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S U M M AT I O N

It is of common consensus in the ocean acidifica-
tion community that the increase of atmospheric 
CO2 is the main driving force of the downwards 
pH trends in the worlds oceans. In the stations 
surrounding Sweden, that is most probably the 
main underlying factor as well, however the rate 
of change differs from the oceanic rates and there 
are different rates of change at different depths 
and different seasons. 

To investigate further, four monitoring stations 
with long time series of pH data in the Kattegat 
and the Baltic Proper have been analysed both for 
trends and what the main drivers of the change of 
pH values for those stations could be.

Besides a linear trend analysis, a non parametric 
trend analysis has been applied to the pH data 
sets. It appears that the carbonate system gener-
ally works in the surface layer where the biologic 
processes are most active, reducing or prohibiting 
the decline of pH in most of the evaluated sta-
tions. It also seems like the downward trends of 
pH in most of the remaining water masses are 
influenced and accelerated by oxygen deficiency 
and eutrophicated water masses. 

A multivariate analysis was then performed to see 
what or what combination of parameters influ-
ence the change of the pH values the most. The 
results from the analysis were either significant 
or not significant, indicating either more trust-
worthy or not as trustworthy results. A result 
showing high correlation for a parameter or a set 
of parameters that influence pH, in combination 
with being significant, was then an indication of a 
trustworthy result. 

Several parameters were included in this analysis, 
however some key parameters that perhaps influ-
ence the changes of the pH values the most may 
have been missed due to the lack of available data 
or knowledge or included in the analysis, but in a 
wrong way. What this study was able to do, was 
to use the available parameters at hand and make 
assumptions on how to prepare the data to be 
able to combine it with the pH data. The results 
can give an indication as to how much the param-
eters influence the pH values out of the included 
parameters, in the manner they were included. 

Of all the parameters included in the analysis, 
O2, O2 saturation, PO4 and DIN were the main 
parameters influencing the pH values. 

When looking at what single parameter influence 
pH the most or the least of the included param-
eters, a table was put together to display what 
parameters were ranked to be most important and 
then second most important and so on to the least 
important parameter. 

For all stations, all seasons and all depths, there 
was a slight tendency for the parameters chl-a, at-
mospheric CO2, North Atlantic Oscillation Index, 
precipitation pH, river pH and river alkalinity to 
be ranked the least important. DIN seemed to be 
more important at the surface layers than at the 
bottom layers. Salinity and alkalinity seemed to be 
more important in the bottom layers than in the 
surface layers. At all depths, O2, O2 saturation, 
PO4 and SiO4 seemed to be of higher importance.  

Another interesting feature was that O2 seemed 
to be of importance throughout all depths except 
for the 10-20 meters depth, probably due to high 
variability at that depth. SiO4 seemed to be more 
important at the Kattegat station than at the other 
stations. 

Chl-a did not seem to be important. Since biologi-
cal activity should have a large impact on pH, 
chl-a as included in the analysis, was not a good 
choice as a representative of the biological activ-
ity. O2 and O2 saturation were very much influ-
encing the pH patterns. Perhaps in the top layers, 
they were better representatives for the biological 
activity in this analysis.

It is also interesting to see the lack of importance 
of the atmospheric CO2. However, when per-
forming trend analysis, not many pH trends were 
present at the surface (probably due to the bio-
logical and of course chemical/physical processes), 
opening up for O2, O2 saturation and nutrients to 
be the dominant parameters. 
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In the report, the monitoring need of acidification 
parameters from a modelling point of view was 
addressed. The model validation would be very 
much improved if the concentrations of organic 
matter could be validated. Today only measure-
ments of total nitrogen and phosphorus and dis-
solved inorganic nutrients are available. Including 
standard observations of particulate organic 
matter (PON, POP and POC) as well as dissolved 
organic matter (DON, DOP and DOC) would 
much improve the possibility to further develop 
the biogeochemical models. 

Another recommendation is to do a separate in-
vestigation based on the results from the coupled 
oceanographic and biogeochemical model RCO-
SCOBI to recommend possible new stations that 
are important and not yet covered by the present 
sampling strategy.

To calculate and model the saturation state over 
depth of calcite and aragonite, of high importance 
for calcifying organisms, the ions CO3

2- and Ca2+ 
need to be determined. Either CO3

2- directly could 
be measured, or pCO2 and CT (total carbon) could 
be measured, calculating the desired ion. Further 
more, the ion Ca2+ could be directly measured, or 
if not the highest accuracy is needed, estimations 
could be made from Ca/salinity relationships.
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1  A I M

The aim of this report is to enhance the trend 
analysis previously performed on the pH 
parameter for a few chosen stations in the seas 
surrounding Sweden. 

It is also to assess what parameters affect the 
changes of the pH values out of a selection of 
parameters at hand and which ones affect the 
changes of the pH values the most. 

Another aim is to address the monitoring need of 
acidification parameters from a modelling point of 
view. 
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2  I N T RO D U C T I O N  -  C AU S E S  A N D  
D R I V E R S  O F  M A R I N E  AC I D I F I C AT I O N

Surface waters in the world oceans have expe-
rienced a pH reduction of about 0.1 pH units 
(OSPAR, 2006). The trend indicates further 
decrease of pH (Andersson et al., 2008). 

It is of common consensus in the ocean acidifica-
tion community that the downward pH trends 
are most probably due to increased uptake of 
atmospheric CO2 and less buffering capacity of 
the ocean waters. Continuing decrease at this fast 
rate can have devastating effects on marine key 
calcifying organisms such as corals, molluscs, 
echinoderms and crustaceans. This in turn can 
lead to indirect effects on the marine food chain 
which eventually may lead to structural changes 
of ecosystems. 

The decreasing trends of the pH values are indica-
tors of marine acidification. The oceanic drop in 
the surface layers is as mentioned about 0.1 units 
over about 15 years. In the Swedish waters, the 
rates range from no trends to much faster rates 
than the general oceanic trends. 

It is stated in many articles and generally accepted 
that the increase of atmospheric CO2 is the cause 
of the general 0.1 unit increase in the surface 
waters of the marine environment. There is no 
real doubt that this is the case also in the Baltic 
and the Kattegat and the Skagerrak. However, 
since the trends do not follow the general patterns 
found in oceanic waters, there should be other 
parameters or processes that affect the change of 
the pH values to a large extent. 

In this report, a multiparameter analysis on the 
dataset was performed in the attempt to find what 
affects the changes of the pH values in the seas 
surrounding Sweden the most. 

In Andersson et al., 2008 only linear regression 
was used when analysing for trends. In this report, 
a non-parametric method (Mann-Kendall) is also 
applied, to assess the trends further. In the previ-
ous report, recommendations were made to 
expand the national monitoring program to 
encompass all major sea areas, monthly measure-
ments at standard depths and procedures and 
methods. In this report, there is an aim to address 
the monitoring need of acidification parameters 
from a modelling point of view. 
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3  S TAT I O N  S E L E C T I O N

In Andersson et al. (2008), Swedish pelagic sta-
tions with long time series of pH data available 
within the national oceanographic data centre 
database was listed. Four of the stations with 
consistent time series since 1993 were selected in 
this study: Anholt E (station 1) in the Kattegat; 
BY15 (station 2) in the central Baltic Proper, east 
of Gotland; BY31 (station 3) in the north-western 
Baltic Proper, north of Gotland; BY5 (station 4), 
east of Bornholm. 

SMHI has been the main analyzing laboratory. 
Only at BY31, the Stockholm Marine Research 
centre has been the analyzing laboratory during all 
but the winter months, during which time SMHI 
was the analyzing laboratory. Unfortunately, the 
time series for pH and Alkalinity at BY31 ends in 
the end of the year 2000, whereas data until 2008 
has been used for the other stations. 

At the stations, samples are taken at standard 
depths. In the previous report (Andersson et al., 
2008) a number of standard depths were com-
bined to aggregate data into depth sections for 
the surface layers, above and below the peren-
nial halocline. This time, the depth sections were 
chosen to be slightly finer with five aggregated 
depth ranges 0-4m, 5-9m, 10-20m, 21-60m and 
80-150m. At Anholt E (station 1), the depth of 
the station is only 50 meters, so only the first four 
depth intervals have been used.  

At Anholt E, the halocline is normally located at 
depths between 10-20 meters hence depth four 
should be regarded as being under the halocline. 
At Anholt E, the depth of the surface mixed layer 
mainly coincides with the halocline. During win-
ter, the halocline is regularly deepened by stronger 
wind events. At BY15 and BY31, the halocline 
is at about 60-70m and the summer thermocline 
reaches about 20-30m. At BY5 the halocline is 
shallower than at BY15 and BY31, whereas the 
summer thermocline reaches about the same 
depths. At depth 5 of the Baltic stations, oxygen 
deficiency or depletion commonly exists. 

There are seasonal differences in the pH, there-
fore the winter and summer seasons have been 
included separately as well as including all months 
as a third assessment. The winter months are 
in the Baltic represented by December, January 
and February, whereas in the Kattegat they are 
represented by November, December and January. 
The summer months are in the Baltic represented 
by June, July and August, whereas in the Kattegat 
they are represented by May, June and July.
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4  AVA I L A B L E  PA R A M E T E R S

The time period chosen is 1993-2008 mainly due 
to the uncertain quality of Swedish pH and alka-
linity data prior to 1993. Measurements of pH, 
alkalinity, oxygen saturation and chl-a were used 
for calculating trends. pH, alkalinity, temperature, 
salinity, DIN, PO4, oxygen, oxygen saturation and 
chl-a were included in the multiparameter analysis 
along with atmospheric CO2 as well as pH and 
alkalinity at the closest runoff station. NAOI and 
measurements of precipitation pH from EMEP 
have also been used. 

An example from Anholt E of some of the includ-
ed parameters is displayed in figure 1. 

4 . 1  P H , A L K A L I N I T Y  A N D  
N U T R I E N T  DATA
All measured data from the four selected stations 
is available in the Svenskt Havs ARKiv (SHARK) 
database, at the oceanographic data centre at 
SMHI. Data was collected during monthly expedi-
tions to the Baltic Sea and the Kattegat and the 
Skagerrak with the R/V Argos. The measurements 
taken by SMHI follow the HELCOM Combine 
Manual. The analyzing laboratory has been ISO 
certified throughout the length of the time series. 

The pH values have been temperature corrected 
to 25 ºC to avoid any temperature effects in the 
evaluation. In the multiparameter evaluation, 
the parameter temperature is not included. The 
pH values are not salinity adjusted since no clear 
correlation has been found in the used dataset. 
It corresponds to the procedure in Andersson et 
al. (2008). In all parts of the report, alkalinity is 
represented as total alkalinity. 

In the trend analysis, every value was used. In the 
multiparameter analysis, a mean value for each 
depth for each season was used in combination 
with monthly values for the rest of the included 
data.

4 . 2  B I O L O G I C  AC T I V I T Y  AT  
S U R FAC E  L AY E R S  
In this report, the biological and chemical aspect 
is barely touched upon. However, they are of great 
importance when trying to find out what affects 
the pH. To simplify for the analysis performed in 
this study, chl-a and oxygen saturation are used as 
indicators of biologic activity. 

CO2 is the main source material for the photosyn-
thesis. In the water it exists as dissolved CO2, as 
carbonic acid and as the ions HCO3 

- and CO3
2-. 

The uptake of CO2 by the algae leads to increas-
ing pH (Feistel et al., 2008). The anthropogenic 
increase of CO2 may increase primary production 
(Riebesell et al., 1993; Chen and Durbin, 1994; 
Hein and Sand-Jensen, 1997; Wolf-Gladrow et 
al., 1999; Qiu and Gao, 2002). So, the increase of 
dissolved CO2 in the surface layers, could result in 
higher productivity, probably seen as an increase 
of oxygen saturation and/or chl-a. This is why 
these two parameters have been included in the 
trend analysis along with pH and alkalinity. An 
increase in dissolved CO2, which decreases the 
pH value, can induce an increase in productivity, 
which in turn increases the pH value. This may be 
the reason why pH trends were absent in surface 
waters at many stations when looking at the 
trends in Andersson et al., 2008. 

If there is a pronounced difference in the distribu-
tion of trends over depth and season, with trends 
absent above the mixed layer, this could also be 
interpreted as that the carbon system is generally 
functioning above the mixed layer. 

4 . 3  RU N O F F  

Acidification in Swedish lakes has been a known 
fact for decades. To attempt to come to terms with 
the problem, large scale programs to raise the pH 
has been in operation for several years, commis-
sioned by the Swedish Environmental Protection 
Agency. It has improved the environment in for 
example several lakes and rivers. However, these 
types of programs are not applicable at sea, due 
to the large scale difference of the water masses. 
To see if the pH and alkalinity from the runoff in 
any way affect the stations at sea, the closest large 
runoff stations were included in the multi-
parameter analysis. 
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Figure 1: An example of time series for some of the included parameters in the multiparameter analysis for the station at 
Anholt E. 
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The closest large runoff station to Anholt E was 
Ätran, the closest to BY15 was Gothemsån, 
BY31 was coupled to Norrström and BY5 to 
Mörrumsån. Most of the sea stations are far away 
from the runoff stations, Anholt E being the 
closest one. 

To assess the general tendency of the runoff pH 
and Alkalinity, a trend analysis was performed 
between 1993 to 2008. Monthly values of pH and 
Alkalinity were used. Other parameters like total 
amount of H ions or flow weighted values could 
have been used as well however these parameters 
were mainly feeding back the general runoff 
signal, i.e. the amount of water transported from 
land to the sea. 

Data is retrieved from the Department of Aquatic 
Sciences and Assessment (SLU) and can be down-
loaded from their website at http://www.ma.slu.se/ 
as well as the description of measuring methods 
applied. 

