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Abstract

This study, for the first time, investigates the three-dimensional cloud and dynamical

structure of extratropical cyclones over the Southern Ocean using both observations

and model simulations. The three-dimensional structure of clouds associated with

Southern Hemisphere extratropical cyclones is constructed using active observations

from the CLOUDSAT and CALIPSO satellites. First, a composite cyclone is con-

structed from cyclones in 400S - 500S in the years 2007 and 2008 using the cyclone

center as the composite reference point. It is shown that the three-dimensional cloud

distribution around a composite cyclone captures well-known features of conceptual

models of extratropical cyclones with thick high top clouds in the frontal region and

low clouds of varying depth behind the system. Composite mean fields of sea level

pressure, vertical motion, potential temperature and relative humidity are super-

posed on the three dimensional cloud structure to identify key links of the cyclone

dynamical structure with the cloud field. Further, the relationship between dynam-

ical and cloud processes in full three dimensions around cyclones is quantified. The

change in relationship between clouds and dynamical fields with cyclone strength

and life cycle are investigated.

The ACCESS (Australian Community Climate and Earth System Simulator)

model is compared to CloudSat/ CALIPSO observations. Model fields for MSLP,

omega, relative humidity and cloud fraction are examined. The model cyclones

were tracked using the MSLP field of the model. The overall cloud structure is

qualitatively reproduced by the model. However, high-level cloud occurrence is

overestimated while low-level cloud occurrence is severely underestimated. There

are too few clouds behind the system and too many high clouds in the warm frontal

region, compared to observations. It is found that the range of most dynamical

variables in the composite cyclone is smaller than observed, indicating that the

dynamical properties of the model cyclones are not well simulated. The possible

implications this has for the simulation of clouds around cyclones are discussed.
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Chapter 1

Introduction

1.1 Clouds in the climate system

Clouds play an important role in the climate system. At any given time, approx-

imately 60 to 70 % part of the planet is covered by clouds. They exist in a great

variety of forms and on a large range of both temporal and spatial scales. The pro-

cesses related with the formation and dissipation of clouds span an even larger range

of scales from micrometers for the condensation of individual droplets to thousands

of kilometers for cloud systems within extratropical baroclinic systems. Clouds are

directly linked to a large variety of weather phenomena. They are required for

precipitation to occur and hence, are an important component of the Earth’s hy-

drologic cycle. They interact directly with air motions through both latent and

radiative heating. Moreover, clouds produce a net energy loss or gain to the earth

system through their radiative effects. In the global average, clouds produce more

cooling than warming. Thus variations of clouds can influence the climate by am-

plifying or reducing changes in it.

Clouds are strongly associated with the major circulation systems of the planet

as is evident from the fact that satellite imagery of cloud patterns is extensively

used to identify circulation systems, such as extratropical and tropical cyclones as

well as convective systems of the Intertropical Convergence Zone.

Representing clouds in general circulation and weather prediction models has

proven challenging due to the complex nature of cloud processes, which act on scales

much smaller than contemporary model resolutions. The reports of the Intergovern-

mental Panel for Climate Change (IPCC) so far have all highlighted clouds and cloud

feedbacks, as a major uncertainty in our understanding of the climate system as well

as our ability to project changes to this system. For example, the Working Group

1
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report of the Fourth Assessment report of the Intergovernmental Panel on Climate

Change (Solomon et al., 2007) says ”despite some advances in the understanding of

the physical processes that control the cloud response to climate change and in the

evaluation of some components of cloud feedbacks in current models, it is not yet

possible to assess which of the model estimates of cloud feedback is most reliable.”

The largest uncertainty in the estimates obtained from GCM simulations of climate

sensitivity is in cloud feedback (Cess et al., 1990; Bony et al., 2006; Sanderson et al.,

2008; Lauer et al., 2010; Zhou et al., 2013).

The basic idea of this study is to highlight key cloud and radiative features of

Southern Hemisphere mid-latitude extra-tropical cyclones and their link to the un-

derlying cyclone dynamics. To do so, a compositing technique that combines many

individual cyclones into a composite - or average - cyclone is applied. The organiza-

tion and, for the first time, the three dimensional structure of clouds associated with

the Southern Hemisphere cyclones are studied using active observations for clouds.

The methodology developed in this study illuminates the relationship between dy-

namical and cloud processes in full three dimensions around cyclones. We then use

this methodology to evaluate climate model’s ability in simulating the cloud and

dynamical structures of the Southern Hemisphere extratropical cyclones.

1.2 Observing clouds

Clouds can be an indicator of the weather and possible weather change in the hours

or even days to come. For example, a long band of clouds in a satellite image can

be evidence of the approach of a cold front or nimbostratus clouds can signify the

advent of rain or snow. The life span of clouds in the atmosphere ranges from min-

utes to days. This temporal diversity is matched by the broad spectrum of spatial

scales associated with clouds.

Cloud observations can be acquired from the earth’s surface by humans or by

an automated system, from an instrumented aircraft or from a space platform. The

surface based observations tend to have the largest records and provide information

that is valuable for cloud studies on climatological time scales. The cloud obser-

vations taken from the earth’s surface are taken from a fairly close distance of 10

to 15 km. Ground observers can resolve individual clouds within their field of view

and thus can easily identify clouds by type. A climatology of total cloud cover and

cloud - type amounts have been published using surface based observations (Hahn

and Warren, 1995; Warren et al., 2007). These climatologies were mainly used for
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analysis of inter-annual variations and trends. However, a surface based observer

takes a bottom-up view and hence excludes middle and high level clouds if they are

situated above low level clouds. These observations are local (Henderson-Sellers,

1986; Jones and Henderson-Sellers, 1992) and covering whole globe at a time is

impossible. Another problem with surface-based observations is that the vertical

extent of the clouds also impacts on the observer’s perception of the percentage

coverage of his/her hemispheric view. This can lead to a positive bias in surface-

based estimates. Aircraft frequently penetrate clouds and take observations of their

microphysical structure (e. g. Mossop et al. (1970); Twomey and Cocks (1982)).

But for large areas, it is impossible to acquire observations of clouds in all but a few

instances and locations.

Satellite technology provides an unprecedented view of clouds (Henderson-Sellers,

1992; Stephens et al., 2002; Mace, 2010). Satellites can be polar orbiting or geo-

stationary. Geostationary satellites are positioned over one location on the earth’s

surface and provide high temporal resolution cloud observations. They orbit in the

earth’s equatorial plane at a height of approximately 36,000 km. They are particu-

larly useful for monitoring tropical cyclones and severe local storms. This would be

impossible from surface observation alone. Geostationary satellites, however, do not

cover polar areas. Moreover, for the geostationary satellites, the view of middle and

low level cloud may be partially or fully obscured when there is higher level cloud

above them. Polar orbiting satellites operate in a sun-synchronous orbit. They gen-

erally fly at a low altitude and pass over the poles on each revolution. Because of

their lower orbit (800-900 km) polar orbiting satellites give much better spatial res-

olution. They offer a more global view of the earth than the geostationary satellites,

but their disadvantage is that they see every point on Earth only a few times a day.

Each satellite carries sensors that detect the amount of visible light, thermal radia-

tion, and radiation from other parts of the electromagnetic spectrum coming from

the Earth. Each sensor is sensitive to the specific spectral band, so geostationary

and polar orbiting satellites generally use multiple sensors.

Many climatologies of cloud properties based on satellite observations are avail-

able now. The International Satellite Cloud Climatology Project (ISCCP, Rossow

and Schiffer (1999)) provides geostationary and polar-orbiting satellite observations

of clouds for 30 years. It uses visible and near-infrared (VIS/NIR, day only) and

infrared (IR) spectral bands. ISCCP data will be discussed in detail further in

Chapter 2. The Moderate Resolution Imaging Spectroradiometer (MODIS, Justice

et al. (1998)) instruments aboard the National Aeronautics and Space Adminis-
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Figure 1.1: Artist’s concept of the A-Train constellation of satellites. Figure
is adapted from NASA’s website, http://www.nasa.gov/mission pages/a-train/a-
train.html

tration (NASA) Earth Observation System (EOS) satellites Terra and Aqua pro-

vides cloud observations globally. The Clouds and the Earths System experiment

(CERES, Wielicki et al. (1996) provides both solar-reflected and Earth-emitted ra-

diative fluxes from the top of atmosphere (TOA) to the Earth’s surface.

The Afternoon A-Train (Stephens et al., 2002), a constellation of four satellites,

allows multiple sensors to make near-simulteneous measurements of the earth’s at-

mosphere in both space and time (Figure 1.1). The Cloud Profiling Radar (CPR,

Stephens et al. (2008)) onboard the CloudSat satellite, and the CALIOP lidar on

the CALIPSO satellite (Winker et al., 2007), both part of the A-train, provide ac-

tive observations of clouds. These observations are the most comprehensive global

observations of the vertically varying distribution of the clouds available to date.

The CloudSat/CALIPSO data will be discussed in detail in Chapter 2.

1.3 Southern Hemisphere mid-latitude cloudiness

The Southern Hemisphere is ocean dominated and hence has different properties

than its counterpart, the Northern Hemisphere. The cloud systems over the south-

ern Ocean cover over 10% of the earth’s surface. The lack of inhabited land is a
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strongly limiting factor in the collection of in situ cloud observations over the ocean

dominated Southern Hemisphere mid-latitudes. So for Southern Hemisphere midat-

itude cloud observations, we have to rely mostly on satellite data.

The global distribution of clouds has been studied extensively in particular since

the advent of satellites (e.g. Rossow and Schiffer (1999) and references therein).

For example, clouds in the tropics have received detailed attention due to their

connection to deep convection and tropical cyclones. However, until recently, with

few exceptions (e.g. Troup and Streten (1972); Zillman and Price (1972); Jones

and Henderson-Sellers (1992); Morrison et al. (2009); Mace (2010); Gordon and

Norris (2010); Haynes et al. (2011); Verlinden et al. (2011); Bodas-Salcedo et al.

(2012); Naud et al. (2012)) clouds in the Southern Hemisphere extratropical region

have received relatively less attention than their Northern Hemisphere counterparts.

The Southern Ocean’s cloud climatology is different from the rest of the globe

with the largest fraction of low level cloud cover and a fair portion of relatively thick

mid-level clouds (Mace et al., 2007). Many parts of the Southern Ocean have a cloud

cover of more than 80% with little seasonality. Except for some regions of South

America, there is not much variation in cloud cover latitudinally or longitudinally.

Clouds have a profound influence in the Southern Ocean region, as the back-

ground albedo is low leading to a large sensitivity of the radiative fluxes to the

presence of clouds (Cess et al., 1990; Tsushima et al., 2006). Recently, clouds over

the Southern Ocean have been the subject of increased interest due to mounting

evidence of their poor representation in climate models. Climate model errors in

top of atmosphere (TOA) fluxes over the Southern Ocean are large compared to rest

of the world (Trenberth and Fasullo, 2010). Errors in the cloud representation over

the Southern Ocean will have large effects on the global TOA energy balance for

solar radiation as the area coverage of the Southern Ocean is vast. Trenberth and

Fasullo (2010) studied the climate sensitivity of models (defined as the change in

surface temperature produced by doubling atmospheric carbon dioxide) and showed

a strong linear relationship between it and the net radiation at the Southern Hemi-

sphere TOA. The smallest climate sensitivity was found in models which have a

greater than observed net downward TOA radiation while the highest climate sen-

sitivity was found in the models which have produced a net TOA radiation similar

to that in observed. This highlights the potential importance of the correct repre-

sentation of Southern Ocean clouds in current day climate models.
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To improve the representation of Southern Hemisphere clouds in climate mod-

els, we need to first correctly identify the type, horizontal and vertical distribution,

radiative effects and organization of Southern Ocean clouds. Models should not

only produce satisfactory mean radiative fluxes but also should be able to produce

clouds affecting those fluxes with the right properties in the correct locations, con-

sistent with the clouds observed in nature. In this study, we will develop a method

which will provide another innovative opportunity for an in-depth evaluation of cli-

mate models. The comprehensive picture of an extratropical cyclone painted by our

data analysis will provide the possibility to evaluate a climate model’s ability to

simulate the concurrent cloud, dynamical, radiative and precipitation structures of

extratropical cyclones in the Southern Hemisphere. This study will provide a major

ingredient to not only understand the mean behavior of models over the Southern

Ocean, but to ensure that this behavior is produced from the right combination of

physical processes as they act in the major building blocks of Southern Hemisphere

weather, extratropical cyclones.

1.3.1 Southern Hemisphere mid-latitudes cloudiness in ob-

servational studies

Various in situ field observations have uncovered many unique features of the ubiq-

uitous low-altitude Southern Ocean clouds. Cloud droplet, radiation and cloud

condensation nuclei (CCN) observations around the Australian continent have been

collected for more than 50 years (e. g. Squires (1956)). Over the years, the mi-

crophysical aspect of cloud development was studied more comprehensively as more

and more experimental evidence was gathered (Twomey, 1959; Twomey and Warner,

1967; Warner, 1970, 1979). From the early 1970s, several aircraft studies focussed

on the radiative structure of clouds and recognized its importance and its link to

the microphysical cloud structure. These short flight campaigns were conducted

for some local areas in the Southern Hemisphere mid-latitudes. Their intentions

were relevant to ice multiplication processes (Mossop (1985); Mossop et al. (1970,

1968), west Tasmania), to the retrieval of cloud microphysical properties from re-

mote sensing instrument (Twomey and Cocks (1982), north-west Tasmania), or to

study planetary boundary layer clouds in the region of Tasmania and the east coast

of Australia (Stephens et al., 1978).

Several major field experiments undertook further in situ observations of the

Southern Ocean boundary layer and the ubiquitous low-level clouds. The Southern

Ocean Cloud Experiment (SOCEX) (Boers et al., 1996) investigated the cloud mi-
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crophysical properties and linked them to the lower atmospheric aerosol structure in

the Southern Ocean. SOCEX I and II flew instrumented aircraft through clouds off

the coast of Tasmania to study their microphysical structure (Boers and Krummel,

1998). The Aerosol Characterization Experiment (ACE, Bates et al. (1998)) cam-

paign utilized shipborne and aircraft measurements to study physical and chemical

properties of aerosols. The first part of this experiment (ACE I) was carried out in

400S-550S to provide survey of microphysical and optical properties of the boundary

layer clouds to link aerosol chemistry to cloud radiative properties.

The Australian Bureau of Meteorology provides surface based data for clouds for

more than 100 years. Jones and Henderson-Sellers (1992) made use of these climate

records to determine long term trends in cloud amount over Australia. They found

a 5% increase in cloud cover in the period 1910-1989. They also analyzed sunshine

records and found an anti-correlation between cloud and sunshine fractions.

Fitzpatrick and Warren (2007) used surface radiation and cloud cover measure-

ments acquired from voyages of the RSV Aurora Australis (AA) during year 1991-

2002 and developed climatologies of cloud albedo, optical depth, shortwave irra-

diance and cloud radiative forcing at the surface for the Southern Ocean for the

latitudes 500S-800S. They attempted to quantify the effects of sea ice and clouds on

the climate and found that in summer, the clouds are more important than sea ice

for the radiation balance at all latitudes in the Southern Ocean.

Limited microphysical properties of wintertime clouds over localized areas in

the Southern Ocean were studied by cloud seeding experiments. Numerous cloud

seeding research programs were conducted over the island of Tasmania. Two cloud

seeding experiments, in 1964-71 (Smith et al., 1979) and in 1979-83 (Ryan and

King, 1997) have documented in situ observations of mixed-phase clouds with par-

ticular interest in supercooled liquid water and reported increases in precipitation

related with cloud seeding periods. Furthermore, Morrison et al. (2009) analyzed

cloud seeding activity for the period 1960-2005 and found consistent increases in

precipitation. Combining limited satellite, radar and in situ observations along with

numerical simulations, Morrison et al. (2010) examined low level clouds through two

case studies over Tasmania. They suggested that low level clouds may commonly

exist in a supercooled state, rather than being glaciated or mixed phase. Moreover,

their numerical simulations suggested that such clouds should readily exist widely

across the Southern Ocean.
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The local energy budget, particularly, absorbed shortwave radiation is depen-

dent on the phase of water exposed at cloud top (Gregory and Morris, 1996). Better

understanding of the phase of low level clouds in the Southern Ocean may there-

fore be imperative to properly constrain the global energy budget. To highlight the

prevalence of supercooled liquid water in low-altitude cloud tops located within the

higher latitudes over the Southern Ocean, Morrison et al. (2011) used a three year

climatology of cloud-top phase from the MODIS. They concluded that the super-

cooled liquid water is present year-round in the low level clouds over Australia.

In a recent major observational study in the Southern Hemisphere, Haynes et al.

(2011) used measurements from active and passive satellite based data sets to ex-

amine the organization and structure of Southern Hemisphere mid-latitude clouds.

Using cluster analysis based on ISCCP observations (Jakob and Tselioudis, 2003;

Rossow et al., 2005), they found that Southern Hemisphere mid-latitude cloud sys-

tems are organized into eight distinct regimes. Further using Cloudsat/CALIPSO

active observations, they showed that all regimes contain a relatively high occur-

rence of low clouds, with a peak below 2 km. They also concluded that the spatial

distribution of regimes vary with season and on average, these cloud systems are

thicker during winter than summer.

Verlinden et al. (2011) documented the key features of clouds over the Southern

Hemisphere high latitudes using data from Cloudsat/CALIPSO satellites. Consis-

tent with Haynes et al. (2011), they noted a pronounced seasonal cycle in these

cloudiness. They found two distinct maxima in vertical profiles of cloud incidence

over the Southern Ocean, one centered near the surface and another centered in the

upper troposphere.

1.3.2 Southern Hemisphere midlatitude cloudiness in mod-

els

Most General Circulation Models (GCMs) produce too low cloud amounts compared

to observations in the midlatitude oceans. A general circulation model tested by

Naud et al. (2010) did not form enough clouds across warm and cold fronts, partly

because of its coarse spatial resolution. Field et al. (2011) found that the UK Met

Office model produces less clouds poleward of the main low pressure belt than ob-

served. Insufficient storm activity or deficient cloud cover may be responsible for

large radiation errors in the model. The radiation biases are particularly large over

the Southern Ocean.
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Figure 1.2: CMIP3 multi-model mean bias in net downward TOA radiation (RT )
relative to observations for 1990-1999 in W m−2. (from Trenberth and Fasullo
(2010))

After analyzing 24 climate models from the Third Coupled Model Intercompar-

ison Project (CMIP3, Meehl et al. (2007)), Trenberth and Fasullo (2010) concluded

that almost all the models absorbed too much shortwave radiation over the South-

ern Ocean (Figure 1.2), leading to poor representations of the radiation budget in

the region. Further, they compared cloud cover in the CMIP3 models with cloud

data from ISCCP and showed that the CMIP3 models show a lack of clouds which

is at least partially responsible for the TOA shortwave bias. It has also been shown

that climate models produce strong positive sea surface temperature (SST) biases

(see Figure 1.3) where the shortwave radiation is too large (SenGupta et al., 2009),

although a causal connection of the two errors has not been conclusively established.

The effect of clouds on both shortwave and longwave radiation can be quantified

using cloud radiative effect (CRE), the difference between the net TOA solar radi-

ation fluxes at clear sky and full sky conditions (Ramanathan et al., 1989). Webb

et al. (2001) and Williams and Webb (2009) show that a lack of mid-level-top clouds

in the mid-latitude oceans contributes to a weak CRE in many models, which leads

to an excess in surface downwelling surface radiation. Tsushima et al. (2006) nor-

malized shortwave CRE by the incoming solar radiation to find the ’albedo forcing’.

They found that the observed albedo forcing in the Southern Hemisphere midlati-
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Figure 1.3: Multi-model mean SST bias in the CMIP3 climate models (from Sen-
Gupta et al. (2009))

tudes the highest on the globe, indicating a large impact of clouds in this region on

the TOA shortwave radiation balance. Also, they showed that climate models in

the Cloud Feedback Model Intercomparison Project (McAvaney and LeTreut, 2003)

had the largest inter-model differences of albedo forcing in the Southern Hemisphere

mid-latitude region. This highlights the difficulties of correctly representing South-

ern Ocean clouds in climate models. The determination of the type of clouds which

contribute to shortwave reflection over the Southern Ocean is very important to

alleviate the errors in the cloud fields in models.

Extratropical cyclones, also known as mid-latitude cyclones or wave cyclones,

strongly affect the extratropical distribution of cloud, precipitation and water va-

por. The Southern Ocean storm tracks and their associated extra-tropical cyclones

(Trenberth, 1991; Simmonds and Keay, 2000) and fronts (Berry et al., 2011) are

prominent features of the Southern Hemisphere. Clouds associated with these ex-

tratropical systems form a substantial part of the total cloud field of the Southern

Hemisphere cloud system (Gordon and Norris, 2010; Haynes et al., 2011). It is

conceivable that the cloud fields associated with these extratropical cyclones are

connected to the large radiation errors in contemporary climate models making

them natural target for further study.

1.4 Extratropical cyclones

Extratropical cyclones are synoptic scale low pressure weather systems which occur

in the middle latitudes of the Earth. These baroclinic systems cover vast areas of
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Figure 1.4: Satellite image: 8:30am 27 June 2007 - Image source - www.bom.gov.au

the planet. One example is shown in Figure 1.4 which shows a satellite image of

a cyclone that occurred near the Eastern part of Australia on 27 June 2007. The

cloud system related with this cyclone is very large and exerts a large influence

on the radiation budget. Extratropical cyclones affect the day to day variability

of weather in the mid-latitudes. Intense extratropical cyclones are associated with

strong winds and heavy rain and therefore can have large socioeconomic impacts.

These cyclones affect the energy budget of planet as they transport heat and wa-

ter vapor poleward and they produce the bulk of the cold season precipitation in

middle and high latitudes. These transient systems are mainly driven by the strong

temperature and moisture gradients across the polar front.

1.4.1 The main features of extratropical cyclones

Extratropical cyclones form and grow via baroclinic instability. They get their main

kinetic energy from the conversion of available potential energy. However, some

contribution may also come from latent heat release. Available potential energy

is proportional to the variance of temperature in the troposphere. Consequently,

extratropical cyclones are more intense during winter as the temperature variance

is highest at that time of year.
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Figure 1.5: Schematic of a extratropical cyclone and its associated cloud structure.
Image source - www.brockmann-consult.de

Figure 1.5 shows general features of extratropical cyclones. High level clouds of

various depth can be found at eastern side of cyclone center while low level clouds

can be found to the western side of cyclone center. The band of precipitation that is

associated with the warm front is often extensive. In mature extratropical cyclones,

an area known as the comma head on the northwest periphery of the surface low can

be a region of heavy precipitation, frequent thunderstorms, and thundersnows. The

distribution of clouds and water vapor depends mainly on motions associated with

cyclones (Wang and Fu, 2000). It is therefore important to understand dynamical

processes and airflows of extratropical cyclones.

Clouds around extratropical cyclones are strongly organized by the the internal

circulations that accompany these baroclinic systems. Bjerknes and Solberg (1922)

first explained the relative movement of different air masses along inclined frontal

surfaces in extratropical cyclones and related the pattern of clouds and precipitation

to vertical air motion. Their ’Norwegian Cyclone Model’ was developed completely

from surface-based weather observations, including descriptions of clouds found near

frontal boundaries. This conceptual model was so successful that it was not substan-

tially altered until Shapiro and Keyser (1990) incorporated a frontal fracture early

in the life cycle, the frontal T-bone and bent-back warm front at the mid-point of

the life cycle, and a warm-core seclusion near the end of the life cycle.

