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Abstract

The region of the Middle East around the Red Sea @miwB2E and 44E
longitude and 12N and 28N latitude) is a currently undocumented hotspot for
atmospheric gravity waves (AGWsatellite imagery shows evidence that this regson
prone to relatively high occurrence of AGWs compared beroareasn the world, and
reveals the characteristics of these waves. Thadhl®wave propagation conditions in



this region are illustrated with a typical case of anogheric gravity wave propagating
in the lower troposphere over the sea, together \Wehcorresponding Scorer parameter
and comparison with a weakly nonlinear long wave theldonlinear wave theory gives
phase speed and amplitude values which seem to fit withinatyyatues for observed
AGWs, with the Benjamin-Davis-Ono theory performing diglpbetter than Korteweg-
de Vries theory as far as measured phase speeds agrnamhdRS-SAR and Envisat-
ASAR satellite data analysis between 1993 and 2008 revigalstwes consistent with
horizontally propagating large-scale internal wavessé&lsmgnatures are more frequently
observed between April and September, although they atsa daring the rest of the
year, and their spatial coverage includes the entire Rad Bhe region’'s (seasonal)
propagation conditions for AGWSs, based upon average veaticadspheric stratification
profiles suggest that many of the signatures identifiedha satellite images are

atmospheric internal waves.

1. Introduction

Internal waves (IWs) are ubiquitous in the ocean and gtinews, and their ability
to play an important role in density-stratified fluid dynespimakes them an important
topic of research, which contributes to several sifierdreas ranging from biological
mixing and exchange processes, to ocean and atmosphedadong (Grimshaw, 2002;
Vlasenkoet al., 2005; da Silvaet al., 2009). Atmospheric IWs in particular constitute a
potentially serious hazard to aircraft operating at ldwtudes (Christie and Muirhead,
1983; Bedarcet al, 1986). There have been reports of air crashes on appaodcake-
off related with encounters with large-amplitude nonlindamospheric Gravity Waves
(AGWSs) in Australia (Christie and Muirhead, 1983) thateesslly occur due to
unexpected clear air turbulence and low level wind shidese are capable of causing
insufficient lift at take-off or disturbances to thielg path that may lead to undershoot or

overshoot of the runway.

Remote sensing image data has been increasing IW obsesvatrldwide. In
particular, satellite imagery have proved very usefdfjieg a significant number of
observations to the meteorology and oceanography litergdackson and Apel, 2002;



Jackson, 2004; Jackson, 2007; da Sdéval., 2007; da Silveet al., 2009; da Silva and
Magalhaes, 2009).

Roughness patterns on the ocean surface can be produced lmxtbabyc and
atmospheric IW, and are easily detected in Synthetic ApeRadar (SAR) images. In
these images, oceanic IW patterns arise either asiisref hydrodynamic modulation of
Bragg waves or wave damping due to surface films (Alpers,; ##85ilvaet al., 2000),
while atmospheric imaging of IW is a consequence of winesstvariability associated
with wave propagation (Alpers and Stilke, 1996). Furtherma@®nospheric IW
condensation patterns in their ascending branches, ala specular reflection

(sunglint), may also be detected in near-infrared imédgeSilva and Magalhaes, 2009).

Despite these different imaging mechanisms in somescabiscrimination
between oceanic and atmospheric signatures in satefldgery is difficult or even
impossible and ambiguities often arise such as thosepded by the discussions
following the work of Kimet al., (2005a) (Zheng, 2005; Kimt al., 2005b; and Gagt
al., 2008). The global IW survey undertaken by Jackson (200Tg(MODIS imagery),
showed that oceanic IWs are present in the Red Seanrféiggure 1 in Jackson, 2007).
Since we will clearly show here that AGWs are gisesent in the Red Sea, we alert for
the possibility of misinterpretation in future studies. \Ateess that the problem of
misclassification of IW satellite signatures is paracly severe in the Red Sea region
because of the dry conditions and absence of roll clamtkshould therefore be taken

under consideration especially when wavelengths appr@detsvaround 5-10 km.

