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Abstract. Internal standing waves (seiches) in the Southl Sea are studied for the first time. The studyseghon

numerical simulations and field data, focuses oa diifferent campaigns: the first in autumn 2006 ewtthe stratification
was weak and there was a mild prevailing northelgstend, and the second in autumn 2013, when tregiication was

strong and there was a mild easterly wind. Betwibese two campaigns, the sea surface level decrdns8.2 m. The
periods of the fundamental modes were identifie8Gbk and 14 h, respectively. In both years we $edwn the sub-inertial
modes, which were found to be either second od thértical modes. In general, the vertical mode20a3 were higher
because of the broad and strong pycnocline. Fdr bears, it was found that the quasi-homogeneousedndeep upper
layer could sustain internal waves under mild wéodditions. The observed first and second vertimadles in 2006 are first
and second horizontal modes and the second amtiwihitical modes in 2013 are second and third baté modes. The
results suggest that, due to sea level variatibhesspeck connecting the Chernyshev Bay to the mady of the lake can

become a critical location for the development abdal line for all principal oscillation modes.

1 Introduction

The growing knowledge about surface and interraaiding waves in lakes (seiches), beginning withfifts¢ documented
observations of surface oscillations in Lake Migtign the seventeenth century, has been exhaysterdewed by Hutter
et al. (2011). The modern era of internal seichelysbegan with the Defant/Mortimer model (Mortim&879), which can
be extended to high vertical modes, that is, whéaka responds as a multilayer system. Although itow accepted that
high vertical modes are often excited, observatafrsuch modes were sparse until the end of thatteth century (Heaps,
1961; LaZerte, 1980; Csanady, 1982; Hutter etl@83). Currently, the importance of internal waiedds in redistributing
wind energy within lakes is well known (Wiest et 2000; Stocker and Imberger, 2003; Shimizu andelrger, 2008) and
different authors have focused on its impact onimgiXStevens, 1999; Planella et al., 2011; Berrthand Kirillin, 2013),
sediment resuspension (Bogucki and Redekopp, 2@08),sediment and phytoplankton transportatioraiidi Jin, 2006;
Rolland et al,. 2013; Vidal et al., 2014). Whiledies of internal waves in small and large lakesr@w quite common, for
most of them, the characteristic internal seichllfhas not been described in detail. Large lakesrevinternal seiches have

been studied, either theoretically or experimeptédl varying degrees, include Lake Kinneret (Ou @®hnet, 1979;
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Antenucci et al., 2000), Lake Champlain (Prigo let ¥996), Lake Geneva (Lemmin et al., 2005), L8kea (Saggio and
Imberger, 1998), and Lake Michigan (Mortimer, 2Q04)

This paper presents the first study of the intese@dhe field in the Aral Sea, which is locatedazakhstan and Uzbekistan
(Central Asia). At present, it covers approximatelypercent of the surface area it covered in 8894 and holds less than
10 percent of its former volume, now mainly congginwithin two separate water bodies: the North S&ndth Aral seas
(also known as the Small Sea and the Large Sea2009, the shallow western lobe of the South Arah $lried up
completely, and after partial replenishment, it desd up again (UNEP-GEAS, 2014). However, whatams of the South

Aral Sea, a shadow of its former self, is stilaege lake about 150 km long and 25 km wide, onanper

The Aral Sea’s desiccation has had an enormous mueealogical, and climatic impact (Micklin, 200&rashkevich et al.,
2009; Zhitina, 2011; Rubinstein et al., 2014) amd become a paradigm of the large number of lakes/er the world
whose water levels have dropped (Bai et al., 2¥iltjirim et al., 2011; Lauwaet et al., 2012; Touriat al., 2015). The
ongoing changes in the Aral Sea are being clos#igvied by the scientific community (Singh et &012; Schettler et al.,
2013; Shi et al., 2014). Since 2002, the evolutibits stratification has been documented (ZaviakB05, 2009, 2012), the
predominant circulation has been described (lziyitsk al., 2014a)and the role played by geomorphological processes
associated with hydrodynamics in the evolutionhef kake has been discussed (Roget et al., 200%ev#y, due to a lack
of data, only very preliminary works exist on imat waves. In 2013, during a field campaign thas wat focused on the
study of internal waves, continuous temperatur@ aathin the water column were recorded for thetfirme, making it
possible to use the Princeton Ocean Model (POM}Es®ss the numerical results for the internal esicthe POM, which is
widely known, has been used to make marine foredastthe U.S. Great Lakes (NOAA-GLERL, 2016), tady internal
waves (Rueda et al., 2003; Munroe et al., 2005uBatal., 2011) and to study the Aral Sea (Rogel.e2009; Izhitskiy et
al., 2014a).