4 . 4  A I R  C O 2 
Atmospheric CO2 was contributed by NOAA/
GMD retrieved from an air sampling observation 
stationary platform at Ocean Station “M” outside 
the coast of Norway, longitude 2, latitude 66 at 
an altitude of 5m. CO2 was sampled by flasks at 
a weekly rate with the WMO CO2 mole fraction 
scale, unit ppm, covering period 1981-2007. The 
general atmospheric trend is obvious in the figure 
below, as is the yearly cycle with lower CO2 levels 
during the summer. 

1980 1985 1990 1995 2000 2005 2010
320

330

340

350

360

370

380

390

400
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CO2 at Norwegian station M

Figure 2: Time series of atmospheric CO2 from an air sampling observation stationary platform at Ocean Station “M” outside 
the coast of Norway.
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4 . 5  P E R C I P I TAT I O N  P H  F RO M  
E M E P  
Measured data of the precipitation was retrieved 
from EMEP – measurement data on line at 
http://tarantula.nilu.no/projects/ccc/emepdata.
html. In Andersson et al. (2008) modelled data 
from MATCH was assessed to compare possible 
other sources of acidifying parameters from the 
air (like sulphur compounds), but there was no 
clear increasing trend of other parameters when 
comparing to the air CO2 trend. Hence none of 
those parameters from MATCH or EMEP are 
included in the multiparameter analysis. However 
precipitation pH is included. 

A number of stations could have been chosen, but 
only the Finnish station has been used due to the 
fact that the Finnish station corresponded well to 
all other possibly closer stations and the dataset 
was complete throughout the time period request-
ed. Data from the EMEP stations are displayed in 
figure 3.   

4 . 6  N AO I  
Montly values of the North Atlantic Oscillation 
Index (NAOI) have been included. The North 
Atlantic Oscillation (NAO) is based on the dif-
ference of normalized sea level pressure (SLP) 
between Lisbon, Portugal and Stykkisholmur/
Reykjavik, Iceland. A Positive index indicates 
stronger westerly winds bringing warmer and wet-
ter winters to Scandinavia. Data can be retrieved 
at http://www.cpc.ncep.noaa.gov/products/precip/
CWlink/pna/ or at http://gcmd.nasa.gov/records/
GCMD_NAO_HURRELL.html. 

Figure 3: Measured data of the precipitation pH as time series. Data was retrieved from EMEP.
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5  R E S U LT S  O F  I M P ROV E D  T R E N D  
A N A LYS I S

The calculation of trends in Andersson et al., 
2008 used linear regression through the statistical 
tool MatLab. A slight different approach regard-
ing depths and the use of seasonal values motivat-
ed the recalculation of trends using linear regres-
sion in this report as well. The other analysis used 
was a non-parametric method, Mann-Kendall, 
giving slightly more profound trend results. The 
two methods used to calculate tends are described 
in appendix 2.2 and 2.3. 

5 . 1  G E N E R A L  T R E N D S  –  
P R E C I P I TAT I O N  P H , N AO I , C O 2 
A N D  RU N O F F
In talble 1, a compilation of the trends are pre-
sented, giving in the first section the change over 
one year and then over 15 years, to put in relation 
with the pH time series. If there is a number in a 
cell, the trend is significant and the number rep-
resents the rate of change. If the cell has a beige 
colour in the background, the trend is very close 
to being significant (indicated by the value of P). 
The limiting value of P to indicate a trend or not 
is in this study set to be 0.05. Read more of the 
trend methods in appendix 2.

For precipitation pH, not only data from the 
Finnish station FI0009R is analysed, but also data 
from Anholt E and data from the Polish station 
PL0004R. Focusing on the non-parametric trend 

B: pH change per year Change over 15 years (BY31: 93-00)

L NL L NL L NL L NL L NL L NL

Years Station Parameter Winter Winter Summer Summer All Year All Year Winter Winter Summer Summer All Year All Year

95-06 ANHOLT E Prec pH 0,02933 0,02000 0,01292 0,01500 0,43995 0,30000 0,19380 0,22500

93-06 PL0004R Prec pH 0,01809 0,01348 0,03555 0,03646 0,02868 0,02750 0,27135 0,20220 0,53325 0,54690 0,43020 0,41250

93-06 FI0009R Prec pH 0,02277 0,01875 0,01182 0,34155 0,28125 0,17730

93-08 Azores-Iceland NAOI

93-07 Norwegian station M CO2 1,91835 1,92042 1,86096 1,91115 1,88409 1,91544 28,77525 28,80630 27,91440 28,66725 28,26135 28,73160

93-08 Ätran pH

93-08 Ätran Alk

93-08 Gothemsån pH 0,00833 0,00750 0,00506 0,00571 0,12495 0,11250 0,07590 0,08565

93-08 Gothemsån Alk

93-08 Norrström pH -0,05404 -0,05000 -0,02964 -0,02183 -0,81060 -0,75000 -0,44460 -0,32745

93-08 Norrström Alk -0,01803 -0,01701 -0,01068 -0,00860 -0,01176 -0,01000 -0,27045 -0,25515 -0,16020 -0,12900 -0,17640 -0,15000

93-08 Mörrumsån pH 0,01014 0,01032 0,01000 0,01057 0,01111 0,15210 0,15480 0,15000 0,15855 0,16665

93-08 Mörrumsån Alk 0,00274 0,00331 0,00165 0,00185 0,04110 0,04965 0,02475 0,02775

Table 1.  A compilation over the linear and non linear trends over precipitation pH, NAOI, atmospheric CO2, and pH and 
alkalinity at the river runoff stations. In the first section, the change over one year is displayed and then the next set of numbers 
display the change over 15 years, to put in relation with the pH time series. If there is a number in a cell, the trend is significant 
and the number represents the rate of change. If the cell has a beige colour in the background, the trend is very close to being 
significant. 
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analysis Mann-Kendall, there are positive trends 
on all stations during summer and during all 
months included. During the winter season, only 
the Polish dataset has a positive trend. Hence, in 
this case, it seems like the precipitation does not 
contribute with further lowering pH in the surface 
water over the investigated years. Keep in mind 
however, that in the study, the changes are investi-
gated, not the specific values per se. 

Using linear regression and Mann-Kendall, there 
were no visible trends in the normalised NAOI 
monthly values with the selection of seasons or 
using all months. 

As can easily be seen in figure 1, CO2 has a robust 
upward trend during both seasons and all months 
included. However, when looking at figure 4 in 
appendix 1, one may wonder if the months chosen 
to represent summer and winter is a few months 
off since the top and bottom values of the yearly 
values have been missed. This could have had an 
effect on the results when running the multipa-
rameter analysis. Probably that different choice of 
months should also have been used for the NAOI, 
which also could have resulted in different trend 
results. 

For the four included runoff stations, both pH 
and alkalinity have been analysed for trends. 
Ätran was coupled to the Anholt E sea station. 
Ätran showed no trends in pH or alkalinity. 

Conducting the same procedure for the sea sta-
tions, even if the distance to the river mouths were 
relatively far and there should be no possible link 
between the two stations, BY15 was coupled to a 
runoff station. The pH indicated a slight upward 
trend during winter and using all months. There 
was no trend in alkalinity. Norrström was coupled 
to the BY31 station, indicating downward trends 
for both pH and alkalinity during summer and 
when using all months combined. Only alkalin-
ity showed a downward trend during winter. 
Mörrumsån was coupled to the BY5 sea station. 
During summer and when using all months, there 
were upward trends for both pH and alkalinity.  

As a summary: all present trends for the param-
eters in this subchapter were upwards, except at 
Norrström, where the trends were downwards. 
Some selected trend figures are displayed in ap-
pendix 1. 

B: pH change per year Change over 15 years (BY31: 93-00)
L NL L NL L NL L NL L NL L NL
Winter Winter Summer Summer All Year All Year Winter Winter Summer Summer All Year All Year

0-4 ANHOLT E 0,0451 0,67650
5-9 ANHOLT E
10-20 ANHOLT E
30-60 ANHOLT E 0,14579 0,09167 -0,21053 -0,16835 -0,09688 2,18685 1,37505 -3,15795 -2,52525 -1,45320
0-4 BY15  GOTLANDSDJ 0,04271 0,03083 0,03429 0,64065 0,46245 0,51435
5-9 BY15  GOTLANDSDJ 0,04275 0,03333 0,02857 0,64125 0,49995 0,42855
10-20 BY15  GOTLANDSDJ 0,0386 0,03333 0,03 0,57900 0,49995 0,45000
30-60 BY15  GOTLANDSDJ
0-4 BY31  LANDSORTSDJ -0,02289 -0,34335
5-9 BY31  LANDSORTSDJ
10-20 BY31  LANDSORTSDJ -0,03462 -0,03194 -0,01667 -0,51930 -0,47910 -0,25005
30-60 BY31  LANDSORTSDJ -0,0276 -0,02268 -0,02013 -0,01874 -0,41400 -0,34020 -0,30195 -0,28110
0-4 BY5  BORNHOLMSDJ 0,07734 0,06583 -0,0475 1,16010 0,98745 -0,71250
5-9 BY5  BORNHOLMSDJ 0,07591 0,05 -0,04859 1,13865 0,75000 -0,72885
10-20 BY5  BORNHOLMSDJ 0,07041 0,05524 1,05615 0,82860
30-60 BY5  BORNHOLMSDJ -0,15234 -2,28510

Table 2.  A compilation over the linear and non linear trends for the parameter chl-a at the four selected sea stations. In the 
first section, the change over one year is displayed and then the next set of numbers display the change over 15 years, to put 
in relation with the pH time series. If there is a number in a cell, the trend is significant and the number represents the rate of 
change. If the cell has a beige colour in the background, the trend is very close to being significant. 
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5 . 2  G E N E R A L  T R E N D S  –  S E A  
S TAT I O N S  C H L - A  A N D  
OX Y G E N  S AT U R AT I O N

In this study, Chl-a and oxygen saturation is a 
simple approach to represent biological activity. 
The tables 2 and 3 give an overview of the trends 
for chl-a and oxygen saturation. Focusing on the 
Mann-Kendall method results, there are upward 
trends during winter, downwards during summer 
and a mixture when combining all the months for 
chl-a.  

At Anholt E, there is no trend of chl-a in the 
surface waters (table 2). Below the halocline there 
is an upward trend during winter and a (close to 
being significant) downward trend during summer. 
The slopes of change are strongest at Anhot E 
compared to the other stations. The chl-a param-
eter is not measured throughout the fourth depth 
layer 30-60m, only in the upper part. The fifth 
depth is not included for chl-a. 

At BY15 there are upward trends in the top 20 
meters during winter and when including all 
the months of the year, This could be due to an 
increase of productivity in the top layer during 
winter or perhaps a shift of community to species 
with higher chl-a. 

At BY31 however, there are no trends during 
the winter, but a downward trend just above the 
seasonal thermocline and above the halocline. The 
trends are similar when using all months of the 
year, but the slopes are weaker and there is a close 
to being significant downward trend in the top 
layer as well. This can perhaps be caused by lesser 
productivity or a shift of community species. 

At BY5 there is a similar feature as found in BY15 
during winter. The top 20 meters have upward 
trends.  

For oxygen saturation (table 3), there are mainly 
downward trends at deeper depths, probably 
more reflecting the oxygen consumption processes 
rather than changes in oxygen production at shal-
lower depths. 

There is no trend at Anholt E. 

At BY15 there are downward trends below 
the halocline during winter and below the sea-
sonal thermocline during summer. Looking at all 
months, there are downward trends below 30 
meters. 

BY31 is the only station with trends above 30 
meters of depth, all having small slopes. All trends 
are downwards. At winter, there is a trend at 

B: pH change per year Change over 15 years (BY31: 93-00)
L NL L NL L NL L NL L NL L NL
Winter Winter Summer Summer All Year All Year Winter Winter Summer Summer All Year All Year

0-4 ANHOLT E
5-9 ANHOLT E
10-20 ANHOLT E
30-60 ANHOLT E
0-4 BY15  GOTLANDSDJ
5-9 BY15  GOTLANDSDJ
10-20 BY15  GOTLANDSDJ
30-60 BY15  GOTLANDSDJ -0,78379 -0,49761 -0,4881 -0,49265 -0,22222 -11,75685 -7,46415 -7,32150 -7,38975 -3,33330

80-150 BY15  GOTLANDSDJ -1,61904 -1,44861 -1,80008 -1,85397 -1,7907 -1,84167 -24,28560 -21,72915 -27,00120 -27,80955 -26,86050 -27,62505

0-4 BY31  LANDSORTSDJ -0,13554 -0,14286 -2,03310 -2,14290

5-9 BY31  LANDSORTSDJ
10-20 BY31  LANDSORTSDJ -0,10591 -0,125 -1,58865 -1,87500

30-60 BY31  LANDSORTSDJ -0,47619 -0,29585 -0,41071 -7,14285 -4,43775 -6,16065

80-150 BY31  LANDSORTSDJ -2,11758 -2,01477 -1,76782 -1,71429 -1,95828 -1,78819 -31,76370 -30,22155 -26,51730 -25,71435 -29,37420 -26,82285

0-4 BY5  BORNHOLMSDJ
5-9 BY5  BORNHOLMSDJ
10-20 BY5  BORNHOLMSDJ 0,1273 0,05556 1,90950 0,83340

30-60 BY5  BORNHOLMSDJ
80-150 BY5  BORNHOLMSDJ -1,30236 -1,1397 -0,30952 -19,53540 -17,09550 -4,64280

Table 3. A compilation over the linear and non linear trends for the parameter oxygen saturation at the four selected sea sta-
tions. In the first section, the change over one year is displayed and then the next set of numbers display the change over 15 
years, to put in relation with the pH time series. If there is a number in a cell, the trend is significant and the number represents 
the rate of change. If the cell has a beige colour in the background, the trend is very close to being significant. 
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the surface and a close to being significant trend 
at 10-20m depth. The fifth depth, being oxygen 
depleted, has a downward trend. During summer 
and when using all months, there are downward 
trends below 30 meters. 

