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Greater committed warming after accounting for

the pattern effect

Chen Zhou®'?™, Mark D. Zelinka

3, Andrew E. Dessler©®* and Minghuai Wang ©12

Our planet's energy balance is sensitive to spatial inhomogeneities in sea surface temperature and sea ice changes, but this
is typically ignored in climate projections. Here, we show the energy budget during recent decades can be closed by combin-
ing changes in effective radiative forcing, linear radiative damping and this pattern effect. The pattern effect is of comparable
magnitude but opposite sign to Earth's net energy imbalance in the 2000s, indicating its importance when predicting the future
climate on the basis of observations. After the pattern effect is accounted for, the best-estimate value of committed global
warming at present-day forcing rises from 1.31K (0.99-2.33 K, 5th-95th percentile) to over 2K, and committed warming in
2100 with constant long-lived forcing increases from 1.32 K (0.94-2.03 K) to over 1.5 K, although the magnitude is sensitive to
sea surface temperature dataset. Further constraints on the pattern effect are needed to reduce climate projection uncertainty.

solar radiation and loses energy by emitting thermal radiation
back to the space. The absorbed solar radiation approximately
equals the emitted thermal radiation at the top of atmosphere
(TOA) when the Earth’s climate system is in a quasi-equilibrium
state. Since the Industrial Revolution, changes in greenhouse gases
and aerosol concentration have perturbed the TOA radiative fluxes,
resulting in a net energy flux into the climate system'. As the climate
system warms in response to net positive radiative forcing, changes
in surface temperature, air temperature, clouds, water vapour and
surface albedo further modify the TOA energy fluxes, thereby
radiatively damping the warming’.
We can write the current energy imbalance as the sum of forcings
and responses, that is

| he Earth’s climate system gains energy by absorbing incoming

N =TF+ Ry (1)

where F is the effective radiative forcing and Ry, is the offsetting
change of TOA fluxes induced by warming of the climate system,
including climate feedbacks. N is the net TOA energy imbalance. All
anomalies are relative to the pre-industrial period.

Traditionally, the change of Ry, is calculated as the product of
global mean surface temperature change and a climate feedback
parameter A. Using this approach, the IPCC AR5 (ref. °) described
the Earth’s energy budget with the following equation

N~ F — AT (2)

where the effective climate feedback parameter A, defined as the
absolute value of total net feedback, is assumed to be a constant,
and AT is change of global mean surface air temperature. However,
it has been shown that 4 is sensitive to the spatial pattern of sea
surface temperature (SST) change* ', and the pattern of observed
historical SST change has given rise to more negative cloud™® and
lapse rate feedbacks'®"® than the SST change at 2Xx CO, equilib-
rium. Specifically, sea surface warming that is concentrated in

warm regions of large-scale atmospheric ascent like the tropical
western Pacific enhances Earth’s albedo as well as its ability to radi-
ate infrared energy to space. There is observational evidence for a
pattern effect as well'>'®"7. This means that the pattern effect must be
considered in analyses of the Earth’s energy imbalance.

We quantify the pattern effect as

P = Ry, + AT (3)

where 4, is the climate feedback parameter under long-term, green-
house gas-induced global warming and its value in climate models
can be calculated from abrupt 4x CO, experiments'® (Methods).
The value of A changes over time but the value of 4, is considered
as a fixed value for the climate system. The values of Ry, can be
calculated from Atmospheric Model Intercomparison Project
(AMIP)-piForcing experiments, in which the model is forced by
constant climate forcing and observed SST and sea ice'’ (Methods).
The pattern effect is zero at equilibrium by this definition.
A negative value of P indicates that the pattern effect cools Earth
and vice versa.

