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Surface waters in the world oceans have already
experienced a pH reduction of about 0.1 units
(OSPAR, 2006.) The trend indicates further
decrease of pH and is most probably due to
increased uptake of atmospheric CO, and less
buffering capacity of ocean waters. The trend is
similar in the waters surrounding Sweden.

Since there is an alarming absence of information
regarding the effects of near-future levels of ocean
acidification on Swedish marine taxa, there is a
clear research need on:

J investigations of the effects of ocean
acidification on the early life-history
stages of key ecosystem-structuring
species, and commercially important
species of fish and shellfish

] ecosystem-level mesocosm studies of the
impacts of ocean acidification on Swedish
marine systems

J improved regional-scale modelling of
acidification mechanisms in Swedish
coastal waters

] testable ecosystem-scale food-web models
to articulate with regional acidification
models

J improved definition of chemical

equilibrium constants between pH, A,
and CO; in low saline waters.

At present, pH and AT are monitored monthly

at standard depths at 7 stations in Skagerrak,
Kattegat and Baltic Proper within the national
monitoring programme. Of these are 2 located in
coastal waters (Halland and Sméland; Type 5 and
9).

We recommend that Sweden work to improve the
status of pH and A to be Core variables instead
of Main variables in HELCOM COMBINE “High
frequency Sampling” program taking into account
the last 15 years negative trends in pH in wa-

ters surrounding Sweden as well as in the global
oceans.
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We recommend that besides the standard para-
meters monitored in the national monitoring
program, pH, A and DIC should be monitored.
For completeness, primary production should also
be monitored.

Below are three monitoring recommendations,
where the first is divided into a lowest level and a
recommended level.

1. Lowest level: Within the national monitor-

ing program, at least one station per open sea
area and all costal stations measure acidification
parameters on a monthly basis in the entire water
column at standardized depths. The national and
regional monitoring programmes should be up-
graded in the Gulf of Bothnia so that pH and A,
is monitored at standard depths at least monthly
at one station each in the Bothnian Bay and
Bothnian Sea. Also 2 coastal stations in the Gulf
of Bothnia should be established. In addition, one
coastal station should be established within Type
14 in the Baltic Proper.

1. Recommended level: the national monitor-

ing program should have at least one station per
open sea area and if the area is characterized by
strong gradients or other features, there should be
more than one station. Some of the stations in the
regional monitoring programmes should be up-
graded with acidification parameters, for a better
geographical coverage. The acidification parame-
ters should be measured on a monthly basis in the
entire water column at standardized depths.

2. We recommend that an investigative monitor-
ing is established by extending the parameters that
are needed to firmly improve the chemical stability
constants between pH, A, DIC and pCO, in low
saline waters. This can be done by just extend-

ing the sampling program at selected monitoring
stations. Sampling should cover a period of 2 to 3
years.

3. We recommend that direct water measurement
of pCO, for monitoring purposes should be as-
sessed after the recommendation above is evalu-
ated and that ongoing research projects on pCO,
measurements using ferryboxes are finalised.
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There are only few long time series of
acidification parameters. The time period
of measurements is rather short.

The geographical coverage of
measurements is rather limited in the
waters surrounding Sweden.

The chemical stability constants between
pH, A, DIC and pCO, are not

optimized in low saline waters.

pH budgets are difficult to calculate.
Models need to be improved in order to
display present and future small and large
scale scenarios.

Little is known of the biological,
ecological and economical effects of the
current and near future marine
acidification. Further research is required.
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This report is a joint effort from SMHI and
Gothenburg University.

To commence the work of this report, a CO,
workshop was held at Nya Varvet in Gothenburg.
Several experts in marine acidification were
invited and the contribution during and after the
workshop from was greatly appreciated.

Attending from the University of Gothenburg:
Prof Jonathan Havenhand, Prof Leif Anderson
and Prof Anders Omstedt. From SMHI, Dr Bengt
Karlson and Christer Persson attended.

Prof Jonathan Havenhand, Dr Sam Dupont and
Prof Mike Thorndyke, all from the Sven Lovén
Centre for Marine Sciences, have contributed in
the report with the chapter on biological effects
from decreasing pH levels and general description
of ocean trends. All experts have reviewed the
final draft of this report.

The effort of Dr Elisabeth Sahlsten, Johan
Hakansson, Lars S. Andersson, Ass. Prof Bertil
Haékansson and Bengt Yhlen from SMHI is greatly
appreciated. The support and effort from the
Swedish Environmental Protection Agency is, as
always, greatly appreciated.
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The Swedish Environmental Protection Agency
has commissioned and funded this report and the
aim is to assess the need, how and where to moni-
tor marine acidification in the seas surrounding
Sweden.

The European Commission has suggested a frame-
work and common goals to protect and preserve
the marine environment. In the strategy proposal
for the marine environment, common principles,
that the member countries should apply when
constructing their own strategies to reach good
ecological status in their marine waters, were
provided.

The member countries must evaluate the ecologi-
cal state in their waters to assess the anthropogen-
ic impact. In the strategy, there are proposals to
monitor the marine acidification, since it can have
serious impacts on the marine environment.




Fossil fuel emissions of CO, have increased more
than 1200% over the last 100 years, and an
overwhelming literature now shows that rising at-
mospheric CO, levels are changing global climate
(Raven et al., 2005). The IPCC future climate
scenarios (SRES scenarios (IPCC, 2007)) predict
that CO, concentrations will rise 150-250% (to
<1000ppm) by the year 2100. These scenarios
are modelled on CO, release data for the period
1990-1998. Recently the rate of CO, release has
been shown to have more than doubled (to 2.9
%.yr) in the last 6 years (Canadell et al., 2007),
raising the very real possibility that predictions of
future CO, levels will be revised sharply upwards.

Marine Acidification

The sea surface pH is generally above 7, which
indicates a basic solution. Increasing levels of CO,
in the atmosphere leads to a pressure, driving CO,
across the air-sea interface. Atmospheric CO, lev-
els then depend not only on CO, release rates but
also on rates of CO, absorption by terrestrial and
oceanic systems. This uptake can be substantial:
oceans typically exchange ~ 100 GtC.yr! with the
atmosphere, but currently draw down ~ 2 GtC.yr!
more than they release (Feely et al., 2004). This
rate of uptake declines as atmospheric CO, levels
rise, due to progressive saturation of the seawa-
ter carbonate buffer system. Less carbon will be
buried in the sediments by the sedimentation of
organisms with calcium compounds.

Box 1: Ocean Acidification — a simplified primer

In seawater, CO, dissolves to form an equilibrium
water, carbonate ions and bicarbonate ions:

CO,+H,0 < HCO, + H* < 2H*+ CO*»

When CO, is absorbed by the
oceans it reacts with water and
with carbonate ions to form bicarbo-
nate (Box 1), reducing the satura-
tion of carbonate in the system
and causing the pH to fall. Surface
waters in the world oceans have

This equilibrium is dominated by bicarbonate, (CO, =
1%, CO,* ~ 8% and HCO, ~ 91%, of total dissolved
inorganic carbon, “DIC”). Continued uptake of CO,
by the oceans drives this equilibrium to the centre,
reducing pH. This shift in pH changes the equilib-
rium between bicarbonate and carbonate, driving that
balance also toward the centre, thereby depleting the
available carbonate pool.

This process increases the rate of dissolution of de-
posited CaCO,. The rate of dissolution depends on
the crystalline form of the CaCO,: aragonite (found
in corals and molluscs) is twice as soluble as calcite
(found in echinoderms and crustaceans).
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already experienced a pH re-
duction of about 0.1 pH units.
(OSPAR, 2006.) The trend indi-
cates further decrease of pH.
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Figure . Predicted levels of CO, atm and future surface CO,* concentrations in the Southern Ocean (Orr et al., 2005).

The changes are not trivial: in some regions the
surface ocean could become undersaturated for
aragonite by the middle of this century (Orr et al.,
2005) (figure 1), and a drop of up to 0.5 pH units
in the surface oceans by 2100 has been predicted
“with a high level of confidence” (Raven et al.,
2005).
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This seemingly small shift is equivalent to a 3-fold
increase in the concentration of hydrogen ions,
and will have unprecedented impacts on oceanic
biogeochemistry and biogenic calcification. The
effect of the recently reported (Canadell et al.,
2007) 2.9%.yr" increases in atmospheric CO, on
these estimates is as yet unknown.



Very few hard data are available from which to
extrapolate likely outcomes and costs, but the
long-term consequences of these changes for
marine biota are predicted to be catastrophic (Orr
et al., 2005; Riebesell, 2004; Ruttimann, 2006).
While primary production by phytoplankton may
(Riebesell et al., 2007), or may not (Riebesell,
2004; Riebesell, 1993), be stimulated, profound
changes in phytoplankton community composi-
tion are highly likely because calcareous species
will be less able to form a skeleton (Riebesell,
2004).

