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Abstract

Although tropical cyclone (TC) track forecasts in numerical weather prediction
models have improved considerably over the past few decades, there remain cases
with large uncertainty. Typhoon Haiyan (2013) and Typhoon Hagupit (2014) are
examples of two high-impact storms where, despite similarities in the observed track
and intensity, the predictability of the storms differed greatly. Ensemble forecasts
showed large uncertainty in the track of Hagupit, whereas the ensemble spread for

Haiyan was considerably less.

Using the Met Office’s Unified Model, 5-day global and convection permitting (CP)
ensemble forecasts are analysed for both storms. Global forecasts show Haiyan
was located on the southern periphery of the subtropical high and embedded in a
strong easterly flow. In contrast, the steering flow of Hagupit was weak as the TC
became located between two anticyclones. We show that Hagupit’s position between
the anticyclones, the strength of the anticyclones, the interactions between the TC
outflow and its environment, and the upper-level geopotential height directly to
the south of the TC contributed to whether Hagupit would make landfall over the

Philippines or turn to the north.

The track forecasts in the CP ensembles of both storms produced errors which were
not present in the global forecasts. For Haiyan, CP forecasts predicted the motion
of the TC to be too slow, whilst for Hagupit the CP forecasts predicted the TC
to make a systematic south-west turn, away from the actual storm path. For a
third high-impact TC, Hurricane Florence (2018), CP forecasts predicted the storm
to move too far to the west before turning north. Analysis of these forecast busts

shows differences in how TCs interact with upper-level steering winds, particularly



in periods of strong vertical wind shear, can cause differences in the global and CP

track forecasts.
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Chapter 1

Introduction

For many communities around the world, accurately predicting the weather is
imperative to their safety, infrastructure and economy. However, weather forecasting
is not straightforward. Lorenz (1972) famously described how a flap of a butterfly’s
wings could cause a tornado on the other side of the world. Whilst this is a metaphoric
example, the idea is important. Weather is chaotic and thus small errors early in a
weather forecast can amplify in time to large errors. When predicting high-impact
weather events such as tropical cyclones (TCs), these large errors can have devastating

consequences.

Tropical cyclones are both fascinating and extremely dangerous. Approximately
80 TCs form globally each year (Ramsay|, 2017). Through their strong winds,
high precipitation rates and large storm surges, TCs have the potential to devastate
countries in which they make landfall (Emanuel et al.; 2005). Whilst future projections
of TCs remain uncertain, a greater proportion of intense storms along with increased
TC-related flooding due to sea level rise could make the impacts of TCs even more
severe in the future (Knutson et al., [2020). Predicting the motion and strength of
TCs is critical for stakeholders to make suitable decisions to mitigate against the
impacts (Bauer et al., 2015). Further, complex dynamical and thermodynamical
processes which occur across multiple spatial scales in TCs provide many interesting

scientific challenges (Emanuel, [2003; Montgomery and Smith|, 2017)).
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Figure 1.1: Visible satellite image taken of Typhoon Haiyan at 0536 UTC 7 November
2013 from the SSM/I satellite, showing the storm 10 hours prior to peak intensity.
Image taken from NRL-MYL.

Tropical cyclones are vast, intense, rotating storms which form over the world’s
warmest oceans. The cloud-free centre of an intense TC (the eye) makes them

instantly recognisable from satellite images (e.g. Figure . The eye, which has a

typical radius of about 15-50 km (Weatherford and Gray, 1988), is surrounded by the

eyewall, an area of deep convective clouds which extend outwards a further 20-50 km.
Both the highest precipitation rates and strongest winds can be found in the eyewall,
with the wind strength gradually decreasing with increasing radius from the storm

centre and becoming indistinguishable from the environmental winds at a typical

radius of 100-1000 km from the TC centre (Emanuel, 2003)).

A TC is categorised by its maximum wind speed (defined as the 1-minute sustained

wind at a height of 10m). A TC with maximum wind speeds less than 17ms™! is a

tropical depression; TCs with maximum wind speeds between 17ms™! and 32ms~!

L are hurricanes in the

are tropical storms and TCs with winds greater than 32ms~
North Atlantic or eastern North Pacific, typhoons in the western North Pacific or

severe tropical cyclones elsewhere. The Saffir-Simpson scale can be used to further



classify TCs with winds greater than 32ms~!. According to the Saffir-Simpson scale
the strongest TC is a category-5 storm and has 1-minute sustained winds greater

than 70 ms~".

Track forecasts for TCs have improved greatly over the past few decades (Figure [1.2).
This has largely been due to the advancement of numerical weather prediction (NWP)
models, which are used throughout the world for both global and regional weather
forecasts. Mean global model track errors for a 72 hour forecast are now comparable to
those of a 12 hour forecast 25 years ago (Yamaguchi et al.; 2017). For example, in the
western North Pacific, the Met Office’s Unified Model (MetUM) average 72 hour track
forecast error has decreased from over 600 km to under 200 km since 1992 (Hemingj,
2016)), whilst the 48 hour average TC track forecast error is approximately 100 km
(Short and Petchl, 2018; [Emanuel, 2018; |Hodges and Klingaman|, 2019). Despite the
improvements, it has been suggested that we are approaching the intrinsic limits of
track predictability (Landsea and Cangialosi, |2018). Furthermore, although there
have been consistent improvements in track forecasts, there remain cases when a TC
forecast has large errors (Yamaguchi et al., 2017). These cases are problematic for
decision makers whose job is to protect lives and infrastructure in the communities in
which TCs make landfall. This thesis is motivated by the crucial need to understand
what causes some TC track forecasts to be uncertain, and thus reduce the impact of

future cases.

Ensemble forecasts use a set of individual forecasts with perturbed initial conditions
and perturbed model physics. The perturbed initial conditions account for potential
errors in the observations, whilst the perturbed model physics account for uncer-
tainties in the model. The ensemble is designed in such a way that each individual
forecast (i.e.each ensemble member) is equally likely to occur. Therefore, the rate
at which the ensemble members diverge from one another informs the forecaster of
the uncertainty in the forecast and thus provides a tool for assessing the probability
of errors in any one of the individual forecasts. The MetUM is routinely used to

provide TC ensemble forecasts in many parts of the world, including the western

North Pacific.
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Figure 1.2: Met Office global 5-year running mean track errors for TCs in the
northern hemisphere. Image taken from Heming et al. (2019).

The western North Pacific basin has the highest number of TCs every year compared
to other tropical ocean basins, with a maximum between the months of July and
October (Figure [1.3). Many of these TCs cause substantial damage to countries

in the area such as the Philippines. Annually, the Philippines has on average 9

landfalling TCs (Cinco et al., |2016). As an island nation with dense population and

widespread poverty, the Philippines is particularly vulnerable to TCs and is one of

the most at-risk nations to natural disasters (Eckstein et al., [2019).

Two particularly strong TCs to make landfall over the Philippines were Typhoon
Haiyan in 2013 and Typhoon Hagupit in 2014. Haiyan made landfall close to peak

intensity with winds of over 83 ms™!

, at the time the highest winds of any storm that
had made landfall since records began. Over 6,200 people died with a further 4.1

million having to leave their homes. The total damage is estimated to have cost US

$2.1 billion (Food and Agriculture Organization, |2014; Lum and Margesson, 2014)).

Hagupit reached similar intensities to Haiyan, but weakened before making landfall
in the Philippines. Around the time of landfall the maximum 10-minute-sustained

winds were 46 ms~!. The storm lead to 18 deaths and caused US $114 million of

damage (OCHA| 2014)).

The track forecasts for Hagupit and Haiyan, two seemingly similar storms in terms

of position, intensity and size, were different. For Haiyan the track was predicted



B Tropical cyclones (> 33ms™1)
mem Tropical cyclones and tropical storms (> 18ms~1)

3

7 4

1_ I I

LB - BB L
ay Jun Jul Aug Sep Oct Now Dec

Jan Feb Mar Apr M

Mean number of storms (1977-2020)

Month

Figure 1.3: Yearly mean number of tropical storms and tropical cyclones for each
month in the western North Pacific between 1977 and 2020. Data taken from
IBTrACS.

with a high degree of certainty (Figure , whilst for Hagupit there was much more
uncertainty in the track forecast (Figure . Comparing Figures and , one of
the main questions that comes to mind is: Why do the different tracks of Hagupit
cover a much broader region than those of Haiyan? Comparing the forecasts of both
storms can provide insight into the key differences between the storms and their

environments which may have lead to the differences in track predictability.

Current global models are limited by their coarse resolution and thus do not resolve

processes such as convection explicitly. Convection permitting (CP) weather forecasts

provide a step-change for forecasting convective storms (Clark et al., |2016). Unlike

current global models, CP forecasts are run at a resolution high enough to permit
convection to develop independently in the model, rather than to use a parameter-

isation scheme. As technological advances continue, CP forecasts will eventually

become the norm for global forecasting (Bauer et al., 2015).

The Met Office use a limited-area, CP configuration over the western North Pacific,
with one of the aims to improve TC forecasts in the area. Evaluation of the CP

forecasts indicates that, compared to the global forecasts, they are successful at
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Figure 1.4: Met Office global 7-day track forecast for Typhoon Haiyan initialised at
0000 UTC 5 November 2013. Image courtesy: Helen Titley, Met Office.
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Figure 1.5: Met Office global 7-day track forecast for Typhoon Hagupit initialised at
1200 UTC 3 December 2014. Image courtesy: Helen Titley, Met Office.



improving intensity and precipitation predictions for TCs (Short and Petch, [2018).
Despite these improvements, the mean track error has remained the same, as shown
by comparing the orange and green lines in Figure [1.6] Although the mean error
is similar, there is a significant positional difference between the global and CP
forecasts (i.e. the black line in Figure . This suggests there are differences in
TC motion in the CP simulations compared to the global simulations (in some
instances the CP forecasts must perform better than the global, and in other
instances the global forecasts must perform better than the CP). Figure also
shows that, over the western North Pacific and during the evaluation period, the
European Centre for Medium-Range Weather Forecasts (ECMWF) operational global
forecasts perform better at predicting TC tracks, whilst the CP Hurricane Weather
Research and Forecast (HWRF) has the largest positional errors. At a lead time
of T4120, the ECMWF forecasts average error decreases compared to earlier lead
times. This decrease in error is likely a result of the small case sample size at T+120

(approximately 25 cases).

The difference in TC track forecasts between global and CP configurations of the
MetUM is worth investigating as it may provide insight into potential causes of TC
track errors. The regional, CP configuration is one-way nested. This means that
whilst it takes boundary conditions from the global forecasts, the CP simulations
do not feedback to the global forecasts. Therefore, differences between the two
configurations come from the increased resolution in the limited area domain and the
different scientific configurations used within that domain. Understanding the cause
of these differences can aid future model development and improve our fundamental
understanding of TC motion. This is particularly important in cases in which the
global forecasts perform better than the CP forecasts at predicting the track of a TC.
Whilst CP simulations will undoubtedly contribute to improved intensity forecasts

in the future, it is important not to reduce the skill in the track forecasts.

This thesis aims to improve our understanding of TC track predictability in both
global and CP configurations of the MetUM. In particular some of the key questions

are:
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Figure 1.6: Track forecast errors of TCs in the western North Pacific between 4
November 2014 to 15 March 2016. Error is calculated as the direct positional error
(DPE) between the forecast and the observed storm position. The solid line with
error bars is the mean and 95% confidence interval, respectively. The shaded regions
are one standard deviation about the mean. The figure compare the Met Office
global forecasts (GAG6.1), the Met Office’s regional CP forecast (PHI), operational
ECMWEF forecasts and operational HWRF forecasts. The solid black line shows the
mean distance between the GA6.1 and PHI forecasts at each lead time. Figure taken
from |Short and Petch| (2018)).

e Why were the track forecasts for Typhoon Haiyan and Typhoon Hagupit so

different?

e How do Haiyan and Hagupit interact with their environment, and what impact

does this interaction have on their tracks?

e What causes the differences in track forecasts between the global and CP

simulations?

To address the first two questions, a number of global ensemble forecasts of Haiyan
and Hagupit are analysed in detail using the MetUM. For the final question, CP
forecasts of Haiyan, Hagupit and a third TC, Hurricane Florence (2018), are analysed
and compared to the global forecasts. Hurricane Florence is included in this analysis
as it was a high-impact TC which caught the eye of Met Office model developers due
to CP forecasts inaccurately forecasting Florence’s motion. After making landfall
over North Carolina, Florence travelled west and moved inland before making a

northwards turn. Whilst the global ensemble members from multiple initial times all
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accurately predicted the location of the northward turn, the CP ensemble members

predicted the TC to travel too far inland before turning north.

