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OLEHKA TPAHC®OPMAILINN PACHPOCTPAHS[IOH_IEIZIC}I HA BOCTOK
COJIEHOM BOJBI HA CJIYIICKOM ITOPOTE BAJITUMCKOTO MOPA
110 JAHHBIM MUKPOCTPYKTYPHbIX U3MEPEHNU

Cratbs noctynuia B peaakiuio 14.09.2018, nmocae nopadotku 29.01.2019

WM3mepeHust, BbIMOJHEHHbIE B OKPEeCTHOCTU CIyIICKOro Mopora ¢ MOMOIIbIO TIPUBSI3HOIO CBOOOTHO-TAIAI0IIETO
MUKPOCTPYKTYPHOI'O 30H/1a, BBISIBWJIM HaJIM4Me ISITHA C BBICOKMM YPOBHEM CKOPOCTHU IUCCHUITALIMU TYPOYJIEHTHOCTH
HEMOCPEACTBEHHO 3a IIOPOrOM C BOCTOYHOM CTOPOHBLI B IIPUAOHHOM CJIO€, 3alIOJTHEHHOM PacIpOCTPaHSIIONIEICS
Ha BOCTOK coJieHO Bomoii. [IpemioxeH MeTod, MO3BOJISIIOIINM KOJIMYECTBEHHO OLEHUTDH POJIb TOIOrpauuecKoro
npensaTcTBUs Harmomo6ue CIIyIICKOro Iopora B IIepeMelllMBaHuM/TpaHCchOpMallMi 3aTOKOBOM BOIBI ITO JaHHBIM
MUKPOCTPYKTYPHBIX M3MepeHuit. 19 3TOoro cHavaja 1mo BepTUKAJIbHBIM IPOGIISM YISTbHOI CKOPOCTU TUCCUTIALINN
KMHETUYECKON SHePTUN TYPOYJICHTHOCTH 1 TTOTEHIIMAIBHON INIOTHOCTH PACCUUTBIBACTCS CKOPOCTDH BOBJICUEHUS BOIBI
TMOHIKEHHOI COJIEHOCTHU M3 BBHIIIENIEXKAIIEeTO CI0ST B IIPUIOHHBIN TYPOYJISHTHBIN CJIOM COJIEHOI BOIBI. 3aTeM, ImoJaras,
YTO B IMPUIOHHOM TE€YEHUN COJEHOM BOABI KPUTUYECKOE 3HaYeHMe yncia Opyna 1ocTUraeTcss HENMOCPEACTBEHHO HaJ
IMOPOTOM, OIIEHMBAETCS pacxon TeueHus. HakoHel, 13 0aiaHca MexXIy aaBeKUMed U TypOyJIEHTHBIM BOBJICUEHUEM MOKHO
MOJIYYUTh OLIEHKY U3MEHEHUSI COJIEHOCTU pacIlpoCTpaHsIolIeiicsl Ha BOCTOK COJIEHOI BOIBI M3-3a MHTCHCUMUKALIUN
repeMelIMBaHusl B o6nactu nopora. [loaydeHo, 4To JIoKaJbHOE yCUJIEHUE TYpOYJIEHTHOTO MepeMelllnBaHus B palioHe
CJIyIICcKOro mopora OTBETCTBEHHO MPUMEPHO 3a 5 % yMeHbIIEHUsI COJIEHOCTU 3aTOKOBBIX BOJ Ha IIyTU OT APKOHCKOIO
bacceiiHa 10 ['oTiaHICKOI BITagUHBI.

