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Satellite imagery (MODIS-Terra and Aqua, ASAR and MERIS-Envisat) has
revealed signatures consistent with horizontally propagating large-scale atmospheric gravity waves which are frequently observed during the winter season in
the Mozambique Channel. We examine and characterize statistically the full
horizontal structure of these atmospheric gravity waves. The waves were found to
have dispersive average wavelengths ranging from 8.5 to 3.5 km and a mean
along-crest ‘coherence’ length of 443 km. The propagation characteristics of these
waves are examined using in situ and remote sensing measurements. The
propagation speeds are estimated using two consecutive satellite images of
the same wave-packet and are used as a proxy for the waves’ phase speeds. The
Scorer parameter vertical profiles, calculated from available atmospheric
soundings nearest to the satellite observations, were found to support wave
propagation conditions. The vertical structure of stability and wind determine
the favourable conditions for wave propagation. Air subsidence associated with
high-pressure systems is an important factor setting the pre-conditions for wave
propagation. Some suggestions are presented regarding the influence of Moving
Polar Highs in the generation and propagation of the observed waves.

1.

Introduction

Over the last few decades satellite technology and the development of remote
sensing techniques have increased the number of internal wave observations
worldwide. Internal gravity waves, now recognized as highly important in the
dynamics of the coastal oceans and lower atmosphere, add a wide variety of
observations to the meteorology and oceanography literature, ranging on various
time and space scales. Jackson and Apel (2002) and Jackson (2004) have recently
compiled an oceanic internal solitary-like wave atlas, which presents numerous
observations of oceanic internal waves collected from all over the world. No
equivalent work has emerged since for atmospheric internal waves. Even so, the
analysis of synthetic aperture radar (SAR) and other image data has been revealing
that, atmospheric non-linear internal waves can be as ubiquitous as their oceanic
look-alikes, for some regions (Thompson et al. 1992, Vachon et al. 1994, Alpers and
Stilke 1996, Zheng et al. 1998, Chunchuzov et al. 2000, Li et al. 2001). Also,
particularly well-documented examples of atmospheric internal solitary-like waves
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are the Morning Glories from the Gulf of Carpentaria in north-eastern Australia
(Clarke et al. 1981, Smith and Morton 1984, Crook 1986, Crook 1988, Nooman and
Smith 1985, Porter and Smyth 2002).
The present work was initially motivated by an observational study of the
Mozambique Channel regarding internal wave signatures in SAR images
(unpublished results). It is well known that both oceanic and atmospheric internal
waves are capable of producing roughness patterns on the ocean surface. Therefore
they can generate recognizable signatures in radar images. The oceanic roughness
patterns are a result of either hydrodynamic modulation of Bragg waves by surface
current gradients or wave damping due to surface films (Alpers 1985, da Silva et al.
1998). In contrast, the atmospheric internal wave signatures are a consequence of
wind stress variability introduced by the disturbed wind velocity field associated
with wave propagation (Alpers and Stilke 1996). Usually, atmospheric gravity waves
(AGW) have significantly larger scales than oceanic internal waves and discrimination of these features is simple. Sometimes however, unusually large oceanic internal
waves, such as those observed in the Andaman Sea (Alpers et al. 1997), can easily be
misinterpreted as AGWs. This is because both signatures are similar in nature.
Discrimination using SAR imagery alone is thus, presently, difficult or sometimes
impossible. A good example of the difficulty to discriminate between atmospheric
and oceanic waves has recently become obvious in the ambiguity between SAR
signatures of near-inertial internal waves and coastal lee waves in a coastal area of
the Korean Peninsula (Kim et al. 2005a, Zheng 2005, Kim et al. 2005b).
For this reason, SAR images over the Mozambique Channel initially suggested
the presence of oceanic internal waves. It was not until later that cloud bands,
observed in MODIS and MERIS imagery, revealed excessively large atmospheric
wave trains which coincided with SAR observations. This introduced ambiguities in
our initial interpretations of the satellite data. It is important to recognize that
atmospheric internal waves may not always be associated with cloud structures since
the ascending branches of the wave may not find the necessary conditions (high
moisture in the atmosphere) for condensation to occur (Crook 1986). In this case
there are no reliable methods to discriminate between oceanic and atmospheric wave
signatures in SAR images.
Recent reviews of the theory and observations of internal gravity waves in the
atmosphere are given by Smith (1988), Christie (1989) and Romanova and
Yakushkin (1995), whereas the main guidelines for comparing theory with
observations can be found in Rottman and Einaudi (1993) and Rottman and
Grimshaw (2002). In the lower atmosphere, moving weather systems of different
kinds have been identified as likely internal gravity wave sources since Hines
pioneering work (Hines 1960, Hines 1972). Disturbances associated with wind and
weather systems are capable to generate at their boundaries atmospheric waves
which can propagate away in the horizontal direction through the undisturbed
regions, provided the correct pre-conditions for wave trapping are present. Gravity
currents, horizontal flows that are generated by a density difference such as those
observed in thunderstorm outflows, are well known to excite large-amplitude waves
(Doviak et al. 1991, Fulton et al. 1990, Simpson, 1997). Wave release from the
originating gravity current occurs when the wave speed exceeds the decelerating
gravity current front speed (Moum and Nash 2005).
This paper is organized as follows: §2 presents satellite imagery based evidence of
large-scale AGWs propagating over the Mozambique Channel (see figure 1). §3
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Figure 1. Mozambique Channel and the African continent. Location of the study area is
shown by a black rectangle.

