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Abstract
Clouds are one of the most important components of the climate system, regulating
the radiation budget of the Earth. In the simulation of the global climate using Gen-
eral Circulation Models (GCMs), cloud feedbacks contribute to a major uncertainty
on account of poorly represented cloud processes. Satellite observations provide the
most comprehensive view of cloud related quantities at a global scale, and are an
important data source for evaluation of cloud representations in GCMs. The Inter-
national Satellite Cloud Climatology Project (ISCCP) simulator is a valuable tool
for analyzing GCM cloud distributions. This research focuses on diagnostic appli-
cations of the ISCCP simulator to pinpoint the ECHAM5 model deficiencies related
to the cloud processes. Subgrid-scale cloud variability information using the prob-
ability density function of total water mixing ratio, is incorporated in the ISCCP
simulator diagnostics to characterize the cloud property distributions. The simula-
tor diagnostics serve as a primary tool in the model evaluation studies performed in
this work.

The analysis of global average cloud distributions of ECHAM5 model reveals that
high-level clouds are overestimated in the tropics, which is compensated by an un-
derestimation of low- and mid-level clouds. The analysis suggests that convection in
the model transports too much moisture to higher levels of upper troposphere, not
allowing detrainment at mid-levels. High-level clouds over tropical land areas have
a major contribution from this model deficiency due to large amount of convection.
Evaluation of global average histograms reveal that most of these high clouds over
land are optically thin clouds, which are less abundant in the observations. Land
and sea diurnal cycles in the simulated cloud types are compared with ISCCP obser-
vations for four tropical test-case areas. In general, the model shows a weak diurnal
behavior for deep-convective clouds and low-level clouds. In the observations, the
diurnal cycle in total cloud cover is dominated by the latter in most land as well as
sea areas. The diurnal peak of cloud fractions are diagnosed too early in the model
compared to the ISCCP observations both for the land and sea areas.

A clustering technique for cloud regime categorization in the model output is per-
formed in order to compare the model behavior with other model inter-comparison
studies. For the tropics and the ice-free extratropics, the ECHAM5 model simulates
shallow cumulus clouds as the most frequent cloud regime with qualitative agreement
to the ISCCP observations, but a substantial underestimation in quantitative terms.
ECHAM5 produces an excess of tropical convective and extra-tropical frontal clouds
in comparison to the observations. The total climate change response of clouds to an
SST perturbation, when measured by change in net cloud radiative forcing, is calcu-
lated for each cloud regime and averaged over tropics, ice-free extratropics and snow
or ice-covered extratropics. The stratocumulus and stratocumulus-cumulus tran-
sition cloud regimes are responsible for 2/3 of the feedbacks, with stratocumulus
alone responsible for ∼50%. The tropics in turn dominate the global cloud-climate
feedbacks from change in net radiative cloud forcing.
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The ISCCP simulator diagnostics are further used in characterizing the processes
highly relevant for convection-climate feedbacks. A Lagrangian trajectory analy-
sis is performed to track the transitions of deep-convective clouds to cirrus clouds
(cirrostratus and cirrus) within the ISCCP observations and the ECHAM5 model.
Forward trajectories for the ISCCP observations and model are created over which
the ISCCP histograms are used for tracking the cirrus life cycle associated with deep
convective events in a period of 5 days. The cloud evolutions over trajectory paths
suggest that the deep-convective clouds detrain over time and gradually thin-out
by the first day after the convective event. The evolution of cirrostratus and cirrus
clouds begin from the convective detrainment and stay for next 3 to 4 days in relation
to the convective events. We also separate the cirrus clouds formed due to convec-
tion and the ones formed in-situ due to large scale dynamics. This study reports
that the detrainment cirrus in the ECHAM5 model lasts for 20±15 hrs compared
to the in-situ cirrus life time of 17±12 hrs. Finally, the effect of these transitions
in a changing/warmer climate is analyzed, in order to understand the climate feed-
backs due to deep-convective cloud transitions. A perturbed model simulation with
+2 K warmer SST is performed. The Lagrangian trajectory analysis suggests that
more and too thick cirrostratus and cirrus clouds occur in the warmer climate com-
pared to the present day climate. Stronger convection is noticed in the perturbed
climate which leads to an increased precipitation, especially on day-2 and -3 after
the convective event. The shortwave and the longwave cloud forcings increase in the
warmer climate which results in an increase of net cloud radiative forcing (NCRF),
leading to a positive feedback of the increased cirrostratus and cirrus clouds from a
Lagrangian transition perspective.

The evaluation studies using different approaches focusing on different processes
and features show consistent problems in the current model. The findings of the
present day climate evaluations also persist in the simulated convection and cloud
behavior in a warmer climate. This research study overall points to ways for im-
proving the representation of convection and convection-related clouds in the GCM
and thus a more reliable simulation of the climate feedbacks.
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Chapter 1

Introduction and motivation

The different physical components of the Earth, namely the atmosphere, geosphere,
cryosphere, biosphere and oceans combine to form the climate system. These compo-
nents of the climate system interact with each other and define the overall physical
behavior of the Earth system. There is a significant amount of feedbacks among
these climate system elements and their processes. The hydrological cycle is one of
the interesting examples showing complex interaction of oceans, atmosphere, bio-
sphere and geosphere.

These interactions in the climate system elements can be understood by two main
approaches. The first method is numerical modeling. The various processes within
a climate system are represented in general circulation models (GCMs) to obtain an
overall picture of how these processes interact and affect the climate. The second
method for understanding the interaction processes is using observations (satellite
remote sensing data, airborne and ground-based measurements). However, neither of
these stand-alone methods is sufficient to achieve a complete understanding of reality.
Therefore, more emphasis is required in terms of coupling models and observations in
order to understand and quantify the effect of individual components of the climate
system and their properties within the global climate.

Among the various important elements of the climate system, the atmosphere
is a prominent component which involves several individual components in itself.
Radiative transfer, cloud formation and its microphysics, aerosols and their effects,
natural and long term climate variability are some of the important components
and aspects of the atmosphere. Atmospheric general circulation models (AGCMs)
are composed of complex dynamical interactions between the various atmospheric
processes along with their physical and chemical interactions.

Clouds act as an important parameter of the Earth system as a whole. More
than 60% of the Earth’s surface is covered with clouds at any given point of time.
Clouds are major driving force of the climate system, controlling the planetary
albedo. They strongly modulate the energy balance of the Earth through convection
transport, latent heat circulation, scattering of solar radiation as well as absorption
and emission of terrestrial radiation. Together with influencing the global energy and
generation of precipitation, clouds have a major influence on the Earth’s ecosystem.
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Inspite of being a key element in the atmospheric circulation, the understanding
of climate feedbacks to external forcings by clouds is one of the largest uncertainties
in climate modeling and projection of future climate changes (IPCC, 2001, 2007).
Cloud processes are poorly represented and constrained in the general circulation
models. One of the prime limitations of general circulation models relates to the
averaging of cloud characteristics over the model grid-mean spatial domain. In order
to increase the confidence in climate change simulations, it is worth evaluating and
improving the physical content of climate models and in particular the representation
of clouds.

Satellite observations provide the most comprehensive view of cloud related quan-
tities at a global scale, and are an important data source for evaluation of cloud rep-
resentations in GCMs (for e.g., ISCCP or International Satellite Cloud Climatology
Project (Schiffer & Rossow, 1983; Rossow et al., 1996)). The use of satellite sim-
ulators within climate models to emulate observational properties is a well known
approach in model evaluation studies (Klein & Jacob, 1999; Webb et al., 2001). The
ISCCP simulator is a valuable tool for obtaining detailed cloud property distribu-
tions diagnostics from a GCM, which makes the model output data to be directly
comparable to the observations.

1.1 Clouds and their radiative effects

Clouds occur on average over 60% of the Earth’s surface (Rossow & Schiffer, 1999).
They cover a spatial range from less than a kilometer to thousands of kilometers
in the horizontal. Cloud processes occur on temporal scales ranging from seconds
to days. Clouds mainly form in the troposphere, from the surface to up to 18 km.
Clouds most often form by rising air, which is thereby expanding and cooling. The
cooler the air is, the less moisture it can hold so that the rising air eventually reaches
its dew-point temperature where condensation starts. The reasons for the lifting of
the air can be surface heating as it is the case for convective clouds, topographic
barriers as is the case for orographic clouds, or the forced large-scale lifting of air by
frontal air masses. Independent of the formation process, clouds form when rising air
reaches its convective condensation level. Cloud droplet formation also substantially
depends on the availability of cloud condensation nuclei or aerosol particles which
allow water vapor to condense on their surface.

Clouds affect the energetics of the atmosphere in several ways. They influence
the atmosphere’s radiation budget by scattering, absorption and emission of radia-
tion. In the shortwave spectral range, clouds are important as they backscatter the
incoming solar radiation. This effect is quantified by the cloud albedo defined as
the fraction of solar irradiance back scattered. The albedo of an individual cloud
is dependent on cloud optical thickness which is a function of cloud properties such
as cloud liquid water and ice content and cloud droplet sizes. In the long-wave,
the thermal spectrum of radiation, clouds can be approximated to absorb and emit
radiation like a grey body. The characteristic of clouds to re-emit thermal radiation
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back to the Earth’s surface and thus trapping the radiation in the troposphere often
is referred to as clouds’ contribution to the greenhouse effect of the atmosphere. The
resultant forcing from the solar (short wave) forcing and the terrestrial (long wave)
cloud forcing is termed as the net cloud radiative forcing, and it defines a net effect
of clouds on radiation and the energy budget of the Earth. The overall net effect is
probably negative (Ramanathan et al., 1989).

The space view of cloud observation satellites offers the ability to measure radi-
ation budget components at the top of the atmosphere. In the recent years, several
studies for evaluating the radiative effects have been carried out (Trenberth et al.,
2009).

1.2 Model uncertainties associated with cloud processes

Although the importance of clouds within the climate system is widely recognized,
their global impact on the climate system is associated with great uncertainties due
to the complex space-time variation of the cloud processes (Randall et al., 2007).
It has been known that the sensitivity of a climate model strongly depends on how
clouds are represented in it as shown in Cess et al. (1990); Senior & Mitchell (1993);
Roeckner et al. (1987), and hence different climate models simulate different cloud
feedbacks as noticed by Bony et al. (2004).

One of the main reason for this uncertainty is that most of the cloud processes
take place in a much smaller scale than that captured in a typical grid cell (∼ 30 to
300 km) of a climate model. Hence, the cloud processes are parameterized or, are
represented in terms of their effect on large scale resolved variables such as humidity,
temperature and precipitation. Major problems identified in the context of convec-
tive clouds parameterization are the representation of entrainment and detrainment
in convective cloud processes. Similarly, the boundary layer cloud process represen-
tations (shallow cumulus and stratocumulus clouds) also lead to a major contributor
in the model uncertainty.

1.3 Convection and Convection-climate feedbacks

Atmospheric convection arises from buoyant or mechanical forces, and is regarded as
atmosphere’s way of providing efficient vertical transport of heat, mass and momen-
tum (Rogers, 1979). Convection transports heat and moisture vertically, thereby
forming a crucial link in the general circulation. Tropical convection plays a key
role in the global climate. Latent heat release in organized convection drives plane-
tary scale circulations such as the Hadley-Walker circulation and the Madden-Julian
oscillation (Hendon & Woodberry, 1993). A global description of the various proper-
ties of tropical convection is thus required to fully understand the role of convection
in climate.

Processes in the climate system that can either amplify or dampen the climate
response to an external perturbation are referred to as climate feedbacks (Stephens,
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2005; Bony et al., 2006). A change in cloud radiative effect in response to a global
temperature change may produce a substantial feedback on the Earth’s temperature.
But the sign and the magnitude of the global mean cloud feedback depends on so
many factors that it remains very uncertain (Bony et al., 2006). Climate sensitivity
depends critically on radiative feedbacks associated with convection, water vapor,
lapse rate, clouds, snow-, and sea ice-albedo, and global estimates of these feedbacks
differ among general circulation models.

1.4 Key objectives

The primary objective of this PhD thesis is to analyze and evaluate some of the key
processes between convective clouds and their radiative effects, in order to obtain a
better understanding of the cloud processes. The key objectives of this research are
listed as follows,

• Evaluation of global distribution of clouds in ECHAM5 general circulation
model using satellite data (comparison of ISCCP observations with model
simulated global fields of ISCCP cloud types with their distribution of cloud
top height and optical thickness).

• Sensitivity of ISCCP simulator cloud diagnostics based on sub-grid scale vari-
ability of clouds.

• Evaluation of diurnal behavior of different types of clouds in different regions
of the world.

• Separation of cloud regimes based on cloud properties using cluster analysis
technique (Williams & Webb, 2009), and determining the total climate change
response of clouds to sea surface temperature (SST) perturbation in warmer
climate.

• Analysis of cloud feedbacks related to deep-convective activity. Evaluation of
deep-convection transition to anvil cirrus clouds over time and the changes in
cloud transition in a changing (warmer) climate.

In the current study, the ECHAM5 (Roeckner et al., 2003) atmospheric general
circulation model is used together with the ISCCP simulator (Klein & Jacob, 1999;
Webb et al., 2001) as a primary tool to evaluate the simulated cloud properties
in comparison to satellite observations. A climate feedback study by assessing the
life-cycle of convective clouds in present climate and in an idealized warming (+2 K
perturbed SST) climate is performed to understand the radiative forcing of convec-
tive clouds, their formation, transition and maintenance in the upper troposphere.
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1.5 Thesis outline

This Phd research aims at understanding the convective cloud processes within the
ECHAM5 global climate model and their evaluation in comparison to satellite ob-
servations. A diagnostic application of the ISCCP (International Satellite Cloud
Climatology Project) satellite simulator is adopted to make the model output di-
rectly comparable with ISCCP satellite observations. A detailed description of the
ECHAM5 atmospheric GCM in terms of convective cloud parameterization scheme
and the statistical cloud cover scheme is presented in Chapter 2. A section in Chap-
ter 2 is dedicated to the description of satellite data which is used in the model
evaluation studies. The basic idea of the ISCCP simulator for emulating the satel-
lite signals within ECHAM5 GCM is explained in Chapter 2. The details of technical
implementation of the ISCCP simulator version including the sub-grid scale variabil-
ity information for clouds are also shown in Chapter 2.

The experimental set-up and the simulation runs used in this work are presented
in Chapter 3. Cloud diagnostics sensitivity comparison using different versions of
ISCCP simulators, together with a comparison of model output to satellite observa-
tions is also shown in Chapter 3. In order to characterize the model behavior relative
to other model inter-comparison studies, we apply a cluster analysis (Williams &
Webb, 2009) on the model simulated output, the findings of which are presented
in Chapter 3. Total climate change response of clouds to +2 K SST perturbation
is analyzed for all the defined cloud regimes, which is measured by change in net
cloud radiative forcing. Chapter 4 presents an evaluation of the diurnal cycle of
various ISCCP cloud categories as simulated in the model is done compared to the
ISCCP observational diurnal cycle. The diurnal behavior of clouds is analyzed in
selected tropical test regions, where the individual behavior over land and sea areas
is compared for the model and the observations.

Chapter 5 explains the details of a cloud feedback study related to deep-convective
clouds. The transitions from deep-convective clouds to cirrostratus and cirrus clouds
over time are analyzed using a Lagrangian trajectory method based on the approach
followed by Luo & Rossow (2004). The comparison of the cloud transitions in present
day climate and a warmer climate with perturbed SST are also presented in Chapter
5 with some insight on the model behavior in a feedback analysis from a Lagrangian
perspective.

Chapter 6 contains the main conclusions of the model evaluation studies per-
formed in this work together with a note on synergy among findings by various
evaluation techniques adopted. Some reflection on the scope for follow-up studies is
also included.
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Chapter 2

Description of model and data

This chapter presents an overview of the ECHAM5 general circulation model which
is the primary tool used in this research. The following sections explain the core
physics in the current model as well as the modifications that have been implemented
for testing and improving the model. A detailed description of the various versions
of the ISCCP (International Satellite Cloud Climatology Project) simulator module
that are used in the sensitivity runs is also presented in this chapter.

2.1 Model description (ECHAM5 General Circulation
Model)

For the current study ECHAM-atmospheric general circulation model is used. The
climate model ECHAM5 (Roeckner et al., 2003) is the fifth generation model devel-
oped from the spectral weather prediction model of ECMWF or European Center
for Medium-range Weather Forecast (therefore the first part of its name: EC) and a
comprehensive parameterization package developed at the Max Planck Institute for
Meteorology, Hamburg (therefore the abbreviation HAM). A detailed description of
the model is presented in the subsequent sections.

2.1.1 General characteristics

The ECHAM5 model consists of a spectral dynamical core based on the primitive
equations and a comprehensive set of physical parameterizations. The prognostic
variables i.e., temperature, vorticity, divergence, logarithm of the surface pressure,
and the total water mixing ratio are represented in the horizontal by a finite series
of spherical harmonics. In the vertical, the atmosphere is divided into hybrid sigma-
pressure levels reaching up to the pressure level of 10 hPa (Roeckner et al., 2003).
In the standard configurations, the model has 19 or 31 vertical layers. Throughout
this study we will mainly use the model version with the resolution T63L31. T63
denotes the truncation of the series of spherical harmonics at the zonal and total
wavenumber m0=l0=63 (∼1.9◦×1.9◦ spatial resolution on a latitude-longitude grid);



10 2 Description of model and data

L31 refers to the usage of 31 vertical levels.

The physical parameterizations within the ECHAM5 model consider long-wave
radiation, shortwave radiation, gravity wave drag (GWD), the planetary bound-
ary layer (PBL), cumulus convection, stratiform cloud formation, and micro-
physics/precipitation formation.

A bulk mass flux scheme is employed for shallow, mid-level, and deep-convection
based on Tiedtke (1989) with modifications for deep-convection according to Nor-
deng (1994). Large-scale cloud cover and large-scale condensation/evaporation can
either be diagnosed by a scheme based on a threshold of relative humidity (Sundqvist,
1978), or can be predicted by a sub-grid scale variability scheme as described in
Tompkins (2002). In this study, only Tompkins scheme is used. For the verti-
cal cloud overlap considerations, maximum, random or maximum-random overlap
assumption may be applied. In this study we use the maximum-random overlap
assumption in the model simulation runs.

2.1.2 Clouds in ECHAM5

The adequate representation of clouds and cloud affecting processes in an atmo-
spheric climate model is a challenging task. A variety of complex processes with
different spatial and temporal resolutions are combined together in a climate model
and hence it remains a difficult task to assess which processes are indispensable and
which can be omitted for special applications without loss of accuracy.

An important limitation of the cloud parameterizations of a given climate model is
the model’s horizontal and vertical grid resolution. Global as well as regional climate
models (with horizontal grid spacings in the range of 10 to 500 kms) parameterize
the effects of convection and cloud microphysics as well as the radiative properties of
clouds. Cloud processes act on scales much smaller than the order of magnitude of
the model’s grid scale and can not be explicitly resolved by the model. The sub-grid
scale cloud processes are hence unresolved and have to be parameterized within the
model.

Similar to most other climate models, the cloud simulation in ECHAM5 is di-
vided into two parts - the stratiform and the convective clouds. The stratiform or
large-scale cloud scheme within ECHAM5 includes prognostic equations for cloud
liquid water and cloud ice mass mixing ratios and also the higher order moments of
the total water content (only in Tompkins (2002) scheme). The large scale clouds
are parameterized within the climate model to influence the radiation budget, and
the convective cloud parameterizations affect the vertical transport, latent heat and
the convective precipitation formation. Cloud microphysics includes rain formation
by coalescence processes (autoconversion, cloud particle collection by rain and snow,
aggregation of ice crystals to snow flakes, accretion of cloud droplets by falling snow),
gravitational settling of ice crystals, sublimation or evaporation of falling snow/rain
and also freezing and melting. Most of these processes are formulated as in Lohmann
& Roeckner (1996). Fractional cloudiness is calculated from a statistical cloud cover
model (Tompkins, 2002) using a probability density function (PDF) for total water
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as suggested from simulations with a cloud-resolving model. Variance and skew-
ness of the PDF are related to the sub-grid scale processes such as turbulence and
convection. More details on the Tompkins scheme are explained in section 2.1.4.

The convection schemes account for clouds even if the grid scale saturation is not
reached. The bulk mass-flux convection scheme by Tiedtke (1989) is employed in
the ECHAM5 model. This scheme is based on steady-state equations for mass, heat,
moisture, cloud water, and momentum for an ensemble of updrafts and downdrafts,
including turbulent and organized entrainment and detrainment. Convective insta-
bility is determined in the Nordeng (1994) closure of the Tiedtke scheme by lifting
an air parcel dry-adiabatically until it reaches the lifting condensation level. If it is
still positively buoyant with respect to its surrounding, convection is activated. The
result is formation of convective available potential energy (CAPE), which influences
the environment by transporting heat and moisture vertically, mixing the cloud air
with surrounding environmental air (entrainment and detrainment processes) and
finally released by formation of precipitation. Convective precipitation in the model
is diagnosed as a constant fraction of cloud water, while the remainder is detrained
to serve as an input for the stratiform cloud scheme (Lohmann & Roeckner, 1996).
The Tiedtke convection scheme is explained in detail in section 2.1.3.

More details including the basic physical equations of the cloud schemes in
ECHAM5 are explained in the following sections. The convection scheme, the large-
scale cloud scheme and their coupling are explained in a sequential order.

2.1.3 Convection scheme in ECHAM5

Within the ECHAM5 atmospheric model, a mass flux scheme is employed for shal-
low, mid-level, and deep-convection (Tiedtke, 1989) with modifications for pene-
trative convection according to Nordeng (1994). The Tiedtke (1989) convective
parameterization scheme is based on the mass flux concept and a bulk cloud model.
The scheme considers three types of convection. The first type is the penetrative
or deep-convection under disturbed, conditionally unstable conditions in the pres-
ence of lower tropospheric large-scale moisture convergence. The second is shallow
convection under undisturbed conditions and is mainly driven by the turbulent sur-
face moisture flux. The third type is the so called mid-level convection that occurs
mainly in conditionally unstable situations but with a cloud base well above the
planetary boundary layer. Only one type of convection is allowed to take place in
a grid box during each time step. An ensemble of clouds occurring in each type of
convection is assumed to consist of updrafts and downdrafts. Updrafts are allowed
to interact with the environment through convective entrainment and detrainment.
Both the lateral entrainment/detrainment due to turbulence and the organized en-
trainment/detrainment due to organized inflow/outflow near the cloud base/top
are considered following certain assumptions and simplifications. Downdrafts are
assumed to occur at the level of free sinking (LFS), where in-cloud air mixes with
environmental air and becomes unstable in relation to the surrounding environment.
The mass flux at LFS is taken as 30% of the cloud-base mass flux (Tiedtke, 1989).
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Cloud water detrainment in the upper part of the convective updrafts is used as a
source term in the stratiform cloud water equations.

Tiedtke scheme

The Tiedtke scheme includes a static, one dimensional cloud model, taking into
account the following processes (Tiedtke, 1989):

1. Diabatic warming of the atmosphere resulting from latent heat exchange,

2. Vertical transports of heat, moisture and momentum in convective updrafts
and downdrafts,

3. Interaction between up/downdrafts and the environmental air by consideration
of entrainment and detrainment processes,

4. Precipitation formation.

As the Tiedtke scheme has been developed for global climate models with coarse
horizontal resolutions, the cloud model aims to represent an ensemble of convective
clouds located in one grid box. The properties described further are thus not repre-
sentative for single convective clouds, but rather for their ensemble. Convection is
further classified into three categories (as explained in Pfeifer, 2006).

• Penetrative convection (convection type 1): Convection type 1 is designed
to cover the effects of tropical hot towers, that develop fast and reach high levels
of the atmosphere. Penetrative convection has its basis in the near-ground
boundary layer. It is mainly fed by advective transport of moisture into a grid
box. Unlike as in the procedure recommended by Tiedtke (1989), the mass flux
at cloud base is specified following an adjustment closure proposed by Nordeng
(1994), linking the cloud base mass flux to the available convective potential
energy, which should be removed by convection in a characteristic time (tτ ). In
this way, the cloud base mass flux is inversely proportional to the adjustment
time scale. This time scale strongly depends on the horizontal grid resolution
of the model. In order to keep the vertical mass flux at approximately the
same size as the resolved vertical velocity of the model, tτ must be decreased
as the horizontal resolution increases (Nordeng, 1994).

• Shallow convection (convection type 2): Convection type 2 is designed for
convection developing in undisturbed flow (no large-scale convergence). Typi-
cal convection associated with this convection type are tradewind cumuli under
a subsidence inversion and daytime convection over land. Shallow convection
evolves from the boundary layer. In case of shallow convection, the moisture
excess in the grid box is dominated by evaporation from the surface and not
dynamically by advected moisture as in the case of penetrative convection.
The rates of turbulent entrainment and detrainment are by a factor of three
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higher than for penetrative convection, accounting for the fact that shallow
convection is usually smaller and more turbulent than penetrative convection
and thus has larger exchanges with surrounding air. An important difference
between penetrative and shallow convection is that there is no precipitation
associated with shallow convective clouds.

