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Abstract of the Dissertation

Constraining Climate Model projections of Change in Clouds
and their Radiative Feedback

by
Parama Mukherjee
Doctor of Philosophy
in
Marine and Atmospheric Sciences
Stony Brook University
2015

Climate Change is among the most important problems challenging today’s scientific
community with far reaching impact for the world at large. Numerous efforts have been directed
towards designing state of the art climate models which can simulate a realistic projection of the
future climate and provide a true picture of the changing environment in the coming years. Despite
decades of effort on the part of the climate modeling community, models still differ greatly in their
prognosis of future climate change. However, they are all in agreement that clouds and their
radiative feedback are the key players responsible for the divergence in model projections.
Therefore, constraining the climate changes in clouds and their radiative forcing in the models
could in effect constrain the wide range of climate sensitivity exhibited by them.

The present dissertation investigates the possibility of constraining the future cloud
changes simulated by the models by using short term climate phenomenon. It was found that in
the mid-latitudinal belt, seasonal changes in cloud properties, from cold to warm season, correlated
well with their long term changes due to climate warming. Observational estimates of seasonal
changes from satellite data were used to assess current model performance and detect possible

biases that could translate into their climate projections.



In the tropical belt, a different approach was formulated whereby the mean surface
temperature in the tropics was used to classify warm and cold years and then the difference in
cloud properties between them was computed to represent transition from cold to warm climate.
Such a temporal shift in temperature resulted in cloud evolution that correlated reasonably well

with their long term climate change counterparts.

In the last part of this dissertation, model spread in cloud radiative forcing and possibilities

of constraining it with observational data have been analyzed.
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Chapter 1

Introduction and Motivation

Understanding climate change is one of the biggest challenges experienced by the scientific
community today (Le Treut et al., 2007). Ever since its inception, numerous researchers have
directed their efforts to study and predict its impact on the society. Equilibrium Climate Sensitivity
(ECS) is one of the most accepted indices to measure the climate system and models to study
climate change. It is defined as the change in global mean surface air temperature in response to a
doubling of atmospheric CO2 from its pre-industrial concentration. However, three dimensional
General Circulation Models (GCMs), which are the best means to get a comprehensive picture of
the climate change scenario (Cess et al., 1990), have continued to predict a wide range of ECS
values. The most recent results from CMIP5 experiments indicate a range of ECS from 2.1-4.7 K
(Andrews et al., 2012) which is still not significantly different from the studies using previous
generations of models (Webb et al., 2006; Dufresne and Bony, 2008; Randall et al., 2007; VVolodin,
2008). In order to achieve a reasonable estimation of the future climate, it is of essence that

different GCM’s concur in their long term predictions.

It is already a well-established fact that clouds and their radiative feedback are primarily
responsible for the spread in model sensitivity ((Soden and Held, 2006; Randall et al., 2007; Bony
etal., 2006; CESS et al., 1989). In particular, the subtropical shortwave cloud feedback is assumed
to contribute mostly to model discrepancies (Bony and Dufresne, 2005; Zelinka et al., 2011).

Alongside the prevalent idea that physics parameterizations in climate models are primarily
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responsible for deciding the model response to perturbations there has been another chain of
thought that supports the view that the large scale circulation pattern has a greater bearing on cloud
amount, their radiative responses and consequently on the projected climate sensitivity (Tomassini
etal., 2014; Stevens and Bony, 2013; Sherwood et al., 2014; Su et al., 2014). Some of these studies
have even found robust relationships between model predicted ECS and some parameter
representative of the large scale state of base climate, like rate of Hadley overturning circulation

(Su et al., 2014) or globally averaged surface temperature (Tomassini et al., 2014).

An ideal solution to this problem could be obtained if the cloud feedback in models is
constrained is some way by using observational data. This would thus make it possible to constrain
the climate change predictions of GCMs, resulting in a narrower spread of ECS values among
models. However, observations are currently available only for short periods of time, excluding
the possibility of their use in estimating any long term climate change. If on the other hand, a
significant relationship can be established between changes in cloud properties in the base climate
with long term cloud changes due to anthropogenic warming, short term observations could still
be used to restrict model cloud behavior. Once the cloud feedback is confined to a small allowed
range, their ECS values would likely converge ((Dessler, 2010; Fasullo and Trenberth, 2012; Shell,
2012).

This concept of emergent constraints, which relates an observable current climate variable
directly to climate sensitivity or some related physical quantity using an ensemble of models (Flato
etal., 2013; Caldwell et al., 2014), has evolved through several recent works. In the tropics, strong
correlation between inter-annual variability of extreme tropical precipitation and its long-term
climate counterpart has been observed (O'Gorman, 2012). A robust linear relationship between
changes in long term tropical land carbon storage with warming and inter-annual variability of
atmospheric CO2 with temperature has also been introduced (Cox et al., 2013; Wenzel et al., 2014).
Radiation pattern indices designed so as to correlate well with ECS have been utilized to rule out
the possibility of ECS values lower than 2K (Huber et al., 2010). Earlier (Hall and Qu, 2006),
present day seasonal cycle of snow albedo feedback had been used to constrain climate change in
northern hemisphere land masses. Other examples include correlation between projected Arctic
sea ice cover in September and magnitudes of past sea-ice trend (Boe et al., 2009); polar surface

temperature change projection and mean temperature state in present climate (Bracegirdle and



Stephenson, 2012); cloud amount contrast between the tropics and mid-latitudes and ECS
(Volodin, 2008) and amplitude of seasonal cycle of surface temperature in high latitudes with ECS
(Knutti et al., 2006).

More recently, (Bracegirdle et al., 2015) focused on the Antarctic region and found a
reflection of the biases in CMIP5 model simulated historical sea ice onto its projections of net
precipitation, temperature and sea ice area. A slightly different approach of constraining model
performance on the basis of their skills in simulating paleo climate has also been investigated
(Schmidt et al., 2013). Another recent study (Tsushima et al., 2015) attempted to find correlations
between cloud properties and their radiative responses in the control climate and a warmer future
climate scenario in specific cloud regimes. They investigated liquid water path in clouds as an
emergent constraint on cloud feedback in stratocumulus cloud regions. Seasonal variations in
marine boundary layer cloud (MBLC) fraction was shown to have strong relationship with ECS
by (Zhai et al., 2015). Using these relationships, this study was able to constrain ECS values to
3.9K with a standard deviation of 0.45K. Linking two of the most challenging problems in climate
science, (Tian, 2015) were able to demonstrate the presence of an inverse relationship between
double ITCZ bias and model projections of ECS. Models with low ITCZ bias were found to exhibit
higher climate sensitivity thereby concluding that in general models under predict ECS values. A
review of several proposed emergent constraints specifically relating to cloud feedback has been
compiled by (Klein and Hall, 2015).

These studies strengthen the concept of emergent constraint as a useful tool for climate
change studies. On the other hand, they also document the various challenges of formulating such
a constraint including the need for an in-depth physical understanding of the strong correlations
seen in these studies, limitations of available observations suitable for constraining model
performance and complications of using an emergent constraint that has contributions from

multiple independent processes.



1.1. Objectives

The primary objective of this dissertation is to investigate the relationship between the long
term climatological changes in cloud patterns with cloud changes occurring over short periods of
time. Once such a relationship is established, the available cloud observational data is then used to
constrain the long term cloud changes into the future. These goals are summed up in the following

questions that this thesis seeks to address:

1. Can the cloud changes on seasonal and interannual time scales in climate models be used to

infer the changes in clouds and other related variables in their future projections?

2. Is the short term climate phenomenon in question restricted to particular geographical regions

(such as the tropics or mid-latitudes) or to specific heights in the atmospheric column?

3. Can observational data available in the time range of the short term climate variability be used
to determine model biases in simulating short term climate change that eventually translates

onto their long term projections?

In the course of answering these basic questions, it is hoped that the analysis will also
identify the possible sources of model bias, e.g.: different cloud levels, different geographical
locations, different cloud properties etc. or the primary contributors to the model spread in
simulating cloud changes under different climate phenomenon. Attempt would also be made to
extend the observed relationship between cloud variables onto the cloud radiative properties which
would finally pave the way to formulate such relationships for cloud feedbacks that have a more
direct bearing on the model simulated climate sensitivity.

The organization of this dissertation is as follows: Chapter 2 provides brief descriptions of
the various models and observation as well as re-analysis datasets used in the study. In Chapter 3,
the relationship between seasonal changes in mid-latitudinal cloud fraction and their long term
climatological changes are investigated. This study is further extended to include cloud
hydrometeors: both cloud ice and cloud liquid content in Chapter 4. Following the investigation

on seasonal changes, the relationship between inter-annual changes in cloud fraction and



hydrometeors with their long term climate change counterparts in the tropical belt are analyzed in
Chapter 5. Chapter 6 then presents the study of interrelationship between seasonal and
climatological changes in cloud radiative forcing. Lastly, Chapter 7 summarizes the conclusions
from this study along with a brief description of the possible directions of future work that have

emerged from this study.



Chapter 2

Data and Model Description

In this study, monthly mean climate model data from various CMIP5 experiments have
been analyzed. For the purpose of evaluating model performance in simulating the present climate
against observation data, model output from historical runs, between 1980-2005, and five initial
years, 2006-2010, of RCP8.5 scenario runs have been used. Change in clouds and their radiative
properties, due to climate warming, have been computed using both RCP8.5 long term projections
as well as the differences between amip and amip4K/amipfuture experiments that will be described
in the next section. The inter-annual variability in model data has been calculated using CMIP5
historical runs. To assess the efficacy of model output against observations, C3M satellite data
product from NASA has been employed for a comparison of cloud amount and cloud hydrometeor
vertical profiles at various pressure levels. This data was supplemented with ECMWEF reanalysis
surface temperature and surface pressure values wherever required. The study also compares inter-
annual variability of total, low, mid and high column cloud amount generated by different models
with the analogous ISCCP cloud product. Obs4MIPS radiation data was used for assessing CMIP5
model performance in simulating seasonal variability of cloud radiative forcing. A more detailed
description of these data products and their applicability for different sections of this study is given

in this chapter.

2.1. CMIP5

CMIP or the Coupled Model Intercomparison Project was established by the Working
Group on Coupled Modelling (WGCM) as a part of the World Climate Research Programme

(WCRP) in 1995. It was conceived to provide a standard set of protocols for climate model
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experiments enabling a coordinated study of coupled atmosphere-ocean general circulation models
(AOGCMs). The fifth phase of this project, CMIP5 was designed to address several key scientific
questions raised during preparation of the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) and saw the coming together of 20 different modeling groups
from all over the world to work as a community towards improving climate model projections and
reducing inter-model variability in simulating feedback processes (Taylor et al. 2011). The
Program for Climate Model Diagnosis and Intercomparison (PCMDI) maintains the state-of-the-

art multi-model CMIP5 data archive and provides related technical support.

The objectives behind CMIP5 experimental design were threefold: 1) To gain an
understanding of the factors that cause differences in model estimations of cloud and carbon cycle
feedback, 2) To evaluate the predictability of climate by models in particular at decadal scales, and
3) To discover why models undergoing the same forcing might produce different responses. To
address these issues and several others, a set of specific experiments for the AOGCMs and Earth
System Models (ESM) were conducted under the following main categories: 1) long term
integrations over centuries, 2) near term or decadal integrations, and 3) atmosphere only time slice
experiments for high resolution models or models with involved chemistry modules. CMIP5 builds
on the previous versions of inter-model comparison with increased sets of historical and paleo
simulations and an expanded set of model outputs. It also features four different future scenario

runs thus generating a range of future climate simulations.

For various sections of this dissertation, CMIP5 data from the historical runs, amip,
amip4K and amipFuture runs as well as RCP8.5 scenario runs were used. Historical runs (1850-
2005) are coupled atmosphere-ocean 20" century runs with all forcing. All amip runs (1979-2008)
are atmosphere only runs forced with prescribed SST and sea ice values. For amip4K the SST is
artificially increased by 4K everywhere and for amipFuture runs a patterned SST perturbation is
superposed on the climatological SST values. The CMIP5 guidelines prescribe four different
emission scenarios for the future climate referred to as Representative Concentration pathways or
RCP’s beginning from the year 2006. The nomenclature follows the target radiative forcing to be
attained at the end of this century. The 4 RCP’s are: RCP2.6, RCP4.5 and RCP6 which are three
mitigated scenarios with various levels of mitigation and RCP8.5 which represents high emission

scenario resulting in a radiative forcing of 8.5 W/m? at the year 2100.



Data from some experiments originally designed by the Cloud Feedback Model
Intercomparison Project second phase or CFMIP-2 were also included and made available as a
part of CMIP5 (Bony et al 2009). Among the products from this subset the most useful for this
study was the CFMIP Observation Simulator Package or COSP runs. These are outputs from
simulators that utilize model results to diagnose quantities directly observable from satellites. Both
ISCCP and CALIPSO simulator outputs for historical and amip runs were selectively used for

validating the findings from model-observation comparisons.

This dataset was obtained directly from the Program for Climate Model Diagnosis and
Inter-comparison (PCMDI) Earth System Grid (ESG) data portal [http://pcmdi9.lInl.gov/esgf-
web-fe/].

2.2. C3M

C3M (CALIPSO-CloudSat-CERES-MODIS) is an integrated data product formed by
merging observations from various instruments aboard different satellite missions which are all
part of NASA’s A-train (Kato et al 2011). This dataset runs from July 2006 to June 2010, over a
period of 4 years and provides cloud and aerosol dataona 1.9 x 2.5 grid. It was developed primarily
for the purpose of process studies. In combining data from different satellite instruments, C3M
also absorbs the strengths of each of them, for example MODIS which provides a wider coverage
does not supply information about vertical distribution of clouds. CALIPSO on the other hand is

able to furnish those details although over a narrower swath.

Different instruments also have different fields of view, what is known as footprint, so all
instrumental data is subjected to an involved two- step collocation process and finally stored in the
20 km CERES grid. In the first step, 3 CALIPSO profiles and one CloudSat profiles are collocated
with 1 km MODIS imager pixel using latitude-longitude information. CALIPSO and CloudSat
derived cloud masks are independent and can vary from each other. Layer by layer comparison of
cloud mask is carried out and identical profiles are grouped. Thereafter these 1km data are again
collocated with 20km CERES footprints. Only those CERES footprints having maximum overlap
with CALIPSO and CloudSat ground track for each CERES scan are included in the dataset. A 3D
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Cloud Field construction algorithm is employed to reconstruct the 3-D cloud field. Mean Ice water
and liquid water content are derived from radar algorithm from CloudSat 2B-CWC.

Detailed information about the data product, data quality information etc can be found :

http://ceres.larc.nasa.gov/products.php?product=CCCM

2.3. ECMWF

ERA-Interim is a global atmospheric and surface parameter re-analysis dataset produced
by the European Centre for Medium-range Weather forecasts (ECMWF) (D.P. Dee et al 2011).
The ERA-Interim product goes back to January, 1979 and continues to be updated in real time
every month. This reanalysis dataset is produced by assimilating observational data from various
instruments at ground stations, on board of ships and buoys, attached to airborne balloons and
placed in aircrafts and satellites, together with its latest forecast model output from the ECMWF
IFS model (release Cy31r2) into the data assimilation system. At the core of the assimilation
system is a 12 hourly 4-Dimensional variational analysis module with T255 spectral resolution (79
km) on 60 vertical hybrid levels from surface to 0.1 hPa. 6-hourly ERA interim upper atmospheric
data are available on model or pressure levels, or for selected potential temperature and vorticity
values. Gridded surface parameter data over both land and ocean are available at every 3-hours.
We only used monthly averages of daily mean surface pressure and temperature data to supplement
the satellite cloud datasets, from 2006-2010 for C3M and 1983-2009 for ISCCP.

ERA-Interim incorporates many improvements over its predecessor ERA-40, including
transition from a 3-D to 4-D Var analysis, advanced forecast model as well as an increase in the
number of observations assimilated, chiefly contributed by satellite sources, from 10° to nearly 10’
per day. In all respects this dataset has made great strides in solving most of the science challenges
encountered by ERA-40, particularly, related to difficulties in representing the hydrological cycle,
improving upon the quality of the stratospheric circulation and maintaining temporal consistency

of the reanalyzed fields with introduction of new observation systems.
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Information about the current status and updates of ERA-Interim data can be found at

http://www.ecmwf.int/en/research/climate-reanalysis/era-interim.

2.4, ISCCP

The International Satellite Cloud Climatology Project or ISCCP was launched in the year
1983 for the purpose of collecting satellite radiance data which upon analysis and processing yields
information about global cloud distribution and its variation with time. The prime objective of
ISCCP was to gather observations for understanding the role of clouds in climate and improve its
representation in climate models with particular emphasis on effects of clouds on radiation.

ISCCP satellites sample data every three hours and every 30 km across the globe producing
visible and infrared radiance images. Data collected from all operational weather satellites (Tiros-
N, METEOSAT, GOES-WEST, GOES-EAST, GMS) are then processed at various international
satellite processing centers. This data is finally received by the Global Processing Centre and
thereafter processed and archived at NASA’s Goddard Institute for Space Studies (GISS).

Among the many ISCCP data products, only the Climatological Summary Product (D2)
was used in this study. This monthly averaged gridded cloud product (D2) is available globally on
a 280 km equal area grid for the years 1983-2009. The dataset mostly includes properties of total
cloudiness and various cloud types obtained by merging all satellite data into a global grid.
Atmosphere and surface properties are taken from the TOVS Data set which is the TIROS

Operational Vertical Sounding Product.

Announcements, updates and latest news concerning ISCCP data can be found at:

http://isccp.giss.nasa.gov/announcements.html.

2.5. Obs4MIPs

Observations for Climate Model Intercomparison Project or Obs4MIPS is an endeavor to

make observational data available for comparison with climate models (Teixeira et al 2014). Based
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on the requirements of the CMIP5 output a limited number of well-established and documented
datasets have been organized and made available on the CMIP5-ESGF data portal. Each of the
dataset has a field that is output in at least one or more of the CMIP5 experiments. Originally
launched due to joint efforts of NASA and DOE with a goal of better exploiting satellite
measurements by making them easily accessible for model intercomparisons, it has now been
joined by CFMIP-OBS and ESA satellite product set. Currently Obs4MIPS includes several
satellite products, reanalysis data sets and in situ products. Obs4MIPs data has been processed so

as to be directly comparable with CMIP5 model output fields.

