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Abstract

We investigate positive subtropical low cloud feedback mechanisms in climate models which have performed the CMIP6/CFMIP-

3 AMIP and AMIP uniform +4K experiments while saving CFMIP-3 process diagnostics on model levels. Our analysis focuses

on the trade cumulus/stratocumulus transition region between California and Hawaii, where positive low cloud feedbacks are

present in the JJA season. We introduce a methodology to} test various positive cloud feedback mechanisms proposed in the

literature as primary explanations for the low cloud responses in the models. Causal hypotheses are tested by comparing their

predictions with the models’ responses of clouds, cloud controlling factors, boundary layer depth and temperature/humidity

tendencies to climate warming. Changes in boundary layer depth, relative humidity in the cloud layer and humidity advection at

the top of the boundary layer are shown to distinguish among the hypotheses considered. For the cases examined, our approach

rules out 4/5 of the mechanisms considered in half of the models and 3/5 in the remainder. We argue that unambiguously

identifying the positive feedback mechanisms operating in models will in some cases require intervention experiments designed

to test specific hypotheses.
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Key Points:6

• Physical hypotheses for positive cumulus/stratocumulus feedbacks are tested in7

six climate models8

• For the cases examined we rule out 4/5 mechanisms in half of the models and 3/59

in the rest10

• Changes in boundary layer depth, relative humidity and humidity advection are11

key discriminators12
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Abstract13

We investigate positive subtropical low cloud feedback mechanisms in climate mod-14

els which have performed the CMIP6/CFMIP-3 AMIP and AMIP uniform +4K exper-15

iments while saving CFMIP-3 process diagnostics on model levels. Our analysis focuses16

on the trade cumulus/stratocumulus transition region between California and Hawaii,17

where positive low cloud feedbacks are present in the JJA season. We introduce a method-18

ology to test various positive cloud feedback mechanisms proposed in the literature as19

primary explanations for the low cloud responses in the models. Causal hypotheses are20

tested by comparing their predictions with the models’ responses of clouds, cloud con-21

trolling factors, boundary layer depth and temperature/humidity tendencies to climate22

warming. Changes in boundary layer depth, relative humidity in the cloud layer and hu-23

midity advection at the top of the boundary layer are shown to distinguish among the24

hypotheses considered. For the cases examined, our approach rules out 4/5 of the mech-25

anisms considered in half of the models and 3/5 in the remainder. We argue that un-26

ambiguously identifying the positive feedback mechanisms operating in models will in27

some cases require intervention experiments designed to test specific hypotheses.28

Plain Language Summary29

Climate models show reductions in low-level clouds with the warming climate which30

are poorly understood. We examine cloud changes between California and Hawaii in six31

climate models. We consider five possible explanations for the changes. We find that ex-32

amining changes in the height of low level clouds, the humidity of the air and the rate33

at which dry air is mixed into the clouds from above allows us to narrow down the num-34

ber of explanations compatible with each model. We propose a different, more targeted35

approach for narrowing down the possible explanations further in the future.36

1 Introduction37

Comprehensive climate models remain our most effective tools for challenging over-38

simplistic thinking about future changes in climate. Despite recent progress in reduc-39

ing uncertainty in climate sensitivity to doubling of CO2 (S. Sherwood et al. (2020), Masson-40

Delmotte et al. (2021)), cloud feedbacks still make the largest contribution to the remain-41

ing uncertainty. The WCRP assessment on climate sensitivity (S. Sherwood et al., 2020),42

the subsequent IPCC AR6 WGI report (Masson-Delmotte et al., 2021), and more recent43

studies such as Cesana and Del Genio (2021), Myers et al. (2021) and Ceppi and Nowack44

(2021)) have placed constraints on the magnitudes of subtropical low cloud feedbacks45

by relating them to observable sensitivities to cloud-controlling factors such as surface46

temperature and lower tropospheric stability. However, the physical mechanisms respon-47

sible for cloud feedbacks such as the reduction in low cloud cover seen in the subtrop-48

ics with increasing SST are not well established. This presents a challenge when it comes49

to improving climate models, as there are multiple parametrizations involved which rep-50

resent processes such as surface-atmosphere heat and moisture exchange, atmospheric51

convection, turbulence, cloud microphysics and cloud cover. Without an understanding52

of the physical mechanisms underlying cloud feedbacks, it is hard to know which model53

processes need to be targeted to improve their magnitudes for the right reasons.54

The Cloud Feedback Model Intercomparison Project (CFMIP, M. J. Webb et al.55

(2017)) specified a suite of experiments for CMIP6 which included additional process di-56

agnostics designed to aid the diagnosis of cloud feedback mechanisms in climate mod-57

els. These included cloud, temperature and humidity variables diagnosed on the mod-58

els’ native vertical grids, as well as atmospheric heating and moistening rates associated59

with atmospheric motions, convection, radiation, turbulent mixing, and cloud processes.60

This work exploits these diagnostics to investigate positive subtropical low cloud feed-61
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Table 1. Models used in this study.

Model Project Reference

BCC-CSM2-MR CFMIP-3/CMIP6 Wu, Lu, et al. (2019)
CESM2 CFMIP-3/CMIP6 Gettelman et al. (2019)
HadGEM3-GC3.1-LL CFMIP-3/CMIP6 Kuhlbrodt et al. (2018)
IPSL-CM6A-LR CFMIP-3/CMIP6 Boucher et al. (2020)
MIROC6 CFMIP-3/CMIP6 Tatebe et al. (2019)
MRI-ESM2.0 CFMIP-3/CMIP6 Yukimoto, Kawai, et al. (2019)

back mechanisms in the six models which provided them in the CMIP6/CFMIP-3 AMIP62

and AMIP +4K experiments (Table 1). We test for the presence of a number of posi-63

tive cloud feedback mechanisms proposed in the literature by comparing the relative sizes64

of climatologically meaned changes in clouds, cloud controlling factors and tendencies65

with warming. The analysis focuses on the trade cumulus / stratocumulus transition re-66

gion between California and Hawaii, where a positive shortwave cloud feedbacks are present67

in all of these models (Figure 1).68

This paper is organised as follows. The results and discussion (Section 2) starts with69

a brief description of the choices of locations and the associated profiles of cloud frac-70

tion. Physical hypotheses for positive cloud feedback mechanisms from the literature are71

then considered in turn, and are ruled out in cases where their predictions are incom-72

patible with changes in boundary layer properties, near-surface properties and surface73

fluxes, radiative fluxes, convective and boundary layer heating and moistening rates, moist74

static energy tendencies and/or changes in vertical velocity and advection. We conclude75

by summarising our findings and discussing the implications for future work in Section76