• Mid-level convection (convection type 3): Contrary to convection type 1
and 2, mid-level convection has its roots at levels above the boundary layer.
Typical examples for this type of convection are convective cells occurring in
rainbands at warm fronts or in the warm sectors of extra-tropical cyclones.
In such cases, convection starting from the lower levels is often inhibited by a
low-level temperature inversion and convection is initiated by lifting low-level
air dynamically to the level of free convection.

The Tiedtke convection scheme is unimodal, which means that only one con-
vection type can occur in a column at a time, multi-layered convection is not al-
lowed. Once the convection type is determined, the properties of the convective
cloud ensemble are set according to the appropriate convection type. The intensity
of convection and hence the maximum vertical extent of the cloud is strongly depen-
dent on the entrainment of air into the cloud from the air masses surrounding the
cloud. Entrainment and detrainment processes are separated in turbulent entrain-
ment and detrainment, which describes the mixing of cloud air and environmental
air at the cloud edges due to turbulent eddies and into organized entrainment and
detrainment, which describes organized in- and outflow associated with large-scale
convergence.

The convection scheme is coupled to the large-scale cloud scheme by handing over
the convective cloud condensed water detrained from the updrafts to the large-scale
cloud scheme. The formulation of the convection scheme restricts convective activity
to one single time step. The properties of convection in one grid column of the model
are assigned for every time step without reconsidering the state of convection one
time-step before. Thus the model includes no explicit memory in the convection
scheme, which would allow convective clouds to develop on a longer time scale.

Formulation of cumulus convection parameterization equations within
ECHAM5

In the ECHAM5 climate model, the contribution of cumulus convection to the large
scale budgets of heat, moisture and momentum is represented by an ensemble of
clouds consisting of updrafts and downdrafts in a steady state. Buoyant convection
occurring on account of surface heating creates an unstable parcel of air which
contributes the updraft. Entrainment is the rate at which air is included into the
cloud through its sides to balance the increase of vertical mass flux in the cloud
with height, and the detrainment rate is the rate at which air leaves the cloud as
the cloud vertical mass flux decreases with height. Figure 2.1 shows a schematic of
a cloud ensemble over a column and its development due to temperature rise ∆T .
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Figure 2.1— Schematic of cloud ensemble updraft with consideration of entrainment and de-
trainment

Updraft over height (∆z) is shown where entrainment and detrainment are seen as
the parcel further rises.

The bulk equations for mass, heat, moisture, cloud water and momentum for an
ensemble of cumulus updrafts are the following,

∂Mu

∂z
= Eu − Du (2.1)

∂

∂z
(Musu) = Eus̄ − Dusu + Lρ̄cu (2.2)

∂

∂z
(Muqu) = Euq̄ − Duqu − ρ̄cu (2.3)

∂

∂z
(Murlu) = −Durlu + ρ̄cu − ρ̄Pu (2.4)

∂

∂z
(Muuu) = Euū − Duuu (2.5)

∂

∂z
(Muvu) = Euv̄ − Duvu (2.6)

where, the subscript u denotes updraft variables and the overbar denotes the vari-
ables in the surrounding environment of the updrafts (grid-box mean values). The
variables in the above updraft equation are,
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M = cloud base mass flux (kg m−2 s−1),

E = mass entrainment rate (m−1),

D = mass detrainment rate (m−1),

s = dry static energy, expressed as (CpT + gz),where,

Cp = specific heat capacity of air at constant pressure (J kg−1 K−1),

T = absolute temperature (K),

g = gravitational acceleration (m s−2),

z = height (m),

L = Latent heat of condensation/sublimation (J kg−1),

ρ = density of air (kg m−3),

q = specific humidity (kg kg−1),

rl = cloud water mixing ratio (kg kg−1),

c = net condensation rate (kg kg−1 s−1),

P = precipitation formation rate ,

u and v = components of the horizontal wind vector (m s−1)

Once the updraft component is calculated, the characteristics of the downdrafts
are estimated. A corresponding set of equations is used for the cumulus downdrafts
which are assumed to originate from mixing of cloud air with environmental air
which has been cooled to its wet bulb temperature by evaporation of precipitation
generated in the updrafts. The downdrafts are supposed to be initiated at the level
where the buoyancy of an even mixture of cloud air and the evaporatively cool
environment air becomes negative.

Organized entrainment and detrainment

Following the updrafts and the downdrafts, the entrainment and detrainment is
considered for cloud ensembles (variables E and D in equations 2.1 through 2.6).
According to Tiedtke (1989), organized entrainment is consistent with the closure
and is based on a moisture convergence hypothesis. As implemented in the ECHAM5
model, the Nordeng (1994) approach assumes organized entrainment to take place
as inflow of air into the cloud when cloud parcels accelerate upwards, i.e. when the
buoyancy is positive. Organized detrainment takes place where the air decelerates,
i.e. when the buoyancy becomes negative. Organized entrainment and detrainment
are therefore related to the cloud activity itself.

The organized detrainment is defined as the loss of total mass-flux due to detrain-
ment of those clouds which are losing their buoyancy. In the ECHAM5 convective
parameterization, the spectrum of clouds detraining at different levels is realized
through the function based on the level where the clouds start to detrain (Roeckner
et al., 2003).
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2.1.4 Statistical cloud cover scheme

Cloud microphysical processes as well as the radiative transfer, depend crucially on
the distribution of water within the model grid-cell. In a statistical cloud cover
scheme, a mathematical probability density function (PDF) is assumed to represent
in each large-scale model grid box the horizontal sub-grid scale PDF of the total
water or rt (vapor plus condensate). Once the particular parameters (or shape) of
the PDF has been determined, cloud fraction is diagnosed as the probability that
rt exceeds relative to saturation water vapor mixing ratio rs. The cloud condensate
mean value and its PDF can also be diagnosed from the PDF of rt relative to rs.
The components of the total water mixing ratio are expressed as rt =(rv + rl + ri)
where, rv, rl and ri are mixing ratios of water vapor, cloud liquid water, and cloud
ice, respectively. In ECHAM5, the sub-grid scale distribution is derived within the
framework of a statistical-dynamical approach based on Tompkins (2002). This
approach neglects the temperature fluctuations in the grid cell assuming that sub-
grid scale cloud formation is caused solely by fluctuations in the total water content.
Hence, the fractional cloud cover in the grid cell can be expressed as,

C =

∫
∞

rs

G(rt)drt (2.7)

where rs denotes the saturation mixing ratio which is assumed to be constant within
the respective grid-cell, and G(rt) is the probability density function (PDF) of total
water mixing ratio rt. The subsequent task is to choose an appropriate PDF and
to determine its moments for the model grid cell. For ECHAM5, the choice of the
selected PDF was guided by simulations with a cloud resolving model (CRM) which
was run on a horizontal domain of about 90 km×90 km and 21 km in the vertical
(Tompkins, 2002). For a tropical case, a good fit to the simulated distributions of
rt can only be obtained by using the beta distribution. The beta distribution is
determined by four parameters, two shape parameters, p and q, and the lower and
upper bounds, a and b, respectively.

This form of the PDF was chosen by Tompkins as a pragmatic compromise; it is
relatively simple and flexible, and provides, in most cases, a reasonable fit to cloud-
resolving model simulations of rt. Tompkins (2002) mainly considered the use of this
approach for the diagnosis of cloud fraction, and it is used solely for this purpose in
the standard version of ECHAM5.

The chosen beta distribution is an attractive candidate for the sub-grid scale dis-
tribution of total water since it has finite limits, eliminating the problem of negative
or infinite total water, and can be skewed in both negative or positive directions (as
in CRM data used by Klein et al., 2002). The disadvantages of this using this dis-
tribution within ECHAM5 include that the skewness range is limited to plus 2 (i.e.,
only positive distribution), and that transcendental functions such as the incomplete
beta function must frequently be evaluated (done with look-up tables).

The difficult part of the parameterization is adequately prognosing the mean,
width, and asymmetry of the total water (rt) PDF. The PDFs of rt at the detrain-
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ment levels of deep-convection are highly skewed. Convective towers directly detrain
cloud condensate to form upper-level cirrus anvil cloud and extensive stratiform
cloud coverage. Cumulus parameterization schemes already represent the transport
of the mean quantities of water vapor and cloud, but it is clear that the deep-
convective process also increases the variance of the water vapor by introducing
localized perturbations as shown by Liao & Rind (1997). Moreover, as noticed by
Tompkins (2002), clouds detrain high mixing ratios of cloud condensate and intro-
duce a significant positive skewness into the distribution of cloud. However, other
sub-grid scale processes along with convection such as turbulence and microphysics
also affect the evolution of q and (b−a). The higher order moments such as variance
and skewness are uniquely determined by a, b, p, and q.

2.2 ISCCP satellite data used in model evaluation

In order to compare the model simulation diagnostics to the observations, we use
ISCCP satellite data. ISCCP stands as an abbreviation to International Satellite
Cloud Climatology Project, which is operational since year 1983 (Schiffer & Rossow,
1983). The ISCCP climatological data is created using the radiance measurements
from a visible channel and an infrared channel on up to five geostationary and two
polar orbiting satellites (Rossow et al., 1996). Surface soundings together with the
TIROS Operational Vertical Sounder (TOVS) System for temperature and moisture
sounding are used as input to the measurements. The visible channel (VIS) is used
to derive cloud optical thickness (τ), and the infrared channel (IR) is used to derive
cloud top temperature and hence the cloud top pressure (ptop).

The ISCCP analysis begins by classifying each individual satellite pixel, about
4-7 km in size, as either cloudy or clear (Rossow & Garder, 1993). A pixel is defined
cloudy if the IR or VIS radiance differs from the corresponding clear sky value
by more than the detection threshold (change from the clear radiance required to
detect a cloud, explained in Rossow & Schiffer, 1999). Clouds that produce radiance
changes that are too small or of the wrong sign are not detected. Clouds are assumed
to cover individual pixels completely, so fractional areal cloud cover (reported as
values from 0 to 1) is determined only for larger areas (i.e., 280 km across or final
regridded resolution of ISCCP D2 product) in the ISCCP datasets by the fraction
of all pixels in each area containing clouds. The precision of individual cloud cover
values for these areas is determined by the total number of pixels collected; for the
sampled ISCCP data at one time, this number ranges from 20 to 120, about 70 on
average in a 280 km2 grid. If an individual pixel is defined cloudy, then comparison
of the observed radiances to those predicted by a radiative transfer model (Rossow &
Schiffer, 1991) determines a cloud-top temperature from the IR radiances (both day
and night) and a visible optical thickness (τ) from the VIS radiance (daytime only).
As shown in the analysis by Nakajima & King (1990), the cloud optical thickness
can be determined by the reflection function at a non-absorbing visible wavelength
of 0.75µm with little dependence on the droplet radius. Hence, the visible channel
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during the sunlit time of the day are used in retrieval of the cloud optical thickness
in the ISCCP observations.

Cloud tops in ISCCP are derived from the thermal infrared radiance of a cloudy
pixel, which is translated to a pressure using the TIROS Operational Vertical
Sounder (TOVS) temperature profiles. The presence of an optically thin cloud
above an optically thick one would lift the pixel infrared emission level to the mid-
dle troposphere resulting in the retrieval of a middle level cloud in the place of the
two overlapping cloud layers. The use of the ISCCP simulator on the model cloud
parameters accounts for this effect as it also outputs a middle level cloud top pres-
sure in a similar situation. In addition to this effect, any systematic biases in the
TOVS temperature profiles would result in systematic errors in the ISCCP cloud
top pressures. More details on the ISCCP data retrieval are explained in Rossow &
Schiffer (1991), Rossow et al. (1996) and Rossow & Schiffer (1999). Typical cloud
types are essentially classified according to their top pressure and optical thickness
as described in detail in Rossow & Schiffer (1999) and shown in figure 2.2.

Composite subgrid-scale clouds of six ranges of optical depth are defined for seven
pressure ranges of cloud top height. As seen in figure 2.2, the categories of clouds
are based on a two-dimensional distribution of optical thickness and top pressure of
clouds. The range of cloud optical thickness (0 to 379) and cloud top pressure (1000
to 50 hPa) is further subdivided into 6 and 7 bins, respectively, which are used for
defining the individual 42 cloud types of ISCCP classification. The composite of
the top 3 bins of cloud top pressure over all the bins of optical thickness represent
the high cloud cover or the HCC. Similarly the next 2 bins and the last 2 bins of
cloud top pressure contribute to the middle and low cloud cover (MCC and LCC,
respectively). This distribution is also referred as ISCCP ptop − τ joint histogram.

The ISCCP data sampling is done every 3 hours (or 4 time-steps in the day-light)
and the spatial resolution is 280 km×280 km. The ISCCP data histograms are used
for comparison with the model output with the ISCCP simulator. For computation
of the diurnal cycle from the ISCCP data, the histograms are averaged over the
respective bins of cloud types for each time step and then further averaged for each
corresponding time step at 0300, 0600, 0900 hours UTC and so on.

2.3 ISCCP satellite simulator in ECHAM5

This section is dedicated to the explanation of the ISCCP (International Satellite
Cloud Climatology Project) simulator which is employed in the model runs for this
work. The details of the technical implementation of the simulator module within
the model, its added advantages and limitations are presented in the following para-
graphs.

The ISCCP simulator, as the name suggests, is a model based simulator to mimic
the satellite products as seen by the ISCCP retrievals. The primary motivation
for the creation of the ISCCP simulator coupled with a GCM is the possibility to
compare the model output one-to-one with the ISCCP satellite data. The simulator
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Figure 2.2— ISCCP cloud classification based on τ and ptop joint histogram. Source: Rossow
& Schiffer (1999)

itself is a run-time diagnostic tool to analyze the model output by mimicking the
satellite signals as computed from three basic model variables i.e., cloud optical
thickness (τ), cloud top pressure (ptop) and cloud fraction. Hence essentially, the
simulator shields the low-level clouds from above and samples only the sunlit scenes
for the retrieval of the cloud optical thickness together with sub-grid scale variability.
That is, at every grid point in the model, account is taken of how a satellite would
view an atmospheric column with profiles of grid-box mean physical properties of
the model. For example, only one cloud-top pressure ptop, can be assigned by ISCCP
to each satellite pixel, and in the case of multi-layer clouds this is usually the ptop

of the highest level cloud. At a coarser scale, the grid-box mean value is then the
cloud property averaged over all satellite pixels within the grid-box. In sampling this
sub-grid scale variability in the GCM, the model’s vertical profile of cloud fraction
and its overlap assumption are used to determine what fraction of the grid box is
covered by clouds of a given range of ptop and cloud optical depth τ .

The basic version of the ISCCP simulator and improvements in the simulator
diagnostics are applied as a part of this research. The details of the technical im-
plementation of the simulator are explained in the following subsections.



20 2 Description of model and data

2.3.1 Basic ISCCP simulator

The simulator version based on the development by Klein & Jacob (1999) and Webb
et al. (2001) is referred to as the basic version of the ISCCP simulator in this work.
This simulator version is hereafter called as “ECHAM5-basic”. The simulator is
added as a run-time diagnostic module in the ECHAM5 model. This module uses
the grid-box-mean values of model generated cloud fraction to mimic the ISCCP
algorithm by downscaling the grid level cloud fraction to cloudy and cloud-free sub-
columns (as seen from top, similar to a satellite).

Within the core of the code, a module named SCOPS (Subgrid Cloud Overlap
Profile Sampler) samples the sub-grid distribution of clouds within a model grid-box
using a pseudo-random sampling process. It takes vertical profiles of (large scale)
cloud amount as input and applies a cloud overlap assumption to provide a number
of cloud profiles sampled from random positions within the grid-box. Each layer of
these sub-columns is entirely clear or overcast with a homogeneous cloud. In the
standard ECHAM5 model version a maximum-random overlap assumption in the
vertical is used for generation of the sub-grid variability consistent with the model
radiation code.

In the next step the process module of ICARUS (or ISCCP Clouds and Radiances
Using SCOPS) emulates the ISCCP retrieval using the profiles extracted from the
GCM grid-box via SCOPS (Klein & Webb, 2009). This mimics the procedure of
ISCCP retrieval algorithm to assign the fractional area covered by a given cloud
type as the fraction of satellite pixels in a grid-box (or, 280-km region in ECHAM5
T63 resolution) that contain clouds with a range of ptop and τ . As a diagnostic, the
grid-box mean cloud properties and a joint histogram of ptop and τ are produced.

Table 2.1 shows the various classifications of cloud types and their definitions
in the ranges of ptop and τ . With the simulator two types of ptop are derived
from the model data. The first ptop is the physical cloud-top pressure, i.e., the
midpoint pressure of the highest model level containing clouds. The second ptop is
an emissivity-adjusted cloud-top pressure. It accounts for the fact that in the case
of thin (low emissivity) clouds overlying thick (high emissivity) clouds, the satellite
is likely to overestimate ptop and underestimate the physical cloud-top altitude. If
τ of the column is low enough, ISCCP can use τ to estimate the emissivity of a
single-layer cloud and make a smaller error in ptop. However, this method does not
work when τ is large and the upper levels of the cloud have low emissivity. The
method to derive an emissivity-adjusted ptop follows ISCCP retrieval procedures
and thus accounts for these satellite limitations (Klein & Jacob, 1999).

Detailed algorithm for simulating ISCCP clouds from ECHAM5 model

The pseudosatellite or the simulated ISCCP cloud data is produced by accounting
for two important characteristics of satellite observations of clouds. The first is that
passive satellite sensors identify clouds by their tops and do not directly determine
their bases or geometric thicknesses. For example, if a high-level cloud overlies a
low-level cloud, it will generally be identified as only a high-level cloud by a satellite.
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Cloud type category ptop - range (hPa) τ - range

Low-top thin 680 < ptop ≤ 1000 0.1 < τ ≤ 3.6

Low-top medium 680 < ptop ≤ 1000 3.6 < τ ≤ 23

Low-top thick 680 < ptop ≤ 1000 23 < τ ≤ 379

Middle-top thin 440 < ptop ≤ 680 0.1 < τ ≤ 3.6

Middle-top medium 440 < ptop ≤ 680 3.6 < τ ≤ 23

Middle-top thick 440 < ptop ≤ 680 23 < τ ≤ 379

High-top thin 50 < ptop ≤ 440 0.1 < τ ≤ 3.6

High-top medium 50 < ptop ≤ 440 3.6 < τ ≤ 23

High-top thick 50 < ptop ≤ 440 23 < τ ≤ 379

Table 2.1— Classification of cloud types by range in cloud-top pressure (ptop) and optical depth
(τ ). Modified after Klein & Jacob (1999).

The second characteristic that affects satellite views of clouds is that satellites may
underestimate the altitude of clouds with partial emissivity, especially if the partial
emissivity cloud lies above an optically thick cloud.

Every vertical level of a grid column of the model has the amount of liquid, ice,
and the fraction of the grid box volume that contains cloud. The vertical profile
of cloud amount together with the cloud overlap assumption provides information
about what portion of clouds from each level contain no clouds above them and
thus are visible by a satellite, or which portion of clouds from each level are covered
by clouds above and are not visible from space. To simulate the overlapping of
clouds, each grid column of the model is subdivided into N sub-columns in which
the cloud fraction is assigned to be zero or one at every model level. To arrive at this
distribution of cloudy and clear-sky sub-columns, several assumptions were made,
details of which are explained below.

First, it is assumed that clouds fill the grid box completely in the vertical; i.e.,
the fraction of grid box volume that contains cloud is equal to the fraction of the
horizontal area of a grid box that contains cloud. Second, at each level the specifica-
tion of which sub-columns contain cloud is entirely consistent with the cloud overlap
assumption used for the sub-grid scale flux calculations in the radiation scheme. The
overlap assumption currently used in the ECHAM5 is maximum-random overlap.

It can be described using the following equation, which specifies the total hor-
izontal area (C) covered by clouds in between the top of the atmosphere and the
given model layer (kmax)

C = 1 −

kmax∏
k=1

1 − max (ak−1, ak)

1 − min (ak−1, 1 − ǫ)
(2.8)

where ak is the cloud fraction of level k, and ǫ = 10−6. Equation 2.8 yields random
overlap for clouds that do not occur in adjacent vertical levels but maximum overlap
if clouds occur at adjacent levels. At each level, the number of sub-columns that
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contain cloud is equal to the nearest integer value of 100ak. The use of equation 2.8
provides a total cloud fraction (C), by applying it from the model top to the level k
given the distribution of clouds layer by layer.

The amount of liquid and ice at each level must be divided among the cloudy
sub-columns of each level. Currently, each cloudy sub-column is filled with the same
amount of liquid and ice assuming a constant in-cloud water (rk

cld(l)) or ice content

(rk
cld(i)) defined as

rk
cld(l) =

rk
l

ak
int(l)

(2.9)

where, rk
l is the grid-mean liquid water content at level k and ak

int(l) is a rounded
cloud fraction calculated as the fraction of sub-columns at each level that contain
cloud. A similar relation can be written for the cloud ice, replacing the subscript (l)
with (i) in equation 2.9. Consideration is then given to how a satellite would detect
a distribution of cloud tops and cloud optical depths from this allocation of clouds
into sub-columns. The grid-box mean in-cloud optical depth τ , which is computed
within the radiation code of ECHAM5 model is used, and then distributed to the
sub-columns.

To calculate the pressure of the cloud top ptop, two methods are used. The
first method is to merely assign ptop as the mid-level pressure of the highest level
with cloud for each sub-column. This cloud top is the true or physical cloud-top
pressure. However, if the emissivity of the clouds’ uppermost layers is not close to
unity, then the satellite will have difficulty detecting the true cloud-top pressure. If
the sub-column contains thin cirrus with no cloud beneath, ISCCP has a method
to account for partial cloud emissivity to determine the true cloud-top pressure.
However, if the partial emissivity cirrus is above an optically thick lower-level cloud
or is part of a cloud whose lower layers have close to unit emissivity, then ISCCP will
overestimate the cloud-top pressure (and thus underestimate its true altitude). An
emissivity-adjusted cloud-top pressure is derived by crudely simulating the infrared
water vapor window brightness temperature for each sub-column and then following
the procedures ISCCP would use to derive cloud-top pressure. The radiance at the
top of the atmosphere I, is the sum of the radiance emitted from each model level
k multiplied by the transmittance Tr, from level k to the top of the atmosphere

(layer 31) plus the contribution of the surface emission (ǫsfc), expressed as in Klein
& Jacob (1999),

I =
kmax∑
k=1

T k
r ǫkf{T k} + T kmax

r ǫsfcf{T sfc} (2.10)

where, ǫk is the emissivity of level k, T sfc represents the transmittance at the surface,
and f{T k} represents a quantity linearly proportional to the radiation emitted by
a blackbody at 11µm (or, minimum brightness temperature at layer k). f{T k} can
be expressed as,
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f{T k} = [exp (1307.27 K /T k) − 1]
−1

(2.11)

where T k is the model temperature at level k. Within the atmosphere, the emissivity
of level k depends on the occurrence of cloud and is derived from the visible optical
depth that is due to cloud in level k (Rossow & Schiffer, 1991), hence ǫk can be
written as,

ǫk = 1 − exp (−τk/2) (2.12)

where τk is the cloud optical depth of the sub-column of level k. The factor of 1/2
in equation 2.12 is the factor to convert visible optical depths to infrared optical
depths. For the surface, an emissivity of 0.99 is used. The transmittance (Tr) from
level k to the top of the atmosphere is given by the product of the transmissivities
of each of the levels (j) above, giving

T k
r =

k−1∏
j=1

(1 − ǫj) (2.13)

with T 1
r = 1.

After, the radiance at the top of the atmosphere I has been calculated for each
sub-column, consideration is given to how ISCCP would use this radiance to derive
a cloud-top pressure. Regardless of the number of cloud layers, ISCCP interprets
the radiance from each pixel in terms of a single cloud and retrieves only one cloud
top pressure. The emissivity of the cloud (ǫcld), is determined from the total optical
depth of the sub-column τ ,

ǫcld = 1 − exp (−τ/2) (2.14)

The radiance at the top of the atmosphere I, is assumed to be the sum of the
emission from this single cloud and the portion of the emission from the surface that
is transmitted through this single cloud,

I = ǫcldf{T cld} + (1 − ǫcld)ǫsfcf{T sfc} (2.15)

Subsequently, T cld is varied until equation 2.15 is satisfied. The emissivity adjusted
cloud-top pressure is then assigned to the pressure of the model level nearest the
surface in which T cld occurs. To mimic the ISCCP satellite product at every grid
point of the model, the fraction of sub-columns that contain clouds within the very
same ranges of cloud-top pressures and visible optical depths is computed (see Ta-
ble 2.1). In this way an equivalence is made between the fractional areas covered by
certain types of clouds as seen by the satellite and simulated from the model.
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Figure 2.3— Schematic of stochastic cloud generator. As shown in the example model grid-box,
the generated random sub-columns account for the horizontal variability at each model layer using
the PDF of total water mixing ratio (rt) from Tompkins (2002).