introduces the AGW propagation conditions, establishing the correct pre-conditions
for wave-trapping and consequent horizontal propagation. In §4 we analyse the
atmospheric thermodynamic structure, available from meteorological stations,
combined with SAR, MERIS and MODIS high-resolution satellite images. In §4.1
typical vertical profiles for the winter season (when observations are more frequent)
are analysed and reveal significant differences with and without the presence of
atmospheric internal waves. It is noted that strong inversions of temperature and
dew point temperature profiles are typically associated to AGW observations. These
inversions are related to Moving Polar Highs (MPHs) in §4.2, which are thought to
produce subsidence, possibly the cause of the strong temperature inversions. Some
suggestions regarding the possible generation mechanisms of these waves are
discussed in §4.3. However, the generation mechanisms of the newly observed waves
in the Mozambique Channel are at the present time unclear. Investigation of the
generation mechanisms may constitute the main focus of forthcoming investigation.
2.

Satellite observations and image data analysis

The MODIS sensor operates onboard the Terra and Aqua satellites and is a multichannel optical scanner that was launched into a sun-synchronous, near-polar
circular orbit at 705 km altitude. The swath width is 2330 km and the spatial
resolution at nadir is 250 m. The orbit configuration allows a re-visit period of at
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least once every 2 days over the study region, with an equator crossing time of 10:30
AM for Terra and 1:30 PM for Aqua. In practice, combination of Terra and Aqua
overpasses provides daily coverage. The Envisat was launched into a similar orbit
(sun-synchronous, near-polar circular orbit) at a mean altitude of 800 km. The
MERIS sensor operates in the visible and near-infrared, with a swath width of
1150 km which provides coverage every 3 days. Simultaneous SAR and MERIS
images can also be obtained from the same ground area, but the SAR instrument
can only be activated on request and because of its reduced swath width (400 km), its
temporal resolution is reduced.
AGWs are capable of producing sea surface roughness signatures, which can be
identified in SAR image data and are associated with the modulation of Bragg
waves due to wind stress variability on the sea surface (Alpers and Stilke 1996). In
addition, AGWs are well known to sometimes form bands of clouds structures with
rather uniform cross-sections, which can also be easily identified in visible and nearinfrared images. Satellite image data acquired by the ASAR, MERIS and MODIS
sensors onboard the Envisat, Aqua and Terra satellites over the Mozambique
Channel, for the period of 2002 to 2004 (135 MODIS-Terra and 98 MODIS-Aqua
full resolution images) were examined. Since surface roughness patterns of oceanic
and atmospheric internal waves can sometimes be rather similar, preference was
given to visible (or near infrared) satellite images instead of SAR images, since the
cloud patterns unambiguously identify AGWs.
An example of an atmospheric internal solitary wave-packet is shown in figure 2,
which combines a MERIS subset dated 16 September 2004 (acquired at 07:15 GMT)
with a transect profile corresponding to the top of the atmosphere (TOA) radiance.
The image covers a sea surface area to the east of the Mozambique coast line near
the Bazaruto region (see figure 1), that is approximately 550 km6550 km and it is
centred at 38u499 E, 19u419 S. It presents a large-scale AGW packet, which is made