Kmouessie ciioBa: bantuiickoe Mope, Tomorpaduueckoe MpensaTcTBUE, MUKPOCTPYKTYPHBIE U3MEPEeHHUsI, CKOPOCTh
TVCCUTIALIMY, BOBJIeUeHHE, TPaBUTAIIMOHHOE TeueHre, 2 (MEKTUBHOCTD TIepeMelnBaHusI.
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Measurements performed by a loosely tethered free-falling microstructure profiler in the vicinity of the Stupsk Sill
revealed a high turbulence dissipation spot immediately beyond the sill to the east in the near-bottom layer filled with east-
ward spreading saltwater. An approach is developed to quantitatively estimate the role of a topographic obstacle like the
Stupsk Sill in mixing/transformation of inflow waters using data of microstructure measurements. To do this, first, based
on vertical profiles of specific dissipation rate of kinetic energy of turbulence and potential density, the rate of entrainment
of low salinity water from the overlying layer to the near-bottom turbulent saltwater layer is calculated. Then, assuming
that in the near-bottom saltwater flow, the critical value of the Froude number is reached directly at the Sill, the flow vol-
ume rate is estimated. Finally, from the balance between advection and turbulent entrainment, the change in salinity of the
eastward spreading saltwater due to intensification of mixing at the Sill can be evaluated. Using data of microstructure
measurements available, the mixing hot spot at the Stupsk Sill was found to be responsible for approximately 5 percent of
the inflow water salinity decrease en route from the Arkona Basin to the Gotland Deep.

Keywords: Baltic Sea, topographic obstacle, microstructure measurements, dissipation rate, entrainment, gravity flow,
mixing efficiency.
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Introduction

The Stupsk Sill is a meridionally-aligned, saddle-shaped ridge between the Bornholm Deep in the west and
the Stupsk Furrow in the east; the deepest point at the saddle is located at approximately 56 m depth (fig. 1).
Dense, saline water of the North Sea origin has to overflow the sill to enter the Stupsk Furrow and further the
deepest basins of the Baltic Proper. The passage of dense inflow water through a constriction like the Stupsk
Sill is expected to be accompanied by enhanced mixing/turbulence and, probably, even by formation of the
internal hydraulic jump.
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Fig. 1. Bathymetric map of the Baltic Sea. The Stupsk Sill area is marked by a rectangular
(see a close-up of the area in fig. 2).

Puc. 1. barumerpuueckasi Kapra bantuiickoro Mops.
O6mactp CiyIicKoro mopora oTMedeHa IpsMOYTOJIbHMKOM (CM. KPYITHBIN IJIaH Ha pHUC. 2).

Based on measurements in a bottom gravity current in the Gulf of Cadis related to the Mediterranean Out-
flow, Nash et al. [1] pointed out the importance of small-scale features in the bottom topography. The flow
appears to be hydraulically controlled at a small topographic constriction, with turbulence and internal waves
varying together and increasing dramatically downstream of a choke point. Choke points in bottom gravity
currents can feed turbulence that is orders of magnitude more intense than elsewhere; the turbulence mixing
and entrainment can be focused in such hotspots.

Using microstructure measurements performed from an autonomous underwater vehicle in the Denmark
Strait Overflow plume on the continental slope of Greenland 180 km downstream of the sill, Schaffer et al. [2]
reported on a stationary high-dissipation event on the upstream side of a topographic elevation located in the
gravity flow pathway.

The general purpose for this study is to quantitatively estimate the role of the Stupsk Sill in mixing/trans-
formation of inflow waters based on direct measurements of turbulence/microstructure.

Instrumentation and Data

Microstructure measurements where performed using a loosely tethered free-falling microstructure pro-
filer (MSP) “Baklan” [3] equipped with a rich set of sensors including fast velocity shear and fast tempera-
ture fluctuations, high resolution CTD, and 3D-accelerations. More specifically, the MSP was equipped with
a PNS06 shear probe from ISW Wassermesstechnik, a fast thermistor (model FP07) from GE Thermometrics
(a special design of the sensor by Idronaut S.r.1.), a 7-ring conductivity cell and high-precision temperature
sensor from Idronaut S.r.1., a pressure sensor (model D-25) from PROMPRIBOR (www.prompribor.ru),
a 3D-accelerometer (model ADXL203) from Analog Devices, Inc., and some auxiliary sensors reserved in
the event of accidents.
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The velocity shear probe signal was used to calculate the turbulent kinetic energy (TKE) dissipation €