The rest of the thesis is organised as follows. Chapter [ gives an overview of TCs
with a focus on TC motion and interactions between TCs and their environments.
Existing literature, in particular studies which address TCs associated with large

track errors, is reviewed.

In Chapter |3 the methodology and data used in the thesis is outlined. This includes
a detailed overview of the MetUM, a description of observational and analyses data,
and a description of analysis methods used. The analysis methods include a TC
tracking algorithm and a TC vortex removal technique. The TC vortex removal

method is used throughout the thesis to calculate the TC’s steering flow.

A synoptic overview of both storms is given in Chapter [4l This chapter also compares
the track and intensity forecasts of Haiyan and Hagupit. Comparisons are made to
observational data to demonstrate the TCs produced by the MetUM are realistic

simulations of Haiyan and Hagupit.

Chapter |p| investigates in more detail the global ensemble forecasts of Haiyan and, in
particular, Hagupit. The impact of Hagupit’s position earlier in the forecast and the
importance of different synoptic features on the uncertainty of Hagupit’s track is
explored. Statistical methods are used to highlight important differences between
groups of ensemble members which predict the track of Hagupit to either make
landfall or turn to the north. The global forecasts of Haiyan are also analysed to

explain why the track of the storm was so predictable.

The CP forecasts of Hagupit are the subject of Chapter [0l In particular the chapter
aims to understand why there are differences in the predicted motion of the storm in
the CP forecasts compared to the global forecasts. Along with different resolutions,
the global and CP forecasts also use different scientific configurations. That is,
whilst both solve the governing equations using the same dynamical core, they use a
slightly different set of physical and dynamical parameterisation schemes. A series

of sensitivity tests explores whether the added resolution or the different science
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configuration causes the difference in the CP tracks compared to the global. Two
key differences between the global and CP forecasts are discussed. Firstly the storm
environments in the CP and global forecasts are compared to explain the differences
in the steering flow between the two forecast types. Secondly the different structures
of the TC, how they react to vertical wind shear and the impact this has on the

track is explored.

Using results from Chapter [6] Chapter [7] aims to understand why the tracks of both
Haiyan and Florence differ in the CP forecasts compared to the global forecasts. The
consequences of Haiyan’s weak initialisation and thus differences in storm structure
between the global and CP forecasts is discussed. For Florence, the differences in the
depths of the optimum steering wind between global and CP forecasts is compared.

Chapter 8 summarises the work and discusses possible avenues of future work.



Chapter 2

Tropical Cyclones

2.1 Introduction

A tropical cyclone is a large, powerful low pressure weather system that forms over
tropical oceans and is driven primarily by heat transfer from the sea. Tropical
cyclones produce powerful, destructive winds and torrential rain whilst also causing

storm surges which can have a devastating impact on coastal areas.

This chapter provides a general overview of TCs and covers the relevant information
for the rest of the thesis. The basic physics of mature TCs and how they move is
outlined in Sections and [2.3] respectively. The interactions between a TC and its
environment is discussed in Section [2.4] Existing literature on predicting TCs and in
particular TCs in which the motion is difficult to predict is reviewed in Section
A brief climatology of TCs in the western North Pacific is given in Section and

a summary is provided in Section [2.7]

2.2 Physics of Tropical Cyclones

2.2.1 Tropical Cyclone Structure

The main source of energy for TCs is the heat flux from the ocean (Emanuel, [2003).

Without sea surface temperatures of at least 27°C (i.e. those found in the tropical

12
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oceans), TCs are generally unable to develop (Gray, |1968). Along with warm
oceans, other conditions that must be satisfied for TC genesis include lower level
convergence of winds, which in turn causes ascent; a sufficient distance from the
equator to allow for rotation; low vertical wind shear and an existing disturbance
(Gray, [1975). Tropical cyclones dissipate when either they make landfall and thus
no longer have the warm oceans as their energy source; move polewards and into
cooler oceans, undergo extratropical transition; or when their structure is disrupted

by other synoptic weather conditions such as large vertical wind shear.

Perhaps the most defining feature of a TC is the eye. The eye of a TC is the
calm, often cloud-free centre of the storm with a typical radius of about 15-50 km
(Weatherford and Gray|, |1988]), and is an area in which air descends slowly at
approximately 5-10 cms™! (Emanuel, 2003). Around 60% of TCs feature an eye with
it being common within the more intense storms (Vigh et al.; [2012). Figure , a
visible satellite image of Typhoon Haiyan (2013) close to peak intensity, shows the
cloud free eye of the storm. The eye is also the region of the lowest pressure. The
sea level pressure inside the eye is 10-30 hPa lower than area outside of the eye, and
50-100 hPa lower than the sea level pressure away from the TC (Willoughby, [1998]).
In the most intense storms, the minimum sea level pressure is under 900 hPa. Along
with lower pressure, the TC eye also has higher temperatures than its surroundings
at all altitudes. Therefore, a TC is said to be warm-cored, a key difference from

mid-latitude cyclones which are cold-cored.

The TC eye is surrounded by the eyewall. The eyewall consists of deep convective
clouds extending outwards for 20-50 km. The maximum wind speeds along with the
highest rates of precipitation are found in the eyewall. In the eyewall, air ascends at

! reaching a maximum at mid-levels (Emanuel, 2003). The

approximately 5-10ms™
eyewall tends to slope outwards with height. This is due to a TC being warm-cored

and the pressure gradient weakening with height (Shea and Grayl, [1973).

Due to a canopy of high cirrus clouds surrounding the eye it is not clear where
the eyewall ends in Figure Microwave imagery is used to give a detailed view

of the cloud structure of TCs by penetrating cirrus clouds. An example of an
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Figure 2.1: 85 GHz microwave image of Typhoon Haiyan at 1027 UTC 6 November
2013 from the SSM/I satellite. Image taken from NRL-MYR.

85 GHz image is shown in Figure [2.1], taken of Haiyan at 1027 UTC 6 November 2013.
The cirrus canopy appears transparent, however, the 85 GHz channel is sensitive
to precipitation and clouds at low- and medium-levels, meaning the eyewall can
be identified, completely surrounding the eye. Figure [2.1] also highlights another
important structural feature of TCs - spiralling rainbands. These are made of deep
convective clouds which spiral out from the eyewall. These rainbands sometimes
contract and form an outer eyewall. From here the storm may undergo an eyewall
replacement cycle as the outer eyewall contracts during intensification (Emanuel
2003). The rainbands, along with the eyewall, are the main source of the significant
rainfall produced by TCs. This particular image (Figure suggests that Haiyan

has just one eyewall as no spiral rainband completely surrounds the eye.

After reaching a maximum at the radius of maximum wind, tangential winds decrease
in strength gradually with distance from the TC centre. The TC winds become
indistinguishable from the environmental winds at a typical radius between 100 and

1000 km from the TC centre. Away from the eyewall and the rainbands, there is
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subsidence of air parcels (Emanuel, |2003).

2.2.2 Dynamics of a Mature Tropical Cyclone

The dynamics of a mature TC can be split into two key components: the primary
circulation and the secondary circulation. The primary circulation describes the
horizontal tangential winds rotating about the eye, whilst the secondary flow describes
an air parcel’s in-up-and-out motion in the radial and vertical direction. A mature

TC refers to one which is at peak intensity, neither intensifying nor weakening.

The primary circulation of a mature TC is in approximate gradient wind balance
above the boundary layer (Willoughbyl 1990), which is a consequence of the radial
momentum equation. Gradient wind balance is the balance between the pressure

gradient force and the sum of the centrifugal and Coriolis forces:

v2 10p
—az o = —— 2.1
S >ar (2.1)

where v, is the azimuthal velocity, p is the pressure, p is the density, r is the radial
distance from the centre of the storm and f is the Coriolis parameter. |Willoughby
(1990)) showed using aircraft observations that the gradient wind profile was a good

approximation for TCs.

In the boundary layer the gradient wind balance approximation no longer holds. In
this region friction acts on air parcels slowing the azimuthal velocity. As a result
the centrifugal force is reduced and the pressure gradient force becomes dominant.
This causes inflow in the boundary layer and a convergence of air parcels. As the air
parcels spiral inwards they evaporate ocean water, supplying energy to the TC in
the form of latent heat (e.g. [Emanuel et al., [2005). Due to conservation of mass, the
warm, moist air parcels are forced upwards out of the boundary layer. Convective
instabilities cause the air parcels to rise through the eyewall which extends throughout
the troposphere. As the moist air parcels rise, they expand and cool, releasing latent
heat via condensation. This development of vigorous convection can eventually lead

to large precipitation rates. The latent heat release in the eyewall ensures the TC
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remains warm-cored. As the air ascends, it also slows, with the maximum winds
usually occurring just above the boundary layer (Smith and Vogl, 2008). The angular

momentum (M) of an air parcel is given as
L. o
M = vg,r+ §fr . (2.2)

Above the boundary layer and thus in the absence of friction, M is conserved whilst
following parcels of air. As the azimuthal winds decrease with height, Equation
suggests that r should increase. This causes the eyewall to slope outwards with
height. At the top of the cyclone the flow becomes anticyclonic and asymmetric,
often concentrated in outflow jets (Holland, [1984). Equation also describes why
an air parcel will speed up at smaller radii. As r decreases, v,, must increase to

conserve angular momentum.

2.3 Tropical Cyclone Motion

To a first approximation, TCs move with the environmental flow in which they are
embedded, averaged through the depth of the storm (George and Gray, (1976; |(Chan
and Gray|, 1982; [Holland, [1983). The environmental flow is defined as the air flow
that would exist in the absence of the TC. (George and Gray| (1976) found, for TCs in
the western North Pacific, that there is a relationship between the movement of the
storm and the winds averaged between 1° — 7° of the storm’s centre at a height of
700 hPa. |Chan and Gray| (1982)) expanded the study to include the west Atlantic and
Australian-South Pacific basins. They showed that winds at an average distance of
5°-7° from the storm’s centre and a pressure weighted average height of 500-700 hPa

best correlated with the motion of a TC.

As there is no clear boundary between a TC and its environment, it is difficult to
determine both the area and depth which should be averaged over to give the best
representation of the environmental winds that are steering the storm. The depth of
the environmental flow advecting the storm changes according to the storm intensity

(Velden and Leslie, [1991; Dong and Neumann, 1986)). |Dong and Neumann| (1986)
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showed, based on 920 cases in the Atlantic, that the depth of the steering layer is
greater for hurricanes than for tropical storms. Velden and Leslie (1991) suggested
that the depth used to calculate the environmental flow should vary according to
the intensity of the TC. They showed that weaker storms (defined as storms with a
minimum sea level pressure > 975hPa) had an optimum layer of 850-500 hPa, whilst
stronger storms (< 955 hPa) had an optimum layer of 850-300 hPa (Velden and Leslie,
1991)). The vertical average should not include the boundary level nor the outflow
layer due to strong convergence and divergence in these regions (Holland} |1984)),
therefore, a bottom boundary of 850 hPa is considered for the majority of studies
investigating the environmental flow of a TC. Similarly the radius of a TC can be
different from storm to storm, and is not necessarily correlated to the intensity of
the storm. Therefore, the radius used to calculate the environmental winds should

be different dependent on the TC.

More recently a method developed by |Galarneau and Davis| (2013) for calculating the
winds responsible for steering the storm has become popular. Using this method, the
typical optimum vertical layer extends vertically from 850 hPa to an upper boundary
between 300-200 hPa whilst the optimum radius is usually between 300-400 km
(Galarneau and Davis, 2013; Fowler and Galarneau, 2017; Torn et al., [2018; |Nystrom
et al., 2018). However, allowing the radius and depth to change with time in the
calculation of the environment flow results in a more accurate description of the
steering flow (Galarneau and Davis| 2013)). This method, with some modifications,

is used in this study. The methodology is outlined in Section [3.5.2]

From the earlier studies of TC motion it was apparent that there is a systematic
deviation of the storm’s motion relative to the environmental winds. In the northern
hemisphere this deviation meant that the TC would move slightly to the left of the
environmental winds (e.g. [Holland} |1983; |Brand et all |1981)). The cause of this
deviation is due to the f—effect (Chan and Gray, 1982; Holland), |1983; DeMaria,
1985} (Chan and Williams|, [1987)). The general steering principle for TCs is that TC

motion is controlled by the environmental winds plus a [-effect.