Traditional isobaric charts suffer from the fact that constant pressure surface

intersect the flows as they ascend or descend through them. Eliassen and Klein-

schmidt (1957) used relative isentropic analysis to study the motion of airstreams in

cyclones. The analysis of the airflow on isentropic surfaces allows the identification

of well defined belts of cloud-producing airflows and the resulting pattern of cloud

and precipitation. Using relative isentropic analysis, Carlson (1980) developed a

conceptual model illustrating discrete airflows through a mature mid-latitude cy-
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clone. This conceptual model includes three airstreams, the ’warm conveyor belt’,

the ’cold conveyor belt’ and ’dry intrusion’, identified in the storm-relative flow field.

A schematic of these can be seen in Figure 1.6. The warm conveyor belt (Harrold,

1973) is a strongly ascending cloud producing flow. It is a stream of relatively warm

moist air which originates at low-levels within the warm sector and flows poleward

parallel to the cold front and ascends over the warm-frontal zone along the moist

isentrope, forming the frontal clouds. Carlson (1980) found that the warm conveyor

belt started in the lower troposphere, ascended over the warm front, and turned

anticyclonically to join the westerly jet flow at higher levels. The amount of pre-

cipitation produced by a cyclone may depend upon the amount of moisture flowing

into the circulation along the warm conveyor belt. The warm frontal region of the

storm produces most of the precipitation in the cyclone (Eckhardt et al., 2004).

The cold conveyor belt originates poleward and east of the cyclone center in the

lower troposphere and travels westward, on the cold side of the warm front, below

the warm conveyor belt, toward the center of the low pressure circulation. Brown-

ing and Roberts (1994) described cyclonic and anticyclonic components of the cold

conveyor belt. The anticyclonic path of the cold conveyor belt is less apparent and

narrower compare to cyclonic path of the cold conveyor belt and it spreads out in

the cloud head as it ascends (Carlson, 1980). Schultz (2001) reexamined Carlson’s

(1980) analysis of the cold conveyor belt and found a cyclonic path of the cold con-

veyor belt. They suggested that the anticyclonic flow should be considered as a

transitional flow between the warm conveyor belt and cold conveyor belt. As pre-

cipitation produced by the warm conveyor belt falls through the cold conveyor belt,

the temperature and humidity of the cold conveyor belt can play an important role

in controlling the type and amount of precipitation reaching the surface.

The dry intrusion is a coherent region of cold dry air that originates near the

tropopause fold (Browning, 1997) and descends on the backside of the developing

cyclone to mid- tropospheric levels. Often, it is associated with the dry slot that is

identified as cloud free region in satellite images of cyclones. The penetration of this

dry air over the low level moisture creates potential instability that may be released

in convective clouds on the edge of the dry slot.

1.4.2 Cyclone climatologies

The extratropical cyclones in the Southern Hemisphere have been studied for more

than 70 years (for example, Palmer (1942); VanLoon (1965); Taljaard (1967)). How-
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Figure 1.6: The conveyor-belt model of airflow through a northeast U.S. snowstorm
(from Schultz (2001), based on the Carlson (1980, Figs. 9 and 10) conceptual model).

ever, with the advent of satellite information, studies of the development, movement

and dissipation of the Southern hemisphere cyclones became more comprehensive

(Streten and Troup, 1973; Carleton, 1979, 1981). One of the first climatologies of

cyclogenesis, cyclolysis and track density throughout the Southern hemisphere was

developed by Kep (1984) by using 10 years (1972-1981) of data. They noted a core of

high track density throughout the high latitudes of the hemisphere. Moreover, they

found a general tendency for cyclones to form preferentially during the month of July

in the latitudinal band of 400 S - 500 S. Using the advances in computer resources,

Jones and Simmonds (1993) generated a more comprehensive climatology of the dis-

tribution and behavior of extratropical cyclones in the Southern Hemisphere. This

climatology was determined by an objective automatic scheme applied to 15 years

(1975-89) of daily numerical analysis. It confirmed the results of previous studies.

Simmonds and Keay (2000) presented a climatology of Southern Hemisphere extrat-

ropical cyclones for the period 1958-97 and showed that most Southern Hemisphere

cyclogenesis occurs south of 450S.

Objective storm tracking provides information of spatial distribution and fre-

quency of extratropical cyclones. Some studies used sea level pressure (SLP) for cy-

clone tracking (Blender et al., 1997; Bauer and DelGenio, 2006; Rudeva and Gulev,

2011) while some used relative vorticity (Sinclair, 1997; Hoskins and Hodges, 2002;

Catto et al., 2010). The use of relative vorticity promotes the identification of

smaller-scale storms and cyclones earlier in their life cycle than those identified by
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Figure 1.7: Cloud distribution from ISCCP observations (colour pixels), 1000-hPa
horizontal wind (arrows) and geopotential height (contour) around the cyclone cen-
ter as shown in Lau and Crane (1995).

MSLP. However, vorticity is a noisy field and use of it requires smoothing procedures

and consequently, the results become dependent on the selection of the smoothing

parameters (Sinclair, 1997).

1.4.3 Clouds in extratropical cyclones

The invention of satellites and radars revolutionised the capability to observe clouds

and precipitation associated with cyclones. Satellite imagery has led to the discov-

ery of many synoptic-scale and mesoscale features which were not explained by the

classical models. Troup and Streten (1972) first used satellite data in the Southern

Hemisphere mid-latitudes to examine vortices and related cloud patterns considering

different stages of the life cycle of extratropical cyclones such as formation, evolu-

tion and decay. A satellite based classification scheme exploited satellite imaginary

to identify characteristic of mid-latitude cyclones (Zillman and Price, 1972; Evans

et al., 1994). Using passive satellite remote sensing, many of the dynamical, cloud

and precipitation features of extratropical cyclones have been studied through case

studies (Neiman et al., 1993; Browning and Roberts, 1994) and by applying cyclone

compositing (Lau and Crane, 1995; Klein and Jakob, 1999; Tselioudis and Rossow,

2006; Field and Wood, 2007; Catto et al., 2010; Rudeva and Gulev, 2011).

Lau and Crane (1995) composited approximately 200 cyclones to provide a de-

tailed view of the synoptic organization of clouds around midlatitude cyclones. Their
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composites for the midlatitude weather system display many of the features that

were identified by other satellite data products for frontal clouds. Figure 1.7 is

taken from their study and it shows spatial distribution of the observed cloud, 1000-

hPa horizontal wind (arrows) and geopotential height. High top clouds are depicted

in red, mid-level top clouds in yellow and low top clouds in blue. The darkness of

each color indicates the cloud optical thickness. The optically thickest clouds can be

seen at the center of the composite cyclone. High top thick clouds are at the north-

east of the cyclone center. Middle top thick clouds are evident in the region to the

southwest of the cyclone center. Ahead and behind the composite cyclone the cloud

fields are dominated by low top medium thick clouds. Lau and Crane (1995) linked

the mid-latitude cloud patterns with the vertical circulation in developing baroclinic

waves and noted an eastward displacement of the center of the cloud shield from the

position of maximum vertical ascent. They attributed this shift to the advection of

clouds by the jet stream in the upper troposphere.

Tselioudis and Jakob (2002) examined cyclone-related clouds in a reanalysis and

a GCM and found that in general the GCM and the reanalysis clouds are quite

similar and even share some shortcomings. They further noted a deficiency of high

clouds in the region of ascent in the GCM. Bauer and DelGenio (2006) suggested

that this deficiency of high clouds is the direct result of the GCM’s cyclones being

too shallow, slow moving and due to rising motion that is too weak and too upright

for a given surface intensity, when compared to the observations.

Bodas-Salcedo et al. (2012) studied role of clouds in the persistent bias of surface

downwelling shortwave radiation in the Southern ocean in the atmosphere-only ver-

sion of the Met Office model by compositing cloud regimes around cyclone centers.

They concluded that low and mid-level clouds in the cold air sector of the cyclones

are responsible for most of those biases. Further, they suggested that increase of

optical depth of the low-level cloud with moderate optical depth and clouds with

tops at mid-levels can address the substantial biases in the radiative properties of

clouds in the model.

The above studies showed the usefulness of a composite approach when studying

extratropical cyclones. The main advantage of this technique is that it reduces the

case-to-case variability and allows for a realistic representation of specific cyclone

features (Catto et al., 2010; Naud et al., 2010). One of the first quantitative studies

using a composite technique for cyclones was carried out by Petterssen et al. (1962).

Tselioudis and Rossow (2006) constructed composites of radiative and precipitation
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Figure 1.8: Cloud structure derived from Cloudsat for a cyclone case study as shown
in Posselt et al. (2008). The positions of the front and tropopause are marked with
a heavy black line, and the direction of movement of the front is indicated with a
white arrow.

fluxes around extratropical cyclones and studied their effect on the Earth radiation

budget. Bauer and DelGenio (2006) composited cyclones from NCEP-NCAR and

the European center for Medium Range Weather Forecasts (ERA-40) as well as

from the Goddard Institute for Space Studies model simulations and concluded that

the model cyclones are shallower and drier compared to those in the reanalyses.

Field and Wood (2007) used 1500 mid-latitude cyclones to quantify the relation-

ships between the cyclone strength and the liquid water path and cloud character-

istics. Field et al. (2008) composited midlatitude cyclones to compare satellite data

to the National Center for Atmospheric Research Community Atmosphere Model

(CAM3) and showed that a 10 horizontal grid resolution model was able to reproduce

the warm conveyor belt relationship seen in the satellite data. Naud et al. (2010)

composited cloud frequency of occurrence and precipitation at the warm fronts for

northern and southern hemisphere oceanic cyclones. They showed that Southern

Hemisphere cloud occurrence at the warm front is more sensitive to the amount of

moisture in the warm sector than to wind speed.

An important limitation of studies based on passive remote sensing from satel-

lites is that the retrieved cloud information usually represents the properties at or

near cloud top or, in the case of thin cloud layers, represents a mix of properties

from different levels in the atmosphere that is difficult to disentangle. The recent

launch of active remote sensors on board the CloudSat (Stephens et al., 2008) and

CALIPSO (Winker et al., 2007) satellites that form part of the A-Train satellite
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constellation (Stephens et al., 2002) provides, for the first time, an opportunity to

combine observations of the cloud, radiation and precipitation with reanalyses of

the circulation and thermodynamics structure to form a fairly complete composite

picture of the Southern Ocean extratropical cyclones.

Using case studies, Posselt et al. (2008) showed the potential of using Cloud-

Sat/CALIPSO to add the third-dimension to the study of extra-tropical systems.

Figure 1.8 is taken from their sudy. It shows observed reflectivity along the segment

of a CloudSat track that intersects a cold front along with equivalent potential tem-

perature computed from the ECMWF analysis. The tilted tropopause can be easily

seen in this figure. The general cloud distribution is reasonably similar with that in

classical picture of a cold front, with deep convective clouds at the front’s leading

edge, and cirrus aloft that extends to a distance of approximately 300 km from the

surface front. Also, they noted presence of the widespread shallow convective clouds

in the cold air behind the cold front. Moreover, Naud et al. (2010) demonstrated

the utility of CloudSat/CALIPSO data in studying the aggregate three dimensional

cloud distribution associated with frontal systems. They composited cold and warm

fronts in extratropical cyclones and agreed that the cloud distributions across ex-

tratropical warm and cold fronts resemble well the classical model of cyclones with

a few exceptions. They noted that clouds occur not only in the frontal region but

also at low levels in advance and after the passage of the warm front and at high

levels almost everywhere.

Here, we will apply these data and construct a picture of the three dimensional

structure of clouds around Southern Hemisphere extratropical cyclones. As cloud

structures are invariably linked to the internal circulations that accompany the cy-

clone, some selected dynamical fields will be composited and superposed on the

three-dimensional cloud structure.

1.4.4 Extratropical cyclones in models and future projec-

tions

Given their fundamental importance to weather and climate, a good representation

of extra-tropical cyclones in current climate models is of great importance. The com-

plex interaction between a projected shift in the storm track, increased atmospheric

water vapor content and potential changes in the large scale modes of variability

(for example, the Southern Annular Mode, Jones and Widmann (2004)) are im-
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portant to our understanding of the relation between these systems and changes in

the climate of the planet. GCMs show a decrease in the number of extratropical

cyclones in the simulations of future climate (Bengtsson et al., 2007). The results

of observational studies show an increase in the intensity of storms (Simmonds and

Keay, 2000). However, future changes in the intensity of cyclones are not consistent

across models. Some studies report an increase in the number of intense cyclones

(Lambert and Fyfe, 2006; Champion et al., 2011) while others find no changes in the

number of intense events in future climate (Bengtsson et al., 2009). It is becoming

increasingly clear that the apparent (recent and future) trends in cyclone behaviour,

depend on the particular cyclone finding scheme used (Ulbrich et al., 2013).

Many studies have shown that most GCMs produce too few clouds compared

to observations in the extratropics (Naud et al., 2010; Field et al., 2011). Over the

Southern Ocean these errors are particularly large and are consistent with an over-

estimation of absorbed solar radiation in the region (Trenberth and Fasullo, 2010).

Here, we will test the ability of a modern climate model to simulate the con-

current cloud, dynamical, radiative and precipitation structures of extratropical

cyclones in the Southern Hemisphere. This will lead to deeper insights into the

mean behaviour of models over the Southern Ocean as well as to scrutinize physical

processes in the model related to their behaviour.

1.5 Goal of the thesis

In this study, the following questions will be considered.

• What is the three-dimensional cloud structure around Southern Hemisphere

extratropical cyclones?

• What is the relationship between the cloud structure and the dynamical pro-

cesses of the cyclone?

• How does the cloud structure change with the intensity and life cycle of the

cyclone?

• How well are the cloud structure and related dynamical processes represented

in a state-of-the-art climate model?

To answer the above questions, a compositing technique that combines many indi-

vidual cyclones into a composite cyclone is applied. First, consistent with previous
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work, passive satellite based data will be composited around the chosen cyclone cen-

ters along with objectively tracked fronts related to those cyclones. Some selected

dynamical fields as well as rainfall and radiation will also be considered.

The CloudSat/CALIPSO dataset provides a unique opportunity to construct a

comprehensive three dimensional cloud distribution surrounding the synoptic storms

from active observations. By considering the combination of these modern satellite

cloud observations, objectively tracked cyclones and fronts and supplementary re-

analysis fields, we will for the first time present a consistent three dimensional picture

of a (composite) Southern Hemisphere extratropical cyclone from observations.

The fully three dimensional nature of the cloud field derived in the composite al-

lows us to illuminate the relationship between dynamical and cloud processes around

cyclones and will also provide the foundation for an in-depth evaluation of a climate

model’s ability in simulating the cloud and dynamical structures of the Southern

Hemisphere extratropical cyclones. We will evaluate the capability of a state-of-the-

art climate model, the Australian Community Climate and Earth System Simulator

(ACCESS) to simulate both the main features of the clouds themselves and their

association with the circulation.

1.6 Outline of thesis

Chapter 2 presents the data used in this study. For the observational cloud field, pas-

sive satellite data from ISCCP and active observations from CloudSat/ CALIPSO

are used. The observational dynamical fields are taken from the NCEP-NCAR re-

analysis.

Chapter 3 discusses the method used in constructing the composite cyclone.

First fronts related to chosen cyclones are composited to examine their organization

around the cyclone center and to check whether rotation of the cyclones is necessary

to better align frontal systems and their associated wind and cloud fields in the

composites. Passive instrument data (ISCCP) for clouds is composited to construct

a cloud field around the composite cyclone center. This chapter further gives details

of the three-dimensional structure of clouds related to the cyclones as well as the

relationship between dynamical and cloud processes, much in spirit of early concep-

tual cyclone pictures.

In Chapter 4, cyclones are classified with respect to their life cycle using an im-
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proved method of classification. Cyclones were classified into four classes considering

their ’deepening’ and ’filling’ stage as well as considering their central pressure. The

compositing method is used to examine changes in the cloud and dynamical fields

with the class of cyclones.

The ACCESS model is evaluated against observations in Chapter 5. The three-

dimensional cloud structure of extratropical cyclones captured by models is com-

pared with CloudSat/CALIPSO observations. The relationship between clouds and

dynamical fields related to extratropical cyclones in the model is examined and fur-

ther compared with that in the observations. Model cyclones are then classified into

the four observed classes and the changes in the relationship between clouds and

dynamical fields with class of model cyclones are assessed. Chapter 6 summarizes

the major results of this study.



Chapter 2

Data

2.1 Satellite cloud data

The main goal of this study is to study the cloud and dynamical structure associated

with Southern Hemisphere extratropical cyclones. To do so, we use both active and

passive remote sensing data from satellites. The main data sources of cloud data

are the International Satellite Cloud Climatology Project (ISCCP) project (Rossow

and Schiffer, 1999) and active observations of clouds from CloudSat/ CALIPSO

(Stephens et al., 2002).

2.1.1 ISCCP data

ISCCP (Schiffer and Rossow, 1983; Rossow and Schiffer, 1991), the first project

launched by the World Climate Research Programme, provides a multiyear and

global coverage of different cloud parameters based on satellite measurements since

1983. One data source used in this study is the ISCCP D1 data set. It provides

nearly global, three hourly, equal area gridded data, originally processed from vis-

ible and infrared radiances primarily measured by geostationary weather satellites.

These satellites are equipped with sensors that measure radiances at different wave-

lengths. Retrievals from two of these wavelengths, 0.6 µm for the visible (VIS)

spectrum and 11 µm for the infrared (IR) spectrum, are used to derive informa-

tion on cloud top pressure and optical thickness every three hours. The ISCCP D1

data set provides continuous high spatial and temporal coverage of different cloud

parameters like cloud amount, cloud top pressure and cloud optical thickness. This

data set has data for 6596 equal-area grid boxes covering the globe, each grid cell

having a size of 280 × 280 km2.

The ISCCP-D1 data set contains retrievals of cloud fraction as a function of

22
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Cloud-Top-Pressure (CTP) at seven pressure levels. These levels from top to bot-

tom are CTP < 180 hpa, 180 hpa < CTP < 310 hpa, 310 hpa < CTP < 440 hpa,

440 hpa < CTP < 560 hpa, 560 hpa < CTP < 680 hpa, 680 hpa < CTP < 800

hpa and CTP > 800 hpa. The cloud top temperature and pressure retrievals in this

data set are primarily based on infrared emissions, with adjustments made for thin

clouds using the visible channel during daytime.

The ISCCP data was used by many earlier studies to examine clouds around cy-

clones (Lau and Crane, 1995; Jakob and Tselioudis, 2003; Klein and Jakob, 1999).

But the vertical resolution of this data is poor. Having to rely on passive instru-

ments like IR and VIS channels, ISCCP misses low level clouds when high-level

optically thick cloud occurs over low clouds (Tselioudis and Jakob, 2002). To add a

third dimension to the cloud field around extratropical cyclones, we use the active

observations of clouds from CloudSat/CALIPSO.

2.1.2 CloudSat/CALIPSO data set

The CloudSat (Stephens et al., 2002) was launched in April 2006. Its active sensor,

the CloudSat cloud profiling radar (CPR, Stephens et al. (2008)), started operating

from June 2006. The radar has a footprint that measures vertical range bins of

240 m and 1.4 km across track (Tanelli et al., 2008). CloudSat and the lidar satel-

lite Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO,

Winker et al. (2007)) are part of the Afternoon A-Train (Stephens et al., 2002) satel-

lite constellation which provides global observation of clouds made by using both

active and passive sensors. The A-train orbit covers the latitudinal band between

82.5◦N and 82.5◦S with a repeat cycle of approximately 16 days.

The CloudSat radar system transmits a pulse of electromagnetic energy at 3

mm wavelength (frequency 94 GHz). This electrmagnetic radiation interacts with

different types of particles in atmosphere such as cloud and precipitation particles,

atmospheric gases like water vapor and oxygen. The interaction is dependent on

the frequency of radiation and the type, size, distribution and orientation of the

particles. These interactions result in backscattered energy which returns to the

radar dish. The radar system measures this backscattered energy and converts it

into radar reflectivity expressed in decibels (dBZ). Quantities like cloud water con-

tent or precipitation rate are inferred from these reflectivity measurements. Details

regarding the CPR and CALIOP instruments and the resulting data products can

be found online (at http://cloudsat.atmos.colostate.edu).
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Figure 2.1: An example of CloudSat radar data. Image Source - earthobserva-
tory.nasa.gov

CloudSat is the first space-borne radar with a wavelength that observes clouds

vertically on a near-global scale. It takes measurements of vertical structure of both

cloud and precipitation system from a sun-synchronous orbit approximately 705 km

above the earth’s surface. The CloudSat data set we use consists of radar reflectivity

along with cloud parameters like cloud optical depth, cloud liquid and ice content,

longwave and shortwave radiative fluxes and heating rates. The data is available at

the Cloudsat data processing centre (http://cloudsat.cira.colostate.edu).

The 2B-GEOPROF (Mace et al., 2007) is one of the standard products of Cloud-

Sat. It contains two main types of information, the cloud mask information and the

radar reflectivity. The characteristics of the 2B-GEOPROF product are mainly

decided by the properties of the CPR. It is exceptionally sensitive to cloud-sized

particles and attenuation by precipitation (Haynes et al., 2007).

Figure 2.1 shows a vertical cross-section of Tropical Storm Alberto captured by

the CloudSat radar on June 12, 2006. The data shows that the storm reaches about

16 kilometers in height. The colors in the image represent the reflectivity which is

the strength of the signal that returns to the radar. Higher reflectivity (pinks and

reds) in tropical storm Alberto indicates more ice and/or water in the cloud. The

green line at the bottom of the CloudSat image is the radar echo of the Earth’s

surface. Where this line disappears beneath the storm shows the area of heaviest

rain. Cirrus clouds can also be seen out ahead of the storm. The CloudSat data

show a smaller thunderstorm under cirrus cloud cover. That storm would be likely

be hidden from the view of passive instruments.

CloudSat has ability to detect most clouds in the atmosphere. However, clouds

with a small backscatter cross section which are mainly the optically thin cirrus

with bases above 14 km are too tenuous to be observed by the CPR. Moreover, the

CPR has a limitation in detecting boundary layer clouds whose presence is made

ambiguous by noise associated with strong scattering of the earth’s surface (Mace
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Figure 2.2: An example of CloudSat data, Image source - cloud-
sat.atmos.colostate.edu

et al., 2009; Haynes et al., 2011). The cloud-aerosol lidar with orthogonal polariza-

tion (CALIOP) on the CALIPSO satellite fills in many of these gaps. It operates

at shorter wavelengths (532 nm and 1064 nm) and is able to detect much smaller

cloud particles. It also does not suffer from the surface contamination effect (Mace,

2010; Haynes et al., 2011). To exploit the strength of both instruments in this study,

we use the radar-lidar combined data from 2B GEOPROF-LIDAR product to de-

fine a cloud mask at 240m vertical and 1.4 km horizontal resolution. Mace et al.

(2009) showed that the combination of CPR and CALIOP data is capable to detect

cloud occurrence, correctly identifying more than 90 % of cloud layers as a cloud.

If the Cloudsat radar indicates the existence of a cloud (i.e., a cloud mask value

of 30 or higher) or the CALIOP lidar indicates that the radar bin in question con-

tains 50% or greater cloud cover then cloud is considered to be present, in this study.

CloudSat provides a thin stripe of data every time as a result of its poor spatial

sampling (1.4km slices). One example of such data is shown in Figure 2.2 when

CloudSat intersected a storm system moving across New England on 30th March

2010. Figure 2.2 shows the CloudSat overpass slices through the western part of

the storm. It shows the large area of high reflectivity indicating large amounts of
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rain. As our goal is to study the mean behaviour of extratropical cyclones, we

can not just examine such small samples of data. The more comprehensive picture

of extratropical cyclones can only be drawn by gathering many samples of data

together. One such method using composites to provide a comprehensive picture of

the cloud structure related to extratropical cyclones is discussed in Chapter 3.