Figure 2. (a) Subset of a MERIS-Envisat image dated 16 September 2004 acquired at 07:15
GMT. The image shows an AGW packet as a series of cloud bands. A transect profile is also
marked with a black arrow extending from the SW to the NE; (b) Top of the atmosphere
(TOA) radiance modulations, taken from the transect profile in figure 2a. The origin of the
distance scale is defined relative to the south-western end of the profile.
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visible by characteristic cloud bands of significant lateral extension (471 km for the
leading internal wave) and a considerable uniform cross-section (typically 10 km).
Note also that another small-scale wave-packet may be seen propagating to the eastsoutheast, in the lower part of the image.
The cloud signatures reveal the atmospheric nature of the internal solitary waves
and are associated with favourable condensation conditions in the ascending
branches of the wave-packet (Crook 1986). The concave curvature of the solitary
wave fronts (viewed from the northeast) suggests that the wave-packet is
propagating towards the southwest. The wavelengths decrease from the left to the
right of the wave-packet (see figure 2(a)), presenting a similar geometry to some nonlinear internal waves observed in the ocean (Jackson and Apel 2002). The transect
analysis suggests a wave-packet characterized by an amplitude-ordered train of
solitary waves, which is a prominent property of nonlinear waves (Christie 1989).
We selected four case studies to demonstrate both the presence and typical
characteristics of the AGWs in the Mozambique Channel. The four selected case
studies for the study area (see figure 1) are presented in figure 3, in chronological
order. The images were all acquired in the near infrared channel, (841 nm–876 nm)
and present examples of internal wave-like cloud structures with spatial scales
ranging from (lateral extension of the leading internal wave crests) about 200 km
(see figure 3(a), 16 August 2002) to more than 700 km (see figure 3(b), 4 September
2003). Two satellite images were obtained for each case but for simplicity only one
of these images is shown for each case study in figure 3. ‘Close-ups’ for two image
pairs (4 September 2003 and 16 September 2004) are exhibited in figure 4, showing
how wave-packets change between the time interval of two image acquisitions.
Figures 4(a) and 4(b) show consecutive satellite images (ASAR-Envisat at 6:58 GMT
and MODIS-Terra at 7:45 GMT) for the second case study (figure 3(b)). No
significant changes can be found most likely owing to the small time difference
between the Envisat and Terra overpasses (images are less than one hour apart). The
image pair for the last case study (figures 4(c) and 4(d)) corresponds to a time
difference (Dt) of nearly four hours (MERIS-Envisat at 7:15 GMT and MODISAqua at 11:05 GMT), revealing significant wave deformation and dissipation (the
number of observed waves in the wave train decreases between time t and t + Dt).
To estimate the waves’ propagation speeds and subsequently infer their main
propagation characteristics, a pair of satellite images has to be obtained at different
points in time. This is an important requirement when selecting the most suitable case
studies. The time interval between Terra and Aqua Satellite overpasses (3 hours) is
optimal for obtaining two consecutive ‘snap-shots’ of the internal wave-packet
positions. Envisat/Terra (1 hour interval) also provides useful time-frames for
estimating propagation speeds. The corresponding image pairs for the case studies
presented in figure 3 are: figure 3(a) MODIS-Terra/MODIS-Aqua for 16 August 2002;
figure 3(b) MODIS-Terra/MERIS for 4 September 2003; figure 3(c) MODIS-Terra/
MODIS-Aqua for 22 August 2004 and figure 3(d) MODIS-Terra/MODIS-Aqua for 16
September 2004. A compiled feature map with the geographic locations of the internal
wave-packets for these case studies is shown in figure 5. The solid and dashed lines
represent the leading crest of the internal wave-packets at instants t and t + Dt,
respectively. For clarity, only the leading internal wave of each packet is indicated (the
dates and times of each observation are placed next to the corresponding wave crest).
The phase speeds (c) of the observed internal wave-packets were estimated based
on the average propagation speed of the leading solitary waves retrieved from the
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Figure 3. Near infrared (841nm – 876nm) subset images acquired for the four case studies:
(a) MODIS-Terra image dated 16 August 2002 (acquired at 07:45 GMT and centred at
39u21’E, 19u10’S); (b) MODIS-Terra image dated 4 September 2003 (acquired at 07:45 GMT
and centred at 38u38’E, 21u09’S); (c) MODIS-Aqua image dated 22 August 2004 (acquired at
11:45 GMT and centred at 41u15’E, 13u38’S); (d) MODIS-Aqua image dated 16 September
2004 (acquired at 11:05 GMT and centred at 38u33’E, 21u22’S).

observed geographic locations at times t and t + Dt. A sensitivity analysis has
revealed that the Scorer parameter vertical profiles are not significantly affected by
changes in c up to 50%. This is because, as it will be further discussed in §4.1 and 4.2,
the main characteristics of the waveguides (height and width) are predominantly
determined by stratification (N) and only to a minor extent by the wind profiles.
Moreover, reanalysis data (NOAA Air Resources Laboratory available online at
www.arl.noaa.gov) revealed that U (the wind component profile in the waves
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Figure 4. Close-ups of consecutive images (subsets) for two case studies: (a) ASAR-Envisat
image dated 4 September 2003 (acquired at 6:58 GMT and centred at 37u37’E, 28u47’S);
(b) MODIS-Terra image dated 4 September 2003 (acquired at 7:45 GMT and centred at
38u12’E, 28u55’S); (c) MERIS-Envisat image dated 16 September 2004 (acquired at 7:14 GMT
and centred at 39u13’E, 19u54’S); (d) MODIS-Aqua image dated 16 September 2004 (acquired
at 11:05 GMT and centred at 37u29’E, 21u29’S).

propagation direction), averaged from the sea surface up to the top of the
waveguide, does not exceed 35% of the waves’ propagation speeds for the four case
studies. The waves’ propagation speeds can thus be assumed as a proxy for their
phase speeds and herein after we will refer to the waves’ phase speeds considering
the values calculated for their propagation speeds.
The corresponding results for c are presented in table 1 along with basic AGW
characteristics for the four case studies shown on figure 3. These wave-packets are
characterised by phase speeds of about 10 ms21 or more and their horizontal
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Figure 5. Geographic locations of the AGWs for the four case studies in figure 3. Wave
fronts are shown for t (solid line) and t + Dt (dashed line), and each case study is labelled with
time and date of observation. The geographic locations of the available meteorological
weather stations are also marked with black circles.

structure comprehends: along crest lengths approximately between 200 and 700 km;
number of individual waves per wave-packet ranging from 12 to 18; and leading/
trailing wavelengths between 8 to 17 km and 4 to 11 km, respectively. These values
are comparable to those of the Australian Morning Glories, which also have
horizontal scales of hundreds of kilometres and phase speeds between 10 ms21 and
20 ms21 (Smith 1988; Christie 1989, Rottman and Grimshaw 2002).
We now characterise statistically the AGWs observed in the Mozambique
Channel. Figure 6(a) presents column charts of the number of observed wavepackets for the period July-December 2002. Data from only two satellites (Terra and
Aqua) were analysed since the MODIS data is available online and provides daily
Table1. Basic AGW characteristics of selected case studies. Table contents include satellite
overpass times, direction of propagation, along-crest length of leading wave, number of
individual waves in wave packet, wavelength for leading and trailing waves, and phase speeds.

