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Abstract.

Tropical cyclone intensity change by internal processes is studied using the Aus-
tralian Bureau of Meteorology operational model, TCLAPS. An ensemble of high-
resolution simulations of Hurricane Katrina (2005) reveal a robust feature, in which
the majority of modelled vortices go through cycles of structure change, vacillating
between a more symmetric and a more asymmetric phase during rapid intensifica-

tion.

e During the Symmetric phase the eye-wall has a high level of symmetry,
consisting of relatively uniform elongated convective bands. Low-level vortic-
ity and equivalent potential temperature exhibit a ring-like structure. The
largest intensification rates occur near the radius of maximum tangential wind

(RMW).

e The Asymmetric phase is characterised by a highly asymmetric eyewall, hav-
ing a polygonal form with vortical hot towers (VHTS) located at the vertices.
Low level vorticity and equivalent potential temperature have a monopole
structure with the maximum near the center. The largest intensification rates

occur inside the RMW.
Detailed analyses suggest the following transition mechanisms:

e Symmetric to Asymmetric transitions are associated with the outbreak of
VHTs in the eyewall, which result from a cooperative combination of barotropic
and convective instability. These VHTs actively mix air between the eye and

eyewall, thus, creating the monopole structure.

e Asymmetric to Symmetric transitions occur as the VHTs weaken due to
exhausted convective instability. They become horizontally strained convec-
tive bands that move radially outward as vortex rossby waves (VRWs). High
intensification rates resume near the RMW as result of a) increased horizontal
vorticity fluxes associated with redevelopment of convection in the reduced
rapid filamentation zone outside of the weakened VHTs; and b) VRW-mean

flow interactions.

We hypothesise that these cycles are an alternative mode of hurricane intensification
during rapid intensification of less mature storms as opposed to Eyewall Replacement

Cycles that are observed primarily in strong hurricanes with a mature structure.
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Chapter 1

TROPICAL CYCLONE
INTENSIFICATION

Tropical Cyclones (TCs) are one of the natural phenomena that have attracted
man’s attention since the earliest times of our civilization (Emanuel, 2005). The
great interest in understanding TCs arose from their power to cause catastrophic
loss of property and human lives. Thus, our ultimate goal is to be able to accurately
predict their movement and development so that steps can be taken to minimize

their adverse impacts.

Our understanding of TCs has advanced greatly along with progress in science
and technology. In olden times, TCs were perceived as divine natural ’'creatures’
because of their sudden appearance with deadly strong wind, torrential rain, and
destructive storm surge. Nowadays, TCs do not take us by surprise since their for-
mation, movement and development are closely monitored using the global satellite

and observational network.

Moreover, the skill in forecasting TC tracks has also improved significantly dur-
ing the last few decades. Currently, the average forecast errors for TC tracks over
the North Atlantic and Northeast Pacific basins are of the order of 100 km, 180 km
and 280 km for 24 h, 48 h and 72 h, respectively (NHC, 2008). Figure 1.1a shows the
annual average errors in track forecasts from the National Huricane Center (NHC)
for TCs in the Atlantic basin. On average, the current skill of five-day track forecasts
is about the same as the two-day forecast skill twenty years ago. This enormous
improvement in predicting TC tracks is due largely to the improvement of numerical
models in forecasting large-scale dynamical features as well as the use of ensemble
forecasts. The improvement in TC track forecasts arising from better predictions

of large-scale flows is a reflection of the fact that TCs are generally smaller than
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large-scale features (such as mid-latitude trough and ridge systems). Consequently,
to a first approximation, TCs can be considered as point-vortices embedded in and

steered by the large-scale systems.

NHC Official Annual Average Track Errors NHC Official Annual Average Intensity Errors
Atlantic Basin Tropical Cyclones Atlantic Basin Tropical Cyclones
T T 400 ‘

Forecast Error (n mi)
Forecast Error (kt)

i I i 0 0 i
1890 1995 2000 2005 1990 1995 2000 2005

Year Year

(a) Forecast track errors (b) Forecast intensity errors

Figure 1.1: Annual average forecast errors for Atlantic basin tropical storms and
hurricanes for the period 1970-2008, with least-squares trend lines superimposed.
Data source from NHC (2008).

In contrast, our skill in predicting TC intensity is not improving at a comparable
rate. For example, the average intensity errors of NHC, shown in Figure 1.1b, does
not exhibit any detectable decreasing trends since 1990. This lack of improvement,
despite the improvements in large-scale prediction, indicates that finer features of
TC structure, which are not well represented by large-scale fields, are important in
the intensification. Our current deficiencies in representing TC structure, and thus,
deficiencies in intensity forecasts, are due to several reasons, including: a) a paucity
of observations necessary to define the intense inner-core structure of TCs; b) a lack
of sufficient horizontal and vertical resolution in numerical systems to represent the
key dynamical and thermodynamical processes; and c¢) an incomplete understanding
of the physical processes that affect TC intensity. Therefore, it is still a challenge
and great research interest to study and understand better intensification mecha-

nisms of TCs.

In this chapter, a review of the current state of understanding in TC intensifi-
cation will be presented. The main characteristics of the structure of TCs and a
brief discussion of the different intensification mechanisms are presented in Section

1. As this study is focused on internal intensification mechanisms, inner-core pro-
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cesses will be discussed in detail in Section 2. Finally, an outline of the thesis and

its motivation are given in Section 3.

1.1 Tropical Cyclone Structure and

Mechanisms for Intensification

1.1.1 Structure of Tropical Cyclones

The structure of TCs has been studied intensively since the early 70s. These studies
have been based mainly on rawindsonde observations (see e.g. Frank, 1977a,b), flight
data (Shea and Gray, 1973, Gray and Shea, 1973), and satellite imagery (Dvorak,
1975). Nowadays, the characteristic structure of TCs is well-known. Figure 1.2
shows the structure of the composite TC, constructed by Frank (1977a) using raw-
insonde data at a coarse resolution. The main features of the composite TC are

described below.

e Tangential wind. As shown in Figure 1.2a, the structure of a typical TC
is characterised by a cyclonic rotating wind system with a maximum in the
lower troposphere, just above the boundary layer, and decreasing with height
thereafter. At upper levels, the tangential flow becomes anticyclonic, reaching
a maximum near 150 hPa. The horizontal size of the cyclonic circulation
(defined as the region with tangential wind speeds greater than 5 m s™!)
is around of 10 degrees, whereas the anticyclonic circulation at upper levels
occupies a much larger area with the maximum located near 14 degrees. This

tangential circulation in TCs is termed as primary circulation.

e Radial wind. Figure 1.2b shows the vertical profiles of the azimuthally-mean
radial wind. The radial wind structure of TCs consists of: 1) an inflow layer
in the lower part of the troposphere, up to about 700 hPa ; 2) a middle layer
between 700 and 400 hPa where the radial wind is relatively weak; and 3) an
outflow layer at upper levels having a maximum near 150 hPa, which coincides

with the anticyclone aloft.

e Vertical motion. The vertical motion field, as shown in Figure 1.2¢, has a
strong upward branch at inner radii (inside of 2 degrees), which occupies nearly
the whole depth of the troposphere. At outer radii there is mean compensating

downward motion, with weak upward motion embedded in narrow bands.

