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Abstract

Satellite remote sensing imagery and numerical fhodewere used for the study of river bulge
evolution and dynamics in a non-tidal sea, the @iRiga (GoR) in the Baltic Sea. Total suspend-
ed matter (TSM) images showed a clearly formed@ionically rotating river bulge from Dau-
gava River discharge during the studied low windgak In about 7-8 days the bulge grew up to 20
km in diameter, before being diluted. A high resiolu (horizontal grid step of 125 m) General Es-
tuarine Transport Model (GETM) was used for dethidescription of the development of the river
plume in the southern GoR over the period wherllgatenages were acquired. In the model simu-
lation, bulge growth rate was estimated @ag%°%-%4 (R>=0.90). Both the model simulation and the
satellite images showed that river water was mainlytained in the bulge and there were numerous
intrusions at the outer perimeter of the bulge. M&e numerical sensitivity tests with actual ba-
thymetry and measured river runoff without winddag: 1) having initial 3-dimensional density
distribution; 2) using initially a homogeneous asrtii density field. In the first case, the anti-
cyclonic bulge did not develop within the coursetltd model simulation and coastal current was
kept offshore due to ambient density-driven ciriata In the second case, the river plume devel-
oped steadily into an anti-cyclonically recircutgtibulge, withr,~t>22%0-91(R?= 0.98), and a coastal
current. Additional simulations with constant cre$®re and alongshore winds showed a signifi-
cant effect of the wind in the evolution of theembulge, even if the wind speed was moderate (3-4
m s1). While previous studies conclude that mid-fieldde region is governed by balance between
centrifugal, Coriolis and pressure gradient terous,study showed that geostrophic balance is valid
for the entire mid-field of the bulge, except dgritne 1-1.5 rotation period at the beginning of the
bulge formation. In addition, while there is disg@into the homogenous GoR in case of high in-
flow Rossby number, the river inflow might splitantwo jets, with strong mixing zone in-between,

in the plume near field region.
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1 Introduction

River water entering a coastal ocean typically ®ranbuoyant plume with an expanding anti-
cyclonically rotating bulge near the river moutldancoastal current in the coastally trapped wave
direction (Fong & Geyer, 2002). Coastal currents favoured in the case of low-discharge condi-
tions and downwelling winds, while bulge formatisnfavoured during high-discharge conditions
and upwelling winds (Chant et al., 2008). The agtlonically recirculating bulge is characteristic
of the surface advective plume (Yankovsky and Crapri997) being a prominent feature in rotat-
ing tank experiments and numerical simulations undeal conditions (Avicola and Huqg, 2003;
Horner-Devine et al. 2006; Thomas and Linden 208pproximately 25-70% of river water is

trapped in the bulge (Fong and Geyer, 2002).

Observational studies confirm that the bulge isturally occurring phenomenon with many rivers
(Chant et al., 2008, Horner-Devine et al., 2008¢rido-Devine, 2009; Valente and da Silva, 2009;
Saldias et al., 2012; Hopkins et al., 2013; Meretad., 2014; Pan et al., 2014; Fernandez-Novoa et
al., 2015), but an anti-cyclonic rotation insidé@ge is observed seldom (Kudela et al., 2010,
Horner-Devine, 2009; Chant et al., 2008). Obseovatiof the evolution of the bulge over a certain
time period are almost non-existent, with the ekoepof the Niagara River plume (Horner-Devine
et al., 2008) and the Tagus estuary plume (Valanteda Silva, 2009). However, both cases are
without clear evidence of anti-cyclonic circulatiaithin the bulge.

In natural conditions, the evolution of the bulgaiffected by properties of the outflow (Yankovsky
and Chapman 1997; Avicola and Huq 2003a), tideke(#a and da Silva, 2009), wind (Dzwonkow-
ski and Yan, 2005; Whitney and Garvine 2005) areddmbient coastal current (Fong and Geyer
2002). Thus, the evolution of the structure andutation inside the bulge is difficult to observe.
Exploitation of optical satellite remote sensing lextended the possibilities of monitoring and un-
derstanding the river plume dynamics under varloudrological, morphological and hydrodynam-
ical conditions. A number of existing papers previcbmposite maps, where plume location and
structure is described in response to prevailingdwionditions. Neither evolution of the bulge nor
anti-cyclonic circulation within it can be iden#fl from the composite satellite remote sensing im-
ages. Although each river plume can be considesesbacific, Horner-Devine et al. (2015) have
summarized the dynamics of an anti-cyclonicallyatiog bulge, with special emphasis on the river
water volume re-circulating within the bulge. Irethstudy, with reference to Nof and Pichevin
(2001), they summarize that with stronger anti-oga circulation within the bulge, more water

recirculates in the bulge.



© 00 N O o B~ Nk

N RN NN NNNDNDRRRRR R R R R
N~ o 0N W NP O W 00w N O O DM wWwDN Rk O

28

29

30
31
32
33

The aim of the present paper is to provide addidi@vidence of a well-developed anti-cyclonically
rotating river bulge, using consecutive optical oéensensing images from a non-tidal sea and to
assess current theoretical understanding of rivdgebinternal structure and dynamics from the
complementary numerical model simulation resultse Yécus on the evolution of an anti-
cyclonically rotating bulge during one life-cycieg. from its formation until its dilution with anib

ent water. The horizontal expansion of the bulgenfremote sensing imagery and the reproduction
by numerical simulation are compared with modeledisturbed bulge development and existing
theoretical knowledge. The bulge depth, volumehef tiver water trapped in the bulge and the
movement of the bulge centre are evaluated fromeinexperiments. The validity of gradient wind
(or cyclostrophic) balance (see equation (2) belmmgvaluated for specific time instants in the

mid-field region of the plume.