Case Study
16 August 2002

Satellite
overpasses
(GMT)

Phase
Speed
Along-crest Individual Leading/
(ms21)
trailing
waves in
length of
Wavelength (leading
wave
Direction of leading
(km)
packet
propagation wave (km)
wave)

Terra 7h45m southwest
Aqua 9h30m
4 September
Envisat 6h53m
west
2003
Terra 7h45m
22 August 2004 Envisat 5h45m
west
Aqua 11h45m
16 September
Terra 7h20m southwest
2004
Aqua 11h05m

196

17

8/4

14.1

712

18

9/4

15.1

609

15

9/4

8.3

591

12

17/11

14.7
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Figure 6. (a) Frequency of occurrence of AGWs in the Mozambique Channel for the period
of July to December 2002; (b) Map exhibiting the geographic locations and directions of
propagation for all waves in figure 6 (a). Arrows lengths are proportional to along-crest
length of leading waves. Values below and above 300 km are marked with thinner and thicker
arrows, respectively. Inset in figure 6 (b) (lower right corner) show statistics of propagation
directions of the observed AGWs.

coverage of the study region (Envisat-MERIS and ASAR provides lower temporal
resolution, every 3–5 days). The number of observations (for each satellite) accounts
for each and every observed wave-packet, which means that more than one wavepacket per day is accounted for when two or more packets are observed in a single
image (see for example figures 3(a) and 3(b)). The waves are most frequently
observed during the winter season (July to September). There were a total of 83
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wave observations, 70 of those were in July, August and September (84%).
Figure 6(b) shows a map exhibiting the geographical locations and directions of
propagation for all the waves in figure 6(a). Each wave is marked by an arrow,
where the arrow’s length is proportional to the along crest length of the leading wave
in the packet. Observations are uniformly scattered across the central and southern
part of the Mozambique Channel. The directions of propagation are dominantly to
the west/southwest quadrants (48.7%) and to the northeast/east quadrants (25.6%),
as seen from the angle histogram shown in the lower right corner of figure 6(b).
Figure 7(a) shows the along crest lengths, which are found in the range 100 to
1400 km, with the majority (61%) between 200 and 500 km. The distribution skews
towards lower values, with the highest frequency of occurrence around 250 km and
progressively decreases for higher crest lengths. Figure 7(b) presents the number of
waves per wave-packet. The distribution range is from 5 to 45, with 86% of
observations between 5 and 20 individual waves in a packet. The distributions for
the leading and trailing wavelengths in a packet are shown in figure 7(c).
Wavelengths vary between 26 and 2 km for the leading wave and between 12 and
2 km for the trailing wave. The distribution in figure 7(c) indicates the dispersive
character of the wavelengths, suggesting amplitude-ordered trains of waves.
3.

Pre-conditions for wave-trapping and horizontal propagation

Internal waves in a continuously stratified flow are governed by equation (1) known
as the Taylor-Goldstein equation, where l2 represents the well known Scorer
parameter (Scorer 1949, Crook 1988), k represents the horizontal wave number, w
represents the vertical velocity and z is the vertical coordinate.



d2 w dz2 z l 2 {k2 w~0

ð1Þ

The Scorer parameter was introduced by Richard S. Scorer in 1949 and is defined
by equation (2), where N represents the buoyancy frequency, U the horizontal wind
speed in the direction of wave propagation, U’’ is the second derivative of U and c
the wave’s phase velocity
.
;;
l 2 ~N 2 ðU{cÞ2 {U =ðU{cÞ
ð2Þ
In effect, l2 can be seen as a vertical wave number since (l22k2)(0 (or
equivalently l2(k2) will result in evanescent solutions in equation (1). Therefore,
waves can change from propagating in the vertical to decaying in any region where l2
reaches negative values (or sufficiently close to zero values) and energy associated
with these wavelengths will be trapped bellow.
Since l2 is also a function of the buoyancy frequency (N) it will also depend on the
stability of the atmosphere (N2). For this reason, the effects of stratification can
allow waves to propagate above and energy to be radiated upwards. In fact, some
typical vertical profiles of N2 indicate decay rates which can reduce the lifetime of
internal waves to a very short period (Clarke et al. 1981, Crook 1988). Accordingly,
theoretical models agree that a necessary condition for waves to propagate is a
horizontal waveguide, which prevents or inhibits wave energy from propagating
away in the vertical direction. Generally, it is assumed that the waveguide is
bounded by the earth’s surface below and by some suitable trapping mechanism
located at some level in the lower atmosphere (Rottman and Grimshaw 2002).
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Figure 7. Basic characteristics for all AGWs observed between 2002 and 2004. (a) Alongcrest length of leading wave; (b) Number of individual waves in a wave packet; (c) Wavelength
of leading and trailing waves.

