
1. Introduction
Equilibrium Climate Sensitivity (ECS) is the global mean surface warming at equilibrium following an 
instantaneous doubling of CO2 relative to pre-industrial (PI) conditions (Knutti et al., 2017). It is among 
the most important metrics in climate science, and is widely used in economic and policy assessments of 
future global warming. Due to the complexity of the climate system, however, ECS is poorly constrained 
and its uncertainty has not narrowed across the reports of the Intergovernmental Panel on Climate Change 
(IPCC), from 1.9–5.2 K in the first to 1.5–4.5 K in the fifth report (Knutti & Hegerl, 2008; Knutti et al., 2017; 
Tian, 2015). ECS estimates from the Coupled Model Intercomparison Project 6 (CMIP6) span a still larger 
range of values (1.8–5.6 K) (Zelinka et al., 2020). Analyzing individual feedback processes, in addition to 
both historical and paleoclimate records, a recent ECS assessment shows a 66% range spanning 2.6–3.9 K 
(Sherwood et al., 2020).

Part of the difficulty in reducing ECS uncertainty is that it remains unclear to what degree ECS is a function 
of CO2 concentration. Thus, while ECS estimates inferred from historical (observed) warming are lower 
than the ECS estimates derived from models subjected to abrupt CO2 forcing (Knutti et al., 2017; Marvel 
et al., 2018), this does not necessarily imply that the model estimates are biased high. Comparisons of ECS 
derived from paleoclimate reconstructions also produce mixed results when compared with general circu-
lation models (GCMs). While some paleoclimate studies indicate that climate sensitivity changes with CO2 
concentration (Friedrich et al., 2016; Shaffer et al., 2016; Stap et al., 2019), others do not (Martínez-Botí 
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response is found in Northern Hemisphere surface temperature, sea-ice, precipitation, the latitude of 
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the same models, we demonstrate that the climate system’s non-monotonic response is linked to ocean 
dynamics.

Plain Language Summary We perform runs with two different models using CO2 
concentrations in the atmosphere higher (from 1× to 8×CO2) relative to pre-industrial conditions, in 
order to explore how the effective climate sensitivity (ECSeff) and the entire climate system change with 
increasing CO2. We show that ECSeff is a non-monotonic function of CO2, minimizing at 3×CO2 in one 
model and 4×CO2 in the other. A similar non-monotonic response appears in precipitation, sea-ice, 
the edge of the dry zone, and Hadley cell strength. Interestingly, the Atlantic Meridional Overturning 
Circulation, which brings warm water into the North Atlantic, also shuts down at the same forcings when 
ECSeff is minimum and does not recover for higher forcings. We further show that the non-monotonic 
response of the climate system stems from changes in ocean dynamics.
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et al., 2015). In contrast, for the present and future climate most GCM studies show that ECS increases with 
CO2 (Caballero & Huber, 2013; Colman & McAvaney, 2009; Gregory et al., 2015; Jonko et al., 2013; Meraner 
et al., 2013). Of particular interest here, Meraner et al. (2013) showed that effective climate sensitivity (ECSeff)  
increases monotonically in warmer climates, growing from 2.79 K for an abrupt 2×CO2 forcing to 10.22 K 
for a 16×CO2 forcing. However, that result was obtained using a single slab-ocean model, and whether it 
holds in the presence of a dynamically active ocean is still an open question.

Going beyond ECS, O’Gorman and Schneider (2008) explored the hydrological cycle response to increasing 
CO2 using an idealized GCM, and reported a non-monotonic response in large-scale global mean precipi-
tation with surface temperature. Idealized models also suggest that the Hadley cell (HC) strength responds 
non-monotonically to surface temperature, reaching a maximum value near present-day climate (Levine & 
Schneider, 2011; O’Gorman & Schneider, 2008). Studies with comprehensive models have also found that 
the width of the tropics will widen with increased warming (Chemke & Polvani, 2019; Grise et al., 2019), 
but the question of whether the widening is monotonic over a wide range of CO2 forcing in a comprehensive 
coupled climate model remains unexplored.

