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1. Introduction

Cloud Feedbacks in Earth System Models (ESMs) remain thetlamgese of
uncertainty in projections of future climate. Consequently, one afe¢htral aims of
EUCLIPSE has been to develop our physical understanding of how clocespes
respond to and feed back on climate change, and of the reasomsefemodel
differences in these cloud feedbacks.

WP2, entitled “Climate Model Evaluation and Analysis” has beero(ast
other things) responsible for quantifying and interpreting the mtetel spread of
climate sensitivity and cloud feedback from the models. Thisdesl identifying the
regions, the cloud regimes and the meteorological conditions primesgpnsible for
this spread, and exploring the mechanisms that control the diffecetel responses.
WP3, entitled “Process Level Evaluation” aims to understand the gsexe
responsible for the responses of boundary layer clouds in idealisedtareldlimate
conditions through the use of LES (Large Eddy Simulation) modeldisel@asimple
models such as boundary layer mixed layer models (MLMs) andeSdglumn
Model (SCM) versions of the GCMs. WP4, entitled “Sensitivity expents and
hypothesis testing” has been responsible for developing physical hyestredating
to cloud feedback mechanisms, and testing them by performing séwpsitivi
experiments with the GCMs. This report summarises progress andeharetation of
the spread of cloud responses among models, drawing on developmentsaliithin
three of these work packages.

This report is structured as follows. In Section 2 we revesults from WP2
guantifying the forcings, feedbacks and climate sensitivithen@MIP5 models, and
summarise work from WP2 and WP3 identifying the regions, the clegiches and
the meteorological conditions primarily responsible for thisagpia the GCMs. In
Section 3 we review the work on process based understanding usinge®aQMES
models from WP3, and use it to interpret the GCM results. Settreriews GCM
sensitivity experiments performed in WP4 and the implicationsferpreting inter-
model spread in cloud feedback. We present our concluding remarks in Section 5.

2. ldentification of the regions, cloud regimes and meteorological conditions
responsiblefor the spread in cloud responses and climate sensitivity.

2.1 Global forcings, feedbacks and climate sensitivity in the CMIP5 models

Equilibrium climate sensitivity (ECS) is defined as the gloequilibrium
surface-air-temperature change in response to instantaneous douldingospheric
CO, concentration. Although this is clearly not a realistic saendeCS is a
convenient way of quantifying the joint effect of forcing and feellbavhich are
separately quantities of practical interest for understanalinty predicting transient
climate change. Recently, a new generation of climate mogeldicipating in
CMIP5, has been developed. Diagnosing the forcings, feedbacks andh E@&hiof
these models is a first step to identifying and understandingesoof uncertainty in
their climate projections.



CO, forcings and feedbacks have been quantified across the availaltis CM
coupled atmosphere-ocean general circulation models (AOGCMs) usittiple
methodologies. First, simulations forced by an abrupt quadrupling of jaiers
carbon dioxide concentration were analysed applying the lineamdefeedback
regression analysis of Gregory et al. (2004) to the ensembl®GICMs (Andrews et
al. 2012). The range of equilibrium climate sensitivity was foundet®i-4.7K,
similar to that derived from CMIP3 models (2.1-4.4K), and differencesloud
feedbacks continue to make the largest contribution to this range.iohadlit, the
radiative kernel approach of Soden and Held (2006) was used to assess the
contributions of climate feedbacks and adjustments associated wign vapour,
temperature lapse rate, clouds and surface albedo in the sprdmdaté sensitivity
(Vial et al. 2013). This analysis confirmed again the dominant ratéoatl feedbacks
in inter-model spread in climate sensitivity. Fast troposphedadchdjustments to
CO, (Gregory and Webb, 2008) were also found contribute to the spread, lmut thes
(and CQ forcing generally) contribute to a much lesser extent than ¢erabacks
(Andrews et al. 2012, Vial et al. 2013). More details of this woekaamilable in
Deliverable Report D2.6.

2.2 Contributions from different regions and regimes

The regions, cloud regimes and meteorological conditions responsititesfor
spread in cloud responses in the models have been examined in a numags of w
WP2. Vial at al. (2013) not only quantified the contributions of cloud adprs
and feedbacks to inter-model spread in climate sensitivity in@@&CMs, but also
assessed the contributions to the spread from different regions @ndwithin
dynamical regimes over the tropical oceans. Figure 1 sti@mtishe tropical regions
between 30N/S explain more than half of the inter-model spread iqualitities
shown, except surface albedo which is dominated by sea ice and sdbadks at
higher latitudes. The inter-model differences in tropical cloeddacks contribute
more than twice as much as the higher latitude regions combined.

Vial et al. (2013) also composited the coupled model cloud feedbacks in the
tropics into regimes of 500mb pressure velocity, and separatec s
contributions from a ‘thermodynamic’ component representing clsawgain each
circulation regime, and a ‘dynamic’ component which represents chdngéde shifts
in the populations of the different regimes. As was the cadeeiCMIP3 models
(Bony and Dufresne, 2005), the thermodynamic term makes a langeibation to
the differences in feedbacks between low and high sensitivity models
Thermodynamic components show largest differences between low higihd
sensitivity models in regions of weak-moderate subsidence, wheltewsitdouds
such as stratocumulus and trade cumulus predominate (Figure e dieemainly
due to the shortwave component, as found previously.

As part of the second phase of the Cloud Feedback Model Intercomparison
Project (CFMIP-2), new cloud feedback experiments were addedtietdCMIP5
experimental design (Taylor et al. 2011), which included additional gsoce
diagnostics designed to support investigation of the physical meamaninderlying
cloud feedbacks and adjustments (Bony et al. 2011). These comprise AM
experiments forced with 30 years of observed SSTs, and +4K glodeh IGST
perturbation experiments, one where AMIP SSTs are increased ugifoymdK
(amip4K) and another where a patterned SST perturbation with a ghelal of +4K
is applied, based on a composite SST response from coupled models B8 CMI



(amipFuture). Also included were GQuadrupling experiments with SSTs specified
as in the AMIP experiments (amip4xCO2), to support the analysislooid c
adjustments which occur in response to,@Q@adrupling but in the absence of SST
changes. These CFMIP atmosphere-only experiments were iddarde number of
reasons. First, they support a cleaner separation between $oaciddeedbacks than
is possible in coupled models. Second, because they are relativety atdr
computationally inexpensive compared to coupled model experiments, a more
comprehensive set of process diagnostics can be included. Finaityreflagve
computational efficiency and lack of an interactive ocean makes wedl suited for
sensitivity experiments which can be used to test physical hypoth&gesyreo cloud
feedback mechanisms.

Deliverable D2.7 summarised work within WP2 to assess the cortnbaoii
difference cloud regimes to inter-model spread in cloud feedbacksdgumtments in
these experiments. Figure 3 shows the relative contributionferiedit geographical
regions to inter-model spread in cloud feedbacks and cloud adjustmefite in
CMIP3/CFMIP-1 slab models, and in the CFMIP-2 experiments. Thbadc
feedbacks in the CMIP3/CFMIP-1, amip4K and amipFuture ensembledieactbtd
adjustments in the amip4xCO2 ensemble all show large standardiatevien the
subtropical stratocumulus and trade cumulus regions, underscoring theadbm
contribution of low clouds to inter-model spread in cloud feedback and cloud
adjustment in these experiments, consistent with the findings froncadbpled
models. Figure 3 also clearly shows the dominant role of the srapimter-model
spread in cloud feedback and adjustment. The inter-model varianbe icloud
feedbacks and cloud adjustments were also decomposed into contributiorddud
feedback regimes dominated by low and high cloud and low level cloud shange
following the method of Webb et al. (2006). These results are susehan Figure
4, and highlight again the dominant role played by low clouds in inter-model spread in
cloud feedback and cloud adjustment. (Details of the decomposition noatindik
found in deliverable D2.7.)

