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Abstract

Our study aims to determine the development ofnsedi-rich freshwater plumes in a non-tidal
brackish water-dominated (salinity < 6) estuaryttie Halikonlahti Bay, Northern Baltic Sea. We
studied three seasons with different wind condgiand discharges: two open water periods, one with
low (~ 0.2 m3¥/s) and one with high (31 — 40 m3iggr discharges, and one ice-covered period with
high (28 — 40 m?3/s) river discharge. To conduct aoalyses, we measured suspended sediment
concentration (SSC), turbidity, salinity and tengsare of bottom and surface waters together with
current measurements along the estuary. Water sammre collected with LIMNOS water sampler
and current measurements were done with acouspplBocurrent profiler. The results indicate that
river plume develops under high river dischargeilevtiuring low river discharge the plume is very
limited in extent. In open water conditions, SSCr&ased approximately ten-fold in the estuary head,
with increased discharge from 0.2 m3/s to 31 nB(syant plumes developed in both open channel
and ice-cover conditions during high river discleapgriods even in a weakly stratified environment,
where the salinity difference was less than fiverawe entire water column. Unlike salinity, small
temperature differences between river and seavdidenot contribute the development of buoyant
sediment plume. Weak stratification together wiuced wind-induced mixing was found to limit
the sediment mixing between fresh surface andesdtin5) bottom layers in both ice-covered and

open water conditions. For example, even 2 — 5gilmgher SSCs were found at surface waters
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compared to bottom waters over a shallow (~)4nater column. Wind and river discharge induced
estuarine currents were found. Inverse estuaryleition developed under the conditions of low river
discharge and inshore directed wind. High rivechiisge together with salinity stratification formed

a positive estuarine circulation pattern, with aad outflow and bottom inflow.

Keywords: River plume, sediment transport, stredifion, under-ice plume, current measurement,

Baltic Sea, Archipelago Sea
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1 Introduction

River plumes can contribute positively or negagived estuarine environments and have a strong
impact on water quality and biological productiviyediment- and nutrient-rich freshwater enables
fish habitats (Cyrus and Blaber, 1992; Gilbert let 8092), maintains delta areas (Coleman, 1988),
reduces light penetration and thus affects primamgduction (Pedersen et al., 2012). Sediment
transport is also associated with pollutants (Yaad Yang, 2001; Fernandez et al., 2017) and the
particulate nutrients, such as nitrogen and phasgh{Beusen et al., 2005), which in turn cause
eutrophication (HELCOM, 2009). For fragile sea areaspecially, such as the Baltic Sea,

eutrophication is one of the biggest environmemtétrations of recent centuries, partly due to
nutrient-rich runoff (Hanninen et al., 2000; Bondtieet al., 2002). It is therefore important to

understand the factors affecting river plumes &ed seasonal behaviour.

The behaviour of river plumes has been found t@dresistent with the combination of freshwater
flows and tidal ranges. Plumes may be occasiongleosistent, depending on tide and discharge
magnitude (Walker et al., 2005; Pritchard and HyntR006). In non- or micro-tidal estuaries, river
plumes may not exist or may be located inshorewatriver discharges, while at high river discharges
river plumes extend further offshore (Granskoglet2005a; Restrepo et al., 2018). Variations in a
tidal range influence plume development and sedinramsport, that results from tidal pumping,
during flood tides, saline seawater inflows, whllering ebb tides, saline seawater outflows (Stumpf
et al., 1993). This tidal pumping may cause sedimesuspension and, therefore, higher SSC in the
water column (Grabemann et al., 1997; Wu et al1220 Numerous studies have focused on
determining the development and location of high8€C, also known as the estuary turbidity maxima
zone (ETMZ), where suspended sediments are trappddturbidity is at its highest. ETMZs are
highly mobile and located between freshwater-salinats in response to the changing freshwater
flows and tidal ranges (Hir et al., 2001; Unclesiet 2006; Chen et al., 2015; Mitchell et al., 201
Restrepo et al., 2018). However, some seas, sutlieddediterranean Sea and the Baltic Sea, have
very weak tides and lack tidal pumping. Thus, tlebdviour of sediment-rich river plumes in non-

tidal areas requires more attention.
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In addition to tidal influence, saline-induced &fireation (halocline) influences river plume

behaviour and sediment transport, separating @seéuavater into two distinct horizontal layers:

buoyant freshwater and saline bottom water (Gragpshaal., 2005a; Ren and Wu, 2014; Kari et al.,
2018; Restrepo et al., 2018). The halocline mayere sediment mixing between the two water
layers (Stumpf et al., 1993) and create a zonagbfelh sediment concentration (Ren and Wu, 2014).
However, a water column may become vertically mikgdvind stress or tidal influence, leading to

sediment mixing between the layers (Stumpf et1#93; Xia et al., 2007; MacCready et al. 2009).
The behaviour, shape and size of the river plumg bealso driven by wind stress at the water
surface (Kourafalou, 2001; Molleri et al., 2010)edpite the importance of the halocline, only few
studies have focused on saline-induced stratifioain brackish water estuaries (Granskog et al.,
2005a; Granskog et al., 2005b; Kari et al., 20tB)ere salinity is much lower than in oceans. These
studies stated that freshwater from rivers formsuader-ice plume due to both saline or density
differences between buoyant freshwater and unaeylgeawater and the lack of wind-induced mixing

due to ice cover. Granskog et al. (2005a) found sisall river plume during open water conditions.

