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Background 
An indicator for near-bottom oxygen in shallow waters is among the priority topics where development is 
to be carried out for HOLAS III, as agreed by HOD 57-2019. This document presents proposal of an 
approach that is based on changes in deep-water oxygen concentration, which would enable using deep-
water oxygen as an indicator of eutrophication also in areas that do not suffer from anoxia, such as the Gulf 
of Bothnia. This document summarizes the results of investigations Finland has conducted on sampling 
stations in the monitoring programme of R/V Aranda. The exercise was limited to the open-sea assessment 
units of Bothnian Bay, Bothnian Sea and Quark, and in addition the assessment for eastern Gulf of Finland is 
discussed.  

Actions requested  

The Meeting is invited to take note and consider the Finnish proposal for trend-based indicator for near 
bottom water oxygen, discuss the results and agree on a way forward. 
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HELCOM indicator on near-bottom oxygen concentrations in shallow 
waters – Finnish proposal  
 

Introduction 
An indicator for near-bottom oxygen in shallow waters is among the priority topics where development is 
to be carried out for HOLAS III, as agreed by HOD 57-2019. This document presents an approach based on 
changes in oxygen concentration, which would enable using deep water oxygen as an indicator of 
eutrophication also in areas that do not suffer from anoxia, such as the Gulf of Bothnia. The proposed 
approach is loosely based on the Swedish coastal WFD oxygen indicator (HVMFS 2013:19, HVMFS 2019:25), 
where the sampling sites are categorized into well oxygenated sites and sites suffering from seasonal, 
perennial or permanent hypoxia (Table 1). The criteria used in categorization were adjusted to less 
frequent data, and the categorization is done based on data from reference period when possible. In the 
proposal, well oxygenated stations and stations suffering from seasonal or perennial hypoxia are classified 
similarly, based on change in near bottom water oxygen concentration in late summer (July-September) 
from the reference period to the assessment period. Stations suffering from permanent hypoxia are 
classified based on change in the volume of hypoxic waters from the reference period to the assessment 
period. Hence, classification to permanently hypoxic and not permanently hypoxic would be sufficient for 
the assessment. The reference value could be specific either to station or to oxygen category and 
assessment unit. In this exercise, we have tested station specific reference values. 
 
Table 1. Categories used in the proposed near bottom water indicator and the Swedish coastal oxygen indicator, and the 
Swedish and initial proposed categorization criteria and classification procedures.   
 bottom 

oxygen 
category 

Swedish criteria (3-
year mean) 

Swedish 
classification  

proposed criteria proposed classification 
method 

No 
permanent 
hypoxia 

well 
oxygenated 

lower quartile of 
annual observations 
≥ 5 mg L-1 (3.5 ml L-1) 

high status lower quartile of Jul-Sep 
observations ≥ 6 (or 4) 
mg L-1 during reference 
period 

observed change in near 
bottom oxygen 
concentration in Jul-Sep 
from reference value to 
the assessment period  

seasonal 
hypoxia 

lower quartile of 
annual observations 
< 5 mg L-1 and lower 
quartile of non-critical 
period (Jan-May) ≥ 5 
mg L-1 

The bottom oxygen 
concentration 
(annual) is related 
to boundary values. 
The good/moderate 
boundary is 2.1 ml/l. 

lower quartile of Jul-Sep 
observations < 6 (or 4) 
mg L-1 and lower quartile 
of observations from non-
critical period (Jan- May) 
≥ 6 (or 4) mg L-1 during 
the reference period 

observed change in near 
bottom oxygen 
concentration in Jul-Sep 
from reference value to 
the assessment period 

perennial 
hypoxia 

lower quartile of 
annual observations 
< 5 mg L-1, lower 
quartile of non-critical 
period (Jan-May) < 5 
mg and 
bottom water 
residence time < 1 
year 

The proportion of 
the total bottom 
area that is exposed 
to hypoxia (<5 mg/l) 
is determined and 
related to area 
specific boundary 
values (Jun-Dec 
observations) 

lower quartile of Jul-Sep 
observations < 6 (or 4) 
mg L-1 and lower quartile 
of observations from non-
critical period (Jan- May) 
< 6 (or 4) mg L-1 during 
the reference period 

observed change in near 
bottom oxygen 
concentration in Jul-Sep 
from reference value to 
the assessment period 

permanent 
hypoxia 

permanent 
hypoxia 

lower quartile of 
annual observations 
< 5 mg L-1, lower 

The proportion of 
the total bottom 
area that is exposed 

upper quartile of Jul-Sep 
observations < 6 (or 4) 
mg L-1 and upper quartile 

observed change in total 
volume of hypoxia in 
year-round data from 

https://www.havochvatten.se/vagledning-foreskrifter-och-lagar/foreskrifter/register-vattenforvaltning/klassificering-och-miljokvalitetsnormer-avseende-ytvatten-hvmfs-201925.html
https://www.havochvatten.se/vagledning-foreskrifter-och-lagar/foreskrifter/register-vattenforvaltning/klassificering-och-miljokvalitetsnormer-avseende-ytvatten-hvmfs-201925.html
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quartile of non-critical 
period (Jan-May) < 5 
mg L-1 and 
bottom water 
residence time > 1 
year 

to hypoxia (< 5 
mg/l) is determined 
and related to area 
specific boundary 
values (Jun-Dec 
observations) 

of observations from non-
critical period (Jan- May) 
< 6 (or 4) mg L-1 during 
the reference period 

reference value to the 
assessment period 
(measured as the depth 
of hypoxic layer, with < 6 
(or 4) mg L-1 oxygen) 

 

Data 

The exercise was limited to the Bothnian Bay, Bothnian Sea, Quark and eastern part of Gulf of Finland 
open-sea assessment units. Mainly data from COMBINE monitoring stations in the official Aranda 
monitoring programme was used. Data was extracted from ICES and SYKE HERTTA databases in December 
2020.  ICES data was attributed to HELCOM hydrographical monitoring stations, retrieved from HELCOM 
map and data service, using a buffer zone with diameter of 2 nautical miles, following the quality standard 
for opensea CTD monitoring. Near bottom oxygen was determined from the deepest sample from each 
sampling (generally 1 m from the bottom), with maximum distance of 5 m above the bottom. Hydrogen 
sulfide was converted to negative oxygen as described e.g. in Savchuck 2010.  
 