3.77

2 Results and Discussion78

2.1 Choice of locations and cloud profiles.79

Figure 1 shows maps of changes in the climatological JJA mean shortwave cloud80

radiative effect (Coakley Jr and Baldwin (1984), Arking and Ziskin (1994)) between the81

CMIP6/CFMIP-3 amip and amip-p4K uniform +4K SST perturbation experiments de-82

scribed in M. J. Webb et al. (2017). Changes in this quantity can be seen as a simple83

measure of the cloud feedback, allowing for certain caveats as discussed by Soden et al.84

(2004) and M. J. Webb and Lock (2013), and noting that the experiments here are sub-85

ject to a uniform increase in SST. Locations from the GCSS/WGNE Pacific cross sec-86

tion (Teixeira et al., 2011) are marked with circles, and the location along the transect87

with the most positive feedback in each model is marked with a square. This location88

is [141oW,23oN] for IPSL-CM6A-LR and MIROC6, and [137oW,26oN] for the other mod-89

els.90

–3–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 1. Climatological JJA changes in the shortwave Cloud Radiative Effect (CRE) be-

tween CFMIP-3 amip and amip-p4K experiments in the northeast tropical Pacific. Circles show

locations along the GCSS/WGNE Pacific cross section (GPCI). Squares indicate locations on the

GPCI with the most positive feedbacks identified for further analysis.
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Figure 2. Cloud fraction profiles for locations indicated by squares on Figure 1. The horizon-

tal line indicates σcl↓, the level of maximum low-level cloud fraction reduction in the AMIP +4K

experiment compared to the AMIP control.
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Figure 3. Summary of the surface latent heat flux decoupling mechanism. Hypothesized

causal relationships where a change in one variable causes a change of the same sign in another

are represented using an arrow labelled with + symbol. Those where a change of the opposite

sign is caused are labelled with a - symbol.
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Low cloud surface latent
heat flux decoupling mech-
anism.

BCC-
CSM2-
MR

CESM2 HadGEM3-
GC3.1-
LL

IPSL-
CM6A-
LR

MIROC6 MRI-
ESM2.0

Surface Temperature 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
Surface Upward Latent
Heat Flux

3.8% 0.9% 2.2% 1.7% 0.1% 2.6%

Pressure Velocity at 700
hPa

-3.3% -5.1% -3.0% -1.3% -6.1% -3.1%

BL depth from θ 0.2% -0.2% 0.0% 2.9% -0.2% 5.4%
BL depth from RH 0.5% -4.6% -0.0% 2.9% -4.1% 0.5%
Potential Temperature in
Cloud Layer

0.3% 0.5% 0.4% 0.4% 0.5% 0.4%

Relative Humidity in
Cloud Layer

0.8% -2.5% -0.4% 0.3% -2.2% 0.0%

Cloud fraction (%) -3.0% -8.4% -12.6% -8.6% -11.6% -8.0%

Hypothesis rejected: Yes Yes Yes Yes Yes Yes

Table 2. Table showing percentage changes per degree SST warming in quantities relevant to

the surface latent heat flux decoupling mechanism. Values in bold are judged with high confi-

dence to be inconsistent with this mechanism being the main cause of the low cloud reduction in

a given model. The bottom row indicates whether or not the hypothesis is rejected for a given

model.
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Figure 4. As Figure 2 but for potential temperature (K). The response curve has 270K added

to it so it can be shown on the same scale. The horizontal blue solid and orange dashed lines

indicate the levels of the boundary layer top for the control and +4K experiments respectively,

estimated from the vertical potential gradients. The horizontal black line indicates the level of

the largest cloud fraction reduction from Figure 2.

Figure 2 shows profiles of the low-level cloud fraction in the AMIP experiment and91

its changes in the AMIP+4K experiments with climate warming at the selected locations.92

The horizontal lines indicate the σ level at which the low-level cloud fraction reduces the93

most, σcl↓. All models show reductions in the maximum low cloud fraction in the warmer94

climate. Reductions are more prominent near cloud top in CESM2, HadGEM3-GC3.1-95

LL and MIROC6 suggesting a reduction in the mean cloud top altitude, with increases96

at lower levels in CESM2 and MIROC6 which are suggestive of a reduction in cloud base97

height. BCC-CSM2-MR, IPSL-CM6A-LR and MRI-ESM2.0 on the other hand show de-98

creases near cloud base and increases near cloud top suggesting increases in mean cloud99

base and top heights.100

Various physical hypotheses have been proposed to explain low-level cloud reduc-101

tions in the warmer climate, each of which make different predictions for how various cloud-102
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Figure 5. As Figure 2 but for relative humidity (%). The horizontal blue solid and orange

dashed lines indicate the levels of the boundary layer top for the control and +4K experiments

respectively, estimated from the vertical relative humidity gradients in the AMIP and +4K exper-

iments respectively.
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related quantities will change in the warmer climate. Here we consider a number of these103

hypotheses in turn and assess the likelihood that they explain the low-level cloud reduc-104

tions shown above. This is done by testing their predictions against the model changes105

in cloud-layer properties, cloud controlling factors, near-surface properties, surface fluxes106

and temperature and humidity budget terms.107

2.2 Low cloud surface latent heat flux decoupling mechanism108

Wyant et al. (1997) proposed a two-stage mechanism to explain the reduction in109

cloud fraction observed along the stratocumulus to trade cumulus transition with increas-110

ing SST in the present climate, based on Large Eddy Simulations (LES). Here we focus111

on the mechanism in the first stage and will consider the mechanism in the second stage112

in Section 2.3.113

Their initial state was a shallow, well mixed boundary layer with a positive sub-114

cloud buoyancy flux, topped by thin stratocumulus cloud. In the first stage of the tran-115

sition, warming SSTs and the deepening boundary layer were accompanied by increas-116

ing surface latent heat fluxes. This was argued to increase latent heat fluxes, buoyancy117

fluxes and turbulence levels within the cloud, increasing the ratio of entrainment to ra-118

diative cooling. The warm entrained air was argued to lead to increasingly negative buoy-119

ancy fluxes below cloud base, creating a weak stable layer which prevented all but the120

strongest cumulus updraughts from penetrating the cloud base. (This argument was also121

