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Abstract

Quantifying Effective Radiative Forcing due to aerosol-cloud interactions (ERFACI) remains a largely uncertain process, and

the magnitude remains unconstrained in general circulation models. Previous studies focus on the magnitude of ERFACI arising

from all cloud types, or examine it in the framework of dynamical regimes. Aerosol forcing due to aerosol-cloud interactions

in the HadGEM3-GA7.1 global climate model is decomposed into several global observational cloud regimes. Regimes are

allocated to model gridboxes and forcing due to aerosol-cloud interactions is calculated on a regime-by-regime basis with a

20-year meaning period. Patterns of regime occurrence are in good agreement with satellite observations. ERFACI is then

further decomposed into three terms, representing radiative changes within a given regime, transitions between different cloud

regimes, and nonlinear effects. The total global mean ERFACI is -1.8 Wm-2. When decomposed, simulated ERFACI is greatest

in the stratocumulus regime (-0.75 Wm-2).
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Key Points:6

‚ The majority of effective radiative forcing in HadGEM3-GA7.1 comes from stra-7

tocumulus clouds8

‚ Forcing from marine stratocumulus clouds is highly sensitive to aerosol perturba-9

tions10
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Abstract11

Quantifying Effective Radiative Forcing due to aerosol-cloud interactions (ERFACI) re-12

mains a largely uncertain process, and the magnitude remains unconstrained in general13

circulation models. Previous studies focus on the magnitude of ERFACI arising from all14

cloud types, or examine it in the framework of dynamical regimes. Aerosol forcing due15

to aerosol-cloud interactions in the HadGEM3-GA7.1 global climate model is decomposed16

into several global observational cloud regimes. Regimes are allocated to model gridboxes17

and forcing due to aerosol-cloud interactions is calculated on a regime-by-regime basis18

with a 20–year meaning period. Patterns of regime occurrence are in good agreement19

with satellite observations. ERFACI is then further decomposed into three terms, rep-20

resenting radiative changes within a given regime, transitions between different cloud regimes,21

and nonlinear effects. The total global mean ERFACI is ´1.8 Wm-2. When decomposed,22

simulated ERFACI is greatest in the stratocumulus regime (-0.75 Wm-2).23

Plain Language Summary24

The effect of anthropogenic aerosol emissions on clouds is highly uncertain in cli-25

mate models. Many previous attempts to reduce this uncertainty have focused on ex-26

amining all cloud types as a whole. This work sets out a framework to examine one mea-27

sure of aerosol-cloud interactions when the effect is split by different cloud types. This28

framework is applied to the HadGEM3-GA7.1 climate model. It is hoped that this will29

lead to a greater understanding of how these interactions manifest themselves in differ-30

ent cloud types, and that this methodology will promote the use of constraints on spe-31

cific cloud types, to provide potentially greater reductions in the aforementioned uncer-32

tainty.33

1 Introduction34

The radiative forcing (RF) produced by aerosol remains a large source of uncer-35

tainty in climate models (IPCC, 2013). General Circulation Models (GCMs) show a wide36

range in their predictions of aerosol forcing, through the uncertainty in effective radia-37

tive forcing, due to aerosol-cloud interactions (ERFACI)(Bellouin et al., 2020).38

Aerosol-cloud interactions are driven by a number of different effects, occurring on39

different timescales. Instantaneous effects will drive changes in the instantaneous radia-40

tive forcing due to aerosol-cloud interactions (RFACI). For instance the Twomey effect,41

which predicts that a cloud with constant liquid water content will increase in optical42

depth when aerosol loading increases (Twomey, 1977). Effects that occur over longer timescales43

will instead affect the ERFACI, for instance the 2nd indirect effect (Albrecht, 1989) pre-44

dicts that aerosol leads to increased liquid water path and cloud lifetime (Rotstayn, 1999).45

These effects are difficult to constrain however, due to the need for parameterisation in46