The effectiveness of models in simulating cloud radiative forcing was evaluated in this
study using the observed radiative forcing data from Obs4MIPS.

Further information about Obs4MIPS data product and their availability is available at :

https://www.earthsystemcog.org/projects/obsdmips/
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Chapter 3

Seasonal Change in Mid-Latitudinal Cloud Fraction and its
Covariance with Climate Change

The change in season from winter to summer months represents a pattern of climate
transition from a relatively cooler to a warmer phase. This progression serves as a possible mimic
to the long term changes in climate as it evolves onto a warmer state due to global warming. By
comparing the transformation of clouds in climate models under both these conditions, it will be
examined whether the seasonal change in clouds correlate well with their climate change
counterparts in the mid-latitudinal belts. Using satellite observational data, model biases in mean
cloud amount and seasonal cloud changes would also be evaluated and subsequently used to

constrain their analogous long term cloud projections.

3.1. Data and Models

Long-term change in cloud amount was computed for 25 GCMs participating in the CMIP5
between two decades, 2090-99 (future) and 2010-2019 (present), separated by a period of 90 years.
These 25 models are listed in Table 1. Among the four commonly used future greenhouse gas
concentration trajectories, the Representative Concentration Pathways 8.5 (RCP8.5) scenario runs
were selected as they represent maximum warming. Monthly averaged three-dimensional cloud
fraction data from each model was interpolated onto a standard longitude-latitude grid (2.5°x1.25°)

in the horizontal and a set of 24 vertical pressure levels common to all the models.

The external forcing in the RCP 8.5 runs include not only the effects of increase in CO2

and other greenhouse gases, but also those of changes in aerosols, stratospheric ozone, and
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transformation in land surface. Thus, the projected climate changes in RCP 8.5 may have
characteristics different from the runs that include only the effects of changing CO2. Similar
analysis was thus carried out using the differences between 10 years (1990-1999) of amip control
and amip4K runs for 12 GCM’s (based on data availability) as well as amip control and amipFuture
runs for 10 GCMs. Very similar patterns of model behavior were found among these climate
change runs. The list of models for computations in this section is shown in Table 2. It was
concluded that for the purposes of this study the choice of dataset was not very significant and
since the number of models with amip runs were much fewer than those for RCP8.5, the latter

dataset was used for analysis.

Seasonal changes in cloud amount were computed between the summer months of JJA
(DJF) and winter months of DJF (JJA) for the Northern (Southern) hemisphere from 2006 — 2010.
The time range of analysis was dictated by the years of observational data availability. Since most
of the amip runs did not cover the entire duration of the observation dataset, monthly mean model
cloud data from the RCP8.5 run was also used for seasonal difference computation. Cloud
climatology of these 4 years (July, 2006 — June, 2010) was constructed for each of the 25 models

used.

Monthly averaged observational cloud fraction data was obtained from the C3M dataset
which runs from July, 2006 to June, 2010. Re-analysis surface temperature and surface pressure
data from ECMWEF-Interim dataset have been employed to supplement the observational data

where required.

GCM satellite simulator output from amip-COSP runs for 5 different models (out of 10)
have been used for substantiating the findings from comparison of RCP8.5 runs with satellite
observations. The comparative study was restricted to the years 2006 — 2008 as most amip-COSP

runs continue only till 2008.
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3.2. Mean Cloud Fraction

The first objective of this study was to evaluate the performance of CMIP5 models in terms
of the simulated cloud amount by comparing with satellite observations. Based on the availability
of C3M data, 4-year observational cloud amount climatology was constructed using 3-
Dimensional cloud fraction data. The zonally averaged vertical section of this mean cloud amount
is shown in Figure 3.1(a). Similar pressure-latitude mean sections were constructed for all the 25
CMIP5 models from their RCP8.5 runs and averaged over to obtain the ensemble mean vertical
cross-section as shown in Figure 3.1(b). Comparing the two figures (3-1(a) and (b)), it was found
that the model mean clearly underestimated cloud fraction at all altitude levels in the lower
latitudes. The vertical cloud column positioned about the equator was almost entirely absent in
model ensemble average below 350 hPa. Underestimation was also seen in the mid-latitudinal and
sub-polar belts but it remained restricted to mostly lower and mid-level clouds. Since the definition
of cloud fraction varies between climate models and satellite data, therefore, to ensure that the bias
observed was not a result of the difference in terminologies and was indeed a true feature, cloud
fraction from GCM simulator output (amip-COSP simulator) for five models (CCSM4, GFDL-
CM3, IPSL-CM5A-LR, MIROC5 and MRI-CGCM3) was used to construct similar pressure
latitude cloud sections. In Figure 3.2 the mean vertical cloud section for these five models from
the amip-COSP runs and from RCP8.5 runs are shown in the left and right columns respectively.
These simulators produce a cloud amount that would actually be seen by a satellite looking down
at the climate model simulated atmosphere. It was seen that the cloud amount generated by the
simulators was even lower than the actual model output. To corroborate the cloud distribution in
C3M dataset, total column cloud fraction from CALIPSO-GOCCP dataset was used to plot a
global latitude longitude cloud distribution for the years 2006-2010. This is shown together with
the total cloud distribution from C3M in Figure 3.3(a) and (b). CALIPSO-GOCCP, which is also
based on data from CALIPSO spacecraft as is C3M, is however processed so as to be directly
comparable to model simulator outputs. In Figure 3.3(c) and (d) the map-cross section plots for
total clouds in the aforementioned CMIP5 models produced by the amip-COSP and RCP8.5 runs
are also shown. This firmly established the presence of a negative bias in model generated mean
cloud amount. Previous studies comparing model simulated cloud amount with satellite

observations also discovered that the models had a tendency of underestimating low optically thick
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clouds (Zhang et al., 2005). The next step was to examine if these model cloud fraction biases in
the current climate translated in any way onto their projections of the future. In order to
demonstrate this, first there is a need to formulate a relationship between a short term climate

phenomenon in the present and the long term climate change. This is attempted in the next sections.

3.3. Seasonal variability of Clouds

If long term climate change of clouds is primarily determined by thermodynamics, seasonal
change of clouds from winter to summer months may contain valuable information representative
of climate change. To investigate this possibility, change in cloud fraction due to the shift from
cold to warm season was computed over a 4-year span (2006-2010), coinciding closely with the
years of observational data availability. Cloud fraction change from cold to warm season were
represented by averaging over the monthly mean values in June-July-August (JJA) and December-
January-February (DJF) and taking their difference. For the southern hemisphere (SH), since the
warm and cold seasons are opposite to that in the north (NH), all the seasonal difference values
were reversed in sign, implying JJA — DJF for NH and DJF — JJA for SH.

The observational pressure-latitude section of zonally averaged seasonal cloud fraction
difference is shown in Figure 3.4(a), while, the ensemble averaged seasonal difference section of
cloud fraction over all the CMIP5 models is shown in Figure 3.4(b). Overall, the cloud fraction
sections from the models and observation agree reasonably well, although several finer differences
do exist. One important observation that can be made here is that even though the mean cloud
sections were symmetrical about the equator, the seasonal differences in both the hemispheres
exhibit considerable variance. Also, clouds exhibit strong positive tendency in the tropical belt and
negative tendency in the mid-latitudes and poles. This is captured by both the model-mean and the
observation. The models perform better in the NH. Underestimation of cloud change is also seen
at the high cloud levels although the sign of change matches with that of the observation. In the
SH the models differ a lot more from the observations especially in the lower levels where
observation shows strong negative tendencies yet the model values show an increase. A center of
positive cloud change in sub-polar latitudes between 950 — 600 hPa pressure levels seen in the

observation is almost absent in the model mean. The pattern of transition from negative to positive
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tendency in the mid-latitudinal upper atmosphere is also different in the ensemble model mean
section from that in the observations.

3.4. Climatological change in Clouds

The long term cloud amount change under a rapidly warming climate scenario is evaluated
by analyzing cloud data from the RCP8.5 run of 25 CMIP5 models. Climatological difference in
cloud fraction is computed by taking the difference between annually averaged cloud amount in
the future decade (2090-99) and the present decade (2010-19) (thereafter referred to as
climatological difference in this thesis). These changes were first computed for each model and
then summed over to obtain an ensemble averaged climatological cloud change. Pressure-latitude
distribution of the ensemble zonally averaged climatological cloud fraction change is shown in
Figure 3.4(c). From this figure it is seen that in the mid-latitudes, clouds show a decreasing
tendency for almost the entire atmospheric column, starting from the base to approximately 300
hPa pressure level. Further, cloud fraction change in the tropics is mostly negative near the top and
positive below 450 hPa, interspersed with patches of decreasing cloud amount at few intermediate
pressure levels. However, cloud changes are strongly positive close to the model top (~200hPa) as
also in the sub-polar belt.

The vertical section of climatological change in cloud amount (Figure 3.4(c)) displays an
impressive similarity to its seasonal cloud change counterpart (Figure 3.4(b)) in the mid-latitudinal
belt, from 30°S to 60°S and 30°N to 60°N. Here, similar to the seasonal cloud fraction difference,
the climatological cloud fraction also shows negative tendency in these belts for the entire
atmospheric column except at high altitudes (~250hPa) where cloud fraction change becomes
positive. It may be noted that despite the similarities between the climatological and seasonal cloud
fraction patterns, the magnitude of these two phenomenon are significantly different. The cloud
fraction changes are generally much stronger in the seasonal case as compared to the climatological
one. This is a reflection of the fact that the range of surface temperature variation in the seasonal
case is as large as ~ 10 - 12 K while that for climatological changes is only ~3 - 4 K. In the tropical
belt, between 30°S to 30°N latitudes, the cloud change does not show any matching patterns as

seen in the case of mid-latitudes. Such discrepencies could be attributed to the fact that surface
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temperature in this belt does not differ much seasonally, and more importantly, the seasonal
variation in the tropics is dominated by the migration of Inter-Tropical Convergence Zone (ITCZ)
rather than the effect of warming. This eliminates the possibility of correlating long term cloud
changes due to climate warming with seasonal changes in clouds for the tropical belt. For the
subsequent sections, the focus will primarily be on the mid-latitudinal belt which is the zone of
interest for seasonal cloud changes.

Climatological cloud fraction change sections were also constructed using amip, amip4K
and amipFuture runs to compare with RCP8.5 sections. Amip4K and amipFuture are perturbed
runs representing warming only due to SST increase. Thus they represent a climate change
scenario with only CO: forcing that causes a change in SST values. Any other influences such as
aerosol etc are eliminated by this treatment. In the first set, cloud fraction difference between 10
years (1990-1999) of amip and amip4K runs are computed. In the second set, differences between
the same 10 years of amip and amipFuture are calculated. The pressure latitude vertical cloud
difference section from these analyses are compared with the section from RCP8.5 data in Figure
3.5(a)-(c). It may be seen that overall patterns are well matched between all three sections in the

mid-latitudinal belt although there are specific differences in the tropics.

3.5. Co-variability of Seasonal and Climatological Cloud changes

For a more quantitative analysis of the relationship between mean cloud amount, seasonal
difference in cloud amount and climatological variability of clouds in the mid-latitudes, a 2-
dimensional cross-section was used, enclosed on either sides by the 30° and 60° latitudes and
spanning the entire atmospheric column. This constituted the total cloud column within which
logarithmic pressure weighted mean of cloud fraction and its variance was computed. Essentially,
two such cross-sections - one for the SH, ‘box_sh’ and the other for NH, ‘box _nh’ were formed.
For the climatological variability, the values of ‘box sh’ and ‘box nh’ were added while for the
seasonal variability, the difference between the values of ‘box_sh’ and ‘box_nh’ was calculated.
Further, the surface temperature difference in the models, for both the climatological and seasonal
climate change were averaged over the entire mid-latitudinal belt. These were used to normalize

the cloud fraction differences and make the magnitude of the changes more comparable. An
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ordered pair for each model was thus obtained, one representing the climatological cloud fraction
change and the other representing the seasonal cloud fraction change. A similar treatment was also
extended to the mean cloud amount in the mid-latitudes. Mass weighted mean of the cloud fraction
was computed within the 2-dimensional mid-latitudinal box and the values for NH and SH were
summed over. A mean cloud value was thus generated for each model which constituted another

ordered pair together with the corresponding seasonal changes.

The vertical sections of cloud changes in Figure 3.4 reveal the presence of opposite signs
between the upper and lower troposphere in both the seasonal and climatological cloud changes.
Different sign of tendencies at different pressure levels would have a compensation effect when
grouping them together as one column. Because of this, instead of averaging the data over the
entire atmospheric column, correlation between the seasonal and climatological changes in the
high, mid and low level clouds were studied separately. For this purpose, the pressure level based
definition of cloud layers used by the International Satellite Cloud Climatology Project (ISCCP)
was put to use. This classification defines low clouds as those present from the surface to 680 hPa,
mid-level clouds residing between 680 and 440 hPa and high-level clouds ranging from 440 hPa
to the top of the troposphere (approximately 100hPa).

The ordered pair of seasonal and climatological change values for each model in the high,
mid and low levels of clouds are plotted in Figure 3.6 (a), (b) and (c) respectively, where the x-
and the y- axes are the differences in climatological cloud amount and the seasonal cloud amount
change, respectively. They are expressed in units of kg/m?/K based on the mass-weighing method
of averaging the cloud fraction withinh each layer. These points are then linearly regressed and the
correlation coefficient between x and y values obtained from the square root of the regression
coefficient (r?). The value of the correlation coefficient, r, for all the linear regression plots are
indicated at the top right corner of each plot. Ensemble average over all the models, indicative of
the collective model behavior, has also been shown (with a pink star) in each case. Since, the
observational dataset exists for a short period of time it could only be used for computation of
mean clouds and their seasonal differences. In the scatter plots between seasonal and climate cloud
changes, instead of an ordered pair of x and y coordinates, only a boxed average y-value

representative of cloud observations is available. This is incorporated in these and all following
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relevant correlation plots as a dotted line, the horizontal extent of which has no significance and is

just used for illustrative purposes.

Good correlations were seen for the low and mid level clouds with the respective
correlation coefficients being ~0.84 and 0.89. The relatively smaller correlation in the case of high
clouds is likely due to the fact that transition from negative to positive tendency in both the
seasonal and climate changes occur at different heights for different latitudes. But in this treatment

all changes above 440hPa, irrespective of sign of change, are combined together.

In addition to the presence of good correlation for mid and low level clouds, the scatter
plots exhibit the following salient features: (1) All models simulated reduction of low and middle
clouds in both the seasonal and climatological changes. (2) Many of the of models simulated
positive climatological cloud changes, but negative seasonal changes in the high level clouds. This
is likely due to the presence of a more pronounced cloud increase layer in upper troposphere for
the climatological changes as in Figure 3.4. (3) The ensemble mean overestimated the seasonal
reduction of middle clouds, but underestimated it in the low clouds. Given the good correlations
between the seasonal and climatological cloud changes at these levels, the ensemble mean of the
climatological cloud reduction is likely overestimated for middle clouds, while for low clouds it is
underestimated. (4) The cloud changes differ by several folds among the models. Although the
models concur in the sign of cloud changes in the low and mid level, the model spread in magnitude
of reduction is larger in these layers. (5) The observed changes lie within the range of models.

As stated before from the study of vertical sections, climate models underestimate mean
cloud amount. In Figure 3.7, the possibility of seasonal variation being related with the
climatological mean amount of clouds in models is examined. These figures present the correlation
between mean cloud amount in the x-axis and seasonal variation in the y-axis for high, mid and
low level mid-latitudinal clouds. Observation is represented by a pink X-mark in these scatter
plots. Itis seen that even though the mean low and middle clouds are significantly underestimated,
their seasonal variations are not. While there is some correlation between the mean cloud and the
seasonal cloud change, it is not very strong. The interrelationship between model mean clouds
with their seasonal change was further investigated by comparing the mean clouds exclusively in

the months of JJA and DJF with their seasonal change. The vertical sections of the zonally
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averaged mean JJA and DJF cloud fraction from observation and from models are shown in Figure
3.8. Model under estimation of low clouds is still found to be a prominent feature in these monthly
climatologies. However, a study of the relationship between JJA mean clouds and seasonal
differences (in Figure 3.9) and that between DJF clouds and seasonal differences (in Figure 3.10)

did not reveal any siginificant relationship between them.

Because a rigid segregation into low, mid and high levels common to all the latitudes may
not truly capture the transition in cloud change sign, a different method of splitting the total cloud
column into different cloud regions was also employed. For each model dataset and also for the
observation, every latitude is treated separately and the altitude at which transition in sign of cloud
fraction tendency occurs is determined and saved as the divider. The total cloud column is then
split into a lower negative tendency box capped by the divider height and a top positive tendency
box with the divider height as its base. For the mean cloud amount, the divider height for seasonal
difference is used to compute mass weighted cloud fraction value within the lower negative
tendency and upper positive tendency boxes. In Figure 3.11(a) and (b), correlation between mean
cloud amount in the pressure-latitude grid boxes with negative and positive seasonal cloud
tendency and their corresponding seasonal cloud tendency values are plotted against each other.
Although the correlation values do not show improvement in the cloud increase regions, the cloud
reduction region shows significant relation between mean clouds and their seasonal differences.
Underestimation of model clouds also appears to be confined mostly to the cloud reduction region
as most of the model points as well as the model mean lies to the left of the observation point in
Figure 3.11(a). In the cloud increase regions Figure 3.11(b), the ensemble mean of models lies
closer to the observed value, however the models are spread over a larger range so that many of
the model predicted mean cloud values are greater than or lesser than the observation. This leads
to the conclusion that the two observed features : under-estimation of model clouds and
overprediction of seasonal changes in clouds are well correlated in the lower tropospheric layers

of cloud fraction reduction.

In Figure 3.4(c), the vertical section of the long term cloud amount projection also
demonstrated the presence of a positive tendency layer at the top of the air column with a variable
base height. The total column of climatological changes was similarly split into negative and

positive tendency zones for each model and the mass-weighted cloud fraction amount (in kg/m?/K)

20



computed within each region. Figure 3.11(c) and (d) illustrate the correlation between model
seasonal and climatological cloud changes in the cloud reduction and cloud intensification regions
respectively. While the correlation in the cloud reduction regions is very strong, it is considerably
weakened in the domain of cloud enhancement. Model bias is more defined in the cloud reduction
region where models overpredict negative tendency during seasonal changes which, based on the
strong correlation between them, translates into increased cloud reduction predictions for the future
climate. Cloud increase at higher levels is on the other hand underpredicted by most models and
the ensemble model mean, however weak correlations for these regions preclude the possibility of

drawing conclusions about the model patterns of future projections.

