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Abstract. The reversal of estuarine circulation caused byl Introduction

southwesterly wind forcing may lead to vanishing of strat-

ification and subsequently to oxygenation of deep layers dur-

ing the winter in the Gulf of Finland. Six conductivity, tem- The bottom of the Baltic Sea is the largest dead zone in the
perature, depth (CTB)oxygen transects (130 km long, 10 World (Diaz and Rosenberg, 2008). Hypoxia (oxygen con-
stations) were conducted along the thalweg from the westeentration of less than 90 umoft or 2mL L) has been

ern boundary to the central gulf (21 December 2011-8 MayPresent during the last 8000 yr in the Baltic Sea (Zillén et al.,
2012). Two bottom-mounted ADCP were installed, one near2008). The present extent of hypoxia in the Baltic Sea may be
the western border and the second in the central gulf. A cTDPartly connected to the anthropogenic nutrient load and con-
with a dissolved oxygen sensor was deployed close to th&urrent eutrophication (Conley et al., 2009). Eutrophication
western ADCP. Periods of typical estuarine circulation wereleads to increased sedimentation of organic material, thus in-
characterized by strong stratification, high salinity, hypoxic créasing the area of anoxic bottoms and internal phospho-
conditions and inflow to the gulf in the near-bottom layer. us loading. In addition, the hypoxic water volume displays
Two circulation reversals were observed: one in December-2 Negative correlation with the total dissolved inorganic ni-
January and one in February. The first reversal event was welfogen pool: greater overall nitrogen removal with increased
developed:; it caused the disappearance of the stratificatioRyPoxia (Vahtera et al., 2007). Hypoxia-related effects on the
and an increase in the oxygen concentration from hypoxicd2€nthic ecosystem (e.g., Laine et al., 2007) and biogeochem-
values to 270 umolt?! (to 6 mL L) throughout the wa- ical cycles of nutrients (e.g., Jantti and Hietanen, 2012) are
ter column along the thalweg and lasted approximately 1.5€videntin the Gulf of Finland.

months. Shifts from estuarine circulation to reversed circu- Deep layers of the Baltic Proper are supplied with oxy-
lation and vice versa were both associated with strong longen only during the time of major inflows, when advecting
gitudinal (east-west) gulf currents (up to 40 cmsin the highly saline, oxygen-rich water enters from the North Sea.
deep layer. The change from oxygenated to hypoxic condiRecently, such inflow events occurred in 1993 (Matthaus and
tions in the western near-entrance area of the gulf occurre4ass, 1995) and 2003 (Feistel et al., 2003). A significant ven-
very rapidly, within less than a day, due to the intrusion of thetilation of the Baltic Proper deep layers was observed af-
hypoxic salt wedge from the NE Baltic Proper. In the easternter the major inflow in 1993, when the oxygen concentra-

part of the gulf, good oxygen conditions caused by reversaldion in the Gotland deep rose to 90pumotL(2mLL™Y);
remained for a few months. however, the oxygen had disappeared by 1998 (Fonselius

and Valderrama, 2003). The next ventilation event due to a
major inflow occurred in 2003, when a near-bottom oxygen
concentration of up to 180 umottt (4 mLL~1) was mea-
sured in the central Gotland Basin. Between the sporadic
major inflows, stagnation periods have been observed, when
a lack of deep advection decreased the near-bottom salinity

Published by Copernicus Publications on behalf of the European Geosciences Union.



918 T. Liblik et al.: Estuarine circulation reversals and related rapid changes in winter

and oxygen concentrations. During the period 1961-2005the conditions under which the stratification collapse events
the deep hypoxic zone extended on average across an areaadcur. Specific goals were to determine whether these events
approximately 50 000 k#&in the Baltic Sea (Savchuk, 2010), are caused primarily by estuarine circulation reversals or if
despite temporary oxygenation during and after the major inthe vertical stirring dominates and to estimate the effect of
flows. Higher oxygen concentrations have been observed ithese events on the spatiotemporal variability of the oxygen
the intermediate depths (80—120 m) of the water column durconcentration in the deep layer of the gulf. When planning
ing periods of stagnation (Conley et al., 2002). these studies, we hypothesized that a reversal of the estuarine
Because the deep water of the Gulf of Finland originatescirculation and concurrent disappearance of the salt wedge
near the halocline of the Baltic Proper, a stronger and shalmay rapidly and remarkably alter the oxygen conditions in
lower halocline in the Baltic Proper induces stronger stratifi- the deep layer of the Gulf of Finland.
cation and increased hypoxia in the Gulf of Finland; the op- Following a description of the study area and the methods
posite change takes place when the halocline is weaker andsed, this paper presents an analysis of (1) a regular time se-
deeper (Conley et al., 2009). It has been demonstrated thates of wind conditions, (2) repeated transects of CTD and
the halocline was stronger (Liblik and Lips, 2011) and oxy- O along the thalweg, and (3) time-series observations at
gen depletion increased (Laine et al., 2007) in the Gulf oftwo deep mooring locations: ADCP (acoustic Doppler cur-
Finland after the major inflows of North Sea waters in 1993 rent profiler) recording of current profiles and near-bottom
and 2003. point-recording of CTD and & The presentation and anal-
Elken et al. (2003) concluded, based on summer CTDysis of observational results is followed by discussion and
measurements, that halocline weakening that cannot be exconclusions.
plained by vertical mixing alone may occur in the gulf. They
suggested that southwesterly (generally up-estuary) wind
forcing caused the reversal of estuarine circulation in the2  Study area, data and methods
gulf: the surface-layer flows into the estuary, and the deep
layer flows out (i.e., the opposite of normal estuarine circula-2.1  Study area and surveys
tion). In contrast, northeasterly and northerly winds support
standard estuarine circulation, resulting in stronger stratificaThe Gulf of Finland lies in the northeastern part of the Baltic
tion (Elken et al., 2003; Liblik and Lips, 2011) and import of Sea (Fig. 1). Due to the near isolation of the Baltic Sea from
phosphorus-rich waters from the deeper sub-halocline layerthe ocean, tidal oscillations of the sea level are of minor
of the Baltic Proper (Lips et al., 2008). Elken et al. (2013) importance in the dynamics of the gulf (e.g., Kullenberg,
analyzed routine CTD measurements and wind data ovef981), which is unique among the world’s estuaries (Hansen
several decades to investigate possible changes in the frand Rattray, 1966; MacCready and Geyer, 2010). The gulf
quency of wintertime stratification collapse events. Theyis approximately 400 km long and varies from 48 to 135 km
found that the bottom-to-surface density difference becomesvide. The maximum depths exceed 100 m in the central and
close to zero (note that the winter is already characterized byvestern areas. River discharge is concentrated in the eastern
the weakest stratification in the Gulf, see Haapala and Alepart of the gulf, where the inflow from the Neva River av-
nius, 1994) during wind-induced strong estuarine circulationerages 77.6 kfyr—1, which constitutes approximately two
reversal events caused by up-estuary (southwesterly) winthirds of the freshwater inflow to the gulf (Bergstrom and
forcing. They also found that since the 1990s, the frequencyCarlsson, 1994). As a result, the surface-layer salinity varies
and duration of such stratification collapse events have infrom approximately 1 gkg! in the easternmost area up to
creased due to the shift in the wind regime (i.e., the con-6—7 gkg ! at the entrance (e.g., Haapala and Alenius, 1994).
siderable increase in the west-southwesterly wind impulse inThe deep layer is characterized by a slight westward salin-
December—January). It is commonly understood that mixingity increase (e.g., Liblik and Lips, 2011). The seasonal ther-
of the entire water column will improve the near-bottom oxy- mocline forms at the beginning of May, develops during the
gen conditions either (1) by direct vertical stirring processessummer and starts to erode by the end of August (e.g., Ale-
only or (2) by stirring in combination with wind-induced nius et al., 1998). The thermocline is usually situated at a
straining (differential lateral advection), with the latter factor depth of 10-15m and is strongest in July—August, when the
dominating. These two types of mixing may result in various surface-layer temperature rises to an average 6€Clin the
rates of change in the near-bottom salinity and oxygen conopen gulf (Liblik and Lips, 2011). During the winter, the wa-
tent, perhaps also resulting in various release rates of phoger masses are rather well mixed down to a depth of 60 m
phorus from the sediments (e.g., Viktorsson et al., 2012), bu{Haapala and Alenius, 1994; Alenius et al., 2003). The gulf
these rates of change remained unknown because of a lack bfs a free connection to the NE Baltic Proper; a sill is lack-
purposeful observations. ing, and the salinity may therefore increase below the halo-
The primary aim of the present study was to observe andtline (located at a depth of 60—70 m, Alenius et al., 1998) in
map details of winter stratification changes in the Gulf of Fin- the western part of gulf to as much as 10 gkg(i.e., val-
land (as a model for the larger non-tidal estuary) to identify ues typical of the open sea). Greater sea depths and steeper
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61° - International, LLC). In all, 60 data pairs were used to find
I T o the best linear fit between the dissolved oxygen (DO) val-
02 4 e 8 Lom , ax ues obtained using the SBE43 and those obtained from the