Here we perform a series of abrupt CO2 model runs using the coupled atmosphere-ocean-sea-ice-land 
NASA Goddard Institute for Space Studies ModelE (GISS-E2.1-G) (Kelley et  al.,  2020), and Commu-
nity Earth System Model Large Ensemble (CESM-LE, Kay et al., 2015), to quantify the response of the 
climate system over an extensive range of CO2 forcings (1× to 8×CO2). Extending the work of Meraner 
et al.  (2013), we explore the fully coupled atmosphere-ocean system (not only the slab-ocean system), 
and we go beyond ECSeff to analyze the response of many other important components of the climate 
system, notably sea-ice, precipitation, and the HC. As shown below, we find the response for many such 
components to be not only a non-linear but a non-monotonic function of CO2 forcing in both the GISS 
and CESM models.

2. Methods

We use fully coupled atmosphere-ocean-sea-ice-land (FOM) and the slab-ocean (SOM) versions of GISS-
E2.1-G and CESM-LE. In the FOM version of GISS-E2.1-G, a 40-level atmospheric model with a resolution 
of 2° × 2.5° latitude/longitude is coupled to the 1° horizontal resolution 40-level GISS Ocean v1 (GO1) mod-
el: this model configuration contributed to the CMIP6 project, and is denoted as “GISS-E2-1-G, r1i1p1f1.” 
In the SOM version, the same atmospheric model is coupled to a mixed-layer ocean, with a prescribed 
ocean heat transport (OHT) derived from an atmosphere-only PI integration constrained with observed PI 
sea surface temperatures (Schmidt et al., 2006). The FOM of CESM-LE uses the Community Earth System 
Model version 1 (CESM1), the Community Atmosphere Model version 5 (CAM5, 30 vertical levels), and 
parallel ocean program version 2 (POP2, 60 vertical levels) with approximately 1° horizontal resolution in 
all model components (Kay et al., 2015). The SOM configuration of CESM-LE uses the same atmospheric 
model coupled to a mixed-layer ocean with prescribed OHT (Bitz et al., 2012), kept constant at PI annual 
and monthly values of CESM, respectively.

For the FOM versions, we perform a series of abrupt CO2 forcing runs, with 1.5× (only GISS-E2.1-G), 
2×, 3×, 4×, 5×, 6×, 7×, and 8×CO2 forcings, with all other trace gases, ozone concentrations, and aer-
osols fixed at PI values. We contrast these to a PI control run. To clarify: we are not progressively dou-
bling CO2, as done in some other studies, but we start each forced run from PI conditions. Following 
the 4×CO2 protocol for CMIP6, all of our abrupt CO2 model runs are integrated for 150 years starting 
from PI conditions.

In addition to the FOM runs, we also carry out 60-year-long integrations with the SOM version of the mod-
els for 2×, 3×, and 4×CO2 forcings, and contrast them to a 60-year-long PI control run.

Following Forster et al. (2016), we estimate the effective radiative forcing (ERFfSST) by performing 30-year-
long integrations using prescribed pre-industrial sea surface temperatures (SST) and sea ice. As in the 
FOM simulations, these are performed for 1.5× (only for GISS-E2.1-G), 2×, 3×, 4×, 5×, 6×, 7×, and 8×CO2. 
The ERFfSST is then calculated as the difference in global mean net top of the atmosphere (TOA) flux be-
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tween PI and n×CO2, and it includes the adjustments of both the stratosphere and troposphere (Sherwood 
et al., 2015).

Following Meraner et al. (2013), we consider the Earth’s energy balance in response to an abrupt CO2 forc-
ing in terms of

 Δ ΔR F T (1)

where F is the radiative forcing, ΔR is the TOA radiative imbalance, ΔT is the surface temperature response, 
and λ is the total feedback parameter. ECSeff, defined as the temperature response when ΔR = 0, is then 
calculated from the simple formula ECSeff = −F/λ.

For each run, we perform a regression analysis (Gregory et al., 2004) of ΔR versus ΔT, using annual mean 
values, to calculate total radiative feedbacks (λ, slope) and the effective radiative forcing (ERFreg, y-inter-
cept). We then evaluate the effective climate sensitivity,  eff fSST,2xCO2ECS ERF / , where fSST,2xCO2ERF  is 
the ERFfSST estimated from the 2×CO2 fixed SST experiment.