The eastern sub-basin of the Baltic Sea, the GUiga (GoR), is used as the study area (Fig. 1a).
The GoR is almost bowl-shaped, has brackish waiglisasemi-enclosed (connection with the Bal-
tic Sea through the Irbe Strait, 25 m deep, minimaross-section area 0.4 krand through the
Virtsu Strait which is 5 m deep, minimum cross-gectarea 0.04 k). The circulation in the GoR

is mainly driven by wind forcing and 3-dimensionansity gradient forcing (Raudsepp et al. 2003,
Soosaar et al., 2014, Lips et al. 2016). The mé&anlation in spring consists of two main gyres,
with the cyclonic gyre covering the eastern andahi-cyclonic gyre covering the western part of
the GoR (Soosaar et al. 2014 Fig. 2.). This twaegyystem may transform into a single anti-
cyclonic gyre/cyclonic gyre covering most of thesimearea during the warm/cold season (Lips., et
al., 2016). Small tidal oscillation (O [0.01-0.1;nKeruss and Sennikovs, 1999) allows us to con-
sider it as a non-tidal estuary. The main freshwateirce for the GoR is Daugava River in the
south-east with a high discharge of 2500sthin early spring, which decreases to 200<hin late
summer. The present study concentrates on thedpéom the last 12 days of March and early
April 2007, when there was a high discharge of 289 s*and low wind.

2 Materials and methods

2.1 Satellite Data
ENVISAT/MERIS (Medium Resolution Imaging Spectroewtdata with a 300m resolution from
the CoastColour database (http://www.coastcolag/data/archive/) was used for monitoring bulge

dynamics and structure. MERIS was designed to mondastal waters (Doerffer et al. 1999), and

3
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therefore, it has sufficient spectral resolutiorthie range of wavelengths above 555 nm for moni-
toring turbid and optically complex waters like tBaltic Sea (Gitelson et al. 2009). MERIS image-
ry was preferred to other similar sensors (e.g M®MDs (i) MERIS based water quality retrievals
in optically complex case-2 waters of the Balti@a$ge more accurate due to better performance of
the atmospheric correction algorithm (Goyens e2@1.3). In addition, (ii) MERIS has higher spa-
tial resolution (300m), which enables to resolvéadied features of the river bulge. The MERIS
images were processed using the Case-2 Region&)(&gorithm (Doerffer and Schiller 2007,
Doerffer and Schiller 2008) in the BEAM software chage [ttp://www.brockmann-

consult.de/cms/web/bea)rih order to apply atmospheric correction and ldam the reflectance

values used for TSM retrieval. The pixel qualitggé/masks provided in the Levell Coast Colour
product and in the Level 2 C2R product were useddsk the invalid pixels affected by the follow-

ing phenomena: land, whitecaps, sun glint, clolmjat shadow, snow and ice. The C2R algorithm
has been validated in various locations in thecafiti complex waters of the Baltic Sea and it has
proven to be suitable for water quality monitor{legy. Siitam et al 2014, Attila et al. 2013, dfaté

et al 2012). We used total suspended matter (TSMgantrations as a marker to distinguish turbid
river water from “clear sea water” as TSM show®rsfler contrast compared to other biological
and physical parameters (SST, CHL etc). Moreovenraparative study by Beltran-Abaunza et al.
(2014) showed that TSM concentrations are morerataly retrieved by different standard remote
sensing algorithms (including C2R) than other watanstituents. An overall of seven sufficiently

cloud free images were available from 20, 26, 37,30 March and 1 and 4 April. The images were
acquired at about 9 a.m.UTC. The satellite dataimt@spolated to a regular 0.3 km x 0.3 km grid

on the UTM-34v projection. Then the TSM concentnasi were smoothed using a 3x3 point median
filter.

2.2 River runoff and wind data

Daily volume flux for Daugava River was measuredkBbupstream from the river mouth (coordi-
nates — 56.8516 N; 24.2728 E). Daily volume flux@auja and Lielupe riversé¢eFig. 1 for loca-
tions) was calculated from measured data. As imesitof measurement stations are 55 km and 95
km from the river mouth, the measured data wasiptigdl by factors 1.05 and 1.87 respectively

in order to obtain river discharge at the river thoT’he coefficients are obtained as a ratio betwee
the whole catchment area of those rivers and thehicgent area of those rivers up to the stations

where the river flow was measured.

Methodology worked out and in use for Gauja andupie rivers in LVGMC - Latvian Environment, Geologgd
Meteorology Centre Institute. http://www.meteo.hle
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Wind data at one hour intervals was obtained frawhriRl weather station, which is located on the
Ruhnu Island in the central area of the Gulf ofeR{gig. 1 and 2).