Here we present a numerical study of the interaahes for the conditions in autumn 2006 and 2@b8, compare them
with the measured data. More precisely, we analyzenodes of oscillation below the inertial perindhe region, which is
about 17 h, and larger than 3 h. This range has es@blished by considering the length of the mregisdata series and the
uncertainties in the simulation setup. This is désed in the Material and Methods section, whichbeen organized into
different subsections presenting a descriptionhaf mmeasurements taken that are relevant to thiy,sthe numerical

simulations run for the two campaigns, and the oadhof analysis.

The Results section is also organized into submestiln the first subsection, the spectral analg$ishe field data is
compared with the numerical results predicted by thodel at the same stations. Subsequent subsecimalyze the

structures of the modes identified in the spedcreallysis of the field data in 2006 and 2013. ThecDésion section is also
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organized into two subsections concerning the bate and vertical structure of the internal seg;he both cases, the
features that favor the excitation of different sdthe differences between the two campaigns, lemgassible relevance of

these variations on the fluxes are discussed.

2 Materialsand M ethods
2.1 Site and measur ements

The field data analyzed to support the numericautations were recorded during two field campaiff?is-30 September
2006 and 29 October—-3 November 2013) describedetildby Zavialov et al. (2008) and Izhitskiy et &014b),

respectively. Fig. 1 presents the shorelines oSingth Aral in 2006 and 2013 together with the fpaidtric levels for 2013,
when the sea surface level decreased by 3.2 mshdreline has mainly receded along the easterreshdrere the lake is
shallower. Furthermore, the neck connecting th¢heon part of the South Aral Sea (Chernyshev Bayh¢ main body of
the lake has narrowed considerably. The measutatgpiss in 2006 and 2013 are also indicated in E&.The choice of

sampling sites was limited due to difficult accesthe sea and resulting logistical restrictions.

In 2006, a Nortek Aquadopp acoustic Doppler curreater was deployed for 3 days at a depth of 39 station A2, in the
deeper part of the lake. The uncertainty of thesmeaments was about 1% of the measured value ®/3.9n 2013, bottom
velocities were recorded with a SeaHorse TCM tilrent meter (Sheremet, 2010) at a depth of 25 stasibn W1, close to
the western shore. The TCM was deployed in the bighent mode (accuracy range from 0 to 80 cm/$h wivelocity
resolution of 0.1 cm/s and a direction resolutadr0.1 degrees. At the same station, a Star-Odalinttstor chain was
deployed with five temperature sensors locatedeathts of 15 m, 21 m, 22 m, 23 m and 24 m, whichrexrteoptimally
located for this study but are useful to validdite humerical results. The resolution and accuréctlieotemperature sensors
was 0.032°C and +/-0.1°C, respectively. All theadsdries recorded in 2013 and analyzed here amedrbwo-day period.
During the campaigns other moorings were deploy#dobly during shorter periods so they had to tsedjarded. Wind
speed was recorded with a portable automatic maltagical station installed on the western shor¢heflake near station
W1,

In 2006 and again in 2013, all data were recoraedimuously at a sampling rate of 30 seconds, dwuthis study they have
been averaged every 10 minutes. At the beginningotti campaigns, a CTD profile was taken at stafi@nand water

samples were collected at different depths. Foh eampaign, salinity values were obtained from damprocessed in the
laboratory using the standard dry rest method. Nexinear regression was calculated for each hetween the sample
salinity values and the corresponding salinity oisd from the CTD data using the UNESCO formulaeSéhregressions
were used to obtain a salinity profile from the Cdiéta before density profiles were calculated usiregAral Sea density

formula proposed by Gertman and Zavialov (2011).
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The characteristic temperature, salinity and dgrsibfiles for both campaigns are presented in fieéigl The stratification
was weak in 2006 and strong in 2013, but this isetyecircumstantial; it depends solely on the timlgen the campaigns
were carried out. In general this hypersaline lakeomes saltier but the maximum annual densityignadlecreases
(Izhitskiy et al., 2014a). The elongated horizordats on the 2013 profile (Fig. 2c) indicate theptlis at which the

temperature sensors in the chain were placed.

