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Robust detection of anthropogenic climate change is crucial to: (i) improve our understanding of 
Earth system responses to external forcing, (ii) reduce uncertainty in future climate projections, and 
(iii) develop efficient mitigation and adaptation plans. Here, we use Earth system model projections 
to establish the detection timescales of anthropogenic signals in the global ocean through analyzing 
temperature, salinity, oxygen, and pH evolution from surface to 2000 m depths. For most variables, 
anthropogenic changes emerge earlier in the interior ocean than at the surface, due to the lower 
background variability at depth. Acidification is detectable earliest, followed by warming and oxygen 
changes in the subsurface tropical Atlantic. Temperature and salinity changes in the subsurface 
tropical and subtropical North Atlantic are shown to be early indicators for a slowdown of the Atlantic 
Meridional Overturning Circulation. Even under mitigated scenarios, inner ocean anthropogenic 
signals are projected to emerge within the next few decades. This is because they originate from 
existing surface changes that are now propagating into the interior. In addition to the tropical 
Atlantic, our study calls for establishment of long-term interior monitoring systems in the Southern 
Ocean and North Atlantic in order to elucidate how spatially heterogeneous anthropogenic signals 
propagate into the interior and impact marine ecosystems and biogeochemistry.

Anthropogenic activities over the past two centuries have led to rapid climate change that is unprecedented over 
the last two millenniums. In addition, the current warming rate exceeds previous warming as reconstructed from 
the last 100,000  years1. In the ocean, substantial changes have been observed and marine ecosystem impacts 
from ongoing circulation changes, warming, deoxygenation, and acidi!cation appear  unavoidable2,3. Isolating 
anthropogenically-forced signals in the presence of background natural variability, whose magnitude is o"en 
non-negligible and spatially complex, is  challenging4. Due to the ocean’s role in bu#ering ongoing climate change 
and in providing essential services to humankind, improved understanding and monitoring of anthropogenic 
climate change in marine systems are important research priorities.

An optimal long-term monitoring network should provide observations in key regions that allow us to: (i) 
rea$rm our understanding of Earth system response to external forcing, (ii) improve our predictive capability 
and (iii) assist ecosystem management and mitigation  strategies5. While remotely-sensed observations pro-
vide invaluable large-scale measurements, they are limited to surface properties. Interior ocean properties are 
traditionally measured at dedicated research cruises, requiring increasingly high resources. Over the past few 
decades, autonomous observing platforms such as ARGO pro!ling %oats and gliders have been deployed suc-
cessfully with a growing number of  sensors6. &e current ARGO array comprises approximately 4000 pro!ling 
%oats, but remains challenging to sustain due to !nancial and human  constraints7. Knowledge on when and 
where anthropogenic climate change signals will become detectable will help us to guide and prioritize future 
observational campaigns.

&e timing and location of anthropogenic signal emergence for key environmental drivers, such as tempera-
ture, oxygen, and pH, are used to assess marine ecosystem vulnerability to exposure beyond natural  variability8. 
Rapid emergence gives organisms less time to adapt, implying a high vulnerability. Furthermore, emergence of 
multiple environmental stressors leads to higher vulnerability than a single stressor since marine biotas would 
have to concurrently adjust to multiple levels of disruptions. Understanding how these aggregated changes may 
propagate is vital to identify regions where the overall ecosystem structure, functioning and services that people 
and societies depend on, will likely be  perturbed9.
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Introduction

› Robust detection of anthropogenic climate change is important to:
• Improve our understanding of Earth system responses to external forcing
• Reduce uncertainty in future climate projections
• Optimize monitoring strategy
• Develop future efficient mitigation and adaptation plans

› Determine the time of departure from surface to 2000 m depths for:
• Temperature
• Salinity
• Oxygen
• pH

› Apply ensemble from 17 CMIP6 ESMs
› Assess impact of climate mitigation on detection time scales (SSP2-4.5 vs SSP5-8.5)
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Kwiatkowski et al. (2020); Henson et al. (2017)

Surface has been the main focus of past studies

The lack of understanding of climate change-driven impacts on 
deep-sea increases the possibility of overlooking ecosystem 
vulnerabilities and risks (IPCC-AR6).



Tjiputra et al. (2020; Naturen); Bertini and Tjiputra (2022)
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Tjiputra et al. (2020; Naturen); Bertini and Tjiputra (2022)



Time of departure/detection (ToD)

6



7



8

Temperature surface and 2000 m
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Oxygen surface and 100 m
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Subsurface (100 m) salinity: a strong indicator for AMOC changes  

Weijer et al., (2020)
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Subsurface (100 m) salinity: a strong indicator for AMOC changes  
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SSP5-8.5

SSP2-4.5

Impact of significant emissions mitigation
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Surface ToD (SSP5-8.5 vs SSP2-4.5)
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2000 m ToD (SSP5-8.5 vs SSP2-4.5)
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Departure of multiple drivers (SSP5-8.5)
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How do NorESM2 
compare to the 
ensemble mean?

Generally similar 
patterns but emerege 
earlier e.g., in the 
Atlantic.

NorESM2-LM



Summary

› Majority of anthropogenic changes (T, S, and O2) are detectable earlier in the interior rather than at the surface.

› The low background variability of interior ocean makes it more vulnerable to future changes.

› Acidification is detectable earliest, followed by warming and oxygen changes.

› Temperature and salinity changes in the subsurface tropical and subtropical North Atlantic are early indicators for 
AMOC slowdown.

› Substantial future changes in the interior ocean have been committed today => regardless of mitigation measures, 
interior ocean changes are projected to emerge within the next few decades.

› Tropical+North Atlantic and the Southern Ocean are early emergence regions and would benefit from long-term 
monitoring system.
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