GCMs owing to the microscopic nature of aerosol-cloud interactions, the huge hetero-47

geneity in aerosol loading, and the uncertainty in the exact nature of these mechanisms48

themselves (Boucher et al., 2013).49

Even within GCMs, the indirect forcing by aerosol can vary wildly. As can be seen50

in Mulcahy et al. (2018), the change in forcing due to aerosol-cloud interactions (ERFACI)51

between the GA7.0 and GA7.1 (Global Atmosphere) science configurations of HadGEM352

(Hadley Centre Global Environmental Model version 3) was 1.04 Wm-2. As a result, it53

remains a question as to exactly why these changes can bring about such large variation54

in ERFACI, and which types of cloud are the most sensitive to these changes in the model.55

One way to do this is to examine the ERFACI when it is decomposed into cloud regimes.56

This will also give a detailed insight into the way cloud processes are modelled, and pro-57

vides a pathway to incorporate results from observations and high resolution modelling,58

as these will make predictions relating to specific cloud regimes.59
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Regime-based analysis of clouds uses joint histograms of cloud top pressure (CTP)60

and cloud optical depth (COD), and was pioneered by Jakob and Tselioudis (2003), us-61

ing the data produced by International Satellite Cloud Climatology Project (ISCCP; (Rossow62

& Schiffer, 1999)). This analysis has had success when applied to observations. For in-63

stance, several studies have determined the sensitivity of different cloud properties to AOD64

in a regime-based framework (Gryspeerdt & Stier, 2012; Oreopoulos et al., 2020). In ad-65

dition, Schuddeboom et al. (2018) examined differences in the cloud radiative effect (CRE)66

between models and observations. What has not been done however, is to examine on67

a regime-by-regime basis the indirect radiative forcing by aerosol. It reasonable to be-68

lieve, in light of these papers, that different cloud regimes may react differently to an in-69

crease in aerosol emissions, and hence have varying total contributions to the aerosol forc-70

ing. When decomposed into regimes, it will also be possible to examine the modelled sen-71

sitivities of each regime, for instance the sensitivity of cloud albedo to aerosol loading.72

This paper sets out a framework to analyse indirect aerosol forcing by cloud regime,73

and applies this methodology to analyse the forcing from HadGEM3. This methodol-74

ogy can provide useful insight into how different models calculate aerosol processes. In75

addition, the forcing can be quantified in terms of changes in the average properties of76

each regime, and also to account for differing relative frequency of occurence (RFO) of77

regimes between present-day and pre-industrial time periods.78

2 Methodology79

2.1 Model and Experimental Design80

This study makes use of 2 different model runs of HadGEM3 GA7.1 global model81

and the Global Land configuration version 7.1 (GL7.1) (Walters et al., 2019). A 20-year82

run is performed for both a present-day (1988–2008) and pre-industrial (1850 emissions)83

time period, both at N96 resolution (1.875˝ˆ1.25˝) with 85 vertical levels. The aerosol-84

cloud interactions are handled by the Unified Model Physics scheme, described in Mulcahy85

et al. (2018). Cloud droplet number concentrations are diagnosed by the UK Chemistry86

and Aerosol model, using the Global Model of Aerosol Processes (GLOMAP-mode) (Mann87

et al., 2010) coupled to the single moment PC2 cloud microphysics (Wilson et al., 2008)88

via the Abdul-Razzak Ghan activation scheme (Abdul-Razzak & Ghan, 2000) as described89

in West et al. (2014). The emissions used are the present day Coupled Model Intercom-90

parison Project Phase 6 (CMIP6) emissions datasets (Hoesly et al., 2018). For the 185091

emissions, anthropogenic aerosol emissions were reverted to their pre-industrial estimates,92

while natural emissions, sea ice coverage, and sea surface temperatures were kept iden-93

tical to the present day run.94

The CFMIP Observational Simulator Package (COSP; Bodas-Salcedo et al. (2011))95

is used to generate the joint histograms of CTP and COD (τ) available from the Mod-96

erate Resolution Imaging Spectroradiometer (MODIS) D3 products. As COSP is designed97

to mimic the output of MODIS, these histograms are only available on sunlit points.98