Estuary studies have successfully contributed tderstanding the seasonal variation in sediment
plume behaviour and development in open water (Maren and Hoekstra, 2004; Wu et al., 2012).
While Van Maren and Hoekstra (2004) found that ghknity stratification in a shallow microtidal
tropical estuary is strongly season-dependant, Wal.e(2012) stated that turbidity maxima in
mesotidal estuary is strongly seasonal in magnitaild extent. However, comparative studies of
sediment transport under different seasonal and dlonditions at high latitude zones, where the ice
cover may affect estuary conditions, are sparsé¢y ®few studies have contributed to knowledge of
the effect of an ice cover on freshwater plumes (egram and Larouche, 1987; Granskog et al.,
2005a and 2005b; Kari et al., 2018). They all fotimat buoyant river plumes develop in ice-cover
conditions mainly due to reduced wind induced ngxand stratified water column. Ice-cover may
also restrict the horizontal extent of river plum@éacdonald and Carmack, 1991; Kuzyk et al.,
2008). These studies have shown that large-scalertice topographies (ridges) along the boundary

between landfast ice and pack ice both restricthibwezontal extent of river plumes, containing it
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within a certain area, and have an influence onewiwk surface salinity and stratification. In
addition, the timing of spring freshet in relatitm ice-cover breakup also influences on the plume
extent (Ingram et al. 1996). However, these studi@sot focus on SSC or sediment mixing between
fresh river water and saline seawater. While mhsaties of sediment transport have been undertaken
in tidal, saline estuaries, such studies in noalktithrackish water environments are lacking. In
particular, the role of stratification and estuaricurrents in sediment transport in brackish water

estuaries deserves more attention.

Our aim is to understand how the behaviour of rplames, and thus sediment transport, is controlled
by seasonal variation of river discharge and seacimver in a semi-enclosed non-tidal brackish
estuary. Here, non-tidal brackish estuary is defiae an estuary at the freshwater-brackish water
interface. We also study the effects of stratifmatand wind on the river plumes. We assume that 1)
river discharge variation controls plume developtaerd sediment transport and 2) even a low saline
difference between fresh- and seawater maintamstifatification and development of buoyant river
plumes. We test these assumptions by combining une@ents on horizontal and vertical variation
of current and water quality with river dischargelavind monitoring data during different seasons in
the Archipelago Sea (AS), Baltic Sea. Our data ot@o open water periods including low and high

river discharges and one ice-cover period with higér discharge.

2 Study area

Halikonlahti Bay is located on the coast of soutstern Finland at the AS, Baltic Sea (Fig. 1). Our
study area is located in the inner archipelago revK@midnsaari Island divides Halikonlahti Bay into
northern and southern channels. The height of Kesaiéri Island is relatively low with the highest
point approximately at 68 meters above sea levath Bhannels are 250-2000 m in width and more
than 40 km long (the distance between the rivertmand open sea). Channel depths vary between
30 m and < 3 m sections, with an average deptt2 ah Blong the thalweg (Fig. 1). In particular, the
southern channel has a very shallow sill that icsivater exchange between the open sea and the

channel. Relatively steep banks and gently slofilds surround both channels. The channels are
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non-tidal (tidal range < 0.03 m) and brackish wstdinity between 2 and 6. The Uskelanjoki and
Halikonjoki rivers flow into the bay, together foimy the main freshwater inflow into the estuary.
The discharge of the Uskelanjoki River has beenitomd since 1970, with a long-term (1971-2018)
mean annual discharge of only 4.9 m3/s, while dp#gk river discharge is up to 140 md/s. Peak
discharges occur mainly during spring due to snoliynimit they may also occur occasionally
throughout the year. During snowmelt period the bey be either ice-covered or ice-free. In this
study, the discharge of the Uskelanjoki River wasduto represent discharge into the estuary. The
total catchment area for these two main riversriz I8n2: 307 kmz for the Halikonjoki River and 566
km? for the Uskelanjoki River. The catchment aredeavily cultivated, 36% non-irrigated arable
land based on CORINE Land Cover classification. bhg and the rivers are typically ice-covered
between late December and mid-March, except f@warfarrow inlets that might stay open during

winters due to sea currents.
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The Baltic Sea is a shallow brackish water (surfadmity between 2 and 8) sea where the gradsent i
relatively stable. In the AS the surface salinaypges between 2 and 5. The AS consist of thousands
islands and inlets and the shallowness and nunfhiglaads restrict efficient water exchange between
the narrow bays, straits and the open sea (Erlgkith Kalliola, 2004). The AS is characterized by
both a halocline and a seasonal thermocline. VWhdehalocline is stable, the thermocline occury onl
during summers due to the solar heating of surfeatter. Both clines isolate the surface layer from
the well-mixed uniformly saline bottom layer. Whillee halocline is located typically between the
depths of 40 m and 80 m (Fonselius, 1969), thartbeline is located between the depths of 15 m and
20 m (Kullenberg and Jacobsen, 1981). We do natexp find a halocline in our study area because
the deepest area is shallower than 30 m. Howeeenpérature and salinity differences between

freshwater and saline seawater may cause locataestratification.

3 Material and Methods

We performed three field campaigns — summer 2018)(Svinter 2019 (W19) and autumn 2019
(A19) — during which data of current velocity anidedtion, water quality and Secchi depth were
collected in both horizontal and vertical dimensiam the estuary (Table 1). In addition, we derived
data of the daily river discharge and turbidityttod Uskelanjoki River from the Finnish Environment
Institute (SYKE) and Economic Development, Transpand the Environment Centre (ELY),

respectively, and wind data of Kemionsaari weatiation from the Finnish Meteorological Institute

(FMI).

Table 1. Details of the data used in this study.