2.2 Other data sources

2.2.1 Radiation data

In addition to mean cloud properties, we examine the radiative fluxes derived from

the ISCCP data. The ISCCP-FD data set provides radiative fluxes at the top of

atmosphere, at the surface and at the 680,440 and 180 hPa levels. They are com-

puted using the ISCCP cloud properties and radiative transfer calculations (Zhang

et al., 2004). These data are derived on the same temporal and spatial scales as the

ISCCP-D1 data set. The flux data consists of upwelling and downwelling, shortwave

and longwave radiative flux for both cloudy sky and clear sky conditions. At the top

of atmosphere (TOA), cloud radiative effect (CRE) composites, i.e., the difference

between clear sky and full sky conditions for both shortwave and longwave radiation

(Ramanathan et al., 1989), are constructed using the ISCCP-FD data set.

2.2.2 Reanalysis data

To understand the structural and dynamical properties of cyclones, daily and 6-

hourly data sets for vertical velocity, temperature, Mean Sea Level Pressure (MSLP),

horizontal winds and relative humidity are used. These data are obtained from

The National Centers for Environmental Prediction- Department of Energy (NCEP-

DOE) Atmospheric Model Intercomparison Project (AMIP-II) (Kanamitsu et al.,

2002). These reanalysis data (hereafter referred as NCEP-II) are available from the

year 1979 on a 2.50 × 2.50 grid, at 17 pressure levels, every six hours.

2.2.3 Cyclone tracks

We use the Modeling, Analysis and Prediction (MAP) Climatology of Mid-latitude

Storminess (MCMS) data to locate Southern Hemisphere midlatitude cyclones (Bauer

and DelGenio, 2006). MCMS provides a detailed 6 hourly assessment of the area

under influence of mid-latitude cyclone based on NCEP-II Reanalysis products.

MCMS locates a cyclone as a depression in the MSLP field and tracks them over
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time (Bauer and DelGenio, 2006). the selection criteria for cyclones are 1) they must

last at least 24 hours. 2)they must attain a minimum in MSLP of at least 1010 hPa,

3) they must travel at least 700 km during their lifetime. Variables provided by

MCMS such as the cyclone track, grid MSLP, regional MSLP, intensity, area, depth

of the cyclone are useful to classify cyclones. MCMS also assigns a simple intensity

classification to each cyclone. By considering cyclone’s minimum lifetime MSLP,

deepening rate and pressure gradients cyclones were classified into three classes.

The class ’intensity 1’ has weak cyclones, ’intensity 2’ has moderate cyclones and

’intensity 3’ has strong cyclones.

2.2.4 Rain data

The Global Precipitation Climatology Project (GPCP) data is used to study the

rainfall distribution around cyclones. The GPCP data set provides information of

precipitation around the globe for many years. It provides monthly (Adler et al.,

2003) and 1-degree daily (1DD, Huffman et al. (2001)) rainfall on a global grid from

the year 1996. We apply the used 1DD rainfall data set in this study. The 1DD

precipitation estimates are derived by different methods in the tropics and the ex-

tratropics. In the tropics and mid-latitudes (400N-400S), the Threshold-Matched

Precipitation Index (TMPI) provides precipitation estimates based on a merged

product including infrared information from geostationary satellites. In the high

latitudes GPCP precipitation estimates are primarily based on statistically derived

TOVS-AIRS (Television Infrared Observation Satellite (TIROS) Operational Ver-

tical Sounder - Atmospheric Infrared Sounder) satellite data. Using a regression

relationship between coincident rain gauge measurements and TOVS-AIRS based

parameters like cloud-top pressure, cloud cover, the TOVS-AIRS precipitation data

is inferred (Susskind et al., 1997).



Chapter 3

The composite cloud and

dynamical structure of Southern

Hemisphere extratropical cyclones

3.1 Motivation

Extratropical cyclones play a major role in the day-to-day variability of weather as

well as climate variability in the midlatitudes due to their ability to redistribute

large amounts of heat, moisture and momentum. Strong winds and heavy rain re-

lated to some of these intense systems can have major socioeconomic impacts. As a

consequence the representation of extratropical cyclones is important in numerical

weather prediction and climate models as these systems are the primary source of

transport of energy and moisture from the midlatitudes to the poles. A good sim-

ulation of extratropical cyclones in current climate models is required for capturing

the main characteristics of extreme events in the present day climate and to have

confidence in predictions of future climate. Trenberth and Fasullo (2010) argued

that a better simulation of the cloud radiative impact in present day simulations

using the current generation of models is required to increase the credibility of the

impact of cloud-radiative feedbacks on storm track activity in future climate simu-

lations. As described in the Chapter 1, the Southern Ocean storm tracks and their

associated extra-tropical cyclones (Trenberth, 1991; Simmonds and Keay, 2000) and

fronts (Berry et al., 2011) are prominent features of the Southern Hemisphere, and

the cloud fields associated with these extratropical cyclones are important in the

radiation budget of the region.

Satellite imagery, weather radar, and surface observations are all invaluable tools
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for the analysis of the mesoscale structure of cloud, precipitation, and winds related

to cyclones. Analyses of extratropical cyclones using these tools have been per-

formed largely through case studies (Neiman et al., 1993; Browning and Roberts,

1994; Posselt et al., 2008). Such case studies have contributed significantly to the

generation of three-dimensional conceptual models that provide a framework for un-

derstanding the internal dynamical evolution of cyclones. However, case studies have

limitations as it is difficult to generalize their findings. Furthermore, case studies

cannot easily be used to evaluate climate models as these models do not simulate an

individual real-world cyclone. An alternative approach which enables information

from a number of cyclones to be combined in a convenient form is to use a com-

positing technique. The use of compositing highlights basic common features while

eliminating the ”noise” related to individual cyclones. Cyclone relative compositing

provides more generality than individual cyclone case studies without losing useful

regime-specific system information that is lost in simple spatial averaging (Lau and

Crane, 1995; Field and Wood, 2007; Field et al., 2008). It also provides a quantita-

tive method for evaluating the ability of climate and weather prediction models to

produce a physically realistic cyclone structure.

Clouds have a big radiative impact on the climate system but their representa-

tion in GCMs is not correct and consistent (Cess et al., 1990). The first step to

improving the cloud representation in GCMs is identifying how their cloud prop-

erties differ from those in the real world. Several previous studies used composite

techniques on cloud fields to carry out model-observation comparisons (Norris and

Weaver, 2001; Webb et al., 2001; Klein and Jakob, 1999; Lau and Crane, 1997). The

satellite data used in these previous studies relied on passive instruments thereby

providing a quasi-two dimensional picture of the cloud field. With the advent of

active remote sensing of clouds from space, such as CloudSat and CALIPSO arises

a new opportunity to assess the three-dimensional cloud structure related to extrat-

ropical cyclones. By considering the combination of cloud observations, objectively

tracked cyclones and fronts and supplementary reanalysis fields, a consistent three

dimensional picture of a (composite) Southern Hemisphere extratropical cyclone can

be drawn. In this chapter, this three dimensional picture of a (composite) Southern

Hemisphere extratropical cyclones is developed and further the relationship between

the cloud structure and the dynamical processes of the cyclone is described in detail.

In Chapter 5, we will apply the same method to a state-of-the-art climate model and

assess the model’s ability to simulate cyclones and their associated cloud structures.
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3.2 Cyclone compositing method

A technique similar to Lau and Crane (1995) that combines many individual cy-

clones into an average cyclone is applied here to composite the cloud field and some

dynamical fields around the chosen cyclone centers. Figure 3.1 shows the four basic

steps involved in generating the composite cyclones. The first step in the analysis is

to identify and track cyclones over the Southern Ocean. There are many stae-of-the

art cyclone identification schemes available (Neu et al., 2013) to identify and track

cyclones. For the tracking procedure cyclones are identified by using MSLP field

(Bauer and DelGenio, 2006; Blender et al., 1997), geopotential height field (Blender

and Schubert, 2000) or vorticity field (Sinclair, 1997; Simmonds and Keay, 2000)

in those schemes. As discussed in Chapter 2, we used the Modeling, Analysis and

Prediction (MAP) Climatology of Mid-latitude Storminess (MCMS) data (Bauer

and DelGenio, 2006) to identify and track the cyclones. The second step of the

compositing is to find the points along each cyclone track (in terms of longitude

and latitude) where the cyclone satisfy a given criterion (e.g. age, intensity of the

cyclone). As the longitudinal extent of the cyclones varies with latitude, a grid

based on distance is chosen for the compositing (Field and Wood, 2007). In the

third step, a 4000 km × 4000 km grid box (x and y are the eastward and northward

coordinates, respectively), is drawn around each identified cyclone center. This box

is big enough to include mature cyclones along with their related transient ridges

ahead or behind them, but not so big to include any following large cyclone. This

assertion will be tested below by compositing fronts and rainfall to investigate if any

of their signatures are visible behind the main composite cyclone.

Finally, in the last stage, a new coordinate system, with 100 km grid spacing, is

defined with the cyclone center as its central point (x=0, y=0) and all the cyclones

are overlaid in that new cyclone-relative coordinate system. No attempt is made to

link the identified cyclones in time, which means that individual cyclones at different

times in their life are identified as separate ”cyclones”.

Some studies have composited cyclones using a cylindrical polar coordinate sys-

tem and suggested the need to rotate the cyclones according to their direction of

propagation (Rudeva and Gulev, 2011; Catto et al., 2010; Bengtsson et al., 2007).

The main reason for this rotation is to better align frontal systems and their asso-

ciated wind and cloud fields in the composites. As the main aim here is to study

the cloud structures associated with the cyclones, it is important to test whether

rotation is required. To do this an objective algorithm to identify fronts using wet
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Figure 3.1: Schematic of the compositing method. Step 1) Identify cyclone tracks
within the given region and time period, step 2) Find the region where the cyclone
satisfies a given criterion like age or intensity, step 3) Draw a 4000 km × 4000 km
grid box around each cyclone center and step 4) Overlay all boxes on each other in
the newly defined co-ordinate system.
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bulb potential temperature (θw) at 850 hPa (Berry et al., 2011) is applied to the

NCEP-DOE AMIP-II Reanalysis (Kanamitsu et al., 2002). The number of occur-

rences of cold and warm fronts in each of the 100 km × 100 km grid boxes of the

composite is determined. Figure 3.2 shows the number of cold (panel (a)) and warm

(panel (b)) fronts identified in each of the 100 km × 100 km grid-boxes of a cyclone

composite using 810 cyclones overlaid with the composite sea-level pressure. It is

evident that the fronts are well organized within the cyclone composite and adhere

to the idealized picture of frontal locations in extratropical cyclones (Bjerknes and

Solberg, 1922; Shapiro and Keyser, 1990). Cold fronts are located to the north of

the cyclone center while warm fronts are located on its eastern side. While there

is some spread in the location of the fronts, the overall structures are clearly iden-

tifiable, leading us to conclude that rotation of the cyclones is not essential for the

present study. While there are a few instances of warm fronts at the western edge

of the composite box, this analysis confirms that our composite is largly free of

cyclones following the main one. It is worth noting that cyclones are composited

over all stages of development and the resulting composite cannot be expected to

display the well-known development-stage dependent tilt of the systems (Lim and

Simmonds, 2007). Also, the conclusion that no rotation is required has been shown

here for the Southern Hemisphere, and is probably not true for the more complex

cyclone structures in the North Atlantic and Pacific.

3.3 The composite cyclone as seen by passive satel-

lite instruments

3.3.1 Cloud data from the ISCCP

Many studies examined clouds associated with extratropical cyclones using cloud

data from different data sources like ISCCP, MODIS, etc. (Lau and Crane, 1995;

Klein and Jakob, 1999; Norris and Weaver, 2001). These data were derived us-

ing passive satellite instruments. Here, the ISCCP (International Satellite Cloud

Climatology Project) dataset is used to take a first look at the cloud distribution

around extratropical cyclones. The ISCCP cloud data is derived using passive in-

struments using two satellite channels, one in the infrared and one in the visible part

of the spectrum (see Chapter 2). The composite cloud cover is constructed here by

averaging this passive-satelite derived cloud fields in the new cyclone-relative coor-

dinate system explained in the compositing method section above. As a first step in

compositing, cyclones at 12 UTC in the latitudinal band 400S-500S and longitudes

00-357.50E for the years 2000-2001 are identified. Considering the limited visible
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Figure 3.2: Cyclone composite MSLP (hPa) with absolute number of (a) cold fronts
and (b) warm fronts. The colour denotes number of fronts and MSLP is shown by
dashed contours.
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channel measurements in the polar zone during the winter season, and difficulties in

detecting clouds over ice-covered surfaces, we analyze the cloud data from ISCCP

only until 600S. Consequently, the 4000x4000 km cyclone area box is reduced to a

4000 x 2200 km grid box around each chosen point, for all graphics showing ISCCP

clouds.

Data related to 803 cyclones that fulfil the above criteria in the years 2000-2001

are examined in Figure 3.3 which shows the ISCCP-derived cloud structure and

MSLP (dashed lines), averaged over the chosen cyclones. As discussed in Chapter

2, ISCCP provides cloud cover based on Cloud Top Pressure (CTP) in seven layers,

each of which is shown in a separate panel. Isolines of one third of the maximum

value of occurrence of warm and cold fronts (shown in Figure 3.2) are also overlaid

in Figure 3.3 to identify the most common locations of the fronts in the cyclones

that comprise the composite. The center of the composite cyclone with its minimum

pressure of ≈ 994hPa is clearly identifiable. Panel (a) of Figure 3.3 shows very low

level clouds with a CTP greater then 800 hPa. It shows clouds at the north-west

side of the composite cyclone center, extending to the western side of the cold-front

region. There are no clouds in the warm frontal region at this level. It is worth

noting that this does not necessarily imply the absence of low clouds in this region,

as the passive nature of the measurements may lead to shielding of low clouds by

overlying high clouds (see below).

Panel (b) shows clouds with CTP between 680 hPa and 800 hPa. The maximum

cloud cover occurs at the western side of the cyclone center and again the warm

frontal region shows very few clouds at this level. Panel (c) shows clouds with CTP

between 560 and 680 hPa. The maximum cloud cover at this level occurs to the

south of the cyclone and is strongly associated with the cyclone-induced flow.

The next three panels, which show high clouds between 440 hPa and 560 hPa,

310 hPa and 440 hPa, and 180 hPa and 310 hPa respectively, show cloud cover max-

ima in the warm frontal region. At all three levels the cloud field is characterized

by a ’comma’ shaped structure. The high level clouds block the view of low clouds

in the warm frontal region below. There is a shift in the cloud field between the

three high cloud levels with higher clouds more closely wrapped around the cyclone

center. Note that at least part of this behaviour might be due to the blocked view of

the lower levels again. Interestingly, there are no clouds in the cold frontal region.

The highest level where clouds have CTP < 180 hPa don’t show any clouds.
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Consistent with previous studies, the ISCCP data overall allows a good first view

of the structure of the clouds around the composite cyclone center (Lau and Crane,

1995). High-top clouds tend to occur along the eastern edge of the center in the

warm frontal region. Most of the low top clouds are found amidst the cold airstream

behind the main system. Middle-top clouds reside within the westward region of the

center. However, a major drawback is that the view of lower level clouds is blocked

by upper level clouds, which severely distorts our view of the cloud structure and

makes it difficult to connect the cloud structure to dynamical features of the cyclone.

3.3.2 Radiation and precipitation around the composite cy-

clone

Extratropical cyclones strongly affect the atmospheric energy budget, not only

through their dynamical characteristics, but also through the radiative and latent

heating effects of their cloud and precipitation structures. As defined in Chapter 1,

at the top of atmosphere (TOA), the cloud radiative effect (CRE) can be defined

as the difference between clear sky and full sky conditions for both shortwave and

longwave radiation (Ramanathan et al., 1989). The impact of clouds on the radi-

ation budget can be quantified in terms of the CRE (Bodas-Salcedo et al., 2012;

Tselioudis and Rossow, 2006). The composites of longwave CRE, shortwave CRE,

and net CRE which is the sum of longwave CRE and shortwave CRE are constructed

using the three hourly ISCCP-FD dataset (Zhang et al., 2004). GPCP daily data is

used to composite precipitation data around the composite cyclone.

Figure 3.4 shows the distribution of the shortwave, longwave and net CRE, as

well as the precipitation around the composite cyclone. There is a strong negative

CRE in the shortwave of more than 60 W/m2 in the entire domain (cf. Fig. 3.4(a)).

The shortwave negative (cooling) CRE is largest just to the southeast of the cyclone

center, where it reaches almost 200 W/m2. While the largest CREs lie in the warm

frontal region, there are wide-spread strong shortwave CRE away from that area

due to the prevalence of low clouds around the cyclone center. Longwave CRE are

generally weaker than the shortwave CRE, peaking at about 55 W/m2 (cf. Fig.

3.4(b)). As the positive (warming) longwave CRE are generally driven by high-level

clouds, it is not surprising that the maximum in the longwave CRE is located in and

slightly ahead of the warm frontal region as this is where the highest cloud tops are

found in the composite cyclone (see Figure 3.3). The net CRE is dominated by the

shortwave CRE and is negative throughout the domain. Shortwave and longwave

CRE largely cancel in the warm frontal region, shifting the maximum of the net
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(a) CTP > 800
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(b) 680 < CTP < 800
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(c) 560 < CTP < 680
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(d) 440 < CTP < 560
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(e) 310 < CTP < 440
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(f) 180 < CTP < 310
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(g) CTP < 180

Figure 3.3: Composited ISCCP cloud cover in seven CTP classes (colored field), and
MSLP (hPa, black dashed line) related to cyclones occurring in the period 2000-2001
between 40◦S-50◦S.
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Figure 3.4: Cyclone composite CRE, MSLP and precipitation. MSLP is contoured,
the radiation and precipitation fields are shaded and the isolines of the occurrence
of cold and warm fronts are shown by blue and red lines respectively. (a): Short-
wave CRE (W/m2). (b): Longwave CRE (W/m2). (c): Net CRE (W/m2). (d):
Precipitation (mm/day).
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CRE to the south and south-east of the cyclone center (cf. Fig. 3.4(c)). This result

highlights the importance of the low clouds, which are not necessarily related to the

frontal regions, in determining the net CRE of extratropical cyclones on the climate

system (e.g. Tselioudis and Rossow (2006)).

Figure 3.4(d) shows the distribution of precipitation around the composite cy-

clone. The area of maximum precipitation lies within and ahead of the warm frontal

region, consistent with the location of deep clouds. The significant displacement of

the rainfall and cloud maxima to the southeast of the warm frontal region is due to

the tilted structure of the cloud systems. As the fronts are determined at 850 hPa

and the cloud structure is tilted, the maximum rain is found ahead of the fronts.

Maximum rain rates are in the range of 6-7 mm day−1. Most of the rain is associated

with the warm conveyor belt, consistent with the previous studies (Field and Wood,

2007; Harrold, 1973). The western edge of the domain shows relatively high values

of rain rate very likely due to the fact that the compositing method detects cyclones

that follow those induced in the main composite.

Passive remote sensing is limited to cloud top or cloud base properties depending

on the location of observing system (in space or on the ground). For the space-based

system used here, if there is a high top cloud, the passive instruments often have

difficulty to detect clouds below it. The more recently available active sensors on

the CloudSat/CALIPSO satellites alleviate this problem and provide cloud obser-

vations with high vertical resolution. In the following subsection we combine these

active observations of clouds with reanalyses of the circulation and thermodynamic

cyclone structure to form a more complete composite picture of the Southern Ocean

extratropical cyclones.

3.4 A three-dimensional view of the composite

cyclone

To construct a three-dimensional picture of the cloud structure around the compos-

ite cyclone, the 2B-GEOPROF-LIDAR product is used as it combines the Cloud

Profile Radar (CPR) data from the CloudSat satellite with the CALIOP lidar data

from the CALIPSO satellite (Mace et al., 2009). The 2B-GEOPROF-LIDAR prod-

uct provides a cloud mask at 240m vertical and 1.14 km (cross-track) horizontal

resolution. Cloud is considered to be present anytime if either the CloudSat radar
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Figure 3.5: Available Cloudsat tracks for 96 cyclones in one month.

indicates the existence of a cloud (i.e., a cloud mask value of 30 or higher) or the

CALIOP lidar indicates that the radar bin in question contains 50% or greater cloud

cover.

The cyclone data is available every six hours and we assign Cloudsat/CALIPSO

orbits to a cyclone if they cross the identified cyclone area ± 3 hours from the cyclone

time. For each of the cyclones in the composite, all of the CloudSat/CALIPSO

orbits intersecting the 4000 km × 4000 km cyclone area box are found. As with the

analysis of fronts the cyclone area box is divided into 100 km × 100 km boxes and

GEOPROF pixels are assigned to the appropriate box for each cyclone. The cloudy

and total pixels falling into each box are counted to give the cloud fraction in each

240-m height bin around the composite cyclone. Because of the high reflectivity of

the surface in the radar returns, CloudSat cannot detect hydrometeors in the first

kilometer above the surface (Marchand et al., 2008). The cloud data for first 1 km

is discarded here for this reason. It is also worth noting that the radar cannot easily

distinguish between cloud and precipitation hydrometeors and thus precipitation is

included in the cloud mask used here. We investigate possible effects of this choice

further in Chapter 5.

Figure 3.5 shows all available CloudSat/CALIPSO tracks if only 96 cyclones oc-

curring in May 2008 are included in the composite. With every track, only a very

thin slice of cloud data is available. It is evident that the data is distributed very un-

evenly over the 4000 km × 4000 km cyclone area box. Some grid boxes have no data

available at all while some have many data points. Figure 3.6 shows cloud fraction
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Figure 3.6: Cloud fraction derived from 96 cyclones in May 2008 at 4.25 km height
from CloudSat/CALIPSO tracks.

derived using only the 96 cyclones above at height 4.25 km. It is evident that the

cloud pattern is extremely noisy with little coherence. As a consequence, it is very

difficult to draw any conclusion about the clouds related to cyclones. This figure

demonstrates that a much larger number of cyclones is needed to get a meaningful

picture of clouds from CloudSat/CALIPSO. Here we use two years data covering

all cyclones in the 400S-500S latitudinal band. Of the 3163 cyclones found in the

year 2007 and 2008, 2038 have Cloudsat/CALIPSO orbits intersecting them in the

6 hour period covering three hours before and after the time of cyclone. These were

used to form the composite of the cloud structure shown below.

Figure 3.7 shows the vertical profile of cloud fraction averaged over a 4000 km

x 4000 km grid box (black line) around the cyclone center as a function of height.

At lower levels, the values of cloud fraction are much higher than those at higher

levels consistent with high cloudiness at low levels in the Southern Ocean (Haynes

et al., 2011). From 1 km height to 3 km height, the cloud fraction decreases from

0.54 to 0.22 and then remains fairly constant between 3 and 9 km height, above

which cloud fraction decreases to zero at around 11-12 km. The difference between

values of cloud fraction at different heights indicates the presence of a multilayer

cloud structure in extratropical cyclones.

The 4000 km x 4000 km grid box around the cyclone center is divided into four
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Figure 3.7: Cloud fraction as a function of height averaged over the 4000 km x 4000
km grid box around the cyclone center and its four quadrants. The black line shows
the domain average, while the coloured lines represent the quadrants shown on the
left.

quadrants as shown in the left panel of Figure 3.7 and the cloud fraction averaged

over each of these four quadrants is shown in the right panel of Figure 3.7. All quad-

rants show the existence of low level clouds peaking just below 2 km. The second

quadrant being the north- east part of cyclone has fewer low level clouds than other

parts of the cyclone. However, the values of cloud fraction in this area gradually

increase from 3 to 9 km height to a maximum above 9 km height indicating a shift

of the clouds in the cyclone towards the north-east side of the cyclone center at very

high levels. The first quadrant shows clouds behind the system and has fewer clouds

above 3 km. The third and fourth quadrants have most of the clouds from the warm

frontal regions and show high cloud fraction between 3-6 km height. Above 6 km,

the cloud structure moves eastward of the cyclone center and thus values of the

cloud fraction becomes highest in the fourth quadrant.

