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Abstract. The radiative forcing from aerosols (particularly
through their interaction with clouds) remains one of the
most uncertain components of the human forcing of the
climate. Observation-based studies have typically found a
smaller aerosol effective radiative forcing than in model sim-
ulations and were given preferential weighting in the Inter-
governmental Panel on Climate Change (IPCC) Fifth Assess-
ment Report (AR5). With their own sources of uncertainty, it
is not clear that observation-based estimates are more reli-
able. Understanding the source of the model and observa-
tional differences is thus vital to reduce uncertainty in the
impact of aerosols on the climate.

These reported discrepancies arise from the different
methods of separating the components of aerosol forcing
used in model and observational studies. Applying the ob-
servational decomposition to global climate model (GCM)
output, the two different lines of evidence are surprisingly
similar, with a much better agreement on the magnitude of
aerosol impacts on cloud properties. Cloud adjustments re-

main a significant source of uncertainty, particularly for ice
clouds. However, they are consistent with the uncertainty
from observation-based methods, with the liquid water path
adjustment usually enhancing the Twomey effect by less than
50 %. Depending on different sets of assumptions, this work
suggests that model and observation-based estimates could
be more equally weighted in future synthesis studies.

1 Introduction

Acting as cloud condensation nuclei (CCN) and ice nucleat-
ing particles (INPs), aerosols can modify the cloud droplet
number concentration (Ng) and the ice crystal number con-
centration (N;j). An increase in Nq can impact the reflectiv-
ity of a cloud (Twomey, 1974), resulting in a cooling effect
on the climate known as the radiative forcing from aerosol-
cloud interactions (RFaci) or the “Twomey effect”. A change
in Ng may also produce cloud adjustments (Albrecht, 1989;
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Ackerman et al., 2004), resulting in changes to the cloud
fraction (f.) and the liquid water path (£). Similarly, an
aerosol-induced change in V; may change ice-cloud proper-
ties. The combination of these adjustments and the RFaci is
known as the effective radiative forcing from aerosol-cloud
interactions (ERFaci). The sign and magnitude of the forc-
ing from cloud adjustments are highly uncertain (Han et al.,
2002; Seifert et al., 2015; Gryspeerdt et al., 2016; Malavelle
et al., 2017; McCoy et al., 2018), and this uncertainty is a
leading contributor to uncertainty in the overall effective ra-
diative forcing from aerosols (ERFaer).

Most global climate models (GCMs) include some form
of parameterisation of aerosol-cloud interactions, allowing
the ERFaer to be calculated (e.g. Quaas et al., 2009; Ghan
et al., 2016). However, uncertainties in the parameterisation
of cloud and aerosol processes have led to a large variation
in these GCM-based estimates. Satellite and in situ obser-
vations can be used to constrain the magnitude of the ER-
Faci, typically focusing on the sensitivity of cloud proper-
ties to aerosol perturbations (e.g. Feingold, 2003; Kaufman
et al., 2005; Quaas et al., 2008; Gryspeerdt et al., 2017; Mc-
Coy et al., 2017). These sensitivities can be either used di-
rectly to calculate components of the ERFaer, such as the
RFaci (Quaas et al., 2008), or used to constrain processes
in global models, improving estimates of the ERFaer (e.g.
Quaas et al., 2006). However, in many cases, uncertainties
and biases in observations can lead to systematic errors in
these observation-based estimates of aerosol—cloud interac-
tions (e.g. Quaas et al., 2010; Gryspeerdt et al., 2016; Stier,
2016; Schutgens et al., 2017; Christensen et al., 2017).

Model-based estimates of the ERFaer tend to be larger
(more negative), with Boucher et al. (2013) providing
a range of —0.81 to —1.68 Wm™2, compared to —0.45
to —0.95Wm~2 for observation-based estimates. Despite
their uncertainties, observation-based studies have previ-
ously been given a stronger weight in expert assessments of
the ERFaer, leading to smaller overall assessments of the ER-
Faer (Boucher et al., 2013). Understanding this difference
between methods is necessary to improve future estimates
of the ERFaer. Uncertainty in the magnitude of the ERFaer
comes from three main sources:

S1. Anthropogenic and natural aerosol properties. Whilst
the present-day (PD) CCN and INP burden can be
constrained, the composition of the atmosphere of the
preindustrial (PI) earth is much more uncertain, creat-
ing a significant source of uncertainty in aerosol forcing
estimates (Carslaw et al., 2017).