AGW theories assume the existence of a waveguidatddcsomewhere in the
lower layers of the troposphere, as a necessaryitmondor waves to propagate
horizontally. These waveguides typically take theléadurface as their lower boundary,
and rely on some suitable trapping mechanism in the uppenslay confine the wave’s
energy (Rottman and Grimshaw, 2002). Several trapping mischs capable of
preventing wave energy to radiate away in the vertiaaélbeen identified and presented
in the literature (Scorer, 1949; Crook, 1986, 1988; Rottman and awns2002; da
Silva and Magalhaes, 2009). These usually depend on therSzarameter (Scorer,
1949) which is related with the atmospheric stability anditinel speed vertical profile.



This paper presents satellite based evidence that trenregithe Middle East
around theRed Sea is a newly found hot-spot for AGWSs. It alsosatio contribute to the
issue of distinguishing between oceanic and atmosphericsiiatures in satellite
images. Section 2 presents a case study of an AGW progpgatan the Red Sea
together with a comparison with weakly nonlinear long/evéheory using a BDO and
KdV model. In section 3 the seasonal frequency of IW miasiens in the Red Sea is

characterized and correlated with the region’s sedswpsage vertical stratification.

2. An AGW case study in the Red Sea

A case of an AGW propagating over the central sectitheRed Sea on T'of
May 2004 (near Jeddah, Saudi Arabia) is presented in Figure d wBke packet was
captured in an Envisat-ASAR image acquired at 07:27 UTC, andM©OBIS-Terra
image acquired at 08:12 UTC (Figures la and 1b, respectivEigse are typical
examples of AGW signatures that are seen in SAR aad-infared (841-876 nm)
imagery of the Red Sea. In this case, surface sigrsaddithe wave packet extend across
the Red Sea indicating that the along-crest lengtheofdading wave is at least 248 km
(the wave crests may extend even further inland, butareisible in this case).

In Figure 1a the wave crests appear as alternating bmghtak bands (due to
backscatter variations) as a result of fluctuatingfaser wind speed between the
downdraft and updraft portions of the oscillations (Alpend &tilke, 1996; Liet al,
2004). The propagation direction of the wave packet is appabaiyn130° (clockwise
from N). The number of waves in the packet depends oortfss section chosen for the
backscatter profile. At least 7 wave crests cardbatified in the cross section in Figure
1c, increasing to 9 waves in other sections. Therdistéetween the leading and second
wave of the packet is approximately 15 km. The charatterdsngth scale for an
individual solitary wave is between 2-8 km (Figure 1c) dmdd is clearly an amplitude-
ordered backscatter profile, which suggests rank-ordered ampiitages This is a
prominent feature of dispersive “solitary-like” wave t=iChristie, 1989). Fewer wave
crests can be identified in the near-infrared MODIS ndigure 1b) obtained 45
minutes later, where the surface expression of the svappears as dark bands with no



apparent cloud formations. The positions of the leadingeweaptured in both images are
shown in Figure 1d, from which average propagation speed of 15.5 m/s was estimated
(the phase speed actually varies along the wave from, £7 m/s in the NE end, to 14
m/s in the opposite end). Assuming there is a backgroundsfi@ed of 4.4 m/s along the
propagation direction (suggested by the avetdgethin the waveguide, see Figure 2b)
the estimated intrinsic average phase speed is 11.1 m/schBnacteristics of these
waves make them comparable to the Australian Morningi€sl¢Emith, 1988; Christie,
1989; Rottman and Grimshaw, 2002), and to the AGW in the Kdteamsula (Gaet

al., 2008) and in the Mozambique Channel (da Silva and Magalk2@3s).