518 (Summer 2018) W19 (Winter 2019) A19 (Autumn 2019)
Condition Open water Ice cover Open water
Date 27/6 28/6 20/3 21/3 14/11 15/11
Channel North (B) South (A) North (B) South (A) North (B) South (A)
Number of water quality measurements 12 19 15 15 18 30
Water sampling depth (% of the site depth) 20/80 20/80 10/20/80 10/20/80 10/20/80 10/20/80
Number of flow measurements 6 9 5 5 6 9
River discharge Derived from SYKE
River turbidity Derived from ELY
Wind direction and speed Derived from FMI
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3.1 River discharge, turbidity and wind data

The Uskelanjoki River discharge gauging station ulkaankoski, 2500400), located ca. 13 km
upstream from the river mouth, monitors daily ridggcharge variation. Kaukolankoski covers 85 %
of the total catchment area of Uskelanjoki Rivee Wérived river discharge data, provided by SYKE,
to create a hydrograph for years 2018-2019 (FigT@)evaluate the water turbidity (NTU) of the
freshwater flow entering the estuary, we used tneidity data derived from ELY’s continuous water
quality gauging station, where turbidity was meaduwith Scan Nitrolyser spectrometer. These
turbidity measurements are not directly comparabléurbidity measurements conducted along the
estuary and they represent only the variation witte and discharge. The station is located 2.6 km
upstream from the river mouth. Daily turbidity amges were calculated based on 30 min

measurement intervals.

wind data, provided by FMI, was derived from thdio@al weather station (Kemitnsaari Kemio,
100951) located on Kemitnsaari Island (Fig. 1). Taeather station is located in an open field
approximately 10 meters above sea level withind Akm distance to the south and north channels
respectively. The station provides 1h interval wiata. Variation of wind direction and speed was
calculated separately for each field campaign dagble 2) and for the period one week prior to the

field campaigns (including field campaign days)y(R).

3.2 Water quality

To evaluate the extent of multiple river plumestexagamples were collected at 10%, 20% and 80%
(hereafter 0.1, 0.2 and 0.8) of the site depthdpiduring S18 — 0.2 and 0.8 only) on the left and
right sides of the channels coincident with curmm@asurements. Samples of 500 ml or 1 000 ml
were collected with a LIMNOS water sampler. We femdi on four different water quality parameters:
turbidity, SSC, temperature and salinity. While pemature was measured in the field, other
parameters were measured at the laboratory. Ttyb{@iTU) was measured using an Analite
NEP160 turbidity sensor and water temperature (acyut:0.2°C (YSI, 2020)) and salinity (accuracy

+1.0% of reading or 0.1 ppt (YSI 2020)) using al Ysofessional Plus water quality meter. Salinity
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was measured using Practical Salinity Scale. Tduate SSC the water samples were filtered using
filters with pore sizes 0.@m and 0.45um. First, water samples (based on turbidity) wéteréd
through 0.7um filter and later 100 ml of filtered water werdiltered through 0.45um filter. Both
filters were dried in 105 °C for 2 hours to detareithe dry weight. Organic matter was removed
from the 0.7um filter by loss on ignition (LOI). We also condadtSecchi depth measurements using
white 0.3 m circular disc at each site during tperowater periods to evaluate the dispersion of the
river plumes. We averaged the water quality daththa Secchi depths for each CS using the values

from both the right and left sides. Thus, we hae walue for each depth from each measurement CS.

3.3 Current measurements

To evaluate the vertical structure of the sea aisralong the estuary, we conducted 6 min statyonar
measurements, with a sample measurement frequdntyHz, using an acoustic Doppler current
profiler (ADCP) (Sontek, M9). The measurements wpezformed during low and high river
discharge periods, two open water conditions arel ioa-cover condition (Table 1). In total, nine
measurement cross-sections (CSs) were selected baghe water depth and the distance from the
river mouth (Fig. 1). At each CS (except CS 2), ¢berent was measured on both the left and right
sides of the channel. For open water measurem8h&gnd A19), the ADCP was mounted on a raft
attached to the stern of an anchored boat. Dugagcover (W19), the sensor was hand held and
levelled below the ice cover. While in open watezasurements, the transducer depth was set to
standard 0.11 m, for ice-cover measurements, ththad 0.4 m was used due to the thickness of the
ice cover. The partly melted ice cover in both efes during W19 restricted us from measuring at all

nine cross-sections.

The current data was post-processed and correetsetibon magnetic declination and mean water
temperature and salinity at each site. To evaludtew and outflow, the current data was cross-
sectional oriented — the velocity and direction evezlated to the direction of the CS (see Fig.rl fo
CSs). We evaluated the cross-sectional directierpgndicular to the channel) of each measurement
and calculated the along-channel velocity. Finagadansisted of current direction — either positive
(outflow) or negative (inflow) — and velocity prtifor each measurement. Due to the ADCP’s

10
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capability to adjust the measured cell height latien to water depth, the cell height varied betae

the measurements from 0.06 m to 2.00 m.

4 Results

4.1 River discharge and turbidity in the Uskelanjeker

Ouir first field campaign (S18) took place durintp@ river discharge and turbidity period, when the
discharge of the Uskelanjoki River was approxima@P m3/s (Fig. 2 Table 2). A low river discharge
period of approximately 36 days preceded S18 cagnpdihe last higher flow event (26.5 m3/s) was
recorded on the"2of May, 56 days before S18. Similarly, the turbidivas low (33 NTU) during
S18, and turbidity remained low (< 50 NTU) for 2ayd before S18. The second field campaign
(W19) took place at a river discharge of 27-39 raf/d turbidity of 287-353 NTU. The turbidity of
the river was approximately 10 times higher thanmuS18. W19 took place during the peak flow of
a snowmelt-induced discharge period (Q > 10 mb&l) started four days before W19. River turbidity
remained above 100 NTU during the last 11 daysrbedar field campaign. The third field campaign
(A19) took place during a high discharge periodutumn, caused by heavy rainfall. River discharge
was 31-40 m3/s and turbidity was 499-584 NTU duthegtwo-day field campaign. River turbidity
during A19 was highest among the three measurepeidads and was nearly 15 times higher than
during S18. River discharge was still low (< 1 m#s the §' of November, only five days before the

peak discharge on the"1.4f November.