S2. The sensitivity of Ny and N; to an aerosol perturba-
tion. Most climate models include a parameterisation
of the impact of aerosol on N4 through droplet activa-
tion and the associated radiative forcing from aerosol—
cloud interactions (RFaci or Twomey effect). Variations
in the parameterisation of unresolved vertical velocities
between models lead to a strong variation in this sensi-
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tivity between climate models, despite the similarity of
their aerosol activation parameterisations (Gryspeerdt
etal., 2017).

S3. The adjustment of clouds to a change in Ng or N;. The
magnitude of cloud adjustments (such as changes in f,
L, or ice water path) are a significant source of uncer-
tainty. The nature of the representation of adjustments
varies between models, with some processes (such as
those involving ice) being excluded from many models,
leading to a large uncertainty in the magnitude and sign
of these adjustments (Heyn et al., 2017).

Isolating these different sources of uncertainty is difficult,
complicating the use of observations to reduce model biases.
Some observation-based studies aim to constrain the entire
ERFaer (e.g. Cherian et al., 2014). However, most studies
typically estimate components of the ERFaer due to changes
in specific cloud properties, such as the RFaci (e.g. Quaas
et al., 2008; Gryspeerdt et al., 2017; McCoy et al., 2018), the
change in liquid f (f1) (Gryspeerdt et al., 2016; Christensen
et al., 2017), L (Gryspeerdt et al., 2019), or cloud albedo
(Lebsock et al., 2008; Christensen et al., 2017) due to the
difficulty in isolating specific processes in the atmosphere. In
contrast, model studies are able to isolate the radiative forc-
ing due to aerosol impacts on individual processes (e.g. auto-
conversion; Gettelman, 2015; or aerosol absorption; Zelinka
et al., 2014) but the coupled nature of cloud properties means
that the forcing from the RFaci is generally not extracted
from the total ERFaer reported (Boucher et al., 2013).

Existing methods of decomposing the top-of-atmosphere
radiation changes between a PI and a PD simulation (ER-
Faer) into components typically require multiple model sim-
ulations with different permutations of model processes ac-
tivated (e.g. Gettelman, 2015) or repeated calls to the radi-
ation parameterisation, requiring significant modification of
the model code (e.g. Miilmenstédt et al., 2019). In contrast,
the method presented here requires only a single pair of PI
and PD simulations with a minimal set of model output (see
the Supplement), allowing it to be applied even to existing
model ensembles.

This study presents a method, building on Ghan (2013),
for decomposing the ERFaer into changes in the surface
albedo, the direct effect of aerosols (RFari), and changes in
the cloud albedo (Ac«,) and fraction (A f). The changes in
cloud properties are separated into contributions from liquid
and ice clouds (or high and low clouds if cloud phase is not
available). Finally, as the primary controls on liquid cloud
albedo are £ and Ny (Engstrom et al., 2015), the changes in
liquid cloud albedo is further separated into two terms: one
from £ changes and a second from Ny changes (the RFaci),
which assume that all other cloud quantities are held con-
stant. This ERFaer decomposition creates a clearer compar-
ison between model and observational estimates of the ER-
Faer components using minimal computational time and out-
put. The decomposition is shown to compare well to more
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sophisticated methods and highlights significant agreements
between the aerosol forcing estimates by global models and
through observation-based methods.

2  Methods
2.1 Forcing decomposition

To decompose the aerosol forcing into components, two sep-
arate model simulations are required: one with PI aerosol
emissions and another with PD emissions. The ERFaer is
taken as the difference in top-of-atmosphere (TOA) radia-
tion between these two simulations. Cloudy-sky quantities
(xc) are computed from the all-sky (x) and clear sky (xcr)
quantities and the cloud fraction (f¢).

x =X (1 — fo)
= TRl o) I
X 7. (H

The ERFaer is split into longwave (LW) and shortwave
(SW) components. The changes in the SW TOA radia-
tion can be attributed to changes in the cloudy-sky albedo,
clear-sky albedo (Acwqy;), and changes in the cloud fraction
(Eq. 3). The change in the longwave component (ALW) can
be similarly decomposed into a cloudy-sky (AOLR,), clear
sky (AOLRy), and cloud fraction change. Throughout this
work, a A signifies PI to PD changes. NoA (no aerosol) indi-
cates an albedo determined in a clean atmosphere (no radia-
tive effect of aerosol; Ghan, 2013). F  is the TOA incoming
solar radiation. Note that all of the steps in this decomposi-
tion are performed at the grid-box scale.