Similarly, other calcifying species such as corals,
molluscs, echinoderms and crustaceans will be
severely affected by declining aragonite and calcite
saturation (Orr et al., 2005; Hoegh-Guldberg et
al., 2007; Kleypas et al., 2006). Indeed recent
work suggests that within the next 40-50 years
tropical corals will be unable to calcify because
aragonite saturation will fall below 3.0 - a value
very close to current levels in the Southern Ocean
(Hoegh-Guldberg et al., 2007).

Today, the surface ocean is saturated with respect
to calcium carbonate (including its several mineral
forms, i.e., high-magnesium calcite, aragonite,
and calcite), meaning that under present surface
conditions these minerals have no tendency to
dissolve and that there is still enough calcium and
carbonate ions available for marine organisms to
build their shells or skeletons. Colder and deeper
waters are naturally under saturated with respect
to calcium carbonate, where the water is corrosive
enough to dissolve these minerals. The transition
between saturated surface waters and under satu-
rated deep waters is called the saturation horizon.
Because of the increase in CO, entering into the
ocean from the atmosphere, the saturation hori-
zons for calcium carbonate have shifted towards
the surface by 50-200 meters compared with their
positions before the industrial revolution (Doney,
2006). This means that the zone occupied by
under saturated deep waters is growing larger and
the zone occupied by the saturated surface waters
is growing smaller.

Marine Acidification
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By 2050, this saturated surface zone will begin to
completely disappear in some areas of the ocean.
High-latitude surface waters, already naturally
low in calcium and carbonate ion concentration,
will be the first to have under saturated surface
waters with respect to aragonite, with under satu-
rations for the calcite phase of calcium carbonate
expected to follow 50-100 years later (Orr et al.,
200S).

The figure 2 by Feely (Feely et al., 2006) shows
aragonite saturation levels from before the indus-
trial revolution to 2100 and how these saturation
levels affect the growth of both shallow and deep
corals (models based on the work of Orr et al.,
2005). Before the industrial revolution, we see
large bands of the tropical ocean that are optimal
for growth. By 2040, these same bands are only
adequate, and by 2100 most areas are only mar-
ginal at best.

Critically, there is an extreme lack of information
about the impacts of CO,-mediated acidification
on marine species in general. Even single-species
studies of dominant ecosystem-structuring organ-
isms are only now just beginning (Dupont et al.,
in press; Berge et al., 2006; Kurihara et al., 2007;
Kurihara et al., 2004), and attempting to general-
ise these results to other species, or to use these as
a basis for predictions of broader ecosystem-level
consequences, is extremely problematic.

At a socio-economic level, depleted fisheries,
increased coastal erosion (due to coral reef loss),
lower ecosystem resilience, and reduction in
provision of essential ecosystem services will push
the likely costs of ocean acidification into many
billions of dollars (Raven et al., 2005). In a recent
review, a Royal Society expert working group
concluded: “Research into the impacts of high
concentrations of CO, in the oceans is in its in-
fancy and needs to be developed rapidly.” (Raven
et al., 2005).
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Aragonite Saturation Levels in 1765 Aragonite Saturation Levels in 1895
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Figure 2. Estimated aragonite saturation states of the surface ocean for the years 1765, 1995,2040, and 2100 (Feely et al,,
2006), based on the modelling results of Orr et al. (2005) and a Business-As-Usual CO, emissions scenario.The distributions of
deep-sea coral banks are from Guinotte et al. (2006).
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PH TRENDS

There are only few long time series of pH.
Carbonate chemistry measurements at the
Hawaiian Ocean Time-series (HOT) starting
around 1990, the Bermuda-Atlantic Time-series
(BATY) starting around 1984, and the European
Station for Times Series in the Ocean at the
Canary Islands (ESTOC) starting around 1995,
show a shift in carbonate equilibrium consistent
with increases in atmospheric CO,. Parts of the
HOT and Bats series are displayed in figure 3
(Kleypas et al, 2006). The pH rate of decline in
the BATS time series is about -0.0012 pH units
yrl.

HOT

Marine Acidification

DECREASING PH-VALUES IN
THE SEAS SURROUNDING
SWEDEN

Existing data from Swedish measurements indi-
cate that the situation in the seas surrounding
Sweden is similar.

All measured data in the seas surrounding
Sweden, available in the SMHI database Svenskt
Havsarkiv (SHARK), from 1993 to the middle
of 2007, have been analysed to see if any trends
could be detected. The pH values from the data-
base have been temperature adjusted to 25°C, to
avoid any temperature effects in the evaluation.

BATS
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Figure 3. Monthly carbon-system parameters at two time-series stations in subtropical gyres: HOT (Hawaii Ocean Time series
station) and BATS (Bermuda-Atlantic Time-series Station). The lowest plot in each graph includes both the surface water pCO,
(line with dots), and the Mauna Loa atmospheric CO, record (line without dots).
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Table I: Overview of the rate of pH change per year, pH values, significance and forecast scenarios (based on calculated values)
in different sea areas and depths.The last column indicates the total pH decline between 1993 and 2007.

Sea Area Depth m pH/yr | pH 2007 p pH 2050 | pH 2100 | Change pH 1993-2007
Skagerack 0-50 -0.0028 8.15 0.136
>75 -0.0026 8.09 0.156
Kattegat 0-25 -0.0044 8.15 <0.0001 7.96 7.74 0.06
> 30 -0.0079 8.00 <0.0001 7.66 7.27 0.11
S Baltic Proper 0-20 -0.0041 8.19 0.0941 8.01 7.81
30-60 -0.0142 7.86 <0.0001 7.25 6.54 0.2
>70 -0.0156 7.36 <0.0001 6.69 5.91 0.2
C & N Baltic Proper| 0-20 +0.0024 8.19 0.347
30-60 -0.0102 7.79 <0.0001 7.35 6.84 0.14
>70 -0.0063 7.22 <0.0001 6.95 6.63 0.09
Bothnian Sea 0-30 -0.0316 7.69 <0.0001 6.33 4.75 0.44
> 40 -0.0192 7.62 0.0006 6.79 5.84 0.27
Bothnian Bay 0-30 -0.0143 7.61 0.0133 7.00 6.28 0.20
> 40 -0.0130 7.60 0.0002 7.05 6.40 0.18

The analysis has been made for six areas,
Skagerrak, Kattegat, southern Baltic Sea, northern
and central Baltic Sea, Bothnian Sea and Bothnian
Bay. In addition the water column has been di-
vided into surface water and deep water.

The results are based mainly on monthly meas-
urements on several stations in each area. From
all measurements in every area and depth layer
of the water column, monthly mean values have
been calculated. In addition yearly mean values
are reported, although not for Bothnian Sea and
Bothnian Bay due to a lower number of data,
compared to other areas. In the Skagerrak, there
have been no pH-measurements during the period
2001-2007, which makes the volume of data
smaller.

The statistical trend and the level of significance
have been calculated by using simple linear regres-
sion. Only results which are significant on the
95% level are reported (p<0.035). The changes in
the other water masses are not statistically signifi-
cant.

All changes refer to the period 1993 to 2007.
Generally the analysis indicates a decrease in pH
in most of the areas.
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In the surface waters of Kattegat there was a pH
decrease with 0.06 units, and in the deep waters
0.11 units, during the period. The linear regres-
sion made on the monthly mean values show a
significant decrease in pH in both surface and
deep water of Kattegat (figure 4).

In the deep water of the Baltic proper where
oxygen deficiency exists the pH values vary also
due to the amount of hydrogen sulphide in the
water. Due to this reason the water column in this
area has been divided into three layers, surface
water, intermediary water, and deep water. In the
surface water there is a more or less pronounced
yearly cycle which is connected to the primary
production processes of the microalgae, while the
conditions in the deep waters are more stable. In
the intermediary and deep layer of the southern
Baltic Proper the decreasing trend is 0.20 units
(figure 5).

Several additional significant trends of decreasing
pH have been found (see figures in appendix I),
see table 1.
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Figure 4. Time series of pH in the Kattegat. Significant trend calculated using linear regression.
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Figure 5:Time series of pH in the southern Baltic Proper.Trends calculated using linear regression.
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The results show that the largest changes, except
for the intermediary and deep waters of the south-
ern Baltic proper presented above, can be detected
in the surface (0.44 units) and deep waters (0.27
units) of the Bothnian Sea, and in the surface wa-
ters of Bothnian Bay (0.20 units). In the Bothnian
Bay the decrease in the deep water was 0.18 units.
The decrease in the intermediary layer of the cen-
tral and northern Baltic proper is 0.14 units and
in the deep water 0.09 units.