Combining equations (1) and (3) gives us a modified energy bal-
ance equation

N=F— AT +P (4)

In this framework, the pattern effect P can be viewed as a
pseudo-forcing composed of two parts'’. One part is the unforced
pattern effect induced by internal variability. Different patterns of
warming over the historical period due to unforced variability lead
to large differences between A calculated over different decades. The
other part is a forced pattern effect that causes A over the historical
period to be smaller than 4, due to differences between transient
pattern of warming and the pattern of warming in response to
2XCO, (ref. °). When internal variability is taken into account,
observed and simulated trends in SST patterns are consistent'”. Note
that the impact of internal variability on TOA fluxes affects both
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Fig. 1| Attribution of the net TOA fluxes during 1871-2010. a, Time series
of effective radiative forcing from IPCC AR5 (red), the linear radiative
damping term (=1, AT, green) and the pattern effect term (blue). b, Time
series of reconstructed TOA fluxes. The black line denotes the TOA fluxes
reconstructed with equation (4) and the brown line denotes the TOA net
flux estimated by ignoring the pattern effect (F-1,AT). ¢, Comparison of
reconstructed TOA fluxes with observations. The magenta line denotes
observed annual TOA net flux from CERES EBAF v.4.0 (ref. *') and the cyan
line denotes net flux observations from merged radiation budget data v.3
(ref. 22), which is calculated from CERES EBAF v.2.8 (ref. #°) and ERBS wide
field of view v.3 data*. Thin lines denote values calculated from individual
models, while thick lines are model averages.

global mean temperature and the SST pattern, so the unforced com-
ponent of the pattern effect accounts for only part of the internal
variability-induced TOA radiative anomalies.

Our estimate of P comes from AMIP-piForcing simulations,
so it is important to verify that the Earth’s energy budget can be
closed with the model-derived pattern effect. Figure 1 shows that
the summation of climate forcings (F) from the IPCC AR5 (ref. %),
linear radiative damping (—4,AT) and the pattern effect (P) from
an ensemble of AMIP-piForcing simulations'' closely matches the
observed energy imbalance from the CERES EBAF observation

dataset*’ and a merged CERES/ERBS radiation budget dataset that
extends back to 1984,

The TOA imbalance calculated from equation (4) agrees with the
observed energy imbalance, not only in the mean value during the
2000s but also in the interannual variations. Meanwhile, the TOA
imbalance calculated assuming P=0 not only does not reproduce
the correct magnitude but also does not reproduce year-to-year
variations, indicating that the pattern effect is essential for accurately
closing the Earth’s energy budget. Our results are a complement to
Andrews and Forster”, who used the pattern effect to constrain F,
yielding values consistent with the IPCC values we are using here.

We have also calculated the accumulated energy imbalance and
the terms contributing to it, between 1961 and 2010. F is again from
the IPCC AR5, and the pattern effect is calculated from individual
AMIP-piForcing experiments (Methods). The observed changes
in global heat content’>* are within the range of the accumulated
energy influx for the whole period (Fig. 2). On the other hand, the
cumulative energy influx calculated without the pattern effect is
much larger than the observations. This further confirms that the
pattern effect is crucial for closing the energy budget over the last
several decades.

Estimates of committed warming with the pattern effect
The pattern effect is not only important for understanding the
Earth’s present energy budget but also for predicting future climate
change. To illustrate the importance of the present-day SST pattern
on future climate predictions, we now evaluate the impact of the
pattern effect on estimates of committed warming under constant
climate forcing scenarios®.

We first consider a hypothetical future scenario, where climate
forcing is held fixed as the present-day (2020) level until the climate
system reaches equilibrium. The climate forcing in the hypothetical
scenario relative to the pre-industrial period is

F = Fyf + OF (5)

where F, is the effective total radiative forcing of the reference
period (2005-2015) and 8F~0.3 Wm™ accounts for forcing by
emissions from 2010 (the centre of the reference period) to 2020 to
yield an up-to-date estimate of commitment®. At equilibrium, the
Earth’s energy imbalance N is zero and the pattern effect P is also
zero as we define it, so equation (4) reduces to

0=F — J4AT, (6)

where AT, is the global mean surface temperature of the future
scenario relative to pre-industrial. According to equations (5) and
(6), the equilibrium committed warming with constant forcing F
would therefore be

ATa = (Fref + 5F)//11t (7)

According to equation (4), the global mean surface tempera-
ture anomaly of the reference period (2005-2015) relative to
pre-industrial period is

ATref = (Fref - Nref + Pref)/ilt (8)

where N, and P, are the TOA net flux and pattern effect during
the reference period, respectively. Combining equations (7) and (8)
we get

AT, = ATret + (Niet + 6F) /A1 — Preg / A1t )