 
Figure 1. COMBINE monitoring stations in the official R/V Aranda programme used in this exercise, including stations 
within the Bothnian Bay, Bothnian Sea, Quark and Gulf of Finland open-sea assessment units visited in late summer 
cruise (COMBINE 3). Few stations outside the monitoring programme, but with specifically long oxygen time series are 
presented in yellow. Depth distribution is shown according to VELMU depth model.  
 

  

https://www.researchgate.net/publication/265476184_Large-Scale_Dynamics_of_Hypoxia_in_the_Baltic_Sea
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Gulf of Bothnia 

Classification of the sites 

The Gulf of Bothnia does not suffer from hypoxia. Based on long-term data (1906-2020), all open-sea sites 
in the open-sea assessment units of the Bothnian Bay, Quark and Bothnian Sea are well oxygenated (deep 
water oxygen concentration does not fall below 6). All examined sites were hence categorized as well 
oxygenated without more detailed analysis.  

 

 

Figure 2. Distribution of near bottom water oxygen in late summer (months 7-9) in the R/V Aranda monitoring stations in 
the open-sea assessment units of the Bothnian Bay, the Quark and the Bothnian Sea in years 1906-2020. Number of 
samplings per station is given at the top. 

Setting reference values 

The earliest available oxygen observations date back to early 1900- 1920es. However, data on near bottom 
water oxygen in late summer (July-September) before 1940 was scarce and only available for few stations 
(Figure 3). The early near bottom-water oxygen concentrations were generally above 11 mg l-1 in all except 
the deepest station (F26) in the Bothnian Sea. The time interval used for setting reference values (phase 
before notable eutrophication induced oxygen decline) was selected based on break-point detection of 
oxygen debt data calculated in HELCOM Targrev project (Rodionov 2004). Based on the detected 
breakpoints, data before 1968 was used for Bothnian Sea and data before 1979 for Bothnian Bay. For the 
Quark, the breakpoint detected for Bothnian Sea (1968) was used. The development of volume specific 
oxygen debt, and the regime shift indices are presented in attachment 1. For more information on the 
break-point detection see document State & Conservation 5E-2017 3-2.  

 

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2004GL019448
https://portal.helcom.fi/meetings/STATE%20-%20CONSERVATION%205E-2017-411/MeetingDocuments/3-2-Rev.1%20GES%20boundaries%20for%20oxygen%20debt.pdf
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Figure 3. Near bottom oxygen concentrations in late summer (Jul-Sep) in the Bothnian Sea (left) and Bothnian Bay 
(right) in data before 1940. Number of samplings per station is given at the top. 

Near bottom oxygen concentrations for the selected reference period are presented in Figure 4. In the 
Bothnian Bay, the concentrations are relatively uniform, with median generally above 11 mg l-1, whereas 
concentrations in the Quark and Bothnian Bay are more variable. 
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Figure 4. Near bottom oxygen concentrations in late summer (Jul-Sep) in the Bothnian Sea (upper left), Bothnian Bay 
(upper right) and the Quark (bottom) within the reference period (before 1969 for Bothnian Sea and Quark and 
before1980 for Bothnian Bay). 

Indicator status assessment test 

Station specific EQR values and class boundaries were tested for the COMBINE stations as described in 
Andersen et al 2011. Median concentrations in the reference period were used as reference values and the 
acceptable deviance was set to 25% (Table 2). In the Bothnian Bay, the reference values were similar 
between stations, ranging between 11.7-12.1 for all stations except for F13 near the Quark-Bothnian Bay 
border, where the value was 10.7. The status was high or in reference condition, reflecting the lack of or 
moderate negative trend in near bottom oxygen (Figure 5). In the Bothnian Sea, the variation in the 
reference values was larger, ranging from 7.6- 11.6. Status ranged from moderate to reference condition. 
The status in the Bothnian Sea and the Quark was generally below reference conditions, reflecting the 
negative long-term trends in the late-summer near bottom oxygen. Calculating the EQR for the assessment 
unit as an average of station EQR values, the status would be Reference condition for Bothnian Bay, High 
for Bothnian Sea and Good for the Quark. In general, the number of observations from the reference period 
was low for most stations and e.g. a modelling approach or combining observations from similar stations 
would be needed especially for the Bothnian Sea and the Quark.  

For setting reference values to stations lacking reference data in the Bothnian Sea, reference values based 
on slopes from significant linear trends in oxygen concentration were also tested (Table 3). Reference year 
of this test was set to 1940, which is roughly in the middle of the reference period. For 7 out of 11 stations, 
the linear trend had to be extended back from the first recorded values from 1960s. For three of these 
stations (MS6, US6B and US7) with low number of observations (<20), no significant linear trend was found. 
For these stations, reference value was estimated using average slope of -0.24 from sites with significant 
slope and at least 20 observations. Similar reference values were generally obtained using the data from 
reference period and using the slope-based values. The trend-based method is sensitive to the selected 
reference year, but could support threshold setting for at least some of the stations with low number of 
observations from the reference period.  