At BY5 there is a downward trend at depth 5 and 
a close to being significant trend at the 10-20m 
depth layer. 

5 . 3  G E N E R A L  T R E N D S  
–  S E A  S TAT I O N S  P H  A N D  
A L K A L I N I T Y  ( AT)
Looking at the main parameter of interest in this 
study, pH indicates only downward trends (table 
4). Using the Mann-Kendall method, there are 
slightly fewer significant trends compared to the 
linear method and the slopes are generally slightly 
less steep. There are markedly more trends during 
summer than during winter. 

At Anholt E, there is a close to being significant 
trend above the halocline, at 10-20m depth when 
including all months. 

At BY15 at winter, there is a trend at the 30-60m 
depth, but not below. However during summer, 
when the seasonal thermocline is present, there 
are trends present from as high up as 10 meters 
and down. Including all months, there are trends 
below30 meters. It is slightly strange that there is 
no trend present during winter at the deepest layer 
at BY15, however there is a linear trend present. 

During winter at BY31, there are no trends 
present, but during summer and when using all 
months, there are trends at the deepest depth and 
a close to being significant trend at 10-20m during 
summer. 

At BY5, there are no trends at the deepest depth, 
probably due to the proximity to the Sound and 
the Belt Seas and occasional presence of inflowing 
deep oxygenated water. However during summer, 
there are trends present between 10-60m (approx-
imately between the seasonal thermocline and the 
halocline). Using all months, there is a trend in the 
30-60m depth layer. 

The values of the slopes indicate the pH change 
over one year and over 15 years. Comparing the 
15 year change of the non-parametric method 
Mann-Kendall, the values of the changes are quite 
similar to the general change in the surface waters 
of the world oceans (0.1). But at BY15 from 30 
meters and down, the rate of change is approxi-
mately doubled, as well as at the deepest depth 
at BY31 and the rate is about 3-4 fold the world 
oceans rate at BY31 at depth 10-20m. 

All present trends of alkalinity (read total alkalin-
ity, AT) are upwards. Summing up table 5, there 
are no trends at Anholt E; there are trends at 
every depth besides the top surface layer during 
summer at BY15; there are trends at the deepest 
depth at BY31 and below 30 meters when using 
all months; there are mainly trends at all depths at 
BY5 besides at below 80 meters during winter and 
at the 10-20m depth when using all months. 

The proximity to rivers with higher alkalinity 
could matter when it comes to alkalinity trends at 
the sea stations. In the south-eastern parts of the 
Baltic Proper, the river runoff has high alkalinity, 
compared to the rivers along the Swedish coast. 
BY31 and Anholt E are far away from the south-
eastern Baltic Proper, BY15 and BY5 are not.
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B: pH change per year Change over 15 years (BY31: 93-00)
L NL L NL L NL L NL L NL L NL
Winter Winter Summer Summer All Year All Year Winter Winter Summer Summer All Year All Year

0-4 ANHOLT E
5-9 ANHOLT E
10-20 ANHOLT E  -0.00201 -0,03015
30-60 ANHOLT E  -0.00437  -0.00311 -0,06555 -0,04665
0-4 BY15  GOTLANDSDJ
5-9 BY15  GOTLANDSDJ
10-20 BY15  GOTLANDSDJ  -0.00863  -0.00854 -0,12945 -0,12810
30-60 BY15  GOTLANDSDJ -0.00831  -0.00411  -0.01180  -0.01193  -0.00875  -0.00860 -0,12465 -0,06165 -0,17700 -0,17895 -0,13125 -0,12900
80-150 BY15  GOTLANDSDJ -0.01045  -0.01173  -0.01153  -0.01006  -0.00790 -0,15675 -0,17595 -0,17295 -0,15090 -0,11850
0-4 BY31  LANDSORTSDJ  -0.05827  -0.03667 -0,46616 -0,29336
5-9 BY31  LANDSORTSDJ  -0.05307  -0.03097 -0,42456 -0,24776
10-20 BY31  LANDSORTSDJ  -0.04914  -0.04617  -0.02535 -0,39312 -0,36936 -0,20280
30-60 BY31  LANDSORTSDJ
80-150 BY31  LANDSORTSDJ -0.02674  -0.02630  -0.02382  -0.02347  -0.02241 -0,21392 -0,21040 -0,19056 -0,18776 -0,17928
0-4 BY5  BORNHOLMSDJ
5-9 BY5  BORNHOLMSDJ  -0.00799 -0,11985
10-20 BY5  BORNHOLMSDJ  -0.00474  -0.00487 -0,07110 -0,07305
30-60 BY5  BORNHOLMSDJ  -0.00718  -0.00814  -0.00553  -0.00672 -0,10770 -0,12210 -0,08295 -0,10080
80-150 BY5  BORNHOLMSDJ

B: pH change per year Change over 15 years (BY31: 93-00)
L NL L NL L NL L NL L NL L NL
Winter Winter Summer Summer All Year All Year Winter Winter Summer Summer All Year All Year

0-4 ANHOLT E
5-9 ANHOLT E 0,00526 0,05415
10-20 ANHOLT E
30-60 ANHOLT E
0-4 BY15  GOTLANDSDJ 0,00361 0,00378 0,00264 0,00305 0,05415 0,05670 0,03960 0,04575
5-9 BY15  GOTLANDSDJ 0,00358 0,0035 0,00343 0,00489 0,00321 0,0036 0,05370 0,05250 0,05145 0,07335 0,04815 0,05400
10-20 BY15  GOTLANDSDJ 0,0033 0,00253 0,00323 0,00383 0,00325 0,00325 0,04950 0,03795 0,04845 0,05745 0,04875 0,04875
30-60 BY15  GOTLANDSDJ 0,00418 0,00318 0,00613 0,00561 0,00511 0,0047 0,06270 0,04770 0,09195 0,08415 0,07665 0,07050
80-150 BY15  GOTLANDSDJ 0,00801 0,00781 0,00854 0,0085 0,0083 0,00801 0,12015 0,11715 0,12810 0,12750 0,12450 0,12015
0-4 BY31  LANDSORTSDJ
5-9 BY31  LANDSORTSDJ
10-20 BY31  LANDSORTSDJ 0,00536 0,08040
30-60 BY31  LANDSORTSDJ 0,00453 0,00657 0,00569 0,00642 0,06795 0,09855 0,08535 0,09630
80-150 BY31  LANDSORTSDJ 0,01197 0,01066 0,01581 0,01384 0,01333 0,0122 0,17955 0,15990 0,23715 0,20760 0,19995 0,18300
0-4 BY5  BORNHOLMSDJ 0,00407 0,00413 0,0046 0,00509 0,00455 0,00407 0,06105 0,06195 0,06900 0,07635 0,06825 0,06105
5-9 BY5  BORNHOLMSDJ 0,00373 0,00356 0,00517 0,00511 0,00507 0,0045 0,05595 0,05340 0,07755 0,07665 0,07605 0,06750
10-20 BY5  BORNHOLMSDJ 0,00373 0,00367 0,00554 0,00567 0,00511 0,05595 0,05505 0,08310 0,08505 0,07665
30-60 BY5  BORNHOLMSDJ 0,00262 0,00525 0,00494 0,00513 0,00476 0,03930 0,07875 0,07410 0,07695 0,07140
80-150 BY5  BORNHOLMSDJ 0,00376 0,00598 0,00604 0,00388 0,00372 0,05640 0,08970 0,09060 0,05820 0,05580

Table 4. A compilation over the linear and non linear trends for the parameter pH at the four selected sea stations. In the first 
section, the change over one year is displayed and then the next set of numbers display the change over 15 years, to put in rela-
tion with the pH time series. If there is a number in a cell, the trend is significant and the number represents the rate of change. 
If the cell has a beige colour in the background, the trend is very close to being significant. 

Table 5. A compilation over the linear and non linear trends for the parameter alkalinity at the four selected sea stations. In the 
first section, the change over one year is displayed and then the next set of numbers display the change over 15 years, to put 
in relation with the pH time series. If there is a number in a cell, the trend is significant and the number represents the rate of 
change. If the cell has a beige colour in the background, the trend is very close to being significant. 
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6  R E S U LT S  O F  M U LT I PA R A M E T E R  
A N A LYS I S  –  W H AT  A F F E C T S  T H E  M O S T ?

PRIMER stands for Plymouth Routines In 
Multivariate Ecological Research. The steps are 
described in appendix 2.4 and further motivated 
and described in the manual written by Clarke, 
K.R., and Gorley, R.N., 2006. 

The approach of the multiparameter (multivari-
ate) analysis was to examine the extent to which 
the physico-chemical (environmental) data is re-
lated to, or in other words explains, the observed 
pattern of the variable of interest (in this study: 
pH). 

Two types of results are presented: to which ex-
tent a selection of environmental variables explain 
the pH patterns and what the corresponding 
significance of those results are; and the general 
description of what single parameter affect pH the 
most and the least over depth, station wise, season 
wise and all together. 

6 . 1  C O R R E L AT I O N  O R  R H O

In the analysis, the pH dataset and the environ-
mental dataset is converted into similarity ma-
trixes. The ranks of the two matrixes are then 
compared to each other with a Spearman rank 
correlation coefficient, seeking a combination of 
environmental variables which attains a good 
match of the high similarities in the matrixes (read 
more of the methods in appendix 2.4). 

Combinations of the environmental variables 
are considered at steadily increasing complexity, 
starting with one variable, then the combination 
of two variables and then three and so on. As a 
result, a description of best variable combinations 
is produced, starting with using just one variable, 
giving the results in “best performance order” for 
each included environmental variable, then the 
results for the combination of two variables and 
so on. 

Each variable (or combination of variables) is 
connected to a rho value which corresponds to 
how well the component accounts for the 
variability in the full matrix, or in other words, 
how well the rank correlation is between the 
two similarity matrixes (pH and environmental 
datasets). 

As a summation, the top 10 results are displayed 
with highest rho value highest up, giving the best 
combination of variables in descending order. In 
the result table (table 6), the two top results for 
the datasets are displayed under the column with 
the title “Selections”. The selection could range 
from only one variable included (indicating that 
the best result was retrieved from only one vari-
able) up to six variables. The results retrieved in 
this study, indicate that a combination of variables 
is more commonly producing better rho values, 
i.e. gives better result.

Rho lies in the range -1 to +1, with the extremes 
of -1 and +1 corresponding to the cases where the 
two sets of ranks are in complete opposition or 
in complete agreement. Values around zero cor-
respond to the absence of any match between the 
two patterns. 

How high rho should be to be referred to as a 
good result is not defined, but in the results table 
6, values above 0.5 (describing 50% of variance) 
is marked as bold, indicating better results.

6 . 2  S I G N I F I C A N C E  T E S T

Permutation tests were performed to test the 
null hypothesis describing the significance of the 
correlation results (the relationship between the 
pH and the environmental data). Rho was re-
computed a number of times and if the observed 
value of rho exceeded that found in 95% of the 
simulations, which by definition correspond to 
unrelated ordinations, then the null hypothesis 
can be rejected at the 5% level (read more of how 
to calculate p and the null hypothesis in appendix 
2.2).  

Low values of p mean there is a ’statistically sig-
nificant’ effect - in this case relationship between 
that selected set of environmental variables and 
the pH pattern. So you are looking for something 
around the p<5% mark for a ’good’ result. 

The permutation test have not been performed 
as recommended (99 times) due to the lack of 
computer efficiency shortage. Instead only 10 
permutations were made, making the results more 
indicative of the significance rather than 
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Station 1

Corr Selections Corr one var Corr Selections Corr one var Corr Selections Corr one var

Depth 1
0-4m

Depth 2 0,536 O2, PO4, DIN
5-9m 0,531 O2, PO4, DIN, SiO4

Depth 3 0,564 O2, PO4, DIN 0,522 PO4 0,576 PO4, DIN 0,548 PO4
10-20m 0,548 PO4, DIN

Depth 4
25-60m

Station 2

Corr Selections Corr one var Corr Selections Corr one var Corr Selections Corr one var

Depth 1 0,685 O2Sat, PO4, DIN 0,536 DIN
0-4m 0,666 O2Sat, PO4, DIN, PercipPH 0,529 PO4

Depth 2 0,717 O2Sat, PO4, DIN 0,568 PO4
5-9m 0,7 O2Sat, PO4   0,551 DIN

Depth 3 0,631 O2Sat, PO4, DIN 0,596 DIN
10-20m 0,617 O2Sat, PO4, DIN, PercipPH 0,526 PO4

Depth 4 0,594 O2Sat 0,594 O2Sat 0,545 O2Sat 0,545 O2Sat
25-60m 0,544 Salt, O2, O2Sat, PercipPH 0,516 O2Sat, PO4

Depth 5 0,646 O2Sat 0,646 O2Sat 0,677 O2Sat, Alk 0,564 Salt, O2Sat, PO4, Alk 0,534 O2Sat
80-150m 0,64 O2Sat, Alk 0,517 Alk 0,658 O2Sat, Alk, SiO4 0,559 O2Sat, PO4, Alk

Station 3

Corr Selections Corr one var Corr Selections Corr one var Corr Selections Corr one var

Depth 1 0,672 O2Sat, PO4 0,516 O2Sat
0-4m 0,644 O2Sat, PO4, DIN

Depth 2 0,688 O2Sat, PO4 0,545 PO4
5-9m 0,678 O2Sat, PO4, DIN, CO2Atm

Depth 3
10-20m

Depth 4 0,783 O2Sat 0,783 O2Sat 0,758 O2Sat 0,758 O2Sat
25-60m 0,754 O2, O2Sat 0,709 O2 0,707 O2, O2Sat 0,617 O2

