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Model bias in climate sensitivity tied to biases 
in surface temperature patterns over the 

tropical Indo-Pacific. 
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ARMOUR ET AL.: SEA ICE REVERSIBILITY X - 5

Global radiative forcing (F ) changes approximately linearly with time over the CO2

rampings, by about 3.7 Wm�2
per 70 yr, which is the period of CO2 doubling or halving

[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and

climates [Gregory et al., 2002; Ridley et al., 2008; Winton, 2006, 2008, 2011]. Specifically,

we extend the arguments of Winton [2011], relating hemispheric ice cover to global forcing

through
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R = λΔT

ΔT2× =
ΔF2×

λ

Equilibrium Climate Sensitivity:

ΔF = ΔR

λ =
ΔR
ΔT

Radiative feedback  
(Efficiency of radiative damping) 

Determined by “How efficient is the Earth at 
restoring energy balance through warming?”

Earth’s Equilibrium Energy Balance
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[Myhre et al., 1998]. The o↵set in Figure 1 between warming (red) and cooling (blue)

trajectories implies a lagged response of hemispheric-mean annual-mean surface tempera-

ture anomalies (�TNH and �TSH), as expected from deep ocean heat storage [e.g., Held et

al., 2010]. In order to approximately account for this lag, we consider the evolution of ice

area as a function of hemispheric temperature rather than time. A justification for this

treatment is that annual-mean Arctic sea ice area has been found to decline linearly with

increasing global-mean temperature across a range of GCMs, emissions scenarios, and
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treatment is that annual-mean Arctic sea ice area has been found to decline linearly with
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uptake

ΔF

ΔT

R = λΔT

ΔF(t) + ΔQ(t) = R(t)

Earth’s Transient Energy Balance

ΔT2× =
ΔF2×

λ(t)

Inferred Climate Sensitivity:

Determined by “How efficient is the Earth at 
restoring energy balance through warming?”

λ(t) =
ΔR(t)
ΔT(t)

Instantaneous Radiative feedback  
(Efficiency of radiative damping) 



Radiative feedback depends on pattern of warming

Global radiation response to  
•1oC of warming in West Pacific:  +30 W/m2  
•1oC of warming in East Pacific:   -10 W/m2

∂R
∂T(x)

ΔR = ∫y

∂R
∂T(x)

dT

Dong, Proistosescu, et al 2019

Outgoing Radiation W/m2/oC

λ(t) =
ΔR(t)
ΔT(t)

Instantaneous Radiative feedback  
(Efficiency of radiative damping) 



Models do not reproduce the observed pattern of warming

Zhou et al 2016 

Coupled climate models are generally note able to 
reproduce the observed evolution of Sea Surface 
Temperature (SST) patterns

Coates and Karnauskas 2018 

There are CGCMs that while weaker than the observational data sets, have a significant increase in the SST
gradient between 1900 and 2013 C.E. (Figure S6). It is interesting to analyze the climate changes that corre-
spond to these SST trends in the simulations for which ocean variables are available (no ocean variables are
available for CSIRO-MK3-6-0). One consistent feature is a strengthening and shoaling of the equatorial under-
current (EUC) on the order of 25% per century (consistent with Drenkard & Karnauskas, 2014; Karnauskas
et al., 2016) and spatially concurrent moderation of warming of the equatorial eastern Pacific Ocean over
the top few hundred meters including the surface (Figure 4). Interestingly, the mechanism of EUC strength-
ening in these CGCMs is not consistent. Within the IPSL-CM5A-LR simulation the strengthening EUC is weaker

Figure 2. SST trends (°C/decade) between 2006 and 2100 C.E. for 83 CMIP5 simulations from 41 CGCMs (Table S2). (a) Ensemble mean of the SST trend (°C/decade)
between 2006 and 2100 C.E. for the CMIP5 simulations. (b) Mean of the SST trend (°C/decade) between 2006 and 2100 C.E. for the CMIP5 simulations with
positive trends in the SST gradient (SST difference between 2.5°N-S, 117°E–173°E and 2.5°N-S, 205°E–275°E) that are significant at the 95% level (11 simulations,
Figure 4). (c) Range in the trend (°C/decade) in the SST gradient between 2006 and 2100 C.E. for the CMIP5 simulations. Black line is the median, dark grey the 25th to
75th percentiles, light grey the 5th to 95th percentiles and whiskers are the full range. All trends are estimated from a linear least squares fit to 3 month running
average SST time series. The 83 CMIP5 simulations are using the RCP8.5 emissions scenario.