supported by a mixed layer model in Bretherton and Wyant (1997).) The resulting cumulus-122

under-stratocumulus state was characterised by a well mixed surface layer with stratocu-123

mulus layers above which were slightly statically stable but had strong conditional sta-124

bility with increasing height. The boundary layer became increasingly ”decoupled”, with125

distinct circulations in the subcloud layer and cloud layer, weakly coupled by cumulus126

convection. Cloud fraction remained high initially, and cumulus clouds formed which de-127

trained into the stratocumulus.128

Although cloud fraction remained high during this first transition in the Wyant et129

al. (1997) LES simulations, decoupling in other LES cases has been shown to result in130

cloud thinning and reduced liquid water paths. It is possible that GCMs with coarser131

vertical resolution might exhibit reduced cloud layer relative humidity in response to in-132

creased drying and heating associated with turbulent entrainment, and/or reduced tur-133

bulent moistening from below due to decoupling. This could lead to a reduction in large-134

scale cloud fraction in a GCM in response to decoupling. For example, Zhang et al. (2013)135

argued that positive cloud feedbacks were caused by enhanced turbulent cloud-top en-136

trainment in some single column models (SCMs) run as part of the CFMIP-GASS In-137

tercomparison of Large Eddy Simulations and Single Column Models (CGILS, Zhang138

et al. (2013),Blossey et al. (2013)).139

Turning to climate change, Mitchell et al. (1987) and Richter and Xie (2008) ar-140

gued that the bulk thermodynamic formulae employed in surface schemes in climate mod-141

els are generally formulated in such a way that ensures that surface evaporation will in-142

crease at 7%/K with increasing surface temperature (in the absence of changes in rel-143

ative humidity, surface wind speed, and air sea temperature differences). Rieck et al. (2012)144

used the same argument, and suggested that increases in surface latent heat flux in the145

warmer climate with a fixed relative humidity could result in a positive trade cumulus146

feedback, albeit following a different mechanism to the decoupling mechanism above (see147

below).148

The stratocumulus to trade cumulus transition was argued by Wyant et al. (1997)149

to follow from the systematic deepening of the MBL, driven by the decrease in lower-150

tropospheric stability and by decreasing mean subsidence. Although weakening subsi-151

dence and its effect on boundary layer depth was considered a major factor in decoupling152

by Bretherton and Wyant (1997), Wyant et al. (1997) held subsidence fixed in their ex-153
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periments so as to highlight the effect of the SST on the stratocumulus to trade cumu-154

lus transition. They attributed the deepening of the boundary layer to the increase of155

the SST relative to the temperature of the free troposphere which was held fixed. This156

would be expected to reduce the strength of the temperature inversion at the top of the157

boundary layer. Based on the mixed-layer-model arguments of (Bretherton & Wyant,158

1997), this would be expected to lead to an increase in entrainment of air from the free159

troposphere by turbulent mixing, resulting in an increase in boundary layer depth.160

A causal physical hypothesis for reduced cloud fraction inspired by the first stage161

of the Wyant et al. (1997) mechanism plus the other considerations outlined above is pre-162

sented in Figure 3. We will refer to this as the surface latent heat flux decoupling mech-163

anism in the subsequent analysis.164

We now consider the possibility that the surface latent heat flux decoupling mech-165

anism is the main cause of the positive cloud feedbacks in each of the climate models at166

the selected locations. Our approach is to consider a number of changes in model vari-167

ables that would have to be present if this was the case, and to rule this mechanism out168

as the main cause of the cloud feedback where such changes are absent. Firstly we con-169

sider the increase in the surface latent heat flux. Table 2 shows that the models all show170

increases significantly below the 7%/K which would be expected for an increase in SST171

without changes in near-surface relative humidity or wind speed. Changes in circulation172

and near-surface properties can result in increases in surface latent heat fluxes which are173

considerably smaller than 7%/K, and indeed smaller than the approximately 2-3%/K174

increases seen in the global mean (M. J. Webb & Lock, 2013).175

The increase in surface latent heat flux in MIROC6 is just 0.1%/K. We do not con-176

sider it credible that an increase of this magnitude could be the main cause of a reduc-177

tion of cloud fraction of 11.6%/K, as it is more than a factor of a hundred smaller in per-178

centage terms. (For comparison, the LES simulations of Wyant et al. (1997) showed in-179

creases in surface evaporation of 15.7%/K (compound) which is more than a factor of180

two larger than the associated reductions in cloud fraction of about 6%/K seen after six181

days in their simulation). For this reason, we consider it extremely unlikely the surface182

latent heat flux decoupling hypothesis is the main cause of the low cloud fraction reduc-183

tion in MIROC6, and we so we reject it as the explanation in this case with high con-184

fidence. (Note that this is a judgement based on our subjective assessment of the evi-185

dence. Other reasonable researchers may disagree with this judgement, and we reserve186

the right to change our judgement if new evidence or better arguments come to light.)187

The other models have percentage increases in surface latent heat fluxes which are at188

least one tenth of their percentage low cloud fraction reductions, so at this point (based189

on the surface latent heat flux changes alone) we choose to remain open minded about190

the possibility that the surface latent heat flux decoupling mechanism is the main cause191

of the low cloud reduction in these models.192

We now turn to the next step in the causal diagram in Figure 3, the increased la-193

tent heat flux and bouyancy flux in the cloud layer. Unfortunately the CFMIP exper-194

iments do not publish diagnostics for these quantities, or for turbulent cloud top entrain-195

ment, convective detrainment into stratocumulus or buoyancy fluxes below cloud base.196

The mechanism does however predict an increase in boundary layer depth in response197

to increased turbulent entrainment. It should be borne in mind though that the the weak-198

ening in the overturning circulation commonly seen with warming in climate models is199

also expected to lead to an increase in boundary layer depth. All of the models show re-200

duced subsidence in terms of weaker vertical pressure velocities at 700 hPa (Table 2).201