In addition to the global mean surface temperature response, we examine the response of precipitation, 
sea-ice extent, the width of the tropical belt, and the strength of the Atlantic Meridional Overturning Circu-
lation (AMOC, defined as the maximum between 30°N to 55°N and 800–2,000m). To quantify the tropical 
width, we use the edge of the dry zones, ϕP−E, defined as the latitude where precipitation (P) minus evapo-
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Figure 1. Annual surface temperature response (ΔTs) as a function of radiative forcing in (a and b) fully coupled model (FOM) runs for the global mean 
(green), NH (red), and SH (blue), and (c and d) for the NH with (red) and without the North Atlantic Warming Hole (NAWH, black) and slab-ocean (SOM) 
runs (purple). Panels (a and c) show GISS-E2.1-G data and panels (b and d) show CESM-LE data. CESM-LE, Community Earth System Model Large Ensemble; 
GISS-E2.1-G, Goddard Institute for Space Studies Model E2.1-G; NH, Northern Hemisphere; SH, Southern Hemisphere.
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ration (E) is zero poleward of the subtropical minimum and equatorward of 60° (see Figure 1 in Grise and 
Polvani, 2016). We calculate ϕP−E using the tropical-width diagnostics (TropD) code documented in Adam 
et al. (2018) by applying the “zero_crossing” method.

Finally, in all figures below we show the average over the last 50 years of the FOM runs and of the last 
30 years of the SOM runs. For all quantities of interest, the annual mean response (denoted by Δ) is com-
puted as the difference from the corresponding PI control run. The linearity of various climate metrics is 
evaluated with respect to the radiative forcing (RF) associated with each CO2 perturbation, calculated from 
the expression 5.35ln (n ×CO2/1×CO2) (Byrne & Goldblatt, 2014) where, for each run, n is the CO2 multiple 
of the PI value. Note that, upon comparing this logarithmic RF value to ERFfSST and ERFreg, we find values 
that are very close to ERFfSST and relatively close to ERFreg (see Figure S1).

3. Results
Table 1 summarizes the Gregory regression analysis for all CO2 integrations for both FOM and SOM con-
figurations (the individual regression plots for each run are shown in Figure S2). Feedbacks in the FOM 
runs (denoted λF, Table 1, rows 1,7) initially increase (i.e., become less negative) with rising CO2, but reach 
a minimum (maximum of |λF|) value at 3×CO2 for GISS-E2.1-G and 4×CO2 for CESM-LE. More precisely, 
for GISS-E2.1-G, λF becomes more positive from 1.5× to 2×CO2 (−1.72 to −1.62), reaches an absolute mini-
mum at 3×CO2 (λF = −1.86), and then monotonically increases to a value of −1.22 at 8×CO2. In other words, 
ECSeff,F, which is inversely related to λF, reaches an absolute minimum (1.95) at 3×CO2 for the FOM version 
of GISS-E2.1-G (Table  1, row 2). Similarly, for CESM-LE, λF becomes more positive from 2× to 3×CO2 
(−1.08 to −0.99), reaches an absolute minimum at 4×CO2 (λF = −1.25), and then monotonically increases 
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1.5×CO2 2×CO2 3×CO2 4×CO2 5×CO2 6×CO2 7×CO2 8×CO2

GISS-E2.1-G

 λF −1.72 (−1.89, 
−1.56)

−1.62 (−1.77, 
−1.47)

−1.86 (−2.06, 
−1.72)

−1.51 (−1.63, 
−1.39)

−1.35 (−1.44, 
−1.24)

−1.26 (−1.34, 
−1.15)

−1.24 (−1.31, 
−1.14)

−1.22 (−1.29, 
−1.12)

 ECSeff,F 2.11 (1.92, 2.34) 2.24 (2.05, 2.46) 1.95 (1.76, 2.11) 2.41 (2.23, 2.60) 2.69 (2.51, 2.92) 2.89 (2.71, 3.14) 2.93 (2.77, 3.19) 2.99 (2.82, 3.24)