We refer to —P,/A, as the direct contribution of the pattern effect
to equilibrium committed warming above today’s temperature,
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Fig. 2 | Cumulative energy flux into the Earth system during 1961-2010.
The magenta and cyan lines are two estimates of the observed changes in
the global heat content?*?> (Methods), the black thick line is the net influx
calculated from the reconstructed net energy imbalance of Fig. 1 and the
brown thick line denotes net energy influx if the pattern effect is zero. The
red, green and blue dashed lines denote individual contributors to the net
energy influx. Thin lines denote values calculated from individual models,
while thick lines are model averages.

which represents the contribution of the pattern effect when the
committed warming is estimated from the reference period with
given climate feedback parameter. Alternatively, one can also
express the committed warming as

(Fref + 5F)

AT, = —— 7
¢ (Fref _Nref +Pref)

ATt (10)

which highlights how the negative P, term enhances the equilib-
rium committed warming compared to P,=0.

Before the importance of the pattern effect on future climate pre-
dictions was recognized, many investigators solved for the climate
feedback parameter 4, in equation (8) using historical observations
with P,=0 (ref. ). We refer to such estimates as 4,,,;, and it was
assumed that this was a good estimate of 4. However, as we show
below, ignoring the pattern effect yields an estimate of A, that is
larger (implying lower climate sensitivity) than 4, (ref. ''). Using
that A, in equation (9) with P, =0 will then lead to a low-biased
estimate of equilibrium committed warming.

We first estimate committed warming with forcing held fixed at
present-day levels and no pattern effect. To do that, we calculate 4,
from equation (8) with P,=0, basically equivalent to how 4, is
normally calculated. Following ref. >, we use F,,=2.16 +:0.59 W m™
(-0 uncertainty interval), N,=0.71+0.06Wm2 and
AT,=0.77+0.08K for 2005-2015. We find that A, is 1.88
Wm2K" (0.66-3.27 Wm2K") with equation (8), which is similar
to most previous traditional energy balance estimates®*”. Plugging
that into equation (9) with P,,=0 yields equilibrium committed
warming AT, of 1.31K (0.99-2.33K, 5th-95th percentile). This
value is below the Paris Agreement’s aspirational goal of 1.5°C and
is consistent with ref. *.
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Table 1| AMIP-piForcing models used in this study

Model name Ay (Wm2K™) ECS (K) P(Wm?)
CAMA4 1.23 2.90 -0.77
CAM5.3 1.31 3.00 -0.59
CanESM5 0.65 5.64 -045
CESM2 0.63 515 -1.30
CNRM-CM6-1 0.74 490 -0.23
ECHAM®6.3 1.36 3.01 -0.40
GFDL AM2.1 1.38 2.43 =
GFDL AM3 0.75 3.99 -
GFDL AM4 - - -
IPSL-CM6A-LR 0.75 4.56 -0.62
HadAM3 1.04 3.38 -0.56
HadGEM?2 0.64 4.58 -0.60
HadGEM3-GC31-LL 0.63 5.55 -0.65
MRI-ESM2-0 110 313 -0.72
AMIP-piForcing ensemble  0.94 4.02 -0.63
CMIP5 models*° 1.08 3.37

CanESM5, CESM2, CNRM-CM6-1, HadGEM3-GC31-LL, MRI-ESM2-0 and IPSL-CM6A-LR are
from CMIP6 (ref. ), and other models are from ref. . The climate feedback parameter, ECS, and P
during 2006-2010 are also listed in the table.

If we include a pattern effect of P,,=—0.63 +0.27 W m2, which
was inferred from the AMIP-piForcing experiments (Methods), the
value of A, estimated in equation (8) decreases to 1.06 Wm=K-!
(0.19-2.57Wm=2K™'), which is close to 4, estimates from climate
models (Table 1) and the estimates of ref. ''. It also falls near the
middle of the range estimated from a meta-analysis of observational
estimates of equilibrium climate sensitivity (ECS)*, which suggests
values 0f 0.79-1.61 W m 2K"! for A,. The value of AT, estimated from
equation (9) now rises to 2.31 K (1.26-10.3 K), which is substantially
greater than the value estimated without the pattern effect. The
best-estimate value is in excess of the 2 °C limit frequently viewed as
the threshold for dangerous warming. More than half of this differ-
ence with the previous calculation is contributed by the direct effect
—P. /% (0.59K when we set 4,=1.06 Wm=K") in equation (9),
and the rest (0.41K) comes from the indirect effect of correcting
the error in inferred 4,,,,, when the pattern effect is ignored (Fig. 3).