sample analyses. That linear fit is given by the equation
DO = DOsgg x 1.41 (2 = 0.99), where DQge is the dis-
solved oxygen recorded using SBE43 sensor. The accuracy
of SBE43 is 2 % of saturation. The OX 4000 L meter has ac-
curacy of 0.5 % of the measured value within the temperature
range+5 to +30°C. Measurements for lower temperatures
can be less precise.

Latitude N

Longitude E

2.1.1 Autonomous recording
Fig. 1. Map of the study area in the Gulf of Finland. The solid white
circles represent the locations of the CTD stations (A1-A10) alongWe installed two buoy stations with acoustic Doppler current
the thalweg of the gulf. The two bottom-mounted ADCPs were lo- profilers (ADCP, 300 kHz; Teledyne RD Instruments) on the
cated at CTD stations A3 and A9. The bottom-mounted ADCP atseafloor at the locations of stations A3 and A9; the seafloor
location A3 was equipped with a CTD and dissolved oxygen sen-at those locations was at depths of 91 m and 87 m, respec-
sor. The solid white square represents the location of the wind meatively. These current profilers were set to collect measure-
surements at Tallinnamadal Lighthouse (TL). The bottom topogra-m(_:‘nts in 40 and 38 vertical bins, respectively, in 2m depth
phy is drawn from the gridded topography in meters (Seifert et al"'ncrements The shallowest bin \,Nas at a dep:[h range of 7—
2001). The western border of the gulf is defined as a line betwee )
the peninsulas of P33saspea and Hanko (line B). m, anq the deepest was at a range of 85-87 m gr)d 81-83m.
A Seabird SBE 1BlusV2 CTD SEACAT conductivity and
temperature recorder with the SBE43 dissolved oxygen sen-

bottom slopes are present along the southern coast (Fig. 1§_orwas also deployed at station A3. The recorder was se_t ata
The line connecting the greatest depths in cross sectiond€Pth of 86 m (Sm above the seafloor). The current profilers
(i.e., the thalweg) is located closer to the southern coast. Avere set to take measurements at intervals of 30 min, and the

slight (less than 10 m) cross-gulf bottom rise between TallinnSBE 16 recorded data at 1 h intervals. The dissolved oxygen

and Helsinki separates the two (western and central) deepetNSOr Was calibrated against the results of the water sample
basins. analyses/’> = 0.99).

We performed six surveys along the thalweg of the gulf
during the winter of 2011-2012 and the spring of 2012 on-

board the R/VSalme which belongs to the Marine Systems rq \ing data were obtained near the thalweg at Tallinna-
Institute at Tallinn University of Technology. Specifically, 544 Lighthouse (Fig. 1). The wind speed and direction

these six surveys were performed on 21 December (2011),are measured at an elevation of 36 m above the sea surface