Some other important findings from this section are listed here: 1) When the reduction
region was separated into mid and low level clouds, models overpredicted the seasonal reduction
in mid level and underpredicted them at low-levels. Upon summing them together the net effect is
dominated by the mid-level overprediction. 2) The range of model simulated cloud reduction
continues to show a large spread both seasonally and climatologically and the observed change
was found to lie within this range. 3) In the cloud increase regions the model spread in seasonal
change is manifold smaller than the spread in seasonal cloud reductions also the range of projected
change.. Also the relationship is weaker implying that the moderate correlation seen before in case
of high clouds was mostly a contribution from the cloud reduction regions included in that level.

Seasonal difference vertical sections (Figure 3.4(a) and b)) for both models and observation
presented an asymmetry between NH and SH. Further, it also appeared that most of the
inconsistencies were located in the SH so the seasonal-climatological covariability and model
biases in seasonal variability simulation were investigated separately for the two hemispheres. The
covariabilty plots for NH are shown in Figure 3.12(a)-(d) and for SH in Figure 3.13(a)-(d). In the
NH, mean cloud and seasonal difference in clouds correlate well with each other in both the cloud
reduction and cloud increase regions with correlation values ~ 0.83 and 0.71 respectively (Figure
3.12(a)and(b)). The correlation for Cloud increase region was re-calculated using Spearman rank
correlation method which is a particularly useful method for correlating data sets with large
outliers. Bias in mean cloud amount is present in both the regions however, the seasonal difference
biases seem to be confined to the domain of cloud enhancement. In cloud increase regions thus,

models with low mean cloud amount have lower seasonal changes.
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Correlation between seasonal and climatological cloud changes are strong in the cloud
reduction regimes, but weaken considerably in the cloud increase regions. In the cloud reduction
regime, seasonal change biases with respect to mean are very small, but models are spread in all
directions about the model mean and the observational point. Given the fairly strong relationship
between the seasonal and climatological differences in the NH cloud reduction regions, it may be
concluded here that biases in mean model climatological predictions in this regime are also not
significantly large. In the domain of cloud enhancement on the other hand, the correlation between
climate and seasonal cloud change is not that compelling although the biases in seasonal difference
are quite noticeable. All models except one (GFDL-CM3) predict a smaller increase in clouds
seasonally compared to the observation. Whether this seasonal bias translates into long term

climate projections by the model cannot be deduced based on the weak correlation between them.

In the SH, correlations between mean clouds and their seasonal difference is quite weak.
Due to the presence of several outliers in the case of cloud increase regions, the correlation
coefficients were recomputed using Spearman’s method. However, the relationship still did not
show any significant improvement. Analogous to the case of NH, seasonal and projected climate
correlations are higher in the cloud reduction zones as compared to the cloud increase zones. Biases
in seasonal differences are large in the cloud reduction region in SH and likely the primary
contributor to the biases seen in total column values. The overprediction of cloud decrease during
seasonal changes thus occurs mostly in the SH mid latitudes. Based on the presence of a robust
correlation between seasonal and climatological changes it may be expected that these biases carry

over to the long term climate changes in the mid-latitudinal SH.

Separation of the mid-Ilatitudinal belt into NH and SH led to the following conclusions : 1)
Correlations are seen between the mean and the seasonal cloud changes in both NH and SH but
the former contributes more to the total belt correlations. 2) No improvement was noticed in the
relationship between seasonal and climatological increase in upper level clouds. 3) In the cloud
reduction regions, both NH and SH show strong relationship between seasonal and climatological
changes. Seasonal change biases mostly stem from SH where the spread in model values of

seasonal change is four times as large and the climatological change is twice as large as in NH.
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3.6. Summary

Similarities in the zonally averaged pressure-latitude sections of cloud fraction seasonal
and climatological differences in the mid-latitudinal belt were detected. Using CMIP5 model runs
from 25 climate models, a detailed investigation of the correlations between these changes at the
low-, mid- and high- cloud levels were carried out. The important results emerging from this study

are summarized below :

1. Models underestimate mean cloud amount, particularly at the low and mid cloud levels, in the
mid-latitudinal belt. The underestimation in mean clouds is correlated to their seasonal
difference biases only in the cloud reduction regions. In these regions, the models exhibit an

overestimation of cloud reduction at mid-levels and under-prediction at low cloud levels.

2. Good correlation exists between seasonal and climatological cloud reduction in the low and
mid-level clouds. In the high-level, where clouds show increase, the relationship is not very

strong.

3. In the cloud reduction regions, majority of the models as well as the mean overestimate
decrease in clouds. This overestimation of the seasonal cloud decrease translates into larger
cloud reductions in the projected climate change. In regions of cloud increase, at upper
tropospheric levels, models underpredict cloud increase. However the absence of strong
correlations in these layers preclude the possibility of constraining model spread in projections

of cloud increase.

4. 1t is in the SH mid-latitudinal belt where models exhibit larger seasonal change biases and
larger spread in magnitude of reduction. In the NH belt, the model mean behavior concurs with
observation and translates into an estimate of projected change that lies midway in the range

of model simulated values.
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Table 1: List of CMIP5 models and their modeling centers used in Chapter 3, 4 and 5.

MODEL

BCC-CSM1.1

BNU-ESM

CCSM4
CESM1-BGC
CESM1-CAM5
CMCC-CESM
CMCC-CM

CSIRO-Mk3.6.0

FGOALS-g2

GFDL-CM3
GFDL-ESM2G
GFDL-ESM2M
GISS_E2-H
GISS-E2-R
GISS-E2-R-CC
INM-CM4
IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR

INSTITUTION

Beijing Climate Center, China Meteorological Administration,
China

College of Global Change and Earth System Science, Beijing
Normal University, China

National Center for Atmospheric Research, United States

National Science Foundation, Department of Energy, National
Center for Atmospheric Research, United States

Centro Euro-Mediterraneo per | Cambiamenti Climatici, Italy

Commonwealth Scientific and Industrial Research Organisation in
collaboration with the Queensland Climate Change Centre of
Excellence, Australia

LASG, Institute of Atmospheric Physics, Chinese Academy of
Sciences; and CESS, Tsinghua University, China

NOAA Geophysical Fluid Dynamics Laboratory, United States

NASA Goddard Institute for Space Studies, United States

Institute for Numerical Mathematics, Russia

Institut Pierre-Simon Laplace, France
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MIROC5

MIROC-ESM

MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3

NorESM1-M

Atmosphere and Ocean Research Institute (The University of
Tokyo), National Institute for Environmental Studies, and Japan
Agency for Marine-Earth Science and Technology, Japan

Japan Agency for Marine-Earth Science and Technology,
Atmosphere and Ocean Research Institute (The University of
Tokyo), and National Institute for Environmental Studies, Japan

Max Planck Institute for Meteorology, Germany

Meteorological Research Institute, Japan

Norwegian Climate Centre, Norway
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Table 2: List of CMIP5 models whose amip, amip4K and amipfuture runs were analyzed.

MODEL

BCC-CSM1.1

CanAM4
CCSM4

CESM1-CAM5

CNRM-CM5

FGOALS-g2

HadGEM2-A
IPSL-CM5A-LR
IPSL-CM5B-LR

MIROCS5

MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3

INSTITUTION

Beijing Climate Center, China Meteorological Administration,
China

The Fourth Generation Atmospheric General Circulation
Model, Canadian Centre for Climate Modelling and Analysis

National Center for Atmospheric Research, United States

National Science Foundation, Department of Energy, National
Center for Atmospheric Research, United States

Centre National de Recherches Météorologiques (National
Centre for Meteorological Research, France

LASG, Institute of Atmospheric Physics, Chinese Academy of
Sciences; and CESS, Tsinghua University, China

Hadley Global Environmental Model2-Atmosphere, European
Network for Earth System Modeling

Institut Pierre-Simon Laplace, France

Atmosphere and Ocean Research Institute (The University of
Tokyo), National Institute for Environmental Studies, and Japan
Agency for Marine-Earth Science and Technology, Japan

Max Planck Institute for Meteorology, Germany

Meteorological Research Institute, Japan
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Figure 3.1: Zonally averaged pressure-latitude section of mean cloud fraction (expressed in %) from
July, 2006 — June, 2010 using (a) C3M observation data (b) ensemble mean over RCP8.5 runs of 25

CMIP5 models.
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Figure 3.2 : Zonally averaged pressure-latitude section of mean cloud fraction (expressed in %) in the
following five models : CCSM4, GFDL-CM3, IPSL-CM5A-LR, MIROC5, MRI-CGCM3 from (a)-(e)
amip-COSP product (2006-years available) and (f)-(j) RCP8.5 product (2006 — 2009)
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Figure 3.3 : Map of average total column cloud fraction distribution (2006-2009) from (a) CALIPSO-
GOCCP observations, (b) C3M observations, (c) Mean over amip-COSP runs (2006-2008) of 5 CMIP5
models (CCSM4, GFDL-CM3, IPSL-CM5A-LR, MIROC5, MRI-CGCM3) and (d) Mean over RCP8.5

runs of the same set of models
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Figure 3.4 : Zonally averaged pressure-latitude section of seasonal difference (JJA - DJF) between July,
2006 - June, 2010 in cloud fraction (expressed in %) using (a) C3M observations and (b) ensemble
model mean over RCP8.5 runs of 25 CMIP5 models. Seasonal differences in SH have been reversed in
sign. (c) Zonally averaged pressure-latitude section of climatological difference in cloud fraction from
ensemble model mean of 25 CMIP5 models between 2010-19 and 2090-99.
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Figure 3.5 : Zonally averaged pressure-latitude section of (a) ensemble mean climatological difference
in cloud fraction (expressed in %) between 2010-19 and 2090-99 using RCP8.5 runs of 25 CMIP5
models (b) ensemble mean cloud fraction (expressed in %) difference between amip (control) and

amip4K (perturbed) runs over 12 models and (c) between amip(control) and amipFuture (perturbed)
runs over 11 models between 1990-1999.
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Figure 3.6 : Scatter plots showing the relationship between Temperature normalized and Mass
weighted Seasonal change (y-axis) and Climatological difference (x-axis) in mid-latitudinal cloud
fraction (in kg/m?/K) for 25 CMIP5 models (listed with their symbols in the key) in the (a) High-

level clouds (440hPa and above), (b) Mid-level clouds (680 hPa -440 hPa) and (c) Low-level clouds
(below 680 hPa). Grey solid line is the linear regression fit. Observed values of Seasonal change in
cloud fraction are represented by pink horizontal lines. Correlation coefficient values are indicated at
the top right corner of each figure. Zero x- and y-axes are included as blue dashed lines.
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Figure 3.7 : Scatter plots showing the relationship between mid-latitudinal Mass weighted

Temperature normalized Seasonal change in kg/m?/K (y-axis) and Mass weighted Mean value (x-

axis) of cloud fraction in kg/m? in the (a) High-level clouds (440hPa and above), (b) Mid-level

clouds (680 hPa -440 hPa) and (c) Low-level clouds (below 680 hPa) for 25 CMIP5 models (key in

Figure 3.6). Grey solid line is the linear regression fit. Observed values of Mean and Seasonal

change in cloud fraction are represented by a pink cross. Correlation coefficient values are indicated
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Figure 3.8 : Zonally averaged pressure-latitude section of mean cloud fraction (expressed in %) for (a)
June-July-August and (b) December-January-February months using C3M observation data and (c) JJA
and (d) DJF using ensemble mean over RCP8.5 runs of 25 CMIP5 models between 2006-2010
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Figure 3.9 : Scatter plots showing the relationship between mid-latitudinal Temperature normalized

Mass weighted Seasonal change (y-axis) in kg/m%K and Mass weighted Mean values (x-axis) for JJA
months in kg/m? of cloud fraction for 25 CMIP5 models (key in Figure 3.6) for (a) Total Column, (b)

High Level Clouds, (c) Mid-Level Clouds and (d) Low Level Clouds. Observed values indicated by
pink cross. Grey solid lines represent the linear regression fit. Dashed blue lines indicate the zero x-
and y-axes while Correlation coefficients are noted at top right corner in each plot.
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Figure 3.10 : Scatter plots showing the relationship between mid-latitudinal Temperature normalized
Mass weighted Seasonal change (y-axis) in kg/m?K and Mass weighted Mean values (x-axis) for DJF
months in kg/m? of cloud fraction for 25 CMIP5 models (key in Figure 3.6) for (a) Total Column, (b)

High Level Clouds, (c) Mid-Level Clouds and (d) Low Level Clouds. Observed values indicated by

pink cross. Grey solid lines represent the linear regression fit. Dashed blue lines indicate the zero x-

and y-axes while Correlation coefficients are noted at top right corner in each plot.

36



Region of Cloud Reduction

(@)

Region of Cloud Reduction (C)

o

r=0.89
&g
-20

N
o

v
P X

-40 ) ;z?.

A
o
3
[

-60 -60

Normalized CFRAC Seasonal Diff. (kg m K D)
4
o
Normalized CFRAC Seasonal Diff. (kg m2K™)
O
|

-80

T T T T -80
600 1200 1800 2400 3000 3600

-70 -60 -50 -40 -30 -20 -10 O
Mean CFRAC (kg m'z) Normalized CFRAC Climatological Diff. (kg m'ZK'l)
Region of Cloud Increase (d)

(b)

Region of Cloud Increase

10

=
o

r=0.31 r=0.26

[ee]

Normalized CFRAC Seasonal Diff. (kg m2K™)

L]
o
Normalized CFRAC Seasonal Diff. (kg m2K™)

'
N

0 300 600 900 1200 1500 T T T
-10 -5 0 5 10 15 20
Mean CFRAC (kg m?)
Normalized CFRAC Climatological Diff. (kg m2K™)
Figure 3.11 : Scatter plots showing the relationship between mid-Ilatitudinal Mass weighted (a) and (b)
Temperature normalized Seasonal change (y-axis) in kg/m?/K and Mean values (x-axis) in kg/m? of
cloud fraction for 25 CMIP5 models (key in Figure 3.6) in the layers of Seasonal Cloud reduction and
Cloud Increase respectively and (c) and (d) between Mass weighted Temperature normalized Seasonal
change (y-axis) and Climatological difference (x-axis) in cloud fraction ( kg/m%K) in the layers of
corresponding Cloud reduction and Cloud Increase respectively. Observed values are indicated by pink
cross in (a) and (b) and pink dashed line in (c) and (d). Grey solid lines represent the linear regression
fit. Dashed blue lines indicate the zero x- and y-axes while Correlation coefficients are noted at top
right corner in each plot.
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Figure 3.12 : Scatter plots showing the relationship between NH mid-latitudinal Mass weighted (a) and
(b) Temperature normalized Seasonal change (y-axis) in kg/m?/K and Mean values (x-axis) in kg/m?
of cloud fraction for 25 CMIP5 models (key in Figure 3.6) in the layers of Seasonal Cloud reduction
and Cloud Increase respectively and (c) and (d) between Mass weighted Temperature normalized
Seasonal change (y-axis) and Climatological difference (x-axis) in cloud fraction ( kg/m?%/K) in the
layers of corresponding Cloud reduction and Cloud Increase respectively. Observed values are
indicated by pink cross in (a) and (b) and pink dashed line in (c) and (d). Grey solid lines represent the
linear regression fit. Dashed blue lines indicate the zero x- and y-axes while Correlation coefficients are
noted at top right corner in each plot. Spearman’s rank correlation coefficient also indicated for (b) in
blue.
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Figure 3.13 : Scatter plots showing the relationship between SH mid-latitudinal Mass weighted (a) and
(b) Temperature normalized Seasonal change (y-axis) in kg/m?/K and Mean values (x-axis) in kg/m?
of cloud fraction for 25 CMIP5 models (key in Figure 3.6) in the layers of Seasonal Cloud reduction

and Cloud Increase respectively and (c) and (d) between Mass weightedTemperature normalized
Seasonal change (y-axis) and Climatological difference (x-axis) in cloud fraction ( kg/m?%/K) in the
layers of corresponding Cloud reduction and Cloud Increase respectively. Observed values are
indicated by pink cross in (a) and (b) and pink dashed line in (c) and (d). Grey solid lines represent the
linear regression fit. Dashed blue lines indicate the zero x- and y-axes while Correlation coefficients are
noted at top right corner in each plot. Spearman’s rank correlation coefficient also indicated for (b) and
(d) in blue.
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Chapter 4

Co-variability of Seasonal and Climatological Change in
Mid-Latitudinal Cloud Hydrometeors

In the previous chapter it was established that seasonal variability in cloud fraction exhibits
a strong correlation with long-term cloud fraction changes in the mid-latitudinal belt. However,
rather than the amount of cloud or cloud fraction, it is the cloud hydrometeor content (i.e. cloud
ice and cloud liquid water) that has a greater bearing on the radiative properties of clouds. Based
on its relevance to climate change research, constraining cloud radiative forcing is one of the
overarching goals of this dissertation. In this chapter, the next step towards this goal is taken, first,
by determining model biases in simulating mean and seasonal changes in cloud hydrometeors as
compared to observations. This is followed by a demonstration of the co-variability of mean,

seasonal and climatological changes in cloud hydrometeors.

4.1. Data and Models

Long-term changes in cloud ice, cloud liquid and total cloud hydrometeor content were
computed for the same set of 25 CMIP5 GCMs listed in Table 1. Monthly averaged three-
dimensional cloud hydrometeor data from each model was interpolated onto a common longitude-
latitude-pressure level grid. The differences were then computed between the annual averages of
two decades, 2090-99 (future) and 2010-2019 (present) from the RCP8.5 scenario runs. Cloud
hydrometeor climatological variation were also computed using the difference between 10 years
(1990-1999) of amip control and amip4K runs for 12 GCM’s and amip control and amipFuture
runs for 10 GCMs to support the findings from RCP8.5 datasets.
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Seasonal changes in model cloud hydrometeor (ice, liquid, liquid+ice) content were
calculated for all the models between the summer months of JJA (DJF) and winter months of DJF
(JJA) for the Northern (Southern) hemisphere from 2006 — 2010. An ice, liquid and total

hydrometeor climatology for these four years was also constructed to generate model mean values.