 ΔTs,F 1.28 (1.24, 1.32) 2.17 (2.12, 2.22) 2.83 (2.78, 2.88) 4.16 (4.11, 4.21) 5.18 (5.13, 5.23) 6.03 (5.98, 6.08) 6.70 (6.65, 6.75) 7.36 (7.31, 7.41)

 λS - −1.30 (−1.40, 
−1.24)

−1.22 (−1.28, 
−1.15)

−1.20 (−1.24, 
−1.13)

- - - -

 ECSeff,S - 2.80 (2.62, 2.93) 2.97 (2.84, 3.16) 3.04 (2.92, 3.22) - - - -

 ΔTs,S - 3.13 (3.10, 3.16) 4.99 (4.97, 5.01) 6.43 (6.41, 6.45) - - - -

CESM-LE

 λF - −1.08 (−1.20, 
−0.94)

−0.99 (−1.08, 
−0.88)

−1.25 (−1.31, 
−1.17)

−1.10 (−1.18, 
−1.00)

−1.03 (−1.11, 
−0.92)

−0.97 (−1.05, 
−0.89)

−0.97 (−1.04, 
−0.88)

 ECSeff,F - 3.60 (3.23, 4.11) 3.95 (3.59, 4.43) 3.11 (2.96, 3.32) 3.53 (3.30, 3.88) 3.79 (3.51, 4.21) 4.00 (3.70, 4.38) 3.99 (3.73, 4.39)

 ΔTs,F - 2.70 (2.64, 2.77) 4.47 (4.40, 4.55) 4.99 (4.90, 5.07) 6.22 (6.09, 6.35) 7.25 (7.12, 7.38) 8.06 (7.94, 8.18) 8.79 (8.67, 8.91)

 λS - −0.80 (−0.91, 
−0.66)

−0.83 (−0.89, 
−0.77)

−0.82 (−0.89, 
−0.72)

- - - -

 ECSeff,S - 4.90 (4.30, 5.79) 4.66 (4.35, 5.03) 4.74 (4.36, 5.35) - - - -

 ΔTs,S - 4.00 (3.96, 4.05) 6.37 (6.32, 6.42) 8.32 (8.28, 8.35) - - - -

Note: FFully coupled (FOM); SSlab-ocean (SOM).
All confidence intervals (CIs) are 95%; CIs for λ and ECSeff are obtained by resampling the linear regressions 10,000 times, and CIs for ΔT are calculated using 
Student’s t-distribution.

Table 1 
Total Feedbacks λ [Wm−2 K−1] (Slope in Gregory Regression Plot), Effective Climate Sensitivity (ECSeff) Calculated as  fSST,2xCO2ERF /  [K] With 

fSST,2xCO2ERF  Being 3.63 Wm−2 for GISS-E2.1-G and 3.88 Wm−2 for CESM-LE Model, and Global Surface Temperature Response ΔTs [K]
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to a value of −0.97 at 8×CO2. ECSeff,F also reaches an absolute minimum (3.11) at 4×CO2 for the FOM run 
(Table 1, row 8).

In contrast to the FOM runs, the SOM integrations do not show this non-monotonicity for either model. 
Rather, the feedbacks in the SOM runs (denoted λS, Table 1, rows 4,10) increase monotonically from 2× 
to 4×CO2 (the difference between 3× and 4×CO2 in CESM-LE runs is not statistically significant). Corre-
spondingly, ECSeff,S, does not exhibit the minimum at 3×CO2 for GISS-E2.1-G and 4×CO2 for CESM-LE 
featured in the fully coupled runs. Our SOM results confirm the findings of Meraner et al. (2013), who also 
reported that ECSeff increases monotonically with CO2 concentrations using a SOM model. The monotonic 
behavior of ECSeff with a SOM model clearly points to the ocean dynamics as key to understanding the 
non-monotonicity.