As mentioned above, the CFMIP-2 experiments also include proceds leve
outputs, including high frequency outputs at selected gridpoints. THaesebeen
analysed as part of WP3 (see deliverable D3.8). Webb et al. (sed)mised these
data to resolve the cloud feedbacks in a subset of the CFMIP-2lsminde
contributions from different times of the day, and from occasions whenldvel
clouds are dominant. They found that the models tend to show largeesha low
cloud properties in the warmer climate in the morning when more low cloud is present
in the control. This results in shortwave cloud feedbacks being esbagd having
the largest inter-model spread at this time of day. Theyfaisa that most of the
inter-model spread in the diurnal mean marine shortwave cloud feedbacke
explained by low cloud responses, although these do not explain sthevetiodel
responses at the neutral/weakly negative end of the feedba&k vamgye changes in
mid and high level cloud properties are more important (see Figure 5).

Finally, the analysis of Webb et al. (2013) (which composited tropieaine
cloud feedbacks and adjustments in the CMIP3/CFMIP-1 experimentedqoaly
populated percentile ranges of lower tropospheric stability (L&3)been repeated
for the CFMIP-2 amip4K experiments (Figure 6). The largastrimodel spread in
net cloud feedback is found in the most stable regimes in the 60-108%sédrTentile
range, and is strongly correlated with the shortwave cloud fekdbatis regime,
where shallow clouds predominate, consistent with the findings frombVée al.



(2013) for the CFMIP-2/CMIP3 slab models and Vial et al. (2013) HerGMIP5
coupled models.

Overall, work under WP2 has shown that several lines of evideppe the
conclusion that that subtropical shallow cloud regimes continue plajeadang role
in cloud feedback uncertainty.

3. Interpretation of inter-model spread in GCM cloud feedback based on SCM,
LESand MLM results.

Given that the largest source of uncertainty in cloud climatslfack in
ESM’s arises in subtropical shallow cloud regimes, work on cloud fekslia WP3
has concentrated on stratocumulus and shallow cumulus cloud regimes.

The approach of WP3 has been to understand cloud feedback mechanisms in
idealised experiments using a combination of different types of models:

1. Large Eddy Simulations were used to establish the most eshabl most
realistic estimates for the representation of stratocumuwlosultis and transitions
between these regimes both in present and future climate conditions.

2. Simple idealised Mixed Layer Models of the subtropical atmagphe
boundary layer were used to interpret the behaviour of the redisticomplex
results from the Large Eddy Simulations.

3. Single Column Models were used to assess the extent to wiech t
parameterization packages in the ESM’s are capable of reprodheingsponses that
are found for the Large Eddy Simulations when subjected to the lsagee scale
forcings and perturbations.

The cloud feedback work in WP3 has fallen under two broad initiatives. T
first uses the framework of the CGILS project (CFMIP-GA®&rcomparison of
Large-Eddy and Single- Column Models, Zhang et al. 2012), amatienal effort
compare cloud feedbacks in SCMs and LES in an idealised cloud ¢kedase,
based on the GCSS Pacific Cross Section which originated iavéops European
FP5 project EUROCS. ESM outputs for different periods along thisdca have
been reported in the literature (Siebesma et al. 2004, Teixeigd €011) and
provided the basis for three CGILS cases representing saditb@tmulus (S12),
cumulus under stratocumulus (S11) and Shallow Cumulus (S6) (Figurén&3e are
subjected to idealized future climate conditions in order to deterthi@ecloud-
radiative feedback by increasing the SST by 2K and througtkemng the imposed
subsidence (Zhang and Bretherton, 2008, Zhang et al. 2012). More datélls
work are provided in Deliverable 3.9. The second initiative extendsCBE.S
framework into a two dimensional phase space with dimensions of topespheric
stability (LTS) and free tropospheric humidity. More detailgshid work may be
found in deliverable 3.5. We now summarise the main findings frone thes
initiatives and use them to interpret the GCM results.

3.1 Interpretation of inter-model spread in GCM cloud feedback based on CGILS
results.

Zhang et al. (2013) reported results from the first phase of CGILS. The CGILS
SCMs differ greatly in their cloud feedbacks with both positive agathe net CRE
responses in all three regimes (see Figures 8, 9). Therddt@s tend to show
smaller ranges, with mostly positive values at s6 and s11, butymesfative values
at s12 (Figure 10).



The SCM feedbacks at s12 range from -12 to 16 3™ with a median
value of 0, while those at s11 range from -8 to 13 ¥fhwith a median value of
0.5. This range is much larger and more symmetric about zerasttiaan case for the
GCMs responses at the stable end of the LTS range, which ramgeGr2 to 3.2
Wm?K™* with a median of 1.2 (Figure 6). The SCM feedbacks at sferfsom -7 to
9 Wmi’K™, with a median value of -0.1. This range is again much larger than that
from the GCMs in the mid-LTS range; for example the rangkeamet CRE response
in the 50-60% range of LTS is -0.8 to 0.8 V& with a median of 0.3. The s6 SCM
results and GCM results in the mid-LTS range are however ggtelly distributed
between positive and negative values. Figures 8 and 9 also shoWetmabdels that
have active shallow convection in the control state are more likehave positive
feedbacks, while the remaining models more often have negative feedlZtang et
al. (2013) argue that, in the absence active shallow convection, ingreasface
fluxes moisten the boundary layer and increase low cloudiness ifCtfls, $esulting
in a negative cloud feedback. However, when shallow convection is dctivieains
additional warm, dry air into the boundary layer in the warmeratkresulting in a
positive feedback. Differences in the relative strengths of starhpeting
mechanisms can subsequently result in a range of positive andveegatd
feedbacks across the SCMs.

The LES models exhibit a smaller range of feedbacks than thks,S{d are
mostly positive at s11, ranging from -0.5 to 5 V" with a median of 3 WifK ™,
but mostly negative at s12, ranging from -8 to 5 ¥} with a median of -6 WK
! The s6 results are systematically weakly positive and shewyanarrow range of
0.5-1Wm’K™* with a median of 0.5. The mechanisms underlying the LES rdsults
CGILS are reported in detail by Blossey et al. (2012). All LE8dels simulate
boundary-layer deepening due to reduced subsidence in the warnaegclvith less
deepening at s6 due to regulation by precipitation. The majoridigir cloud
thickening s12 and a slight cloud thinning at s11 and s6. In perturbedteli
simulations at sl12 without the subsidence decrease, liquid water (pALP)
consistently decreases across the LES models.