2.2 Numerical ssmulations

Numerical simulations for 2006 and 2013 were penfat using the POM, which is based on hydrostatieetdimensional
primitive equations with the Mellor and Yamada diesscheme and terrain-following sigma coordin@®3M, 2016). The
density formula for the current Aral Sea obtaingdd®rtman and Zavialov (2011) was included in troalet. The Aral Sea
bathymetry used has a 967 m NS and 538 m EW rémol(Roget et al., 2009). For the vertical coortiisa 12 equidistant
sigma levels were considered in 2006 and 17 in 20k model has a free surface and a split tine §ter the simulations
presented here, the time steps for the externalraechal modes were 10 s and 500 s, respectitbelyy of which fulfill the

Courant-Friedrichs-Lewy criterion. However, givdretuncertainties introduced in the simulations Bing equal initial

stratification conditions (the temperature andrsgliprofiles measured at the deeper station) liofathe lake model grids,

and considering the limitation of the measured datées for comparison, the output of the model fixesl for every hour.

Wind stress on the surface was calculated=ap,CpV1,” With the drag coefficient, £ as defined by Hasselmann (1988). A
similar approach was used for the bottom stressyevthe drag coefficient was calculated to fitybtocities at the first grid
point nearest the bottom boundary with the logarithlaw of the wall taking a bottom roughness @10m into account.
For all simulations, the heat flux at all boundanieas set to zero and no mass input or output easidered. Zero normal

velocities were used as the lateral boundary cimmdit

In 2006, the model was forced by hourly wind datavaloaded from the coupled global NCEP Climate Easé System
Reanalysis. Data were interpolated from a Gaudgsianregular geographic grid with a 0.31250° steg later to the grid
model itself. The model ran for 10 days, but theults were only analyzed after the fifth day, calimg with the
experimental field campaign. During this time, tharas a mild northeasterly wind, which is the pilavgwind direction in
the area. For the 2013 simulation, the model wasefb over the first 5 days by a constant and dpatiaiform easterly
wind of 3 m/s, which coincides with the mean spaad the dominant direction previous to and durhmg ¢ampaign, and

afterwards by the wind measured in situ.

The internal seiches are by definition standingegaand they depend only on bathymetry and stratiidin. In fact, standard
models for the study of the internal seiches fimel tharacteristic roots (frequencies) and chairatitewvectors (structure of

the vertical displacements) of the momentum balasmeations by considering the appropriate boundanditions for

4
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stationarity but with no external forcing (Salvastéal., 1988; Guyennon et al., 2014). However sttiehes excited from all
the possible stationary waves do depend on therpatf the wind that has generated them (FrickdrNepf, 2000). That is
why we have forced the POM model with the charastierwind previous to and during the campaigns. thes work, a 5-
day spin-up period of the model was found to beughdor the standing waves to develop, althouglurately settling the
circulation of the lake might require a larger spjm period (Korotenko et al., 2010). Note thathi& POM model had not
reproduced the modes studied in this paper, thiacairelevation filtered around the periods of tihsevved oscillations

would not present a coherent structure over the faét is repeated for every period, as presentéukiresults section.

2.3 Methods of analysis

The horizontal structure of the internal seichédfis analyzed based on surface level deviatioms fthe equilibrium in the
numerical results. This method assumes that thetnial oscillations can be traced by the correspmndscillations on the
lake surface with a characteristic amplitudewhich can be approximately related to the amgétof the displacement of
internal the density interface (halocling), as{; = ((or, — p.)/pr){n, Wherep. and p, are the densities at the surface
(epilimnion) and bottom (hypolimnion) layers (Héltam, 1941). In our study, which considers the dgnstratification
during the 2006 and 2013 campaigns, the ampliteddbe internal waves at the halocline induced ly ¢orresponding

wind fields are, respectively, about 1000 and 1@@¢ larger than at the surface.

To study the modes of the internal seiches idextifn the spectral analysis, the surface elevatiedicted by the model is
band-pass filtered around the corresponding frecyuéor period). When the oscillation is reprodudsdthe model, the
filtered surface elevation shows the horizontaldtire of the standing waves, which is repeatest aftomplete oscillation.
In general the mode number of the horizontal aaiilh corresponds to the number of lines wheresthéace elevation is
zero (nodal lines). This approach avoids the imtlon of the numerical results in the water caturihe method was
initially proposed by Mortimer (1963) and has suhsmtly been used by different authors, includirgoCet al. (1986),

Sirkes (1987), Lemin et al. (2005) and Forcat ef{2011). Note that the periods of the internatises identified at the

surface are in a range completely different frompkriods of the surface seiches (Kirillin et 2015).