Depth 5 0,656 DIN, Alk, SiO4, RiverAlk 0,787 Salt, O2, DIN, Alk, PercipPH 0,713 Alk 0,519 Salt, O2, O2Sat, PO4, DIN, PercipPH
80-150m 0,654 PO4, DIN, Alk, SiO4, RiverAlk 0,785 Salt, O2Sat, DIN, Alk, PercipPH 0,625 Salt 0,518 Salt, O2, O2Sat, PO4, DIN, SiO4

Station 4

Corr Selections Corr one var Corr Selections Corr one var Corr Selections Corr one var

Depth 1 0,64 O2Sat, PO4, DIN
0-4m 0,63 O2Sat, PO4, DIN, PercipPH

Depth 2 0,664 O2Sat, PO4, DIN
5-9m 0,645 O2Sat, PO4, DIN, PercipPH

Depth 3 0,609 O2Sat, PO4, DIN 0,589 DIN
10-20m 0,602 PO4, DIN

Depth 4 0,515 O2Sat, SiO4, PercipPH, RiverAlk 0,566 O2Sat 0,566 O2Sat
25-60m 0,507 O2Sat, SiO4, NAOI, PercipPH, RiverAlk 0,522 O2, O2Sat

Depth 5
80-150m

Winter Summer All Year

Winter Summer All Year

Winter Summer All Year

Winter Summer All Year

Table 6. An overview of the best variable combinations along with the correlation value. Only correlation values above 0.5 has 
been displayed. Each variable (or combination of variables) is connected to a correlation value which corresponds to how well 
the rank correlation is between the two datasets of pH and environmental data. In the result table, mainly the two top results 
for the datasets are displayed under the column with the title “Selections”. Similar results are also presented when including 
only one variable or parameter. Those results are on display under the columns “Corr” and “one var.” 
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significant or not on the 5% level. With 10 
permutations, which is only enough to give a 
significance at the best about the 10% level (to be 
precise, 9.1%). If a value of rho is pretty large, 
say above 0.6-0.7, it means a very high correla-
tion and is almost certainly significant. To comply 
somewhat with the recommendations of 99 per-
mutations, 10 tests were made performing both 
10 and 99 permutations on different data sets 
that with 10 permutations resulted in a signifi-
cance level of p=9.1%. All the 10 results using 99 
permutations gave the significance level of <1%, 
raising the probability that the results giving 9.1% 
are in fact valid significant results. 

6 . 3  C O R R E L AT I O N  R E S U LT S

In the results table 8 in appendix 1.2, values 
above 0.5 is marked as bold, indicating better 
results. If the numbers are black the permutation 
tests have indicated that the results are signifi-
cant. If they are red, the permutation tests have 
indicated that the results are not significant. Out 
of the 57 analyses, only 10 are indicated as not 
significant results where only one has one rho 
value higher than 0.5 (station 3, depth 1, during 
summer). 

The two first values of the best fit when com-
bining parameters is displayed, indicating what 
parameters from the list to the left are combined 
to produce the rho correlation value. The two fist 
parameters from the one variable result list are 
also presented for each depth, season and station. 

The higher rho values are generally found in the 
all year columns and also at the deeper depths 
during winter and summer. The exceptions are at 
Anholt E (station 1) and at BY5 (station 4) where 
there rho values do not tend to grow larger with 
depth. Looking at the oxygen saturation trends, 
similarities can be found between the absence of 
trends at the deeper depths and lack of rho cor-
relation here.  

In table 4, only significant rho values above 0.5 
are displayed, with corresponding parameter com-
binations. At Anholt E (station 1) the parameters 
O2, PO4 and DIN frequently appear, indicating 
that these parameters are the most important of 
all included parameters. 

At BY15 (station 2) using all months, the pa-
rameters O2 saturation, PO4 and DIN frequently 

appear throughout the depths with Salinity and 
Alk appearing at depth 5. Also during winter and 
summer at deeper depths, O2 saturation and Alk 
are common with appearances of Salinity and 
SiO4. 

At BY31 (station 3) using all months, the param-
eters O2 saturation, PO4 and DIN frequently ap-
pear throughout the depths with O2 and Salinity 
appearing at depth 4-5 and a rare appearance of 
CO2Atm at depth 2. During winter at depth 5 
Nutrients and Alk appear as well as the unlikely 
presence of RiverAlk. During summer O2, O2 
saturation, Salinity and Alk appear as well as the 
unlikely presence of PercipPH. 

At BY5 (station 5) using all months, the param-
eters O2 saturation, PO4 and DIN frequently 
appear throughout the depths 1-3 with PercipPH 
appearing at depth 1-2. At depth 4, O2 satura-
tion and O2 appear. During summer at depth 4 O2 
saturation, SiO4 PercipPH and RiverAlk appear as 
well as the uncommon NAOI.  

Generally, O2, O2 saturation, PO4 and DIN have 
the most frequent appearance when singling out 
only significant results with higher correlation. 

6 . 4  R E S U LT S  OV E RV I E W  
W H E N  U S I N G  O N E  VA R I A B L E  
R E S U LT S

There are five depths, four stations and three 
seasons (winter, summer and using all the months) 
analysed. An attempt to give an overview of what 
parameters effect the pH the most, the results 
from describing the pH dataset using only one 
variable is used and presented in table 7. For one 
dataset, the most important parameter comes in 
first place, the next important parameter comes in 
second place and so on until all included param-
eters have been listed. To give an overview, a 
combination of datasets must be made to prevent 
giving 60 result cases. 

In appendix 1.3 there are a number of tables 
displaying the combination of one variable results. 
There should be differences over depth which 
is why the results from different depths are not 
combined, but presented separately. Chl-a is not 
measured at depth 4-5. 

The structure of the first table in appendix 1.3, 
is each parameter listed as columns and the place 
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on which each parameter appears in the analysis 
is listed as rows. In the first table, all stations and 
all seasons are combined. Hence each column 
(parameter) should have a total of 12 (4 stations 
times 3 seasons).  If a parameter has high or many 
values on the top rows (representing a frequent 
appearance high up on the importance / placement 
scale), say between rows 1-4, the parameter has 
an important effect on the pH. In contrast, if high 
or many values are found in the bottom rows, it is 
not an important parameter to pH.  

In the next set of tables in appendix 1.3, all sea-
sons are combined, but presented station by sta-
tion. Each column (parameter) should then have 
the total of 3. In the next set of tables, all stations 
are combined, presenting season by season. Each 
column (parameter) should then have the total of 
4. 

All one variable results are included, not only the 
analyses with significance and high correlation, 
but also the analyses without significance and 
with low correlation. It is the general tendency 
this overview is based upon. 

Looking, still in appendix 1.3, at the tables dis-
playing all stations and all seasons combined, the 
spread of the numbers are rather evenly distribut-
ed in the top three depths compared to the bottom 
two depths, where the numbers cluster more to 
the top left and bottom right. At all depths there 
is a slight tendency for the parameters 8-13 (chl-a, 
CO2 Atm, NAOI, PercPH, RivPH and RivAlk) 
to have none or a low score high up on the place 
list. That means that these parameters are not that 
important. Keep in mind all the assumptions made 
in the analyses and the uncertainties of including 
the parameters in a right manner, influencing the 
outcome of the results. 

Three other features can be noted: DIN seems to 
be more important at the top layers than at the 
bottom layers; Salinity and Alk seem to be more 
important at the bottom layers than at the top lay-
ers; At all depths, O2, O2 saturation, PO4 and SiO4 
seem to be of higher importance.  

The features mentioned above can be recognised 
when dividing up the results both on stations and 
on seasons however the numbers tend to cluster 
slightly better when dividing up the results over 
seasons rather than over stations (combining 
results from all seasons). The parameters placed 

mainly on the top four rows are parameters best 
describing the pH patterns. 

An overview of the general tendencies described 
above, have been assembled in table 7 in this 
chapter. The top four place results from the tables 
in appendix 1.3 are condenced. For each separate 
parameter, for each division of station or season 
just described and visible in appendix 1.3, if there 
is an overwhelming presence of numbers in the 
top four rows (place 1-4), then this is displayed 
in table 7 as an “X“. If there is no “X“ in a cell 
in table 7, that means that there are no or very 
few numbers in the top four place results from the 
tables in appendix 1.3. 

As a reminder: the most important parameter 
comes in first place, the next important parameter 
comes in second place and so on. That means that 
in table 7, if there is an “X“ in a cell, that param-
eter is of importance when it comes to effecting 
pH the most.

An interesting feature visible in table 7 is the ab-
sence of marks (X’s) at depth 3 for O2, probably 
due to that there is a lot of variability at 10-20 
meters. 

SiO4 seems to be more important at station 1 than 
the other stations. 

Chl-a does not seem to be important. Since bio-
logical activity should have a large impact on pH, 
chl-a as included in the analysis, was not a good 
representative for the biological activity. O2 and 
O2 saturation are very much included as param-
eters influencing the pH patterns. Perhaps in the 
top layers, they are better representatives for the 
biological activity in this analysis. 

It is also interesting to see the complete lack of 
marks in the CO2Atm column, a column the au-
thor thought would be filled at the surface depths. 
However, when performing trend analysis, not 
many pH trends were present at the surface (prob-
ably due to the biological and of course chemical/
physical processes), opening up for O2, O2 satura-
tion and nutrients to be the dominant parameters. 

In the open surface waters of the ocean, the nutri-
ent level difference to the Baltic surface layers is 
large hence biological activity should also differ. 
Perhaps the sites for the few existing pH trend se-
ries from the Hawaiian Ocean Time-series (HOT) 
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Station Season Salt O2 O2Sat PO4  DIN  Alk  SiO4  Chla  CO2atm NAOI PercPH  RivPH RivAlk
Depth 1 All stations All seasons X X X X X
Depth 1 1 All seasons X X X X
Depth 1 2 All seasons X X X X
Depth 1 3 All seasons X X
Depth 1 4 All seasons X X
Depth 1 All stations Winter X X X
Depth 1 All stations Summer X X
Depth 1 All stations Yearly data X X X X
Depth 2 All stations All seasons X X X X X
Depth 2 1 All seasons X X X X
Depth 2 2 All seasons X X
Depth 2 3 All seasons X X
Depth 2 4 All seasons X
Depth 2 All stations Winter X X X X
Depth 2 All stations Summer X X
Depth 2 All stations Yearly data X X X
Depth 3 All stations All seasons X X X
Depth 3 1 All seasons X X X
Depth 3 2 All seasons X X
Depth 3 3 All seasons X X X
Depth 3 4 All seasons X X
Depth 3 All stations Winter X X X
Depth 3 All stations Summer X X X
Depth 3 All stations Yearly data X X X
Depth 4 All stations All seasons X X X X
Depth 4 1 All seasons X X X X
Depth 4 2 All seasons X X X
Depth 4 3 All seasons X X X X
Depth 4 4 All seasons X X X X
Depth 4 All stations Winter X X X
Depth 4 All stations Summer X X
Depth 4 All stations Yearly data X X X X
Depth 5 All stations All seasons X X X X X
Depth 5 1 All seasons
Depth 5 2 All seasons X X X X X
Depth 5 3 All seasons X X X X X
Depth 5 4 All seasons X X X X
Depth 5 All stations Winter X X X X X
Depth 5 All stations Summer X X X X X
Depth 5 All stations Yearly data X X X X X

Table 7. An overview of what parameters effect pH the most, from the results describing the pH dataset using only one variable. 
The top four place results from the tables in appendix 1.3 have been used. For each separate parameter, for each division of 
station or season (visible in appendix 1.3), if there is an overwhelming presence of numbers in the top four rows (place 1-4), 
then this is displayed as an “X“. If there is no “X“ in a cell, that means that there are no or very few numbers in the top four 
place results from the tables in appendix 1.3. That means that if there is an “X“ in a cell, that parameter is of importance when 
it comes to effecting pH the most.

and the Bermuda-Atlantic Time-series (BATS) are 
not experiencing large blooms, resulting in less in-
terference from the biology so that the downward 
pH trends are even seen at surface layers, not only 

at slightly larger depths as seen in the Baltic. This 
being said without looking further at data from 
HOT or BATS.  
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7  M O N I TO R I N G  R E Q U I R E M E N T S  –  F RO M  
A  M O D E L L I N G  P O I N T  O F  V I E W  

Since pre-industrial time, the release of CO2 to 
the atmosphere due to the burning of fossil fuel 
has increased causing a decrease in both the pH 
and the saturation level of calcium carbonate 
(CaCO3). As a result, negative effects on marine 
organisms, especially those forming CaCO3-skel-
etons, seem increasingly common. 

In the Baltic Sea and the Kattegat seasonal sedi-
ment-related biogeochemical processes have an 
impact on the pH level causing a substantial 
seasonal variability, influenced e.g. by eutrophica-
tion, and on top of this seasonal pattern a multi-
decadal decrease in the pH has been observed 
at many sampling locations around the Swedish 
coast over the last two decades. Also changes of 
total alkalinity (AT) in the river runoff to the Baltic 
Sea have occurred during the last century. AT af-
fects the buffering capacity in the acid–base (pH) 
balance, affects CO2 atmosphere uptake, and con-
trols the formation of calcium carbonate shells. 

To understand possible effects from future an-
thropogenic and climate induced changes on the 
acidification in the Baltic Sea we need models that 
can provide simulations and experiments under 
different future scenarios. Model experiments and 
controlled hind casts that are validated against ob-
servations may show model sensitivities and lacks 
in knowledge that need to be further understood. 
In this way the data provided from observations 
play a necessary role increasing our understanding 
of processes and supporting the development of 
even better models. Results from high-resolution 
coupled 3D biogeochemical-physical models may 
further provide information about regional and 
temporal variability that are not resolved within 
e.g. the national monitoring programs and may 
serve as a basis for the planning of measuring 
campaigns. 

