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The rapid warming of the Arctic, perhaps the most striking 
evidence of climate change, is believed to have arisen from 
increases in atmospheric concentrations of GHGs1 since the 
Industrial Revolution. While the dominant role of carbon 
dioxide is undisputed, another important set of anthropo-
genic GHGs was also being emitted over the second half of 
the twentieth century: ozone-depleting2 substances (ODS). 
These compounds, in addition to causing the ozone hole over 
Antarctica, have long been recognized3 as powerful GHGs. 
However, their contribution to Arctic warming has not been 
quantified. We do so here by analysing ensembles of climate 
model integrations specifically designed for this purpose, 
spanning the period 1955–2005 when atmospheric concen-
trations of ODS increased rapidly. We show that, when ODS 
are kept fixed, forced Arctic surface warming and forced 
sea-ice loss are only half as large as when ODS are allowed 
to increase. We also demonstrate that the large impact of 
ODS on the Arctic occurs primarily via direct radiative warm-
ing, not via ozone depletion. Our findings reveal a substantial 
contribution of ODS to recent Arctic warming, and highlight 
the importance of the Montreal Protocol as a major climate 
change-mitigation treaty.

Ozone-depleting substances (ODS, see Methods), organic halo-
gen compounds with long atmospheric lifetimes (for example, chlo-
rofluorocarbons), were developed in the 1920s and 1930s for use as 
refrigerants, solvents and propellants, and started being emitted in 
substantial quantities into the atmosphere in the late 1950s. It is now 
well established4 that these anthropogenic substances have been the 
primary cause of stratospheric ozone depletion. The discovery of 
the ozone hole5 over Antarctica led to the phase-out of their pro-
duction with the signing of the Montreal Protocol in 1987. As a 
consequence, the concentrations of most ODS peaked in the late 
twentieth century and have been declining6 since then. In the inter-
vening half-century, however, ODS have had a profound impact on 
the climate system.

Most research to date has focused on the climate impacts of ODS 
via changes in stratospheric ozone. Ozone depletion has not resulted 
in detectable surface-temperature changes, since its radiative forc-
ing is very small7 (<0.1 W m–2 in the global mean). However, polar 
lower stratospheric cooling accompanying the ozone hole is very 
large8 (>10 °C over the period 1969–1998) and has caused changes 
in the tropospheric circulation9,10, with many associated climate 
impacts11,12 reaching from the South Pole to the tropics, although 
confined to the Southern Hemisphere.

Little research, in contrast, has focused on the climate impacts of 
ODS that are independent of ozone depletion. While much less abun-
dant than carbon dioxide, ODS are much more powerful13–15 GHGs 

on a molecule-by-molecule basis. For instance, chlorofluorocarbons 
CFC-11 and CFC-12 are 19,000- and 23,000-fold7 more radiatively 
efficient, respectively, than CO2 (in terms of W m–2 per parts per 
billion), resulting in 20-year global warming potentials 7,000- and 
11,000-fold larger6, respectively, than CO2, with similarly large  
numbers for most other ODS. As a consequence, the radiative forcing 
(RF) associated with ODS is considerable. While it is customary to 
compute RF from the pre-industrial era to the present, in this paper 
we focus specifically on the period 1955–2005, during which ODS 
concentrations grew rapidly. Over that period the RF from ODS is 
estimated16 to be 0.31 W m–2, which amounts to nearly one-third of 
the RF from CO2 (1.02 W m–2), making ODS, collectively, the second 
most important GHG in the latter half of the twentieth century, as 
seen in Fig. 1. These facts are well established7,17 and the important 
contribution of ODS to global warming has previously been noted18,19. 
Beyond that, however, the climatic consequences of the large RF from 
ODS remain largely unexplored, notably over the Arctic.

Arctic surface temperatures have been rising at over twice the 
global mean rate20, accompanied by a dramatic reduction in sea-ice 
extent (SIE) and thickness21. Because ODS have provided a substan-
tial fraction (24%) of global total anthropogenic RF over the sec-
ond half of the twentieth century16, one is led to ask whether some 
substantial fraction of Arctic climate change might be attributable 
to increased ODS concentrations over that period. This is the key 
question we seek to answer.