The combination of radial and vertical motions in TCs including: a) an inflow

layer near the surface, b) a strong upward branch near the core, ¢) an outflow
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Figure 1.2: Mean azimuthal structure of the composite TC from (Frank, 1977a).

layer at upper level, and d) a slow descending motion in a large area at outer

radii is termed the secondary circulation.

e Temperature. The temperature structure of TCs is characterised by a dis-
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tinctive warm core at upper levels. As can be seen in Figure 1.2d, the max-
imum of the warm core is located near 300 hPa and is warmer than the far
field temperature by more than 6°C. This warm core structure in TCs is con-
sistent with the decrease of the mean tangential wind with height through the

thermal wind relationship®.

Eye- Rainbands
Eyewall”

Figure 1.3: Schematic structure of a mature tropical cyclone. This image is available
from COMET program http://www.comet.ucar.edu/.

Figure 1.3 shows schematically a vertical cross-section through the center of
a typical mature tropical cyclone. The mean air streams in the core region are
indicated by arrows and can be described as follows. At low levels, air spirals cy-
clonically inward towards the vortex center, increasing its moist entropy through
surface fluxes from the warm ocean surface. When close to the vortex center, the air
is forced upward (due to the continuity of the converging flow near the surface) in
the convective clouds of the eyewall and in rainbands. In this upward branch, water
vapour condenses as the air cools adiabatically, thus, releasing aloft the latent heat
extracted from the surface. Finally, air spirals anticyclonically outwards at upper

levels while cooling radiatively.

With the structure described above, tropical cyclones may be regarded as a
natural heat engine, as suggested by Emanuel (1986), Bister and Emanuel (1998),

Emanuel (2003, 2005). The hurricane-engine acquires moist entropy from the ocean

!The thermal wind relationship in TCs has the form (2v/r + f)0v/dlnp = —ROT/Or (Elsberry
et al., 1987). Thus, this relationship requires a warm core structure, i.e. a decrease of temperature
with increasing radius (07 /9r < 0), to match with a decrease of the tangential wind with height
(0v/dlnp > 0).
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surface, ascends, and ultimately gives off heat at the much lower temperature of
the lower stratosphere or upper troposphere. Then, for this engine-like system to
maintain or increase its intensity, favourable conditions need to be present in some

or all of the three branches, including:

e The inflow branch at low levels that determines the moist entropy intake of

the system;

e The effectiveness of the outflow branch in removing the heat at the upper

levels; and

e The favourable configuration of the upward branch, where the energy conver-
sion occurs. Since energy conversion processes of this hurricane-engine occur
in deep upright convective clouds, it is crucial for hurricanes to have a verti-

cally stacked structure.

1.1.2 Intensification mechanisms

The mechanisms by which TCs intensify can be grouped into three main classes:
1) intensification by surface processes, 2) intensification by large-scale dynamical
processes, and 3) intensification by internal processes. Our current understanding

of these mechanism is summarised below.

Intensification by surface processes

The condition of the underlying surface affects TC intensity by regulating the fluxes
of latent and sensible heat from the warm ocean surface that fuel the storm and
the momentum fluxes lost due to the friction. It is well-known that TCs dissipate
quickly after making landfall because of the increased friction over land surfaces, and
the removal of their main energy supply, latent heat fluxes from the warm ocean
surface. Similarly, TCs tends to weaken as they cross colder water due to decreased
surface heat fluxes. In contrast, TCs may intensify rapidly upon encountering warm
surface areas such as warm core eddies in the cases of hurricanes Opal in 1995 (as
suggested by Shay et al., 2000) and hurricane Katrina in 2005 (see for example
McTaggart-Cowan et al., 2007).

Among the most intensively studied, the wind-induced surface heat exchange
(WISHE) mechanism has attracted great research interest and application. WISHE
has been proposed by Emanuel (1986), Rotunno and Emanuel (1987) as a mecha-

nism for the intensification and maintenance of TCs. Emanuel suggests that TCs
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may intensify through a positive feedback between the wind speed near the sur-
face and the evaporation of water from the underlying ocean, which depends on
the wind speed. Then, the mechanism is one of self-induced heat transfer from the
ocean, which is possible even without conditional instability. While this mechanism
has achieved broad acceptance in current literature (e.g. Holton, 2004, Lighthill,
1998, Montgomery et al., 2006), Montgomery et al. (2009) have shown recently that
TCs can intensify by pathways different from WISHE. Nevertheless, these authors

do conclude that WISHE plays a role in accelerating the intensification process.

Although the concept that boundary layer processes control surface heat fluxes,
and thus, the intensity of TCs is intuitively easy to understand, the actual physical
processes in real TCs are not well observed, and probably not well represented in
numerical models. For instance, it is a complicated task to calculate accurately the
surface fluxes in very high wind conditions in the TC inner core regions (Moon et al.,
2007).

Furthermore, TCs are not only influenced by the conditions of the ocean surface,
the latter is also influenced by the former to some extent. For example, the portion
of the ocean surface in the wake of a TC is observed to have a lower temperature
than the surrounding areas. This cooling of the ocean surface is due partly to the
evaporative cooling by precipitation from the TC system, and partly due to the curl
of wind stress which generates divergence in the upper layer of the ocean, producing
regions of upwelling. Upwelling cools the ocean surface by transporting and mixing
colder water from deeper levels upwards. This effect is more pronounced for slow
moving storms and in ocean regions with a shallow surface mixed layer (Lin et al.,

2008, 2009).