2.3.2 Addition of sub-grid column generator in ISCCP simulator

In the basic version of the ISCCP simulator the only sub-grid scale variability con-
sidered is the vertical cloud overlap assumption. A better estimate of this sub-grid
scale variability can be done by using the horizontal PDF of the total water content
and hence stochastically generating a number of either cloudy or clear sub-columns
in each model grid box. In the implementation of this sub-column generator into
ECHAM5 (called as “ECHAM5-subgrid” hereafter), we use the stochastic genera-
tor based on the work by Räisänen et al. (2004). The generator is initialized with
information from the GCM grid cell mean values (cloud fraction, liquid water and
ice amount) and with the horizontal PDF of cloud water (Tompkins cloud scheme of
beta distribution for current case; Tompkins, 2002) and vertical maximum-random
overlap assumption. Figure 2.3 shows the details of the sub-columns generated
within the ECHAM5-subgrid version, where the grid-cell inhomogeneity of cloud
water at each model is shown for a single model grid-box with k-layers.

In the generation of sub-columns, the sub-column cloud fraction αk
j in the kth

layer of jth sub-column is assumed to be either 0 or 1 (cloud free or cloud filled,
similar to the standard ISCCP simulator). The atmosphere is divided into k layers
(k=kmax, at the top of atmosphere), and N sub-columns are generated. In the cur-
rent study, the sensitivity of changing the number of sub-columns in the ECHAM5-
subgrid ISCCP simulator version was tested for three cases (N=40, N=100 and
N=1000), with no substantial difference in the cloud diagnostics (not shown). The
model results presented in this version of ISCCP simulator are generated by using
N=100 sub-columns.
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As explained in section 2.1.4, the stochastic cloud scheme defined by Tompkins
(2002) operates on total-water mixing ratio rt (condensed (rl) + vapor (rv)) and
uses the beta probability density function P(rt) to describe fluctuations in rt. The
sub-column generator is applied to this scheme by setting cloud fraction for sub-
column cells. The subgrid-scale variability of cloud condensate amount in each layer
is derived directly from the beta distribution of total water content. The total-
water mixing ratios (rtj,k

) for the jth column of the kth model layer for all cells are
generated by solving the equation for beta distribution PDF as follows,

yj,k =

∫ rtj,k

0
Pk(rt)drt (2.16)

where, yj,k is the cumulative frequency distribution of the total water mixing ratio
rt, and Pk(rt) is the corresponding distribution function of rt for the kth layer. More
details on the sub-column generator are detailed in Räisänen et al. (2004).
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Chapter 3

Evaluation of global cloud
properties in model using
satellite data

An evaluation of the model simulated global fields of various cloud properties and
cloud types are presented in this chapter. Sensitivity studies for comparing different
versions of the ISCCP simulator are shown. The results from the ISCCP simulator
model version coupled with the statistical cloud cover scheme (ECHAM5-subgrid)
are compared with ISCCP satellite observations for model evaluation. A detailed
analysis of global average ISCCP τ - ptop joint histograms is also presented in this
chapter. In the histogram comparisons, we pin point the model deficiencies in terms
of cloud diagnostics using the ISCCP simulator.

The use of a clustering technique based on the work of Williams & Webb (2009)
is performed on the ISCCP simulator output of ECHAM5-subgrid model version for
defining the global cloud regimes and their respective climate change response. This
analysis is performed to evaluate the performance of ECHAM5 cloud cover diag-
nostics in comparison with other CFMIP (Cloud Feedback Model Intercomparison
Project) studies (Williams & Tselioudis, 2007; Williams & Webb, 2009).

3.1 Experimental setup and description of sensitivity
runs

The model runs are coupled with an additional module of ISCCP simulator based
on Klein & Jacob (1999) and Webb et al. (2001) for a detailed diagnostic analysis
of cloud processes in ECHAM5. The ISCCP simulator and its versions used for this
study are explained in chapter 2 (section 2.3). The AMIP (Atmospheric Model In-
tercomparison Project) observational monthly mean sea surface temperature (SST)
and sea-ice extent boundary conditions are used for the ECHAM5 model simulation
input boundary data. The model output has an additional set of output stream for
the ISCCP simulator which has a three-hourly output of ISCCP variables, similar
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to the model standard output.

The experimental setup consists of model simulations for the summer months
(June, July and August or JJA) of year 2002 with prescribed SST/sea-ice. The
simulations have been carried out in the T63 horizontal resolution (∼1.8◦×1.8◦ grid-
box) and 31 vertical levels. All the model runs were simulated for 1 year (Year 2002)
after an initial spin-up of 1 year. Within the simulations, the two different versions
of the ISCCP simulator, i.e., ECHAM5-basic version(described in section 2.3.1) and
ECHAM5-subgrid version(described in section 2.3.2) are employed. The next section
shows the differences in cloud properties as diagnosed by these two ISCCP simulator
versions.

3.2 ISCCP simulator version sensitivity analysis

In order to realize the differences between the implemented versions of the ISCCP
simulator, we compare the global averaged cloud fraction values for two versions of
ISCCP simulator. The global model data is separated into global land and global sea
areas using the land-sea mask. This separation is done to facilitate the evaluation
of characteristic cloud type distributions for land and sea areas within the model
simulations.

Table 3.1 shows a quantitative comparison of the ISCCP simulator cloud cover
diagnostics from the ECHAM5-basic and the ECHAM5-subgrid version. As listed
in table 3.1, following are the main findings from the comparison of two versions of
the ISCCP simulator diagnostics for different cloud categories:

• The overall total cloud covers for the land area as well as the sea area increase
in the ECHAM5-subgrid version of ISCCP simulator diagnostics. The biggest
contributor to this increase over land are the optically thin clouds (i.e., τ =
0 to 3.6) with 6% more clouds in absolute cloud fraction compared to the
basic version. A small decrease (∼2%) in the medium thick (i.e., τ = 3.6 to
23) cloud diagnostics in land areas is seen together with similar increment in
optically thick clouds (i.e., τ = 23 to 379) for land areas. The cloud cover
over sea shows an increase (∼2%) for thin, medium and thick clouds in the
ECHAM5-subgrid ISCCP simulator compared to the ECHAM5-basic version
diagnostics.

• The overall high clouds over the land increase (∼1%) together with a decrease
for the sea area (∼3%) for the ECHAM5-subgrid version compared to the
ECHAM5-basic version. This change in overall high clouds is due to the similar
changes in the thin high clouds for land and sea areas in the ECHAM5-subgrid
version. The medium and thick high clouds over land area as well as over sea
area in ECHAM5-subgrid version show a decrease of ∼1% compared to the
cloud fraction in ECHAM5-basic version.

• Mid-level cloud fraction (both, over land and over sea) show a significant over-
all increase in the ECHAM5-subgrid version (∼5% and ∼3% increase in abso-
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ECHAM5-
basic Land

ECHAM5-
subgrid
Land

ECHAM5-
basic Sea

ECHAM5-
subgrid
Sea

TCC (%)

Thin 16.9 22.3 21.3 22.8
Medium 15.6 13.4 26.5 28.1
Thick 18.5 19.9 14.2 16.3

Overall 51.1 55.7 62.3 67.3

HCC (%)

Thin 16.1 18.7 18.8 17.8
Medium 7.6 6.3 7.7 6.4
Thick 7.0 6.5 5.5 4.6

Overall 30.71 31.5 32.0 28.8

MCC (%)

Thin 0.55 2.6 0.90 1.8
Medium 3.1 3.5 4.5 5.2
Thick 6.2 7.8 3.6 5.4

Overall 9.8 13.9 9.1 12.4

LCC (%)

Thin 0.44 1.0 1.5 3.2
Medium 4.8 3.6 14.5 16.5
Thick 5.2 5.5 5.1 6.3

Overall 10.4 10.1 21.1 26.0

Table 3.1— Mean cloud cover fraction of global land and global sea ISCCP cloud cover for two
versions of ISCCP simulator (JJA 2002). The respective cloud fraction values for TCC, HCC, MCC
and LCC in are in percentage.

lute cloud fraction for land and sea, respectively). This increase is dominated
by increment in the diagnostics of thin mid-level clouds in the ECHAM5-
subgrid version compared to the ECHAM5-basic version.

• The diagnostic improvement in using the ECHAM5-subgrid version is very
prominent in the distribution of low-level oceanic clouds over the sea. The
overall low cloud amount over sea increases in the ECHAM5-subgrid version
by ∼6% in the absolute cloud fraction compared to the ECHAM5-basic version.
This increment in cloud fraction over sea is distributed among all the optical
thickness categories. Over the land areas, no substantial increase in low cloud
fraction is seen in the ECHAM5-subgrid version compared to the basic version.

The use of sub-column sampler in the ECHAM5-subgrid version shows a rea-
sonable similarity with the cloud cover average diagnostic values of ECHAM5-basic
version. Based on the comparison in table 3.1, the ECHAM5-subgrid version of IS-
CCP simulator provides a more realistic diagnostics of the cloud types, since it uses
the derived probability density function for cloud cover variation in the simulator.
For the rest of the analysis shown in this thesis, the ECHAM5-subgrid version is
used for the ISCCP simulator diagnostics. The sections 3.3 and 3.4 show a detailed
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comparison of the ECHAM5-subgrid version model ISCCP simulator diagnostics
with the ISCCP observations.

3.3 Global distribution of ISCCP cloud types

The model derived global distribution of simulated clouds for different ISCCP cloud
categories are compared with the ISCCP satellite observations. The spatial resolu-
tion for the ISCCP observations is 2.5◦×2.5◦ whereas the ECHAM5 model resolution
is ∼1.8◦×1.8◦. In order to avoid the observational artifacts in the polar regions, we
extract the global data for a latitude range of ±60◦. Throughout this chapter the
values of the individual cloud cover types are expressed in absolute percentage of
cloud fraction.

The ECHAM5-subgrid version of ISCCP simulator (explained in section 2.3.2 of
chapter 2) is used in order to show the model cloud deficiencies from a diagnostics
point of view. Figure 3.1 shows the time averaged (JJA 2002) ISCCP observations
in comparison to the differences with ECHAM5-subgrid version model simulated
ISCCP cloud cover. The cloud categorization for high, deep-convective, mid-level
and low clouds is based on the ISCCP cloud classification for cloud optical thickness
and cloud top pressure (defined in table 2.1 in chapter 2). Figure 3.1(a), figure 3.1(c)
and figure 3.1(e) show the distribution of ISCCP observations for the high cloud
cover (HCC), mid cloud cover (MCC) and low cloud cover (LCC) respectively. The
color shading shows the respective cloud fraction in percentage for HCC, MCC and
LCC. The observations show that the ITCZ belt (±20◦ latitude) are abundant in
the high clouds (figure 3.1(a)), specially in the summer monsoon region of south
Asia and tropical warm pool around Australia. The mid-level clouds occur mostly
over the mid-latitudes and snow covered extra-tropics. Similarly the low clouds
are observed along the global oceanic regions namely the marine shallow cumulus
and stratocumulus clouds around Californian coast, north-west South America, west
coast of Africa and Australia.

The model derived global cloud distributions are subtracted from the ISCCP
observations for evaluating the model behavior in cloud diagnostics. Differences in
ISCCP observations and model for the global distribution of high clouds, mid clouds
and low clouds are shown in figure 3.1(b), 3.1(d) and 3.1(f) respectively. The color
shading in these plots show the respective differences in the model ISCCP simulator
compared to the ISCCP observations. Hence, the negative numbers (shades of blue)
on the colorbar represent the overestimation of cloud fraction, whereas the positive
numbers (shades of yellow to red) represent the underestimation of cloud fraction
in comparison to the observations. The green color shade on the difference plots
represent a model to observation bias of around ±10%.

The overestimation of high-level clouds from ECHAM5-subgrid simulator version
in the tropics (±20◦ latitude belt) and the mid-latitudes is seen in comparison to
the observations (model bias values from observational cloud cover ranges up to 40%
of cloud fraction overestimation in the model). Our analysis shows that substantial
part (∼40%) of this overestimation is diagnosed in the form of thin cirrus clouds
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Figure 3.1— Comparison of ISCCP observations and model simulated cloud cover (ECHAM5-
subgrid ISCCP simulator version) for JJA 2002. The subplots show ISCCP observational clouds
(HCC, MCC and LCC) and their respective differences (bias) with the ECHAM5-subgrid ISCCP sim-
ulator version. The colorbar represents the respective cloud fractions in absolute percentage, and is
different for HCC, MCC and LCC in observation and model bias plots.
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(explained later in section 3.4). The model diagnoses a much stronger convection
(on account of the convective detrainment occurring only at higher levels of the
atmosphere) as compared to the observations, which leads to a larger amount of high
cloud fraction (see section 5.3 for a more detailed analysis of the deep-convection
transition).

Figure 3.1(d) shows the ECHAM5-subgrid version model bias from ISCCP obser-
vations for mid-level cloud cover. The extra-tropical mid-level clouds are captured
relatively well in the ECHAM5-subgrid version with average bias less than ±10%.
However, mid-level clouds are underestimated (∼10% to ∼30%) by the model for the
continental Greenland as well as over Southern ocean. The diagnostics of ECHAM5-
subgrid also shows an overestimation (∼20% to ∼30%) of the mid-level clouds over
equatorial Atlantic ocean, central Africa and northern coast of South America.

The model-derived (ECHAM5-subgrid version) low cloud cover distribution bias
with ISCCP observations is shown in figure 3.1(f), where the distribution bias is
∼20 to 30% underestimation of low cloud cover compared to the observations. The
model diagnostics show an underestimation (∼30 to 40%) of the marine boundary
layer clouds relative to the observational data specially along the Californian coast,
western coast of South America, and along west African coast. The southern pacific
shallow cumulus clouds are also not well captured (underestimated by ∼10%) by the
model when compared to ISCCP observations for low cloud cover. The inclusion
of the sub-grid scale variability in the form of probability density function of total
water leads to a better diagnostic of the low cloud cover when compared to the
standard ISCCP simulator (see section 3.2 for details).

3.4 Comparison of global average histograms

The model evaluation related to the global distribution of clouds shows that the
ECHAM5 model overestimates the high clouds, and simultaneously underestimates
the mid-level and low cloud cover in comparison to the ISCCP observations. How-
ever, the global distributions of high, mid and low clouds are not sufficient in de-
termination of the model deficiencies related to the optical thickness of the clouds.
The ISCCP histograms having a joint distribution of cloud top pressure and opti-
cal thickness serve as an efficient means to analyze the cloud distributions based
on firstly, how high the clouds are, and secondly how thick the clouds are. These
properties represent the cloud radiative characteristics, and are useful in evaluating
the model cloud representations. The global average model simulated joint τ -ptop

histograms are compared with the satellite observations for evaluating the compo-
sition of simulated ISCCP clouds on the basis of their optical thickness and hence
their radiative properties.

The model evaluation is carried out by comparing the ECHAM5-subgrid version
with the ISCCP satellite observations for global average τ -ptop joint histograms
(shown in figure 3.2). The global land area shows that the model overestimates the
high cloud cover for optically thin clouds (figure 3.2(c)) compared to observations
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(figure 3.2(a)). The model misses the range of medium thick mid-level clouds (ptop

between 680 and 400 hPa, and τ between 3.6 and 23) over the land as well as over
sea area. The low clouds over sea are underestimated by the model. Moreover, the
ISCCP simulator diagnoses thicker low-level clouds (figure 3.2(d)) in comparison to
the observations (figure 3.2(b)). The quantitative comparison of the cloud cover
quantities for the ISCCP observations together with the ECHAM5-subgrid ISCCP
simulator version are listed in table 3.2.
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Figure 3.2— Comparison of average ISCCP histograms for global land and global sea area
computed for ECHAM5-subgrid version model and for ISCCP observations (JJA 2002). The colorbar
represents the distribution of cloud fraction in the τ -ptop joint histograms.

ISCCP cloud fraction from histogram

Model or observation type TCC HCC MCC LCC DCC

ISCCP land 57.6 25.6 17.3 14.7 3.0

ECHAM5-subgrid land 55.7 31.5 13.9 10.5 6.5

ISCCP sea 66.6 21.4 17.1 28.0 2.8

ECHAM5-subgrid sea 67.3 28.8 12.4 26.0 4.6

Table 3.2— Mean cloud cover fraction of global land and global sea ISCCP cloud cover for ISCCP
satellite observations and ECHAM5-subgrid ISCCP simulator version (JJA 2002). The respective
cloud fraction values for TCC, HCC, MCC and LCC are shown in percent.

As shown in table 3.2, the overall difference between the total cloud cover frac-
tions of ISCCP observations and those diagnosed by ISCCP simulator are very low
(∼1 to 2%). The land area shows an overestimation of high cloud cover (∼1.5 times
the observation cloud fraction). As shown in section 3.2, the high cloud cover over-
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estimation of the high cloud cover in the model has a largest contribution from the
high, optically thin clouds diagnosed in the model. The deep-convective clouds in
the ECHAM5 also show overestimation with more than ∼2 times the observation
cloud amount. The mid-level clouds are underestimated by the ECHAM5 model
by ∼3%. The oceanic low clouds are relatively well simulated by the model with
observational bias of ∼2%. However, the low clouds over ocean are underestimated
by the model, which may be attributed to the boundary layer shallow convection
process parameterization in the ECHAM5 model.

3.5 Cloud regimes and their climate change response

The radiative feedback from clouds remains the largest source of variation in climate
sensitivity amongst general circulation models (Randall et al., 2007) and many model
inter-comparison studies have been carried out to evaluate the simulated clouds and
their changing effects in the future climate. By analyzing the GCMs in the context
of cloud regimes, processes related to particular cloud types are more likely to be
evaluated (Williams & Tselioudis, 2007). Using the cloud regime categorization, the
model deficiencies can be attributed to parameterization related to individual cloud
types and their specific behavior. As detailed in Jakob & Tselioudis (2003), various
previous studies indicate that the average cloudiness observed in a given region is
composed of a limited number of distinct cloud regimes, rather than consisting of a
mixture of random cloud fields. Each of these distinct cloud regimes are linked to
certain characteristics of the atmosphere. Analysis of the properties of the present
day global cloud regimes and the cloud response to climate change in the cloud-
regime framework is an interesting aspect of climate model evaluation.

Based on the work of Williams & Webb (2009), the clustering technique for
defining various cloud regimes within the ECHAM5 model is applied in this work.
The improved τ - ptop histogram diagnostics by the sub-column generator version of
ISCCP simulator (ECHAM5-subgrid) is used for assigning the model data to the IS-
CCP observational cloud regimes by Williams & Webb (2009). We also compute the
climate change response of the regime RFO (relative frequency of occurrence) and
CRF (cloud radiative forcing) in the perturbed simulations for idealized 2 degrees
SST warming. The findings are compared with those of Williams & Webb (2009).
A main idea following this approach is to characterize and compare the ECHAM5
model behavior to previous model inter-comparison studies. The following subsec-
tions comprise of a brief review of the clustering algorithm and the ECHAM5-ISCCP
simulator output application results.

3.5.1 Clustering technique for definition of cloud regimes

The clustering technique for defining cloud regimes is based on an iterative algorithm
which searches for the possible clusters in a data set by evaluating a measure of
distance between its individual data points. In this case a data point is defined by
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an individual τ - ptop histogram forming a vector of ISCCP cloud categories. The
individual τ - ptop histogram may be derived from satellite retrievals or from an
ISCCP simulator within a general circulation model. Each grid-point at each time
is treated as an independent data entry which form the basis of the analysis.

The clustering technique for cloud regime classification has been used in several
previous studies. Jakob & Tselioudis (2003) obtain observational cloud clusters
from the ISCCP retrieved τ - ptop histograms for identification of cloud regimes at
3 selected sites in the Tropical Warm Pool (TWP) area. They use the ISCCP D1
data set providing joint histograms of the relative frequency of occurrence (RFO)
of clouds with a certain τ and ptop in grid boxes of ∼280×280 km2. They apply
the K-MEANS clustering algorithm (Anderberg, 1973) to the spatio-temporal set
of 42 element vectors of ISCCP data histograms. These histograms represent the
2-dimensional element vectors in the form of cloud amount in 6 categories of τ
and 7 categories of ptop (for e.g., Cτ1,ptop1

, Cτ1,ptop2
, ....... , Cτ1,ptop7

, Cτ2,ptop1
, ....... ,

Cτ2,ptop7
, ....... , Cτ6,ptop1

, ....... , Cτ6,ptop7
; where C is the cloud fraction in each bin

of τ and ptop). These 42 elements are treated as being orthogonal to each other.
The algorithm iteratively searches for an optimum set of a predefined number (K)
of cluster centroids. Each cluster centroid represents a specific histogram pattern.
The algorithm iterates by assigning each individual τ - ptop histogram to the cluster
with the nearest centroid measured by an Euclidian distance (i.e., the minimum
root-sum-square distance) of similarity. Hence, each histogram is assigned to the
cluster whose centroid histogram pattern is most similar to it. The initial K cluster
centroids are selected at random in the study by Jakob & Tselioudis (2003). After
all histograms are assigned to one of the clusters, new centroids are determined and
used as the new seed points for re-calculating the Euclidian distances. The method
works iteratively in order to produce the optimum set of resulting cluster centroids.
The optimum cluster set is obtained when the sum of all the distances between
individual histograms and the centroids is minimum.

Ten iterations were found to be sufficient to ensure convergence in the optimum
cluster iteration (Jakob & Tselioudis, 2003). The mean histogram for each cluster
centroid (or identified cloud regime) is computed together with the number of cases
within each cluster. The number of cases that occur within a particular cluster
centroid are used to compute the relative frequency of occurrence (RFO) of the
identified cluster. Four major cloud regimes, namely a shallow cumulus regime, a
transparent isolated cirrus regime, thick cirrus with convection and a deep-convective
regime are identified in the study over the TWP area by Jakob & Tselioudis (2003).

Another study based on the clustering technique for tropical belt of ±15◦ latitude
was by Rossow et al. (2005). Using satellite data, Rossow et al. (2005) identify 6 dis-
tinct weather states for the three-hourly ISCCP data for a time period of 21.5 years.
These weather states were classified ranging from most convectively active to least
convectively active. The changes in frequency of occurrence of these weather state
patterns were used for describing the variation of the tropical climate on longer time
scales (∼21 years). The iterative algorithm needed to fulfill the criteria explained
in Rossow et al. (2005). However, the clustering algorithm used by Rossow et al.
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(2005) was different from that used by Jakob & Tselioudis (2003) for initial cluster
selection. The most suitable number of clusters was determined objectively by re-
peating the analysis for an increasing number of clusters instead of selecting it at
random like Jakob & Tselioudis (2003).

Following the same approach that Jakob & Tselioudis (2003) applied for IS-
CCP satellite observation data, Williams & Tselioudis (2007) extended the use of
the clustering technique to classify cloud regimes simulated within a general circu-
lation model. Williams & Tselioudis (2007) used the ISCCP simulator (Klein &
Jacob, 1999; Webb et al., 2001) implemented in 6 GCMs for evaluating the differ-
ent cloud related processes in equilibrium control (present day) climate and 2×CO2

atmosphere mixed layer ocean experiments. The daily averaged ISCCP simulator
data for the 6 global models was submitted to the Cloud Feedback Model Inter-
comparison Project (CFMIP). The approach is valuable for identifying the natural
cloud clusters/regimes which occur in a GCM and how those evolve in a climate
change simulation. However, since each GCM experiment can have a different num-
ber of clusters, Williams & Tselioudis (2007) had to combine some of the clusters into
so called principal cloud regimes in order to compare the GCMs with each other and
with the observations. This requires subjective judgement which, together with the
subjective decisions remaining within the clustering procedure to define the number
of clusters, makes the method difficult to automatize and for others to apply. This
subjectivity is reduced by using the alternative approach presented by Williams &
Webb (2009), which is also used in this work.

Application of cluster analysis in current work

Williams & Webb (2009) assign the GCM simulated histograms to the observed
ISCCP cloud regimes. This has the advantage for comparison purposes that there is
a common number of regimes which can be directly compared and, once the observed
regimes have been defined, there are no subjective decisions in the methodology.
Instead of using the 42 element vector of cloud amount in each τ - ptop bin, Williams
& Webb (2009) use the grid-box mean values of cloud albedo or reflectivity (α), the
cloud top pressure and the total cloud cover (TCC) in fraction (Gordon et al., 2005).
The clusters of grid-box α, ptop and TCC for observations are compared with those
of model and the respective frequency of occurrence for defined observational cloud
regimes in a GCM are computed.

The grid-box mean α, ptop and TCC are normalized to be in the range 0 to 1
each (i.e., the ptop in hPa is divided by reference pressure of 1,000 hPa). Thus, a
three element vector of α, ptop and TCC is created for ISCCP observations. This
approach assumes that an error of 10% in α is treated equally to an error of 100
hPa in ptop or an error of 10% in TCC, and so allows for some variation between
the simulated and observed τ and ptop of each regime.

