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Abstract

Low cloud feedbacks are explored using a hierarchy of general circulation model
(GCM) configurations. First, the sensitivity of equilibrium solutions of the ECHAM6
Single Column Model (SCM) for two idealized low cloud regimes, stratocumulus
and shallow cumulus in the Northeast Pacific is investigated. The results show
that an idealized large scale forcing constant in time can produce multiple solu-
tions that are not necessarily representaive of solutions with more realistic nature
of large scale forcing.

The ability of the SCM to predict changes in low clouds of a GCM is explored
across a heirarchy of configurations of the MPI-ESM model family, including fully
coupled experiments with abrupt changes in CO2, AMIP configurations forced
by changes in the sea-surface temperature, and Aquaplanet configurations forced
similarly to the AMIP simulations. For these purposes shallow cumulus and stra-
tocumulus regimes are defined based on the large scale state. It is found that
the clouds in comprehensive configurations respond differently than in the ideal-
ized SCM. The representativeness of the changes in the large-scale environment
used in the idealized test case of the SCM is also explored through comparisons
with the comprehensive GCM. Altough some aspects of changes in large scale
environment are captured by the idealized test cases, the changes at the surface
and upper troposphere are not well represented. These changes at the surface are
possible reasons for the differences between response in GCM and SCM.

The CMIP5 models are more generally evaluated across the hierarchy of config-
urations to explore the robustness of cloud feedbacks, and the representativeness
of the idealized single column forcing. It is found that changes in tropical clouds
below 1km, such as stratocumulus and stratus clouds contribute little to inter-
model differences in tropical cloud feedbacks.

Various SCMs from an intercomparison performing the same idealized exper-
iments are compared to their comprehensive GCMs in CMIP5. In summary we
find that it is difficult to study inter-model differences in low-cloud feedbacks of
GCMs using idealized test case for SCMs for at least two reasons. 1) The ideal-
ized low cloud regimes considered occur at margins of distributions in most GCM
configurations, they do not contribute much to the tropical average and any un-
derstanding from them is difficult to transfer to larger regions. 2) Altough the
changes in large scale environment designed in idealized test case are representa-
tive of changes in GCMs to a certain extent, it appears that the cloud feedbacks
in the GCM configurations are more sensitive to details of local circulations.
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Chapter 1

Introduction

1.1 Motivation

Clouds play a key role in the energy balance of the Earth. Clouds modify the
incoming shortwave radiation (albedo) and outgoing thermal longwave radiation
(greenhouse effect) of the Earth. They are an important part of the hydrological
cycle. Along with the radiative effects, the latent heating during the cloud for-
mation modifies the atmospheric circulations. Yet the role of clouds in large scale
atmospheric circulations is poorly understood and remains a grand challenge in
atmospheric science. Hence the response of clouds to a climate perturbation, for
instance, a warming under doubling of CO2 remains elusive. Cloud feedbacks
are main cause for inter-model differences in model-based estimates of climate
sensitivity (Soden and Held 2006).

Altough the importance of clouds feedbacks in climate is long recognized (e.g,
Arakawa (1975))), they remain difficult to understand because of the coarse reso-
lution and the assumptions that underlie the parametrizations in current climate
models. Given the shallow depths and ubiquitous extent of low clouds, it is not
surprising that most uncertainty in cloud feedbacks comes from low clouds (Bony
2005; Bony et al.|[2006; [Webb et al.|2006). Their proximity to surface leads to
a relatively warm cloud top. Hence they do not alter the effective emissivity
of the atmosphere, contributing more to the cooling effect of the planet. Thus
predicting changes in these clouds is important for the climate sensitivity. It is
often easy to show that a high climate sensitivity model is associated with strong
positive low cloud feedback and a low climate sensitivity model is associated with
a strong negative cloud feedback (Stephens|2005).

Any changes in clouds are strongly coupled to changes in large scale circula-
tions. It is this strong interaction, that makes it hard to identify the leading
causes for differences in the cloud feedbacks among the comprehensive climate
models. The complexity of cloud feedbacks mandates use of simplified configura-
tions such as atmosphere-only, aquaplanets, and single column models. Altough

13



1. INTRODUCTION

these simplified configurations help to identify different aspects of the problem,
it is still not clear to what extent these configurations act as analogs to study the
response of low-clouds in full complexity, coupled model.

The goal of the thesis is to identify the extent to which above mentioned fre-
quently used simplified configurations can be used to predict the cloud feedbacks
of comprehensive, coupled configuration. The focus is on low cloud feedbacks at
select locations in the Northeast Pacific. With increasing model intercomparisons
such as Coupled Model Intercomparison Project 5 (CMIP5), it is now possible
to answer this question in general which otherwise was limited by the individual
models. This study help us to better understand the inter-model differences in
low cloud feedbacks and further exploit the relative simplicity of configurations
in synergy.

1.2 Hierarchy of Model Configurations

In this section we present an overview of the model configurations used in the
study. The model configurations are presented in the order of complexity.

1.2.1 Coupled models

A coupled atmospheric-ocean-land model is the most comprehensive general cir-
culation model (GCM) configuration representing of our best understanding of
earth system and its processes relevant for climate. This configuration is com-
putationally very intensive due to the number of processes and long adjustment
timescales between its components. Standardized experiments using this config-
uration are used to asses progress in our understanding of climate change (e.g,
Solomon et al. (2007)). CMIP5, is recent activity with standardized climate
change experiments (Taylor et al.|2012) using contemporary climate models. The
results from this activity are used to asses the current understanding of climate
and climate change by the ongoing Intergovernmental Panel for Climate Change.

The challenge is to understand the response of such a model to a climate per-
turbation. The complexity of the coupled model makes it hard to understand the
changes in clouds in midst of other changes. An aim of the simplified configura-
tions is to understand different aspects of a coupled model. The experiments from
CMIP5 with unprecedented number of output diagnostics and simplified model
configurations presents an opportunity for rapid progress in understanding the
cloud feedbacks.
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1.2 HIERARCHY OF MODEL CONFIGURATIONS

1.2.2 AMIP

A GCM configuration without an ocean component, instead prescribed by Sea
Surface Temperature (SST) at the boundary, is frequently referred as atmospheric
GCM or atmosphere-only model. This configuration is convenient framework
to understand aspects of atmospheric circulations at much faster adjustment
timescales. It is the most preferred configuration for the development of the atmo-
spheric models. The Atmospheric Model Intercomparison Project (AMIP,Gates
et al. (1999))) was initiated in an effort to understand biases in atmospheric compo-
nents of comprehensive GCMs. In AMIP, the models are prescribed by observed
SST, referred as AMIP SST and observed sea-ice concentrations. Eventually, the
name AMIP has become synonymous to atmosphere-only model prescribed by
observed SST.

Often the large scale atmospheric circulations in AMIP and Coupled config-
urations are similar. Cess et al. 1990 proposed experiments using Atmospheric
GCMs by uniform increase in SST as a surrogate to understand the climate sen-
sitivity of coupled models. They found that the climate sensitivity of majority
of atmospheric models of that time are similar to their coupled counterparts. In
such studies often global or tropical averages are used, it would be interesting to
know the details to which the cloud feedbacks in the configurations are similar.
The experiments in CMIP5 performed using AMIP, can help us to dwell into
similarities and differences in cloud feedbacks of AMIP models to the coupled
model.

1.2.3 Aquaplanets

Aquaplanet is a configuration of atmospheric-only GCM free from land. Often
Aquaplanets are prescribed by zonally symmetric SSTs that vary only with lati-
tude, there is no sea ice, and no seasonal changes in insolation. Because of their
relative simplicity they have been used in various contexts, for instance to study
tropical intra-seasonal oscillations (e.g, Goswami and Shuklal (1984));Hayashi and
Sumi| (1986)). Aquaplanets are also useful for exploring other aspects of at-
mospheric circulation, for instance the relative role of zonally symmetric versus
asymmetric circulations. With recent studies using aquaplanets such as|Medeiros
et al.| (2008), [Medeiros and Stevens| (2011)), there is growing interest in using aqua-
planets to understand the aspects of low-clouds and their interactions with large
scale circulations. |Medeiros et al.| (2008)) showed that the tropical sensitivity of
aquaplanets is similar to that of AMIP configurations using two different models.
In a further study Medeiros and Stevens| (2011]) using four models they showed
aquaplanets captured core of distribution of AMIP configurations. With CMIP5
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1. INTRODUCTION

also featuring experiments using aquaplanets, the cloud feedbacks can now be
studied across the hierarchy of GCM configurations, including the aquaplanets of
several models.