The basis for the TC steering principle is that a TC is an axisymmetric vortex
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embedded in a barotropic atmosphere. A TC has particularly high relative vorticity,
(, defined as
v Ou

C:R-(qu):%—a—y, (2.3)

where k is the vertical unit vector, u is the three-dimensional velocity vector and
u and v are the zonal and meridional components of u, respectively. A barotropic
atmosphere is one in which the density is only a function of pressure, and the surfaces

of constant pressure and density coincide. The barotropic vorticity equation,

o¢ _ o+ f) o+ f)

ot Ox oy (24)

governs the motion of the flow. Considering the case in which a vortex is embedded in
some environmental flow on an f-plane (i.e. one in which the Coriolis parameter does
not have a meridional gradient), then Equation reduces to a simple advection
equation - the TC is advected by the environment in which it is embedded. However,
if the B approximation is used such that % = [, the advection of Earth’s vorticity

must also be considered. In this case the barotropic vorticity equation becomes,

o A o

It is useful to consider Equation [2.5]in the situation of no environmental flow. In this
case, u and v are just the cyclonic winds associated with the TC. The streamlines
of u and v are concentric with the contours of ¢ and thus the advection of relative
vorticity by the cyclonic winds is zero. Therefore, the only contribution to the relative
vorticity tendency is due to the final term on the right hand side of Equation 2.5 In
the northern hemisphere, 3 is positive. To the east of the TC centre, v is positive,
whilst to the west of the TC centre v is negative. Therefore, in the absence of any
environmental flow, the vorticity tendency, Equation [2.5| would produce a positive
vorticity anomaly to the west of the TC and a negative anomaly to the east. This
would have a consequence of shifting the TC slightly to the west, whilst also setting

up a secondary circulation in the form of two gyres through the centre of the TC

(Figure 2.2h).
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Figure 2.2: (a) Schematic showing the relative vorticity tendency in arbitrary units
(thinner labelled contours) and the induced circulation by the vorticity changes
(thicker dashed lines) centred on a cyclone on a f-plane in the Northern Hemisphere.
Image taken from Holland| (1983). (© American Meteorological Society. Used with
permission. (b) The asymmetric streamfunction after integrating Equation for
24 hours. Solid (dashed) lines show positive (negative) values of the streamfunction
and indicate anticyclonic (cyclonic) flow. The TC symbol indicates the centre of

the storm. Contours are every 10°m?s~!. Image taken from Fiorino and Elsberry
(1939).

The barotropic vorticity equation Equation can be rewritten using the stream-

function, 1, where
Vi = (2.6)

and

u=—-— and v=—". (2.7)

Equation [2.5] then becomes

a(a?¢+a2_¢)_a¢3(a% a?_w) awa(a?_¢+aﬂ_¢> o
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2.
oz Oy (28)

Chan and Williams (1987)) solved both the linear (i.e. excluding all terms from the
right hand side of Equation except the § term) and nonlinear problem. The
linear solution showed the vortex stretched in the westward direction, whilst the
nonlinear effects caused the propagation of the vortex. The displacement direction

and speed (initially 0.8 ms™! in the first 12 hours and rising to 2.8 ms~! by T+60)



20

in the nonlinear model were consistent with the observed TC deviation from the

environmental winds.

Fiorino and Elsberry]| (1989) solved the same nonlinear problem (Equation [2.8)),
decomposing the flow into its symmetric and asymmetric components. They showed
that the g drift is due to the asymmetric advection of symmetric vorticity. Further,
they showed that the asymmetric flow has a strong dipole structure and that the
flow through the centre of the TC (the ventilation flow) was consistent with the
direction and speed of the TC. Figure 2.2b, from their study, shows a similar dipole
structure to Figure [2.2h. However, this has been rotated approximately 45°. [Fiorino
and Elsberry| (1989) attributes this rotation of the gyres to the symmetric advection
of the asymmetric relative vorticity. Similar results were found by Smith and Weber
(1993) who found an approximate analytical solution to describe the motion of a TC

within a barotropic framework.

The theoretical studies of the § drift describe how the TC can deviate both westward
and poleward from the environmental steering winds. In comparison, the earlier
observational studies suggested a westward deviation of the TC compared to the
environmental winds. The difference between the observational and theoretical studies
is related to the definition of the steering winds (Holland, [1983)). Observational
studies calculated the steering winds by removing an azimuthally averaged wind field
in the vicinity of the TC (e.g. |George and Gray, |1976)). Therefore, by definition, the
asymmetric f-gyres are incorporated in the environmental steering flow (Holland,
1983) and only the westward part of the § effect remains. In comparison, the
theoretical studies are able to prescribe a background flow, predict it’s evolution and
compare the TC location to where the TC would be if it had exactly followed the
environmental flow. In this scenario the -gyres are not part of the definition of the

steering flow (e.g. |(Chan and Williams, |1987)).

By changing the properties of the initial vortex in their model, |[Fiorino and Elsberry
(1989) also demonstrated the sensitivity of the 5-gyres to the strength of the flow
between 300 and 1000 km from the vortex centre. If this flow is more cyclonic then

the vortex will move further to the west in the Northern Hemisphere. On the other
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hand, changing the winds close to the centre of the TC (i.e. making the storm more
or less intense), whilst keeping the winds beyond 300 km from the centre the same,

had little impact on the track.

These studies consider an axisymmetric vortex in zero background flow. Similar
results are found when applying a uniform background flow. However, further com-
plications arise when imposing a non-uniform background flow or when considering
an asymmetric initial vortex. In reality a TC is asymmetric and is embedded in an
environment which has a horizontal shear profile. The presence of horizontal shear
due to non-uniform flow has been the subject to numerous studies (eg. [Evans et al.)
1991; |Smith, [1991; Ulrich and Smith}, [1991)). Both the strength and orientation of
the (-gyres is changed due to the environmental flow meaning the motion of the TC

depends also on the characteristics of the environment.

2.4 Interactions Between Tropical Cyclones and
their Environments

The previous section described how the environment of a TC steers the storm and
thus is the main factor in determining the TC’s track. It is also important to highlight
that a TC can play an equally important role in changing its environment. A TC’s
interaction with its environment is two-way, and thus whilst the environment is
steering the storm, the storm may also be changing the environment, which would
then feedback onto its own motion. Failing to predict these interactions could lead
to an error in the storm motion. Indeed, environmental errors are often cited as the
cause for TCs which have been poorly predicted (Nystrom et al., 2018; Torn et al.|
2018; Magnusson et al., 2019).

Potential vorticity (PV) combines the dynamical and thermodynamical properties of

a flow into a single quantity. PV is defined as

PV = —g(C+) g—i (2.9)
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where ¢ is the gravitational constant, 6 is the potential temperature and p is
the pressure. In the mid-troposphere, the TC represents a strong positive PV
anomaly, whilst at upper levels, in the region of strong outflow the PV anomaly is

negative.

Interactions between a TC and its environment are often investigated within a PV
framework (e.g. |Keller et al., 2019, and references therein). Anticyclonic outflow
from the TC enhances the downstream trough amplification through the advection of
cyclonic PV and the implication of an enhanced anticyclonic component in the region
of the downstream trough (Riemer and Jones| 2010; Keller et al. 2019). Meanwhile
divergent outflow from the TC, associated with the latent heat release in the mid
troposphere, contributes to ridge building and jet streak formation through the
advection of low PV air which distorts the upper level PV field (Riemer and Jones,
2010; (Grams et al., 2013; Keller et al., [2019). As a TC moves closer to the the
midlatitudes, the cyclonic circulation of the TC advects anticyclonic PV towards
the ridge and contributes to the ridge amplification. Each of these processes are

summarised in Figure 2.3

The interactions between a TC and midlatitude flow, particularly when a TC moves
polewards and undergoes extratropical transition, can often have large impacts on
the predictability of weather globally (Keller et al) 2019). Even if a TC does not
turn polewards and interact directly with the midlatitudes, interactions between
its outflow and the jet stream can influence the environment and thus the track of
the TC. The location of a TC relative to an approaching trough is important to its
future track (Riemer and Jones, [2014)). This was the case in Typhoon Jangmi, where
Grams et al.| (2013) found that slight positional differences in the location of Jangmi
changed whether or not the TC would turn to the north and undergo extratropical
transition or not. The reason for this sensitivity to the position of the TC is the
existence of a bifurcation point in the steering flow in a trough-relative frame (i.e. the
full flow minus the trough phase speed). An example of this flow pattern is shown in

Figure [2.4] taken from an idealised simulation in [Riemer and Jones| (2014).

In the case of Hurricane Sandy, track uncertainties were linked to differences in the
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Figure 2.3: Contribution of different circulations associated with TCs to the modifi-
cation of the environment. (a) Horizontal and (b) vertical schematic showing the
cyclonic circulation (thin orange arrows), anticyclonic circulation (thin blue arrows)
and irrotational outflow (thin green arrows) of the TC (orange symbol and grey
clouds). The contribution of each of these circulations to the downstream ridge is
shown by the thick arrows in (a). The red line shows the location of the jet stream
with high-PV stratospheric air to the north and low-PV tropospheric air to the south.
(¢) The advection of potential temperature on the dynamical tropopause by the
different circulations, integrated over a 72 hour idealised forecast. Figure taken from
(Keller et al., 2019). (©American Meteorological Society. Used with permission.
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Figure 2.4: Example of TC tracks in an idealised midlatitude wave pattern. Geopo-
tential height and winds in a frame of references which moves with the wave pattern
at 620 hPa are shown by the shading and arrows, respectively. The thin black lines
are examples of different TC tracks. “NW pattern” and “NE pattern” refers to two
scenarios of extratropical transition described in (Riemer and Jones| 2014), “no ET”
refers to a situation in which extratropical transition of the TC does not occur. The
dashed contours depict the streamlines formed from the bifurcation points, which
are marked by the dot and cross. Figure taken from [Riemer and Jones| (2014).

strength of the upper level ridge (Magnusson et al., 2014)) and thus the steering

winds (Munsell and Zhang} [2014)). [Torn et al| (2015)) demonstrated that through PV

advection by irrotational winds, Hurricane Sandy amplified the ridge controlling its
motion, and differences in the irrotational outflow of the TC in different simulations

caused the uncertainty in the track forecasts.

2.5 Predicting Tropical Cyclones

2.5.1 Overview of Track and Intensity Forecasts

The importance of accurately predicting the intensity and track of TCs is crucial to
both save lives and limit the damage caused to infrastructure and livelihood. Track
predictions have improved steadily for many years, mainly due to the improvements

in NWP model&ﬂ, such as the increased frequency and density of satellite observations

1A more detailed summary of NWP models, and in particular the Met Office’s Unified Model is
provided in Section F)ZZ}
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of the atmosphere and surface, increasingly accurate numerical models and the use
of multi-model ensemble forecasts (Bauer et al., [2015; |Alley et al. 2019). The mean
error in TC track forecasts is approximately 75 km for a 24 hour forecast, compared to
close to 250 km 25 years ago (Figure . However, there remain many outlying cases

in which TCs are associated with large track errors (Yamaguchi et al., 2017).

Contrary to the track, numerical models fail to accurately predict the intensity of a
TC (e.g. [Ito, |2016; [Hodges and Klingaman, |2019) and improvements to intensity
forecasts have happened at a much slower rate than improvements to track forecasts
(DeMaria et al., 2014). Intensity errors are particularly problematic during the
first few days of a forecast and increase significantly in TCs which undergo rapid
intensification - where a TC intensifies by 30 knots (15.4ms™!) in 24 hours - and
where the initial intensity of a TC is underestimated in the model (Emanuel and
Zhang), 2016|). There are many factors which make TC intensity difficult to predict
including the complex interactions across different scales which determine the TC
intensity (e.g. Rotunno et al., 2009) and the importance of accurately predicting the
response of the upper ocean to TCs (e.g. [Yablonsky and Ginis, [2009), along with
gaps in scientific knowledge of how a TC undergoes rapid intensification (Kaplan
et al., 2010; Montgomery and Smith, 2017). Higher resolution, CP forecasts are
able to better represent the structure and intensity of TCs, compared to global
models (Jin et al 2014; Short and Petch, |2018)), however, there are still large errors
associated with rapid intensification of TCs in CP models (e.g. Short and Petch,
2018).