24-25 January, 7-8 February, 29 February, 15-16 March,q \were reported as hourly averages. The wind speed was
and 8 May (2012). The ten sampling stations, designated Al tiplied by a height correction coefficient of 0.91 (Lau-

through A10, were located in the western and central parts of,i5inen and Saarinen, 1984) to reduce the recorded wind

the gulf (Fig. 1). The westernmost station, Al, was locatedgpaeq 1o that of the reference height of 10 m during neutral
near the western end of the gulf, and station A10 was located i ospheric stratification. In addition, we used the wind data
approximately 130 km east of station A1, exceeding the bOtjme series (1981-2012) from the Kalb&dagrund weather sta-
tom elevation near Tallinn—Helsinki. The distances between;,, (Finnish Meteorological Institute), because the time se-
the stations varied within a range of 10-17 km. ries at Tallinnamadal was too short for certain analyses. The
At all of the stations, vertical profiles of the temperature, | i speed and direction data from Kalbadagrund was avail-
salinity and dissolved oxygen were recorded, using a Seaap|e every third hour as a 10 min average. Keevallik and
Bird SBE 1®lusV2 CTD SEACAT profiler equipped with  gq5mere (2010) found slight differences, both in wind direc-
the dissolved oxygen sensor SBE43. No dissolved 0xygeRion and speed, between Tallinnamadal and Kalb&dagrund. In
profiles were recorded on 8 May; only the bottom 0xygen e present study, we used the data from the Tallinnamadal
concentrations were acquired during that cruise. The qualyiation as the primary descriptor of the wind characteristics
ity of the salinity data was checked against the water sam;, the western gulf during the study period. The wind veloc-
ple analyses using a high-precision salinometer, the 84104y, components were calculated along the axis from SSW to
Portasql (Guildiine). Th_e Sea-Bird SBERBSCTD profiler NNE, with positive values corresponding to NNE. The winds
overestimated the salinity by an average of 0.041¢kGhe  fom the SSW are most favorable for estuarine circulation re-

dissolved oxygen sensor was calibrated against water samy, 5| and those from the NNE the most favorable for estu-
ple analyses. The dissolved oxygen concentration in bottle, i« circulation (Liblik and Lips, 2011).

samples was measured using the OX 4000 L meters (WWR

2.1.2 Wind and sea level data, NAO index
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Hourly sea level data were obtained from the Kunda
coastal station (Estonian Hydrological and Meteorological ) ,
Institute), located on the southern coast of the Gulf of Fin- 4412
land. The sea level values in Estonia are relative to the long- 1% .-
term mean (0cm). '

The NAO index (Jones et al., 1997) daktp://www.cru.
uea.ac.uk/~timo/datapages/naoi.htmere used to character-
ize the airflow during the study period and compare it with
the long-term data.

0111 08/11 15111 2211 2911 06/12 13112 2012 27/12

2.2 Calculation procedures 01/01  08/01 1501 22/01 29/01 0502 12002 19/02  26/02

The acquired salinity data expressed as values on the practi /7
cal salinity scale (Fofonoff and Millard Jr., 1983) were multi- ‘ ‘
plied by 1.0047 (Millero et al., 2008) and presented as values - N S R N S S S S
of absolute salinity (g kgl)_ 01/03  08/03 15/03 22/03 29/03 05/04 12/04 19/04 26/04

The ADCP velocity, sea level and wind data were filtered ] _ _ )
using a 36 h cutoff Butterworth filter (Butterworth, 1930). Fig. 2. Time series of the 10 m level Tallinnamadal wind vec_torfrom

The areas and volumes of hypoxic near-bottom watersl November 201_1 to 3_0 Apr_ll 2012. Shaded areas mark time inter-

. 71 . vals when estuarine circulation reversals prevailed.
(oxygen concentratiog 90 umol L~*) were estimated from
the O profiles taken on the transect located along the thal-
weg, assuming that cross-transect changes are small. Usi
theggridded togography by Seifert et al. (3001), the observert}g'2 CTD and G transects along the thalweg
upper boundaries of the hypoxic layer were extrapolateda \yeakly stratified water column was observed on 21 De-
across the transect and interpolated along the transect. The,per (Fig. 3). The density difference between the near-
area of sea used in the numerical integration was bounded by +om and surface water did not exceed 0.7 kg ralong
the western border of the Gulf of Finland and the easternmosf;,o thalweg. At stations A2—A7, the density difference was
station, A10. This region has a sgrface area of approgimatel)o_3 kg 3 or less. The salinity along the entire section was
10000 knf and volume of approximately 450 Kmin a sim- relatively low: it exceeded 7.0 g kg only in the near-bottom
ilar manner we also calculated the boi[tom area and volumggyer ot the westernmost station, AL, and at stations A8—A10.
of the water with a salinity of 9.3g kg™ The east-west salinity gradient in the surface layer was rela-
tively weak, and the salinity varied from 6.2—6.3 gKkgin

3 Results the easternmost part to 6.4—6.5gkgn the westernmost
part. The temperature clearly exceeded the maximum den-
3.1 Wind conditions sity temperature in the entire section and varied in the range

of 5.8-7.1°C. The water column in the entire section was
Prior to the start of our observation campaign on 21 Decemwell oxygenated, and even near the seafloor the oxygen con-
ber 2011, weak to moderate winds from various directionscentration at all stations exceeded 220 umol (5 mL L~1).
blew during the first 20 days of November (Fig. 2). From On 24-25 January, a well-defined deep saltwater wedge
the last 10 days of November until the end of December, thavas observed at stations A1-A6, separated from the upper
wind conditions in the study area were shaped by strong aimixed layer by a strong halocline. The salinity above the
flow from south and southwest, reaching a maximum windhalocline varied in the range of 6.4—6.8 gRgwhile salinity
speed of 25ms! on 26 December. Variable and weaker up to 9.9gkg?! was observed in the deep layer. This halo-
winds prevailed during the first half of January. The sec-cline was relatively sharp: for example, a salinity increase
ond half of January was shaped by a high atmospheric presrom 6.8 to 9.8 gkg! was observed between depths of 75
sure system, resulting in low air temperatures and calm windand 76.5m at station A4. The vertical salinity distribution
conditions. Southeasterly and southwesterly winds prevailedit the eastern stations (A7—A10) was clearly more uniform.
in February, and southwesterly winds prevailed in March.The temperature varied in the range of 3.1°&0increas-
However, the prevailing winds in February—March were fre- ing with depth and decreasing eastward. The oxygen condi-
quently interrupted by northerly winds or calm periods. Only tions in the section were strongly related to the extent of the
in mid-February was there a long period of continuous south-salt wedge. The water column above the salt wedge was well
easterly and southwesterly winds. As is typical of the spring,oxygenated: the oxygen concentrations were > 360 pumbl L
variable and weaker winds were observed from April until (8 mLL~1). As a result of the salt water intrusion, the bot-
the end of the study period. tom water was hypoxic at stations A1-A6, while the water

was nearly fully saturated with oxygen at stations A7—A10.
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Fig. 3. Vertical sections of temperature (interval 0°Z5), salinity (interval 0.25 g kgl) and dissolved oxygen (interval 30 umott) on 21
December 2011a, b, ¢) 24-25 January 201@, e, f), 7-8 Februaryg, h, i), 29 February(j, k, 1), 15-16 March(m, n, o) and 8 May(p,

r) measured along the thalweg of the gulf. A thick contour line marks the dissolved oxygen concentration of QO}Jrﬁm 18 May, only
near-bottom layer dissolved oxygen concentrations were availghalues on ther axis indicate distance from the westernmost station
(see Fig. 1).
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Consequently, the near-bottom oxygen levels were higheglso higher in the same layer. High fluorescence values were
even at the easternmost stations compared to levels recordeabt observed throughout the whole water column in previous
during the previous survey. cruises.