In this study, the numerical results are compar@h the spectra of the vertical position of thetli®yms (in 2013) and of
the bottom velocities (in 2006 and 2013) measuredhie lake. Velocity components along and acrossldke were
computed considering its 14° tilt with respecttie horth-south direction. Limitations resultingrfrahe length of the field

data forced us to focus this study on short sultialenodes.

For the 2013 campaign, the density and the tempergbrofiles were monotonous in depth. Therefohe vertical
displacements of the isopycnals (depths of equasitly were obtained from the position of the igsths (depths of equal

temperature), which were calculated by linear mtéation of the temperature values measured atl fdepths. To analyze

5
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the measured and numerical data, spectral, filtet eorrelation analyses were carried out with sieshdVATLAB
functions.

The structure of the identified modes of the ind¢iseiches is analyzed from the numerical resyltsand-pass filtering the
horizontal velocity around the corresponding frauye (period). This is done in all grid depths atix@d point. If the

oscillation is excited, the velocity sign withinakalayer is the same and changes at the interfasteseen them. Note that if
the velocities are band-passed around a periodhwdves not correspond to a mode reproduced by tieelmno coherent
structure regarding the velocity sign (directiohpbserved in the water column. In general the keteaves as a multi-layer
system, so there can be multiple interfaces whaoseber is one less than the number of layers. Tnebeu of interfaces

defines the order of the vertical mode.

3 Results

Here we analyze the internal seiches in the Soutt during the 2006 and 2013 campaigns. As alreaegtioned, in 2006
the stratification was weak and there was a moderatth wind, while in 2013 the stratification wstsong and there was a
light northeasterly wind. Note, however, that tlemsity step between 25 m and 30 m of depth in Z6@f 2c) would be
equivalent to a temperature step of more than &°& fresh water lake and would be considered ampbeaof strong
stratification (Boehrer and Schultze 2008).

3.1 Spectral analysis of the numerical and field data in autumn 2006 and 2013

Fig. 3a presents the spectra of the simulated seidbevation in 2006 at measuring station A2. dvehtwo peaks of energy
(at around 11 h and 7 h) that cannot be compleigarated, and a third peak at 5 h. The 95% condfeterval shown in
the figure indicates that the peaks are stati$ficagnificant. Fig. 3b presents the equivalentcsrzein 2013 at measuring
station W1 and at another location (45.4°N, 58.6B6}h spectra show peaks at 7 h and 4 h, an@trstW1 there is also a
wide peak at around 14 h. All the peaks are sitzdiby significant.

Regarding the data measured in 2006, the spectifaedbottom velocity components along and acrossnthin axis are

presented in Fig. 4. As it can be seen, there meegy peaks at around 11 h, 7 h and 5 h, whicheagith the spectrum of
the numerical results presented in Fig. 3a. Theesltd the spectrum at the lower frequencies incttraponent along the
lake is affected by the window of 128 points usedjive more statistical relevance to the shortedeso Fig. 5 shows the
spectral analysis of the field data recorded in®based on the vertical displacements of the 6°C,ahd 10°C isotherms
(Fig. 5a) and on the bottom velocities (Fig. 5h)bbth figures, peaks of energy are observed quémecies corresponding to
periods of around 14 h, 7 h and 4 h, in agreemétht the spectra of the numerical results for 20/8.(3b). As expected,

the confidence intervals, displayed on the lefesifithe plots, are relatively large due to therslemgth of the experimental
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data series. However, the results are still robespecially if we consider that the spectral analyd two completely

different measurements shows the same resultshwinécalso in agreement with the numerical simuesti

Given these results, the structure of the osailfetiof 11 h, 7 h and 5 h in 2006, and of 14 h,ahtt 4 h in 2013, are
analyzed in the following sections based on theust of the numerical simulations mentioned eaitiethe Material and

Methods section. For 2006, a longer mode of 36ekipted by the simulations is also discussed irfdti@wing section.