2.3 Numerical model setup: GETM

For numerical simulation we used the fully barocliand hydrostatic ocean model GETM (General
Estuarine Transport Model (Burchard and BoldingQ20) that is coupled to the GOTM (General
Ocean Turbulence Model (Umlauf and Burchard, 20@&))vertical turbulence parameterization.
The GETM uses a spherical coordinate system imonizontal plane and a bottom-following verti-
cal coordinate system. Using a mode splitting teqpey GETM solves water dynamics on the Ara-
kawa C-grid (Arakawa and Lamb, 1977). The GETMharacterized by advanced numerical tech-
niques of advection schemes and internal presgsceetization schemes that minimize computa-
tional errors (Stips et al., 2004; Burchard andriRen 2008). In our setup we used the total variance
diminishing (TVD) advection scheme for salinityrtperature and momentum (Pietrzak, 1998) and
internal pressure parameterization suggested biepletkin and McWilliams (2003). In our setup
we used the third-order monotone total variancerdshing (TVD) advection scheme with the P2-
PDM limiter and a half step directional split apgct for salinity, temperature and momentum (Pie-
trzak 1998, Klingbeil 2014). Temporal discretizatiwas conducted with a coupled explicit mode

splitting technique for barotropic and barocliniodes.

The model domain covered the GoR with closed boteslat the Irbe Strait and the Virtsu Strait.
In the study by Soosaar et al. (2014), comparidamanthly mean circulations, with the Irbe and
Suur straits being either closed or opened, shamgdminor differences that occur mostly near the
straits. The coefficient of determination betweba two cases for April 1998 was#9.93. Our
analyses of model simulations concentrate on théhseastern part of the GoR where the effect of
closed straits is expected to be negligible oversimulation time period of two weeks. Topography
was prepared using The Baltic Sea Bathymetry DaafRSHC 2013) and interpolated to a 125 m
regular grid. Depths at the head of Daugava wejiestetl to include Riga harbour fairway (depth 7
m). The vertical water column was split into 30 signadaptive layers, giving a vertical resolution
of under 0.5 m within the stratified bulge aread@e et al. 2015). The barotropic time step was
three seconds and the baroclinic time step 60 siscdthourly river run-off input from the meas-
urements of three rivers, Daugava, Lielupe and &augre included. Daugava run-off was equally
distributed over 7 grid cells. . The meteorologgswadopted from the EMCWF ERA-Interim da-

taset with a lateral resolution of 1/4° and a temapresolution of 6 h (Dee at al., 2011).
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The model simulation covered the period from 20 dWao 5 April 2007. Initial salinity fields were
interpolated from the 1 nautical mile simulatiorr the Baltic Sea (Maljutenko and Raudsepp
2014). The density only depended on salinity. Aag-dpin-up period with a realistic salinity field
and a linear increase of river run-off from zerotlte measured river run-off value on 20 March
2007 was used before including wind forcing on 28réh (real simulation). TSM was used as a
passive tracer for the detection of river wateeagmg in the model simulation. Initial TSM con-
centration was set to zero in the GoR and the T8Ntentration in river water was set to a unit
value. The passive tracer was released to the GbRas the Daugava River load of TSM, being

proportional to the Daugava River runoff startingnfi 20 March.

2.4 Mode€ validation

In situ measurements suitable for the model vabdatrom the study area during high Daugava
River runoff are ferry-box measurements on boaedsthip travelling between Riga and Stockholm.
The available measurements for the estimation efathility of the model to reproduce Daugava
River bulge dynamics cover the period from 20 Mat April 2014. This period comprises the
increase of the Daugava River runoff from 600ghto the peak value of 1100°s! and the de-
crease of the runoff to 800°rs* (Fig. 3a). In total, eight transects from the DeuayRiver mouth

to the central GoR with 2-day intervals fall inteetperiod (Fig. 1). The model setup for the valida-
tion run was made similarly to the one describe8eaa. 2.3. The daily river run-off input from the
measurements of the Daugava River was included. mb&orology was adopted from the
HIRLAM-ETA dataset, with a lateral resolution of kfin and a temporal resolution of 3 h (Unden et
al., 2002). Initial salinity fields were interpodat from the HIROMB 1 nautical mile simulation for
the Baltic Sea on 20 March 2014 (Funkquist andrideP000). The density only depended on sa-

linity. No spin-up period was included.

The mid-field bulge front can be characterized rees lbcation of maximum salinity gradient. We
calculated the salinity gradient along the shipgext from measurements and model results. Max-
imum gradient location from in situ measuremerayext mostly at 5 km from the river mouth (Fig.
3c). There are two exceptions, on 29 March and @, Aphen the maximum gradient was located at
10 km (Fig. 3c) following a period of wind to theest (Fig. 3b). In the model simulation, the bulge
front increased from 1 km on 21 March to 15 km dnN2arch. That period corresponded to the
period of increase of river runoff and low windsgR3a,b). From the evening of 24 March the wind
speed increased and the bulge was destroyed. dierétreated to a position at 1 km from the river
6
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mouth. The bulge started to increase on 27 Marchreaached a maximum extent of 20 km on the
night of 28 March. This corresponded to a peakvarrrunoff and calm winds. During the rest of
the simulation period, the bulge front remainedideetn 2 and 10 km. The root mean square devia-

tion between the locations of simulated and obskbedge front was 2.4 km.