Although the processes of upward energy propagation and coupled trapping
mechanisms have been widely discussed in the literature, we briefly review the
subject here, since it represents an important issue in the discussions.
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Richard S. Scorer (1949) was the first to suggest a physical explanation regarding
upward energy propagation when he solved an analytical two-layer system to describe
the propagation of gravity waves forced by a flow over a mountain. He suggested that
considerable amounts of energy associated with large amplitude waves, often observed
in the lee of a mountain, could be explained by a two-layer system in which (U2c)2
increases with height. Note that, wind vertical profiles that satisfy this last condition
cause l2 to decrease with height and compel equation (1) to solutions that either decay
with height or violate the conservation of energy. In turn, waves are forced to change
from propagating in the vertical to decaying and hence are trapped below.
Crook (1988) also examined the propagation characteristics of internal gravity
waves inside a highly stable layer near the ground, followed by a deeper, weakly
stratified layer above. He used a nonhydrostatic numerical model to simulate a
density current propagating into a low-level strongly stratified layer, characterised
by typical thermodynamic vertical profiles and in the absence of wind shear. These
simulations revealed that the waves’ amplitudes were significantly reduced by the
upward energy propagation into the upper layer. It was concluded that the longlived large amplitude gravity waves owed their existence to some additional
mechanisms, rather then just the weak stratification in the upper layer.
To explain these large amplitude gravity waves, Crook (1988) examined several
events of the Australian Morning Glories and proposed a set of commonly
occurring mechanisms by which waves could be trapped below. One of these
mechanisms, which is in agreement with Scorer’s condition, specifies opposing winds
in the upper layer (Crook, 1986). Indeed, (U2c) will drift towards more negative
values, (U2c)2 will increase substantially and both terms of equation (2) will tend to
zero, causing l2 to decrease with height and thus satisfying Scorer’s condition.
Another mechanism suggested by Crook (1988) is based on a low-level jet, inside the
lower stable layer, which opposes the wave motion. This particular mechanism
produces a region of reverse curvature within the upper layer, in the wind speed
vertical profile (U’’,0). Note that this condition together with N2.0 (stably
stratified atmospheres) and (U2c),0, will result in negative regions in l2, above the
stable layer, which subsequently contributes to trap waves below. Moreover, these
mechanisms suggested by Crook (1988) can be extended to a more generalized case
as shown in the next section.
4.
4.1

Results and discussions
Propagation conditions

The frequently observed AGWs in the Mozambique Channel highlighted in the
previous section, motivated additional research regarding their propagation
conditions. Figure 8 summarizes the vertical structure of the atmosphere for the
four case studies presented in the previous section, with a primary focus on the
stability (N2), horizontal wind speed projected in the direction of wave propagation
(U), temperature (T) and dew point temperature (Td) vertical profiles. These
quantities were computed using atmospheric soundings from the nearest available
meteorological stations to the observation sites (see figure 5). The most suitable
meteorological station for each case study, together with time and date of
observation, is listed in the top row in figure 8. The Scorer parameter vertical
profile was calculated from the buoyancy frequency (N) together with the wind
speed (U) and is presented in figure 8. Each column corresponds to one case study
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Figure 8. Atmosphere’s vertical structure and propagation conditions. Each column
contains the vertical profiles of buoyancy frequency (N2), horizontal wind speed projected
in the direction of wave propagation (U), Scorer parameter (l2), temperature (T), and dew
point temperature (Td), for the corresponding case studies on the top (vertical scales are in
meters). The most suitable waveguide is also shown for each case study (see horizontal dashed
lines in Scorer parameter profiles).

(top row contains all case studies in chronological order), where: N2, U, T and Td
vertical profiles are given using solid circles for the data and solid curves represent
polynomial fits to U and calculated values (using N2 and U polynomial fits) for l2.
Similar features in the atmosphere’s stability vertical profiles can be found for all
case studies (see second row in figure 8). These prevailing characteristics are near
zero values, typical for neutrally stratified atmospheres, alternating with sharp peaks
between 1000 m and 5000 m, characteristic of highly stable layers. A comparison
between N2 and l2 indicates that sufficiently sharp peaks in the atmosphere’s
stability tend to reappear as positive signatures in the Scorer parameter vertical
profiles (see 4th row in figure 8), which are enclosed (above and below) either by near
zero or negative layers of l2. Analysing the stability for the first and third case
studies revealed two peaks at 2900m and 4200m and one peak at 3500 m,
respectively, which are all coincident with the positive signatures in the
corresponding Scorer parameter.
This feature is expected and can be explained considering the first term in
equation (2) and U and c constants. In this case, equation (2) predicts an increase or
decrease in l2 whenever an increase or decrease in N2 occurs. Therefore, neutrally
stratified atmospheres characterised, at some level, by consecutive sharp increases
and decreases of N2 may be able to provide a suitable waveguide capable of
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supporting wave propagation. Furthermore, introducing the second term in
equation (2) and allowing U and c to vary, will introduce only small changes in
this behaviour whenever N2 dominates over U.
From the wind speed (U) analysis, it is possible to distinguish two different
behaviours of particular interest. The first occurs when winds at some level oppose
the wave motion, which can be best seen in the first and third case studies (see
figure 8). For the first case study this can be observed in two different layers, one
below 2300 m and another above 4800 m and for the third case study, in the entire
lower troposphere. The second mechanism involves a curvature pattern in U which
produces positive or negative regions in the winds’ second derivative vertical profile
(U’’.0 or U’’,0). This is more or less featured in all case studies, but is most
prominent in the last case study with positive and negative curvatures oscillating
throughout the entire 5000m layer.
Crook (1988) studied these same two mechanisms as a way of inhibiting the
radiation of energy away from a low-level stable layer, which he placed above the
surface. The possibility discussed here is the generalisation of these mechanisms to a
stable layer anywhere within the lower troposphere (lower boundary condition not
necessarily the surface) and the resulting formation of an appropriate waveguide.
First, the effect of winds opposing the wave motion and its contribution in the
formation of a waveguide, can be described by equation (2). Allowing U to decrease
towards more negative values will cause both terms in equation (2) to continuously
converge towards zero. The first term will converge more rapidly to zero than the
second, since the first and second terms are respectively divided by (U2c)2 and
(U2c). Therefore, l2 will also converge to zero by either positive or negative values
depending on the curvature pattern of U (U’’.0 or U’’,0). Opposing winds at some
given level, (assuming negative or small values for N2) will then compel l2 to decrease
at that same level forcing the waves’ energy outside these levels. This is best seen in
the first case study (16 August 2002) where opposing winds (U,0) and weak or
unstable stratifications below 2300m and above 4800m (see figure 8), assist to
enclose a positive layer in l2 within these levels.
Second, the wind velocity curvature pattern also plays an important role in the
Scorer parameter. Since (U2c),0 for all case studies, U’’ will determine the sign of
the second term in equation (2). This was also discussed by Crook (1988) as an
additional mechanism to explain the large amplitude of observed gravity waves. He
showed that by specifying an opposing low-level jet a significant amount of energy
would be trapped in the stable layer near the ground. This particular mechanism can
also be generalised to any layer characterized by a reverse curvature in the wind
velocity vertical profile. Actually, in layers where the first term is close to zero, l2 will
be dominated by the second term and thus by U0. This effect can be observed in
the last case study (16 September 2004) between the surface and the 2300m level. The
curvature pattern of U is such that it pushes l2 towards negative values between the
surface and 600m, then towards positive values, reinforcing the effect of N2, between
600m and 1500m and finally towards negative values between 1500m and the 2300m,
where negative, positive and negative curvatures are respectively observed.
Another example where the reverse curvature patterns of U0 are involved in the
behaviour of l2 can be observed in the second case study (4 September 2003)
throughout the entire 5000m column (see figure 8). Beginning from the surface and
up to the 1700m level, the low values of N2 allow l2 to be dominated by the curvature
pattern in U. Note that l2 oscillates between positive and negative values in
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accordance with the positive and negative curvatures in the wind speed vertical
profile. Then N2 increases between 1700 m and 3900 m (peaks at 3200m), where it is
reinforced by the positive curvature in U introducing a positive layer in l2. From
3900 m to 5000 m the atmosphere’s stability decreases again at the same time that
the polynomial fit to U presents strong curvature patterns. As a result U dominates
over l2 once more, driving it in the direction of positive or negative values according
to positive and negative curvature patterns.
The Scorer parameter l2 has been calculated considering the nearest meteorological
station for each case study and the measurements closest in time to the satellite
overpasses. As such, it is thought to represent the waves’ propagation conditions,
providing possible waveguides. Figure 8 shows possible waveguides for each wave’s
propagation area, which are marked in the corresponding l2 profile by horizontal
dashed lines. The waveguides are: between 2100 m and 4800 m for the 16 August 2002;
between 1700 m and 3900 m for 4 September 2003; between 2900 m and 4200 m for 22
August 2004 and between 600 m and 1800 m for 16 September 2004.
4.2