Consequently, it is thought now that knowledge of the ocean heat content (OHC)
of the upper layer, instead of just sea surface temperature, is important in determin-
ing the effects of the ocean surface on TC intensity (see e.g. Mainelli et al., 2008).
Furthermore, to account for these complicated air-sea interactions, atmosphere-
ocean coupled hurricane models are developed and used increasingly in hurricane
modeling nowadays (Bender et al., 1993, Bender and Ginis, 2000, Bender et al.,
2007, Yablonsky and Ginis, 2009).
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Intensification by large-scale dynamical processes

Unlike TC track forecasting problems, in which TCs can be approximated as point-
size objects embedded in and advected by large-scale circulations, for forecasting
TC intensity, the structure of TCs must be adequately represented and the result-
ing intensity change is subject to the effects of the large-scale systems on the TC
structure. Therefore, to understand the influence of large-scale systems on TC in-
tensity, it is necessary to know how TCs respond to changing conditions in the

surrounding environment.

From a kinematic point of view, the strong cyclonic circulation in the core of
a TC resists the horizontal movements towards or away from the vortex center,
including those originating from external regions. This resistance is represented by
inertial frequency, which has the following form in an axisymmetric vortex in the
gradient wind balance (Elsberry et al., 1987):

= (oo (02, (L)

where fj is the Coriolis parameter at the vortex center, and all others symbols are
standard as explained in Table A.1. If I? is non-zero, any horizontal movement will
produce a gradient wind imbalance and radial accelerations. For I? < 0, the ac-
celeration will be in the direction of displacement, which will result in an unstable,
growing circulation. For I? > 0, the acceleration will oppose the initial displace-
ment and induce a stable oscillation with frequency 1. According to Equation 1.1,
the upper levels of TCs are the regions where responses of the TC vortex to the
external forcing may penetrate close to the vortex center since /2 may become nega-
tive with strong anticyclone (i.e. large negative value of ¢). Thus, the conditions at

upper levels are commonly regarded as important for this intensification mechanism.

Some of the ways suggested by which large-scale processes can change the inten-

sity of TCs are summarised as follow:

e Upper level outflow. TCs may intensify rapidly upon entering a region
where the large-scale circulation at upper levels encourages strong outflows
from the TC circulation. Such conditions are reported by Sadler (1978) to oc-
cur in certain regions below the Tropical Upper Tropospheric Trough (TUTT).
Periods of rapid intensification in Typhoons Rita, Physllis and Tess in 1972
are thought to be associated with multi-directional outflow channels of the

large-scale system at upper levels. Similarly, the enhanced divergence near the
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jet-entrance region at upper levels has been identified by Bosart et al. (2000)
as a possible reason (among others) for the unpredicted rapid intensification

of hurricane Opal in 1995.

o Vertical wind shear. 1t is well established that strong environmental verti-
cal wind shear is detrimental to the genesis and intensification of TCs (Gray,
1968, McBride and Zehr, 1981, Merrill, 1988). Zehr (1992) found empirically
a threshold value for vertical shear of 12.5 m s~! above which TCs could not
form in western North Pacific. Strong vertical shear is commonly found under
mid-latitude troughs and the TUTT.

An early explanation of the effect of vertical shear is the so-called ”ventilation”
effect (Gray, 1968), in which the warm core is advected away by the flow in
the upper levels relative to the low-level TC circulation. Frank and Ritchie
(2001) offer an alternative explanation, in which strong vertical shear induces
wavenumber 1 asymmetries with convection concentrated on the left side of the
shear vector in the downshear quadrant (for TCs in the northern hemisphere).
Then, asymmetries at upper levels act to mix air of high potential vorticity
and high equivalent potential temperature out of the core, thereby ventilating

the core and weakening the vortex from top down.

e Additional momentum /vorticity sources. Troughs at upper levels may
intensify TCs by providing fluxes of cyclonic angular momentum (Challa and
Pfeffer, 1980, Molinari and Vollaro, 1990). This mechanism has been proposed
by Molinari and Vollaro (1989, 1990) as an explanation for the rapid intensifi-
cation of hurricane Elena of 1985. These authors suggested that as hurricane
Elena approached a baroclinic wave, the region with localised flux convergence
of cyclonic angular momentum shifted to progressively smaller radii, exciting
an internal instability of the TC system. The latter is manifested as an en-
hancement of the local secondary circulation with increasing surface fluxes and
associated convection supporting the formation of a contracting secondary eye-

wall.

On the other hand, Molinari et al. (1995) re-examined the interaction of hur-
ricane Elena using a potential vorticity (PV) viewpoint and showed that this
hurricane intensified rapidly as a narrow upper-level positive PV anomaly be-
come nearly superposed over the low-level center. The intensification appeared

to be the response to an evaporation-wind feedback activated by constructive
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interference of the PV anomalies. The same mechanism is shown by Molinari

et al. (1998) to occur also in tropical storm Danny of 1985.

It is recognised that the resulting intensity change in TCs upon interacting with
large-scale dynamical systems depends largely on the structure of TCs and their re-
sponse to the external forcing. For example, Molinari et al. (1998) find that whether
or not a hurricane intensifies from the interaction with environmental PV filament
depends on the relative strength of the positive and negative PV anomalies. The
capacity of hurricane vortices to resist vertical wind shear has been studied by sev-
eral authors (e.g. Jones, 1995, Frank and Ritchie, 2001, Reasor et al., 2004, Mallen
et al., 2005, Braun et al., 2006, Davis et al., 2008). Thus, the interactions between
the large-scale environment and TCs are not well understood and are still a fruitful
area for further research. Better representations of hurricane vortices in numerical

models and their behaviour during the interaction are of great importance.

Intensification by internal processes.

The intensification by internal processes refers to all those physical mechanisms
which change the intensity of the TC directly by changing the structure of the
TC inner core. Note that external processes such as changes of the ocean surface
and large-scale processes may also change TC structure, and thus, the intensity.
Nevertheless, internal processes stand out as an independent class as they can occur
independently of the external forcing. As these mechanisms are the focus of this

study, they will be presented separately in detail in the next section.

1.2 Intensification by inner core processes

Intensification mechanisms by internal processes can be grouped into two broad
classes: symmetric mechanisms, in which the intensification occurs as a result of
changes in the axisymmetric structure of the TC vortex, and asymmetric mecha-
nisms, in which intensity changes are associated with asymmetries in the TC struc-

ture.

The pioneering studies of Yamasaki (1968c,a,b), Ooyama (1969) and others
recognised that TC vortices can intensify by symmetric mechanisms. Two main

symmetric processes that are currently well-known for influencing TC intensity are:

e The symmetric contraction of the primary circulation, i.e. the contraction

of the radius of maximum wind (RMW) and the eyewall ring (Ooyama, 1969,
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1982, Shapiro and Willoughby, 1982);

e Eyewall Replacement Cycles (ERC), which are reported comprehensively
by Willoughby et al. (1982).

