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Summary
The pH and aragonite saturation state of surface seawaters around Australia 
are influenced by the large-scale circulation, and superimposed on this are the 
effects of seasonal changes due largely to biological activity and temperature 
change. Maximum values of aragonite saturation state tend to develop over 
summer-early autumn, while pH values are typically greatest in winter. 
Biological production contributes to increases of both pH and aragonite 
saturation state in the spring-summer, while warming acts to increase the 
saturation state and decrease pH. Seasonal ranges of both variables are 
already estimated to be outside the ranges that many of Australia’s marine 
ecosystems are likely to have experienced in the late 1800s.
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Rationale
Ocean acidification results from a  c hange i n seawater 
chemistry due to the oceans taking up about 25% of the 
current anthropogenic emissions of carbon dioxide (CO2) 
to the atmosphere (Hurd et al. 2018). The CO2 taken up 

lowers both surface water pH and dissolved carbonate ion 
concentration and increases dissolved aqueous CO2 and 

bicarbonate ion concentrations. The changes are rapid, with 
a decrease in surface water pH of 0.11 estimated to be ten-
fold greater than the rate of change at any in the past 300 
million years (Honisch et al., 2012). By 2100, the surface 
ocean pH is expected to decrease by a further 0.1 to 0.4 
units and dissolved carbonate ion concentration by up to 
50%, leading to similar decreases in the aragonite saturation 
state (Gattuso et al., 2015). Superimposed on these 
large-scale changes, is variability at seasonal and local 
scales associated with natural processes, which can be 
large enough to amplify or offset ocean acidification 
trends, particularly in coastal and shelf environments. 
Ocean acidification can disrupt marine organisms to 
different degrees with potential flow-on effects for a broad 
range of ocean services including shellfish aquaculture, 
coastal protection, and regional economies dependent 
on healthy and sustainable marine ecosystems (Tilbrook 
et al., 2019). Data collected from the Integrated Marine 
Observing System (IMOS) Ships of Opportunity, 
Moorings and National Reference Station facilities 
are providing understanding of how ocean chemistry is 
changing and is providing a baseline to assess the impact 
on marine organisms.

Methods
The pH and aragonite saturation state of seawater have 
been shown to influence the response of marine life to ocean 
acidification. These two parameters were determined in the 
waters around Australia using a climatology of the fugacity of 
dissolved carbon dioxide (fCO2) combined with total alkalinity 

values estimated from a salinity-alkalinity relationship 
for Australian regional seas (Lenton et al., 2016). The 
carbonate chemistry parameters were averaged for the 
decade of 2000-2009, and changes since 1870-1889 
were calculated assuming changes in fCO2 of surface waters 
approximate the increase in atmospheric CO2 over the 

same period (Lenton et al., 2016; Pardo et al., 2019; 
Takahashi et al., 2009). Water samples collected every 1-4 
months at IMOS National Reference Stations were used 
as a check on the values estimated from the climatology, 
and to provide information on seasonal variability in coastal 
waters.

Results and interpretation
Regional and long-term change: The aragonite saturation 
state and pH of surface waters have different patterns 
of change (Figure 1) due to a combination of regional 
variations in total alkalinity and total dissolved CO2 

doi: 10.26198/5e16a38849e78

concentrations, different sensitivities of the saturation state 
and pH to temperature, and the large-scale transport 
and mixing of water masses around Australia (Lenton et 
al., 2016). The aragonite saturation state for 2000-2009 
decreases from values approaching 4 in tropical waters 
to 2.2 near 45°S, while maximum pH values of about 
8.10 to 8.12 are found in subtropical waters. Large 
decreases have occurred since 1870-1890 for both 
parameters with changes of up to 0.6 in the aragonite 
saturation state in subtropical waters and the largest 
changes in pH of about 0.11 have occurred in 
temperate and sub-Antarctic waters (Figure 1).

Figure 1. Top left: Mean aragonite saturation state of surface water for 
the decade 2000-2009; Top right: Estimated change in mean aragonite 
saturation state of surface waters between 1870-1890 and 2000-2009. 
Black circles show the location of IMOS National Reference Stations; 
Bottom left: Mean pH (total scale) of surface water for 2000-2009; Bottom 
right: Estimated change in average pH of surface waters between 1870-
1890 and 2000-2009. 