Two weeks later, by 7-8 February, the deep saltwater The last survey along the thalweg was conducted at the
wedge was observed approximately 15 km east of its formeend of the study period, on 8 May. The upper layer temper-
position. A slight increase in salinity was also observed atature has increased to 4>8. The cold intermediate layer
the three easternmost stations. The development of a neawas positioned between depths of 20 and 50 m. In compar-
surface halocline was observed in the upper part of the waison to the previous survey, the salinity in the upper 35m
ter column at a depth of 10-20 m at all of the stations. Thelayer exhibited minor changes. The upper layer halocline
surface-layer water temperature varied in the range@P—  was positioned at a depth of 25m. The deep layer of saline
0.8°C. Its salinity was in the range of 4.7-5.5gHKgat sta-  water had extended across the entire section, such that the
tions A3-A10, while the temperature and salinity were 0.8—deep water halocline was observed between depths of 65 and
0.9°C and 6.0 gkg?!, at the two westernmost stations. The 75m. The isohaline of 7gkd had risen from a depth of
oxygen content of the near-bottom layer was slightly de-50-60 m to 40-50 m depth between the two surveys, which
pressed along the entire section, but the oxygen concentrandicates the eastward transport of the lower layer water. The
tions still exceeded 270 umoltt (6 mL L~1) throughout the  density difference between the surface and bottom layers ex-
water column in the eastern part of the study area. ceeded 3kgm? at all of the stations. The oxygen distribu-

On 29 February, the section was not fully surveyed, duetion was consistent with a deep water salinity distribution,
to heavy ice conditions. The available data from the westerrand the near-bottom water was hypoxic at all of the stations.
part of the section indicated westward movement of a deefNevertheless, a slight eastward increase in oxygen, from 4—
layer salt wedge. The halocline was still evident at the west-9 umol L1 (0.1-0.2mL L=1) at the three westernmost sta-
ernmost station, A1, where the salinity exceeded 9gtkg  tions to 54—71 pmol ! (1.2-1.6 mL 1) at the three east-
The density difference between the bottom and surface wateernmost stations, was still evident.
exceeded 1 kg P at all of the stations where measurements
were taken. Similar to conditions in the deeper layer, the3.3 Time series of current profiles, temperature, salinity
near-surface halocline had weakened and was absent from  and oxygen
the upper part of the water column at certain stations. The
surface-layer salinity still exhibited a strong decrease to-At both of the current measurement sites, the currents were
ward the east, decreasing from 6.8 gkaat station Al to  variable and occasionally very strong (Figs. 4 and 5). The
5.2gkg! at station A7. The surface-layer temperature wasaverage current speeds in the eastern part of study area (sta-
below 0°C at stations A4—A7, while it was slightly overC tion A9) varied from 7.5cms! at an 82m depth (deepest
at the westernmost stations, A1-A3. With the exception ofmeasured bin) to 11.6cm$ at an 8m depth (shallowest
the near-bottom layer at station Al, the oxygen concentrameasured bin), while the maximum recorded speeds were
tion exceeded 90 umolt! at all of the stations. in the range of 40-56 cnT$ in the upper 30m and 33—

By 15—16 March, both of the haloclines had reformed. The40 cm st below that depth. At station A3, the average cur-
saltwater wedge in the deep layer and the fresher water in theent speed was stronger in the deep layer and upper layer (11—
upper layer were evident at all of the stations. The salinity13cms1) and slightly weaker in the intermediate layer (9—
decreased eastward from 5.8 (station A1) to 5.0g'k@ta- 11 cms1). The highest recorded speeds were in the range of
tion A10) in the upper layer and from 10.2 to 8.4 gRgn 35-49cms? at a depth of 26-86 m, while the speeds ex-
the near-bottom layer, respectively, at those two stations. Theeeded 52 cms in the upper part (8-26 m) of the water
temperature increased froniQ near the surface to 5°& in column. The strongest current, 88 cifswas recorded at
the near-bottom layer. The reappearance of the hypoxic sakh depth of 12m during a southwesterly storm event on 26
wedge affected the deep water oxygen content across the eecember.
tire section. However, at the easternmost stations, AB—A10, The temporal progression of cumulative wind stress indi-
the water in the bottom layer still contained oxygen at a con-cated that reversal-favorable winds (from the SSW) started
centration over 90 umolt!. Compared to the situation on on 25 November and lasted until 5 January (Fig. 6). The
7-8 February, the hypoxic water layer above the bottom wasumulative wind stress was approximately 11 Nad dur-
thicker. In the western half of the section, the oxygen con-ing that period. At the onset of winds, the sea level at
centration had decreased below 90 pmot below a depth  Kunda rose from—10cm to 66 cm (36 h low-pass filtered).
of 71-74m. The last 18 days of flow reversal (21 December to 8 Jan-

The water with oxygen saturation up to 107 % was ob-uary) were covered by measurements. The vertical flow
served on 7-8 February, 29 February and 15-16 March irstructures at both measurement sites were dominated by
the upper layer where temperature wa8°C. The observed barotropic outflow opposite to the wind direction from the
high saturation was likely caused by the growth of phyto-last 10 days of December through the first half of January
plankton. Chlorophylk: fluorescence (data not shown) was (Figs. 4 and 5): during the period of weak haline stratification
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ber, the temperature, salinity and dissolved oxygen concen- 2

a 40:"‘\‘
6.8gkg ! and 326-380 umoltt (7.3-8.5mL L 1), respec- < w il

| LA I gl h‘\ ] 1l N
tively. A temperature decrease was evident throughout this & e ‘ LR O R o A AR Ao 1!
period, however, and shorter-period fluctuations with simul- ;0 ‘ ‘ ‘ \ { L A Rk ‘
taneous changes in salinity were observed: a temperature in-_,, uu mmuﬂ.mmmmmmmmmm