1.2.4 Single Column Models

A single column model (SCM) is an isolated column of a atmosphere-only GCM
with all its parametrizations for the unresolved scales. A single column model
can be prescribed by the resolved large-scale circulation, thereby it becomes a
natural framework to test and develop the parametrizations by comparing to the
point observations or high resolution models. Altough SCMs were used from
early studies of parametrizations (e.g, Betts and Miller (1986)), GEWEX Cloud
System Study (GCSS,Browning et al|(1993))) community through various SCM
intercomparisons has popularized use of SCMs as tools to improve representations
of clouds. The key advantage of a SCM is its ability to show the processes in
detail and at a minimal computational expense.

Zhang and Bretherton| (2008) and Zhang et al. (2012) in coordination with
Cloud Feedback Model Intercomparison Project(CFMIP) group proposed an in-
tercomparison of contemporary SCMs using idealized climate change experiments
representative of select low cloud locations in Northeast Pacific. This intercom-
parison is referred here onwards as CFMIP-GCSS Intercomparison of Single col-
umn and Large-eddy Simulations (CGILS). The aim is to exploit the advantages
of single column model and to understand the mechanisms causing inter-model
differences in low-cloud feedbacks and evaluate these mechanisms using fine res-
olution large-eddy simulations.

This intercomparison uses a set of idealized large scale forgings designed to
represent the changes in the local environment of subtropical clouds in a warmer
climate at three low-cloud locations in Northeast Pacific. We use two locations
representative of Statocumulus and Shallow cumulus. The utility of such experi-
ments depends on whether or not idealized SCM experiments can reproduce the
different feedbacks seen in the comprehensive configurations. This further de-
pends on the extent to which CGILS large scale forcing captures the aspects of
comprehensive GCMs.

Evaluating changes in largescale forcing of CGILS is also interesting because it
encompasses some of current conceptual understanding of large scale circulations.
Much of current understand of role of clouds in climate is due to conceptual
models (e.g, |Pierrehumbert, (1995]) Miller| (1997), |Larson et al. (1999))). Drawing
connections between simple model configurations and the comprensive GCMs
would help to better understand and assess the role of clouds in the climate. It is
because of these aspects that makes single column models a focus of the thesis.
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1.3 THESIS OBJECTIVE

1.3 Thesis Objective

e To assess the ability of idealized single column model experiments to predict
the low-cloud feedbacks in the GCMs.

e To evaluate CMIP5 models across the hierarchy of configurations to explore
the robustness of cloud feedbacks.

1.4 Thesis Outline

e Chapter 2: In this Chapter 2 we introduce CGILS idealized climate change
experiments for the single column models. We explore the sensitivity of
equilibrium solutions of MPI-ESM-LR single column model to the nature
of largescale forcing used.

e Chapter 3: In Chapter 3 we present the relevant strategy to compare cloud
feedbacks across hierarchy of MPI-ESM-LR model configurations. We com-
pare the cloud feedbacks and changes in large scale forcing at CGILS and
similar locations. Possible causes for low cloud feedbacks and differences
between the model configurations are presented.

e Chapter 4: In Chapter 4 we evaluate robustness of cloud feedbacks in
CMIP5 models across the GCM model hierarchy. Using the strategy out-
lined in Chapter 3, we compare cloud feedback from the single column
models of CGILS intercomparison to the CMIP5 GCM configurations, to
asses the ability of CGILS to predict low cloud changes of GCM. The rep-
resentativeness of CGILS idealized climate change in GCMs is evaluated.

e Chapter 5: In this Chapter we present the conclusions and outlook from
the thesis.
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Chapter 2

Response of a single column model
to a stationary large scale forcing

2.1 Introduction

Despite the improvements in representation of cloud processes in various climate
models, the response of the boundary layer clouds under the climate change
remains uncertain. These low-cloud feedbacks currently pose a challenge for con-
straining the climate sensitivity, with a disagreement even in the sign of low-cloud
feedbacks among different GCMs (eg. [Bony| (2005)); [Stephens| (2005)). In view
of these difficulties, Zhang et al.| (2009)) proposed an idealistic climate change
experiment for a single column model over selective low cloud conditions, in an
aim to understand the physical mechanisms involving the low-cloud feedbacks.
This was later turned into an intercomparison of various single column models,
called CFMIP-GCSS Intercomparison of Large-Eddy and Single-Column Models
(CGILS Intercomparision), A simultaneous intercomparison of large-eddy models
for the idealized climate change will provide physical mechanisms for evaluating
the single column models. The experimental conditions, the derivation of the
CGILS large-scale forcing and the idealistic climate change at the Stratocumulus
and Shallow Cumulus locations are described in the section 2.2.

A single column model does not allow feedback to the large scale flow and
permits additional degrees of freedom in imposing the large-scale forcing as com-
pared to the three dimensional GCM. These aspects can make it hard to translate
the results of a single column model to a GCM. The goal of the study is to un-
derstand such aspects in ECHAMG6 single column model and the consequences to
CGILS intercomparision.

In the CGILS intercomparision, a single column model is run to equilibrium
under a control climate and a perturbed climate and the difference between the
two equilibrium simulations is analyzed for the cloud feedback. An underlying
assumption of such analysis is that, a single equilibrium solution of a single column
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2. RESPONSE OF A SINGLE COLUMN MODEL TO A STATIONARY LARGE SCALE FORCING

model is representative. [Hack et al.| (2000)) found the ensembles (perturbed initial
conditions) of their single column model diverge during a 10 day forecast and
recommend an additional relaxation term in the single column models to make
the solutions representative. However, they also noted a presence of a strong
restoring force in their single column model, that brought the ensembles closer at
the end of the 10 day forecast. It is not clear, what could happen to the ensembles
when the model is further run to an equilibrium. The lack of feedback to the
large scale flow in a single column model can lead to multiple locked equilibrium
states and using a constant large-scale forcing in time does not mimic any such
feedback. The behavior of ECHAMSG6 single column model under a constant large-
scale forcing is explored in Section 2.3. The cloud feedback simulated under such
constant large-scale forcing and subject to the CGILS climate change is described
in Section 2.3.1.

Furthermore, in a related study, Brient and Bony| (2012)) found it difficult to
compare the cloud fraction from their single column model under a constant large
scale forcing to that of their GCM cloud fraction, sampled at similar conditions.
A better comparision of cloud fraction was achieved when a random, stationary
large-scale forcing is used. They hypothised this was due to the discrete represen-
tation of convection in their model, a time varying large scale forcing was needed
to mimic the alternating deep convection, shallow convection and no convection
of their GCM. Such time varying large-scale forcing is generated automatically
in a three-dimentional GCM, where as a single column model has the additional
degrees of freedom in imposing the large scale forcing. Using a random, station-
ary large scale forcing in time has an additional advantage that it can mimic the
large scale feedback in the single column model. The behavior of ECHAMG6 single
column model under a random, stationary large scale forcing is explored in Sec-
tion 2.4. However, the degree of randomness is not obvious, the cloud feedbacks
simulated under different stationary, random large scale forcing is described in
Section 2.4.1.

The conclusions and outlook of the study are presented in Section 2.5.

2.2 Experimental framework

The derivation of the large scale forcing for the CGILS control and perturbed
climate follows|Zhang et al.| (2009, 2012). For clarity, the derivation is summarized
here.

The CGILS forcing is constructed along a transect in the pacific from the coast
of California to Hawaii(GPCI crossection, [Teixeira et al. (2011)). Although the
large-scale forcing for the control and perturbed climate are constructed all along
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Table 2.1: Large scale conditions for the experiments

Conditions Stratocumulus Shallow Cumulus
Latitude 32N 17N
Longitude 129W 149W
Time july july
Insolation(TOA) 471.5 448.1
SST(C) 19.3 25.6

the transect, only three locations are used for CGILS intercomparion, the Stratus
case , the Stratocumulus case and the Shallow Cumulus case. Here, in this study
only two of them are used, the Stratocumulus case and the Shallow Cumulus
case.