The three-dimensional structure of the cloud and dynamical fields of the compos-

ite cyclone is constructed using the methodology described above. Figure 3.8 shows

the horizontal distribution of cloud cover taken at different heights. For orientation,

we overlay the positions of the cold and warm fronts as thick blue and red lines

respectively.

Figure 3.8(a) shows the mean cloud field at a height of 1.5 km together with the

composite MSLP. The center of the composite cyclone with its minimum pressure

of ≈ 992hPa is clearly identifiable. The low level cloud maximum is well aligned

with the pressure structure with a NW-SE tilt extending to the western side of the

cold-front region. Low clouds are also prevalent to the southern side of the cyclone
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Figure 3.8: Cloud and dynamical structure of the the composite cyclone. Dynamical
fields are contoured, cloud fields are shaded and isolines of the occurrence of cold and
warm fronts are shown by blue and red lines respectively. Lines CD and AB indicate
the position of the cross-sections shown in Figure 3.9 (a) and (b) respectively. (a):
Cloud fraction at 1.5 km and mean sea level pressure (hPa). (b): Cloud fraction
and system relative winds (m/s−1) along with their corresponding wind vectors at
2.5 km. (c): Cloud fraction and vertical motion (10 −2 Pa/s) at 4.25 km. (d): Cloud
fraction and potential temperature (K) at 6.25 km. (e): Cloud fraction and absolute
vorticity at 7.5 km. (f): Cloud fraction and relative humidity (%) at 9.25 km.
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Figure 3.9: (a): Cross section of vertical motion (10−2 Pa/s) and cloud fraction
along the line AB in Figure 3.8. (b): Cross section of vertical motion and cloud
fraction along the line A1B1. (c): Cross section of relative humidity (%) and cloud
fraction along the line CD. (d): Cross section of relative humidity (%) and cloud
fraction along the line C1D1.
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center consistent with the mean cloud distribution over the Southern Hemisphere

(Haynes et al., 2011), which shows ubiquitous low cloudiness of high cloud fraction

over much of the Southern Ocean south of 40◦S.

Figure 3.8(b) shows the mean cloud field at height 2.5 km together with the sys-

tem relative wind displayed as wind vectors. The maximum winds are found behind

the system and to the right of the cyclone center. Some of the strongest winds are

found in the warm frontal region. The wind turns cyclonically around the cyclone

center and indicates a closed circulation. The warm air from the north-east part of

the cyclone turns cyclonically into the warm frontal region. The cold air from south

of the cyclone center travels rearward of the main system. The strongest winds are

flowing rearward underneath the warm rising air, consistent with the existence of a

cold conveyor belt, which flows at low levels rearward relative to the cyclone center

producing a low-level jet that undercuts the warm conveyor belt. The cloud fraction

values peak in the warm frontal region and in the south-west corner of the cyclone.

The dry air turning cyclonically corresponds to the cloud-free region at the western

side of the cyclone center.

Figure 3.8(c) shows the vertical velocity in pressure co-ordinates, omega(ω=dp/dt)

and cloud fraction at height 4.25 km. Negative ω, denoted by dashed lines, indicates

regions of ascent while positive ω (solid black line) denotes regions of subsidence.

The vertical motion field has a dipole structure with ascent to the E-NE of the

cyclone center peaking in the warm front and to a lesser extent cold front regions,

with subsidence to the W-SW of the cyclone center with a strong peak to the west of

the cold front region. Not surprisingly the cloud field at this height (tyically termed

mid-level cloud) follows the vertical motion field with a distinct maximum in cloud

fraction within or just ahead (to the south) of the warm front region. A secondary

maximum in mid-level clouds is visible at the Southern edge of the the composite

domain, again consistent with Haynes et al. (2011) who showed a maximum in mid-

level clouds south of 55◦S over the Southern Ocean.

Figure 3.8(d) shows the mean potential temperature and cloud fraction at 6.25

km. The thermal trough, associated with subsidence, is situated to the west of

the cold front and surface low, while the thermal ridge, associated with ascent is

situated along the eastern side of the warm front. The maximum cloud fraction is

located well to the south-east side of the cyclone center and poleward of the warm

front region. Recalling that the fronts were identified at 850 hPa, this is consistent

with the tilted cloud structure of warm fronts (see also Fig. 3.9) in conceptual and
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theoretical models of extra-tropical cyclones.

Figure 3.8(e) shows the absolute vorticity and cloud fraction at 7.5 km. It in-

dicates a closed cyclonic circulation at the center of the composite cyclone. The

maximum of the absolute vorticity lies in the region of convergence. The cloud frac-

tion decreases at this level and achieves its maximum in the south-east part of the

cyclone. There are no clouds behind the system at this height.

Finally, Figure 3.8(f) shows the cloud fraction and relative humidity (with re-

spect to liquid water) at 9.25 km. There are high level cirrus clouds on the east side

of the cyclone center just east of the warm frontal region. The relative humidity

maximum coincides with the cloud maximum, while regions with low relative hu-

midity coincide with the cloud-free regions to the west of the cyclone center. The

values of relative humidity are much higher in the eastern part of the cyclone center

than the western part. The cloud structure relative to both the cyclone center and

the regions of the 850-hPa warm fronts is consistent with the classic cyclone picture

of warm air rising along the warm conveyor belt through the cyclone center to the

South and then East.

As we have quasi-contineous observations of cloud cover in the vertical direction,

we can construct vertical slices of the cloud structure. Through these vertical sec-

tions, changes in the cloud field with height are easily identifiable. Also the tilt in

the cloud field is easily seen in these vertical sections. Four cross-sections have been

chosen (they are indicated in Figure 3.8(a)), first, an east-west cross-section passing

through both the cold and warm frontal region, second, an east-west cross-section

taken in the region of maximum cloud fraction at mid-levels, third, a north - south

section through the middle of the warm frontal region, and fourth, a north-south

cross-section through the cold frontal region.

Figure 3.9 (a) shows a north-south slice of the three-dimensional cloud structure

together with vertical velocity ω taken at (relative) 500 km to the east of the center

(along line AB). It is evident from Fig. 3.8 that the cross-section taken along line

AB crosses the warm-front region, which extends from roughly 1000 km south of the

cyclone center to 1000 km north of the cyclone center. Low clouds and subsidence

dominate the region south of the main warm-frontal zone. Cloud cover maxima at

1 km and 7 km dominate the main warm-frontal zone, with maximum cloud height

increasing northward along the section reaching levels between 10 and 11 km.



3 The composite cloud and dynamical structure of Southern
Hemisphere extratropical cyclones 46

Figure 3.9 (b) shows a north-south slice of the cloud fraction along with ω taken

at (relative) 100 km to the west of the center (along line A1B1). This section crosses

the cold-frontal region as shown in the Figure 3.8. At very low levels the cloud frac-

tion shows higher values consistent with Figure 3.8(a). The cloud field peaks at

about 6 km which is consistent with values of ascent in the region. It expands at

the southern side of the cyclone center reaching a height of 10 km. The north side

being the cold frontal side of the composite cyclone shows some clouds at 0-1000 km

distance from the cyclone center up to 7 km height.

Figure 3.9 (c) shows an east-west slice of the cloud fraction taken at 500 km

north of the center (line CD). The superposed field is relative humidity. Low clouds

dominate the western half of the cross section consistent with Fig. 3.8(a). These

clouds exist in a region of low mid - and upper tropospheric relative humidity and a

strong vertical relative humidity gradient at around 3 km, consistent with the post

frontal region of subsidence identified in Fig.3.8. Cloud fraction in this region is very

high around just above 1 km accompanied by high relative humidity. Note that the

low cloud maximum extends into the eastern half of the cross section, indicating

the ubiquity of boundary layer clouds over the wet ocean surface found in many

earlier studies (Rossow and Schiffer, 1999; Haynes et al., 2011). The eastern half of

the cross section exhibits a tilted cloud and humidity structure closely following the

conceptual model of air ascending along the warm conveyor belt in the E-NE part

of the cyclone leading to cloud formation along the air parcel’s trajectories. The

maximum cloud height is about 11 km with a cloud cover maximum at around 9 km.

Figure 3.9 (d) shows an east-west slice of the cloud fraction taken at relative 500

km south of the center (line C1D1). This cross-section is taken where the maximum

of cloud cover was found at mid- levels (Figure 3.8). The cloud fraction is maximum

at 1.5 km accompanied by a maximum of relative humidity. Cloud fraction is higher

to the eastern side of the cyclone center with the cloud field extending eastward

reaching a maximum cloud height of approximately 11 km. At low levels, there are

some clouds to the western side of the cyclone center associated with descending

motion.

To bring the three-dimensional information together in a coherent picture, the

cloud field is drawn in three-dimensions. Figure 3.10 shows two examples of this

three-dimensional view of the cloud field related to the composite cyclone. In this

figure, the X,Y and Z axes are shown with the red, green and blue arrows, respec-

tively. The upper panel shows the view of cloud fraction through the XZ plane from
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Figure 3.10: Clouds related to composite extratropical cyclones, shown in the three
dimensions. The colour denotes values of cloud fraction.

the south while the lower panel shows cloud field view from the YZ plane from the

east. The tilted structure of the cloud field can be easily seen. There are two peaks

in the cloud field, one is at very low level and another at upper levels. The main

’stormy’ clouds are at mid-levels, and are surrounded by thin cirrus clouds. The

upper-level clouds have a smaller horizontal extent than those at the lower levels.

Taken together, the cloud fields depicted in the Figures 3.8, 3.9 and 3.10 are

consistent with the classical conveyor belt picture of extratropical cyclones (e.g.

Browning and Roberts (1994)). Air parcels ascend and form cloud, while traveling

southward ahead of the cold front in the warm conveyor belt. These air parcels

ascend over the warm front before turning anticyclonically at upper levels. On the
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cold side the cold front air parcels subside producing the characteristic postfrontal

dry slot.

3.5 Trajectories of air parcels in the airflow of cy-

clone

It is important for climate models to represent the dynamical processes and airflows

of extratropical cyclones in order to be able to correctly predict the clouds. As

clouds are formed by the dynamical processes, if those are poorly represented in the

model then there is no reason to believe that the model will produce the clouds with

the right properties in the correct locations. To prepare for the evaluation of clouds

in Chapter 5, the next two subsections will introduce two different ways to study the

dynamical features of the composite cyclone and their relationship to the cloud field.

First, 48 hour back trajectories are drawn in the Figure 3.11 at three different

pressure levels, 850 hPa, 500 hPa and 250 hPa. The path followed by an air parcel

in the composite cyclone flow can be traced using these trajectories. The black dots

in the figure denote the end point of each trajectory. Using a linear interpolation,

applied to the composite of the u, v and w components of the wind, the path fol-

lowed by the air particle is traced back for every hour. Each trajectory in the Figure

3.11 is constructed by accumulating this hourly information. The colour of the tra-

jectories in the figures denotes the difference in pressure level the air parcel was

found on every hour. A positive pressure difference denotes ascending motion (i.e.

the air parcel has moved from higher to lower pressure) while a negative pressure

difference denotes descending motion (i.e. the air parcel has moved from lower to

higher pressure).

At 850 hPa, descending southerlies are dominant to the western side of the cy-

clone center. The cold air descends and some of this air flows rearwards, relative to

the advancing system parallel to and on the cold side of the warm front, comprising

the cold conveyor belt (Schultz, 2001). The warm air from the north side of the cy-

clone center ascends and turns cyclonically near the center. Consistent with Figure

3.8, there is ascending motion in the south-west corner of the cyclone area box.

At the 500 hPa level, both ascending and descending motion are evident. At the

cyclone center, air rises up approximately 5-10 hPa per hour. The air rises south-
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wards and splits into two parts. Some part of it rises on the warm frontal region and

turns cyclonically near the center. The other part rises and turns anticyclonically.

The western side of the cyclone center shows descending motion.

Strong westerly motion is dominant at 250 hPa. The air near the cyclone center

ascends and turns anticyclonically to the eastern side of the cyclone center.

The values of cloud fraction along the trajectories is shown in the Figure 3.12.

At 850 hPa, the minimum value of the cloud fraction is 0.25 and it reaches up to the

value of 0.75 near the center of the composite cyclone. Consistent with Figure 3.8

values of cloud fraction along the trajectories are highest at this level, compared to

the other levels in this figure. At 500 hPa, trajectories in the region of ascent show

higher values of cloud fraction while trajectories in the region of descent show lower

values of cloud fraction. The trajectories ending near the center of the composite

cyclone show the highest values of the cloud fraction at this level. At the 250 hPa,

the values of the cloud fraction are small. The trajectories ending at the far eastern

side of the composite cyclone center show moderate values of cloud fraction. Tra-

jectories ending in the western part of cyclone and near the center show very small

values of cloud fraction at this level.

Figure 3.13 shows the values of relative humidity along the trajectories. Consis-

tent with higher values of cloud fraction found, higher values of relative humidity

are evident at 850 hPa level. The region of descent contains trajectories having

50-75% relative humidity while the region of ascent contains trajectories with the

highest relative humidity values. At the 500 hPa level, the highest relative humidity

is found along the trajectories ending near the center and at the eastern side of the

cyclone center. The trajectories at western side of the cyclone center show moderate

values of the relative humidity. At the 250 hPa level, the trajectories ending at the

far eastern side of the cyclone center shows moderate values of relative humidity

consistent with moderate values of cloud fraction found in the region in Figure 3.12.

The trajectories ending elsewhere show small values of relative humidity at this level.

The results of the trajectory analysis are consistent with those in Figures 3.8,

3.9 and 3.10 and agree well with the conceptual model of cyclones. A stream of dry

air (the dry intrusion) descends from the lower stratosphere behind the cyclone and

fans out. Some of the air turns anticyclonically and some air turns cyclonically and

ascends into the warm front. This cyclonic path is associated with the cloud-free

region. The warm conveyor belt is a warm, moist synoptic scale flow of air, which
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advances southwards ahead of the cold frontal region and then splits into two air

flows. One air flow ascends along the warm frontal region and then turns cyclonically

to form the upper part of a cloud head. The second air flow peels off anticyclonically

from the warm conveyor belt and ascends, broadening the cloud band at upper-levels.

3.6 Linking clouds and dynamical fields

Cloud structures are invariably linked to the internal circulations that accompany

the cyclone. Above we derived the three dimensional structure of clouds related to a

composite extratropical cyclone in the Southern Ocean along with three dimensional

dynamical fields. Our goal here is to quantify the relationships between the dynam-

ical fields and the cloud field. Two dynamical variables which are important for the

formation and dissipation of clouds, namely, vertical motion and relative humidity,

are considered. Each of the three variables, vertical motion, relative humidity and

cloud fraction, will be drawn in terms of remaining two variables to identify the

relationship between them. This analysis will be done at three different heights to

see how this relationship changes with the height.

The left panels of Figure 3.14 show the relationship between cloud fraction, ver-

tical motion and relative humidity at three different heights. In these panels, the

vertical motion is drawn on the X-axis, relative humidity is drawn on the Y-axis

and colour of the points denotes the value of cloud fraction. The coloured boxes

drawn on the left panels denote areas of particular interest. The purple colour box

includes the points where the highest relative humidity and the highest ascent value

are achieved. The red box has the points where the values of relative humidity and

ascent are medium. The light green box contains those points where the values of

vertical motion are close to zero and relative humidity is low while the dark green

box accommodates points having the strongest values of descent and small values of

relative humidity. The black solid line shows the zero value of vertical motion. The

right panels of Figure 3.14 shows the position of points in the particular coloured

box related to the (composite) cyclone center. The colour showing the position of

the point in the right panel and the colour of the box in the left panel of the figure

in which that point is contained, are matched.

The relationship between the cloud and dynamical fields at 1.5 km, 4.25 km and

9.25 km height is shown in the panels (a), (c) and (e) of Figure 3.14, respectively. It

is evident that this relationship does change with height. The range of all variables
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Figure 3.11: 48 hours back trajectories at (a) 850 hPa, (b)500 hPa and (c) 250 hPa
for the composite cyclone. The colour of the trajectory denotes the difference in
pressure level every hour. The end point of the trajectory is shown by black dot.
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Figure 3.12: 48 hours back trajectories at (a) 850 hPa, (b)500 hPa and (c) 250 hPa
for the composite cyclones. The colour of the trajectory denotes the value of cloud
fraction. The end point of the trajectory is shown by black dot.
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Figure 3.13: 48 hours back trajectories at (a) 850 hPa, (b)500 hPa and (c) 250 hPa
for the composite cyclone. The colour of the trajectory denotes the value of relative
humidity. The end point of trajectory is shown by black dot.
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is large at lower levels while at higher levels it is small. At all levels, the values of

ascent are larger than those for descent. At 1.5 km (cf. Figure 3.14(a)), the values

of cloud fraction are very high consistent with prevalent low cloudiness of high cloud

fraction in Figure 3.8(a). Relatively large cloud fractions exist in both ascending

and descending regions with the region of ascent have higher values of cloud fraction

than that in the region of descent. Lower cloud fractions are found in regions which

have small vertical motion and are relatively dry. The right panel shows that the

combination of these variables is not random. The particular regions have special

characteristics depending on their position relative to the cyclone center. Very high

values of ascent, high relative humidity and high values of cloud fraction is the char-

acteristic of the region at the center and eastern side of the cyclone center. It is

surrounded by points which have medium ascent values and are relatively dry. Also,

the region at south-west of the cyclone center shows moderate ascent and medium

values of humidity. The region of descent is very dry and is at the western side of

the cyclone center, behind the system. The remaining regions mainly have small

vertical motion and are dry compared to the other parts of the cyclone.

Figure 3.14(b) shows that the range of cloud and dynamical fields gets expanded

at mid-levels. Different regions within the cyclone composite occupy distinct spaces

in this panel similar to panel (a). The cloud fraction values are smaller at this level

than they are at the 1.5 km level. The region of ascent which is very moist has

higher cloud fractions and is situated at and to the east of the cyclone center. As at

the 1.5 km level, this area is surrounded by a region of medium ascent and relative

dryness. The region of descent has low cloud fraction and is dry. The driest part

of the cyclone is at north side of the cyclone center, it has the lowest cloud fraction

values.

At 9.25 km the range of ω is reduced while there is still a wide variation of

relative humidity (cf. Figure 3.14(c)). The region of descent shows low values of

cloud fraction while the region of ascent shows moderate values of cloud fraction.

The region near the center of cyclone and to eastern side of cyclone center shows

medium ascent values and higher relative humidity values. The remaining part of

the cyclone is mostly dry and has small vertical motion.

Figure 3.15 shows relative humidity in terms of cloud fraction and omega at

heights 1.5 km, 4.25 km and 9.25 km. The values of relative humidity are very

high at the lower levels which is consistent with prevalent lower level cloudiness in

the region. As the ascent values increase, the value of relative humidity increases.
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Small values of ascent or descent corresponds to relative dryness at 1.5 km. Con-

sistent with the Figure 3.14(b) all variables have large range at 4.25 km. Ascent is

much stronger than descent at this level. Larger cloud fractions are found to be in

the region of ascent. At 9.25 km height the ascending motion weakens. Relative

humidity and cloud fraction are not always directly proportional to each other at

this highest level. Some points having higher value of cloud fraction and higher

ascent values have low values of relative humidity while points having low values

of cloud fraction and weak vertical motion have higher values of relative humidity.

The relationship between the three variables is not as strong as at other levels here

(cf. Figure 3.14(c)).

In Figure 3.16, ω is drawn in terms of cloud fraction and relative humidity. The

points showing the highest values of relative humidity and the highest values of cloud

fraction also have largest values of ascent at 1.5 km and 4.25 km. At these levels,

the relationship between omega, the cloud field and relative humidity is strong.

The relationship between the three variables appears quasi-linear. However, at the

higher levels, the relationship between the dynamical variables and cloud fraction

are weakening. At 9.25 km, all three variables have smaller values compared to the

other two levels. At this level, the cloud fraction reaches up to 0.55 and the relative

humidity reaches up to 75 %. Ascent is also weak compared to the other two levels.

Overall, quasi-linear relationship between dynamical variables and the cloud field

is strong at the lower levels. These relationships become weak at the higher levels.

However, it is worth noting that these relationships are representative for a highly

averaged composite cyclone and they do not necessarily reflect the behaviour of any

individual cyclone.

3.7 Summary of Chapter 3

The goal of this chapter was to provide a three-dimensional composite picture of

Southern Ocean extratropical cyclone cloud structures using CloudSat and CALIPSO

measurements, together with their associated velocity and thermodynamics fields de-

rived from NCEP-DOE AMIP-II reanalyses.

The composite three-dimensional structure of clouds closely resembles the classi-

cal conceptual models (Bjerknes and Solberg, 1922; Posselt et al., 2008; Naud et al.,

2010). Progressively thicker high-top clouds are found in the warm frontal region,
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Figure 3.14: Cloud fraction in terms of relative humidity (%) and vertical motion
(Pa/s) in the composite cyclone. The colour of the points denotes the value of cloud
fraction. The black line denotes the zero value of vertical motion.
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Figure 3.15: Relative humidity (%) in terms of cloud fraction and vertical motion
(Pa/s) in the composite cyclone. The colour of the points denotes the value of
relative humidity. The black line denotes the zero value of vertical motion.
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Figure 3.16: Vertical motion (Pa/s) in terms of cloud fraction and relative humidity
(%) in the composite cyclone. The colour of the points denotes the value of vertical
motion.
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which is also the region of maximum rainfall, maximum mid- and upper-level ascent

and high relative humidity. Thin cirrus clouds are located at the leading edge of

the warm frontal region. A smaller but still significant region of thick cloud and

precipitation is located along the cold frontal regions to the north of the cyclone.

Mid-level cloud extends to the southeast of the cyclone center. Low-level clouds of

various depth are found all around the system and form the dominant cloud type in

the northwest sector of the cyclone. Thick and high clouds are essentially absent in

that region owing to strong subsidence behind the frontal systems. The strongest

net CRE are found near the cyclone center, which is dominated by a net cooling of

90-130 W/m2.

The relationship between cloud fraction, vertical motion and relative humidity

does change with height. The range of all variables is larger at lower levels than

that at higher levels. Ascent is stronger than descent in the composite cyclone. A

quasi-linear relationship is evident in these three observed variables at lower levels.

This relationship becomes weak at higher levels.

Using case studies, Posselt et al. (2008) showed that Cloudsat can serve as a po-

tent tool for model assessment. The methodology developed here provides another

innovative opportunity for an in-depth evaluation of climate models. The compre-

hensive picture of an extratropical cyclone painted by our data analysis will provide

the possibility to evaluate the ability of a climate model to simulate the concurrent

cloud, dynamical, radiative and precipitation structures of extratropical cyclones

in the Southern Hemisphere. This provides a major ingredient to not only under-

stand the mean behavior of models over the Southern Ocean, but to ensure that this

behavior is produced from the right combination of physical processes as they act

in the major building blocks of Southern Hemisphere weather-extratropical cyclones.

The results of the analysis in this Chapter will be used to evaluate a climate

model in Chapter 5. Before doing so, the next chapter will investigate how the

relationships between clouds and dynamical fields found here changes with cyclone

strength and life cycle.



Chapter 4

Cyclones classes and their related

clouds and dynamical fields

Extratropical cyclones occur in a variety of forms and in different evolution stages.

Their structure depends on the background flow in which they are embedded, the

availability of moisture and the surface conditions (Wallace and Hobbs, 2006). The

average properties of a certain group of cyclones can be examined by adding ad-

ditional criteria to the compositing technique. Many methods to classify cyclones

into groups so that each group contains cyclones with the same characteristics have

been proposed. Here, one of such method based on cyclone intensity is used to

classify cyclones and to study the influence of intensity on cloud cover. The dis-

advantages of that classification method are discussed and to address them a new

classification method is introduced. This new method considers whether a cyclone

is deepening or filling as well as assessing its central pressure for classifcation. The

compositing method is used to examine changes in the clouds and dynamical fields

with the class of cyclone. By compositing cyclones of similar dynamical properties,

this chapter aims to provide some insights into the processes that couple the clouds

and precipitation to the state of dynamical development of the cyclone.