In order to study ocean acidification the present 
high-resolution coupled 3D biogeochemical-physi-
cal RCO-SCOBI model system need to include 
both the organic and inorganic carbon cycle. A 
good description of the biological processes and 
the cycling of organic matter are essential for the 
description of the carbon system. 

The validation of the model results from hind 
casts are e.g. validated in the central of major sub 

basins against available standard observations of 
inorganic nutrients, nitrate (and nitrite), ammo-
nium and phosphate, and observations of oxygen 
(and hydrogen sulphide as negative oxygen). The 
horizontal variability is as far as possible validated 
against maps of interpolated and extrapolated 
values from measurements. The phytoplankton 
is validated by the chlorophyll concentrations. 
Methods to validate modelled phytoplankton 
groups to phytoplankton species and zooplankton 
data are under development. 

The validation would be very much improved if 
the concentrations of organic matter could be vali-
dated. Today only measurements of total nitrogen 
and phosphorus and dissolved inorganic nutrients 
are available. Including standard observations of 
particulate organic matter (PON, POP and POC) 
as well as dissolved organic matter (DON, DOP 
and DOC) would much improve the possibility to 
further develop the biogeochemical models. 

For oceanic conditions all the parameters of the 
inorganic carbon system (total dissolved inorganic 
carbon (DIC), total alkalinity (AT), partial pres-
sure of CO2 (pCO2) and pH) can be estimated 
from any two of these. In low salinity waters how-
ever, uncertainty in the determined relevant chemi-
cal stability constants and lack of knowledge of 
the ionic composition of the water results in errors 
in computations of the non-determined param-
eters. Thus the most accurate result is achieved by 
determining these parameters by direct measure-
ments.

Another important factor of the biogeochemical 
model is the variability of sediment concentrations 
of nutrients which we have very little knowledge 
on. It is of great interest for the model validation 
to find standard methods that might resolve at 
least the seasonal and interannual variability of 
the surface sediment concentrations of carbon, 
nitrogen and phosphorus. In this case the spatial 
distribution of monitoring stations needs to incor-
porate not only the sediments of the central basins 
since these stations are not representative on the 
basin scale.

A recommendation would be to start with month-
ly sampling of data at the standard monitoring 
stations (except in sediments as mentioned above). 
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Another recommendation is to do a separate 
investigation based on RCO-SCOBI model results 
to recommend possible new stations that are im-
portant and not covered by the present sampling 
strategy.

This discussion above and recommendations have 
not taken into account the needs of data assimila-
tion in operational models where there is a greater 
need of higher temporal and spatial resolution. 
Measurements made from Ferryboxes and other 
high resolution measurement tools can give better 
information regarding that kind of variability.  

Another interesting aspect is to calculate and 
model the saturation state over depth of calcite 
and aragonite, of major importance for many 
calcifying organisms. In Tyrell et al., 2008, they 
found that the Baltic Sea becomes undersaturated 
(or nearly so) in winter, with respect to both the 
aragonite and calcite mineral forms of CaCO3. 

It is of ecological importance to have knowledge 
about the saturation depths of both aragonite and 
calcite in the different sea areas in the Baltic. For 
calculating the saturation state, the ions CO3

2- and 
Ca2+ need to be determined. Either CO3

2- could 
be measured, or calculated using measurements 
from the partial pressure of CO2 (pCO2) and total 
carbon (CT) (with the use of marine equilibrium 
constants). Further more either Ca2+ could be 
measured, or estimated from Ca/salinity relation-
ships described in Tyrell et al., 2008. 
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A P P E N D I X  1 : R E S U LT  TA B L E S  A N D  
F I G U R E S  
A P P E N D I X  1 . 1 : S E L E C T I O N  O F  
T R E N D  F I G U R E S

Some selected figures of the parameters presented 
in this study are presented as time series. Each 
parameter is divided into winter, summer and 
using all months of the year. When the amount of 
data points is sufficient, both a linear regression 
and non-linear (non-parametric) analysis have 
been supplied on the data sets to analyse for pos-
sible trends. The black dots in the figures repre-
sent each observation. The black line is the yearly 
mean of the season and the dashed black lines rep-
resent the standard deviation of the mean values. 
The red line displays the maximum observations 
and the blue the minimum observations. 

In the case there are sufficient data to analyse for 
trends. There is a green line representing the best 
fit of a linear regression of the first order. The 
dashed green lines represent the 95% confidence 
interval for the linear trend. The inserted text box 
in most figures gives some indication as to if there 
is a significant trend present. In the first part of 
the text box, with the letters LR, the inclination of 
the linear regression line is presented followed by 
the letter x. If LR is positive, the direction of the 
line is positive and vice versa. The two following 
numbers in the text box belong to the non-lin-
ear seasonal Mann-Kendall analysis. NL B is the 
slope of a possible trend. The NL P value is the 
significance of the trend. If the NL P value is less 
than 0.05, the trend is significant. The choice of 
a critical p-value to determine whether the result 
is judged ”statistically significant” is left to the 
researcher. It is common to declare a result signifi-
cant if the p-value is less than 0.05. 
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Figure 4. Time series of atmospheric CO2 from the Norwegian sea statin M. Trends calculated using linear regression and the 
non parametric analysis Mann-Kendall.
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Figure 5. Time series of normalised monthly values of the NAOI. Trends calculated using linear regression and the non paramet-
ric analysis Mann-Kendall.
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Figure 6. Time series of the monthly mean percipitation pH values from station FI0009R in Finland. Trends calculated using linear 
regression and the non parametric analysis Mann-Kendall.
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Figure 7. Time series of the monthly rivermouth surface alkalinity at Mörrumsån. Trends calculated using linear regression and 
the non parametric analysis Mann-Kendall.
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Figure 8. Time series of the monthly rivermouth surface pH at Mörrumsån. Trends calculated using linear regression and the non 
parametric analysis Mann-Kendall.
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Table 8. An overview of the best variable combinations along with the correlation value. Each variable (or combination of vari-
ables) is connected to a correlation value which corresponds to how well the rank correlation is between the two datasets 
of pH and environmental data. The two first values of the best fit when combining parameters is displayed, indicating what 
parameters from the list to the left are combined to produce the rho correlation value. The two fist parameters from the one 
variable result list are also presented for each depth, season and station. Values above 0.5 is marked as bold, indicating better 
results. Black numbers means that the permutation tests have indicated that the results are significant. If they are red, the per-
mutation tests have indicated that the results are not significant. 

A P P E N D I X  I . 2 : C O R R E L AT I O N  TA B L E  F RO M  M U LT I PA R A M E T E R  
A N A LYS I S

Station 1

Param nr Corr Selections Corr one variable Corr Selections Corr one variable Corr Selections Corr one variable
Depth 1   1 Salt 0,285 7,10 0,262 7 0,331 2,5,8,9 0,204 2 0,499 2-5 0,411 5
0-4m   2 O2 0,284 5,7,10 0,201 5 0,33 2,5,8,9,13 0,171 5 0,489 2-5,7 0,402 4

  3 O2Sat
Depth 2   4 PO4 0,347 4,5,7,10 0,328 7 0,412 2,8,9,13 0,251 2 0,536 2,4,5 0,472 4
5-9m   5 DIN 0,345 2,4,5,7,10 0,309 4 0,385 2,8,13 0,224 8 0,531 2,4,5,7 0,429 5

  6 Alk
Depth 3   7 SiO4 0,355 4-6,12 0,336 5 0,564 2,4,5 0,522 4 0,576 4,5 0,548 4
10-20m   8 Chla 0,346 4-7,12 0,246 4 0,56 2,4,5,7 0,371 5 0,548 4 0,461 5

  9 CO2atm
Depth 4  10 NAOI 0,206 5,6,10,12 0,107 12 0,139 3,5,10 0,121 5 0,326 3,5,7,10,11 0,263 7
25-60m  11 PercipPH 0,203 1,5,6,10,12 0,079 10 0,139 3,5,9,10 0,08 10 0,32 2,3,5,7,10,11 0,245 3

 12 RiverPH
 13 RiverAlk

Station 2

Param nr Corr Selections Corr one variable Corr Selections Corr one variable Corr Selections Corr one variable
Depth 1   1 Salt 0,25 2 0,25 2 0,278 2-4,8,10 0,186 10 0,685 3-5 0,536 5
0-4m   2 O2 0,233 2,7 0,102 7 0,274 3,4,8,10 0,126 4 0,666 3-5,11 0,529 4

  3 O2Sat
Depth 2   4 PO4 0,251 2,4,11 0,249 2 0,29 2,3,8,10 0,168 10 0,717 3-5 0,568 4
5-9m   5 DIN 0,249 2 0,144 7 0,283 3,8,10 0,112 8 0,7 3,4 0,551 5

  6 Alk
Depth 3   7 SiO4 0,266 2,8,11 0,232 2 0,263 1,4,8,10 0,235 1 0,631 3-5 0,596 5
10-20m   8 Chla 0,263 2,8,10,11 0,173 8 0,261 1,4,7,8,10 0,128 4 0,617 3-5,11 0,526 4

  9 CO2atm
Depth 4  10 NAOI 0,594 3 0,594 3 0,436 3 0,436 3 0,545 3 0,545 3
25-60m  11 PercipPH 0,544 1-3,11 0,453 2 0,421 3,4 0,225 2 0,516 3,4 0,323 2

 12 RiverPH
Depth 5  13 RiverAlk 0,646 3 0,646 3 0,677 3,6 0,641 3 0,564  1,3,4,6 0,534 3
80-150m 0,64 3,6 0,517 6 0,658 3,6,7 0,545 6 0,559  3,4,6 0,454 6

Station 3

Param nr Corr Selections Corr one variable Corr Selections Corr one variable Corr Selections Corr one variable
Depth 1   1 Salt 0,433 5,10,13 0,265 10 0,514 1,7,9 0,361 7 0,672 3,4 0,516 3
0-4m   2 O2 0,391 2,10,13 0,241 13 0,497 6,7,9 0,313 1 0,644 3-5 0,495 4

  3 O2Sat
Depth 2   4 PO4 0,481 5,10,13 0,362 13 0,419 1,7,9 0,353 1 0,688 3,4 0,545 4
5-9m   5 DIN 0,445 5,10,12,13 0,205 10 0,399 1,4,7,9 0,317 7 0,678 3-5,9 0,486 3

  6 Alk
Depth 3   7 SiO4 0,381 5,12,13 0,344 13 0,413 5,7,11-13 0,302 11 0,487 3,4 0,368 4
10-20m   8 Chla 0,362 4,12,13 0,146 5 0,408 4,7,11-13 0,255 12 0,47 3-5 0,311 3

  9 CO2atm
Depth 4  10 NAOI 0,487 3,5,13 0,413 3 0,783 3 0,783 3 0,758 3 0,758 3
25-60m  11 PercipPH 0,479 2,3,5,13 0,255 1 0,754 2,3 0,709 2 0,707 2,3 0,617 2

 12 RiverPH
Depth 5  13 RiverAlk 0,656 5-7,13 0,416 1 0,787 1,2,5,6,11 0,713 6 0,519 1-5,11 0,478 1
80-150m 0,654 4-7,13 0,413 4 0,785 1,3,5,6,11 0,625 1 0,518 1-5,7 0,475 2

Station 4

Param nr Corr Selections Corr one variable Corr Selections Corr one variable Corr Selections Corr one variable
Depth 1   1 Salt 0,397 1,7,8,12 0,265 7 0,217 2,3,9 0,134 9 0,64 3-5 0,48 5
0-4m   2 O2 0,393 1,4,8,12 0,165 1 0,213 2,3,9,10,12 0,095 2 0,63 3-5,11 0,419 3

  3 O2Sat
Depth 2   4 PO4 0,356 5-7,12 0,313 7 0,228 2-4,9,12 0,142 2 0,664 3-5 0,492 5
5-9m   5 DIN 0,356 5,7,12 0,207 12 0,226 2,3,9,12 0,139 9 0,645 3-5,11 0,445 4

  6 Alk
Depth 3   7 SiO4 0,418 2,4-6,12 0,29 7 0,25 1,3,4,6,10,11 0,181 11 0,609 3-5 0,589 5
10-20m   8 Chla 0,416 4-6,12 0,236 12 0,249 1,3,4,10,11 0,063 3 0,602 4,5 0,382 4

  9 CO2atm
Depth 4  10 NAOI 0,472 2,3,7 0,391 3 0,515 3,7,11,13 0,404 3 0,566 3 0,566 3
25-60m  11 PercipPH 0,469 1-4,7,12 0,338 2 0,507 3,7,10,11,13 0,316 13 0,522 2,3 0,454 2

 12 RiverPH
Depth 5  13 RiverAlk 0,445 7 0,445 7 0,485 7 0,485 7 0,487 7 0,487 7
80-150m 0,442 2,7 0,413 2 0,468 1,2,7,10,13 0,392 2 0,43 2,7 0,358 2

Winter Summer All Year

Winter Summer All Year

Winter Summer All Year

Winter Summer All Year
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A P P E N D I X  I . 3 : C O M B I N AT I O N  O F  O N E  VA R I A B L E  R E S U LT S  TA B L E S  
F RO M  M U LT I PA R A M E T E R  A N A LYS I S

Table 9. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one variable 
is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear in the 
multiparameter analysis is listed as rows. In this table, all stations and all seasons are combined. Hence each column (parameter) 
should have a total of 12 (4 stations times 3 seasons).  If a parameter has high or many values on the top rows (representing a 
frequent appearance high up on the importance / placement scale), say between rows 1-4, the parameter has an important effect 
on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important parameter to pH.

