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Abstract. Internal standing waves (seiches) in the South Sea are studied for the first time. The studyselnbhon
numerical simulations and field data and, focusestwo different campaigns: the first in autumn 20@¢hen the
stratification was weak, and the second in autufiB82when it was strong. During this time, the sedace level decreased
3.2 m but differences in stratification depend ooiythe time when the campaigns were carried ocails®e the maximum
10 density gradient decreases even though the semgesto become saltier. In 2006 there was a nidgaling northeasterly
wind and in 2013 a mild easterly wind. The fundatakmodes were identified as 36 h and 14 h, resmygt For both
years we focused on the sub-inertial modes whicte i@und to be either second or third vertical nsoda general, the
vertical modes in 2013 are higher because of thengt stratification. For both years, it was fourthtt the quasi
homogeneous mixed deep upper layer could sustémal waves under mild wind conditions. Regarding horizontal
15 structure, in 2006 they are first and second meaahesin 2013 second and third horizontal modes. rékalts suggest that,
due to sea level variations, the neck connectiegahernyshev Bay to the main body of the lake eoime critical for the

development a nodal line in that neck..

1 Introduction

The growing knowledge about surface and interreding waves in lakes (seiches), beginning withfifts¢ documented
20 observations of surface oscillations in Lake Miamign the seventeenth century, has been exhaystiébwed by Hutter
et al. (2011). The modern era of internal seichdysbegan with the Defant/Mortimer model (Mortim&®,79) which can be
extended to high vertical modes, that is, whenke lesponds as a multilayer system. Nowadays,dtéepted that high
vertical modes are often excited; however, obsematof such modes were sparse until the end ofweatieth century
(Heaps, 1961; LaZerte, 1980; Csanady, 1982). Noygmdhe importance of the internal wave field idis&ributing wind
25 energy within lakes is well known (Wiest et al. 020 Stocker and Imberger, 2003; Shimizu and Imkerg@08) and
different authors have focused on its impact onimgiXStevens, 1999; Planella et al., 2011; Berrthand Kirillin, 2013),
sediment resuspension (Bogucki and Redekopp, 2808)sediment and phytoplankton transportation ridi din, 2006;
Rolland et al,. 2013; Vidal et al., 2014). Whiledies and research into internal waves are now aomfor small and large

lakes, for most of them, the characteristic intesgche field has not been described in detaitgeédakes where internal
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seiches have been studied, either theoreticalBxperimentally to varying degrees, include Laker€ret (Ou and Bennet,
1979; Antenucci et al., 2000), Lake Geneve (Lemmtiral., 2005), Lake Biwa (Saggio and Imberger, 1998 Lake
Michigan (Mortimer, 2004).

This paper presents the first study of the intesedthe field in the Aral Sea, which is located&azakhstan and Uzbekistan
5 (Central Asia). At present, it covers approximatelypercent of its surface area in the 1960s atdsHess than 10 percent
of its former volume, now contained within two mavater bodies: the North and South Aral seas (afavn as the Small
Sea and the Large Sea). In 2009, the shallow wesbble of the South Aral Sea dried up completehd after partial
replenishment, it has dried up again (UNEP-GEAS,420However, what remains of the South Aral Seshadow of its

former self, is still a large lake about 150 kmdamnd 25 km wide, on average.

10 The Aral Sea’s desiccation has had an enormous muacalogical, and climatic impact (Micklin, 200&rashkevich et al.,
2009; Zhitina, 2011; Rubinstein et al., 2014) aad become a paradigm of the large number of lakes/er the world
whose water levels have dropped (Bai et al., 2(iltirim et al., 2011; Lauwaet et al., 2012; Touriat al., 2015). The
ongoing changes in the Aral Sea are being closdigvied by the scientific community (Singh et &012; Schettler et al.,
2013; Shi et al., 2014). Since 2002, the evolutibits stratification have been documented (Zawiak005, 2009, 2012),

15 the predominant circulation has been describedt$kily et al., 2014a)and the role played by geomorphological processes
associated with hydrodynamics in the evolution délke has been discussed (Roget et al., 2009).r&egathe internal
waves, due to the lack of data, only very prelimnaorks exist. However, in 2013, during a fieldrgaaign which was not
focused on the study of the internal waves, cootisuemperature data within the water column wecended for the first
time, thus making it possible to assess the nualerésults for the internal seiches using the Rtmit Ocean Model (POM).

