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This article repots the results of high temporal resolution in-situ measurements of coastal currents
and sea level in the Kazakhstan sector of the Northern Caspian. Current velocity data were
collected as 1 min averages for 72 hours at 3 moored automatic buoy stations spaced approximately
10 km apart, while those of bottom pressure (i. €., sea surface level) were obtained at one of the
stations. The measurements were accompanied by CTD profiling at 18 stations. Wind speed and
direction were simultaneously recorded using a portable weather station, with a 1 min temporal
resolution. Energetic variability in currents and sea level was detected, manifested as oscillations
on time scales centered at 11 and 21 hours. Currents at all stations showed a high simultaneous
correlation with each other but no significant correlation with wind stress. Sea level variability
was moderately correlated with current velocity, with the maximum correlation observed at a
time shift of approximately 2.5 hours. The possible physical origins of the recorded oscillations
are discussed, such as the intrinsic oscillations of the river plume due to the internal imbalance
of the plume’s momentum and mass budgets, and also coastal trapped waves.
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1. Introduction

The Ural river, also known as the Jayik, is the third river of Europe by length, after the
Volga and the Danube. The long-term average annual discharge from the Ural to the Caspian
Sea is estimated as 9.3 km?® (Ivkina et al., 2020), which represents a modest (compared with
that of the Volga) but considerable contribution to the Caspian Sea water budget. The river
feeds into very shallow area of the Northern Caspian, the northernmost part of the Caspian
Sea, and forms a vast plume often visible in satellite imagery. The Ural river runoff is a sig-
nificant source of nutrients, and also, potentially, anthropogenic pollutants such as metals and
hydrocarbons (Tolosa et al., 2004; Makkaveev et al., 2018; Mityagina et al., 2019). Like the
inflows from most other rivers whose catchment basin are densely populated, it can also be
a source of microplastics (e.g., Chubarenko et al., 2021). Transport of all these constituents in
the coastal zone is largely controlled by river plume dynamics, which is still poorly understood
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(e.g., Horner-Devine et al., 2015). In the case of the Ural’s plume, the latter may have been
strongly affected by the ongoing decline of the Caspian Sea level (e.g., Samant and Prange, 2023).
To the best of our knowledge, no direct measurements of currents or sea level variability
within the Ural plume have been reported. In this paper, we present the results of a field ex-
periment intended to evaluate the short-period dynamics in the plume area. Furthermore, we
discuss plausible physical mechanisms responsible for the observed energetic variability of
currents and sea level within the plume.

2. Experimental setup and collected data

The field experiment in the Ural plume area was conducted on April 14-16, 2017. This
time interval corresponded to the onset of the spring flood of the Ural river: according to the
data available at www.gis.vodinfo.ru, the average runoff of the river at that time is estimated
as 1400 m?/s, which is almost 5-fold the annual mean, and it kept increasing throughout the
study period. The study region and the map of stations are shown in Figure 1, the coordinates
of stations are specified along with the local depth values in Table 1.

Fig. 1 — Study area. The bullets and numbers indicate CTD stations, the yellow bullets are locations
where the moored instruments were deployed. The map on the right panel is superimposed on
Sentinel-2A visible band satellite scene of April 19, 2017

As it can be seen from the figure and the table, the study area located directly adjacent
to the Ural River delta was extremely shallow, with the depth ranging from less than 1 m to
slightly above 4 m. The small, shallow-draft research vessel “Amangaliev Duysekesh” be-
longing to the Kazakhstan Fisheries Institute was used in the measurements. Vertical tem-
perature and salinity profiling from the surface to the bottom using an SBE 19plus instrument
was conducted at 18 stations. Moreover, at locations 5, 6, and 7 (see Figure 1), mooring stations

62


https://doi.org/10.1146/annurev-fluid-010313-141408
https://elibrary.ru/vsbova
http://www.gis.vodinfo.ru

ISSN (online): 2587-9634 /ISSN (print): 1564-2291
Journal of Oceanological Research. 2026. Vol. 54. No. 3. P. 61-74

equipped with SeaHorse tilt current meters (Ambrosimov et al., 2025) were deployed at the
bottom on April 14 and recovered on April 16. Velocity and direction of currents were recorded
as I-min averages during about 72 hours at these three locations. At one of the moorings,
namely at the cebtral station 7, a pressure gauge SeaStar/IC8006 was also deployed at the
bottom and yielded bottom pressure values (converted to the water column height) as 1-min
averages. Finally, a portable weather station MAXIMET GMX500-5B onboard the vessel
registered wind speed and direction, also at 1-min sampling rate.