Influence of air subsidence in the waves propagation conditions

The temperature (T) and dew point temperature (Td) vertical profiles (see last row in
figure 8) present coincident vertical levels of pronounced temperature gradients
(whenever T increases and Td decreases at approximately the same height). These
temperature gradients in T and Td are present in all case studies and are best seen
in the first and third case studies around 3000 m and 3500 m, respectively. These
strong gradients in T and Td are correlated with the equally pronounced changes of
the N2 vertical profiles. In fact, all sharp increases already described in the N2 seem
to reappear in T and Td at the same levels (see rows 2 and 5 in figure 8 for
comparison).
These results can be explained by examining the definitions of potential
temperature (h) and buoyancy frequency (N). The potential temperature is given
by equation (3), where c5cp/cv represents the ratio between the specific heat
capacities at constant pressure (cp) and constant volume (cv) and p0051000 hPa
represents a reference value for pressure. The buoyancy frequency can be defined in
terms of h by equation (4), where g represents the acceleration due to gravity

h~

p
p00

1
1{c

N 2~

|T
g dh
hdz

ð3Þ

ð4Þ

Note that according to equation (3) the potential temperature either increases or
decreases proportionally to T for isobaric processes. Since the variations in T and Td
practically occur at a constant level (pressure p5constant), it is expected that N2 will
also develop a peak as a result of an increase in T and therefore in h, since N2 will
1dh
.
vary proportionally to
hdz
On the other hand, these strong temperature inversions are believed to be related
with atmospheric subsidence associated with anticyclonic high-pressure systems and
some dynamic structures known as Moving Polar Highs (to be further discussed in
next section).
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Mass conservation implies the downward movement of air in anticyclonic
systems. If the downward movement (air subsidence) of air is fast enough to neglect
any net fluxes of mass and heat (and outside the regions of condensation), then the
Clausius-Clayperon equation (Salby 1996) predicts that a raise of temperature,
following from an adiabatic compression, sharply increases the saturation vapour
pressure (Pw). Thus, quantities such as the relative humidity and the dew point
temperature (used to describe the abundance of water vapour) will decrease with an
increase in temperature, due to air subsidence associated with high pressures. This
behaviour is well described in figure 9, where the vertical profiles of temperature and
dew point temperature are shown for one case study (figure 9(a) – 22 August 2004),
along with an idealised situation (figure 9(b)). Figure 9(a) shows two consecutive
radio soundings just before an internal wave observation. It can be seen that sharp
variations in T and Td develop around 650–700 hPa prior to the time of satellite
observations of the AGWs. The idealised situation exhibited in figure 9(b) shows
typical vertical profiles for T and Td in the Mozambique Channel before (dashed
line) and during or after (solid line) an AGW observation. An air parcel conserves
both the potential temperature h and mixture ratio r in an adiabatic process outside
the regions of condensation. For that reason, an air parcel undergoing an adiabatic
compression, following from air subsidence, will follow a line of constant h in T and
a line of constant r in Td (see dash-dot-dot arrows in figure 9(b)). The sharp
variations in T and Td are typical when AGWs are observed in the Mozambique

Figure 9. (a) Two consecutive radio soundings, one for 21st of August 2004 (12h GMT)
where no wave was observed, and another for 22nd of August 2004 (00h GMT) corresponding
to the third case study; (b) Thermodynamic behaviour associated with subsidence is
simulated. Dashed-dot-dot arrows correspond to adiabatic processes outside the regions of
condensation. Dashed lines and solid lines represent, respectively, the temperature and dew
point temperature vertical profiles before and after subsidence.