Data is generated every radiation timestep (1 hour), and regimes can be allocated99

on daylit points only. As COSP only produces data on daylit points, the nighttime LW100

forcing is calculated for all cloud types, and then divided amongst the regimes propor-101

tionally to their daytime RFO.102

The PC2 cloud microphysics scheme does not include convective microphysics, how-103

ever there are interactions between convective clouds and the large-scale microphysics,104

as detrained water is passed to the large-scale scheme. This means that while aerosols105

in the region of deep convective regimes will not accurately interact with the clouds as106

they would in an LES model, they will produce a signal, although this signal could be107

difficult to interpret accurately.108
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Figure 1. Histograms showing the 12 cluster centroids used in this analysis, as taken from

Tselioudis et al. (2013). Shading represents cloud fraction. The clear regime was assigned by

clustering on the other 11 regimes, and then applying a CF dependent mask to the gridboxes.

The three different stratocumulus regimes were all merged into one cluster post-allocation.

2.2 Regime Allocation109

Cloud regime definitions were taken from the work of Tselioudis et al. (2013), which110

defined a set of 11 Global Weather States (GWS) from ISCCP observations using a k-111

means clustering algorithm (Anderberg, 2014), which clusters on gridbox mean cloud top112

pressure (CTP), cloud optical depth (COD), and total cloud fraction (CF). These are113

depicted visually in figure 1.114

These cloud regimes can be seen to somewhat mimic classical cloud types. Grid-115

boxes with CF ď 0.5% are allocated to a separate clear-sky regime. In this analysis,116

the three stratocumulus regimes defined by Tselioudis et al. (2013) are merged into a sin-117

gle regime after the standard k-means allocation has occurred, in order to provide a more118

realistic estimate of stratocumulus forcing, by removing the transition between the three119

stratocumulus regimes, an artefact of the clustering procedure.120

Cloud regimes are allocated based on the methodology of Williams and Webb (2009).121

The joint CTP-τ histograms produced by COSP are averaged according to their bin-centre122

values to obtain a vector containing gridbox-mean values of CTP, albedo (α), and CF.123

Albedo values are taken from Williams and Webb (2009), and are derived from the IS-124

CCP simulator code. The gridboxes are then assigned a regime by determining the cen-125

troid with the minimum Euclidian distance to this vector.126

2.3 Aerosol Forcing by Cloud Regime127

2.3.1 Definitions128

In this paper we examine the indirect effects of aerosol on clouds, as modelled by129

the PC2 single moment cloud microphysics scheme within HadGEM3. All functions un-130

less stated otherwise are assumed to be functions of latitude and longitude, and will have131

these arguments omitted for conciseness.132

–4–
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Following the methods and terminology of Ghan (2013) we define the cloud radia-133

tive forcing due to aerosols (∆Cclean) as:134

∆Cclean “ ∆pFclean ´ Fclear,cleanq (1)135

where ∆ denotes the difference between present-day and pre-industrial emissions peri-136

ods, Cclean denotes the clean-cloud radiative effect, F denotes the net top-of-atmosphere137

(TOA) radiative flux, and subscripts clean & clear denote the TOA fluxes when the model138

removes the direct radiative effects of aerosol and cloud respectively.139

Relative frequency of occurrence of the kth cloud regime is denoted by RkpT q, and140

we denote present-day and pre-industrial time periods by T1 and T0 respectively. Finally,141

the cloud radiative effect of the kth regime during time period T , CkpT q is calculated142

as:143

CkpT q “

ř

tPT

CptqδRptq,k
ř

tPT

δRptq,k
(2)144

where Rptq is a discrete 10-valued function indicating which cloud regime is seen in each145

gridbox, δ is the Kronecker delta, and the sum is performed over all timesteps t in the146

model run representing time period T .147

2.3.2 Calculation148

It must be possible to recover total clean cloud forcing ERFACI simply by summing149

over each regime. ERFACI is decomposed into a contribution by each regime so that it150

can be written out as:151

∆Cclean “
ÿ

k

RkpT1qC
kpT1q ´R

kpT0qC
kpT0q (3)152

Having done this, it makes sense to define the total forcing by each cloud regime153