4.1 Classification of cyclones considering their in-

tensity

In earlier studies cyclones were classified using different parameters. Tselioudis and

Rossow (2006) classified cyclones into three groups by using a cyclone’s local minima

in the MSLP anomaly field and showed that increases in midlatitude storm intensity

produce stronger shortwave cooling and longwave warming. Field and Wood (2007)

categorized cyclones by their strength which was defined using surface wind and

60
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by their water vapor path. They showed that the rain rate and high cloud frac-

tion are positively correlated with cyclone strength defined in that way. Here the

composite method will first make use of the classification of cyclones in the MCMS

cyclone dataset (Bauer and DelGenio (2006), see Chapter 2). The MCMS cyclone

data set provides an index for the intensity of a cyclone by combining the cyclone’s

absolute minimum MSLP, deepening rate and pressure gradient. This classification

sorts cyclones into weak, intermediate and strong categories. This intensity index

is used here to classify cyclones. There were 1961 cyclones with intensity 1 which

are weak cyclones, 816 with intensity 2 which are moderate cyclones and 162 with

intensity 3 which are strong cyclones. All cyclones falling into a particular category

are composited using the method described in Chapter 3.

Figure 4.1 shows cloud fractions for all three intensities at height 1.5 km, 4.25

km and 9.25 km. Panels (a), (d) and (g) show cloud fraction and MSLP for intensity

1, 2 and 3, respectively. There is some noise in the results for intensity 3 because of

the small number of cyclones. As expected from the intensity definition in MCMS,

’strong’ cyclones with intensity 3 show the deepest low with a minimum pressure

970 hPa, ’moderate’ cyclones with intensity 2 have a minimum pressure of 982 hPa

and ’weak’ cyclones with intensity 1 have a minimum pressure of 998 hPa. The

cloud fraction has its highest values for the cyclones with intensity 3.

Panels (b), (e) and (h) show cloud fraction and vertical motion at 4.25 km for

intensity 1, 2 and 3, respectively. The cloud field exhibits a comma shape to the

east of the cyclone center for all cases. The vertical motion field becomes stronger

and expands in the east-west direction with increasing intensity. The cloud fraction

at this height associated with the rising motion at the eastern side of the cyclone

center is highest for cyclones with intensity 3. The region behind the system has

very few clouds due to the strong descending motion. There is slight increase in

these clouds behind the system with increased intensity.

Panels (c), (f) and (i) show cloud fraction and relative humidity at 9.25 km for

intensity 1, 2 and 3, respectively. The maximum of relative humidity matches well

with the maximum of cloud fraction for all intensities. These very high-level clouds

increase their fractional coverage with cyclone intensity. The maximum of cloud

fraction moves eastward of the cyclone center with increasing intensity.

The cloud fraction and dynamical fields associated with the composite cyclones

strengthen with increases in the cyclone’s intensity. However, there are some limi-
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Figure 4.1: Cloud fraction at 1.5 km and MSLP (hPa) for cyclones having intensity
1, 2 and 3 in panel (a), (d) and (g) respectively. Panels (b),(e) and (h) shows cloud
fraction and vertical motion (x 10 −2 Pa/s) at 4.25 km while panels (c), (f) and (i)
shows cloud fraction and relative humidity (%) at 9.25 km for intensity 1, 2 and
3, respectively. MSLP, ω and relative humidity are contoured and cloud fields are
shaded.
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tations of this classification method. There is major difference in the sample size for

the three intensities. The number of cyclones having intensity 3 is very small com-

pared to the number of cyclones having intensity 1. Given the CloudSat/CALIPSO

data issue discussed in Chapter 3 the direct comparison of cyclones with these two

intensities is difficult. Furthermore, the dynamical conditions for cyclones depend

on whether the cyclone is deepening or filling (Carlson, 1994), a characteristic not

accounted for in this classification. Considering these issues, a new classification

method is introduced below.

4.2 Cyclone classification based on pressure ten-

dency

4.2.1 An improved cyclone classification method

As the dynamical processes are different for cyclones in the deepening stage than that

for cyclones in the filling stage, we classified cyclones considering their deepening

or filling stage. To find cyclones of similar strength we used only cyclones observed

in the JJA season and the 400-500S latitudinal band for the years 2007-08. The

classification is done as follows.

• First all central MSLPs are noted related to all cyclones in the given period

and season.

• For each cyclone center, the central MSLP is compared with the reading taken

6 hrs before. If the central MSLP is greater than six hours before then the

cyclone is classified as ’filling’ while if it is less than or equal to what it was

six hours before, the cyclone is classified as ’deepening’.

• Further, as the dynamics will be different for cyclones having higher values

of pressure than that for the cyclones having lower values for pressure, each

category is subdivided into two classes. The ’deepening’ category is divided

into two classes: ’High Pressure Deepening (HPD) class’ and ’Low Pressure

Deepening (LPD) class’. To do so, the median of central MSLP’s is calculated

for all cyclones in the ’deepening’ category. If a cyclone center has a central

MSLP greater than that median then that cyclone center falls into the ’HPD

class’ otherwise it is assigned to the ’LPD class’. The HPD class contains 357

cyclones and the LPD class 362 cyclones.

• Similarly, the cyclones in the ’filling’ catagory are divided into ’Low Pressure

Filling (LPF) class’ and ’High Pressure Filling (HPF) class’. As for the ’deep-
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Figure 4.2: Position of all cyclone centers at different stages of their life cycle for
JJA 2007 and 2008.

ening’ case, the LPF class contains cyclones which have a MSLP less that or

equal to the median of the ’filling category’, while the cyclones with a central

MSLP greater than the median fall into HPF class. The LPF class contains

224 cyclone centers and HPF class 216 cyclone centers.

To investigate if there is any geographic bias in the location of cyclones at dif-

ferent development stage, Figure 4.2 shows the position of all cyclone centers (for

two JJA seasons considered for classification) at different stages of their life cycle.

Cyclones from all classes are spread all over the region. However, there is a higher

overall density of cyclone centers in the western Pacific. It is worth noting that this

classification method does not consider the situation where the cyclone is moving

into a region of higher or lower climatological MSLP, a situation very common in

the Southern Hemisphere (Sinclair, 1994; Lim and Simmonds, 2002). In such cases

this classification method has the potential pitfall of being misleading.

To check how our above defined stages relate to the actual lifetime stages of the

cyclones, the following method was applied. It is assumed that the ideal cyclone

will have four stages in its lifetime. It will be in the developing phase at the first

stage, get mature in the second stage, start vanishing in the third stage and in the

fourth stage it will be in its decaying phase. To find four stages of the cyclone

lifetime, each lifetime cycle was divided into 4 parts. The minimum central MSLP

was found for each cyclone. Then the lifetime between the starting position of the

cyclone and the position when it achieved minimum MSLP was divided into two

parts and these two parts, namely 1 and 2 were considered as the first two stages

of the cyclone. The remaining lifetime was divided into two parts and those two,

namely 3 and 4, were considered as last two stages of the cyclone. Each cyclone

center was assigned a value between 1 and 4 depending on which part of the lifetime
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of the cyclone it represents. Table 4.1 shows a comparison of the four classes based

on pressure tendency and their distribution into the stages of the actual lifetime

of the cyclone. The HPD class has the majority of the cyclones in their lifetime

stage 1, the LPD class has its majority of cyclones in the second stage, the LPF

class has its majority in the 3rd lifetime stage and the HPF class has most of the

cyclones in lifetime stage 4. This indicates that our classification which considers

the deepening or filling stage of the cyclones matches well with their actual lifetime

stage. In general, cyclones start developing in the HPD class, become mature in the

LPD class, start declining in the LPF class and are in their last phase in the HPF

class. However, there is a significant number of cases that do not follow this simple

pattern. This is particularly pronounced in the deepening stages and is the result

of the sometimes complex pressure evolution in the cyclone.

One example of this type of cyclone is shown in Figure 4.3. Figure 4.3 shows

changes in central MSLP with the lifetime of a cyclone that occurred on 10th October

2007. For this cyclone, the central pressure decreases in the first 20 hours reaching

996 hPa, it then increases to 998 hPa in next few hours. After 34 hours it starts

decreasing again and reaches 994 hPa and after 48 hours it starts increasing and

reaches approximately 1000 hPa. It fluctuates between 1000 hPa and 998 hPa for

some time and again decreases and reaches to 994 hPa at 96th hour. After 96th

hour it starts rising again. This cyclone has a lifetime of 108 hours in total and

achieves a minimum pressure during its lifetime of 993.6 hPa at 48 hours. So the

first 24 hours, the cyclone will be in lifetime stage 1, between 30-48 hours it will be

in lifetime stage 2. During 54-78 hours it will be in lifetime stage 3 and after that

it will be in lifetime stage 4. However, as the central pressure goes up and down

several times, it will enter in deepening and filling classes many times. For example,

for this cyclone, at the 18th hour the central MSLP is 995 hPa and at the 24th hour

it is 997 hPa. So according to our method, the cyclone will enter the filling category

at 24 hours and therefore, it would enter in the LPF class or HPF class while when

distributed according to lifetime cycle, it would remain in lifetime stage 1. Because

of this type of fluctuations in central MSLP regardless of life time of cyclones, every

class in Table 4.1 has cyclones in all life stages.

4.2.2 Rainfall in the pressure tendency classes

To check the viability of our classification method, first the precipitation field related

to these classes is composited. The left panels of the Figure 4.4 show precipitation
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Pressure tendency classes Life time stages
1 2 3 4

HPD class (357) 166 117 39 35
LPD class (362) 127 155 53 27
LPF class (224) 21 41 96 66
HPF class (216) 24 22 54 116

Table 4.1: Comparison of the pressure tendency classes with the stages of the actual
lifetime of the cyclone.

Figure 4.3: Cyclone’s SLP (hPa) and lifetime (hours) for an example observed on
10th October 2007.

for the four classes and the right panels show the anomaly of precipitation which is

calculated by subtracting the mean of all cyclones in the JJA season in our sample

from the individual class fields. As the cyclone progresses, the heaviest rain moves

progressively further to the east of the cyclone center and weakens. In the HPD

class, rain is concentrated at and near the center of the cyclone. The region at the

center is wetter than in the composite of all cyclones. The north-east part of the

cyclone center is dry compared to the composite over all cyclones. The rain spreads

more over the eastern part of the cyclone in the LPD class. Compared to the HPD

class, the rain field extends to the north-west and south-east side of the center and

the location of the maximum moves eastward. In the LPF class, the rain field starts

shrinking and its maximum moves further east. The far eastern side of the cyclone

shows an anomalous increase in the precipitation while there is an anomalous de-

crease in the precipitation around the cyclone center.

In the HPF class, the rain field becomes stronger at the western corner most

likely representing a neighbouring system in the composite. The precipitation is

minimum at the center and to the eastern side of the cyclone center. As mentioned

above, rainfall gradually decreases with the progressing classes. This is consistent

with the study of Rudeva and Gulev (2011) who showed that the precipitation rate



4 Cyclones classes and their related clouds and dynamical fields 67

decreases 50-70% during the lifetime of a composite cyclone. The evolution of the

rainfall field with class indicates that our classification scheme captures key stages

of cyclone evolution, encouraging us to proceed in studying the cloud to dynamics

relationship in the four cyclone classes.

4.2.3 Clouds in the pressure tendency classes

Figure 4.5 shows cloud fraction at 1.5 km level and MSLP for all stages in the left

panels and anomalies of cloud fraction and MSLP in the right panels. Anomalies

are again calculated by subtracting the mean of all cyclones in the JJA season in

our sample from the cloud fraction and MSLP for all for individual classes (shown

in the left panels). Cloud fraction at the 1.5 km level changes according to cyclone

classes. In the HPD class, the cloud structure starts developing. In the LPD class

the cloud fraction values are highest compared to the rest of the classes. The cloud

field starts diminishing in the LPF class and is lowest at the HPF class. As expected,

MSLP is minimum for cyclones in the LPD and LPF classes. For the HPD class,

the minimum MSLP is 1000 hPa, which is 9 hPa higher than the mean MSLP for

all cyclones. The MSLP is minimum in the LPD class with the value of 986 hPa

which is 7 hPa less than the mean state. The LPF class has MSLP of 986 hPa and

8 hPa less than the mean state in the eastern side of the cyclone center. In the HPF

class the MSLP is 1002 hPa, which is 9 hPa higher than the mean state.

In Figure 4.5 isolines of the occurrence of cold and warm fronts are again shown

by blue and red lines, respectively. The region showing a frequent occurrence of cold

fronts is situated to the north side of the cyclone center and is most wide in the LPD

class. It then shrinks with progressing stages of life cycle. The region showing a fre-

quent occurrence of warm fronts is situated to the eastern side of the cyclone center.

The regions showing the occurrence of cold and warm fronts are neatly organized in

the deepening classes. In the LPF class, the region of warm fronts gets extended at

the eastern side of the cyclone center consistent with the extended cloud structure

in the region. The cold fronts have the highest spread in the LPD class while the

warm fronts have highest spread in the LPF class when compared with rest of the

classes.

Figure 4.6 shows the cloud fraction and the vertical motion at 4.25 km for all

stages along with their anomalies from the mean cyclone. For all classes, the vertical

motion field follows the cloud field with a comma shaped structure. The ascent is
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(c) LPF class
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Figure 4.4: Left panels show rain (mm/day) and MSLP (hPa) and right panels
show the anomaly of rain for cyclones in the pressure tendency classes. MSLP is
contoured and the rain field is shaded.
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Figure 4.5: Left panels show cloud fraction and MSLP (hPa) and right panels show
the anomaly of cloud fraction and MSLP at 1.5 km for cyclones in all pressure
tendency classes. MSLP is contoured and the cloud fields are shaded.
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Figure 4.6: Left panels show cloud fraction and vertical motion (Pa/s) and right
panels show the anomaly of cloud fraction and vertical motion at 4.25 km for all
pressure tendency classes. The vertical motion is contoured and the cloud fields are
shaded.
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Figure 4.7: Left panels shows cloud fraction and relative humidity (%) and right
panels show the anomaly at 9.25 km for cyclones in the four pressure tendency
classes. The relative humidity is contoured and the cloud field is shaded.
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strongest in the LPD class at the eastern side of the cyclone center. In the LPF

class, the ascent weakens while the descent strengthens slightly. The ascent spreads

more towards the eastern side of the cyclone center resulting in an anomalous in-

crease of ascent to the far east of the cyclone center. In the HPF class, the region

of ascent and its associated cloud structure shift towards the eastern side of the

cyclone center. The descent strengthens on the western side of the cyclone center.

Figure 4.7 shows the cloud fraction and relative humidity at 9.25 km as well as

their anomalies for the four classes. The maximum of cloud fraction is reached to

the east of the cyclone center, similar to lower levels and consistent with ascent. The

relative humidity maximum coincides with the cloud maximum, while regions with

low relative humidity coincide with the cloud free regions to the west of the cyclone

center, in all four stages. Values of relative humidity are higher in the deepening

stages than that in the filling stages. For the HPD class, the relative humidity and

cloud fraction are higher than their mean state at and near the center of cyclone.

The LPD class shows an anomalous increase in the relative humidity on the eastern

side of the cyclone center while the western side shows an anomalous decrease in

the humidity, both consistent with the anomalous cloud fraction. The north-eastern

corner of the cyclone center shows an anomalous decrease in humidity and cloud

fraction in the LPF class.

As in Chapter 3, four vertical sections are selected and shown for all four classes

here. Figure 4.8 shows the cloud fraction and the vertical motion at the North -

South section taken 500 km east of the cyclone center, through the middle of the

warm frontal region, along with their anomalies, for all classes. In the HPD class,

the maximum of the cloud fraction is found at mid-levels, just to the south of the

cyclone center. These clouds are more than those in the mean state. The maximum

ascent coincides with the maximum of cloud fraction. Behind the warm frontal re-

gion there are no clouds consistent with descending motion in the region. In the

LPD class, the maximum of cloud fraction is at the center of the cyclone. The

ascending motion is larger than the mean state agreeing with anomalous increase

in the clouds. In the filling stages, there is anomalous decrease in the cloud frac-

tion consistent with anomalous weakening of the rising motion. In the warm frontal

region, the deepening classes show maximum cloud fraction at mid-levels. In the

filling stages, the cloud fraction decreases as the ascending motion weakens.

Clouds in the cold frontal region are shown in Figure 4.9 by taking a North

-South cross-section at 100 km west of the cyclone center. In the HPD class, cloud
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Figure 4.8: Left panels show cloud fraction and vertical motion (Pa/s) while the
right panels show the anomaly of cloud fraction and vertical motion for the +500
km North-South slice for cyclones in all pressure tendency classes. The vertical
motion is contoured and the cloud field is shaded.
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Figure 4.9: Left panels show cloud fraction and vertical motion (Pa/s) while the
right panels show the anomaly of cloud fraction and ω for the -100 km North-South
slice for cyclones in all pressure tendency classes. The vertical motion is contoured
and the cloud field is shaded.
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Figure 4.10: Left panels show cloud fraction and relative humidity (%) and right
panels show the anomaly for the +500 km East-West slice for cyclones in all pressure
tendency classes. The relative humidity is contoured and the cloud field is shaded.
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Figure 4.11: Left panels show cloud fraction and relative humidity (%) and right
panels show the anomaly for the -500 km East-West slice for cyclones in all pressure
tendency classes. The relative humidity is contoured and the cloud field is shaded.
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fraction has two peaks, one at very low levels, around 2 km and another at a height

of about 6-7 km. Values of cloud fraction and rising motion are higher than the mean

state to the north of the cyclone center. The descending motion slightly strengthens

and cloud fraction slightly reduces to the south of the cyclone center. The LPD

class shows the highest values of cloud fraction and ascent compared to all other

stages. The cloud fraction has its highest values just south of the cyclone center

and it is stronger than the mean state agreeing with an anomalous increase in the

ascent values in the region. However, to the north side of the cyclone center, there

is an anomalous decrease in the rising motion consistent with anomalous decrease in

the values of the cloud fraction. This region at 1000 km north of the cyclone center

becomes the region of descent in the LPF class.

The LPF class shows an anomalous decrease of ascent and a slight increase in

descent. In the HPF class, there is a strong anomalous decrease in the ascent values

at and near the cyclone center and they are matched with anomalous decrease in

values of cloud fraction in the region. The descending motion at 1000 km to the

south of the cyclone center slightly strengthens accompanied with slight increase in

the cloud fraction.

Figure 4.10 shows clouds in both the cold frontal and warm frontal region via an

East -West cross-section taken 500 km north of the cyclone center. The superposed

field here is relative humidity. The anomalies compared to the mean cyclone are

shown in the right panels. Relative humidity and cloud fraction both show a tilted

structure for all the classes consistent with the horizontal sections shown in Figures

4.5, 4.6 and 4.7. All the classes show the highest values for humidity and cloud frac-

tion at very low levels consistent with prevalent low level cloudiness in the Southern

Ocean (Haynes et al., 2011; Govekar et al., 2011). The HPD class has two maxima

in the cloud fraction and relative humidity, one at very low levels, around 2 km

and another at about 9 km. There is anomalous increase in the cloud and relative

humidity near the cyclone center. Elsewhere there is a slight decrease in humidity

and cloud fraction in this class. In the LPD class the relative humidity increases

up to 70% at 6-9 km height consistent with higher cloud fraction at that height.

The eastern side of the cyclone center has an anomalous increase in both relative

humidity and clouds. The cloud and humidity fields at the center of the cyclone

weaken in the LPF stage. However, to the far eastern side there is an anomalous

increase in both fields. In the HPF class, there is an anomalous decrease in humidity

at and near the cyclone center. The anomalous increase in both humidity and cloud

fraction in the western part of the cyclone center confirms the likely existence of
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neighbouring cyclones following the original system.

An East-West slice of the cloud and humidity field taken in the region of maxi-

mum cloud fraction at mid-levels is shown in Figure 4.11 along with their anomalies.

This vertical section is taken 500 km south of the cyclone center. The values of cloud

fraction are maximum to the east of the cyclone center in the HPD class. The max-

ima of humidity and cloud fraction match well in the mid-levels. The western part

of the cyclone is relatively dry and cloud free. In the LPD class, the cloud fraction

on the eastern side of the cyclone center is highest compared to other classes. Both

humidity and cloud fraction are higher than in the mean composite cyclone in that

region. The cloud free region again lies to the western side of the cyclone center con-

sistent with Figures 4.6 and 4.7. In the LPF class the maximum cloud fraction moves

eastward and there is a slight increase in humidity and cloud fraction to the western

side of the cyclone center denoting a slight weakening of the descending motion in

the region. The HPF class shows larger values for cloud fraction and humidity in

the western part of the cyclone compared to other classes. As seen in Figure 4.10,

this is likely caused by the next system being included in the composite of this class.

The deepening classes have a cloud fraction maximum just to the east of the cy-

clone center while for the filling classes it moves further eastward. The rising motion

is strong in the deepening stage and is accompanied with thick high top clouds. It

weakens in the filling classes. This result is in agreement with Norris and Iacobellis

(2005) who find that increasing the magnitude of vertical motion leads to higher

cloud tops and increased optical depth.

Overall, the ascent is stronger in the deepening classes than that in the filling

classes. The ascent values in the HPF class are approximately 50% less than that

in the LPD class. The descending motion slightly strengthens in the filing stages.

The upper level clouds having the highest humidity are in the region of ascent. For

all heights, clouds in the region of descent occur in relatively drier air than those

in the region of ascent. Strong ascent, higher values of relative humidity and cloud

fractions are consistent with the strong rain field in the deepening classes as shown

in Figure 4.4.
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(c) LPF class
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Figure 4.12: The left panels show the shortwave CRE (W/m2) and MSLP (hPa)
and the right panels show the anomaly of shortwave CRE for cyclones in the (a)
HPD class, (b) LPD class (c) LPF class and (d) HPF class. MSLP is contoured and
shortwave CRE is shaded.
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(c) LPF class
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(d) HPF class

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

10

15

20

25

30

35

40

45

50

55

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(h)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

-25

-20

-15

-10

-5

0

5

10

15

20

Figure 4.13: The left panels show the longwave CRE (W/m2) and MSLP (hPa)
and the right panels show the anomaly of longwave CRE for cyclones in all pressure
tendency classes. MSLP is contoured and longwave CRE is shaded.



4 Cyclones classes and their related clouds and dynamical fields 81

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

992

992

996

996

1000

1000

1000

1004

1004

1004

1008

1008

1012

1012

1016

1016

1020
10

20
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(c) LPF class
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Figure 4.14: The left panels show the net CRE (W/m2) and MSLP (hPa) and the
right panels show the anomaly of net CRE for cyclones in all pressure tendency
classes. MSLP is contoured and net CRE is shaded.
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4.2.4 Radiation in the pressure tendency classes

Figure 4.12 shows the shortwave CRE for all pressure tendency stages. For the HPD

class, there is a strong negative CRE in the shortwave of more than 70 W/m2 to the

north-east of the cyclone center. At the cyclone center shortwave CRE is more than

that in the mean cyclone. At the LPD class, the shortwave CRE is more widely

spread in the north-east corner. It weakens in the LPF class over all the domain

and maxima of it moves more eastward consistent with shift of clouds in the region

as seen in Figures 4.5, 4.6 and 4.7. However, in the HPF class, the shortwave CRE

become slightly stronger at the north-eastern side of the cyclone center. The north-

east corner of the cyclone shows more shortwave CRE than the mean cyclone. In

the HPF class, there are the fewest high level clouds are existent (Figure 4.7). Con-

sequently, it must be low- and mid- level clouds that produce the stronger shortwave

CRE in the region. The following system to the main cyclone system is also evi-

dent in the HPF class as it was seen in the rain and cloud fields in Figures 4.4 and 4.6.