Figure 3. SST trends (°C/century) between 1900 and 2013 C.E. for 83 CMIP5 simulations from 41 models (Table S2). (a) Ensemble mean of the SST trend (°C/century)
between 1900 and 2013 C.E. for the CMIP5 simulations. (b) Mean of the SST trend (°C/century) between 1900 and 2013 C.E. for the CMIP5 simulations with positive
trends in the SST gradient (SST difference between 2.5°N-S, 117°E–173°E and 2.5°N-S, 205°E–275°E) that are significant at the 95% level (four simulations, Figure 4).
(c) Range in the trend (°C/century) in the SST gradient between 1900 and 2013 C.E. for the CMIP5 simulations. Black line is the median, dark grey the 25th to
75th percentiles, light grey the 5th to 95th percentiles and whiskers are the full range. The range in trends from the raw observational data sets in Figure 1c is plotted
as the lightly shaded region with the red line indicating the mean. All trends are estimated from a linear least squares fit to the 3 month running average SST
time series. The 83 CMIP5 simulations are using the historical simulations appended to simulations using the RCP8.5 emissions scenario.

Geophysical Research Letters 10.1002/2017GL074622
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Models

Changes in W-E Equatorial Pacific 

 SST gradient (C/century)

• historical :coupled models with dynamical 

oceans, forced with historical radiative forcing 

• AMIP: atmosphere models forced with the 

observed history of SSTs

W/m2/oC



W/m2/oC

Proistosescu et al, in prep
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We decompose the feedback into a constant 
feedback plus a contribution from changing SST 
patterns (the pattern effect).  

2

4

CAM5 output

λμ ⋅ +R (EOF1(t))/T(t)

R [W/m2]

1900 1950 2000

0

Mean Pattern + 1st EOF of SSTs weighted by 
green’s function are sufficient to explain changes 
in outgoing radiation in CAM5-AMIP



Rpatterned : EOF1
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          —  AMIP run (CAM5 + historical SST) 
          —  LE Ensemble average (forced) 
— — —  Anomalies from LE Ensemble average
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Coupled model SSTs lack sufficient variability in Indo-Pacific Warm pool

EOF 1 EOF 2

T

EOFs of : T(x, t) ⋅
∂R

∂T(x)

Observed SSTs 

Large Ensemble
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How does radiation depend on the pattern of warming? 
Radiative response to local warming tied to SST climatology

Outgoing Radiation W/m2/oC

Global radiation response to  
•1K of warming in West Pacific:  30 W/m2  
•1K of warming in East Pacific:   10 W/m2

SST climatology
oC

∂R
∂T(x)



Warm Pool Subtropics

Klein and Hartman 1993, 
Wood & Bretherton 2006 , 
Bretherton & Blossey 2014

Low cloud amount depends 
on strength of inversion and 
local temperature

W/m2/oC

oC



Controlled by East Pacific SST  
+EP SST         - LCC

Warm Pool Subtropics+SST

W/m2/oC

oC



+T +T

Controlled by West Pacific SST  
+WP SST         + LCC

Warm Pool Subtropics+SST

W/m2/oC
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Outgoing Radiation W/m2/oC

∂R
∂T(x)

Fast Warming / Total Warming

T3: Coupled ENSO variability 

Pattern effect: 
•Fast modes of warming:  
•Land + Mixed Layer 
•More West Pacific warming 
•More efficient at  radiating to space 

•Slow  warming:  
•Regions of deep ocean heat uptake + East 
Pacific 

•Less efficient at radiating to space 

The “Pattern Effect” summary

Proistosescu & Huybers 2017 
Dong, Proistosescu, Armour, Battisti, 2019