∆Ckclean, to be the summand of (3). However, this definition is a little non-physical and154

it makes more sense to further break down the forcing into individual effects. These pro-155

posed effects are:156

1. Total forcing resulting from the mean properties within each cloud regime chang-157

ing, ∆Ckα.158

2. Total forcing resulting from the changing RFO of each cloud regime, ∆CkRFO.159

3. Any additional terms required to recover (3), representing nonlinear interactions.160

Therefore, defining ∆Rk “ RkpT1q ´R
kpT0q, and analogously ∆Ck “ CkpT1q ´161

CkpT0q, this becomes:162

∆Ckα “ RkpT0q∆C
k (4)163

∆CkRFO “ CkpT0q∆R
k (5)164

∆Ckclean “ ∆Ckα `∆CkRFO `∆Rk∆Ck (6)165

“ RkpT0q∆C
k ` CkpT0q∆R

k `∆Rk∆Ck (7)166
167

Multiplying out the terms of ∆Ckclean and summing over k, one eventually recov-168

ers the expression given in (3).169
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3 Results170

Figure 2. HadGEM-UKCA simulated relative frequency of occurrence of each of the cloud

regimes defined in figure 2 in the present-day simulation, including the clear-sky regime, allocated

to gridboxes with CF ď 0.5%.

Figure 2 shows the RFO of the 10 regimes used in the analysis in the present-day171

simulation. This shows that HadGEM3 broadly reproduces the satellite retrieved pat-172

terns seen in Tselioudis et al. (2013) throughout the tropics, especially in the cases of173

deep convection, anvil cirrus clouds, and the low CF regime, which represents regimes174

with a mixture of shallow cumulus and cirrus clouds. In the mid and high latitudes how-175

ever, the k-means algorithm struggles to differentiate between deep convection and mid-176

latitude storms. The dominant cloud regimes are the low CF regime, and the stratocu-177

mulus regime, primarily seen over the southern ocean and in the marine stratocumulus178

regions off the west coasts of Africa, North, and South America. There is a small dis-179

crepancy in the RFO of thin cloud regimes, however this can be attributed to the dif-180

ferent ways with which MODIS and ISCCP detect thin clouds.181

Figure 3. Change in simulated CCN concentration at cloud base in present day relative to

pre-industrial aerosol conditions. CCN is defined by the dry particle cutoff radius being larger

than 50nm.

–6–
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Figure 4. Indirect aerosol forcing arising from changes in regime mean properties for both

shortwave (top) and longwave (bottom), ∆Ckα. The horizontal colourbar shows values for each

individual regime, while the vertical colourbar shows values for all regimes combined. The clear

regime has been omitted as it produces no forcing.

Figure 3 shows the increase in CCN at cloud base between PD and PI simulations.182

CCN is defined by the dry particle cutoff radius being larger than 50nm. The strongest183

increase is seen over land, predominantly over China and south-east Asia, and the In-184

dian subcontinent, with other more localised perturbations seen elsewhere over areas with185

high emissions. The Southern ocean sees very little aerosol perturbation, and the north186