All stations, all seasons
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 2 1 3 3 1 2
2 2 1 1 4 2 1 1
3 1 3 2 2 1 1 2
4 3 1 1  2 1 2 1 1
5 2 5 1 2 1 1
6 1 1 2 1 1 2 3 1
7 3 2 1 2 1 1 1 1
8 2 2 2 1 1 1 2 1
9 1 1 3 1 2 1 3

10 2 1 1 3 1 1 3
11 1 1 2 2 2 1 2 1
12 1 1 2 2 2 1 1 2
13 2 1 1 1 4 1 2

All stations, all seasons
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 3 3 1 2 1 1
2 1 2 2 2 2 1 1 1
3 1 2 2 5 1 1
4 3 2 1 1 1 1 1 2
5 1 2 2 1 2 1 2 1
6 1 1 1 1 1 2 1 3 1
7 1 1 1 2 1 1 2 1 1 1
8 1 1 1 4 1 1 1 2
9 1 2 2 1 3 1 2

10 3 1 1 1 2 1 1 2
11 1 1 2 3 1 3 1
12 5 1 2 1 2 1
13 1 1 3 1 2 1 3

All stations, all seasons
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 3 3 1 2 1
2 2 4 3 1 2
3 3 1 2 3 2 1
4 1 1 1 2 3 1 1 2
5 2 3 1 1 1 1 1 1 1
6 3 1 1 2 2 1 2
7 1 1 1 1 3 1 1 1 2
8 1 2 1 1 2 1 1 1 2
9 1 1 1 4 1 1 1 2

10 1 1 1 1 1 2 2 1 2
11 2 1 2 2 1 3 1
12 1 1 1 2 2 2 2 1
13 2 1 1 1 3 1 1 2

All stations, all seasons
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 9 1 1 1
2 1 7 1 2 1
3 2 2 3 1 1 2 1
4 1 1 4 1 1 1 1 2
5 2 4 1 2 2 1
6 2 1 2 1 2 1 2 1
7 1 1 1 2 2 1 4
8 1 1 1 1 4 1 2 1
9 2 1 2 1 2 3 1

10 1 2 4 1 3 1
11 3 3 2 4
12 3 5 1 1 2
13

All stations, all seasons
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 2 3 1 3
2 1 4 1 3
3 3 1 3 1 1
4 1 1 2 3 2
5 1 1 4 1 1 1
6 1 1 1 1 3 1 1
7 3 1 2 1 1 1
8 1 1 2 2 3
9 1 3 1 2 2

10 1 3 1 4
11 1 2 4 2
12 1 2 2 1
13
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Table 10. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one vari-
able is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear 
in the analysis is listed as rows. In this table, all seasons are combined, but presented station by station. Hence each column 
should have a total of 3 (3 seasons).  If a parameter has high or many values on the top rows, say between rows 1-4, the param-
eter has an important effect on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important 
parameter to pH.

Station 1, all seasons
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 2
3 1 1 1
4 1 1 1
5 1 1 1
6 1 2
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1 1
13 1 1 1

Station 1, all seasons
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 1 1
4 2 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 2 1
11 1 1 1
12 2 1
13 1 1 1

Station 1, all seasons
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 2 1
2 1 2
3 3
4 1 1 1
5 1 1 1
6 1 2
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1 1
13 2 1

Station 1, all seasons
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 2
3 1 1 1
4 1 1 1
5 2 1
6 1 1 1
7 1 1 1
8 1 1 1
9 2 1

10 2 1
11 1 1 1
12 2 1
13

Station 1, all seasons
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1
2
3
4
5
6
7
8
9

10
11
12
13
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Station 2, all seasons
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 2 1
3 2 1
4 1 1 1
5 1 2
6 1 1 1
7 2 1
8 1 1 1
9 1 1 1

10 1 2
11 1 1 1
12 1 1 1
13 1 2

Station 2, all seasons
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 1 1
4 1 1 1
5 1 1 1
6 1 2
7 1 1 1
8 2 1
9 2 1

10 2 1
11 1 1 1
12 1 1 1
13 1 2

Station 2, all seasons
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 2 1
3 1 2
4 1 1 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1
9 1 2

10 1 1 1
11 1 2
12 1 1 1
13 1 2

Station 2, all seasons
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3
2 3
3 1 2
4 1 1 1
5 1 1 1
6 1 1 1
7 1 2
8 1 1 1
9 1 2

10 1 1 1
11 1 1 1
12 1 2
13

Station 2, all seasons
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3
2 3
3 2 1
4 1 2
5 1 1 1
6 3
7 1 1 1
8 2 1
9 1 1 1

10 1 2
11 1 2
12
13

Table 11. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one vari-
able is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear 
in the analysis is listed as rows. In this table, all seasons are combined, but presented station by station. Hence each column 
should have a total of 3 (3 seasons).  If a parameter has high or many values on the top rows, say between rows 1-4, the param-
eter has an important effect on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important 
parameter to pH.
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Station 3, all seasons
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 1 1
4 1 1 1
5 2 1
6 1 1 1
7 2 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1 1
13 1 2

Station 3, all seasons
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 3
4 1 1 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 2
12 1 1 1
13 1 1 1

Station 3, all seasons
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 2 1
4 1 1 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 2 1
13 2 1

Station 3, all seasons
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3
2 1 2
3 1 1 1
4 1 1 1
5 1 2
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1 1
13

Station 3, all seasons
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 2 1
2 1 1 1
3 1 1 1
4 1 1 1
5 1 1 1
6 1 1 1
7 1 2
8 1 1 1
9 2 1

10 1 1 1
11 1 1 1
12 1 2
13

Table 12. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one vari-
able is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear 
in the analysis is listed as rows. In this table, all seasons are combined, but presented station by station. Hence each column 
should have a total of 3 (3 seasons).  If a parameter has high or many values on the top rows, say between rows 1-4, the param-
eter has an important effect on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important 
parameter to pH.
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Station 4, all seasons
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 2
4 1 1 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1 1
13 1 1 1

Station 4, all seasons
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 2
4 1 1 1
5 1 2
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1 1
13 1 1 1

Station 4, all seasons
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 1 1
4 1 1 1
5 1 2
6 1 2
7 1 1 1
8 1 2
9 1 1 1

10 1 1 1
11 2 1
12 1 1 1
13 1 1 1

Station 4, all seasons
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3
2 2 1
3 1 2
4 2 1
5 1 1 1
6 1 1 1
7 1 2
8 2 1
9 1 1 1

10 1 1 1
11 2 1
12 3
13

Station 4, all seasons
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3
2 3
3 1 2
4 1 1 1
5 2 1
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1 1
13

Table 13. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one vari-
able is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear 
in the analysis is listed as rows. In this table, all seasons are combined, but presented station by station. Hence each column 
should have a total of 3 (3 seasons).  If a parameter has high or many values on the top rows, say between rows 1-4, the param-
eter has an important effect on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important 
parameter to pH.
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All stations, winter
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 2 1
2 1 1 1 1
3 1 1 1 1
4 2 1 1
5 3 1
6 1 1 1 1
7 2 1 1
8 1 1 1 1
9 1 1 1 1

10 2 2
11 1 1 1 1
12 1 1 1 1
13 1 1 1 1

All stations, winter
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 2 1
2 1 1 1 1
3 1 3
4 1 1 1 1
5 2 1 1
6 1 2 1
7 1 2 1
8 1 1 2
9 1 1 1 1

10 1 1 1 1
11 1 1 1 1
12 3 1
13 1 1 1 1

All stations, winter
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 2 1
6 1 1 1 1
7 1 1 1 1
8 1 1 1 1
9 3 1

10 1 1 1 1
11 1 1 1 1
12 1 1 1 1
13 1 1 1 1

All stations, winter
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3 1
2 1 2 1
3 1 1 1 1
4 1 1 2
5 1 1 2
6 1 1 2
7 1 1 1 1
8 3 1
9 2 1 1

10 1 2 1
11 1 1 2
12 2 1 1
13

All stations, winter
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 1 1
4 1 1 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 2
9 1 1 1

10 2 1
11 3
12 1 1
13

Table 14. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one vari-
able is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear 
in the analysis is listed as rows. In this table, all stations are combined, presented season by season. Hence each column should 
have a total of 4 (4 stations).  If a parameter has high or many values on the top rows, say between rows 1-4, the parameter has 
an important effect on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important param-
eter to pH.
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All stations, summer
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 2 1 1
6 1 1 2
7 1 1 1 1
8 2 2
9 1 1 2

10 1 1 1 1
11 2 1 1
12 2 1 1
13 2 1 1

All stations, summer
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 2 1
2 1 2 1
3 1 1 1 1
4 1 1 2
5 1 1 1 1
6 1 1 1 1
7 1 1 1 1
8 1 2 1
9 2 1 1

10 2 1 1
11 1 1 2
12 1 1 1 1
13 1 1 1 1

All stations, summer
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 2
2 1 1 1 1
3 1 1 1 1
4 1 1 2
5 1 1 1 1
6 1 1 1 1
7 1 1 1 1
8 1 2 1
9 1 1 1 1

10 1 1 1 1
11 1 1 2
12 1 1 1 1
13 1 2 1

All stations, summer
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3 1
2 2 1 1
3 1 2 1
4 1 1 1 1
5 2 1 1
6 1 2 1
7 1 2 1
8 1 1 1 1
9 1 1 2

10 1 1 2
11 1 2 1
12 2 2
13

All stations, summer
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 1 1 1
3 1 1 1
4 2 1
5 1 2
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

10 1 1 1
11 1 1 1
12 1 1
13

Table 15. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one vari-
able is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear 
in the analysis is listed as rows. In this table, all stations are combined, presented season by season. Hence each column should 
have a total of 4 (4 stations).  If a parameter has high or many values on the top rows, say between rows 1-4, the parameter has 
an important effect on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important param-
eter to pH.
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All stations, Yearly data
Depth 1

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 3
2 1 3
3 1 1 1 1
4 2 2
5 2 1 1
6 1 1 1 1
7 2 1 1
8 1 2 1
9 1 1 1 1

10 1 1 2
11 1 1 1 1
12 1 1 1 1
13 3 1

All stations, Yearly data
Depth 2

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3 1
2 1 1 2
3 2 1 1
4 2 1 1
5 1 1 1 1
6 1 1 1 1
7 1 1 1 1
8 1 2 1
9 1 1 2

10 1 1 1 1
11 1 1 2
12 1 1 1 1
13 1 2 1

All stations, Yearly data
Depth 3

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 2 2
2 1 2 1
3 1 1 1 1
4 1 1 2
5 1 1 1 1
6 2 1 1
7 1 1 1 1
8 1 1 1 1
9 1 1 1 1

10 1 1 2
11 1 1 1 1
12 1 1 1 1
13 1 1 1 1

All stations, Yearly data
Depth 4

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 3 1
2 3 1
3 1 1 1 1
4 2 1 1
5 1 1 1 1
6 1 2 1
7 1 1 2
8 1 1 1 1
9 1 1 1 1

10 2 1 1
11 1 2 1
12 1 1 1 1
13

All stations, Yearly data
Depth 5

Parameter
1 2 3 4 5 6 7 8 9 10 11 12 13

Place Salt O2 O2Sat PO4  DIN  Alk SiO4 Chla CO2atm NAOI PercPH RivPH RivAlk
1 1 1 1
2 2 1
3 1 2
4 1 2
5 1 1 1
6 1 1 1
7 1 1 1
8 1 2
9 1 1 1

10 1 2
11 1 1 1
12 1 1
13

Table 16. Overview of what parameter effects the pH the most, the results from describing the pH dataset using only one vari-
able is used. The structure of the the table is each parameter listed as columns and the place on which each parameter appear 
in the analysis is listed as rows. In this table, all stations are combined, presented season by season. Hence each column should 
have a total of 4 (4 stations).  If a parameter has high or many values on the top rows, say between rows 1-4, the parameter has 
an important effect on the pH. In contrast, if high or many values are found in the bottom rows, it is not an important param-
eter to pH.
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A P P E N D I X  2 . 1 : T E M P E R AT U R E  
C O R R E C T I O N  O F  P H  A N D  
C A L C U L AT I O N  O F  D I N

For the temperature correction, a formula from 
the HELCOM Combine manual was used: 

pHt1 = pHt2 + 0.0118 (t2 – t1) 
t1 = temperature in situ
t2 = temperature in the calibration bath (at R/V 
Argos, which is 25ºC)

I.e. in our case when correcting all pH values to 
25 ºC, the formula was:
pH25 = pHt1 – 0.0118 (25 – t1)

Description of DIN: the sum of NO2, NO3 and 
NH4 is used.

A P P E N D I X  2 . 2 : T R E N D  
A N A LYS I S : L I N E A R  
R E G R E S S I O N

When performing linear regression you find the 
coefficients of a polynomial p(x) of degree n that 
fits the data, p(x(i)) to y(i), in a least squares 
sense. The result p is a row vector of length n+1 
containing the polynomial coefficients in descend-
ing powers. The equation to find the coefficients 
of a polynomial is:

to a counter hypothesis, H1 (a counter statement 
that there is a trend). H0 is true until a test rejects 
it. The test gives a value of how wrong you are to 
claim that there is a trend when there in actuality 
is no trend. This value is the P value and it is the 
likelihood that the null hypothesis is wrongfully 
rejected. The lower the P value the more likely it 
is that rejection of the null hypothesis is the cor-
rect measure. The limiting value of P to indicate a 
trend or not, is determined regarding the cause of 
the study. Here, the limiting value of P is set to be 
0.05.

A P P E N D I X  2 . 3 : N O N -
PA R A M E T R I C  T R E N D  A N A LYS I S : 
M A N N - K E N DA L L

To analyse data for trends, it is necessary that 
sample handling and measurement procedures 
have been consistent throughout the study period. 
Time series can exhibit stepwise changes, indica-
tive of a change of state, or (largely) monotonic 
changes. Hirsch presented a comparison of clas-
sical linear regression methods compared against 
non-parametric methods (the Mann-Kendall test 
and Sen’s method for slope determination) for 
randomly generated data (Monte-Carlo method) 
with seasonal signals and linear trends overlain. 