3.2 The structure of theinternal seichesin 2006

Based on the simulations, a standing oscillatioB&®h was identified in 2006. The horizontal stanetof this mode can be
observed from the bypass-filtered surface elevaiimund a frequency of 1/36-hThe corresponding plots from a reference
time (t = 0 h) and after 18 h and 36 h, respedtijv@ie presented in Fig. 6a, showing a completélatizn. As observed in
all three plots, the surface elevation shifts silyoalong the lake and, at about 45.38° N ther lise where the surface
elevation is zero (nodal line). At one side of tioelal line the surface level is above the equilirilevel (positive values)
and at the other side it is below it. The directadrthe vertical displacements changes from oné tpldhe next when the
time shift is half the oscillation period. Becaubis oscillation has a single nodal line it is aibontal first mode. The mode
of 36 h, however, was not observed in the measuresm&his may be because the short length of thee skxies does not
allow its resolution or because, as discussed tamiret al. (2013), the first horizontal modes in tiHoAsin lakes can be

strongly damped because of the drag in the cotextrizreas between the basins.

The structure of the mode of 11 h identified in pectra of the field data in 2006 can be obsemdelg. 6b, where the
simulated surface elevation bypass filtered atrddll h is also presented for three different ticwgering the oscillation.
As in Fig. 6a, there is also a single nodal linkisTine is transversal to the main axis of theslakd located between 45.57°
N and 45.40° N. Accordingly, the 11 h oscillati@nalso a first horizontal mode that oscillates Iardjnally; that is, the
surface elevations at the north and south sidekeohodal line have opposite signs. However, insigthern part of the
lake, for the mode of 11 h, the lines of equal atefelevation are mainly longitudinal and therefiie wave presents a
transversal structure. The transversal charactéhisfoscillation at the southern part of the lékén accordance with the

results shown in Fig. 4, where a peak at 11 h $eoked in the transverse component of the veloségsured at station W1.

Analogously, the oscillation of about 7 h obserirethe spectra of the bottom velocity in 2006 canrierpreted, according
to the POM results, as a second horizontal modausecthe corresponding horizontal oscillation taicethe surface layer
presents two nodal lines. Fig 6¢ shows a northedahline located between 45.74° Nand 45.92° dsecto the entrance to
Chernyshev Bay, and a second one at about 45.0BPtNis case, however, the nodal lines are ledsdeéined than those
in the figures of all the other analyzed modessThay be the result of the output of the model dpédixed every hour, but

the simulated oscillation has a period of 7.5 ly(Bg).
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The oscillation of about 5 h identified in thevetgc spectra for 2006 is also reproduced by the eh@$ a horizontal
standing wave, represented in Fig. 6d. In this cdmeoscillation also presents two nodal linesit #®identified as another

second horizontal mode. As observed, the nodat limethe mode of 5 h are located close to thogkeofnode of 7 h.

Regarding the vertical structures of the modesmkskin 2006, they are analyzed from the evoluiiotime of the filtered
horizontal velocity along the lake, at all deptlidgrof the water column in the deeper part of Hiee] as discussed in the
Methods Section. Despite the low velocity valuéeifed around the corresponding period, the velagign changes only at
a few fixed depths that coincide with the interdetween the layers with different velocity direes. The location of

these interfaces remains constant over time, shpthie persistence of the mode.

Fig. 7a presents the velocities filtered arounch86@rs. In the figure, a single discontinuous hartabline at about 14 m
depth shows the single depth where the horizorgldcity changes direction. So, for this mode, thieelresponds as if
formed by two layers moving in opposite directioAscordingly, the mode of 36 h is a first verticabde. Because at the

same time it is also a first horizontal, this méglenown as the fundamental mode.

Figs. 7b,c,d show the vertical structures of thelesoof 11 h, 7 h, and 5 h based also on the filthgizontal velocities. In
all cases, two dashed horizontal lines indicatentexfaces between the layers: located about hdr22 m for the mode of
11 hours, at 5 m and 26 m for the mode of 7 h,ari® m and 27 m the mode of 5 h. Accordingly tf@se oscillations, the
lake responds as if formed by three layers movingpposite directions and the modes are consistigintthe excitation of

second vertical modes.

In summary, we can conclude that during the 2008pzégn the fundamental mode of internal seiches3@as and that the
measured oscillation of 11 h was a first horizosatond vertical mode, while those of 7 h and 5enewboth second

horizontal second vertical modes with differentisture.