The improvements in track forecasting are unsurprising. Section explained
that, although there are dynamical and thermodynamical considerations (e.g. the
p-effect and diabatic heating), the main process controlling the motion of a TC is
the environmental flow. Over the past decade NWP models have seen consistent
improvements in forecast skill (Bauer et al. 2015|) leading to a better representation
of the synoptic circulations responsible for the TC motions. Unlike intensity forecasts,
there is no evidence to suggest that CP forecasts perform better or worse, on average,

at predicting the track compared to global models (Heming et al., 2019). However,
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as demonstrated in Figure [I.0] there is evidence that there is a difference between the
global and CP track forecasts. |Short and Petch| (2018) show that whilst the average
the positional errors of global and CP MetUM TC forecasts are similar, there are
significant differences between the forecasts. Therefore, in some cases the CP model
must perform better at forecasting the track, whilst in other cases the global model

must perform better.

As discussed in Section [2.3] the intensity of a TC impacts the vertical depth of the
environmental winds which impact its track, with the stronger TCs being associated
with a larger vertical depth. In addition, category 5 storms move, on average, 1 ms™*
faster than other tropical storms (Mei et al., |2012). The increased intensity is likely
related to faster moving storms generating weaker sea surface cooling and thus are
exposed to the cooling for a shorter time (Mei et al., 2012). [Ngo-Duc et al.| (2013])
demonstrated that a reduction in track error - even for storms in which the track
error was initially small - can lead to a reduction of intensity error. However, even
with a perfect track forecast and a perfect model, there is a limit on the predictability

of TC dynamics and thus our ability to reduce intensity errors beyond a certain

threshold (Kieu et al. 2018)).

To understand uncertainty in the atmosphere, ensemble forecasts are used. These
consist of perturbing the initial conditions along with some model parameters to
account for the uncertainty in observations and anaylsesﬂ (Bauer et al 2015)). Each
of the major NWP centres run ensemble forecasts of different sizes (e.g. [Toth and
Kalnayl 1997 Buizza et al.| 2005). For TCs, an ensemble forecast in which the TC
track has large spread (i.e.one in which the storm is predicted to go in different
directions in each of the ensemble members) demonstrates that the deterministic
forecast may be associated with large track errors. This is critical to forecasters who
can relay the information to decision makers (Titley et al., 2019). Both global and
CP TC ensemble track forecasts tend to be under-dispersive at increasing forecast
times, although using multi-model ensembles can lead to a significant improvement

in the track and intensity spreads (Melhauser et al., 2017 Titley et al., [2020).

2A more detailed summary of ensemble forecasting is provided in Section
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Comparisons between models are useful for determining which models are performing
better averaged over many cases. However, when comparing two models it is difficult
to isolate the impact of one particular feature, such as the parameterisation of convec-
tion. This is due to the large amount of differences between different models. These
differences include different dynamical cores (which involves the numerical methods,
grid structures and prognostic variables used to solve the governing equations),
different parameterisation schemes and different initial model analysis. For regional
forecasts the differences will also include the boundary conditions provided at the
edge of the domains. Melhauser et al. (2017) compared CP ensemble forecasts of
Hurricanes Sandy (2014) and Edouard (2014) using three different models, initialised
with the same initial conditions and perturbations. The spread for each individual
forecast was less than that of the multi-model forecast, however, they were able to re-
produce the multi-model spread through using varying parameterisations, stochastic
physics algorithms and inflated initial perturbations, suggesting the differences in the
dynamical core had less of an impact in the development of the TCs (Melhauser et al.|
2017)). There are currently no studies which specifically compare the track forecasts
of global and CP ensembles using the same model. This comparison would highlight
the impact of differences in resolution and parameterisations, without conflating the

results with differences due to different dynamical cores.

Although there have been consistent improvements in track forecasts, there remain
cases when a TC forecast has large errors (Yamaguchi et al., 2017). These cases
are challenging for the forecaster, and thus identifying and understanding situations
where the motion of a TC is difficult to predict is essential for preparing effective
warnings and thus mitigating the potential impact of the storm. Further, identifying
weaknesses in the model will help focus the future development of the model leading

to the improvement of forecasts.
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2.5.2 Some Examples of Difficult to Predict Tropical Cy-

clones

A number of difficult to predict TCs have been the subject of previous case studies into
track forecast uncertainty. Section described how TC-environment interactions
impacted the predictability of Hurricane Sandy, and how the location of Typhoon
Jangmi in relation to an upper level trough was critical to the future forecast.
Hurricane Joaquin (2015) has also been the subject of multiple case studies, mainly
due to its unusual looping track. Initially moving south-west towards the Bahamas,
many forecasts predicted the storm would make landfall over the east coast of
the U.S.. However, the storm actually slowed significantly before travelling back
in a north-east direction into the North Atlantic Ocean. |[Nystrom et al.| (2018])
demonstrated that the uncertainty in the track was due to differences in the steering
winds. In particular, small differences in the lower level (700 hPa) steering winds
were found to be significant in deciding which side of a bifurcation in the steering
flow the storm would travel. These differences were traced back to initial condition
differences between 600 and 900 km of the storm’s centre. [Miller and Zhang] (2019))
attributed forecast errors of Hurricane Joaquin to both the near-storm winds and a
shallow vortex depth meaning the storm was not impacted by the upper level winds.
However, the results from |[Alaka Jr et al.| (2019) suggest that the track of Joaquin
was insensitive to the structure of the TC vortex and that the track uncertainties
arose from the evolution of the environment and thus the steering flow, rather than

the TC depth.

Using ensemble-based sensitivity analysis, [Torn et al.| (2018) showed that the forecast
spread of three TCs [Joaquin, Debby (2012) and Lionrock (2016)] was associated
with variability in the near-storm steering flow - in particular the steering flow
within 500 km of the TC centre. Each of these TCs was characterised by being in a
large-scale deformation flow, i.e. one in which a bifuraction point is present in the
steering flow. Errors in the steering flow within 500 km of the centre of a TC can
determine which side of the axis of contraction the TC will move to and thus the

future position of the storm.
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The size of a TC has also been related to errors in track forecasts. [Tang et al.
(2020) investigated three TCs which were all embedded in a split subtropical high
position. They found that, using the Weather Research and Forecasting (WRF)
model, differences in the initial TC size impacted which of the synoptic systems
the TC would interact with and thus the steering flow. They also identified a link
between the size of TCs in different NWP models and the track forecasts for these
three particular storms. In their analysis of TC Lupit (2009) they found that NWP
models which predicted Lupit to move westwards over-predicted the TC size, whilst
the NWP models which predicted the TC to recurve under-predicted the TC size.
However, in their WRF simulations the opposite was true with larger TCs moving
to the north-east. Tang et al. (2020) showed this discrepancy was related to the
strength of an anticyclone to the east of the storm in the different model. This
example highlights that comparisons between different models are difficult. With
so many different factors to consider (TC size, TC structure, the environment etc.),
it is difficult to compare different models which will likely predict each of these
things slightly differently. Despite this, their analysis using the WRF simulations
did indeed show that it is important to consider TC size when investigating track

uncertainty.

A number of diagnostic tools have been developed for analysing errors or uncertainty
in TC track forecasts (Magnusson et al.; 2019). Whilst some of these methods require
the user to have access to the model (such as adjoint sensitivity and “bogussing” TCs
in initial conditions), and may require complicated modifications to initial conditions
or model physics, others (such as analysing the environmental flow and ensemble
sensitivity analysis) can be applied to any forecast without the need to rerun it. In
this study the latter two methods are used and are described in detail in Section [3.5]
Other sensitivity tests which are unique to the MetUM and require forecasts to be

rerun are also used in Chapter [0]
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2.6 Tropical Cyclones in the Western North Pa-
cific

This thesis will provide a detailed case study of two TCs which made landfall over
the Philippines. In this section a general overview of the climatology of TCs in the

western North Pacific is given.

The western North Pacific ocean basin has the highest number of TCs on average

every year compared to the other tropical ocean basins (Peduzzi et al., [2012). Each

year the region has approximately 25 named storms (Figure , less than five
of which are categorised as category 3-5 on the Saffir-Simpson scale (i.e.having
l-minute maximum sustained winds greater than 50 ms™!). In the western North
Pacific, TCs form all year around (Figure with a maximum of approximately 5

in August.

—— Named storms (> 18ms™)
35 —— Category 1-2 (33ms~! - 49ms~1)
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Figure 2.5: Number of Tropical Cyclones in the western North Pacific each year
since 1977. Data taken from IBTrACS.

The tracks of all storms in the region since 1977 are shown in Figure Many
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Figure 2.6: Tropical cyclone tracks in the western North Pacific between 1977-2019.
Data taken from IBTrACS.

countries are affected by TCs in the area, including the Philippines, Vietnam and

China. Annually the Philippines has on average 9 landfalling TCs (Cinco et al.
2016), and is the ninth most at-risk nation to natural disasters (Eckstein et al. [2019)

due to the large numbers of people a TC could impact in the Philippines. Indeed,
TCs contribute up to 54% of the annual rainfall in parts of the Philippines (Bagtasa,

2077

As with other TC basins, the western North Pacific experience a number of TCs

each year with large track errors. |Peng et al| (2017) evaluated the typical steering

flow for TCs associated with large track errors. They found that the most common
synoptic set up which caused large errors was one in which the TC interacted with
the subtropical ridge, a cyclonic circulation to the south and an upper-level trough
to the north. The second and third most common synoptic set ups for TCs with
large track errors were ones in which the TC was embedded in a weak background
flow, usually between two anticyclones, and one in which the steering flow did not

explain the TC motion. The situation in which TCs are embedded in weak steering
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flow is likely to become more common over the western North Pacific in the future

due to the changing climate (Chu et al.| 2012; Kossin et al.| 2016).

Short and Petch| (2018)) and [Hodges and Klingaman (2019)) summarise operational,
global and CP, track and intensity MetUM TC forecasts in the western North Pacific.
Following the global trend, track forecast errors have decreased in the west North
Pacific for the global forecasts, although the global ensemble spread is underdispersive
(Hodges and Klingaman, 2019). Compared to observations, there are generally large
errors in intensity forecasts, although these are reduced with higher resolution, CP,
regional forecasts (Short and Petch| |2018; Hodges and Klingaman, 2019)). [Short
and Petch| (2018)) also shows the track errors for the CP forecasts are on average
approximately the same as the global forecasts, however, there are clear positional
differences between the two (Figure [1.6)). This suggests that TC motion in CP and

global forecasts behaves slightly differently.

2.7 Summary

Tropical cyclone motion is primarily controlled by the environmental flow, with
other contributions from the [-effect and diabatic heating. The physics of TC
motion is well understood, however, TC track errors can occur when a TC is in a
sensitive environment, such as being embedded in a deformation flow. Case studies
of these situations suggest that small differences in the steering flow or location of
a TC between ensemble members can cause drastically different tracks. Further,
the steering flow of a TC may be influenced by outflow from the storm. Studying
high-impact TCs which are associated with large track uncertainty and track errors

can provide insight into the potential causes of track uncertainty.

As available computer resources increase, CP forecasts will be more commonly used
to operationally forecast TCs. Currently, there is evidence that the predicted motion
of TCs in global and CP forecasts using the same model is different. The average
errors remain approximately the same, but there are positional differences between

the two types of forecast. This suggests that in some situations the global forecasts
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perform better than the CP forecasts at predicting TC motion. The reasons for this
have not yet been investigated and will be one of the problems this study seeks to

gain knowledge on.

This chapter has summarised some important features of TCs and TC track prediction.
Whilst track forecasts have continued to improve for the past few decades, there
remain cases in which a TC’s motion is difficult to forecast. These cases are
problematic to decision makers and also of interest to model developers. This study
will aim to improve our understanding of TC track forecasts associated with large

uncertainty.



Chapter 3

Methodology and Data

3.1 Introduction

The aim of this chapter is to provide an overview of the model and analysis methods
used throughout the thesis. Section provides an overview NWP and ensemble
forecasting. The MetUM, and the configurations of the MetUM used for this work is
described in Section [3.3.1] Section details the observational data and analyses
used for model evaluation. A number of analysis methods used throughout the work

are described in Section [3.5] A summary is given in Section [3.6]

3.2 Numerical Weather Prediction

3.2.1 Overview of Numerical Weather Prediction

Numerical weather prediction models are used to predict the future state of the
atmosphere based on current weather conditions. The NWP models take current
observational data and use numerical models along with powerful supercomputers to

create short-, medium- and long-term weather forecasts.