Figure 4.13 shows the longwave CRE for all stages. The longwave warming CRE

is stronger in the deepening than the filling stages. In the HPD class, it is more

concentrated at and to the south-east of the cyclone center. This longwave warming

CRE is stronger than that of the mean cyclone. It spreads further eastward and be-

come weaker in the LPF class. The longwave warming CRE is anomalously positive

in the deepening stages in the warm frontal region consistent with thick clouds at

higher levels found in that region (cf. Fig. 4.6 and Fig. 4.7). This is consistent with

Tselioudis and Rossow (2006) who showed that the net longwave CRE increases

with an increase in cyclone strength. The longwave warming CRE is weakest in the

HPF class. It is anomalously negative near the center of the cyclone and anoma-

lously positive in its north-eastern part showing a shift of clouds in that part of the

cyclone in its later stages of life. An anomalously positive longwave warming CRE

at the western side of the cyclone indicates the presence of the following systems as

seen in the rain and dynamical fields.

The shortwave and longwave longwave CRE cancel each other in the warm frontal

region as seen in Figure 4.14. The maximum of the net CRE is found at the north-

western side of the cyclone center in the HPD class. In the LPF classes, the net CRE

becomes stronger at the far northern side of the cyclone center. The net cooling is

anomalously strong at the cyclone center and the southern part of the cyclone while

it is anomalously weak at the western part of the cyclone in this class. In the LPD

class, the net CRE is less than that in the mean cyclone. In the HPF class the net

CRE is stronger in the north-eastern side of the cyclone. The maximum cooling
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Figure 4.15: Cloud fraction in terms of relative humidity (%) and vertical motion
(Pa/s) for a composite cyclone in all pressure tendency classes. The colour of the
dots denote the value of cloud fraction and the black vertical line denotes the zero
value of vertical motion.

net CRE is found in the HPF class. This is contradictory to Tselioudis and Rossow

(2006) who showed that net CRE increases with the strength of cyclone. These type

of signal do not appear in the cloud or rain field (cf. Figure 4.4 and 4.6), making

it likely that it is the optical properties of the clouds that explain this result. The

investigation of this issue is beyond the scope of this study.
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4.3 The relationship between dynamical fields and

clouds in the pressure tendency classes

One of the advantages of having vertically resolved concurrent cloud and dynamics

information is that the cloud state can be more directly linked to its dynamical

drivers as shown for the mean cyclone in Figures 3.14, 3.15 and 3.16. Here we apply

the same technique to fields from the pressure tendency classes.

Figure 4.15 shows the relationship between vertical motion, relative humidity

and cloud fraction at three different heights for all lifecycle stages. The vertical mo-

tion is on the x-axis and the relative humidity is on the y-axis. The colours indicate

the value of cloud fraction. The black vertical line denotes zero values of vertical

motion. This figure shows that the relationships between clouds, vertical motion

and relative humidity do change with height (as shown before for the mean cyclone)

but also with the class of the cyclones.

At 1.5 km, the highest cloud fraction appears in the LPD class. The values for

cloud fraction are smallest in the HPF class and are consistent with minimum values

of ascent. The values of cloud fraction are largest at this lowest height consistent

with the prevalent low level cloudiness in the Southern Ocean. At 4.25 km, the

ascent reaches its maximum value (-0.28 Pa/s) in the LPD class. The relative hu-

midity ranges between 20% and 95%. The region of descent shows very small values

of cloud fraction accompanied with the lowest values of relative humidity. In the

region of ascent, the points with the highest values of ascent and the highest relative

humidity are accompanied with the highest cloud fractions. The relationship be-

tween the three variables is strong in the deepening classes but it starts weakening

in the filling classes. In the HPF and LPF classes, high values of cloud fraction

do not necessarily relate to the high values of relative humidity implying that rel-

ative humidity and cloud fraction are not always directly proportional to each other.

Similar to the mean cyclone results in Chapter 3, at 9.25 km height, the range

of all three variables is smaller than that at the lower heights for all four classes.

Moreover, the relationship between the three variables is weak at this height. The

region of descent is very dry and is accompanied with small values of cloud frac-

tion. The values of relative humidity range between 20% and 70% (note again that

relative humidity is defined with respect to water). Smaller values of ascent show

higher values of cloud fraction than higher values of ascent indicating that vertical

motion and cloud fraction are not always proportional to each other.
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Figure 4.16: The vertical motion (Pa/s) in terms of relative humidity (%) and cloud
fraction for a composite cyclone in all pressure tendency classes. The colour of the
dots denote the value of vertical motion.

For all classes, vertical motion is drawn in terms of relative humidity and cloud

fraction in Figure 4.16 at three different heights. The relative humidity is drawn

on the x-axis and cloud fraction is on the y-Axis. The colour in this figure denotes

value of vertical motion. This figure agrees well with Figure 4.15 and shows that

the relationship between relative humidity and cloud fraction is nearly linear at

low and mid-levels for the cyclone composite. Note that the composite provides a

highly averaged picture and the results do not represent instantaneous relationships.

Cloud fraction and humidity at 1.5 km are very high. In the HPD and LPD class,

the regions with higher humidity and higher cloud fraction are accompanied with



4 Cyclones classes and their related clouds and dynamical fields 86

higher values of ascent. Smaller values of humidity and cloud fraction are associated

with small values of vertical motion. The relationship between the three variable

is strong in these deepening classes. In the filling classes, the values of ascent are

smaller even if the values of humidity and cloud fraction are higher.

At 4.25 km, the range of all variables is large in all classes compared to the other

two heights. As shown in Figure 4.16 the values of cloud fraction and ascent are

largest in the LPD class. The relationship between the three variables is strong

as higher values of humidity and cloud fraction are accompanied by higher values

of ascent in the deepening classes. In the filling stages, this relationship weakens.

In the HPF class, the points with higher values of humidity and cloud fraction are

related with smaller values of vertical motion and the regions with relatively small

values of humidity and cloud fraction are related to higher values of ascent. The

U-shape scatter plot for the HPF class at height 9.25 km confirms the weak rela-

tionship between the three variables in this class.

Figure 4.17 shows relative humidity in terms of vertical motion and cloud frac-

tion, for all classes. At 1.5 km, most of the grid points show high values of relative

humidity. The deepenig stages have higher values of ascent and cloud fraction com-

pared to the filling stages. At 4.25 km, the grid points with smaller values of vertical

motion and cloud fraction are relatively dry. In the LPD class, the range of all vari-

ables is bigger than in other classes. The relationship between the three variables

is strong in the deepening classes but it weakens in the filling classes as shown in

Figure 4.15 and Figure 4.16.

4.4 Summary

Cyclones go through a life cycle. A simple classification to represent that life cy-

cle by considering whether the cyclone is deepening or filling is described in this

Chapter. The central pressure of the individual cyclones was considered for further

classification. This way, cyclones were classified into four classes. The composite

method described in Chapter 3 was applied to cloud and dynamical fields related to

the cyclones in these classes and comparisons were made.

The rain field evolves with the evolving lifecycle of the cyclone. Mainly, the

eastern part of the cyclone is dominated by rain in all lifecycle stages. There is ap-

proximately 50% less precipitation in the filling stages than in the deepening stages.
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Figure 4.17: Relative humidity (%) in terms of vertical motion (Pa/s) and cloud
fraction for a composite cyclone. The colour of the dots denote the value of relative
humidity.



4 Cyclones classes and their related clouds and dynamical fields 88

This is in agreement with analysis of Rudeva and Gulev (2011) who showed that

cyclones produce less rain in the later stages of their life. The vertical motion field

follows the comma shaped structure and maxima of cloud fraction are found in the

region of ascent for each of the four classes. The ascent is strongest in the LPD class

and the descent is strongest in the HPF class. The deepening (filling) stages have

stronger (weaker) rising motion than the mean composite cyclone, consistent with

larger (smaller) cloud fraction found in that region. This agrees with the results

of Norris and Iacobellis (2005). The maxima of cloud fraction and rising motion

shift eastward as the cyclone progresses through its life cycle. Relative humidity is

matched well with the cloud field for all classes. In the deepening (filling) classes,

relative humidity values are larger (smaller) than the mean composite in the eastern

part of the cyclone.

The changes in the relationship between cloud, vertical motion and relative hu-

midity with the class of cyclone is examined by drawing each variable in terms of

remaining two variables for all classes. This relationship is strong in the lower part

of the troposphere but weakens at higher levels for all classes consistent with the

results in Chapter 3. We find that these relationships are stronger in the deepening

stages and weaker in the filling classes.

Having analyzed the relationship of clouds and dynamics in a cyclone composite

the next chapter will evaluate simulations of a state-of-the-art climate model using

the techniques developed in this and the previous Chapters.



Chapter 5

The representation of Southern

Hemisphere cyclones in a

state-of-the-art climate model

5.1 Introduction

A faithful representation of midlatitude cyclones in atmospheric models is important

for Numerical Weather Prediction and climate science. To have confidence in predic-

tions of changes to extratropical cyclones in a future climate, climate models should

provide a realistic representation of these systems, from the spatial distribution of

the storm tracks down to the structure of the storm. Extratropical cyclones can also

be associated with severe weather in terms of heavy rain and damaging winds. For

these reasons it is important to determine if extratropical cyclones, including their

description of clouds and their relationship to dynamical processes are adequately

represented in weather and climate models. The analysis presented in the previous

Chapters provides an innovative framework for the evaluation of cyclone structures

in models.

Many recent studies have examined the representation of aspect of cloudiness as

well as the radiation budget in climate models (Bodas-Salcedo et al., 2012; Field

et al., 2011). These studies show that current models have large biases in the ra-

diation budget. Webb et al. (2001) and Williams and Webb (2009) show that a

deficit of bright mid-level cloud in the mid-lattude oceans contribute to a weak

shortwave cloud radiative effect (CRE). Trenberth and Fasullo (2010) analyzed 24

coupled models from the Third Coupled Model Intercomparison Project (CMIP3,

Meehl et al. (2007)) and demonstrated that models show a consistent positive bias

89



5 The representation of Southern Hemisphere cyclones in a
state-of-the-art climate model 90

in the absorbed shortwave radiation at top of atmosphere (TOA) over the Southern

Ocean region. They argued that a lack of clouds in the present-day climate simula-

tions is at least partially responsible for these TOA shortwave biases in the region.

As the Southern Ocean covers a large area, the errors in the cloud representation in

the area will have a relatively large effect on the global TOA radiation budget. If

the model poorly reproduces the cloud distributions, then it is unlikely that it will

reproduce cloud-climate feedbacks correctly (Webb et al., 2001).

This chapter aims to evaluate the Australian Community Climate and Earth

System Simulator (ACCESS) model against observations. The main characteristics

of Southern Hemisphere extratropical cyclones are examined by compositing data

related to cyclones in a reference framework where the origin is at the center of the

cyclone, as described in the compositing method in Chapter 3. This compositing

approach is a useful way of removing cyclone-to cyclone variability from both ob-

servations and model cyclones (Lau and Crane, 1997; Klein and Jakob, 1999; Field

et al., 2008, 2011). An assessment of cloud and dynamical fields along with pre-

cipitation and the radiation budget related to Southern Hemisphere extratropical

cyclones will be carried out by applying this compositing method to the ACCESS

model. We first compare the model simulation with ISCCP observations and then

assess three-dimensional cloud structure of extratropical cyclones captured by mod-

els with CloudSat/CALIPSO observations. The relationship between clouds and

dynamical fields related to extratropical cyclones in the model is examined and

compared with that in the observations. As was done for the observations in Chap-

ter 4, the model cyclones are then classified into four classes and the changes in

the relationship between clouds and dynamical fields produced by the model are

assessed against the observations.

5.2 Description of the model simulation

The ACCESS model used in this study is the MetUM version 7.1 and is based on

the second version of the Hadley center Global Environment Model (HADGEM2-A)

described in Collins et al. (2008). The model has been run for 2 years (2000- 2001).

We run the ACCESS in atmosphere only mode forced with climatological SSTs. The

analysis presented in this chapter is carried out with the climate horizontal resolu-

tion N96 (1.8750 longitude × 1.250 latitude) and with 38 vertical levels. The model

output used are 6 hourly bulk cloud fraction, vertical velocity, relative humidity, sea

level pressure, radiation fluxes, as well as the large scale and convective rain fields.
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The cloud scheme used in the simulation was the PC2 (prognostic cloud, prog-

nostic condensate). The scheme uses a prognostic representation of cloud fraction

and condensate by estimating their increments from each physical and dynamical

process that is represented in the MetUM (Martin et al., 2011; Franklin et al., 2012).

Changes have also been applied to the parameterization of convection when using

the PC2 cloud scheme (Wilson et al., 2008). The major changes include an increase

in the proportion of condensate that is detrained from the convective plumes, rather

than being precipitated and a reduction of the phase change temperature between

liquid and ice condensate in the convective updrafts. These changes have been found

to be necessary to produce realistic anvil clouds due to the direct interaction of the

large-scale cloud variables in PC2 with the convection scheme. The PC2 scheme

includes prognostic variables for the cloud liquid water content, the cloud ice water

content, the bulk cloud fraction, the liquid cloud fraction and the ice cloud fraction.

The bulk cloud fraction, which is the volume of a grid-box covered by cloudy air

in the PC2 scheme, was used here to compare with cloud observations from Cloud-

Sat/CALIPSO. Model rainrates were derived by adding precipitation from the large

scale rain and convective parameterization schemes. Model fields for vertical mo-

tion, relative humidity, MSLP were extracted.

5.3 Evaluating the cyclone cloud structure using

ISCCP observations

Several studies have evaluated climate models using ISCCP observations (Zhang

et al., 2005; Field et al., 2011; Bodas-Salcedo et al., 2012). The main goal of this

section is to compare earlier work with our analysis and make sure that the com-

positing technique used here is working well.

The ACCESS model has been run for the year 2000 using model version 7.1

including the ISCCP simulator (Klein and Jakob, 1999; Webb et al., 2001). The IS-

CCP simulator minimizes the difference of sampling geometry between the models

and observed data. As a GCM represents clouds on a much coarser grid than the

satellite observations, the ISCCP simulator downscales the model output to better

match with satellite observations. Also, it allows the comparison of model clouds

with measurements that matched cloud top pressure and visible optical depth with

observations.
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The model data is available 6 -hourly on a 1.880 × 1.250 grid and 38 vertical

levels. Model fields for MSLP and cloud fraction in the standard ISCCP cloud-top

pressure and cloud optical depth bins, were extracted. The cyclones were tracked

using a method similar to Bauer and DelGenio (2006) applied to the MSLP field of

the model. Using the compositing method described in Chapter 3, model fields for

MSLP and cloud fraction as a function of ISCCP cloud top pressure were composited

and are shown in Figure 5.1.

The left panels of Figure 5.1 show composited cloud fraction and MSLP from the

model for the seven different cloud top pressure classes. The right panels show the

difference of cloud fraction between the model (using the ISCCP simulator) and the

ISCCP observations. The center of the cyclone can be easily seen in the MSLP field

with approximately 990hPa minimum pressure. The MSLP field shows a structure

consistent with the observations (cf. Figure 3.3). The model shows a larger hori-

zontal extent of the cloud field compared to the observations. Consistent with the

observations, low level clouds are at the west side of the cyclone center while upper

level clouds are at the east side of the cyclone center. Mid-level clouds are found

mainly on the southern side of the cyclone center. The main difference between the

observations and the model is a lack of clouds below 500 hPa in the model. This

underprediction of mid-level and low level clouds in the model is consistent with the

result of Field et al. (2011) who used the Met Office Unified Model (UM) to assess

clouds in midlatitude cyclones.

The compositing in the model worked well and reproduced existing results, which

gives us confidence for the use of the CloudSat/CALIPSO data below.

5.4 Evaluation of the composite cyclone radiation

and precipitation structure

Figure 5.2 shows the model-simulated CRE and precipitation as well as their differ-

ence from observations. The observed radiative fluxes are based on the ISCCP-FD

data (as shown in Figure 3.4) and the observed precipitation field is from the GPCP

dat set (as shown in Figure 3.4 (d)). As described in Chapter 3, the CRE is the dif-

ference between clear sky and full sky radiative fluxes. Panel (a) shows the shortwave

CRE from the model (left) and panel (e) shows the model error which is calculated

by subtracting the observed shortwave CRE from the model values. There is a neg-

ative (cooling) CRE in the shortwave of more than 20 W/m2 in the model in the
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(b) 680 < CTP < 800
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(i) 680 < CTP < 800
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(c) 560 < CTP < 680
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(j) 560 < CTP < 680
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(d) 440 < CTP < 560
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(k) 440 < CTP < 560

Figure continued on the next page.
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(e) 310 < CTP < 440
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(l) 310 < CTP < 440
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(f) 180 < CTP < 310
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Figure 5.1: MSLP (hPa) and cloud fraction for the seven ISCCP CTP classes. The
first column shows total cloud fraction and MSLP from the model simulation, the
second column shows the model error. MSLP is contoured and the cloud fields are
shaded.



5 The representation of Southern Hemisphere cyclones in a
state-of-the-art climate model 95

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

988

992
992

996996
99

6

1000
1000

1000

1004

1004

1008

1008

1012

1012

1016

1016

1020

(a)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

-200

-180

-160

-140

-120

-100

-80

-60

-40

-20

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(e)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

-60

-50

-40

-30

-20

-10

0

10

20

30

40

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

988

992
992

996996

99
6

1000
1000

1000

1004

1004

1008

1008

1012

1012

1016

1016

1020

(b)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

0

10

20

30

40

50

60

70

80

90

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(f)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

-60

-50

-40

-30

-20

-10

0

10

20

30

40

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

988

992
992

996996

99
6

1000
1000

1000

1004

1004

1008

1008

1012

1012

1016

1016

1020

(c)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

-120

-108

-96

-84

-72

-60

-48

-36

-24

-12

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(g)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

-60

-50

-40

-30

-20

-10

0

10

20

30

40

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

988

992
992

996996

99
6

1000
1000

1000

1004

1004

1008

1008

1012

1012

1016

1016

1020

(d)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

0

2

4

6

8

10

12

14

16

18

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(h)

-2000 -1000 0 1000 2000
-2000

-1000

0

1000

2000

-12

-10

-8

-6

-4

-2

0

2

4

6

8

Figure 5.2: Cyclone composite CRE, MSLP (hPa) and precipitation from the model
and the model error. MSLP is contoured, the radiation and precipitation fields
are shaded. Panels (a) and (e): Shortwave CRE (W/m2). Panels (b) and (f):
Longwave CRE (W/m2). Panels (c) and (g): Net CRE (W/m2). Panels (d) and
(h): Precipitation (mm/day).
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entire domain. The maximum of the shortwave CRE lies near the center of cyclone

in the warm frontal region. To the western side of the cyclone center the model fails

to produce a strong enough shortwave CRE, compared to the observations. This is

consistent with Field et al. (2011) who showed that for the short-wave, the model

is brighter near the cyclone center and is dimmer away from the center, compared

to the ISCCP - FD data set. There is bias of more than 40 W/m2 behind the com-

posite model cyclone center. The lack of clouds at mid - and lower levels seen in

Figure 5.3 very likely contributes to this large bias. This result is consistent with

Bodas-Salcedo et al. (2012) who composited the shortwave CRE around cyclones

and showed that there is large shortwave CRE bias in the cold air region.

Panel (b) of Figure 5.2 shows the positive (warming) longwave CRE in the model

around the composite model cyclone. The longwave CRE is peaking at up to 80

W/m2 in the model. As described in the Chapter 3, the longwave CRE is gen-

erally driven by high level clouds. Consistent with overestimation of high clouds,

the model has a stronger longwave CRE than observed (Figure 5.2(f)). The region

of strong longwave CRE is slightly misplaced ahead of the observed warm frontal

region.

The net CRE is the sum of the shortwave CRE and the longwave CRE and is

shown in Panel (c) of Figure 5.2. The net CRE is negative all over the cyclone area

box. Panel (g) shows its difference from the observations. The model has up to

40 W/m2 of bias in the western part of the composite model cyclone. Consistent

with conclusions of earlier studies (Trenberth and Fasullo, 2010; Field et al., 2011;

Bodas-Salcedo et al., 2012) this bias in the net CRE is largly driven by a bias in the

shortwave CRE and highlights once again the lack of low level clouds behind the

cyclone center in the model.

Panel (d) shows the precipitation distribution around the model cyclone cen-

ter. The maximum precipitation is found to the east and south-east of the cyclone

center with values of 8-10 mm/day. Panel (h) shows the model error calculated by

subtracting the GPCP derived precipitation composite from that of the model. The

model produces more rain than the observations in the south-eastern part of the

cyclone, consistent with over-prediction of high level clouds in the model in that

region.
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5.5 A precipitation adjusted CloudSat/CALIPSO

data set for model evaluation

Our goal is to compare model simulations to the three-dimensional cloud and dy-

namical cyclone structure investigated in Chapters 3 and 4. To do so requires to

match the model output with appropriate observations. There are two ways of doing

this, i) the use of an observation simulator and ii) to retrieve the relevant model

quantities from the observations. The Cloud Feedback model Comparison Project

(CFMIP) Observation Simulator Package (COSP, Bodas-Salcedo et al. (2011)) is

a software tool that allows simulation of Cloudsat data in the ACCESS that is

consistent with the model microphysics (Field et al., 2011; Bodas-Salcedo et al.,

2012). Unfortunately the COSP was not available to us at the start of this study.

Hence we need to find ways to match CloudSat/CALIPSO data with model data as

best as posiible. There are several issues to consider. first, the model height levels

are not equally distributed and don’t match the CloudSat/CALIPSO levels. They

are denser at lower levels than at higher levels. To better match the observations,

CloudSat-CALIPSO observations were averaged to match the model levels. At 1.6

km, the model output is compared with the average of two CloudSat vertical levels,

at ≈ 1.7 km and ≈ 1.4 km. At 4.5 km, the model is compared with an average of

three Cloudsat levels, at ≈ 4.5 km, ≈4.3 km and ≈4.1 km. At 9.7 km, the model

output is compared with the average of four CloudSat levels, at ≈ 9.6 km, ≈9.3 km,

≈9.1 km and ≈8.9 km. Figure 5.3 shows this averaged cloud fraction at those three

different heights in the left panels. Comparison to Figure 3.8 reveals that the main

cloud structures are preserved in the averaging.

A second issue for the comparison is that the CloudSat/CALIPSO dataset in-

cludes precipitation in the cloud mask (Haynes et al., 2009), and consequently the

estimated cloud fractions include a contribution from precipitation and are likely

overestimated. We construct a new cloud mask (noprecip) by removing all cloud

profiles for which precipitation was detected at the ground (Jiang et al., 2012). The

precipitation flags (rain, snow, drizzle and graupel) in the CloudSat 2C-PRECIP-

COLUMN product (Haynes et al., 2009) was used to detect precipitation at the

ground. We consider the range between the original and noprecip cloud masks as a

reasonable estimate of the upper and lower bound of cloud fraction from the Cloud-

Sat/CALIPSO data set. Both sets of observations are used from hereon for the

model evaluation.

The upper bound of the cloud observations are shown in the left panels and the
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Figure 5.3: Cloud fraction at height 1.6 km (panels (a), (d) and (g)), 4.5 km (panels
(b), (e) and (h) ) and 9.7 km (panels (c), (f) and (i) ). The first column shows the
total cloud fraction from CloudSat/CALIPSO (upper bound ), the second column
shows cloud fraction only when there was no precipitation detected at the ground
(lower bound) and the third column shows difference between the upper and lower
bound of the observations.
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lower bound of the observations are shown in the middle panels of Figure 5.3. The

difference between two is shown in the right panels of Figure 5.3. The highest cloud

fractions are found at the lowest altitude (1.6 km, panels (a), (d) and (g)). As one

might expect the differences between the upper and lower bounds for cloud fraction

are also largest at that level. The difference between the upper and lower bounds

of the observation is large near the center of the composite cyclone, consistent with

the co-existence of low clouds and rainfall in that region (see Figure 3.4 (d)). At 4.5

km (panels (b), (e) and (h)), the maximum of cloud fraction is found in the warm

frontal region. The superposed field in these panels is vertical motion which shows

the familiar dipole structure discussed in earlier chapters. The cloud free region is

behind the system, in the region of descent. The difference between the upper and

lower bound is largest in the warm frontal region again consistent with the rainfall

distribution in Figure 3.4. At 9.7 km (panels (c), (f) and ( i)), the maximum of

cloud fraction moves to the eastern side of the cyclone center. The superposed field

here is relative humidity (%). As found earlier, the maximum of relative humidity

and the maximum of cloud fraction align well. The region behind the system is

cloud free and dry. The difference between the upper and lower bounds of cloud

fraction is small at this level, indicating that many of the high clouds do not produce

significant precipitation at the surface.