It is obvious that generally the pH in the surface
water is more fluctuating than the conditions in
the deeper water layers. This can be explained by
the dynamics of pH connected to the photosyn-
thetic fixation of carbon dioxide by the micro al-
gae in the surface photic zone during the produc-
tive season. The fluctuations in the surface water
may also be explained by the exchange between
air and seawater.

The water column data from one station in
Kattegat (Anholt E), one station in the southern
Baltic proper (BY5) and one in the central Baltic
proper (BY15) have been divided into several
depth intervals and linear regressions have been
calculated for all data points in each water layer
(Appendix I). In these figures the pH values show
larger decreases over time with increasing depth.
One exception is the deep waters of station BY15
(200 m depth) where the pH decrease is weak,
which may be explained by the effect from hydro-
gen sulphide in the bottom water.

18




There is a large exchange between the air and the
sea surface. The level of some components in the
air highly influences the corresponding levels in
the sea surface. Since the late 1960s, the hypothe-
sis for the ocean surface was that the deposition of
CO, to the surface water is of minor importance
compared to the effect of increasing CO, level

in the air. There are several parameters in the air
that are of interest for the acidification of marine
waters.

The deposition parameters of interest are:
SO,*

NO;

NH,*

H* (strong acids)

pH of the precipitation

Basic cations

(A cation is a positively charged (i.e. attracted
to the cathode) ion. The basic cations are those
which would make strongly basic (alkaline)
solutions in the hydroxide form, e.g. Na* gives
NaOH.)

For budget calculations, the areas of the sea basins
are necessary.

Area of the entire Baltic

(including the Kattegat): 410 000 km2
Area of the Baltic Proper: 228 000 km2
Area of the Bothnian Sea

and Bothnian Bay: 110 000 km2

Area of the entire drainage area: 410 000 km2
Volume of the entire Baltic
(including the Kattegat): 22 500 km3
(Deposition over land is not included in the calcu-
lations below.)

Marine Acidification
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MATCH is the acronym for Multi-scale
Atmospheric Transport and Chemistry Model.
MATCH models the basic processes of atmos-
pheric transport and content and fallout of
different air pollutants like nitrogen and sulphur
compounds or radioactive fallout. (The model is
Eulerian and can be configured with an arbitrary
number of layers in the vertical and for different
geographical areas with different resolution.) The
model is driven by meteorological data taken from
operational numerical weather prediction models
such as HIRLAM or ECMWE, objective analyses,
such as MESAN, or from combinations of these.

According to the MATCH model, the sulphur
deposition from air is larger in the southern than
the northern Baltic. The calculated amount of sul-
phur deposition over the entire Baltic has strongly
decreased during the last 20 years. The deposi-
tion of nitrogen has also decreased, but to a lesser
extent.

The amount of DOC in the seas is increasing even
if the sulphur in the atmosphere has decreased.
CO, is more soluble than sulphur and CO, in the
atmosphere is steadily increasing.

The acid level in the air has reduced and the CO,
level has increased — could this influence the sur-
face water in the open sea so that despite the pH
trend in the sea, there is no significant trend in the
top surface waters, balancing the acidity? Or is
the main cause of this the biological activity? One
thing is clear and that is that further research in
this area is required.
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Figure 6: Fallout of the sulphur compound air pollutant 1998 according to the MATCH model.
Table 2: Deposition from air over the entire Baltic different years and prediction (1000 tonnes, mg/m?).

Ref. Yr SOx-S NOx-N NHx-N Total-N
HELCOM Decis. 2005/26 | 2010 Scen-2 202
HELCOMDecis. 2005/26 2010 CLE 216

EMEP jan - 2004 2010 198 122 112 234
EMEP jan - 2007 2005 168 (410) 130 (317) 94 (229) 224 (546)
HELCOM Decis. 2005/26 2003 217
EMEP jan - 2003 2000 229 180 113 293
EMEP jan - 1998 1995 257 122 84 206
EMEP jan - 1998 1990 412 178 102 280
EMEP jan - 1998 1985 600 190 133 323
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Figure 7. Measured (wet) deposition in the figure above. Estimated total deposition of H* to the entire Baltic during the year
2006 is about 6*10'2 mekv.
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Figure 8. Deposition of basic cations (sea salt excluded).
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Figure 9. Deposition of basic cations (sea salt included).
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Carbon dioxide (CO,) is dissolved in water and
makes carbonic acid (eq 1 and 2 below). In the
water the carbonic acid makes hydrogen ions and
hydro carbonate ions (eq 3). The hydrogen ions
make the water more acidic, i.e. we will measure a
decrease in pH. In acidic water the carbonate ions
will react with the hydrogen ions to make hydro
carbonate (eq 4 towards the left). This may result
in a lack of carbonate ions for calcifying organ-
isms. With continued decrease of pH, the seawater
turns undersaturated for aragonite and calcite
which would cause spontaneous dissolution of
organisms with calcified structures.

Since atmospheric carbon dioxide is in equilib-
rium with carbon dioxide in the surface water of
the sea, the concentration of carbon dioxide in the
sea is proportional to the concentration in the air.
The transfer rate between water and air is rather
slow, so short-time fluxes in atmospheric carbon
dioxide levels have no effect on the carbon diox-
ide content of the sea.

Solubility of carbon dioxide in water increases
with decreasing temperature, so cold seas in the
north are probably the first to be affected by acidi-
fication.

Gaseous carbon dioxide is relatively inert, but
when dissolved in water, it reacts to form carbonic
acid:

CO,(g) < CO,(aq) (1)

CO,(aq) + H,0 « H,CO, (2)
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Carbonic acid is deprotonated in two steps:

H,CO, < H* + HCO* (3)

HCO* & H* + CO > (4)

Alkalinity is a measure of the buffering capacity,
the ability to neutralise an addition of acid with-
out a change in pH. The buffering ions neutralise
some of the added protons, making the change in
pH much less than in an unbuffered system. In
the ocean, silicate, borate and phosphate ions,
among others, contribute to the total alkalinity
(A,), but carbonate and bicarbonate are the most
important ingredients:

A, =[HCO,] + 2[CO*] + [B(OH), ] - [H*] +
[OHT + 2 [PO,*] + [SIO(OH), ] (5)

When acid is added, protons are absorbed by
carbonate and bicarbonate ions (3, 4). These reac-
tions are the main buffers in sea water. In hypoxic
waters, hydrogen sulphide and phosphate are the
main contributors to total alkalinity.

Since carbonate is consumed in the buffering
process, the result of acidification is not only a
lower pH, but also a reduction of carbonate ion
concentration.

A greater buffering effect than the one described
above could be expected from the carbonate-rich
sediments in the oceans:

CaCO, « Ca* + CO> (6)

As pH and carbonate ion concentration decreases,
calcium carbonate will dissolve and buffer acidi-
fication. The mixing of surface water and deep
ocean water is however so slow that the surface
water is likely to be acidified before any buffering
effect by the sediments could be detected.
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In the oceans, alkalinity is proportional only

to salinity. From the northernmost part of the
Bothnian Bay to the Danish Straits and the Sound,
the Baltic Sea is highly affected by river runoff,
and alkalinity varies not only with salinity but is
also affected by geology. The northern part of the
drainage area is dominated by silicate rock, which
gives the river runoff a low pH and a low alka-
linity. The south-eastern part is rich in limestone
areas, and the carbonate content of the river water
gives runoff from this area a high alkalinity. This
gives the Gulf of Riga and the south-eastern part
of the Baltic Proper a higher alkalinity than other
parts of the Baltic Sea with similar salinity.

While pH in ocean surface water is relatively
constant, pH in the Bothnian Bay shows great
spatial and seasonal variation. In river mouths
and estuaries, pH might sink as low as 5.0-5.5 at
spring flood. This is believed to seriously affect the
reproductive success of spawning fish. The acidifi-
cation of river water originates from sulphur-rich
soils, and is not connected to pollution (Hudd, R.
2000).
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During the workshop, a few research groups were
discussed:

J ”Vasa-gruppen” examine effects of acid
increase during the spring in the northern
Quark. The pH level can drop to 5 which
results in migration of fish to areas fur
ther away from the coast, where the pH is
higher (reference: Lauri Urho and Richard
Hudd at the Finnish Game and Fisheries
Institute).

J Mesocosm-experiments exist for example
in Germany, but there are often large
decreases of pH in those experiments.

° NIVA

J Tjarno — experiments on cold water
corals.

o At Sven Lovéns Centre for Marine

Sciences: FORMAS project by Jonathan
Havenhand, Mike Thorndyke and Sam
Dupont. Researching effects on
fertilization and early life stages of marine
invertebrates due to decreased levels of
pH.