Monthly averaged observational cloud hydrometeor data were obtained from the C3M
dataset from July, 2006 to June, 2010. Re-analysis surface temperature and surface pressure data
from ECMWEF-Interim dataset were employed to supplement this observational data. The
hydrometeor product from C3M models had to be processed further due to a difference in the unit
used between them and the hydrometeor product from CMIP5 models. In the GCM output, cloud
ice content (for example) is expressed as mass fraction of cloud ice in air which is calculated as
the mass of cloud ice in the grid cell divided by the mass of air and the mass of water in all phases
within the same cell. The observed cloud ice content however is expressed in density units of
kg/m3. To enable comparisons between them, the observed values of cloud hydrometeors were
converted into mass fraction units as used in the models. For each grid cell, the ice and water

density values were divided by the sum of air and ice+water density in that grid.

For cloud hydrometeor products, CMIP5 GCM satellite simulator output was not available.
So the satellite product was directly compared with the GCM output. However, similar comparison
of cloud hydrometeor profiles from LMDZ5 GCM satellite simulator output and satellite data
product (CALIPSO-GOCCP) have been conducted in the past (Cesana and Chepfer, 2013) which

will be referenced in this study..

4.2. Mean and Seasonal difference profiles of Cloud
Hydrometeors

Using the four-year cloud hydrometeor climatology from C3M data, a zonally averaged
pressure-latitude section of mean cloud ice, cloud liquid and total cloud hydrometeor (sum of cloud
ice and liquid) is computed as shown in Figure 4.1(a)-(c). CALIPSO-GOCCP satellite product also
provides information about cloud ice and water expressed in terms of ice cloud fraction and water

cloud fraction respectively. Zonally averaged vertical section of these variables have also been
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plotted in Figure 4.2(a) and (b) to corroborate the C3M profiles. In the same manner, vertical
sections of mean cloud hydrometeors were generated for each CMIP5 model and then summed
over to obtain the ensemble averaged pressure-latitude section of mean cloud hydrometeor, shown
in the Figure 4.3(a)-(c).

A comparison of the model ensemble mean and observation profile reveals some
differences for the cloud ice content. In the case of cloud liquid water however there are very large
discrepencies that carry over to total cloud hydrometeor. Due to the non-availability of COSP
outputs for cloud hydrometeors, it was not possible to verify if the gross overestimation of cloud
water by models as compared to observation is a true model deficiency or an artefact of satellite-
model data incompatibility. However, Cesana and Chepfer (Cesana and Chepfer, 2013) compared
ice and water cloud fractions between satellite simulator outputs and CALIPSO-GOCCP data and
revealed that model biases in cloud water are a real feature (Figure 4.4, middle column), although
the differences may not be as large as seen when directly comparing with GCM output. The
overprediction of cloud water in the low cloud levels in the mid-latitudes and subpolar belts is seen
in both the GCM and the GCM simulator outputs.

A comparison of the cloud ice content between model mean and observation exhibits
overestimation by models in the lower atmosphere, poleward of 45 degree latitude in both NH and
SH. Overestimation is also seen at higher altitudes in tropical belts. These features are also seen in
the ice cloud fraction comparisons of Cesana and Chepfer (Cesana and Chepfer, 2013). Overall

the CMIP5 models perform better in simulating mean cloud ice than mean cloud water content.

Next, the seasonal change in cloud hydrometeors is computed between four seasonal cycles
of JJA and DJF months using the C3M data with JJA-DJF for NH and DJF-JJA for SH. The
pressure-latitude zonally mean profiles of observed seasonal variability in cloud ice, cloud liquid
and cloud total hydrometeor are shown in Figure 4.5 (a), (b) and (c) respectively. Seasonal
differences in cloud hydrometeors are also computed for all the 25 CMIP5 models listed in Table
1. Ensemble mean sections of seasonal variation in cloud hydrometeors are shown in Figure 4.5
(d), (e) and (f) respectively. Regardless of the biases between model and observational profiles,
some common features dominate the seasonal difference patterns in both the data sets. In the mid-

latitudinal belt, for example, which is defined in this study to range between 30°S - 60°S and 30°N
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- 60°N, seasonal cloud hydrometeor (both ice and water and their sum) difference shows a strong
negative tendency over a large portion of the vertical column. The negative tendency column is
larger for cloud ice and both models and observation very nearly concur on both its extent and
magnitude. For cloud water however, observational tendency appears much subdued than model
mean. Over-estimation of cloud water by the models is reflected once again in their overestimation
of cloud water seasonal variation. The negative tendency completely reverses in sign at higher
atmospheric levels. The height at which the tendency flips sign varies between cloud ice and cloud
water on one hand and between observed changes and model simulated changes on the other. In
the case of cloud water the transition is achieved at a lower altitude level than ice which is
understandable given that ice clouds abound at higher levels and water clouds at lower levels of
the atmosphere. In the polar belt, cloud water shows a tendency to increase with warmer climate
at low cloud levels. This is seen in both model mean and observation. Presence of a narrow belt
of positive tendency near the surface is seen in the model mean cloud water profile poleward of
20 degree latitude in both NH and SH which is totally absent in the observed cloud water seasonal

difference.

4.3. Climatological changes in Cloud Hydrometeors

Chapter 3 demonstrated the presence of a robust correlation between cloud fraction
changes during the seasonal transition from winter to summer and long term climate shift towards
a warmer climate in the mid-latitudinal belt. Based on this relation, model biases in seasonal
variation of cloud could be used to indicate possible biases in model projections of clouds in the
future climate. In this section and the next, the possibility of relating seasonal and climatological
changes in cloud hydrometeors is investigated with the aim of exploiting their relationship to

constrain future projections.

Climatological difference in cloud ice, water and total hydrometeors have been computed
between the future (2090-99) and the present (2010-19) decade for each of the models and
averaged over to obtain the ensemble mean. The pressure-latitude distribution of the ensemble
zonally averaged climatological change in cloud ice, cloud liquid and their sum is shown in Figure

4.6(a), (b) and (c) respectively. The climatological change in cloud ice shows distinct similarities
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with its seasonal change analogue in the mid-latitudes. Similar to the seasonal change, a negative
tendency region covers most of the mid-latitude atmospheric column with positive tendency near
the top. The pattern of cloud water change also exhibits similarities between the seasonal and
climate change sections with a narrow positive tendency layer at the bottom, a shorter negative
tendency region in the mid-levels capped by a positive tendency top layer. The viability of the
pattern of changes obtained using model data from RCP8.5 runs is verified by constructing similar
vertical sections of long term climate change using amip, amip4K and amipFuture runs. The
relevant plots are shown in Figure 4.7. Since the similarities are mostly restricted to the mid-
latitudes, futher analysis is carried out only in those belts. As in the case of cloud fraction, seasonal
difference in the tropics does not appear to present any strong relationship with climatological

change in cloud hydrometeors.

4.4. Co-variability in Cloud Hydrometeors

While a comparison of the ensemble averaged cloud hydrometeor sections provide
qualitative evidence of interrelationship between climatological and seasonal cloud variable
changes, further quantitative assessment is required to substantiate these findings. The following
analysis was thus carried out in order to emphasize the observed correlation between seasonal and
climatological hydrometeor changes in climate models and also to determine any existing
relationship between the aforementioned seasonal change and the mean values of cloud
hydrometeors. For each model, two cross-sections were used, encompassing the 30° to 60°
latitudes and spanning the entire atmospheric column from surface to 100hPa pressure level,
representing the NH and SH bands. Within each of these sections, a mass weighted vertical average
of the mean and the change in cloud hydrometeor value, both seasonal and climatological, was
computed at every latitude and then averaged over. For the mean and climatological difference in
hydrometeors the values in box_nh and box_sh were summed over while for the seasonal
variability box_sh values were subtracted from box_nh. All difference values were normalised
using the mean surface temperature difference pertaining to that latitudinal belt. A set of cloud
hydrometeor (ice, liquid and their sum) mean values (in kg/m?) and their normalized seasonal and

climatological changes (in kg/m?K) in the mid-latitudinal atmospheric column were thus
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generated for each model. Pairs of a) mean and seasonal difference and b) seasonal and
climatological difference were then used to obtain a scatter plot displaying model spread in the
two parameters and the degree of their covariability. The observational values of mean cloud
hydrometeor amount and its seasonal change were also computed and have been indicated in the
relevant plots using a pink X-mark. For some of the scatter plots that exhibited presence of large
outliers, the correlation coefficients were re-computed using Spearman rank Correlation method.

Improved values of correlation coefficients were obtained upon dividing the total
atmospheric column into different cloud levels and examining the cloud behaviour within them
individually. Cloud classification into high, mid and low level clouds on the basis of pressure
levels was carried out as in the case of cloud fraction by using the ISCCP cloud classification
scheme. A detailed discussion of the observed interrelationship between total column and low-,
mid-, high- level cloud ice, cloud liquid and cloud hydrometeor changes follows in the next sub-

sections.

4.4.1. Cloud ICE

Figure 4.8(a) exhibits the scatter plot between model values of mean cloud ice and its
seasonal difference in the whole atmospheric column. Based on the square root value of regression
coefficient r? from the linear fit, the two variables appear to be very well correlated, implying that
models with higher mean cloud ice show larger seasonal decrease. Further, the ensemble mean
value of model simulated ice cloud amount also compares well with the observed value. However,
individually the models appear to generate a range of values for cloud ice. For example, all versions
of the IPSL (IPSL-CM5A-LR; IPSL-CM5A-MR; IPSL-CM5B-LR) and GISS models (GISS-E2-
H; GISS-E2-R; GISS-E2-R-CC) produce very large cloud ice while models like FGOALS-g2,
inmcm4 and CESM1-CAMS5 represent the lower end of the spectrum producing low cloud ice
amount. Thus, even though the ensemble mean follows the observational value closely there still

exists significant spread among CMIP5 model mean cloud ice simulation.

Cloud Ice mean climate and seasonal difference correlations are weak in the high and

moderate in the mid level clouds (Figure 4.8(b) and (c)) possibly because of the offsetting signs of
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ice variation in the middle and upper troposphere as shown in Figure 4.5(d). In these levels,
removing large contributions from outlier points further weakens the relationship. The correlation
is very strong in case of low clouds (Figure 4.8(d)), and it is the ice change in low clouds that is
responsible for the high correlations in total column ice change in Figure 4.8(a) Ensemble model
mean cloud ice agrees well with observation in the mid-level but appears to be slightly
overpredicted for the high- and low- clouds.

However, the models continue to show a large spread all around the mean value for mid-
level clouds while for the low clouds majority of the models overpredict cloud ice content. The
spread in mean climate values is somewhat smaller for the high level clouds except for the
previously mentioned set of six IPSL and GISS models. While IPSL model cloud ice are
consistently high at all levels, GISS overpredicts mostly at high and low levels. It may be inferred
at this point that these models are responsible for the ensemble mean and observation discrepencies
in Figure 4.8(a) and (d).

The relationship between seasonal and climatological cloud ice changes is examined next
in the correlation plots of Figure 4.9(a)-(d). Both the total column and the high cloud ice seasonal
changes do not seem to be strongly correlated to their climatological counterpart, yet, the mid and
low level clouds exhibit very high correlation values. An intermodel discrepency in the sign of
change is seen for both seasonal and climatological difference in the total and high cloud ice. For
seasonal change in total column cloud ice (Figure 4.9a)), both the ensemble mean and observed
values (indicated by the pink dashed line) predict cloud reduction of comparable magnitude as do
a vast majority of the models. For the climatological change on the contrary, both total column
cloud ice increase and decrease appear to be prevalent among the models. This spread is largely
caused by the discrepencies in high clouds (Figure 4.9(d)). For ice in high clouds (Figure 4.9(b)),
climatological change exhibits unanimous increase but seasonal change values straddle between
positive and negative change. Observation and ensemble mean also differ in the sign of high cloud

ice change.

Seasonal change in mid level cloud ice (Figure 4.9(c)) in the models seem to show a very
small difference compared to observation. In the case of low clouds (Figure 4.9(d)), cloud ice

decreases both seasonally and climatologically while the seasonal reduction is somewhat
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overpredicted by a majority of the models as compared to the observed value. This compensates
for overprediction of mean cloud ice increase by models seen in Figure 4.8(b) for high clouds.

In the description of vertical sections of cloud ice change in Figure 4.5 and Figure 4.6, it
had been discussed that the sign of seasonal and climatological differences abruptly change in the
upper reaches of the atmosphere. The height at which this transformation takes place however
varies from latitude to latitude, seasonal change to climatological change, and p from one model
to the other as well. Therefore, a rigid compartmentalization into low, mid and high clouds may
not bring out the significant features of the cloud ice difference profile as is reflected in the low

correlation values obtained above.

The alternating pattern of cloud ice changes in the mid-latitudinal belt warrants a separate
treatment for the ice reduction and ice increase regimes. At each latitude the pressure level at which
the change in cloud ice flips sign is recorded. This level marks the upper boundary of the cloud
reduction region and the base for the cloud increase region. Mass weighted cloud ice reduction
below the critical height and cloud ice increase above it are then computed for the entire belt for
each model. Symmetry in the pattern of both climatological and seasonal difference allows the
merging of NH and SH values. The correlation of model seasonal and climatological cloud ice
reduction in the lower mid-latitudinal column is shown in Figure 4.10(a). The covariability of
pattern seen in the vertical section plots are strongly affirmed by the high correlation coefficient
obtained here. Models with larger reduction of cloud ice in the seasonal variation also have larger
reduction in the climatological change. While the ensemble mean of ice reduction is close to the

observations, there is a large spread among the models.

Upon integration of the ice increase in the upper troposphere, very high correlation values
were also found between the seasonal variation and climatological variation as presented in Figure
4.10(b). A recomputation of the correlation in the scatter plot using Spearman’s method re-
affirmed the presence of relationship despite the model clusters in different parts of the plot.
Therefore, the interrelationship between seasonal and climatological changes in cloud ice, which
comprise of decrease in ice content through most of the vertical atmospheric column and increase

at the very high levels, is strongly established using this treatment.
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In the cloud decrease region, the ensemble mean of the models agrees well with the
observed changes although most models exhibit a cloud decrease value less than the observation.
What brings the ensemble mean up close to the observation is the high cloud ice change seen in
all three versions of the IPSL and GISS models. Based on the relation with climatological change,
models with very large (IPSL and GISS) and very small (most other models) ice change between
seasons also project larger and smaller climate changes in ice respectively. The observational value
here gives an estimate of the range of cloud reduction that may be expected in the future which is
larger than what most models predict. In the regime of cloud increase, model mean slightly
overestimates the magnitude of increase. In this region, the GFDL and GISS models predict much
larger cloud ice increase thus contributing to the ensemble mean and observation mismatch.

Magnitude of IPSL cloud ice increase does not appear to be as high as ice reduction.

Next, the presence of correlation between the seasonal ice change and mean ice values
among the models is investigated. In the reduction region, (Figure 4.10(c)), the mean cloud ice
amount was also found to co-vary with seasonal change thus translating the mean cloud ice biases
to seasonal and consequently climatological change projections. In the cloud increase region,
Figure 4.10 (d),the correlation was comparatively less, possibly due to the contribution from a
particular cluster of models. Computation of the Spearman correlation coefficient indicated that
the correlations were still high in this case. The IPSL models for example, do not simulate an
excess of seasonal increase, yet the mean cloud ice in the increase regions is quite high. The GISS
and GFDL models on the other hand exhibit very large seasonal difference which are not

proportionate to the model mean ice excesses.

In summary, high correlation is found between the seasonal variations and mean values of
cloud ice in the models. This seasonal variation is primarily driven by cloud ice in the low clouds.
There is also a very good correlation of the seasonal and climatological low-cloud ice variations.
The ensemble mean of the models captures the observed value of mean cloud ice and seasonal
variation, but the models display a wide array of differences. Models with the largest low-cloud
ice show the largest seasonal variation and largest reduction of cloud ice in the climatological

variation.
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4.4.2. Cloud Liquid

A quantitative analysis of the relationship between mean cloud liquid and its seasonal and
climatological variation for the total atmospheric column as well as for low-, mid- and high- cloud
levels was performed next. Figure 4.11(a)-(d) present the correlation scatter plots between mean
cloud liquid and its seasonal variation for various regions. For the total column cloud liquid, the
mean and seasonal changes do not display any interrelationship. As expected from the vertical
section comparisons, the ensemble model mean cloud liquid is overpredicted compared to the
observations. This is true not only of the total column cloud liquid but also for all the other cloud
levels. Absence of correlation is also seen at the low cloud levels while at the mid level
correlations are only slighlty better. However, this was also ruled out following the low correlation
coefficient obtained using Spearman method. The strong correlation at high cloud levels does not
hold much significance due to the scant presence of liquid clouds at those levels. It is also seen
that the seasonal variation of total cloud water is dominated by that of low clouds, for which no

relationship is found between the seasonal variation and mean value.

Even though the mean and the seasonal change in cloud liquid do not show any
relationship, their seasonal and climatological changes are still strongly correlated as displayed in
Figure 4.12(a)-(d). High correlation coefficients from linear fits are strong evidence of the seasonal
and climatological covariability for the total column as well as low-, mid- and high-cloud levels.
Despite the presence of outliers, correlation values computed using both Pearson and Spearman
correlation methods still agreed well with each other. The straddling of cloud liquid change values
between positive and negative sign is a significant feature in the total column correlation plot. It is
very likely a contribution from the lower and mid-cloud levels where models show dissent in the
nature of seasonal cloud liquid changes. In these levels, cloud liquid increase and decrease both
appear to be equally likely among the ensemble of models. Both the model mean and the observed
values however predict a small cloud liquid increase due to change in seasons, observed change

being further smaller in magnitude.

The total column cloud liquid change patterns are primarily dominated by the patterns in
low and mid cloud liquid changes as liquid clouds are more abundant there. In all three regions as

shown by the Figure 4.12(a),(c) and (d), majority of the models predicting increase due to seasonal
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change also predict long term climatological increase and vice versa. The magnitude of increase
in the models is typically larger than the observed increase which may be a consequence of the
high mean cloud liquid estimation in models. The model CMCC-CESM is a prominent outlier in
these plots predicting larger increases in both cases. Its behavior at mid and high levels are however

comparable to that of other models.