Table 1 — Coordinates and depth values at stations. Highlighted in bold are the locations
where the moored current meters were deployed.
At station 7, a pressure gauge was also installed at bottom

Station Nr. Latitude, °N Longitude, °E Depth, m
1 47.07523 51.86991 3.8
2 46.96503 51.75700 4.0
3 46.88183 51.61292 4.0
4 46.82586 51.52251 1.8
5 46.89372 51.36779 1.7
6 46.78257 51.38461 3.8
7 46.83359 51.46004 2.5
8 46.9005 51.42405 1.3
9 46.87449 51.34409 1.9
10 46.79968 51.40981 2.2
11 46.74091 51.52894 32
12 46.78405 51.57719 2.7
13 46.80055 51.61086 2.0
16 46.76439 51.54787 4.1

20 46.8177 51.43504 3.0

22 46.91731 51.41639 1.5

26 46.8516 51.3814 2.6

27 46.7637 51.3832 3.5
3. Results

The vertical profiles of temperature and salinity at individual stations are shown in
Figure 2, and the horizontal distribution of salinity at the sea surface is depicted in Figure 3.
Note that the salinity is shown as yielded by the CTD instrument, that is, inferred from electric
conductivity under assumption that the ionic composition of dissolved salts in water is equi-
valent to that in the ocean — which is actually not the case (e. g., Andrulionis et al., 2022).
Therefore, the absolute salinity values may be biased, however, the spatial patterns should be
captured correctly.

Throughout the study area, the water column was well mixed. Salinity profiles (Figure 2a)
were practically uniform vertically, with salinity varying horizontally in the range from 0.5 psu
to over 4 psu. The slight vertical inhomogeneities in temperature (Figure 2b) were likely re-
lated to the diurnal cycling. The general salinity distribution (Figure 3) reveals a well-developed
plume manifested as low salinity area at the horizontal scales of ~20 km.
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Fig. 2 — Salinity (a) and temperature (b) profiles collected during the field campaign.
The numbers correspond to the stations as depicted in Fig. 1
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Fig. 3 — CTD derived surface salinity distribution
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Fig. 4 — Plot of all moorings-based data as functions of time, from top to bottom:
wind stress vectors; water column height at station 7; current velocity vectors at station 7;
current velocity vectors at station 5; current velocity vectors at station 6

Figure 4 exhibits the near-bottom current velocity vectors at the mooring stations along
with the sea surface height (expressed as the water column height above the pressure sensor
deployed at the bottom at station 7), and wind stress vectors. As it can be seen from the figure,
throughout the experiment, the winds were predominantly northerly. At the same time, the
sea level height exhibited general growing trend at about 20 cm per day, which is consistent
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with intensifying spring flood and increasing river runoff on the days of the survey (infor-
mation taken from web site gis.vodinfo.ru, not shown here). Superimposed on this positive
trend are oscillations with the amplitudes up to 20-30 cm and the periods of 10-20 hours.
Similar oscillations are also seen in the plots of the velocity vectors at all three stations,
showing high current speeds up to 40 cm s and energetic variability. The structure of these
dynamical features will be addressed in more details in the following section.
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Fig. 5 — Periodogram for meridional velocity at station 7 (the nearest to the mouth)