20 The POM, which is widely known, has been used t&kemaarine forecasts for the U.S. Great Lakes (NCBARL,
2016), to study internal waves (Ueda et al., 2003nroe et al., 2005; Babu et al., 2011) and alregzhfied to the Aral Sea
(Roget et al., 2009; Izhitskiy et al., 2014a).

Here we present a numerical study of the interaedhes for the conditions in autumn 2006 and 20&8¢ch is compared
with the measured data. More precisely, we focesathalysis of the modes of oscillation below thertial period in the
25 region, which is about 17 h, and larger than 3His Tange has been established considering théhlefighe measured data
series and the uncertainties in the simulationpsets discussed in the Material and Methods sedtiiaterial and Methods
is organized into different subsections presenséirdgscription of the measurements taken whicheevant to this study,

the numerical simulations run for the two campaj@m the methods of analysis.

The Results section is also organized into submestiln the first subsection, the spectral analg$ishe field data is

30 compared with the numerical results predicted lgyriiodel at the same stations. In the following eatisns, the modes
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identified in the spectral analysis are studiedoakr the lake. In the Discussion section, differ@spects concerning the
horizontal and vertical structure of the internaichkes and how they differ between the two cammigis well as

observations from other lakes, are commented. Y, @b Conclusion is presented.

2 Materialsand M ethods
5 2.1 Siteand measurements

The field data analyzed in this paper to suppatrthmerical simulations were recorded during tveddficampaigns from
27-30 September 2006 and 29 October—3 November, 2@%8ribed in detail by Zavialov et al. (2008) driitskiy et al.
(2014b), respectively. Fig. 1a presents the shioes lof the South Aral in 2006 and 2013 togetheh wthe bathymetric
levels for 2013, when the see surface level deetk&2 m. The shore line has mainly receded albagetstern shore,

10 where the lake is shallower. Furthermore, the reinecting the northern part of the South Aral @&sernyshev Bay) to
the main body of the lake has narrowed considerdiilg measuring stations in 2006 and 2013 areiadcated in Fig. 1a.
The choice of sampling sites was limited due téia@ift access to the sea and resulting logistieatrictions.

In 2006, a Nortek Aquadopp acoustic Doppler curreater was deployed for 3 days at a depth of 39 stesion A2, in the
deeper part of the lake. In 2013, bottom velocitiese recorded with a Seahorse tilt current meter depth of 25 m at

15 station W1, close to the western shore. At the sstatéon, a Star-Oddi thermistor chain was deployit five temperature
sensors located at depths of 15 m, 21 m, 22 m, 2Bdr24 m, which are not optimally located for thiisdy but are useful
to validate the numerical results. Other mooringployed during the campaigns were too short andtddm disregarded.
All the data series recorded in 2013 and analyzzd hre from a two-day period. Wind speed was dszbwith a portable
automatic meteorological station installed on tlestern shore of the lake near station W1.

20 For both years, all data were recorded continuoaslg sampling rate of 30 seconds, but for thislystiney have been
averaged every 10 minutes. At the beginning of leattmpaigns, a CTD profile was taken at station AQ water samples
were collected at different depths. For each cagmpasalinity values were obtained from samples gseed in the
laboratory using the standard dry residue metheckt,Na linear regression was calculated for eael etween the sample
salinity values and the corresponding salinity oted from the CTD data using the UNESCO formulaeSghregressions

25 were used to obtain a salinity profile from the Cil&xa before density profiles were calculated udivegAral Sea density
formula proposed by Gertman and Zavialov (2011 Tharacteristic density profiles for both campaigre presented in
Fig. 1b,where the elongated horizontal dots on the 2018Ipriodicate the depths at which the temperatamssrs in the
chain were placed. The stratification was weak @& and strong in 2013, but this is merely circamsal; it depends
solely on the time when the campaigns were caoigd Consequently, the profiles in Fig. 1b are mepresentative of the
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evolution of the stratification of the present hygatine lake, which generally becomes saltier &srttaximum density

gradient decreases (Izhitskiy et al., 2014a).