Comparison of the CGILS SCM and LES results provides a benchmark for
testing SCM physics, albeit in an idealised framework. Corsparof the median
responses of the LES and SCM results indicates that the $€dbdcks tend to be
positively biased at s12, negatively biased at s11, but relatively edlaas6. SCMs
with active shallow convection at s11 tend to reproduce the positigbdele seen in
the LES models at that location, while SCMs which rely sabelyturbulent mixing
tend to agree better with the negative feedback seen in thenbBE8ls at s12. This
suggests that varying levels of skill shown by the SCMs irrichgtating between
turbulently and convectively mixed boundary layers are relevant tettéegth and
even the sign of their cloud feedbacks.

As noted above, CGILS SCM and LES results exhibit a range dbdeks
larger than that seen in the GCM composites. There are a nofmeasons why we
would expect this. First, the GCM composites average togeth®y ragimes with
varying amounts of cloud, many of which will be less than thosgeptealong the
GPCI, which was defined to pass through the Californian stratocurdeltls In
contrast, CGILS forces the SCMs and LES models with a st&atky forcing which
in the case of s11 and s12 reproduces a persistent unbroken stratocurckilvgide
no synoptic variability. This is expected to result in strongedidacks in the SCMs.
Second, CGILS focuses on July, the time of year when the CGlu8ee are subject
to maximum insolation. Third, CGILS forces the SCMs with a @msliurnal mean



insolation value. The GCMs exhibit a diurnal cycle in low leMeuds over the
oceans which results in them having less low level cloud at noondinamy the
night, and this effect may well contribute to weaker shortwave dedbacks in the
GCMs compared to the SCMs.

There is no particular reason however to expect that thesdsefteuld
explain the tendency for the GCMs to show more positive feedbactabie segimes
than is seen in the SCMs at s11/s12. We now consider whethdiffience might
be caused by differences in the large scale forcings in the GCM and SCM#saPs

First, we consider changes in LTS with the warmer climdtethe CGILS
case, LTS increases by 0.7K/K at s11 and s12. Increases iirLTi® absence of
other changes) are expected to result in an increase in clotidrfras the strength of
the inversion increases, reducing mixing across the inversion arghsing relative
humidity in the boundary layer. In the GCMs, LTS increases by 0.34.6Kthe
most stable LTS bin, with a median increase of 0.5K/K (Figure T2)e stronger
increases in LTS in the CGILS case at s11 and s12 comparedt teetimain the
GCMs may therefore contribute to the tendency for more negaeabécks in the
SCMs.

Second, in CGILS at s11 and s12, subsidence (as measured by 500mb pressure
velocity) weakens by 2 and 3hPa/day/K respectively, while thl&ensemble mean
subsidence weakens by just 0.8-1.7hPa/day/K in the most stable LT®ithirg
median reduction of 1.2 (Figure 12). The stronger subsidence wegkeCGILS
could possibly result in a deepening of the boundary layer, a thigkefithe cloud
layer and an increase in liquid water path in the SCMs. Atsatysiest in which the
s12 LES case was repeated with no reduction in subsidence shovwssdnedative
cloud feedback, so a similar sensitivity to the subsidence weakenthe SCMs and
GCMs would be expected to contribute to the feedbacks being moreveeigathe
SCMs.

Finally, we consider the role that surface evaporation might piathe
differing responses of the SCMs and GCMs. In the absencéamiges in near-
surface relative humidity, air-sea temperature differermesurface wind speed,
surface evaporation over the ocean is expected to increase By (Rietk et al.
2012). This translates to an increase in surface latent heatffurund 6 WrtK in
regimes like s11 and s12, but in fact evaporation increases bylemisy less than
this, because of a weakening of the overturning circulation, reduced surfaceanahds
air-sea temperature differences and increases in near-sudlteve humidity
(Richter and Xie (2008), Webb and Lock (2013)). In the most stable¢difes the
GCMs show increases in surface latent heat flux ranging &bm8-4.0 WritK™
with a median value of 3.5 (Figure 12). At s11, the SCMs showaseseranging
from 2.5-12.5 WrifK™* (Figure 11), with a median value of 3.5. Given the similar
median responses between the SCMs and the GCMs, we considekayutiiat
differences in surface evaporation contribute substantially tdetigency for more
negative cloud feedbacks in the SCMs.

Given these differences, it is difficult to interpret the GGbedbacks
quantitatively in terms of the CGILS SCM and LES results. tlmn basis of the
SCM/LES comparison, one could argue that the GCM feedbacks should ageaver
be more negative in stratocumulus regimes like those simulats@i2atbut more
positive in regimes where stratocumulus is fed by shallow awsnuds at sl1l.
However, we do not at present have a way to assess the implaist @h the overall
feedbacks in the GCMs, as it is not currently straightforwasgparate these regimes
in the GCMs. Overall we conclude that the CGILS results shoeleao evidence of



a systematic bias in cloud feedback in the GCMs. However tge tange of SCM
feedbacks compared to the equivalently forced the LES expesrnseggests that
errors in the responses of the local physics contribute sub8tatdianter-model
spread in cloud feedback in the GCMs. Hence the prospect of imprdwng t
performance of future parametrizations by comparing SCMs vi&th inodels in the
CGILS framework is promising.

3.2 Interpretation of inter-model spread in GCM cloud feedback based on phase
space results.

The second initiative within WP3 extends the CGILS experimemdsa two
dimensional phase space as described in De Roode et al. (submittesisimulates
stratocumulus equilibrium states using a mixed-layer model dfabedary layer in a
two dimensional phase space with axes of LTS and free tropospherditiuah
700hPa. In contrast to CGILS, the LWP response is examined bybosgtuarious
cloud-controlling-factors in turn. To clarify the role of changes loud top
entrainment, this is done first with fixed entrainment, and agawil entrainment
to respond to the other cloud controlling factors.

Figure 13 shows the LWP response to changes in the potential fsze sur
temperaturd),, the free tropospheric potential temperattgethe free tropospheric
specific humidity g, and the horizontal wind speed for fixed entrainment.  Surface
warming increases surface evaporation and boundary layer relatirredity,
lowering the cloud base and increasing the LWP. Increasing swiad speed also
acts to increase surface evaporation and hence LWP, consistergawiéer findings
by Webb and Lock (2013) and Bretherton et al. (2013). Warming the d@gesphere
reduces the relative humidity of the air which is entrained the boundary layer
from above, increasing cloud base height and reducing LWP. Moistdmengete
troposphere in absolute terms has the opposite effect, increélasibyVP. The latter
effect would be expected to outweigh that of the reduction due tdrépespheric
warming if the specific humidity increase was large endogtesult in an increase in
relative humidity.

Figure 14 shows the LWP responses when entrainment is allowedpond.
The responses to changes in free tropospheric humidity and surfads wate
comparable with and without fixed entrainment. Increases in sutiaoperature
weaken the inversion, increasing entrainment of warm, dry @ bove, reducing
relative humidity, and raising cloud base. In the lower right quadrfatite phase
space the free troposphere is sufficiently warm and dryhkadditional entrainment
raises the cloud base more than the cloud top, acting to thin the cloud layer and reduce
LWP, eventually overcoming the effect of increasing surface eatipn. Similarly
increases in free tropospheric temperature strengthen the iamyenrgducing
entrainment and thickening the cloud. Again this has the largest effien the free
troposphere is warmest and driest. With interactive entrainmengiso possible to
test the sensitivity increasing subsidence/horizontal divergehce;résults in a
thinning of the cloud and reduction in LWP as the boundary layer beconliesveina
consistent with the CGILS LES results.