Table 2. Test results for near bottom water oxygen classification for the COMBINE stations in the Bothnian Bay open-
sea assessment unit. Indexes for late summer (Jul-Sep) in the reference period and classification for years 2016-2020, 
using median values from reference period as reference values and acceptable deviation of 25 %. N= number of 
observations in the reference period, start year= first year of time series, end year= last year of time series within the 
reference period, q05= 5th percentile for the reference period, q95= 95th percentile for the reference period, G/M= Good – 
Moderate boundary, ES= status in 2016-2020, EQR= quality ratio in 2016-2020.  

site N  start 
year 

end 
year 

mean median q05 q95 G/M  ES EQR class 

https://link.springer.com/article/10.1007/s10533-010-9508-4
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BO3 13 1963 1978 11,5 11,7 10,3 12,3 0.75 10,9 0,93 High 

CV 6 1954 1977 11,4 11,9 9,1 12,4 0.75 11,8 0,99 Reference condition 

CVI 7 1970 1978 11,8 11,8 10,9 12,8 0.75 12,3 1,00 Reference condition 

F13 15 1926 1978 10,7 10,7 9,7 11,6 0.75 9,6 0,90 High 

F2 8 1950 1978 11,3 12,0 8,8 12,4 0.75 11,8 0,99 Reference condition 

RR3 8 1969 1975 11,9 12,0 10,8 12,6 0.75 12,0 1,00 Reference condition 

RR6 11 1963 1979 11,8 11,9 10,4 12,7 0.75 11,9 1,00 Reference condition 

RR7 10 1969 1979 12,2 12,1 11,4 13,0 0.75 11,8 0,98 Reference condition 

Average                   0,97 Reference condition 

 

Table 3. Test results for near bottom water oxygen classification for the COMBINE stations in the Bothnian Sea open-
sea assessment unit. Indexes for late summer (Jul-Sep) in the reference period and classification for years 2016-2020, 
using median values from reference period as reference values and acceptable deviation of 25 %. The last three 
columns present results with reference values that are based on linear trends in oxygen concentration for each station. 
1940 was chosen as the reference year. Only values based on significant trends (linear regression, p<0.05) are 
presented. It was assumed that the lack of significant trends on MS6, US6B and US7 was due to too few points in the 
time series (<20). For these stations, average slope from series with significant slope and >20 observations were used, 
and data from 2016-2020 was used to set the station specific level. N ref period= number of observations in the 
reference period, start year= first year of time series and end year= last year of time series within the reference period, 
q05= 5th percentile for the reference period, q95= 95th percentile for the reference period, G/M= Good – Moderate 
boundary, ES= status in 2016-2020, EQR= quality ratio in 2016-2020, N slope = number of observations in the time 
series used to get the slope.  

site N ref 
period  

start 
year 

end 
year 

mean median q05 q95 G/M  ES EQR class trend 
slope 

slope- 
based ref. 

value 

N slope slope 
based 
class 

F26 11 1906 1954 9,8 9,8 8,6 11,1 0.75 7,7 0,79 Good -0,020 9,6 29 Good 

F33 10 1922 1968 11,6 11,6 10,9 12,2 0.75 10,0 0,86 High -0,027 11,8 21 High 

MS3 3 1962 1965 9,9 10,4 8,9 10,5 0.75 7,3 0,70 Moderate -0,044 10,3 9 Moderate 

MS6 2 1968 1968 7,6 7,6 7,5 7,7 0.75 8,7 1,00 Ref. 
condition 

NS 10,3* 2** Good 

MS9 1 1968 1968 10,6 10,6 10,6 10,6 0.75 9,1 0,87 High -0,020 10,7 10 High 

SR3 3 1962 1968 11,2 11,7 10,0 12,1 0.75 9,6 0,82 Good -0,030 11,8 20 Good 

SR5 16 1906 1968 11,0 10,9 9,5 12,2 0.75 8,9 0,81 Good -0,029 11,0 67 Good 

SR8 11 1909 1962 11,5 11,6 10,8 12,4 0.75 10,0 0,86 High -0,012 11,4 20 High 

US5B 2 1967 1968 8,5 8,5 8,0 8,9 0.75 7,6 0,90 High -0,031 9,6 35 Good 

US6B 3 1963 1968 10,2 10,3 9,9 10,5 0.75 9,0 0,87 High NS 10,6* 2** Good 
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US7 3 1961 1963 9,8 10,0 9,3 10,2 0.75 8,9 0,89 High NS 10,5* 2** Good 

Ave 
         

0,85 High 0,024 0,8  Good 

*) No significant temporal trend. Slope is based on average slope from sites with significant slope and at 
least 20 observations.   

**) Number of observations from the current assessment period (2016-2020). 

Table 4. Test results for near bottom water oxygen classification for the COMBINE stations in the Quark open-sea 
assessment unit. Indexes for late summer (Jul-Sep) in the reference period and classification for years 2016-2020, using 
median values from reference period as reference values and acceptable deviation of 25 %. N= number of observations 
in the reference period, start year= first year of time series, end year= last year of time series within the reference period, 
q05= 5th percentile for the reference period, q95= 95th percentile for the reference period, G/M= Good – Moderate 
boundary, ES= status in 2016-2020, EQR= quality ratio in 2016-2020.  

site n 
reference 
condition 

start 
year 

end 
year 

mean median q05 q95 G/M  ES EQR class 

F15 1 1968 1968 12,4 12,4 12,4 12,4 0.75 8,9 0,72 Moderate 

F16 4 1966 1968 11,2 11,1 10,6 11,8 0.75 9,0 0,81 Good 

F18 5 1906 1968 10,5 10,6 9,5 11,3 0.75 7,9 0,75 Moderate 

Average                   0,76 Good 

 

Longterm trends in near bottom water oxygen 

Decline in deepwater oxygen concentrations could be used as an indicator of increasing eutrophication also 
in areas where hypoxia does not occur, since increased settling of organic matter generally increases 
oxygen demand in sediments. In the Bothnian Sea, the deepwater oxygen has declined over the past 
decades (1990-2012; Raateoja 2013, Kuosa et al. 2017), and a similar though more moderate trend has 
been observed in the Bothnian Bay (Kuosa et al. 2017).  