We accomplish this by contrasting two ten-member ensembles 
of integrations with the CAM5LE climate model (see Methods) over 
the period 1955–2005. The first ten-member ensemble—denoted 
Historical—consists of the first ten members of the historical inte-
grations performed by the Large Ensemble Project22: these integra-
tions are forced with all known natural and anthropogenic forcings, 
and are intended to simulate the complete climate evolution. The 
second ten-member ensemble—denoted FixODSO3—is forced 
identically, except for ODS (which are kept fixed at 1955 levels) and 
stratospheric ozone (also kept fixed at 1955 levels, to be physically 
consistent). All members of each ensemble are forced identically, 
and differ only in their atmospheric initial condition: averaging 
over each ensemble reveals the forced response, with little contami-
nation from internal variability23.

Consider first the impact of ODS on the global mean surface 
air temperature (Ts). In our CAM5LE integrations, over the half-
century 1955–2005 annual mean Ts increased by 0.59 °C in the 
Historical ensemble, but by only 0.39 °C in the FixODSO3 ensemble. 
ODS, therefore, are responsible for one-third of the global warming 
over that period, which is in line with their RF. This result is very 
robust and holds true for every month of the year (see Extended 
Data Fig. 1a).
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Next, let us focus on the Arctic: again, annual mean Ts trends 
in that region are considerably stronger in the Historical than in 
the FixODSO3 ensemble, as seen by contrasting Fig. 2a and Fig. 2b. 
Specifically, our model shows a polar cap (60–90° N) average annual 
mean warming from 1955 to 2005 of 1.59 °C for the Historical 

ensemble, but of only 0.82 °C in the FixODSO3 ensemble (see 
Extended Data Fig. 1b for seasonal variations). In CAM5LE, there-
fore, ODS contributed one-half of forced Arctic surface warming in 
the latter half of the twentieth century.

A similar result applies to the loss of sea ice. In September, the 
month with the largest trends, sea-ice loss is greatly enhanced by 
increasing ODS concentrations, as seen by contrasting Fig. 2d and 
Fig. 2e. In that month, total SIE from 1955 to 2005 decreased by only 
. ×0 76 106 km2 in the FixODSO3 ensemble, but by . ×1 45 106 km2 in 

the Historical ensemble, a factor of almost two (with similar factors 
in other months of the year; Extended Data Fig. 1c). In CAM5LE, 
therefore, ODS contributed one-half of the forced Arctic sea-ice loss 
in the latter half of the twentieth century.

These results are summarized in Fig. 3, where the entire dis-
tribution of changes for each ensemble is shown for global and 
Arctic annual mean Ts, and for September SIE. First, note that the 
observed value of the 1955–2005 changes, denoted by the red dots, 
falls within the distribution of the ten Historical integrations for 
each of the three quantities (global Ts, Arctic Ts and SIE). This indi-
cates that our model is able to capture the observations. Second, 
note that while internal variability can be substantial (as seen in the 
spread across each ten-member ensemble), in each panel of Fig. 3  
the mean changes for the Historical and FixODSO3 ensembles are 
significantly different from each other at the 99.9% confidence level 
(by two-tailed t-test). This is perhaps not surprising, given that 
ODS contribute one-half of the change in Arctic Ts and September 
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Fig. 1 | Radiative forcing of GHGs for 1955–2005. Global radiative forcing 
of the four principal well-mixed GHG from 1955 to 2005, as computed16 
from the data available at http://www.pik-potsdam.de/~mmalte/rcps.
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Fig. 2 | Arctic surface-temperature and sea-ice trends for 1955–2005. a–c, Ensemble mean surface air temperature (SAT, Ts) trends over the period  
1955–2005 for the Historical (a), FixODSO3 (b) and FixODS (c) ensembles as computed by the CAM5LE model. d–f, As in a–c, but for sea-ice 
concentration (SIC). Statistically significant trends at the 95% level, as determined by two-sided t-test, are indicated by hashing. Trends in the Historical 
ensemble illustrate the forced response in the presence of all natural and anthropogenic forcings; trends in the FixODSO3 ensemble illustrate the response 
when both ODS and ozone are unchanged (except for seasonal variations) and remain constant at 1955 values; trends in the FixODS ensemble illustrate 
the response when only ODS are held fixed at 1955 values.
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SIE for the period 1955–2005. We also note that ODS contribute to 
Arctic amplification over that period (see Extended Data Fig. 2):  
in CAM5LE, the Arctic polar cap warmed 2.7-fold more than the 
global mean in the Historical ensemble, but only twofold more 
without the contribution of ODS in the FixODSO3 ensemble.