Where the input data were normally distributed, 
the increased statistical strength of linear regres-
sion made it more likely to correctly identify the 
presence of a trend. The relative advantages of 
the non-parametric methods became greater as 
the data distribution became less Gaussian. The 
non-parametric methods were also better able to 
deal with values below the detection limit and also 
‘missing’ values. For further discussion the reader 
is referred to Hirsch et al, 1994. 

One method that fits the latest description of non-
parametric method and performs calculations of a 
monotonous change is the Mann-Kendall test. 
When there are seasonal variations, the detec-
tion of possible trends becomes difficult and the 
strength of the test decreases. To disregard the 
effects of seasonal changes, the Seasonal Kendall 
method, closely linked to the Mann-Kendall 
method, was used. The Seasonal Kendall method 

A P P E N D I X  2 : M E T H O D S  

In a polynomial of the first degree (n = 1), p1 gives 
the slope of the linear regression (MATLAB func-
tion: polyfit). To plot the linear regression line and 
to create the 95% confidence intervals of the line, 
the MATLAB function polyconf, that evaluates 
the polynomial at each value of x, was used.  The 
function polyconf uses input created by polyfit 
and assumes that the errors in the data input to 
polyfit are independent normal with constant vari-
ance. 

A hypothesis test is performed to test a null hy-
pothesis, H0 (a statement that there is no trend), 
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disregards the effect of seasonal changes by 
comparing values within one season or within one 
month and then combining the results. 

When applying Seasonal Kendall, a mean value 
of the measurements each year and month has 
been used to produce a test quantity and vari-
ance for each month. The real test quantity is the 
quota between the sum of the test quantities for 
the months of interest and the square root of the 
sum of the variances for the months of interest. 
The received value is entered into the cumulative 
normal distribution equation in order to produce 
a P value. 

The P value is a measure of the probability that 
the null hypothesis is wrongfully rejected (how 
likely it is that it is a mistake to reject the null 
hypothesis and instead say that there is a trend). 
The less the P value the higher probability that 
there is a trend (Spent). In the event of a trend, 
the magnitude of the trend is calculated by the 
Kendall slope estimator. The trend is expressed in 
the form of a slope, but that does not imply that 
the trend is linear. 

All possible pairs of values within each month 
(month is i=1:12), where k > j, the quota 

A P P E N D I X  2 . 4 : P R I M E R -  
S T E P  B Y  S T E P  I N  A  
M U LT I PA R A M E T E R  A N A LYS I S

PRIMER stands for Plymouth Routines In 
Multivariate Ecological Research (www.primer-
e.com). The steps described below are further 
motivated and described in the manual written by 
Clarke, K.R., and R.N. Gorley 2006. 

The approach of the multiparameter (multivari-
ate) analysis was to examine the extent to which 
the physico-chemical (environmental) data is 
related to (explains) the observed pattern of the 
variable of interest (in this study: pH). 

First there is an analysis of the pH data, then 
of the environmental data and then there is an 
analysis to see how well the information from the 
environmental data matches the structure of the 
pH. 

All parameters included in the analysis have very 
different values to be compared to each other and 
in some cases the range of value change over the 
years is very small and in others very large. To 
compare parameters with each other both sets of 
data (pH and environmental data) are firstly sub-
jected to a fourth root transformation. If the 
parameters were more similar in values and 
change of values over the years, a simple root 
transformation could have sufficed. This was 
the first assumption made in the analysis. Other 
choices, like choosing a log transformation, could 
have been made that would have altered the out-
come of the results. However the values appeared 
to have become sufficiently in the same order 
of magnitude so that a fourth root was the best 
choice. This is a process to weight the contribu-
tion of different parameters to each other. 

The pH data was then analysed to create a 
resemblance matrix (a similarity matrix), using 
Euclidian distances. In short, the values of the 
now triangular matrix gives the similaritiy or 
distance (or value difference compared to all other 
value differences in the matrix) between two data 
values. It can help to think of a triangular road 
map giving the city to city distances for many 
cities. Read more about similarities, dissimilari-
ties and different methods to calculate distances in 
the Principal Components Analysis section of the 
manual. The choice of using Euclidian distance 
was the second assumption made in the analysis 
however that is recommended for environmental 
parameters. 

is calculated which is equivalent to the direc-
tion coefficient (slopes) between time j and k. All 
slopes for all the months are sorted in order of 
magnitude. The Kendall slope estimate B is the 
median of these bijk values. 

To receive an error estimate, a confidence interval 
of the B value is calculated. The level of confi-
dence is set to 95%, which implies that estimated 
error of the slope estimation is within 5%. If the 
signs of the upper and lower bound values differ, 
the zero level lies within the upper and lower 
bounds, which indicates that there is no trend 
present. 
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The third assumption was to follow the recom-
mendations of the manual to normalise the envi-
ronmental dataset, to bring the parameter values 
to the same mean level. 

Then the environmental dataset is analysed using 
the BEST function, creating a similarity matrix 
using Euclidian distances (assumption four how-
ever recommended) and the Spearman coefficient 
(assumption five, choice based on the simplest ap-
proach) to correlate the ranks of the two similar-
ity matrixes.
  
Measuring agreement in pattern by comparing 
similarity matrixes:
In the BEST analysis, the similarity matrixes 
ranks are then compared to each other with the 
Spearman rank correlation coefficient, seeking a 
combination of environmental variables which 
attains a good match of the high similarities in 
the matrixes. Combinations of the environmental 
variables are considered at steadily increasing 
complexity, starting with one variable, then the 
combination of two and so on. 

Each variable (or combination of variables) is con-
nected to a rho value which corresponds to how 
well the component accounts for the variability 
in the full matrix, or in other words, how well 
the rank correlation is between the two similarity 
matrixes. As a result, a description of best variable 
combinations is produced, starting with using just 
one variable, giving the results in “best perform-
ance order” for each included environmental vari-
able, then the results for the combination of two 
variables and so on. 

As a summation, the top 10 results are displayed 
with highest rho value on top giving the best 
combination of variables in descending order. In 
the result table (table 6 on page 22), the two top 
results for the datasets are displayed under the 
title “Selections”.

The selection could range all one variable included 
(indicating that the best result was retrieved from 
only one variable) to six variables (the maximum 
amount of parameters was an active choice made). 
The results indicate that a combination of vari-
ables is more commonly producing better rho 
values, i.e. gives better result. 

Further comments on rho or the correlation is 
that the sample statistic here is Spearman’s rho 
between the pair wise elements of the two matri-
ces. That makes it more like a correlation r, not a 

coefficient of determination r-squared. However, 
don’t be lulled into thinking a matrix correlation 
of this sort is exactly the same sort of thing as a 
direct correlation between two variables, say from 
a scatter plot. 

There is an internal dependence structure among 
the elements of any resemblance (similarity, dis-
similarity, distance) matrix so when you are cal-
culating correlations between two such matrices 
do not expect the values to be the same as if you 
were calculating a direct correlation between two 
(internally) independent sets of readings. 

Rho lies in the range -1 to +1, with the extremes 
of -1 and +1 corresponding to the cases where the 
two sets of ranks are in complete opposition or 
in complete agreement. Values around zero cor-
respond to the absence of any match between the 
two patterns. 

How high rho should be to be referred to as a 
good result is not defined, but in the results table 
6, values above 0.5 (describing 50% of variance) 
is marked as bold, indicating better results. 

If key environmental variables are omitted, the 
match between the two datasets will deteriorate. 
By the same token, the match will also worsen if 
environmental data which are irrelevant to the 
community data are included. As a rule of thumb, 
would be to reduce all subsets of variables that 
have mutual correlations averaging more than 
about 0.95 to a single representative. This sug-
gests that some parameters are so highly inter-
correlated that it would serve no useful purpose to 
leave them all in the BEST analysis. 

By the use of a Draftsman plot, all possible pair 
wise scatter plots were created, making it possi-
ble to find the highly inter-correlated parameters. 
Oxygen was highly correlated to temperature. 
However, the decision to exclude temperature 
was that pH had been temperature adjusted from 
start, hence should be excluded from the analysis. 
DIN and DIP were correlated, but both were still 
included. 

The inclusion of too many insignificant param-
eters and / or the lack of experience to include 
some of the parameters calculated differently and / 
or the total absence of key parameters are definite-
ly the reasons why some of the results are poor.

A question which naturally can arise is the extent 
to which conclusions from the BEST analysis can 
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be supported by significance tests. A permutation 
test was performed (for each set of data) to test 
the null hypothesis that there is no relationship 
between the pH and the environmental data, i.e. 
that the rho value should be effectively zero. Rho 
was recomputed a number of times (recommended 
lower limit of permutations is 99) and if the ob-
served value of rho exceeded that found in 95% 
of the simulations, which by definition correspond 
to unrelated ordinations, then the null hypothesis 
can be rejected at the 5% level (read more of how 
to calculate p and the null hypothesis in appendix 
2.2).  

Low values of p (or p%, as given here) mean there 
is a ’statistically significant’ effect - in this case 
relationship between that selected set of environ-
mental variables and the pH pattern. So you are 
looking for something around the p<5% mark for 
a ’good’ result. 

The permutation test have not been performed 
as recommended (99 times) due to the lack of 
computer efficiency shortage. 99 permutations 
demanded more powerful computers than avail-
able for the author, taking hours to compute one 
dataset. Instead only 10 permutations were made, 
making the results more indicative of the signifi-
cance rather than significant or not on the 5% 
level. With 10 permutations, which is only enough 
to give a significance at the best about the 10% 
level (to be precise, 9.1%) because 11 

correlations in all - the 10 permutations under 
the null hypothesis and the 1 real one - have been 
looked at. Of these the real one is the largest, 
hence it has a significance level - the chance of 
getting a value of this or larger purely by chance 
when there is no link between pH and environ-
mental variables - of less than 1 in 11, i.e. 9.1%. 
If a value of rho is pretty large, say above 0.6-0.7, 
it means a very high correlation and is almost 
certainly significant. 

More permutations should be made the suggestion 
is at least 99. Then if the observed real correlation 
is still the most extreme of the calculated 100 (1 
real one and 99 permutations) then it is now an 
event of probably 1 in 100 by chance if the null 
hypothesis is true (and there is no link between 
pH and environment variables). So, now there 
would be a significance level of <1% (or <0.01 if 
preferred). 

With more permutations the significance level is 
determined even more precisely, and may well be 
better still. To comply somewhat with the recom-
mendations of 99 permutations, 10 tests were 
made performing both 10 and 99 permutations 
on different data sets that with 10 permutations 
resulted in a significance level of p=9.1%. All the 
10 results using 99 permutations gave the signifi-
cance level of <1%, raising the probability that 
the results giving 9.1% are in fact valid significant 
results. 
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S M H I  P U B L I C AT I O N S

At SMHI there are six series of reports. Three of these, the R-series, are mostly directed towards interna-
tional readers hence are often written in English. The remaining series are mainly written in Swedish. 

Name of series       Published since

RMK (Rapport Meteorologi och Klimatologi)   1974
RH (Rapport Hydrologi)     1990
RO (Rapport Oceanografi)     1986
METEOROLOGI      1985
HYDROLOGI       1985
OCEANOGRAFI      1985

In the OCEANOGRAFI serie, earlier publications are:

 1 Lennart Funkquist (1985)
 En hydrodynamisk modell för spridnings-  
 och cirkulationsberäkningar i Östersjön
 Slutrapport.

 2 Barry Broman och Carsten Pettersson.   
 (1985)
 Spridningsundersökningar i yttre fjärden   
 Piteå.
 
 3 Cecilia Ambjörn (1986).
 Utbyggnad vid Malmö hamn; effekter för  
 Lommabuktens vattenutbyte.

 4 Jan Andersson och Robert Hillgren   
 (1986).
 SMHIs undersökningar i    
 Öregrundsgrepen perioden 84/85.

 5 Bo Juhlin (1986)
 Oceanografiska observationer utmed sven 
 ska kusten med kustbevakningens fartyg   
 1985.

 6 Barry Broman (1986)
 Uppföljning av sjövärmepump i Lilla 
 Värtan.
 
 7 Bo Juhlin (1986)
 15 års mätningar längs svenska kusten   
 med kustbevakningen (1970 - 1985).
 
 8 Jonny Svensson (1986)
 Vågdata från svenska kustvatten 1985.

 9 Barry Broman (1986)
 Oceanografiska stationsnät - Svenskt 
 Vattenarkiv.

11 Cecilia Ambjörn (1987) 
 Spridning av kylvatten från    
 Öresundsverket

12 Bo Juhlin (1987)
 Oceanografiska observationer utmed 
 svenska kusten med kustbevakningens   
 fartyg 1986.

13 Jan Andersson och Robert Hillgren   
 (1987)
 SMHIs undersökningar i    
 Öregrundsgrepen 1986.

14 Jan-Erik Lundqvist (1987)
 Impact of ice on Swedish offshore   
 lighthouses. Ice drift conditions in the   
             area at Sydostbrotten - ice season 
 1986/87.

15 SMHI/SNV (1987)
 Fasta förbindelser över Öresund - 
 utredning av effekter på vattenmiljön i   
 Östersjön.

16 Cecilia Ambjörn och Kjell Wickström   
 (1987)
 Undersökning av vattenmiljön vid 
 utfyllnaden av Kockums varvsbassäng.
 Slutrapport för perioden 
 18 juni - 21 augusti 1987.
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17 Erland Bergstrand (1987)
 Östergötlands skärgård - Vattenmiljön.
 