The ISCCP simulator (ECHAM5-subgrid version) in the current work has out-
put of ptop, α and TCC directly from the simulator diagnostics. Having a vector
of 3 variables rather than 42 element histogram for the assignment also reduces
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the amount of high temporal resolution data required proportionally, making the
approach more attractive for application to large ensembles (e.g., Murphy et al.,
2004). One prior concern regarding the method is that when a regime contains a
mix of high and low top clouds, the mean ptop will be at mid-levels and may result
in a similar vector to a regime with mid-level cloud tops. In practice, α and TCC
are different enough between these regimes that this does not happen (Williams &
Webb, 2009).

Following Williams & Tselioudis (2007) and Williams & Webb (2009), the global
data is divided into three major regions: the tropics (defined as 20◦ N to 20◦ S),
the ice-free extra tropics, and regions covered by snow and ice in the equilibrium
control climate simulation runs. This separation is required in order to split tropical
deep-convective clouds from extra-tropical frontal clouds which both have similar
τ - ptop histograms but may differ in their climate change response. Another reason
to separate the boundaries is to separate regions which may have a large change in
surface albedo which can affect the CRF (Cess et al., 1990). The boundary between
the ice-covered and ice-free extra-tropics is allowed to vary spatio-temporally. For
the observational clusters, Williams & Webb (2009) obtain the ice edge from the
ISCCP-IS product (Rossow et al., 1996). For ECHAM5-subgrid ISCCP simulator,
the snow boundary is determined from the standard model output fields.

Daily mean model ISCCP simulator output for ptop, α and TCC are computed
for 1 year (i.e., year 2002) from the ECHAM5 model. The clustering analysis is
performed by assigning the normalized values of model ptop, α and TCC to the ob-
servational values of ptop, α and TCC (computed by Williams & Webb, 2009) with
the minimum Euclidian distance of similarity. The RFO for the model clusters is
computed by the number of grid-boxes nearest to the observational clusters. In-
dividual regime RFOs are computed with respect to the global area separation of
tropics, ice-free extratropics and snow/ice covered extratropics.

Table 3.3 shows the values of mean α, ptop and TCC for each observational regime
defined by Williams & Webb (2009). This table provides the 3 element observational
vectors (columns 2 to 4 in table 3.3) which the model data are assigned to. Williams
& Webb (2009) computed the relative frequency of occurrence of the observational
data for each region with respect to the defined regimes which are listed in column
5 of table 3.3. These observation regimes are listed in order of decreasing RFO in
each region, which means that the cloud regime occurring most often in a region is
listed first and the one occurring too infrequent is listed last for the observational
analysis.

The cloud regime RFOs computed using the ISCCP simulator for ECHAM5
model (column 6, table 3.3) are listed for each region. For the tropics, the shallow
cumulus dominate with 23.3%. This is qualitatively in agreement with the satel-
lite observations (i.e., ISCCP clusters), despite a strong underestimation in quan-
titative terms. Thin cirrus are found to be next most abundant cloud type in the
model (21%) which are third-most frequent tropical cloud regime in the observations
(11.9%). This finding is consistent with the global histogram analysis in section 3.4,
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Cloud Regime α ptop TCC RFO(%) RFO
(%) (hPa) (%) ISCCP(WW09) (%)

Tropics

Shallow cumulus 26.1 652 31.4 37.5 23.2
Congestus 33.9 483 81.3 19.5 5.18
Thin cirrus 21.1 356 74.0 11.9 21.1
Stratocu./cumulus
transition

33.8 784 64.0 10.3 11.2

Anvil cirrus 31.3 327 94.4 9.1 18.5
Deep-convection 53.2 285 97.9 6.4 13.9
Stratocumulus 44.6 722 82.4 5.2 6.6

Ice-free extra-tropics

Shallow cumulus 28.6 643 47.3 35.4 28.2
Congestus 45.7 607 93.2 17.0 12.3
Stratocu./cumulus
transition

37.5 799 80.2 11.4 11.6

Cirrus 32.5 430 91.4 10.4 6.5
Stratocumulus 43.8 723 90.0 9.1 18.8
Frontal 58.1 393 97.8 8.3 13.5
Thin cirrus 22.0 389 71.3 8.3 8.4

Snow or ice-covered

Shallow cumulus 43.3 582 31.4 42.3 18.6
Stratocumulus 51.0 740 31.4 19.1 19.6
Thick mid-level 57.6 620 31.4 13.9 3.3
Frontal 50.5 458 31.4 11.1 6.5
Thin mid-level 34.3 595 31.4 9.4 28.9
Thin cirrus 24.7 452 31.4 4.2 23.8

Table 3.3— Mean α, ptop and TCC for each ISCCP observation regime cluster. Relative fre-
quency of occurrence for observational data are computed by Williams & Webb (2009) (WW09). Last
column shows the RFO of observational regimes in the ECHAM5 model.

where thin high clouds prevail in the model derived histograms in the summer season.
The anvil cirrus which are thicker (comparable to cirrostratus clouds in standard
ISCCP cloud classification in figure 2.2) comprise almost 19% of the model data
in tropical region. In the observations, congestus clouds with lower cloud tops are
found ∼19% of the time indicating that the model places clouds too high in the
atmosphere (or congestus are replaced by thick cirrus clouds in the model). The
model also comprises of a relatively large amount of deep-convective clouds (13.9%)
compared to the observational RFO (6.4%).

The model cluster RFOs in comparison to the observation RFOs suggest that
the ECHAM5 model diagnoses too little shallow cumulus clouds (23% in model
compared to 37% in ISCCP observations). The congestus cloud regime for the
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tropics is largely underestimated by the model (5.1%) compared to the observational
data (19.5%). Moreover, the high clouds in the model (thin cirrus, anvil cirrus and
deep-convective clouds) are overestimated in comparison to the observations. This
behavior suggests that the model convection parameterization does not allow the
clouds to detrain at the mid-levels (hence too little congestus), but rather the clouds
move towards upper level to form more deep-convection and eventually detraining
to form anvil cirrus clouds which gradually thin-out to form cirrus (see section 5.3
for a more detailed analysis of the anvil cirrus life-cycle). For the tropical areas,
the ECHAM5 diagnoses the stratocumulus cloud regime and the transition regime
of stratocumulus and cumulus clouds fairly well in comparison to the observations
(differences in respective RFOs is less than 1% in both of these cloud regimes).

The ECHAM5 model behavior in the ice-free extratropics is very similar in cloud
regime cluster RFOs compared to the observations, except for overestimation of
the stratocumulus and the frontal cloud regime. The ice-free extratropics show an
abundance of shallow cumulus clouds (28%) in the model similar to the observa-
tional cloud regime (35.4%). The extra-tropical frontal cloud regime (comparable
to deep-convective clouds in the tropics) is overestimated by the model (18%) com-
pared to observation cluster RFO of 9%. This behavior agrees with the findings of
Williams & Webb (2009) where they conclude that ECHAM5 simulates the frontal
regime more frequently and with a higher cloud top than ISCCP observations or
any of the other CFMIP GCMs. The frontal cloud regime RFO is reported as ∼45%
in the study by Williams & Webb (2009), whereas the present analysis shows that
the RFO for extra-tropical frontal clouds is 13.5% (which is still higher compared
to 8.3% in the observational clusters). This excess appears to be due to high, opti-
cally thick clouds persisting in this model after meteorological conditions associated
with frontal clouds have ceased. ECHAM5 shows a higher amount of stratocumulus
clouds (18.6%) when compared to observations (9.1%). The overestimation of the
optically thicker stratocumulus compensates the lack of optically thinner shallow cu-
mulus clouds in the model clusters. This overestimation of stratocumulus clouds may
be related to the incorrect representation of shallow convection triggering within the
convection parameterization scheme in the ECHAM5. The cloud regime categories
of stratocumulus/cumulus transition, and thin cirrus are pretty well simulated in
the model with a difference of less than 1% in model and ISCCP observation RFOs.
Cirrus and congestus cloud regimes are relatively underestimated in the model with
the lack of these clouds compensated by too many frontal clouds which are optically
thicker but similar in ptop and total cloud fraction. It is important to note that
Williams & Webb (2009) discuss about the uncertainty of the exact definition of
the congestus cloud category regime in their study. Within the ice-free extra tropi-
cal regions, the behavior of the ECHAM5 model is more consistent to observations
compared to the tropical regions. The influence of large scale processes are one of
the factors in the cloud regimes derived in extra-tropics where individual events (for
example, convection triggering) are forced by the large scale circulation processes
within the model.

For the snow or ice covered region, the cluster analysis shows that the model
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computed cloud regimes for thin mid-level and thin cirrus clouds dominate the RFO
(28% and 24% respectively). These regimes are the ones with least RFO in the ob-
servational clusters of ISCCP by Williams & Webb (2009). Shallow cumulus clouds
are less frequent in the model (18%) than in observations (42%, most abundant cloud
regime in observations). Similarly, the thick mid-level clouds and frontal clouds that
are also underestimated by the ECHAM5 model. The stratocumulus cloud regime
RFO is 19% within the model which agrees well with the ISCCP observation cluster
RFOs. Ice-covered extra-tropical regions show a weaker regime for frontal clouds in
comparison to the ice-free extratropical regions, however, the thin cirrus clouds are
abundant in this region (23.8% compared to 8% in ice-free extratropics). The mid-
level clouds in the extratropics have a greater RFO for thin clouds (23% compared
to 4% ISCCP observations), and a smaller RFO for thick clouds (3% in model com-
pared to 13% in observations). This behavior may be attributed to the abundance
of drizzling clouds in the model which reduce the cloud optical thickness and hence
the clouds are detected too thin in the ISCCP simulator.

3.5.2 Climate change response

Cloud feedbacks in response to climate change from the ECHAM5 model is com-
puted by using the model firstly in a control model (present day climate), and with
an idealized warming effect with an SST perturbation of +2 K. The cluster analysis
methodology (explained in previous section) is repeated with the model simulations
forced with perturbed SST (warmer climate). The ECHAM5-subgrid version of IS-
CCP simulator is used for all the simulations, which were run for 1 year. Since cloud
processes react fast, a relatively short integration time is sufficient. The respective
cloud regime RFOs for tropical, ice-free extratropics, and ice/snow covered extra-
tropics are computed for the perturbed climate run. The change in cloud regime
RFO within the perturbed and the present day climate is termed as ∆RFO. Hence,

∆RFO = RFOperturbed − RFOpresent (3.1)

The regime mean CRF components for the climate change response are obtained
by averaging the daily mean shortwave cloud radiative forcing (SCRF), longwave
cloud radiative forcing (LCRF) and the resultant net cloud radiative forcing (NCRF)
from the grid-points assigned to each regime. The change in NCRF of from present
day to perturbed climate is termed as ∆NCRF, expressed as

∆NCRF = NCRFperturbed − NCRFpresent (3.2)

Table 3.4 shows the values of NCRF in Wm−2 for the ECHAM5 model present
day run, NCRF for +2 K perturbed SST run, ∆NCRF computed by equation 3.2
and ∆RFO computed by equation 3.1 for each cloud regime for tropics, ice-free
extratropics and ice/snow covered extratropics areas. For the tropical areas, the
congestus clouds are found out to be the only regime with a negative ∆NCRF. The
high cloud regimes (cirrus and extratropical frontal clouds) show a negative net
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NCRF(Wm−2) NCRF(Wm−2) ∆NCRF ∆RFO
Cloud Regime Clim SST +2 K SST (Wm−2) (%)

Tropics

Shallow cumulus -2.6 -2.2 0.4 1.5
Congestus -23.1 -24.4 -1.3 -0.6
Thin cirrus 4.3 4.7 0.4 1.6
Stratocu./cu.
Transition

-26.0 -24.9 1.1 -1.1

Anvil cirrus 9.9 11.7 1.6 -0.6
Deep-convection -48.5 -47.9 0.6 0.1
Stratocumulus -72.8 -71.8 1.0 -1.2

Ice-free extra-tropics

Shallow cumulus -11.0 -10.9 0.1 0.8
Congestus -43.5 -43.2 0.3 -0.4
Stratocu./cu.
transition

-66.7 -66.5 0.2 -1.3

Cirrus -37.6 -38.5 -0.9 0.1
Stratocumulus 0.1 1.8 1.7 -0.9
Frontal -60.1 -61.2 -1.1 1.5
Thin cirrus 3.4 4.0 0.6 1.3

Snow or ice-covered

Shallow cumulus -9.3 -9.1 0.2 -0.2
Stratocumulus -5.6 -5.2 0.4 0.2
Thick mid-level -3.6 -2.6 1.0 1.0
Frontal 23.0 22.7 -0.3 1.8
Thin mid-level 6.4 7.2 0.8 -3.4
Thin cirrus 1.5 2.1 0.6 -0.4

Table 3.4— Regime mean net cloud radiative forcing for present day climatological SST and
+2 K perturbed SST, ∆ NCRF (perturbed minus present day) and ∆ RFO (perturbed minus present
day).

cloud forcing for the ice-free extratropical areas in our analysis.

Following Williams & Tselioudis (2007) and Williams & Webb (2009), the change
in the mean area net cloud radiative forcing (∆NCRF) is expressed as

∆NCRF =

nregimes∑
r=1

NCRFr∆RFOr +

nregimes∑
r=1

RFOr∆NCRFr

+

nregimes∑
r=1

∆RFOr∆NCRFr (3.3)
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where the first term on the right-hand-side of equation 3.3 represents the contribu-
tion to ∆NCRF from the change in the RFO of the regime (r). This term is called
as the ∆RFO driven component of the forcing. The second term represents the
change in NCRF within the regime r, called the ∆NCRF driven component. The
third term reflects a covariation of RFO and NCRF for which our results confirm
that it is of second-order importance. Table 3.5 shows the quantitative values for
the components of the climate change response in equation 3.3.

For the Tropics, the total response to SST perturbation is a positive ∆NCRF for
all the cloud regimes (table 3.5, column 4). This appears to be primarily a result of a
positive change in the ∆NCRF of the cloud regimes, rather than a net change in the
RFO of the regimes. ECHAM5 simulates a reduction in ∆NCRF for the congestus
cloud regime, however the radiative response tends to approximately cancel on the
large scale due to negative ∆RFO for the same. The largest contributors to the
overall ∆NCRF is the NCRF∗∆RFO component for the stratocumulus clouds and
the stratocumulus/cumulus transitions which arise due to stronger net forcing for
these clouds in the tropics and a respective negative RFO in the warmer climate.
The largest component for ∆RFO occurs in the shallow cumulus cloud regime (the
most frequent cloud regime in the tropics for the observations as well as the model),
but the overall ∆NCRF remains smaller in the climate response due to a weak
∆NCRF for shallow clouds.

As in the tropics, most of the difference in the ∆NCRF for the ice-free extra-
tropics arises from different changes in the radiative characteristics of the regimes.
ECHAM5 shows a relatively large negative ∆NCRF for frontal clouds leading to a
large RFO∗∆NCRF component in ∆NCRF. On the other hand, the stratocumulus
and the stratocumulus/cumulus transition cloud regimes how a positive ∆NCRF
leading to a large positive RFO∗∆NCRF, and hence compensating the overall net
radiative forcing for the extra-tropics.

The ∆NCRF over snow or ice covered extra-tropical regions is largest for frontal
clouds in the ECHAM5 model which is due to a large positive RFO component which
leads to a larger NCRF∗∆RFO component. The overall response is dominated by
changes in the NCRF∗∆RFO component for frontal clouds. The thin mid-level
clouds show a large positive NCRF∗∆RFO component, which is however canceled
due to a large negative RFO∗∆NCRF component for the ∆NCRF. Similar to the
tropics and ice-free extra-tropics, the covariance term of ∆RFO∗∆NCRF is always
small (∼1 to 2 %Wm2) for all the cloud regimes.

3.6 Summary and conclusions

The comparison of global average cloud quantities are evaluated in this chapter
in comparison to ISCCP satellite observations. The ECHAM5 ISCCP simulator
diagnostics reveal that the oceanic low clouds (shallow cumulus and stratocumulus
clouds) are underestimated by ∼40% in comparison to the observations. Moreover
these low clouds are optically too thick in comparison to the ISCCP observations for
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Cloud Regime NCRF∗∆RFO ∆NCRF∗RFO ∆NCRF∗∆RFO ∆NCRF

(Wm−2) (Wm−2) (Wm−2) (Wm−2)

Tropics

Shallow cumulus -0.039 0.092 0.0060 0.059
Congestus 0.13 -0.067 0.0078 0.079
Thin cirrus 0.068 0.084 0.0064 0.15
Stratocu./Cu.
Transition

0.28 0.12 -0.012 0.39

Anvil cirrus -0.059 0.29 -0.0096 0.22
Deep-convection -0.048 0.083 0.0006 0.035
Stratocumulus 0.87 0.066 -0.012 0.92

Total tropical 1.22 0.67 -0.012 1.88

Ice-free extra-tropics

Shallow cumulus -0.08 0.028 0.0008 -0.059
Congestus 0.17 0.036 -0.0012 0.20
Stratocu./cu.
Transition

0.86 0.023 -0.0026 0.88

Cirrus -0.037 -0.058 -0.0009 -0.097
Stratocumulus -0.0009 0.31 -0.015 0.30
Frontal -0.90 -0.14 -0.016 -1.06
Thin cirrus 0.044 0.050 0.0078 0.10

Total ice-free ex-
tratropical

0.057 0.25 -0.027 0.28

Snow or ice-covered

Shallow cumulus 0.018 0.037 -0.0004 0.055
Stratocumulus -0.011 0.078 0.0008 0.068
Thick mid-level -0.036 0.033 0.010 0.0070
Frontal 0.41 -0.019 -0.0054 0.38
Thin mid-level -0.21 0.23 -0.027 -0.013
Thin cirrus -0.0060 0.14 -0.0024 0.13

Total ice-covered
extratropical

0.16 0.50 -0.024 0.64

Table 3.5— Components of ∆NCRF computed from each cloud regime. The total effect of each
regime for ∆NCRF is computed for tropics, ice-free extratropics and snow or ice covered extratropics
based on equation 3.3.

the global average sea areas. The inadequate representation of shallow convection
within the convection parameterization scheme in the model is a likely reason for
the underestimation of these boundary layer clouds.

The mid-level clouds are underestimated (∼10% to 20%) by the model compared
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to the ISCCP observations. The clouds originating from convection in the model do
not detrain at mid-levels but rather are transported further up to form more high
clouds. The global cloud distribution maps reveal that the model overestimates the
high cloud cover in the tropical ITCZ belt. The analysis of global ISCCP histograms
show that too many of these high cloud diagnosed by the model lie in the optical
thickness range of 0 to 1.3 (thin cirrus) for global average land as well as sea areas.

The sensitivity of ISCCP simulator versions for ECHAM5-basic and ECHAM5-
subgrid are analyzed in order to compare the diagnostic differences. The sensitivity
studies reveal that the cloud diagnostics is sensitive to the simulator version, and the
ECHAM5-subgrid version provides a realistic distribution of cloud types in the IS-
CCP histograms in comparison to ISCCP-basic version. The generated sub-columns
in the ECHAM5-subgrid version use the horizontal variability via probability density
function of total water (Tompkins, 2002) and hence provides an improved statistics
for simulator diagnostic.

The clustering technique based on the work of Williams & Webb (2009) for iden-
tification and evaluation of various cloud regimes as simulated by ECHAM5 model
is performed. An objective identification of cloud regimes, in principle, provides
a strategy for examining properties of these cloud regimes and, perhaps, the key
processes that establish them (Stephens, 2005). Three principal areas namely the
tropics, the ice-free extratropics and the snow-covered extratropics are distinguished
in the global model output. Each grid-point of the ISCCP simulator model output
is assigned to observed ISCCP cloud clusters defined by Williams & Webb (2009)
for computation of the regime mean relative frequency of occurrence (RFO) and net
cloud radiative forcing (NCRF).

For the tropics and the ice-free extratropics, the cluster analysis shows that the
ECHAM5 model simulates the shallow cumulus clouds as the most frequent cloud
regime with maximum RFO with qualitative agreement to the ISCCP observations.
Similar to the findings of Williams & Tselioudis (2007) and Williams & Webb (2009),
optically thick, high top cloud in the extra-tropics, typically associated with the pas-
sage of frontal systems, is simulated considerably too frequently in the ECHAM5
model compared to ISCCP observations or any of the other CFMIP GCMs. The
frontal cloud regime RFO is reported as ∼45% in the study by Williams & Webb
(2009), whereas the present analysis shows that the RFO for extra-tropical frontal
clouds is 13.5% (which is still higher compared to 8.3% in the observational clusters).
Williams & Webb (2009) report that the CFMIP comparison models share a diffi-
culty in simulating the regimes with cloud tops at mid-levels, with only ECHAM5
producing a regime of tropical cumulus congestus. However, our analysis suggests
that the tropical congestus regime is captured in the ECHAM5 diagnostics but its
RFO is underestimated compared to the observations. In comparison to the IS-
CCP observations, the snow or ice free extratropics show a lack of shallow clouds in
the model which is compensated by an overestimation of thin cirrus and mid-level
clouds.

The total climate change response of clouds to SST perturbation is positive



3.6 Summary and conclusions 45

(∆NCRF, when measured by means of change in net cloud radiative forcing) for
all the cloud regimes in the tropics. For the ice-free as well as ice-covered extra-
tropics, the overall response is dominated by changes in the ∆NCRF, rather than
the ∆RFO for the cloud regimes. The stratocumulus and stratocumulus/cumulus
transition cloud regimes are responsible for 2/3 of the feedbacks with stratocumulus
alone responsible for ∼50%. The tropics in turn dominate the global cloud-climate
feedbacks.
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Chapter 4

Evaluation of the diurnal cycle
of clouds in ECHAM5 model

This chapter is dedicated to the evaluation of ECHAM5 general circulation model for
diurnal variations of simulated ISCCP clouds. The primary focus here is to analyze
a selected number of test areas where the model derived diurnal cycle for land and sea
regions is compared with the observations. The following sections detail the physical
significance of diurnal analysis within a climate model and its evaluation for the
ECHAM5 model. We use the ISCCP 3-hourly satellite observations to compare the
amplitude and timing of the simulated diurnal cycle for different cloud categories in
our selected test areas.

4.1 Diurnal cycle of convection

The diurnal cycle of convection is represented here by the time variation of cloud
fraction of convective or thick high clouds during a day. The diurnal variation of
different cloud types gives a fair idea about the precipitation cycle during a day.
Associated with well-defined, large, and external diurnal (i.e., 24 hour) variations
of solar forcing, the diurnal cycle is one of the fundamental modes of variability
of the global climate system. It provides a large and well-documented source of
forcing with frequent sampling (Tian et al., 2004). Thus comparisons of the diurnal
cycle between observations and a GCM represent a powerful tool for evaluating the
GCM performance and identifying the deficiencies of the model (Slingo et al., 1987;
Randall et al., 1991; Lin et al., 2000; Yang & Slingo, 2001; Betts & Jakob, 2002; Dai
& Trenberth, 2004).

Large-scale atmospheric dynamic and radiative processes strongly affect the life
cycle of deep-convective systems in the tropics. The observed diurnal variation of
tropical cloud systems suggest that the diurnal heating of the tropical atmosphere
provide favored conditions in the afternoon for the formation of cloud systems and,
as the cloud systems grow and decay with time, the diurnal cycle of cloudiness re-
flects the life-cycle (initiation, growth, and dissipation) of the cloud systems (Chen
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& Houze-Jr., 1997). The diurnal cycle of convection (i.e., deep-convective clouds)
is particularly important in a model evaluation since convectively generated clouds
strongly interact with both solar and thermal infrared radiative fluxes. This inter-
action however, is drastically different in the solar and terrestrial spectra. At night,
these high thick clouds contribute to the greenhouse effect by efficiently trapping
thermal infrared radiation, so that night-time surface temperature is warmer under
cloudy conditions. During the day, the reflection of insolation generally dominates
over the greenhouse effect, leading to an opposite effect on surface temperature.
Therefore, it is necessary to predict correctly the time of day during which these
clouds are present in order to get an accurate radiative budget, both at the top of
the atmosphere and at the surface (Guichard et al., 2004). Clouds also strongly
modulate the magnitude of surface heat fluxes (sensible plus latent heat) through
their impact on the net radiative fluxes at the surface. Similarly, the magnitude of
their impact on the surface heat flux also depends on the diurnal timing of clouds,
because of the large daily variation of surface heat fluxes over land. Hence, a proper
simulation of the actual diurnal cycle of convection is also required in order to cap-
ture its possible fluctuations in the context of climate sensitivities.

Moreover, the nature of the problem is not the same over the land and over the
ocean. Over land, the diurnal cycle of deep-convection is strongly linked to daytime
boundary-layer heating, whereas over the ocean the diurnal variations of the sea sur-
face temperature (SST) and the boundary layer are much weaker (Guichard et al.,
2004). The phase of the diurnal cycle as seen in previous studies (for e.g., Yang &
Slingo, 2001) suggests that the mechanisms for the observed diurnal variation in con-
vection over land and ocean are very different. The diurnal cycle of convection over
land is basically a low-level thermodynamical response to the radiative heating cy-
cle. During the day, solar heating over land surface increases the lower-tropospheric
temperature (and moisture) and thus atmospheric instability, leading to develop-
ment of convective cloud systems, the resulting convective precipitation maximum
tending to occur in the evening. In contrast, radiative cooling of the land surface at
night enhances the stability, suppressing convection and leading to a minimum in
the early morning. Hence, a typical diurnal cycle over land has a maximum around
afternoon and a minimum around early morning.