Atlantic and Pacific see a perturbation an order of magnitude smaller than the one seen187

over land.188

Figure 4 shows both shortwave and longwave contributions to the forcing produced189

by changes to mean properties of each cloud regime, as given in (4). The clear-sky regime190

has been omitted due to the fact that a clear gridbox will produce no ERFACI. The data191

is aggregated for each month, and then subjected to a 2-tailed t-test. The data shown192

is all data which is significant at the 10% level. The forcing is dominated by the short-193

wave contribution by the stratocumulus regime, particularly in the marine stratocumu-194

lus decks off the coast of Africa and North & South America, and in the north Pacific195

and north Atlantic shipping lanes. The longwave contribution is much smaller than the196

shortwave, and is more pronounced in regimes with high CF, for instance the stratocu-197

mulus or thick mid-level cloud regimes.198

The low CF regime contributes about 50% of the forcing of the stratocumulus regime199

to SW ERFACI, however has almost no contribution to the LW forcing, except for a dis-200

tinct signal in the Indo-Pacific warm pool region.201

Figure 5 shows the shortwave and longwave contributions to the forcing produced202

by changes in occurrence of each cloud regime. Once again, this effect is dominated by203

the shortwave contribution, this time with a roughly equal weighting between the thick204

mid-level and stratocumulus regimes. Because of the predominantly negative sign of cloud205

radiative effects, it is easy to see how changes in RFO manifest themselves in forcings.206

An increased RFO, broadly speaking, will result in an increased negative shortwave forc-207

ing, and an increased positive longwave forcing.208

–7–
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Figure 5. Indirect aerosol forcing arising from changes in RFO of each regime, ∆CkRFO.

Colourbars are as in figure 4.

This effect is most visible in the mid-level cloud, where the forcing patterns in the209

thin and thick mid-level cloud regimes map onto each other fairly well. This indicates210

that for mid-level clouds, HadGEM3 predicts that the increased anthropogenic emissions211

are not causing a fundamental shift in which types of cloud are predominant over a given212

area, but merely optical thickening of the pre-existing clouds.213

This pattern is also seen between the stratocumulus regime, and the low CF and214

shallow cumulus regimes. In this case this indicates that if a region with low cloud frac-215

tion clouds is given an increased aerosol loading, it will have a tendency to increase cloud216

fraction in this region. Intuitively, it is likely that this is a result of precipitation sup-217

pression and increased cloud lifetimes, however it is impossible to diagnose the exact mech-218

anism behind this shift with the data used in this analysis.219

Two regimes neglected in discussion so far have been the deep convective and mid-220

latitude storm regimes. The reason for this is that the aerosol scheme in HadGEM does221

not interact directly with the convection scheme, meaning that theoretically there should222

be no change in the properties of convective clouds between the two simulations. How-223

ever, there are indirect interactions between the two schemes, and this means that while224

the forcing produced by these regimes are not attributable to noise, these figures may225

not be reliable and a specific experiment must be run to accurately diagnose the forc-226

ing for the convective regimes. In these simulations, the deep convective regime contributes227

a total of ´0.23 Wm-2 to the global indirect aerosol forcing.228

The nonlinear effect, ∆Rk∆Ck, is Op0.01Wm-2q and so is not a dominant contri-229

bution to the overall forcing.230

4 Conclusions231

Simulated ERFACI was broken down into contributions from a set of 10 observa-232

tional cloud regimes. This is further broken down into both shortwave and longwave ef-233

fects, and into two contributions with physically understandable definitions.234

From this analysis it can be concluded that a large majority of forcing in the HadGEM3235

GA7.1 comes from changes to the stratocumulus and mid-level cloud regimes (amount-236

–8–
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ing to a total of ´0.75 and ´0.31 Wm-2 respectively). These two sets of regimes have237

a similar geographical distribution and there may be some crossover between the two regimes,238

owing to the simplicity of the allocation method.239

There is a lesser contribution from the low CF regime, which contributes ´0.22 Wm-2
240

to the global ERFACI. This means that efforts should be focused on constraining the forc-241

ing produced specifically by these cloud regimes.242

Comparing Figure 3 with the forcing plots, it can be inferred that the sensitivity243

of ERFACI to an increased aerosol loading is much greater in marine stratocumulus than244

in similar clouds seen over land.245

Questions remain over whether these findings are universal in modern GCMs, or246

whether aerosol-cloud interactions manifest themselves differently between different mod-247

els, and this will be the topic of ongoing research.248
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