Atmospheric gravity waves in the Mozambique Channel

1177

Channel. Their influence in N2 and consequently in forming suitable waveguides
suggests that ‘subsidence’ may favour internal wave propagation conditions.
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4.3

Seasonal variability and possible generation mechanisms

So far we have been concerned with the correct pre-conditions for wave-trapping (or
wave-ducting) in the lower troposphere and consequent horizontal wave propagation. We now discuss some possible generation mechanisms for the observed AGWs.
The conjectures that follow are plausible explanations for wave generation based on
our knowledge of the meteorology of the study region, whereas a more developed
study is beyond the scope of the present paper.
The cooling and sinking of air over the Polar Regions slowly acquires vorticity
due to the earth’s rotation and detaches when attaining a critical mass as a result of
the increasing centrifugal force, to subsequently move away from the poles towards
the tropics. These dynamic structures are known as Moving Polar Highs and are
typically 1500 m in depth and 2000 to 3000 km across in the lower layers (Leroux
2001).
MPHs average latitude is shifted towards the equator in the austral winter (32uS
in winter, as opposed to 36uS in summer) and their average frequency of passing is
every three days or sometimes even more often (Leroux 2001). Their trajectories are
seasonal dependent, moving generally from West to East, with a more or less
pronounced meridional component. In the winter (southern hemisphere) MPHs
tend to move and shift more rapidly towards the tropics and into the Mozambique
Channel, with two possible trajectories: 1) from the south/southeast of Madagascar
and then moving west towards the east coast of Tanzania and Kenya; and 2) from
the southwest of southern Africa, into the northeast direction along the south coast
of Africa towards the Mozambique Channel (Leroux, 2001). The latter trajectory is
affected by relief, since the MPH average depth is often lower then (or
approximately matching) the height of the great escarpment of southern Africa
(see figure 1). The flow originates from the southwest of Cape Town (South Africa)
and is diverted as it reaches the proximity of the Western Cape, flowing towards
both the Atlantic and the Indian Oceans. The part of the flow diverted eastwards,
towards the Indian Ocean, runs along the Drakensberg mountains (along the coast
of South Africa) towards the Mozambique Channel (see figure 1). In §2 we presented
statistics concerning the propagation directions of satellite observed AGWs (see also
figure 6(b)), where the most frequent propagation directions were found to be from
the east (Madagascar) and from the southwest. Note that these prevailing
propagation directions are in close agreement with the trajectories of the MPHs
described above, motivating therefore further discussion about the possible
influence of MPHs in the generation of AGWs.
MPHs can be viewed as large-scale gravity currents and in principle could be
capable of generating AGWs, provided a suitable waveguide is available. Since
successive MPHs have similar trajectories and may converge to the same region
(successions of moving disturbances in the form of anticyclonic cells that originate
from MPHs are also known as Pulse Lines ‘PL’), a newly arrived MPH may
encounter the appropriate conditions for wave propagation (a waveguide), settled
by a predecessor MPH. When this is the case, AGW generation can occur if the
speed of the decelerating disturbance is close to and falling below, the linear long
wave speeds for one of the long wave modes (usually mode 1) allowed by an existing
wave-guide (Fulton et al. 1990, Porter & Smyth, 2002). Typical propagation speeds
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of gravity currents in the lower troposphere, such as the haboob (a gravity current
that originates from a MPH in northeast Africa, Sudan), are 10 to 15 ms21, which
are close to the observed AGW speeds registered by satellite (see table 1). The
propagation speed of PL disturbances in northern Madagascar has been reported to
be about 8 ms21 (for a case study dated 2 to 4 September 1963), decelerating to
about 5 ms21 as it approached the east coast of Africa (Leroux 2001). These values
are in general agreement with our satellite observations in the Mozambique Channel
(the wave speed for our third case study is 8.3 ms21, where the wave train is
approximately in the same location of the example referred above, see figure 5).
Note also that according to Leroux (2001) PL effects are more distinct from May/
June to September/October, the period that is coincident with the highest frequency
of occurrence of AGWs in the region (see figure 6(a)).
Mean sea level pressure charts (available online at www.arl.noaa.gov from the
NOAA Air Resources Laboratory) for the same case studies were analysed and
revealed MPH influence throughout the entire Mozambique Channel, especially
along the east coast of Madagascar and the coast of South Africa. This suggests that
some of the AGWs observed to propagate both in the west/southwest and east/
northeast directions may be generated by processes related to the MPHs. We
reiterate that the most frequently observed directions of AGW propagation coincide
with MPH related flows in the Mozambique Channel.
Nevertheless, other generation mechanisms, not necessarily related to MPHs,
should be considered. Particularly interesting is the fact that some AGWs have
phase lines almost parallel to the Madagascar and Mozambique coastlines (see also
propagation directions in the map provided in figure 6(b)). This feature may be an
indication that some of the observed AGWs are generated as a result of land-sea
surface thermal gradients (Zheng et al. 1998, Li et al. 2001). Satellite overpasses over
the study region occur near local noon (approximately Terra/Envisat at 7:30 GMT
and Aqua at 10:30 GMT, just after local noon). It is therefore difficult to test any
hypothesis concerning this generation mechanism based on the satellite time of
observation. We note however that the observations (49 IW packets for Terra and
only 34 for Aqua, see figure 6(a)) suggest that the waves could be partly decaying by
the time of the Aqua overpass, in the afternoon. This fact is coherent with sea breeze
generation mechanisms, as those proposed for the Australian Morning Glory.
Recent work on diurnal winds, using remote sensing data from Sea Winds
Scatterometer (Smith et al. 2002), supports the sea breeze hypothesis. For one of the
case studies (22nd of August 2004) QuikScat data (not shown here) revealed clear
signatures of a sea breeze developing during the afternoon, changing to seaward
winds in the following 12 hours. In the Cape York Peninsula (northern Australia)
recent research showed that similar large-scale gravity waves are forced by
mesoscale convergence associated with sea breezes (Porter and Smyth 2002). The
waves propagate upstream of the sea breeze flow whenever a stratified lower layer
exists in the atmosphere. AGW generation forced by local topography occurs when
the breeze wind speeds are close to one of the linear long wave speeds for one of the
long wave modes. In the case of the Mozambique Channel, a hypothesis that
remains untested is if the Madagascar local winds (sea breeze) are close to resonance
with linear long wave modes allowed by the existing waveguides. The existence of
sea breezes in northern Madagascar has been reported by Smith et al. (2002) but
analysis of the sea breeze as a possible generation mechanism of the observed AGWs
in the Mozambique Channel is beyond the scope of the present paper.
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Summary