For oceanic deep-convection, which typically peaks in the early morning, the sit-
uation is much more complicated than a typical land diurnal variation, and there
may be several mechanisms responsible for the behavior of this ocean diurnal cycle.
The first mechanism stated in the literature involves a direct radiation-convection
interaction (Randall et al., 1991). At night, infrared cooling at the cloud top is
greater than at cloud base resulting in destabilization of the upper troposphere,
leading to cloud development with a maximum occurring in the early morning; dur-
ing the day, warming at cloud top due to solar absorption increases the stability
and therefore restricts convective activity. The second possible mechanism involves
the cloud versus cloud-free radiation difference in the horizontal (Gray & Jacob-
son, 1977). The radiative cooling of the cirrostratus at upper-tropospheric levels is
greater than the radiative cooling in the surrounding less cloudy or clear sky regions,
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whereas during the day the situation is reversed. This day-night differential heating
cycle results in a daily variation in the horizontal divergence field that may give
rise to a diurnal variation in convective activity. Liu & Moncrieff (1998) used an
idealized two-dimensional cloud resolving model to simulate the diurnal variation of
tropical oceanic deep-convection. The model gave a pre-dawn maximum and late
afternoon minimum in convection intensity for highly organized as well as less or-
ganized convection. Liu & Moncrieff (1998) concluded that this diurnal variation
was primarily controlled by the direct radiation - convection interaction; the cloud
versus cloud-free radiation difference was of secondary importance.

However, several recent studies have shown that it is difficult for general-
circulation models to capture the diurnal cycle of deep-convection, in terms of both
magnitude and phase, over the land as well as over the ocean (Dai et al., 1999; Lin
et al., 2000; Yang & Slingo, 2001; Betts & Jakob, 2002). All these studies detected
a time lag in the diurnal cycle of deep-convection simulated by large-scale models,
with convective rainfall occurring too early during daytime compared with the ob-
servations. For example, Dai (2006) evaluated the diurnal cycle in 18 GCMs using
multiple observation data sets and suggested that the simulated diurnal cycle is too
early in the precipitation peak and too strong in the amplitude than those observed
even in the latest generation GCMs. A poor description of the diurnal cycle in the
tropics in GCMs may be a matter of concern for predicting tropical climate vari-
ability (Wang et al., 2007). Therefore, considerable improvements are necessary for
realistically simulating the diurnal cycle of precipitation by GCMs, although the di-
urnal cycle in the tropics is a predominantly local phenomenon. Conventional GCMs
generally adopt cumulus parameterization to describe subgrid scale convection and,
hence, have limitations in simulating the propagation of the diurnal cycle in which
the mesoscale circulations play a significant role (Sato et al., 2009).

Observation of the diurnal cycle of convection is also quite challenging as its sim-
ulation in the climate model. Due to the paucity of surface-based observing sites
in the tropics, space-based observations offer the only possibility of adequately de-
tailing convective properties throughout the global tropics (Hendon & Woodberry,
1993). The very nature of convective activity, however, makes satellite observations
a challenging proposition. Convection evolves on time scales less than a day and
is organized on space scales of the order of ∼100 km. Although observations from
a single polar-orbiting satellite have formed the basis for most climatological stud-
ies of the global convective field (for e.g., deep-convective clouds), these asynoptic
measurements cannot faithfully resolve convective activity since they fly in sun syn-
chronous orbit and are affected by diurnal cycle. These satellites sample only once
or twice per day, which causes biases in their reported statistics on convective clouds
because they may be consistently observing high or low points in these diurnal cycles.
Because of this problem, the International Satellite Cloud Climatology Project (IS-
CCP) (Schiffer & Rossow, 1983; Rossow & Schiffer, 1991, 1999) used geostationary
satellites gathering eight observations per day where these satellites were available.
Hence, ISCCP provides a unique opportunity to investigate various properties of the
diurnal cycle of convection, on a global basis for a long time series (i.e., year 1984 to
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present). Due to this advantage of ISCCP over other polar-orbiting satellites or less
homogeneous cloud data sets, we use the ISCCP cloud climatology as our primary
choice of model verification data for diurnal cycle.

4.2 Case studies: Diurnal cycle variations in test areas

The diurnal cycle of radiative forcing ultimately causes diurnal variations in the
cloudiness observed over the tropics. The diurnal variations of tropical deep-
convection exhibit a wide range of regionally different behavior. The nature of
these variations depends on the nature of underlying surfaces. Over land and near
coastlines the thermal properties of the land surface and the land-sea-breeze cir-
culation introduced by the contrast between the land and the ocean surfaces can
explain much of the diurnal cycle of clouds and precipitation. Over the open ocean
the thermal properties of the ocean surface and underlying atmospheric boundary
layer undergo a diurnal variation that is relatively weak compared to that of the
land surfaces.

In order to address the issue of diurnal cycle variability over the tropics, four
regions are selected as test case areas for this work. Each test area is a box of
30◦×30◦. Each area is further categorized as land region and sea region based
on the land-sea mask. The diurnal cycles of ISCCP cloud types are computed
separately for land and sea regions. Since the areas are tropical and we analyze the
northern-hemisphere summer months, we expect to capture large amount of high
and convective cloud cover. Moreover, the differentiation between the land and sea
region is helpful in testing the robustness of the diurnal behavior based on large
scale dynamics of these individual test areas.

The model data used in this analysis is the improved ISCCP simulator version
(ECHAM5-subgrid) as described in section 2.3.2. Three-hourly model output is
used at a resolution of T63L31 (∼1.8◦×1.8◦), which is then converted to a seasonal
average (June-July-August, or JJA) for the year 2004. The reason for selecting the
year 2004 is to facilitate the use of MODIS Terra and Aqua observations. These
observations served as a redundant dataset to compare the diurnal cycle of model
output together with the ISCCP daytime observations. In order to attain a full
diurnal cycle for 24 hours, we omit in the model the screening for sunlit scenes
(hence, including also nighttime data in the model output). The three-hourly mean
values of ISCCP-classified high, middle, low and total cloud cover magnitudes are
computed for the JJA months. The deep-convective cloud cover, which is a subset
of high cloud cover with optical thickness (τ) greater than 23 is also compared for
its diurnal cycle with the ISCCP observations.

The ISCCP satellite observations are post processed in the same way as model
output (3-hourly JJA, year 2004). The corresponding three hourly values of ISCCP
cloud types are computed by the gridded ISCCP observational joint histogram data
(level D2). The diurnal variation is represented by day-time cloud fraction values of
various cloud categories. These discrete values are computed by averaging the cloud
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fraction amount in the appropriate τ -ptop joint histogram bins (refer ISCCP cloud
classification in figure 2.2). The spatial resolution of the used ISCCP observations
is 2.5◦×2.5◦, and thus comparable to the GCM resolution used here.

Details of the test areas

The geographical details of the test areas are listed as the following, and figure 4.1
shows these areas on a global composite image from GOES and Meteosat satellites.

1. Africa - 00◦S to 30◦S and 00◦E to 30◦E
This area extends from the equatorial south Atlantic ocean to the western
boundary of Tanzania. The northern boundary of the African test area ranges
from the northern coast of Gabon and extends up-to the southern African
coastline near Capetown region.

2. Amazon - 00◦S to 30◦S and 25◦W to 55◦W
The Amazon test region covers the Brazilian rainforests and extends up-to
northern border of Argentina in its south. The western boundary of this
region starts from the Manaus area in the Amazon basin and ranges till the
middle of equatorial south Atlantic ocean as open sea area in the east.

3. India - 00◦N to 30◦N and 60◦E to 90◦E
The Indian subcontinent test region is selected from the south of Himalayan
basin (in order to avoid the influence from the orographic characteristics due
to Himalayan geography) and continues till the southern Indian ocean around
Maldives. The western boundary for this test region is chosen starting from
the Afghanistan plateau and extending to the middle of Bangladesh at its
eastern boundary.

4. Indonesia - 10◦N to 20◦S and 90◦E to 120◦E
The Indonesian test area ranges from southern Cambodia to the north-western
coast of Australia. The western boundary starts from the western Indonesian
coast south of the Bay of Bengal and extends up-to the western boundaries of
the Philippines.

The following sections detail the obtained results for the comparison of model
simulated diurnal cycles with those of observations computed for each of the above
test areas.

4.2.1 Case study-1: African region

Figure 4.2 shows the diurnal cycle for a variety of ISCCP cloud types from the
model simulations compared to the observations. Local standard time (LST) is
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Figure 4.1— Geographical extents of the test study areas:
1. Africa; 2. Amazon; 3. India; 4. Indonesia. (Image source - http://www.eumetsat.int/).

shown on each subplot for which the average cloud fractions for ISCCP cloud types
are computed. The solid lines in the subplots of figure 4.2 represent the model
output whereas the dashed lines represent the ISCCP observations.

The solid black lines in figure 4.2 represent the total cloud cover (TCC) for model
output in the land and sea areas, respectively. Similarly, the dashed black lines
represent the ISCCP observations for TCC for the land and sea area respectively.
The high cloud cover (HCC) is shown in blue and the deep-convective cloud cover
(DCC) in pink colored lines. The results for the African land area are shown in
figure 4.2(a), whereas figure 4.2(b) shows the same for the African sea area. Similarly
figure 4.2(c) and 4.2(d) show the mid cloud cover (MCC) in red, and the low cloud
cover (LCC) in green color for the African land and sea areas, respectively.

As seen from figure 4.2, the general behavior of the model compared to observa-
tions is that the model overestimates the high cloud cover and underestimates the
mid and low cloud cover. Table 4.1 shows the quantitative values for the diurnally
averaged ISCCP cloud types over land and over sea. This average is calculated for
the model as well as the ISCCP observations. The total cloud cover for land area
does not differ much from the observations (∼3%), but for the ocean area the mean
values differ by ∼9%, with an underestimation of the total cloud amount. In case
of the high cloud cover, the model overestimates the cloud amount compared to
the observations for land (∼5% overestimation, 1.5 times of the high cloud amount
for observations) and ocean (∼6% overestimation, 4 times of the observation cloud
amount). An exactly opposite effect of the high cloud estimation can be seen in the
model low cloud amount for the land area (∼6% underestimation, 4 times less of
the observation low cloud amount), and for the ocean area (∼11% underestimation).
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(a) Africa − Land area TCC, HCC and DCC
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(c) Africa − Land area MCC and LCC
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(b) Africa − Sea area TCC, HCC and DCC
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(d) Africa − Sea area MCC and LCC

Figure 4.2— Diurnal cycle for land and sea: model results and ISCCP observations over the
African region
- -◦- -:ISCCP TCC; - -◦- -:ISCCP HCC; - -◦- -:ISCCP DCC; - -◦- -:ISCCP MCC; - -◦- -:ISCCP LCC;
–•– :Model TCC; –•– :Model HCC; –•– :Model DCC; –•– :Model MCC; –•– :Model LCC

The model mid-cloud amount is also underestimated when compared to the obser-
vations for land (∼2% underestimation) and sea (∼4% underestimation). Since the
deep-convective cloud amount does not have a very large magnitude for the African
region, the model and the observations show a similar value for land and ocean with
a variation of less than ∼0.1%.

The amplitudes of the diurnal cycle for the land and the sea areas are listed
in table 4.2. This computation is performed by subtracting the minimum value
from the maximum value for the diurnal cycle for a particular cloud category. These
differences are calculated separately for two conditions of timing in the model, i.e., all
the time steps (24-hours), when observations exist (daylight or, 12-hours). The idea
of separating these two components for diurnal cycle amplitude is to determine the
behavior of the model in sunlit time or day-light time and for a 24-hour continuous
period (with sunlit = 1 at all the times in the ISCCP simulator diagnostics). The
ISCCP observational period is in the visible channel hence, only the sunlit time steps
during the day. Compared to observations, the model amplitude for land area total
cloud cover is relatively lower (∼10% for observations and ∼8% for the model). On
the other hand, the amplitude for sea area total cloud cover for the model changes
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ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

Africa model land 24.47 16.23 5.65 2.57 0.58

Africa ISCCP land 27.42 11.81 7.09 8.50 0.67

Africa model sea 54.04 8.18 3.16 42.69 0.10

Africa ISCCP sea 63.03 2.01 7.14 53.88 0.06

Table 4.1— Mean cloud cover values for model and ISCCP observations JJA 2004 - African
region

based on the 24 hour time-steps (∼11%) or the day-light time-steps (∼6%). As
listed in table 4.1, the amplitude values for the model land and sea are higher for
high clouds, and relatively lower for low clouds when compared to observations.

Shown in figures 4.2(a) and (b), the model land TCC diurnal peak is too early
(i.e., 07:00 LST) compared to the ISCCP observations (i.e., 13:00 LST), similar to
the sea area where model TCC is maximum at 07:00 LST and the observational
TCC is maximum at 10:00 LST. The diurnal peak for the high clouds in African
region is earlier (i.e., 3 hours too early) for the model compared to the observations
in land as well as sea region. For the mid and low cloud cover, the diurnal peak
occurs 6 hours too early for the land and sea regions in the model in comparison to
the ISCCP observations.

ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

Model all time land 8.80 4.99 4.01 3.86 0.37

Model all time sea 11.48 3.80 1.84 11.66 0.05

Model obs-time land 8.14 3.28 2.80 3.74 0.23

Model obs-time sea 5.81 1.73 1.17 5.65 0.01

Observations land 10.43 2.30 2.51 9.66 1.23

Observations sea 9.31 1.17 1.94 9.05 0.02

Table 4.2— Cloud cover diurnal cycle amplitude for model and ISCCP observations JJA 2004 -
African region

4.2.2 Case study-2: Amazon basin

Figure 4.3(a) and figure 4.3(b) show the diurnal variation of total cloud cover (black),
high cloud cover (blue) and the deep-convective cloud cover (pink) for the Amazo-
nian land and sea region respectively. For this region, the total cloud amount is
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(a) Amazon − Land area TCC, HCC and DCC
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(c) Amazon − Land area MCC and LCC 
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(b) Amazon − Sea area TCC, HCC and DCC
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(d) Amazon − Sea area MCC and LCC

Figure 4.3— Diurnal cycle for land and sea: model results and ISCCP observations over the
Amazon region
–◦- -:ISCCP TCC; - -◦- -:ISCCP HCC; - -◦- -:ISCCP DCC; - -◦- -:ISCCP MCC; - -◦- -:ISCCP LCC;
–•– :Model TCC; –•– :Model HCC; –•– :Model DCC; –•– :Model MCC; –•– :Model LCC

overestimated for land, but rather well simulated for sea area compared to the IS-
CCP observations. From these figures, one can notice the overestimation of high
clouds in both the land and the sea areas. Moreover, a phase difference of 3 hours
too early for the peak of high cloud cover, and 9 hours too early for the total cloud
cover is observed for the land and the sea areas. Too little convective cloud is di-
agnosed in the Amazon area and hence the diurnal variation of convective clouds
is insignificant, although the model still overestimates it compared to the ISCCP
observations (∼1% for both the land and the sea regions).

Figure 4.3(c) and 4.3(d) show the comparison of model and observations for
the mid-level cloud (red) and the low clouds (green) for Amazonian land and sea,
respectively. The model clearly underestimates the mid cloud cover (i.e., ∼5% and
∼6% for the land and the sea respectively) and the low cloud cover (i.e., ∼7% and
∼10% for the land and the sea respectively). The Amazon land region shows a
negative phase shift of maxima (too early) for the mid and the low clouds. The sea
area shows a reasonable estimate of phase (maximum and minimum) for the mid
and low clouds but both the cloud types are underestimated by the model compared
to observations.

Table 4.3 lists the daily average values of the cloud cover for the model and
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observations. In terms of diurnal averages, the values of the model simulated ISCCP
clouds, for both the land and the sea area of the Amazon region show a similar
amount of total cloud cover (difference under ∼3%). On the other hand, a much
larger discrepancy can be noticed in the estimation of high cloud cover for both the
land and the sea areas which amounts up to ∼13% more in the model compared to
the observations. These values make the model high cloud amount almost double
than that of the observations. Similarly, deep-convective cloud amount is observed
more in the model (by ∼1% to 2%) when compared to the ISCCP satellite data.
The model underestimates the mid cloud cover by ∼6% and similarly, the low cloud
cover is underestimated by ∼5% for the Amazonian land and the sea areas.

ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

Amazon model land 46.62 28.77 7.89 9.95 3.22

Amazon ISCCP land 43.86 15.09 12.01 16.76 1.33

Amazon model sea 46.33 23.50 5.94 16.89 1.88

Amazon ISCCP sea 47.79 10.08 11.43 26.27 0.88

Table 4.3— Mean cloud cover values for model and ISCCP observations JJA 2004 - Amazon
region

The differences in the amplitude of the diurnal cycle for the land and the sea
areas are listed in table 4.4. These differences are calculated separately for all the
model time steps and for time steps when observations exist. The timing of the
diurnal peaks for various cloud types show that the maximum cloud amount in the
model is diagnosed ∼3 to 6 hours earlier compared to the ISCCP observations.

ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

Model all time land 16.08 6.69 3.54 11.82 0.62

Model all time sea 5.47 6.08 1.33 6.17 0.53

Model obs-time land 7.86 4.33 0.79 4.85 0.37

Model obs-time sea 2.64 2.72 0.43 1.47 0.43

Observations land 9.93 4.87 2.93 2.99 2.01

Observations sea 1.43 3.30 2.15 2.58 0.31

Table 4.4— Cloud cover diurnal cycle amplitude for model and ISCCP observations JJA 2004 -
Amazon region
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(a) India − Land area TCC, HCC and DCC
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(c) India − Land area MCC and LCC
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(b) India − Sea area TCC, HCC and DCC
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(d) India − Sea area MCC and LCC

Figure 4.4— Diurnal cycle for land and sea: model results and ISCCP observations over the
Indian region
–◦- -:ISCCP TCC; - -◦- -:ISCCP HCC; - -◦- -:ISCCP DCC; - -◦- -:ISCCP MCC; - -◦- -:ISCCP LCC;
–•– :Model TCC; –•– :Model HCC; –•– :Model DCC; –•– :Model MCC; –•– :Model LCC

4.2.3 Case study-3: Indian subcontinent

The Indian subcontinent being a summer monsoon region shows comparatively larger
values for the high and the deep-convective cloud cover in comparison to other test
areas. Figure 4.4(a) and figure 4.4(b) show the diurnal variation of total cloud
cover (black), high cloud cover (blue) and the convective cloud cover (pink) for the
Indian land and sea region respectively. For the land area in the Indian region, the
total cloud cover is simulated quite reasonably with agreement to the phase and
amplitude of the diurnal variation of ISCCP observations. The model overestimates
high cloud cover and the convective cloud cover being a subset of high cloud cover
is also overestimated for the Indian land area. As seen in figure 4.4(b) the sea
area shows an overestimation of the total cloud cover, high cloud cover, and the
convective cloud cover.

The diurnal harmonic for the mid-level cloud and the low clouds for Indian land
and sea are shown in figure 4.4(c) and 4.4(d) respectively for the comparison of
model and the observations. The mid and the low cloud cover for continental India
peak around morning or ∼6 hours too early compared to the ISCCP observations.
For the low cloud cover, the sea area shows a similar phase for the diurnal cycle but
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lower values of cloud cover (figure 4.4(d)). However, the land area anyway shows
lower amounts of shallow clouds and the phase of the diurnal cycle has insignificant
variation compared to the observations (figure 4.4(c)).

A comparison of the daily averaged values of the cloud amount is listed in table 4.5
for the Indian region. The total cloud cover is comparatively well simulated for the
Indian land area with less than ∼3% overestimation of the observation values. The
sea area, on the other hand, shows a larger difference (∼10% overestimation) in total
cloud amount. Both the sea and the land area show an overestimation of ∼20% for
the high cloud amount. Deep-convective cloud amount is also overestimated by the
model for the Indian land area (∼20%) as well as for the ocean area (∼6%).

Underestimation of the mid cloud cover is ∼7% for land and ∼3% for the sea
area. A similar behavior is seen for the model low clouds with an estimation of ∼8%
too little for the land and ∼11% too little for the sea area when compared to the
ISCCP observations.

ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

India model land 78.86 62.37 12.41 4.07 26.80

India ISCCP land 75.76 43.60 19.43 12.72 7.27

India model sea 81.20 64.78 9.86 6.55 10.25

India ISCCP sea 72.12 42.21 12.23 17.67 4.89

Table 4.5— Mean cloud cover values for model and ISCCP observations JJA 2004 - Indian region

The differences in the amplitude of the diurnal cycle have been calculated as
before for the land and the sea areas, and are listed in table 4.6. For the Indian
monsoon region, the diurnal peak of the continental convective clouds is seen around
20:00 LST or ∼6 hours later than the observation peak unlike the other test areas
where the maximum convective cloud fraction occurs too early compared to the
observations. The role of local dynamics due to the strong monsoon fronts (strong
convective clouds and heavy precipitation later) in this area may be attributed to
this behavior of the diurnal cycle of convective clouds. This region experiences the
greatest amount of deep-convective clouds in comparison to the other test areas.

4.2.4 Case study-4: Indonesian convective region

The Indonesian region also shows a similar diurnal behavior for various clouds as
the other test regions. The Indonesian region shows a reasonable estimation of total
cloud cover for sea area (figure 4.5(b)) but overestimates the same for the land area
(figure 4.5(a)). A much larger overestimation is seen in the high cloud cover for
the land area compared to the sea area in the Indonesian region in the morning
hours. This larger overestimation can be related to the corresponding larger under-
estimation of low clouds in the land area (figure 4.5(c)). The sea area however,
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ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

Model all time land 9.49 14.73 2.21 4.11 7.79

Model all time sea 6.39 5.18 2.67 2.14 2.46

Model obs-time land 8.85 13.41 1.42 3.67 3.84

Model obs-time sea 3.63 2.79 2.04 2.14 1.08

Observations land 9.17 9.45 6.24 7.17 5.88

Observations sea 1.53 3.63 2.31 3.37 1.41

Table 4.6— Cloud cover diurnal cycle amplitude for model and ISCCP observations JJA 2004 -
Indian region

shows similar diurnal variation of deep-convective clouds as the ISCCP observations
(figure 4.5(b)).

The average values of diurnal variation of the model simulated ISCCP cloud
amounts for the Indonesian region are shown in table 4.7. The Indonesian sea area
gives a well simulated diurnal average value with less than ∼2% overestimation dis-
crepancy compared to the observations. However, the land area shows a substantial
overestimation of total clouds with estimating ∼14% higher cloud cover than the
observations. A considerable increase in the estimation of the high cloud cover is
seen for Indonesian land region which amounts up to ∼35% or almost the double of
what the observations show.

Comparison of mid cloud amount reveals an underestimation of ∼5% for land
and ∼8% for the sea area. The low cloud cover are also seen less than those in
observations with ∼15% too little for land and ∼7% too little for the sea area. The
differences in the amplitude of the diurnal cycle for the land and the sea areas are
shown in table 4.8.

ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

Indonesia model land 85.78 70.74 12.70 2.32 12.73

Indonesia ISCCP land 71.76 36.35 17.93 17.48 3.62

Indonesia model sea 67.95 53.36 6.53 8.05 4.19

Indonesia ISCCP sea 64.51 34.32 14.69 15.49 4.09

Table 4.7— Mean cloud cover values for model and ISCCP observations JJA 2004 - Indonesian
region
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(c) Indonesia − Land MCC and LCC
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(b) Indonesia − Sea TCC, HCC and DCC
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(d) Indonesia − Sea MCC and LCC

Figure 4.5— Diurnal cycle for land and sea: model results and ISCCP observations over the
Indonesian region
–◦- -:ISCCP TCC; - -◦- -:ISCCP HCC; - -◦- -:ISCCP DCC; - -◦- -:ISCCP MCC; - -◦- -:ISCCP LCC;
–•– :Model TCC; –•– :Model HCC; –•– :Model DCC; –•– :Model MCC; –•– :Model LCC

ISCCP cloud cover in %

Cloud types Total
cloud

High
cloud

Mid
cloud

Low
cloud

Deep-conv.
cloud

Model all time land 7.04 6.89 3.15 3.22 4.56

Model all time sea 4.24 2.55 0.88 2.35 0.29

Model obs-time land 2.39 2.89 3.15 1.81 4.56

Model obs-time sea 3.29 2.45 0.45 2.35 0.21

Observations land 8.86 14.32 4.42 9.52 5.84

Observations sea 13.57 6.18 2.66 6.78 0.90

Table 4.8— Cloud cover diurnal cycle amplitude for model and ISCCP observations JJA 2004 -
Indonesian region

4.3 Summary and conclusions

The ECHAM5 model evaluation results show that the diurnal cycle for various
tropical regions with different characteristics is substantially different. The land sea
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behavior in the diurnal harmonic of the ISCCP category clouds derived from the
ISCCP simulator provides robust results for test case studies compared to the ISCCP
observations. The diurnal cycles of high and deep-convective clouds analyzed in this
study come out to be very weak for both the model as well as the observations, except
for the Indian monsoon region. One difference in our analysis in comparison to
previous studies is that, we compare the cloud cover and not convective precipitation
(which is a more direct property of deep-convection). However, since we compare the
cloud cover in the model and the observations, it is nevertheless worth to investigate
the diurnal behavior of different cloud categories in different regions of the world.