In addition to equilibrium committed warming with constant
forcing, there are other definitions of committed warming®*.
Following ref. °, we explore two other definitions. When the pattern
effect is ignored, the equilibrium committed warming with constant
long-lived forcing is estimated to be 1.59K (0.91-4.45K) and the
committed warming with constant long-lived forcing by 2100 is
1.32K (0.94-2.03K), which is generally consistent with ref. *. After
a pattern effect of P, ,=-0.63+0.27W m™ is fully accounted for,
their values rise to 2.81K (1.15-16.2K) and 1.75K (1.21-2.45K),
respectively (Methods).

Lewis and Mauritsen® suggested that the pattern effect is much
weaker when the SST from HadISST*' rather than AMIPII SST*
are used in AMIP-piForcing runs. To examine the sensitivity to
dataset used in the AMIP-piForcing runs, we carried out three
experiments with CAM5.3 (ref. **) driven by HadISST SSTs and sea
ice (CAM5.3 HadISST-piForcing experiments). The mean value
of P between 2006 and 2010 is —0.33 Wm™ averaged across the
three HadISST-piForcing experiments, which is weaker than the
—0.59 W m~ calculated from three CAM5.3 AMIP-piForcing exper-
iments. If we set the pattern effect to be P,,=—0.33 W m, the com-
mitted warming with present-day forcing is 1.69K (1.18-4.50K),
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Fig. 3 | Impact of the pattern effect on equilibrium committed warming
with constant forcing. Colours denote the committed warming for a
range of P and 4, values calculated with equation (9), and the two
white contours represent the Paris Agreement thresholds. The black line
denotes the relationship of P and 4, constrained by equation (8). Values
printed beside the two black markers denote the committed warming
corresponding to P...=0 and P, ,=—0.63 W m, respectively.

the equilibrium committed warming with constant long-lived
forcing is 2.06K (1.05-8.31K), and the committed warming with
constant long-lived forcing by 2100 is 1.62K (1.13-2.24K).
Therefore, we confirm that the committed warming estimated
with zero pattern effect is substantially low biased compared to
calculations that include the pattern effect. The magnitude of this
bias depends on the SST dataset, with HadISST implying a smaller
pattern effect and hence smaller committed warmings than the
AMIPII dataset. However, we find that reconstructed TOA fluxes
using CAM5.3 HadISST-piForcing experiments are less well corre-
lated with observations than those in AMIP-piForcing experiments
(Fig. 4), suggesting that committed warming estimates based on
AMIP-piForcing experiments may be more reliable.

Implications and discussions

Properly accounting for the pattern effect has a major impact on
the amount of carbon humans can emit before breaching any par-
ticular temperature threshold. Simple models frequently used to
create the roadmap of decarbonization®** typically do not include
the pattern effect. It is expected that the pattern effect would
be zero in the far future when the climate approaches equilib-
rium, so the transition from the current SST anomaly pattern to a
more homogenous equilibrium pattern would result in an energy
influx of ~0.63+0.27Wm™ in addition to forcing from addi-
tional greenhouse gases according to the AMIP-piForcing experi-
ments. Considering that the effective radiative forcing of 2x CO,
is 3.7Wm™ (2.9-45Wm™) (ref. *), a reduction of ~47ppm of
CO, (14-86 ppm, the actual value might differ slightly because the
forcing of CO, is nonlinear”’) would be required to compensate for
this pattern effect, which corresponds to ~100 petagrams of carbon
(30-182PgC). We are using a conversion factor of 2.12 PgC per ppm
following ref. **. Therefore, consideration of the pattern effect would
reduce the estimated remaining headroom to avoid exceeding target
temperature thresholds® by about this much. Note that this value is
~53PgC (43-67 PgC) if the pattern effect of —0.33 Wm™ derived
from the CAM5.3 HadISST-piForcing experiment is used instead.
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Fig. 4 | Comparison of TOA fluxes reconstructed with CAM5.3
experiments driven by different SST datasets. The TOA fluxes are
reconstructed with equation (1), where the climate forcing is from IPCC
AR5 and Ry, is from simulations. The black line is the ensemble mean value
calculated from three CAM5.3 AMIP-piForcing experiments, which use
prescribed AMIPII SST boundary conditions. The blue line is reconstructed
with the ensemble mean value of three CAM5.3 HadISST-piForcing
experiments, which use prescribed HadISST SST boundary conditions.
The correlation coefficients between the time series of observations and
reconstructed TOA fluxes, of which the corresponding P values are all
below 0.05, are listed in the figure.