In longterm data, extending back up to >100 years, a significant negative trend of near-bottom-water 
oxygen was found for most COMBINE stations in the Bothnian Sea from which there was sufficiently data 
available (Figure 5). There was also significant negative trend in the near bottom water oxygen 
concentration in all three Quark stations. In the Bothnian Bay, there were generally no significant negative 
longterm trends, with only two exceptions (BO3 and F13).  
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Figure 5. Long term trends in near bottom water oxygen concentration in selected stations in the Bothnian Sea (top), the 
Quark (middle) and the Bothnian Bay (bottom). Lines show the significant linear trends. The labels indicate the first 
datapoint from each station. 
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When using oxygen as eutrophication indicator, other factors notably contributing to oxygen decline need 
to be considered. The decrease in oxygen concentration since 1990s has been attributed primarily to 
increase in water temperature, which stimulates respiration, and partly to increase in dissolved organic 
carbon in seawater (Ahlgren et al. 2017), and to the increase in stratification, which restricts the vertical 
oxygen supply (Raateoja 2013). Since 2000, a larger amount of Baltic Proper water, with potentially sub-
saturated oxygen concentrations, has entered the deep layers of the Gulf of Bothnia, which is probably 
contributing to the decrease in deep-water oxygen levels (Ahlgren et al. 2017, Kuosa et al. 2017, Raateoja 
2013).   

Solubility of oxygen in seawater depends on the temperature and salinity. Since the deepwater salinity in 
the Bothnian Sea fluctuates over the decades (e.g. Raateoja 2013) and the climate change is expected to 
increasingly affect the hydrography, level of oxygen saturation might be more proper indicator of 
eutrophication than oxygen concentration. The trends in oxygen saturation were similar with the ones in 
oxygen concentration (attachment 2).  

The recent (1990-2010) decline in deepwater oxygen concentration was attributed to the concomitant 
increase in stratification (Raateoja 2013). It is likely that the increase in stratification has restricted the 
vertical oxygen supply, which is generally a major oxygen source in addition to lateral supply in the 
Bothnian Sea, where salinity gradient is weaker than in the Baltic Proper (Raateoja 2013). Over the whole 
up to 100-year period, there was a tendency of increasing stratification, but the trend was significant only 
for the three longest (~100 year) data series (Figure 6). Based on linear regression analysis and multiple 
regression analysis of the long term data (with time as another independent variable), near bottom water 
oxygen concentration depended significantly on stratification only on few stations (SR3, SR6) (Bothnian 
Sea), and SR18 (the Quark)) (Figure 7, attachment 4). This implies that the long-term decline in near bottom 
oxygen in the Bothnian Sea is not mainly determined by increased stratification, unlike the more short-term 
fluctuations, supporting the use of near bottom oxygen concentration as a eutrophication indicator.  

 

 

Figure 6. Long term trends in stratification index (i.e. the density difference between the bottom (deepest sample) 

and surface water at 0–10m) in selected stations in the Bothnian Sea. Lines show the significant linear trends (SR5, 
SR6, F26). The labels indicate the first datapoint from each station. 
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Figure 7. dependence of near bottom oxygen concentration from the stratification index (i.e. the density difference 
between the bottom and surface water at 0–10m) in selected stations in the Bothnian Sea. Lines show the significant 
linear trends (SR3, SR6). The labels indicate the first datapoint from each station. 

Near-bottom water oxygen concentrations depended significantly on the temperature in about half of the stations with 
data from more than 20 years, based on multiple regression analysis of the long-term data, with salinity, temperature and 
year as independent variables (attachment 4). The dependence of oxygen concentration on hydrographic factors 
(especially temperature) should be taken into account in the oxygen indicator. As a possible solution, a temperature 
correction of the oxygen values could be considered.   

The long-term development of near bottom oxygen, stratification and near-bottom water temperature in two Bothnian 
Sea stations with longest time series are shown in figure 7A.   
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Figure 7A. Long-term development of near bottom oxygen concentration (top), stratification index (i.e. the density 
difference between the bottom and surface water at 0–10m) (middle) and near bottom temperature (°C) (bottom) in two 
sites with longest time series in the Bothnian Sea (F26, SR5). Lines show Loess curves with 95% confidence.  

 

Using oxygen debt indicator for the Bothnian Sea and Bothnian Bay 

In HELCOM Targrev project, time series of oxygen debt was calculated for the Bothnian Sea and Bothnian 
Bay (document State & Conservation 5E-2017, 3-2). The indicator was however not taken into use in these 
areas, presumably due to them not being hypoxia problem areas (document State & Conservation 5E-2017, 
3-2: Jacob Carstensen personal communication). The halocline in the Gulf of Bothnia is less distinct than in 
the Northern Baltic Proper, but oxygen debt does occur in the area, and the indicator is found applicable 
for evaluating the change in bottom oxygen conditions. The advantages of taking oxygen debt indicator into 
use also in the Bothnian Sea and Bothnian Bay would include: 1) There is a ready modelled data for the 
reference period and a ready procedure for the assessment and 2) Oxygen debt takes variability in oxygen 
solubility into account. 

Table 5. Test results for oxygen debt classification for the Bothnian Bay and Bothnian Sea. Indexes for the reference 
period (≤ 1968 for Bothnian Sea and ≤1979 for Bothnian Bay) and classification for years 2007-2011, using median 
values from reference period as reference values and acceptable deviation of 50 %. N= number of observations in the 
reference period, start year= first year of time series, end year= last year of time series within the reference period, q05= 
5th percentile for the reference period, q95= 95th percentile for the reference period, G/M= Good – Moderate boundary, 
ES= status in 2016-2020, EQR= quality ratio in 2007-2011.  

Assessment unit N 
start 
year 

end 
year mean median q05 q95 

G/M 
boundary ES EQR class 
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Bothnian Bay 25 1903 1979 0,45 0,40 0,07 0,84 0,67 0,95 0,42 Poor 

Bothnian Sea 42 1901 1968 1,48 1,45 0,95 2,06 0,67 2,69 0,54 Moderate 

 

Based on this test, the oxygen debt shows a remarkably different status result for the whole Gulf of 
Bothnia, but especially the Bothnian Bay. We are not able to fully explain this difference. It might be partly 
due to differences threshold setting approaches. The oxygen debt indicator might not be suitable in an area 
that has been experiencing a long-term trend in hydrological properties, such as the strength and depth of 
the salinity stratification or bottom salinity (Raateoja 2013, Kuosa et al. 2017). Also, the oxygen debt 
indicator uses year-round data from the whole deep-water layer below halocline, and is hence potentially 
more prone to vertical oxygen flux through halocline and less related to eutrophication than near bottom 
water oxygen concentration in late summer in the Bothnian Sea and Bothnian Bay, where the halocline is 
faint.  