Subsequent work in WP3 by Dal Gesso at al (2013) has modified thetMLM
allow for the effect of increasing free tropospheric humidity the downwelling
longwave radiation, which reduces the radiative cooling of the boundemydad the
entrainment rate. The reduced entrainment was found to reduce theotigpén
boundary layer, while the reduced radiative cooling was found to eerblative



humidity, raising cloud base and reducing LWP, consistent withfitlaengs of
Bretherton et al. (2013).

Turning again to the GCMs, Figure 6 shows that in the mostestaib
regime, cloud fraction and LWP decreases in most models resuitiaglargely
positive shortwave cloud feedback. The LWP responses in the GC\tewexer
much smaller than those in the MLM, presumably because the MLMs&ms a
solid sheet of persistent stratocumulus with no synoptic variabilityhe most stable
LTS bin, the GCMs have time mean control values of LTS ranfyorg 18.5-20K,
and values of granging from 0.2-0.3 g/kg (not shown). This would place the GCMs
on average near the lower left corner of the phase space in ig8rend 14
(although of course instantaneous values would explore a wider range).

In the most stable LTS bin the GCMs tend to show reductions in sobside
and increases in LTS and free tropospheric relative humidigpi(€il2). The MLM
results from De Roode et al. (submitted) would predict an incieak®@/P if only
these conditions are changed. However, an increase in the speoifidity will
increase the amount of downwelling radiation such that the longwaliative
cooling at the cloud top will be reduced. This effect tends toniimithe entrainment
rate which subsequently leads to a smaller LWP. The MLM diydyal Gesso at al
(2013) takes into account both the changes in the free troposphere aadidhiee
forcing and find that for a perturbed climate the LWP reduchks. GCMs do also
exhibit a systematic reduction in near-surface wind speed (nain$hfor which the
MLM results predict a thinning of the cloud and a reduction in LWP.

Dal Gesso et al. (submitted) have repeated the phase sycevgh the EC-
EARTH SCM, with both constant and large-scale forcing conditions.cBostant
forcing, most of the simulations reached a steady statenyefew runs significant
and persistent temporal variations in the boundary layer state feend. With
stochastic forcing in the large-scale subsidence, the cloud-topthehgpwed a
relatively small sensitivity to the LTS, whereas the ftegpospheric humidity
strongly controls both cloud base and top heights. By contrast, thetitnarof a
stratocumulus cloud deck with a cloud cover of unity to a broken cleldddppeared
to be controlled mainly by the LTS. High LWP values are predominémind for
high LTS values, although an area with enhanced LWP values artoatgbfor an
LTS of about 18 K. Figure 15 shows the response of the boundary layer deptl
cover and LWP to changes in the SST for the EC-Earth SCMthiese perturbed
climate simulations the free tropospheric relative humidity bedTS were kept the
same as in the control case. The runs with the stochastic faghigit a distinct
decrease in both the cloud cover and the LWP. Figure 16 shows duediitatmilar
results with a positive shortwave cloud feedback, a reduction in LWPcland
fraction which is broadly consistent with that seen in the full GEMure 6). This
demonstrates that the phase space approach is able to reprodusekty af the full
GCM response once stochastic forcing is applied.

There is still considerable uncertainty over the processeshwioatrol
turbulent cloud top entrainment, and so its treatment in turbulent nmeximgmes in
GCMs is necessarily incomplete. However, the GCMs lie onageem a regime
where the MLM predicts that increases in turbulently driven emb@nt will not
reduce LWP substantially in the warmer climate, so thignfainay not affect their
cloud feedbacks substantially. However, as pointed out by Zhahg20H3), many
of the CGILS SCMs do show evidence of enhanced entrainment ofdpaespheric
air into boundary layer in the warmer climate, not through turbulering) but
through entrainment which occurs through compensating subsidence dlknws



convection penetrates the inversion. The MLM results highlighpttential impact
of changes in entrainment on cloud feedback, clearly demonstragirepiiity to

change the sign of the LWP response. They also demonstratbéghagn of the
response to the same climate change forcing can be positivgaiiveedepending on
the control state. This underscores the importance of testingeniséinaty to and

improving the representation of entrainment processes, as wellasing biases in
the simulation of present-day subtropical clouds in GCMs.

It should also be noted that most GCMs do not have sufficienicalert
resolution to resolve the relatively subtle changes in cloud thsskaed LWP
predicted by the LES and MLM results. Coarse vertical rasalutould result in
GCMs responding to changes a drying of the boundary layer by redcicind
fraction when they should maintain cloud fraction with a thinner cloudyrdisg the
cloud feedback response. Improved vertical resolution in the bourayerywould
seem to be a necessary requirement for improved confidence in S&CGIGM cloud
feedbacks.

4. Interpretation of inter-model spread in GCM cloud feedback based on
sensitivity experiments.

WP4, entitled “Sensitivity experiments and hypothesis testing’ been
responsible for developing physical hypotheses relating to cloudbdek
mechanisms, and testing them by performing sensitivity expets with the GCMs.
In many cases, the physical hypotheses tested have been devedspddoh the
findings from SCM, LES and MLM experiments; however hypothessgmgrfrom
analysis of the GCMs have also been tested, recognisingdhthd that there may
be factors affecting the feedbacks in the full GCMs which rase captured by
idealised scenarios used to force the MLM, SCM and LES models.

4.1 Interpretation of inter-model spread in GCM cloud feedback based on parameter
sensitivities.

Initial work in WP4 reviewed sensitivity experiments based on peatem
perturbations, and this is reported in deliverable report D4.1. Controlénesiec
sensitivity have been explored using multi-model ensembles (MMé&)parturbed
parameter ensembles (PPE) by a number of groups. For examile,etval. (2013)
found a very strong relationship between biases in cloud radiateet,effr net top-
of-atmosphere radiation, and the climate sensitivity across their PREetionship
was not however reproduced within the CMIP3 MME. Similarly, usiR@P& derived
from a different model, Klocke et al. (2011) found that climate seitgiis well
correlated with root-mean-square errors in cloud-radiative effattsstrongly
subsiding regions characterized by intermediate values of low@spheric stability.
However this property of the PPE also did not explain differencabenclimate
sensitivity of the CMIP3 MME. Brient and Bony (2012) exploredhated PPE using
the IPSL model, and in so doing also showed that factors which tendiecrdase
low cloud amount, for instance a change in the formulation of theiststat cloud
scheme or a change in their precipitation efficiency, alsoaseckthe sensitivity of
low clouds to changing surface temperatures. A general findasgbeen that
relationships that emerge from the PPE framework do not gereetalthe MME. For
this reason, subsequent work under WP4 has focused more on ‘structunéiVigens
tests, in which feedback loops are cut by suppressing different processes in turn.
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4.2 Sensitivity testsin individual models.