3.3 The structure of theinternal seichesin 2013

According to Mortimer’'s (1953) formula, the ratid the periods of the fundamental internal seiche tfeo different

stratifications should be equal to the inverseorafithe square root of their normalized densiffedénce at the halocline.
Given that the normalized density differences io@@nd 2013 were, respectively, 2/1077 and 12/1B&8 2c), the period
of the fundamental mode in 2013 is expected tobmeis2.4 times less than in 2006, when it was shimwre 36 hours. So,
it is reasonable to consider that the peak of atdishh at station W1, observed in both the numksind the experimental
spectra, corresponds to the fundamental mode, whiellso the more easily excited mode. However,lihdr oscillation

observed in the spectra of both the field and tmmerical data at station W1 cannot be identifiedrahie whole lake from

the bypass-filtered surface elevation as was tlse @@ the oscillation of 36 h in 2006 (Fig. 6aptél from Fig. 3b that the
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peak at around 14 h at station W1 shows two maxivhach may indicate two oscillations with similagniods but different
structures that cannot be isolated from each dikeause the output of the model was fixed for evernyr. In fact, the
location [45.4° N, 58.6° E] represented in Fig.c8incides with the nodal line of the mode of 36ni2D16 (Fig. 6a) and
therefore, if we assume that the oscillation ofldorresponds to the fundamental mode in 2013 entical displacements
are expected at this location. Furthermore, becatifee limited length of the field data series tlesolution might not be
high enough to determine two close oscillationsrfiie measured data, which in Fig. 5 also showde whergy peak at
around 14 h. All in all, it can be concluded thia¢ t14 h peak observed in both the numerical andi¢ke: data spectra

contains energy of the fundamental mode.

Figs. 8 (a) and (b) present the surface elevatigpass-filtered around the 7 h and 4 h periodstifileth in the spectra of the
field data in 2013 (Fig. 5). In both cases, theeféd surface elevations are shown for three @iffetimes covering the
corresponding periods. In Fig. 7a the whole lakeliserved to oscillate longitudinally with a periofi7 h and two nodal
lines, indicating that it is a second horizontald@eoThe first nodal line is located between 45. M8 &nd 45.98° N, at the
entrance to Chernyshev Bay (see Fig. 1), and tbensk which has a crosswise character, extends #4.:98° N at the
eastern shore to 45.38° N at the western shorprésented in Fig. 8b, the 4 h standing wave hagthodal lines located at

around 44.78° N, 45.78° N and 45.98° N, at theaan# to Chernyshev Bay, corresponding to a thirdzbiotal mode.

The vertical structures of the coexisting mode20d3 are observed from the evolution in time of fitered horizontal
velocities presented in panels (b) and (c) of Bign Fig. 9b, which corresponds to the 7 h moldere are three horizontal
lines at depths of about 6 m, 16 m and 26 m, wtteréhorizontal velocity is zero (nodal levels) aadwhere the interfaces
between layers are located. Therefore, the modehois a third vertical mode and the lake behaikesd four-layer system.
Temperature data recorded at fixed depths withénwhater column support the idea that the 7 h mede third vertical
mode. Considering the depths of the temperatureosgralong the thermistor chain, we were able t@aiokthe vertical
oscillation of the isotherms of 11°C and 6.8°C.. Fg shows the depths of the isotherms of 11°C @88 which as
observed in Fig. 9b are located in the upper angi@arts of the third layer, which should alteetyatapproach and retreat
and therefore move out of phase because of thalistaroscillation (Pérez-Losada et,aP003). Unfortunately, the
measuring station W1 was located relatively clasehe horizontal nodal line so that the verticapificements at this
location are expected to be relatively small. Hosveeven in this case, and considering the shogtteof the recorded data
series, the correlation function between the 11%€&8°C isotherms, presented in Fig. 10, showmamam when the time
shift is zero, confirming that both isotherms dst# out of phase. No temperature data were redondthin the other
layers, but because the data available corrobtitatecation and the behavior of one of the predidayers, and the period
of the observed and numerical oscillations coirgidke excitation of the third vertical mode isiedtly corroborated. As

for the vertical structure of the mode of 4 h, Fg.shows that it corresponds to a second vemiale. That is, the lake
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behaves as a three-layer system and, at two deitthia the water column (about 15 m and 25 m),Hbe&zontal velocity is

zero because it changes its direction.

All in all, we can conclude that the fundamentaldmdn 2013 was of 14 h, that the standing osdailtatif 7 h corresponds to

a second horizontal third vertical mode and that bfcorresponds to a third horizontal second e&rtnode.