During the last two decades, intensification by internal mechanisms has received
renewed research interest with the discovery of several processes associated with

asymmetric features. They include:

e Vorter Rossby Waves (VRWs, Guin and Schubert (1993), Montgomery
and Kallenbach (1997);

e Barotropic instability and eyewall mesovortices (Schubert et al., 1999);

and

e Vortical Hot Towers (VHTSs) as described by Hendricks et al. (2004), Mont-
gomery et al. (2006), and Nguyen et al. (2008).

Although occurring in the same small area of the tropical cyclone inner core,
these processes were mostly studied separately and in different contexts. Conse-
quently, it is of interest to explore the interactions and relationships between these
processes in order to better understand the intensification of TCs. These processes

are discussed in detail below.

1.2.1 Symmetric contraction of the primary circulation

Using in situ aircraft observations from Atlantic hurricanes and tropical storms,
Willoughby (1990) confirms that the usual mechanism of tropical cyclone inten-
sification involves contracting maxima of the axisymmetric tangential wind. The
contraction of the eyewall and the RMW is also simulated well by axisymmetric
models (e.g. Ooyama, 1969, Willoughby et al., 1984, Nguyen et al., 2002, Hausman
et al., 2006), and in azimuthally-averaged fields of three-dimensional models (such
as Zhu et al., 2001, Braun et al., 2006, Nguyen et al., 2008).

The mechanisms that may contribute to the inward movement of the convective
rings have been discussed by Shea and Gray (1973), Shapiro and Willoughby (1982),
Willoughby et al. (1982), Willoughby (1990). Shea and Gray (1973) proposed the
generation of supergradient winds just inside of the RMW as follows. Outside of
the RMW, the inflowing air maintains a subgradient balance between frictional dis-

sipation of angular momentum and inward advection by the mean circulation. Just
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inside of the RMW, there is angular momentum convergence that is not balanced
by dissipation and the winds become supergradient. The inward flowing air then
decelerates, turns upwards and outwards into the eyewall. Gray and Shea (1973)
suggested that if the generation of supergradient wind is not balanced by upward
advection the resulting azimuthal wind accelerations will cause the belt of maximum
winds and convective ring to contract inward. However, this explanation with su-
pergradient wind is not complete since it neglects the feedback from diabatic heating

in the eyewall convection.

Shapiro and Willoughby (1982) use the diagnostic technique of Eliassen (1951)
to investigate the response of a balanced hurricane-like vortex to point sources of
heating (representing the diabatic heating in the eyewall). Their solutions show also
that the tangential wind increases most rapidly just inside of the RMW, thereby
contracting the wind maximum as the vortex intensifies. With the imposition of the
heat source just inside of the RMW | which represents the convective heating in the
eyewall, compensating subsidence is induced in its surrounding area with more con-
centrated subsidence in the inner side (due to the inertial stability gradient). Then,
adiabatic warming associated with this concentrated subsidence increases pressure
gradient just inside the convective band, which causes, via gradient wind equation,

a marked local azimuthal wind acceleration.

The contraction and strengthening of the tangential wind, i.e. the primary cir-
culation, can be explained by changes in the secondary circulation, i.e. movement of
air in the radial-vertical plane while conserving absolute angular momentum. Fig-
ure 1.4 illustrates schematically the conceptual association between the primary and
secondary circulation via conservation of absolute angular momentum. The absolute
angular momentum is defined by:

2
M=rV + % = constant

where M is the absolute angular momentum, r is radius, V' is the tangential wind
and f is Coriolis parameter. As the air moves inwards to smaller radii, in the ab-
sence of frictional dissipation, the tangential wind V' has to increase to compensate

for the decrease in r while conserving absolute angular momentum.

Note that the inflow induced by the friction in the BL does not intensify the TC.
It is because under effects of friction alone, the inflow in the BL induces upward

motion out of the BL, which, in turn, induces outflow at the top of the BL due to



1 TROPICAL CYCLONE INTENSIFICATION 13

continuity. Then, the induced outflow by friction above the BL spins down the vor-
tex as the air conserves angular momentum. Thus, it is widely assumed in previous
studies (Ooyama, 1969, 1982, Willoughby, 1988, 1995, Raymond et al., 1998, Smith,
2000) that the convergence above the boundary layer is necessary for intensification
and this convergence must be large enough to offset the frictionally induced diver-
gence outflow above the boundary layer. The convergence above the BL can occur by
latent heat realease by convective cloud within the eyewall. Modelling studies such
as Zhu et al. (2001) and Nguyen et al. (2002) show that the modelled TC start to

intensify rapidly after saturation, and thus, latent heat release occurs in the eyewall.

M=rV + /2 =constant

r

Figure 1.4: Schematic of the conceptual association between the primary and sec-
ondary circulations in TCs. Red lines with arrows show the mean radial-vertical
movement (i.e. the secondary circulation). Thick grey arrow represents the mean
tangential wind (i.e. the primary circulation). In the absence of friction, the inflow-
ing air rotates faster while reaching smaller radii as the absolute angular momentum
is conserved.

Recently, Smith et al. (2009) revisit the symmetric spin-up problem. They show
that the convergence of absolute angular momentum above the boundary layer (BL)
spins up the outer circulation, increasing the vortex size but does little to the inten-
sity of the core. Instead, the inner core intensifies by the radial convergence within
the BL. 7 Although absolute angular momentum is not materially conserved in the
BL, large wind speeds can be achieved if the radial inflow is sufficiently large to
bring the air parcels to small radii with minimal loss of angular momentum”. This
process is accompanied by the development of supergradient winds in the BL, the

return flow upwards and outwards towards the RMW as first identified by Gray and
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Shea (1973).

1.2.2 Eyewall replacement cycles

Eyewall replacement cycles (ERCs) are observed primarily in strong hurricanes. Al-
though TCs with double eyewall structures have been reported since very early
times (e.g. Fortner, 1958, Jorndan, 1966, Hoose and Colon, 1970, Holliday, 1977),
Willoughby et al. (1982) were the first to study this process in detail. During an
ERC, with the appearance of the outer eyewall, the inner eyewall weakens while the
intensification rate slows, sometimes becoming negative. An eyewall replacement
cycle is complete when the inner eyewall totally disappears and the outer eyewall

starts to contract, resuming the intensification.

latitude
latitude

-94 -93 -92 81 -0 -89 -B8 -B7 -B6 -BS -84 95 94 93 -92 -1 -0 B3 B8 -B7 -B6 -85 -84
longitude longitude

Figure 1.5: Example of the double eyewall structure in hurricane Katrina at
(left) 00Z 29 August 2005, and (right) 08Z 29 August 2005. These im-
ages are microwave satellite images produced by the Morphed Integrated Mi-
crowave Imagery at CIMSS program (MIMIC), which can be retrieved from
http://cimss.ssec.wisc.edu/tropic/real-time /marti/marti.html.