AGWs, like their oceanic counterparts, are often matlakng weakly nonlinear
long wave theories, even though the waves may begiyroonlinear, see Smith (1988)
and Grimshaw and Rottman (2002) for instance. The startingt g®ithe Taylor-
Goldstein equation, given here in the Boussinesq appragimat

d2w/dZ + (12 - kK)w=0, (1)
where 1?=N?/(U - c)*>-U"/(U - ¢ )

is the Scorer parametew is the vertical component of velocity, is the vertical
coordinate,N is the buoyancy frequency is the horizontal wind speed (in theave
propagation direction); is the wave phase velocity, akds the horizontal wavenumber,
and U” is the second derivative &f(z). A vertical profile of the Scorer parameter was
calculated using the phase speed estimated from thefpsatellite images in Figure la
and 1b, in which the wave packet was observed closeet@éddah weather station
(22°41’N, 37°36’E). This was then used to investigate pre-tiondi supporting wave
propagation. Sinck - k? in equation (1) can be interpreted as a vertical wawvier then

a layer wherd? > I will be capable of sustaining vertical wave propagation levhi
evanescent solutions and trapping occur wherk’.

The vertical structure of the atmosphere for this casdysis summarized in
Figure 2. Figure 2a shows the vertical profile of the afheric stabilityN?(z), Figure
2b shows a profile of the horizontal wind velodiyin the direction of wave propagation,
and Figure 2c the Scorer paramdterThese results clearly show a layer (close to the



ground) between approximately 200 m and 1000-1300 m, wifeevelops a sharp
increase, peaking around 500 m, &l 0, whereas above 1300I1M0. Thus the vertical
profile of the Scorer parameter in Figure 2c is typical & waveguide capable of
sustaining horizontal wave propagation. This is a commoaoharesm to trap wave
energy. Moreover, AGWs frequently occur when strongtifittation occurs close to the
earth’s surface (Rottman and Grimshaw, 2002; da Silva aaghMaes, 2009). Note that,
in equation (2)N? tends to dominate over the other terms whenever shalfs pea
stability occur within the lower layers of the troposph@nethis case study also varies
linearly when1%>0, implying thatU” 0 and thus the second term is negligible compared
to the first, see Figure 2b). Note that hEre>k? in the boundary layer, enabling the use

of weakly nonlinear long wave theory as follows.

For this present case, we solved the Taylor-Goldsteintiequél) in the long
wavelength limit k*=0) for the boundary conditions thet=0 at z=200 m,and z=H.
While it seems clear that the waveguide is based osttbeg stratification of the lower
1000 m it is not so clear how to choose the upper boundahys i$ a common issue in
modeling AGWSs (see Noonan and Smith, 1985; Smith, 1988; Roand&inaudi; 1992
and Rottman and Grimshaw, 2002, for a discussion otgues involved in determining
the waveguide height). Here we chod4$e3000 m based on the observation that the
Scorer parameter becomes zero from approximately 2300 ta tinis level (see Figure
2c) implying that waves are trapped beldfawever, we note that this trapping level is
quite small, both in vertical extent, and in the magnitatl#, implying that a larger
value ofH could well be more appropriate.§. we could go up to 3500 m whele
becomes negative). Nevertheless, we shall proceedH&#B0O00 mand find that then the
linear long wave phase speed for a first mode watd.& m/swhich isslightly smaller
than the observed propagation speed (approximately 15.5Trhis)phase speed and the
associated modal functions(z=(c-U)f(z) can now be used to construct a weakly
nonlinear model for these waves, based on the Kortewagiee (KdV) equation. This
leads to the expression for a solitary wave (sem&raw, 2002),

asech?k(x- Vi)f(2), where V-c :% = 40K 3)

The coefficientst anddare determined from the integral expressions



H H H
In=3 (c-U)°fldz, ld= (c-U)*f’dz, 1=2 (c-U)fidz (4)

0 o] o]