Brient and Bony (2013) argued that cloud feedbacks in GCMs can be
understood in terms of the moist static energy (MSE) budget atthesphere. As
the climate warms, changes in surface fluxes and clearaskgtive cooling perturb
the MSE budget of the atmosphere, creating an energetic imbaldmch is restored
primarily by changes in cloudiness via longwave cloud cooling. €xaynined cloud
feedbacks in IPSL-CM5A-LR, and argued that in the warmer dafimatreases in
surface fluxes in this model resulted in a deepening of the bounday End a
reduction in the vertical gradient of the moist static energppEMbetween the
boundary layer and the free troposphere in the subtropics. Howev&latimgus
Clapeyron relation acted to oppose this effect, increasing thallbvertical MSE
gradient, the strength of the vertical MSE advection and the tngpdow-MSE air
into the boundary layer in the warmer climate. They performed a nuwibe
sensitivity experiments, and found a strong relationship betweeohthege in the
vertical advection of the MSE and the low-level cloud change in thailemarguing
that the enhanced vertical advection of low MSE air into the bouridgey makes
the MSE sink from cloud radiative cooling less necessaryltmba the MSE budget,
resulting in decreases in low-level cloud fraction.

Subsequently, Brient and Bony (2012) argued that the size of the claugkecha
in response to a perturbation of the MSE budget is determined birehgtk of the
coupling between cloud properties and the longwave cloud radiative coohey. T
tested this idea by performing sensitivity tests in which thegwave radiative
cooling associated with clouds was scaled by a ‘beta’ paramiéte the case beta=0,
where changes in cloudiness do not affect the MSE budget, the clpotisedo the
warming climate was found to be greatly reduced. This resgigests that the
radiative cooling rate of clouds in the control state can be proportoraé change
in this quantity under climate change, which may explain theioettip between
present day cloud fraction and cloud fraction response in this model imotad
previous section.

Webb and Lock (2013) tested a number of hypothesised cloud feedback
mechanisms by performing sensitivity tests in HadGEMZ2-A, whitdo ahas
substantial positive cloud feedbacks in the subtropical stratocumadles/tumulus
transition regions associated with reductions in boundary layer cladioh.
Applying the MSE budget approach of Brient and Bony (2013) to HadGEM2-A ove
the subtropical Northeast Pacific established that although streedeal advection
of MSE does enhance the rate of MSE depletion from the boundaryitayeis
model, this effect can explain only a small fraction of the cloi@EMesponse and
hence the cloud feedback. Other terms, including turbulent mixingdféwzsurface
fluxes make larger contributions to the perturbed MSE budget whictoarparable
in magnitude to the cloud MSE response term.

Webb and Lock (2013) also found that reductions in near-surface wind speed
and air-sea temperature differences combined with increasesarrsurface relative
humidity limited increases in surface evaporation to just 3 3WmO0.6 %/K in
HadGEM2-A. Previous studies such as Rieck et al. (2012) have subdleste
increases in surface evaporation may be required to maintaitinmedsoundary layer
cloud in a warmer climate. This suggests that the supply of wapeur from surface
evaporation in HadGEM2-A may not be increasing enough to maintaireldie/e
humidity of the boundary layer and hence the low level cloud fragtidime warmer

11



climate. This hypothesis was tested by forcing the surfaepogation to increase
more rapidly in the GCM; this yielded a substantially weakleud feedback,

supporting the hypothesis. A tendency for the turbulent mixing prdbldseecome

more ‘bottom heavy’ in the warmer climate, reducing the moisupply to the cloud

layer was also noted. Such a weakening of the verticahgby the boundary layer
scheme might be explained by the reduction in surface wind spekedn associated
reduction in the surface sensible heat flux.

Examination of the surface fluxes in the CMIP5 GCMs shows reshscin
sensible heat flux in the warmer climate, and relativelyknieareases in surface
latent heat flux in the more stable LTS regimes (Figure IP)ese are caused by
reductions in air-sea temperature differences and near-sunfancke speed, and
increases in near-surface relative humidity (not shown), as foupdelious studies.
The relatively weak increases in surface evaporation in paticoluld explain the
tendency for models to show positive cloud feedbacks in the more stagjiiees;
however changes in surface fluxes are not correlated with ckmatbéck across the
models, so we have no evidence to support them being a dominant drivembéithe
model spread.

Figure 12 also shows changes in boundary layer depth (as diagnosed by t
difference between the surface pressure and the pressureledhehere relative
humidity drops below 50%). This increases in most models, particutathe more
stable regimes, as predicted by Rieck et al. (2012) and BarehtBony (2013) in
response to the increasing surface latent heat flux. This degpsrdonsistent with
enhanced entrainment at the top of the boundary layer via shallow donyexs
argued by Zhang et al (2013).

4.3 Coordinated sensitivity tests across models.

WP4 has also organised two sets of coordinated sensitivity testsnultiple
models. The Clouds On/Off Klimate Intercomparison Experiment (CIEDK
repeated amip, amip4K and amip4xCO2 experiments and aquaplanet egsilatent
with clouds made transparent to radiation, repeating the beta=0negpepf Brient
and Bony (2012). These experiments also allow the effects of cknaiscloud
changes on other aspects of the climate system (such as fregmmang and
precipitation changes) to be quantified. The Selected Prdazes3ff Klimate
Intercomparison Experiment (SPOOKIE) is a newer initiatieenf\WWP4 which aims
to establish the relative contributions of different areas of mphkgsics to inter-
model spread in cloud feedback by switching off or simplifying wbffié model
schemes in turn. A pilot experiment following the SPOOKIE appraacurrently
underway and initial results are reported below.

The initial SPOOKIE pilot experiments have focused on convective
parametrization, for a number of reasons. First, a number of s{edieBrient and
Bony 2013) have suggested that changes in deep convection in the wdrmatg c
might have a remote influence on subtropical cloud feedbacks, wantipact on the
circulation and temperature and humidity structure of the tropieal thoposphere.
Moreover, differences in convective parametrizations in modelltnaiplain some
of the inter-model differences in these large scale responsekemce some of the
inter-model spread in cloud feedback. Second, the results from Gibtlifed in the
previous section suggest that the ability of the SCMs to dbyretagnose the
presence of convection has a substantial impact on cloud feedback. More spgcificall
Zhang et al. (2013) identify enhanced boundary layer entrainmentiassowith
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shallow convection as a key driver of positive subtropical cloud fekdimathe
CGILS SCMs. Third, recent work by Sherwood et al. (2014) has ardwsdat
substantial fraction of the variation in the strength of lovel@loud feedback across
models is regulated by the strength of mixing between low aitd levels by
convection and the large-scale shallow overturning circulation in theemgrelay
climate. This controls the degree to which the boundary layes dnd low cloud
reduces as the climate warms. They show that indirect obserpaties for the
lower tropospheric mixing rate based on the tropical temperatureidityn and
vertical velocity show significant correlations with ECS andud feedback,
statistically ‘explaining’ just under half of the inter-model igace in the ECS.
Comparisons with observations suggest that the more realistic niadesstronger
lower tropospheric mixing, more positive low level cloud feedbacid dimate
sensitivities above 3K.

Motivated in part by these findings, the pilot SPOOKIE experimbatge
repeated the CFMIP-2/CMIP5 amip/amip4K experiments with convective
parametrization turned off. In these experiments (convoffamip amedotfamip4K),
instability which would be removed by the convection scheme isadsemoved by
the turbulent mixing schemes and the large scale dynamicthe letails of deep
convective parametrization are indeed responsible for a substamtiaif pae inter-
model spread in cloud feedback, then these experiments might be dxjpeekhibit
a narrower range of cloud feedback. Equally, if parametrizetlbghaonvection is
responsible for positive subtropical cloud feedbacks in the GCMs, assteddy
Zhang et al. (2013), then the convoff experiments will have neutragative cloud
feedbacks.

