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Response	of	low	clouds	to	global	warming	remains		
greatest	source	of	uncertainty	in	climate	projecFons	
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opinion & comment

COMMENTARY:

Climate goals and computing 
the future of clouds
Tapio Schneider, João Teixeira, Christopher S. Bretherton, Florent Brient, Kyle G. Pressel, Christoph Schär 
and A. Pier Siebesma

How clouds respond to warming remains the greatest source of uncertainty in climate projections. Improved 
computational and observational tools can reduce this uncertainty. Here we discuss the need for research 
focusing on high-resolution atmosphere models and the representation of clouds and turbulence within them.

In the 2015 Paris Agreement1, 
193 countries agreed to holding 
“the increase in the global average 

temperature to well below 2 °C above 
pre-industrial levels … to reduce the risks 
and impacts of climate change”. Currently, 
the carbon dioxide concentration in the 
atmosphere stands at 404 ppm. This is 
120 ppm higher than in pre-industrial 
times, and Earth has already warmed 
1 °C since then2. How much higher can 
the concentration of CO2 and other 
greenhouse gases rise before the 2 °C 
threshold is crossed? The answer to this 
crucial question is uncertain. Depending 
on which, if any, climate model one 
trusts, CO2 concentrations could reach 
between 470 and 600 ppm before the 2 °C 
warming threshold is crossed (Fig. 1a). 
Or, translated into time by assuming CO2 
concentrations continue to rise rapidly3, 
the 2 °C threshold may be crossed by the 
late 2030s, or much later at around 2060 
(Fig. 1a, right axis). Optimal emission 
pathways differ vastly between allowable 
CO2 concentrations at the high or low end 
of this spectrum. 

A number of factors contribute to 
the spread of projections, including 
uncertainties about how much heat oceans 
take up and how anthropogenic aerosols 
affect climate. But the bulk of the spread 
can be traced to the equilibrium climate 
sensitivity, ECS (Fig. 1a). ECS is the global 
surface temperature increase that results 
after CO2 concentrations have doubled 
and the climate system has equilibrated to 
this one perturbation4. Because regional 
changes, for example in temperature or 
precipitation extremes, scale with global 
surface temperature5, ECS also measures 
how strongly rising CO2 concentrations 

impact regional climate. ECSs of current 
climate models are scattered between 2 and 
5 K. This wide range of ECS has neither 
shifted nor narrowed substantially since 
the first comprehensive climate change 

assessment4,6 by the US National Academy 
of Sciences in 1979.

What lies behind the recalcitrant ECS 
uncertainty are primarily uncertainties 
about how clouds respond to warming, 
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Figure 1 | Dependence of climate goals on equilibrium climate sensitivity (ECS) and of ECS on low-cloud 
feedback. a, Allowable CO2 concentration before 2 °C warming threshold is crossed versus ECS. The 
bottom axes displays 1/ECS, the left axes the allowable CO2 concentration, and the right axes the year 
when the 2 °C threshold is crossed (correlation coefficient r = 0.89). Each circle represents a climate 
model, numbered and coloured in order of increasing ECS (ref. 9). The horizontal axis is expressed as 
1/ECS because temperature changes ΔT and concentration changes ΔCO2 are to first order related by 
ΔT ∝ ECS × ΔCO2, so one expects ΔCO2 ∝ 1/ECS for fixed ΔT. The allowable CO2 concentration for 
each model is determined from a high-emission scenario simulation3 as the concentration when the 
5-year low-pass filtered global mean surface temperature rises 1.19 °C above the model’s average for 
2006–2015 (ref. 4). The 1.19 °C represents what remains of the 2 °C target because global mean surface 
temperatures2 have increased by 0.81 °C from 1861–1880 to 2006–2015. Allowable CO2 concentrations 
depend only weakly on the emission scenario considered (provided the 2 °C threshold is crossed in a 
scenario); however, the corresponding time when the 2 °C threshold is crossed (right axis) does depend 
on the emission scenario. Additional uncertainties would arise when one tries to convert allowable CO2 
concentrations into allowable emissions because it is uncertain how much of the emitted carbon dioxide 
will remain airborne. b, ECS versus changes in the amount of sunlight reflected by low clouds over 
tropical oceans9 (r = 0.73). A reduced reflection under warming (negative values) implies an amplifying 
feedback by tropical low clouds on the warming; an increased reflectance implies a damping feedback 
by tropical low clouds.
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Research	goals	

•  Enhance	understanding	of	tropospheric	moisture	
pathways	over	eastern	subtropical	North	AtlanFc	

•  IdenFfy	relevant	processes	for	low	cloud	formaFon	

•  Evaluate	and	constrain	representaFon	of	related	
atmospheric	processes	in	COSMO	
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à		Stable	water	isotopes	
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à		Stable	water	isotopes	

InvesFgate	whether	isotopes	provide	addiFonal	constraints	on	
the	model	parameterizaFon	of	specific	atmospheric	processes		



COSMOiso	δD	cross	secFons:	Enriched	air	over	Africa	moves		
over	the	subtropical	North	AtlanFc	and	pushes	away	depleted	air		
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COSMOiso	δD	cross	secFons	over	
the	subtropical	North	AtlanFc	

Ground-based	remote	sensing	
δD	observaFons	over	Tenerife		
in	the	subtropical	North	AtlanFc	 2013/07/30	12UTC	 2013/07/31	12UTC	
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Case	study	29-31	July	2013:	Enriched	air	over	Africa	moves		
over	the	subtropical	North	AtlanFc	and	pushes	away	depleted	air	