Gulf of Finland 

The Gulf of Finland is connected to the Gotland basin without any major sills, and the halocline extends to 
the deepest parts of the western and middle Gulf of Finland. Saline deep water from the Northern Gotland 
Basin is poor in oxygen, and deep-water oxygen concentrations in the Gulf of Finland strongly depend on 
temporal variability in the wind pattern and major Baltic inflows which push saline deep water to the Gulf 
of Finland (e.g. Alenius et al. 2016, Lehtoranta et al. 2017 ). Strong fluctuations in deep-water oxygen pose 
a challenge for using oxygen as a eutrophication indicator in the Gulf. 

Oxygen debt indicator was used in HOLAS II to assess the indirect effects of eutrophication in the Gulf of 
Finland. The indicator is applicable in the western and middle parts of the gulf, where there is a prominent 
halocline (Alenius et al. 2016). However, the strength of salinity stratification decreases towards east, and 
in the eastern parts, where there is no permanent halocline, near bottom water oxygen indicator could 
provide a better solution. 

Classification of the sites 

Most of the sites in the open-sea monitoring program of R/V Aranda, which are monitored on the late-
summer cruise, are in the western part of the gulf, where oxygen debt indicator is applicable. Applicability 
of our approach is tested for the two Aranda monitoring stations in the eastern part of the gulf; LL3A and 
XV1.  

Near-bottom-water oxygen concentrations in LL3A and XV1 have fluctuated over the past decades (Figure 
8). XV1 faced late-summer oxygen concentrations below 4 mg L-1 in late 1960s, and LL3A in the 1970s 
(Figures 8-9). During most of the 1980s and 1990s oxygen concentrations in both stations remained above 4 
mg L-1, but concentrations below 6 mg L-1 were encountered (Figure 10). After 2000, winter concentrations 
have mainly stayed above 4 mg L-1, but deep-water has become hypoxic during the productive seasons 
(Figure 11). Based on these data, both stations were classified as seasonally oxygen deficient.        
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Figure 8. Time series of near-bottom-water oxygen concentration at LL3A and XV1, eastern Gulf of Finland. 
Blue line shows the LOESS curve and the grey area 95% confidence interval. Red dotted line highlights the 4 
mg L-1 oxygen concentration.   

 

Figure 9. Monthly variation in near-bottom-water oxygen concentration at LL3A in 1973-1980. Red lines 
show oxygen concentrations of 0 mg L-1, 2 mg L-1 and 4 mg L-1. 

 

Figure 10. Monthly variation in near-bottom-water oxygen concentration at LL3A and XV1 in 1980-2000. 
Red lines show oxygen concentrations of 0 mg L-1, 2 mg L-1 and 4 mg L-1. 



IN-EUTROPHICATION 19A-2021, 2-3 rev.1 
 

 

Page 15 of 23 
 

 

Figure 11. Monthly variation in deep-water oxygen concentration at LL3A and XV1 in 2000-2020. Red lines 
show oxygen concentrations of 0 mg L-1, 2 mg L-1 and 4 mg L-1. 

Fluctuations in near bottom water oxygen in late summer 
On both stations, near bottom water oxygen concentrations in late summer (July-September) increased 
from 1970s to early 1990s after which they turned to decrease (Figure 12). These changes were more 
pronounced on LL3A, and on XV1 the concentrations have stabilized after 2010. Oxygen concentrations 
correlated negatively with salinity (Figure 12, Attachment 3), reflecting the dependence of deep-water 
oxygen on the basin-scale alterations in hydrodynamics.  

It was tested if salinity correction of the oxygen data could be used to extract eutrophication related 
changes in near bottom water oxygen. Oxygen concentrations were standardized to mean late summer 
salinity of each station (7.9 for LL3A and 7.2 for XV1) using slopes from the linear models of oxygen 
dependence on salinity (attachment 3). In LL3A, salinity standardized near-bottom-water oxygen was 
relatively stable from 1970s to 1990, after which there has been a decreasing tendency (Figure 13). The 
effect of salinity standardization was less pronounced in the more eastern XV1, where variability in salinity 
has been lower. Standardizing oxygen concentration to stratification strength instead of salinity could 
provide another solution. Stratification strength correlates with deep-water salinity in the Gulf of Finland 
(Lehtoranta et al. 2017) and has a direct effect on oxygen concentration by affecting the vertical oxygen 
flow. 

 



IN-EUTROPHICATION 19A-2021, 2-3 rev.1 
 

 

Page 16 of 23 
 

 

Figure 12. Time series of near-bottom-water oxygen concentration (top) and near-bottom-water salinity 
(bottom) in late summer (July-September) on LL3A and XV1, the eastern Gulf of Finland. Blue line depicts 
the LOESS curve and the grey area is 95% confidence interval.  