3 Results

3.1 Satellite imagery and model simulation

The first satellite image on 20 March showed theettgpment of three river plumes. The Daugava
River plume was far larger (about 8 km in diametean Gauja and Lielupe river plumes (Fig. 4a)
which can also be seen on the numerical model @iy.The wind conditions favoured the devel-
opment of river plumes. From 15 to 19 March wineéexp increased from 2 to 10 M € ig. 2b),
which could have generated sufficient mixing tota®spreviously formed river plumes as well as
preventing the development of a clearly distingaigh river plume. Just prior to the first satellite
image, the wind speed dropped from 11 tts 2 m &', which may have considerably reduced
wind mixing and enabled the free development oériglumes. From 17 to 20 March Daugava
River discharge increased from 1508 s1 to 2500 mi s* (Fig. 2a). The discharges of Lielupe and
Gauja rivers were 230 1! and 180 i s? respectively. The river plumes were well distirsia-
ble, as the ambient TSM concentrations was 2% compared to 2¢ m? in the bulge centre, in
the southern part of the GoR (Fig. 4a). In all ¢hoases, the river water had most likely initially
spread offshore, then turned to the right and for@e&oastal current. In the bulge, current veloci-
ties were up to 50 cnilswhile ambient currents were about 5 ct(Eig. 4h). All three plumes
consisted of a bulge area and a coastal curregt f&). Coastal current was detached from the
coast, leaving a stripe of lower TSM water neardbast (Fig. 4a,h). The offshore location of the
maximum currents parallel to the coast and a cowoueent at the coast (Fig 4h) were remnants of
the previous spreading of river water along witinadviand density-driven currents in the GoR.

Checking the sequence of tracer spreading in tmeengal model showed that the plume on 26
March was the result of the re-initiation of theeri plume on 24 March. The winds of 6 thfsom

the northeast had hampered the free developmetiteofiver plume by mixing river water and
transporting it offshore. The Daugava River bulge la diameter of ~16 km (Fig. 4b). The core of

the bulge was almost circular, with many intrusiatsng the outer rim. In the core of the bulge,
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freshly discharged water with high TSM concentrafiormed a jet with an anti-cyclonic spreading
pattern along the left side of the bulge. The exiseé of coastal current could not be verified @n th
satellite image and the bulge manifested itselimase of a separate feature of the plume. The
coastal current had formed as a narrow band presgsdst the coast in the numerical model (Fig.
4i). As shown in Sec. 3.2, the northeast wind maghpthe bulge offshore and cause several intru-
sions at the open sea area of the bulge (Fig 6bileMsimulation showed strong background anti-
cyclonic circulation of about 20 cm!sn the south-eastern GoR (Fig. 4i). The Gauja Rplame
consisted of a bulge area and a coastal curreattheiti to the coast. The Lielupe River plume was
almost undetectable, as the volume discharge haréaked to 130 fis’.

During the next 4 days, i.e. until 30 March, thedvspeed was very low, between 0 and 3'm/ée
may assume that wind-driven currents and mixingewegligible. The Daugava River bulge re-
mained almost circular and further detached froenabast (Fig. 4c-e, i-1). The main feature within
the bulge was anti-cyclonically turning river wateith high TSM concentration (Fig. 4c-e) and
well-established anti-cyclonic circulation in thelde, with a characteristic current speed of 20 cm
st (Fig. 4i-l). This gives direct confirmation thataver in natural buoyant bulges circulates anti-
cyclonically in the northern hemisphere. More watdruded the southern GoR at the western
boundary of the bulge. Even weak onshore wind nmeayse significant intrusions at the western
boundary of the bulge (Fig 6d). This intrusion sigrexnti-cyclonically, probably due to ambient

circulation, and diluted with surrounding water. dlear coastal currents were visible.

By 1 April, the wind speed had increased to 4’ hasd was blowing from the north. Daugava River
discharge had reduced from ~2000 to ~156&h(Fig. 2). The image from 1 April still showed a
circular bulge with a notably smaller TSM concetitna than previously (Fig. 4f). The bulge had
been transported westward and was nearly detacbedthe Daugava River outlet. The numerical
model captured the tendency of westward transgdtieobulge from 30 March to 1 April, but the
bulge was more distorted (Fig. 4 m). The strongowément of 10 m-$on 2 April had destroyed the
bulge and river water with higher TSM concentratltad smeared over the southern GoR by 4
April (Fig. 4g,n).
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3.2 Idealized simulations

In the realistic model simulation, the Daugava Rpleme was affected by river discharge, ambient
currents and wind-driven currents. We made numlesieasitivity tests with 1) river discharge into
a stratified GoR, while wind forcing was switchefft @) river discharge into a homogeneous GoR
with an ambient water salinity of 6 g kavhich is the long term average value for the #glin the
central GoR (Raudsepp 2001, Fig. 2b), while wingatifag was switched off (ideal simulation). In
the first case, the anti-cyclonic bulge did notelep within the course of the model simulation and
the coastal current was kept offshore due to amlmeoulation (Fig. 5a). In the ideal run, river
plume developed steadily into an anti-cyclonicakigirculating bulge and a coastal current (Fig.
5b). The bulge length (offshore extent) and widtloiig-shore extent) as well as the width of the
coastal current increased steadily in the courskeomodel simulation.

Additional simulations with cross-shore and alorayshwinds were made with wind speeds of 2
and 4 m 3. A wind speed of 2 m’scaused minor, if any, alterations in the casellofiad direc-
tions (not shown). A wind speed 4 m altered the bulge in agreement with the classidahan
transport theory. The alongshore downwelling faabler wind pushed the bulge towards the coast
and the coastal current was well-developed (Fig. e alongshore upwelling favourable wind
pushed the bulge offshore, so that the bulge wtscked from the coast and no coastal current de-
veloped (Fig 6b). The bulge had irregular shapé wéveral intrusions at the open sea area of the
bulge. In case of offshore wind, the bulge midefistgion was less uniform, closer to the coast and
coastal current was enhanced (Fig. 6¢). Onshord tilted the bulge to the upcoast direction, with
significant intrusions at the upcoast rim of thégleu(Fig. 6d). Coastal current was restrained and
had an irregular shape. Thus, comparison of tHermeawith test cases showed a significant effect

of wind in the evolution of the river bulge, evémind speed was moderatgegeFig. 2b).