Q{m/s) Turbidity (NTU)
60 1 field campaign {S18) —Q |2"f field campaign (W19)| 3 field campaign (A19) 1400

— Turbidity
ICE COVER ICE COVER 14.12 - 1.4

50 17.1-18.4
! dlscharge 2019 |

{\) Annual mean A * M« i
I\ 1 dwscharge 2018 Rl 6 3 J ALl
AN \ - N e e hierss | ‘\l | '(” i I rl Ml ‘

Jan Feb Mar  Apr May Jun JuI Aug Sep Oct Nov Dec Jan Feb Mar Apr  May Jun JuI Aug Sep Oct Nov Dec

Figure 2. Hydrograph and turbidity variation of théskelanjoki River for the two-year study period.

| 11200
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all { i
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| | v\ L

,| 200

Shaded area illustrates the length of the ice-cegiod in Halikonlahti Bay.
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4.2 Wind, salinity and temperature

During S18 campaign, the average wind direction wagrds the river mouth, parallel with both
channels. The wind speed was higher on the secapqsduth channel) than on the first day (north
channel), with moderate and gentle breeze, reséciiTable 2). Wind conditions one week prior to
the campaign were stable and mainly towards riveutin parallel with both channels (between 180
and 270 degrees) (Fig. 3). Wind speed remainedirb&Bom/s and the highest wind speed (8.6 m/s)
was recorded on 22of June, five days before the field campaign. Byi$18, the salinity remained
constant between the surface and bottom up to 18dmthe river mouth, where the bottom became
about 0.5-1.0 saltier than the surface (Fig. 4jn®awas lowest (2.1) closest to the river moatid
increased steadily towards the sea, being hightst%.0) at the furthest CS. The temperature
difference between the surface and bottom was kigimore than 10 °C) at the deepest CSs. The

surface temperature difference between inshoretigkore CSs was 3.3 °C.

Table 2. River discharge and turbidity with windedition and speed variation during the field

campaigns.
S18 W19 A19

Date 27.6 28.6 20.3 21.3 14.11 15.11
Channel North (B) South(A) North(B) South(A) North(B) South (A)

Daily river discharge (m3/s) 0.23 0.2 39.5 27.5 40 31.2

Daily river turbidity (NTU) 33 33 353 287 548 499
Wind direction (deg) 227-277  213-247 206-257 177-244 174-178 11-112
Wind speed (m/s) 3.4-4.3 5.5-8.8 3.8-8.0 2.9-6.2 7.5-8.3 1.7-2.1

12
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/
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Figure 3. True colour Sentinel 2 satellite imagew avind roses from the study area. Cloudless
satellite data were available for summer, wintedautumn 7 days before, 1 day after and 10 days
before field campaigns respectively. Wind rosesvdhe data for a one-week period prior to the field

campaigns (including the field campaign days).
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Figure 4. Salinity, temperature, turbidity and S®C€ the water samples and Secchi depths at
measurement cross-sections. X-label of each graplws both the distance from the river and the
cross-section name. Letters A and B in the crossesename refer to the south and north channels,

respectively.

During W19 (high discharge and ice cover), the wdiréction was similar to S18, once again parallel
with both channels. The variation in wind directias small between the days, and the wind speed
showed similar values, between gentle and moderiaig Southerly winds prevailed one week prior
to the field campaign. Like in S18, the wind spesmained below 10 m/s and the highest wind speed

(9.6 m/s) was recorded on"1@f March, three days before the field campaigne Righest salinity
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259  difference (4.6) between the surface and bottoratémtat CS 3A, where the surface salinity was only
260 0.1, while the bottom salinity was 4.7. The surfaees less saline throughout the estuary, and the
261  salinity difference between 0.1 and 0.8 depthsedalietween 1.4 and 4.6. The surface salinity did
262  change from CS 4A seawards, while the bottom g$glieimained relatively constant. Unlike salinity,
263  the temperature measurements showed a great hoeiggehthe water column, having differences

264  between the surface and bottom layers less thénttirbughout the estuary.

265 Unlike S18 and W19, during A19, the wind directimmas not parallel to the channels during the
266  campaign. There was constant moderate southerlysidaring the first day at the north channel. This
267  average wind speed (7.5 — 8.3 m/s) was the higlest field campaigns and partly perpendicular to
268 the north channel (from left to right when lookiofishore). During the second day, the variation of
269  wind direction was biggest, between 11 and 112ebsyrbut mainly towards offshore. However, the
270  wind was light (e.g. no waves) and not expectethfioence water movement. Wind direction was
271 mainly between south and east one week prior tdi¢lt campaign. Variation in wind direction one
272 week prior to the campaign was strongest during, Adigen constant 2 — 6 m/s northerly winds were
273  also recorded. Once again, wind speed did not ext@am/s one week prior to field campaign. The
274  highest wind speed (6.5 m/s) was recorded dh d2November, two days before the first field
275  campaign. The salinity was the same at the estugayg (CS 1-2) at surface and bottom. At CS 3A,
276  the salinity difference between the bottom and aefincreased, being 2.2 and 0.2, respectively.
277  From CS 4A seawards, the water salinity became moiferm within the water column. The surface
278  and bottom salinity difference became less thanBaBed on temperature data, the estuary water was
279  both vertically and horizontally homogeneous, hgvintemperature variation of ~1 °C along the

280  whole study area.