Seasonality: The seasonal cycles of the aragonite saturation
state of Australian shelf waters is highlighted by data from the 
National Reference Stations (Figure 2). The east coast
and southern shelf sites show a decrease in the aragonite 
saturation state from North to South, with maxima in Dec-
Apr and minima in Jul-Oct (Figure 2). Seasonal changes
in pH are typically out of phase with aragonite saturation 
state by up to 6 months. Data from the Darwin 
National Reference Station are shown, but more 
frequent sampling is needed to better resolve the 
seasonal and longer time-scale signals at this site.

The seasonality at the sites is influenced by the development 
of stable and warmer mixed layers in spring-summer, 
changes in net production, and seasonal changes in the 
transport of offshore waters that typically have higher 
aragonite saturation states and lower pH in the spring-
summer period compared to winter-autumn. The sensitivity 
to these processes varies with the site. High-frequency 
sampling at KAI and MAI using CO2 moorings allow
more complete assessments of the cause of the 
changes by decomposing the drivers of the variability 
(Pardo et al., 2019). At KAI, seasonal warming 

and cooling tends to dominate the surface fCO2 signal, 
which covaries with pH, while aragonite saturation state is 
less sensitive to temperature change and shows only a small 
range compared to most other locations (Figure 2). 
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large parts of the year the biota at these sites are 
already exposed to conditions outside the range of 
values that existed in preindustrial times. 

Interannual change: The 10-year sampling at the sites 
provides an indication of interannual change (Figure 3). 
De-seasonalised high-frequency mooring data for KAI and 
MAI (Figure 4) do show that changes in circulation and the 
transport of water m a s s e s  is driving much of the 
interannual variability in surface water CO2 at these two sites. 
At KAI, the relative strengths of the Leeuwin and Flinders 
current appear to influence the variability while the 
interannual changes at MAI are consistent with a greater 
component of subtropical waters being transported by the 
East Australian Current into the region over time. 

Figure 3. Inter-annual time series of aragonite saturation (left) and pH 
(right) at National Reference Stations Darwin (DAR), Yongala (YON), North 
Stradbroke Island (NSI), PHB (Port Hacking), ROT (Rottnest Island), KAI 
(Kangaroo Island) and MAI (Maria Island). 

Data from this site also shows occasional low fCO2 (and 
lower pH) in the summer as upwelling onto the shelf 
reaches the surface. The seasonality at MAI is also 
influenced by temperature change, but here the greater 
transport of warmer and low-CO2 waters in the spring-
summer and their retreat in autumn-winter drives a greater 
change in the aragonite saturation state and these  
changes partially offset the temperature effect on pH 
at this site. The high variability at the MAI site is due in part 
to the passage of warm and cold core eddies through the 
site. 

The present-day maximum values at the NRS sites are less 
than the values for the 1870-1890 period, suggesting that for 

Figure 2. Monthly climatology of aragonite saturation (left) and pH (right) at 
National Reference Stations Darwin (DAR), Yongala (YON), North Stradbroke 
Island (NSI), PHB (Port Hacking), ROT (Rottnest Island), KAI (Kangaroo 
Island) and MAI (Maria Island). 
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Implications for people and 
ecosystems
As one of the main marine stressors, ocean acidification is 
expected to impact a wide range of marine organisms in the 
future, including coral reefs and wild and farmed 
shellfisheries that generate substantial income and support 
local communities. The range of seawater pH and 
aragonite saturation state values that occur for large parts 
of the year are already outside the range of values that 
were likely in the late 1800s. These data will provide 
a foundation to assess the response of benthic and 
pelagic biota to the changes, and for understanding 
how ocean carbon cycling is evolving in Australia's 
seas, including in the major boundary current regions.  
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Data Sources
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IMOS Acidification Moorings  
http://imos.org.au/facilities/nationalmooringnetwork/
acidificationmoorings/
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