J Berndt Schneider at the Baltic Sea
Research Institute (in cooperation) -
measurements of pCO, along the
Alg@line route. Though the research is
not on the ecological scale.

o Sopran-project, Germany.

J EPOKA, biological effects on marine
acidification. Research and modelling.

J Uppsala University has pCO,

measurements in air and water at
Gotland. Contact: Anna Rutgersson on
Earth Science, Uppsala University.
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There is very little work on the existing — or future
— effects of acidification on Swedish marine eco-
systems. A recent report (Tyrrell et al., 2007) sug-
gests that the absence of calcifying phytoplankton
(notably coccolithophores) in the Baltic Proper,

is caused by the low saturation state of aragonite
in these waters, and that this, in turn, is a result
of naturally low carbonate concentrations and
high pCO, levels (low pH) in winter. Tyrrell et al.
(2007) conclude that the Baltic Proper is already
undersaturated for aragonite and calcite in winter
— a condition that would cause the spontaneous
dissolution of calcified structures.

The only published experimental work of the
effects of ocean acidification on Swedish coastal
species shows reduced growth of blue mussels,
Mytilus edulis, but only at levels of ocean acidi-
fication expected beyond the year 2400 (pH 7.4,
Berge et al., 2006). Although studies of adult
organisms (and using extreme levels of ocean acid-
ification) are of value, the Royal Society working
group (Raven et al., 2005) again identified ... an
urgent requirement for experiments addressing the
effects of smaller increases in CO, on the repro-
duction of marine animals”.

The results of experiments answering this call

are only just becoming available, and Sweden is
among the world-leaders in this field. Results for
Swedish species to date show: rapid 100% mortal-
ity of larvae of a common brittlestar, Ophiothrix
fragilis, in response to a 0.2 pH unit fall (Dupont
et al., in press) (figure 10); reduced survivorship
of larvae of another common brittlestar species,
Amphiura filiformis, and the seastar Asterias
rubens, in response to a 0.2 pH unit fall (Dupont
et al., unpublished); increased generation times in
the copepod Acartia tonsa, and increased survi-
vorship and growth rates in the tunicates Ciona
intestinalis, and Ascidiella aspersa (Dupont et al.,

unpublished).

All of these data show negative impacts of near-
future levels of ocean acidification on calcifying
species, and are consistent with predictions of ear-
lier reports (Raven et al., 2005; Orr et al., 2005;
Feely et al., 2004; Ruttimann, 2006; Kleypas et
al., 2006).
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Notwithstanding the paucity of hard evidence,

it is highly probable that a number of biological
processes will be significantly affected by ocean
acidification. These include basic metabolic
functions such as photosynthesis (Riebesell et

al., 2007), mode of metabolism (Portner et al.,
2004), fertilisation success (Kurihara et al., 2007;
Havenhand et al., submitted), larval developmen-
tal success (Dupont et al., in press; Kurihara et
al., 2007; Kurihara et al., 2004; Dupont et al.,
unpublished; Havenhand et al., submitted), and
biogenic calcification (Riebesell, 2004; Berge et
al., 2006; Green et al., 2004; Renegar et al., 2005;
Shirayama et al., 2005).

These latter processes are pivotal to the sustained
health and functioning of marine ecosystems: for
example, preliminary estimates for sea urchins
suggest that the effects of acidification (by 0.4 pH
units) on fertilization success, larval- and post-lar-
val survivorship could reduce population viabil-
ity by < 50% (Havenhand et al., submitted). If
general, these results have pervasive implications
for the structure and viability of marine communi-
ties and the ecosystem services they provide. In
contrast, the only available work on metabolic
impacts of acidification suggests that many species
will be affected only marginally (Portner et al.,
2004), although reduced aerobic performance,
and substantial depression of metabolic activity
may occur, not least due to pH-induced reduc-
tions in oxygen-transport capacity in the blood of
marine animals (Portner et al., 2004) (so-called
Bohr-shift; figure 11).

Importantly, genetic variability — and hence capac-
ity to adapt — in response to these changes is criti-
cal for understanding the longer-term resilience

of marine communities to acidification (Raven et
al., 2005). Here again, the Royal Society expert
working group stated: “...we are generally unable
to say whether organisms will be able to adapt...
in the short term, or evolve in the long term”
(Raven et al., 2005). This issue requires urgent
attention.
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Figure 10. (upper) 8 d old larvae of the brittlestar Ophiothrix fragilis reared at pH 8.1 (left) and pH 7.7 (right). Arm-length,
body-size and development at pH 7.7, are all significantly reduced. (lower) percent abnormality in larvae of Ophiothrix fragilis
raised at pH 8.1,7.9 and 7.7. Note absence of abnormalities in pH 8.1. All larvae at pH 7.9 and 7.7 died after 9days. The normal
larval period for this species is 3 weeks (Dupont et al,, in press).
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The most common species of the phytoplankton
group coccolithophorids in the open oceans is
Emiliania huxleyi. It is an important sink for
carbon, through the sedimentation of the calcare-
ous shells, called coccoliths, (CaCO,) to the deep
sea bottoms. The equations below show how E.
huxleyi produce calcium carbonate (equation a),
and how carbon is fixed through the photosyn-
thesis (equation b). The coccolithophorids thus fix
carbon in two ways, first by the calcification of
the calcareous shells and second by the photosyn-
thesis which is in common with all other plants.

Oxyhaemoglobin (% Saluration)

a) 2HCO; + Ca* + H" « CaCO, + CO,
+ H,O

b) CO, + HO - CH,O + O,

If the concentration of carbon dioxide increase in

the seawater, and thus there will be decrease in Figure | 1. Effects of decreasing pH on oxygen-car-
pH, then the coccoliths of the coccolithophorids rying capacity of a typical respiratory pigment in
(in the form of calcite) will dissolve. Experimental the blood of a marine organism (from Portner et
studies have shown this effect by using scanning al., 2004). Oxygen carrying capacity decreases dis-
electron microscopy (Riebesell et al., 2000) , and PrOPHorElonately (red arrow) with small reductions
Tyrrell et al. (2007) have suggested that the near- in pH (blue arrow)

absence of Emiliania from the Baltic proper is

entirely due to the low saturation state of carbon-

ate (= high pCO,) in these waters.

With specific reference to Swedish coastal waters,
calcifying species such as the coccolithophorid
Emiliania huxleyi, the blue mussel Mytilus edulis,
the barnacle Balanus improvisus, the cold-water
coral Lophelia pertusa, and a number of crusta-
ceans and echinoderms (eg Amphiura filiformis),

Table 3. Marine organisms with calcification of shells or skeletons.

Group Form of Calcium carbonate

Foraminifera calcite

Coccolithophorids calcite

Echinoderms calcite

Crustaceans calcite

Molluscs aragonite (pteropods), aragonite and calcite (other)
Corals aragonite

Macroalgae aragonite or calcite
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play major roles as ecosystem engineers in the
Baltic and/or Skagerrak. Given the experimental
results obtained to date and the observed trends
of declining pH in Swedish coastal waters (http:/
www.smhi.se/cmp/jsp/polopoly.jsp?d=104078&a
=31432&Il=sv), it is likely that significant ecosys-
tem-wide effects will be observed within 50 — 100
years, and possibly sooner.

Some species are probably to gain or not to be
affected to any appreciable extent from a decrease
of pH. It may be favourable to some jellyfish and
sea squirts and primary production, but this is
also uncertain. Some macro algae probably gain
from the decrease, since they are carbon limited.

Probable outcomes include the increasing preva-
lence of non-calcifying taxa, and increased likeli-
hood that marine ecosystems will pass a “tip-
ping-point” and change to a completely different
quasi-stable structure. Unabated decreases in
coastal ocean pH will “tip” the current ecologi-
cal dominance of (eg) blue mussels in the Baltic
proper, change the recruitment patterns of many
key marine species (eg brittlestars, and some fish),
and likely cause complete local extinction of the
recently-discovered Lophelia pertusa biodiversity
“hotspots” in the Skagerrak.

Given that the marine science community is only
now awakening to the possible consequences of
ocean acidification, it is likely that some level of
impact has already occurred. Equally it is proba-
ble that this will continue (and possibly accelerate)
in the coming decades. Nonetheless, predicting
the precise nature and timescale of these effects
with any reasonable degree of certainty is pres-
ently impossible.

There is an alarming absence of information
regarding the effects of near-future levels of ocean
acidification on Swedish marine taxa. [It is note-
worthy that although scant, the data summarized
here comprise most of the available published
information in this field].
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There is an urgent need for:

J investigations of the effects of ocean
acidification on the early life-history
stages (reproduction, fertilization, larval
development, recruitment) of key
ecosystem-structuring species, and
commercially important species of fish
and shellfish

o assessment of the extent of pre-existing
genetic variation (ie capacity for
adaptation) to ocean acidification in key
ecosystem-structuring and commercially
important species.

o ecosystem-level mesocosm studies of the
impacts of ocean acidification on Swedish
marine systems

o improved regional-scale modelling of
acidification mechanisms in Swedish
coastal waters

o testable ecosystem-scale food-web models
to articulate with regional acidification
models.