Here f(z) is normalized so that(z=z,)=1 wherez,is the height wheré(z) achieves its
maximum value. In order to use these expressionghe present case, we need to
estimate the observed wavelength (defined &dgriain (3)), corresponding to the width at
an amplituded.58a From Figure 1c, we estimate thak 18 approximately 500&n, and
using expressions (3, 4) for a mode 1 wave yietdsmplitudea=114 m and a speed
V=15.0 m/s (see Table 1Although this rough estimate of the phase speegibwithin

the observed range of values, the amplitude is sdraesmaller than typical values for
observed atmospheric gravity waves. For instanogePand Smyth (2002) examined a
case study of Noonan and Smith (1985) for the MmnGlory waves of Australia
assuming a waveguide of 2000, and found amplitudes to be roughly half the
waveguide height. However, we note that the exmesH3) are quite sensitive to the
estimated value of &/ For instance, reducing the wavelength moderatedyeases the
amplitude and speed continually. Increasing the waveguide heiglh#lso leads to some
improvement in these estimates, but brings the Kadel into a close similarity with the
Benjamin-Davis-Ono (BDO) model discussed below. Hesv, decreasing the
waveguide heighH leads to a curious anomaly, in that the predictede is one of
depression, because the coefficiarivecomes negative. Examining the structure of the
modal functions, and the formula (4) for suggests that this unexpected effect is due to
the wind shear in the bottom boundary layer. Simeeexpect AGWSs riding on a bottom
boundary layer to be waves of elevation, this waitds the need to ensure thats taken
sufficiently large. Therefore, and to obtain pivsitamplitudes for this case, 3000 m is
practically the lowest value &f allowed here.

As a result of this anomalous behavior of the Kdddel, we turned instead to the
BDO model. Here it is assumed that the atmosplseessentially unbounded above the
low-level wave guide, that is we léd ® ¥. Then the Taylor-Goldstein equation (1) is
solved instead with the boundary conditions that0 at z=200 m as before, butith

f,=0 at z=h, and with h=1300m since this is the level whel? first becomes very

close to zero. This yields a linear long wave spefetl5.4 m/s which, while consistent



with the linear long wave speed obtained from tl&/ Kknodel (14.4 m/s), is also slightly
closer to that observed (15.5 m/s) (see Tabldriplace of (3) the solitary wave is now

given by
%, where V-c="P=gk. (5
1+ k%(x- Vt) 4
h h
ln=3 (c- U)°fidz, ld=c’f(z=h)?, 1=2 (c-U)fidz (6)
0 0

Here the modal functiofi(2) is normalized so that(h)=1. Evaluating these expressions
for a model wave, with a wavenumber A#5000 myields an amplitudea=178 m and a
speedVvV=16.9 m/s(which is very close to the measured value neadaledfrom where
these estimates were calculated) (see Table 1)eWidse values are similar to the ones
from the KdV model wittH=3000 m the BDO model seems to be more realistic overall
since the ratio of the wave amplitude to the waiskgdepth (Table 1) is closer to
previous observations (see Noonan and Smith, 12&%er and Smyth, 2002), and hence

is preferred in this present case.

Finally, while these theoretical estimates of polssAGW wave amplitudes and
speeds are within the general regime of the obdeng we note that it is likely the
observed waves are strongly nonlinear, as is dfiercase for AGWSs, see the review by
Rottman and Grimshaw (2002).

3. Satellite observations and seasonal average stratification

All available SAR images from ERS-SAR and Envis&AR missions, between
January 1993 and September 2008, have been anddyzéhe presence of internal wave
signatures (between 1135’'N and 2946'N latitude and between ZA9'E and 4430'E
longitude). Internal wave-like signatures, disttédmli throughout most of the Red Sea,
were found in 92 of these images (23 SAR and 69 RS@Eigure 4). These signatures
can be observed throughout the year, with a cleaease in occurrence between April
and September (Figure 3a). A slight decrease iseadile in August and no waves were

found in November (monsoon months in this areal dbminant wave propagation



directions (Figure 4) vary approximately betweefi M5and 110 N (NE and ESE), and
between 245N and 315 N (WSW and NW).