The aim of NWP models is to solve the atmospheric governing equations, consisting
of the conservation of mass, conservation of momentum, the conservation of energy

and the ideal gas law.

34
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The conservation of mass,

Dg u= 1
Dt—l—pv u=20, (3.1)

where p is the density, u = (u, v, w) is the three-dimensional wind vector and

D 0
E—E—FU‘V (32)

is the material derivative, states that the mass of the system must remain constant

over time.

The conservation of momentum describes Newton’s second law for a moving fluid.

In vector form, the equations are;

D
D—ltl—l—Qqu:—cpHVW—i—g—i—F (3.3)

where €2 is the Earth’s rotation vector, ¢, is the specific heat of dry air at constant
pressure, 6 is the potential temperature, 7 = (p/po)”* the Exner pressure with p
denoting the pressure, py a constant reference pressure (typically 1000 hPa) and
k = R/c, where R is the gas constant of dry air per unit mass, g is the apparent
gravitational vector (the sum of actual gravity and the centrifugal force) and F is

the frictional force per unit mass.

The thermodynamic equation accounts for the conservation of energy. It is defined

in terms of potential temperature,

=T (%) - , (3.4)

where T is temperature. The potential temperature is the temperature that a
parcel of dry air would attain if brought adiabatically to a reference pressure. The

thermodynamic equation states

Do [0\ Q

where () is the rate of heating per unit mass which a fluid element is subject to.
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The ideal gas law, which is the equation of state relating p, p and T', states:
p=pRT. (3.6)

Equivalently Equation |3.6] can be rewritten as

g=m/r — (§> b . (3.7)

Po

Equations to considers a dry atmosphere. However, the atmosphere is not
dry. An air parcel consists of both dry air and moisture. Moisture is important
for computing quantities of interest, such as specific humidity and cloud cover,
whilst it also impacts the development of the atmosphere through, for example,
radiative feedback. Moisture can come in different forms. In the MetUM moisture is
represented explicitly in three forms - water vapour, cloud liquid water and cloud
frozen water. The following discusses how the dry dynamics above are modified to

include moisture in the MetUM.

For each form of water substance, a NWP model should have a budget equation of

the form
Dm,,
Dt

= 5™ (3.8)

where m,, = p,/pa is the mixing ratio of water substance of type x with respect to
dry air, p, is the mass of water substance of type x per unit volume of moist air, pg
is the mass of dry air per unit volume of moist air and S™x is a source term for water
substance of type x. The three forms of water substance here - water vapour, cloud
liquid water and cloud frozen water - are represented by wva, ¢l and cf respectively.
The total mass per unit volume of moist air is the sum of the mass per unit volume

of each of the different components,

p = pd+ pvat pat pes- (3.9)

The inclusion of moist dynamics impacts each of the governing equations. Only the

dry part of an air parcel follows the continuity equation (Equation , as the moist
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parts have source terms. Dry air contributes only a fraction of total air and thus p

in Equation is replaced with pg = 1/(p — my, — mg — mey).

The pressure is defined as the sum of pressures exerted by dry air and by water
vapour (cloud liquid and cloud ice do not exert a pressure). Using the gas constant for

dry air (Ry) and the gas constant for water vapour (R, ), the pressure becomes:

vRv
p=pi+po = (palla+ puBRy)T = pRyT (@ +2 ) : (3.10)
p PRy

This equation is simplified by making use of the virtual temperate (i.e. the temperature
that dry air would have to have, at a given density, in order to exert the same pressure

as the mixture of dry air and water substance at temperature 7) to become

p = pRJT, (3.11)
where
1+1im,
T”:T(1+mvi:nd+mcf) (312)
and € = % ~ 0.622. The virtual potential temperature is defined in a similar
way:

1+ im,
ev_9< *em ) (3.13)

1+mv+mcl +mcf
For the conservation of momentum equation (Equation |3.3), the pressure gradient

term becomes —c,0, V.

The moist-air formulation of the thermodynamic equation remains similar to Equation

3.5 providing a number of assumptions are made. The approximations are related to

the specific heat capacities of dry air compared to moist air. For dry air, xk = % ~
P

~no

However for moist air the specific heats of each substance differs. The ratio, x,

becomes

2 d  Cpe
K2 (1 —0.23m, — mdLCLf) : (3.14)
7 Cp — Mef Cp

where ¢, and c,.s are the specific heat capacities for cloud liquid water and

cloud frozen water, respectively. As my and m.s are so small, their contribution
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is negligible. The mass of water vapour, m,, is slightly greater, especially in the

tropics, however the MetUM still neglects this in the formulation, thus using kK = %
The thermodynamic equation thus remains as in Equation [3.5 The MetUM uses the
prognostic variable 6,,, rather than # and so the thermodynamic equation is written

as
Do,

T S (3.15)

where S% is the source term of virtual potential temperature.

The equation of state for moist air is also modified and becomes,

gpi=m)/r — @va. (3.16)
Po

To summarise the full governing equations which the MetUM solves are:

Du ¢t
— +2Q = — Lol \Y% F 3.17
Dt+ xu 14 my + Mo + me; TretY, (3.17)
D
Y= G0 3.18
ey (318)
Dpy
—rd ‘u = 3.19
D
l;rzx =8"™  x=w,cd,ci, (3.20)
=Rk — @evp. (3.21)
Po

To solve these equations, each term is discretised onto a three-dimensional spherical
grid covering all, or part, of the globe. When choosing the resolution for the model
there is a trade off between the benefit of added resolution, the number of ensemble
membersﬂ and available computer power. Current operational global NWP models
have a horizontal grid space of the order of 10 km (Bauer et al., 2015). This resolution
is insufficient for some important processes which occur at smaller scales. For example,
a typical cumulus cloud has a length scale of 100m. Hence, it is not possible to

resolve every weather phenomenon on a global grid.

LA description of ensemble forecasting is given in Section m
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Parameterisations are used to account for sub-grid processes such as convection,
gravity wave drag and boundary layer processes. Each parameterisation is formulated
to implicitly include the impacts of the physical process in the model. Therefore, the
parameterisations are limited by our understanding of the physical process, along

with limitations of available computer resource.

Limited-area, high-resolution model domains, nested within a global model, are able
to resolve explicitly some of the physical processes that need to be parameterised in
the global model, e.g. by switching off the parameterisation of convection. The higher
resolution domain takes boundary conditions from its driving global model and uses
a different scientific configuration to produce forecasts which allow processes such as
convection to develop freely in the model. As technological advances continue, these
convection-permitting forecasts will eventually be run on a global domain (Bauer

et al., 2015).

3.2.2 Ensemble Forecasting

Observations are irregularly spaced both spatially and in time, therefore, analyses
are constructed by combining these observations with a background forecast via
a complex assimilation process. The result is a ‘best guess’ for the state of the
atmosphere, which is then used to initialise the model. Small errors in initial
conditions, due to errors in the assimilation process, the background forecast and the
observations themselves, can be amplified through time due to the chaotic nature of
the atmosphere, until the forecasts are no longer reliable. Another source of errors
comes from the numerical models used. Approximations made in the discretisation
of the governing equations, and the parameterisation of physical processes lead to
errors which may be amplified in the same way as errors in the initial conditions. As

a result, no deterministic weather forecast is 100% accurate.

To capture some of the uncertainty inherent in NWP models, ensemble forecasts
are used. An ensemble forecast involves creating many different forecasts through
perturbations of the initial conditions and of the actual model. Ensemble systems are

designed so that each member should be equally likely. In principle, in a situation
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where each of the forecasts are similar there can be more confidence in the forecast;
whereas when they differ the forecaster must take account of the uncertainty. The
caveat is that ensembles are often under-spread (e.g. Hamill et al., [2011). This can
lead to a false confidence in the forecast and potentially an incorrect forecast being

communicated, with a degree of confidence, to the public.

Initial condition perturbations aim to account for potential errors in observations.
Due to available computer power, only a relatively small number of ensemble members
can be used. Therefore, the initial conditions of ensemble members should capture
the fastest growing perturbations, i.e.the perturbations that will make a forecast
diverge the most from the control forecast. Making random perturbations to the
initial conditions is not useful as these perturbations may miss atmospheric states
that could develop into extreme weather events. Instead methods are used to decide
which perturbations are best to use within the model. Two common approaches are

singular vectors and bred vectors.

Singular vectors consist of using a linearised version of the numerical model to
identify the fastest growing perturbations over a short period (typically <48 hours).
These perturbations are then scaled to ensure they match the error distribution
from observations and analysis, before being used to initialise ensemble members.
As singular vectors start out small and target fastest growing perturbations, they
may not be suitable for short range forecasts (Bowler et al., [2008). Bred vectors
follow an iterative process in which random perturbations are added to a models
initial analysis (Toth and Kalnay, |1993). The perturbed forecast is then run out for
a short amount of time (typically between 12 and 48 hours). The difference between
the perturbed forecast and the control forecast is calculated and scaled to form
new perturbations. After a number of iterations, the fastest growing perturbations
become dominant. When creating ensemble members, perturbations are both added
and subtracted to the control forecast which ensures the initial “best guess” of the

atmosphere from the data assimilation process remains centred.

The ensemble transform Kalman filter (ETKF; [Bishop et al.; 2001), which is used to

create initial perturbations in the Met Office global ensemble, is similar to the bred
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vector method. The rescaling of evolved perturbations in the bred vector method is
replaced with a linear transformation of evolved perturbations in the ETKF method.
That is, each “new” set of perturbations consists of a linear combination of the

evolved perturbations from the previous ETKF cycle.

In particular, the perturbations to the ensemble mean analysis (X®) are given by
the equation,

X = X/T1I (3.22)

where X/ = x/ — %/ are the forecast perturbations from the previous cycle with
x/ the forecast ensemble members and %/ the forecast ensemble mean, T is the
transform matrix and II is a scaling term to ensure the perturbations match the
root mean square error of the ensemble mean forecast. The perturbations given in
Equation are added to the ensemble mean analysis (X%), which is calculated

using the ensemble Kalman filter (Evensen [1994)):
=%+ G (Y -HE%)) (3.23)

where Y are the observations, H is the observation operator, transforming analysis
into the observation space and G is the Kalman gain which provides a weight between
the previous forecast run and the new observations to create the new analysis. The
full details of the configuration of the ETKF, including the structure of T, which
defines the linear combination of forecast perturbations to use, is provided in |Bowler
et al. (2008), with modifications in Bowler et al.| (2009). The ETKF ensemble
generation was found to better represent the errors in forecast observations and
analysis, whilst the computational expense is only slightly greater than the bred

vectors scheme (Wang and Bishop, [2003)).

Stochastic physics are used to represent the model uncertainties. A random pa-
rameters scheme perturbs certain thresholds and parameters in parameterisation
schemes which are often given arbitrary values (Bowler et al., 2008). For the MetUM
the random parameters are perturbed in the large-scale precipitation, convection,

boundary layer and gravity-wave drag schemes. Each of the values are bound by
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minimum and maximum values to ensure they do not become unrealistic.

Another stochastic physics scheme used in the MetUM is the stochastic kinetic energy
backscatter scheme (SKEB). The SKEB scheme addresses the fact that energy is
lost in numerical models due to numerical advection errors, horizontal diffusion and
parameterisation schemes (Shutts, 2005)). The Met Office use a SKEB scheme to add
vorticity perturbations to forecasts to address the dampening of small scale features

(Bowler et al., 2009).

3.3 Met Office’s Unified Model

3.3.1 Overview of the MetUM

The MetUM, a state-of-the-art operational NWP and climate model, is used in
this study. The MetUM can be run at different horizontal resolutions. The current
operational global configuration has a horizontal grid space of approximately 10 km,

whilst regional configurations have grid lengths of the order of a km.

The MetUM solves the full, deep-atmosphere, non-hydrostatic equations of motion
(i.e. those described in Section using a semi-implicit, semi-Lagrangian numerical
scheme (Wood et al., 2014). Prognostic variables are discretised on to a grid
with Arakawa-C grid staggering (Arakawa and Lamb)| [1977) in the horizontal and
Charney-Phillips grid staggering (Charney and Phillips, [1953)) in the vertical, with a

hybrid-height, terrain-following vertical coordinate.

Two types of forecast are predominantly used in the thesis - global forecasts and CP

forecasts.

