the distributions can be represented with a
constant source propagating through stochastically varying
winds. So our observations are consistent with the idea that
wind variations explain most of the intermittency in AIRS-
observed gravity waves in the stratosphere. However, this
does not mean that local source effects are unimportant to
the net effects of gravity waves on the circulation. Previous
work showed that wave temperature variances are enhanced

over small islands in the southern oceans [Wu et al., 2006],
and we next evaluate the momentum flux associated with the
wave events and show (section 4) that these island sources
are also associated with enhanced momentum fluxes and, by
inference, also enhanced drag on the circulation.

4. Momentum Fluxes
[36] In addition to occurrence frequency, another impor-

tant measure of wave effects on the large-scale circulation
is the momentum flux associated with the waves. For an
idealized wave propagating vertically through a horizon-
tally homogenous atmosphere (varies only in height), the
momentum flux is conserved with height in the absence of
wave dissipation, and the gradient of the momentum flux
with height is proportional to the force the waves exert on
the circulation. We can estimate this momentum flux for
the individual wave events we observe with AIRS using the
method described in section 2.2. Note that the assumptions
behind the method require that the waves are stationary. Here
we present momentum fluxes for the island orographic wave
events detected in the AIRS data. We focus here on the two
island groups where we have the best wave occurrence fre-
quency statistics due to favorable wind conditions during
a substantial fraction of the season: The Heard/Kerguelen
group and the S. Georgia/S. Sandwich group.

4.1. Time Mean Fluxes
[37] Figure 6 shows maps of the magnitude of momen-

tum flux averaging all the events we observed in the fall
through spring months May–September in the 2 years 2003
and 2004. These season-averaged fluxes are large, up to
100 mPa for Kerguelen, Heard, and S. Georgia Islands. The
direction of the flux is also known from the orientation of
the wave phase fronts (see Figure 1). These island waves
always have a westward component since they are mountain
waves in westerly winds. To the south of the island the flux
is southwestward, and to the north of the island it is north-
westward. However, the largest fluxes appear above and just
east of the islands where the flux is due westward and where
the smallest horizontal wavelengths occur.

[38] Compare the flux values in Figure 6 to zonal-
mean orographic wave fluxes above southern orography in
weather and climate models; for example, Webster et al.
[2003] show zonal-mean orographic wave fluxes in the Uni-
fied Model (see their Figure 5, thin solid lines). At extratrop-
ical southern latitudes, these average to � 10–20 mPa and
are close to zero between 50 and 65ıS latitude where there
is an absence of resolved land masses. McLandress et al.
[2012] also estimated missing zonal-mean momentum fluxes
in this gap region in their model to be�10 mPa. These island
wave momentum fluxes are potentially therefore significant
for the zonal-mean circulation at these latitudes, particu-
larly if occurrences in the lower atmosphere are common as
suggested in section 3. We can also compare these momen-
tum fluxes to superpressure Vorcore balloon measurements
[Hertzog et al., 2008, 2012; Plougonven et al., 2013]. The
Vorcore measurements show event maximum fluxes with
similar values. Vorcore fluxes binned into 10ı � 5ı areas
are much smaller, as expected due to the very localized
maxima seen in Figure 6. Higher values are also expected
since non-events are excluded from the averages in Figure 6.
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Figure 6. Season average (May–September) momentum fluxes due to wave events observed over (left)
Kerguelen/Heard and (right) S. Georgia/S. Sandwich islands. The boxes show regions over which we
average to examine seasonal variations in the fluxes in Figure 7.

The Vorcore balloon sampling also excludes observation of
short horizontal wavelength waves with long vertical wave-
lengths [Hertzog et al., 2008], whereas the maximum fluxes
observed in these AIRS data are localized very close to
the islands where the shortest horizontal wavelength waves
are observed.