Figure 1.5 shows an example of the double eyewall structure of hurricane Katrina
before it made landfall in Louisiana on 29 August 2005. At 00Z 29 August, the outer
eyewall has developed outside of the main inner eyewall, which is still strong (see left
panel in Fig. 1.5). At 08/30Z 29 August, the inner eyewall has almost disappeared
whereas the outer eyewall has become much stronger (right panel). Thus, hurricane
Katrina went through an ERC during this period. During the ERC, its intensity
decreased even though the inner core system has not made landfall. Note that even
though the eyewall does not always cover a full circle, an ERC is essentially an ax-

isymmetric process.
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Although the occurrence and behaviour of eyewall replacement cycles are well
documented and analysed in observations (Willoughby, 1990, Kodama and Yamada,
2005), the formation mechanism for secondary eyewalls is still debated with widely
diverse explanations by different authors (Willoughby et al., 1982, Hawkins, 1983,
Willoughby et al., 1984, Molinari and Vollaro, 1989, Montgomery and Kallenbach,
1997, Nong and Emanuel, 2003, Kuo et al., 2004, Rozoff et al., 2006, Terwey and
Montgomery, 2008). Terwey and Montgomery (2008) provide a comprehensive re-
view of these mechanisms. Recently, the topic has attracted much attention due to
the increased potential for a large storm surge associated with the broadening of
the outer wind profile with the development of the secondary eyewall as happened
in hurricane Katrina (2005). Attempts are now made to predict the probability of

secondary eyewall formation operationally (Kossin and Sitkowski, 2009).

1.2.3 Vortex Rossby Waves

As the core rotates rapidly, the typical vorticity distribution in a TC has high
vorticity near the center and lower values in the outer region. This configuration
provides an environmental radial vorticity gradient, on which vorticity perturba-
tions may propagate, similar to planetary Rossby waves. The term Vortex Rossby
Wave (VRW) was first proposed by McDonald (1968) in relating the movement of
spiral bands in hurricanes. VRWs have been proposed as an asymmetric mode of
intensification (Guin and Schubert, 1993, Montgomery and Kallenbach, 1997, Moller
and Montgomery, 1999, 2000) and are described in terms of potential vorticity (PV)

asymmetries.

The dispersion relationship of the VRWs was derived by Montgomery and Kallen-
bach (1997), and modified by Méller and Montgomery (2000) to include the vertical
structure. For a barotropic basic state vortex with a constant static stability, the

local dispersion relation is:

= nf E(R)
=n)+ == — ,
w=n RQ[ICQ—i—n?/RQ-i-(ﬁme)/NQ}

(1.2)

where n,k,m are azimuthal, radial and vertical wavenumbers, respectively; R is the
reference radius; Q = V/R is the angular velocity; Vi is the azimuthally-mean
tangential wind speed at radius R; 7 is the absolute vorticity; £ = f + 2V /R is
the inertial parameter; N? is the static stability; ¢,q are potential vorticity and

its radial gradient at radius R; ( ) is the averaging operator in the azimuthal di-
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rection. Moller and Montgomery (2000) suggest the use of a time-dependent radial
wavenumber in the form k = ko — ntQ’(R), where Y(R) is the radial gradient of
Q(R). However, we found that this formula produce unrealistically rapid decrease of

radial propagation speed. Thus, a constant k is used in our calculations in Chapter 6.

From Equation 1.2 the azimuthal phase speed is

w £ 7 r)

Cy=— =Vpt2 — 1.3
P m/R) T [k + n?/R? + (Em?) /N7 )
and the azimuthal component of the group velocity is
) & my [+ MEM?)/N? — n?/R?
d(n/R) 4 [k%+n?/R? + (7€m?)/N?]
Likewise, the radial phase speed is
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ok kR( R q[k2+n2/R2+(ﬁ§m2)/N2}> kR " (1.5)
the radial component of the group velocity is
ow n @ R 2k
Cgr = % - _E _( ) = 29 (16)
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the vertical phase speed is
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and the vertical component of the group velocity is
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Equation 1.3 for the azimuthal phase speed implies that VRWSs in an environ-
ment with a positive radial vorticity gradient (i.e. an environment in which the
vorticity increases with radius) propagate in the azimuthal direction faster than the
mean tangential wind. In contrast, VRWs propagate slower than the mean tangen-
tial wind in the environment with a negative radial vorticity gradient. Equation
1.6 for the radial component of the group velocity of VRWs shows that a VRW

wave-packet, and hence the wave energy, propagates outward in a negative gradient
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environment and inward in a positive gradient environment.

These PV asymmetries are thought to be created by convection and are com-
monly associated with inner spiral rain bands. In an environment with a mean
negative radial gradient of PV, the asymmetries tend to propagate radially out-
wards and cyclonically in the azimuthal direction, while retrogressing relative to
the mean tangential wind. As they move outwards, these disturbances are strongly
strained and sheared by the differential rotation of the mean tangential flow, be-
coming thinner as their radial wavenumber increases. Consequently, according to
Equation 1.6, their radially-outward group velocity decreases and there may exist
a critical radius at which the group velocity becomes zero. At this radius the dis-
turbance transfers its energy to the mean flow (Montgomery and Kallenbach, 1997,

Méller and Montgomery, 1999, 2000), at least according to inviscid theory.

The early theoretical treatment of VRWs (Montgomery and Kallenbach, 1997)
and the subsequent numerical simulations (Montgomery and Enagonio, 1998, Moller
and Montgomery, 1999, 2000) were formulated mainly in terms of barotropic dy-
namics. Later studies using primitive equation models with full physics in both
idealised configurations (Wang, 2002a,b) and simulated hurricanes (Chen and Yau,
2001, Chen et al., 2003) found evidence that VRWs act to axially symmetrise the
storm. Observational evidence for the existence of VRWs is presented by Corbosiero
et al. (2006), who used radar reflectivity data for their detection in Hurricane Elena
(1985). In summary, VRWs are believed to axisymmetrise asymmetric disturbances
bringing the vortex into a more symmetric state while strengthening it by wave-

mean flow interactions.