Monitoring is essential to be able to provide the
basis for environmental surveillance and mac-
roecological analysis of the potential impacts

of acidification for ecosystems and dependant
services, such as fisheries. These observations
would be used to assess the extent of the problem
and for the validation of models and predictions.
Specifically these should have broad geographic
coverage to monitor response over a range of
salinities and alkalinities. Continued monitoring is
also required to assess the impact of any remedia-
tion measures that have been undertaken (ICES,
2007).

An aspect not included further in the report is the
need for development of models. To assess the
likely implications to the ecosystem and fisheries,
a joined-up approach is required whereby models
of higher trophic levels are coupled to physical
and biogeochemical models. In relation to fisheries
dynamics, there are two critical issues that experi-
ments cannot incorporate: (i) population-scale
processes, such as broadcast spawning, migration
and spatial population structure or (ii) community
and ecosystem structuring processes such as com-
petition and predation (ICES, 2007).

According to the HELCOM COMBINE Manual,
pH and A are parameters included in the
National Monitoring programmes of Finland,
Germany, Lithuania and Sweden. The focus

of monitoring these parameters in coastal and
open-sea areas differ between the countries in the
following way:

Finland: pH and A measured at several
near-coastal stations.

Germany: pH and A measured at open-sea
stations.

Lithuania: pH at near-coastal stations.

Sweden: pH and A measured at near-

coastal and open-sea stations.
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It is obvious that there has not been any joint
HELCOM effort on monitoring the acidification
of the Baltic Sea. This is a new area of monitoring
for future years. Fortunately there is data avail-
able, which can be used for the long term analysis.

The monitoring programmes so far have been
focused on the problems of eutrophication and
anoxia, so analysis of acidification and buffer-
ing capacity have not been a main priority. pH
and alkalinity have been included in monitoring
programmes not so much for their own impor-
tance, but as a supplement to analysis of primary
production. The DIC concentration required for

analysis of primary production is usually calcu-
lated from pH and A

Continuous measurements of pCO, are performed
from cargo ship on route between Liibeck and
Helsinki. This has been going on since 2003 in
cooperation with the Finnish Algaline project
(Schneider et al., 2007).

Hourly measurements of pCO, in air and water
are recorded from a moored instrument east of
Gotland since 1995 (ref. Uppsala University).



Marine acidification according to most textbooks
on marine chemistry and oceanography is not an
issue due to high buffer capacity of ocean water.
Recently (Royal Society 2005) a comprehensive
study discussed the matter in detail, indicating the
opposite, that acidification takes place under the
pressure of increasing atmospheric CO, burden.
It was also a key issue discussed under the latest
AAAS meeting in Boston (Bojs, 2008).

Also in brackish water systems acidification can
take place. SMHIs own trend station data on pH
and Alkalinity indicate a decrease in pH similar to
what the global ocean data indicate. The factors
causing this trend are still unclear. Nevertheless,
the consequences for brackish water life can be
devastating.

Since marine and brackish water acidification

is a new and unexpected negative disturbance
there is little information on how to deal with it
from a management point of view. In the Water
Framework Directive acidification is an issue but
to be understood only for freshwater. Recently
Swedish EPA decided on methods and classifica-
tion rules to evaluate acidification in lakes and
rivers. There is a possibility to extend and/or
adapt the methods and classes to coastal and tran-
sitional waters but so far there is no monitoring
data available from these waters. Alkalinity and
pH data are only collected at a few open sea trend
stations in Skagerrak, Kattegat and Baltic Proper
by SMHI.
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The upcoming Marine Strategy Framework
Directive (MSFD) will be the instrument to
achieve good environmental status by 2010 in all
European Marine Regions. In the present form,
decided by the Council and the Parliament in
December 2007, the status shall also include ma-
rine acidification. In the Annex III, Indicative lists
of characteristics, pressures and impacts, under
physical and chemical features, pH, pCO, profiles
or equivalent information used to measure marine
acidification is prerequisite. Hence, when the final
decision on the MSFD is taken a firm basis exist
to deal with marine acidification from a legal
point of view.

In HELCOM COMBINE monitoring programme
nothing is said about acidification and the need
for monitoring and assessment in brackish water
bodies of the Baltic Sea area. The COMBINE pro-
gramme does give advice on how to measure pH
and Alkalinity, while in the assessment procedures
acidification in itself has not been evaluated so far.

A possible Swedish action would be, either ask
HELCOM MONAS to prepare a pilot study

on the state of affairs and possible causes and
consequences, or make a national report to be
presented at HELCOM to increase awareness on
the this issue.

We recommend that Sweden work for improving
the status of pH and A to be Core variables in-
stead of Main variables in HELCOM COMBINE
“High frequency Sampling” programme taking
into account the last 15 years negative trends in
pH in waters surrounding Sweden as well as in
the global oceans.



The definition of acidification is a decrease in pH

in the environment. Thus, the obvious method for

monitoring the acidification process in the marine
environment is to measure the parameter pH in
the water.

At present, pH and A, are monitored monthly

at standard depths at 8 stations in Skagerrak,
Kattegat and Baltic Proper within the national
monitoring programme. Of these are 3 located in
coastal waters (Halland, Smaland & Sormland;
Type 5,9 & 12).

Anthropogenic carbon dioxide emissions, how-

ever, have been found to change the chemical state
of seawater towards increased acidification. Thus,

to understand the process of marine acidification
it is important to monitor the concentration of
inorganic carbon (DIC) in the seawater. pH is a

function of total alkalinity (A ) minus DIC. If tem-

perature and salinity is known, as well as two of
the following parameters, the remaining two can
be calculated: tot DIC, A, pH and pCO, (partial

pressure, or fugacity of CO,).The concentration of

inorganic phosphate and silicate affects the calcu-
lation and should be included in the equations (if
measured in the water sample).

The equation above uses the stability constants
(K0, K1 and K2) of the inorganic carbon system.
These constants are temperature and salinity de-
pendant and are not optimized for the Baltic Sea
brackish environment less than 10 psu.

It is important to optimise the methods. The
choice of pH-scale should be documented.

[EN

Monitor acidification: Measure pH

2. Monitor/examine acidification and buffer
capacity of the water, i.e. how sensitive

is the system for continued acidification:
measure pH, A, and temperature and
salinity. DIC (dissolved inorganic carbon,
i.e. carbonate) can be calculated. NB!
Weakness: the stability constants in the
equations are adjusted for oceanic water.
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3. Direct measurement of the carbonate
ystem. As in 2, with added direct analysis
of DIC in water sample (several analytical
techniques available)

4. Refined calculation of buffer capacity:
As above, with nutrient analysis added,
mainly silicate and phosphate which
affect the calculation of alkalinity to a
certain extent.

5. The balance between carbon dioxide in
air and water may be investigated to cal
culate where sources and sinks may be
found. For this reason the partial pres
sure of carbon dioxide, pCO,, in air and
water is analysed and calculated. This
varies considerably in space and time,
however, especially in air (i.e. exhaust
from combustion), which makes this
approach most suitable for long time
continuous monitoring efforts.

6. Include studies on the effects of the
marine life, e.g. effects on calcification of
specific organisms, and effects on the
biodiversity of populations and
communities.

We recommend that besides the standard para-
meters, pH, A, and DIC are monitored. For
completeness, primary production should also be
monitored.

We recommend that an investigative monitoring
is established by extending the parameters that is
needed to firmly improve the chemical stability
constants between pH, A, DIC and pCO, in low
saline waters. This can be done by just extend-
ing the sampling program at selected monitoring
stations. Sampling should cover a period of 2 to 3
years.

We recommend that direct water sampling of
pCO, for monitoring purposes should be assessed
after the recommendation above is evaluated and
that ongoing research projects on pCO, measure-
ments using ferryboxes are finalised.



pH is defined as the concentration (or to be more
accurate, the activity) of hydrogen ions in a sam-
ple.

pH = -log [H']

The definition of pH is operational, and a few
different scales are used, with slight differences

in definition. It is usually determined with an
ion-selective glass electrode, calibrated with a set
of reference buffers. This method requires careful
handling of the electrodes, and regular calibration.
Samples must be analysed within a few hours after
sampling. Samples are thermostated while ana-
lysed, ideally as close to the in situ temperature as
possible.

The NBS scale is based on buffers with low
ionic strength, and is widely used for analysis of
freshwater samples. It is not optimal for analysis
of high salinity seawater, since the difference in
ionic strength between sample and buffer causes
changes in electrode potential.