At the high cloud levels (Figure 4.12(b) and (c)), cloud liquid content increases both
seasonally and in the long term. At these levels, most of the models predict a change in magnitude
slightly less than the observation and exhibit a small spread about the model mean value. A few
outlier models are present in both cases but they are not common to the two regions. These outliers
increase the model mean values and contribute to their difference from observations. The key
findings from this section include the strong relation between seasonal and climatological changes
in cloud liquid, dissent among models in the sign of change although the model mean and
observation concur and finally model values of seasonal change exhibit a spread about the

observation with larger positive or negative magnitudes.

The difference in sign of cloud liquid change among models necessitates a closer look at
the vertical profiles of change to determine if there are intermittently sign changing patterns as
seen in the case of cloud ice. Examining the nature of variations in midlatitudinal belt in Figure
4.5, one may see that the atmospheric column can again be split into positive and negative tendency
regimes for both seasonal and climatological changes. These patterns are more prominent in the
case of ensemble model mean values than the observation but the overall nature of variation is the
same. A decreasing cloud liquid region is topped by a layer of increase that extends to the very top
of the atmospheric column. In the case of the models, a narrow belt of positive tendency is seen at
the bottom of the column which is very faint in the observations. This would be treated separately
in a later section. For the cloud liquid seasonal and climatological changes, the atmospheric
column is split into two parts, a reduction region at the bottom and an increase region at the top.
The boundary height that divides the two regions is determined separately for each model, at each
latitude and independently for seasonal and climatological changes. Mass weighted cloud liquid

change within each region is then computed for the models and observation.
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Figure 4.13 (a) and (b) display the correlation between seasonal and climatological cloud
liquid changes in these two regions while Figure 4.13 (c) and (d ) exhibit the correlation between

mean cloud liquid content in the specific regions with their analogous seasonal difference.

Cloud liquid seasonal and climatological changes in models show strong correlation in both
the liquid reduction and increase regions. Spearman’s rank correlation coefficients show slightly
lesser values than the Pearson correlation coeffcients, however all the relationships are still
significant at the 1% level. Correlation appears to be better for the increase regimes as opposed to
reduction regimes as seen for cloud ice changes. Large seasonal cloud liquid changes in the model
CMCC-CESM which also forecasts large climatological cloud liquid increase likely contributes to
the high correlation value. In the cloud liquid reduction regions, the models bcc, CCSM4, CESM1-
BGC, CSIRO-Mk and NorESM emerge as outliers displaying large cloud reductions seasonally.
These five models also exhibit a large mean cloud liquid bias in Figure 4.13(c) which translates
into large seasonal difference biases. Based on these relationships it may be deduced that the
seasonal changes in cloud liquid covaries with their long term climatological changes such that the
biases in cloud liquid seasonal change predictions carry over to the future projections of cloud
liquid. Model overprediction of both seasonal cloud liquid increase and decrease as compared to
observations is evident from the Figures. Thus, models are over sensitive to warming in terms of
change in cloud liquid amount. Since this is a direct comparison of the models and observational
values, the differences may be more exaggerated than they truely are. However, basic signatures
of model overprediction of cloud liquid at the mid-latitudes based on analysis of satellite simulator
output have also been seen in the past (Cesana and Chepfer, 2013). Correlation between mean and

seasonal change in cloud liquid are also quite robust based on Figure 4.13(c)and (d).

The presence of a narrow belt of cloud liquid increase near the base of the atmosphere was
detected in the seasonal cloud water change sections. A modified zonewise segregation of the
atmospheric column into two regions was done to incorporate this layer. Correlation within this
modified layer, which comprises the cloud decrease regions as well as the cloud increase in the
surface layer is shown in Figure 4.14(b) compared with the correlation plot for only cloud liquid
reduction region as before in Figure 4.14(a). The result is a two-fold improvement in both strength
of correlation as well as proximity of model mean to observed values. This indicates that models

have a tendency of being oversensitive to warming in terms of cloud water reduction accompanied
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by a conspicuous cloud water increase at the very low levels. The combination of the two,
involving some degree of compensation, is however close to the changes in observation under

similar warming conditions.

In summary, the seasonal and climatological cloud water changes are dominated by those from
low and mid level clouds. There is no systematic relationship between the seasonal variations of
liquid water and the mean values among the models, but there is a strong positive relationship
between the climatological variations and seasonal variations. The ensemble means overpredict
the magnitudes of cloud increases in the middle troposphere and reductions in the low troposphere,
with the net effect of overprediction of the cloud water increase. Models differ from each other in

the sign of total cloud water change both seasonally and climatologically.

4.4.3. Total Cloud Hydrometeors

Seasonal and climatological changes in mid-latitudinal total cloud hydrometeors were also
analyzed to check for the presence of correlations. Total cloud hydrometeor, computed as the sum
of cloud ice and cloud liquid content, provides a more realistic estimation, particularly at low- and
high-cloud levels, where either water or ice clouds are scarce. As expected, cloud hydrometeor
correlations at low-level are dominated by cloud water contribution while cloud ice dominates at
higher levels. The correlation between mean cloud hydrometeor and its seasonal variability for the
total column and the high, mid and low level clouds are shown in Figure 4.15(a)-(d), while the
corresponding plots showing seasonal and climatological co-variability are presented in Figure
4.16(a)-(d). The large bias between observation and ensemble model average value of mean

hydrometeor seen in all the cases, originates from cloud water biases discussed before.

Mean hydrometeor values do not appear to correlate well with their seasonal changes
except at the mid-cloud levels. This is because the major contribution to the total column value
comes from the low level clouds which in turn exhibit a poor correlation for liquid water as
discussed before. Nevertheless, high correlation is still seen in the case of the seasonal and climate
change across the whole column and at low and mid-cloud levels, which is consistent with the

findings in the previous two sections about this relationship and the dominance of lower
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tropospheric clouds. Slightly reduced correlation coefficients obtained using Spearman’s method

are still significant at 1% level.

Model biases in seasonal change are mostly restricted to the upper atmosphere, i.e, mid-
and high-levels which possibley owes its origin to the reversal of the sign of change as was seen
in the case of cloud ice and water individually. The seasonal change ensemble average in case of
low clouds is much closer to the observed value, however, the model points are widely scattered
around the average. Therefore, it is difficult to envision any kind of collective behavior of the

models with respect to observations.

A note may be made at this point about the performance of the model CMCC-CESM whose
low cloud water and consequently low cloud hydrometeor values appear to be far removed from
all the other models. A closer inspection of both seasonal and climatological cloud water difference
sections for this model reveals the presence of strong positive tendencies at the lower altitudes of
mid-latitudinal belt in both northern and southern hemispheres. This contributes to comparatively
larger positive values for CMCC-CESM in both x- and y-axes. However, since this feature is seen
to be present in both its climatological and seasonal difference alike, this point is not discarded as

an outlier.

The ensemble average over the models for high-level clouds indicate that most of the
models predict a positive seasonal change in hydrometeors, while the observation shows a negative
value far removed from all of them. To resolve these issues, cloud hydrometeor vertical section
was also split into separate negative and positive tendency regions. This established a higher
degree of correlation both between the mean climate and seasonal variability as also seasonal and
climatological changes in regions of cloud hydrometeor reduction (Figure 4.17(a) and (c)). In the
regions of positive tendency (Figure 4.17(b) and (d)), typically higher than about 400hPa, the
relationships are not very strong. Also, biases in these sections are larger than those in cloud

reduction regions.

Based on the high values of correlation, cloud hydrometeor reduction regions are more
interesting in terms of examining the biases they exhibit and analyzing how these biases would
express themselves in the long term. In Figure 4.17(a), the model mean only slightly overshoots

the observation, but, the models in general predict much larger as also much smaller values of
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change. Among the models that predict larger change, few were outliers in case of cloud ice (IPSL
and GISS) and few others (CCSM4, CESM-BGC etc) in case of cloud water. While, the cloud ice
outliers predicted both increased reduction and increased growth, the cloud water outliers that
predicted increased reduction did not stand out in terms of the amount of water increase. Here, for
cloud hydrometeors, models with large reduction do not have consequent large decrease along the
lines of cloud liquid.

4.5. Co-variability of area and intensity of hydrometeor change

An investigation into the nature of cloud ice and liquid change that correlates with its
climatological analogue was also conducted. The aim was to determine if it was the change in area
of cloud ice/liquid or the change in cloud ice/liquid density that contributed more to the observed
correlations. Within each of the cloud reduction and increase regions, the total number of pressure-
latitude gridboxes and the sum of the total value of change in cloud hydrometeor was computed.
The number of grids gave an estimation of the area of cloud ice/liquid reduction or increase while
the ratio of total amount of change to number of grid box would give a measure of the density of
hydrometeor change. These plots are shown in Figure 4.18, Figure 4.19 and Figure 4.20 for cloud
ice, liquid and total hydrometeors.

In the case of cloud ice, both the area of cloud ice decrease as well as the average reduction
amount correlate well. The average cloud ice growth however correlates better than the area of
growth. For cloud liquid and cloud hydrometeors, the areas of reduction and increase correlate
better than the intensity of growth or reduction per grid box. Therefore, the intermodel differences
and the correlations between seasonal and climatological changes are primarily caused by the area

rather than the intensity in the zonally averaged distributions.

4.6. Summary

Zonally averaged pressure-latitude sections of seasonal and climatological differences in

both cloud ice and liquid revealed significant similarities in pattern in the mid-latitudinal belt. They
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were characterized by the presence of negative tendencies at the lower atmosphere with positive
tendency regions above it. A detailed investigation of correlations between the mean, seasonal
difference and climatological changes in cloud hydrometeors was carried out using CMIP5 model

runs for 25 models. The important results from this study are summarized below :

1. Mean cloud ice, their seasonal difference and their long term climatological changes are all
well-correlated for the low and mid clouds. Observed mean and seasonal change values match
well with the ensemble model mean even though models themselves exhibit a larger spread of
values about the mean. Division of the total atmospheric column into cloud ice increase and
reduction zones further improved these relationships. Models simulating larger mean cloud ice
amounts predict larger seasonal as well as climatological decrease in ice in the lower
troposphere regions. In the layers above, seasonal and climatological increases in cloud ice are
also well correlated with models slightly overestimating the seasonal increases compared to

observations.

2. Mean cloud liquid and their seasonal change do not show any relationship as in the case of
cloud ice. However, their seasonal and climatological changes are well-correlated particulaly
at the low and mid cloud levels. Models simulate both negative and positive changes in cloud
water seasonally with the ensemble mean concurring with the observed seasonal increase in
cloud water. Models are over-sensitive to warming in terms of their cloud water change, which
is more negative in the reduction regions and more positive in the increase regions as compared

to observation.

3. Seasonal and Climatological variations in cloud hydrometeors are well correlated particularly
in the hydrometeor reduction regions in lower troposphere. The correlations are found to be
more due to the area of change rather than the intensity of change in cloud hydrometeors
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Figure 4.1 : Zonally averaged vertical pressure-latitude section of (a) mean cloud ice, (b) mean cloud
liquid and (c) mean cloud hydrometeor (mass fraction percentage in air multiplied by 10%) from
July,2006 to June,2009 using C3M observation dataset.
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Figure 4.2 : Zonally averaged vertical pressure-latitude section of (a) mean ice cloud fraction and (b)
mean liquid cloud fraction from 2006-2010 using CALIPSO-GOCCP dataset.
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Figure 4.3 : Zonally averaged vertical pressure-latitude section of (a) mean cloud ICE, (b) mean cloud

LIQ and (c) mean cloud Hydrometeor (mass fraction percentage in air multiplied by 10%) from
July,2006 to June,2009 using ensemble mean over RCP8.5 runs of 25 CMIP5 models.
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CESANA AND CHEPFER: CALIPSO-GOCCP CLOUD THERMODYNAMIC PHASE
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Figure 4.4 : Adapted from Figure 7 from a study by Cesana and Chepfer. The first two columns show
the vertical distribution of cloud ice and cloud liquid phase clouds for the months of Jan, Feb and
March, in CALIPSO-GOCCP observations(first row), in COSP-Lidar simulator from GCM (second
row) and directly from LMDZ GCM (third row)(Cesana and Chepfer, 2013).
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Figure 4.5 : Zonally averaged pressure-latitude section of seasonal difference (JJA - DJF) between July, 2006 -
June, 2010 in observed (a) Cloud ICE, (b) Cloud LIQ, and (c) Cloud HYD (mass fraction multiplied by 10°)
and model mean values over RCP8.5 runs of 25 CMIP5 models in (d) Cloud ICE, (e) Cloud LIQ, and (f) Cloud
HYD. Seasonal differences in SH have been reversed in sign.

60



@ Ensemble Mean CLOUD—ICE CLIMATE DIFF,

200
o 400
a
£
1%
@ 600
(=4
a
800
1000 L L L L L L L L L L L L L
&0S 3as EQ 3aN 60N
LATITUDE
——
-1 -0.75 0.5 -025 -015 -0.05 0 0.05 0.15 0.25 0.5 0.75 1
(b) Ensemble Mean CLOUD-LIQ CLIMATE DIFF,
200
o 400
o
£
8 o0
i3
a .
S~ ("
1000 L L L L L L L L L L L L L
&0S 3as EQ 3aN [o]]
LATITUDE
-1 075 05 -025 015 -005 0 0.05 015 025 0.5 0.75 1
(c) Ensemble Mean CLOUD-HYD CLIMATE DIFF,
200
<~ 400
a
£
ul
& e00
[ia
a

800

T o S\
1000 ; P Y S S — :
60S 308 £Q 30N 60N

LATITUDE
T

=0 -0.75 0.5 025 -0.15 -0.05 0 005 015 025 0.5 0.75 1

Figure 4.6 : Ensemble mean zonally averaged pressure-latitude section of climatological difference
(between 2010-19 and 2090-99) in (a) Cloud ICE, (b) Cloud L1Q and (c) Cloud HYD (mass fraction
multiplied by 10°) over RCP8.5 runs of 25 CMIP5 models.
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Figure 4.7 : Zonally averaged pressure-latitude section of Normalized (a) ensemble mean
climatological difference in total cloud Hydrometeors (mass fraction multiplied by 10°) between 2010-
19 and 2090-99 using RCP8.5 runs of 25 CMIP5 models (b) ensemble mean cloud Hydrometeor
difference between amip (control) and amip4K (perturbed) runs over 12 models and (c) between
amip(control) and amipFuture (perturbed) runs over 11 models between 1990-1999.
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Figure 4.8 : Scatter plots showing the relationship between Temperature normalized Mass-weighted
Seasonal change (y-axis) in kg/m?/K and Mass-weighted Mean values (x-axis) in kg/m? of mid-
latitudinal cloud ICE mass fraction (*102) for 25 CMIP5 models (key in Figure 3.6) in the (a) Total
cloud column, (b) High-level clouds (440hPa and above), (¢) Mid-level clouds (680 hPa -440 hPa) and
(d) Low-level clouds (below 680 hPa). Grey solid line is the linear regression fit. Observed values of
Mean and Seasonal change in cloud ICE are represented by pink crosses. Correlation coefficient values
(Black: Pearson; Blue: Spearman) are indicated at the top right corner of each figure. Zero x- and y-

axes included as blue dashed lines.
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Figure 4.9 : Scatter plots showing the relationship between Mid-latitudinal Temperature normalized
Mass-weighted Seasonal change (y-axis) and Climatological difference (x-axis) in kg/m%K in cloud
ICE mass fraction (multiplied by 100) for 25 CMIP5 models (key in Figure 3.6) in the (a) Total cloud
column, (b) High-level clouds (440hPa and above), (c) Mid-level clouds (680 hPa -440 hPa) and (d)
Low-level clouds (below 680 hPa). Grey solid line is the linear regression fit. Observed values of
Seasonal change in cloud ICE are represented by pink horizontal lines. Correlation coefficient values
are indicated at the top right corner of each figure. Zero x- and y-axes are included as blue dashed lines
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Figure 4.10 : Scatter plots showing the relationship between Temperature normalized Mass-weighted
Seasonal change (y-axis) and Climatological difference (x-axis) in kg/m%K in mid-latitudinal cloud
ICE mass fraction (multiplied by 100) for 25 CMIP5 models (key in Figure 3.6) in the corresponding
layers of (a) Cloud ICE reduction and (b) Cloud ICE Increase respectively, and, between Mass-
weighted Mean Cloud ICE mass fraction (x-axis) in kg/m? and Seasonal change (y-axis) in the layers of

(c) Seasonal Cloud ICE reduction and (b) Seasonal Cloud ICE Increase. Grey solid lines represent the
linear regression fit. Dashed blue lines indicate the zero x- and y-axes while Correlation coefficients

(Black: Pearson; Blue: Spearman) are noted at top right corner in each plot. Observed CICE indicated

by pink dashed line in (a),(b) and pink cross in (c),(d).
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Figure 4.11 : Scatter plots showing the relationship between Temperature normalized Mass-weighted
Seasonal change (y-axis) in kg/m?/K and Mass-weighted Mean values (x-axis) in kg/m? of mid-
latitudinal cloud L1Q mass fraction (*10%) for 25 CMIP5 models (key in Figure 3.6) in the (a) Total
cloud column, (b) High-level clouds (440hPa and above), (c) Mid-level clouds (680 hPa -440 hPa) and
(d) Low-level clouds (below 680 hPa). Grey solid line is the linear regression fit. Observed values of
Mean and Seasonal change in cloud LI1Q are represented by pink crosses. Correlation coefficient values
(Black: Pearson; Blue: Spearman) are indicated at the top right corner of each figure. Zero x- and y-

axes included as blue dashed lines.
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Figure 4.12 : Scatter plots showing the relationship between Mid-latitudinal Temperature normalized
Mass-weighted Seasonal change (y-axis) and Climatological difference (x-axis) in kg/m%K in cloud
LIQ mass fraction (multiplied by 100) for 25 CMIP5 models (key in Figure 3.6) in the (a) Total cloud
column, (b) High-level clouds (440hPa and above), (c) Mid-level clouds (680 hPa -440 hPa) and (d)
Low-level clouds (below 680 hPa). Grey solid line is the linear regression fit. Observed values of
Seasonal change in cloud LIQ are represented by pink horizontal lines. Correlation coefficient values
are indicated at the top right corner of each figure (Black: Pearson; Blue: Spearman). Zero x- and y-
axes are included as blue dashed lines.
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Figure 4.13 : Scatter plots showing the relationship between Temperature normalized Mass-weighted
Seasonal change (y-axis) and Climatological difference (x-axis) in kg/m%K in mid-latitudinal cloud
LIQ mass fraction (multiplied by 100) for 25 CMIP5 models (key in Figure 3.6) in the corresponding
layers of (a) Cloud LIQ reduction and (b) Cloud LI1Q Increase respectively, and, between Mass-
weighted Mean Cloud LIQ mass fraction (x-axis) in kg/m? and Seasonal change (y-axis) in the layers
of (c) Seasonal Cloud LIQ reduction and (b) Seasonal Cloud LI1Q Increase. Grey solid lines represent
the linear regression fit. Dashed blue lines indicate the zero x- and y-axes while Correlation coefficients
(Black: Pearson; Blue: Spearman) are noted at top right corner in each plot. Observed CLIQ indicated
by pink dashed line in (a),(b) and pink cross in (c),(d).
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Figure 4.14 : Scatter plots showing the relationship between Temperature normalized Mass-weighted
Seasonal change (y-axis) and Climatological difference (x-axis) in kg/m%K in mid-latitudinal cloud
LIQ mass fraction (multiplied by 100) in the corresponding (a) layers of Cloud LI1Q reduction and (b)
modified Cloud LI1Q reduction with small layer of increase at the bottom. Grey solid lines represent the
linear regression fit. Dashed blue lines indicate the zero x- and y-axes. Observed CLIQ indicated by
pink dashed line while Correlation coefficients (Black: Pearson; Blue: Spearman) are noted at top right
corner in each plot.