1.2.4 Barotropic instability and eyewall mesovortices

In contrast to the axisymmetrising effects of VRWs, a symmetric vortex may break-
down into small vortices through barotropic instability. The concept of barotropic
instability dates back to the 19" Century and the work of Rayleigh (1880), who
showed that a strip of enhanced vorticity may become unstable. In the context of
TC vortices, it was shown by Schubert et al. (1999) that barotropic instability in
symmetric vortices with a thin ring of enhanced vorticity may act to fracture the
ring into asymmetric features like mesovortices. Schubert et al. (1999) explain the
barotropic instability of the PV ring structure in TC vortices as follows. In terms of

Rossby wave theory (see Equation 1.5), a PV wave on the inner edge of the annular
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ring (at which the mean PV radial gradient is positive) will propagate faster than
the mean tangential flow in their vicinity, while a PV wave on the outer edge will
propagate slower than the surrounding flow there. Thus, it is possible for these two
counter-propagating (relative to the tangential flow in their vicinity) PV waves to
have the same angular velocity relative to the earth. In this case, the waves are said
to be phase locked. If the locked phase is favorable, each PV wave will make each

other grow, and exponential instability will result.

(a) 0 h (b) 6 h (c) 42 h

Figure 1.6: Results from simulations of Schubert et al. (1999). Panel a,b and ¢ show
the vorticity fields at 0, 6, and 42 h of integration, respectively. These figures are
copied from Figures 3a and 3c in Schubert et al. (1999).

Figure 1.6 shows the vorticity fields simulated by Schubert et al. (1999). At the
initial time (panel a), the vorticity has a ring structure with the maximum vortic-
ity located at some radius from the center. After 6 h of integration (panel b), the
vortex consists of four small vortices evenly spaced around the vortex center. Later
in the integration, the vorticity field has the form of a monopole structure with the
maximum located at the center (panel c). Schubert et al. (1999) explain that the
ring of high vorticity at the initial time is barotropically unstable, which enables
the growth of disturbances into mesovortices. Vigorous mixing by the mesovortices
eventually brings the vortex to a monopole structure with a PV maximum at the

centre.

This process has been confirmed and extended by several other works. Using a
two-dimensional barotropic model, Kossin et al. (2000) found that the mesovortices
merge with their neighbours and may evolve in two different ways: 1) they can relax
to a monopole, or 2) form an asymmetric quasi-steady state, comprising a lattice

vortices rotating nearly as a solid body. In the latter case, the flow around the
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mesovortices has the configuration of straight line segments in the form of polygonal
shapes. This configuration has been observed in a number of hurricanes such as
Hurricane Erin, Nari,Podul (2001), Isabel (2003). Figure 1.7 shows the pattern of

six mesovortices inside the eye of hurricane Isabel (2003).

Figure 1.7: Defense meteorological Satellite Program (DMSP) image of Hurricane
Isabele at 1315 UTC 12 Sep 2003. The pattern in the eye is caused by the presence
of six mesovortices. This figure is reproduced from Figure 1 of Kossin and Schubert
(2004)

Using flight level data collected over a 20 year period (1977-96), Kossin and
Eastin (2001) demonstrated that there exist two distinct regimes in the kinematic
and thermodynamic structure of hurricanes. In the first regime, which often accom-
panies intensification, the profiles of vorticity and equivalent potential temperature
exhibit a ring structure with elevated values near the eyewall and smaller values
in the eye. In contrast, a monopole structure with the maximum at the centre
is observed for both vorticity and 6. in the second regime. The transition from
regime 1 to regime 2 is observed to occur in less than a few hours. Kossin and
Eastin (2001) explained this transition by barotropic instability and horizontal mix-
ing theory suggested by Schubert et al. (1999). Investigating the dynamics of these

two states and the transition from one to the other is the central theme of this thesis.

Rozoff et al. (2009) used a two-dimensional barotropic model to study the sensi-

tivity of vorticity ring geometry to spatially and temporarily varying forcing. They
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have found that the mixing of vorticity by mesovortices acts as an internal brake
on the intensification process resulting from vorticity generation in the hurricane
eyewall. The life cycles of hurricane-like vorticity rings have been systematically
investigated by Hendricks et al. (2009) using a non-divergent barotropic model. Ex-
perimenting on 170 simulations with variable parameters of the hollowness of the
vortex and the thickness of the ring, they found that the most likely end state of
an unstable ring is a monopole. Very hollow and thin rings tend to breakdown to
multiple long-lived mesovortices which persist (on the order of 15 h) before mixing
to a monopole, whereas thick, filled rings take longer to relax to the monopole state.
For some thick and moderately filled rings, the end state was a polygonal eyewall of

the same character as the initial instability.

In summary, the inner core processes of hurricane-like vortices, in which vortic-
ity rings break due to barotropic instability to form mesovortices, and which subse-
quently mix vorticity to form a monopole structure, have been studied in detail in
the barotropic framework. Several characteristics of these processes are observed in
real hurricanes including mesovortices, polygonal eyewall and structures having the
ring and monopole configurations. As the eyewall in real tropical cyclones is dom-
inated by diabatic heating due to convection, it is of great interest to investigate

how convective instabilities modify these essentially barotropic processes.

1.2.5 Vortical Hot Towers

The term Hot Tower dates back to the pioneering work by Riehl and Malkus (1958)
who emphasised that these ”horizontally small but intense cumulonumbus convec-
tion cores that reach the tropopause via nearly undiluted ascent” play roles in the
vertical flux of heat and mass in the tropical overturning circulation (Hadley cell).
Recently, these deep convective entities have received renewed interest because of
their role in producing local vortical flows. Thus, the term vortical hot towers
(VTHs) was coined by Hendricks et al. (2004) to describe these coherent rotating

structures.

VHTs are thought to be an important ingredient of tropical cyclone genesis and
intensification (Hendricks et al., 2004, Montgomery et al., 2006, Nguyen et al., 2008,
Shin and Smith, 2008). For example, Montgomery et al. (2006) demonstrated that
once embedded in the cyclonic, vorticity-rich environment of a mesoscale convec-

tive vortex (MCV), the embryo VHTSs can produce large vertical vorticity by tilting
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horizontal vorticity from the MCV and stretching the vertical vorticity of the MCV
and that generated by other VHTSs. Furthermore, VHTs may overcome the adverse
effects of downdrafts by consuming local available convective potential energy and
merging with neighboring VHTs. Collectively, the VHTs are shown to converge cy-
clonic vorticity on the system scale and increase mean tangential near-surface wind
speed, and thereby acting as an upscale process to intensify the system (Montgomery
et al., 2006).