crease of 0.8C was accompanied by a salinity increase of 20{ M m
o

approximately 0.1 g kgt

Beginning on 8 January, short-term variations in the wind 1
direction from the south to the northeast were well reflected ~ “0mmmmmmmmmm UL |1|w T ‘II
in the deep layer current, in which the earlier prevailing out-  x-|fit/, I 1 e U R '
flow was temporary replaced by inflow. This period of a _® ‘
variable flow regime ended on 14 January with the help of E:g: N
1.5 days of a northerly wind impulse and a subsequent period 5 «-{|
of weaker winds (Fig. 2). The re-establishment of estuarine 7} ||
circulation caused a deep salt wedge intrusion extending to
station A3 (Fig. 3e) and an interruption of barotropic flow
(Fig. 4). However, the haline stratification and current shear
at station A9 (Fig. 5) still remained weak. Inflow prevailed Fig. 4. (a) Temporal progression of vertical distribution of low-
throughout the water column until mid-February and wasPass filtered along-gulf axis current velocity Componﬁi)‘i(nd(c)
particularly strong in the deep layer. The re-establishmen£ross-uif axis current velocity componen {n cms™* at the loca-
of estuarine circulation coincided closely with the drop in ton of mooring station A3 from 21 December 2011 to 9 May 2012.
the sea level in the gulf. In the near-bottom layer, the dis_Posmve velocities (red) denote the inflow into the gulf or north-

ved levels during th iod of estuari . ward flow, and negative velocities (blue) denote the opposite, re-
SO_Ve oxygen Ievels auring e|1_ perio o_les uarlne Clrcu'spectively.(b) Temporal course of along-gulf axis current velocity
lation rarely exceeded 45umoft (1mLL™), while the  ;5mponenty) at the depth of 85 m. Shaded areas mark time inter-

salinity varied in a range of 9.4-10.3 g&y(Fig. 6). In con-  yals when estuarine circulation reversals were observed at location
trast with the previous period, the increases in salinity wereas,

accompanied by slight decreases in temperature.

The second reversal event was induced by southerly winds
beginning in mid-February and peaked after southerly windsthe strongest current shear in the deep halocline. The mean
prevailed for 12 days; the cumulative wind stress during thatflow, however, was to the east over the entire water column.
period was 2N m?d. The reversal-favorable winds raised Although we observed short periods of outflow in the deep
the sea level and altered the estuarine flow in the deep layetayer and simultaneous slight decreases and increases in the
Strong outflow in the deep layer that extended to a 30—40 nsalinity and oxygen concentration, respectively; the oxygen
depth and simultaneous inflow in the upper layer were ob-concentration remained below 45 pmot'L(1 mL L~1) un-
served in the second half of February at station A3, locatedil the end of the study period on 8 May. At the same time
near the west end of the section (Fig. 4). This event washat the flow was weaker but more persistent at station A9,
also evident at station A9, near the east end of the sectionutflow prevailed in the upper layer and inflow in the deep
(Fig. 5), where inflow prevailed in the upper 20 m and out- layer, which, on average, resulted in typical estuarine flow in
flow prevailed in the rest of the water column. Compared tothe eastern part of study area.
the strong near-bottom outflow at location A3, the outflow
was at a maximum in the middle of the water column and was3.4  Effects of reversal events on oxygen conditions in
much weaker at location A9. The second reversal event was  the gulf
not as strong as the one observed in December—January. This
reversal event peaked with a dissolved oxygen concentratiod hypoxic near-bottom salt wedge, originating in the NE
of 210 umol L1 (4.7 mL L~1), while the salinity simultane-  Baltic Proper, penetrated the gulf in the middle of January
ously decreased to 8.2 gk§ The dissolved oxygen concen- after a reversal event that had lasted since the end of Novem-
tration and salinity fluctuated in a relatively wide range dur- ber. The salt wedge had reached station A6 by 24-25 Jan-
ing this event and correlated strongly. uary, and a similar situation was observed on 7-8 February.

As a consequence of a short-duration wind impulse fromOn 29 February, during a weaker reversal event, hypoxic wa-
the north at the beginning of March, inflow reappeared in theter was present only at the westernmost station. It reappeared
deep layer, the sea level dropped and the salt wedge was rat station A3 on 3 March. By 15-16 March, the salty and hy-
established simultaneously at the buoy station on 3 Marchpoxic water reappeared along the thalweg at stations A1-A7,
The flow structure at location A3 was multi-layered, with while the near-bottom oxygen concentration still exceeded

(Fig. 3b). During the reversal period beginning on 21 Decem- ;o= ’ \A,
| “

tration varied in a relatively narrow range: 5.0-8@& 6.5—
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Table 1. Estimated hypoxic bottom areas and hypoxic water vol-

) 15 umes. On 8 May hypoxic values were calculated on the basis of
2307 LR O | 11 R A | N e bottom oxygen concentrations and salinity profiles: linear regres-
£ 0 ‘ Hmg sion between sea areas and volumes occupied by hypoxic water and
O 50—

by water with salinity>9.3gkg ! was used in estimation. Area
under consideration (approximately 10 000%mvas between the
western border of the Gulf of Finland and the easternmost station,
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g_m: UVIUU ey Ve w LAY, Cruise Hypoxic area  Hypoxic water
g™ (km?) volume (kn?)
. |H|H IHIIIIII‘!H‘I]HIH}
N - 21 Dec 0 0
e o = 24-25Jan 510 2.6
€ o B 7-8Feb 770 4.9
& 5o (= 29 Feb 130 0.8
15-16 Mar 1380 12.0
8 May 1650 14.6
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Time (21.12.2011-9.05.2012)