ERFaer = ASW + ALW, 2)
ASW =~ F¢<(1 — fo) AaljoA ASurf
+ (1= fo) A (et — aOr)  SWarig
(cloudy-sky contribution)
+ fe A (e — aNOA) SWaric A3)
(clear-sky contribution)
+ feA (alYoR) ASW,
+ (ore — oelr) Afc) ASW,y,
ALW =~ (1— f.) AOLRy, LWarics
+ fc AOLR, ALW, ()
+ (OLR; — OLR¢) Afc ALW¢q.

The terms can then be connected to the decompo-
sition of the aerosol forcing in Boucher et al. (2013).
The aerosol direct effect or RFari can be approximated
as SWarig+ LWarics. This ignores changes in the surface
(ASurf) and the impact of aerosol above cloud (SWarigg),
but it provides a comparable value to the RFari estimated
using observations (e.g. Quaas et al., 2008). The remaining
terms can then be considered the ERFaci (plus cloudy-sky
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components of the RFari), with terms due to changes in cloud
properties (ASW,) and cloud amount (ASW¢).

These cloud terms can be further decomposed into changes
in liquid and ice cloud (Eqgs. 5-7), resulting in forcings from
changes in liquid (ASW)) and ice-cloud albedo (ASW,;) as
well as the forcings from changes in cloud fraction (ASW_q,
ASW,5). The liquid cloud albedo is determined using only
grid boxes with an ice-cloud fraction of less than 2 %. A sim-
ilar criterion is used for the ice-cloud albedo. The forcing
from changes in liquid cloud albedo (ASW(|, the “intrinsic”
forcing; Chen et al., 2014) can then be further decomposed
into a forcing from changes in £ and a change in Ng. Using
the strong dependence of cloud albedo on £ (Engstrom et al.,
2015), the ERFaci due to £ changes can be determined by a
linear regression to determine the sensitivity of liquid cloud
albedo to £ (Eq. 8), combined with a known PI to PD change
in L. Similar results are obtained when using In £ instead of
L. The forcing due to Ny changes (the RFaci) is the residual
of liquid cloud albedo forcing with the £ forcing removed
(Eq. 9).

feAae = fida+ fida;, (5)

ASW,. = ASW. + ASW, (6)

ASW¢ s = ASWeg + ASWeg, @)
dog

Aol = =] AL, 8

o) ar ob (8)

AalNd = Ao — Aalﬁ. )

In many situations, the ice-cloud fraction includes clouds
with a low optical depth. This means that in situations where
a thin ice cloud overlies a thick low-level liquid cloud,
changes in the low-level liquid cloud albedo might be mis-
attributed as changes in the ice-cloud albedo. To avoid this
issue, a threshold in-cloud ice water path (IWP) of 8.7 gm™2
is required for a grid box to be classed as an ice-cloud grid
box. This threshold is approximately equal to the MODIS
cloud mask sensitivity of an optical depth of 0.4 (Acker-
man et al., 2008), following the relationship from Heymsfield
et al. (2003). The shortwave forcing from these optically thin
cases is assigned to underlying liquid clouds, assuming that
the ratio of the RFaci to the forcing from £ adjustments is the
same as in the ice-cloud-free regions. The longwave forcing
is assumed to originate from the ice clouds, due to the emis-
sivity of these thin clouds. The sensitivity of the decomposi-
tion to the IWP sensitivity is investigated in this work.

Changes in overlying ice cloud create a change in the lig-
uid cloud fraction (f}), but observational estimates of the
forcing from liquid cloud adjustments typically assume no
change in the ice-cloud fraction f; (Gryspeerdt et al., 2016;
Christensen et al., 2017). To get a closer agreement between
models and observations, the change in liquid cloud fraction
(A f1) is adjusted in the model output for changes in the ice-
cloud fraction (A f;) following Eq. (10), assuming that the
changes in ice-cloud fraction are uncorrelated to the occur-
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rence of liquid cloud.

Afln—>Af1+Afil%1f (10)

2.2 Datasets

The decomposition is applied to pairs of simulations from
the AeroCom and CMIP5 intercomparisons. The simulation
pairs have prescribed sea surface temperatures and sea ice,
differing only in their aerosol emissions. Three-hourly model
output from the AeroCom indirect effect experiment simula-
tions (Zhang et al., 2016; Ghan et al., 2016) is used, with
5-year simulations nudged to present-day meteorology for
the years 2006-2010. The CMIP5 models make use of the
“sstClim” and “sstClimAerosol” simulations, which are 30-
year-long free-running simulations with climatological sea
surface temperature (SST) fields. Further details on the Aero-
Com and CMIP5 models can be found in Zhang et al. (2016)
and Zelinka et al. (2014), respectively. As a descendent of
the HadGEM2-A and HadGEM3-UKCA models, UKESM1-
A (Sellar, 2019) has also been included to provide an ad-
ditional comparison between different versions of the same
model (futher details in Mulcahy et al., 2018). It is run in the
same configuration at the AeroCom simulations.