 

Figure 13. Time series of salinity standardized near-bottom--water oxygen concentration in late summer 
(July-September) at LL3A and XV1, eastern Gulf of Finland. Oxygen concentration was standardized to 
average late summer salinity of each station using linear models of oxygen dependency on salinity 
(attachment 3). Blue line shows the LOESS curve and the grey area is 95% confidence interval.  
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Attachment 1. Volume specific oxygen debt calculated in HELCOM Targrev Project for Bothnian Bay 
and Bothnian Sea, and break point analysis of the oxygen debt data 

 

 

 

Figure A2.2. Volume specific oxygen debt in the Bothnian Sea as calculated in HELCOM Targrev project (top), weighed 
means of the regimes using the Huber's weight function (middle) and regime shift indices (bottom) estimated by break-
point detection (Rodionov 2004). Note different x-axis in the top figure. 
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Figure A2.2. Volume specific oxygen debt in the Bothnian Bay as calculated in HELCOM Targrev project (top), weighed 
means of the regimes using the Huber's weight function (middle) and regime shift indices (bottom) estimated by break-
point detection (Rodionov 2004). Note different x-axis in the top figure. 
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Attachment 2. Long term trends in oxygen saturation in the Bothnian Sea 
 

 

Figure A2.1. Long term trends in near bottom water oxygen saturation in selected stations in the Bothnian Sea. Lines 
show the significant linear trends. The labels indicate the first datapoints from each station. 

Attachment 3. Dependence of deep-water oxygen on water mass movements in the eastern Gulf of 
Finland 

 

 

Fig. A3.1. Linear dependence of oxygen concentration on salinity in the near bottom water on LL3A and XV1 
in late summer (July-September; top) and year-round data (bottom).   
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 Attachment 4. Results of multiple regression analyses 
Table 1.  Results of multiple regression analysis with stratification and year as independent variables. N= number of observations, start year= first year of the data series, end year= last year of 
data series, strati= stratification index (i.e. the density difference between the bottom and surface water at 0–10m). Significant (p<0.05) p-values are highlighted.  

 

Table 1.  Results of multiple regression analysis with salinity, temperature and year as independent variables. N= number of observations, start year= first year of the data series, end year= 
last year of data series, sal= salinity, temp= temperature. Significant (p<0.05) p-values are highlighted.  

Helcom_alue nimi N start_year end_year
estimate_(In

tercept)
estimate_str

ati
estimate_ye

ar
std.error_(In

tercept)
std.error_str

ati
std.error_ye

ar
statistic_(Int

ercept) statistic_strati statistic_year
p.value_(Int

ercept) p.value_strati p.value_year

Bothnian Bay F9 68 1926 2019 39,9 -0,99 -1,4E-02 13,7 0,68 7,0E-03 2,9 -1,5 -2,0 9,4E-03 0,16 6,5E-02

Bothnian Bay F3 / A5 58 1926 2019 42,9 -0,72 -1,5E-02 5,1 0,30 2,5E-03 8,4 -2,3 -6,0 1,2E-06 0,04 4,2E-05

Bothnian Bay BO3 38 1963 2020 61,7 0,33 -2,6E-02 13,0 0,30 6,6E-03 4,7 1,1 -3,9 3,6E-05 0,29 4,2E-04

Bothnian Bay F13 28 1926 2020 39,1 -0,22 -1,4E-02 8,7 0,30 4,4E-03 4,5 -0,7 -3,2 1,6E-04 0,48 3,7E-03

Bothnian Bay F2 24 1950 2020 -10,0 -1,35 1,2E-02 21,2 0,60 1,1E-02 -0,5 -2,3 1,1 6,4E-01 0,03 2,9E-01

Bothnian Bay RR5 21 1962 2003 50,3 -0,39 -1,9E-02 26,4 0,30 1,3E-02 1,9 -1,3 -1,4 7,3E-02 0,20 1,7E-01

Bothnian Bay RR6 17 1963 2020 29,4 -0,11 -8,8E-03 26,2 0,51 1,3E-02 1,1 -0,2 -0,7 2,8E-01 0,83 5,1E-01

Bothnian Bay RR7 14 1969 2020 31,8 0,60 -1,0E-02 16,7 0,45 8,4E-03 1,9 1,3 -1,2 8,6E-02 0,21 2,5E-01

Bothnian Bay RR1 13 1961 1991 59,8 0,12 -2,4E-02 34,2 0,45 1,7E-02 1,7 0,3 -1,4 1,1E-01 0,80 1,9E-01

Bothnian Bay RR3 12 1969 2020 16,5 0,21 -2,5E-03 24,1 0,62 1,2E-02 0,7 0,3 -0,2 5,1E-01 0,74 8,4E-01

Bothnian Bay CVI 11 1970 2020 -15,3 -0,55 1,4E-02 23,4 0,63 1,2E-02 -0,7 -0,9 1,2 5,4E-01 0,41 2,8E-01

Bothnian Bay CV 8 1954 2020 -36,9 0,30 2,4E-02 45,6 1,20 2,3E-02 -0,8 0,3 1,1 4,6E-01 0,81 3,4E-01

Bothnian Sea SR5 67 1906 2020 73,5 0,40 -3,3E-02 10,6 0,34 5,5E-03 6,9 1,2 -5,9 4,1E-09 0,24 2,0E-07

Bothnian Sea MS4 / C14 53 1965 2019 73,1 0,01 -3,3E-02 15,0 0,50 7,5E-03 4,9 0,0 -4,4 1,8E-03 0,99 3,0E-03

Bothnian Sea C3 49 2000 2019 2820,0 0,83 -1,4E+00 823,5 0,76 4,1E-01 3,4 1,1 -3,4 4,2E-02 0,35 4,2E-02

Bothnian Sea US5B 35 1970 2020 80,8 0,72 -3,7E-02 30,6 0,48 1,5E-02 2,6 1,5 -2,4 1,4E-02 0,14 2,3E-02

Bothnian Sea SR1A 31 1969 2009 83,0 0,53 -3,7E-02 33,3 0,40 1,7E-02 2,5 1,3 -2,2 1,9E-02 0,19 3,9E-02

Bothnian Sea F26 29 1906 2020 43,1 -0,11 -1,7E-02 13,5 0,54 7,2E-03 3,2 -0,2 -2,4 4,2E-03 0,83 2,5E-02

Bothnian Sea SR6 26 1926 2005 43,1 -0,36 -1,6E-02 11,9 0,37 6,2E-03 3,6 -1,0 -2,6 1,6E-03 0,35 1,7E-02