4. Discussion

The periodogram for the meridional (i. e., essentially, the cross-shore) component of
current velocity at station 7 is exhibited in Figure 5. The periodograms for the neighboring
mooring stations 5 and 6 not shown here were very similar. The shown periodogram was
obtained as follows: for every period value, the best fitting sinusoidal curve was found by
varying the amplitude and minimizung the root mean square deviation (rms) from the de-
meaned and detrended observational data. The spectral power was then determined as the
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ratio of variability correctly captured by the best fitting harmonics of a certain period, i. e.,
the total rms variability in the observational data minus the rms deviation between the data
and the harmonics, to the total rms variability in the observational data. The ratio is normal-
ized to the unit interval of periods, i. e., 1 hour. The periodogram shows two distinct peaks,
one centered at 21 hours, and the other one at 11 hours.
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Fig. 6 — Lagged correlations between the measured variables as functions of the time lag:
correlation between meridional velocity components at different stations (red); zonal velocity at
different stations versus zonal wind stress (blue); meridional velocity at different stations versus

meridional wind stress (brown); meridional velocity at different stations versus zonal wind stress
(green); zonal velocity at different stations versus meridional wind stress (magenta); sea surface
height (SSH) versus meridional velocity at station 7 — velocity leads (black, solid); meridional
velocity versus SSH at station 7 — SSH leads (black, dashed)

The lagged correlations between different variables are shown in Figure 6. Somewhat
surprisingly, there is no substantial correlation between the currents and the wind stress at
any time lag. These correlation coefficients do not exceed 0.3. Although, given that the length
of the data series is 4238 members, this correlation value is formally significant, such values
of the correlation coefficient indicate that the action of winds only accounts for less than 10 %
of the observed variability of currents. At the same time, current velocities at the three
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moorings demonstrated high (about 0.9) correlations with each other. Notably, the maximum
correlation is simultaneous with no temporal shifts, hence, the velocity oscillations at different
locations were generally aligned in phase.

The sea surface height and meridional velocity are significantly inter-related. Firstly, it
takes about 2.5 hours for the velocity variability to be reflected in respective sea level changes
(solid black curve in Figure 6). This correlation shows the maximum value of about 0.6 and
is positive, which is logical: an increase of the northward velocity component should lead to
additional “pumping” of sea water into the plume and, hence, the increase of SSH therein.
Secondly, following these changes, the SSH and the meridional velocity, as the former leads
the latter, start to exhibit negative correlation attaining the maximum value of —0.6 at the time
lag of 4 hours (dashed black curve in Figure 6). This is also consistent with the concept of the
exchanges between the plume and the surrounding sea waters controlled by pressure gradient.
Indeed, as the SSH grows near the coast, a compensating pressure gradient develops pushing
water offshore outwards of the plume, thus leading to the negative changes of the meridional
velocity component.

The observed pattern of spatial and temporal variability of velocity and SSH is rather
unusual. Indeed, normally, the near-shore currents in the Caspian Sea tend to be directed
along the coast and be largely controlled by winds (e. g., Zavialov et al., 2024). In this case
study, however, the currents have major cross-shore component, and lack significant correla-
tion with the local wind forcing which was essentially unidirectional. Instead, the currents
and the SSH exhibited their own oscillatory variability, with the dominating periods of 11
and 21 hours. What mechanism(s) could be responsible for such a pattern? The inertial fre-
quency oscillations are not an option, given that the inertial period, equal to 16.5 hours at the
latitude of our interest (namely, 46.8 °N), actually exhibited minimum of the spectral energy.
Tidal oscillations are also ruled out, because the Caspian Sea as an enclosed water body is
considered practically non-tidal. Although some authors have identified small but observable
manifestations of tides (Medvedev et al., 2016; Medvedev et al., 2017; Medvedeyv at al., 2020),
this rudimentary tidal signal is much smaller than the observed oscillations. Another plausible
possibility is a coastal trapped wave (CTW). The CTWs have been previously documented
for the South Caspian Sea basin (Ghaffari et al., 2010; Masoud et al., 2019). These topogra-
phy-controlled waves tend to populate the sub-inertial frequency range, which is consistent
with one of the observed leading periods around 21 hours. The CTWs are running waves, so
they must demonstrate phase shifts between stations at different locations — which apparently
is not the case, given that the maximum correlation between the velocity records at the 3 sta-
tions is achieved simultaneously with no temporal lag (Figure 6, red curves). However, a more
focused look at this issue is presented in Figure 7. Again, the depicted curves were calculated
as the harmonics at the 11-hours and 21-hours periods best fitting the observational data.
Figure 7 reveals that while the high frequency leading harmonics (11-hours period) are indeed
almost simultaneous at all stations, the low frequency ones (21-hours period) are organized
differently. They do exhibit phase shifts of about 1 hour between the neighbouring moorings,
which, given the distance between the moorings, implies the wave propagation speed of about
3 m/s, agreeing with the speed expected for the CTWs in such a shallow environment and
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consistent with previous observations of CTWs in the Caspian Sea (Masoud et al., 2019).
Because the phase shifts apply only to the “long-period” harmonics and are relatively small
compare with these long periods, they do not affect much the general correlation functions
shown in Figure 6. Thus, it is not unreasonable to hypothesize that the long-period part of the
observed variability at periods around 21 hours were associated with a coastal trapped wave.
However, the high frequency variability centered at periods about 11 hours and showing no
phase shifts between the stations must be attributed to a different mechanism.
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Fig. 7 — The principal harmonics of meridional velocity with 21-hours (blue) and 11-hours (red)
periods at the 3 mooring stations. The dashed lines are intended to highlight that while the phase
shift between the 11-hours harmonics is nearly zero, this is not so for the 21-hours harmonics

