
SIMULATIONS OF PLIOCENE 
ARCTIC CLIMATE WITH 
PROGNOSTIC AEROSOL-CLOUD 
INTERACTIONS 

Ran Feng, Bette Otto-Bliesner, and Esther 
Brady 
In collaboration with Ashley Ballantyne and 
Tamara Fletcher from University of Montana 



Low Arctic sea ice and warm high latitude 
climate 
Pliocene: 2.6 – 5.3 Ma. High latitude temperatures: up to 18 °C warmer 

Significant Arctic sea ice reduction  seasonal sea ice free, annual sea ice 
approaching present-day summer minimum sea ice extent 

Knies et al., 2014 

Ice rafting debris 

IP25 (biomarker, diatom) 

mid-Pliocene warm 
period (3.3 – 3 Ma) 



Challenges for model simulations 
• Too cold high latitudes and too much Arctic sea ice 

Arctic sea ice extent of PlioMIP I 

Zonal mean model-data comparison of 
terrestrial surface temperature 

CCSM4 



Hypotheses to resolve the underestimate 
of Pliocene high latitude warming 
• 1. Variability of CO2 and orbital forcing (Prescott et al., 

2014; Haywood et al., 2016; Feng et al., 2016, in prep) 
• 2. Arctic gateway changes (Otto-Bliesner et al., 2016, in 

Prep) and regional geographic changes (Hill et al., 
2015)  

• 3. Other climate forcings and feedbacks 
• Sea ice albedo (HadCM3, Howell et al., 2016) 
• Changing atmosphere chemistry in the past 

• Direct radiative effect (Unger and Xu, 2014) 
• Indirect effect – changes in cloud albedo and lifetime 

• PETM (55 Ma), changing cloud condensation nuclei (Kiehl and 
Shields, 2013) 



Outline  
• Aerosol indirect effect 
• Model simulations: 

• Pliocene Arctic: an equilibrium state of clean atmosphere? 
• Changes in energy budget, sea ice and clouds 

 
 

 
 



Indirect effect 
• Cloud albedo  
• Cloud lifetime  

Clean air  Polluted 

IPCC AR5: total radiative forcing due to changes in aerosols since 1750 is 0.7 
W/m2 (compare to 1.68 W/m2 CO2 forcing) 
 



CAM4: only direct radiative effect of aerosol 
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Experiment Design  

CCSM4 (CAM4) 
PlioMIP I 

(Rosenbloom et 
al., 2013) 
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0.9 x 1.25 ° atmosphere, 320x384 grid cells ocean 

B-clean B-polluted 

Emission clean polluted 

CO2 405 ppm 405 ppm 



Global & Arctic temperature responses 

1. Ts CCSM4 is comparable to B-polluted.  
2. ~0.8°C warming of Ts-global, and 2.6 °C warming of 

Ts-Arctic (70° - 90 °N average).  

Brown: CCSM4 
Orange: CESM-CAM5 

Yellow: SLB-CAM5 
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Arctic sea ice volume 

• 46% annual sea ice reduction in B-1850, 23% reduction in B-
2000. 86% reduction in monthly minimum in B-1850, 53% in 
B-2000. 

• Large improvement in simulating Pliocene low ice state 

Shadings: 
monthly min 
and max 



Energy balance (refer to CCSM4 pre-
industrial) 

• Warming: Δαsrf and 
ΔT-εclr 

• Cooling: total heat 
transport  
 

• Mild warming effect 
from Δαcld (clean 
conditions) and 
cooling from ΔT-εcldy. 

°C
 (60 – 90°N

 average) 

ΔT Energy balance decomposition 

ΔT = ΔT(Δα, Δε, ΔΗ, ξ) (Lunt et al., 2013; Hill et al., 2014) 
Δα = Δαcld + Δαsrf + Δαatm (APRP, Taylor, 2007) (α: planetary albedo) 
ΔT-ε = ΔT-εcldy + ΔT-εclr (ε: Emissivity) 



Sea ice melting behavior 

Clean air: earlier and stronger melting, slower 
accumulation 

Shading: variability of last 
15 model years 

Daily rate of change of Arctic sea ice 



Cloud contributions 
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Synthesis  

Polluted regime: 
More CCN   
more summer low clouds surrounding 
the Arctic  
slower summer ice retreat  high 
surface albedo and less water vapor 

clean air regime: 
Less CCN   
less summer low clouds and more 
high clouds surrounding the Arctic  
rapid retreat  low surface albedo, 
more water vapor 



What happens next? 
More realistic representation of Pliocene aerosol emissions 
Fire & biogenic emission (really preliminary) 

Annual wet + dry black carbon deposition on the surface 

Present-day Pliocene fixed SST (PRISM 
3)&Sea ice (Knies et al., 2014) 

mg/m2 

Fixed SST, 
CAM5.4-
MAM4-

CLM4.5-fire 



Thanks. Questions?  



Daily rate of change of ice volume 



Pliocene Earth System Sensitivity vs 
Climate sensitivity 
Moderate CS: comparable to proxy estimates 

Underestimates 
ESS (7.1 – 9.6 
°C/doubling of 
CO2): unlikely a 
CO2 issue, 
changes in other 
components  

Potential range of climate 
sensitivity: 1.3 – 4.0 °C, 
overlapping the model range 
(Hargreaves and Annan, 2016, 
in review) 



Energy balance 
ΔT =Δ T(Δα, Δε, ΔH)+ΔT(syn), Δα = Δα(srf, cld, atm), Δε = Δε(clr, cldy) (Lunt 
et al., 2013; Hill et al., 2014).  
α-cld: Rad (total) – Rad (clear) 
   Δα-cld = Rad-A (total) – Rad-A (clear) – (Rad-B (total) – Rad-B 
(clear)) Rad-B (clear) – Rad-A (clear) - due to surface albedo changes 
instead of clouds 

Energy balance for ensemble members of PlioMIP I 

? 

When surface albedo lowers, Rad-B (clear) – Rad-A (clear) < 0, ΔRad < 0, which 
could mislead the previous analysis.    



Clean world in future 
Gagné et al., 2015 



Arctic climate during the Pliocene 

 
Ts-Arctic: up to 
~18°C warmer 
than present-day 
at individual sites 
 
CO2: close to 
present 
 

Salzmann et al, 2008; 2013 

Pliocene: 5.3 – 2.6 Ma 



• IPCC AR5: total radiative forcing due to changes in 
aerosols is 0.7 W/m2 (compare to 1.68 W/m2 CO2 forcing) 
 



Gettleman et al., 2016, mini-breck 



Quaas et al., 2009 
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