Bothnian Sea SR7 24 1962 2020 44,9 -0,31 -1,7E-02 12,5 0,32 6,3E-03 3,6 -0,9 -2,7 1,7E-03 0,36 1,4E-02

Bothnian Sea F33 21 1922 2020 62,8 -0,47 -2,6E-02 13,5 0,36 6,9E-03 4,6 -1,3 -3,7 2,7E-04 0,21 1,9E-03

Bothnian Sea SR3 20 1962 2020 68,0 -1,02 -2,8E-02 24,4 0,45 1,2E-02 2,8 -2,2 -2,3 1,3E-02 0,04 3,4E-02

Bothnian Sea US7 18 1961 2020 46,6 0,59 -1,9E-02 25,2 0,44 1,3E-02 1,9 1,3 -1,5 8,5E-02 0,20 1,6E-01

Bothnian Sea US6B 12 1969 2020 23,7 -1,11 -6,2E-03 21,7 0,38 1,1E-02 1,1 -2,9 -0,6 3,0E-01 0,02 5,9E-01

Bothnian Sea MS9 10 1968 2020 47,8 -0,67 -1,8E-02 11,0 0,30 5,5E-03 4,3 -2,2 -3,3 3,4E-03 0,06 1,3E-02

Bothnian Sea MS3 9 1962 2020 79,8 -1,59 -3,5E-02 26,2 0,92 1,3E-02 3,0 -1,7 -2,6 2,3E-02 0,13 4,2E-02

Bothnian Sea MS6 8 1968 2020 -42,3 -0,56 2,6E-02 38,9 1,09 1,9E-02 -1,1 -0,5 1,3 3,3E-01 0,63 2,4E-01

Bothnian Sea US3 6 1970 2019 28,5 0,32 -1,1E-02 26,2 0,72 1,3E-02 1,1 0,4 -0,8 3,6E-01 0,69 4,8E-01

Quark F16 31 1966 2020 71,3 -0,01 -3,1E-02 10,7 0,17 5,4E-03 6,7 0,0 -5,8 2,9E-07 0,98 3,6E-06

Quark F18 31 1906 2020 54,7 -0,71 -2,2E-02 9,9 0,29 5,0E-03 5,5 -2,5 -4,5 8,0E-06 0,02 1,4E-04

Quark F15 11 1968 2020 100,7 -0,91 -4,5E-02 31,0 0,77 1,6E-02 3,3 -1,2 -2,9 1,7E-02 0,28 2,8E-02
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nimi Helcom_alue N start_year end_year
estimate_(Int
ercept)