The pattern effect used in this study is derived from
AMIP-piForcing experiments but its real-world strength could dif-
fer from that estimated in these idealized simulations. Uncertainty
in the strength of the pattern effect substantially increases our
uncertainty about future warming, and we hope our work motivates
additional efforts to constrain it. As described here, this will have
important consequences for understanding how much warming
we are already committed to and how much of the carbon budget
remains for us to have a reasonable chance to avoid the 1.5°C and
2°C climate thresholds set by the Paris Agreement.
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Methods
Calculation of pattern effect. The change of TOA fluxes in response to observed SST
and sea ice changes, ARy, is calculated as the change of TOA fluxes relative to the
base period (1871-1880) in the AMIP-piForcing experiments, where the sea ice and
SST are specified from observations and climate forcings are fixed at pre-industrial
level. The AMIP-piForcing ensemble consists of 14 models, of which eight are from
ref. ' and six are from the Coupled Model Intercomparison Project Phase 6 (CMIP6)
archive. Considering that the value of effective forcing during the base period is
0.04 Wm and the net energy imbalance is set to be 0.08 W m~ during 1860-1879
in ref. **, we set the value of Ry, during the base period to be Ryspueperioa = 0.04 Wm™.
The value of Ry, at each year is calculated as the summation of ARy, and Ry,yseperiod-
(Note that if we set Rysposeperioa = 0> Ry, at each year would be more negative than
values reported in the paper.) The value of 4, of each model is calculated from abrupt
4x CO, experiments as the regression slope of TOA net flux against global mean
surface temperature during years 1-150, following ref. '*. From this information, the
values of P can be calculated with equation (3), where AT is calculated as the change
of global mean surface air temperature relative to the base period. It is worth noting
that the climate feedback parameter is smaller (less negative net feedback) during
years 21-150 than that during years 1-20 (ref. *), so calculating 4, from years 21-150
instead of years 1-150 results in a larger, more negative pattern effect.

The A, parameter of GFDL AM4 is unavailable and the GFDL AM2.1 and AM3
AMIP runs end in 2005, so some values are missing in Table 1.

Pattern effect after 2011. The AMIP-piForcing experiments of ref. ! end in 2010
and it is important to know whether the pattern effect has changed significantly
after 2011. We run three additional AMIP-piForcing experiments with CAM5.3
(ref. **) over the period 1871-2017. The average value of P in these runs

is —0.59 W m™ during 2006-2010, —0.64 W m~? during 2006-2015 (reference
period for committed warming calculations) and —0.56 W m~* during 2011-2017
in these additional CAM5.3 AMIP-piForcing experiments. This shows that

P estimated using runs ending in 2010 are similar to those ending in 2015, so the
value of P during 2006-2010 in AMIP-piForcing experiments is used as P, when
we evaluate the impact of pattern effect on committed warming.

Global heat content data. The dataset from ref. ** contains global heat content
changes in ocean, ice, atmosphere and land, while the heat content of NOAA*
contains ocean heat content only. The total heat content of ref. ** is used in Fig. 2.
Considering that uncertainties of global heat content changes are dominated by
the ocean, we calculated another total heat content time series by adding up the
ocean heat content change from NOAA with ice, atmosphere and land heat content
from ref. > and noted it as ‘NOAA' in Fig. 2. The data of ref. > ends in 2008, so we
extended the air, land and ice heat content to 2010 using linear extrapolation. The
extrapolation error of air, land and ice heat content is expected to have little impact
on the total heat content because changes in ocean heat content are much larger
than those of the air, land and ice.