Table [2.1] summarizes the large scale conditions for Stratocumulus and Shallow
Cumulus cases. Both the cases are representative of summer, the Stratocumulus
case lies on much cooler sea surface temperatures than the Shallow Cumulus case,
indicating a shallower boundary layer.

The control climate: The temperature, specific humidity, winds, surface tem-
perature and pressure are prescribed from the year 2006 of ECMWEF reanalysis
at all the locations along the transect. The control climate temperature and spe-
cific humidity at the Stratocumulus and Shalllow Cumulus locations are shown
in Figure . For deriving the large scale forcing (w and horizontal advection
tendency), the basic strategy is to derive the large scale forcing at 35N and extend
it to other locations by a fixed set of scaling factors, estimated from the ECMWF
renanlysis.

At 35N, the modified weak temperature gradient approximation is used to de-
rive the large scale forcing (Equation . Firstly, the clear sky radiative fluxes
are calculated by using the Rapid Radiative Transfer Model. A profile of w,
which peaks at 800hPa is assumed, equation 2.2l Now, to find the amplitude of
w, the Equation is integrated from 300hPa to 900hPa. The vertical integrated
horizontal advection tendency is estimated from ECMWF reanalysis as 2.3K/s
at 35N, when substituted gives the amplitude of w profile. Re-substituting back
in the original Equation [2.1] gives vertical distribution of horizontal advection
tendency. Altough this procedure can be followed at all the other latitutes a sim-
pler approach is taken, scaling the large scale forcing according to a set of scaling
weights derived from the ECMWEF reanalysis. This alienates the necessity to
calculate the vertical integrated horizontal advetion tendency from ECMWEF re-
analysis at all the locations and moreover the modified weak temperature gradient
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approximation equation is weaker as we move towards lower latitudes.

orT or or

ot = wWo— + (57 ) Hadvection 2.1
ot Clear—Skyradiation ap ( ot )H dvect ( )

w(p) = {Acos[(pfg;—lffgo) x =] for 100hPa < p < 800hPa (2.2)

At the surface, the surface temperature and horizontal winds are used to calcu-
late the horizontal advection tendency at all the locations. Here again the winds
are taken from ECMWF reanalysis. The surface tendencies are kept constant till
950hPa and linearly interpolated to the values at 850hPa. The resulting large
scale forcing for the stratocumulus and shallow cumulus locations are shown in
Figure 2.1]

The perturbed climate: An important aspect for deriving the forcing for the per-
turbed climate is the derivation of temperature profile. The surface temperature
is increased by 2K, at the other heights the temperature of control is incremented
such that the gradient in equivalent potential temperature remains same as the
control. This is achieved by the following procedure; from the surface to the lift-
ing condensation level (LCL) the contol temperature is increased by 2K. Above
LCL, at each height, undiluted parcels are brought along moist-adiabat to LCL
pressure, this gives a temperature, this temperature is incremented by 2K and
followed back moist-adiabatically to intial pressure to give the perturbed climate
temperature profile. The relative humidity of the control climate is maintained,
this gives the profile of specific humidity. The perturbed climate temperature
and specific humidity at the Stratocumulus and Shallow Cumulus locations are
shown in Figure 2.1 Due to change in the slope of moist adiabat with changes
in temperature, lower tropospheric stability in Stratocumulus cases increases by
about 1.8% and shallow cumulus case by 2.4%. There is increase in hydrolapse
by 6% in both cases mainly as a consequence of constant relative humidity and
Clausius-Clayperon relationship.

The procedure for derivation of large-scale forcing for the perturbed climate is
same as control. At the surface, the horizontal winds remain unchanged from the
control, along with a constant relative humidity leads to a reduction in horizontal
advection tendency of the specific humidity (Figure . The assumptions for
the perturbed climate lead to a decrease in vertical velocity at Stratocumulus
and Shallow Cumulus locations(Figure by about 6%. This decrease in w is
more due to a change in lapse rate of temperature than the increased radiative
cooling.

During the simulations, a relaxation to the initial profiles of temperature and
moisture is used above 400 hPa, the relaxation timescale decreases linearly from
24 hours at 400hPa to 3 hours at 100hPa.
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Figure 2.1: Initial conditions and large-scale forcing used for the, Stratocumulus
(continuous) and Shallow Cumulus (dashed) cases, and for the control (blue) and

the perturbed (red) climate.
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2. RESPONSE OF A SINGLE COLUMN MODEL TO A STATIONARY LARGE SCALE FORCING

2.3 Single column model under constant large scale
forcing

The Stratocumulus control case under a constant large scale forcing, adjusts to
an equilibrium state on order of a month (Figure 2.2(a)). The clouds here are
much closer to the surface than expected for the situation, nevertheless the liquid
water path is reasonable.

In contrast, the Shallow Cumulus control case under a constant large-scale forc-
ing, transits between two equilibrium states after more than 3 years of simulation
(Figure [2.2(b))). The changes in the equilibrium states are marked by a increase
in height of cloud layer by one model level and a decrease in mean and variability
of liquid water path. The clouds cover here is stronger (100%) and farther (3-4
km) from the surface than expected for the situation, but again the liquid water
path is reasonable.

A key aspect here is, if the model was run for less than 3 years, which was typical
in the CGILS intercomparison, the solution produced in the Shallow Cumulus
case is not representative of the equilibrium. Moreover, there is no feature of the
large-scale forcing which induces a 3 year timescale. The parametrizations, as a
matter of definition use a statistical equilibrium (eg, quasi equilibrium hypothesis
for convection) assumption, they produce a single equilibrium solution under a
given largescale forcing. The interactive surface fluxes and radiation here, make
the large scale forcing interactive with the solution. Even in such a situation,
presense of timescales over 3 years is unreasonable.

To see if more equilibria are generated on longer timescales and the representa-
tiveness of the reference equilibrium, we perform a 10 x 10 year ensembles for the
Stratocumulus case and a 10 x 50 year ensembles for the Shallow Cumulus case
by perturbing the intial conditions. The perturbations were introduced in below
950 hPa in Stratocumulus case and below 800 hPa in the Shallow Cumulus case.
The temperature was perturbed by 0.2K and the specific humidity was perturbed
by 30%.

All the ensemble simulations of the Stratocumulus case under a constant large-
scale forcing reach to a same equilibrium state ( Figure . Meaning, the
reference simulation of the stratocumulus case is well representative.

In contrast the ensembles of the Shallow Cumulus case reach to three different
states and the transition can be spontaneous even after 15 years. The unstable
state charectrised by a higher varibility in liquid water path, transits after certain
years to one of the two stable states. After 20 years, aproximately half of the
ensembles are in each stable state (Figure . The mismatch between the pdfs
of the ensemble and reference simulation, indicates that the reference simulation
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Figure 2.2: Time series (monthly) of simulated cloud cover and liquid water path
for the, a) Stratocumulus and b) Shallow Cumulus cases, under a constant large-
scale forcing. The grey dots on the vertical axis represent the model vertical grid
levels.

of the Shallow Cumulus case is not well representative.

To understand consequences on the CGILS intercomparision, we perform sim-
ilar experiments with the CGILS perturbed climate and compare the cloud feed-
backs. Altough the cloud radiative effect (CRE) does not necessarily represent
cloud feedback (Soden et al.|[2004), here it is still used as a metric for the cloud
feedback as we do not expect to have much cloud masking effects over these
oceanic locations.
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Figure 2.3: Ensemble time series of liquid water path (monthly) for the, a) Stra-
tocumulus and b) Shallow Cumulus cases, under a constant large-scale forcing.
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Figure 2.4: Probability Density Function of liquid water path for Shallow Cumulus

case under a constant large-scale forcing. The PDFs from the ensemble runs are
shown in Black and for the reference simulation in Blue.
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2.3.1 ldealized low cloud-climate change under a constant
large-scale forcing

The Stratocumulus case, subject to an idealistic climate change produces a posi-
tive cloud feedback (Figure[2.5(a)]). This change in cloud radiative effect indicates
that for the imposed idealistic climate change (p2k) clouds cool less efficiently
than the control climate (ctrl). The annual cycle in the cloud radiative effect
is due to the ozone climatology employed. The positive feedback is more clear
in the pdfs of cloud radiative effect (Figure 2.6(a))) and the net change in cloud
radiative forcing is about +2Wm 2.