A few other scales have been suggested for de-
termination of pH in sea water, based on buffers
with higher ionic strength. pH measured accord-
ing to these scales includes not only the concentra-
tion of free hydrogen ions, but also hydrogen ions
interacting with other species (such as SO, and
F). These scales are preferable to the NBS scale
for oceanic water, but not for low-saline water
such as the Bothnian Bay.

When pH is determined, it is often corrected to in
situ temperature, and sometimes to in situ pres-
sure. When sets of pH data are compared, pH
scale and corrections must be considered.

The HELCOM COMBINE Manual recommends
that pH should be determined according to the
NBS scale, using thermostated samples, and be
corrected for in situ temperature but not for in
situ pressure. The temperature correction should
be made using the temperature coefficient by
Gieskes (1969). No depth correction should be
applied because the pressure coefficient is not
precisely known. pH sensors (e.g., attached to a
CTD) are also allowed.
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One example of a pH sensor is the SeaBird pH
sensor ( SBE 18) which uses a pressure-balanced
glass-electrode/Ag/AgCl-reference pH probe to
provide in situ measurements at depths up to
1200 meters (www.seabird.com). Another pH
sensor available for seawater is the YSI pH sensor
(YSI 6561 pH sensor, www.ysi.com).

During the last years, the method of determin-
ing pH with spectrophotometric techniques has
proven to be reliable and accurate. With a spec-
trophotometer and a suitable indicator dye, such
as thymol blue, pH can be determined with high
accuracy. The method is based on knowledge of
stability constants and molar absorptivity con-
stants of the indicator, rather than depending on
calibration of the instrument. It has successfully
been applied also in automated systems.

The spectrophotometric method requires more
expensive and complex instruments, but appears
to fulfil the demands of accuracy and reliability.

When samples are handled, it is important that
they are kept out of contact with air, since ex-
change of carbon dioxide will change pH. Samples
must be analysed within a few hours after sam-

pling.

A_is a measure of the total content of buffering
ion species, of which the carbonate system is the
most important (5).

A_is expressed in mol/kg (the number of protons
required to neutralise the proton acceptors in a 1
kg sample). It is sometimes expressed in mol/l.

It is usually determined with potentiometric
titration, which is also recommended by the
HELCOM COMBINE Manual. A sample of
known weight is titrated with hydrochloric acid,
while the change in pH is monitored continu-
ously. The same type of instrumentation as for pH
determination can be used, supplemented with a
burette for acid dispension. Ideally, burette opera-
tion as well as data collection is controlled by
appropriate computer software.



Alkalinity is sometimes used in physical ocea-
nography for tracing and identification of water
masses. Just as salinity, alkalinity is a conservative
parameter which remains constant for a certain
water mass. As opposed to pH, older data are
usually very reliable. The samples are less sensitive
to handle and store than the pH samples, since the
exchange of carbon dioxide will affect pH but not
alkalinity.

When the sample is acidified, all carbonate and
bicarbonate is converted to free carbon dioxide.
The carbon dioxide is purged out with an inert
gas, such as nitrogen or helium. The gas is bub-
bled through an ethanolamine solution, Carbon
dioxide reacts with ethanolamine to form hydrox-
ethylcarbamic acid, which then is coulometrically
titrated.

The method demands high purity nitrogen or
helium gas, and requires hazardous chemicals
such as ethanolamine and dimethyl sulfoxide. It
also requires high purity carbon dioxide gas for
calibration.

The partial pressure of a gas is ideally defined as
the product of the mole fraction of the gas and
the total pressure of the gas phase. Since carbon
dioxide does not behave like an ideal gas, the
term fugacity should be used rather than partial
pressure. Still, most data are presented as pCO,
values, since the difference is rather small.

When pCO, in seawater and pCO, in air is meas-
ured at the same time, the difference shows the
momentary flux of carbon dioxide between sea
and atmosphere. The difference, A pCO,, is the
driving force in the net flux of carbon dioxide.

The mole fraction of carbon dioxide is determined
using a non-dispersive infrared analyser (NDIR).
The principle can be applied to both discrete
sampling (measuring collected samples in flasks)
and continuous systems (measuring in an equili-
brated flow of air/water). The latter version has
successfully been applied to underway systems
(Kortzinger et al. 1996).
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The method requires calibration gases with a
matrix similar to air (a mix of nitrogen, oxygen
and argon) with known mole fractions of carbon
dioxide.

pCO, can also be determined with gas chromatog-
raphy, but such systems are usually too delicate
for use at sea.

For the system described by the equations 2-5 in
chapter (The carbonate system and processes in
the Baltic Sea and Skagerrak/Kattegat), it is pos-
sible to calculate the two remaining parameters
when two others out of the four (pH, A, DIC and
pCO,) are known. Since the stability constants for
equation 2-4 above are dependant of salinity and
temperature, these two parameters need also to be
analysed.

Since uncertainties in measurements and constants
are magnified in these calculations, reliability may
vary between. If DIC and pCO, are measured, A,
can be calculated with accuracy similar to that
obtained in direct measurements. The parameters
A, and DIC are a poorer base for calculations; pH
or pCO, should not be calculated from these two
measured parameters.
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The spatial analysis of pH in the Baltic, Kattegat
and in Skagerrak indicates that stations at sea,
partitioned more than 50 to 100 km are independ-
ent of each other, whereas temporal resolution
longer than 1 month are more or less independent.
(See figures in appendix II.) Similar analysis for
costal stations is not performed due to insufficient
data.

Stations for trend analysis (Andersson et al.,
2004) indicate that pH and total Alkalinity are
robust parameters, which easily fulfils the goal
to show a 10% trend in ten years time at 80%
significance level.

Hence, a national monitoring program on profil-
ing marine acidification can be based on monthly
water sampling at standard depths of pH. Stations
should be distributed spatially with ca 2 sampling
stations in each sub-basin, except in Bothnian Bay,
where salinity gradients are low as well as salinity
itself.

Techniques to measure in situ pCO, are available.
Presently this sampling technique based on au-
tomatic system onboard ferries is under develop-
ment in the Baltic Sea. There are different opin-
ions how precise this technique is. We therefore
propose to wait with this kind of semi-automatic
monitoring until ongoing research projects have
been finalised and reports published.

Ferrybased measurements resolve higher spatial
and temporal scales in the variability of pCO,.
However, it remains to be proven if this is a
possibility and in fact needed for monitoring
purposes, having in mind high quality data and
ISO-standards as a basis for national monitoring
programmes.
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Monitoring is essential to be able to provide the
basis for environmental surveillance and analysis
of the potential impacts of acidification for ecosys-
tems and dependant services. These observations
are used to assess the extent of the problem and
can be used for the validation of models and
predictions.

Marine Acidification

At present, the two main acidification parameters
pH and A  are monitored monthly at standard
depths at 7 stations in Skagerrak, Kattegat and
Baltic Proper within the national monitoring
programme (see table 4). Of these are 2 located in
coastal waters (Halland and Kalmar; Type 5 and 9
(NFS 2006:1)).

Table 4. Stations that currently monitor pH and A, in the Skagerrak, the Kattegat and the Baltic Proper within the national
monitoring programme.

SMHI [UMF
monthly SMHI winter [UMF 3 monthly
measure- survey, once [times per measure- SMF twice
Station ments [Comment Iper year lyear |Comment ments Comment [per month Comment
Only pH
(not A), non
Anholt, JUS5B, Only pH (not A), non [B3, Bothnian [standardised |BY31, Baltic |Only pH is
Open sea [Kattegat 2 times per month [Bothnian Sea |C3 standardised depths Sea depths Proper monitored
Still measured
since SMHI
decided not to
A17, terminate a longer Only pH (not A)), non
Open sea  |Skagerrak time series F16 C14 standardised depths
BY'5, Baltic F9, Bothnian Only pH (not A)), non
Open sea |Proper Bay AS standardised depths
BY'15, Baltic Only pH (not A)), non
Open sea |Proper A13 standardised depths
Ut UMF, pH is
measured in the
SMF monitor this hose sampling (0-10
station during the m) at all stations,
summer. Only in favour for the
BY31, Baltic [pH is measured lprimary production
Open sea |Proper during summer. measurements
Only pH
(not A,), non Only pH is
B7, Bothnian |standardised |B1, Baltic monitored
Costal [N'14, Kattegatt[Type 5 Sea depths Proper Type 12.
Ref M1-V2,
Costal [Baltic Proper [Type 9
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Below are three monitoring recommendations,
where the first is divided into a lowest level and a
recommended level.