estimate_s
al

estimate_t
emp

estimate_ye
ar

std.error_(Int
ercept) std.error_sal

std.error_te
mp

std.error_ye
ar

statistic_(Inte
rcept) statistic_sal

statistic_tem
p

statistic_ye
ar

p.value_(Intercept
) p.value_sal p.value_temp p.value_year

F9 Bothnian Bay 68 1926 2019 16,6 -0,77 -0,40 -5,9E-04 10,7 0,50 0,07 4,7E-03 1,6 -1,5 -5,5 -0,1 1,3E-01 1,3E-01 6,9E-07 9,0E-01
F3 / A5 Bothnian Bay 58 1926 2019 56,4 -2,92 -0,22 -1,7E-02 9,6 0,59 0,23 4,3E-03 5,9 -4,9 -1,0 -4,0 2,9E-07 8,3E-06 3,4E-01 1,9E-04
BO3 Bothnian Bay 38 1963 2020 40,3 -0,05 -0,28 -1,4E-02 22,1 0,61 0,06 1,0E-02 1,8 -0,1 -4,9 -1,4 7,8E-02 9,4E-01 2,6E-05 1,7E-01
F13 Bothnian Bay 28 1926 2020 41,5 -0,34 -0,08 -1,5E-02 13,2 0,40 0,12 6,5E-03 3,1 -0,9 -0,7 -2,3 4,4E-03 4,0E-01 5,1E-01 3,2E-02
F2 Bothnian Bay 24 1950 2020 -4,8 -0,25 -0,88 9,2E-03 46,8 1,50 0,40 2,1E-02 -0,1 -0,2 -2,2 0,4 9,2E-01 8,7E-01 4,1E-02 6,7E-01
RR5 Bothnian Bay 21 1962 2003 80,7 -0,62 -0,26 -3,3E-02 32,1 0,77 0,21 1,5E-02 2,5 -0,8 -1,2 -2,2 2,2E-02 4,3E-01 2,4E-01 4,4E-02
RR6 Bothnian Bay 17 1963 2020 72,3 -1,96 -0,69 -2,6E-02 45,6 1,32 0,27 2,1E-02 1,6 -1,5 -2,5 -1,3 1,4E-01 1,6E-01 2,5E-02 2,3E-01
RR7 Bothnian Bay 14 1969 2020 64,6 -1,82 -0,09 -2,3E-02 34,5 1,51 0,10 1,5E-02 1,9 -1,2 -0,9 -1,5 9,4E-02 2,6E-01 4,1E-01 1,6E-01
RR1 Bothnian Bay 13 1961 1991 76,9 -1,56 -0,31 -3,0E-02 36,2 1,37 0,32 1,8E-02 2,1 -1,1 -1,0 -1,7 6,3E-02 2,8E-01 3,6E-01 1,3E-01
RR3 Bothnian Bay 12 1969 2020 -36,4 1,25 -0,57 2,2E-02 46,5 1,37 0,31 2,1E-02 -0,8 0,9 -1,8 1,1 4,6E-01 3,9E-01 1,1E-01 3,2E-01
CVI Bothnian Bay 11 1970 2020 45,9 -2,01 -0,20 -1,3E-02 60,2 1,54 0,29 2,8E-02 0,8 -1,3 -0,7 -0,5 4,7E-01 2,4E-01 5,2E-01 6,5E-01
CV Bothnian Bay 8 1954 2020 -167,4 3,83 -0,41 8,3E-02 84,9 2,88 0,64 3,9E-02 -2,0 1,3 -0,6 2,1 1,2E-01 2,5E-01 5,6E-01 9,8E-02
SR5 Bothnian Sea 67 1906 2020 60,8 0,29 -0,18 -2,6E-02 10,1 0,48 0,14 5,0E-03 6,0 0,6 -1,2 -5,3 1,0E-07 5,6E-01 2,2E-01 1,8E-06
MS4 / C14 Bothnian Sea 53 1965 2019 80,0 -2,35 -0,72 -2,8E-02 12,6 0,33 0,13 5,8E-03 6,4 -7,1 -5,6 -4,8 6,3E-08 4,5E-09 8,8E-07 1,4E-05
C3 Bothnian Sea 49 2000 2019 86,7 -0,54 -0,28 -3,8E-02 40,0 0,72 0,24 2,1E-02 2,2 -0,8 -1,1 -1,8 3,5E-02 4,5E-01 2,6E-01 8,2E-02
US5B Bothnian Sea 35 1970 2020 39,1 0,44 -0,72 -1,6E-02 36,9 0,94 0,25 1,7E-02 1,1 0,5 -2,9 -1,0 3,0E-01 6,5E-01 7,4E-03 3,5E-01
SR1A Bothnian Sea 31 1969 2009 40,1 0,92 -0,20 -1,7E-02 34,4 1,02 0,08 1,5E-02 1,2 0,9 -2,7 -1,1 2,5E-01 3,7E-01 1,3E-02 2,8E-01
F26 Bothnian Sea 29 1906 2020 41,2 -0,93 -0,52 -1,2E-02 10,5 0,59 0,23 5,9E-03 3,9 -1,6 -2,3 -2,1 6,1E-04 1,3E-01 3,2E-02 4,3E-02
SR6 Bothnian Sea 26 1926 2005 46,3 -0,19 -0,06 -1,7E-02 10,6 0,50 0,11 5,8E-03 4,4 -0,4 -0,5 -3,0 2,5E-04 7,0E-01 5,9E-01 6,9E-03
SR7 Bothnian Sea 24 1962 2020 38,9 0,12 -0,11 -1,4E-02 18,0 0,44 0,10 8,2E-03 2,2 0,3 -1,1 -1,8 4,3E-02 7,9E-01 3,0E-01 9,3E-02
F33 Bothnian Sea 21 1922 2020 50,7 -0,82 -0,36 -1,7E-02 8,8 0,26 0,10 4,5E-03 5,7 -3,1 -3,5 -3,6 2,4E-05 6,7E-03 2,8E-03 2,0E-03
SR3 Bothnian Sea 20 1962 2020 77,2 -0,77 -0,32 -3,1E-02 31,8 0,57 0,33 1,6E-02 2,4 -1,3 -1,0 -2,0 2,8E-02 2,0E-01 3,4E-01 6,4E-02
SR8 Bothnian Sea 20 1909 2020 38,5 0,83 0,00 -1,6E-02 11,0 0,67 0,10 6,7E-03 3,5 1,2 0,0 -2,5 2,9E-03 2,3E-01 1,0E+00 2,5E-02
US6 Bothnian Sea 18 1963 1992 -23,9 -2,65 -0,16 2,6E-02 53,2 1,75 0,08 2,7E-02 -0,5 -1,5 -2,0 0,9 6,6E-01 1,5E-01 6,8E-02 3,6E-01
US7 Bothnian Sea 18 1961 2020 52,3 -0,11 -0,07 -2,1E-02 33,7 1,62 0,06 1,4E-02 1,5 -0,1 -1,2 -1,4 1,5E-01 9,5E-01 2,6E-01 1,7E-01
US6B Bothnian Sea 12 1969 2020 66,7 -2,07 -0,30 -2,2E-02 50,6 2,04 0,35 2,0E-02 1,3 -1,0 -0,9 -1,1 2,2E-01 3,4E-01 4,1E-01 3,0E-01
US5 Bothnian Sea 11 1967 1974 -285,6 -1,50 -1,02 1,6E-01 160,0 2,14 0,39 8,5E-02 -1,8 -0,7 -2,6 1,8 1,2E-01 5,1E-01 3,4E-02 1,1E-01
MS9 Bothnian Sea 10 1968 2020 71,3 -1,36 0,06 -2,7E-02 23,3 1,19 0,23 9,0E-03 3,1 -1,1 0,2 -2,9 2,2E-02 2,9E-01 8,2E-01 2,6E-02
MS3 Bothnian Sea 9 1962 2020 65,9 -2,00 -1,20 -2,1E-02 49,0 1,88 0,52 2,0E-02 1,3 -1,1 -2,3 -1,0 2,4E-01 3,4E-01 7,1E-02 3,4E-01
MS6 Bothnian Sea 8 1968 2020 99,6 -5,69 -0,71 -2,7E-02 13,1 0,45 0,24 5,5E-03 7,6 -12,6 -2,9 -5,0 1,6E-03 2,3E-04 4,4E-02 7,5E-03
US3 Bothnian Sea 6 1970 2019 -651,1 30,89 -4,34 2,4E-01 300,1 13,89 1,37 1,1E-01 -2,2 2,2 -3,2 2,2 1,6E-01 1,6E-01 8,7E-02 1,6E-01
F16 Quark 31 1966 2020 79,6 -0,64 -0,07 -3,3E-02 11,0 0,24 0,04 5,4E-03 7,2 -2,7 -1,5 -6,2 8,8E-08 1,2E-02 1,4E-01 1,3E-06
F18 Quark 31 1906 2020 67,6 -1,31 -0,11 -2,5E-02 9,0 0,35 0,14 4,3E-03 7,5 -3,7 -0,8 -5,9 4,1E-08 9,3E-04 4,6E-01 2,6E-06
F15 Quark 11 1968 2020 64,3 -1,51 -0,30 -2,2E-02 20,8 0,46 0,10 1,1E-02 3,1 -3,3 -3,0 -2,1 1,7E-02 1,3E-02 1,9E-02 7,6E-02
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