2.2 Numerical smulations

Numerical simulations for 2006 and 2013 were penfedt using the POM, which is based on hydrostatieetidimensional
5 primitive equations with the Mellor and Yamada clesscheme and terrain-following sigma coording@®3M, 2016). The
density formula for the current Aral Sea obtaingd3ertman and Zavialov (2011) was included in tlelel. The Aral Sea
bathymetry used has a 967 m NS and 538 m EW té&sol(Roget et al., 2009). For the vertical cooat@s, 12 equidistant
sigma levels were considered in 2006 and 17 in 208 model has a free surface and a split ting §ter the simulations
presented here, the time steps for the externalrdaechal modes were 10 s and 500 s, respectibelyy of which fulfill the
10 Courant-Friedrichs-Lewy criterion. However, giveretuncertainties introduced in the simulations king equal initial
stratification conditions (temperature and salinity all of the lake model grids, and considerifg tfimitation of the
measured data series for comparison, the outptheoinodel was fixed for every hour. Wind stressttom surface was
calculated as = p.CpV1¢* With the drag coefficient & as defined by Hasselmann (1988). A similar apgrosas used for
the bottom stress, where the drag coefficient wadsutated to fit the velocities at the first gridipt nearest the bottom
15 boundary with the logarithmic law of the wall tagia bottom roughness of 0.01 m into account. Haimlulations, the heat
flux at all boundaries was set to zero and no ngsst or output was considered. Zero normal velesitvere used as the

lateral boundary conditions.

In 2006, the model was forced by hourly wind datavaloaded from the coupled global NCEP Climate Easé System
Reanalysis. Data were interpolated from Gaussiaa tegular geographic grid with a 0.31250° step latet to the grid
20 model itself. The model ran for 10 days, but theulis were only analyzed after the fifth day, caihg with the
experimental field campaign. During this time, theras a mild northeasterly wind, the prevailingdvitirection in the area.
For the 2013 simulation, the model was forced dkerfirst 5 days by a constant and spatially unif@asterly wind of 3
m/s, which coincides with the mean speed and theirnt direction during the campaign, and afterwdngt the wind

measured in situ.

25 2.3 Methodsof analysis

The horizontal structure of the internal wave fieddanalyzed based on the surface level deviafimms the equilibrium in
the numerical results. This method is based ordmsideration that internal oscillations can beethby the corresponding
oscillations on the lake surface with a charadieraamplitude (s, which can be approximately related to the amgétof the
displacement of internal the density interface gblihe), ¢, asds = ((on — pe)/Pr){n, Wherepe andpy, are the densities at

30 the surface (epilimnion) and bottom (hypolimnioayédrs (Hellstrom, 1941). In our study, which coesidthe density
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stratification during the 2006 and 2013 campaidhs, amplitudes of the internal waves at the hatecinduced by the

corresponding wind fields are, respectively, addi0 and 100 times larger than at the surface.

To study the modes of the internal seiches idewtifn the spectral analysis, the surface elevatiedicted by the model is
band-pass filtered around the corresponding freqjuéar period). When the oscillation is reprodudsdthe model, the
filtered surface elevation shows the horizontalcttire of the internal seiche. However, if the nmiatb®es not reproduce the
mode, the filtered surface elevation does not piteseoherent structure all over the lake. The pekthas initially proposed
by Mortimer (1963) and has subsequently been ugetifterent authors, including Caloi et al. (1986)rkes (1987), Lemin
et al. (2005) and Forcat et al. (2011). Note that periods of the internal seiches identified &t $hrface are in a range

completely different from the periods of the sugfaeiches (Kirillin et al., 2015).

In this study the numerical results are comparet thie spectra of the vertical position of the ligotns (in 2013) and of the
bottom velocities (in 2006 and 2013) measured él#ke. Velocity components along and across tke eere computed
considering its 14° tilt with respect to the nosthuth direction. Limitations resulting from the ¢gh of the field data forced
us to focus this study on short sub-inertial modes.

For the 2013 campaign, the density and the thepnadiles presented the same structure so thateédisplacements of the
isopycnals (lines of equal density) were obtainedhfthe position of the isotherms (lines of eqeahperature), which were
calculated by linear interpolation of the temperatwalues measured at fixed depths. To analyzentbasured and

numerical data, spectral, filter and correlationlgses were carried out with standard MATLAB fupos.

The vertical structure of the identified modes loé internal seiches is analyzed from the numerieslits by band-pass
filtering the horizontal velocity at all grid depthat a fixed point around the corresponding frequefperiod). If the
oscillation is excited, the velocity sign withinokalayer is the same. However, if the velocities laand-passed around a
period which is not reproduced by the model, nceceht structure regarding the velocity sign (dimegtis observed within

the water column.