The total cloud cover diurnal cycle in the model is similar to the observations
(with ∼10% to ∼20% difference in average values). The total cloud cover diurnal
cycle in the observations is dominated by the low clouds, whereas in the model, the
low cloud diurnal cycle is relatively weak.

An overestimation of the high clouds (∼5% to 35% absolute cloud cover for land
areas, ∼6% to 22% for sea areas) together with an underestimation of low clouds
(∼6% to 12% absolute cloud cover for land areas, ∼6% to 13% for sea areas) is seen
in the model as compared to the observations. Convective cloud cover being a subset
of the high clouds is also overestimated by the model, however the regional study
over Africa shows that other categories of high clouds (i.e., cirrostratus and cirrus)
are also overestimated since the influence of deep-convective clouds is not significant
in this area (less than 5% of convective cloud cover, refer figure 4.2).

The largest amplitudes of the land diurnal cycle of total cloud cover occur over
the continental Amazon region with a maximum cloud cover in the morning (∼6
hours too early compared to the ISCCP observations). For high clouds, the diurnal
amplitude is larger over the land regions than over the sea areas for the test cases.
The model derived high cloud cover diurnal cycle amplitude is stronger compared
to ISCCP for land regions of all the test areas except for Indonesia where the model
diurnal amplitude is weaker than the observations. The convective cloud cover
diurnal behavior determines the diurnal behavior of high cloud cover except for the
African region where the convective cloud cover is very little (less than 3% cloud
cover over land). For the monsoon regions of India and Indonesia, the summer
season (JJA 2004) analysis shows that the oceanic deep-convection tends to reach
its maximum in the early morning, while convection over land areas typically peaks
in the late evening. As reviewed in the literature the convection maximum over the
land regions in late afternoon occur on account of a thermodynamic response to
surface solar heating and leads to a precipitation maximum in the evening.

Despite the weak amplitude, tropical convective clouds display systematic diurnal
fluctuations for the sea regions of the analyzed test areas. The diurnal peak of
the high clouds as well as the convective clouds for sea areas is seen around early
morning but the timing is observed few hours too early when compared to the ISCCP
observations for deep-convective clouds (i.e., 3:00 to 5:00 hrs LST in model compared
to 9:00 to 10:00 hrs LST in observations). The diurnal cycle of deep-convective clouds
over sea has its lowest value around late afternoon. The strongest diurnal amplitude
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for total cloud cover for the sea region occurs in the African region, influenced with
the shallow oceanic clouds. In all the test areas, the diurnal peak for the oceanic
total cloud cover occurs 6 hours too early compared to observations. Similar to the
land regions, the low and mid cloud cover for the sea areas is underestimated by the
model (∼20% to ∼40% less) compared to the ISCCP satellite data.

The analysis of diurnal cycle of clouds in the observations reveals that the total
cloud cover diurnal cycle is dominated by low clouds. However, the low clouds in
the model show a much weaker diurnal behavior compared to observations due to
shortcomings in the shallow convection and boundary layer parametrization.
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Chapter 5

Convection-climate Feedbacks

This chapter includes the climate feedback studies with focus to life-cycle studies of
cirrus clouds in the model and observations. The chapter gives a detailed overview
of climate feedbacks due to convective processes and the previous studies in this field.
The methodology followed in convection transition analysis is based on Lagrangian
tracking of convective clouds in the upper troposphere and associated cirrus formation
in time.

5.1 Climate feedbacks due to convection

Feedbacks in the climate system associated with clouds continue to be considered as a
major source of uncertainty in model projections of global warming (Stephens, 2005).
The tropics and the extra-tropics are associated with a large spectrum of cloud types,
ranging from boundary layer clouds to deep-convective clouds and anvils. Because of
their different top altitudes and optical properties, the different cloud types affect the
Earth’s radiation budget in various ways. Understanding cloud radiative feedbacks
requires an understanding of how a change in climate may affect the distribution
of the different cloud types and their radiative properties, and an estimate of the
impact of such changes on the Earth’s radiation budget (Bony et al., 2006).

Because of the profound influence of clouds on both the water balance of the at-
mosphere and the Earth’s radiation budget, small cloud variations can alter the cli-
mate response associated with changes in greenhouse gases, anthropogenic aerosols,
or other forcings of global change. Predictions of global warming by GCMs forced
with prescribed increases of atmospheric CO2 are uncertain, and the range of un-
certainty has, seemingly, not changed much from initial estimates given decades ago
(Stephens, 2005). The effects of potential changes in cloudiness as a key factor in the
problem of climate change has been recognized since at least the 1970s (Arakawa,
1975; Schneider, 1972).

For more than a decade, the large spread of cloud feedbacks among climate
models has been considered a major source of uncertainty for climate sensitivity
estimates (Cess et al., 1990; Colman, 2003; Stephens, 2005). The representation
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of convective and boundary-layer processes, in addition to the parameterization of
cloud properties, is known to be critical for the prediction of the clouds’ response to
climate change (Senior & Mitchell, 1993; Yao & Genio, 1999), and it differs widely
among models as seen in various model inter-comparison studies.

Several climate feedback mechanisms involving convective clouds have been exam-
ined with observations, simple climate models and with cloud resolving models in the
past. A surprising property of clouds observed in tropical oceanic deep-convective
regimes is that their long wave (LW) and short wave (SW) cloud radiative forcing
(CRF) nearly cancel each other out (Ramanathan et al., 1989). Kiehl (1994) argued
that this is coincidental, while Hartmann et al. (2001) suggest this is a property of
the ensemble of cloud types that occurs in association with deep-convection in the
tropics. Hartmann et al. (2001) argue that this ensemble of clouds adjusts through
dynamical feedbacks in the ocean-atmosphere system so as to keep the radiation
budget of convective regions close to that of adjacent non-convective regions.

Analyzing geostationary data over the western tropical Pacific, Lindzen et al.
(2001) hypothesized that a warming climate might lead to decreased anvil cloud
fraction owing to an increase of the precipitation efficiency of cumulonimbus clouds
with temperature and decreased water detrained in the upper troposphere (the so-
called Iris hypothesis). However, doubts about the evidence provided so far have
been expressed by several studies and this has been a polemical issue (Chambers
et al., 2002; Del Genio & Kovari, 2002; Fu et al., 2002; Hartmann & Michelsen,
2002; Lin et al., 2002; Lindzen et al., 2002). Nevertheless, the potential impact of an
intrinsic temperature dependence of deep-convective cloud microphysics on climate
sensitivity remains an open issue.

Hartmann & Larson (2002) proposed that the emission temperature of tropical
anvil clouds is essentially independent of the surface temperature, and that it will
thus remain unchanged during climate change (the so-called fixed anvil temperature
hypothesis). Their reasoning, tested with a mesoscale model, is that the altitude
of convective detrainment occurs where the clear-sky longwave radiative cooling
rapidly declines with height, and that the temperature at which this decline occurs
is constrained by the dependence of water vapor emission on temperature. Their
hypothesis is consistent with CRM simulations (Bretherton et al., 2006), showing
that in a warmer climate, the vertical profiles of mid- and upper-tropospheric cloud
fraction, condensate, and relative humidity all tend to be displaced upward in height
in lockstep with the temperature. This vertical displacement is found also in CRM
simulations of Tompkins & Craig (1999); however, these show a slight increase of
the cloud-top temperature with increasing surface temperature. Comparable simu-
lations with other CRMs are thus needed to establish the robustness of these results,
as well as its investigation in climate models.

Cirrus and cirrostratus clouds (also referred as cirriform clouds) have strong con-
nection with deep-convective clouds, especially in the tropics. Deep-convective cloud
detrainment is a main source of moisture for the upper troposphere, and the mois-
ture produces cirrus clouds. The interplay of large-scale atmospheric dynamics and
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the deep-convection source can influence this cirrus clouds. Other effects of large-
scale circulation include the role of upper level flow in transporting detrained water
mass and effects on condensation by adiabatic uplift (Pierrehumbert, 1998).

5.1.1 Transition of convective clouds to cirrostratus and cirrus

Upper-tropospheric ice-phase clouds in the tropics (or tropical cirrus) are charac-
terized by their extensive lateral and vertical coverage. These clouds impose a
substantial large-scale radiative effect on the Earth’s climate system (Hartmann &
Michelsen, 1993). Up to 20% of the global tropics are regularly covered by extensive
cirrus systems (Liou, 1986), and these cloud layers reduce the solar radiation reach-
ing the Earth’s surface due to reflection. These cloud layers also absorb a portion of
the upwelling Infrared (IR) radiation emitted by the surface and lower atmosphere
and emit IR radiation at a much lower temperature, hence effectively reducing the
outgoing longwave radiation and heating the atmosphere. The net radiative effect of
tropical cirrus depends on several factors including the properties of the underlying
surface and atmosphere (Stephens et al., 1990), the cloud amount, cloud height,
cloud geometrical thickness, ice water content, and the ice crystal size distribution
(Stephens, 2005). Tropical cirrus clouds, in particular, can have a unique tendency
to produce positive heating anomalies in the troposphere (Ackerman et al., 1988).

Cirrus also play a role in the maintenance of the water vapor distribution in the
tropics. In the regions of general subsidence well removed from deep-convection,
cirrus moisten the upper troposphere and, thereby, regulate the heating rates and
large-scale vertical motions of the tropics (Sherwood, 1996). In the vertical region
bounded by the detrainment layer of deep-convection and the stratosphere known as
the tropopause transition layer (TTL), tropical cirrus help regulate the water vapor
concentrations entering the lower stratosphere in the tropics (Jensen et al., 1996;
Hartmann, 2002; Dessler & Sherwood, 2000).

Tropical cirrus originate in outflow from deep-convective systems, producing a
wide range of high-level clouds from thick anvils to thin cirrus that are sometimes
all called cirrus, but other dynamic processes, such as the mesoscale circulations of
larger storm systems, large-scale lifting or gravity waves, can also produce cirrus.
Hence, the knowledge about the distribution of tropical cirrus, their variability, and
formation-decay processes is still rudimentary (Luo & Rossow, 2004). With the
advent of new satellite missions such as Calipso and Cloudsat, the knowledge about
cloud vertical distribution is however increasing.

Cirrus (anvil cirrus and cirrostratus) clouds have strong connection with deep-
convective clouds, especially in the tropics. Deep-convective cloud detrainment is a
main source of moisture for the upper troposphere (∼200-500 hPa), and this mois-
ture produces the cirrus and cirrostratus clouds (also referred to as cirriform clouds).
The interplay of large-scale atmospheric dynamics and the deep-convection source
can influence this cirriform cloud formation. Other effects of large-scale circulation
include the role of upper level flow in transporting detrained water mass and ef-
fects on condensation by adiabatic uplift (Pierrehumbert, 1998). Many observation
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studies also show that tropical cirrus clouds often result from the life cycle of trop-
ical convective cloud systems. Machado & Rossow (1993) used satellite imagery
to examine the properties of tropical convective cloud systems. They found that
relatively thin high clouds constitute a large part of the area covered by such sys-
tems, especially when the system’s entire life cycle is considered. During the mature
stage, Machado & Rossow (1993) determined that the average tropical convective
system consists of 20% deep-convective clouds, 28% transition anvil cloud, and 52%
cirrus anvil cloud. During the dissipating stages, first the deep-convective clouds
disappear, then the transition anvil clouds, leaving finally only scattered fragments
of thin cirrus.

5.2 Comparison of global distribution of deep-
convective, cirrostratus and cirrus clouds

According to the ISCCP cloud classification (refer figure 2.2), the cirrus, cirrostratus
and deep-convective clouds are compared with regard to their geographical distri-
bution within the GCM and the ISCCP observations. The categorization of clouds
is based on the thresholds of cloud top pressure (ptop) and cloud optical thickness
(τ) as mentioned in Table 2.1. Additionally, the high cloud amount distribution is
also compared for the observations and the model output. The latitudinal extent of
the global distributions is restricted to ±50◦, in order to characterize the tropical
behavior of cloud transitions.

ISCCP satellite observations and the model simulations for the year 2002 are used
in the current study. The northern hemisphere winter month (January) as well as
summer month (July) are chosen for the analysis, although we do not expect major
differences since we focus on the tropical belt of ±50◦ latitude. The ISCCP observa-
tions are derived from the histograms of ISCCP-D2 product (1.5◦× 1.5◦ spatial res-
olution, 3-hourly data), and then converted to average quantities of deep-convective
clouds, cirrus, cirrostratus, and combined high cloud cover. The model simulations
are performed by using the ECHAM5 general circulation model with ISCCP simu-
lator including the sub-column generator. The model runs are performed at T63L31
spectral grid (1.8◦ × 1.8◦ spatial resolution, 31 vertical levels, 3-hourly data). More
details about the model and the ISCCP simulator implementation are provided in
Chapter 2.

Figure 5.1 and 5.2 show the different cloud cover distributions for the monthly
average of January 2002 and July 2002 respectively. The subplots 5.1(a) and 5.1(b)
show the distribution of deep-convective clouds for the observations and the model
respectively. In the first glance it becomes clear that the model over-estimates the
deep-convective clouds compared to the observations (∼2 times more than obser-
vations in figures 5.1 and 5.2). Similarly, the subplots 5.1(g) and 5.1(h) show the
comparison for high cloud amount. The model diagnoses a greater amount of high
clouds compared to the observations.

Based on the geographical distributions, the cirrus clouds primarily populate the
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(a) ISCCP - Deep-convective cloud cover (b) Model - Deep-convective cloud cover
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(c) ISCCP - Cirrus cloud cover (d) Model - Cirrus cloud cover
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(e) ISCCP - Cirrostratus cloud cover (f) Model - Cirrostratus cloud cover
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(g) ISCCP - High cloud cover (HCC) (h) Model - High cloud cover (HCC)

Figure 5.1— Comparison of ISCCP observations and model simulated cloud cover for January
2002. The subplots show different ISCCP cloud categories and the colorbar represents the respective
cloud fractions in percentage.
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(e) ISCCP - Cirrostratus cloud cover (f) Model - Cirrostratus cloud cover
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(g) ISCCP - High cloud cover (HCC) (h) Model - High cloud cover (HCC)

Figure 5.2— Comparison of ISCCP observations and model simulated cloud cover for July 2002.
The subplots show different ISCCP cloud categories and the colorbar represents the respective cloud
fractions in percentage.
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tropics as seen in figures 5.2(c) and 5.2(d). Generally, tropical cirrus are located in
the regions where convective activity is frequent and moisture is abundant, i.e., the
tropical warm pool, tropical Africa, the Amazon, the Intertropical Convergence Zone
(ITCZ), and the South Pacific Convergence Zone (SPCZ). The cirrus geographical
distribution is similar in the observations and the model, however the cloud amount
in the ECHAM5 model is slightly higher as seen in figures 5.1(d) & figure 5.1(e)
and figures 5.2(d) & figure 5.2(e). The cirrostratus clouds on the other hand extend
along the sub tropics as seen in the model diagnostics in figure 5.2(f) with a value
ranging upto ∼25% in absolute cloud fraction amount. For the ISCCP observations,
the cirrostratus clouds range upto a maximum of ∼15% (figure 5.2(e)).

For the northern hemisphere summer month (July 2002 in figure 5.2), the model
and the ISCCP observations show a similar distribution as in the winter month. The
tropical areas around the Indian subcontinent and continental United States show a
higher amount of high and deep-convective clouds when compared to the northern
hemisphere winter month (January 2002 in figure 5.1).

5.3 The Lagrangian forward trajectory method

In order to analyze the transition of deep-convective clouds to cirrus clouds, we use
the Lagrangian trajectories to track the deep-convective air parcels in the observa-
tions and in the model output. The extracted cloud properties over the trajectory
path are analyzed to compute the daily average transition histograms for 5 days
following a deep-convective event. The main assumption here is that cirrus clouds,
like other tracers (e.g., water vapor), drift with the upper-tropospheric wind, while
at the same time, going from formation to maturation to decay.

Trajectories of air parcels are constructed using upper-tropospheric winds ob-
tained from the wind fields provided by reanalysis of past observations (for ISCCP
observations) and model wind fields (for ISCCP simulator model output). Thus, the
cirrus cloud evolution is tracked by keeping a record of its various stages along these
trajectories. A similar method has been employed to study marine stratus clouds
(Bretherton & Pincus, 1995; Pincus et al., 1997) and upper-tropospheric humid-
ity (Salathe & Hartmann, 1997, 2000) regionally. Luo & Rossow (2004) extended
this trajectory analysis to global 6-hourly ISCCP observations using NCEP-NCAR
reanalysis wind data. Another study for the deep-convection transition was by
Horváth & Soden (2008) where they determined cirrus life cycle and e-folding times
(time to grow or decay e (or ∼2.7) times) and their relation to upper-tropospheric
humidity using satellite observations. In this study, we extend the analysis done
by Luo & Rossow (2004) to ISCCP D1 day-time observations and ISCCP simula-
tor model diagnostics. The transition analysis of deep-convection to cirrus for a
GCM output has not been investigated before. The ECHAM5 GCM at a spectral
resolution of T63L31 is analyzed for cloud transitions in this study.

In this study, we compute the global trajectories originating from convective tar-
get locations and following their path for next 5 consecutive days. The analysis is
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performed consistently in model and observations for the selected period of winter
and summer months, i.e., January and July for the year 2002. The horizontal tra-
jectories (time evolution of air parcels originating at a defined height) are computed
with the HYbrid Single-Particle Lagrangian Integrated Trajectory Model (HYS-
PLIT) (Draxler, 1997) using gridded meteorological fields from the ERA40 reanal-
ysis data of the European Center for Medium-range Weather Forecasts (ECMWF).
The reason for selecting the year 2002 for this analysis is also based on the fact that
the ERA-40 reanalysis data is available only up to year 2002. ERA-40 data has a
spatial resolution of 1.5◦×1.5◦ and a temporal resolution of 6 hours. From this data
set, we use the three-dimensional vertical distribution of wind, temperature and rel-
ative humidity together with the two-dimentional wind fields at 10 meter height,
temperature fields at 2 meter height and the surface geopotential to compute the
observational trajectories of air parcels with the HYSPLIT program.

The average of the wind field over the whole air column between 500 and 200
hPa in the reanalysis data is used to represent the upper-tropospheric wind. Vertical
movement of air masses is not examined explicitly because the quality of the vertical
wind from the reanalysis is not known. Hence, the two-dimensional movement of
the air columns within the 500 to 200 hPa layer is considered in this study. A
similar approach was taken by Pincus et al. (1997) and Salathe & Hartmann (1997).
Because of this limitation, a forward air trajectory is followed for a maximum of 5
days because after 5 days, the air column between 500 and 200 hPa may well have
subsided into a lower level (Luo & Rossow, 2004).

In case of the model simulated ISCCP output, the ECHAM5 three-dimensional
vertical distribution of wind, temperature and relative humidity is used together
with the two-dimensional model wind fields at 10 meter height, temperature fields
at 2 meter height and the surface geopotential to compute the model trajectories of
air parcels with the HYSPLIT program. The trajectories are originated at a height
of 7 km to represent the upper-tropospheric deep-convective origins of trajectories
within the HYSPLIT model.

The cirrus cloud amount, as well as average cirrus properties (ptop and τ) within
each observation or model grid box are calculated for every time step. As the HYS-
PLIT program provides desired temporal (3 hours in our case) locations of the air
parcels along the trajectories, every time an observation/model field is available, we
can extract the cloud properties supplied by this field at the corresponding location
of the air parcel. The cloud properties of the air parcels along each trajectory are
computed via the nearest available grid-box cloud information for the respective
parcel location and the observation/model output time. Following the study of Luo
& Rossow (2004), the cirrus amount is used as an indicator of its life cycle. For
example, cirrus lifetime can be measured as the duration along a trajectory (or part
of a trajectory) that exhibits a sequence from zero cirrus to some amount of cirrus
to zero cirrus again. For cirrus formed by convective detrainment, cirrus amount
monotonically decreases (after a start-growth phase) until it vanishes.

The forward air trajectory analysis in this study depends on selecting the tra-
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jectory origins based on deep-convection events. These deep-convective events are
defined as the last grid box in a time sequence that has more than 10% of deep-
convective cloud cover. In order to assure that this deep-convective cloud amount at
an instant is the start of an event, an additional condition is imposed that the down-
stream grid-boxes of this convective core have less deep-convective cloud amount
than the starting location. This additional condition ensures that the last convec-
tive event ended and the rest of the deep-convection seen over the trajectory path
is an individual convective core independent of previous events. The trajectories
are considered valid only when they fulfill the criteria mentioned above, else they
are discarded in the analysis. The rationale for starting the trajectories close to
the convective core is to sample the whole transition from deep-convection to thick
anvil to cirrostratus and finally to cirrus. Starting the trajectories from convective
systems does not imply that all cirrus are assumed to be derived from convection, as
cirrus are also allowed to re-form along the trajectories. Initiating trajectories from
where convection dies out provides a convenient way of comparing cirrus formed
from convective detrainment to cirrus formed in-situ (more details in section 5.4).

Moving along a forward trajectory, convective activity can sometimes last for
several hours (Machado et al., 1998). In this case, the last time step is considered
to be the decay stage of the convective system and our search for cirrus starts from
there. If a forward trajectory encounters another convective system along the way,
this trajectory is terminated and new one starts from there. In principle, the 6-hour
sampling time for individual trajectory starting locations is considered good enough
to capture the next convective event over time.

Figures 5.3 and 5.4 show examples of the forward air trajectories from a winter
month (January) of the year 2002 for the ISCCP observations and the GCM output,
respectively. Similarly, the summer month (July) trajectories of year 2002 are shown
for the observations (figure 5.5) and the model (figure 5.6). The red circles on
the trajectory plots represent the starting locations for the trajectories (selected
convective targets). The usual centers of convective activity are evident in the
figure: tropical western Pacific, tropical Africa, and the Amazon. A clear shift of
the tropical ITCZ for winter (figure 5.3) and summer month (figure 5.4) are observed
both in the model and the observations. Upper-tropospheric air parcels start from
these convective centers and make their way into the subtropics or tropical dry
regions (such as the eastern Pacific). It is also interesting to see that some of the air
parcels, mostly in the winter hemisphere, are picked up by subtropical jet streams
and travel a longer distance over the 5-day period. On an average, the model has
more convective targets than the ISCCP observations. This is consistent with the
findings of chapter 4, where the diurnal cycle analysis shows an overestimation of
deep-convective clouds in the model.

On an average, when the model data is sampled every 6 hours for the de-
termination of deep-convective targets, there are ∼1600 to 2000 trajectories
initialized for each sampling time step. Hence for an overall sampling of one
month in the model data is comes out to be in range of 200,000 trajectories, which
gives the analysis a fairly robust statistics. On the other hand, the observations
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Figure 5.3— Example of tropical forward trajectories for ISCCP observations - January 2002.
The shown trajectories evolve from one particular sampling instance.
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Figure 5.4— Example of tropical forward trajectories for ECHAM5 model output - January 2002.
The shown trajectories evolve from one particular sampling instance.
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Figure 5.5— Example of tropical forward trajectories for ISCCP observations - July 2002. The
shown trajectories evolve from one particular sampling instance.
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Figure 5.6— Example of tropical forward trajectories for ECHAM5 model output - July 2002. The
shown trajectories evolve from one particular sampling instance.
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trajectories are in the range of ∼300 to 450 trajectories per sampling time, making
an overall composite of 48,000 trajectories for one month. The over-estimation
of deep-convection in the ECHAM5 model leads to this difference in number of
trajectory initialization locations, however, in both the model and observations,
the samples are sufficiently large to produce unbiased results for Lagrangian analysis.

Figures 5.3, 5.4, 5.5, and 5.6 show the trajectory path and their starting loca-
tions in an instantaneous sense as an example. However, to have an idea about the
frequency of occurrence of deep-convective targets, figure 5.7 shows that how often
a particular location is selected in a 6-hour sampling time for a monthly model out-
put. Figure 5.7(a) shows the convective targets frequency of occurrence for northern
hemisphere winter month (January) and figure 5.7(b) shows the same for northern
hemisphere summer month (July). The frequency occurrence values are normalized
by the maximum value. In principle, the variation in percentage for the frequency
of occurrence of convective target locations is similar to the monthly average distri-
bution of deep-convective cloud amount as seen in figure 5.1(b) and figure 5.2(b) for
the months of January and July respectively.

(a) January 2002 (b) July 2002

Figure 5.7— Normalized frequency of occurrence of convective target locations in model data
for NH winter (left) and NH summer (right) from year 2002.

The northern hemisphere winter and summer analysis of the cloud distributions
(figure 5.1 and figure 5.2), as well as the trajectory origin locations (figures 5.3, 5.4,
5.5 and 5.6) show no substantial seasonal difference. Considering that the tropical
belt of ±50◦ latitude is studied, further analysis of the cloud transitions is carried
out only for the winter month of the year 2002.