281 4.3 Current direction and velocity

282  During S18, the surface current was mainly towahndsriver mouth (inflow) and the bottom current
283  towards the sea (outflow) (Figs. 5-6; highlight)-At CS 1, there was an inflow in the whole water
284  column at a speed of 0.01-0.05 m/s, being highesiheasurface. The strongest current velocity
285  appeared at the west side of CS 3A, where theuifdlow exceeded 0.1 m/s. This location and CS
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288
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293

1 were the only ones where there was inflow in whahter column; in the rest of the CSs, the
surface and bottom layers flowed in opposite dioast In the north channel, the surface water wflo
was between 0.00 and 0.09 m/s, while the bottorflosutwvas slightly higher (0.00-0.13 m/s). The
boundary between these two layers was located xippately at a depth of 2—4 m. A similar
boundary was located at the same depth in the stiattnel, where the velocity of the surface inflow
was highest (0.13 m/s), but mostly between 0.000a06 m/s, which was slightly smaller than in the
north channel. Simultaneously, the bottom outflamd fa speed of 0.00-0.06 m/s. The velocity of the

surface and bottom layers did not change with destdo the river mouth.

16



294

Flow velocity {m/s) | Channel direction (deg): 320° | Field campaign: == 518 W15 se@ee Al1Q
-0.20 -0.15 -0.10 -0.05 0.0 0.05 0.10 0.15 0.20
0.0 @ Wind driven surface inflow during 518
F ) @ Bottom outflow during S18
0.5 i
- (D Surface outflow due to high river dicharge during W19
£
}:: 10 Bottom inflow due to high river discharge and salinity stratification
E during W19
s {V) Strong outflow pattern of the whole water column due to strong
’ ; river discharge during A19
201 | oeation depth {m): 2.2 East *W19 measurements were peformed 0.5 km seawards from the original
location due to partly melted ice cover.
Flow velocity (m/s) Channel direction {deg): 290° Flow velocity (m/s)
3A Y Y
020 -015  -0.10  -0.05 0.0 005 010 0.15 0.20 020 015 010 -0.05 0.0 0.05  0.10 0.15 0.20
0.0 0.0
.
05 os 0
1o 0] Vi 10
15 P
;E« 2.0 % 15
B
35 25
4.0 3.0
45| Location depth (m): 3.3* East Location depth (m}: 2.4 West
35
4A Flow velocity {m/s) Channel direction (deg): 301° Flow velocity (m/s)
0-0.20 015 010 -0.05 0.0 005  0.10 0.15 0.20 0-0.20 -0.15 010 -0.05 0.0 0.05  0.10 0.15 0.20
2 o Y 2r =
a (D\\ RCRN). N ‘®--
6
— 8 —_ 61
Ew £
£ 1 £ 10
g1 812r
16 14+
18 16
20 18 -
;i Location depth {m}: 24.5 East 20 |Location depth {m); 21.7 West
6A Flow velocity {m/s) Channel direction {deg): 286" Flow velocity (m/s)
020 <015 010 -0.05 0.0 005  0.10 015 0.20 020 -0.15 -0.10  -0.05 0.0 005 0.10 0.15 0.20
Q = 0
2 O~ 2
4 4
6 6
£ £
= 8 =
= k= i
g 10 g .
el
12 12
18 14
16
18 Location depth {m}): 18.7 East 16 | Location depth {m); 17.7 West
7A Flow velocity {(m/s) Channel direction (deg): 293° Flow velocity (m/s)
O—O.ZO -0.15 -0.10 -0.05 00 0.05 0.10 0.15 0.20 0—0.20 -0.15 -0.10 -0.05 0.0 0.05 0.10 015 0.20
2 v 2 Vi
't
ar 4 G?
6 L
_ — 6
£ 8r £
= e =4
£ 10 S Tttt
T 12l 810
e 14 b e 12 ®
16 - 14
18 East 16 West
50 | Location depth {m): 20.6 Location depth {m}: 18.0
295 18

296  Figure 5. Current direction and velocity in the souchannel during the three different field

297  campaigns. Negative values indicate inflow and tpasivalues outflow. Cross-sections 3A-7A have
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314

east and west measurement sides. Channel directmtisate the main channel direction in the

outflow direction. Highlighted features |-V are dissed in the text.

The circulation pattern during W19 was oppositéhiat of S18. During W19 surface outflowed and
bottom inflowed (Figs. 5-6; highlights 1lI-IV). Cildw was found at each CS that we were able to
measure during the ice cover period. The surfat#oauvelocity varied between 0.00 and 0.08 m/s
along the estuary, being highest (0.08 m/s) atbst side of CS 4A. Bottom inflow was not as clear
as surface outflow, but it was clearly seen esfigaa CS 3A, where the whole surface layer (depth
less than 2.2 m) outflowed and bottom layeflowed steadily. Both surface and bottom layer

velocities varied between 0.00 and 0.04 m/s.

The highest current velocities during the studyiqiemwere measured during A19, when strong
outflow was located at each CS (Figs. 5-6; higllMh The outflow covered nearly the whole water
column at many CSs, contrary to S18 and W19. Thangest outflow velocity 0.15-0.2 m/s was
located at surface (depth less than 1 m) at CSABAhe rest of the CSs, the outflow velocity varied
between 0.00 and 0.08 m/s. At the estuary headl{Cthe outflow velocity remained between 0.04
and 0.05 m/s, which was less than in CS 3A. Howetrer whole water column (depth of 2 m)
outflowed at a similar velocity between CSs 1 aAd Bhe surface velocities were slightly higher in

the south channel than in the north channel.
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316  Figure 6. Current direction and velocity in the tiorchannel during the three different field
317 campaigns. Negative values indicate inflow and tpasivalues outflow. Each cross-sections 3A-7A
318 have east/south and west/north measurement sidemn@l directions indicate the main channel
319 direction in the outflow direction. Highlighted a® |-V are described in Figure 5 and discussed in

320 the text.