As in previous chapters, cross-sections taken at lines AB and CD in Figure 5.3

are shown in Figure 5.4. A tilted cloud structure is clearly visible in the section

taken at 500 km north of the cyclone center (panel (a)), as previously seen in the

Chapter 3. Relative humidity matches well with cloud field with two peaks, one

at the lower levels, at about 2 km and another at high levels around 10 km. As

expected from Figure 5.3, the difference between the lower and upper bounds of

observed cloud fraction is largest at low levels. Below 3 km, this difference is largest

at the eastern side of the cyclone center. The cross-section taken at 500 km east

of the cyclone center is shown in panels (b), (d) and (f). Most of the clouds are in

the region of ascent with two peaks, one at about 2 km and another at about 6 km.

The region of descent is cloud free. The difference between two bounds is maximum

below 3 km, east of the cyclone center.

In summary, excluding CloudSat/CALIPSO observations that contain precipi-

tation at the surface primarily reduces cloud fraction at low levels in and near the

center of the composite cyclone and to the south of the cyclone. Given the large

differences and the uncertainty in the observations combined with the absence of

simulator information, we treat the two observational cloud fraction estimates as
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Figure 5.4: Cross section of cloud fraction along the lines CD and AB in Figure 5.3.
Panel (a) : Upper bound of cloud observation and RH (%) at line CD, (b): Upper
bound of cloud observation and ω (Pa/s) at line AB, (c): lower bound of cloud
observations and RH at line AB , (d): lower bound of cloud observations and ω at
line AB (e) and (f) show the difference between the upper and lower bound of cloud
observations at lines CD and AB, respectively. Dynamical fields are contoured and
cloud fields are shaded.

upper and lower bound in the model evaluation performed in the next sections.

5.6 Evaluation of the three-dimensional struc-

ture of the model composite cyclone

In this section, we evaluate the cloud structure simulated by the ACCESS model

against observations. As for the observed cyclones we use 2 years of model sim-

ulations to compare with CloudSat/CALIPSO observations. We extract the bulk

cloud fraction field from the model without using any simulator. We also use model-

simulated MSLP, relative humidity and ω. First, the model cyclones are tracked

using the method of Bauer and DelGenio (2006) applied to the MSLP field of the

model. We find 3367 cyclones to composite in the 400 S-500 S latitudinal band.

Using the compositing method described in Chapter 3, model fields for MSLP, ver-

tical motion, relative humidity and cloud fraction related to tracked cyclones were

composited and are shown in Figures 5.5 and 5.6. Note again that the observed

cloud fractions are averaged over the depth of the model layers, which are 0.2 km

for 1.6 km level, 0.5 km for the 4.5 km level and 0.7 km for the 9.7 km level.
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(c) 9.68 km
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Figure 5.5: Model cloud fraction and differences with the observations at three
different heights. At height 1.6 km, panel (a) : cloud fraction and MSLP (hPa)
from model simulation , (d): difference between model cloud fractions and the upper
bound observations along with the MSLP error, (g): difference between model cloud
fractions and the lower bound observations along with the MSLP error. At height
4.5 km, panel (b) : model cloud fraction and ω (Pa/s), (e): difference between
model cloud fractions and the upper bound observations alongwith ω - differences,
(h): difference between model cloud fractions and the lower bound observations
along with ω - differences. At height 9.7 km, panel (c) : model cloud fraction and
relative humidity (%), (f): difference between model cloud fractions and the upper
bound observations along with RH- differences, (i): difference between model cloud
fractions and the lower bound observations along with RH - differences. Dynamical
fields are contoured and cloud fields are shaded.
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Figure 5.5 shows the model results in the left panels. The difference between

model and the upper bound of the observations is shown in the middle panels and

the difference with the lower bound is shown in the right panels. While the model

and the observations exhibit broadly similar cloud structures, there are significant

model deficiencies. At 1.6 km, the model has high cloud fraction near and to the

eastern side of the composite model cyclone center. The observed cloud field covers

a larger area than the model in particular in the north-west part of the cyclone. The

model has minimum of 994 hPa MSLP near the center of the cyclone. The differ-

ences of MSLP with the reanalysis in panels (d) and (g) show that model cyclones

are not deep enough compared to the observed composite cyclone. This is consis-

tent with Bauer and DelGenio (2006) who showed that GCM cyclones are shallower

than those in the reanalysis. Figure 5.2 showed a large bias in the model shortwave

CRE at north-west part of composite cyclone. The lack of clouds at lower levels is

consistent with that bias.

At mid-levels around 4.5 km, clouds can be seen in the eastern part of the com-

posite model cyclone center in panel (b) of Figure 5.5. As before, the superposed

field here is vertical motion. The vertical motion field shows a dipole structure as

in the observations (cf fig 5.3 panel (b)) with rising motion at the eastern side of

the cyclone center and sinking motion to the west of the cyclone center. However,

the vertical motion in the model is weaker than observed. The rising motion is ≈
50 % weaker and follows a comma shaped structure with an exaggerated north-east

tilt compared to the observations (panels (e) and (h)). The descending motion is

also weak compared to the observations. Most of the clouds are in the region of

rising motion and the region of descent is cloud-free as it is in the observations. The

model likely underestimates cloud fraction in the region of ascent (panels (e) and

(h)), with values close to the low observational estimate.

Panel (c) of Figure 5.5 shows the cloud fraction and relative humidity from the

model at 9.7 km. The maximum of the model cloud fraction is well matched with

the maximum of relative humidity. Clouds occur mainly in the eastern part of the

cyclone. There are no clouds behind the composite cyclone center, consistent with

very dry air in the region. The model produces slightly larger cloud fractions than

observed, in particular near the center of the composite cyclone. However, in the

north-eastern part of the cyclone, the model underestimates cloud fraction consis-

tent with lower values of relative humidity than observed (panels (f) and (i)). To

the west of the cyclone center, the model has relative humidity values higher than
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Figure 5.6: Cross section of RH and cloud fraction along the lines CD and C1D1
in Figure 5.5. Model cloud fraction and RH (%) are shown in (a) at line CD and
in (b) at line C1D1. Panels (c) and (d) show the difference between the model
cloud fraction and RH and the upper bound observations while panels (e) and (f)
show the difference between the model cloud fractions and RH and the lower bound
observations. RH is contoured and cloud fields are shaded.

the observation, consistent with the weaker circulation identified at lower levels.

Four cross-sections taken at 500 km north of the cyclone center and 500 km

south of the cyclone center, 500 km east of the cyclone center, 100 km west of the

cyclone center are shown in Figures 5.6 and 5.7. Figure 5.6 shows the cross-section

taken at 500 km north of the cyclone center and 500 km south of the cyclone center

along with the model error calculated from the two observational estimates. Pan-

els (a) and (b) show a maximum cloud fraction near the center of the composite

cyclone at low levels that gradually extends further eastwards at higher levels. In

the cold frontal region (panel(a)) the maximum of relative humidity lies around 1.5

km. Cloud fraction reaches its maximum at about 8 km height to the east of the

composite model cyclone center. The region behind the system is cloud free and dry.

Cloud fraction at low levels is underestimated compared to both sets of observations

(panels (c) and (e)). The relative humidity values at high levels in the model are

underestimated in the eastern part of the cyclone and overestimated in the western

part again hinting at a too weak ascent and descent in and behind the cyclone center.

The cross-section of clouds and relative humidity from the model taken at 500

km south of the cyclone center, where cloud fraction values were highest in the

observations (cf. Figure 5.3) is shown in panel (b) of Figure 5.6. Similar to panel
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Figure 5.7: Cross section of ω (Pa/s) and cloud fraction along the lines AB and
A1B1 in Figure 5.5. Model cloud fraction and ω are shown in (a) at line AB and
in (b) at line A1B1. Panels (c) and (d) show the difference between model cloud
fraction and ω and the upper bound observations while panels (e) and (f) shows the
difference between model cloud fractions and ω and the lower bound observations.
ω is contoured and cloud fields are shaded.

(a), the lower level clouds are underestimated. There is a severe negative bias in the

relative humidity in the subcloud layer. The cloud fraction values are slightly higher

in the model than observation above 10 km height, consistent with slightly higher

values of relative humidity. The model is too dry in the eastern part of the cyclone

and too moist behind the composite cyclone center compared to the observations.

Composited cloud fraction and vertical motion from the model at 500 km east of

the cyclone center are shown in the Figure 5.7(a). This cross-section passes through

the warm frontal region (cf Figure 5.3). There is a maximum in cloud fraction at the

center of the composite model cyclone center which gradually extends further south

at higher levels. These clouds are underestimated in the model below 8 km, mainly

to the south of the cyclone center. However, clouds above 9 km are overestimated in

the model (panels (c) and (e)). Most of the clouds are in the region of ascent. The

region of descent is cloud-free except at very low levels, where model cloud fraction

is once again too low. As was already evident in Figure 5.5, the rising motion and

the descending motion are too weak in the model compared to the observation.

The cross-section of cloud fraction and vertical motion from the model taken

behind the system, at 100 km west of the cyclone center, is shown in panel (d) of

Figure 5.7. The underestimation of clouds in the model al lower levels is most severe
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behind the system, to the north of composite cyclone center. The upper level clouds

are again overestimated in the model. The vertical motion field is weak in the model

compared to observations.

5.7 Air parcel trajectories in the model cyclone

In order to see how airflows in the cyclone are represented in the model, we will

perform trajectory analysis introduced in Chapter 3 on the model. As in Chapter 3,

48-hour back trajectories are drawn in Figure 5.8 at three different pressure levels,

namely, 850 hPa, 500 hPa and 250 hPa. Using the composite of u,v and w compo-

nent of the wind in the model, the path followed by the air parcel is tracked back

for every hour. The black points denote end point of trajectory. The difference in

pressure level is denoted by the colour of trajectory. the equivalent trajectories for

the observations are shown in Figure 3.11.

At 850 hPa, the descending motion is evident at the western side of cyclone and

ascending motion is evident in the eastern part of cyclone. Near the center, the

air rises and turns cyclonically. Compared to the observations (cf. Figure 3.11(a)),

the circulation near the center is not as closed. Air in the north-eastern part of the

cyclone does not sufficiently turn cyclonically as it did in the observations. In the

model, this air rises and turns anticyclonically and moves away from the cyclone

center. The descending motion is weak compared to the observations (cf. Figure

5.5).

At 500 hPa, strong westerly motion is evident in the model. The western part

of cyclone shows descending motion and the eastern part of cyclone mostly shows

ascending motion. Near the center and to eastern part of cyclone, air rises up to

3-7 hPa per hour, however, it does not turn cyclonically in the warm frontal region

which is contradictory to the observations (cf. Figure 3.11(b)). The representation

of the warm conveyor belt is poor in the model.

Consistent with the observations, at 250 hPa, strong westerlies are dominant in

the model. In the eastern part of the cyclone, air rises and turns anticyclonically

to the far eastern side of the cyclone center. Consistent with the observations, the

south-western part of the model cyclone shows the ascending motion.

Figure 5.9 shows the values of cloud fraction along the trajectories. This Fig-
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Figure 5.8: 48 hours back trajectories at (a) 850 hPa, (b)500 hPa and (c) 250 hPa
for the composite model cyclone. The colour of the trajectory denotes the difference
in pressure level every hour. The end point of the trajectory is shown by a black
dot.
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ure should be compared to Figure 3.12 for the observations. At 850 hPa, near the

cyclone center, the cloud fraction reaches values of only 0.5, consistent with the defi-

cient cloud cover at low levels in the model (cf. Figure 5.5). Most of the cyclone area

shows cloud fraction values less than 0.25, whereas in the observations, the minimum

value of cloud fraction is 0.25 (cf.Figure 3.12 (a)). At 500 hPa, the higher values of

cloud fraction are evident in the eastern part of cyclone. However, the model has

values less than 0.25 for cloud fraction in the remaining part of the cyclone, except

in the south-west corner. At 250 hPa, the relatively high cloud fractions are evident

at far eastern side of the cyclone center.

The values of relative humidity along trajectories are shown in Figure 5.10. Simi-

lar to the observations (cf Figure 3.13), higher values of relative humidity can be seen

at 850 hPa, compared to the other levels. In the region of ascent relative humidity

reaches up to 80 %. However, cloud fraction values along these trajectories are not

that high (cf Figure 5.9) indicating a poor relationship between relative humidity

and cloud fraction in the model. Trajectories ending in the region of descent show

lower values of relative humidity. At 500 hPa, the region of ascent shows moderate

values of relative humidity and the region of descent shows lower values of relative

humidity. The difference between values of relative humidity in the region of ascent

and in the region of descent is smaller than the observations. At 250 hPa, moder-

ate values of relative humidity are evident at far eastern side of the cyclone center

consistent with higher cloud fraction found in the region (cf Figure 5.9). Contradic-

tory to the observations, there is no much difference between the values of relative

humidity at the eastern and western part of cyclone.

From the above discussion it is evident that while the overall cloud structure is

well captured by the model there are some significant model errors. High-level cloud

occurrence is somewhat overestimated while low-level cloud occurrence is severely

underestimated. There are too few clouds behind the system and too many high

clouds in the warm frontal region, compared to observations. The model cyclones

are shallower than observations. The circulation around the cyclone is too weak in

the model. Moreover, airflows in the cyclone are poorly represented by the model.

To shed more light on the model errors, the relationship between clouds and the

cyclone dynamics in the model will be explored and compared with observations in

the next section.
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Figure 5.9: 48 hours back trajectories at (a) 850 hPa, (b)500 hPa and (c) 250 hPa
for the composite cyclone. The colour of the trajectory denotes the value of cloud
fraction every hour. The end point of the trajectory is shown by a black dot.
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Figure 5.10: 48 hours back trajectories at (a) 850 hPa, (b)500 hPa and (c) 250 hPa
for the composite model cyclone. The colour of the trajectory denotes the value of
relative humidity every hour. The end point of the trajectory is shown by a black
dot.



5 The representation of Southern Hemisphere cyclones in a
state-of-the-art climate model 110

-0.30 -0.21 -0.12 -0.03 0.06 0.15
Omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(a) 1.6 km

-0.30 -0.21 -0.12 -0.03 0.06 0.15
Omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(d) 1.6 km

-0.300 -0.225 -0.150 -0.075 0.000 0.075 0.150
omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(g) 1.6 km

-0.30 -0.21 -0.12 -0.03 0.06 0.15
Omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(b) 4.5 km

-0.30 -0.21 -0.12 -0.03 0.06 0.15
Omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity
0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(e) 4.5 km

-0.300 -0.225 -0.150 -0.075 0.000 0.075 0.150
omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(h) 4.5 km

-0.30 -0.21 -0.12 -0.03 0.06 0.15
Omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(c) 9.7 km

-0.30 -0.21 -0.12 -0.03 0.06 0.15
Omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(f) 9.7 km

-0.300 -0.225 -0.150 -0.075 0.000 0.075 0.150
omega 

0

20

40

60

80

100

R
el

at
iv

e 
hu

m
id

ity

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

(i) 9.7 km

Figure 5.11: Cloud fraction in terms of the ω (Pa/s) and relative humidity (%) from
observations and from the model at height 1.6 km (panels(a), (d) and (g)), 4.5 km
(panels(b),(e) and (h)) and 9.7 km (panels (c), (f) and (i)). The first column shows
results from the upper bound cloud observations, the second column shows results
from the lower bound of cloud observations, while the third column shows results
from model. The colour of the point denotes the value of cloud fraction.

5.8 Evaluation of the model’s cloud-to-dynamics

relationships

After investigating the overall distribution of clouds and key dynamical fields in the

model in the previous section, we now study more closely how the clouds relate to

the dynamics. Figure 5.11 shows relationship between vertical motion, relative hu-

midity and cloud fraction at three different heights. The two observational estimates

are shown in the first two columns and the model values in the last column. The

X-axis denotes vertical motion and the Y-axis relative humidity. The colour of the

point denotes value of cloud fraction. The first column shows the upper bound of the

observations and the middle column shows the lower bound. Note that the shape of

the scatter plot remains the same for the first two columns as the observed vertical

motion and relative humidity are from the NCEP reanalysis in both. However, the

colour of the points changes according to value of cloud fraction in two observational
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estimates.

Panel (g) of Figure 5.11 shows cloud fraction - vertical motion - relative humidity

relationship at 1.6 km, in the model. It is evident that the shape of the scatter plot

from the model is very different from the observations (Panels (a) and (d)). The

values of cloud fraction are very small in the model, consistent with the underesti-

mation of clouds in the model shown in Figure 5.5. The range of vertical motion

and relative humidity is much smaller than observed. The maximum value for the

ascent is -0.12 Pa/s and the maximum value for relative humidity in the model is

80 % compared to -0.24 Pa/s and 95 % in the observations. Hence the model clouds

exist in much drier air than those in the observations. The descent in the model

is also weaker than in the observations. The region of descent with high values of

relative humidity is essentially absent in the model. As for the region of ascent,

the clouds found in the region of descent again exist in lower than observed relative

humidities.

At 4.5 km, the model relative humidity reaches upto 65 % and its ascent value

peaks around -0.18 Pa/s (Panel (h) of Figure 5.11). The range of all variables is

again too small compared to the observation. However, in relative terms the range

of vertical motion and relative humidity at this mid-level is larger than at the other

two levels shown, which is consistent with the observations. The region of descent

is more limited than observed and clouds in the region of descent are largely absent.

This figure is consistent with the weak vertical motion field in the model, shown in

Figure 5.5.

Consistent with Figure 5.5, the values of model cloud fraction at the 9.7 km level

(panel (i) of Figure 5.11) are higher than those in the observation. This is despite

the fact that the ascent in the model is more than 50% weaker than observed. The

descent values are again too small compared to observations also.

While the model clearly underestimates the variability of the dynamical fields

across the cyclone it is still of interest to investigate where different areas of Figure

5.11 are located in space. Equivalent to Figure 3.14, the coloured boxes drawn

in the Figure 5.11 denote areas of particular interest in the observations and in

the model. Figure 5.12 shows the position of points in each coloured box related

to the (composite) cyclone center in the observations (first row) and in the model

(second row). The colour showing the position of the point in Figure 5.12 and the

colour of the box in the Figure 5.11 in which that point is located, are matched.



5 The representation of Southern Hemisphere cyclones in a
state-of-the-art climate model 112

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(a) 1.62 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(b) 4.5 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(c) 9.68 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(d) 1.6 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(e) 4.5 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

(f) 9.7 km

Figure 5.12: Region of particular interest at (a) and (d) 1.6 km, (b) and (e) 4.5 km
and (c) and (f) 9.7 km height. The first row shows results from observations while
the second row shows results from the model.

The purple box includes the points where the highest relative humidity and highest

ascent value are achieved in both the observations and in the model. These points

are located near and to the east of the cyclone center in both observations and model

at all heights (cf. Figure 5.12). The red box includes points of medium ascent and

mid-to-high values of relative humidity. These points surround the region with the

highest ascent values and highest humidity values near the cyclone center in both

model and observations. Points with these characteristics can also be seen in the

south-western part of the domain. The points in the region of descent are relatively

dry and can be found behind the system in both model and observations. Unlike

the observations the model also produces points with high descent values and low

values of relative humidity in the north-eastern part of the cyclone. The remaining

points have small vertical motion and relative dryness in both, the observations and

the model. The Figure illustrates that in a relative sense the model represents the

cyclone structure well even though the absolute values of key variables tend to have

too small a variability across the composite.

To further illustrate this point, we show the relationship in Figure 5.12 in two

more ways. Figure 5.13 shows the relative humidity in terms of vertical motion and

cloud fraction in the model at three different heights. At 1.6 km, the points in the

region of ascent have higher values of relative humidity. The region of descent is dry

and shows lower values of cloud fraction. Compared to Figure 3.15, the range of all

three variables is too small at all three heights. The shape of the scatter plots for all
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Figure 5.13: Relative humidity (%) in terms of the ω and cloud fraction from the
model at (a) 1.6 km, (b) 4.5 km and (c) 9.7 km height. The colour of the points
denotes the value of relative humidity.



5 The representation of Southern Hemisphere cyclones in a
state-of-the-art climate model 114

three heights is again very different in the model from that in the observations (cf.

Figure 3.15). Furthermore, the steepness in the scatter plot increases with height

in the model. However, in the observations, the steepness remains overall the same

for all heights. In the model many points are located in a small region which is

contradictory to observations where all the points are distributed over larger area

(cf. Figure 3.15). Also, the relationship between the three variables remain quite

strong at 9.7 km contradictory to observations, where it weakens (cf panel (c) of

Figure 3.15). The number of points with high values of relative humidity is larger at

9.7 km than that at 4.5 km which is consistent with highest values of cloud fraction

found at the higher level (Figure 5.11).

Figure 5.14 shows vertical motion in terms of the relative humidity (%) and cloud

fraction in the model. It is evident that the model does not show the quasi-linear

relationship between relative humidity and cloud fraction seen in the observations

(Figure 3.16 ). The vertical motion in the model is weaker than in the observations

consistent with Figure 5.5. The range of all variables is again too small compared

to the observations as previously seen in Figures 5.11 and 5.13.

In summary, we find that while the model produces an overall good spatial cloud

structure related to extra-tropical cyclones, the relationship between cloud fraction

and the larger scale dynamical variable is not correct compared to the observations.

The range of most dynamical variables in the composite cyclone is smaller than

observed, indicating that the dynamical properties of the model cyclones are not

well simulated. We will now investigate if these errors in the cloud -to-dynamics

relationship are a function of the stage of the cyclone life cycle by examining the

relationship across the four life cycle classes defined in Chapter 4.

5.9 Classification of cyclones in the model

We apply the cyclone classification method introduced in Chapter 4 to stratify the

model cyclones into four classes in order to understand whether the model repre-

sents the different structures of cyclones seen in the observations. As in Chapter 4,

these four classes are the High Pressure Deepening (HPD) class, the Low Pressure

Deepening (LPD) class, the Low Pressure Filling (LPF) class, the High Pressure

Filling (HPF) class. The model has 439 cyclones in the HPD class, 443 cyclones in

the LPD class, 162 cyclones in the LPF class and 159 cyclones in the HPF class. The

model has more deepening cyclones compared to the observations and fewer filling
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Figure 5.14: Vertical motion (Pa/s) in terms of the relative humidity (%) and cloud
fraction from the model at (a) 1.6 km, (b) 4.5 km and (c) 9.7 km height. The colour
of the points denotes the value of vertical motion.
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cyclones (see Table 4.1 in chapter 4). This implies that the model cyclones must be

deepening slowly and filling fast, so we detect more of the deepening cyclones and

less of the filling cyclones.