Given the large internal variability of the Arctic climate system, 
one may wonder whether ensembles of ten simulations are suf-
ficient to establish a robust difference between the Historical and 
FixODSO3 simulations. Going beyond a simple t-test and without 
performing additional model integrations, we address this question 
using a standard bootstrapping technique (resampling with replace-
ment) to create 10,000-member synthetic probability distributions 
(PDFs) of 1955–2005 changes from the original ten-member ensem-
bles. For each of the three variables in Fig. 3, the PDFs for Historical 
and FixODSO3 changes are shown in Extended Data Fig. 3:  
the almost total separation of the two PDFs confirms that ten inte-
grations are more than sufficient to establish the large impact of 
ODS on Arctic climate over the period of interest.

We now ask whether these large impacts of ODS on climate are 
directly linked to their being potent GHGs, or indirectly mediated 
by the depletion of stratospheric ozone. To answer that question we 
analysed an additional ten-member ensemble—denoted FixODS—
where only the atmospheric concentrations of ODS are fixed at 
1955 levels while stratospheric ozone is allowed to vary as in the 
Historical CAM5LE ensemble (Fig. 2c,f). There are no statistically 
significant differences, annually or monthly, between the FixODS 
and FixODSO3 ensembles for Ts and SIE (Fig. 3 and Extended Data 
Fig. 1). We conclude, therefore, that the direct radiative forcing of 
ODS, not stratospheric ozone depletion, is the primary mechanism.

It is also legitimate to ask whether such a large contribution 
of ODS to Arctic warming might be an artefact of the CAM5LE 
model. To answer that question, we carried out an almost identical 
exercise—two ensembles of runs, with and without ODS and ozone 
changes—with the Whole Atmosphere Community Climate Model 
(WACCM4, see Methods). Unlike CAM5LE, WACCM4 includes 
interactive chemistry for stratospheric ozone, which is then con-
sistent with the circulation. The WACCM4 results corroborate the 
CAM5LE findings (see Extended Data Fig. 4). In WACCM4 too, the 
Arctic impacts of ODS are considerable—they account for 50% of 
annual mean Arctic surface warming and 58% of September sea-ice 
loss over the period 1955–2005.

How can ODS, which contribute only ~20% of the GHG RF over 
the Arctic over that period (see Methods), cause one-half of the 
forced surface warming and sea-ice loss? It has been reported24 that 
ODS produce a larger global surface warming per unit RF than any 

other well-mixed GHG (larger than CO2, CH4 and N2O)—in other 
words, that they have the highest warming ‘efficacy’. However, that 
result from a single model has not been independently confirmed 
and the precise value of ODS efficacy remains to be robustly quanti-
fied. More broadly, the impact of ODS on Arctic surface warming 
has not been studied in detail. As a starting point towards under-
standing the high efficacy of ODS, we performed a standard feed-
back analysis25 for the Arctic (see Methods and Fig. 4). In addition 
to a larger RF, two factors produce an enhanced Arctic warming 
with increasing ODS in CAM5LE: (1) a stronger lapse rate feed-
back (which is positive for the Arctic, confirming previous work26) 
and (2) a weaker negative net cloud feedback (with contributions 
from both long and short waves). The surface albedo feedback is 
not significantly different between the Historical and FixODSO3 
ensembles. These findings are robust, because they are confirmed 
by a similar feedback analysis for the integrations with WACCM4  
(see Extended Data Fig. 5), a climate model with very different 
physical parameterizations.