4 Discussion

4.1. Horizontal structure of theinternal seiches

In 2006, two first horizontal modes (including thendamental mode) and two second horizontal moda® ound to be
excited, while in 2013 one first (the fundamentald®), one second, and one third horizontal mode vw&w, in general, the
horizontal modes in 2013 were higher. The develogroénodal lines at locations where the transJuessetion is relatively

small in comparison to the mean transversal ar¢laeofake is well known (Roget et al., 1997; Imanalg 2013). According

to our results, the decrease of 3.2 m in the sareel between 2006 and 2013 seems to have fatioeedievelopment of a
nodal lines at a seal near the entrance to CheemyBlay, where the depth was less than 5 m in 20b8e that the

development of a nodal line between Chernyshev &ay the main body of the lake is not equivalenthi fact that

Chernyshev Bay would have become detached fronstheh Aral Sea: while maximum horizontal velociteee found at

the nodal lines, they are zero at the coast (Huteal., 2011). According to Izhitsky et al. (201@)e separation of
Chernyshev Bay from the rest of the basin is immineo the distribution of velocities affecting tegchange between
different sub-basins (Umlauf and Lemmin, 2005) #&rel mixing activity (Vidal et al., 2013; Guyennohas., 2014) in the

actual Large Aral Sea could change relatively soon.

Although the predominance of the fundamental msdgeierally expected, in 2006 the 36 h fundamentale predicted by
the model was not identified from the short sedkdata. Furthermore, its amplitude in the simolasi was smaller than the
amplitude of the other modes (see the scales inGfid his situation could be explained by consiethe work of Imam et
al. (2013), who showed that, in an elongated ldagfe, the first horizontal mode is strongly damgmsdthe drag in the
region between the sub-basins. The damping ofuhdadmental mode of 14 h in 2013 could also expldiy, apparently, it
could not have been separated from other modes.

During the 2006 and 2013 campaigns, which wereiethiwut during two periods when there were mildtinesistern and
northern prevailing winds, all the observed modaschbeen identified as longitudinal modes, thatisy oscillate along the
main axis of the lake which is orientated about ftdf the north-south direction. In 2006, howetbg longitudinal mode

of 11 h also has a transversal structure at théhepu part of the lake and in 2013 the longitudimade of 7 h has a
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crosswise nodal line encompassing 0.4° of latitdde importance of the wind pattern in determinihg standing waves
that become excited from the spectrum of possislihas been illustrated by different authors (kalet al., 2012) and the
excitement of longitudinal seiches with a transaksdructure at the wider and deeper lobe hastsen documented in a

small lake (Roget et al., 1997) as the standaqbrese to an oblique or transversal wind forcing.

4.2. Vertical structure of theinternal seiches

Although only first (the fundamental mode) and setwertical modes were measured in 2006, a thirdce¢ mode was

excited in 2013 (Fig. 9b). Comparing the 2013 dgrmiofile in Fig. 2¢c and Fig. b9 shows that thelevand strong halocline
located between about 15 m and 25 m of depth bshase layer by itself. Opposite to that, the nigilocline in 2006,

which extends from a depth of 25m to 28 m (Fig. 2gjncides with the interface between the laydrthe mode of 4 h

(Fig. 9d). Note that although the density grad@rthe main halocline in 2006 is apparently smakkomparison with 2013,
it is equivalent to a variation in temperature &fis 3 meters which would be considered a shaatifitation in a fresh

water lake (Boehrer and Schultze, 2008).

The importance of the stratification to the devetemt of high vertical modes has been discusseeétaildy Pérez-Losada
et al. (2003) based on the bulk Richardson. AlsmelBer et al. (2000) and Bastida et al. (2012)guiesow variations in the
wind produce changes in the order of the verticadl@s. The results presented here show that, atuedsr the light breeze
conditions previous to and during the campaigne,diep quasi-homogeneous upper mixed layers ¢-kd0r") sustain
internal waves which increases the number of \artitodes. Otherwise, in 2006, when there is shgepqxline, it would

be a first vertical, and in 2013, when there ikieker pycnocline, a second vertical mode.

During the last decade, the water exchange betteeaastern basin (vanished by now) and the webgesim of the South
Aral increased the salinity of the western lobegamore than 120 ppt in the bottom layer and fagd@édayered structure of
the water column (Zavialov, 2005) which is not ay@gresent in the density profile. The 2016 prefi{Eig. 2) show that
the first 13 m of the upper mixed layer were themest and saltiest and that, from 13 m to 25 m,témeperature and
salinity decreased below the values of the bottayer. In 2013, however, the water exchange betweemnwestern and
eastern lobe almost ceased, and the upper andrblatyers looked relatively homogeneous. Recent areasents (Izhitskiy

et al. 2016) suggested sporadic inflows throughréineaining channel into Chernyshev Bay, which [gesahan the bottom

layer in the central part of the eastern basin.satijer water inflowing from Chernyshev Bay inteetmain body of the
Large Aral Sea can still influence its evolutiorhefefore, the variation in the annual stratificataf the Large Aral Sea is
still expected and, as a result, the internal wigeld could change. Several authors have showrtfeet of changing modes
on the spatial variability of turbulence. Lorraiadt (2011) have shown how the mixing rates presariability at twice the

seiching frequency. Sakai et al. (2001) have afsowe that, in a lake where super inertial rotategves dominated, the
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superposition of higher modes enhanced particlespart. Accordingly, given the expected variatiom e annual

stratification of the Large Aral Sea, the effectbasin-scale diffusivities could also be expectedhiange.