Fig. 5. (a) Temporal course of the vertical distribution of low- tor shaping the deep water characteristics in the winter: the
pass filtered along-gulf axis current velocity componefiand(c) oxygen conditions in the bottom layer of the gulf can be ex-
cross-gulf axis current velocity componenj {n cm s tattheloca-  plained by spatiotemporal variability of the salt wedge. We
tion of mooring station A9 from 21 December 2011 to 9 May 2012. phserved two estuarine circulation reversal events with du-
Positive velocities (red) denote the inflow into the gulf or north- rations of 1.5 and 0.5 months, in December—January and
ward flow, and negative velocities (blue) denote the opposite, reap,ary  respectively. As a consequence, the stratification
spectively.(b) Temporal course of along-gulf axis current velocity was greatly weakened. the current structure was altered and
componenti) at a depth of 85 m. Shaded areas mark time intervals h hg _y | d ’d' d duri h o
when estuarine circulation reversals prevailed. the ypo?(lc salt wedge |Sappeare . uring t qse ‘?Ve”ts- ur
observations revealed that differential advection in case of

temporary estuarine reversal (anti-estuarine straining) is an

90 umol L1 at the three easternmost stations. The thicknesdmportant factor for the stratification disappearance, as sug-
of the hypoxic water column had increased compared to thé/ested earlier by Elken et al. (2003) and Elken et al. (2013).
situation during previous cruises. On 8 May, hypoxic water Unfortunately, within the present study it was not possible
was present at all of the StationS, but the oxygen Concentrato establish the balance of different advection and diffusion
tions were still slightly higher in the eastern part of the study {erms during rapid changes of stratification because of the
area than in the western part. long time interval between the along-thalweg mappings and
The oxygen concentrations within and below the halo-Missing information on transverse flow and density struc-
cline were strongly related to the salinity: the estimated ar-tures. _ _
eas and volumes occupied by hypoxic water and water with These halocline disappearance and reappearance events
a salinity > 9.3gkg! showed correlations with values of coincided with the presence of strong near-bottom currents.
2 = 0.99 andr2 = 0.98, respectively(=5: p<0.01). The  The re-establishment of a deep layer salt wedge may occur
estimated bottom area covered by hypoxic water (Table 1)V€rY rapidly, within 12 h. The reactivations of estuarine circu-
was >1300krf on 15-16 March (the case of normal estu- lation were associated with a strong inflow and reversal event
arine circulation), whereas the area was nearly hypoxic-fred" February that began with strong outflow in the deep layer.
even during the relatively weak reversal event in FebruaryHowever, when the reversal drastically weakened the strat-

spring bloom on 8 May. along the thalweg was also observed, and the current shear

maximum disappeared together with the halocline. The cur-

rent structure in the deep layer of the gulf has not been rigor-
4 Discussion ously studied, but strong near-bottom currents appear to be a

common feature of the gulf (Almroth et al., 2009; Lagemaa et
The surveying along the thalweg and the time-series obseral., 2010; Liblik and Lips, 2012). Strong wind-induced cur-
vations of the near-bottom layer revealed high variability in rents in the deep layer have also been observed in other estu-
the thermohaline structure and oxygen concentration in tharies, such asin the Long Island Sound (Whitney and Codiga,
Gulf of Finland. We found that the vertical flow structure, 2011). The observed upwind barotropic flow along the thal-
particularly the bottom current, is the most important fac- weg allowed for us to assume a temporary wind-induced
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Fig. 6. Cumulative along-gulf axis current velocity component (km, blue line), cumulative wind stres?t’ld,rgreen line) and low-pass

filtered sea level (cm) time series in the upper panel. Hourly time series of salinity g ktack line), temperatureC, green line) and

dissolved oxygen (umolt?, blue line) in the lower panel. Temperature, salinity, dissolved oxygen and current were measured at location A3
from 21 December 2011 to 8 May 2012 at a depth of 85 m (approximately 5m above the seafloor). Wind and sea level measurements were
obtained at Tallinnamadal Lighthouse and Kunda coastal station, respectively. Shaded areas mark time intervals when estuarine circulatior
reversals prevailed.