3 Results
3.1 Spectral analysis of the numerical and field data

Fig. 2a presents the spectra of the simulated cigevation in 2013 at measuring station W1 arttietocation (45.4°N,
58.6°E). The spectrum at station W1 shows a widk ja¢ around 14 h and peaks at 7 and 4 h at bottidms. The 95%
confidence interval shown in the figure indicatbattthe observed peaks are statistically significBiy. 2b presents the
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equivalent spectra in 2006 at measuring stationA&2observed, there are two peaks at around 14 i &nwhich cannot be

completely separated and a third peak at 5 hthalipeaks are statistically significant.

Fig. 3 shows the spectral analysis of the fieldadatorded in 2013 based on the vertical displantsra the 6°C, 7°C and
10°C isotherms (Fig. 3a) and on the bottom velegitFig. 3b). In both figures peaks of energy drgeoved at frequencies
5 corresponding to periods of around 14 h, 7 h aig dccording to previous numerical results. As etgd the confidence
intervals, displayed at the left side of the plat® relatively large due to the short length & éxperimental data series.
However, they are still robust, particularly if wensider that the spectral analysis of two completéferent measurements

shows the same results, which are in also agreemwitnthe numerical simulations.

Fig. 4 presents the spectra of the bottom velamityponents along and across the main axis of keerfeeasured in 2006.

10 As can be observed, the peaks of energy at arolitg Z.h and 5 h are also in accordance with timeenical spectral results
and will be discussed below. The shape of the spettthe lower frequencies in the component atbedakes is affected
by the window of 128 points used to give more stiatil relevance to the shorter modes.

In accordance with the results above, the osaltatiof 14 h, 7 h and 4 h in 2013 and 11 h, 7 hsahdn 2006 are analyzed
in the following sections, with consideration giveenthe outputs of the numerical simulations comimeron earlier in the
15 Material and Methods section.

3.2 Theenergy peak of 14 h in 2013

According to Mortimer's (1953) formula, the ratid the period of the fundamental internal seiche oo different
stratifications should be equal to the inverseorafithe square root of their normalized densiffedence at the halocline.
Given that the normalized density difference in @nd 2013 are, respectively, 2/1077 and 12/1088. (kb), the

20 fundamental mode in 2013 is expected to be abalttithes less than in 2006. Accordingly, and comdndethat the
numerical simulations for 2006 by Forcat (2013)vedo a fundamental mode of 36 h, it is reasonableotwsider that the
peak of around 14 h, observed in both the numeaindlthe experimental spectra in 2013 at station &¥fresponds to the
fundamental mode, which is also the more easiljtexenode.

Based on the simulations, the horizontal structditbe fundamental mode in 2006 can be observed fhe by-pass filtered
25 surface elevation around a frequency of 1/36The corresponding plots from a reference time @tk and after 18 h and
36 h, respectively, presented in Fig. 5, showrapiete oscillation. As is observed in all threetpldhe surface elevation
shifts smoothly along the lake and there is a sitige where the surface elevation is zero (ndda) which is located about
45.40° N. To one side of the nodal line the surfagel is above the equilibrium level (positive was) and to the other side

it is below it. The direction of the vertical diggements changes from one plot to the next whetirtiee shift is half the
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oscillation period. A standing oscillation with eagle nodal line is known as the horizontal firsbae or the fundamental

mode. In general, the number of nodal lines coordp to the mode number (Hutter et al., 2011).

However, the 14 h oscillation observed in 2013 fribm spectra of the field and numerical data atostaVl cannot be
identified over the whole lake from the bypassefi#td surface elevation as is the case for thelatsoii of 36 h in 2006.
5 Note, however, from Fig. 2a, that the peak at adolid h at station W1 shows two maxima, which majicate two
oscillations with similar periods but different sttures that cannot be isolated from each otheausecthe output of the
model was fixed for every hour. In fact, in Fig, 2athe location [45.4° N, 58.6° E], which coiresdwith the nodal line of
the 36 h mode in 2016 (Fig. 5), the peak at 14 hoisobserved, meaning that it could corresponthéofirst horizontal
mode. Furthermore, because of the limited lengthhef field data series, the resolution might nothigh enough to
10 determine two close oscillations from the measut&d, which also present a wide peak at around 24 m all, it can be
concluded that the 14 h peak observed in both nigeleand field data contains energy of the fundamalemode even
though, in 2013, its horizontal structure all otlee lake could not be determined. The horizontalcstire of the internal
waves of all the other modes studied in this paaer be observed from the simulated surface elevasis shown in the

following subsections.