3.3 Temporal evolution of the bulge

The evolution of the river bulge is classically ciéised by the spreading of the offshore front & th
bulge and an increase of bulge depth (e.g. AviaathHuq 2003, Horner-Devine et al. 2006). There
are uncertainties in the determination of the edyes bulge as well as the volume of a bulge. In
natural conditions, diffusion and mixing at the edlglilutes river water with surrounding water
(Horner-Devine et al. 2015). Multiple previous sasidefined the bulge edge based on a preselect-

ed threshold value. Horner-Devine et al. (2006)seha constant 20% buoyancy contour as the ref-
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erence value. Gregorio et al. (2011) used a redergelocity, 1.7cm/s, to define the coastal current
front. Soosaar et al. (2015) defined the bulge eddee 10% of the discharge depth.

We used TSM concentration to define the bulge baondOur main criterion was to capture the
circular part of the bulge and neglect coastalentras well as most of the intrusions. In the numer
ical model, the bulge boundary was defined whelag 10(TSM>-0.15. Different values df>-0.05,
-0.10, -0.20, -0.25 were also used for the bulgendary. The bulge radius and mean depth in-
creased with decreasihndFig. 7b for radius, mean depth not shown), batdiinamics of the bulge

did not depend on the selected threshold valuth®obulge boundary.

We compared the temporal evolution of mean depttius and volume of the real and the ideal
bulge from the numerical model. In order to be @xteat with previous river bulge studies (Horner-
Devine, 2009; Horner-Devine et al., 2008; HornexiDe et al., 2006), the bulge effective radius,

rp, was estimated through the area of the budgeassuming a circular shape of the bulge

o-(2. ®

According to the criterion of the bulge definitiaihe bulge is defined after about 0.5T, where T is
rotation period of the earth (Fig. 7a, b) and B=B4 March 2007 05:00. Steady increase of the real
bulge took place during seven rotation periodshBoean depth and radius as well as the volume
were larger for the real bulge than for the idedgb. We would like to note the pulsation of thalre
bulge - when bulge diameter increased, bulge mepthdlecreased and vice versa. The decrease of
the bulge diameter was faster than the decreabelgé mean depth during the dissipation phase,
which started from 7T. Occasionally, bulge deptkreincreased implying that water in the bulge
was mixed deeper during the dissipation phase.

The volume of river water that went into the builgereased relatively fast during the first two rota
tion periods (Fig. 7c). In the real case, almosk66f river water was trapped inside the bulge,
while in the ideal case the volume reached 45%.edlemated the volume that was transported
away by the coastal current. In order to be coasiswith our bulge definition, we calculated water
flow at the transect through the model grid cellevel>-0.15. During 2T, a negligible amount of
river water was transported by the coastal curigating 2T the fraction of river water inside the
bulge decreased monotonically, while the volumeasdstal current increased (not shown). In the

10
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real case, water volume in the bulge increased thd@ibulge started to dissipate, but steadily re-
tained its 50 % river water content. The fractidniver water started to increase from 4T, but did
not exceed 5% until the end of the simulation.hia tase of the real bulge, our estimations showed
that about 50% of river water could be determing@ither coastal current or as bulge due to intru-
sions and mixing at the boundaries of the bulge t#wedcoastal currensé¢eFig. 4), unless we
broaden the definition of the bulge. Still, it ibwaous from satellite images and simulation results
that a far larger amount of river water stayed initthe bulge and was transported offshore by in-
trusions than the amount that formed a coastaentrin the ideal bulge, the fraction of river wate
decreased after 2T, while the coastal current asgée. During 11T, the fraction of volume in the
bulge and in the coastal current equilibrated. Tinesmay conclude that in the present case of the
Daugava River plume, density- and wind-driven auseoppose the development of the coastal

current.

The bulge radius was non-dimensionalized with thlgdoRossby radius

L-[29 @

whereQ is river runoff. In our case, the bulge Rossbyusdaried between 2.7 and 3.1 km in time,
according to the actual runoff of the Daugava RiV@me series of increase of non-dimensional
bulge radius from numerical simulations are presgint Fig. 7d. We approximated the growth rate
of the bulge radius using a power function. In tbal case, we excluded the time period when the
bulge started to dissipate, i.e. maintaining thielesm up to 8T. The real and the ideal simulations
gaverp~t2°020-04 andr,~12-2840-01 with the coefficients of determination being=R.90 and R= 0.98,
respectively. Thus, in the real model simulatidre growth of the bulge radius was faster than in
the ideal simulation. It can be explained by priwvgiupwelling favourable winds (Fig. 2b,c) which
even with a speed of 3-4 mt sestrained the development of a coastal curredtratained more
water in the bulge (Fig. 6b). Using thermal windapae, Avicola and Huq (2003) estimated the
growth rate of the bulge radius~t*# although in the laboratory experiments they oigdithe
growth rater,~t?®. From laboratory experiments, Horner-Devine et(2006) estimated that a
buoyant surface advective bulge expands radiallt*dsduring the first 5 rotation periods and later

as +%5. The measurement study for the Niagara River b(itner-Devine et al., 2008) gave
~t0.4610.29_
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3.4 Bulge momentum balance
The dynamics of the river bulge are described &mba between centrifugal, Coriolis and pressure

gradient terms:

2
Yo
r

oh
+fv, =g = 3
» =9 3)

as hypothesized by Yankovsky & Chapman (1997) amdirtned by Horner-Devine (2009) for the
Columbia River plume. In (3), the is depth averaged angular velocitys radial distance from the
bulge centref is Coriolis’ paramete’ is reduced gravity ani is bulge thickness. Left side of the
equations is centrifugal (T1) and Coriolis term X T@spectively, right side of the equation is pres-
sure gradient term (T3). We calculated these tdomthe case of the real bulge and the ideal bulge
development on 29 March 2007 at 20:00 (Fig. 8)was the case previously, the bulge was defined
wherel>-0.15. The currents were strongest at the stespmst of the bulge (Fig. 8a, b). Although
the ideal and real bulges were similar quantitigjube bulge centre was much closer to the coast
(3 km) for the ideal bulge than for the real bu{§e&km). The outer thin area of the ideal bulge was
wider than in the case of the real bulge. All teim§3) showed higher absolute values at the steep-
est slope of the bulge (Fig. 8c-h). With the eximepof the near field region, the centrifugal ferc
was nearly an order of magnitude smaller than tbeo@s’ term and the pressure gradient term.
Geostrophic balance was valid for the entire maddfiof the bulge (Fig. 8m, n). Taking into account

the balance, (3), the error even increased slidgRity. 8o, p).

We calculated the time series of spatially averagedhentum balance terms, Eq. (3), for the ideal
(Fig. 9a) and the real bulge (Fig. 9b). In the aaisthe ideal bulge, all three terms contributegt si
nificantly to the momentum balance during the aliphase of bulge development, i.e. up to 1T
(Fig. 9a). Between 1T and 2T the contribution fribva centrifugal force decreased, so that this term
became nearly an order of magnitude smaller tharCtriolis term and the pressure gradient term.
In the case of the real bulge, the centrifugaldaatso decreased during 1T and 2T (Fig. 9b). How-
ever, already at the beginning, the initial valdi¢eh@ centrifugal force was an order of magnitude
smaller than the Coriolis and pressure terms. Téwo(s and pressure gradient terms does not have

clear increasing or decreasing trend.

12
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4 Discussion

A prominent feature in the satellite images andrtiuelel simulations was a well-developed anti-
cyclonic circulation in the river bulge, which pisted for about 7-8 days. High river discharge and
low wind conditions enabled undisturbed developn@nthe bulge. The ideal model simulation

showed that the bulge continued to develop stedalilpt least 10 rotation periods. Horner-Devine

—-1/2

et al. (2006) argues that in the case of high wfloe. large Froude numbeFEr =U(g’H) ,

whereU =Q(HW)™, Wis river width ancH is river depth, the plume becomes unstable af@r 5

rotation periods. In our case, the Froude numiasrest between 0.9 and 1.5 during the whole mod-
elling period W= 700 m,H =7 m). The plume was also stable in the numeagpkriments of Nof
& Pichevin (2001) and Fong & Geyer (2002).

We estimated the movement of the bulge centre enideal simulation. The bulge centre moved
steadily to the north, completing about 8 km dunniige rotation periods (Fig. 10a). As the centre
also moved downstream actual offshore reach otéinére was 6 km. The radius of the ideal bulge
increased from 4 to 9 km from 0.5T to 10T. Thus,thy end of our simulation the ratio of bulge
centre,y., to bulge radius was less than 0.7, which accgrtbrHorner-Devine et al. (2006) means
that the bulge does not separate from the wallflwd into the coastal current does not decrease.

The latter was evident from our numerical simulatiath the ideal bulge.

The movement of the real bulge centre was moredtitia(Fig. 10b). At each one-hour timestep,
the bulge centre was defined if the anti-cyclomicudation with closed streamlines existed (i.ay.Fi

4k). When ambient current overrode bulge circutatithe bulge centre was not defined (i.e. Fig.
4i), although the bulge still existed if we looktae distribution of the tracer concentration. Thus
the movement of the bulge centre was not followexdtiouously. The main feature in the move-
ment of the bulge centre was offshore-onshore latoms (Fig. 10b). This behaviour is somewhat
similar to bulge pinch-off described by Horner-Dewiet al. (2006). Horner-Devine et al. (2006)

proposed the ratio of internal radius,=U/ f , to bulge Rossby radiud, =L, /L, , to estimate

bulge behaviour. In the case of the Daugava digehahat ratio was between 0.81-1.26, which cor-
responds to situations where the bulge is forcé&hofe relative to its radius (Horner-Devine et al.
2006, Fig. 17d-g). In the case of a high Froude memand/or long’ (in our case 0.045 m2j the

bulge becomes unstable and the flow to the coestaént is reduced (Horner-Devine et al. 2006).
The behaviour of the Daugava river bulge from $itgeémages and the real numerical model simu-

lation (Fig. 4) showed that river water was maiobntained in the bulge and there were numerous
13



© 0 N o o1 b~

10
11
12
13

14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

intrusions at the outer perimeter of the bulge,olhis qualitatively similar to the bulge behaviour

in the model simulation by Horner-Devine et al.@@0his Fig. 14).