In conclusion, if our findings are confirmed by future studies, 
the role of the Montreal Protocol as a major environmental treaty 
will assume a new dimension. Our model integrations show that,  
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in addition to being the key drivers of stratospheric ozone depletion 
(notably over the South Pole), ODS have been important players 
in the global climate system, producing about one-third of global 
warming and one-half of Arctic climate change over the second half 
of the twentieth century. Our findings also have implications for the 
future because the phase-out of ODS, which is well under way, will 
substantially mitigate Arctic warming and sea-ice melting in the 
coming decades.
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Methods
ODS. ODS are organic chlorine and bromine compounds regulated by the 
Montreal Protocol, and include CFCs, hydrochlorofluorocarbons (HCFCs), 
halons, carbon tetrachloride, methyl chloride, methyl chloroform and several 
others. In CAM5LE only two ODS are prescribed, CFC-11* and CFC-12: their 
time-dependent concentrations are identical at all latitudes, longitudes and heights 
in the atmosphere. CFC-11* is a linear combination of CFC-11 and several other 
halocarbons (CF4, C2F6, C6F14, HFC-23, HFC-32, HFC43_10, HFC-125, HFC-134a,  
HFC-143a, HFC-227ea, HFC-245fa, SF6, CFC-113, CFC-114, CFC-115, CCl4, 
CH3CCl3, HCFC-22, HCFC-141B, HCFC-142B, Halon-1211, Halon-1301, 
Halon-2402, CH3Br and CH3Cl), prorated by their radiative efficiency relative 
to CFC-11. In WACCM4 the following ODS are included: CFC-11, CFC-12, 
CFC-113, CFC-114, CFC-115, HCFC-22, HCFC-141b, HCFC-142b, Halon-1211, 
Halon-1301, Halon-1202, Halon-2402, CCl4, CH3Cl, CH3CCl3, CH3Br, CH2Br2 and 
CHBr3. In that model, their surface concentrations are specified and these species 
are then advected into the atmosphere and undergo chemical reactions. However, 
only some of these are radiatively active—specifically, CFC-11, CFC-113, CCl4, 
CH3CCl3, HCFC-22, Halon-1211 and Halon-1301 are combined into CFC-11* 
which, together with CFC-12, is passed to the radiative transfer module.

Models. Three models are used for this study, all part of the Community Earth 
System Model (CESM) Project. The first, denoted CAM5LE, is the low-top version 
of the Community Atmospheric Model, Version 5, coupled to land, ocean and sea-
ice components as configured for the Large Ensemble Project22. In CAM5LE both 
ozone and ODS are prescribed from input files. The trends and variability of Arctic 
sea ice in CAM5LE are extensively documented in the literature29,30 and compare 
very well31 with observations.

The second, denoted WACCM4, is the top member of CESM with interactive 
chemistry for stratospheric ozone32, and is also coupled to land, ocean and sea-ice 
components. Only the surface concentrations of ODS are prescribed, since ozone 
is computed. The physical parameterizations in WACCM4 are very different from 
those in CAM5LE, and these differences have been shown to substantially affect 
climate sensitivity33. It is, therefore, a distinct climate model.

The third, denoted PORT, is the offline radiative component34 of CESM. We 
used it to compute radiative forcing (ΔRF) associated with specific atmospheric 
composition changes. We compute ΔRF with stratospheric adjustment under the 
assumption7,34 of fixed dynamical heating.