321 4.4 Turbidity, SSC and Secchi depth

322 During S18, the turbidity was similar between theface (0.2 depth) and bottom (0.8 depth), all the
323  way to 20 km from the river mouth (CS 6A). Thisitates the homogeneity of the water column.
324  The highest turbidity, 70 NTU, was located clogeghe river mouth at CS 1. Between CSs 2 and 3A,
325  within 4 km, the turbidity dropped from 62 to 23 N&and remained mainly below 20 NTU from the
326 CS 3A seawards. The SSC showed a similar tren@iadbdf turbidity (correlation 0.82) (Table 3)

327  having the highest values (26—29 mg/l) closeshéoriver mouth. The SSC declined steadily towards
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the sea, being 5 and 13 mg/l 0.2 and 0.8 deptbpectively, closest to the open sea. From CS 4A
(13.5 km) seawards, the SSC at the bottom becaeaelclhigher than at the surface. Secchi depth
measurements showed similar trend with surface 8#8@asing seawards, being the lowest (32 cm)

at CS 1 and the highest (253 cm) at CS 7A.

During W19, the highest turbidity values were at 8§ the closest CS to the river mouth we were
able to measure due to deteriorated ice in theagstédt CS 3A, the surface turbidity (226 NTU) at
0.2 depth was 10 times higher while the bottomidiiyp (22 NTU) was similar to during S18. While
the highest turbidity values were measured at 8l the smallest were at 0.8 depths at every CS.
The surface turbidity decreased seawards, espebigtiveen CSs 3A and 4A, where the turbidity of
0.1 depth dropped from 228 to 14 NTU within 7 kmeanwhile, the bottom turbidity dropped from
22 to only 4 NTU. The SSC was highest once agaithetsame CS (3A) as the turbidity (Fig. 4).
Turbidity and SSC showed very strong correlatia@%Pand similar pattern along the estuary in W19
(Table 3). While the surface (0.2 depth) SSC aB&Svas approximately 10 times higher than during
S18, the SSC at the bottom was only two times highke highest SSC difference between the
surface and the bottom was located at CS 3A, wieresurface (0.1 and 0.2 depths) concentrations
(~119 mg/l) were about five times higher than tbidim concentration (23 mg/l). Like turbidity, also
the SSC decreased considerably between CS 3A anéré/k CS 4A seawards, the SSC remained

steady and below 31 mg/l within the water column.

Table 3. Pearson correlations between water qugddyameters. The correlations between turbidity

and SSC are bolded.

S18 (n=17) W19 (n=18) A19 (n=27)
Sal. Temp. SSC Turb. Sal. Temp. SSC Turb. Sal. Temp. SSC Turb.
Sal. - - -
Temp. -0.73 - 0.87 - 0.70 -
SsC -0.50 0.17 - -0.72 -0.75 - -0.98 -0.59 -
Turb. -0.86 049 082 - -0.86 -0.82 095 - -0.98 -0.59 1.00 -

During A19, turbidity was much higher at the CSsaled closest to the river mouth (CSs 1-3A) than

at the other CSs (Fig. 4). This time, turbidity valightly higher at the bottom than at the surfate
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CSs 1-2. At CS 3A, the bottom turbidity (167 NTUgdame lower than at the surface, being

approximately half of the surface value (311 NTQ)rbidity decreased seawards, especially after CS
3A, where the turbidity of the whole water columectbased dramatically. Surface turbidity remained
slightly higher than bottom turbidity at CSs 3A-3Bom CS 6A seawards, the water column became
more or less homogenous, having turbidity belowNT&J. Once again, SSC had a similar pattern to
turbidity (correlation 1.00) (Table 3). The highés$Cs were found at the CSs closest to the river
mouth (CSs 1-3A). The bottom SSC was higher thansthiface SSC, except in CS 3A, where the
bottom was 94 mg/l lower than at the surface. TRESSin CS 1 were more than 10 times higher than
during S18. SSC decreased steadily towards thbetegeen CSs 1 and 3A. Before CS 4A, the SSCs
at the whole water column decreased dramaticalthedevel of 21-25 mg/l, which was only a tenth

and a fifth of the corresponding surface and boti@ues of CS 3A, respectively. From CS 4A

seawards, the surface and bottom SSCs becamersibulang A19, the Secchi depth was less than
12 cm at CSs 1-4A (13.5 km from the river mouthj atarted to increase rather steadily from CS 4A
seawards (Fig. 4.). While during S18, the Secchtldevas 32 cm at CS 1, only 1 km from the river

mouth, during A19, similar Secchi depth was locatidr CS 4A, ~14 from the river mouth.
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5 Discussion

5.1 The behaviour of river plumes under differemti;onmental conditions

Based on our results, we propose a conceptual mod®tplain the behaviour of river plumes and
sediment transport in non-tidal brackish water &s&s (Fig. 7). During the low discharge of open
water periods, river plumes do not extend far frtwa river mouth (Fig. 7, A). Observations during
the low discharge period showed a typical examplestuarine condition and a vertically mixed
water column, except at CSs 4A-7A, where the bott@m much colder than the surface. However,
this phenomenon is likely to be related to therttaaline that suppresses the vertical mixing between
the surface and bottom (Kullenberg and Jacobse31,)1Jurbidity and SSC were highest and salinity
lowest closest to the river mouth, as expectedthadvater column was vertically mixed at shallow
depths (< 4 m). Observations did show a clear trehdalecreasing turbidity towards offshore
reflecting normal estuary conditions at low rivésatharge. The surface turbidity at CS 3A during S18
also less than a tenth than during either W19 at@, And a Secchi depth of 77 cm was measured at
CS 3A, indicating no river plume. While surfaceremt was towards the river mouth, bottom current
was towards the sea. This current pattern, alsevkras inverse estuary circulation, was most likely
wind-driven due to the inshore-directed wind. Ih ¢hus be suggested that wind might induce inverse
estuary circulation when there is no river inputtidal influence. Inverse estuary circulation have
been previously found in estuaries where downwglliccurs at the estuary head due to strong
evaporation and increased surface salinity (Wolari€86). Both Kourafalou (2001) and Stumpf et
al. (1993) have also shown that plume behavioutdcbea highly influenced by wind direction and
speed. Our finding of the river plume behaviouthat low river discharge of the open water period is

consistent with the study by Granskog et al. (2)0&lao in a non-tidal brackish water estuary.
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389  Figure 7. Conceptual model of the river plume depeient and sediment transport in non-tidal