Figure 17 shows net, SW and LW CRE responses for the amip/amip4K and
convoffamip/convoff4K experiments from the models participating in fROGKIE
pilot study, composited into equally sized LTS percentile bins over the trogeahs
as in Figure 6. The standard experiments with the four partiajpatodels cover a
substantial fraction of the overall inter-model range (compare €3g6rand 15),
although the participation of IPSL_CM5A LR and CNRM_CM5 which is pldnne
will cover this range more completely. It is also encourathag that the correlation
between the net and SW CRE responses in the stable LTS bipsodueed with just
these four models.

Figure 17 additionally shows that the convoff experiments exhiliirang
convergence in the character of the tropical cloud feedback compattesl versions
with parametrized convection. The net cloud feedback shows a redusedilar
spread across the regimes, and a relatively smooth and monotitidnafi®m
positive feedback in stable regimes to weakly negative feedhaahksiable regimes.
What spread there is in the net is now mostly due to the sharteawponent, and
the two are now correlated across all regimes. This is ih ¢giz& a strong
convergence in the longwave CRE response in the convoff experimedts a
reduction in the magnitude of opposing longwave and shortwave responses in the
more unstable regimes. This convergence is also reflected rartge of the global
mean net cloud feedback, which is reduced by 43% from [-0.22 to 0.25] in the
amip/amip4K experiments to [0.02 to 0.18] in convoffamip/convoffmip4kK.

Figure 18 shows that the cloud fraction response has a smallad spré is
more consistent across regimes in the absence of paramewizeettion, while the
spread in the LWP and IWP responses is not greatly affected, cbhipled with the
strong convergence in the cloud feedback, confirms that the diffelagl fraction
responses are the dominant drivers of cloud feedback spread acrtms thgtude
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oceans in these models, and that much of this is caused by diferarparametrized
convection. It can be argued that substantial changes in cloud fradiigenerally
require changes in relative humidity, and that parametrized comvestmore easily
able to change relative humidity than other vertical mixing selsenThis is because
parametrized convection is able to transport humidity over the fypithdef the
troposphere in a single time step, while the large scale dgaamd turbulent mixing
schemes transport humidity more gradually, often responding maittgal vertical
gradients in moist conserved variables.

Figure 19 shows that the equivalent responses in LTS and 700mberelati
humidity also show a considerable convergence in the convoff experinidrms.
unusual responses in LTS and free tropospheric relative humidityRiOMS are not
present in the convoff experiments, indicating that these ateddtathe response of
the MIROCS convection scheme. This behaviour may be related to impeateto
the MIROC convection scheme which allow the lateral entrainmeget to vary
depending on the humidity of the free troposphere, increasing detrainmtbatmid-
troposphere and improving various aspects of present day simulation &Céikdr
Sugiyama 2010). The response of the subsidence rate also corsoengsghat when
convective parametrization is switched off. The subsidence tititeesakens in the
most stable regimes however, indicating that this aspect afddel response is not a
function of convective parametrization. The free tropospheric velatimidity also
continues to rise in these regimes.

Figure 20 shows that there is also a certain degree of concerge the
responses of the latent heat fluxes in the convoff experimentd)ibus hot the case
for the sensible heat fluxes. This is mainly due to more consigigmbnses in near-
surface relative humidity rather than in near-surface winddspeair sea temperature
difference (not shown), and suggests that differences in thesdefadonvective
parametrization schemes are leading to different responses in bplmga relative
humidity. Additionally, the increases in boundary layer depth typicsdgn in the
versions of the models with parametrized convection are largedpniosthe convoff
experiments in the 50-100% LTS percentile range (Figure 20%s shigigests that the
deepening of the boundary layer seen in GCMs in the warmer elis)generally a
consequence of increased boundary layer entrainment by parametmzedtion. In
the absence of convection, the boundary layer depth generally decneathes
warmer climate, consistent with the expectation from the MeBUlts that turbulent
entrainment will reduce with a strengthening of the inversion.

Overall, the convoff pilot experiments indicate that differencesthe
parametrized convection responses in the models do indeed contribute mllystant
inter-model spread in both deep convective and subtropical cloud feedbacks,
consistent with the expectation from Zhang et al. (2013) and Sherwabd(2014).
Although the response of the free troposphere is also affecteds thssithe case in
the subtropics than in the deep convective regions, so these experanents
provide clear evidence of a remote control of deep convection on suhbtrojaad
feedback. The presence of positive subtropical feedbacks in the ebe&nc
parametrized convection (albeit with reduced inter-model spread) idoéesate
however that processes other than shallow convective entrainmecrdrduting.
The relatively weak increases in surface evaporation in thé¢ stelde regimes are
still present, and so remain as a potential explanation for therafjgnpositive
subtropical cloud feedback in the GCMs. Another possibility is thealbment
Liquid Flux (ELF) mechanism demonstrated in a recent LES dtydBretherton and
Blossey (2014), where an increased cloud layer humidity flux iramner climate
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induces an entrainment liquid-flux adjustment that dries the stmatdas cloud
layer. Alternatively, the large scale component of the loingwospheric mixing
mechanism proposed by Sherwood et al. (2014) could be responsible. We plan t
develop the SPOOKIE approach further in the future by designingisgnsests for
GCMs which target such remaining questions more directly.

5. Summary and Conclusions

One of the central aims of EUCLIPSE has been to improve ouricghys
understanding of how cloud processes respond to and feedback on clierage,ch
and of the reasons for inter-model differences in these cloud feedbakswe have
reviewed the results from work packages 2, 3 and 4 relevantetpiieting the inter-
model differences in cloud feedback in the CMIP5 models.

WP2, entitled “Climate Model Evaluation and Analysis” has beemo(ast
other things) responsible for quantifying and interpreting the mtetel spread of
climate sensitivity and cloud feedback from the models. This has includetyident
the regions, the cloud regimes and the meteorological conditions primarily rég@onsi
for this spread, and exploring the mechanisms that control the differedel
responses. The range of equilibrium climate sensitivity inGhBP5 AOGCMs was
found to be 2.1-4.7K, similar to that derived from CMIP3 models (2.1-4.4K), and
differences in cloud feedbacks have been shown to make the langé#budion to
this range, as previously. The regions, cloud regimes and metgoabloonditions
responsible for the spread in cloud responses in the models wereinexam a
number of ways. Inter-model differences in tropical cloud feedbaeke found to
contribute more than twice as much as the higher latitude retpotiee spread in
cloud feedback in the CMIP5 coupled models. Thermodynamic componeims of t
cloud feedback showed largest differences between low and highwsgnsibdels in
regions of weak-moderate subsidence, where shallow clouds suatatasushulus
and trade cumulus predominate. Cloud feedbacks in the CFMIP-2/CMIRBlkami
and amipFuture experiments all showed large inter-model standardiaieyim the
subtropical stratocumulus and trade cumulus regions, and in regimssonf
stability, consistent with the findings from the coupled models.