[39] The average fluxes in Figure 6 show background
values of �5–20 mPa, which is a substantial value. Our
previous analysis of an Andean mountain wave case study
observed by AIRS [Alexander and Teitelbaum, 2011] found
similar “background” momentum flux values upstream of
the orographic waves. These background values are not due
solely to noise in the AIRS measurements. Instead, these
are average values for fluxes associated with non-orographic
waves that occur in the AIRS data. An example of these non-
orographic waves appears in Figure 1 (lower right). Waves
of this type occur commonly at high latitudes in the band of
strong winter-season zonal winds. These are gravity waves,
but they are likely to violate the stationary wave assump-
tion we must make to estimate vertical wavelength (1) and
momentum flux (2). Hence, the derived momentum flux val-
ues away from the islands are not reliable. We therefore
do not want to emphasize these background values; how-
ever, it is important to realize that they do not represent just
noise, and it is inappropriate to subtract these background
values from the values close to the islands. The reason is
that our method for computing momentum flux computes
local values of wavelength, wave amplitude, and propaga-
tion direction for the waves occurring near the islands with a
wavelet-type analysis. These local values near the islands do
not include the neighboring non-orographic wave fluxes but
are instead a measure of the momentum flux associated with
the local waves generated by the island orography. There-
fore, the island wave fluxes in Figure 7 are accurate to within
the smaller error associated with AIRS brightness tempera-
ture noise, and this error in the flux due to noise is estimated
at �4 mPa (see section 2).

4.2. Monthly-Mean Seasonal Variations
in Momentum Flux

[40] Figure 7 shows how momentum flux varies through
the season. The fluxes here are monthly means averaged

in the area within the boxes drawn in Figure 6 surround-
ing each of the four islands. These are 5ı � 4ı for the
larger Kerguelen and S. Georgia islands and 3ı � 2ı for
the smaller Heard and S. Sandwich. At Heard in September,
fluxes drop to 10 mPa, which is approaching the estimated
noise level, while Kerguelen, S. Georgia, and S. Sandwich
September fluxes remain at �20 mPa. Kerguelen fluxes
peak at 110 mPa in June, while nearby Heard fluxes peak
in August. S. Georgia and S. Sandwich fluxes peak instead
in May, suggesting that fluxes at these latitudes may be
significant also in April.

[41] These seasonal variations may be related to the sea-
sonal migration of winds with latitude: Source strength may
vary with the strength of surface winds, and partial dis-
sipation of momentum flux below the observation level
may occur depending on winds aloft. Further investiga-
tion of these possible effects will require individual events
to be modeled with observed wind and stability variations
throughout the column, which is beyond the scope of the
present paper.

4.3. Distributions of Event Momentum Fluxes
[42] Figure 8 shows the distribution of momentum flux

values occurring within the box areas in Figure 6 and
including all events observed May through September.
The distributions show the lognormal shape described in
Hertzog et al. [2012] with an extended tail of the distri-
bution and a wide range of observed fluxes indicating a
high degree of intermittency in momentum flux: 40% of
the observed flux is contained in only the largest 10% of
events. In balloon observations over prominent topography
in the high-latitude Southern Hemisphere lower stratosphere
near 20 km altitude, Hertzog et al. [2012] found that the
distributions of momentum flux displayed a more extended
high-flux tail than waves observed over open ocean. They
also looked at higher altitudes using satellite data and grav-
ity wave resolving model simulations and found that the
shape of the distribution averaged over all longitudes con-
forms to the lognormal shape at higher altitudes. Hertzog et
al. [2012] also showed the lognormal shape of the distribu-
tions to be consistent with a model of constant wave sources
modified by stochastically varying winds. So the lognormal
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Figure 7. Monthly-mean May through September
wave momentum fluxes. (left) Kerguelen (blue/squares)
and Heard (red triangles) islands. (right) S. Georgia
(blue/squares) and S. Sandwich (red/triangles) islands.

shape of the distribution in Figure 8 is also consistent with
the interpretation that the wind variations explain most of
the intermittency in the AIRS-observed orographic gravity
waves above the islands at 40 km altitude.

[43] Additional information derived from the distributions
gives insight into the typical properties of the waves. Most
significant momentum fluxes generally occur for waves with
horizontal wavelengths ranging from 50 to 250 km (median
of �125 km). As expected, these events rarely occurred in
weak winds < 40 m s–1 and most commonly at wind speeds
near 80 m s–1.

5. Discussion: Implications for Climate Models
[44] The observations reveal that the zonal winds near the

3 hPa (40 km) observation level exercise a first-order control
on the occurrence frequencies of island orographic waves in
the AIRS data. This is a visibility effect, and the implication
is that these waves occur much more frequently at lower alti-
tudes below the observation level. Occurrence frequencies
as high as 75% are observed under favorable wind condi-
tions, so such occurrence frequencies may be common at
altitudes below the observation level. The observations fur-
ther suggest that momentum fluxes over the larger islands
with peak altitudes higher than 1500 m show monthly-mean
momentum fluxes higher than 100 mPa in months when
conditions are favorable. For smaller islands, the numbers
decrease. Momentum fluxes normally decay with height in
observations [e.g., Alexander et al., 2008; Ern et al., 2011],
suggesting the possibility that some of the largest monthly-
mean values of momentum flux observed at 40 km altitude
may be common at lower altitudes.