Model integrations. For the Historical integrations, both CAM5LE and WACCM4 
are forced with all known natural and anthropogenic forcings, as specified by 
the Coupled Model Intercomparison Project35, Phase 5 (CMIP5). The CAM5LE 
Historical integrations analysed here are provided by CESM Large Ensemble Project22 
for the period 1955–2005. The WACCM4 Historical integrations analysed here are 
the contribution32 of the CESM Whole Atmosphere Community Climate Model 
Working Group to CMIP5. For both of these models, the simulated climate over the 
historical period has been carefully documented. For the FixODSO3 integrations, 
we force the models as follows: for CAM5LE, both CFCs and stratospheric ozone 
were held constant at 1955 values, but for WACCM4 only ODS were held constant 
and stratospheric ozone remained approximately constant as a consequence (but 
is computed by the model, consistently with the atmospheric circulation). For the 
FixODS integrations in CAM5LE, only ODS were held constant and ozone depletion 
was prescribed as in the Historical integrations. Note that FixODS integrations 
cannot be performed with WACCM4, because ozone depletion cannot take place 
with constant ODS. We emphasize that, for the FixODSO3 and FixODS integrations, 
we ran the identical model code as the corresponding Historical integrations (for 
both CAM5LE and WACCM4): only the forcing files were changed.

For CAM5LE we analyse ten integrations for each of the three ensembles 
(Historical, FixODSO3 and FixODS). With WACCM4, we analyse six integrations 
each with Historical and FixODSO3 forcings. In each case, the forced response is 
defined as the ensemble mean ‘change’ (see the following subsection).

Analysis. For any variable of interest, we define ‘change’ as the difference between 
the last and first decades of the model integrations—that is, the mean of years 
1996–2005 minus the mean of years 1955–1964. From this, we compute ‘trend’ as 
the change divided by the number of years (51). This procedure is preferred to a 
simple linear trend, as the ODS and ozone time-series are more similar to sigmoid 
functions than to straight lines.

Feedback analysis. The annual mean energy budget at the top-of-atmosphere (TOA) 
for the Arctic climate system (60–90° N, area weighted) can be written in the form

+ =R F H (1)

where R is the net downward radiation at the TOA, F is the horizontal convergence 
of the atmospheric and oceanic energy fluxes and H is the net heat uptake by the 
Arctic climate system. All quantities are in units of W m–2. Neglecting the heat 
capacity of the atmosphere, heat uptake by the land surface and the melting of 
perennial snow and ice cover, H is then approximated by the ocean heat uptake, 
denoted Ho.

Next, we focus on the change in this energy budget between the first and last 
decades of the model integrations (1996–2005 minus 1955–1964), expressed by the 
symbol Δ, so that

Δ + Δ − Δ =R F H 0 (2)o

As is customary, the change ΔR in TOA radiation is decomposed into ΔRF due 
to changes in the atmospheric composition, and additional radiative contributions 
from surface and tropospheric temperatures (ΔRT), tropospheric water vapour 
(ΔRWV), surface albedo (ΔRAL) and clouds (Δ ∕RCL NET), with the last of these 
being further decomposed into long- and short-wave components, Δ ∕RCL LW and 
Δ ∕RCL SW, respectively. This yields

Δ = Δ + Δ + Δ + Δ + Δ + Δ∕ ∕R R R R R R R (3)F T WV AL CL LW CL SW

We compute ΔRF with the PORT model34, including the rapid stratospheric 
temperature adjustment. For the Historical integrations, ΔRF includes well-mixed  
GHGs (including ODS) and ozone (both tropospheric and stratospheric).  
For the FixODSO3 integrations, ΔRF includes only the effects of changes in  
the non-ODS well-mixed GHGs (CO2, CH4 and N2O) and tropospheric ozone; 
for the FixODS integrations, stratospheric ozone is also included. For the  
Arctic mean, we find Δ = . .R 1 26, 1 01F  and 1.10 W m–2 for the Historical, 
FixODSO3 and FixODS cases, respectively.

All other terms in equation (3) are computed using the radiative kernel25 
method. For Δ ∕RCL NET, Δ ∕RCL LW and Δ ∕RCL SW we adjust the model output cloud 
radiative forcing (CRF) change to account for changes in non-cloud variables25,36,37. 
All terms in equation (3) are area-averaged over the Arctic (60–90° N). ΔRT and 
ΔRWV are vertically integrated from the surface to the tropopause.