This means that any shallowing of the boundary layer must require a reduction in tur-202

bulent entrainment, which would be incompatible with the hypothesis. Similarly weak-203

ening subsidence in the absence of any change in boundary layer depth implies a reduc-204

tion in entrainment.205
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Boundary layer depth can be estimated from the vertical profile of the potential206

temperature θ (Figure 4, Table 2). The σ level of the inversion capping the boundary207

layer is estimated using a weighted average of the σ values for the three levels with the208

most negative values of dθ/dσ, using those vertical gradients as the weights. This allows209

the estimated boundary layer depth to sit between model levels and so reflect small changes210

in boundary layer depth which would be zero in many cases if the level with the most211

negative vertical gradient alone was used. No evidence of a deepening boundary layer212

is seen in CESM2, HadGEM3-GC3.1-LL3 or MIROC6 (Figure 4, Table 2). The same is213

the case if we estimate the boundary layer depth from profiles of relative humidity us-214

ing the three levels with the largest values of dRH/dσ (Figure 5, Table 2). Based on this215

evidence we consider it extremely unlikely that the surface latent heat flux decoupling216

mechanism is the main cause of the low cloud reductions in these models.217

We also consider the possibility that more negative buoyancy fluxes below cloud218

base stabilise the subcloud layer, reducing turbulent moistening from below. Stabilisa-219

tion of the cloud and subcloud layer would be expected to lead to a larger increase in220

θ in the cloud layer than at the surface. Table 2 shows this effect to be present in most221

of the models, but not BCC-CSM2-MR. We therefore conclude that the surface latent222

heat flux decoupling mechanism is extremely unlikely to be the main cause of the low223

cloud reduction in BCC-CSM2-MR. Finally, we look to see if the relative humidity drops224

in the cloud layer in the models. Table 2 and Figure 5 indicate that relative humidity225

does not decrease at the σcl↓ level in BCC-CSM2-MR, IPSL-CM6A-LR or MRI-ESM2.0.226

In summary, we conclude that the surface latent heat flux decoupling mechanism227

is extremely unlikely to be the main cause of the low cloud fractions reductions in any228

of the models at the locations examined. BCC-CSM2-MR shows no stabilisation of the229

boundary layer and an increase in relative humidity in the cloud layer. IPSL-CM6A-LR230

also shows an increase in relative humidity in the cloud layer. CESM2, HadGEM3-GC3.1-231

LL3 and MIROC6 show no deepening of the boundary layer, while MIROC6 shows a very232

small increase in surface latent heat flux. Finally, MRI-ESM2.0 shows no reduction in233

relative humidity in the cloud layer.234

2.3 Low cloud surface latent heat flux/convective entrainment mech-235

anism236

Wyant et al. (1997) argued that during the second stage of the stratocumulus to237

trade cumulus transition, as SST and surface latent heat fluxes increase further, the de-238

coupled boundary layer allows cumulus convection to become increasingly vigorous and239

deeper, penetrating the trade inversion and entraining more warm/dry air from above.240

They argued that this evaporates liquid water in convective updraughts before they de-241

train, reducing the convective source term for the stratocumulus, causing to to dissipate.242

Their LES experiments supported this argument. Cloud base precipitation was also seen243

to increase as the cumulus convection became more vigorous. Although their argument244

related to entrainment within convective updraughts, it is also possible that warm, dry245

air entrained from above in areas of compensating subsidence around them might evap-246

orate stratocumulus.247

Rieck et al. (2012) used the argument that surface latent heat fluxes will increase248

in the warming climate to motivate LES simulations of the RICO trade cumulus case249

with increased SSTs, initialised with specific humidities adjusted to give the same rel-250

ative humidities as at the start of their control experiment. Surface evaporation increased251

at approximately 6% per degree surface warming, and trade cumulus occurrence reduced.252

This was attributed to a deepening and drying of the boundary layer, due to increased253

entrainment of warm, dry air from above by convection in response to increasing sur-254

face fluxes. This mechanism is very similar to second stage of the mechanism proposed255

by (Wyant et al., 1997), albeit starting from a cumulus boundary layer rather than a well256
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Figure 6. Summary of the surface latent heat flux/convective entrainment mechanism.

mixed stratocumulus boundary layer, and set in the context of climate warming rather257

than the stratocumulus to trade cumulus transition. Subsequently Zhang et al. (2013)258

examined positive shallow cloud feedbacks in the CGILS SCMs in cases where the shal-259

low convection schemes were active and made the related argument that active convec-260

tion could cause larger ventilation of the cloud layer in a warmer climate, leading to a261

decrease in cloud and a positive cloud feedback.262

A causal physical hypothesis for reduced cloud fraction inspired by the second stage263

of the Wyant et al. (1997) mechanism, Rieck et al. (2012) and other ideas discussed above264

is presented in Figure 6. We will refer to this as the surface latent heat flux/convective265

entrainment mechanism in the subsequent analysis. If this was the main cause of the pos-266

itive cloud feedback in a climate model, then we could expect to see an increase in sur-267

face evaporation, a deepening of the boundary layer and an enhanced drying or weak-268

ened moistening by parametrized convection in the cloud layer.269

Table 3 summarises the model responses of quantities relevant to the surface la-270

tent heat flux/convective entrainment mechanism. We reject this mechanism as the main271

cause of the positive low feedback in MIROC6 because of the very small increase in sur-272

face latent heat flux (as for the surface latent heat flux decoupling mechanism). Also MIROC6273

does not exhibit a deepening boundary layer or enhanced convective drying in the cloud274

layer. HadGEM3-GC3.1-LL shows a reduction in upward convective mass flux in the cloud275

layer which we consider incompatible with increasingly vigorous shallow convection. It276

also shows no deepening of the boundary layer, and no evidence of increased convective277

heating or drying of the cloud layer (Figures 7 and 8). Hence we reject the surface la-278

tent heat flux/convective entrainment mechanism as the main cause of the positive low279

cloud feedback seen here in HadGEM3-GC3.1-LL. Similarly we reject this hypothesis for280
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CESM2, on the basis of the shallowing of its boundary layer, given also that subsidence281

isn’t increasing, as discussed in Section 2.2. The results from BCC-CSM2-MR, IPSL-282

CM6A-LR and MRI-ESM2.0 on the other hand are consistent with what would be ex-283

pected if the surface latent heat flux/convective entrainment mechanism were the main284

cause of their low cloud reductions, and so this hypothesis stands as a possible expla-285

nation in these models. Although relative humidity increases in the cloud layer in some286

of these models, this does not rule out the possibility that stratocumulus cloud fraction287

reduces because of a reduced source term for large-scale cloud from the convection scheme288

which is not mediated by the large-scale relative humidity. Diagnostics which could rule289

this possibility out are not currently available from these experiments.290
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Low cloud surface latent
heat flux/convective en-
trainment mechanism.