The Shallow Cumulus case, subject to an idealistic climate change (p2k) pro-
duces an ambiguous feedback depending on the member of ensemble. The multi-
ple equilibria in the Shallow Cumulus control case are not visible in the perturbed
climate after 10 years. This is more evident in the bi-modal pdf of cloud radiative
effect in the control climate, compared to uni-modal pdf of the perturbed climate

(Figure [2.6(b)). The net change in cloud radiative effect, by integrating the pdfs
is positive and about +0.4Wm 2.

The absence of large-scale feedback in the single column model does lead to
locked equilibrium states in certain situations. To see if the transience in large-
scale forcing can mimic the large-scale feedback, we perform experiments with
a random, stationary large scale forcing. To get an estimate of variation in the

large-scale forcing we look at the ECMWF reanalysis.

2.4 Single column model under a stationary,
random large scale forcing

ECMWF reanalysis shows a high variability in w sampled at a similar location
(Table as the Shallow Cumulus case (Figure[2.7). The standard deviation in
the vertical velocity is at times more than 100% of the mean. Sometimes, a much
higher variance in largescale forcing exists in current climate models, discussed
in the Apendix. A random noise with 50% of mean w and vertically coherent is
a reasonable starting point. The selected random forcing is introduced every 6
hours.

The cloud cover in both Stratocumulus and Shallow cumulus control cases does
not change much under the chosen random large scale forcing (50% mean and
introduced 6 hourly) as compared to constant forcing cases (Figure and Figure
[2.2). This is in contrast with the Brient et al. (2012). The varibility in the liquid
water path is much more than found in the constant forcing cases, altough the
mean remains approximately the same. The transition in two equilibrium states
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Figure 2.5: Ensemble time series of Cloud Radiative Effect(monthly) for the,
a) Stratocumulus and b) Shallow Cumulus cases, under a constant large-scale
forcing. The control case is shown in Blue and the perturbed climate in Red.

in the Shallow Cumulus case (Figure happens earlier than the case with
constant forcing.

To see if the equilibrium solution of the single column model under a random,
stationary large scale forcing is representative, we perform 10 ensembles with
perturbations in the initial conditions, similar to the Section 2.3.

All the ensemble simulations of the Stratocumulus case under the chosen ran-
dom large-scale forcing (50% mean and introduced 6 hourly) reach to a same
equilibrium (Figure [2.9|[(a))). This behavior is similar to that of Stratocumulus
case under a constant large scale forcing.

All the ensembles of Shallow Cumulus case under the chosen random large-
scale forcing (50% mean and introduced 6 hourly) reach to a same equilibrium
(Figure . This is more evident in Figure there is no mismatch
in the pdfs of LWP from the ensemble and reference simulations. This behavior
is in contrast with the constant large-scale forcing case where model reaches to
two different equilibrium solutions. In effect, the random large-scale forcing helps
the model to reach a more stable equilibrium, thus making the reference solution
under a random, stationary large-scale forcing, representative.

The magnitude and frequency of randomness were somewhat an arbitary choice,
on reducing the magnitude of randomness, the Shallow Cumulus case produces
multiple equilibrium states. This is evident in (Figure [2.10}(b))), where the pdf of
LWP from the ensemble do not match the reference simulation.
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Figure 2.6: Probability Density Functions (%) of Cloud Radiative Effect for the,
a) Stratocumulus and b) Shallow Cumulus cases, under a constant large-scale
forcing. The control case is shown in Blue and the perturbed climate case in Red.
Bin width is 2 Wm~2and the initial months are excluded from the computation.

To see the influence of random, stationary large-scale forcing on the cloud
feedbacks, we perform similar experiments with the CGILS perturbed climate
and compare the cloud feedbacks.

2.4.1 Idealized low cloud-climate change under random
large-scale forcing

The Stratocumulus case under the chosen random large-scale forcing (50% mean
and introduced 6 hourly) and subject to an idealized climate change (p2k) pro-
duces a positive feedback. The positive feedback is clearer from the pdfs of cloud
radiative effect (Figure and the net change is about +2.4Wm=2. This
positive feedback is aprroximately same as the constant forcing case altough the
variability is higher.

The Shallow cumulus case under the chosen random large-scale forcing and
subject to an idealized climate change (p2k) produces a negative feedback. This
is more clearly evident from the pdfs of cloud radiative effect in Figure the
net change in cloud radiative forcing is about -2.2Wm~2. This negative feedback
produced under the random large-scale forcing is in contrast with the net positive
feedback produced in constant large-scale forcing case.

To further see the influence of nature of large-scale forcing on the simulated
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Figure 2.7: Vertical velocity and its standard deviation from the ECMWF reanal-
ysis sampled at a shallow cumulus location in East Pacific, in July 2000.

cloud feedbacks, we perform a 1000 simulations with varying frequency of forcing
and the magnitude of forcing. For each square in the Figure 2.13] pdfs from the
10 ensembles for the control and the perturbed climate are integrated to produce
the indicated magnitude of CRE.

Broadly, the cloud feedbacks in the model under a random large scale forcing
can be grouped into three regions (Figure : a region where the sign of
feedback is clear (positive feedback is indicated by red and negative is indicated
by blue), region where feedback is difficult to determine due to multiple equilibria
(indicated by hatched region) and region where the variability is high and the
pdfs of cloud radiative forcing are statisticaly difficult to distinguish from each
other (indicated by pink).

Overall, the Stratocumulus case produces a positive cloud feedback and the
Shallow Cumulus case produces a negative cloud feedback for the stable solu-
tions. The regions of stable solutions are different for both the cases. The stable
solutions in Stratocumulus are in lower left of Figure 2.13(a)| (at a lower mag-
nitude and higher freqency of large-scale forcing) and the stable solutions for
Shallow Cumulus are in middle of (moderately forced situations). Under
a very strong forcing (upper right part of the Figure , the feedbacks are
statistically difficult to distinguish in both the cases. A positive cloud feedback
in the Stratocumulus case and a negative cloud feedback in Shallow cumulus is
robust.
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Figure 2.8: Time series (monthly) of simulated cloud cover and liquid water path
for the, a) Stratocumulus b) Shallow Cumulus cases under a random large scale
forcing. The random forcing applied is 50% of mean vertical velocity and in-
troduced every 6 hours. The Grey dots on the vertical axis indicate the model
vertical grid levels.
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Figure 2.9: Ensemble time series of liquid water path(monthly) for the, a) Stra-
tocumulus b) Shallow Cumulus cases, under a random large-scale forcing. The
magnitude of large scale forcing applied is 50% of the mean vertical velocity and
introduced every 6 hours.
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Figure 2.10: Probability Density Function (%) of liquid water path for the Shallow
Cumulus cases under random large-scale forcing, with magnitude a) 50 % of mean,
introduced every 6 hours and b) 20 % of mean, introduced every 6 hours. The
PDFs from the ensemble runs are shown in Grey and for the reference simulation
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Figure 2.11: Ensemble time series of Cloud Radiative Effect(monthly) for the, a)
Stratocumulus and b) Shallow Cumulus cases, under a random large-scale forcing.
The control climate is shown in Blue and the perturbed climate case in Red. The
magnitude of large scale forcing applied is 50% of the mean vertical velocity and
introduced every 6 hours.
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Figure 2.12: Probability Density Functions (%) of Cloud Radiative Effect for
the, a) Stratocumulus and b) Shallow Cumulus cases under a random large-scale
forcing. The control climate is shown in Blue and the perturbed climate case in
Red. The magnitude of large scale forcing applied is 50% of the mean vertical

velocity and introduced every 6 hours.
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Figure 2.13: Change in Cloud Radiative Effect (Wm™2) for the, a) Stratocumulus
and b) Shallow Cumulus cases under a random large-scale forcing of varying
magnitude but same mean. The vertical axis represents the magnitude of large
scale forcing applied, (% of the mean vertical velocity) and the horizontal axis
represents frequency over which the forcing is used. Hatched regions are the
locations where the change in Cloud Radiative Effect is uncertain.
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2.5 Conclusions and Qutlook

In summary we studied the equilibrium response of ECHAMG6 single column
model to the nature of large-scale forcing used. The model sensitivities can
underscore the potential advantages of a single column model study using an
idealized forcing, such as CGILS. Under a constant large-scale forcing the equi-
librium solutions of a single column model are not necessarily well representative.
A time varying large-scale forcing, mimicing the large scale feedback was impor-
tant for making the solutions representative. A random, stationary forcing with
50% of mean and introduced 6 hourly was reasonable for ECHAMG6. In contrast
to (Brient and Bony|2012), the mean solution in ECHAMS6 did not change under
a random large scale forcing, the forcing mainly helped the model to reach a
stable state. ECHAMG6 subject to idealized CGILS climate change, produces a
robust positive feedback at Stratocumulus and robust negative feedback at the
Shallow Cumulus locations.