by an expression of € = 7-5V<”£2>, where <u22> is the variance of the vertical current shear fluctuations,
v=(1.79—1.31)10"° m%s~! is the kinematic viscosity of water in the temperature range of 0—10 °C. The variance
of the vertical current shear fluctuations in the 2—24 Hz frequency window was taken as the non-overlapping
running mean of 500 counts of the vertical current shear fluctuation squared, which corresponds to vertical av-
eraging over approximately 0.6 m.

In the 34" cruise of R/V AKADEMIK NIKOLAY STRAKHOV, two microstructure transects were per-
formed in the Stupsk Sill area using MSP “Baklan” (see fig. 2). The first transect (July 2, 2017) consisting of
12 MSP casts, was directed across the sill (quasi-zonally), and the second one (July 4—5, 2017) consisting of

9 MSP casts was directed along the sill (quasi-meridionally) passing at a distance of approximately 8 km east
(downstream) of the Sill.
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Fig. 2. Close-up bathymetric map of the Stupsk Sill area.
The black crosses depict the location of measurements by microstructure profiler “Baklan”.
The cross-sill (quasi-zonal) and along-sill (quasi-meridional) transects were performed
on July 2, 2017, and July 4—5, 2017, respectively.

Puc. 2. Kpynnsliii rian obaactu Citynckoro xenoba.
YepHBIMU KpecTaMU OTMEUYEHO MOJIOKEeHUE U3MEPEHU MUKPOCTPYKTYPHBIM ITpodutorpadom «bakman».
TTonepeuHblit (KBa3M30HATBHBII) 1 TIPOAOILHBIN (KBa3UMEPUINOHAIBHBIN) MTOPOTY pa3pe3bl
ObUTM BBIMOTHEHB! 2 1 4—5 utoist 2017 I. COOTBETCTBEHHO.

Approach

Our ultimate goal is a quantitative assessment of the effect of Stupsk Sill on mixing/transformation of
inflow waters which can be characterized by so-called mixing efficiency of the sill, E;; (to be defined below).
The following approach is proposed to calculate £, .

Using vertical profiles of potential density p(z) and TKE dissipation rate &(z), where z axis is directed
upward and z = 0 is at the seabed, we calculate the bulk thickness, H, buoyancy jump, B, and entrainment
rate, w, , for the near-bottom gravity current, defined following [3, 4] as

o0

ot = | (PP, Je e (1)
2 o0
%={g’zdz, )
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we =2 [K,N?dz/ [¢'(2)dz, (3)
0 0

where on practice co means some level above the permanent pycnocline/halocline, N 2 is the buoyancy
frequency squared, and Kp is the vertical turbulent diffusivity for density/buoyancy which can be parame-
terized following [5] as

0.2vm for 7 <mn <100
Ky = 12 , (4)
22 for m > 100

where n = g/vN 2 is the turbulence intensity parameter in a stratified media.

The moderate turbulence intensity regime (7 < £/vN 2 <100 ) corresponds to stationary turbulence [6],
while the energetic regime (&/vN 25100 ) corresponds to growing turbulence [5]. In the original Osborn [6]
formulation of stationary turbulence Kp =02/ N 2 , and the entrainment rate (3) can be expressed as

W, = O.4f£(z)dz/fg’(z)dz. ©)
0 0

Performing calculations (1)—(5) for every microstructure cast on the transect, we arrive at the dependen-
cies of H(x), B(x), and w,(x) versus the cross-sill distance x .

An increase of dense/saline water volume per unit of time and per unit of along-sill length due to entrain-
ment from the above-lying layer can be calculated as

W= j’wedx, (6)

where —oco and oo mean some locations before (upstream) and behind (downstream) the sill, respectively,
where the mixing effect of the sill becomes negligible (i.e., the turbulent spot related to the sill lies between
these two locations).