Next, going beyond the numerical value ECS, we examine several key aspects of the climate system re-
sponse to increasing CO2. The global mean surface temperature response ΔTs (green lines in Figures 1a 
and 1b and Table 1, rows 3,9) is a monotonic function of RF, although one can see an inflection in NH 
surface temperatures at 3×CO2 in GISS-E2.1-G and 4×CO2 in CESM-LE. Partitioning ΔTs into northern (red 
lines in Figures 1a and 1b) and southern (blue lines in Figures 1a and 1b) hemispheric mean components 
reveals a clear cooling in the northern hemisphere (NH) as the forcing is increased from 2× to 3×CO2 for 
GISS-E2.1-G and 3× to 4×CO2 for CESM-LE model (this corresponds to the ECSeff minimum). In the south-
ern hemisphere (SH), on the other hand, the surface temperature increases monotonically. The non-mono-
tonic behavior in the NH surface temperature is absent in the SOM runs in both models (Figures 1c and 1d, 
purple lines). This again demonstrates that ocean dynamics is responsible for the non-monotonic behavior 
of the NH surface temperature.

Inspection of global maps of ΔTs (see Figure 2) shows that the non-monotonicity in the coupled model run 
at 3×CO2 for GISS-E2.1-G and 4×CO2 for CESM-LE is associated with a non-monotonic response of the 
North Atlantic Warming Hole (NAWH), where there is a decline in SST in response to increasing green-
house gases. To evaluate the contribution of this regional cooling to the total NH temperatures, we mask 
out all grid points corresponding to the NAWH, which we define here as regions where ΔTs is negative (blue 
areas in Figure 2). The resulting ΔTs (Figures 1c and 1d, black lines) is monotonic in NH as in the SOM runs. 
The latter, along with the behavior in the SOM runs, strongly suggests that changes in ocean dynamics are 
responsible for the non-monotonicity in NH surface temperature exhibited in the coupled model.

Recently, Chemke et al. (2020) showed that the formation of the NAWH in CESM-LE and the Max Planck 
Institute Earth System Model 100-member Grand Ensemble (MPI-GE) (Maher et al., 2019) under historical 
forcing from 1850 to 2005 and Representative Concentration Pathway 8.5 (RCP8.5) through 2100, is caused 
by a reduction in surface meridional OHT. Additionally, a reduction in the meridional overturning circu-
lation (MOC) has been shown to reduce transient warming in numerous studies (Caesar et al., 2020; Pal-
ter, 2015; Rugenstein et al., 2013; Trossman et al., 2016; Winton et al., 2013). Thus, it is tempting to relate the 
AMOC response (which plays a central role in the poleward OHT) to the surface temperature response. This 
can be seen in Figures S3a and S3b: as CO2 increases, the AMOC weakens, and the associated reduction 
in OHT is accompanied by the NAWH, which maximizes (relative to ambient global warming) at 3×CO2 
in GISS-E2.1-G and 4×CO2 in CESM-LE (Figures 2c and 2f) when the AMOC entirely collapses. At higher 
forcings, 4× to 8×CO2 for GISS-E2.1-G, and 5× to 8×CO2 for CESM-LE, the AMOC remains shut down, 
but the surface warms as CO2 increases (Figures 2e and 2g–2j), as seen in the linear progression of ΔTs for 
forcings higher than 4×CO2 for GISS-E2.1-G and 5×CO2 for CESM-LE (Figures 1a and 1b). However, the 
NAWH temperature relative to ambient warming in the NH stays relatively constant. Note that the AMOC 
collapse in our models is by no means exceptional; for example, most CMIP5 and CMIP6 models also ex-
hibit a substantial AMOC weakening in response to an abrupt quadrupling of CO2 (Figures S3c and S3d).