390 brackish water estuary. Dashed lines show isohaline

391 In our study, higher river discharge was founddsuft in a more extended river plume in both ice-

392  cover and open water conditions (Fig 8, B & C).iDgiW19 (ice cover), an outflow-directed buoyant
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river plume developed. Clear differences in salinBSC and turbidity between the surface and
bottom layers at CS 3A support the development lefi@yant river plume. In addition, the turbidity
was considerably higher at 0.1 depth than at Ogghder during open water conditions at low flow.
For example, Kari et al. (2018) and Ingram and Lahe (1987) have also reported under-ice plume
development in non-tidal and tidal estuaries respelg. Our current velocity measurements also
support the development of buoyant river plumeti®aarly at CS 3A, the water column was divided
into two opposite flowing layers, where the fresinface layer outflowed and the saline bottom layer
inflowed. Pritchard (1952) described a similar tlager current pattern in open water conditions
caused by salinity stratification together withalidnfluence. However, in our study, the current
pattern was likely related to high river dischargalinity stratification and reduced wind mixing by
ice cover. The vertical extent of the river plumenf the surface towards the sea bed diminished with

the increased depth and distance from the river.

During A19, the river plume developed both in theole water column and at the surface (Fig. 7, C).
The estuary head, where the depth was less thanlieeame freshwater dominated and vertically
mixed. In addition, along the estuary, the watdurmm was characterized by outflow, especially at
the estuary head, indicating strong river influer8ieilar behaviour have been previously found in
tidal estuaries during ebb tides or under highrrdischarge when freshwater volume becomes larger
than tidal volume (Mitchell et al. 2017; Orseauakt2017). High river discharge in relation to the
shallow and narrow estuary head most likely caubedhomogenous water column. At the estuary
head, strong bottom current velocity may have chissgliment entrainment from the sea bottom,
which may explain higher turbidity and SSC valueamthe bottom compared to surface. A buoyant
river plume developed at the plume front, wheretthiekness of the plume was less than 2 m. While
turbidity, SSC and salinity values at 0.1 depth wid clearly show the location of the buoyant river
plume, the Secchi depths at CS 4A and CS 5B wdyeldéhcm and 50 cm, respectively, indicating a
turbid surface plume. Stumpf et al. (1993) have aéxorded similar variation in plume thickness
between thicker inner plume and shallower outemglun microtidal saline estuary. Different plume

thickness in different parts of the estuary mightdaused by variations of sea bed elevation and
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distance from the river mouth. Especially in a aarrand shallow estuary, the estuary head might
become river-like (e.g. strong freshwater flowhe whole water column) during high river discharge
periods, when the freshwater flow is strong enotmmove salt wedges seawards. As the depth
increases seawards, as in our study between CHBACS 4A, the river plume may continue as a
surface plume only, instead of mixing into the véhelater column. For example, Granskog et al.
(2005a) found that the plume thickness corresponoieghly to the channel depth at the mouth of the
river. In addition, local smaller streams along ttennel may provide more freshwater into the

channels and thus influence plume thickness amdietally along the estuary.

5.2 Effect of salinity and wind on plume behaviour

In this study, even a small salinity difference)(b&tween fresh river water and seawater was enough
to create salinity stratification and reduce seditmixing between the sediment rich freshwater and
seawater. The stratification together with windlesaditions maintained a buoyant river plume both
in ice-cover and open water conditions. These teseflect those of Granskog et al. (2005a) and Kar
et al. (2018), who also found formation of buoydmer plumes in non-tidal and weakly stratified
(salinity difference less than five over the entirater column) ice-cover conditions. Similar under-
ice plume development has also been found in éiddlsaltier estuaries (Ingram and Larouche, 1987).
Our data shows that buoyant river plumes may a¢s@ldp in windless open water conditions under
high river discharge, when wind-induced mixing ssent. During A19, buoyant river plume was
found in the south channel where conditions weredigiss during the field measurements. Even
though prevailing south-east directed (directioQ-22D0 degrees) winds with highest wind speed (6.5
m/s) were recorded one week and especially onepday to the field campaign day in the south
channel, a buoyant river plume together with dteaticonditions and strong outflow pattern were
found along the south channel. This finding is mid&ly to be related to high river flow when the
volume of freshwater becomes higher than the volofreeawater and freshwater starts to dominate
the estuary. Also currents controlled by high rifiew may become strong and substitute wind
induced currents under these conditions. Wind migbévever, control the plume behaviour or even

reduce the plume formation, as during S18. Thisltés in line with a previous study by Xia et al.
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(2007), who found that strong winds tend to redtloe surface plume extend in the horizontal

direction due to wind-induced mixing.

Contrary to salinity, we did not find that temperat difference between fresh river water and saline

seawater contributes to plume development.