BCC-
CSM2-
MR

CESM2 HadGEM3-
GC3.1-
LL

IPSL-
CM6A-
LR

MIROC6 MRI-
ESM2.0

Surface Temperature 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
Surface Upward Latent
Heat Flux

3.8% 0.9% 2.2% 1.7% 0.1% 2.6%

Upward Convective Mass
flux in Cloud Layer

- - -6.1% 23.6% - -

Convective Surface Precip-
itation

12.7% 4.2% 11.0% 29.9% 15.0% 18.5%

Pressure Velocity at 700
hPa

-3.3% -5.1% -3.0% -1.3% -6.1% -3.1%

BL depth from θ 0.2% -0.2% 0.0% 2.9% -0.2% 5.4%
BL depth from RH 0.5% -4.6% -0.0% 2.9% -4.1% 0.5%
Convective Heating Rate
in Cloud Layer

1.1% - -5.7% 28.7% 0.3% 29.8%

Convective Moistening
Rate in Cloud Layer

-13.0% -4.7% 9.9% -10.3% 6.9% -29.9%

Relative Humidity in
Cloud Layer

0.8% -2.5% -0.4% 0.3% -2.2% 0.0%

Cloud fraction (%) -3.0% -8.4% -12.6% -8.6% -11.6% -8.0%

Hypothesis rejected: No Yes Yes No Yes No

Table 3. As Table 2 but for the surface latent heat flux/convective entrainment mechanism.
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Figure 7. As Figure 2 but for convective heating rate (K/s). (No data available for CESM2).

2.4 Low cloud vertical specific humidity/MSE gradient mechanism.291

Brient and Bony (2013) proposed a positive low cloud feedback mechanism based292

on changes in vertical gradients of specific humidity and conservation of moist static en-293

ergy (MSE), a thermodynamic quantity which is a function of atmospheric temperature,294

humidity and potential energy. They argued that the non-linearity of the Clausius-Clapeyron295

relationship would cause the specific humidity (and thus MSE) to increase more near the296

surface than at altitude with climate warming, with changes in relative humidity play-297

ing a secondary role. This would lead to an enhanced vertical gradient of specific humid-298

ity and MSE between the PBL and the lower free troposphere, and so an enhanced source299

of low-MSE and dry air from the free troposphere into the PBL. This would in turn cause300

a reduction of low-level cloudiness in the boundary layer, weakening the longwave ra-301

diative cooling of the PBL by cloud -radiative effects which would become “less neces-302

sary” to balance the MSE budget.303

Subsequently, Bretherton et al. (2013) argued that cloud thinning in LES exper-304

iments based on the CFMIP-GASS Intercomparison of Large Eddy Simulations and Sin-305

gle Column Models (CGILS, Blossey et al. (2013)) was caused by enhanced vertical hu-306
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Figure 8. As Figure 2 but for convective moistening rate (kg/kg/s).
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Figure 9. Summary the vertical specific humidity/MSE gradient mechanism.

midity gradients between the free troposphere and boundary layer, which allows a thin-307

ner cloud to sustain the same entrainment.308

Figure 9 provides a summary of this mechanism as a causal diagram, and Table309

4 summarises relevant quantities from the models. In the absence of changes in the rel-310

ative humidity profile, we would expect the difference between the specific humidity in311

the cloud layer and at 700 hPa to increase at approximately 7%/K. Increases of around312

4-5%/K are present in four of the models, but very small increases of 0.1-0.2%/K are seen313

in CESM2 and MIROC6, leading us the reject this hypothesis as the main explanation314

for the low cloud reductions in these two models (Table 4, Figure 10). Note that while315

Figure 10 confirms that the gross vertical gradient in specific humidity between 700 hPa316

and the surface increases consistently in all of the models, the changes in vertical humid-317

ity gradients at level σcl↓ and near the boundary layer top are considerably more diverse.318
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Low cloud vertical specific
humidity/MSE gradient
mechanism.

BCC-
CSM2-
MR

CESM2 HadGEM3-
GC3.1-
LL

IPSL-
CM6A-
LR

MIROC6 MRI-
ESM2.0

Cloud Layer Specific Hu-
midity difference with 700
hPa

4.6% 0.1% 4.6% 5.1% 0.2% 5.1%

Advective Moistening Rate
at PBL top

-2.8% 3.6% 0.5% 5.2% 6.3% 3.1%

Advective MSE Tendency
at PBL top

- 3.1% -4.5% 5.1% 8.8% 6.6%

Radiative Heating Rate in
Cloud Layer

2.7% 6.1% 8.9% 11.8% 9.4% -

Radiative MSE Tendency
in Cloud Layer

2.7% 6.1% 8.9% 11.8% 9.4% -

Cloud fraction (%) -3.0% -8.4% -12.6% -8.6% -11.6% -8.0%

Hypothesis rejected: No Yes Yes Yes Yes Yes

Table 4. As Table 2 but for the vertical specific humidity/MSE gradient mechanism.
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The hypothesis also predicts increased drying due to vertical advection at the top319

of the boundary layer. Unfortunately we do not have diagnostics of the vertical humid-320

ity advection available, but we do have the total (horizontal plus vertical) specific hu-321

midity advection (Figure 11). We argue that if enhanced drying by vertical advection322

was to be the main cause of the cloud fraction reduction, then it would have to contribute323

more than changes in horizontal advection to the total. This means that in cases where324

there is no enhanced drying apparent in the total at the top of the boundary layer, we325

can rule out the hypothesis above. No such enhanced drying is present in the total at326

the top of the boundary layer in CESM2, HadGEM3-GC3.1-LL, IPSL-CM6A-LR or MIROC6,327

so we argue that the vertical specific humidity/MSE gradient mechanism cannot be the328

main cause of the cloud reductions in these models (Table 4, Figure 11). Note that care329

must be taken when interpreting changes in advective moisture tendencies when the bound-330

ary layer depth is changing. The PBL depth is increasing in IPSL-CM6A-LR and MRI-331

ESM2.0 which means that the advective drying increases at some levels, even though the332

advective drying is weaker at the BL top in the AMIP+4K experiment compared to that333

at the lower BL top in the AMIP experiment (Figure 11). This is a consequence of the334

change in BL depth, not an increase in vertical specific humidity gradient.335

BCC-CSM2-MR does not provide a temperature advection diagnostic and so we336

don’t estimate the vertical MSE advection for it. CESM2, IPSL-CM6A-LR, MIROC6337

and MRI-ESM2.0 exhibit no reduction in the advective MSE tendency in the cloud layer338