The non-monotonicity of the response to increased CO2 is not only seen in surface temperature: it pervades 
many aspects of the climate system. Consider the sea-ice response, shown in Figure 3 for both models. For 
GISS-E2.1-G, while the Arctic sea-ice decreases with CO2 (Figure 3, left) at large concentrations, from 2× 
to 3×CO2 sea-ice actually increases (Figure 3c) over the North Atlantic around Greenland and the Norwe-
gian sea, consistent with a maximum NAWH temperature decrease at 3×CO2 (Figure 2c). For CESM-LE, 
while Arctic sea-ice decreases with CO2 (Figure 3, right) at large concentrations, from 3× to 4×CO2 (Fig-
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ures 3d and 3f) sea-ice actually increases (less red at 4×CO2 than 3×CO2). Furthermore, the non-mono-
tonic response of Arctic sea-ice is not merely regional in scope: it is clearly seen in the annual NH sea-ice 
extent, which exhibits a significant “jump” between 2× and 3×CO2 for GISS-E2.1-G and 3× and 4×CO2 for 
CESM-LE shown in Figure 4a and Figure 4b, respectively. While numerous studies have explored the mech-
anisms by which Arctic sea-ice loss directly affects the behavior of the AMOC through increased freshwater 
fluxes (Liu et al., 2019; Oudar et al., 2017; Scinocca et al., 2009; Sévellec et al., 2017; Sun et al., 2018), here 
the relationship is not simply “one-way” as sea-ice increases between 2× to 3×CO2 for GISS-E2.1-G, and 
between 3× to 4×CO2 for CESM-LE, while the AMOC weakens. This is consistent with the fact that the 
physical processes associated with how sea-ice modulates the AMOC are still unclear in comprehensive ful-
ly coupled climate models (Liu et al., 2019). A detailed investigation of the relationship between Arctic ice 
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Figure 2. Annual mean surface temperature response (ΔTs) to (a and b) 2×CO2, (c and d) 3×CO2, (e and f) 4×CO2, (g 
and h) 5×CO2, and (i and j) 8×CO2 shown for both GISS-E2.1-G (left) and CESM-LE (right) model runs. Note: higher 
warming than 12K is shown with same color as 12K. CESM-LE, Community Earth System Model Large Ensemble; 
GISS-E2.1-G, Goddard Institute for Space Studies Model E2.1-G.
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Figure 3. Annual Arctic sea-ice response to (a and b) 2×CO2, (c and d) 3×CO2, (e and f) 4×CO2, (g and h) 5×CO2, and 
(i and j) 8×CO2 shown for both GISS-E2.1-G (left) and CESM-LE (right) model runs. CESM-LE, Community Earth 
System Model Large Ensemble; GISS-E2.1-G, Goddard Institute for Space Studies Model E2.1-G.
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Figure 4. Annual mean (a and b) sea-ice extent (106 km2) defined as grid cell areas with more than 15% ice 
concentration, (c and d) precipitation (mm/day), (e and f) dry zone edge (ϕP−E), and (g and h) HC strength (Ψ500) for 
SH (blue) and NH (red) as a function of radiative forcing. Error bars denote 95% confidence intervals calculated using 
Student’s t-distribution. HC, Hadley cell; SH, southern hemisphere.
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and AMOC is beyond the scope of this study, but an analysis of the AMOC collapse in a previous generation 
of the GISS model (GISS-E2-G) can be found in Rind et al. (2018).

Many other climate variables also exhibit a non-monotonic response to increased CO2 in both models. Of 
notable interest is the response of precipitation (Figures 4c and 4d), which generally increases in both hem-
ispheres as CO2 concentrations rise (as one expects), but actually declines in the NH (red line) between 2× 
and 3×CO2 for GISS-E2.1-G, and between 3× and 4×CO2 for CESM-LE, in tandem with temperature (Fig-
ures 1a and 1b) and sea-ice extent (Figures 4a and 4b). Interestingly, note that NH precipitation at 3×CO2 in 
GISS-E2.1-G is lower than in the PI control (RF = 0) and barely recovers to its 2×CO2 value even at 8×CO2 
forcing. Even in the SH, where precipitation increases monotonically, one can see a marked change in the 
slope between 2× and 3×CO2 for GISS-E2.1-G, and between 3× and 4×CO2 for CESM-LE. These features of 
the precipitation response are absent in the SOM runs (Figures S4a and S4b), and therefore, most likely are 
related to changes in the ocean dynamics.

The non-monotonic behavior is not confined to high or middle-latitude but extends to the tropics as well. 
The width of the tropical belt (Seidel et  al.,  2008), which is projected to increase with CO2 (Chemke & 
Polvani, 2019; Grise et al., 2019), also exhibits a non-monotonic behavior. Consider the response of ϕP−E 
(Figures 4e and 4f), which is a critical metric of the hydrological cycle, separating zones of net precipita-
tion and net evaporation. In the SH, ϕP−E shifts poleward with increased CO2 in both models. On the other 
hand, in the NH, the models show a non-monotonic widening, with a contraction between 2× and 3×CO2 
in GISS-E2.1-G, and between 3× and 4×CO2 in CESM-LE. By comparison, ϕP−E increases monotonically in 
the SOM runs in the NH (Figures S4c and S4d), which reinforces the notion that changes in ocean dynamics 
are important drivers of the non-monotonic climate response exhibited in these models.