The radiative changes associated with temperature changes are further 
decomposed into a Planck response (ΔRPlanck) and a lapse rate feedback (ΔRLR),

Δ = Δ + ΔR R R (4)T Planck LR

By construction, ΔRPlanck  represents TOA radiation change resulting from 
a vertically uniform warming of magnitude ΔTs, while ΔRLR represents the 
additional TOA radiation change due to vertically non-uniform warming. The 
Planck response, then, is directly proportional to the change in Arctic mean surface 
temperature, given as

λΔ = ΔR T (5)Planck 0 s

where λ0 is the proportionality constant. In the absence of feedbacks, 1/λ0 can be 
thought of as the Arctic climate sensitivity parameter38. From our radiative kernels39 
we find λ = − .2 610  W m–2 K–1 for the Arctic mean, which is slightly lower than the 
global mean value of –3.1 W m–2 K–1.

The other feedbacks are obtained by substituting equation (4) into equation (3) 
and writing the remaining terms in the form λΔ = ΔR TX X s, for the variable X = LR, 
WV, AL, CL/NET, CL/SW and CL/LW. The values of the ‘feedback parameters’ λX,  
computed by dividing ΔRX derived from the kernels by the corresponding surface 
warming, ΔTs, in each model integration, are plotted in Fig. 4 and Extended Data 
Fig. 5, in units of W m–2 K–1.

Finally, to close the energy budget, we need to estimate ΔF (see equation (2)). 
For consistency this is done as a residual, after separately computing ΔR and 
ΔHo from model output. The rightmost item in Fig. 4 and Extended Data Fig. 5 
shows λ ≡ ΔFTR /ΔTs, and represents the change in atmosphere and ocean energy 
transport into the Arctic caused by the forcings applied over the period of interest 
(1955–2005).

Data availability
All model output analysed in the study is currently stored on data servers at the 
National Center for Atmospheric Research in Boulder, CO, USA, and are available 
from the corresponding author on request. The GISTEMP27 data are available at 
https://data.giss.nasa.gov/gistemp and the HadISST28 data can be found at https://
www.metoffice.gov.uk/hadobs/hadisst2.

Code availability
All code used to produce the figures are available from the corresponding author 
on request.
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Extended Data Fig. 1 | Seasonal changes, 1955-2005. Monthly, ensemble-mean, 1955-2005 change in (a) global and (b) Arctic surface air temperature 
(Ts) and (c) Sea Ice Extent (SIE, the total area with sea ice concentration exceeding 15%), in the CAM5LE model. On the curves for the FixODSO3 and 
FixODS ensembles, small and large circles highlight the months in which the difference with the Historical ensemble is statistically significant at the 95% 
and 99% level, respectively, (from a two-tailed t-test).
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Extended Data Fig. 2 | Arctic amplification, 1955-2005. Arctic amplification factor for the three CAM5LE ensembles over the period 1955-2005.  
The factor is defined as the annual mean surface air temperature change over the Arctic (60-90∘ N) divided by the corresponding global mean change. 
The boxes extend from the lower to upper quartile, with a line at the median, and with whiskers showing the entire range across each ensemble; the 
individual members are shown by the small black dots. The difference between the means of the FixODSO3 and Historical ensembles is statistically 
significant at the 95% level.
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Extended Data Fig. 3 | Synthetic PDFs of 1955-2005 changes. Probability distribution functions (PDFs) of annual global surface temperature change 
(top), Arctic surface temperature change (middle), and September sea ice loss computed from the Historical (red) and FixODSO3 (blue) simulations with 
the CAM5LE model. These PDFs are constructed by ‘resampling with replacement’ âĂŞ 10,000 times âĂŞ the original set of 10 model simulations.
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Extended Data Fig. 4 | Arctic surface temperature and sea ice trends, 1955-2005. As in Fig. 2, but for the WACCM4 model integrations.
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Extended Data Fig. 5 | Arctic feedbacks, 1955-2005. As in Fig. 4, but for the WACCM4 model integrations.
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