Horner-Devine et al. (2015) summarise the resulth® volume fraction going into a coastal cur-
rent relative to river discharge, depending onomfRossby number. A relatively high Rossby num-
ber O [1] implies that most freshwater stays inlib&ge while a lower Rossby number would imply
that there is less water going into the bulge andenmto the coastal current. In the Daugava River
outflow, the inflow Rossby number varied betweef &nd 5.7, which suggests that almost all of
the river water should have been trapped in thgdhuDur estimates from the numerical model cal-
culation showed that the fraction of river wateattformed a coastal current was up to ten times
smaller than the amount of river water that remaimethe bulge. In the ideal case, considerable
volume went into the coastal current, although@h€r, Roandg’ were the same for ideal and real

model simulations.

The explanation of the discrepancy between thd loldge and laboratory experiments could be the
different behaviour of the plume in a near-fieldiom. In a near-field region, river flow has a lifff
point in the location where river water detachesnfthe bottom and the upper layer Froude number
is equal to one (Horner-Devine et al., 2015). At lift off point, vertical velocities cause shogin

of the plume interface and acceleration of the ugger flow at a more seaward region. This, in
turn, increases the Froude number, resulting iense vertical mixing. In our idealized numerical
simulation, the lift off occurred at about 0.5 krorh the river mouth (Fig. 8a). The most intensive
mixing started at 1 km from the coast where traogicentrations were below the limit of the bulge
definition (white area in Fig. 8a and low tracencentration in Fig 5a). The intensive mixing sup-
pressed horizontal flow and the current velocitiese low right behind the intense mixing zone,
while the current velocities were higher at the &fd right side of the mixing zone (Fig. 8a). Thus
the intensive mixing zone created a barrier forrther water flow and splitted it into two jets. &h
jet on the right formed a rotating bulge. As theriea altered the flow direction, the flow anglesva
notably smaller than 90 degrees, resulting in gdgkntre located closer to the coast (Avicola and
Huqg, 2003b). The jet on the left remained on theeioadge of the bulge. Such a barrier region is
not observed in laboratory simulations. Naturalyaun river plumes have a small vertical to hori-
zontal aspect ratio, O [1%), where vertical turbulent flux of density is cétered to be dominant
over horizontal turbulent fluxes (Horner-Devineakt 2015). For laboratory simulations, the aspect
ratio is at least an order of magnitude smallerizémtal turbulence flux would be comparable in

magnitude with vertical mixing and a sharply sepataegion of intense mixing is far less likely to
14
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form. In addition, in our numerical simulationsetBaugava River runoff was smeared over 5 hori-
zontal grid points right at the coast, which enal@éeetter resolution of the river plume in thernea
field than, for instance, achieved by Hetland (2005

In the case of the realistic model simulation, wiming overpowered the local mixing, therefore
avoiding creation of the barrier region. The dendiiven and wind forced background currents
restricted the development of a plume coastal ntiaad pushed the river bulge offshore. As a re-

sult, the bulge centre was further away from thestgsee Fig. 10b).

5 Conclusions

Satellite TSM images showed a clearly formed rivgilge from the Daugava River discharge dur-
ing the studied low wind period. Satellite imagésoaconfirmed anti-cyclonic rotation inside the
bulge. The bulge grew up to 20 km in diameter eetoging diluted. A high-resolution numerical
model simulation repeated the plume behaviour featwily and enabled a detailed study of the
bulge dynamics. While previous studies conclude ladance in equation (3) is valid for the bulge,
our study showed that geostrophic balance is Validhe entire mid-field of the bulge except dur-
ing 1-1.5T at the beginning of the bulge formati@umparison of realistic and idealized model
simulations showed a significant effect of windven and density-driven circulation in the evolu-
tion of the river bulge, even if the wind speed waxderate.

The bulge radius was non-dimensionalized with thlgdo Rossby radius. The real model simulation
(measured wind and realistic ambient density) d&edideal simulation with no wind and uniform
ambient density gave,~t*%°%94 and rp~t°28%001 with the coefficients of determination being
R?=0.90 and R= 0.98, respectively. The bulge spreading rateseagrell with laboratory experi-
ments (+*4by Horner-Devine et al. (2006)) and fit in the niargf the Niagara River bulge study
(~t9-4620-29hy Horner-Devine et al. (2008)).

Mean depth and radius as well as the volume wegeddor the realistic model bulge than for the
idealized bulge. River bulge behaviour from satelimages and the real numerical model simula-
tion showed that river water is mainly containedha bulge and there were numerous intrusions at

the outer perimeter of the bulge caused by prexagilipwelling favourable and onshore winds. The
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fraction of river water that formed a coastal catr&as up to ten times smaller than the amount of

river water that remained in the bulge.

In the ideal simulation, considerable volume wet ithe coastal current, although ®QeFr, Ro
andg’ were the same for ideal and real model simulatidhg ideal numerical model simulation
showed that in the case of high inflow Rossby nunthe river inflow might split into two jets in
the plume near field region, with a strong mixingne in-between. Although the ideal and real
bulges were similar,the splitting of the outflowdrtwo jets caused the bulge centre to be closer to

the coast in the case of the ideal bulge thanearcése of the real bulge.
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Figures