As previously substantiated by Zavialov (Zavialov, 2021), river plumes may exhibit
intrinsic velocity and SST oscillations of their own, due to the fact that the equilibria of the
plume’s mass and momentum budgets, generally, do not coincide with each other. In a sim-
plified model (Zavialov, 2021), the equations expressing these respective budgets read

dH

b*=——=0Q-Ubk 1
o 0 1)
dU 1dP H
— =g )
dt p dx b

and the solutions are
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where ¢ is time, H(f) and U(¢) are the SSH and the velocity of the outflow from the plume,
respectively; g is gravity acceleration; / and ¢, are the amplitude and the initial phase of

T
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SSH oscillations; b is the horizontal size of the plume; 4 is the characteristic depth at the
external border of the plume; Q is the volumetric river discharge rate; 7 is the period of the
oscillations.
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Fig. 8 — Demeaned and detrended sea surface height (black) and meridional velocity at station 7,
shifted by 2.5 hours forward (blue)

The high frequency pattern recorded in the observations we report here is generally
consistent with the model described above. Indeed, for the characteristic plume size b =~ 30 km
and mean depth 2 =2 m, Eq. (5) yields for the period 7= 10 hours, which is close to that
observed. Also, as it follows from Egs. (3—4), the SSH and velocity variations are shifted by
a quarter of the period with respect to each other. The phase relation revealed by the actual
observations was rather close to this model prescription. In Figure 8, the detrended SSH at
the central mooring is plotted together with the meridional velocity shifted forward by 2.5 hours,
which is roughly the quarter of the leading harmonics of 11 hours. The two variables exhibit
visible correlation with the maximum r = 0.59 attained at this temporal lag.

5. Conclusions

The case study reported in this article was aimed at examining the short-term variability
of currents and SSH in a shallow coastal area within the Ural River plume at temporal scales
ranging from a few minutes to 1-2 days. Although, regrettably, the field experiment was re-
stricted to a relatively small period of time, the collected data revealed rich dynamics, apparently
not directly linked with the local wind forcing. The currents and the sea surface level exhibited
strong variability in an oscillatory pattern showing a superposition of two dominant spectral
components, the “low frequency” one centered at 21 hours period and the “high frequency” one
at 11 hours. Neithher component was significantly correlated with the wind stress. We showed
that the high frequency variability is likely to have been generated by the intrinsic plume’s os-
cillations, being consistent with the properties of the latter (as expected from previously published
modeling results), whilest the low frequency domain was likely represented by coastal trapped
waves. Because of the limited temporal span of the available data, both mechanisms are merely
hypothetical, but what the measurements reported here demonstrated for sure is very energetic
(up to 50 cm/s) coastal currents with significant cross-shore component alternating the on-shore
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and the offshore directions of the flow, as well as the associated SSH variability of up to 60 cm
magnitude at sub-diurnal scales. These dynamical features may have important implications
for functioning of the local marine, deltaic, and coastal systems, including transport of river-borne
dissolved and suspended matter, nutrients, and pollutants.