[45] Are these small island sources of orographic gravity
waves important to the general circulation of the strato-
sphere? The above results do not permit a definitive answer
to that question, but they do permit an exploration of whether
they may be important or whether they are negligible. To
investigate their potential impact on the general circula-
tion, we can make the following assumptions based on the

observational results presented in Figures 4–8 and compute
a potential contribution to the zonal-mean momentum flux:

[46] 1. Assume that occurrence frequencies of 75% are
common in the lower atmosphere.

[47] 2. Assume typical event momentum fluxes in the
lower atmosphere of 100 mPa averaged over a 5ı � 4ı area
above larger islands with topography higher than 1500 m.

[48] 3. Assume typical event momentum fluxes in the
lower atmosphere of 50 mPa averaged over a 3ı � 2ı area
above smaller islands with topography higher than 2000 m.

[49] 4. Assume typical event momentum fluxes in the
lower atmosphere of 30 mPa averaged over a 3ı � 2ı area
above small islands with topographic peaks 1000–1500 m.

[50] Results are listed in Table 3. Because the island wave
momentum fluxes cover only very small areas, the poten-
tial contributions to the zonal mean are quite small for each
island, ranging from 0.2 to 1 mPa. Collectively, however,
their contributions may form a substantial fraction of the
10 mPa “missing flux” in the CMAM study of McLandress
et al. [2012] in the Southern Hemisphere stratosphere.

[51] The islands in this study lie at a range of latitudes,
not all at 60ı where the gap in continental topography
occurs. Horizontal propagation of mountain waves has been
observed and may also partially fill the gap. Note that the
island waves in this study also travel horizontally, often
by several degrees or more of latitude north/south of the
island. Horizontal propagation is clearly at least somewhat
important, and that importance will increase with altitude.
However, as mentioned in section 1, meridional propaga-
tion implies a meridional component of the momentum
flux, which would reduce the contribution to the drag on
zonal winds.

[52] Finally, note that AIRS provides a measure of
momentum flux at 40 km, while the 10 mPa zonal-mean flux
in the Southern Hemisphere gap estimated in the CMAM

Figure 8. The histogram shows probability of occurrence
of different momentum flux values in all May–September
events within the boxes in Figure 6 surrounding S. Georgia,
S. Sandwich, Kerguelen, and Heard Islands. Values smaller
than the noise level (4 mPa) have been omitted. The gray
curve shows the lognormal distribution with the same mean
and standard deviation as the data. The 90th percentile indi-
cates that 40% of the flux is contained in only the largest
10% of events.
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Table 3. Southern Hemisphere Island Data

Contribution to
Name Peak Altitude Latitude Zonal-Mean Flux

Crozet 1090 m 46.4ıS 0.2 mPa
Prince Edward 1242 m 46.9ıS 0.2 mPa
South Orkney 1266 m 60.6ıS 0.2 mPa
South Sandwich 1370 m 58.4ıS 0.2 mPa
Tasmania 1617 m 42ıS 1 mPa
Kerguelen 1850 m 49.3ıS 1 mPa
Tristan da Cunha 2062 m 37.1ıS 0.3 mPa
Heard 2745 m 53.1ıS 0.3 mPa
South Georgia 2934 m 54.2ıS 1 mPa

study is a surface value. Since momentum flux always
decays with height, it might increase the potential impor-
tance of these small island waves to the circulation.

[53] In summary, inclusion of these island waves in cli-
mate models could contribute a significant fraction of the
missing drag on Southern Hemisphere winds; however, they
are not likely to explain all of the missing drag.

6. Conclusions
[54] In this work, we focus on climatological patterns

in wave occurrence frequency and momentum flux and
examine their monthly-mean variability and relationships to
winds at the observation level and at the surface.

[55] We find that to the first order, winds at the obser-
vation level (40 km) control wave occurrence frequencies.
Additional effects will include (a) wind directional changes
between the surface and the observation level which would
filter waves below the AIRS observation level [see, e.g.,
Eckermann et al., 2007] and (b) low-level wind strength and
stability, which will influence the wave amplitudes and ver-
tical propagation. A more thorough examination of these
effects would require a more detailed study of daily winds
and wind changes between the surface and the upper strato-
sphere, and the correlation of these properties of the wind
with individual wave events. We plan to examine these wind
effects on wave events observed by AIRS in more detail in
future work.
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