The response of the edge of the dry zones (ϕP−E) is not only affected by atmospheric circulation changes 
but also by changes in moisture content, which is related to temperature, as shown in Chemke and Pol-
vani (2019). Investigation of the moisture content in the NH (light blue line in Figures S5a and S5b) shows 
a clear “jump” between 2× and 3×CO2 for GISS-E2.1-G, and between 3× and 4×CO2 for CESM-LE, and 
confirms that changes in moisture content affect the response in ϕP−E, as one expects from the Clausius-Cla-
peyron relation and the temperature response shown in Figure 1.

Finally, we consider the strength of the HC, computed using the extremum of Ψ at 500 hPa (Ψ500): it also 
exhibits a non-monotonic behavior in the NH, with a “jump” between 2× and 3×CO2 in GISS-E2.1-G, and 
between 3× and 4×CO2 in CESM-LE, as seen in Figures 4g and 4h, respectively (again, note that the “jump” 
disappears in the SOM runs, Figures S4e and S4f). A detailed study contrasting the different behaviors of 
various tropical width metrics is beyond the scope of this study. The goal of this paper is simply to illustrate 
that the non-monotonic response to increased CO2 appears in a wide array of different metrics of the cli-
mate system.

4. Summary and Discussion
We have explored the climate system response to abrupt CO2 forcing, spanning the range of 1× to 8×CO2 
using the GISS-E2.1-G and the CESM-LE models. We found that, in both models, for many climate  
metrics − ECSeff, Arctic sea-ice, Northern Hemisphere precipitation, tropical expansion, and Hadley cell 
strength − the response to increased CO2 is not only a non-linear but, in fact, a non-monotonic function of 
the RF. Our models show that increasing CO2 from 2× to 3×PI concentrations in GISS-E2.1-G, and from 
3× to 4×PI in CESM-LE model, results – surprisingly – in smaller ECSeff, expanded Arctic sea-ice, reduced 
Northern hemisphere precipitation, contracted dry zones and a stronger Hadley cell. Analyzing a compan-
ion set of runs with the slab-ocean version of the same models reveals that this non-monotonic behavior is 
related to the changes in the ocean dynamics under CO2 forcing.

Our findings are robust across two climate models for runs up to 150 years. It will be important to repeat a 
similar exercise with other climate models to determine if non-monotonicity is a robust feature, and not an 
artifact of the models used here. Additionally, it would be important to extend the model runs closer to equi-
libration (minimum of 1,000 years) and verify whether the monotonicity persists. We extended a subset of 
these integrations (2×, 3×, and 4×CO2 with GISS-E2.1-G) for an additional 150 years, and our main results 

MITEVSKI ET AL.

10.1029/2020GL090861

9 of 11



Geophysical Research Letters

are unchanged. More broadly, while the DECK experiments in CMIP at present only require a single abrupt 
(4×) CO2 experiment, thereby limiting our ability to test for non-monotonicity using the CMIP output, our 
findings suggest that it may be important to explore a broader range of CO2 forcings in future CMIPs.

Finally, one may ask whether the non-monotonicity of the response to CO2 forcing detailed above is an arti-
fact of the abrupt nature of the forcing. In practice, atmospheric concentrations of carbon dioxide increase 
progressively, and an abrupt change is highly unrealistic. Thus, in addition to validating the result presented 
here with other climate models, it will be essential to explore whether the non-monotonicity is also present 
in forced simulations with continuous forcing (e.g., 1% per year), and to determine whether the transient 
climate response also exhibits non-monotonic behavior. Such questions, of course, are beyond the scope of 
the present study, but we hope to report on them in future papers.

Data Availability Statement
The data used for the figures in the study is publicly available in a Zenodo repository at https://doi.
org/10.5281/zenodo.3901624. The authors acknowledge the World Climate Research Programme’s Working 
Group on Coupled Modeling and we thank all climate modeling groups for making available their model 
output.
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