5 Conclusion

In this paper we have analyzed the internal seiaesssured in the South Aral Sea in September 2@0&n a northeasterly
wind was dominant and the lake was relatively weaittatified (up 0.2 kg/f), and again in October 2013, when the
stratification was very strong (up to 3.2 kd)rand there was a dominant easterly wind. Betwd6 2nd 2013, the sea
surface level decreased by 3.2 m. The study isdbarefield data and numerical simulations using Rimsceton Ocean

Model and we have mainly focused on modes below (tfie inertial period) and above 3 h.

Our results show that the fundamental modes in 20@6 2013 were of 36 h and 14 h, respectively &eg might be
dampened by the drag in the region between the malinbasins. In autumn 2006, there was a secortitalefirst
horizontal mode of 11 h and two different secondizal second horizontal modes of 7 h and 5 h.utuan 2013, there was
a third vertical second horizontal of 7 h and aoselcvertical third horizontal mode of 4 h. So, oimy2013 was a third
horizontal mode excited, favored by the wide strbatpcline that behaves as a layer by itself. lthlyears, a deep quasi-

homogeneous upper mixed layer (~ 0.01 KyAwas found to sustain internal waves, at leaseutight breeze condition.

All the studied modes were longitudinal, howeverofed by northeasterly or northern winds, the firstizontal second
vertical mode of 11 h in 2006 had a transversaicsiire at the southern part of the sea, and thendeborizontal third

vertical mode of 7 h in 2013 presented a crossniskl line.

This study points to the relevance of sea levelatian to the excitation of higher horizontal mod&hallower areas
connecting different sub-basins can become crificahodal line development, as is the case ofribiek connecting the
northern part (Chernyshev Bay) with the main bofithe South Aral Sea. Considering that, in the enfrclimate scenario,
the water level in many lakes varies, it is impott® remember that in stratified, shallow lakester-level variations can
induce great modifications in the dynamics of thkel due to a sudden change in the standing ogmiléabf horizontal

velocities and vertical displacements, which canftlence the distribution of energy mixing and piptankton exposure to

sunlight.

This work is a first approach to the sub-inertigiches in the present day Aral Sea and it raisesrakeaspects which could
be of relevance to other stratified water bodidsjext to desiccation. However, further investigatie needed to have a
more holistic view of the internal wave field inethLarge Aral Sea, including super-inertial peri@gl considering the

heterogeneity caused by complex bathymetry.
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Figure 1: Shore line of the South Aral Sea in 2006 and 201 laathymetric levels in 2013. Locations of the sueament stations
(Station W1 in 2013 and Station A2 in 2006) aredated.
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Figure 2: Characteristic profiles of (a) temperafyb) salinity and (c) density during field expemts in 2006 and 2013.

5 Elongated dots on the 2013 density profile showidhation of the temperature sensors.
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Figure 6: Band-pass filtered surface elevations at threfergifit times covering one oscillation of the int@rseiches of (a) 36 h, (b) 11h,

(¢) 7hand (d) 5 h in 2006.
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Figure 7: Filtered horizontal velocity along the main agisthe lake for internal seiches of (a) 36 (b) &1 { and (d) 5 h in 2006. The
grey horizontal lines indicate the interfaces betwkayers.
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Figure 8: Band-pass filtered surface elevations at thrderaift times covering one oscillation of the int#reeiches of (a) 7 h and (b) 4 h
in 2013.
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Figure 9: (a) Measured temperature profile in 2013 showtirggdepths at 6.8° and 11°C. (b) Filtered horizorg&icity along the main
axis of the lake for the internal seiche of 7 h é&odfiltered velocity for the internal seiche ofdin 2013. The dashed horizontal lines
indicate the interfaces between layers.
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Figure 10: Correlation function between the vertical displaeets of the isotherms of 11°C and 6.8°C measurddtars\W1 in 2013.
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