To test the accuracy of the decomposition, two additional
sets of model simulations were performed using ECHAM6—
HAM?2.2. The “anthsca” simulations are the same as the base
AeroCom setup but with present-day anthropogenic aerosol
emissions scaled by a factor given in the simulation name.
While both the aerosol distribution and the parameterisations
vary between the models used in this work, the “anthsca”
simulations demonstrate the impact of changing the aerosol
distribution alone. The CND (constant Ng) simulation re-
places the N4 value used in the autoconversion parameteri-
sation with a climatological value, selected to agree with the
global mean Ny in the full two-moment run. This removes
any aerosol-dependent cloud adjustments, such that change
in liquid cloud albedo is the result of the Twomey effect
alone.

3 Results
3.1 Decomposition comparisons

The total ERFaer in the AeroCom and CMIP5 models varies
from —0.36 to —2.30W m~2 (Table 1), with the majority of
models having a stronger SW component that is partially
offset by a smaller positive LW forcing. There is a signif-
icant variation in the magnitude and even the sign of the
components of the forcing calculated using the method from
the previous section (Table S2 in the Supplement). However,
the residual of the sum of the components of decomposition
compared to the total ERFaer calculated is small (typically
less than 10 %), increasing confidence in the completeness of
the decomposition as each term is calculated independently.
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Table 1. The ERFaer (global mean differences between the PI and
PD TOA radiation) from the AeroCom (top section) and CMIP5
(bottom section) models in watts per square metre (W m_z). CMIP5
physics ensemble members are shown with the “-p” suffix. The third
column identifies the nature of the aerosol parameterisation in the
model, (0 — direct effect only; 1 — RFaci in liquid clouds, no adjust-
ments; 2 — with liquid cloud adjustments; 3 — parameterised aerosol
impacts on ice cloud) following Heyn et al. (2017). Models in italics
are sensitivity studies and not included in averages. The icons are
used in scatter plots and models of the same family have the same
colour. UKESM is not an AeroCom model but has been run in a
similar configuration.

Model Net Total Total
ASW  ALW
AeroCom indirect effect experiment
ECHAMG6-HAM?2.2 ® 3] -1.06 | —1.89 0.83
— CND! B 3| 041 | —094 053
— anthscal.5* 4 3| -149 | =233 085
— anthsca2? * 3| -1.80 | —2.80  1.00
— anthsca4? 3| —280 | —4.24 1.43
CAM5.3 ® 3| 141 | -210 0.69
CAMS5.3-MG2 B 3] 130 | —155 0.25
CAM5.3-CLUBB A 3| 173 | —244 070
CAM5.3-CLUBB-MG2 * 3| —1.65 | —247  0.82
SPRINTARS e 3| 099 -118 0.19
SPRINTARS-KK B 3| 123 | -146 023
HadGEM3-UKCA B 2| 230 | —274 044
UKESMI-A s 2| —-113| -135 022
CMIP5
CanESM?2 1] —088 | =095  0.07
HadGEM2-A e 2| 123 | -133 009
IPSL-CM5A-LR 1| -074 | =053 —0.21
MIROCS5 e 3| —130| —-178 049
MRI-CGCM3-pl e 3| —L11| -206 096
MRI-CGCM3-p33 B 3| —148 | —2.63 1.15
MPI-ESM-LR-pl e 0| —036| -024 -0.12
MPI-ESM-LR-p2* B 1| —063| —043 —0.20
Mean —121 ] —=159 039

Ensemble key: I constant climatological Ng in autoconversion. 2 gcaled
anthropogenic emissions. 3 updated cloud scheme. 4 different aerosol forcing data.

The decomposition in this work also compares well to
other methods. By removing the aerosol-dependent cloud ad-
justments using a climatological Ny (CND), the RFaci is iso-
lated from the adjustments and is found to be within 10 % of
the value calculated through the decomposition in this work,
with the forcing from the cloud adjustments decreasing to
close to zero as the adjustments are removed (Table 2). Sim-
ilarly, the three components of the ERFaci in liquid clouds
determined using the sophisticated partial radiative pertur-
bation (PRP) method (Miilmenstédt et al., 2019) match the
results of this work to within 15 % (Table 2). There is also
a close match in the spatial patterns of the forcing from the
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Table 2. The impact of ice water path thresholds on the RFaci es-
timate, the forcing from £ and f; adjustments and the £ and fi
enhancements of the RFaci. The row in bold represents the thresh-
old value used throughout the rest of this work. The bottom rows
show the liquid forcing estimates from a simulation with no param-
eterised cloud adjustment and determined from the standard simu-
lation using the PRP method (Miilmenstédt et al., 2019). Values are
in watts per square metre (W m~2) unless otherwise specified.