Figure 5.15 shows the cloud fraction for all four classes in the model. For all

three heights, the cyclone follows an evolution similar to the observations. In the

HPD class, the cloud structure starts developing, in the LPD class it becomes ma-

ture, in the LPF class it starts dissipating and in the HPF class it shows its lowest

values. The first column of the Figure 5.15 shows the cloud fraction and MSLP for

all classes at 1.6 km. As would be expected from the definition of the classes, the

LPD class has the lowest MSLP at the center. The minimum MSLP is 998 hPa for

the HPD class, 978 hPa for the LPD class, 982 hPa for LPF class and 1004 hPa

for HPF class. Compared to observations (cf. Figure 4.5), the minimum MSLP is 2

hPa less in the HPD class, 8 hPa less in the LPD class, 4 hPa less in the LPF class

and 2 hPa more in the HPF class. Here we clearly see evaluation of cyclone through

four classes. The cyclone reaches its minimum MSLP in the LPD class and in the

filling classes the central MSLP gradually rises to achieve its maximum in the HPF

class. Cloud fraction is high near the center of the cyclone for all classes. Consistent

with the observations (cf. Figure 4.5), the model LPD class has the highest values

of cloud fraction.

The second column of Figure 5.15 shows cloud fraction and vertical motion from

the model for all four classes. As it was in the observations (Figure 4.6), the rising

motion is at the right side of the cyclone center while the descending motion is at

the left side of the cyclone center, behind the system. The maximum ascent is found

in the LPD class consistent with the highest cloud fraction in the class. Behind the

system, in the region of descent, cloud fraction values are very small agreeing with

observation. Consistent with the observations, the rising motion follows a comma

shaped structure as that in the cloud field. The vertical motion field also reveals

the evolution of the model cyclone by exhibiting the strongest ascent in the LPD

class which weakens in the filling classes. In the filling classes, the rising motion

field becomes less well defined. Like the observations (Figure 4.6), the descending

motion slightly strengthens in the filling classes in the model. There is no shift of

the region of ascent and its associated cloud structure towards the eastern side of

the cyclone center in the filling classes which is evident in the observations (Figure

4.6). The values of the cloud and vertical motion field are lower in the model than

they were in the observations (Figure 4.6).
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Cloud fraction and relative humidity from the model at 9.7 km are shown in the

third column of Figure 5.15. The eastern side of the cyclone center has higher RH

than the western side, consistent with the observations. For the deepening classes,

relative humidity values are higher than those in the filling classes, similar to the

observations, again confirming the similarity of the evolution of the cyclone in the

model and in the observations. Behind the system, humidity values are relatively

low and are accompanied by very low values of cloud fraction. In the filling classes,

the southwestern part of the cyclone becomes wetter and achieves higher values of

cloud fraction similar to the observations. The cloud fraction and relative humidity

values are lower in the model than their observations at this height (Figure 4.7).

Contradictory to observations, there is no shift of the wet region with high values

of cloud fraction to the eastern side of the cyclone center.

Overall, the model represents the cyclone evolution similar to the observations

through the four classes. Like the observations, all dynamical and cloud fields are

stronger in the deepening classes for the model and they start to weaken once the

cyclone entered into filling stage. The higher cloud fractions are found in the region

of ascent which also have higher values of relative humidity. However, the cloud

fraction and dynamical fields for all classes have lower values in the model when

compared to the observations. In the filling classes, the rising motion, the relative

humidity and the cloud field are less well defined in the eastern side of the cyclone.

We will now examine how the relationships between the dynamical and cloud fields

change with cyclone class in the model.

Figure 5.16 shows the cloud fraction in terms of vertical motion and relative

humidity at three different heights for all four classes in the model. At 1.6 km, the

cloud fraction values are highest in the LPD class, consistent with the observations

(cf. Figure 4.15). As seen in Figure 5.15 all fields are stronger in the deepening

classes than that are in the filling classes. As seen for the mean cyclone in Section

5.8, the range of all variables is considerably smaller compared to the observations

for all classes (see Figure 4.15). Similar to the observations, higher cloud fractions

are found in the region of ascent. The region of descent is relatively dry and has

very small values of cloud fraction. In the HPF class, the relationship between the

three variables becomes weak in the model, consistent with the observations.

At 4.5 km, the ascent values reach their peak in the LPD class, similar to the ob-

servations. The filling classes have very low values of cloud fraction and show a very

weak relationship between variables. Unlike the observations, the region of ascent



5 The representation of Southern Hemisphere cyclones in a
state-of-the-art climate model 118

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

992

996

996

1000

1000

1000

10041004

1004
1008

1008

1012

1012

1016

1016

1020

1020

1024

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

HPD class - 1.6 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

0.00

0.00

0.00

0.00

0.03

-0.09

-0.06
-0.03

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

HPD class -  4.5 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

30

35

35

40

40

45

45

50 50

50

55

55

55

55

55

60

60

60

65

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

HPD class -  9.7 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

980

984

988

98
8

988

992

992

992
996

996

996
1000

1000

1004

1004

1008

1008

1012

1012

1016

1016

1020

1020

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

LPD class - 1.6 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

0.00 0.00
0.

00

0.00
0.

00

0.00

0.00

0.
03

-0.15-0.12 -0.09
-0.06

-0.03

-0.03

-0.03

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

LPD class -  4.5 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

25

30

30

35

35

40

40

45

45

50 50

50

55

55

55

55

60

60

60

60

65

65

65

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

LPD class -  9.7 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

984

988

992

992

996

996

996
1000

10
00

1000

1000

10
04

1004

1008

1008

1012

1012
1016

1016

1020

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

LPF class - 1.6 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

0.00
0.00

0.00

0.00

0.00

0.000.00

0.03

-0.03

-0.03

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

LPF class -  4.5 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000
D

is
ta

nc
e 

(k
m

)
30

35

35

40

40

45

45

45

50

50

50

55

55

55

55

55

55

60

60

60

60

60

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

LPF class -  9.7 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

992

996

1000

1000

1004

1004

1004

1008

1008

1008

1012

1012

1012

1016

1016

1020

1020

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

HPF class - 1.6 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

0.00

0.
00

0.
00

0.00

0.00

0.03 -0.03

-0.03

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

HPF class -  4.5 km

-2000 -1000 0 1000 2000
Distance (km)

-2000

-1000

0

1000

2000

D
is

ta
nc

e 
(k

m
)

35

35

40

40

45 45

45

50

50

50

50

50

50

55

55

55

55

55
60

60

65

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75

HPF class -  9.7 km

Figure 5.15: Cloud fraction for the four cyclone classes in the model. The cloud
field is shaded and the dynamical fields are contoured.
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Figure 5.16: Cloud fraction in terms of relative humidity and omega for all four
cyclone classes in the model. The colour of the points denotes the value of cloud
fraction.
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and descent have similar values for cloud fraction and humidity in the HPF class.

The relationships between the three variables become weak in the filling classes in

the model, consistent with the observations.

The highest cloud fractions at 9.7 km are found in the LPD class which is con-

sistent with the overestimation of clouds in the model at higher levels seen in Figure

5.5. Like at the other two heights, the region of descent has very low values of cloud

fraction for all classes. Clouds in the region of descent are essentially absent in the

model, contradicting the observations (cf. Figure 4.15). The relationship between

the three variables is stronger in the deepening classes and weak in the filling classes,

similar to the observations.

5.10 Summary

The purpose of this chapter was to evaluate the ability of a modern climate model,

the ACCESS model, to simulate the observed dynamical and cloud features of South-

ern Hemisphere extratropical cyclones. First, ISCCP cloud observations were com-

pared with the model clouds using the ISCCP simulator. This comparison as well

as a comparison of the composite radiation field with observations confirmed the

result of earlier studies. Consistent with Bodas-Salcedo et al. (2012) and Field et al.

(2011) the model produces a weaker shortwave CRE than the observations. This

error is associated with a lack of lower-level clouds behind the system.

After confirming some known model deficiencies, the three dimensional model

cloud structure was compared to CloudSat/ CALIPSO observations. For this, the

model was run for 2 years without using any simulator. The model fields for bulk

cloud fraction, MSLP, vertical motion, relative humidity were extracted. Follow-

ing the same technique used for the observations the model fields were composited

around the cyclone center. To better match the model’s vertical resolution, the

CloudSat/CALIPSO observations were averaged according to the thickness of the

model levels. As we do not have access to the CloudSat simulator and since the

CloudSat/CALIPSO mask may contain precipitating particles, we generate two sets

of observations. The upper bound of the observations includes the total cloud mask

while the lower bound of the observations includes only cloud fraction from pixels for

which there was no precipitation at ground. The model is then expected to produce

cloud fractions between these two bounds to be deemed successful. Some dynamical

fields were also composited around the cyclone center and were compared against
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observations.

The overall spatial cloud structure around the cyclone center is well captured by

the model but the relationship between cloud fraction and larger scale dynamical

variables is not well reproduced. When measured by minimum pressure the model

has shallower cyclones than observed. The circulation around the cyclone is weaker

in the model and there is an underestimation of clouds behind the system, while in

the warm frontal region, the model produces too many clouds at very high levels

compared with observations. Unlike the observations, the model does not show a

quasi-linear relationship between cloud fraction and relative humidity. Ascent and

descent values in model are very weak compared to observations indicating that the

dynamical properties of the model cyclones are not well simulated. This makes it

hard for the model to produce the correct cloud fields.

The model has more deepening and fewer filling cyclones than observed. Consis-

tent with the observations, the dynamical and cloud fields in the model are stronger

for cyclones in the deepening classes and they start to weaken once the cyclone en-

ters the filling classes. Overall, the model reproduces the cyclone evolution similar

to the observations. However, in the filling classes, the dynamical and cloud fields

are less well defined in the model.

This work provides a new comprehensive way to evaluate model’s ability in re-

producing the cloud and dynamical structure of cyclones. It is shown that the

dynamical properties of the cyclones are not well simulated. The clouds related to

the cyclone are linked with the airflows in it. If the model does not have the correct

dynamics, such as enough rising motion or enough moisture then it will not be able

to produce the correct clouds. These errors must be addressed in future model de-

velopment.



Chapter 6

Summary and conclusions

6.1 Overview

Extratropical cyclones and their associated rain and cloud fields are a prominent

feature of the atmosphere. It is important to determine if extratropical cyclones in-

cluding their cloud structure and the relationship of clouds to dynamical processes

are adequately represented in weather and climate models. The Southern Ocean

storm tracks and their associated extra-tropical cyclones and fronts are pronounced

features of the Southern Hemisphere atmospheric circulation. The cloud field related

to these extratropical cyclones plays an important role in the radiation budget of

the region. However, clouds in the Southern Hemisphere extratropical region have

received relatively less attention than their Northern Hemisphere counterparts. Re-

cent studies show that current models have large biases in the radiation budget

over the Southern Ocean (Trenberth and Fasullo, 2010). This study focussed on

the Southern Hemisphere and aimed to, for the first time, provide a comprehen-

sive three-dimensional picture of Southern Hemisphere extratropical cyclone cloud

structures together with the dynamical background they are embedded in. It further

examined the representation of the cloud structure and related dynamical processes

in a state-of-the-art climate model.

The recently available CloudSat/CALIPSO data provides an opportunity to add

a third dimension to the study of clouds in extratropical cyclones (Posselt et al.,

2008; Naud et al., 2010). These modern satellite data were used to construct a

picture of the three dimensional structure of clouds around Southern Hemisphere

extratropical cyclones. Related dynamical fields from reanalyses were composited

to identify key links of the cyclone dynamical structure with the cloud fields. The

goal of this study was to answer the following questions:

122
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• What is the three-dimensional cloud structure around Southern Hemisphere

extratropical cyclones?

• What is the relationship between the cloud structure and the dynamical pro-

cesses of the cyclone?

• How does the cloud structure change with the intensity and life cycle of the

cyclone?

• How well are the cloud structure and related dynamical processes represented

in a state-of-the-art climate model?

6.2 Methodology

A cyclone compositing method that combines many individual cyclones into a com-

posite cyclone was used to answer the above questions. This compositing approach

provides a useful way to remove cyclone-to-cyclone variability from both observa-

tional and model cyclones (Lau and Crane, 1995; Field and Wood, 2007; Naud et al.,

2010). The compositing method used in previous studies was modified in this study

to composite the relatively sparse CloudSat/CALIPSO data. For each of the cy-

clones in the composite, the CloudSat/CALIPSO orbits that intersect the 4000 km

× 4000 km cyclone area box was found. The cyclone area box was subdivided into

100 km × 100 km boxes and the 2B-GEOPROF-LIDAR pixels were assigned to the

appropriate box for each cyclone. Finally, the cloudy and total pixels falling into

each box were counted to obtain the cloud fraction in each 240 m height bin around

the composite cyclone. Following this modified compositing method, the relatively

sparse sampling of CloudSat was turned into a revealing composite cloud structure

around cyclone center. The three-dimensional cloud structure related to many other

atmospherical phenomenon such as anticyclones or the Madden-Julian Oscillation

(MJO) can potentially be constructed using this method.

In addition to the cloud observations and objectively tracked cyclones, supple-

mentary reanalysis fields, frontal locations and radiation and precipitation data were

used to construct, for the first time, a fairly complete three-dimensional picture of

a composite Southern Hemisphere extratropical cyclone. This composite informa-

tion was used to quantify the relationship between dynamical variables and clouds.

Trajectory analysis was applied to better define the airflows through the composite

cyclone more precisely. The compositing method developed in this study provides

a more comprehensive approach to evaluate a climate model’s ability in simulating
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clouds and dynamical processes in extratropical cyclones. It was applied to assess a

state-of-the-art climate model. The model’s cloud and dynamical fields along with

precipitation and radiation fields related to modeled cyclones were assessed.

6.3 Conclusions

The application of the compositing technique to both observations and the model

allows for answering the key science questions posed at the beginning of this study.

What is the three-dimensional cloud structure around South-
ern Hemisphere extratropical cyclones?

A cyclone compositing techniques were used to composite Southern Hemisphere

extratropical cyclones. The cloud structure associated with them was constructed

using CloudSat/CALIPSO measurements. The velocity and thermodynamic fields

were derived from reanalyses and composited to better understand the relationship

between the clouds and dynamical properties of extratropical cyclones. The con-

structed three dimensional structure of clouds closely resembles the classical concep-

tual pictures of clouds (Bjerknes and Solberg, 1922; Posselt et al., 2008; Naud et al.,

2010) related to extratropical cyclones. The main characteristics of the constructed

three dimensional picture of a composite Southern Hemisphere extratropical cyclone

are as follows.

• Thicker high top clouds are found in the warm frontal region. This region is

also characterized by a maximum rainfall, maximum mid - and upper level

ascent and high relative humidity.

• Thin cirrus clouds are located at the leading edge of the warm frontal region.

• A smaller but still significant region of thick clouds and precipitation is located

along the cold frontal regions to the north of the cyclone.

• Mid-level clouds extend to the south-east side of the cyclone centre ahead of

the cyclone.

• Low level clouds of various depth can be found all around the system and form

the dominant cloud type in the north-west sector of the composite cyclone.

Thick and high clouds are essentially absent in that region owing to strong

subsidence behind the frontal systems. The strongest net radiative effects are

also found in this region, which is dominated by a net cooling of 90-130 W/m2.
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Forty - eight hour back trajectories constructed from the composite cyclone mo-

tion field clearly show the three main airstreams found in extratropical cyclones,

the warm conveyor belt, the cold conveyor belt and the dry intrusion. Consistent

with conceptual cyclone models, it was found that trajectories in the region of as-

cent show higher values of cloud fraction and relative humidity while trajectories in

the region of descent show smaller values of cloud fraction and relative humidity.

The cyclone composite constructed here provides an innovative way to evaluate the

ability of climate models to capture the cyclone structure (see below).

This study, for the first time, constructs a comprehensive qualitative picture of

an archetypal extratropical cyclone in the Southern Hemisphere entirely from obser-

vations. It thereby significantly enhances previous studies that proposed conceptual

models for these systems. By drawing a quantitative rather than just qualitative

picture of the cyclone structure it leads to deeper insights into the working of cy-

clones as well as providing a more useful tool for model evaluation.

What is the relationship between the cloud structure and the
dynamical processes of the cyclone?

In extratropical cyclones, cloud structures are invariably linked to the internal

circulations in it. This study aimed to quantify the relationship between the cloud

field and dynamical fields. Two dynamical fields, vertical motion and relative humid-

ity, which are important for the formation and dissipation of clouds, were studied.

The relationship between the cloud fraction, vertical motion and relative humidity

was then quantified. The main conclusions related to this question are as follows:

• The relationship between cloud fraction, vertical motion and relative humidity

changes considerably with height.

• The range of all variables is larger at lower levels than that at higher levels.

• Ascent is confined to a smaller area and stronger than descent in the composite

cyclone. The higher values of cloud fractions are evident in the region of ascent

and the region of descent shows low values of cloud fraction.

• There is a strong quasi-linear relationship evident between the three variables

at lower levels. This relationship becomes weak at higher levels.

• Particular regions in the composite cyclone have special characteristics de-

pending on their position relative to the cyclone center. The region at the

center and eastern side of the cyclone is characterized by strong ascent, high
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relative humidity and high values of cloud fraction. Medium ascent values and

relative dryness are the main characteristics of the immediate surrounding re-

gion. Related to the dry slot, the western side of the cyclone center is very

dry and has very low values of cloud fraction, except at very low levels.

How does the cloud structure change with the intensity and
life cycle of the cyclone?

This question has been addressed in Chapter 4 by defining a simple cyclone

classification method. The change in relationship between clouds and dynamical

fields with cyclone strength and life cycle were investigated. First, cyclones were

classified into four classes considering their deepening or filling stage and their central

pressure. Those four classes are the High Pressure Deepening (HPD) class, the Low

Pressure Deepening (LPD) class, the Low Pressure Filling (HPF) class and the High

Pressure Filling (HPF) class.

• The precipitation in the filling classes is 50% less than in the deepening classes.

• The vertical motion field follows the comma shaped structure for all four

classes. The maxima of ascent and maxima of cloud fraction are matched

well in all four classes.

• The ascent is strong in the deepening classes while the descent becomes strong

in the filling classes.

• The LPD class is characterized by the strongest ascent, highest relative hu-

midity and highest values of cloud fraction, compared to the other cyclone

classes.

• An eastward shift in the maxima of cloud fraction, relative humidity and ascent

is evident as the cyclone progresses through its life cycle.

• The relationship between vertical motion, relative humidity and cloud fraction

changes with the class of cyclone. These relationships are stronger in the

deepening classes and are weaker in the filling classes. When compared in

terms of height, these relationships are strong at the lower levels and weak at

the higher levels, for all classes.

The structure of extratropical cyclones at different stages of their life cycle is inves-

tigated by defining a simple classification method here. This provided some insights

into the processes that relate clouds and precipitation to the state of dynamical

development of the cyclone. Due to the nature of the CloudSat/CALIPSO data and
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the small number of cyclones (from only two JJA seasons) this analysis resulted in

a sparsely populated cloud structure around composite cyclone for all classes. To

investigate systematic structural changes in the cloud field related to all classes, the

analysis of cyclones over many years would be required.

How well are the cloud structure and related dynamical pro-
cesses represented in a state-of-the-art climate model?

The strong relationships between the clouds and dynamical variables suggests

that the representation of the dynamical processes and airflows of extratropical cy-

clones is of great importance in models to correctly predict the cloud fields. If the

dynamical processes of cyclones are poorly represented in the model, then there is

no reason to believe that it can produce the clouds with the right properties in the

correct locations. The Australian Community Climate and Earth System Simulator

(ACCESS) model was evaluated for its ability, to simulate the observed cloud and

dynamical features identified previously. Using the MSLP field of the model, the

cyclones were tracked using the method of Bauer and DelGenio (2006). As in the

observational analysis, the main characteristics of cyclones were examined by com-

positing model data in a cyclone-relative reference framework. First, the ISCCP

simulator was used to analyze the model clouds. It was shown that there is a lack

of clouds below 500 hPa in the model which is consistent with earlier studies (e.g.

Field et al. (2011)). Similar to the observations, the maximum of the shortwave

cloud radiative effect in the model is found near the cyclone center. However, com-

pared to the observations, the model failed to produce a strong enough shortwave

CRE. Consistent with conclusions of earlier studies, a particularly large shortwave

CRE bias is found in the cold air region (Bodas-Salcedo et al., 2012; Field et al.,

2011).

The three-dimensional model cloud structure was assessed against CloudSat /

CALIPSO observations. The model is able to qualitatively reproduce the overall

cloud structure around the cyclone center. However, it showed several shortcomings:

• High level cloud occurrence is somewhat overestimated and low level cloud

occurrence is severely underestimated.

• The circulation around the cyclone center is too weak in the model, compared

to the observations.

• The representation of airflows in the cyclone is poor in the model.
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• The relationship between cloud fraction and larger scale dynamical variables

in the model is not well reproduced. The model fails to show the observed

quasi-linear relationship between cloud fraction and relative humidity which

is evident in the observations.

• The range of the dynamical variables in the composite model cyclone is smaller

than observed, indicating that the dynamical properties of the model cyclones

are not well simulated. This must be influencing cloud field in the model.

• Overall, the model reproduces the observed cyclone evolution. The dynamical

and cloud fields in the model are stronger in the deepening classes and are

weaker in the filling classes. However, in the filling classes, the dynamical and

cloud fields are less well defined in the model.

The lack of clouds particularly at low levels in the model could explain Trenberth

and Fasullo’s (2010) finding that the absorbed shortwave radiation in the Southern

Ocean is higher in the climate models than observed. The Southern Hemisphere

is ocean dominated and a lack of clouds in the model will cause an excess solar

radiation at the ocean surface. To produce clouds with the right properties in their

appropriate locations, climate models must first address their weak circulation in

extratropical cyclones. Southern Hemisphere cyclone cloud occurence has greater

sensitivity to changes in humidity and hence may be more sensitive to changes in

water vapor content and, consequently, to changes in surface temperature (Naud

et al., 2012). Therefore, for future developments, GCMs must address the low

relative humidity and the poorly simulated relationship between clouds and relative

humidity.

6.4 Future work

This study has shown that compositing is a potent tool for investigating the struc-

ture of extratropical cyclones and to assess the simulation of extratropical cyclones

in climate models. CloudSat data were used to extend the two-dimensional view of

extratropical cyclones in previous studies to a truly three-dimensional perspective.

The combination of these modern satellite cloud observations, objectively tracked

cyclones and fronts and supplementary reanalysis fields provides a consistent three

dimensional picture of a composite Southern Hemisphere extratropical cyclone. It

would be a great addition to this if microphysical properties of clouds could be com-

posited around the cyclone center and added to this analysis. Furthermore, this

study focussed on only the Southern Hemisphere extratropical cyclones. It would
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be of great interest to compare them to their Northern Hemisphere counterparts.

Perhaps the most valuable aspect of our analysis is its use for the evaluation of

climate models. Given the large biases in the radiation budget in the models at the

top of atmosphere, it is necessary to test the climate model’s ability not only to

accurately represent the cloud field in the right amount and at the correct location

but also to represent the relationships between clouds and dynamical fields evident

in the observations. The methodology developed in this study provides a compre-

hensive alternative to evaluate a model’s ability to simulate the concurrent cloud,

dynamical, radiative and precipitation structures related to cyclones. By quantify-

ing the relationships between clouds and dynamical fields, the possibility of a more

thorough evaluation of climate models was possible.

This study showed that the ACCESS model has several shortcomings in the

simulation of clouds around composite cyclone center. The model clearly underes-

timates the variability of the dynamical fields across the cyclone, indicating that

the dynamical properties of the model cyclones are not well simulated. It would be

interesting to see if any of these model outputs alter with use of the COSP simulator

for model simulation. Using the methodology developed here, comparison between

different models or comparison between many versions of any model is easily possi-

ble. Furthermore, it would be interesting to perform model sensitivity studies, such

as changes to the model resolution or model parameter settings to identify possible

ares of model improvement.

In the extratropical regions, cloud processes are mainly governed by atmospheric

dynamics. The methodology developed here links dynamics with cloud field in the

cyclone. Clearly there remain large errors related to clouds in climate models which

must be addressed in order to have confidence in future projection of the Earth’s

climate. A natural extension of the work presented here is the application of the

methodologies to the large climate model ensemble collected by the CMIP5 project,

to gain a comprehensive understanding of modern climate models ability to simulate

Southern Ocean cyclones.
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