To support the atmospheric nature of most of tlegeatures and in order to
study the suitable trapping conditions in the afphese (and relate those results with the
ones in Figure 3a), pairs of satellite imageg.(MODIS and SAR) are necessary to
estimate phase speeds, and calculate the Scor@mgir. However, as there is not
enough satellite data to make a statistical armlg$l® this investigation is therefore
restricted to the analysis of the atmospheric Eyb{N?) as an important factor
influencing the existence of AGW. We recall thsf plays a significant role in
determining waveguides capable of sustaining hotéovave propagation near the sea
surface (equation (1), and section 2).

Upper air soundings were retrieved from the Uniteref Wyoming website
(http://weather.uwyo.edu/upperair/sounding.htmlphbtain atmospheric vertical profiles
and study the seasonal variability of stratificatimonthly averages). A detailed analysis
of the atmospheric stability was undertaken wherda#y vertical profile ofN? was
calculated for Jeddah station (2EN, 39.2°E, located 17m above Mean Sea Level),
between 1993 and 2008. The maximum valuesof\N°..,), as well as the heights for
which N® was at its maximumzfa,), were estimated from each of those profiles. The
monthly average distributions df’nax and zmax (for the period 1993 to 2008) are
presented in Figure 3b (standard deviations arevsho the form of error bars), which
shows an increase in the stability maximum betwApril and September coincident
with a decrease @fax (When compared with the rest of the year). Thes@tions are in
close agreement with the period where IWs are rinecgiently observed in the SAR (see
Figure 3a).

This variability in the seasonal stratification eadffs the AGW propagation
conditions as described by the curve of averagasl a function of month in year, shown
in Figure 3c. This curve represents the valuet®Scorer parameter calculated from the
monthly average distribution d¥’max and znax, Where each value is calculated using
equation (2) withe=zmax and with stratification given by nax (note the variability shown
by error bars which represent the errors introdumethe standard deviations Mf.x and



Zmay). Here,U was taken from the case study (as a representadiue) as an average
over the waveguide (considered to be between 28681300 m, see Figure 2b), and the

phase speed was calculated using a two layer nfmdieing wavesc =,/g'H , where the
depth of the waveguideH was here set equal t@n.x The reduced gravity
g =9(r,- r,)/ r,= 012ms?was calculated using densities from the case stuiolyer

layer from 1300 m to 5000 m withy=1.087 kg/r; lower layer from 200 m to 1300 m
with 7,=1.100 kg/m) as a proxy for the densities in the two-layer edod

Figure 3c shows thaf rises substantially between April and September as
consequence of a double contribution from a strore® shallower stratification
(increase iM% nax and decrease immay). Indeed, increases in stratification and decsease
iNn Zmax contribute to the increase of the first term ima&tipn (2), when considering that
c>U. Note that according to the expression for thesptspeed; diminishes withH (and
therefore withzn,y) decreasing the denominators in equation (1), eventhe phase
speed approaches the valuedJofWe thus conclude that this seasonal variatiothén
atmospheric stratification contributes to an insee@ the AGW favorable propagation
conditions in the period where the wave-like signe$ are more often observed (between
April and September, see Figure 3a).