If Sypiom and V' are the inflow water salinity and the inflow volume rate per along-sill unit of length
([V]= m?/s) before the sill, due to entrainment caused by the sill, the inflow water salinity will be changed for

S - SbottomV + Ssu}faceW 7

mixture — V+W ) ( )

where S, is the upper layer salinity. In view of (7), the mixing efficiency of the sill can be defined as
Esill _ Sbottom — Smixture _ w (8)

Sbottom - Ssurface B V+w '

By definition (see eq. (8)), the mixing efficiency of the sill is nil when the inflow water salinity downstream
the sill has not changed relatively its value upstream the sill, and tends to 1 when, due to entrainment caused
by the sill, the salinity jump between the surface and bottom layers vanishes. Note that in the case of inflow
water in the Baltic Sea, the mixing efficiency does not reach 1 because salinity jump between surface and bot-
tom layers does not vanish anywhere. The maximum value of mixing efficiency for inflows to the Baltic Proper,
E .« , can be estimated if we take in eq. (8) Sj,0m =20 PSU (typical value of the bottom layer salinity in the
Arkona Basin), S, = 12 PSU (typical value of the bottom layer salinity in the Gotland Deep), Sy, fc. =
= 7 PSU (typical value of the surface layer salinity in the Baltic Proper):

20 —12
E .= 207 =0.62.

Taking into account the latter circumstance, it is reasonable to re-define the mixing efficiency of the

sill (8) as

E w 1

sl = VW E. )
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The main problem with the approach (1)—(9) lies in V' which is unknown since we have no current
velocity measurements in the near bottom, high salinity layer because the down-looking from sea surface
ADCP profilers display a “dead zone” of approximately 5—8 m thick adjacent the seabed. We can present
the volume rate of inflow water as V' = H,U,, where H;, and Uy, are the bulk thickness and veloci-
ty of near-bottom inflow layer at the sill, respectively, and, in view of the lack of velocity measurements, ap-
ply some physical principle to access Uy . Namely, we can suppose that the Froude number of the gravity
flow, Fr(x)=U(x)/B(x)H(x),where U(x) is the bulk velocity of gravity flow, reaches the critical value

of 1 just above the sill: Uy = /By Hgy » where By is the bulk value of buoyancy jump at the sill. Therefore,

we can estimate the inflow volume rate at the sill as V' = lel.{lz H 3311/12 and rewrite (9) as follows

w1 focwedx |

Egy = = — - (10)
V "‘ W Emax B;i§l2H3ﬂ/12 + foo Wedx Emax
—00

Results

Oceanographic parameters such as temperature #, salinity .S, potential density anomaly G4 , squared buoy-
ancy frequency N 2 , and TKE dissipation rate € versus distance [km] and depth [m] at the cross-sill and along-
sill transects are presented in fig. 3, left- and right-hand panels, respectively; see insert.

The most prominent feature of the cross-sill transect is well-pronounced, highly turbulent spot in the bot-
tom layer immediately behind the shallowest point of the transect (i.e. behind the sill) to the east (downstream
relatively to inflow water propagation). (Note that similar observations of a highly turbulent spot behind the
Stupsk Sill was recently reported by Mohrholz and Heene [7] interpreting it in terms of internal hydraulic
jump.) Other interesting feature is that the near-bottom turbulent spot is well-mixed vertically and bounded
from above by a thin interface layer with enhanced buoyancy frequency (relative to a thicker interface with de-
creased buoyancy frequency upstream), which can be treated as a signature of enhanced vertical mixing and
entrainment.