(Table 4, Figure 12). For these reasons we rule out the low cloud vertical specific humid-339

ity/MSE gradient hypothesis as the main cause of the low cloud changes seen in all of340

the models except for BCC-CSM2-MR. One of the reasons why the advective MSE ten-341

dency does not reduce may be that the reductions in subsidence will act reduce the mag-342

nitude of the vertical MSE advection; this effect may compensate for or overwhelm the343

effects of increased vertical gradients in specific humidity.344

2.5 Low cloud free-tropospheric downwelling longwave mechanism.345

Based on LES experiments, Bretherton et al. (2013) argued that increases in the346

downwelling flux from the free-troposphere in response to increased humidity would be347

expected to reduce the radiative driving of turbulence in the boundary layer, resulting348

in cloud-top reduced entrainment, a shallowing of the boundary layer and shallowing/thinning349

of the cloud layer. Increases in free tropospheric specific humidity would be expected with350

warming if relative humidity remained constant, but would be larger if it increased. In-351

creases in downwelling longwave fluxes are also expected in response to increasing free352

tropospheric temperatures, and could also be affected by changes in mid-upper level clouds.353

It is also possible that GCMs with coarser vertical resolution than LES might exhibit354

reduced cloud layer relative humidity and cloud amount instead of (or as well as) cloud355

thinning in response to increasing downwelling longwave fluxes. Finally, although not356

relevant to these experiments, we note that this mechanism is similar to those argued357

to explain changes in low level cloud in response to increased carbon dioxide in exper-358

iments where SSTs are held fixed (e.g. Kamae et al. (2015). This mechanism is summarised359

in a causal diagram in Figure 13 and relevant quantities from the models are shown in360

Table 5. All of models which provide the relevant diagnostics show increases in the down-361

welling longwave clear-sky flux and reductions in radiative cooling in the cloud layer, con-362

sistent with this hypothesis (Figures 13,14, Table 5). However BCC-CSM2-MR, HadGEM3-363

GC3.1-LL, IPSL-CM6A-LR and MRI-ESM2.0 show no significant shallowing of the bound-364

ary layer (Figures 4, 5, Table 5). For this reason we rule out the free-tropospheric down-365

welling longwave hypothesis as the main cause of the low cloud feedback in these mod-366

els. The results available for CESM2 and MIROC6 are consistent with this hypothesis,367

and so it remains a candidate to explain the positive low cloud feedback seen in these368

models. (Note that at the time of writing, the sign of the downwelling longwave clear-369

sky flux published for IPSL-CM6A-LR appeared to be incorrect - we reversed its sign370

for the present analysis.)371

–20–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 10. As Figure 4 but for specific humidity (kg/kg).

–21–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 11. As Figure 2 but for advective moistening/specific humidity tendency (kg/kg/s).

The horizontal blue solid and orange dashed lines indicate the levels of the boundary layer top

for the control and +4K experiments respectively, estimated from the vertical potential gradients.
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Figure 12. As Figure 11 but for advective MSE tendency (J/s). (No data available for BCC-

CSM2-MR).
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Figure 13. Summary the free-tropospheric downwelling longwave mechanism.
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Figure 14. As Figure 2 but for radiative heating rate (K/s). (No data available for MRI-

ESM2.0.)
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Figure 15. As Figure 2 but for clear-sky longwave downwelling radiation (Wm−2K−1). (No

data available for CESM2).
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Low cloud free-
tropospheric downwelling
longwave mechanism.

BCC-
CSM2-
MR

CESM2 HadGEM3-
GC3.1-
LL

IPSL-
CM6A-
LR

MIROC6 MRI-
ESM2.0

Downwelling LW clear-sky
flux in Cloud Layer

3.0% - 2.9% 3.0% 3.4% 3.1%

Radiative Heating Rate in
Cloud Layer

2.7% 6.1% 8.9% 11.8% 9.4% -

BL depth from θ 0.2% -0.2% 0.0% 2.9% -0.2% 5.4%
BL depth from RH 0.5% -4.6% -0.0% 2.9% -4.1% 0.5%
Cloud fraction (%) -3.0% -8.4% -12.6% -8.6% -11.6% -8.0%

Hypothesis rejected: Yes No Yes Yes No Yes

Table 5. As Table 2 but for the free-tropospheric downwelling longwave mechanism.
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Figure 16. Summary the surface upwelling longwave mechanism. Blue boxes represent the

hypothesis of Ogura et al. (submitted), while the green boxes represent a newer variant of the

hypothesis incorporating boundary layer decoupling.

2.6 Low cloud surface upwelling longwave mechanism372

More recently, in Ogura et al. (submitted) we proposed a new positive low-cloud373

feedback mechanism and demonstrated that it explained the positive subtropical low cloud374

feedback in the AMIP/AMIP+4K experiments performed with the MIROC5 and MIROC6375

climate models. Our hypothesis was that increasing sea surface temperatures can radia-376

tively heat the cloud layer from below, resulting in a drop in relative humidity in the cloud377

layer and hence a reduction in low-level cloud. This mechanism was demonstrated by378

performing uniform +4K SST perturbation experiments where the effects of increasing379

SST on radiative transfer and surface turbulent fluxes were separated. The low cloud380

reductions in the warmer climate were present only when the effects of increasing SSTs381

on the radiation were included. This mechanism is summarized by the blue boxes in the382

causal diagram in Figure 16.383

During the present analysis we noted that the cloud layer in HadGEM3-GC3.1-LL384

is several model levels thick (Figure 2), and was not immediately clear to us how a ra-385

diative heating of the cloud base would lead to a reduction in relative humidity through-386
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out the depth of the cloud. This led us to develop a new variant of the surface upwelling387

longwave mechanism (green boxes, Figure 16), in which heating of the cloud base by ra-388

diation stabilises the boundary layer, resulting in a partial “decoupling” of the sub-cloud389

layer and the cloud layer, in turn inhibiting turbulent mixing of moisture between the390

sub-cloud layer and the full depth of the cloud layer. We also note that reductions in cloud391

fraction initially caused by the mechanism above may reduce longwave cooling of the cloud392

layer, warming it and reducing relative humidity further, amplifying the reduction in cloud393

fraction (Brient & Bony, 2012).394

Relevant quantities from the models are presented in Table 6. Both variants of the395

surface upwelling longwave mechanism are consistent with the results shown for CESM2,396