5.3.1 Cloud transitions seen in ISCCP cloud property histograms

The sequential daily average histograms are analyzed for the model and the observa-
tions. These histograms essentially show a Lagrangian view of tropical circulation of
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(a) Deep-convective targets
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(b) Day-1 after convective event
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(c) Day-2 after convective event
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(d) Day-3 after convective event
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(e) Day-4 after convective event
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(f) Day-5 after convective event

Figure 5.8— ISCCP observation lagrangian transition histograms for January 2002. ISCCP his-
tograms for each day are computed over averaged trajectories starting from deep-convective targets
and traveling for next 5 days after the convective event.

deep-convection formation, its transition to anvil cirrus via detrainment and lastly
its decay after 5 days. The daily average histograms for the ISCCP observations
as well as the model ISCCP simulator output are created by averaging over all the
trajectories that are considered valid (i.e., ensure that they originate from a new
convective event).
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ISCCP cloud types

Time from last
convective event

Total
cloud

High
cloud

Deep-conv.
cloud

Cirrostratus
cloud

Cirrus
cloud

Deep-conv.
targets

97.0 73.3 32.3 27.5 13.4

Day-1 40.1 27.0 7.3 10.6 9.0

Day-2 24.6 10.6 1.0 3.0 6.4

Day-3 14.5 4.4 0.1 0.9 3.3

Day-4 10.9 3.0 0.1 0.5 2.3

Day-5 8.9 2.5 0.1 0.4 1.9

Table 5.1— Mean values of cloud amount from ISCCP observations - January 2002

ISCCP observation histograms

Following the forward air trajectories, cloud properties (or cloud types) undergo a
systematic change. Figure 5.8 shows the cloud property distribution derived from
the ISCCP observations in terms of cloud top pressure (ptop) and optical thickness
(τ) joint histograms. The details of various cloud categories associated with the joint
ptop - τ histograms are explained in chapter 2. The histogram distribution plots are
shown for the convective source regions and for the consecutive 5 days following the
last convection. The convective source regions are defined by deep-convective cloud
amount in the ISCCP simulator model output. The sequential plots in figure 5.8
show the transition of deep-convective clouds (figure 5.8(a)) to cirrostratus clouds
after 1 day (figure 5.8(b)) and finally detraining to form thin cirrus afterwards as
seen in figures 5.8(c) to 5.8(f). Note that obscuration of low clouds by high clouds
is not likely a serious issue, since our study focusses on high deep-convective and
cirrus clouds.

The ISCCP day-time observation cloud amounts of various categories in the aver-
age 5 day transitions over all the trajectories are listed in Table 5.1 for January 2002.
For the winter month, the ISCCP observational total cloud cover drops from 97.0%
in the convective source regions to 8.9% on the 5th day. The high cloud cover drops
down from 73.3% for the convective target locations to 27.0% on day-1 and finally
reduces to 2.5% on the 5th day of trajectory. The deep-convective cloud cover, being
a subset of high cloud dominate on day-1 and then reduces to ∼0.1% from day-2
onwards. The cirrus cloud cover reaches its maximum (13.4%) on day-1 following
the decrease in deep-convective clouds and then decreases monotonically on the rest
of the days (6.4% on day-2 to 1.9% on day-5). The behavior of cirrostratus follows
the deep-convective clouds with maximum value on the convective target locations
(27.5%), and gradual decrease afterwards with 10.6% on day-1 to 0.4% on day-5.
The relation between cirrus and cirrostratus growth is consistent with the findings
of Luo & Rossow (2004) which is discussed in detail in 5.3.2.
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(a) Deep-convective targets
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(b) Day-1 after convective event
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(c) Day-2 after convective event
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(d) Day-3 after convective event
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(e) Day-4 after convective event
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(f) Day-5 after convective event

Figure 5.9— Model Lagrangian transition histograms for January 2002. Simulated ISCCP his-
tograms for each day are computed over averaged trajectories starting from deep-convective targets
and traveling for next 5 days after the convective event.

Model output histograms

To compare the observation analysis to model simulations, the histogram transition
plots for the ECHAM5 model output are shown in figure 5.9. As in the observations,
the model histograms are created by averaging over all the trajectories for the winter
month of year 2002.

Figure 5.9 shows the cloud property distribution from model output in terms of
ptop - τ joint histograms for the convective source regions and for 5 days following
the last convection. The sequential plots show the transition of deep-convective
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ISCCP cloud types

Time from last
convective event

Total
cloud

High
cloud

Deep-conv.
cloud

Cirrostratus
cloud

Cirrus
cloud

Deep-conv.
targets

99.9 90.4 52.2 31.4 6.8

Day-1 91.3 65.3 23.8 25.0 16.4

Day-2 32.0 13.1 0.8 2.5 9.7

Day-3 20.2 7.5 0.06 0.9 6.4

Day-4 15.5 6.1 0.03 0.8 5.2

Day-5 12.0 4.8 0.02 0.6 4.1

Table 5.2— Mean values of cloud amount from model - January 2002.

cloud targets (figure 5.9(a)) to cirrostratus clouds after 1 day (figure 5.9(b)) and
finally detraining to form thin cirrus afterwards as seen in figures 5.9(c) to 5.9(f).
Hence, as air makes its way from convective regions to dry regions, it travels from a
place where high, thick clouds prevail, to a place where cirrus and low-level clouds
dominate. An example where this happens in an organized manner is the traditional
picture of the Hadley-Walker circulation concerning how the large-scale circulation
influences clouds, except that Figure 5.9 shows the influence from a Lagrangian
trajectory perspective. Rather than treating convective centers (such as the ITCZ)
only in the time average, the intermittent convective systems with scales of a few
hundred kilometers are considered, which are separated by relatively clear and dry
regions. Cirrostratus and thicker cirrus, which are prevalent close to the convective
regions (lasting only about 1 day), become less and less frequent as air moves into
dry regions. On the other hand, low-level clouds become important several days after
air leaves the convective regions and continue to grow more and more prevalent.

The model simulated cloud amounts of various categories in the average 5-day
transitions over all the trajectories for the winter month for year 2002 are listed in
Table 5.2. For the winter month, the total cloud cover drops from 99.9% in the con-
vective source regions to 12.0% on the 5th day for the winter month. The high cloud
cover drops down from 90.4% for the convective target locations to 65.3% on day-1
and finally reduces to 4.8% on the 5th day of trajectory. The deep-convective cloud
cover, being a subset of high cloud dominate on day-1 and then reduces to ∼0.1%
from day-2 onwards. The cirrus cloud cover reaches its maximum (16.4%) on day-1
following the decrease in deep-convective clouds and then decreases monotonically
on the rest of the days (9.7% on day-2 to 4.1% on day-5). The behavior of cirrostra-
tus follows the deep-convective clouds with maximum value on the convective target
locations (31.4%), and gradual decrease afterwards with 25.0% on day-1 to 0.6% on
day-5. The relation between cirrus and cirrostratus growth is consistent with the
findings of Luo & Rossow (2004) which are discussed in detail in section 5.3.2.
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5.3.2 Variation of cirrus and cirrostratus clouds along forward tra-
jectories

The histogram transition analysis presented in section 5.3.1 shows the cloud distri-
bution properties of the deep-convection to cirrus transition behavior. In order to
characterize this behavior in terms of individual cloud amounts for the trajectory
path, the average variation of cloud properties for the observations and the model
output are compared.

In this study, the evolution of cirrus is assessed by following the movement of
the air leaving the vicinity of convective systems and computing the variation of
cirrus along the forward air trajectories. Assuming the cloud amount to be a good
indicator of the life cycle of clouds, the different cloud types as a function of time
over forward trajectories are averaged.

The Lagrangian trajectory analysis for the model output as well as the ISCCP
observations show that the decay of deep-convection is immediately followed by the
growth of cirrostratus and cirrus, and then the decay of cirrostratus is followed
by the continued growth of cirrus. Cirrus properties continuously evolve along the
trajectories as they gradually thin-out and move to the lower levels. Note that since
the model output is set to retrieve all the time steps in the ISCCP simulator, the
cloud amount is cumulative and free of day-light effect.

Figure 5.10 shows the averaged day-time cloud properties for deep-convective, cir-
rostratus and cirrus clouds as a function of time from last convection along forward
trajectories from the winter month (January 2002). These properties are compared
for the model derived ISCCP simulator output and the ISCCP onservations. The
cirrostratus cloud amount together with the deep-convective cloud amount in model
and observations is shown in figure 5.10(a), and similarly, the cirrus cloud variation
relative to deep-convective clouds in time is shown in figure 5.10(b). The steep curve
for deep-convective clouds for observations (dashed red line) and in the model (solid
red line) in figures 5.10(a),(b) show the early decay of thick convective clouds within
1 day from the convective event. The detrainment from the deep-convective clouds
contribute to the formation of cirrus clouds which also gradually decay to lower lev-
els from day-1 onwards as seen in figure 5.10(b). The detailed 3-hourly variation of
cirrus cloud amount shows that the deep-convection decay is immediately followed
by the growth of cirrus (explained later in subsection 5.3.3). The cirrostratus decay
follows the deep-convection but remain constant (∼2%) after the 2nd day onwards
for the ISCCP observations (figure 5.10(a)). In the model output, similar behavior
of cirrostratus is seen together with the deep-convection decay, however the growth
of cirrostratus (figure 5.10(a)) is not as clear as cirrus in figure 5.10(a). The 3-hourly
variation of model output for deep-convective, cirrus and cirrostratus clouds is ex-
plained in detail in subsection 5.3.3, where the initial peaks of cirrus and cirrostratus
clouds within day-1 (originated via immediate convective detrainment) are shown.
The analysis for ISCCP observations do not agree completely with those processed
by Luo & Rossow (2004), since Luo & Rossow (2004) used the special dataset for
IR retrieved ISCCP radiance measurements at 11 and 12 µm (making the day-night
data time series for ISCCP clouds). More details on these differences are presented
in subsection 5.3.3.
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(b) Cirrus cloud amount

0 1 2 3 4 5

200

250

300

350

Average Ptop Cirrostratus − ECHAM5 model, ISCCP

Days from last convective event

A
ve

ra
ge

 P
to

p 
[h

P
a]

 

 

cirstr model
cirstr isccp

(c) Cirrostratus cloud - ptop
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(d) Cirrus cloud - ptop
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(e) Cirrostratus cloud - τ
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(f) Cirrus cloud - τ

Figure 5.10— Average cloud properties for ECHAM5 model output compared to ISCCP obser-
vations for January 2002. The individual cirrostratus and cirrus cloud amounts are shown in reference
to the deep-convective clouds for model and ISCCP observations in the top panel of subfigures. The
daily average cloud top pressure and optical thickness values for cirrostratus and cirrus clouds are
shown for model and ISCCP observations. The respective legend indicates the cloud types for model
and observations.

Also evident from figure 5.10(a) and figure 5.10(b) is that the cirrus cloud amount
decreases more slowly as compared to cirrostratus cloud amount, which means that
the e-folding time (Luo & Rossow, 2004) is longer than 5 days for cirrus, and it is
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about 1-2 days for cirrostratus clouds. This finding is consistent with the findings
of Jin (1998), who argues that cirrus and cirrostratus are most likely produced
and maintained by different processes. That means that convective detrainment is
probably not the only source for maintaining cirrus, other dynamic processes (for
e.g., vertical transport of water vapor by waves or large-scale uplifting) also exist
that could be responsible for their formation and maintenance (Jin, 1998).

The daily averaged distribution for observational as well as model cloud top
pressure (ptop) for cirrostratus clouds with respect to time from the convective event
for all the trajectories is shown in figure 5.10(c) for January 2002. The winter month
observational cirrostratus clouds very slightly increases in ptop from 295 hPa on day-1
to 307 hPa on day-5. However, the cirrostratus behavior is quite different from cirrus
clouds even when both of these clouds occur at similar cloud top pressure ranges.
The observational cirrus top pressure (shown in figure 5.10(d)) drops (from 271 hPa
to 264 hPa) during day-1, further reduces to 225 hPa on day-3 and becomes 221 hPa
towards day-5. Hence with time, the cirrus clouds move to higher levels in height
whereas cirrostratus move towards lower height levels in the ISCCP observations.

The model derived daily averaged ptop distributions show a similar transition
behavior as seen in the observations. As seen in figure 5.10(c), the winter month
cirrostratus clouds drop in ptop from 300 hPa on convective targets to 285 hPa
on day-1 towards 281 hPa on day-2, and then increases further on with time with
300 hPa on the last day of trajectory path. For the model, the cirrus top pressure
on convective targets increase from 244 hPa to 253 hPa, then drops sharply (from
253 hPa to 220 hPa) during day-1 and then increases towards day-4 (223 hPa), and
finally reducing to 219 hPa on day-5 (as seen in figure 5.10(d)). Hence, similar to the
observational behavior, the cirrus clouds tend to move upwards and the cirrostratus
clouds move downwards with time.

The evolution for the cloud optical thickness (τ) for cirrostratus and cirrus clouds
for the observationa and the model are shown in figure 5.10(e) and figure 5.10(f),
respectively. As seen in the respective figures, the cloud optical thickness gradually
decreases over time both for cirrus and cirrostratus clouds in the observations as well
as in the model output. This trend is consistent with the general circulation cloud
formation and dissipation. The clouds remain thick and high on day-1 of trajectory
path and then cloud τ decreases as the clouds thin-out and move to lower levels over
the next days.

5.3.3 Comparison of hourly variation of cloud transitions

In this work, the standard visible spectrum (day-time) ISCCP-D2 satellite data
was used to compare the model simulated deep-convection and cirrus transitions
over time. The Lagrangian trajectory analysis is performed on a cumulative time
variation basis to capture the advection of deep-convective clouds as they detrain
to thin cirrus and cirrostratus over time. The ISCCP day-time data does not suit
to fulfill the criteria of continuous observations over the trajectory path as it moves
along time. The comparison of the daily average cloud amounts of the ISCCP
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observations over the trajectory paths to the model do not represent the detailed
growth-decay cycle of cirrus and cirrostratus clouds. Moreover, the time details
which show the relationship between cirrus and cirrostratus are not evident from
the ISCCP day-time data (figure 5.10(a) and figure 5.10(b)).
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Figure 5.11— Average cirrus and cirrostratus cloud properties as function of time (days) after
after the convective event for ECHAM5 model and ISCCP split-window IR retrieved data from Luo &
Rossow (2004). The dashed line in (c) and (d) represent the deep-convective cloud amount in the
ISCCP split-window IR data (Luo & Rossow, 2004).

Luo & Rossow (2004) show the Lagrangian trajectory analysis over ISCCP satel-
lite cirrus data set derived from only infrared observations by building upon the exist-
ing ISCCP-DX data and TIROS-N Operational Vertical Sounder (TOVS) products.
This cirrus data set provided continuous coverage throughout each day by using
two radiances from the infrared window spectrum at 11 and 12 µm (split-window
method). The main reason for using the refined ISCCP data was to augment the
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ISCCP analysis of cirrus during night, when the visible channel becomes unavailable
for retrieving cloud optical thickness. More details about the ISCCP split-window
day-night data can be found in Luo & Rossow (2004)

The model version used in this study is set up so that the simulated cloud cover
diagnostics also include the nighttime data. This helps in achieving the continuously
simulated ISCCP cloud types. Hence, the model simulated cloud properties are di-
rectly comparable to the day-night infrared ISCCP split-window observations used
by Luo & Rossow (2004). The details of this comparison are shown in figure 5.11,
where 3-hourly average cloud amounts for deep-convection, cirrus and cirrostratus
over the Lagrangian trajectories are shown as a function of time. The model simu-
lated cirrus and cirrostratus clouds together with deep-convective clouds are shown
in figure 5.11(a) and figure 5.11(b) respectively. The results of cumulative day-night
average cloud cover derived by Luo & Rossow (2004) are shown in figure 5.11(c) and
figure 5.11(d) for cirrus and cirrostratus clouds respectively.

The simulated cloud cover from the ECHAM5 model agrees reasonably with
the infrared ISCCP day-night data by Luo & Rossow (2004). The cirrus clouds
maximum is attained at day-1 from where the cirrus cloud cover decreases over time
(figure 5.11(a)). On the other hand, the cirrostratus clouds are at maximum on
the convective target locations (same as the deep-convective clouds), and gradually
reduce to almost ∼0.1% from day-2 onwards as seen in figure 5.11(b).

As illustrated in figure 5.11(a) and figure 5.11(b), the decay of deep-convection is
rapid (6 - 12 h) and is associated with the growth of both cirrostratus and cirrus. The
time and spatial scales of the transition from convection to cirrostratus (probably
as convective detrainment) are about 6 h and 200 km (based on average wind speed
(Luo & Rossow, 2004)) respectively. The cirrostratus amount peaks in the first 3
to 6 hours on day-1 before it starts to detrain over next days (see figure 5.11(b)).
The decay of cirrostratus is then accompanied by the continued growth of cirrus,
indicating a decay of cirrostratus into cirrus. From the decay of cirrostratus, it
takes another ∼6-12 hours for the cirrus amount to reach its peak, shown in the
figure 5.11(a). This behavior is consistent in the winter as well as the summer
month of analysis (not shown), and agrees well to the findings of Luo & Rossow
(2004).

The relatively rapid decay of cirrostratus over about 12 hours to 1 day down-
stream of convection suggests a loss of cloud water mass. As shown in Luo & Rossow
(2004), the cirrostratus most likely form by the convective detrainment and/or as
part of an associated mesoscale circulation and contain a much larger water mass
(and larger particles than cirrus) and consequently have much larger sedimentation
mass flux (Luo & Rossow, 2004).

Cirrostratus being at a lower pressure (higher level) than cirrus suggests that
the transition from cirrostratus to cirrus is accompanied by a gradual decrease in
cloud-top height. The evolution of cirrus properties also indicates that cirrus tend
to thin-out and move to the lower levels, as air moves away from convective regions.
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5.4 Detrainment and in-situ cirrus life-cycle analysis

Figure 5.11 and its subplots provide us a general sense of average tropical cirrus
evolution along forward trajectories in time. Nevertheless, they are not enough to
characterize the cirrus life cycle because compositing over many trajectories smears
out the detailed life cycle of each individual trajectory. Although the composite
picture shows that is takes a little more than 5 days for cirrus amount to e-fold (fig-
ure 5.11(a)), an individual cirrus system may have a much shorter life cycle. There-
fore, in this section a different approach is adopted toward characterizing tropical
cirrus life-time by collecting statistics from each individual trajectory. This is done
only for the model output, since the ISCCP observations are not continuous and are
available for day-time only.
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Figure 5.12— Detrainment and In-situ cirrus life cycle for present day ECHAM5 model with
climatological SST - January 2002. The plots show the histograms for number of trajectories which
encounter detrainment and in-situ cirrus for their duration over the trajectories.

It is assumed here that the cirrus life-cycle (formation followed by decay) is char-
acterized along a particular trajectory by the systematic variation of cirrus cloud
amount over time. Two types of tropical cirrus are considered based on their re-
lationship to convective systems, namely the detrainment cirrus and in-situ cirrus.
Detrainment cirrus are the ones derived directly from detrainment of deep-convective
clouds, whereas in-situ cirrus clouds are those generated by other large-scale dynamic
processes (for e.g., vertical transport of water vapor by waves, large-scale uplifting
etc.). The primary distinction criteria for defining detrainment and in-situ cirrus
is to categorize their life-cycle based on when the cirrus cloud amount is maximum
within a particular trajectory path. The life-cycle for detrainment cirrus is de-
fined by a monotonic decrease of cirrus amount along a forward trajectory. Hence,
last convection becoming some cirrus, further becoming maximum cirrus and then
decreasing to minimum cirrus over time. The length of this sequence defines the
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detrainment cirrus life-cycle. It is considered that the cloud amount is minimum
when it reaches to 20% of the maximum cirrus cloud amount over an individual
trajectory (Luo & Rossow, 2004). For defining the in-situ cirrus, the sequence of
appearance of cirrus cloud amount is seen at least after 1st day of convective event.
The cirrus observed at this time, should increase to maximum cirrus and then de-
crease to minimum cirrus amount over time. The requirement that the trajectory
air parcel encounter clear skies after convection (1 day or more) ensures the separate
evolution of the in-situ cirrus.

All the trajectories are checked for the occurrence of detrainment cirrus (cirrus
cloud amount maximum on day-1 and decreases further on) and for in-situ cirrus
(cirrus cloud amount increasing after day-1, reaching maximum and decreases fur-
ther on). Figure 5.12(a) shows the histogram of cirrus lifetimes for detrainment
and figure 5.12(b) shows the in-situ cirrus. The histogram distribution defines the
life-cycle for the respective cirrus cloud type. The life-cycle of detrainment cirrus is
about 20±15 hours (compared to the results of Luo & Rossow (2004) where they
derive the detrainment cirrus life cycle as 30±16 hours). For in situ cirrus, the life-
time is about 17±13 hours (compared to the results of Luo & Rossow (2004) where
they derive the in-situ cirrus life cycle as 19±17 hours).

Because relatively large areas (2.5 by 2.5 degree) are considered, the definition
of zero cirrus needs to be relaxed from absolute zero; otherwise, very few samples
of distinct cirrus life cycle sequences occur. In practice, zero cirrus is defined as 1/5
of the maximum cirrus cloud amount along the life-cycle sequence. For example,
when a trajectory initially overcast with cirrus clouds decays below 20%, this is
considered as the end of the life cycle. But if the maximum cirrus amount along a
selected trajectory is only 20%, then it has to drop below 4% to end the life cycle.

5.5 Cirrus clouds in a warmer climate

In order to evaluate the model sensitivity in terms of cloud transitions, an idealized
climate change simulation with SST increased by a uniform 2 K (Cess et al., 1990)
is performed. The other model conditions remain similar to the present day model
run with climatological SST.

The Lagrangian trajectories for the perturbed model runs are created using the
model wind fields within the HYSPILT model (procedure explained in detail in
section 5.3). Cloud transition histograms for the perturbed model runs are shown
in figure 5.13. The sequential plots show the transition of deep-convective clouds
(figure 5.13(a)) to cirrostratus clouds after day-1 (figure 5.13(b)) and finally to thin
cirrus on the following days as seen in figures 5.13(c) to 5.13(f).

Table 5.3 lists the average histogram values starting from the convective targets
and following to next 5 consecutive days. For the monthly analysis performed, the
total cloud cover for trajectories in the perturbed climate run drops from 99.9% in
the convective source regions to 10.3% on the 5th day in the tropics. Hence very little
total cloud remains in tropics since the trajectories move towards the extra-tropics
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(a) Deep-convective targets
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(b) Day-1 after convective event
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(c) Day-2 after convective event
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(d) Day-3 after convective event
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(e) Day-4 after convective event
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(f) Day-5 after convective event

Figure 5.13— Lagrangian transition histograms for +2 K perturbed SST model run - January
2002. Simulated ISCCP histograms for each day are computed over averaged trajectories starting
from deep-convective targets and traveling for next 5 days after the convective event.

(shown in trajectory path snapshots in figures 5.3, 5.4, 5.5 and 5.6). The high cloud
cover drops down from 90.7% for the convective target locations to 60.5% on day-1
and finally reduces to 4.6% on the 5th day of trajectory. The deep-convective cloud
cover, being a subset of high cloud dominate on day-1 and then reduces to ∼0.1%
from day-2 onwards. The cirrus cloud cover reaches its maximum (16.9%) on day-1
following the decrease in deep-convective clouds and then decreases monotonically on
the rest of the days (12.3% on day-2 to 3.9% on day-5). The behavior of cirrostratus
follows the deep-convective clouds with maximum value on the convective target
locations (30.5%), and gradual decrease afterwards with 21.4% on day-1 to 0.6% on
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day-5.

ISCCP cloud types

Time from last
convective event

Total
cloud

High
cloud

Deep-conv.
cloud

Cirrostratus
cloud

Cirrus
cloud

Deep-conv.
targets

99.8 90.7 53.1 30.5 7.0

Day-1 88.4 60.5 22.1 21.4 16.9

Day-2 41.4 20.2 2.5 5.3 12.3

Day-3 22.8 10.2 0.5 1.8 7.7

Day-4 14.8 6.5 0.1 1.0 5.3

Day-5 10.3 4.6 0.0 0.6 3.9

Table 5.3— Mean values of cloud amount from perturbed SST model run - January 2002

The ISCCP histograms of the cloud transitions in perturbed climate model run
show a slight increment in the cirrus cloud amount on day-2 and -3 (figure 5.13(c)
and figure 5.13(d), respectively) in comparison to the present day model runs with
climatological SST (figure 5.9(c) and figure 5.9(d), respectively). However, more
detailed comparison of Lagrangian transitions for different ISCCP cloud categories
of the simulated ISCCP clouds for the present day climate (climatological SST) and
for the warmer climate (+2 K perturbed SST) runs is discussed in the following
section.