two-cell circulation in the Gulf: a well-developed reversal favorable winds to a certain extent. Elken et al. (2003) found
event resulted in downwind barotropic flow along the shoresthat the estuarine circulation may be altered if the southwest-
and upwind barotropic compensation flow along the thalweg,erly wind component exceeds the mean value by at least 4—
as is typical in semi-enclosed homogeneous basins (e.g5.5ms™.
Sanay and Valle-Levinson, 2005). Further investigation of The strength of the stratification depended primarily on
this theory is warranted. the presence of the halocline in the deep layer due to the
The shifts in the flow regime of the deep layer were highly salt wedge intrusion and on the presence of a near-surface
dependent on wind forcing. We found the best correlationhalocline in the upper layer due to relatively fresher water in
(r2 = 0.44, p <0.01,n = 3323) between the low-pass filtered the surface layer. The simultaneous appearance of salty wa-
(36 h) NNE wind and an easterly longitudinal inflow current ter in the deep layer and fresher riverine water in the surface
in the deep layer when a time lag of 18 h was taken into acldayer has been observed in a transverse (north—south) section
count. This lag is slightly longer than the lag used by Elkenin the summer (Lips et al., 2009). However, in the summer
et al. (2003), who applied a 15 h offset in their experimentalthe effect of this phenomenon on the stratification is not as
model. Cumulative wind stress of approximately 1 N4d drastic (Liblik and Lips, 2012), because the water column is
was required to start the second reversal event, but weak windlso thermally stratified. The wind-driven impact on estuar-
(—0.2 N nm2d) preceded both estuarine circulation reactiva-ine circulation and respective changes in stratification were
tion events. Once estuarine circulation was established, it waalso observed in Liverpool Bay (Simpson et al., 1990), in
well maintained by gravitational forcing without the support- Chesapeake Bay (Scully et al., 2005; Li and Li, 2011) and in
ing wind forcing: e.g. the period between two reversal eventshe Rio de la Plata estuary (Meccia et al., 2013). In our study,
from mid-January to mid-February (see Fig. 6). Moreover, during the reversal events the density difference between the
the estuarine circulation is able to withstand the reversal ofear-bottom and surface water declined below 0.3kgd,m
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whereas it exceeded 3 kgthwhen estuarine circulation pre-
vailed. Thus, a well-developed reversal event may result in_, _|
the complete mixing of the water column. The reversal event
most likely peaked, and complete mixing occurred between
the two cruises on 22 December and 24-25 January. The wa-
ter column was completely mixed and saturated with oxy-
gen (98 %) at the two easternmost stations on 24—-25 January g '
while the salt wedge was already present at the rest of the °
stations. To our knowledge, with the exception of the sill- o 0
separated Gulf of Bothnia (H&kansson et al., 1996), such a % & o oF & o 2 S e o S
complete mixing event has never been observed in the deep LA ST
basins of the Baltic Sea.
Based on the.wmd statistics a!"d analysis Of. routine CTDFig. 7. Average density difference between near-bottom and sur-
measurements in the Gulf of Finland, .the V\'nnt.er reve.rsalface water (kgm3, left panel) and oxygen concentration in the
events occur often and have been occurring with increasingly,ear-bottom layer (LmoltL, right panel) at westernmost stations
greater frequency since the 1990s (Elken et al., 2013). Howa1-A3 (green) and easternmost stations A8-A10 (blue) from 21
ever, the approximately 1.5 month-long reversal event ob-December to 8 May. On 29 February, only the western part of the
served in December—January was an unusually large eventection was visited.
To evaluate the probability of such a reversal event, we
briefly analyzed the NAO index data since 1822 and the
autumn-winter Kalbadagrund wind data since 1981. Theoxygenated (366 umolt! or 8.2 mL L~! on average) in the
NAO index of 3.20 in December 2011 clearly exceeded thedeep layer in the western part of the study area. The same
long-term mean of 0.31 for December. The monthly NAO in- tendency was observed in the case of the relatively weak re-
dex in December has exceeded 3.20 only seven times sinceersal event observed in February. During periods of estu-
1822, most recently in December 1986. Monthly NAO in- arine circulation, the stratification increased and the oxygen
dex values> 3.20 in January and February have been moreconcentration was clearly under 90 pmoflL The estimated
common; 15 and 25 such instances were recorded duringottom area covered by hypoxic water was > 1306 kamd
January and February, respectively, since 1822. The meathe volume of this water was approximately 12%imn mid-
monthly NAO index of 1.72 in September—November 2011 March (Table 1, Fig. 8). The near-bottom oxygen concentra-
was clearly higher than the long-term mean-d3.31. Only  tions were even lower and the estimated hypoxic area and
in five years since 1822 has the mean NAO index beenvolume were greater on 8 May. With respect to the cross-
higher than 1.72, indicating that airflow from the southwestgulf inclination of the halocline (Lips et al., 2009), our hy-
was exceptionally intense in autumn 2011. The strong rejoxic area estimations are slightly underestimated rather than
lationship between NAO and oxygen conditions has alsooverestimated, given the fact that the thalweg of the gulf (our
been detected in the eastern part of the gulf (Eremina estudy section) is closer to the southern coast.
al., 2012). Temperature and salinity profiles developed in the The intensification of estuarine circulation often causes
study area (stations A1 and A6, unpublished data) have sugmprovement in the near-bottom oxygen conditions in estu-
gested that the haline stratification was already weakened iarine environments due to the import of oxygen-rich ocean
September—October. The monthly averages of the wind comwaters (e.g., Sato et al., 2012). In this respect, the Gulf of
ponent from SSW to NNE in Kalbadagrund in November Finland is an unusual marine system, because the imported
2011 and January—April 2012 were close to the long-termopen sea waters are often depleted of oxygen and the in-
means (1981-2012) and varied in a range freom3ms® tensification of estuarine circulation leads to an increase in
to 2.2ms 1. However, December 2011 was extraordinary, the hypoxic water area and volume. A similar estuarine sys-
when the monthly mean wind component was 7.6hs tem is found in the lower St. Lawrence estuary, where the
which exceeds by far the long-term mean of 2.0vh for bottom water, isolated from the upper layer by a perma-
that month and indicates a clearly dominant SSW wind. Untilnent halocline, has to travel several years before it arrives
December 2011, the highest monthly mean SSW wind speedt the estuary (Gilbert et al., 2005). Because the hypoxic wa-
favorable for reversal since 1981 was 6.2Th,swhich was  ter originates in the intermediate layer of the Baltic Proper,
recorded in November of 1982 and 1986. the oxygen conditions there often determine the oxygen con-
The oxygen content and salinity were strongly related,ditions in the Gulf of Finland as well. Conley et al. (2002)
as clearly revealed by a coinciding halocline and oxycline.found that so-called stagnation periods lead to oxygen defi-
The longitudinal excursions of the salt wedge defined theciency in the deep layer of the Baltic Proper, whereas the in-
strength of the vertical stratification and near-bottom oxygentermediate layer contains more oxygen during such periods.
content locally (Fig. 7). During the first reversal event, the The long-duration period of stagnation in the 1980s caused
stratification was weak and the near-bottom water was wella weaker halocline (Liblik and Lips, 2011) and higher deep
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Fig. 8. TS-diagrams (dots on left panel), temperatr@,(dashed lines on right panel) and salinity profiles (@kg;olid lines on right panel)

on 24-25 January and hypoxic area (black area on left panel) on 15-16 March. TS-diagrams and profiles at station H2 (blue), 25 (green) anc
A1l (black). Hypoxic area was estimated only between the western border of the Gulf of Finland and the easternmost station, A10 (Fig. 1).
The bottom topography is drawn from the gridded topography in meters (Seifert et al., 2001).

layer oxygen concentrations (HELCOM, 2009) in the Gulf the bottom. The hypoxic water there seemed to be a mix-
of Finland, while the oxygen conditions in the deep layer of ture of two waters: saltier and slightly colder water origi-
the Baltic Proper deteriorated during the same period. Thenating from the area of station H2 at a depth range of 110—
inflow from the North Sea therefore has an oxygenation ef-115m and warmer water from the upper part of the halo-
fect opposite to that of the deep layer of the Gulf of Finland cline. The hypoxic deep layer found at westernmost station
and the Baltic Proper. Al was a mixture of salty near-bottom water from station 25
The reversal events had longer-lasting effects on the oxyand fresher, warmer water. This fresher, warmer water evi-
gen conditions in the deep layer in the eastern part of thedently also originated outside the Gulf of Finland, as the wa-
study area (Fig. 7). On 15-16 March, two months after theter column temperature was below® in the gulf at that
reappearance of the hypoxic salt wedge in the western part dfime. Thus, the deep water salt wedge observed in the study
the gulf, the three easternmost stations in the study area wergrea on 24-25 January after a major reversal event origi-
still hypoxic-free. Elken et al. (2013) found that the stratifi- nated in the northern Baltic Proper at a depth range of 110—
cation collapse events occur frequently in the central part ofL15m. This depth most likely was deeper than normal due
the gulfin the winter. Our results indicate that relatively weak to the seasonal weakening and descent of the halocline in the
stratification and well-oxygenated water in the central part ofnorthern Baltic Proper (Matthdus, 1984). In addition, Elken
the gulf may occur simultaneously with a hypoxic salt wedgeet al. (2006) found that the counter-estuarine transport in the
in the deep layer in the western part of the gulf (Fig. 7). This Gulf of Finland reduces the vertical stability and decreases
pattern may be related to the topography of the gulf: a slightthe halocline in the NE Baltic Proper.
(up to 10 m) bottom rise located in the area around station The current structure in the deep layer during develop-
A7 (Fig. 1). This slightly shallower section of the thalweg ment of the second reversal event (Fig. 4) indicated that the
impeded the eastward spread of the salt wedge. However, ifveakening of the halocline and oxygenation of the bottom
the thickness of the salt wedge was sufficient, as on 8 Maywater were most likely related to the horizontal advection.
then it penetrated farther to the east and occupied the bottorRor confirmation, we plotted salinity—oxygen diagrams and
layer along the entire thalweg. Furthermore, the eastward adprofiles before the reversal event (7—8 February) and during
vection of the salt wedge can lead to hypoxic conditions everthe reversal event (29 February) at station A3 (Fig. 9). Based
in the eastern part of the gulf (i.e., the Russian waters of theon the consecutive salinity and oxygen profiles, the saltier
gulf between Kotlin and the Hogland Islands) (Eremina etand hypoxic water disappeared from the deep layer at A3 sta-
al., 2012). tion by 29 February, whereas an increase in the salinity and
During the cruise of 24-25 January, we also acquired CTDdecrease in oxygen were not observed in the layer above (10—
profiles at two stations in the northern Baltic Proper: estonian70 m). Thus, pure vertical mixing could not have caused this
National Monitoring Station 25, at a depth of 100 m, and thedisappearance. This fresher, oxygenated bottom water orig-
international 170 m-deep monitoring station H2 (Fig. 8). Theinated from the eastern part of the thalweg: the deep layer
hypoxic saltwater wedge at station 25 was approximatelywater at station A3 on 29 February had an oxygen content
20 m thick and was situated in a depth range from 80 m toand salinity similar to that of the deep layer water observed
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dashed lines on right panel) profiles on 7-8 February (black) and 29 February (blue) at station A3 and on 7—8 February (green) at station A7.