Note that although eyewall mesovortices and VHT's are both mesoscale systems
that occur in the inner core of TCs and have cyclonic vorticity, they are essen-
tially different entities. As shown in Figure 1.7, eyewall mesovortices consist of low
level cloud structure that are located at the inner periphery of the eyewall. On the
other hand, VHT's are deep convective entities, thus, associated with deep convec-
tive clouds with cold cloud tops. We will show later in Chapter 6 that they may

well be related.

In summary, the inner-core processes described above may be organised schemat-
ically as shown in Figure 1.8. The eyewall contraction and eyewall replacement cy-
cles are essentially symmetric processes, whereas vortical hot towers are asymmet-
ric. Barotropic instability provides a mechanism for a symmetric vortex to become
asymmetric. In contrast, VRWs play a role in axisymmetrising the vortex to the

symmetric mode.

Symmetric | Asymmetric
|

Barotropic instability
‘ Mesovortices l

| Eyewall contraction ‘ |

Vortical hot towers

Eyewall replacement cycles (WHTs)
(ERCs) |
T Vortex rossby waves ‘
(VRWSs)

Figure 1.8: Schematic for the relationships between different inner core processes in
the context of symmetric and asymmetric modes of intensification.
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1.3 Research objectives and thesis plan

Research obvectives

Previous studies have provided great insights into different processes that occur in
the inner core of tropical cyclones. These processes hav been shown to play roles in
changing TC intensity associated with changes in TC structure. However, these pro-
cesses have been studied and reported in different frameworks and contexts, making
it difficult to understand the relationships among them. Therefore, it is of great
interest to understand how these processes are linked with each other and whether

they are all important in changing the intensity of a TC.

In the present study, we examine how these different mechanisms work together
in changing TC intensity and whether there are relationships and interactions be-
tween them. In other words, how do the symmetric and asymmetric processes evolve

during intensity change?

Hurricane Katrina

For this purpose, a high resolution version of the Australian Bureau of Meteorology’s
operational model for tropical-cyclone prediction (TCLAPS) is used to simulate Hur-
ricane Katrina (2005). Hurricane Katrina is reported in Knabb et al. (2006) to have
gone through two ERCs: 1) during 27 August 2005 and 2) just before it made landfall
in Louisiana on 29 August. Our simulations are chosen to run from the base time at
00Z 27 August, the aim of which is to simulate the first reported event of ERC dur-
ing 27 August 2005. As can be seen in Figure 1.9, hurricane Katrina was located in
the eastern part of the Gulf of Mexico while there is a trough situated over the west
coast of the Gulf. This trough is almost stationary (compare its positions in panels a

and b), thus, steers hurricane Katrina to the north-west and eventually to the north.

One interesting aspect of hurricane Katrina is its rapid increase in size during 27
August. Beven et al. (2008) reported that hurricane Katrina nearly doubled its size
on the 27" August. By the end of this day, the tropical storm-force winds extended
up to about 140 n mi from the centre. While the reason for the size increase is not
addressed specifically for hurricane Katrina, Hill and Lackmann (2009) suggest that
the increase of the environmental humidity is a favourable factor for the expansion
of TC circulations. This thesis is focused on inner core processes and will not study

this phenomenon.
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Figure 1.9: Absolute vorticity at 500 hPa wvalid at a) 00Z 27 and D)
00Z 28 August 2005. These plots are produced using data from Na-
tional Climate Environment Prediction (NCEP) reanalysis available from
http://nomadl.ncep.noaa.gov/ncep_data/index.html.

An ensemble of simulations was carried out to identify robust features of the
structure change processes. It is found that the majority of simulated ensemble
members tend to go through cycles of structure change between a more symmetric
phase and a more asymmetric phase. Consequently, detailed analysis is performed
to investigate the characteristics of the vortex structure during each phase, and to

understand mechanisms responsible for the transition between them.
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Thesis plan

The thesis is organised as follows. The description of the numerical model and the
setting of experiments are presented in Chapter 2. Results from the ensemble runs
are included in Chapter 3. Detailed analysis of the vortex structure during the two
different phases is examined in Chapter 4. Consequently, the evolution of different
averaged fields are studied and presented in Chapter 5. Chapter 6 identifies the
physical mechanisms occuring during the transitions between the two phases and
to relate them to the inner core processes described above. Finally, discussions and

conclusion are given in Chapter 7.



Chapter 2

THE MODEL

2.1 Governing equations

The numerical model used in this study is a high-resolution (5 km horizontal grid,
29 vertical levels) version of the Tropical Cyclone Limited Area Prediction System
(TCLAPS). TCLAPS is a hydrostatic, limited-area Numerical Weather Prediction
model, which includes a TC bogus scheme and assimilation technique specially de-
signed for predicting TCs (Davidson and Weber, 2000). The prognostic equations
on which TCLAPS is based are similar to those described in McDonald (1986),
which use a semi-Lagrangian and semi-implicit two time-level integration scheme.
The equations in spherical coordinates (A, ¢) with ¢ (normalised pressure) as the
vertical coordinates, can be written as follows:

The momentum equations:

dgu . Ou 1 09 RT 0Olnp, utang
- il — = F,+D, (2.1
dt * 790 N acos¢ O\ * acos¢p O {f N ’ N (2.1)
dgv . 0v 109 RT Olnp, utang
T bl = F,+D, (22
a %90 Tads T4 0o +{f+ ! +D. (22)
The equations for temperature and mixing ratio:
dygT .07 RT |dinp, & 1
— —_— - — —| = —(H+Fr+D 2.3
TR Cp [ dt * 0’:| C'p( +Fr+ Dr) (2:3)
duq . 0q
— — = F,+D 2.4
i + 080 Q+ Fy+ D, (2.4)
The continuity equation:
dglnpT 06
T D4+ = = 2.
7 + D+ 9 0 (2.5)
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The hydrostatic equation:

0P
~ — _RT 2.
dlno s (26)
where J 5 5 5
H u (%
— == — 4+ —— 2.
dt Ot acosp O\ + a 0o (27)
and . 5 5 5
U vcos
 acos¢ [5 * 0o ] (28)

In the above equations, the symbols used are conventional and are listed in Table
A.1. The terms F, and F, include surface frictional forces and momentum transfer
in the free atmosphere, Fr and Fj include sensible heat and evaporation from the
surface and vertical turbulent exchange in the free atmosphere, H is the diabatic
heating arising from cumulus convection, large-scale condensation and radiation.
The symbols D, D,, Dy, and D, denote horizontal diffusion terms. These terms
are discussed in more detail in the next section on the representation of physical

processes.