Within the national monitoring program, at
least one station per open sea area and all costal
stations (Sliggo, N14, B1, Ref M1-V1 and B7)
measure acidification parameters on a monthly
basis in the entire water column at standardized
depths. The national and regional monitoring
programmes should be upgraded in the Gulf

of Bothnia so that pH and A is monitored at
standard depths at least monthly at one station
each in the Bothnian Bay and Bothnian Sea. Also
2 coastal stations in the Gulf of Bothnia located
far from river mouths should be established in
order to assess coastal trends in waters with less
influence of river water. In addition, one coastal
station should be established within Type 14 (i.e.
Ostergotland) in the Baltic Proper in an area not
influenced by river waters. (SLU monitor some
acidification parameters near the mouth of larger
runoff rivers (http://infol.ma.slu.se/db.html).)

The national monitoring program should have
at least one station per open sea area and if the
area is characterized by strong gradients or other
features, there should be more than one station.
Some of the stations in the regional monitoring
programmes should be upgraded with acidifica-
tion parameters, for a better geographical cov-
erage. The acidification parameters should be
measured on a monthly basis in the entire water
column at standardized depths. See table 5 and
figure 12 for suggestion of additional stations (to
be added to the current stations).
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We recommend that an investigative monitoring

is established by extending the parameters that is
needed to firmly improve the chemical equilibrium
constants between pH, A and pCO, in low saline
waters (including temperature, salinity, silicate
and phosphate). This can be done by just extend-
ing the sampling program at selected monitoring
stations. Sampling should cover a period of 2 to 3
years.

We recommend that direct water sampling of
pCO, for monitoring purposes should be assessed
after the recommendation above is evaluated and
that ongoing research projects on pCO, measure-
ments using ferryboxes are finalised.
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]

20°E 24°

Figure 12. Overview of stations that currently measure pH and suggestion of additional stations. Red dot: Monthly meas-
urements, SMHI.Yellow square:Winter survey, once a year, SMHI. Green dot: Monthly measurements, UMF. Cyan dot:
Measurements 3 times per year, UMF Blue dot: Measurements 24 times per year, SMF. Red circles: Suggestion of additional

stations.
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Table 5. Overview of additional stations in different sea areas.

Open sea /Costal [Sea area IAdditionalStation suggestion Motivation
number of
stations
Open sea Bothnian 1 IEF9 Only one additional station in the
Bay central part, due to rather homogenous

'water mass.

Open sea Bothnian Sea 2 C3 and SR3 Two stations due to slightly increased
salinity gradients (east-west direction).

Open sea Baltic Proper 3 BY38, BY2 and INo current monitoring in these sea

BCSIII-10 areas. (BCSIII-10 extra interesting

due to the proximity to alkaline waters
from runoff.)

Open sea Kattegat 1 IFladen Large variability and strong salinity
gradients in the area.

Open sea Skagerrak 1 A17 Reference to a station with higher
salinity.

Costal Bothnian 2 Situated in the middle and southern

Bay archipelago. For improved

geographical coverage and to follow up
acidification in costal areas (motivation
for all costal stations).

Costal Bothnian Sea 3 B7, new station, K627 |At B7 and two additional, suggestion
near Norrtidlje and Gévle.

Costal Baltic Proper| 2 (-3) [No03, V6-VMS, (B1)

Costal Kattegat

Costal Skagerrak 1 Slaggd
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Remaining figures of pH time series in the seas
surrounding Sweden. Several significant trends
of decreasing pH have been found. Figures of the
statistical trend and the level of significance have
been calculated by using simple linear regression.
Only results which are significant on the 95%
level are reported (p<0.05). All changes refer to
the period 1993 to 2007.
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Figure 13.Time series of pH in the Skagerrak.Trends calculated using linear regression.
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Figure 14.Time series of pH in the Kattegat. Trends calculated using linear regression.
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Figure 15.Time series of pH in the southern Baltic Proper.Trends calculated using linear regression.
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Figure 16.Time series of pH in the central and northern Baltic Proper.Trends calculated using linear regression.
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Figure 17.Time series of pH in the Bothnian Sea.Trends calculated using linear regression.
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Figure 18.Time series of pH in the Bothnian Bay.Trends calculated using linear regression.
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Figure 19.Time series of pH at Anholt E, increased depth scale.Trends calculated using linear regression.
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Figure 20.Time series of pH at BY5, increased depth scale.Trends calculated using linear regression.
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Figure 21.Time series of pH at BY |5, increased depth scale.Trends calculated using linear regression.
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All SHARK pH data has been included in the
analysis. The data is normalized and separated
into different depths and months. The distance is
on the x-axis and the semivariance on the y-axis.
If the semi variance is zero, the stations are identi-
cal, if the semivariance is high, the difference is
high. The calculations represent open sea stations
since there is not sufficient data to analyze costal
stations.

Find a plateau where the maximum values have
levelled out. The distance between stations is

half the distance to where the maximum values
have started to level out. The plots are very noisy,
but an estimation representing all months is that
stations at sea, partitioned more than 50 km are
independent of each other. To ensure independent
stations, the distance is recommended to 50-100

km.

Marine Acidification

54

Only Anholt has been used. Both Swedish and
Danish measurements have been used which has
resulted in up to several measurements per day.
The plot is separated over depth.

The curve increases until it levels out (a lot of
noise makes the interpretation more difficult).

For the top layers the levelling out starts after
40-50 days. The remaining layers level out after
50 days or more. Use the surface level since it has
the most variability. If the levelling out starts after
40-50 days, 20-25 days (half) will represent the
frequency. Attempts to similar analyses were made
at Orefjirden, but the results were not obvious.
Anholt is expected to have as large or larger vari-
ability compared to remaining open sea stations in
the Baltic, the Kattegat and the Skagerrak hence
this station can be used to represent the open sea
stations in the temporal analysis. Similar calcula-
tions for costal stations were not made due to
insufficient data.
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Figure 22. Spatial analysis. Semivariogram at different depths and months. All SHARK pH data included.
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Figure 23.Temporal analysis. Semivariogram at different depths of normalized pH values at Anholt 1990 to 2008.
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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 OCEANOGRATFI serie, earlier publications are:

1 Lennart Funkquist (1985) 9 Barry Broman (1986)
En hydrodynamisk modell for spridnings- Oceanografiska stationsnit - Svenskt
och cirkulationsberikningar i Ostersjon Vattenarkiv.
Slutrapport.
11 Cecilia Ambjorn (1987)
2 Barry Broman och Carsten Pettersson. Spridning av kylvatten fran
(1985) Oresundsverket
Spridningsundersokningar i yttre fjarden
Pites. 12 Bo Juhlin (1987)
Oceanografiska observationer utmed
3 Cecilia Ambjorn (1986). svenska kusten med kustbevakningens
Utbyggnad vid Malmo hamn; effekter for fartyg 1986.

Lommabuktens vattenutbyte.
13 Jan Andersson och Robert Hillgren

4 Jan Andersson och Robert Hillgren (1987)
(1986). SMHIs undersokningar i
SMHIs undersokningar i Oregrundsgrepen 1986.

Oregrundsgrepen perioden 84/85.
14 Jan-Erik Lundqvist (1987)

5 Bo Juhlin (1986) Impact of ice on Swedish offshore
Oceanografiska observationer utmed sven lighthouses. Ice drift conditions in the
ska kusten med kustbevakningens fartyg area at Sydostbrotten - ice season
1985. 1986/87.

6 Barry Broman (1986) 15 SMHI/SNV (1987)

Uppfoljning av sjovarmepump i Lilla Fasta forbindelser 6ver Oresund -
Virtan. utredning av effekter pd vattenmiljon i
Ostersjon.

7 Bo Juhlin (1986)

15 4rs matningar lings svenska kusten 16 Cecilia Ambjorn och Kjell Wickstrom
med kustbevakningen (1970 - 1985). (1987)
Undersokning av vattenmiljon vid

8 Jonny Svensson (1986) utfyllnaden av Kockums varvsbassing.
Végdata frin svenska kustvatten 1985. Slutrapport for perioden

18 juni - 21 augusti 1987.
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17

18

19

20

21

22

23

24

25

26

27

28

29

Erland Bergstrand (1987)
Ostergotlands skdrgdrd - Vattenmiljon.

Stig H. Fonselius (1987)
Kattegatt - havet i vaster.

Erland Bergstrand (1987)
Recipientkontroll vid Breviksnis
fiskodling 1986.

Kjell Wickstrom (1987)
Bedomning av kylvattenrecipienten for ett
kolkraftverk vid Oskarshamnsverket.

Cecilia Ambjorn (1987)
Forstudie av ett nordiskt modellsystem
for kemikaliespridning i vatten.

Kjell Wickstrom (1988)
Végdata fran svenska kustvatten 1986.

Jonny Svensson, SMHI/National Swedish
Environmental Protection Board (SNV)
(1988)

A permanent traffic link across the
Oresund channel - A study of the hydro-
environmental effects in the Baltic Sea.