IWPpin (gm ™) | RFaci L Al L@  fi©
None -029 -037 -0.29 127 153
1 -043 -050 —0.29 116 67
5 —-043 -051 —-0.29 119 67
8.7 (satellite) -043 —-051 —-0.29 119 67
10 -043 -051 —-0.29 119 67
25 -044 052 -0.29 118 66
100 -0.53 —-0.60 —0.29 113 55
CND —-042 —-0.03 0.07 7 —16
PRP -0.51 -0.53 —-0.31 104 61

components between the different methods (Fig. S2). Due
to the variability in the cloud field, a higher threshold of
40 gm~2 gives very similar forcing values when using daily
mean data for the AeroCom models (not shown), although
only the 3-hourly AeroCom data are used in this work. The
similarity of the results between methods suggest that the
method introduced in this work is capable of accurately iden-
tifying the individual components of the ERFaer.

The estimate of the RFaci is also found to be insensitive to
the value chosen for the IWP threshold used to identify ice
clouds (Table 2). Although there is a significant change in the
RFaci when a 1 gm™2 threshold is introduced, this is likely
due to the occurrence of clouds in the model that have little
condensed water and hence are not optically active. However,
for larger values of the IWP threshold, the variations in the
RFaci are within 10 % of the value used in this work. Even
with a very large threshold value of 100 gm~2, the adjust-
ments as a percentage of the RFaci are within 20 % of the
best estimate, showing that this method is relatively insensi-
tive to the choice of threshold and hence is a suitable method
to account for the effect of thin ice clouds.

3.2 The RFaci

Previous observation-based studies estimating the RFaci
have used a limited number of methods. A sample of these
estimates using various methods and estimates of the an-
thropogenic aerosol fraction are included in Fig. la. A —
Gryspeerdt et al. (2017) is representative of studies (e.g.
Quaas et al., 2008) using relationships between satellite ob-
servations of aerosol and N4 along with observed cloud prop-
erties to convert this to estimate the RFaci. B — Fiedler et al.
(2017) use a similar method but incorporate the observed
relationship in a climate model to calculate the RFaci (e.g.
Quaas et al., 2006). C — McCoy et al. (2017) use reanalysis
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Figure 1. (a) The RFaci related to the fractional change in aerosol
optical depth (AOD) and Ng4. Colours and symbols are given in
Table 1; vertical lines link the RFaci estimates to the “intrin-
sic” (RFaci+LWP adjustment) forcing. The black points are the
observation-based estimates from A — Gryspeerdt et al. (2017), B
— Fiedler et al. (2017), C — McCoy et al. (2017), D — Bellouin et al.
(2013), E — Stevens (2015), and F — Hasekamp et al. (2019). (b)
Forcing from adjustments in £ and liquid f;. Other estimates from
G — Andersen et al. (2017), H — Gryspeerdt et al. (2016), I — Chris-
tensen et al. (2017), J — Gryspeerdt et al. (2019), K — Sato et al.
(2018), and L — Toll et al. (2019) are shown. Not all studies provide
a central estimate (black point). (¢) The percentage enhancement of
the RFaci by £ and liquid f; changes. Diagonal lines are contours
of constant total RFaci enhancement.

aerosol instead of observed aerosol properties. D — Bellouin
et al. (2013) use a model strongly constrained by satellite ob-
servations to estimate the RFaci. E — Stevens (2015) combine
several lines of evidence that are distinct from the other stud-
ies. F — Hasekamp et al. (2019) use a polarimetric retrieval of
aerosol to include more size information and account for the
detectability limit in satellite retrievals of aerosol. Although
other studies place an implicit limit on the RFaci by con-
straining the total ERFaer (Cherian et al., 2014) or a combi-
nation of the RFaci and the £ adjustments (Lebsock et al.,
2008; Christensen et al., 2017), they are not included here
due to the weak constraint they provide on RFaci. Together

Atmos. Chem. Phys., 20, 613-623, 2020
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Figure 2. (a) The ensemble mean shortwave RFaci. (b) ERFaci con-
tribution from fj changes. (¢) ERFaci contribution from £ changes.

the observation-based studies suggest a central estimate for
the RFaci in the range —0.2 to —1.0 W m~2 (Fig. la).