It is important to understand the reasons for any such behavior of the single
column model. Given that the transitions in the equilibrium states under con-
stant forcing are accompanied by changes in one model level, it is important to
investigate the role of numerical representaion in the cloud feedbacks. Sensitiv-
ity of model to temporal and vertical resolution and possible reasons for such a
behavior of single column model are part of another study not included in the
thesis.

To be able to translate any results from the CGILS intercomparision to a full
complex, coupled model, it is necessary to investigate the representativeness of
CGILS climate change to that of a full complex, coupled model over similar
locations. These questions form topics for the subsequent chapters.
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Chapter 3

Low-cloud feedbacks in ECHAMG
and CGILS forcing

3.1 Introduction

Understanding response of low-clouds to a changing climate in a comprehensive
climate model remains a complex task. Treating this complexity often mandates
a use of hierarchy of simplified model configurations subject to a surrogate climate
change. For instance, an uncoupled atmosphere model prescribed with observed
SST is often used as an analog for studying responses in a coupled model. A
further simplification of this analog is an aquaplanet, where the entire surface is
replaced by an ocean and zonally symmetric SST's are prescribed. More recently,
Zhang and Bretherton (2008)); Zhang et al. (2012) proposed idealized climate
change experiments using a single column model to understand physical mecha-
nisms of low cloud feedbacks. This was later turned into an intercomparison of
different single column models (CGILS intercomparison) in an aim to understand
differences in low-cloud feedbacks among their comprehensive configurations.

Every simplified configuration in such hierarchy is often a compromise of a large
scale feature. For example, in an uncoupled AMIP configuration, a frequently
used surrogate climate change is a uniform increase in SST. A uniform increase
in SST treats clouds as a response to surface temperature and not vice versa,
in addition it does not represent changes in surface temperature gradients of
the coupled configuration, which can lead to changes in convergence/divergence.
These missing features can be argued to contribute to differences in their low-
cloud feedbacks.

A single column model needs a large scale forcing along with the SST at the
boundary. Thus for a surrogate climate change using a single column model would
mean designing changes in large scale forcing in addition to increase in surface
temperature. Designing such idealized climate change which is representative of
large scale changes in their GCMs is a challenging task. The response of single
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column model may not be indicative of the response of more comprehensive model
if the essential changes in forcings are not captered by the surrogate climate
change. This motivates us to consider the question how do low clouds differ in
the frequently used hierarchy of simplified configurations using MPI-ESM-LR?
The single column model experiments performed for CGILS intercomparison and
output from CMIP5 provide an opportunity to study some of these aspects.

In this chapter, we study cloud feedbacks in the hierarchy of MPI-ESM-LR,
GCM configurations at shallow cumulus and stratocumulus locations defined by
using CGILS largescale state. The remainder of the Chapter is organized as
follows, selection of relevant sets of experiments in CMIP5 and overview of cloud
feedbacks in these sets is described in Section 3.2. Strategy to compare the
MPI-ESM-LR single column to other GCM configurations is discussed in Section
3.3. Response of clouds in CGILS and similar locations in the hierarchy of GCM
configurations is presented in Section 3.4. The changes in large scale environment
at these locations are presented in Section 3.5. Conclusions and Outlook are
presented in Section 3.6.

3.2 Overview of relevant CMIP5 experiments

There are about 108 experiments conducted under CMIP5 (Taylor et al.|2012),
however not all the experiments were performed by MPI-ESM-LR. Of interest is
an experiment set representative of changing climate across a hierarchy of GCM
configurations: atmosphere-ocean coupled configuration, uncoupled atmosphere
GCM configuration, and aquaplanet configuration.

For the coupled configuration, equilibrium experiment with greenhouse gasses
fixed at pre-industrial level serves as a reference control experiment (piControl).
This piControl subject to an abrupt increase in CO2 by 4 times (abrupt4xCO2)
serves as a perturbed climate experiment. Among the various coupled config-
uration experiments performed for CMIP5, piControl is selected as a reference,
mainly because it is an equilibrium experiment as opposed to historical experi-
ments with changing aerosols, greenhouse gasses and land use changes. Monthly
output diagnostics from last 20 years of piControl are used for the analysis.

For the atmosphere-only configuration, the experiment with prescribed ob-
served monthly SST over the oceans serves as a control experiment (amip) and
the experiment with SST of amip increased by 4K serves as a perturbed climate
experiment (amip4K). Due to cheaper computational cost, this configuration is
frequently used as an analog for the coupled model and it is the most preferred
configuration during development of an atmospheric model. Monthly output di-
agnostics for the years 1988-2008 are used for the present analysis.
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Experiments Time  ASST(K) ACRE(Wm™?)
abrupt4dxCO2 - piControl —20 years 4.6 2.87
amip4K - amip 1988-2008 4.0 2.76
aquadK - aquaControl years 3-5 4.0 -4.11

Table 3.1: Overview of MPI-ESM-LR CMIP5 experiments: Number of years con-
sidered, change in SST and CRE over tropical (40S to 40N) oceans

For the aquaplanet configuration, an experiment with a zonally symmetric
SST, idealized from observed climatology (Qobs from Neale and Hoskins (2000)))
serves as a control experiment (aquaControl) and the experiment with SST of
aquaControl increased by 4K serves as a perturbed climate experiment. This
configuration is frequently used to understand aspects of the tropical largescale
atmospheric circulations, increasingly it has been used to study the role of tropical
clouds in large scale circulations.Using two aquaplanets [Medeiros et al.| (2008])
showed that they capture the climate sensitivity of the AMIP configurations.
Monthly output diagnostics from the third year of the aquaplanet simulations
are used for the present analysis.

We use change in cloud radiative effect as a metric for the cloud feedback.
CRE is defined as the difference in net top of atmosphere downward radiation
with and without clouds. A positive CRE would mean that the greenhouse effect
dominates the cooling due to reflection of shortwave radiation. For the tropical
marine boundary layer clouds, considered in this study, CRE is negative. Their
proximity to surface ensures that they do not alter the effective emissivity of the
atmosphere, whereas their albedo contributes to the cooling effect of the planet.
A change in this CRE (ACRE) among two experiments reflects a change in cloud
properties to cool/warm the planet. Although this ACRE is not necessarily
indicative of a cloud feedback due to cloud masking effects (Soden et al.|2004)),
given the interest is over tropical oceanic locations where masking effects are
staionary this is not an issue. For instance Vial et al.| (2013) showed that the
changes in CRE and cloud feedbacks from other methods are well correlated
over tropical oceans. Besides, the simplicity in defining the metric is rather an
advantage.