15 3.3 Structure of themodesof 7 h and 4 hin 2013

In Fig. 6, the surface elevations after being bggdtered around the periods of 7 h and 4 h (Fg. and Fig. 6b,
respectively) are represented for three differeames$ covering the corresponding periods. In Fig.tl&a whole lake is
observed to oscillate longitudinally with a periofi7 h (first and last plots coincide) presenting thodal lines, indicating
the excitation of a second horizontal mode. Th& filodal line is located at around 45.9° N, atethgance of Chernyshev
20 Bay (see Fig. 1) and the second, which has a cissstharacter, extends from 44.98° N at the eastesre to 45.38° N at

the western shore.

The mode of 4 h in 2013 is also reproduced by tB&IAmodel, coexisting with the other oscillations. Fig. 6b, the 4 h
standing wave presents three nodal lines locatear@aind 44.78° N, 45.78° N and 45.90° N, whichcatdis a third

horizontal mode. Note that in this case the nortlmerdal line is also located at the entrance taiGlshev Bay.

25 The vertical structure of these modes can be deterhfrom the evolution in time of the filtered fmmtal velocity along
the lake around 7 h and 4 h at all depth gridhefitater column at the deeper part of the lakeeptesd in the panels (a) and
(c) of Fig. 7. Despite the low values of the vetpafter being filtered, in both cases, the velpaign is the same at
consecutive depths, changing only at two fixed kiephat coincide with the interfaces between layeétis different velocity
directions. The location of these interfaces remaonstant over time, showing the persistence efntibde. In Fig. 7a,

30 which corresponds to the 7 h mode, three horizdim@é are plotted at about 6 m, 16 m and 26 m déege the horizontal
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velocity is zero (nodal points), indicating intesés between layers. Accordingly, for the mode &f i8 therefore a third
vertical mode and therefore the lake behaves bke different layers in relation to the directiointloe velocity (Hutter et al.,
2011).

Temperature data recorded at fixed depths withénwhter column in 2013 support the idea that therdode is a third
vertical mode. Considering the depths of the temtpee sensors along the thermistor chain we wele tabobtain the
vertical oscillation of the isotherms of 11°C an8°€. When comparing the temperature profile (Flg. with Fig. 7a it is
observed that the isotherms of 11°C and 6.8°Camatdd in the upper and lower parts of the thiggdavhich, because of
the standing oscillation, should alternately apphoand retreat and therefore move out of phasefRérsada et gl2003).
Unfortunately, the measuring station W1 was locatedtively close to the horizontal nodal line (Figa), so vertical
displacements are relatively small. However, evethis case and considering the short length ofdlserded data series,
the correlation function between the 11°C and 6i8é@herms, presented in Fig. 8, shows a minimuranathe time shift is
zero, confirming that both isotherms oscillate ofiphase. No temperature data were recorded wiki@mther layers, but
because the data available corroborates the locatid the behavior of one of the predicted layansl the period of the
observed and numerical oscillations coincides etkagtation of the third vertical mode is indirectigrroborated. As for the
vertical structure of the mode of 4 h, Fig. 7c shdhat it corresponds to a second vertical modat Bhthe lake behaves as

a three-layer system and at two depths within tatemcolumn (at about 15 m and 25 m) the horizorghicity is zero.

All in all, we can conclude that the standing datibn of 7 h in 2013 corresponds to a second bat& (two nodal lines)
and a third vertical (four layers) mode and that tf 4 h corresponds to a third horizontal (thmedal lines) and a second

vertical (three layers) mode.

3.4 Structure of the modes of 11 h and 5 h in 2006

Fig. 9a presents the surface elevation bypassefiltat around 11 h for three different times cawgtthe oscillation. As can
be observed, the single line where the surfaceagtavis zero (nodal line) is transversal to thenraxis of the lake and
located between 45.57° N and 45.40° N. Accordintig, first horizontal mode oscillates longitudigalthat is, the surface
elevations at the north and south sides of the IHostahave opposite signs. However, in the southmart of the lake, lines
of equal surface elevation are mainly longitudiantl therefore the wave presents a transversaltsteucrhe transversal
character of this oscillation at the southern péathe lake is in accordance with the results showkig. 4, where a peak at
11 h is observed in the transverse component ofvéhecity measured at station W1 (Fig. 1a). Notat tho nodal line

developed at the entrance to Chernyshev Bay, utiliikease for all the analyzed modes in 2013.