All the models considered in the present study show a
significant ASW,, typically dominated by changes in liq-
uid clouds (Table S2). This forcing varies significantly, from
—0.06 to —1.44 W m~2, outside the range of plausible RFaci
generated by many observational constraints (Fig. 1a — cross-
bars). However, when the forcing due to £ adjustments is
removed, the variability is reduced, with a lower bound of
—1.26 Wm™?2 and many of the models producing an RFaci
estimate around —0.75 W m~2 or smaller (Fig. la — mark-
ers). Considering the models as a whole, there is a weak re-
lationship between the aerosol optical depth (AOD) pertur-
bation and the RFaci (Fig. 1a), due to the weak relationship
between AOD and CCN (Stier, 2016). A stronger relation-
ship between ANy and the RFaci is seen for the individual
models (Fig. 1a), with the remaining variation being due to
differences in the cloud field (Zelinka et al., 2014).

Global patterns of the RFaci (Fig. 2a) show a weak RFaci
over land and stronger effect over the ocean, particularly in
regions with large amounts of low cloud. This is very simi-
lar to a number of observational estimates, which place the
majority of the aerosol forcing over the ocean due to a high
Ny sensitivity to aerosol and f] (e.g. Quaas et al., 2008;
Gryspeerdt et al., 2017; Christensen et al., 2017).

3.3 Liquid cloud adjustments

Uncertainties in the aerosol environment (source S1), droplet
activation (S2), and cloud processes (S3) all contribute to the
total uncertainty in forcing from liquid cloud adjustments,
making model-observation comparisons difficult. However,
uncertainties from both S1 and S2 apply to both the RFaci

Atmos. Chem. Phys., 20, 613-623, 2020

and the adjustments. By reporting cloud adjustments in fj
and L as a percentage enhancement of the RFaci (Fig. 1c),
the impact of S1 and S2 on the estimate of the adjustments
can be reduced. This focuses on the uncertainty in the cloud
response to Ng changes (S3), simplifying comparisons be-
tween models with different anthropogenic aerosol fractions
and activation schemes.

The benefit of normalisation of the adjustments by the
RFaci is demonstrated by the analysis of the ECHAMG6-
HAM ensemble with varying aerosol emissions (ECHAMG6-
HAM-anthsca, red). Although the forcing from both f; and
L changes in these simulations is very different (Fig. 1b),
the enhancement of the RFaci by both effects is the same to
within 10 % (Fig. 1c). In contrast, the CAMS5 microphysics
ensemble (blue) has a similar aerosol environment (Fig. 1a)
but very different cloud microphysics schemes for each of its
members. As such, the variation in the RFaci enhancement
from cloud adjustments is significant among members of this
ensemble. This normalisation by RFaci allows the adjust-
ments to be more closely compared with observation-based
studies.

/1 adjustments. Three recent observational studies using
different methods (Gryspeerdt et al., 2016; Andersen et al.,
2017; Christensen et al., 2017) find an f; adjustment that
enhances the RFaci by around 130 % to 200 %. This re-
mains the case when a different anthropogenic aerosol frac-
tion (MACvV2; Kinne, 2019) is used in the Gryspeerdt et al.
(2016) estimate. The upper bound to the enhancement in
Christensen et al. (2017) is unknown, as the RFaci is not
reported separately from £ adjustment. This highlights the
impact the RFaci uncertainty can have in observational es-
timates of the enhancement when the RFaci uncertainty is
large.

Many of the models, particularly those from CMIPS5, have
a very small fj adjustment, producing an RFaci enhance-
ment close to 0 %. This explains the smaller mean forcing
from liquid cloud adjustments in Zelinka et al. (2014), where
only CMIP5 models were used. The largest model estimates
of f} adjustments are of a similar magnitude to the obser-
vational estimates, with an enhancement of around 100 %.
While some models are more similar to the observation-
based f] adjustment forcing (Fig. 1b) than the f; enhance-
ment (Fig. 1c), this is due to the model RFaci estimates typ-
ically being stronger than the average observation-based es-
timates (Fig. 1a). The overall pattern of the forcing from fj
changes in models (Fig. 2b) is similar to that from Gryspeerdt
et al. (2016), with a stronger forcing around the edges of the
stratocumulus regions, but a weaker forcing in the North Pa-
cific. This is likely related to the mean-state fi, as increasing
the fj is difficult if the f] is already high.