WP3, entitled “Process Level Evaluation” has been responsible for
understanding the processes underlying the responses of boundaryldagsr io
idealised and future climate conditions, through the use of LES €L&dpy
Simulation) models, idealised simple models such as boundary layed nayer
models (MLMs) and Single Column Model (SCM) versions of the GCMs.

The CGILS SCMs differ greatly in their cloud feedbacks withhbmdsitive
and negative net CRE responses for all three regimes (solidcstraulus s12,
cumulus under stratocumulus s11 and shallow cumulus s6). In the alstinee
shallow convection, increasing surface fluxes moisten the boundaryalagencrease
low cloudiness, resulting in a negative cloud feedback. However, wttere,a
shallow convection can entrain additional warm, dry air into the bouralgeyin the
warmer climate, resulting in a positive feedback. Models whigle aative shallow
convection in the control state are more likely to have positive fekdhahile the
remaining models more often have negative feedbacks.

The LES results tend to show smaller ranges, with mostlyiypms#lues as s6
and s11, but mostly negative values at s12. All LES models sarhdandary-layer
deepening due to reduced subsidence in the warmer climate, wittelgssning at s6
due to regulation by precipitation. The majority predict cloud tmtigeat s12 and a
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slight cloud thinning at s11 and s6. In perturbed climate simulatiosts2awithout
the subsidence decrease, LWP consistently decreases across the LES models

Comparison of the CGILS SCM and LES results provides a benchmark for
testing SCM physics, albeit in an idealised framework. Comparttte LES models,
SCM feedbacks tend to be positively biased at s12, negatively aasedl, but
relatively unbiased at s6. SCMs with active shallow convectioglattend to
reproduce the positive feedback seen in the LES models at thabhoealile SCMs
which rely solely on turbulent mixing tend to agree better witghrtegative feedback
seen in the LES models at s12. This suggests that varyirg &\skill shown by the
SCMs in discriminating between turbulently and convectively mixed deynlayers
are relevant to the strength and even the sign of their cloud feedbacks.

The CGILS SCM and LES results exhibit a range of feedbacge than that
seen in the GCMs. This it be expected, given that the GCM9mede diurnal and
synoptic variability, while the SCMs and LES models are Isrgebject to a steady
state forcing which in the case of s11 and s12 reproduces at@atrsinbroken
stratocumulus deck with no synoptic variability.  Additionally, BEMs tend to
show more positive feedbacks in stable regimes than are séenSICMs at s11/s12.
Comparison of large scale forcings indicates that a stromgeease in lower
tropospheric stability and a stronger weakening of subsidence @GHeS forcing
compared to that typically seen in the GCMs contribute to thisrdiite. Given these
differences, it is difficult to interpret the GCM feedbacks quantitgtiveterms of the
CGILS SCM and LES results. Overall we conclude that the C@ks8lts show no
clear evidence of a systematic bias in cloud feedback in @sGHowever the large
range of SCM feedbacks compared to the equivalently forced theekp&iments
suggests that errors in the responses of the local physicsbatatsubstantially to
inter-model spread in cloud feedback in the GCMs. Hence the ptaspenproving
the performance of future parametrizations by comparing SCihsLhES models in
the CGILS framework is promising.

The second initiative of WP3 extends the CGILS approach into a brahdene
two dimensional phase space with axes of lower troposphericitytadnid free
troposphere humidity at 700hPa. The LWP response was investigapedtinping
various cloud-controlling-factors in turn in an idealised mixed layedeh(MLM) of
the boundary layer. To clarify the role of changes in cloud tapiantent, this was
done first with fixed entrainment, and again allowing entrainmentespond to
changes in the other cloud controlling factors.  Surface warmiag found to
increase surface evaporation and boundary layer relative humidistitgathe cloud
base and increasing the LWP. Warming the free troposphere reducezlathe
humidity of the air which is entrained into the boundary layer fatove, increasing
cloud base height and reducing LWP. When entrainment was allowesptmdeto
large scale forcings, increasing surface temperature wedkehe inversion,
increasing entrainment of warm, dry air from above, reducingeflaéive humidity of
the boundary layer, and raising cloud base. Similarly increasied tropospheric
temperature strengthened the inversion, reducing entrainment and thickéei
cloud. Where the free troposphere is relatively warm and dry indhiol climate,
the impact of changes in entrainment can be large enoughngechize sign of the
LWP response. Reducing surface wind speed acts to reduce swdipoeation and
hence LWP. Additionally, allowing for the effect of increasiinge tropospheric
humidity on the downwelling longwave radiation showed a reduction in thatikee
cooling of the boundary layer and the entrainment rate, the net efff@bich was to
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reduce the relative humidity of the boundary layer, raising cloud aad reducing
LWP.

In the stable regimes in the GCMs, cloud fraction and LWP dezsaa most
models resulting in a largely positive shortwave cloud feedback. Gis show a
reduction in wind speed, for which the MLM results predict a thinninthefcloud
and a reduction in LWP. Specific humidity increases in the figgos$phere in the
GCMs, which is also predicted to reduce LWP in the MLM. Theeetbe MLM
results suggest these large scale forcings as potential casdifdatexplaining the
LWP reductions in the GCMs.

There is still considerable uncertainty over the processeshwioatrol
turbulent cloud top entrainment, and so its treatment in turbulent nmeximgmes in
GCMs is necessarily incomplete. However, the GCMs lie onageem a regime
where the MLM predicts that increases in turbulently driven emb@nt will not
reduce LWP substantially in the warmer climate, so thisfaitif the GCMs may not
affect their cloud feedbacks substantially. Many of the CGEG&Ms do show
evidence of enhanced entrainment of free tropospheric air into the bplager in
the warmer climate however, but from entrainment which occurs through
compensating subsidence when shallow convection penetrates the inversiu.
MLM results highlight the potential impact of changes in entrammon cloud
feedback, clearly demonstrating its ability to change the sigheot WP response.
They also demonstrate that the sign of the response to the a@mestale climate
forcing can be positive or negative depending on the control sthie. underscores
the importance of testing the sensitivity to and improving theesgmtation of
entrainment processes, as well as reducing biases in the tsimwé present-day
subtropical clouds in GCMs. Additionally, most GCMs do not have sufficient vertical
resolution to resolve the changes in cloud thickness and LWP predictbe hES
and MLM results. Coarse vertical resolution could result in GCd4ponding to
changes a drying of the boundary layer by reducing cloud frasti@m they should
maintain cloud fraction with a thinner cloud, distorting the cloud feddbegponse.
Improved vertical resolution in the boundary layer would seem to beesssy
requirement for improved confidence in SCM and GCM cloud feedbacks.