The seasonal stratification of the water column baen analyzed to further
investigate the nature of the wave-like signatuaesounted in Figure 3dn situ
temperature data were obtained from a mooring erstielf edge near the exposed side
of Abu Madafi coral reef (2204.509' N, 38 46.181’ E, see Figure 1d) between May and
October 2008, October 2008 and March 2009, andl 2069 and January 2010. The
mooring included a sequence of temperature logogesgioned at 2.3, 5, 8, 11.3, 14, 17,
20.3 and 23 mabove the sea floor (bottom depth ~ 25.2 m). Tiwusion of a
subsurface buoy insured buoyancy reduced cable meeinduced by currents. Overall,
the water column was well mixed during the laté dald winter (November to February)
and stratified in late spring and summer (May tayéat). High-frequency temperature
oscillations were detected when the water columa steatified and appeared restricted
to the lower part of the water column. Figure 5w typical temperature section
obtained in the study site (22 August 2009). Nalence of a strong oceanic internal



wave field has been found from observations takemfthe shelf edge. This result
reinforces the idea that not only winter period esbations (Figure 3a) should be of
atmospheric waves since there is no stratificaitiotihhe ocean to sustain internal waves,
but also summer large scale observations may lanedspheric nature. We stress that
the high-frequency oscillations in Figure 5 haveiqus of the order of 5 minutes whilst
the satellite observations of internal waves witthiis area typically have wavelengths
(average distance from crest to crest) of 10 knihéke signatures were to be oceanic
they would have phase speeds of the order of 30watieh is not a realistic value for

oceanic internal waves.

These results, together with the analysis of theoapheric stability show that the
period between April to September is more favordbleAGW propagation, leading to
the conclusion that the majority of the signatuoeserved in satellite imagery of the
region are atmospheric.

4. Dicussions and Summary

This study, combining images from ERS-SAR, Env&SAR and MODIS
sensor, and oceanic and atmosphémicsitu data, shows the existence of suitable
propagation conditions for AGWs in the Red Seaamgievealing this area as a major
hotspot of AGWs in the world. Although AGWs can Bmund year round, their
occurrence is seasonal with a clear increase bat#psl and September. The dominant
propagation directions were between ESE and NEbatwleen NW and WSW.

The atmospheric stability* was used to investigate the existence of waveguide
that can trap and prevent energy to radiate aw#yeirvertical. The results show that the
stratification plays a key role in determining faable propagation conditions for AGWSs,
and that the first term of the Scorer parameter lmarused as an indicator of these
conditions.

The case study in section 2 showed that weaklyimeenl wave theory gives
phase speed and amplitude values which seem watlfiiin typical values for observed
AGWs, with the BDO theory performing slightly bettthan KdV theory, as far as
measured phase speeds are concerned. We noteethatio of the wave amplitude to the



intrinsic vertical scale is relatively small (apgimately 0.25) thus being coherent with
the use of weakly nonlinear theory. We further ribtd in similar studies Let al (2004)
modeled nonlinear AGWs when this ratio was apprexaly 0.375, and obtained
credible results. Porter and Smyth (2002) also wseakly nonlinear BDO-type theory
and found reasonable agreement with morning glbsgrvations.

Next we discuss briefly some possible generatiooheeisms for the observed
AGWs. The conjectures that follow are plausiblelamptions for wave generation based
on our knowledge of the meteorology of the studyiae, whereas a more developed
study is beyond the scope of the present papernMouchains surrounding the Red Sea
help constrain the average flow along its main gkstzert, 1974). Nevertheless,
mesoscale atmospheric modeling (validatedirbitu data) was used by Jiareg al
(2009) to add important results focusing on thessfaxis zonal winds within the Red Sea
region. In fact, they found that the complex topgdny of the Red Sea contains several
gaps along the coast, and that these direct numetoong jet-like winds up to 15 m/s
(with a significant zonal component) to flow frequilg across the longitudinal axis of the
Red Sea. This general frame of circulation is inreagent with the AGWs preferential
directions of propagation presented in Figure 4emlit is clearly seen that AGWs also
have a strong zonal component. This encourages bslieve that several AGW wind
driven generation mechanisms may be at work inRbée Sea, and that these are most
likely related to the strong jet-like winds and iedte topography. These wave generation
mechanisms are commonly known as lee wave generatid upstream generation (see
e.g. Vachoret al, 1994, Liet al, 2004). Particularly interesting is also the fdat some
AGWs have phase lines (crests) almost paralldieabastlines (see also the propagation
directions in the map provided in Figure 4). Sirtbere are usually strong (daily)
temperature contrasts along the Red Sea coastgl€¢ied974) that could result in
sea/land breezes, these could generate AGWs whgmité sufficiently strong.