On the meridional, along-sill transect located downstream the sill, one can observe a salt/dense water pool
to the south of the deepest point (on the southern slope) corresponding to an eastward gravity flow in view of
geostrophic balance. The bottom gravity flow is highly turbulent with dissipation rate € up to 5 - 107 W/kg.
Note that the maximum density location is shifted to the northern tip of the dense water pool in accordance to
the northern direction of the Ekman transport beneath the eastward bottom gravity current [8]. Also it is seen
from comparison of fig. 3, the left and right panels, that typical value of € observed in the along-sill transect
of the gravity current was 3—4 times higher than in the cross-sill transect. Keeping in mind that the along-sill
transect was performed 2 days after the cross-sill transect, the difference in the typical € estimates can be at-
tributed to temporal variability of the dissipation level in gravity current.

In addition to vertical transects of dissipation rate € (fig. 3, the bottom panels), it might be interesting to see
the same for the vertical eddy diffusivity K|, calculated by means of (4). Variability of K, versus the cross-sill
distance and depth is mostly similar to that of € (fig. 4 and fig. 3, the left bottom panel; see insert). The highest
values of Kp of the order of 0.01 m?/s are observed in the surface layer which is directly affected by atmospheric
forcing, while in the bottom layer K, increases to 1 - 10~*—1 - 107> m?/s relatively to low values of the order of
1 - 1079 in the water column interior.

The H(x), B(x), and w,(x) versus the cross-sill distance x calculated from equations (1)—(5) for the
cross-sill transect are presented in table.

Using data presented in table and performing integration in eq. (6), we get W = 1.38 - 10~2 and
2.04 - 10-2 m?/s for the increase of dense/saline water volume due to entrainment by the sill per unit of time
and sill’ width (in accordance to egs. (3) and (5), respectively).

Since in the along-sill transect, the typical value of € in gravity flow was 3—4 times higher than in the

cross-sill transect, the upper estimate of W from the microstructure measurements available is supposed to
be as high as W = 4-2.04-1072 ~ 0.08 m?2/s. Then, taking H,; = 5.54 mand By = 3.51 1072 m/s? in

accordance to table, we get V = le[§12 H ;,/12 = 2.4 m?/s for the volume rate of the dense/saline overflow per
unite of sill” width. Therefore, in accordance to microstructure measurements available, turbulent entrainment
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Table
Parameters H, B, w,, and the sea depth versus the distance x for the cross-sill transect.
ITapametpst H, B, w,, 1 IIyOMHA MOPS HA PACCTOSIHMHM X OT Hayaza paspe3a yepe3 Caynckuii nopor

Cast# | Lon|[°] | Lat[°] H,, [m] | x[km] | H[m] | B[107’m/s’] w, 3)[10"m/s] | w, (3') [107m/s]
5 16.2589 | 55.1578 75.4 0 21.93 5.89 1.94 5.69
6 16.2969 | 55.1656 69.6 2.56 17.68 4.98 1.27 1.27
7 16.3076 | 55.1745 68.7 3.77 17.3 4.84 2.44 2.62
8 16.3304 | 55.1847 66.3 5.61 15.66 4.65 2.77 3.23
10 16.3761 | 55.2039 63.1 9.20 13.99 4.42 2.81 3.35
14 16.4641 | 55.2212 55.1 15.55 6.82 4.01 3.2 4.47
15 16.4949 | 55.2202 54.5 17.50 5.54 3.51 13.7 14.4
16 16.5261 | 55.2197 57.0 19.48 5.55 3.89 17.5 26.4
17 16.5569 | 55.2194 58.9 21.43 5.58 4.23 10.2 24.3
18 16.5863 | 55.2187 61.1 23.30 6.44 4.34 3.71 4.76
19 16.6161 55.2178 65.5 25.19 10.41 4.49 1.5 2.94
20 16.6447 | 55.2174 68.2 27.00 11.78 4.32 4.4 6.04

by the Stupsk Sill can cause an increase of the volume rate of the dense/saline water overflow (and related de-
crease of the density/salinity jump) up to 3.3%. Finally substituting the above values of W, Vand E,,, to eq.
(10), we assess the mixing efficiency of the Stupsk Sill such as E;; = 0.052. The latter estimate says that the
Stupsk Sill is responsible for approximately 5 percent of the inflow water salinity decrease on route from the
Arkona Basin to the Gotland Deep.