The internal seiche of about 5 h in 2006 is algyaeuced by the POM and the corresponding horit@tdading wave is
represented in Fig. 9b. In this case, the osalfapresents two nodal lines indicating the exataf a second horizontal

8
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mode. The northern nodal line is located betweeB2#5N and 45.74° N, close to the entrance to Giséev Bay, and the

second one about 45.1° N.

The simulated vertical structure of the modes d&edcbrresponding filtered horizontal velocities presented in Fig. 10. In
both cases, the lake responds as if formed by tases moving in opposite directions, consisteiththe excitation of a
second vertical mode. The interfaces between larerindicated by the horizontal lines in the plots

We can conclude that the standing oscillation ohlih 2006 corresponds to a first horizontal (oonee), second vertical
(three layers) mode and that that of 5 h in 2013%h®s a second horizontal (two nodes), secondceértinree layers)

mode.

3.5 The mode of 7 h in 2006

The mode of about 7 h observed in the spectraeobditom velocity in 2006 can also be interprete@ aecond horizontal
mode according to the POM results. Fig. 11a reptesis structure over the entire lake, based enfilkered surface
elevation and presenting two nodal lines. On theeothand, in Fig. 11bthe corresponding vertical structure of the
horizontal velocities shows three different layef&cordingly, the mode of 7 h in 2006 is a secomdtigal second

horizontal mode akin to the mode of 5 h but wittoenpletely different horizontal structure.

4 Discussion

For both years, all the modes have been identdtbngitudinal modes (that is, they oscillate gltinee main axis of the
lake), even in the 2013 when there was a dominasitedy wind. In 2013, however, the longitudinaldacof 7 h has a
crosswise nodal line encompassing 0.4° of latitadd,in 2006, when the dominant wind was northelgstie longitudinal
mode of 11 h also presents a transversal struetutee southern part of the lake. Such behavioresponds to what is
observed in other lakes where excitement of lowigjital seiches with a transversal structure at tliteemand deeper lobe is
the standard response to an oblique or transwersdlforcing as in the case studied here (Roget.e1997).

In 2013, unlike in 2006, all the observed modes@néa nodal line in the neck connecting Cherny&swwith the rest of
the lake. For high horizontal modes, the develogneémodal lines at locations where the transvessation is relatively
small in comparison to the mean transversal are¢haeolake is well known (Roget et al., 1997; Imarale 2013). However,
a decrease of 3.2 m in the surface level betwe®6 2Bd 2013 could have favored the developmenbdéahlines at the
entrance to Chernyshev Bay in 2013, when the dieptie region was less than 5 m. Note that the [dpweent of a nodal
line between Chernyshev Bay and the main body efidke is not equivalent to the fact that Chernysbay would have
detached from the South Aral. While maximum hortabwelocities are found at the nodal lines, they zero at the coast
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(Hutter et al., 2011). Accordingly, the generalsture of the oscillation and so the distributidnvelocities affecting the
exchange between different sub-basins and the gitivity could be very different in one or ottstuation (Umlauf and
Lemmin, 2005; Vidal et al2013; Guyennon et al., 2014).

Regarding the vertical structure of the studiedrimil seiches, only in 2013 was there a third e@rtnode, all having been

5 second vertical in 2006. Higher vertical modes dduhve been expected in 2013 because of the lativide halocline
and the strong stratification in comparison witfD@0A comparison of Fig. 1b with Fig. 7 leads te ttonclusion that the
halocline by itself behaves as a layer. On therdthed, the results from both years show that tresithomogeneous upper
mixed layer (0.12°/18 m in 2006 and 0.15°/18 m@13) can sustain internal waves, at least undewéhg light breeze
conditions previous to and during the campaign. Fimgortance of the stratification to the developimehhigh vertical

10 modes has been discussed in detail by Pérez-Letada(2003) and Imam et al. (2013), who also $oon the importance
of irregular bathymetries. From our point of viethe relative complexity of field campaigns in largkes prevents
researchers from focusing on observations of tigh kiertical modes, which were no longer considesrd in small and
medium stratified lakes and reservoirs once obgens had begun to focus on them (Minnich et &921 Vidal et al.,
2007; Simpson et al., 2011).