Jan Andersson och Robert Hillgren
(1988)

SMHIs undersokningar utanfér Forsmark
1987.

Carsten Peterson och Per-Olof Skoglund
(1988)
Kylvattnet frin Ringhals 1974-86.

Bo Juhlin (1988)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1987.

Bo Juhlin och Stefan Tobiasson (1988)
Recipientkontroll vid Breviksnis
fiskodling 1987.

Cecilia Ambjorn (1989)

Spridning och sedimentation av tippat
lermaterial utanfor Helsingborgs hamn-
omrade.

Robert Hillgren (1989)
SMHIs undersokningar utanfér Forsmark
1988.
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30

31

32

33a

33b

34

35

36

37

38

39

40

41

Bo Juhlin (1989)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1988.

Erland Bergstrand och Stefan Tobiasson
(1989)

Samordnade kustvattenkontrollen i
Ostergotland 1988.

Cecilia Ambjorn (1989)

Oceanografiska forhallanden i Brofjorden
i samband med kylvattenutslapp i
Trommekilen.

Cecilia Ambjorn (1990)

Oceanografiska forhallanden utanfor

Vendelsofjorden i samband med
kylvatten-utslapp.

Eleonor Marmefelt och Jonny Svensson
(1990)

Numerical circulation models for the
Skagerrak - Kattegat. Preparatory study.

Kjell Wickstrom (1990)
Oskarshamnsverket - kylvattenutslapp i
havet - slutrapport.

Bo Juhlin (1990)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1989.

Bertil Hakansson och Mats Moberg
(1990)

Glommailvens spridningsomrade i
nordostra Skagerrak

Robert Hillgren (1990)
SMHIs undersékningar utanfoér Forsmark
1989.

Stig Fonselius (1990)
Skagerrak - the gateway to the North Sea.

Stig Fonselius (1990)
Skagerrak - porten mot Nordsjon.

Cecilia Ambjorn och Kjell Wickstrom
(1990)

Spridningsundersokningar i norra
Kalmarsund fér Monsteras bruk.

Cecilia Ambjorn (1990)
Stréomningsteknisk utredning avseende
utbyggnad av gipsdeponi i Landskrona.



42

43

44

45

46

47

48

49

50A

50B

51

52

Cecilia Ambjorn, Torbjorn Grafstrom och
Jan Andersson (1990)
Spridningsberikningar - Klints Bank.

Kjell Wickstrom och Robert Hillgren
(1990)

Spridningsberikningar for EKA-NOBELs
fabrik i Stockviksverken.

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

Gustaf Westring och Kjell Wickstrom
(1990)

Spridningsberikningar for Hoganis
kommun.

Robert Hillgren och Jan Andersson
(1991)

SMHIs undersokningar utanfér Forsmark
1990.

Gustaf Westring (1991)

Brofjordens kraftstation - Kompletterande
simulering och analys av
kylvattenspridning i Trommekilen.

Gustaf Westring (1991)
Véagmaitningar utanfor Kristianopel -
Slutrapport.

Bo Juhlin (1991)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1990.

Robert Hillgren och Jan Andersson
(1992)

SMHIs undersokningar utanfér Forsmark
1991.

Thomas Thompson, Lars Ulander,
Bertil Hikansson, Bertil Brusmark,
Anders Carlstrom, Anders Gustavsson,
Eva Cronstrom och Olov Fist (1992).
BEERS -92. Final edition.

Bo Juhlin (1992)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1991.

Jonny Svensson och Sture Lindahl (1992)
Numerical circulation model for the
Skagerrak - Kattegat.
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55

56

57

58

59

60

61

62

63

59

Cecilia Ambjorn (1992)
Isproppsforebyggande muddring och dess
inverkan pd strommarna i Torneélven.

Bo Juhlin (1992)

20 4rs matningar lings svenska kusten
med kustbevakningens fartyg (1970 -
1990).

Jan Andersson, Robert Hillgren och
Gustaf Westring (1992)

Forstudie av strommar, tidvatten och
vattenstdnd mellan Cebu och Leyte,
Filippinerna.

Gustaf Westring, Jan Andersson,
Henrik Lindh och Robert Axelsson
(1993)

Forsmark - en temperaturstudie.
Slutrapport.

Robert Hillgren och Jan Andersson
(1993)

SMHIs undersékningar utanfoér Forsmark
1992.

Bo Juhlin (1993)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1992.

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

Torbjorn Lindkvist (1994)
Havsomradesregister 1993.

Jan Andersson och Robert Hillgren
(1994)

SMHIs undersékningar utanfoér Forsmark
1993.

Bo Juhlin (1994)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1993.

Gustaf Westring (1995)
Isforhallanden utmed Sveriges kust -
isstatistik frdn svenska farleder och

farvatten under normalperioderna 1931-
60 och 1961-90.
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65

66

67

68

69

70

71

72

73

74

75

Jan Andersson och Robert Hillgren
(1995)

SMHIs undersokningar utanfér Forsmark
1994.

Bo Juhlin (1995)

Oceanografiska observationer runt
svenska kusten med kustbevakningens
fartyg 1994.

Jan Andersson och Robert Hillgren
(1996)

SMHIs undersokningar utanfér Forsmark
1995.

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

Maja Brandt, Lars Edler och

Lars Andersson (1998)
Oversviamningar lings Oder och Wisla
sommaren 1997 samt effekterna i
Ostersjon.

Jorgen Sahlberg SMHI och Hikan
Olsson, Linsstyrelsen, Ostergotland
(2000).

Kustzonsmodell fér norra Ostergotlands
skirgard.

Barry Broman (2001)
En vagatlas for svenska farvatten.

Vakant — kommer ej att utnyttjas!

Fourth Workshop on Baltic Sea Ice
Climate Norrkoping, Sweden 22-24 May,
2002 Conference Proceedings

Editors: Anders Omstedt and Lars Axell

Torbjorn Lindkvist, Daniel Bjorkert,
Jenny Andersson, Anders Gyllander
(2003)

Djupdata for havsomraden 2003

Hakan Olsson, SMHI (2003) |
Erik Arnefelt, Lansstyrelsen Ostergotland
Kustzonssystemet i regional miljoanalys

Jonny Svensson och Eleonor Marmefelt
(2003)

Utvirdering av kustzonsmodellen for
norra Ostergdtlands och norra Bohuslins
skargardar
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84
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Eleonor Marmefelt, Hikan Olsson,
Helma Lindow och Jonny Svensson,
Thalassos Computations (2004)
Integrerat kustzonssystem for Bohuslins
skargard

Philip Axe, Martin Hansson och Bertil
Hakansson (2004)

The national monitoring programme in
the Kattegat and Skagerrak

Lars Andersson, Nils Kajrup och Bjorn
Sjoberg (2004)

Dimensionering av det nationella marina
pelagialprogrammet

Jorgen Sahlberg (2005)

Randdata fran 6ppet hav till
kustzonsmodellerna (Exemplet sodra
Ostergotland)

Eleonor Marmefelt, Hikan Olsson (2005)
Integrerat Kustzonssystem for
Hallandskusten

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

Martin Hansson (2006)
Cyanobakterieblomningar i Ostersjon,
resultat fran satellitovervakning 1997-
2005S.

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

Torbjorn Lindkvist, Helma Lindow
(2006)

Fyrskeppsdata. Resultat och
bearbetningsmetoder med exempel fran
Svenska Bjorn 1883 - 1892

Pia Andersson (2007)

Ballast Water Exchange areas — Prospects
of designating BWE areas in the Baltic
Proper



Marine Acidification

86

87

88

89

90

91

Elin Almroth, Kari Eilola, M. Skogen,
H. Seiland and Tan Sehested Hansen
(2007)

The year 2005. An environmental status
report of the Skagerrak, Kattegat and
North Sea

Eleonor Marmefelt, Jorgen Sahlberg och
Marie Bergstrand (2007)

HOME Vatten i sédra Ostersjons
vattendistrikt. Integrerat modellsystem for
vattenkvalitetsberakningar

Pia Andersson (2007)

Ballast Water Exchange areas — Prospect
of designating BWE areas in the
Skagerrak and the Norwegian Trench

Anna Edman, Jorgen Sahlberg, Niclas
Hjerdt, Eleonor Marmefelt och Karen
Lundholm (2007)

HOME Vatten i Bottenvikens vatten-
distrikt. Integrerat modellsystem for
vattenkvalitetsberakningar

Niclas Hjerdt, Jorgen Sahlberg, Eleonor
Marmefelt och Karen Lundholm (2007)
HOME Vatten i Bottenhavets vatten-
distrikt. Integrerat modellsystem for
vattenkvalitetsberakningar

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
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