57 °
225°  235° 245 °E

Figure 1. Map showing the location of the Gulf ag&in the Baltic Sea (a). Embedded are mean
(bold) temperature (dashed) and salinity (dasheddgprofiles with standard deviations (thin) from
the central Gulf of Riga (adopted from Raudsep@®120Topography of the Gulf of Riga (b). Ar-
rows mark river mouth locations for the Daugava, (D¢lupe (L) and Gauja (G) rivers. The square
shows the location of the weather station. Bolchdddine shows the transect of ferry-box meas-

urements used for the model validation.
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Figure 3. Time series of (a) daily mean DaugavaRdrscharge; (b) 3-hour wind speed (bold), east
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m st wind speed (dash dotted); c) offshore locatiomhef maximum salinity gradient from model
(solid) and ship measurements (open square) fopéhned from 20 March to 5 April 2014. Dis-
tance is measured along the ship track from thetlmoiuthe Daugava River.
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Figure 4. TSM concentration maps for the southemt pf the Gulf of Riga from satellite images

(left column) and TSM concentration and surfaceoe#®y maps from the numerical simulation

(right column). Bold contour on satellite image®wh the indicative edge of the Daugava River
bulge. Black contours on the numerical model sitntamaps represent TSM concentrations of
l0g10o(TSM)=-0.15 and =-0.05. The former is used fordeérmination of the Daugava River bulge.
The coordinate system is on the UTM-34v project{@uant)
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Figure 5. Instantaneous surface velocity and TSKtentration maps for simulation with realistic

ambient density and no wind forcing (a) and idealimodel simulation with uniform ambient den-

sity and no wind forcing (b) at noon on 29 Marcl®20Solid lines represent TSM concentrations of
l0g10o(TSM)=-0.15 and =-0.05. The coordinate system ithenUTM-34v projection.
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Figure 6. Instantaneous surface TSM concentratiapsnfior simulation with uniform ambient den-
sity and a constant wind speed of 4 tnbdowing in a downstream (a), upstream (b), offeh@m)
and onshore (d) direction at 6T from the starthef $imulation. Solid lines represent TSM concen-
trations of logo(TSM)=-0.15 and =-0.05. The coordinate system ithenUTM-34v projection.
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Figure 7. Time series of the Daugava River bulgamuepth (a), bulge radius (b), bulge volume (c)
and the bulge effective radius scaled with bulgedRy radius (d). The solid line represents the real
model simulation and the dash-dotted line the idedlmodel simulation. Time series of the bulge
radius where bulge is definddlog10o(TSM>-0.05; -0.10; -0.20; -0.25 (dotted) (b). Timeissrof
cumulative river water (dashed), bulge volume (kjand volume of the coastal current (red) in the
real model simulation (solid) and ideal model siatian (dash-dotted) (c). Triangles represent the
rotation period of the earth starting from 24 Mag€l97 05:00.
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Figure 8. Bulge depth and depth averaged velocitiesterms (1, To, Tz) of the balance (see Eq.
(3)) and the combinations of the terms for ideaideft column) and realistic (right column) model
simulations on 29 March 2007 at 20:00. Bulge degtth depth averaged velocities (a-b), centrifu-
gal term (%) (c-d), Coriolis term (3) (e-f), pressure gradient termsfTg-h), Ti+T2 (i), T1-T2 (k-

), T2-Ts (m-n) and T+T2-T3 (0-p). The contour interval is 1 mf.sThe red isoline represents zero.
The blank area within the bulge is where the tracercentrations were below the threshold values
of the bulge definitiongee text for bulge definitipnThe origin of the coordinate system is at the

mouth of the Daugava River. True north is showrwhie arrow. Cont.)

32



o O A WDN B

Q
w

1 F -
. N\, -‘.-ﬁ\_-—-—-——-\--—ﬂ.m-

A R 2N

————

P
2 - -
-

'_.__":_',:-_7-’...-\--\'
—~—

Terms in Eq (3) [m s72]
o

2T 3T 4T 5T 6T 7T 8T 9T 10T
3 LA LA LA LA LA LA LA LA LA LA

25M 26M 27M  28M 29M 30M  31M 01A 02A 03A 04A

x107°
b 3 T T T T T T T T T T
T
vo2r|==--T2 .
0V || =———— T3
E Ll -
m
; O i \ /\\/'N' —— / m\ L -\ )
Ll
£ " , h ‘ v
w1k I\I \\_I‘\ \‘('\)‘ /|‘ - \ s |
€ ] ~yN7/ " ~ 5 e i '\‘\/"'-)(
GL) \"C\/'d'\l,\_ /'/ ’ d \\.,.__. g 1
- 2F .
1T 2T 3T 4T 5T 6T 7T 8T 9T A oT
3 LA LA LA LA LA LA LA LA LA LA
25M 26M 27M 28M 29M 30M 31M 01A 02A 03A 04A
Date

Figure 9. Time series of spatially averaged monmarthalance terms (see Eq. (3)): centrifugal term
(T1) (solid), Coriolis term (%) (dashed), pressure gradient terrg) (Hash dotted) for ideal (a) and
real bulge (b). Triangles represent the rotatioriopeof the earth starting from 24 March 2007
05:00.
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Figure 10. The trajectories of the bulge centrelieridealized simulation (a) and the realistictsim
lation (b) from 24 March 2007 05:00 to 5 April 2000:00. Each dot shows the location of the
bulge centre at hourly intervals. Dashed lines stimwnormal and tangent to the coastline, distance
of the bulge centre from the location at 1T uph® €nd of the simulation, the distance of the bulge
centre at the end of the simulation to the coagitendirection of the normal to the coast. 1T amd 4
show the location of the bulge centre after one fand rotation periods of the earth starting from
24 March 2007 05:00 (a). Discontinuities in thedautrajectories for the realistic model simulation
exist because the bulge centre was defined ordgtifcyclonic circulation with closed streamlines

was present (b).
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