69



(a)

(©

Normalized CHYD Seasonal Diff. (kg m'zK'l)

Normalized CHYD Seasonal Diff. (kg m'zK'l)

1.0
0.8
0.6
0.4
0.2

0.0

-0.2
-0.4
-0.6

-0.8

0.2

0.1

0.0

-0.1

-0.2

-0.3

Total Column

[ r=0.44
I °
I
I
I
| *
|__AA_'_0‘_6 R
x = v
]
® 9
o

I
I
I
I
|
0

10 20 30 40 50
Mean CHYD (x10%) (kg m™)
Mid Cloud Level

r=0.70

2 4 6 8 10 12 14 16

Mean CHYD (x10?) (kg m™)

(b)

(d)

Normalized CHYD Seasonal Diff. (kg m2K™)

Normalized CHYD Seasonal Diff. (kg m'ZK'l)

0.00 1

0.8

0.6

0.4

0.2

0.0

-0.2

-0.4

High Cloud Level

[ r=0.04

I

| A

I

| vy 8

I [ ]

I -]

®

[ ‘57* .

(4 v ® v
_+_ _____ _ Y

|4 °

| x

0 2 4 6 8 10 12 14 16

Mean CHYD (x10%) (kg m)
Low Cloud Level

-0.6

[ re0.01

[

[

[

[

| e .
A & %

| x @

I Altvv

| . 8

|

0

5 10 15 20 25 30

Mean CHYD (x10?) (kg m™)

Figure 4.15 : Scatter plots showing the relationship between Temperature normalized Mass-weighted

Seasonal change (y-axis) in kg/m?/K and Mass-weighted Mean values (x-axis) in kg/m? of mid-

latitudinal cloud HYD mass fraction (*10?) for 25 CMIP5 models (key in Figure 3.6) in the (a) Total
cloud column, (b) High-level clouds (440hPa and above), (c) Mid-level clouds (680 hPa -440 hPa) and
(d) Low-level clouds (below 680 hPa). Grey solid line is the linear regression fit. Observed values of
Mean and Seasonal change in cloud HYD are represented by pink crosses. Correlation coefficient
values are indicated at the top right corner of each figure. Zero x- and y-axes included as blue dashed

lines.
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Figure 4.16 : Scatter plots showing the relationship between Mid-latitudinal Temperature normalized
Mass-weighted Seasonal change (y-axis) and Climatological difference (x-axis) in kg/m%K in cloud
HYD mass fraction (multiplied by 100) for 25 CMIP5 models (key in Figure 3.6) in the (a) Total cloud
column, (b) High-level clouds (440hPa and above), (c) Mid-level clouds (680 hPa -440 hPa) and (d)
Low-level clouds (below 680 hPa). Grey solid line is the linear regression fit. Observed values of
Seasonal change in cloud HYD are represented by pink horizontal lines. Correlation coefficient values
are indicated at the top right corner of each figure (Black: Pearson; Blue: Spearman). Zero x- and y-
axes are included as blue dashed lines
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Figure 4.17 : Scatter plots showing the relationship between Temperature normalized Mass-weighted
Seasonal change (y-axis) and Climatological difference (x-axis) in kg/m%K in mid-latitudinal cloud
HYD mass fraction (multiplied by 100) for 25 CMIP5 models (key in Figure 3.6) in the corresponding
layers of (a) Cloud HYD reduction and (b) Cloud HYD Increase respectively, and, between Mass-
weighted Mean Cloud HYD mass fraction (x-axis) in kg/m? and Seasonal change (y-axis) in the layers
of (c) Seasonal Cloud HYD reduction and (b) Seasonal Cloud HYD Increase. Grey solid lines represent
the linear regression fit. Dashed blue lines indicate the zero x- and y-axes while Correlation coefficients
are noted at top right corner in each plot. Observed CHYD indicated by pink dashed line in (a),(b) and

pink cross in (c),(d).
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Figure 4.18 : Scatter plots showing the relationship in mid-latitudinal belt between fraction of total
number of pressure—latitude grid boxes (expressed in %) with Cloud ICE (a) increase and (b) reduction
seasonally (y-axis) and climatologically (x-axis), and average cloud ICE mass fraction (c) increase and

(d) reduction in each grid box seasonally (y-axis) and climatologically (x-axis) using 25 CMIP5
models. Solid gray line represents linear regression fit to the data and dashed blue lines indicate the
position of zero x-and y-axes. Observation indicated by pink dashed line. Correlation coefficients
(Black: Pearson; Blue: Spearman) are noted at top right corner in each plot. Changes in average mass

fraction of cloud ICE have been multiplied by 100.
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Figure 4.19 : Scatter plots showing the relationship in mid-latitudinal belt between fraction of total
number of pressure—latitude grid boxes (expressed in %) with Cloud LIQ (a) increase and (b) reduction
seasonally (y-axis) and climatologically (x-axis), and average cloud L1Q mass fraction (c) increase and

(d) reduction in each grid box seasonally (y-axis) and climatologically (x-axis) using 25 CMIP5
models. Solid gray line represents linear regression fit to the data and dashed blue lines indicate the
position of zero x-and y-axes. Observation indicated by pink dashed line. Correlation coefficients

(Black: Pearson; Blue: Spearman) are noted at top right corner in each plot. Changes in average mass
fraction of cloud LIQ have been multiplied by 100.
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Figure 4.20 : Scatter plots showing the relationship in mid-latitudinal belt between fraction of total
number of pressure—latitude grid boxes (expressed in %) with Cloud HYD (a) increase and (b)

reduction seasonally (y-axis) and climatologically (x-axis), and average cloud HYD mass fraction (c)
increase and (d) reduction in each grid box seasonally (y-axis) and climatologically (x-axis) using 25
CMIP5 models. Solid gray line represents linear regression fit to the data and dashed blue lines indicate
the position of zero x-and y-axes. Observation indicated by pink dashed line. Correlation coefficients
(Black: Pearson; Blue: Spearman) are noted at top right corner in each plot. Changes in average mass
fraction of cloud HYD have been multiplied by 100.
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Chapter 5

Inter-Annual Variability in Tropical Clouds and their
Relation with Climate Change

To simulate the transition from a cold climate regime to a warmer one, which could serve
as a suitable emergent constraint in the tropical belt, a new approach had to be formulated as
tropical seasonal variability was ruled out previously. A temporal regime transition, wherein, the
difference in clouds between relatively warm and cold years are computed and compared with the
projected climate change was thus effected. Correlation between this inter-annual variability of
cloud fraction and cloud hydrometeors with their climatological analogue has been established in
this chapter. Further, satellite observations of cloud fraction were used to evaluate model biases in

regions of high correlation.

5.1. Data and Models

Inter-annual difference in cloud variables (cloud fraction, cloud ice and cloud liquid) have
been computed using model data from the historical runs of CMIP5 starting from the year 1980 to
2005. These have been compared with model projected climate change, between the decades 2010
- 2019 and 2090 - 2099. The long-term projected changes in variables have been calculated using
RCP8.5 scenario runs. Based on the availability of historical and RCP8.5 data sets, cloud products

from 25 models (listed in Table 1) participating in CMIP5 have been used.

Satellite cloud product from ISCCP D2 which was available from July, 1983 to December,
2009 was used for constraining results from models. Surface temperature from ECMWF was used

to determine the five warmest and coldest years in the span of 26 years from 1980 to 2005 for
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computing observed inter-annual difference. Even though the ISCCP dataset began from 1983,
that did not pose a problem as because, the years 1980 — 1982 did not belong to either of the

selected warmest or coolest five years.

C3M model data from 2006-2010 was used to prepare mean cloud climatology in the

tropical belt for exhibiting the distribution of high and low clouds in different geographical regions.

5.2. Inter-annual variability of clouds and Climate change

For the tropical belt, which was chosen to extend from 30°S to 30°N latitudes, inter-annual
variability of surface temperature was used to represent a climatic shift from a relatively cold to a
warm regime. Starting from the year 1980 to 2005 the annual mean surface temperature in the
tropical belt was computed, based on which five of the warmest and five of the coldest years were
selected for each model. Since such a long time frame (26 years) in itself might include effects of
climate warming, temperature data from each model had to be detrended by removing the linear
fit to the temperature time-series from each point. Difference in cloud properties between the
selected warm and cold years for each model was then calculated. The cloud properties for each
grid box were also detrended to eliminate the possibility of climate warming signatures interfering
with the results. The resultant change in cloud response between the warm and the cold years was

then compared with long term climatological cloud changes.

Figure 5.1(a) and (b) respectively show the zonally averaged vertical section of ensemble
mean inter-annual cloud fraction change and the climatological cloud fraction difference in the
tropical belt. The range of temperature change in the case of interannual difference (~0.4K) is
much smaller than that for climatological change (~3K on an average) as well as seasonal changes
(~10 - 12K) considered in the previous chapter. This is reflected in the order of magnitude of cloud
differences resulting from these transitions. Disregarding the actual magnitude of variation, cloud
fraction change patterns in Figure 5.1(a) and (b) show noticeable similarities with each other. A
strong negative tendency could be seen near the top with the appearance of an eye-like structure

capped in both cases by a layer of positive tendency. In addition, a narrow positive column over
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the equator is a common feature, although, for the climatological change the positive tendency
column gets intercepted by patches of negative tendency.

Relationship between inter-annual and climatological changes in cloud hydrometeors was
investigated next. The ensemble mean sections of detrended inter-annual cloud ice and liquid
variation and their climate change counterparts are shown in Figure 5.2(a) — (d). Total cloud
hydrometeor changes obtained by summing the differences in cloud ice and cloud liquid content
are presented in Figure 5.3. The inter-annual and climatological hydrometeor change sections
show interesting similarities reflecting almost the same patterns as observed in the case of cloud
fraction. The presence of a positive column at the centre with negative tendencies spread out on
either sides is seen in both. For the climatological change however, the central positive column is

again interspersed by negative patches which is absent in the inter-annual difference profile.

Although the vertical profiles of cloud fraction and cloud hydrometeor differences establish
that there are some agreements between the inter-annual variation and long term climate change
in these variables a continuous or uniform pattern of variability does not emerge. To support the
assumptions of covariability between them, and also obtain a clear perception of the pattern of
variance, a correlation contour plot was constructed. In each pressure-latitude grid box, the model
spread in inter-annual change in cloud fraction was correlated with the model spread in
climatological change. The correlation coefficient from the linear regression fit at each grid was
then used to plot the correlation contours in Figure 5.4(a). Regions with significant covariance at
the 5% level are indicated using hatched lines in these plots. Unlike the case of seasonal difference,
the patterns of covariability although present are quite disorganized. High positive correlation can
be seen in most regions above 400hPa pressure level. Positive correlation also exists along a tilted
column about the equator and extensive areas of lower subtropical atmosphere. The scattered
patches of negative correlation however makes it difficult to eliminate them and delineate a zone
of exclusive positive covariability. A similar exercise with total cloud hydrometeor changes
produced the correlation contour plot shown in Figure 5.4(b). The climatological and inter-annual
cloud hydrometeor differences appear to correlate even better than total cloud fraction as seen from
the larger patches of high correlation regions. Above 400 hPa pressure level, the correlations are
strongest. Subtropical lower atmospheres particularly in SH show strong relationship as well. The

correlation contours demonstrate that inter-annual variability of cloud variables does have
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significant relation with the climatological changes, although the patterns of co-variability are not

continuous and well defined.

Based on the correlation contours of both cloud fraction and cloud hydrometeors, three
different vertical zones enclosing high correlation regions were selected. The first zone included
all pressure levels above 400 hPa, the second zone included those layers between 850-600 hPa and
the third was a surface layer from 925hPa to ground level. Scatter plots showing the correlations
between inter-annual variability and climatological changes in cloud fraction and cloud
hydrometeors in these three zones are shown in Figure 5.5. For these scatter plots, the total sum of
cloud fraction and cloud hydrometeor change in the selected pressure-latitude grid boxes were
used.

The following conclusions were made from this analysis : Inter-annual variability in cloud
fractions are well correlated with their climatolgical changes in the mid-atmospheric layers
between 850-600 hPa. In this layer both the climate transitions result in cloud reduction which is
reported by majority of the models. However, the range of reduction values still shows a wide
spread which is also seen in case of climate projections. Strong correlations are also seen between
cloud fraction changes in the surface layer (Zone — 3). However, in this case the models show
dissent in the sign of cloud change with the ensemble mean predicting cloud reduction in both
inter-annual and climatological variations. For cloud hydrometeors, best correlation is also found
in the mid-atmospheric layer with the ensemble mean showing small decreases inter-annually and
climatologically. The models individually show a wide spread both in magnitude and sign. In
Zone-1, above 400 hPa, which is typically the region of high clouds, the correlations are stronger
for cloud hydrometeors which increase both inter-annually and climatologically. Cloud fraction
shows decrease in these levels as well as the mid-levels with mixed signs near the surface. The
presence of strong relationship between inter-annual and climatological changes in clouds,
particularly at the mid-atmospheric levels, create the possibility of constraining the large spread in
model clouds using observed values which will have implications for the climatological cloud
changes in the tropical belts.
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5.3. Comparison with Observations

The similarities seen in the vertical difference sections of cloud properties and the
qualitative study of their correlation values in the previous sections supports the viability of using
interannual difference as a mimic of climatological changes in the tropical belt. The observation
dataset, ISCCP, provides total cloud fraction values for the entire atmospheric column rather than
a three-dimensional cloud field. Therefore, for this part of the analysis, total cloud product
(CLTOT) from the CMIP5 models were used for comparison with observation. Cloud hydrometeor
observational data was not available over such a long time range and thus could not be used in

investigations of model bias.

Figure 5.6(a) displays the correlation contours of model total cloud product inter-annual
variability and climatological change in the tropical belt (30°N —30°S). In this figure, each latitude-
longitude grid point represents the correlation coefficient between model spread in values of inter-
annual total cloud fraction change and its analogous long term climate change in that grid. Regions
with significant correlation above the 5% significance level are identified with hatched lines in the
contour maps. From this contour map, several regions of significant positives correlations can be
identified, especially in parts of equatorial Pacific and Pacific coast of South America extending
into south eastern Pacific Ocean. Next, it was examined if model biases in inter-annual variability
of clouds in the observed regions of high co-variability could translate into model projections of
long term cloud fraction change. For this, three different regions that exhibited a preponderance of
either deep clouds or low clouds and also exhibited significant correlation in Figure 5.6(a) were
chosen. These are outlined using black rectangular boxes in the correlation map. Figure 5.6(b) and
(c) show the geographical distribution of climatological mean low and high clouds that were used
to select the regions of interest analyzed in this section. Region-1 (3°S — 1.5°N; 102°E — 112°E) is
the deep convection region of tropical west Pacific showing dominant presence of high clouds.
Region-2 (0.5°N — 10°N; 240°E — 280°E), in east equatorial Pacific is a region showing high co-
variability and exhibits presence of low clouds overlaid with high clouds. Region-3 (30°S — 15.5°S;

278°E — 290°E) in south east Pacific has an abundance of low clouds.

Within each of these regions the mean cloud fraction difference is computed for inter-

annual (x-axis) and climatological (y-axis) changes and a scatter plot showing the interrelationship
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between the two is obtained. The corresponding scatter plots for Regions-1, 2 and 3 are shown in
Figure 5.7(a), (b) and (c) respectively. ISCCP observational value of total cloud inter-annual
variation is shows in these plots using a pink vertical line. Correlation coefficients for each scatter

plot are indicated at the top left hand corner.

In the deep cloud regions, (Region-1 and 2) ensemble mean inter-annual cloud changes are
of opposite sign. While the west pacific region sees a decrease in total clouds, the east pacific
region exhibits cloud increase. In both these cases however, the model mean under-predicts the
change in clouds inter-annually by almost the same margin. In Region-1, majority of the models
indicate cloud reduction both in the short term and into the future. The inter-annual reduction in
observation exceeds the model mean but lies within the range of model simulations. Based on the
relationship between the two, climatological reduction in clouds in these regions is also under-
predicted by the model mean in this region. In the case of Region-2, models simulate increase in
clouds both inter-annually and climatologically. Majority of the models and their mean however
fall short of the observed inter-annual variability. Using the strong relationship between inter-
annual changes and climate projection in this region, the models are found to underperform in

terms of their projected deep cloud increases.

In Region-3, which is mostly a low cloud region, the models show a dissent in the sign of
inter-annual cloud change. This is translated into the projected cloud changes as well which shows
a large spread in model values. The model mean and the observed cloud changes concur in the
magnitude and sign (cloud increase) of change although individual models show such a wide
spread. The observation indicates that the low cloud changes in these regions are small and positive
as opposed to the large cloud increases and reduction seen in many of the models. The projected
change in low clouds is also small and positive based on the interrelationship between inter-annual

variations and long term climate change.