HadGEM3-GC3.1-LL and MIROC6, so we are unable to rule this out as the main cause397

of the low cloud reductions in these models (Table 6, Figures and 14, 17 and 18 ). (Note398

that the experiments of Ogura et al. (submitted) already provide strong evidence to sup-399

port this for MIROC6). However we rule this mechanism out as the main cause of the400

cloud reductions in BCC-CSM2-MR, IPSL-CM6A-LR and MRI-ESM2.0 as they do not401

show the reductions in relative humidity in the cloud layer predicted by this hypothe-402

sis (Table 6, Figure 5). Also BCC-CSM2-MR does not show any evidence to support de-403

coupling as the cloud layer does not warm faster than the surface as expected with de-404

coupling, and moistening of the cloud layer by the boundary layer turbulence scheme shows405

an increase rather than the decrease predicted (Figures 4 and 17, Table 6).406
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Figure 17. As Figure 2 but for boundary layer moistening rate (kg/kg/s). (No data available

for CESM2 or MIROC6).
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Low cloud surface up-
welling longwave mecha-
nism.

BCC-
CSM2-
MR

CESM2 HadGEM3-
GC3.1-
LL

IPSL-
CM6A-
LR

MIROC6 MRI-
ESM2.0

Surface Temperature 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
Upwelling LW flux at
surface

1.4% 1.4% 1.4% 1.4% 1.4% 1.4%

Upwelling LW clear-sky
flux in Cloud Layer

1.3% - 1.5% 1.3% 1.6% 1.4%

Upwelling LW flux in
Cloud Layer

1.4% - 1.6% 1.5% 1.7% 1.5%

Longwave Heating Rate in
Cloud Layer

3.1% 6.2% - - - 12.6%

Radiative Heating Rate in
Cloud Layer

2.7% 6.1% 8.9% 11.8% 9.4% -

Temperature in Cloud
Layer

0.3% 0.5% 0.4% 0.4% 0.5% 0.4%

Potential Temperature in
Cloud Layer

0.3% 0.5% 0.4% 0.4% 0.5% 0.4%

Boundary Layer Moisten-
ing Rate in Cloud Layer

4.1% - -9.3% -8.2% - -2.0%

Relative Humidity in
Cloud Layer

0.8% -2.5% -0.4% 0.3% -2.2% 0.0%

Cloud fraction (%) -3.0% -8.4% -12.6% -8.6% -11.6% -8.0%

Hypothesis rejected Yes No No Yes No Yes

Table 6. As Table 2 but for the surface upwelling longwave mechanism.
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Figure 18. As Figure 2 but for clear-sky longwave upwelling radiation (Wm−2K−1). (No

data available for CESM2).

3 Summary and Conclusions407
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Mechanism BCC-
CSM2-MR

CESM2 HadGEM3-
GC3.1-LL

IPSL-
CM6A-LR

MIROC6 MRI-
ESM2.0

Low cloud sur-
face latent heat
flux decoupling
mechanism

No RH
decrease
in cloud
layer;
No PBL
stabilisa-
tion

No PBL
deepen-
ing

No PBL
deepen-
ing

No RH
decrease
in cloud
layer

No sub-
stantial
increase
in sur-
face
latent
heat flux

No cloud
RH de-
crease
in cloud
layer

Low cloud sur-
face latent heat
flux/convective
entrainment
mechanism

Possible No PBL
deepen-
ing

No PBL
deepen-
ing;
No con-
vective
warm-
ing and
drying

Possible No PBL
deepen-
ing;
No con-
vective
drying

Possible

Low cloud ver-
tical specific
humidity/MSE
gradient mecha-
nism

Possible Increase
in ver-
tical
specific
humidity
gradient
small;
No In-
crease
in Ad-
vective
Drying
at BL
top; No
Reduc-
tion in
Advec-
tive MSE
tendency
at BL
top

No In-
crease
in Ad-
vective
Drying
at BL
top

No In-
crease
in Ad-
vective
Drying
at BL
top;
No Re-
duction
in Ad-
vective
MSE
tendency
at BL
top

Increase
in ver-
tical
specific
humidity
gradient
small;
No In-
crease
in Ad-
vective
Drying
at BL
top;
No Re-
duction
in Ad-
vective
MSE
tendency
at BL
top

No In-
crease
in Ad-
vective
Drying
at BL
top ;
No Re-
duction
in Ad-
vective
MSE
tendency
at BL
top

Low cloud free-
tropospheric
downwelling long-
wave mechanism

No PBL
shallow-
ing

Possible No PBL
shallow-
ing

No PBL
shallow-
ing

Possible No PBL
shallow-
ing

Low cloud surface
upwelling long-
wave mechanism

No RH
decrease
in cloud
layer

Possible Possible No RH
decrease
in cloud
layer

Possible No RH
decrease
in cloud
layer

Table 7. Table summarising the extent to which results from the models are consistent with

the various hypotheses being the main cause of their low cloud reductions. Entries in bold sum-

marise reasons for rejecting a given hypothesis in a given model. Other entries indicate hypothe-

ses which remain possible candidates for the main cause of the low cloud reduction in a given

model.
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We have investigated positive subtropical low cloud feedback mechanisms in six mod-408

els which saved temperature and humidity budget terms in the CMIP6/CFMIP-3 AMIP409

and AMIP +4K experiments. Our analysis focuses on the trade cumulus / stratocumu-410

lus transition region between California and Hawaii at locations on the GPCI transect,411

where positive low cloud feedbacks are present in the JJA season. We have tested for412

dominant contributions from a number of positive cloud feedback mechanisms proposed413

in the literature by comparing the relative sizes of climatologically meaned changes in414

clouds, cloud controlling factors, boundary layer depth and temperature/humidity ten-415

dencies with warming.416

Our findings are summarised in Table 7. We rule out all of the positive low cloud417

feedback mechanisms considered as the main cause of the low cloud reduction in IPSL-418

CM6A-LR and MRI-ESM2.0 except for the surface latent heat flux/convective entrain-419

ment mechanism of Wyant et al. (1997) and Rieck et al. (2012). For HadGEM3-GC3.1-420

LL we rule out all except the surface upwelling longwave mechanism of Ogura et al. (sub-421

mitted). For MIROC6 and CESM2 the Ogura et al. (submitted) surface upwelling long-422

wave and Bretherton et al. (2013) free-tropospheric downwelling longwave mechanisms423

are the only remaining candidates, while for BCC-CSM2-MR only the Brient and Bony424