As these large-amplitude waves occur frequentlyr rseeme airports, such as
Jeddah International Airport in Saudi Arabia, knedge of the pre-conditions for their
propagation and near real time satellite obsernatioan become useful for aircraft
operation at low altitudes in the Red Sea andoéstal zone.



Finally, we believe that the distinction issue betw oceanic and atmospheric
internal waves in satellite images should not bglewted particularly in regions such as
the Red Sea region (characterized by dry conditgons absence of roll clouds). Whilst
many of the IWs in satellite observations in thed BBea region can be interpreted as
AGWs based solely on scale, refraction patternssanfhce signatures (such as the case
study in Figure 1), there are oceanic IWs in thd Bea (as shown by Jackson, 2007) that
cannot be interpreted based on these criteria alone
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Figure captions

Figure 1. Case study of an AGW occurrence in the Red SealJeeaah: (a) subset of an
Envisat-ASAR image acquired at 7:26 (UTC) datedMidy 2004. A transect profile is
marked with a white arrow across the AGW packete@king from NW to SE); (b)
subset of a near-infrared MODIS-Terra image acquat 8:12 (UTC) dated 11 May
2004; (c) relative intensity taken from the profilethe Envisat-ASAR image in (a); (d)
compiled feature map with the geographic locatiohthe leading waves in (a) (dashed
line) and (b) (solid line), X marks the location evlin situ measurements were made
(22° 04.509’ N, 38 46.181’ E) near Abu Madafi.

Figure 2. Atmosphere’s vertical structure and propagatiordé@ms calculated using
data from Jeddah weather station (11 May 2004).blisgyancy frequency is shown in
(a); horizontal wind velocity in the direction ofwe propagation in (b); and Scorer
parameter in (c). The solid circles in (a) andr@present real data whilst the solid curves
represent smoothed fits to the data. IFrsolid curve is calculated values usKgandU
smoothed fits.

Figure 3. (a) IW occurrences in Red Sea normalized by numbanages per month, for
the period between January 1993 and September gf)d8onthly averages of
stratification taken from Jeddah weather statietwieen 1993 and 2008, whé&nax
represents the averaged maximum valud$’oéndzy.« represents the heights for which
N?was at its maximum. Error bars show standard dewisit (c) Monthly averages of the
maximum Scorer parameter estimated for the statitin given in (b) (error bars
represent variability due to the standard deviatioiNyax andzmnax.)

Figure 4. Map with geographic locations and direction of @ggtion for all waves in
Figure 3a. At the top right corner an inset shotatistics of propagation directions of the
observed AGWs.

Figure 5. Temperature measurements for 22 Aug 2009 near Adulai(22 04.509' N,
38° 46.181’ E) using moored temperature loggers gt%.8, 11.3, 14, 17, 20.3 and 23 m
above bottom (bottom depth ~ 25.2m).



Figures and tables

Table 1. List of values obtained by weakly nonlmkag wave theory analysis for the
case study presented in section 2, according teessions (3, 4, 5 and 6)qcar refers to
the linear long wave phase speed solving equatiyrwith the boundary condition
indicated in the first line of the table. refers to the modal function and the subscript
indicates differentiation with respect to the va&aticoordinate. See text for details.

KdVv BDO
Upper boundary =0 at H=3000m ,=0 at h=1300m
Ciinear (M/S) 14.4 15.4
I 0.0476 0.0372
3.9023x10° 6.2365x10°
0.0164 0.0280
V (m/s) 15.0 16.9

Amplitude (m) 114 178
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