5.3 Sediment transport under different conditions

The results of this study show the similaritiesS8C with turbidity and salinity values (Table 3).
Thus, the transport of suspended sediment is higlelgendent on river discharge, wind and
stratification. During low river discharge open emperiods, the suspended sediment most likely
accumulates at the estuary head, where the waliemoads vertically mixed and river flow is too
weak for creating outflow (Fig. 7, A). During higlischarge ice-cover or open water conditions, the
sediment transports much farther seawards duestodturrence of buoyant river plumes and reduced
wind-induced mixing (Fig. 7, B & C). Thus, sedimeartd particulate nutrients spread larger extent
and mix with greater water masses than at shallswaey head. This may cause spatiotemporal
variation on sea bottom degradation, hypoxia oaldipoms in coastal waters. In addition, while in
tidal estuaries the sediment transport is conulolig the combination of freshwater flow and tidal
currents, in non-tidal estuaries the estuary ctpattern and sediment transport are mainly cdettol
by freshwater flow and wind. Thus, sediment is iyostansported seawards only during high
discharge periods, when fresh river water formsflowt along the estuary. In addition, strong
freshwater outflow may cause resuspension in shadlstuary head where high current velocities

reaches the sea bottom.

5.4. Limitations and future research

Our study combined water quality and current véjocheasurements to examine river plume
development. However, some limitations in the mdthogical approach were found during the
study. First, water quality measurements shoulcecolre whole water column, instead of discrete
surface and bottom samples. For example, CTD (aivity, temperature and depth) casts would

give more detailed description of the entire watdumn and plume development. Despite the use of
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fast-moving motor boat, the collected data do epre&sent simultaneous situation of plume at each
measurement location. In addition, the ADCP camustdjhe cell size based on the water depth; it
increased the cell sized up to 2 m in deeper logatiwhich limited the evaluation of buoyant water
plume. Current measurements based on the Dopgdikstefike ours, are insufficient in extremely
clear waters because of the lack of backscattéiramg particles. This limits the measurements only i
turbid waters. For example, in our study, the AD&&s unable to measure the bottom current in
winter conditions due to lack of particles. In figwstudies, sedimentation-resuspension rates at non
tidal brackish water estuaries should be studiaghtterstand the estuary sediment dynamics in more
detail. Owing to very strong correlation (0.82—Q).0etween turbidity and SSC values, the sediment
transport in Baltic Sea region could be studiechwitrbidity measurements only omitting laborious

SSC calculations.

6 Conclusion

This study was designed to evaluate river plumeatielir and sediment transport under different
conditions, including both open water and ice cax@mnditions. The study was performed in a non-
tidal semi-enclosed brackish water estuary at thmehipelago Sea, Baltic Sea. The following

conclusions can be drawn:

e Buoyant river plumes form in both ice-cover and di&ss open water conditions under high
river discharge. Thus, the transport of suspendmstinent is highly dependent on river
discharge, wind conditions and stratification immal brackish water estuary.

e Ice cover contributes to the development of buoyasmtr plume by reducing wind-induced
mixing.

e Even an extremely small salinity difference (~5wm®en fresh river water and seawater is
strong enough to create a buoyant river plume atlsh water estuaries. This stratification
reduces the mixing of suspended sediment betweeindbh surface and saline bottom layer.

e River plumes may form simultaneously in time baththhe whole water column and at the

water surface during a high discharge period. Whhideshallow (depth < 5 m) estuary head is
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dominated by a vertically homogenous plume, thengldront is buoyant. Thus, the depth of
the river plume diminished with increased watertdegmd distance from the river mouth.

e Temperature differences between river water andvae® do not contribute to the
development of buoyant river plumes or reduce #@rical mixing between the surface and
bottom layers in regions where the sea and rivéensare both more or less similar.

e [Estuarine currents in a non-tidal estuary are oflatt by wind and river discharge. High
river discharge together with salinity stratificatj that limits the mixing of surface and
bottom waters, may induce positive estuary cirgahatin addition, inshore-directed wind
may reduce the development of river plumes and fakmrse estuary circulation.

e In a brackish water non-tidal estuary, sedimenmelwevelopment is largely controlled by
river discharge variation. A plume develops undightriver discharge, while during low

river discharge, the plume is very limited in exten
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S18 (Summer 2018)

W19 (Winter 2019)

A19 (Autumn 2019)

Condition
Date
Channel
Number of water quality measurements
Water sampling depth (% of the site depth)
Number of flow measurements
River discharge
River turbidity
Wind direction and speed

Open water
27.6 28.6
North (B) South (A)
12 19
20/80 20/80
6 9

Ice cover
20.3 21.3
North (B) South (A)
15 15
10/20/80 10/20/80
5 5

Derived from SYKE

Open water
14.11 15.11
North (B) South (A)
18 30
10/20/80 10/20/80
6 9

Derived from ELY

Derived from FMI




S18 W19 Al19
Date 27.6 28.6 20.3 21.3 14.11 15.11
Channel North (B) South (A) North (B) South (A) North (B) South (A)
Daily river discharge (m?3/s) 0.23 0.2 39.5 27.5 40 31.2
Daily river turbidity (NTU) 33 33 353 287 548 499
Wind direction (deg) 227-277 213-247 206-257 177-244 174-178 11-112
Wind speed (m/s) 3.4-4.3 5.5-8.8 3.8-8.0 2.9-6.2 7.5-8.3 1.7-2.1




S18 (n=17) W19 (n = 18) Al19 (n=27)
Sal. Temp. SSC Turb. Sal. Temp. SSC Turb. Sal. Temp. SSC Turb.
Sal. - - -
Temp. -0.73 - 0.87 - 0.70 -
SSC -0.50 0.17 - -0.72 -0.75 - -098 -0.59 -
Turb. -0.86 0.49 0.82 - -0.86 -0.82 0.95 - -0.98 -0.59 1.00 -




Highlights:

e Buoyant river plumes form in both ice-covered and open water conditions
e Buoyant river plumes form even in conditions of low salinity stratification
e Low sdlinity stratification reduces sediment mixing within water column

e Small water temperature differences do not contribute the behaviour of river plumes
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