18 Stig H. Fonselius (1987)
 Kattegatt - havet i väster.

19 Erland Bergstrand (1987)
 Recipientkontroll vid Breviksnäs 
 fiskodling 1986.

20 Kjell Wickström (1987)
 Bedömning av kylvattenrecipienten för ett  
 kolkraftverk vid Oskarshamnsverket.

21 Cecilia Ambjörn (1987) 
 Förstudie av ett nordiskt modellsystem   
 för kemikaliespridning i vatten.
 
22 Kjell Wickström (1988)
 Vågdata från svenska kustvatten 1986.

23 Jonny Svensson, SMHI/National Swedish  
 Environmental Protection Board (SNV)   
 (1988)
 A permanent traffic link across the 
 Öresund channel - A study of the hydro-  
 environmental effects in the Baltic Sea.
 
24 Jan Andersson och Robert Hillgren   
 (1988)
 SMHIs undersökningar utanför Forsmark  
 1987.

25 Carsten Peterson och Per-Olof Skoglund   
 (1988)
 Kylvattnet från Ringhals 1974-86.
 
26 Bo Juhlin (1988)
 Oceanografiska observationer runt 
 svenska kusten med kustbevakningens   
 fartyg 1987.
 
27 Bo Juhlin och Stefan Tobiasson (1988)
 Recipientkontroll vid Breviksnäs 
 fiskodling 1987.
 
28 Cecilia Ambjörn (1989)
 Spridning och sedimentation av tippat 
 lermaterial utanför Helsingborgs hamn-  
 område.

29 Robert Hillgren (1989)
 SMHIs undersökningar utanför Forsmark  
 1988.
 

30 Bo Juhlin (1989)
 Oceanografiska observationer runt   
 svenska kusten med kustbevakningens   
 fartyg 1988.

31 Erland Bergstrand och Stefan Tobiasson   
 (1989)
 Samordnade kustvattenkontrollen i 
 Östergötland 1988.

32 Cecilia Ambjörn (1989)
 Oceanografiska förhållanden i Brofjorden  
 i samband med kylvattenutsläpp i   
 Trommekilen.

33a  Cecilia Ambjörn (1990)
 Oceanografiska förhållanden utanför 
 Vendelsöfjorden i samband med 
 kylvatten-utsläpp.
33b  Eleonor Marmefelt och Jonny Svensson
  (1990)
 Numerical circulation models for the 
 Skagerrak - Kattegat. Preparatory study.

34 Kjell Wickström (1990)
 Oskarshamnsverket - kylvattenutsläpp i   
 havet - slutrapport.
 
35 Bo Juhlin (1990)
 Oceanografiska observationer runt 
 svenska kusten med kustbevakningens   
 fartyg 1989.
 
36 Bertil Håkansson och Mats Moberg   
 (1990)
 Glommaälvens spridningsområde i 
 nordöstra Skagerrak
 
37 Robert Hillgren (1990)
 SMHIs undersökningar utanför Forsmark  
 1989.
 
38 Stig Fonselius (1990)
 Skagerrak - the gateway to the North Sea.

39 Stig Fonselius (1990)
 Skagerrak - porten mot Nordsjön.

40 Cecilia Ambjörn och Kjell Wickström   
 (1990)
 Spridningsundersökningar i norra 
 Kalmarsund för Mönsterås bruk.

41 Cecilia Ambjörn (1990)
 Strömningsteknisk utredning avseende   
 utbyggnad av gipsdeponi i Landskrona.
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42 Cecilia Ambjörn, Torbjörn Grafström och  
 Jan Andersson (1990)
 Spridningsberäkningar - Klints Bank.

43 Kjell Wickström och Robert Hillgren   
 (1990)
 Spridningsberäkningar för EKA-NOBELs  
 fabrik i Stockviksverken.

44 Jan Andersson (1990)
 Brofjordens kraftstation - 
 Kylvattenspridning i Hanneviken.

45 Gustaf Westring och Kjell Wickström   
 (1990)
 Spridningsberäkningar för Höganäs 
 kommun.
46 Robert Hillgren och Jan Andersson   
 (1991)
 SMHIs undersökningar utanför Forsmark  
 1990.
 
47 Gustaf Westring (1991)
 Brofjordens kraftstation - Kompletterande  
 simulering och analys av 
 kylvattenspridning i Trommekilen.

48 Gustaf Westring (1991)
 Vågmätningar utanför Kristianopel - 
 Slutrapport.

49 Bo Juhlin (1991)
 Oceanografiska observationer runt 
 svenska kusten med kustbevakningens   
 fartyg 1990.

50A  Robert Hillgren och Jan Andersson
 (1992)
 SMHIs undersökningar utanför Forsmark  
 1991.

50B  Thomas Thompson, Lars Ulander, 
 Bertil Håkansson, Bertil Brusmark, 
 Anders Carlström, Anders Gustavsson,   
 Eva Cronström och Olov Fäst (1992).
 BEERS -92. Final edition.

51 Bo Juhlin (1992)
 Oceanografiska observationer runt 
 svenska kusten med kustbevakningens   
 fartyg 1991.

52 Jonny Svensson och Sture Lindahl (1992)
 Numerical circulation model for the 
 Skagerrak - Kattegat.
 

53 Cecilia Ambjörn (1992)
 Isproppsförebyggande muddring och dess  
 inverkan på strömmarna i Torneälven.

54 Bo Juhlin (1992)
 20 års mätningar längs svenska kusten
 med kustbevakningens fartyg (1970 -   
 1990).

55 Jan Andersson, Robert Hillgren och 
 Gustaf Westring (1992)
 Förstudie av strömmar, tidvatten och 
 vattenstånd mellan Cebu och Leyte,
 Filippinerna.

56 Gustaf Westring, Jan Andersson, 
 Henrik Lindh och Robert Axelsson   
 (1993)
 Forsmark - en temperaturstudie. 
 Slutrapport.

57 Robert Hillgren och Jan Andersson   
 (1993)
 SMHIs undersökningar utanför Forsmark  
 1992.

58 Bo Juhlin (1993) 
 Oceanografiska observationer runt 
 svenska kusten med kustbevakningens   
 fartyg 1992.

59 Gustaf Westring (1993)
 Isförhållandena i svenska farvatten under  
 normalperioden 1961-90.

60 Torbjörn Lindkvist (1994)
 Havsområdesregister 1993.

61 Jan Andersson och Robert Hillgren   
 (1994)
 SMHIs undersökningar utanför Forsmark  
 1993.

62 Bo Juhlin (1994)
 Oceanografiska observationer runt 
 svenska kusten med kustbevakningens   
 fartyg 1993.
 
63 Gustaf Westring (1995)
 Isförhållanden utmed Sveriges kust - 
 isstatistik från svenska farleder och 
 farvatten under normalperioderna 1931-  
 60 och 1961-90.
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64 Jan Andersson och Robert Hillgren   
 (1995)
 SMHIs undersökningar utanför Forsmark  
 1994.

65 Bo Juhlin (1995)
 Oceanografiska observationer runt 
 svenska kusten med kustbevakningens   
 fartyg 1994.

66 Jan Andersson och Robert Hillgren   
 (1996)
 SMHIs undersökningar utanför Forsmark  
 1995.

67 Lennart Funkquist och Patrik Ljungemyr   
 (1997)
 Validation of HIROMB during 1995-96.

68 Maja Brandt, Lars Edler och  
 Lars Andersson (1998) 
 Översvämningar längs Oder och Wisla 
 sommaren 1997 samt effekterna i   
 Östersjön.

69    Jörgen Sahlberg SMHI och Håkan   
 Olsson, Länsstyrelsen, Östergötland   
 (2000).
  Kustzonsmodell för norra Östergötlands        
 skärgård.

70 Barry Broman (2001) 
 En vågatlas för svenska farvatten.

71 Vakant – kommer ej att utnyttjas! 

72 Fourth Workshop on Baltic Sea Ice   
 Climate Norrköping, Sweden 22-24 May, 
 2002 Conference Proceedings 
 Editors: Anders Omstedt and Lars Axell

73 Torbjörn Lindkvist, Daniel Björkert,   
 Jenny Andersson, Anders Gyllander   
 (2003) 
 Djupdata för havsområden 2003

74 Håkan Olsson, SMHI (2003) 
 Erik Årnefelt, Länsstyrelsen  Östergötland  
 Kustzonssystemet i regional miljöanalys

75 Jonny Svensson och Eleonor Marmefelt   
 (2003) 
 Utvärdering av kustzonsmodellen för 
 norra Östergötlands och norra Bohusläns  
 skärgårdar

76 Eleonor Marmefelt, Håkan Olsson,   
 Helma Lindow och Jonny Svensson,   
 Thalassos Computations (2004) 
 Integrerat kustzonssystem för Bohusläns   
 skärgård

77 Philip Axe, Martin Hansson och Bertil   
 Håkansson (2004) 
 The national monitoring programme in   
 the Kattegat and Skagerrak

78 Lars Andersson, Nils Kajrup och Björn   
 Sjöberg (2004) 
 Dimensionering av det nationella marina   
 pelagialprogrammet

79 Jörgen Sahlberg (2005) 
 Randdata från öppet hav till 
 kustzonsmodellerna (Exemplet södra   
 Östergötland)

80 Eleonor Marmefelt, Håkan Olsson (2005) 
 Integrerat Kustzonssystem för    
 Hallandskusten

81 Tobias Strömgren (2005)  
 Implementation of a Flux Corrected   
 Transport scheme in the Rossby Centre
 Ocean model

82 Martin Hansson (2006) 
 Cyanobakterieblomningar i Östersjön,
 resultat från satellitövervakning 1997-  
 2005.

83 Kari Eilola, Jörgen Sahlberg (2006)  
 Model assessment of the predicted 
 environmental consequences for OSPAR 
 problem areas following nutrient 
 reductions

84 Torbjörn Lindkvist, Helma Lindow   
 (2006) 
 Fyrskeppsdata. Resultat och 
 bearbetningsmetoder med exempel från   
 Svenska Björn 1883 - 1892

85 Pia Andersson (2007)
 Ballast Water Exchange areas – Prospects
 of designating BWE areas in the Baltic 
 Proper
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86 Elin Almroth, Kari Eilola, M. Skogen, 
 H. Søiland and Ian Sehested Hansen 
 (2007)
 The year 2005. An environmental status 
 report of the Skagerrak, Kattegat and 
 North Sea

87 Eleonor Marmefelt, Jörgen Sahlberg och 
 Marie Bergstrand  (2007)
 HOME Vatten i södra Östersjöns 
 vattendistrikt. Integrerat modellsystem för 
 vattenkvalitetsberäkningar 

88     Pia Andersson (2007)
 Ballast Water Exchange areas – Prospect
 of designating  BWE areas in the         
 Skagerrak and the Norwegian Trench     

89 Anna Edman, Jörgen Sahlberg, Niclas 
 Hjerdt, Eleonor Marmefelt och Karen 
 Lundholm (2007)
 HOME Vatten i Bottenvikens vatten-
 distrikt. Integrerat modellsystem för 
 vattenkvalitetsberäkningar  

90 Niclas Hjerdt, Jörgen Sahlberg, Eleonor 
 Marmefelt och Karen Lundholm (2007)
 HOME Vatten i Bottenhavets vatten-
 distrikt. Integrerat modellsystem för 
 vattenkvalitetsberäkningar

91   Elin Almroth, Morten Skogen, Ian 
 Sehsted Hansen, Tapani Stipa, Susa 
 Niiranen (2008)
 The year 2006 - An Eutrophication Status 
 Report of the North Sea, Skagerrak, 
 Kattegat and the Baltic Sea
 A demonstration Project

92 Pia Andersson, editor and co-authors
 Bertil Håkansson*, Johan Håkansson*, 
 Elisabeth Sahlsten*, Jonathan 
 Havenhand**, Mike Thorndyke**, 
 Sam Dupont** * Swedish Meteorological 
 and Hydrological Institute ** Sven 
 Lovén, Centre of Marine Sciences (2008)  
 Marine Acidification – On effects and 
 monitoring of marine acidification in the 
 seas surrounding Sweden

93 Jörgen Sahlberg, Eleonor Marmefelt, 
 Maja Brandt, Niclas Hjerdt och Karen 
 Lundholm (2008)
 HOME Vatten i norra Östersjöns vatten-
 distrikt. Integrerat modellsystem för 
 vattenkvalitetsberäkningar.

94 David Lindstedt (2008)
 Effekter av djupvattenomblandning i 
 Östersjön – en modellstudie
95 Ingemar Cato*, Bertil Håkansson**,   
 Ola Hallberg*, Bernt Kjellin*, Pia 
 Andersson**, Cecilia Erlandsson*, Johan 
 Nyberg*, Philip Axe** (2008)
 *Geological Survey of Sweden (SGU)
 **The Swedish Meteorological and  
 Hydrological Institute (SMHI)
 A new approach to state the areas of 
 oxygen deficits in the Baltic Sea
96 Kari Eilola, H.E. Markus Meier, Elin 
 Almroth, Anders Höglund (2008)
 Transports and budgets of oxygen and  
 phosphorus in the Baltic Sea

97 Anders Höglund, H.E. Markus Meier, 
 Barry Broman och Ekaterini Kriezi (2009)
 Validation and correction of regionalised 
 ERA-40 wind fields over the Baltic Sea 
 using the Rossby Centre Atmosphere 
 model RCA3.0

98 Jörgen Sahlberg (2009)
 The Coastal Zone Model

99 Kari Eilola (2009)
 On the dynamics of organic nutrients, 
 nitrogen and phosphorus in the Baltic Sea

100 Kristin I. M. Andreasson (SMHI), Johan 
 Wikner (UMSC), Berndt Abrahamsson 
 (SMF), Chris Melrose (NOAA), Svante 
 Nyberg (SMF) (2009)
 Primary production measurements – an 
 intercalibration during a cruise in the 
 Kattegat and the Baltic Sea

101 K. Eilola, B. G. Gustafson, R. Hordoir, 
 A. Höglund, I. Kuznetsov, H.E.M. Meier 
 T. Neumann, O. P. Savchuk (2010)
 Quality assessment of state-of-the-art 
 coupled physical-biogeochemical models 
 in hind cast simulations 1970-2005
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