Table 3.1] shows an overview of MPI-ESM-LR, CMIP5 experiments used in the
study. The annual averaged change in sea surface temperature is slightly higher
in the coupled model. The overall tropical cloud feedback is positive and simi-
lar in coupled and amip configurations. Figure shows that the regions that
contribute to this tropical cloud feedback are also similar in both coupled and
amip configurations. The negative feedbacks are mainly associated with South-
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ern ITCZ in Pacific and Atlantic, however these changes are much stronger in
the coupled model. The positive feedbacks are associated with Northern Pacific
and Atlantic regions, the changes are stronger at the subtropical low-cloud re-
gions. The similarity in cloud feedbacks of amip and coupled configurations is
remarkable, given the differences in the configurations. The cloud feedback in the
aquaplanet is negative. There is a strong negative feedback in the deep convec-
tive regime, outside this regime, there are alternating latitudinal bands of weaker
positive and negative feedbacks, but the total area of regions with negative feed-
back being much larger, leads to a net negative feedback. This different response
of aquaplanet compared to amip or coupled model is slightly surprising because,
using a previous version of MPI-ESM-LR, Medeiros and Stevens| (2011)) showed
that it captured the core distribution of large scale features of an atmospheric
GCM. Nevertheless, it is still possible for the sensitivity of the aquaplanet to be
different than the amip configuration.
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ACRE abrupt4xCO2 - piControl Wm?2
| 1 1 1 1

30N

30S -

30N =

aqua4K - aquaControl wm?
1 1

Figure 3.1: Annually averaged change in Cloud Radiative Effect(Wm™2) for the
selected CMIP5 experiment sets. CGILS, Stratocumulus and Shallow Cumulus
locations are indicated by a circle and square. CGILS-like Stratocumulus and

Shallow Cumulus locations are indicated by lines and dots. Summer-like points
are indicated by darker dots and lines.
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3.3 Sorting CGILS and CGILS-like locations

A direct way to compare the CGILS idealized single column model experiments
to the GCM configurations is to pick relevant CGILS geographical locations (
Table S6 and S11 locations ) in GCMs and compare the cloud feedbacks.
However, the large scale conditions at these CGILS locations in the GCMs can
be different than the large scale conditions in the ECMWF reanalysis, on which
the CGILS control climate is based. Therefore, it is also desirable to study the re-
sponses at locations with large scale conditions in the control experiments similar
to that of CGILS control climate (CGILS-like locations). This approach provides
a possibility to translate any understanding from localized CGILS locations to
larger regions, therefore illustrates the utility of CGILS framework. Besides, the
precise geographical location is not possible to translate to an aquaplanet.

This necessity to sort the clouds based on large scale state often arises when
studying clouds. Bony et al. (2006]) used vertical velocity at 500hPa (Omega)
to separate cloud feedbacks as a function of dynamical regime and using this
they concluded that most uncertainty in cloud feedbacks in current models arises
mainly from the regions of subsidence, the low cloud regions. (Medeiros and
Stevens 2011) further sorted the low clouds using lower tropospheric stability
(LTS) into shallow cumulus and stratocumulus clouds based on regimes defined
by Klein and Hartmann| (1993)). A similar approach is followed here, every geo-
graphical location in the control climate is assigned a regime based on the mean
Omega and LTS at that location. Locations with LTS and Omega similar to the
CGILS control climate are marked as “CGILS-like” locations and the changes at
these locations in the perturbed climate are examined. Table|3.2shows largescale
conditions for selecting CGILS-like locations. Before we examine the cloud feed-
back at these locations, we demonstrate the sorting method.

Figure [3.2] shows average cloud top height sorted based on the large scale state
in the three CMIP5 experiment sets. The advantage of sorting is rather obvi-
ous; sorting clouds using both omega and LTS cleanly separates the clouds into
low and high clouds than using just the vertical velocity. The cloud heights in
piControl and amip are remarkably similar given, the differences in amip and cou-
pled configurations. The number of types of regimes in aquaControl is small, the
regions of strong stability are absent in the aquaControl. |Medeiros and Stevens
(2011)) identified this due to absence of asymmetric cold eastern upwelling regions
in the aquaplanet. The frequency of occurrence of each of regimes is indicated
by grey contours, the area of subsiding regions is slightly higher in the piControl
compared to amip. In Figure [3.2] the CGILS-like Stratocumulus and Shallow
cumulus are indicated by a hatched dots and lines. As expected, the average
cloud top height for the shallow cumulus like locations (around 900hPa) is higher
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Shallow Cumulus Stratocumulus

S6 S6 like S11 S11 like
15.5N<lat<18.5N 15<Omega<25 | 30.5N<lat<33.5N 35<Omega<45
14TW<lon<150W  16<LTS<17 | 128W<lon<131W  21<LTS<22

Table 3.2: Overview of CGILS and CGILS-like locations

cet piControl hPa cct amip hPa cct aquaControl hPa
' 1 1 1 1 1 1 1 1 1

50 -

Omega (hPa day™)
T

Omega (hPa day™)
°
1

5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
LTS (K) LTS (K) LTS (K)

U N [ ] e e

350 400 450 500 550 600 650 700 750 800 850 900 950

Figure 3.2: Average cloud top height sorted based on omega at 500hPa and LTS.
Joint distribution of omega and LTS are showed by black contour lines with
1% intervals. CGILS-like Stratocumulus and Shallow Cumulus locations, are
indicated by shaded regions with lines and dots respectively.

than Stratocumulus like locations (around 950hPa) and both of them lie within
the expected planetary boundary layer height. GPCI like locations lie at regimes
along the line joining Stratocumulus and Shallow Cumulus like locations; in-
creasing cloud height along this transect is reasonably represented in the control
experiments.

Figure [3.1] shows the geographical locations corresponding to the CGILS and
CGILS-like points. If the geographic points of CGILS are not identified as CGILS-
Like then it reflects the differences in the large scale state of control experiments
as compared to the re-ananlysis. Presence of these CGILS-like locations at the
eastern boundary current regions (Klein and Hartmann 1993) is indicative of
reasonable simulation of large scale in the model. In aqua planets the marginal
sampling show up in the plot, the CGILS-like locations are not zonally uniform.
As CGILS is based on boreal summer time large scale conditions, in subsequent

sections we use only output from boreal summer for coupled and amip configu-
rations.
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3.4 Response in CGILS and CGILS-like regions

Figure shows change in boreal summer CRE sorted on the large scale regimes.
The tropical change in CRE is due to positive and negative cloud feedbacks lying
in both convecting and subsiding regions. A negative cloud feedback is stronger
and predominant in the aquaplanet. There is a positive cloud feedback in Shallow
Cumulus like locations in both amip and coupled model and stronger than that at
the Statocumulus like locations. GCM configurations have a strong tendency to
have compensating shortwave and longwave feedbacks. This tendency is stronger
in the coupled configuration. In Single column the difference is mainly due to
shortwave changes. It is interesting to understand what causes the differences in
the GCMs. These changes at CGILS and CGILS-like locations per degree change
in surface temperature are summarized in Figure |3.4]

The differences in shortwave and longwave forcing show that the reasons for the
feedback are likely to be different in single column and GCM configurations. The
differences in response could be due to different changes in large scale forcing
at the CGILS locations. The utility of CGILS lies on the representativeness
of idealized climate change to that in a comprehensive GCM at corresponding
locations. It is therefore interesting to examine the changes in large scale state
in the CGILS-like locations. There by, it also puts to test some of understanding
of large scale circulations embedded in deriving CGILS idealized climate change.
Before we look at possible location it is useful to summarize the derivation of
CGILS largescale forcing.
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Figure 3.3: ACloud Radiative Effect(Wm 2K 1) per degree of surface tempera-
ture change, during boreal summer in the selected CMIP5 experiments. CGILS-
like Stratocumulus and Shallow Cumulus regions are hatched with lines and dots.

45



3. Low-cLOoUD FEEDBACKS IN ECHAMG6 aND CGILS FORCING

— S6 S6 Like =~ e S11 S11 Like

4.0_

3.0: + I
¢ 20 i
o ]

SR
L i
o ]
O 0.0_
<
-1.0: i

cgils p2k abrupt4xCO2 amip4K aquadK
cgils ctl piControl amip aquaControl

Figure 3.4: Cloud feedbacks (Wm2K~1) at CGILS and CGILS-like locations for
the selected heirarchy of configurations.
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3.5 Forcing and Feedback mechanisms at CGILS
Locations

In convecting regions of tropics, with an increase in surface temperature, warmer
and moister parcels as they rise condense more vapor; the temperature reduces
more slowly with height. These changes in temperature are propagated to large
subsiding areas by wave propagation, as the tropical atmosphere cannot sustain
the horizontal gradients. Thus a thermodynamic change in temperature profile in
tropics can be modeled as changes in moist adiabat over convecting regions. This
change in the moist adiabat is fundamental to a thermodynamic climate change
such as CGILS. This decrease in temperature lapse rate: with an assumption of
constant relative humidity leads to a change in lapse rate of vapor; the radiative
cooling increases above the boundary layer and subsidence required to balance
this radiative cooling changes.