L adjustments. Observational estimates of £ adjustments
are difficult to interpret (Neubauer et al., 2017). Several stud-
ies have found a £ decrease with increased aerosol or Ny,
suggesting a negative adjustment (Chen et al., 2014; Chris-
tensen et al., 2017; Sato et al., 2018). However, recent work
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Figure 3. The relationship AL (in-cloud) and the £ adjustment in
each of the models.

has suggested that this decrease may overestimate the impact
of aerosols on L, supporting a weak £ response to aerosol
(Malavelle et al., 2017; Gryspeerdt et al., 2019; Toll et al.,
2019). In contrast, all the models with a significant RFaci
also produce a positive £ adjustment, enhancing the ERFaci.
As with the f] adjustments, the £ adjustments are smaller in
the CMIP5 models, due to the smaller change in £ but simi-
lar cloud radiative effects (Fig. 3). The CMIP5 models tend to
have less sophisticated aerosol schemes (Table 1), which may
explain these weaker adjustments. However, as some models
with higher levels of sophistication (e.g. UKESM1-A, MRI-
CGCM3) also have weak adjustments, model sophistication
is not the only factor influencing the strength of the adjust-
ments.

In almost all of the models, the £ and f; adjustments have
the same sign (Fig. 1b). The different sign of the f and £ ad-
justments in the observation-based studies therefore suggests
that inclusion of missing processes controlling £, such as
aerosol-dependent entrainment (Ackerman et al., 2004; Xue
and Feingold, 2006), may be necessary for models to repro-
duce the observed relationships (e.g. Salzmann et al., 2010;
Guo et al., 2011; Zhou and Penner, 2017; Miilmenstidt and
Feingold, 2018).

Although the models typically have stronger £ and weaker
/1 enhancements to the RFaci that those from observation-
based studies, the models with stronger adjustments have a
similar magnitude for the total RFaci enhancement due to
adjustments when compared to observations (Fig. 1c). This
is an encouraging sign but highlights the potential for models
to produce the right answer for the wrong reason.

3.4 Ice-cloud ERFaci
As shown in previous modelling studies (Zelinka et al., 2014;

Heyn et al., 2017), the model shortwave (SW) and longwave
(LW) total aerosol forcings are strongly correlated (Fig. 4a),
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Figure 4. (a) The total ERFaer in the longwave as a function
of the shortwave ERFaer. The grey range is the estimate from
Cherian et al. (2014) and the black circle the expert assessment from
Boucher et al. (2013). (b) The ERFaci due to changes in ice-cloud
properties. Shortwave changes from the cloud albedo (ASW;) and
ice fc (fi) (ASW 5) are shown in blue, including the impact of
ice-cloud changes masking lower-level clouds. Longwave changes
from changes in intrinsic cloud properties (ALW¢) and cloud frac-
tion (ALWy) are in yellow and red, respectively. The cross is the
total ERFaci from changes in ice clouds.

indicating a strong role of ice clouds, which dominate the
longwave aerosol forcing (Table S3). The magnitude of slope
of this relationship is smaller than one, such that an increased
negative SW forcing is not completely cancelled by a positive
LW forcing.

All of the models show an increase in the albedo of ice
clouds (Fig. 4b), due to a Twomey-like effect in ice clouds.
This is in agreement with current observational studies that
suggest an increase in Nj with an increased aerosol emis-
sions (Gryspeerdt et al., 2018; Mitchell et al., 2018), although
there are no current large-scale observational constraints on
the forcing from ice clouds. This is offset by a decrease in
the outgoing longwave radiation from clouds. These effects
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occur even in models with no parameterised effect of aerosol
directly on convective clouds or ice processes, likely through
processes such as droplet freezing.

There is a strong variation in the response of high cloud
amount to aerosol between the models. The increase in ice-
cloud fraction exhibited by some models produces a negative
shortwave forcing (ASWcg), but this is closely offset by a
positive longwave forcing (ALWr), such that the net effect
from f; changes in high clouds is close to zero. The balance
between ASW4 and ALW_¢ varies between the models. The
AeroCom models tend to produce a larger longwave effect,
resulting in a positive overall forcing (similar to Gettelman
et al., 2012), whilst the CMIP5 models generally have an
overall forcing close to zero. This may be due to the more de-
tailed representation of clouds and aerosols in the AeroCom
models (Table 1). While the AeroCom models are nudged to
PD horizontal winds (compared to the free-running CMIP5
models), previous studies show that this does not have a sig-
nificant impact on the forcing (Zhang et al., 2014) and the
negative forcing from UKESMI1-A (run with the AeroCom
setup) further suggests that model setup does not explain
this difference. The variability in the ice-cloud ERFaci is in
contrast to the constant adjustment of +-0.2 W m~2 used in
Boucher et al. (2013), highlighting the current uncertainty in
the contribution of ice clouds to the total ERFaer.