WP4, entitled “Sensitivity experiments and hypothesis testim@gS been
responsible for developing and testing physical hypotheses refatolgud feedback
mechanisms, and testing them by performing sensitivity experimentswitBGMs.
Initial work in WP4 reviewed sensitivity experiments based on parameternaéasit
However, it was found that relationships that emerge from pagaipetturbed
ensembles do not generalize to multi-model ensembles

A new conceptual framework for understanding cloud feedback mechanisms
was developed, using the moist static energy (MSE) budget of ths@tare. As the
climate warms, changes in surface fluxes and clear-skgtnge cooling perturb the
MSE budget of the atmosphere, creating an energetic imbakdmch is balanced
primarily by changes in cloudiness via longwave cloud coolingP8L-CM5-LR (a
model with one of the strongest cloud feedbacks) the low-level cleabdek is
related to the change in the vertical advection of low MSknhtirthe boundary layer
from above, which strengthens in the warmer climate due t€lgsius-Clapeyron
relation. The size of the cloud change is determined by theg#itref the coupling
between cloud properties and the longwave cloud radiative cooling, mgsintia
relationship between the present day cloud fraction and the cloud fkealbrass
different variants of IPSL-CM5-LR.
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Applying the MSE budget framework to HadGEM2-A (a model witheaker
but still substantial positive feedback) showed that other termiseifMiSE budget
were more important in this case. Reductions in near-sunfacespeed and air-sea
temperature differences combined with increases in near-sudtate/e humidity
were found to limit increases in surface evaporation and reducdlseheat fluxes,
inhibiting the turbulent transport of moisture from the surface toctbed layer.

Examination of the surface fluxes in the CMIP5 GCMs showactezhs in
sensible heat flux in the warmer climate, and relativelykwieareases in surface
latent heat flux in the more stable LTS regimes. Thesduwedo reductions in air-sea
temperature differences and near-surface wind speed, and incireamses-surface
relative humidity, as found by previous studies. The relatively wealeases in
surface evaporation could explain the tendency for models to show padaiwe
feedbacks in stable subtropical regimes. Most of the GCMs shayereéd of a
deepening of the subtropical boundary layer with climate warmvhg;h could well
be a response enhanced entrainment of air into the boundary layshabbyw
convection, as found in the CGILS SCMs.

The Selected Process On/Off Klimate Intercomparison BExjeeti
(SPOOKIE) is a recent initiative from WP4 which aims toakksh the relative
contributions of different areas of model physics to inter-modetasp in cloud
feedback by switching off or simplifying different model schenie turn.  Pilot
experiments with parametrized convection switched off were fouaribit a strong
convergence in character compared to the standand model versiompaxainetrized
convection, with the range in the global mean net cloud feedback teglnged by
43%. The net cloud feedback showed a reduced or similar spread @tiospical
stability regimes, and a relatively smooth and monotic transittom fpositive
feedback in stable regimes to weakly negative feedback in unségaees. Much
of the differing cloud fraction response (which is the dominant drivecladd
feedback spread across the low latitude oceans) is due t@uldésrin parametrized
convection in the participating models. Other features of the Imedponse also
show a considerable degree of convergence in the experiments, inatbdimges in
stability, subsidence, free tropospheric humidity and surface fluxémseT
experiments indicate that differences in the parametrized ciimweesponses in the
models contribute substantially inter-model spread in both deep convectd/e
subtropical cloud feedbacks. Possible future experiments in whremetized
convection could be inhibited in deep convection regimes only would help to establish
the extent to which these differences are due to remote coofrdéep convection on
subtropical cloud feedback, or the local influence of shallow convecti®he
presence of positive subtropical feedbacks in the absence of paathetnvection
(albeit with reduced inter-model spread) does indicate howeveptbagsses other
than shallow convective entrainment are contributing. The rehativeak increases
in surface evaporation in the most stable regimes are @sent without
parametrized convection, and so remain as a potential candida&plarning the
general positive nature of subtropical cloud feedback. Another pogsikilithe
Entrainment Liquid Flux (ELF) mechanism demonstrated in a rddest study by
Bretherton and Blossey (2014), where an increased cloud layer hufftuditin a
warmer climate induces an entrainment liquid-flux adjustment thas the
stratocumulus cloud layer. Alternatively, the large scale componettieofower
tropospheric mixing mechanism proposed by Sherwood et al. (2014) could be
responsible. We plan to develop the SPOOKIE approach further intte by
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designing sensitivity tests for GCMs which target such remg@iquestions more
directly.

The work of EUCLIPSE work packages 2,3 and 4 has provided many new
insights into the mechanisms underlying the range of cloud fekesibac
contemporary climate models. As importantly, a number of new apgmsdtave
been developed and their utility demonstrated.  Future investigaftmscloud
feedback mechanisms using the hierarchy of models, the MSE buskgtiatk
analysis and sensitivity experiment based hypothesis testimgiorks developed in
EUCLIPSE will continue and will undoubtedly yield further insights in the future.
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a) CMIP3/CFMIP-1 Slab

T

Figure 3. Relative contributions of different parts of the globe to inter-megdstad

in cloud feedbacks (a,c and d) and cloud adjustments (b). The maps ataw |
standard deviations across each ensemble, normalised to havengdairs equal to
unity to support a visual comparison of the regions responsible foarest inter-
model spread.
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Figure 4. Contributions to inter-model spread in cloud feedbacks (a,c,d) and
cloud adjustments (b) from the cloud feedback classes from Webb et al. (2006).
The white bars show the percentage of the variance in thddetidack and adjusted
forcing across each ensemble due to global cloud feedback or adjustibat
coloured bars show the contributions from the individual feedback classes.
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Figure 6. LTS composites of net, shortwave and longwave cloud feedback over low
latitude oceans (30N/S) in the amip4K experiments. Also showneaponses of
total cloud fraction, liquid water path and ice water path, expilepse degree of
global near surface temperature change. The dashed black linestbkrognsemble
mean responses. Diamonds indicate a correlation with the netéSp&hse which is
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Figure 8. Change of cloud radiative effect (CRE, Wjrin SCMs at location S11 in
response to a 2K SST perturbation. An “X” above a model’'s hame ieditaat the
shallow convection scheme is not active; “O” indicates that lladlasv convection
scheme is active. Models without these characters either do ep#rately
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convection information. From Zhang et al. (2013).
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Figure 12. As Figure 6 but for responses of LTS, 500mb Vertical Pressure isfgloc
Precipitation, Surface Latent and Sensible Heat fluxes, and Bouhdgey Depth
defined as the difference between the surface pressure anmeskarp level at which
relative humidity drops below 50 percent.
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Figure 13. The total response of the liquid water path with fixed cloud top
entrainment to changes in (a) the potential sea surface tampdi@ (b) the free
tropospheric potential temperatuig (c) the free tropospheric specific humidity g
and (d) the horizontal wind speed U. The thick solid line indicategdh® isoline.
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represents boundary layers that are warmer than the sea surface.
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Figure 15. Phase space results of changes in the inversion iigatwid cover CC

and LWP to a climate perturbation for constant (left column) and stochastigforc

(right column) experiments with the KNMI EC-EARTH SCM. The white area
corresponds to the free tropospheric conditions for which the deep convection scheme
is active.
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Figure17. LTS composites of net, shortwave and longwave cloud feedback over low
latitude oceans (30N/S) in the amip/amip4K experiments (leff)d a
convoffamip/convoffamip4dK  SPOOKIE experiments without parametrized
convection (right). The dashed black lines shows the ensemble meamses
Diamonds indicate a correlation with the net CRE response which is greaté8ha
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Figure 18. As Figure 17 but for total cloud fraction, LWP and IWP responses.
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Figure 19. As Figure 17 but for LTS, 500hPa pressure velocity and 700hPaeelat
humidity responses.
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Figure 20. As Figure 17 but for surface latent/sensible heat flux and bouralgey |
depth responses.
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