at A7 station on 7-8 February (see oxygen-salinity plot in (1) interrupting estuarine transport of phosphate-rich waters
Fig. 9). An opposite change in the salinity occurred simul- from the Baltic Proper (Lips et al., 2008), (2) allowing more
taneously in the upper 10 m layer, but most likely a minor efficient diapycnal mixing (Elken et al., 2003) and nutrient
amount of vertical mixing was also involved, as the 10-30 mtransport to the euphotic zone due to weaker stratification
layer had become fresher. Similar changes in the upper layefReissmann et al., 2009), and (3) altering the benthic nutrient
salinity were observed in the summer when the southwesterlylynamics in the gulf (Hietanen and Lukkari, 2007). Thus,
winds were dominant (Liblik and Lips, 2012). Therefore, the the reversal events potentially have an effect on the entire
halocline disappearance and oxygenation of the bottom waecosystem of the gulf.

ter may be related to the advection of oxygen-rich water from

the eastern part of the study area. However, when eastward

transport of relatively salty water in the upper layer and west-5  conclusions

ward transport of relatively fresher water in the deep layer

last long enough, complete mixing of the water column mayThe winter temporary reversals of the standard estuarine cir-
occur. The homogenous water column observed at the tw@ylation clearly influence the stratification and oxygen con-
easternmost stations on 24-25 January most likely was thgitions in the Gulf of Finland. As a result of two circulation
consequence of such an event. reversals in winter 2011-2012, the stratification was greatly
The effects related to oxygen depletion clearly impact theyeakened, the current structure was altered and the hypoxic
biogeochemical cycles in the Baltic Sea (HELCOM, 2009). salt wedge disappeared during the reversal events. The well-
At the same time as our cruise of 24-25 January, the Estogeveloped reversal event (December—January) lasted approx-
nian national monitoring survey was conducted, and nearimately 1.5 months and caused the complete disappearance
bottom water samples were collected for nutrient analysisof stratification, barotropic flow along the thalweg and nearly
near the thalweg The nutrient concentrations Clearly dif'homogenous oxygen concentrations throughout the water
fered between the hypoxic and well-oxygenated deep layetolumn. The shifts from estuarine circulation to reversed
waters. The concentrations of JHNO2+NOz and PQ in  cjrculation and vice versa were both associated with strong
water affected by the hypoxic salt wedge were in the rangecurrents (up to 40cm®) in the deep layer. The vertical
of 4.2-6.4,0.1-2.3 and 2.7-4.0 pmoll, respectively, while  stratification and oxygen conditions in the deep layer were
the concentrations in the well-oxygenated near-bottom wategiefined by longitudinal east- and westward migrations of the
were in the range of 0.1-0.2, 6.8-8.1 and 0.9-1.0umbJ L salt wedge. The hypoxic salt wedge originated from the NE
respectively. These findings confirm earlier conclusions thaaitic Proper at a depth range of 110-115m. Thus, the de-
hypoxic conditions in the near-bottom layer cause the re+erioration of the deep layer oxygen conditions was solely
lease of phosphorus from the sediment (e.g., Viktorsson efelated to the advective transport of hypoxic water from the
al., 2012), the interruption of the nitrification-denitrification NE Baltic Proper_ Likewise, the Weakening of the halocline
chain and enrichment in ammonium (e.g., Jantti et al., 2012jhnd oxygenation of the near-bottom water was most likely
in the Gulf of Finland. In these respects, the reversal event$g|ated to westward advection along the thalweg. However,
affect the nutrient pool in the Gulf of Finland in three ways: |ong-duration counter-advective transport in the upper and
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deep layer most likely caused convection and complete mix-Conley, D. J.; Bjorck, S.; Bonsdorff, E.; Carstensen, J.; Destouni,

ing of the entire water column. G.; Gustafsson, B. G.; Hietanen, S.; Kortekaas, M.; Kuosa, H.;
The change from oxygenated to hypoxic conditions at the Meier, H. E. M.; Muller-Karulis, B.; Nordberg, K.; Norkko, A.;
entrance to the gulf occurred very rapidly (within 12 h). Nirnberg, G.; Pitkanen, H.; Rabalais, N. N.; Rosenberg, R.;

The near-bottom layer of the gulf was nearly hypoxic-free ~ Savehuk, O. P.; Slomp, C. P, Voss, M.; Wulff, F; Zillén, L.
Hypoxia-related processes in the Baltic Sea, Environ. Sci. Tech-

even in instances of relatively weak reversal during February.
However, during estuarine c,};rculation periods theg estimateé3 nol., 43, 3412-3420, 2009.

’ ) iaz, R. J. and Rosenberg, R.: Spreading Dead Zones and Con-
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