A horizontal resolution of 5 km is probably near the limit of validity of hydrostatic
balance, particularly in regions of deep convection (see e.g. Thunis and Bornstein,
1996). However, despite utilizing hydrostatic approximation, TCLAPS is still used

in this study for the following reasons.

e Firstly, this model shows good performance for real-time TC prediction (David-
son and Weber, 2000). Using forecasts from 17 base date-times for 13 TCs with
a broad spectrum of characteristics such as size, intensity change and move-
ment patterns, Davidson and Weber (2000) have demonstrated that TCLAPS
has significant track prediction skills. For instance, the average track errors
for these 17 cases of TCLAPS are 115 and 259 km for 24 and 48 h forecasts,
respectively. These errors are significantly smaller than those of the CLImate
PERsistent (CLIPER) method, which are 191 and 428 km, for these two fore-
cast lead times, respectively. Furthermore, TCLAPS also shows encouraging
skill in predicting TC intensity as reported by Davidson and Weber (2000).
The mean error of minimum pressure forecasts of TCLAPS is near zero, indi-
cating that there is no bias in the predictions to overintensify or weaken the
circulations. For the reported cases, the root mean square errors of TCLAPS
for central pressure show a skill level comparable to CLIPER out to 24 h and

small improvement over persistence beyond that time.

e Secondly, as will be described in the next section, TCLAPS has an assimilation

and initialisation scheme specifically suitable for TC prediction, which includes



2 THE MODEL 27

a TC bogus scheme (Davidson et al., 1993) and a diabatic dynamical nudging
scheme (Davidson and Puri, 1992). These features have led to improved model
performance in predicting severe weather events, such as TC tracks, monsoon
circulation and heavy rainfall events in the Australian tropics (see Davidson
and Puri, 1992).

Therefore, it is anticipated that 5-km resolution simulations with TCLAPS are useful
in investigating the inner core processes which are largely influenced by dynamical

aspects of the tropical cyclone circulation.

2.2 Physical processes

The physical parameterizations used in TCLAPS are similar to those of the Limited-
Area Prediction System (LAPS) as described in Puri et al. (1998). Note that effects
of physical parameterizations are represented as terms on the right hand side in
Equations 2.2-2.4. They include:

2.2.1 Radiation

The radiation scheme is a combination of the Lacis and Hansen (1974) parametri-
sation for solar wave lengths and the Fels and Schwarzkopf (1975) method for ter-

restrial wavelengths, and includes diurnal variation.

In Lacis and Hansen (1974), the solar radiation is absorbed at the earth’s surface
and in the atmosphere as a function of altitude. The absorption of the short-wave
radiation depends on the amount and type of the cloud, the humidity, the zenith
angle of the sun and the albedo fo the earth’s surface, and the vertical distribution

of ozone in the stratosphere.

For the long-wave radiation scheme of Fels and Schwarzkopf (1975), the heating

rate has the general form:

q~q° —qors + dors (2.9)

where q is the heating rate, ¢¢ is an emissivity heating rate calculated using the
strong-line approximation and neglecting the variation of line intensity with tem-
perature, g¢pg is the heating rate calculated using the cool-to-space approximation
and the emissivity assumption, and gcrg is the heating rate calculated by the cool-

to-space approximation.
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2.2.2 Bulk explicit microphysics (BEM)

This scheme is described in Dare (2004), which is similar to the Lin et al. (1983)
scheme. There are 6 classes of water species: water vapor, cloud water, rain water,
cloud ice, snow and graupel. Each class is represented by a mixing ratio alone,
with no prognostic estimation of number concentration or size distribution. Num-
ber concentration and size distribution of hydrometeor species are predefined. The

microphysical processes represented in this scheme are:

1. Condensation of water vapour to form cloud water and rain water.

2. Evaporation of cloud water, rain water, melting snow and melting graupels.

w

Autoconversion of cloud water to rain water, cloud ice to snow and snow to
graupel.

Water vapour deposition onto cloud ice, snow flakes and graupel pellets.
Bergeron-driven growth of snow to form cloud water.

Initiation of cloud ice.

Multiplication of ice particles.

Sublimation of cloud ice, snow and graupel to water vapour.

© X NS e

Fragmentation of snow crystals to form cloud ice.

10. Heterogeneous freezing of cloud droplets to form cloud ice.

11. Melting of snow flakes and graupel pellets to form rain drops.

12. Homogeneous freezing (melting) of cloud water (cloud ice) to form cloud ice
(cloud water).

13. Accretion of cloud water to form rain water, by snow flakes to form graupel
pellets and rain drops, and by graupel pellets.

14. Accretion of rain drops by cloud ice to form snow flakes and graupel pellets,
by snow flakes, and by graupel pellets.

15. Accretion of cloud ice by snow flakes, by graupel pellets, by rain drops to form
snow flakes and graupel pellets.

16. Accretion of snow flakes by cloud droplets to form graupel pellets, by rain

drops to form graupel pellets, and by graupel pellets.

2.2.3 Convective parameterization

Apart from the microphysics scheme BEM, there is an option to include the con-
vective parameterization scheme developed by Tiedtke (1989). The inclusion of
convective parameterization is crucial for models of coarser resolutions. For a reso-
lution of 5 km, however, the validity of the approximations assumed in the convective

parameterization scheme and its effects on the model simulations are not clear. This
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scheme can be switched on and off.

The convective parameterization scheme of Tiedtke (1989) is a mass flux scheme,
which considers a population of clouds where the cloud ensemble is described by a
one-dimensional bulk model. Different types of convective clouds are represented
including: penetrative convection, midlevel convection and shallow convection. The
bulk cloud mass fluxes of the first two convective types are assumed to be maintained
by large-scale moisture convergence. On the other hand, the shallow convection is
supplied by the moisture from surface evaporation. This scheme includes also cumu-

lus scale downdrafts. Full description of the scheme can be found in Tiedtke (1989).

2.2.4 Boundary layer scheme

The boundary layer parameterisation scheme of TCLAPS is based on the scheme of
ECMWEF’s model and is described in the work of Beljaars and Betts (1992).
Surface fluxes

The surface fluxes of momentum, heat and moisture are parametrised using the
Monin-Obhukov formulation and follow Louis (1979) in specifying the flux profile

relationships in terms of numerically fitted functions of the bulk Richardson number.

The surface stress 7, sensible heat flux H,, and latent heat flux E, have the form

7 = pCo|VilVi (2.10)
H, = 6pCpCy|Vil(0, —0(c1)) (2.11)
E. = pCwCpL|Vi|(g:(T) — q1) (2.12)

where the subscript 's’ denotes the surface, subscript 1’ the first model level, p the
density and 6 the potential temperature. The facto