Uncertainty intervals. The uncertainty intervals in this paper are calculated with
bootstrapping. Variables with negligible skewness were sampled with normal
distribution and variables with strong skewness were transformed to an alternative
variable with weak skewness before sampling. Considering that the value of 1,
should be positive, random samples leading to negative 4, are excluded when we
estimate the uncertainty intervals. The values reported before the uncertainty
intervals are best-estimate values and they are not affected by this truncation.

Committed warming with constant long-lived forcing. In the absence of fossil
fuel emissions, aerosols and short-lived climate forcings would rapidly decrease,

so we also consider a future scenario where the concentration of long-lived forcers
(well-mixed greenhouse gases excluding fossil fuel-induced methane) remain fixed
at present-day level, while the concentration of aerosols and short-lived greenhouse
gases is at the pre-industrial level. The climate forcing in this future scenario
relative to the pre-industrial period is

Frice = Fref + OF — Faero — Fsice (11)

where F,,,, and F ; are the effective aerosol radiative forcing and short-lived
climate forcing at the reference period (2005-2015), respectively. According

to ref. , Fg ;=0.36 Wm™ (0.17-0.56 W m2) and F,,,,=—0.9 Wm™ (—1.9 to

—0.1 Wm™) during the reference period, then the best-estimate value of F;, o; can
be calculated from equation (11) (3.0 W m~?) but its uncertainty interval is difficult
to estimate from equation (11) with bootstrapping because the correlation between
the uncertainties of F,,,, and F,.; is unknown. Alternatively, we added the forcing
from well-mixed greenhouse gases (excluding fossil fuel-induced methane, which
accounts for 29% of total methane according to ref. *°) in IPCC AR5 (ref. °) with 8F,
and estimate that the value of F;; is 3.0 Wm™ (2.7-3.3 W m?). Following equation

(7), the equilibrium committed warming with this level of forcing is

AT. = Fiice /Mt = (Fref + 8F — Faero — Fsicr) /At (12)

Combining equations (8) and (12) we have

ATc = ATvet + (Nref + OF — Pret — Faero — FSLCF)//‘[lt (13)

If we set P, =0, the value of AT, is 1.59K (0.91-4.45K). If we set
P =—-0.33Wm™ (derived from CAM5.3 HadISST-piForcing), the value of
AT, increases to 2.06 K (1.05-8.31 K). When the pattern effect derived from
AMIP-piForcing experiments P, ,=—0.63 +0.27 W m™ is accounted for, the value
of AT, increases to 2.81 K (1.15-16.2K).

The pattern effect is also important in estimating the committed warming at
the end of the twenty-first century. We assume that the average value of pattern
effect is zero during the projected period. Following ref. °, we assume that
the centennial response to present-day forcing is consistent with the response
to historical forcing, and the centennial commitment warming with constant
long-lived forcing can be approximated using transient climate response (TCR)

TCR

ATg = ATret + (Nyef + 8F — Pref — Faero — Fsicr) 7
2x

(14)

F,, is the effective forcing from a doubling of CO, concentration and is
estimated to be 3.7 Wm™ (2.9-4.5 W m™) according to ref. *°. If the pattern effect
is completely ignored, the value of TCR is estimated to be 1.32K (0.88-2.36 K),
so the value of AT, is estimated to be 1.32K (0.94-2.03 K). If the pattern effect
is considered, the estimated TCR increases to 1.67 K (1.17-2.16 K) according to
ref. ** and the estimated AT, from equation (14) increases to 1.62K (1.13-2.24K)
when the pattern effect derived from CAMS5.3 HadISST-piForcing experiments is
used and increases to 1.75K (1.21-2.45K) when the pattern effect derived from
AMIP-piForcing experiments is used.

Data availability

All observational data and AMIP-piForcing experiment data in Table 1 are publicly
available online, as described in Methods. In addition, results of the idealized
experiments carried out in this study are available from the corresponding author
upon request.

Code availability

The code of CESM1.2-CAM5.3 model used in this paper can be downloaded
from http://www.cesm.ucar.edu/models/cesm1.2/. Codes for plotting figures are
available from the corresponding author upon request.
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