In this paper we have examined satellite imagery based evidence of large-scale
AGWs in the Mozambique Channel. An analysis based on the available data
revealed that the Mozambique Channel is characterized by frequently observed
atmospheric internal waves during the winter season (mainly July, August and
September).
Four selected case studies retrieved from satellite observations were examined,
revealing along crest length of hundreds of kilometres, horizontal scales of
approximately 10 kilometres, phase speeds exceeding 10 ms21 and amplitudeordered series of cloud bands of considerable uniform cross-section. The full
horizontal structure of the AGWs was revealed by a high- resolution image data set
obtained between 2002 and 2004. Statistics on basic AGW characteristics show a
mean wavelength of 8.5 km and 3.5 km, for the leading and trailing waves,
respectively. The mean along-crest ‘coherence’ length varies from 100 to more than
1400 km (mean of 443 km) and the number of individual waves per wave-packet
varies from 5 to 45 (average of 14).
The internal wave propagation conditions were examined using the Scorer
parameter and considering the most prominent trapping mechanisms referred to in
the literature. We found that the presence of opposing winds, the curvature pattern
of U and the strong variations in stability are important mechanisms capable of
establishing favourable conditions for horizontal wave propagation. The first
mechanism (opposing winds), already discussed by Crook (1986) in regions above a
low level stable layer, may cause l2 to decrease within any layer, trapping the waves’
energy and assisting in the formation of a horizontal waveguide. The second
mechanism (curvature patterns of U), also discussed by Crook (1988), was
investigated in regions of reverse curvature in the wind velocity for the entire lower
troposphere. The third mechanism consists in the presence of pronounced variations
in the stability vertical profiles (N2), which were also found to be associated with
positive regions in the Scorer parameter vertical profiles.
Moreover, these three mechanisms may occur simultaneously to trap the waves’
energy within the lower layers of the troposphere, fostering for wave propagation. In
the examples analysed in §4, the Scorer parameter is characterized by positive layers
of hundreds of meters, located below the 5000m level, which are enclosed by
negative or sufficiently close to zero values. This provides favourable conditions to
form the necessary waveguide required for wave propagation.
Strong temperature inversions, present in all 4 case studies, were found to be
coincident with the sharp peaks in the stability vertical profiles and the positive
regions in l2. These are most likely associated with air subsidence in high-pressure
systems, suggesting that subsidence may be a determining factor controlling the
Scorer parameter and therefore responsible for the favourable AGW propagation
conditions in the study region.
Moving Polar Highs, born in the Polar Regions, are associated with subsiding air
in the Mozambique Channel during the winter season possibly providing the
necessary conditions for wave propagation. Furthermore, the presence of large-scale
and frequently observed AGWs in the Mozambique Channel may be related to the
presence of MPHs, as far as the generation itself is concerned.
We have established the correct pre-conditions for wave-trapping and consequent
horizontal propagation of AGWs in the Mozambique Channel. The methods used
in this paper may prove useful in the problem of discrimination of atmospheric and
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Downloaded By: [da Silva, José C. B.] At: 15:38 8 April 2009

oceanic SAR signatures of internal waves. Since sometimes unambiguous
interpretation is not possible based only on spatial scales and morphology of the
internal wave signatures, analysis of the Scorer parameter may provide an
additional criterion to evaluate the atmospheric origin of the internal wave radar
signatures. Without suitable horizontal waveguides AGWs can not propagate in the
horizontal and therefore observations of internal wave SAR signatures should have
oceanic nature.
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