The science configuration of the MetUM used in the global forecasts in this study is
Global Atmosphere 6.1 (GAG6.1; Walters et al., 2017)), which includes the ENDGame
(Even Newer Dynamics for General atmospheric modelling of the environment)
dynamical core (Wood et al., [2014). The GA6.1 configuration contains a comprehen-
sive set of physics parameterisations, outlined in Walters et al.| (2017) and briefly

summarised below.
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e Shortwave radiation from the sun and longwave radiation from the planet
interacts with the atmosphere, driving atmospheric circulations. Radiative
processes are parametrised via the radiation scheme, which provides prognostic
atmospheric temperature increments and surface fluxes. The radiation scheme
of Edwards and Slingo| (1996) is used with a configuration based on |Cusack
et al.| (1999)), with a number of significant updates (see Walters et al., [2017,

for details).

e The formation and evolution of precipitation due to grid-scale processes is
handled by a single-moment microphysics scheme, based on Wilson and Ballard

(1999) with modifications described in Walters et al.| (2017).

e The cloud parameterisation is used to determine the percentage of a grid box
which is covered by cloud, along with the amount and phase of condensed water
in these clouds. This information is used by the radiation and microphysics
schemes to calculate the radiative effect of the clouds and to determine if any
precipitation has formed, respectively. The parameterisation used in GA6.1
is the prognostic condensate (PC2) scheme (Wilson et al., 2008) along with

modifications described in |Walters et al.| (2017)).

e A sub-grid orographic drag scheme is used to account for the effect of features
not resolved by the mean orography on the atmospheric flow. The smallest
scales, where buoyancy effects are not important, are represented by an effective
roughness parametrisation in which the roughness length for momentum used
by the boundary layer scheme is increased over orography (Wood and Mason,
1993). The effects of the remainder of the sub-grid orography (on scales where
buoyancy effects are important) are parametrised by a drag scheme, which
represents the effects of low-level flow blocking and the drag associated with
mountain waves. This is based on the scheme described by [Lott and Miller

(1997), but with some differences; see |Walters et al.| (2017)).

e Gravity waves are also forced by other phenomena (e.g. convection, fronts and
jets). These waves break in the upper stratosphere and mesosphere, depositing

momentum. The contribution from waves on scales too small for the model to
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sustain explicitly is provided by a spectral sub-grid parametrisation scheme

(Scaife et al., 2002).

e Turbulent motions in the atmosphere are not resolved by global models, but
are important to parameterise in order to give realistic vertical structure in
the thermodynamic and wind profiles. The scheme used is that of [Lock et al.
(2000)), with the modifications described in|Lock (2001 and Brown et al.| (2008)).
It is a first-order turbulence closure mixing adiabatically-conserved heat and

moisture variables, momentum and tracers.

e Convection is parameterised by mass-flux scheme of |Gregory and Rowntree
(1990) with many extensions described in Walters et al.| (2017). This parame-
terisation represents the sub-grid transport of heat, moisture and momentum

associated with cumulus clouds within a grid box.

To include the exchange of surface fluxes in the MetUM, a land surface model -
Global Land 6.0 is used (Walters et al., 2017). The Global Land configuration uses
the Joint UK Land Simulator (JULES; Best et al., 2011} Clark et al., [2011) land
surface model. JULES models the impact different types of land surface have on
the atmosphere (Walters et al. 2017). The land surfaces modelled are types of
vegetation (broadleaf trees, needle-leaved trees, temperate C3 grass, tropical C4 grass
and shrubs) and types non-vegetated land (urban areas, inland water, bare soil and
land ice). Each of these land types are important for determining the heating and
moisture present in the boundary layer, the drag of surface winds and the impact
the potential for disasters such as flooding and droughts. The land surface code also
handles surface exchange over the sea, where SSTs are prescribed through ancillary

files (Walters et al., 2017).

The science configuration used for the CP forecasts in this study is known as “Regional
Atmosphere and Land” (RAL1). There are two sub-releases of this configuration
- one for mid-latitudes (RA1-M) and one for the tropical regions (RA1-T). A full
description and differences between the two sub-released is documented in Bush
et al.| (2019)). The main differences between the RA1-T science configuration and the

GAG.1 configuration, as detailed by Bush et al| (2019), are summarised below.
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e The convection scheme that is used in GA6.1 is turned off in RA1-T.

e A “blended” boundary layer parametrisation scheme is used in RAL1 (Boutle
et al., 2014)). This scheme smoothly transitions from a 3D turbulent mixing
scheme based on [Smagorinsky| (1963) when turbulent motions are well resolved,
to the 1D vertical turbulent mixing scheme of Lock et al.| (2000)) used in GA6.1

when turbulent eddies are completely unresolved.

e Sub-grid parameterisation of either orographically or non-orographically forced

gravity waves is not included in RALI.

e Although not part of the RA1-T configuration, air-sea drag is limited at high
wind speeds. In RAL1 the momentum roughness length over open ocean is
given by a modified version of Charnock’s formula (Smith, |1988)) with a fixed
Charnock coefficient of 0.011. The drag coefficient in the model thus increases
almost linearly with increasing wind speed whereas observations suggest it levels
off above approximately 64 knots, and may even decrease beyond this. In this
study, the drag coefficient is capped at 0.0024, which corresponds to a constant
— rather than increasing — drag at wind speeds above approximately 70 knots,
consistent with observations. This has been found to improve wind-pressure
relationships in TCs and will be included in the release of RA2-T (Bush et al.|
2019).

e Frictional heating is where, due to turbulence, kinetic energy is broken down
to smaller and smaller scales until the point it dissipates into thermal energy.
Frictional heating is added to the temperature progonostic term in GAG6.1

following Zhang and Altshuler (1999)), however this is not used in RALI.

In this study, the Met Office global ensemble prediction system, (MOGREPS-G;
Bowler et al., 2008]), is used. Initial conditions for each ensemble member are formed
by adding perturbations to the Met Office global analysis, where perturbations
are generated using an ETKF (Bishop et al., 2001). The effects of structural and
subgrid-scale model uncertainties in the ensemble system are accounted for through

two stochastic physics schemes: the random parameters scheme (Bowler et al., [2008))
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and the SKEB scheme (Bowler et al., [2009)).

Presently, MOGREPS-G cycles four times per day (at 007, 06Z, 127 and 187Z).
On each cycle there are 18 ensemble members run out to 7 days: 17 perturbed
members plus one unperturbed control member which is run at the same resolution
as the other members. In post-processing the two most recent cycles are combined
to provide probability forecasts from an ensemble of 36 members (34 perturbed plus
2 control), known as a time-lagged ensemble. Different perturbed members are used
depending on the cycle time: 00Z and 127 uses perturbations 1,2,...,17, while 06 Z
and 18 Z uses perturbations 18,19,...34 (and member 0 is the control). At the time
when forecasts for this study were produced, the system was the same except there

were only 12 members per cycle.

In the MOGREPS-G system, 44 perturbations are computed every forecast cycle
by mixing and scaling evolved perturbations from the previous forecast cycle. A
subset (in this study, 11) of these are used to initialise member forecasts, giving a
12 member ensemble in total (including 1 unperturbed member which is referred to
as the control member). Due to available computer power, MOGREPS-G forecasts
are run at a lower resolution (the current operational MOGREPS-G grid length is

approximately 20 km at midlatitudes).

Convection permitting ensemble forecasts are produced by nesting down global
ensemble members to a higher resolution grid. The nesting is one-way. Further, no
stochastic physics schemes are employed in the CP ensemble and thus differences be-
tween the CP ensemble members are purely due to differences in the initial conditions

and lateral boundary conditions inherited from the driving global model.

3.3.2 Model Set Up

In this study, two TCs are investigated in detail - Typhoon Haiyan (2013) and
Typhoon Hagupit (2014). Global and limited-area, CP, 5-day, 12-member ensemble
forecasts are produced for both storms from a sequence of initialisation times 12

hours apart.
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Figure 3.1: Map of the Philippines highlighting the three main island groups and
the domain for the 4.4 km nesting suite. Region A is the domain used for forecasts
of Haiyan and Region B is the domain used for forecasts of Hagupit.

The global model grid spacings are 0.45° and 0.3° in the zonal and meridional
directions, respectively (approximately 50 x 33km in the tropics). In the vertical
there are 70 levels, the spacing of which increases quadratically with height, relaxing
towards a horizontal lid 80 km above mean sea level. The model time-step is 12

minutes.

The limited-area domain for the CP forecasts is shown in Figure [3.1] The domains
have been constructed so that the TCs are located well inside the boundary at the
initialisation time of each forecast. In some forecasts the storm travels outside of the
western boundary of the domain, however, the focus of this study is the predictability
of the storms up until landfall over the Philippines. The domain was not extended
further to the west to avoid including the Himalayas. The grid spacing of the limited
area domain is 0.04° (approximately 4.4km) in both directions. In the vertical there
are 80 levels with the spacing increasing quadratically and relaxing towards a lid of

38.5km above sea level. The timestep is 75 seconds.

For Haiyan 6 global and 6 CP forecasts were produced, initialised between 0000 UTC
4 November and 1200 UTC 6 November. For Hagupit 11 global and 11 CP ensemble
forecasts were produced, initialised between 0000 UTC 2 December and 0000 UTC 7

December. Each forecast is run out to 120 hours.

For a single initialisation time (1200 UTC 3 December 2014) an experimental 45-
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member ensemble forecast was created for Hagupit, using each of the 44 perturbations
plus the control, rather than a subset of these perturbations. The results of this

particular forecast are discussed in Section [5.6]

In Chapter [7| results from another storm, Hurricane Florence, are presented. A
global and CP 4-day ensemble forecast for Florence was produced using the single
initialisation time of 1200 UTC 13 September 2018. Due to using an updated
version of MOGREPS, the forecasts of Florence contain 18 ensemble members as
opposed to 12 (1 control plus 15 perturbations). The resolution of the MOGREPS
global forecasts are also increased to 0.28° and 0.19° in the zonal and meridional
directions, respectively (approximately 28 x 20km). The CP forecasts use the RA1-T
configuration and a regional domain with a south-west corner at (21°N, 89°W) and

a north-east corner at (43°N, 59°W).

3.4 Reanalysis and Observation Data

The large-scale synoptic flow in the MetUM forecasts has been compared to ERA5
reanalysis data (Hersbach et all 2020). The ERA5 dataset is provided by the
European Centre of Medium-Range Weather Forecasts (ECMWF) and provides
hourly estimates for a number of atmospheric, land and ocean diagnostics. The data
is gridded globally with a grid spacing of 30 km. Vertically there are 137 levels from

the surface up to a height of 80 km.

Satellite observations have been used to compare cloud structures and rainfall
estimates to those in forecasts and provide synoptic overviews of the selected storms.
The National Research Laboratory Montery Marine Division (NRL-MRY) provides
an archive satellite imagery of tropical cyclones. Images of Haiyan and Hagupit have
been collected from their website and include cloud images taken from a Special Sensor
Microwave Imager (SSMI) 85 GHz satellite. At a frequency of 85 GHz, microwaves
penetrate the cirrus canopy and identify rainband structures due to scattering by

large precipitation particles.

Satellite rainfall estimates were retrieved from the ‘AMSR/AMSR-E/AMSR2/TRMM
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Tropical Cyclone Database (Ver. 1.2)” which was produced and distributed by the
Earth Observation Research Center, Japan Aerospace Exploration Agency. For
Hagupit, Global Precipitation Measurement (GPM) Microwave Imager (GMI; [Draper:
et al., 2015) rainfall data was downloaded. The GMI data is able to give estimates
of the instantaneous rainfall rates. For Haiyan, Advanced Microwave Scanning
Radiometer 2 (AMSR2) rainfall data was downloaded. Note the difference is due to

data availability for each storm.

In addition to the above, best track estimates for Haiyan, Hagupt and Florence
are retrieved from the International Best-Track Archive for Climate Stewardship
(IBTrACS) database (Knapp et al., 2010). IBTrACS provides 6-hourly estimates of
storm track and intensity by merging TC information from a number of meteorological

centres around the world.

3.5 Analysis Methods

In the following section various analysis methods used throughout the thesis are
described. These methods are the pressure centroid TC tracking algorithm, a TC
removal method for defining the steering flow of a TC, the Runge-Kutta 4th order
method, used for calculating single layer trajectories, the method for calculating
streamlines in both global and regional simulations and ensemble based sensitivity

analysis which uses linear regression to highlight sensitive regions of a forecast.