It must be kept in mind that the data reported in the paper had been collected in 2017, 1. e.,
nearly 10 years prior to this publication. Since then, the average Northern Caspian Sea level
dropped by about 80 cm (e. g., Safarov et al., 2025), which must have resulted in considerable
bathymetric and morphological changes in the study area. This, in turn, may have triggered
alterations of the velocity fields. Regular additional measurements are needed to elucidate the
relations between the sea level variability and the dynamical regime in the study area.
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KOPOTKOIIEPUOJHA S U3SMEHUUBOCTDb TEUEHU Y YPOBH I
KACIHUHCKOI'O MOPA B IVIIOME PEKH YPAJI
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B crarbe npescTapieHbl pe3yibrarhl BBICOKOPa3pEHIaoIX HaTypPHBIX U3MEPEHUI IPUOPEKHBIX
TEYEHHI M ypOBHsI MOPs BOJIM3U YCThsl peKH Ypall B KazaxcTaHckoM cekrope CeBepHoro Kacrwsi.
E>xeMHHYTHBIE M3MEPEHHUSI CKOPOCTH BBITIOJIHSUIUCH B TEUSHHE 72 YacoB Ha TPEX 3asiKOPEHHBIX
ABTOMaTHYECKNX OyMKOBBIX CTAHIIMSX, PA3HECEHHBIX HA PACCTOSIHUS OKoJlo 10 KM pyT OT Jpyra, a
W3MEpPEeHHUS PUIOHHOTO JABJICHHUS, T. €. YPOBHS MOBEPXHOCTH MOPS — TOJIHKO HA OHOM M3 CTaHIHIL.
bt Beimonaens! Taoke CTD-30HaMpoBanus Ha 18 cranmmsax. OMHOBPEMEHHO C TIOMOIIBIO TOP-
TaTUBHON METEOCTAHIIUN PETHCTPUPOBAIUCH CKOPOCTh M HAIPABJICHHE BETPA, TAKKE C BPEMEHHBIM
pazpetierreM 1 muH. OOHapy)keHa SHEpPruiHasi U3MEHYMBOCTh TEUCHHUI M YPOBHS B BUE OCILIMII-
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JSILMIA Ha BPEMEHHBIX MacIuTadax Mopsiika HECKOJIBKUX YacoB, IPHYEM OTUETIIMBO BBLIECIISIFOTCS
BBICOKOYACTOTHAsI COCTABJIAIONIAs C EPUOaMuU BOKPYT 11 yac M HU3KOUACTOTHAS C HEPUOJAMU OKOJIO
21 yac. TeueHust Ha BCeX CTAHIMSIX MTOKa3aJIH BBICOKYIO OTHOBPEMEHHYIO KOPPEJISILIMIO MEXKITY COOOH,
HO HUKAKOH CYLIECTBEHHHOW KOPPEJILIUYU C HAIIPSDKEHUEM TpeHusl BeTpa. MI3MeHUnBOCTh ypOBHs
Mopst ObLTa KOppeIMpOBaHa Ha YMEPEHHOM YPOBHE 3HAYMMOCTH CO CKOPOCTBIO TEUCHHUM, IPHYEM MaK-
CHUMAJIbHAs KOPPEJIALMs OTMEUEHA [IPY BPEMEHHOM CIBUTE OKOJIO 2.5 yac. OOCy kK aaeTcs BO3MOXKHASL
(u3nueckas npupoaa HaOIIONABIINXCS OCIIIALMI. [loka3aHo, YTO BEICOKOYACTOTHAS COCTAB-
JISTIOIIAst MOXKET OBITh CBsI3aHa C COOCTBEHHBIMH KOJICOAHUSIMU PEYHOTO IIIIOMA, BO3HUKAIOUIMMHU
BCJIE/ICTBHUE BHYTPEHHEH B3alMHON HECOIIACOBAHHOCTU OalIaHCOB MMITYJIbCA M MAacChl B 00JIaCTH
BIIMSTHUSI IPECHOBO/IHOTO CTOKA, @ HU3KOYACTOTHAS — C 3aXBAYE€HHBIMU IPUOPEKHBIMHU BOITHAMH.
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