Discussion and Conclusions

In this paper, an approach to estimate mixing efficiency of a topography constriction for near-bottom gravi-
ty flows is proposed based on direct (microstructure) measurements of the TKE dissipation rate. The approach
is applied to data of microstructure profiling in the vicinity of the Stupsk Sill when a well-pronounced, highly
turbulent spot was recorded in the bottom layer immediately behind the shallowest point of the sill to the east
(downstream relatively to inflow water propagation). In accordance to microstructure measurements available,
the Stupsk Sill is estimated to be responsible for approximately 5 percent of the inflow water salinity decrease
on route from the Arkona Basin to the Gotland Deep.

There are several topography constrictions along the inflow pathway in the Baltic Sea such as the Bornholm
Strait, the Stupsk Sill, the Stupsk Furrow outlet, and an elevation at the eastern slope of the Hoburg Channel
approximately on the beam of Klaipeda (see fig. 1), where simulations [9] displayed an enhancement of the
bottom friction velocity, and each of them can contribute to transformation of inflow water due to enhanced
turbulence. If one suggests that each of four abovementioned constrictions has mixing efficiency of the same
value, the cumulative mixing efficiency of the topography constrictions can reach 20%. The remaining 80%
of the bottom salinity decrease en route from the Arkona Basin to the Gotland Deep are probably caused by
turbulent mixing produced by bottom friction in the gravity current of inflow water away from the topographic
constrictions, as well as by near-inertial internal waves [10]. However, we do not exclude that the above ap-
proach underestimate to some extent the role of the Stupsk Sill in transformation/mixing of the inflow waters,
because in view of the lack of current velocity measurements in the near-bottom layer we applied the assump-
tion of critical regime of gravity flow at the sill.

Collection and pre-processing of the field data were carried out in the framework of the state assignment of 10 RAS
(theme N0149-2019-0013), the data analysis and interpretation — in the framework of the state assignment of 10 RAS
(theme N0149-2019-0003). Development and realization of the approach to estimate effect of the sill on water mass trans-
formation was supported by the Russian Foundation for Basic Research (Grant N18-05-80031).
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Fig. 3. Temperature ¢, salinity S, potential density anomaly 6, squared buoyancy frequency N?, and dissipation rate of
turbulence kinetic energy € versus distance [km] and depth [m] for the transects across (left) and along (right) the Stupsk
Sill. Note that the distance axis is directed to the east for the left-hand panels and to the south for the right-hand panels.

Puc. 3. Temnepartypa ¢, CONEHOCTb S, aHOMaJIUsA TIOTEHIIMAIBHOH IIOTHOCTH G, KBAJIPAT 4acTOThI M1aBy4ecTu N
U yJIeJIbHas! CKOPOCTb JAUCCHUIIAIMU KMHETHYECKOH SHEPTrUH TYPOYIEHTHOCTH € B KOOPJIMHATAX PACCTOSIHUE (KM)
u TiiyouHa (M) Ha pa3pesax momnepek (ciesa) u Baoiib (crpasa) Ciiylckoro mopora. 3aMeTum, 4To 0Ch
paccTosiHUS HalpaBjeHa Ha BOCTOK Ha JICBOH MaHEJIM U Ha 0T Ha IPaBOil MaHeH.
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Fig. 4. Vertical eddy diffusivity K versus distance and depth for the transect across the Stupsk Sill.

Puc. 4. Koadduuunent BeprukaibHoil TypOyieHTHOM anddy3un K B koopaunarax
paccTosiHne U IyOHHa Ha pa3pese nonepek CIIyIcKoro mopora.