Lower tropospheric stability, in CGILS increases following the thermodynamic
arguments laid above. The increase is 2.3% per Kelvin at S6 and 1.9% per Kelvin
at S11. Figure 3.5 shows changes in LTS at the marked locations in the GCMS,
there is an overall increase in LTS, but the magnitude differs. The LTS increase
in shallow cumulus locations is slightly higher than the stratocumululs locations,
this relation is well represented. Klein and Hartmann| (1993) showed seasonal
variations in cloud cover over status cloud regions correlated strongly with LTS.
The increase in stability can lead to increase in low cloud cover (eg: Miller| (1997)).
It can be seen from Figure 3.7 that there is no such correlation with increase in
LTS to cloud cover. At S11 like in the coupled model an increase in shortwave can
be related to increase in cloud cover. Changes in shortwave are more correlated
to changes in liquid water path.

Hydrolapse (HYL) defined as difference in specific humidity at lowest model
level and at 700 hPa increases following thermodynamic climate change (Held and
Soden| (2000),Rieck et al. (2012)). Increase in HYL in CGILS locations is about
5% and similar at CGILS stratocumulus and shallow cumulus locations. There
is an increase in HYL in the GCM configurations but the magnitude of increase
is much small (Figure . When other factors remain same, an increase in HYL
would mean increase in entrainment of dry air aloft leading to dilution of cloud.
There is association between changes in HYL and changes in liquid water path
in coupled and amip configurations (Figure ). This has potential to explain
to why there is stronger decrease in liquid water path in both amip and coupled
models at S6-like locations compared to S11-like locations in general. This also
could explain why there is decrease in liquid water path at S11-like locations in
amip where as there is increase in liquid water path in coupled configuration.
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Figure 3.5: Percentage changes in largescale state at CGILS and CGILS-like lo-
cations, in the selected heirarchy of model configurations. The values indicated
for CGILS single column are based on initial profiles of experimental design.

In the subsiding regions the balance between radiative cooling and subsidence
warming is often expected, as in Equation 2.1. This leads to a decrease in vertical
velocity corresponding to an increase adiabatic lapse rate and an increase in
vertical velocity corresponding to increase in clearsky radiative cooling associated
with changes in specific humidity and temperature at upper layers. The change
in adiabatic lapse rate is more compared to that of increased cooling in the free
troposphere, this leads to a decrease in vertical velocity at a rate slightly less than
that of LTS. Changes in vertical velocity at CGILS is around 2% at both S6 and
S11 locations. The changes in vertical velocity in the heirarchy of configurations
are shown in Figure 3.5} Vertical velocity decreases relatively strongly in the
GCMs, the changes are much stronger in the coupled model. When other factors
remain same a decrease in subsidence should lead to increase in cloud top height,
this is one of the mechanisms often argued to lead to positive low cloud feedbacks.
In the GCM configurations the decrease in subsidence is not clearly assiciated with
changes in cloud top height (Figure . It is therefore likely that these cha nges
in clouds at the S6-like and S11-like locations are driven by changes close to the
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Figure 3.6: Percentage changes in surface fluxes at CGILS and CGILS-like loca-
tions, in the selected heirarchy of model configurations. The values indicated for
CGILS single column are based on the equilibrium simulations by using single
column model.

surface.

Changes in surface winds are assumed to be negligible in CGILS. In the GCM
configurations the surface winds decrease (Figure , consistent with other stud-
ies (Richter and Xie|2008)). Corresponding to decrease in wind speed sensible heat
fluxes decrease more in the GCM configurations (Figure . The expected in-
crease latent heat flux based on Clausius Clapeyron is 6% at S6 and 6.3% at
S11, but the energetic contrains dictate that the changes in latent heat fluxes are
often less globally (Held et al.|2006). There can be significat differenes regionally.
There is increase in latent heat flux at all locations in amip and Single Column
Model. Except for s6-like location, the latent heat flux in the coupled configu-
ration decreases in CGILS locations. This is rather surprising, the only reason
this can be possible is strong increase relative humidity inside the boundary layer
at these locations in the coupled model. Figure shows increase in boundary
layer relative humidity at s11-like locations in the coupled model is about 30 per-
cent. Theese changes are possible only because of changes in horizontal advection
inside the boundary layer.

Clearly the boundary layers in CGILS and CGILS-like locations are different in
all the configurations considered. In fact the differences in these clouds is much
more than reported, for example there is increase in precipitation in CGILS-like
locations in the coupled model, whereas the precipitation decreases in the amip
model (Figure . The changes in precipitaion in the deep convective regions
is rather similar.

With these different boundary layer structure in CGILS-like location in amip
and coupled model it is puzzling to see the changes in longwave cloud effects
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Table 3.3: Changes in 700hPa downward radiative fluxes (/Wm™2) in amip con-
figuration: downward longwave radiation (RLD), clear-sky downward longwave
radiation (RLDCS), upward longwave radiation (RLU), clear-sky upward long-
wave radiation (RLD), downward shortwave radiation (RSD), clear-sky downward
shortwave radiation (RSDCS), upward shortwave radiation (RSD), and clear-sky
upward shortwave radiation (RLD)

S11 RLD RLDCS RLU RSUCS

37 35 -25 -23
RSD RSDCS RSU RSUCS
-13 -6 10 1

in amip and coupled model are similar (Figure . The reason for this lies
in changes in upper level relative humidity and associated changes in specific
humidity. The changes in specific humidity can lead to increase in downweling
longwave radiation. Table|3.3|shows the components of downward radiative fluxes
at 700hPa at amip S11 location. There is net increase of 37 Wm~2downward
longwave radiation that compensates the increase in shortwave reflection. Due
to limited model diagnistics, this cannot be verified in coupled configuration,
altough it is very likely the case. The increase in upper level humidity is likely
due to changes in horizontal advection and lateral mixing. Increasing downweling
longwave can also stabilize the boundary layer but this doesnt appear to be valid
here.
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Figure 3.7: Percent changes in total cloud cover (upper) and liquid water path
(middle) and absoute changes in cloud top height (hPa, bottom) , in the
GCM configurations. CGILS-like Stratocumulus and Shallow Cumulus regions are
hatched with lines and dots.
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Figure 3.8: Percent changes in upward sensible heat flux (upper), upward latent
heat flux (middle) in the selected GCM configurations. CGILS-like Stratocumulus
and Shallow Cumulus regions are hatched with lines and dots.
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3.6 Conclusions and QOutlook

The response of tropical clouds is similar in MPI-ESM-LR amip and coupled
model configurations. This similarity is mainly because amip model captures
clouds in core distribution of the coupled model. There are substantial differences
in boundary layer structure at CGILS and CGILS-like locations in the heirarchy of
MPI-ESM-LR GCM configurations. But these regions do not contribute much to
the tropical mean. Altough the idealistic thermodynamic climate change captures
certain aspects of changes in a coupled model, the deviations are significant. For
example reduction in surface winds might be necessary to reproduce changes
in BL structure of coupled model. It would be interesting to modify CGILS
to incorparate changes in surface as seen in the coupled configuration. More
valuable information can also be obtained from performing idealized sensitivity
experiments to different aspects of large scale circulation eg. (Bellon and Stevens
2012).

It would be interesting to see the extent to which conclusions of this Chapter are
valid for other models. In the next Chapter we explore if the responses of other
single column models in CGILS are representative of changes in their coupled
configurations.
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Chapter 4

Low-cloud feedbacks in CMIP5
models and single column models in
CGILS

4.1 Introduction

In Chapter 3, we compared in detail the cloud feedbacks across a hierarchy of
MPI-ESM-LR model configurations. The goal of this chapter is to extend the
comparison to the different models in CMIP5. This would help to draw conclu-
sions about utility of CGILS idealized single column experiments to understand
inter-model differences in low cloud feedbacks and additionally explore the rep-
resentativeness of idealized large scale forcing to the projected changes in more
comprehensive GCM configurations. The reasons why such comparison is inter-
esting is described in Chapter 1 and Chapter 3.

Remainder of the Chapter is organized as follows. Section 4.2 provides an
overview of all the models and their configurations used in the study. In Sec-
tion 4.3 we examine ability of sorting method described in Chapter 3 to sort
clouds in CMIP5 models. In Section 4.4 we present cloud feedbacks at CGILS
and CGILS-like locations across the hierarchy of GCM configurations in CMIP5
and CGILS single column models. Section 4.5 we present representativeness of
CGILS idealized forcing to that of changes projected in other GCM configura-
tions. Conclusions and outlook from the chapter are presented in Section 4.6.