3.5.1 Tropical Cyclone Tracking

To compute the track of a TC the first step is to identify the centre. There are
many different methods of finding the TC centre including finding the minimum sea
level pressure, the maximum 850 hPa relative vorticity, maximising the tangential
inflow around a certain radius, maximising the circulation within a certain radius
or finding the maximum potential vorticity, and a combination of these methods.
Nguyen et al.| (2014)) compared five different methods of calculating the centre of

a TC and recommended the pressure centroid method to locate the centre of the
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storm. The pressure centroid method produces a smooth track, locates the TC in a
region of weak storm-relative wind, and is insensitive to a change in the horizontal
resolution of the model (Nguyen et al., [2014]). Throughout this study the pressure

centroid method is used to calculate the storm track.

The centre of the storm is calculated by determining a first guess of the storm centre
as the grid point with the minimum sea level pressure. Then the pressure centroid is

calculated within a defined radius Rz,. around this initial guess:

r=Rpc r=Rpc
Z $zPZ, Z ylpl/
:z«:j)R— and g:%, (3.24)
> b > b
r=0 r=0

where Z and ¥y represent the longitude and latitude of the TC centre; z; and y; are
the coordinates of the grid points inside the radius R,.. The pressure term P/ is
defined as the pressure deficit from the environment, that is P/ = P,,, — P;, where P,
is the sea level pressure on the grid point and P, is the average sea level pressure
around a radius 500 km from the TC centre. The pressure centroid method is an
iterative method. Using z and ¢ as the “new guess” the calculation is repeated until
the centre does not move further than a predefined distance, or a maximum number
of iterations is reached. In this study a minimum distance of 0.01° or a maximum
number of iterations of 1,000 is used. For most cases the centre of the storm is found

in less than 20 iterations.

To calculate the radius R, (i.e. the radius of the pressure centroid) the same technique
as in Nguyen et al| (2014) is used. The radius is defined as R,. = 2Rgy, where Rgy
is the distance from the storm centre where winds reach 80% of the maximum
windspeed. This is chosen instead of the more obvious metric of the radius of
maximum windspeed as, for a typical TC, Rgy varies less in time than the radius
of maximum windspeed. This is especially the case in weaker storms where the
windspeed has a much flatter peak when plotted against distance from the storm

centre (Nguyen et al., 2014]).

In model configurations with a grid spacing of 4.4 km, the minimum sea level pressure
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is defined by taking the minimum sea level pressure across all grid points within
100 km of the storm centre. For coarser resolutions, the minimum sea level pressure
is found through extrapolation using a Taylor expansion about the minimum sea

level pressure grid point.

In particular, defining the sea level pressure as a function f(x,y) with a minimum

grid point at (x;,y;), the Taylor expansion of f(z,y) about (x;,y;) gives;

~ 9 RN B YRR |
.f(x>y) - f(xwyj) + ('T xl) (9.1' i + (y y]) ay i + 2(‘17 xl) ax2 is
2 f 1 , 0%f
+ (z —x;)(y — yj) —8$8y y + 5(,0 - yj) _ayg g (3.25)

From here the following notation is adopted

_of

fac_%

1]
If (%, Ym) is the location of the minimum sea level pressure then it can be assumed

that (2., Ym) is near the minimum grid point (x;,y;), and that

of of

%(xm,ym) =0 and 8—y(xm,ym) =0. (3.26)
Thus Equation [3.25| gives the following

f$+xmfmw_xifxx+ymfwy_yjfmy:07 (327)

fy+ymfyy_yjfyy+xmfxy_xif$y :()7 (328)

and (z,,,ym) can be found via

T = 5 — % (3.29)

and
— y; 4+ f:cfz*y - fyfa:ac

UYm =
" ! fa::vfyy_ x2y ’

where the derivatives are calculated by central finite differencing. The minimum

(3.30)
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sea level pressure, f(z,, ym), is then found using Equation . Compared to the
minimum sea level pressure taken on a grid point, this method only produced slightly
smaller minimum sea level pressures (<1hPa). Further, the values were checked
by eye to ensure they were realistic, and to ensure no adverse pressure gradients
between grid points lead to an unrealistically strong minima. This technique is
similar to those used by operational centres. However, as noted by Heming| (2016)),
the increased resolution of global models compared to previous decades means that
it is perhaps unnecessary to continue to identify the TC centre to be between grid
points. Historically, global forecast grids have been too coarse to accurately locate a
TC to the accuracy required by forecasters, and thus extrapolation techniques were
used to improve the TC forecast. As the differences between the grid point minimum
and the extrapolated minimum SLP remain small in all cases, this study continues

to use the method outlined in this section.

The maximum wind speed is defined as the maximum 10-m wind speed across all
grid points within a circle of radius 3° of the storm centre (restricted to a grid point

with no interpolation).

3.5.2 Tropical Cyclone Removal

Tropical cyclone motion is primarily controlled by the large scale environment
(Holland, 1983 [Velden and Leslie, 1991} (Chan|, 2005| e.g.) along with the beta effect
caused by the Earth’s Coriolis force (Holland, [1983; |[Fiorino and Elsberry, |1989;
Smith et al., [1990). The steering flow of a TC is the environmental winds which
are responsible for determining the motion of the storm. Recently the technique
of removing the irrotational and nondivergent winds associated with a TCs vortex
(Galarneau and Davis|, |2013, hereafter GD13) has become popular. In |GD13| the
irrotational and nondivergent winds are removed from the total wind up to a certain
radius from the storm to give the environmental winds. This is done throughout a
vertically averaged depth which, along with the radius, has been optimised to ensure
the environment winds accurately describe the storm’s motion. The method allows

for a calculation of the steering flow of a TC which can change in time dependent
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on the size or depth of the storm. Typically the optimum depth is found to be
a deep layer between a bottom boundary of 850 hPa to a top boundary between
300-200 hPa whilst the optimum radius ranges usually between 300-400 km (Fowler

and Galarneau, 2017; Torn et al., 2018; Nystrom et al., 2018]).

Using the relative vorticity (¢) and divergence () at a radius, rg, from the centre
of the storm, the streamfunction (¢) and velocity potential (x) are calculated by

solving the associated Poisson equations;

¢, forr <mg 0, forr <mg
2 2
V) = and Vi = : (3.31)

0, forr>mrg 0, forr >mrg

The radius rg is determined through an optimisation process described below. The
nondivergent (u,q) and irrotational (u;) winds associated with the TC vortex can

then be computed from the streamfunction and velocity potential respectively,

W (z,y,p) = k x V¢ and u;(z,y,p) = Vx. (3.32)

Finally the nondivergent and irrotational winds associated with the vorticity and
divergence of the storm are removed from the wind field, u, to leave the environmental

winds Uepy:

uenv(l‘, yap) = u(x, yap) — Upq — Uiy - (333)

As the TC is steered by an average layer in the atmosphere, the environmental winds
are averaged from a bottom pressure layer, py, to the top of the layer, p,. To find
the environmental steering vector V., the environmental winds are also averaged
spatially within a radius R. That is, after converting u.,, to cylindrical coordinates

centred on the storm centre:

Venv —p 7TR2 / / / llenv TdT dgb dp (334)
t

A snapshot of u, Ueyy, Upg and ey is shown in Figure 3.2l The nondivergent winds

which are associated with the relative vorticity are stronger than the irrotational
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winds associated with the divergence. The removal of both of these leaves a weak
environmental flow through the centre of the storm. The advantage of removing the
storm-relative winds is the ability to identify the synoptic scale systems which are

controlling the motion of the TC.

A number of variables must be chosen to calculate the environmental wind vector.
In line with past studies the bottom pressure layer, p,, was chosen to be 850 hPa
(e.g. \Galarneau and Davis, 2013; |Torn et al., 2018]). This height is slightly above
the boundary layer. To define the removal radius, rg, and top pressure layer, p;, a
number of values were tested. The environmental wind should closely match the

storm motion, therefore, the magnitude of the residual vector,

Vres - Venv - Vfc (335)

should be minimised, where V. is the storm’s forecasted motion vector. For rq
values were tested between 250 km and 650 km at 50 km intervals. For p; values are
tested between 700 hPa and 200 hPa at 100 hPa intervals, with the additional height
of 250 hPa also tested.

The value of R was chosen to be 2Ry, where Rgq is the radius at which the winds
are 80% of the maximum wind speed, as defined in Section [3.5.1] Using this method
to define R was compared to using ry, which has been used in past studies. Both
using 2Rgy and rg produced very similar results. Averaged across all times and
ensemble members for an ensemble forecast of Typhoon Hagupit, the magnitude of
the residual vector using 2Rgy was 0.01ms™! less than the average residual vector
magnitude when using ro. This study uses 2Rgg as it allows for comparisons between
different removal radii - that is, regardless of the value of ry, environmental winds

are averaged across the same area when calculating V.

To reduce the impact of a sheared environmental vorticity, the zonal mean of the
vertical component of relative vorticity (Cavg(¢, 2)), averaged across a longitudinal
range covering the western North Pacific was first removed from the total relative

vorticity (Ceot (@, A, 2)) at each grid point in the domain, where ¢ is the latitude and A
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Figure 3.2: A snapshot of each of the quantities calculated in the TC removal method
at 500 hPa. From top left to bottom right the quantities are u, u,q, u; and Uy .
The arrows show the wind whilst the shading is the wind speed. The red circle shows
a 300 km removal radius whilst the star indicates the TC centre. The fields are from
the CP forecasts of Typhoon Hagupit.
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the longitude. To avoid including the large values of relative vorticity associated with
the TC, values where masked within a large 10° x 10° area surrounding the storm
before calculating the average. Therefore, the relative vorticity in Equation has
the averaged environmental vorticity removed (i.e. ((¢, A, 2) = Ciot (@, A, 2) — Cave (0, 2).

This is slightly different to past studies that have used this method.

It was found that the averaged environmental vorticity was at least an order of
magnitude smaller than the relative vorticity in the vicinity of the storm, however, the
removal of the environmental vorticity had an impact on the environmental steering
vectors. In particular, on average, the directional range of V., for different values
of ry tended to decrease by approximately 6° after first removing the environmental

vorticity.

The TC removal likely removes some of circulation associated with the g-effect, how-
ever the amount of this circulation removed is decreased at smaller radii (Galarneau
and Davis|, 2013). The asymmetric vorticity dipole caused by the advection of the
Earth’s vorticity is included in the calculation of u,q (Equation . The maximum
of this dipole structure (e.g. Figure is located approximately 200-500 km from
the centre of the storm (Smith et al) 1990; Chan| 2005). Therefore, with a larger 7

more of the ventilation flow due to the S-effect is removed.

3.5.3 Trajectories

Single-layer trajectories are used in Chapters [} [6] and [/} The trajectories are used
to visualise airflow in proximity of a TC and to assess sensitivity of a TC position
with respect to its location in the environment. A trajectory describes the motion
of a single fluid particle in a fluid field. The path of a fluid particle follows the
equation

dx

— =u(x,t), 3.36

> =u(x1) (3.36)
where x is the position of the trajectory and u is the velocity field.
To numerically solve Equation [3.36] a Runge-Kutta 4th order method is utilised. In

particular, starting with some initial conditions of x(#y) = X, the position of x at a
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time ¢y + h is given as

Ky 2k + 2k + Ky

x(tg + h) 5 h, (3.37)
where ki, ko, k3 and k4 are slope estimates defined as:

]fl =u (XQ, to) s (338)

h h
k’g =u <X0 -+ kli, to -+ 5) s (339)

h h
]{73 =u X0+k2—,t0+— y (340)

2 2
ki=u (XO + ksh,tg + h) . (341)

The Runge-Kutta 4th order method is an iterative method meaning xo = x(t¢) is
replaced with xg = x(tg + h) when computing x(tg + 2h). To calculate values of x
and u in positions between grid points and between output timesteps, bilinear and

linear interpolation is used respectively.

3.5.4 Streamlines

To visualise the fluid flow, two-dimensional streamlines are used throughout the study.
Streamlines are instantaneously tangent to the velocity vector of a fluid parcel. To
create streamlines, contours of the streamfunction, 1, are used. The streamfunction

is defined such that

u= oy and v = e (3.42)
or, equivalently by the Poisson equation
¥ = V2, (3.43)

where ( is the relative vorticity.