A related study of inter-annual variability between the years before and after volcanic
eruption of Mt Pinatubo in 1991 was also carried out. Difference in cloud amount between the
years 1985-1990, representing warmer regime, and the years 1992-1993, representing colder years
due to aerosol loading from the volcanic emissions, was computed. The zonally averaged vertical

section of this inter-annual variability is shown in Figure 5.8. Although the profile shows some
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similarities with long term climatological cloud changes, analysis using scatter plots did not reveal
the presence of strong relationships between the two.

5.4. Summary

In this chapter, a relationship between tropical inter-annual variations in clouds and cloud
hydrometeors and their corresponding climatological changes were established. Analysis of

CMIP5 model results together with ISCCP observations led to the following important findings:

1) Investigation of the vertical section of cloud changes revealed the presence of strong
correlations in selected high, mid and near surface pressure belts. Cloud fraction shows reduction
in both the middle and upper atmospheres inter-annually as well as climatologically. The amount
of reduction exhibits a large spread among the models inter-annually that translates into their
projected changes. Model cloud hydrometeors show increase in upper layers and reduction in mid-
layers in both the short term and long term changes. These strong interrelationships exhibit the

possibility of observationally constraining the projected cloud changes in climate models.

2) Using ISCCP total column cloud observations, model performance in simulating inter-
annual cloud changes was evaluated in two different deep convective cloud regions and a region
with low level clouds. In both the deep cloud regions, the model mean underestimates cloud
changes compared to observation. Projected cloud climate changes in these areas are thus expected
to be aligned with those models that are more sensitive to warming. In the low cloud region, the
ensemble model mean agrees well with observed changes and may be used to constrain the
projected low cloud change to small positive values, but large differences are found among the

models for both interannual and climatological variations with opposite signs.
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Figure 5.1 Ensemble mean zonally averaged pressure-latitude sections of (a) Inter-Annual difference in
Cloud Fraction (%) and (b) Climatological difference in Cloud Fraction (%) in the tropical belt
between 30°S to 30°N latitudes.
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Figure 5.2 : Ensemble mean zonally averaged pressure-latitude sections of (a) Inter-annual difference
and (b) Climatological difference in Cloud ice content (mass fraction in air multiplied by 100) and (c)
Inter-annual and (d) Climatological difference in Cloud water content (mass fraction in air multiplied by
100) in the tropical belt between 30°S to 30°N latitudes.
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Figure 5.3 : Ensemble mean zonally averaged pressure-latitude section of (a) Inter-annual difference
and (b) Climatological difference in Cloud Hydrometeor content (mass fraction in air multiplied by
100) in the tropical belt between 30°S to 30°N latitudes.
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Figure 5.4 : Correlation contours representing the correlation coefficient between the values of Inter-
annual difference and Climatological difference at each pressure-latitude grid point in (a) Cloud
Fraction and (b) Cloud Hydrometeors for 25 CMIP5 models. Hatched lines indicate regions of
significant correlation (5% level)
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Figure 5.5 : Scatter plots showing the relationship between Inter-annual Change (x-axis) and
Climatological difference (y-axis) in cloud fraction for 25 CMIP5 models (listed with their symbols
later in Figure 5-7) summed over (a) Zone-1 (above 400hPa), (b) Zone-2 (between 850-600hPa)
and (c) Zone-3 (below 925 hPa). Grey solid line is the linear regression fit. Zero x- and y-axes are
included as blue dashed lines

87



[ | [—— ]
(a) I I I
-1 —075 -5 —-025 "] 0.25 0.5 0.75 1
Correlation Conteurs (CLTOT)

15

—-15 0
Sl— 0

[ — [ \ I I I [— |
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1
C3M Low CFRAC

n

(=]

0

|

(©)

[ — \ \ I I I [— ]
0 0.1 0.2 0.3 0.4 0.5 0.5 07 0.8 0.9 1

C3M High CFRAC

ED

=15 0
§1— 0

Figure 5.6 : (a) Correlation map constructed from correlation coefficients between model spread in
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correlation (5% level). Mean climatology of (b) Low and (c) High level clouds from C3M
observations (2006-2010) in the tropical belt. Rectangular boxes indicate the location of Region-1,
2 and 3 discussed in the text and are marked here as (1) (2) 3)
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Figure 5.7 : Scatter plots showing the relationship between Inter-annual (x-axis) and Climatological
difference (y-axis) in total cloud fraction for 25 CMIP5 models in (a) Region-1 (3°S — 1.5°N; 102°E —
112°E), (b) Region-2 (0.5°N — 10°N; 240°E — 280°E) and (c) Region-3 (30°S — 15.5°S; 278°E — 290°E)

Grey solid line is the linear regression fit. Observed values of Inter-annual total cloud change from

ISCCP represented by pink horizontal lines. Correlation coefficient values indicated at the top left
corner of each figure.
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Figure 5.8 : Ensemble mean zonally averaged pressure-latitude section of Inter-Annual difference
in Cloud Fraction (%) between years before and after Mt. Pinatubo eruption in 1991.
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Chapter 6

Constraining Mid-Latitude Cloud Radiative Forcing Change
in CMIP5 models

Climate models exhibit a large divergence in their predictions of long term climate changes
due to global warming. The principal cause behind this disagreement is the spread in model cloud
radiative response. Encouraged by the presence of strong relationship between the short term and
long term variations of clouds and their hydrometeor content in the mid-latitudinal belt, the
possibility of establishing similar patterns of co-variability between cloud radiative properties was
investigated. In this chapter, seasonal and climatological differences in mid-latitudinal short wave,
long wave and net cloud radiative forcing are examined for the presence of correlations. A study
of the interrelationship between changes in radiative forcing due to exclusively low-, mid- and

high-level cloud presence has also been attempted using CESM1_0_4 model runs.

6.1. Data and Models

Short-wave and long-wave cloud radiative forcing at the top of the atmosphere (TOA) for
16 CMIP5 models (listed in Table 3) were computed using radiative flux data from their RCP8.5
runs. Computation of seasonal differences between warm and cold seasons was restricted to the
years 2006-2010 (same as for cloud fraction and hydrometeors for continuity) while climatological

differences were calculated between the future decade, 2090-99, and the present, 2010-2019.

Net balanced TOA observational fluxes from the CERES EBAF-TOA product were used
for comparative studies of seasonal radiative forcing differences between 2006-2010. This data

was available as a part of Obs4MIPS dataset.
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The CESM 1_0_4 model was used to conduct offline radiation experiments (Neale et al.,
November 2012). Using single day runs, the profiles of cloud fraction, cloud ice and cloud liquid
content from the monthly averaged CMIP5 output of various models were used as input. The
resultant radiative flux output was recorded and analyzed as monthly mean radiation data
corresponding to the input cloud distribution. This methodology was used to generate 10 years of
present climate (2010-19) data, 10 years of future climate (2090-99) data and 4 years of data from
2006 to 2010 for the computation of seasonal differences for the same set of 16 CMIP5 models.

All GCM runs were forced by using climatological SST and sea ice values.

6.2. Seasonal and Climatological changes in CRF

Cloud radiative forcing (CRF) at the top of the atmosphere (TOA) simply represents the
difference in net radiative heating at the TOA between clear sky and cloudy conditions
(Ramanathan et al., 1989). In other words, it is the effect that the presence of clouds has, on the
radiative heating of the atmosphere. For computation of changes in net cloud radiative forcing (in
W/m?) both between seasons and between decades of time, the following relationship adapted from
(Cess et al., 1997) has been used,

ACRF = (Aa, — Aa)S + (AF, — AF).

Here, A represents the difference between two temporal regimes (warm and cold months
for seasonal and future and present decades for climatological) in albedo (a) and outgoing
longwave radiation (F) at the TOA while S stands for incoming solar radiation. The subscript ¢
indicates clear sky values to distinguish from their cloudy counterparts. The first term in this
expression represents change in short wave cloud radiative forcing (SWCRF) while the second
term represents long wave cloud radiative forcing (LWCRF) change. The advantage of using this
equation for SWCREF calculations is that it does not incorporate the contribution from changes in

solar insolation which has no significance in investigations of cloud radiative properties.

For computation of seasonal difference in SWCRF the above expression was modified as,
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computed by using mean values over three months for each year and then averaged over
four years. For the climatological difference, the following form of the relation was used on

monthly values averaged over ten years,

I:(ac Future — Xcpresent ) - (aFuture — Opresent ):I S(FutureJrPr esenty
2

Pairs of dataset, each representing the seasonal and climatological differences in SWCRF,
LWCRF and NetCRF were thus computed for each of the 16 CMIP5 models.

Figure 6.1(a)-(c) show the seasonal variation of SWCRF, NetCRF, and LWCRF
respectively from the Obs4MIPS observations. The corresponding ensemble mean seasonal
variation from the models are shown in Figure 6.1(d)-(f). Overall the model mean captures the
features in the observation well. However, for both SWCRF and LWCRF in SH, the models
overestimate CRF changes. This is more extensive for SWCRF. On the other hand, the observed
CRF increases seen in the NH ocean basins are under-predicted by model means. When the
seasonal changes are summed over in both the latitudinal belts, these errors compensate each other
so that the model mean appears to differ only slightly from the observed changes. Model mean
NetCRF values continue to show overestimation of increase in the SH mid-latitudinal belt and
slight under-prediction in the NH reflecting the features of SWCRF and LWCRF change patterns.
An important question that arises at this point is that what are the implications of these biases to

the projected cloud forcing changes in the future climate.

To investigate the presence of a relationship between seasonal and climatological changes
in CRF, correlation maps were constructed on two-dimensional latitude-longitude grids as shown
in Figure 6.2 (a)-(c). Each grid point on these maps represent the degree of correlation between
the spread of seasonal difference and climatological difference values among various models
within that grid. Regions of significant correlations at 5% significance level are indicated with
hatched lines. Correlations are seen to be the strongest for LWCRF in Figure 6.2(b). Particularly
strong positive correlations are seen all over the SH oceans in the 30°- 60°latitude belt. In the same

latitudinal belt in NH, strong correlations are only present above ocean basins in the regions of
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storm track clouds. Similar patterns of co-variability are also seen for SWCRF in Figure 6.2(a)
with a reduced intensity. Correlations for NetCRF are somewhat weaker than either SWCRF or
LWCREF, but still significant in middle latitudes. The conclusions from this figure are true to our
expectations of finding the presence of interrelationship between seasonal and climatological CRF

changes in the mid-latitudinal belt.

CRF values in the NH and SH mid-latitudinal belts are averaged using cosine of latitude
as weights and then added together with reversed sign for seasonal SH differences. The scatter-
plot showing correlations between seasonal and climatological differences in SWCRF, LWCRF
and NetCRF are shown in Figure 6.3(a)-(c). Observed seasonal change in CRF from CERES data
is represented in these figures using a cyan vertical line. Correlations are computed using both
Pearson and Spearman’s correlation coefficients. Correlation is strongest for LWCRF as was also
seen from the correlation maps although the relationship is also quite strong in case of SWCRF.

The net-CRF however does not exhibit any relationship.

In terms of the model performance as compared to observations, the ensemble model mean
matches the observed sign as well as magnitude of change in all cases. This is mainly due to the
compensating nature of biases seen before in the CRF maps. For SWCRF (Figure 6.3(a)) majority
of the models and the observation predict small seasonal decrease while six out of sixteen models
predict very large increases This was seen in the SH mid-latitudinal belts in the model mean CRF
maps in Figure 6.1. The two IPSL models included in this study simulate maximum increase in
SWCREF both seasonally and climatologically. Decrease in SWCREF in the long term is predicted
only by five models (BNU-ESM; CSIRO-Mk3; GISS-R; INMCM4 and MRI-CGCM3). All others
predict increasing SWCREF in the future although the magnitude by which they do so varies greatly.
A majority of the models also predict large LWCRF decreases seasonally and climatologically.

Based on the seasonal observation the ensemble model mean projections should provide a
good estimate of long term increases of about 1.0 W/m2 in SWCRF, a positive cloud feedback.
The ensemble model mean and the observed LWCRF are closer to each other in sign and
magnitude and they indicate a long term decrease of 1.5 W/m2, a negative cloud feedback. The
models continue to simulate a range of values for the seasonal and consequently climatological
CREF changes.
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Correlation between seasonal and climatological NetCRF changes are not very strong
because of the cancellations between SWCRF and LWCRF, and the observation indicates decrease
both seasonally and climatologically. The sign of the change is captured by most of the models

except four including the IPSL models, likely due to large increases in SWCRF.

In summary, there is a good correlation between the seasonal variation with climatological
variation in mid-latitude LWCRF and SWCRF. The ensemble mean simulated the observed

seasonal variation well, but the individual models differ greatly among themselves.

6.3. Offline radiation model runs with prescribed clouds

In this section, an attempt was made to determine the origin of the observed model spread
in CRF values by separating the contribution to TOA CRF from low-, mid- and high- level clouds.
The CESM model version 1_0_4 was used to conduct daily runs by specifying the cloud fraction
and hydrometeor distribution that would be used to carry out computations in the radiation module.
The radiative response so generated as a result of this exercise was assumed to correspond to the
CMIP5 cloud profiles that was used as input. In principle, by changing the type of cloud profile
that was prescribed to the model, a complementary radiation response to it could be generated. By
using this framework of experiments, radiative effects of low-, mid- and high-level clouds could
thus be separated out. Using such a methodology had its own set of shortcomings. For example,
the temperature and water vapor profiles were kept unchanged without any adjustments consistent
with the prescribed cloud profiles. This could particularly have an impact on the LWCRF values.
Further, clouds with large vertical extent were cut-off artificially into low-, mid- and high clouds
and treated separately for their radiation response which would be different than treating the entire
cloud as a whole. Also different models have their own radiation modules, while by using this
method, radiative response for different model clouds were subjected to the same RRTMG
radiation computations. In spite of the various deficiencies the results from the offline radiation
runs were quite encouraging. Based on the evaluation of offline-module performance as compared
to the original CMIP5 radiation data it appeared that the model runs were able to capture the
essentials of inter-model variation reasonably well. The bar plots in Figure 6.4(a) represent the

correlation coefficients between the two sets of radiation data for climatological and seasonal
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changes in SWCRF, LWCRF and NetCRF. Climatological differences in radiative forcing are
quite well represented by the prescribed cloud CESM model runs based on the correlation values.
Their performance in case of seasonal changes in SWCREF are slightly unmatched. The net effect
of SW and LW radiation as represented by NetCRF values show some difference between CMIP5
model output and offline radiation module outputs. Nevertheless, the inter-model spread, which is
what is sought to be studied using this methodology, is still captured reasonably well even for
NetCRF differences. This relative spread of models about their ensemble mean as the standard (in
absence of observations), in projecting climatological NetCRF change using CMIP5 and offline
CESM model runs are shown using Taylor diagram (Taylor, 2000) in Figure 6.4(b) and (c)
respectively. It may be pointed here that relative positions of models with respect to each other
and their mean remain approximately the same in both cases as indicated by the colored circles in
both the plots.

Based on the overall agreement in behavior between fluxes from CMIP5 output and those
from prescribed cloud CESM model runs, next, the radiative fluxes from CESM runs prescribed
with only low-, mid- and high-level clouds were generated. The cloud classification scheme was
adapted from ISCCP definitions and model clouds from CMIP5 RCP8.5 datasets were processed
accordingly to be input into the CESM model. The correlation plots between total cloud column
radiative forcing changes from offline radiation runs are shown in Figure 6.5. The SWCRF
behavior is well reproduced but there are still issues in the values of LWCRF all of which appear

to exhibit a systematic positive bias as compared with CMIP5 radiative forcing changes.

Comparison of SWCRF changes at high, mid and low cloud levels are shown in Figure 6.6.
Several features can be noted from these scatter plots. Firstly, there is a reasonable correlation of
the seasonal and climatological SWCRF changes for the mid-level clouds and moderate
(significant at the 10% level) correlation for high and low level clouds based on the corrective
Spearman’s rank correlation coefficient. Presence of these relationships between the seasonal and
climatological changes suggest that seasonal changes of cloud forcing can be used to infer the
cause of the differences among model projections of the future. Secondly, the ensemble mean has
a positive climatological change, thus positive feedback, from both low and middle clouds, with
mid-cloud contribution even larger than that of low clouds. The SWCRF from high clouds is

negative, a negative cloud feedback. These are consistent with the reductions of hydrometeors and
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cloud amount in the low and middle troposphere and their increases in the upper troposphere
shown in the previous chapters. The third feature is that the ranges of model climatological
differences in SWCRF from the three types of clouds are comparable to each other although the

seasonal changes show maximum spread in low clouds.

For the LWCRF due to high, mid and low clouds (Figure 6.7), correlations between the
seasonal and climatological changes are still strong at all levels. Maximum contribution to model
spread in simulating seasonal as well as climatological changes comes from the high clouds. It
may be also noted that the negative LWCRF seasonal and climatological change in the total
column ensemble mean, a negative feedback, is primarily from the mid-level clouds. Low level
clouds also predict decreasing LWCRF climatologically but their seasonal change shows an
increase in majority of the models. At the high cloud levels, where cloud fraction and cloud ice
showed increases seasonally and climatologically, the LWCRF also exhibits an increase in both

the cases in spite of large differences in magnitude of change among models.

The corresponding scatter plots for NetCRF are shown in Figure 6.8. Good correlations are
only seen at the mid cloud levels with moderate correlation at the low levels. In these two levels
models exhibit increase in NetCRF climatologically contributed equally by the low and mid-level
clouds. In the mid-level, compensation due to opposite sign of LWCRF and SWCRF changes
render a comparatively smaller inter-model difference in NetCRF. The radiative response of low
clouds thus exhibits the largest spread in model values of climatological change. In the high cloud
levels, where strong relationship was seen previously between SWCRF and LWCRF changes, the
combination of the two no longer show any correlation between short term and long term changes.
Thus, the low level clouds and their radiative response can be singled out as the primary contributor
to spread in model projections of climate change.

An extension of this study in particular regions of low cloud population may provide more

insight into the reasons behind the observed model disagreement.
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6.4. Summary

Interrelationship between seasonal and climatological changes in CRF in the mid-latitudinal

belt was examined. The following is the summary of the important results emerging from this

analysis :

1)

2)

3)

Models overestimate both seasonal SWCRF and LWCRF change in SH oceans and
underestimate them in the NH ocean basins. This is reflected in the NetCRF change patterns
as well. Presence of strong interrelationship between seasonal and climatological changes in
CRF suggests that the observed biases are translated onto long term climate changes projected

by models in the regions of high co-variability.