(2013) vertical specific humidity/MSE gradient and Wyant et al. (1997)/Rieck et al. (2012)425

surface latent heat flux/convective entrainment mechanisms remain. For the cases ex-426

amined, our approach has been successful in narrowing the mechanisms considered down427

to a single candidate for three of the six models (ruling out 4/5 of the hypotheses con-428

sidered), and two mechanisms for the remaining four models (ruling out 3/5 hypothe-429

ses).430

Changes in boundary layer depth, relative humidity in the cloud layer and humid-431

ity advection at the top of the boundary layer are the main factors which distinguish among432

the hypotheses considered. These quantities all require additional diagnostics on model433

levels requested in the CFMIP-3/CMIP6 experiments. As such we would consider it valu-434

able to include these diagnostics in a wider range of experiments in future versions of435

CMIP, and in other model intercomparisons, for example those using storm resolving mod-436

els. In this study we have not attempted to assess the credibility of the cloud feedback437

mechanisms in the climate models. We do however consider identifying the mechanisms438

operating in climate models as a useful step towards this. For example, our findings sug-439

gest that comparisons with observations that lead to improved simulations of boundary440

layer depth, cloud layer relative humidity and humidity advection at the top of the bound-441

ary layer could lead to more credible cloud feedbacks.442

The present approach is not successful in identifying a single candidate mechanism443

in half of the cases examined. One possibility here is that two or more mechanisms con-444

tribute equally to the low cloud reduction. The approach we have outlined here is not445

able to exclude this possibility. We argue that unambiguously identifying the mechanisms446

responsible for positive low cloud feedbacks in such cases will require intervention ex-447

periments designed to test specific hypotheses. In future work we plan to perform cli-448

mate model experiments which perturb downwelling longwave fluxes above the top of449

the boundary layer to test the Bretherton et al. (2013) free-tropospheric downwelling long-450

wave mechanism, and experiments which perturb the free tropospheric specific humid-451

ity to test the (Brient & Bony, 2013) vertical specific humidity/MSE gradient mecha-452

nism. Similarly, experiments with parametrized convection deactivated (e.g. M. J. Webb453

et al. (2015)) may be performed to test the Wyant et al. (1997) surface latent heat flux/convective454

entrainment hypothesis, and further experiments separating radiative and turbulent com-455

ponents of SST forcing may be used to test the Ogura et al. (submitted) surface upwelling456

longwave mechanism in additional models.457

A theoretical limitation of the present approach is that it relies on average changes.458

We have for instance ruled out changes in time averaged relative humidity as the main459

driver of reductions in cloud fraction in cases where the relative humidity increases on460
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average. It is of course possible that reductions in relative humidity at times when there461

is more cloud could cause reductions in cloud fraction, but that relative humidity could462

increase at other times when there is little or no cloud. In such a situation changes in463

the temporal distribution of relative humidity could lead to a reduction in cloud frac-464

tion even though the average relative humidity increases. This question could be inves-465

tigated using high frequency model outputs saved from some CFMIP models (M. J. Webb466

et al., 2017). However we consider targeted intervention experiments described above467

to be a more fruitful approach for future work.468

Clearly it would be of interest to apply this approach to other locations and sea-469

sons in these models. Also we note that some hypotheses can be excluded without ref-470

erence temperature and humidity budget terms. This suggests that something may be471

learned about the positive cloud feedback mechanisms in other models using this approach;472

for instance our analysis has shown that examination of changes in boundary layer depth473

alone is a powerful approach for discriminating between low cloud feedback mechanisms.474

Finally, we emphasize that we have not exhaustively tested all positive low cloud475

feedback mechanisms described in the literature. For the present study we have concen-476

trated on those that we are most familiar with and which we are able to interpret causally.477

In future work we hope to consider additional hypothesized positive low cloud feedback478

mechanisms as explanations for stratocumulus/trade cumulus transition cloud feedbacks479

in climate models, for example those discussed in Brient and Bony (2012), Blossey et al.480

(2013), S. C. Sherwood et al. (2014), Jones et al. (2014), Vial et al. (2016), Blossey et481

al. (2016),Hirota et al. (2021), Koshiro et al. (2022), Schiro et al. (2022) and Vial et al.482

(2023).483

4 Open Research484

4.1 Data Availability statement485

The raw CMIP6 data used in this study are archived on the ESGF (https://esgf-486

node.llnl.gov/search/cmip6/) and are available via the DOIs listed in the references sec-487

tion (see Wu, Chu, et al. (2019), Danabasoglu (2019), M. Webb (2019), Boucher et al.488

(2018), Ogura et al. (2019) and Yukimoto, Koshiro, et al. (2019)).489

The processed CMIP6 data required to produce the figures and tables are avail-490

able in a Zenodo archive available via the DOI in the reference section under M. J. Webb491

(2023). The code and data in this archive is accessible without restriction, and released492

under a BSD licence (please see the archive for further details.)493

4.2 Software Availability statement494

The code to download the CMIP6 data from the ESGF, process it and produce the495

figures and tables is available in the Zenodo archive listed in the Data Availability state-496

ment above (M. J. Webb, 2023).497

This software was developed using Jupyter notebooks (https://jupyter.org/) hosted498

on the Google Colab platform (Bisong and Bisong (2019a), https://colab.research.google.com/).499

It makes use of a number of Python packages, including:500

• Xarray (Hoyer and Hamman (2017), https://pypi.org/project/xarray)501

• climlab (Rose (2018), https://pypi.org/project/climlab)502

• pandas (McKinney et al. (2011), https://pypi.org/project/pandas)503

• numpy (Oliphant et al. (2006),https://pypi.org/project/numpy)504

• google-colab (Bisong and Bisong (2019a), https://pypi.org/project/google-colab/)505

• matplotlib (Bisong and Bisong (2019b),https://pypi.org/project/matplotlib)506
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• seaborn (Bisong and Bisong (2019b),https://pypi.org/project/seaborn)507

• esgf-pyclient (https://pypi.org/project/esgf-pyclient)508

• IPython (https://pypi.org/project/IPython)509

• cartopy (https://pypi.org/project/cartopy)510

• graphviz (https://pypi.org/project/graphviz)511

The manuscript was prepared using LATEX(https://www.latex-project.org/) via Over-512

leaf (https://www.overleaf.com).513
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