15 Although the differences in the structure of theinal waves studied in 2006 and 2013 are mainégy/tdithe development
of higher horizontal modes and to stratificatidre effect of the different wind forcing in 2006 a2@13 must also be taken
into consideration. The structure of all possibiieeinal seiches is known to depend on bathymetdysaratification, but
seiches that are excited depend on the pattetreokind (Fricker and Nepf, 2000). A number of aushisave illustrated the
importance of the wind pattern in determining tkending oscillations that become excited (Rogetlet1997; Valerio et

20 al., 2012) and even in the shift of the internaVesfrom one mode to the other (Boehrer eR&I00; Bastida et al., 2012).

As mentioned in the Introduction, comparisons wiité results presented here are impossible becatiaited studies of the
high vertical modes in large lakes do not yet exisirthermore, even the formulas to approximate gheod of the
fundamental mode (Mortimer, 1953; Wiest and Fari2@03) are too complicated to apply to irregulamuiti-basin lakes
(Rueda and Schladow, 2002). Worth mentioning, h@ameis that Hutter et al. (1983) reported a secwedical first
25 horizontal mode of 12 h in Lake Lugano in Italyda®witzerland; Antenucci et al. (2000) found secand third vertical
rotatory modes of about 12 h with differences o2 h-in Lake Kinneret in Israel; Prigo et al. (199&ported a second
vertical first horizontal mode of 2.5 h in Lake @alain in the United States and Canada; Boehret. 2000) found a
second vertical mode larger than 6 h in the westaéie Constance in Germany; and Valerio et al. 220&ported a second

vertical first horizontal mode of 56 h in Lake Isétly.

30
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5 Conclusion

In this paper we have analyzed the internal seiohessured in the South Aral Sea in September 200€n the lake was
weakly stratified and a northeasterly wind was dwmt, and again in October 2013, when the stratiio was strong and
there was a dominant easterly wind. Between 20062813, the sea surface level decreased 3.2 msflidg is based on
field data and numerical simulations using the ¢&ian Ocean Model. More precisely, we have focumedub-inertial

modes (bellow 17 h) larger than a 3 h period.

Our results show that the fundamental modes in 20062013 were of 36 h and 14 h, respectively.lenrin autumn 2006
there was a second vertical first horizontal mofiéloh and two different second vertical secondzumtal modes of 7 h
and 5 h, while in autumn 2013, there was a thirticed second horizontal of 7 h and a second varttird horizontal mode
of 4 h. Note that only in 2013 was there a thirdizental mode. All the studied modes are longitadlimlthough the mode
of 11 h in 2006 has a transversal structure asthehern part of the sea and the mode of 7 h ir3 20ésents a crosswise

nodal line.

This study points to the relevance of sea levelatian for the excitation of higher horizontal mede&Shallower areas
connecting different sub-basins can become crificainodal line development, as is the case ofrhek connecting the
northern part (Chernyshev Bay) with the main boéiyfhe South Aral. In this case, the drastic chanigethe standing
oscillations of horizontal velocities and verticdisplacements could influence the distribution ofrgy mixing and

phytoplankton exposure to sunlight.

On the other hand, the strong stratification duiting 2013 campaign has favored high vertical motegoth years, the
quasi homogeneous upper mixed layer of 18 m wasdfda sustain internal waves under the light breswalitions that

also favor high vertical modes.
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Figure 7: Filtered horizontal velocity along the main agisthe lake for the oscillations of (a) 7 h and 4ch in 2013. (b) Measured
temperature profile in 2013 showing the depths&f &énd 11°C.
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Figure 8: Correlation function between the vertical displacets®f the isotherms of 11°C and 6.8°C measureat@rsiV1 in 2013.
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Figure9: Band-pass filtered surface elevations for the a@ihs of (a) 11 h and (b) 5 h in 2006.
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Figure 10: Filtered horizontal velocity along the main aafghe lake for the oscillation of (a) 11 h and $th in 2006.
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Figure 11: (a) Band-pass filtered surface elevation for thellaton of 7 h in 2006 and (b) the correspondiragizontal velocities along
the lake.
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