4.2 Overview of Cloud Feedbacks in the CMIP5
Models

Table shows the models used in the study and symbols associated with them.
There are 10 coupled models for which relevant experiments in amip configuration
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MODEL CENTER SCM COUPLED AMIP AQUA
CNRM-CERFACS % CNRM-CMS5 * CNRM-CMS5 * CNRM-CMS5 *
MOHC e HadGEM2-A e HadGEM2-ES % HadGEM2-A % HadGEM2-A e
MPI | MPI-ESM-LR | MPI-ESM-LR | MPI-ESM-LR | MPI-ESM-LR M
IPSL EX IPSL-CM5A-LR o IPSL-CM5A-LR - IPSL-CM5A-LR o IPSL-CM5A-LR o
IPSL-CM5B-LR L) IPSL-CM5B-LR  of
MRI g JMA g MRI-CGCM3 | MRI-CGCM3 | MRI-CGCM3 g
MIROC i MIROC5 % MIROC5 S MIROC5 e
NCAR 6 CAM4 6 CCSM4 6 CCSM4 6
MOHC » HadGEM2-ES » HadGEM2-ES e HadGEM2-A e HadGEM2-ES 3
LASG-CESS K4 FGOALS-g2 R FGOALS-g2 R FGOALS-g2 R

Figure 4.1: Table of CMIP5 models used

are available. There are 7 amip models for which aquaplanets configuration runs
are also available. There are 15 single column models participating in CGILS
intercomparison, out of which there are 5 models with outputs for both transient
and constant large scale forcing.

Cess et al. 1990 proposed experiments using AMIPs with uniform increase in
SST by 2K to understand the climate sensitivity of coupled models to doubling
of CO2. They found that the climate sensitivity of majority of atmospheric
models were similar to their coupled counterparts. With similar type of CMIP5
experiment pairs for amip and coupled but with much stronger perturbation we
can see the extent to which this relation holds. Figure Figure [4.2| shows rank
correlation of tropical cloud feedbacks (change in CRE per change in degree
change in surface temperature) for amip and coupled configurations. A linear
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Figure 4.2: Rank correlation of tropical averaged CRE, for coupled models vs.
amip models on the left and amip models vs. aquaplanets on the right.

correlation in the plot means that the differences between cloud feedbacks of
different models is greater than the difference between the amip and coupled
GCM configurations. An exception in this correlation is CNRM-CM5 model, it
has a positive cloud feedback in the coupled configuration and a negative cloud
feedback in amip configuration. This strong linear correlation would mean it
is possible to use amip configurations to understand inter-model differences in
cloud feedbacks of coupled configurations. This relation is not necessarily true
for aquaplanets. the differences are most notable in MPI-ESM-LR and CNRM-
CM5 models.

In the next section we would like to see the details to which these different
configurations are similar, with more focus on cloud feedbacks at CGILS and
CGILS-like locations.

4.3 Sorting CGILS Clouds

The rationale behind sorting is described in detail in Chapter 3. Figure 4.3
shows cloud top heights sorted using LTS and Omega for four CMIP5 models. It
is clearly evident that LTS and Omega cleanly separate clouds into high clouds
and low clouds. It is important to not that this clean separation would not
be possible with using just Omega. Cloud top heights are similar in amip and
coupled configurations. The cloud top height at S6-Like and S11-like locations
are also well represented in models. An exception in the models is MRI-CGCM3
AMIP configuration. At the margins of stable regimes cloud top heights are much
higher, often similar to convective regimes.These regions were mostly associated
with coastal regions in this model.

The contour lines in the Figure [4.3|show joint distribution of occurrence of each
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regime. Cloud top height in the core regimes of amip and coupled configurations
are similar. Aquaplanets tend to have bimodal distribution with more convective
regimes. Cloud heights are higher in aquaplanets in general, similar to what was
seen in chapter 2 for MPI-ESM-LR.

Figure [4.5| and Figure [4.6| show change in CRE sorted on LTS and Omega for
the 7 models. The CGILS S11-like regions occur frequently at the margins of
distributions. Figure shows rank correlation of change in CRE at CGILS
locations. Correlations in Figure and Figure suggests that the CGILS
regions do not contribute much to inter-model differences in cloud feedbacks.
Infact most regimes with cloud tops less than 1km do not contribute to inter-
modal differences in cloud feedbacks.
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Figure 4.4: JJA average change in Cloud Radiative Effect(Wm~2) sorted on large
scale vertical velocity and lower tropospheric stability.Joint distribution of omega
and LTS are showed by black contour lines with 1% contour intervals. CGILS-like
Stratocumulus and Shallow Cumulus locations, are indicated by shaded regions
with lines and dots respectively.
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4.4 Response in CGILS and CGILS-like areas

Figure shows the range of cloud feedbacks across a hierarchy of GCM con-
figurations for various models. The models in Single column model are from the
CGILS intercomparison of single column models.

The interesting aspect here is the quartile range of CGILS cloud feedbacks using
transient forcing is narrow than the one with Constant forcing. The tendency is
to shift towards positive cloud feedbacks. It is interesting to note that despite
being forced by same large forcing single column models exhibit wider range of
solutions then their GCM counterparts.

The changes are mainly because of models which had less low cloud cover in
constant forcing in control had more cloud cover control simulation of transient
forcing. Other reasons for difference in behavior of single column models was
described in Chapter 2.

Figure 4.8 shows rank correlation of cloud feedbacks from single column models
and coupled models. Correlation is better at stratocumulus locations.

The arguments for designing changes in large scale environment at CGILS was
described in Chapter 2 and Chapter 3. Figure shows range of large scale
environment at CGILS and CGILS-like regions. The range in coupled models is
much more than other GCM configurations. Changes in LTS are stronger than
CGILS in coupled and amip configurations. In contrary, changes in LTS are
lower in the aquaplanets. Changes in HYL and Omega are similar across the
model hierarchy. For the variables considered CGILS does capture some essential
aspects of changes in large scale state of comprehensive models. Further analysis
is required to asses details to which large scale changes are represented by CGILS.
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4.5 Conclusions and Qutlook

Single column models behave differently under transient largescale forcing. It is
interesting to not that despite being forced by same large forcing single column
models exhibit wider range of solutions then their GCM counterparts. This can
be due to absence of largescale feedbacks in single column models. Conclusions
from Chapter 3 based on MPI-ESM-LR are valid also for other CMIP5 models.
More detailed analysis of changes in large scale state is desirable.
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Chapter 5

Conclusions

In this Chapter we conclude the thesis by answering the objectives outlined in
the Chapter 1.

e To assess the ability of idealized single column model experiments
to predict the low-cloud feedbacks in the GCMs.

Various single column models from an intercomparison performing the same
idealized experiments are compared to their comprehensive General Circulation
Models (GCM) in CMIP5. We find that it is difficult to study inter-model differ-
ences in low-cloud feedbacks of GCMs using idealized test case for SCMs. The
idealized low cloud regimes considered in the intercomparison occur at margins
of distributions in most GCM configurations, hence they do not contribute much
to the tropical average and hence any understanding from them is difficult to
transfer to larger regions. We explored the representativeness of the changes
in the large-scale environment used in the idealized test case of the SCMs to
projected changes in the comprehensive GCM configurations. Altough there are
aspects of changes in large scale environment that are captured by the idealized
test cases, the changes at the surface are not well represented. For instance in
MPI-ESM-LR model configurations, we find that these changes at surface are
possible reasons for the differences in cloud properties of the single column model
and the comprehensive GCM configuration.

e To evaluate CMIP5 models across the hierarchy of configurations
to explore the robustness of cloud feedbacks.

The study highlights use of heirarchy of GCM configurations to gain under-
standing of inter-model differences in low-cloud feedbacks. The tropical average
cloud feedbacks in amip models are found to be similar to that of coupled mod-
els. This similarity is mainly because amip configurations capture the core of
distribution of clouds in the coupled models. Use of amip configurations to study
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other cloud regimes that are at margins of distributions are not necessarily rep-
resentative. A related conclusion from the study is the regions of strongly stable
and subsiding environment, such as stratocumulus and stratus regions do not
contribute much to the inter-model differences in cloud feedbacks of the coupled
configurations.

It might be hard to use aquaplanets to understand the inter-model differences
in cloud feedbacks, in many models considered clouds in core distributions of
aquaplanets do not necessarily correspond to that of coupled models.
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