5.5.1 Comparison of cloud transitions for present and perturbed
climate

Similar to the cloud amount variation for the present day model, the perturbed runs
also show a consistent transition behavior for deep-convective detrainment followed
by evolution of cirrostratus and cirrus clouds in time. In all the comparison plots
shown in the section, the present day climate runs are shown with blue, whereas
the perturbed +2 K warmer SST runs are shown in red color. The cloud amount
variation is shown in absolute cloud cover fraction values.

Figure 5.14 shows the daily average cloud properties for the total cloud cover and
the high cloud cover over the Lagrangian trajectories. The total cloud cover (TCC)
amount variation for the two model versions shows that the daily average total
cloud amount for warmer climate decreases on 1st day after the convective event
(figure 5.14(a)). The total cloud fraction for the perturbed climate increases later
on day-2 (by ∼8% in absolute cloud fraction) and day-3 (by ∼3% in absolute cloud
fraction). The high clouds (HCC) show a similar variation behavior as the total
clouds in the warmer climate. As seen in figure 5.14(b), the high clouds decrease
on day-1, and then increase on day-2 and -3 by ∼7% and ∼3%, respectively in the
warmer climate compared to the control climate.



88 5 Convection-climate Feedbacks

0 1 2 3 4 5
0

20

40

60

80

100

Days from last convective event

C
lo

ud
 a

m
ou

nt
 in

 %
 (

da
ily

 a
ve

ra
ge

)

Daily average Total cloud − Clim SST, Perturbed SST

 

 

tcc model
tcc model perturbed

(a) Total cloud amount
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(b) High cloud amount
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(c) Total cloud ptop
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(d) High cloud ptop
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(e) Total cloud τ
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(f) High cloud τ

Figure 5.14— Comparison of average cloud properties for Total cloud cover (TCC) and High
cloud cover (HCC) for the present day ECHAM5 model output compared to the warmer climate run
(perturbed SST) - January 2002. The present day model is shown in blue, perturbed climate in red in
all the sub-figures.
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The total cloud cover tends to be higher in the warmer climate in comparison to
the present day climate, as seen in figure 5.14(c), where the daily average cloud top
pressure for TCC reduces by ∼50 hPa on day-2 onwards after the convective event.
The optical thickness of the total cloud cover increases slightly on the convective
targets (τ for TCC becomes 56 in warmer climate from 54 in the present day) as well
as day-1. However, from day-2 onwards the TCC optical thickness does not show a
significant change in the present and the perturbed climate model runs figure 5.14(e).

Similar to the TCC, the perturbed model HCC also show a decrease in the cloud
top pressure (figure 5.14(d)), showing that the high clouds move higher from day-2
onwards after the convection in the atmosphere in the warmer climate. Moreover,
these high clouds also tend to be thicker as seen in figure 5.14(f), where the cloud
optical thickness is considerably increased for high clouds on day-2 (∼2 times of the
optical thickness in the present day climate) onwards.
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(a) Deep-conv. cloud amount
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(b) Deep-conv. cloud ptop
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(c) Deep-conv. cloud τ

Figure 5.15— Comparison of average cloud properties for Deep-convective cloud cover for the
present day ECHAM5 model output compared to the warmer climate run (perturbed SST) - January
2002. The present day model is shown in blue, perturbed climate in red in all the sub-figures.
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The cloud transitions for the deep-convective clouds are shown in figure 5.15. An
increase of ∼2% in the convective cloud amount in the perturbed climate run for
day-2 after the convective event can be observed in figure 5.15(a). The comparison
of the present day and perturbed climate runs show that the deep-convective clouds
are higher in the atmosphere, as well as thicker for the warmer climate (except for
day-2, see figure 5.15(c)).

Since the high clouds show an increase in the optical thickness in the perturbed
climate on day-2 (figure 5.14(f)) and the deep-convective show a rather decrease on
the same day, it implies that other clouds in the high cloud category (i.e., cirrostratus
and cirrus) cause this change in the increased optical thickness of high clouds.

The cloud top pressure for cirrostratus as well as cirrus clouds show an increase
in the warmer climate from day-2 onwards (figure 5.17). The cirrostratus cloud
variation shows that the cirrostratus in the warmer clouds are thicker specially
on day-2 and onwards after the deep-convective event as seen in figure 5.18(a).
The cirrus clouds on the other hand show a same behavior in the present day and
warmer climate run, with a slight decrease on day-4 and -5 in the warmer climate
(figure 5.18(b)).
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(a) Cirrostratus cloud amount
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(b) Cirrus cloud amount

Figure 5.16— Comparison of daily average cloud amount for cirrostratus and cirrus clouds in the
present day ECHAM5 model output compared to the warmer climate run (perturbed SST) - January
2002. The present day model is shown in blue, perturbed climate in red in all the sub-figures.

The perturbed climate model runs show a stronger convection and hence a
stronger hydrological cycle with an increased large-scale precipitation as well as con-
vective precipitation. As seen in figure 5.19(a), the large-scale precipitation in the
perturbed model increases on day-1 and -2 after the convective event, then remains
similar to the precipitation in the present day model. Similar behavior for convective
precipitation can be seen in figure 5.19(b). The relative humdidity averaged over a
range of 200 to 500 hPa is compared for the present and the perturbed climate and
shown in figure 5.19(f). The increased precipitation on day-1 and -2 after convec-
tion leads to the reduction of the relative humidity in the upper troposphere in the
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(a) Cirrostratus cloud ptop
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(b) Cirrus cloud ptop

Figure 5.17— Comparison of daily average cloud top pressure (ptop) for cirrostratus and cirrus
clouds in the present day ECHAM5 model output compared to the warmer climate run (perturbed
SST) - January 2002. The present day model is shown in blue, perturbed climate in red in all the
sub-figures.
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(a) Cirrostratus cloud τ
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(b) Cirrus cloud τ

Figure 5.18— Comparison of daily average cloud optical thickness (τ ) for cirrostratus and cirrus
clouds in the present day ECHAM5 model output compared to the warmer climate run (perturbed
SST) - January 2002. The present day model is shown in blue, perturbed climate in red in all the
sub-figures.

perturbed climate runs in comparison to the present day climate.

The Lagrangian transitions of the cloud forcings in the model show an increase
in the short wave forcing (solar spectra, figure 5.19(c)) as well as in long wave
(terrestrial spectra, figure 5.19(d)) in the perturbed model runs compared to the
present day climate, specially on day-2 after the convective event. The global average
cloud radiative forcing values are indicated in the respective figures for the present
day as well as the perturbed climate. Since the cirrostratus cloud amount increases
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(a) Large-scale precipitation
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(b) Convective precipitation
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(c) SW forcing
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(d) LW forcing
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(e) Net forcing (SW+LW)
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(f) Relative humidity at 200-500 hPa

Figure 5.19— Model variables (large-scale precipitation (APRL), convective precipitation
(APRC), cloud forcings and relative humidity) for present day ECHAM5 model (climatological SST)
compared to the warmer climate run (perturbed SST) for January 2002. The present day variables
are shown in blue and the perturbed climate variables are shown in red color.
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and hence the green house effect, the net forcing comes out to have a positive
feedback on the climate i.e., less cooling due to convection in the warmer climate.

5.6 Summary and conclusions

The life cycle and evolution of tropical cloud systems are examined by analyzing
ISCCP satellite-derived cloud data and ECHAM5 ISCCP simulator model output
in a Lagrangian framework. In order to compare the cloud transition differences in
a warmer climate, the ECHAM5 climate model is used with an idealized warming of
+2 K perturbed SST to compare with simulations with present day climatological
SST.

Despite similar geographical patterns of cirrus and deep-convection in the
monthly mean maps (Figures 5.1 for January and 5.2 for July), they may not be
as closely related in an instantaneous sense when tracking the origin and evolution
of these two types of clouds. The Lagrangian trajectory analysis over 5 consecutive
days after deep-convective events shows that the decay of deep-convection is followed
by the growth of cirrostratus and cirrus and then the decay of cirrostratus is fol-
lowed by the continued growth of cirrus. Cirrus properties continue to evolve along
their trajectories as they gradually thin-out and move to the lower levels. These
detrainment cirrus systems last for 20±15 hours.

An estimate of cirrus particle lifetimes, however, gives a range from 0.8 to 8 hours,
depending on particle terminal fall velocity (Heymsfield, 2003). The difference sug-
gests that there are at least transient upward motions that oppose particle sedimen-
tation to maintain tropical cirrus and to keep them from dissipating for much longer
than the particle lifetime. Consequently, cirrus can advect over large distances,
about 600-1000 km, during their lifetimes. For most GCMs, this distance spans
many grid boxes requiring that the water vapor and cloud water budgets include an
advection term. These results concerning cirrus evolution and life cycle variation
provide the observational basis for evaluating and improving modeling of convec-
tion, detrainement and cirrus life cycle in GCMs. Comparison of the geographical
patterns of cirrus between a model and observations is not a very informative test of
the model because it cannot distinguish between the causes for disagreements, which
might involve other factors, such as the model treatment of deep-convective anvils
and the large-scale circulation (Salathe & Hartmann, 2000). Comparison of cirrus
evolution and life cycle in a Lagrangian framework, on the other hand, provides a
way of focusing on the formation-decay processes that control the cirrus properties.

The model cloud transition histograms for 5 days after the convection in comari-
son to the ISCCP observations show that the model convection is stronger. High
thick clouds (deep-convective clouds in the ISCCP classfication, figure 2.2) continue
to persit after 1 day (remains 50% of the deep-convective cloud amount on convective
targets). Thus, more water vapor is detrained in the upper troposphere to form too
many, too thick and too high cirrostratus clouds. The ISCCP observations show a
rapid decay of deep-convective clouds, where day-1 after the convective event shows
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only 20% of the deep-convective clouds. Hence, the convective clouds have a larger
cloud amount and have a larger life time in the ECHAM5 model compared to the
ISCCP observations in a Lagrangian framework.

Detrainment cirrus are distinguished from in situ cirrus in this study. The latter
have been identified in the trajectory analysis by defining the cirrus which are cre-
ated independent of the convective detrainment. These in-situ cirrus last for 17±13
hours. The different generating mechanisms for these two types of cirrus suggest
the possibility that they may not respond in the same way to a changing climate,
producing different feedbacks. Detrainment cirrus have a strong connection to deep-
convection, being produced as the decay products of the convective anvil clouds. A
change of this type of cirrus with climate should be understood as part of the study
of how convection changes with climate. But in-situ cirrus are not directly connected
with convection and can be produced by other dynamical processes, such as small-
scale turbulent motions, gravity waves, large-scale waves or episodes of large-scale
uplift; their response to a changing climate therefore depends on how these other
dynamic processes change.

The changes in the convective cloud transitions for the warmer climate model
runs show that the amount of cirrostratus clouds increases in the warmer climate.
The model cloud diagnostics from the ISCCP simulator suggest that the cirrostratus
clouds tend to be thicker and higher in the atmosphere in the perturbed SST model
run. The cirrus clouds also increase in the height and cloud amount (on day-2 and
3) whereas their optical thickness remains similar to the present day (climatological
SST) simulation. Since the high cloud amount increases and goes higher in the
atmosphere in the perturbed or warmer climate, it implies an increased longwave
cloud radiative effect that is more prominant than the increased shortwave effect
(due to slight changes in cloud optical thickness). This leads to less cooling or a
positive feedback from convective detrainment in the warmer climate.

The transition behavior of the standard model variables such as precipitation
and cloud forcings over the Lagrangian trajectories are examined to understand the
changes in the warmer climate runs compared to the present day climate. The
stronger convection in the warmer climate leads to an increase in large-scale and
convective precipitation in the perturbed climate, especially on day-1 and -2. This
increment in precipitation leads to drying of upper tropospheric average relative
humidity from day-3 onwards for the warmer climate runs.

The shortwave and the longwave cloud forcings increase in the warmer climate
leading to an increase in the net cloud radiative forcing (NCRF), leading to a positive
feedback of the increased cirrostratus and cirrus clouds from a Lagrangian transition
perspective.
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Conclusions

Cloud-climate feedbacks have long been identified as the largest source of uncer-
tainty in climate change predictions (IPCC, 2007). Recent comparisons of feedbacks
produced by climate models under climate change show that the current generation
of models still exhibits a large spread in cloud feedbacks (Bony et al., 2006). Clouds
strongly modulate the Earth’s radiation budget, and a change in their radiative ef-
fect in response to a global temperature change may produce a substantial feedback
on the Earth’s temperature. The important role of clouds in the climate system is
undisputed and many efforts are being undertaken to improve their representation in
general circulation models (GCMs). In order to improve models it is first necessary
to assess where they fail. A large number of approaches to make such assessments
exist, ranging from the analysis of long-term climate simulations to the use of models
of specific cloud processes (Jakob & Tselioudis, 2003). In order to have confidence
in climate change projections, the importance of evaluating cloud parameterizations
and improving the cloud representations in climate models is widely recognized.

It has become quite evident in the last years that one of the key issues in cloud
parameterization improvement in the GCMs is to bring together cloud modelers
and the cloud observing community. Satellite observations provide the possibility
of global observations of cloud properties and hence are useful in model validation.
Satellite simulators are a valuable tool in evaluating the model characteristics and
hence pin-pointing its deficiencies in direct comparison to the satellite observations.

6.1 Main findings of the research

An evaluation of the ECHAM5 general circulation model is performed in the cur-
rent study by application of the ISCCP (International Satellite Cloud Climatology
Project) satellite simulator for detailed cloud diagnostics. The simulator diagnostic
sensitivity is tested with two versions of ISCCP simulator within the ECHAM5. The
ISCCP simulator version thats uses the sub-grid scale variability information in the
form of probability density function of total water is compared with ISCCP satellite
observations for distribution of various cloud categories. The model evaluation is
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performed using different approaches, the short description and major findings of
which are shown in next paragraphs.

6.1.1 Comparison of global average cloud distributions

The comparison of geographical distributions of ISCCP cloud categories (i.e., total
cloud cover, high cloud cover, mid cloud cover, low cloud cover and deep-convective
cloud cover) are performed for the model with the observations. The global model
output is separated into land and sea areas in order to facilitate the evaluation of
characteristic cloud type distributions for land and sea areas. The global average
histograms for land and sea areas are analyzed for evaluating the cloud types based
on their optical thickness. The main findings show that,

• The ECHAM5 model underestimates the oceanic low clouds in tropics as well
as in mid-latitudes.

• The analysis of global sea area histograms reveals that the low oceanic clouds
are diagnosed as optically too thick in the model (i.e., more stratocumulus and
less shallow cumulus clouds).

• The high and deep-convective clouds are overestimated in the model, partic-
ularly in the tropics. Most of the high clouds in the model diagnostics are
optically too thin over land as well the sea.

• The mid cloud cover is underestimated by ECHAM5, which implies that the
convective clouds in the model do not detrain at mid-levels but rather transport
moisture further to form high clouds.

6.1.2 Cloud regime definition and their climate change response

A clustering technique for cloud regime separation is adopted to characterize the
model behavior in independent cloud regimes based on the approach by Williams &
Webb (2009). The Tropics and the extratropics are associated with a large spectrum
of cloud types, ranging from low-level boundary layer clouds to deep-convective
clouds and anvils. Because of their different top altitudes and optical properties,
the different cloud types affect the Earth’s radiation budget in various ways. The
cloud regimes are hence separated for tropics, ice-free extratropics and snow or
ice covered extratropics. Each grid-point of the ISCCP simulator model output is
assigned to observed ISCCP cloud clusters defined by Williams & Webb (2009) for
computation of the regime mean relative frequency of occurrence (RFO) and net
cloud radiative forcing (NCRF) for present day and perturbed climate. The results
for the cluster analysis show that,

• For the tropics and the ice-free extratropics, the ECHAM5 model simulates
the shallow cumulus clouds as the most frequent cloud regime with qualitative
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agreement to the ISCCP observations. Quantitatively, the low clouds are
underestimated by the model.

• Optically thick, high-level cloud regime in the extra-tropics, typically associ-
ated with the passage of frontal systems, is simulated too frequently in the
ECHAM5 model (in agreement with the findings by Williams & Tselioudis
(2007) and Williams & Webb (2009)).

• The tropical congestus regime is captured in the ECHAM5 diagnostics but its
RFO is underestimated compared to the observations.

• Snow or ice free extratropics show a lack of shallow clouds in the model which
is compensated by an overestimation of thin cirrus and mid-level clouds.

• All the tropical cloud regimes show a net positive climate change response to
+2 K perturbed sea surface temperature (SST).

• The total climate change response of clouds to SST perturbation, when mea-
sured by change in net cloud radiative forcing is dependent on change in net
forcing as well as change in RFO.

• The stratocumulus and the stratocumulus/cumulus transition cloud regimes
are major contributors for the climate change response due to very strong net
forcing for these clouds in the tropics and a respective negative RFO in the
warmer climate.

6.1.3 Diurnal cycle of clouds

The diurnal cycle of cloud cover for ISCCP category clouds is evaluated for ECHAM5
in comparison to the ISCCP observations. Four tropical areas are selected, each of
which comprises of land and sea area. The results show that,

• The total cloud cover diurnal cycle in the observations is dominated by shallow
clouds and the model shows a very weak cycle for the low clouds.

• The diurnal cycle evaluation in the ECHAM5 model shows that the deep-
convective cloud cover had a very weak cycle except for Indian monsoon region
both for model as well as in ISCCP observations.

• The timing of diurnal peak in the model is diagnosed too early (∼3 to 6 hours)
in comparison to the observations.

6.1.4 Convection climate feedbacks

Understanding cloud radiative feedbacks requires an understanding of how a change
in climate may affect the distribution of the different cloud types and their radiative
properties, and an estimate of the impact of such changes on the Earth’s radiation
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budget. For evaluating the transition of deep-convection to anvil cirrus clouds, a
life cycle analysis is performed in a Lagrangian tracking framework for present day
and perturbed climate with +2 K SST. The observations and the model Lagrangian
trajectories are tracked for 5 days after the convective event, evaluating the growth
and decay behavior of cirrus with respect to convective activity. The main findings
are listed as follows,

• The decay of deep-convective clouds is rapid (within 1 day), which is followed
by cirrostratus growth which finally thin-out to form cirrus clouds.

• The Lagrangian evolution and life cycle of cirrostratus and cirrus clouds show
that the model diagnoses a stronger convection with relatively longer life time
compared to the observations.

• Tropical cirrus clouds diagnosed in ECHAM5 are categorized into detrain-
ment cirrus which last for 20±15 hours, and in situ cirrus (generated by other
dynamical forces, such as small scale turbulent motions, gravity- and large
scale-waves or large scale uplift) which last for 17±13 hours.

• Similar to the present day climate, the cloud transitions of deep-convection
detraining to cirrostratus and further becoming cirrus is found to be consistent
in the perturbed climate.

• The cirrostratus and cirrus clouds increase in height as well as cloud amount
in the warmer climate, especially on day 2 and 3 after the deep-convection.

• The convection is stronger in the perturbed climate compared to the present
day climate implying larger values for precipitation on day 2 and 3, leading
to a subsequent drying of the upper tropospheric relative humidity (200-500
hPa).

• The overall net forcing in the warmer climate increases (becoming less neg-
ative) due to stronger longwave cloud radiative effect (dependent on cloud
height) than the shortwave effect (dependent on cloud optical thickness). This
leads to a positive climate feedback in the perturbed climate from a Lagrangian
perspective.

6.2 Synergy of results

The overall finding in this study which is consistent in all the evaluation approaches
summarized above is the model weakness in simulating high and low clouds. The
high-level clouds are overestimated in the tropics, which is compensated by an un-
derestimation of low- and mid-level clouds. Tropical areas lead to a major con-
tribution in this model deficiency on account of higher amount of convection over
land. Individual events cause the biases in the cloud categories, but on a global
scale these biases are balanced due to regions with opposite behavior. For example,
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deep-convection in the tropics verses the marine shallow and stratocumulus clouds
in extratropics.

As revealed in global histograms, the tropical regions in ECHAM5 show an over-
estimation of thin cirrus and deep-convective clouds. Hence, the moisture is trans-
ported to higher levels in the atmosphere and is not allowed to detrain at low- and
mid-levels in the ECHAM5 convection scheme. The ECHAM5 analysis does not
show a prominent diurnal cycle for deep-convective and high-level clouds except for
the Indian monsoon region. In our analysis, the diurnal cycle of cloud cover fraction
is evaluated for model and observations and not convective precipitation (which is
a more direct property of deep-convection).

The low-level clouds in ECHAM5 show a very weak diurnal cycle, which leads
to a too weak diurnal cycle for the total clouds in the model. The inadequate
representation of the boundary layer processes within the convection schemes of the
GCMs is a likely reason for the larger variation in individual shallow convection
regions compared to the observations.

The cluster analysis reveals that the cloud regimes for ECHAM5 model in extrat-
ropics show better diagnostics in comparison to the tropics, since the model is forced
by large scale circulation and there are less individual (convective) events than the
tropics. The widespread occurrence of thick, high cloud in the tropics results in a
warm bias for the ECHAM5 model similar to the findings of Williams & Tselioudis
(2007).

The Lagrangian transition of deep-convection to cirrus clouds in the model shows
an important aspect of model in terms of life cycle of convective clouds. Similar
studies are performeded on observations (for e.g., Luo & Rossow (2004) among
others) but the cloud transition studies over GCM have not been attempted before.
Present analysis provides a new insight in the model evaluation stating how long
the clouds stay in the system from a Lagrangian perspective and hence is useful in
evaluating the radiative feedbacks of the clouds. The trajectory analyses over the
present day and perturbed climate scenarios reveal that the reason for too many
and too thick high clouds found in the other evaluation approaches is indeed due to
too intense convective detrainment of moisture in the upper troposphere, and due
to longer life-time of convective and anvil cirrus clouds.

6.3 Scope of future research

The model deficiencies which are evaluated in the current study pin-point the short-
comings of cloud parameterizations implemented in ECHAM5. Sensitivity studies
for tunable parameters of the convection parameterization scheme is one of the pos-
sible extensions in evaluating the cloud representations in ECHAM5. As seen in the
findings of the current study, the ECHAM5 convection is too strong compared to
the observations. The sensitivity of entrainment parameter in the model should be
considered for creating more clouds at low- and mid-levels. Since the climate change
response analysis using cloud regime clusters as well as deep-convection transitions
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show that the strength of convection increases in the warmer climate, it is important
to evaluate the same with sensitivity studies of varying entrainment rate parameter.

With an established knowledge that marine shallow clouds provide the largest
uncertainty in determining cloud feedbacks (Bony et al., 2006), improvement in
boundary layer parameterizations for representing shallow cumulus and stratocu-
mulus clouds in ECHAM5 are much needed in order to have confidence in the future
climate projections. Improvement in convective parameterization and coupling it
with statistical cloud cover schemes will provide a more realistic representation of
convective clouds in the ECHAM5 model. Model cloud evaluation with new and
advanced satellite data (for e.g., active sensors providing vertical profile of clouds)
is recommended as follow on tasks.

Relating the cirrus evolution to the upper-tropospheric humidity (UTH) in a La-
grangian framework is an interesting extension of the cloud transition study. The
interaction between cirrus and UTH over composite of clear and over cirrus overcast
trajectories may help in the understanding the contribution of cirrus in moistening
of upper troposphere. The cirrus influence over UTH could be a useful model evalu-
ation study in order to increase confidence in correctly simulating upper troposphere
water vapor feedback in the GCMs. Tracking the trajectory path in terms of cloud
transport to sub-tropics i.e., to latitudes where the trajectories generally move and
disperse will provide an idea of spatial scales of advection of convective detrainment.

The climate feedback analysis for detrainment and in situ cirrus may serve as a
next step to the convection-cirrus life cycle analysis. Generated in entirely different
processes (detrainment cirrus generated by convective detrainment and the in situ
cirrus by large scale dynamic processes) both cirrus types have different climate
feedbacks effects Luo & Rossow (2004).
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C. G., Köhler, M., Piriou, J.-M., Tailleux, R., and Tomasini, M. (2004).
Modelling the diurnal cycle of deep precipitating convection over land with cloud-
resolving models and single column models. Quarterly Journal of the Royal Me-
teorological Society 130, 3139 – 3172.

Hartmann, D. L. (2002). Tropical surprise (climate change causes). Science 295,
811 – 812.

Hartmann, D. L. and Larson, K. (2002). An important constraint on tropical
cloud-climate feedback. Geophysical Research Letters 29, 1951–1954.

Hartmann, D. L. and Michelsen, M. L. (1993). Large-scale effects on the
regulation of tropical sea surface temperature. Journal of Climate 6, 2049 – 2062.

Hartmann, D. L. and Michelsen, M. L. (2002). No evidence for Iris. Bulletin
American Meteorological Society 83, 249–454.

Hartmann, D. L., Moy, L. A., and Fu, Q. (2001). Tropical convection and the
energy balance at the top of the atmosphere. Journal of Climate 14, 4495–4511.

Hendon, H. H. and Woodberry, K. (1993). The Diurnal Cycle of Tropical
Convection . Journal of Geophysical Research 98, No. D9, 16,623 – 16,637.

Heymsfield, A. J. (2003). Properties of tropical and midlatitude ice cloud particle
ensembles: Part I: Median mass diameters and terminal velocities. Journal of
Atmospheric Sciences 60, 2573 – 2591.
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