Models continue to exhibit a larger spread in CRF values about their ensemble mean. Based
on the seasonal CRF observations and the above relationship between seasonal and climate
changes, approximate ranges of long term SWCREF increase (positive feedback) and LWCRF

decrease (negative feedback) can be estimated.

Offline radiation runs were used to understand the contribution of individual cloud types to the
observed spread in model radiative responses. It was seen that Low and Mid level clouds
contribute most to the long term climatological increases in SWCRF (a positive feedback ) and
decreases in LWCRF (a negative feedback). This is reflective of the nature of cloud and
hydrometeor changes observed in these layers previously. All the cloud levels contribute
equally to the spread in SWCRF changes, while major contribution to LWCRF change stems
from high level cloud and to NetCRF changes from low level clouds.
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MODEL

BCC-CSM1.1

BNU-ESM

CCSM4
CESM1-BGC
CESM1-CAM5

CSIRO-Mk3.6.0

GFDL-CM3
GISS-E2-R
INM-CM4
IPSL-CM5A-MR
IPSL-CM5B-LR

MIROCS5

MIROC-ESM

MPI-ESM-MR
MRI-CGCM3
NorESM1-M

Table 3: List of CMIP5 models used for CRF analysis

INSTITUTION

Beijing Climate Center, China Meteorological Administration,
China
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Normal University, China
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Commonwealth Scientific and Industrial Research Organisation in
collaboration with the Queensland Climate Change Centre of
Excellence, Australia

NOAA Geophysical Fluid Dynamics Laboratory, United States
NASA Goddard Institute for Space Studies, United States

Institute for Numerical Mathematics, Russia
Institut Pierre-Simon Laplace, France

Atmosphere and Ocean Research Institute (The University of
Tokyo), National Institute for Environmental Studies, and Japan
Agency for Marine-Earth Science and Technology, Japan

Japan Agency for Marine-Earth Science and Technology,
Atmosphere and Ocean Research Institute (The University of
Tokyo), and National Institute for Environmental Studies, Japan
Max Planck Institute for Meteorology, Germany
Meteorological Research Institute, Japan

Norwegian Climate Centre, Norway

99



Figures

() (d)
(b) (e)
cw o e o wowow
e < e
ki
g
[ [ \ [
<100 -850 -25 -0 -5 0 5 10 25 50 50
(© ()
| I R— | I I

10 2 50 75 >75 <20 -20 -10 0 10 25 50 75 >75
LWCRF : Obs4MIPS LWCRF ¢ Enservble Mean

Figure 6.1 : Seasonal variation (JJA-DJF) of (a) SWCRF, (b) NetCRF, and (c) LWCRF from Obs4MIPS
observations and (d) SWCRF, (e) NetCRF and (f) LWCRF from ensemble model mean over 16 CMIP5
models.
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Figure 6.2 : Correlation maps constructed using the values of correlation coefficient, at each Lat-
Lon grid point, between CMIP5 model spread in Seasonal (JJA-DJF) and Climatological
Differences in (a) SWCREF, (b) LWCRF and (c) NetCRF). Hatched lines indicate regions of
significant Correlation.
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Figure 6.3 : Scatter plots showing the relationship between Seasonal change (x-axis) and
Climatological difference (y-axis) in mid-latitudinal (a) SWCRF, (b) LWCRF and (c) NetCRF in 16
CMIP5 models (listed in the key). Grey solid line is the linear regression fit. Observed values of
Seasonal changes in CRF are represented by cyan vertical lines. Correlation coefficient values

(Black: Pearson; Blue: Spearman) are indicated at the top right corner of each figure. Zero x- and y-
axes are included as blue dashed lines.
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Figure 6.4 : (a) Summary of the correlations between CMIP5 output and prescribed CESM model run
output Seasonal and Climatological differences in SWCRF, LWCRF and NetCRF. Taylor diagram
(Taylor, 2000) exhibiting (a) CMIP5 and (b) prescribed CESM-run model spread in climatological

projection of change in NetCRF with the ensemble mean values as Reference.
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Figure 6.5 : Scatter plots showing the relationship between Seasonal change (x-axis) and
Climatological difference (y-axis) in mid-latitudinal (a) SWCRF, (b) LWCRF and (c) NetCRF due to
total column clouds in 16 CMIP5 models (key in Figure 6.3) from the prescribed CESM runs. Grey
solid line is the linear regression fit. Observed values of Seasonal changes in CRF are represented by
cyan vertical lines. Correlation coefficient values (Black: Pearson; Blue: Spearman) are noted at the top
right corner of each figure. Zero x- and y-axes are included as blue dashed lines.
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Figure 6.6 : Scatter plots showing the relationship between Seasonal change (x-axis) and
Climatological difference (y-axis) in mid-latitudinal SWCRF due to clouds at (a) High-, (b) Mid-
and (c) Low-levels in 16 CMIP5 models ( key in Figure 6.3) from the prescribed CESM runs. Grey
solid line is the linear regression fit. Correlation coefficient values (Black: Pearson; Blue: Spearman)
are noted at the top right corner of each figure. Zero x- and y-axes are included as blue dashed lines.
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Figure 6.7 : Scatter plots showing the relationship between Seasonal change (x-axis) and
Climatological difference (y-axis) in mid-latitudinal LWCRF due to clouds at (a) High-, (b) Mid-
and (c) Low-levels in 16 CMIP5 models (key in Figure 6.3) from the prescribed CESM runs. Grey

solid line is the linear regression fit. Correlation coefficient values (Black: Pearson; Blue: Spearman)
are noted at the top right corner of each figure. Zero x- and y-axes are included as blue dashed lines.
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Figure 6.8 : Scatter plots showing the relationship between Seasonal change (x-axis) and
Climatological difference (y-axis) in mid-latitudinal NetCRF due to clouds at (a) High- , (b) Mid-
and (c) Low-levels in 16 CMIP5 models (key in Figure 6.3) from the prescribed CESM runs. Grey

solid line is the linear regression fit. Correlation coefficient values (Black: Pearson; Blue: Spearman)
are noted at the top right corner of each figure. Zero x- and y-axes are included as blue dashed lines.
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Chapter 7

Conclusions and Future Work

7.1. Conclusions

This dissertation attempted to establish a relationship between short term climate
variability in the present with its long term climate change analogue and utilize the presence of
such a correlation to observationally constrain the future climate prediction in GCM’s. By
examining the pattern of changes in cloud fraction and cloud hydrometeors in various latitudinal
belts both seasonally and inter-annually, and comparing them with their corresponding
climatological evolution, various significant relationships emerged. Where available,
observational data were used to determine model biases in simulation of short term variability in
present day climate. Based on the present and future climate interrelationship, these biases were

then used to confine the spread in model projections of future cloud changes to a smaller range.
A summary of the important conclusions from this study is presented below:

1. Seasonal changes in cloud fraction were compared with their long-term climatological changes
using data from 25 CMIP5 models. Strong correlations were found to exist between the two in
the mid-latitudinal belts. Co-variability between mean cloud fractions and their seasonal
changes were also investigated and their relationship was found to be strong only in specific
pressure levels. Splitting the total atmospheric column into low, mid and high level clouds
enabled identification of low and mid cloud layers as regions of strong seasonal-climatological
correlation. In the high cloud layers, disagreement in the sign of change in cloud fractions was
likely responsible for weak correlations and warranted the need to partition the total

atmospheric column into separate cloud reduction and cloud growth regions. This revealed that
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the observed interrelationship was restricted to the cloud decrease regions only. A comparison
of model mean cloud amount and their seasonal variability with satellite observations revealed
an under prediction of model mean clouds and an over prediction of their seasonal reduction.
Based on the strong correlation between the two phenomenon, it was concluded that the
seasonal cloud reduction overestimation translated into an over prediction of mid-latitudinal
model cloud reduction in the future climate scenario. Independent analyses of SH and NH
indicated that most of the overestimation in cloud reduction originated in SH with a large

spread in magnitude of simulated decrease among models.

The seasonal and climatological changes in mid-latitudinal cloud hydrometeors were also
examined for the presence of correlations using cloud ice and cloud liquid content data from
CMIP5 models.

For the total column ice, correlations were seen in case of mean cloud ice amount and their
seasonal variations but between seasonal and climatological changes the relationship appeared
to be weak. This was due to the reversal in sign of change in the upper atmosphere which
necessitated a division of the atmospheric column into separate regions based on cloud ice
increase or decrease. Significant correlations were observed between mean and seasonal
changes as well as seasonal and climatological changes in cloud ice both in the reduction as
well as growth regions. Using C3M observations of cloud ice it was found that although the
ensemble model mean prognosis od cloud ice reduction compared well with observation in
most cases, models themselves forecast a large range of values. This implied that model mean
projections of long term reduction in cloud ice content were reasonable in spite of the large
spread about the mean. In the cloud ice increase regions, models exhibited overestimation of
ice increase which gets transmitted to their projected long term changes.

Unlike cloud ice, mean cloud liquid content did not correlate well with their seasonal changes.
However, their seasonal-climatological change correlations were quite strong for the total
column as well as low-, mid- and high-cloud levels. Compared to observation, model
estimations of cloud liquid water were found to be largely overestimated as were their seasonal
changes. Separation into cloud liquid reduction and growth regimes revealed an over-

sensitivity in models in terms of simulating both larger reduction and larger increase in contrast

109



with observed changes. It was concluded based on the findings that climate models projected
larger cloud hydrometeor changes, both decrease at lower levels and increase at higher levels
in a warmer climate. The presence of a narrow band of cloud increase near the surface,
undetected in satellite observations, was found to compensate for large cloud reduction in the

layers above when combined together.

Mean tropical surface temperature values were used to select a set of warm and cold years and
the variations in cloud amount and cloud hydrometeors between them and their climatological
counterparts were examined in the tropical belt. Patterns of co-variability between inter-annual
and long term climate change were established using CMIP5 model simulations. Particularly
high correlations were detected among clouds in three different vertical layers: high (above
400hPa), mid (between 850-600 hPa) and near surface (below 925hPa). Seasonal reduction of
cloud fraction in middle and higher levels translated to projected cloud decrease in these layers
climatologically. Cloud hydrometeors on the other hand showed increases in upper layer and
reduction below. Two dimensional latitude-longitude correlation maps between inter-annual
and climatological changes in cloud fraction were constructed for total column clouds. Using
ISCCP total cloud observational changes, model biases in cloud changes were evaluated in
regions of high correlation. This revealed an under prediction of cloud changes in the tropics
by the model mean in regions of deep convective clouds. In regions of low cloud population,
the model mean was found to agree with observations although models themselves showed a
range of cloud changes. Based on the interrelationship between the short term variability with
the long term changes in cloud fraction, these biases carry over to the future projection of cloud

changes in the tropical belt.

Cloud Radiative Forcing in the mid-latitudinal belt were also examined for presence of
interrelationship between their seasonal and climatological variability. Strong relationship was
exhibited by the changes in SWCRF and LWCRF which were used to constrain model spread
in their climatological projections. Using radiative flux observations from Obs4MIPS, long
term increases of about 1.0 W/m2 in SWCREF, thus constituting a positive cloud feedback, and
decreases in LWCRF of 1.5 W/m2, constituting negative cloud feedback were established. The

projected NetCRF was also found to be increasing climatologically.
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Offline radiation runs of CESM model were also used to separate the radiative effects of low,
mid and high level clouds and determine the source of the spread in model simulations of
change in CRF. They revealed that the low and mid-level clouds primarily contributed to the
SWCREF increase and LWCRF decrease in the long term. High-level cloud radiative response
was found to be opposite to that in the lower levels and in general contributed less to the total
column responses. Combination of opposite signs of LWCRF and SWCRF changes likely
contributed to the large spread in NetCRF in low clouds which gets translated onto their

projected changes as well.

Based on the analysis of seasonal and climatological variability in cloud fraction, cloud
hydrometeors and CRF in the mid-latitudinal belt the following unified message emerges:
Seasonally, clouds show a reduction in the lower and mid-levels which is strongly correlated
with similar reductions seen in long term cloud changes. However, models tend to overestimate
the magnitude of this reduction. The ice and liquid content in these lower clouds also show a
similar decrease accompanied by increasing ice and liquid in upper clouds. Models show a
tendency to over predict both the increase in ice and liquid and the decrease in water content
in the respective levels. These cloud changes find reflection in the pattern of mid-latitudinal
CRF changes generated using offline runs. Complementary to the reduction in cloud amount
and cloud hydrometeors in the lower and mid-levels of the atmosphere, seasonal and
climatological increase in SWCRF (a positive cloud feedback) and decrease in LWCRF (a
negative feedback) are observed. The over prediction of cloud changes carries over to the
radiative response of the models with most of them predicting larger SWCRF increases and
LWCREF decreases. Further, the over prediction as well as model spread in values are found to
originate from the SH mid-latitudinal belt.

It is within the span of last few years that the idea of Emergent Constraint has gained

momentum very rapidly. Many of the reported studies on Emergent constraints have demonstrated

a direct statistical relationship between ECS and some present day base climate mean value or

some form of its short term variability. However, as has been argued by many (Fasullo et al., 2015;

Klein and Hall, 2015), a quantity like ECS has multiple independent factors that influence it, like

the different feedbacks and forcing. Each of these contributing factors have their own model spread
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which makes it challenging to establish a robust relationship. Compensating errors in different
feedbacks could lead to the identification of certain groups of models to be better predictors of
long term climate changes when they may not be truly realistic. Thus, it is more appropriate to
restrict emergent constraint relationships to individual processes or specific feedback contributors.
Therefore, in this study only the relationship between seasonal changes in cloud amount, cloud
hydrometeor content and their radiative effects with their respective long term transformations
have been investigated. Correlating these with climate sensitivity may be attempted in the future

with the objective of only constraining the part of sensitivity that is contributed by cloud feedbacks.

The strong relationship demonstrated by seasonal and climatological variability in mid-
latitudinal cloud properties likely has its physical basis in the poleward migration of mid-latitude
storm track regions with warming. Signatures of storm track broadening and shifting towards the
equator in colder seasons had already been noticed in the past (Trenberth, 1991). Similar trends of
poleward migration of storm track in the long term due to climate warming was also seen in GCM
simulations (Yin, 2005). Although models continued to exhibit a change in storm track activity
due to climate change, observational basis to this was only found recently (Bender et al., 2012) by
analyzing changes in ISCCP cloud amount between 1983 and 2008, representing a period of
increasing greenhouse warming. This shift in mid-latitudinal storm track activity may be linked
with the reduction in cloud amount in the 30° - 60° latitudinal belt as seen in this study. Cloud
feedback from the storm track regions affect global cloud feedbacks independent of the
contribution from tropical cloud changes and can still be considered to impact the global climate

sensitivity independently thus emerging as a useful constraint for model projections.

7.2. Future work

The analysis and experiments carried out as a part of this dissertation have managed to
address some of the key questions that are part of the larger challenge of constraining future climate
projections by GCMs. Two issues that are relevant to this research and require prompt

consideration will be pursued next. These are briefly described below:
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1. Developing better observational constraints in the tropical belt: A different representation of
short term variability in tropics using a spatial regime change will be pursued. In this method,
difference in cloud variables would be computed between bins of warm and cold SST grid
points to represent progression into a warmer climate. This approach makes it suitable to use
3-Dimensional C3M satellite dataset for observational constraining. Adapting Bony et al.’s
(Bony et al., 2004) approach of separating the dynamical and thermo-dynamical contribution
to change in cloud patterns, grid points in tropical belt could also be separated into different
vertical velocity clusters. Some preliminary analysis along these directions gave encouraging
results shown in Figure 7.1. Focusing on the tropical belt between 20°N to 20°S latitudes, for
each CMIP5 model, the surface temperature at each grid point within that belt was averaged.
Next the grid points were binned on the basis of their temperature values into different boxes.
Further, for each surface temperature bin the grid boxes were further distributed into various
omega bins. Following this process of two dimensional binning a segregation of hot and cold
grid areas for different dynamical regimes were obtained. Based on the cloud type, grid points
belonging to the relevant omega ranges could be selected and the cloud difference between
clusters of warm and cold points used for correlation studies with climatological change. In
Figure 7.1 the relevant plots from initial analysis of high level clouds is presented. Omega
value in the 850-500hPa pressure band and the surface temperature are used to obtain the cloud
distribution shown in Figure 7.1(a) and (b) for ensemble model mean and observation
respectively. Model values of climatological change in high level cloud fraction are then
correlated with the difference in cloud values in temperature bins 290-295K and 295-300K for

omega range -50 to -30 hPa/day. The correlation scatter plot is shown in Figure 7.1(c).

2. Locating and understanding the regional contributions to model spread in cloud radiative
response: Using the correlation contour plot in Figure 7.2, where each grid point represents the
correlation between model spread in global CRF projections and model spread in CRF climate
projections at that grid point, the regions contributing most to the observed model spread in
predicting long term CRF changes can be isolated. An independent study in these isolated
regions has been planned to better understand the processes that lead to model disagreement.
EOF analysis to determine common patterns of variance of CRF has also been outlined with

the aim of getting more insight into inter model differences. An example of the results from
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the early phases of this study is shown in Figure 7.3. Here, the first EOF mode of Net CRF
variance among the models is shown this figure. Along with identifying the regions of
maximum inter model variability, it also exhibits signs of opposite patterns of change in the

lower and higher latitudes.

Apart from these specific projects, the future plans also include using model simulations
to carry out sensitivity studies. By changing model parameterizations and running them to produce
long term simulations, the seasonal and climatological correlations found to exist in this study may
be evaluated further. Eventually, the overarching goal of this study would be to relate the observed
mean cloud and seasonal variabilities with cloud feedback in models. Efforts to relating that with
long term cloud and radiative feedback changes would greatly benefit the entire climate science

community in their endeavor to unite model estimations of climate sensitivity.
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Figures
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Figure 7.1 : Distribution of high Cloud fraction as a function of surface tempertaure (y-axis) and
vertical velocity in the 850-500 hPa pressure level (x-axis) in the (a) ensemble model mean of CMIP5
models and (b) C3M observations.
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Figure 7.2 : Correlation map showing the contribution of model spread at each lat-lon grid point to the
total model spread in NetCRF between 60°N - 60°S latitudes.
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Figure 7.3 : Correlation map showing the contribution of model spread at each lat-lon grid point to the
total model spread in NetCRF between 60°N - 60°S latitudes.
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