4 Discussion

The results in this work have shown that when the individ-
ual components of the ERFaer are compared, there is an im-
proved agreement between observations and global model
estimates. However, there are two important caveats to these
results.

The agreement between the observational uncertainty and
model diversity, especially for the RFaci (Fig. 1a), is particu-
larly surprising as the RFaci is typically not diagnosed sepa-
rately from cloud adjustments. Although many models have
parameters that can be used to tune the ERFaer, the weak
correlation between the ERFaer and the RFaci in the mod-
els (r = 0.24) further limits the impact of any tuning based
on the total aerosol forcing. It should be noted that while
the spread in the model RFaci is similar to the spread in the
observation-based estimates, many of the models share de-
velopment pathways (Knutti et al., 2013) and aerosol emis-
sions. Agreement between the models is no guarantee of cor-
rectness.

This work also demonstrates that although there is signif-
icant variation in the model estimates of the magnitudes of
the forcing from liquid cloud adjustments, this variation can
be reduced by comparing the adjustments normalised by the
RFaci. This accounts for estimates that use a large anthro-
pogenic aerosol fraction (e.g. ECHAM6-HAM?2.2-anthsca4),
producing a metric that is more closely related to the strength
of the liquid cloud adjustments. Uncertainties in observa-
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tional estimates of the RFaci would introduce uncertainties
into the estimate of this enhancement factor, even though un-
certainties dependent on the anthropogenic aerosol fraction
are significantly reduced by using the enhancement factor.
Although there are clear advantages to the RFaci enhance-
ment as a metric for comparing the magnitude of cloud ad-
justments between models and observation, further work is
required to investigate its uncertainty characteristics.

5 Conclusions

Previous synthesis studies have found little overlap between
distributions of model-based and observation-based esti-
mates of the ERFaer (Boucher et al., 2013). By decomposing
the aerosol radiative forcing from GCMs into components,
similar to recently developed observational estimates of the
ERFaer, this work shows that closer agreement between the
model and observational estimates is achieved. In particular,
the RFaci in the models investigated is found to be within
current observation-based estimates, although there remains
significant uncertainty in these observation-based estimates.

The decomposition shows a large variability in the lig-
uid cloud adjustments. The spatial pattern varies from the
RFaci pattern, due to the differing physics involved (Fig. 2),
but analysing the adjustments as a function of the RFaci
mitigates differences from varying aerosol perturbations and
droplet activation schemes among the models. Given the
large variation in forcing from liquid cloud changes in mod-
els, there is a surprising agreement between the model and
observational estimates of the RFaci. However, the £ and
/1 adjustments show little similarity to current observation-
based estimates. This indicates that further work on the
observation-based and model estimates is required before
they can be relied upon.

There are significant compensations in the longwave radi-
ation from aerosol-induced changes to high and deep clouds,
and the sign and magnitude of the overall effect varies signif-
icantly between the models, leaving the overall magnitude of
the effect uncertain. While early observational studies have
indicated a possible negative albedo forcing in the shortwave
radiation from changes in the properties of high clouds (e.g.
Gryspeerdt et al., 2018; Mitchell et al., 2018), more work is
required in this area.

Although the observational and model estimates display a
surprising degree of agreement in many cases, a large degree
of uncertainty in the ERFaer remains, particularly in the an-
thropogenic aerosol fraction and in the sensitivity of cloud
properties to aerosol. Even where estimates agree, the un-
certainties in the model physics and observational estimates
mean that this problem is not yet resolved. However, this de-
composition provides an encouraging path forward for fu-
ture studies. This decomposition of the ERFaer is simpler
and more computationally efficient to implement than more
sophisticated methods (e.g. Miilmenstadt et al., 2019) but
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closely matches their results. By showing a significant agree-
ment between components of modelled and observational es-
timates of the aerosol radiative forcing, this study builds con-
fidence in the global model estimates of the aerosol radiative
forcing and shows that where model and observation-based
studies can be more accurately compared, their similarities
become increasingly clear.

Code availability. The HadGEM3 code is available from
https://code.metoffice.gov.uk/ (last access: 1 May 2019) for
registered users. To register for an account, users should
contact their local institutional sponsor or email scien-
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Supplement. The supplement related to this article is available on-
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