For data gridded on a global domain, the streamfunction is calculated using the
Windspharm python package (Dawson, 2016|) which uses spherical harmonics. For

regional data this is not possible. Instead the Poisson equation is discretised using
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2nd-order finite differencing,

— 44 i+ Viv1; + Yic1; i i
J J 82 J J J — CZ,] ’ (344)

where the subscripts ¢ and j represent grid points in the east-west and north-
south directions, respectively, and s is the distance between grid points. At the
boundaries the streamfunction of the equivalent global ensemble member is linearly
interpolated onto the 4.4km boundary. As the global ensemble members provide
lateral boundary conditions for the regional forecasts, this should not introduce
errors into the calculation. The discretisation (Equation represents a set of
linear equations which can be put in the form of Ay = (, where A is an N x N
matrix describing the linear system in Equation [3.44] N is the number of grid points,
1 is the streamfunction at all grid points and ( the relative vorticity at each grid
point. The system is then solved using the NumPy linear algebra python package,

to give the streamfunction.

3.5.5 Ensemble-based Sensitivity Analysis

In Section [5.6|ensemble sensitivity analysis will be performed on the larger 45 member
ensemble. Ensemble sensitivity analysis can identify important features in a forecast
which are critical to the predictability of high-impact weather events at a later

forecast time.

Ensemble-based sensitivity analysis uses linear regression to highlight the sensitivity
of a scalar forecast metric, J, to a state variable, x, at a particular location and
time earlier in the forecast (Ancell and Hakim, 2007} Torn and Hakim| 2008)). For
an ensemble of size N, the sensitivity of the forecast metric to a state variable at a
particular grid point is defined as;

9J  cov(J,x;)
or; var(x;)

(3.45)

where cov(J,x;) is the covariance of the forecast metric and state variable at grid

point i, and var(x;) is the variance of the state variable at grid point . A full
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derivation of this equation is found in Ancell and Hakim| (2007). Both x; and J
are 1 x N vectors of the state variable and forecast metric respectively with each
normalised by the ensemble standard deviation to eliminate the impact of different
magnitudes and units. Thus the sensitivity (0.J/0X;) demonstrates the impact on
the forecast metric of increasing the state variable by one standard deviation. High
sensitivity indicates that correctly forecasting the state variable at an earlier lead

time is crucial to correctly forecasting the forecast metric later on.

3.6 Summary and Conclusion

This chapter provides an overview of the NWP, and in particular the MetUM which
will be used in this work. The set up of the MetUM and the various different forecasts
in this study is described. The source of observations which will be used to compare
to model output is outlined. In the final section of this chapter a number of analysis
methods have been described. These methods are used throughout the thesis in each

of the following results chapters.



Chapter 4

Typhoon Haiyan and Typhoon

Hagupit

4.1 Introduction

Two major TCs made landfall over the Philippines approximately 13 months apart.
Typhoon Haiyan, which made landfall at 2000 UTC 7 November 2013, devastated
the country with over 6,200 people losing their lives, a further 4 million displaced
from their homes and over US $ 775 million of damage caused (Food and Agriculture
Organization, 2014 Lum and Margesson, 2014). Typhoon Hagupit made landfall
over the Philippines at 1300 UTC 6 December 2014. Initial fears that Hagupit would
cause a similar amount of damage to Haiyan were subsided as the TC weakened
before landfall. However, Hagupit was still a high-impact storm with a total of 18
deaths, over 4 million people affected and approximately US$ 100 million of damage
to infrastructure (OCHA| 2014]).

Haiyan was the most intense storm to have ever made landfall when it struck the
Philippines (Choy et all| 2015)), so, it is unsurprising that Haiyan has been the
subject of numerous studies. The majority of these studies focus on the intensity
(e.g. [Lin et al.; 2014; |Wada et al., |2018)), the associated large storm surge (e.g. Mori
et al, 2014; Lagmay et al., |[2015), and the social impact of the TC (e.g. [Lum and

Margesson, 2014). Two key causes of the exceptionally high intensity of Haiyan

60
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upon landfall were high SSTs and a quick translation speed (Lin et al., 2014). The
quick translation speed, strong wind gusts and low central pressure upon landfall
were also the factors in causing a huge storm surge, which in some places reached
an inundation height of 7m (Takagi et al., 2017). The return period for a storm
to make landfall over the Philippines with similar intensity to Haiyan is estimated
to be 200 years (Takagi and Esteban, [2016]), although this is calculated using data
between 1945 and 2013. Climate models suggests there will be an increasing number
of high-intensity TCs in the future (e.g. Bhatia et al.,|[2018), and this may impact the
return period of Haiyan. The rarity and speed of approach of Haiyan contributed to
the devastating damage it caused. A survey by [Esteban et al.| (2015) revealed that a
number of local residents under estimated the TC, could not conceptualise the storm

surge and misunderstood the urgency at which evacuation needed to happen.

Despite being a high-impact storm with an uncertain track forecast, Hagupit has
received little attention in literature. Kure et al| (2016) found that, in Leyte, the
evacuation in anticipation of Hagupit was much more successful than that of Haiyan.
This is due to lessons learnt from Haiyan 13 months prior to Hagupit. Residents
were provided with more training and a greater awareness of the potential impact
of the TC (Kure et al., [2016). On 4-5 December, there was a broad region of high
rainfall rates to the south of Hagupit. This lead to the flooding of Biak, a small
island in Indonesia (Ismail and Siadari, 2017). Whilst Hagupit was not the direct
cause of the flooding over Biak, the TC likely interacted with the broad region of

enhanced convection over Biak.

Lee et al| (2017) compared both Haiyan and Hagupit using satellite data. Motivated
by the similarities in the storms they discussed the interactions between the TCs and
a nearby cold front. In particular they highlight that both storms strengthened and
slightly changed their track at the time when the cold front was closest to the TC.
However, their study does not consider other influences which may have changed the
intensity or track. For example, other studies show that high SSTs are one of the
main causes of the rapid intensification of Haiyan, yet this is not considered in |Lee

et al.| (2017)). Further, an observational study of two TCs is not a large enough sample
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to draw conclusions about the impact of the interactions of the TC and the cold
front. Many more TCs would need to be studied, or numerical models and ensembles
of forecasts would need to be used to produce statistically significant results. Lee
et al| (2017)) also highlighted limitations of this study which uses remote sensing
imagery and image processing techniques, and recommended numerical modelling

for further investigation of the two TCs.

The aim of this chapter is to provide a thorough overview of Typhoons Haiyan and
Hagupit along with their respective track and intensity forecasts. In Section [4.2] a
synoptic overview of each storm is provided with focus on the atmospheric conditions
affecting the storms’ tracks, using ERA-5 reanalysis. Track and intensity forecast
results from the ensembles described in Section [3.3.2] are presented in Sections [4.3
and [4.4] respectively. In Section [4.5] satellite imagery of both storms is used to make
a number of comparisons. In particular, using microwave satellite imagery, the size
and general structure of Haiyan is compared to that of Hagupit at a time when each
storm is close to peak intensity. For each of the storms satellite precipitation rate
estimates are compared to MetUM output of precipitation and areas of ascent to
ensure the forecasts produce realistic simulations of both Haiyan and Hagupit. A

summary is provided in Section [4.6]

4.2 Synoptic Overview

There are many similarities in the track and intensity of Haiyan and Hagupit, as
shown in Figure [4.1l Both storms originated in similar locations, had a similar path
through the Pacific towards the Philippines and reached peak intensity in similar

locations. In this section a synoptic overview of each TC is given.

4.2.1 Typhoon Haiyan

Haiyan developed from a westward moving tropical disturbance in a mixed Rossby-
gravity wave train on 2 November 2013 (Shu and Zhang, 2015). A favourable

environment, including exceptionally high sea surface temperatures (SSTs) and
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Figure 4.1: Best track of Haiyan (2013) and Hagupit (2014). Each marker is six
hours apart and colours indicate the intensity of the storm (maximum 10-minute
sustained winds). Best track data retrieved from IBTrACS.

weak vertical wind shear, led to rapid intensification and the storm becoming a
category-b-equivalent (on the Saffir-Simpson scale) super typhoon at 0000 UTC 5
November. Rapid intensification continued and the storm reached a peak intensity
of 8 ms™! (1-minute sustained winds) and a minimum sea level pressure of 895hPa
at 0000 UTC 7 November. Haiyan remained at this intensity as it approached the
Philippines and made landfall approximately 20 hours later with an intensity of

83ms .

The high intensity of Haiyan at landfall is partly due to the storm’s fast propagation

speed across the Pacific Ocean (Lin et al., [2014)). Slow moving TCs mix the ocean

surface water, cooling the SSTs and thus suppressing the intensification of the storm,

a process known as “SST feedback” (Schade and Emanuel, [1999). However, Haiyan

was a particularly quick moving storm, with a translation speed of 8-11ms~! prior to
landfall (Figure [4.2)). This quick, direct motion was due to Haiyan’s position on the
southern periphery of the subtropical high (Figures and ) The subtropical
high, shown by the 500 hPa geopotential height contours and labelled ‘H’ in Figure
[4.3] was elongated across the north-west Pacific inducing an easterly geostrophic

flow, consistent with the motion of Haiyan. This synoptic set up is common for

TCs which make landfall over the Philippines (Peng et all [2017). After landfall
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Figure 4.2: The translation speed of Haiyan and Hagupit compared to the climato-
logical mean for TCs making landfall over the Philippines. The shading shows the
region within one standard deviation of the climatological mean.

Haiyan is located towards the western edge of the anticyclone, which lead to a strong
northward component to the induced geostrophic flow. After Haiyan crossed the
Philippines and moved into the South China Sea, the storm travelled in a north-west
direction compared to its earlier west-north-west motion, interacting with Vietnam
and making landfall over China at 0000 UTC 11 November with a much weaker
intensity of 990 hPa and 20ms~!. Haiyan dissipated over China at 1200 UTC 11

November.

4.2.2 Typhoon Hagupit

As a tropical storm on 1 December 2014 Hagupit was initially located in a similar
position to Haiyan, and moved in a west-north-west direction. The storm underwent
rapid intensification on 3 December, reaching peak intensity of 83 ms~! (1-minute
sustained winds) at 0600 UTC 4 December. However, on the 5 December Hagupit
slowed and took a more westerly direction, making landfall approximately 36 hours
later. At the point at which the storm slowed it also weakened due to large vertical
wind shear, quelling concerns that the storm would make landfall with similar

intensities to Haiyan 13 months earlier.

As with Haiyan, Hagupit was initially positioned on the southern periphery of the
subtropical anticyclone, albeit further to the west (Figure , labelled ‘H’). As



65

Haiyan
07/11, 1200 UTC

45°N B Haiyan
05/11, 0000 UTC

Hagupit
06/12, 0000 UTC

10ms~!
—_—

Figure 4.3: ERA-5 reanalysis of Typhoon Haiyan (2013) and Typhoon Hagupit
(2014). Shading is PV (PVU) at 200 hPa, contours are geopotential height at 500 hPa
(contoured every 3dam), and arrows are of irrotational winds greater than 5ms™!
at 200hPa. (a) and (b) are plots of Haiyan at 0000 UTC 5 November 2013 and
1200 UTC 7 November 2013, and (c) and (d) are of Hagupit at 1200 UTC 3 December
2014 and 0000 UTC 6 December 2014. Labels are used to identify features discussed
in the text. ‘H’ indicates the position of the subtropical high, ‘PVS’ is the position of
the PV streamer for Hagupit and ‘T’ along with the dashed line is the approximate
position of the upper level trough.
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the storm moved across the Pacific, the elongated anticyclone split, forming two
anticyclones either side of the storm and an upper level trough directly to the north
(Figure [4.3(d, the anticyclones and the trough are labelled ‘H’ and “I”, respectively).
From 1200 UTC 4 December to 1200 UTC 7 December Hagupit’s propagation speed
slowed to approximately 3ms™! (Figure . During this period the trough also
remained almost stationary. The outflow of the storm led to ridge-building and the
subsequent detachment of a PV streamer downstream of the trough (Figure
labelled ‘PVS’). The PV streamer interacted with the upper level high and became

positioned to the south of the anticyclone.

4.2.3 Storm Tracks

Despite similar tracks the speed of Haiyan and Hagupit is distinctly different, par-
ticularly prior to making landfall. Figure compares the propagation speeds of
the two storms to the climatological average of all storms making landfall over the
Philippines. From five days to two days before landfall, both storms move quicker
than the climatological average speed, at approximately 7-10ms~!. Two days prior to
landfall Hagupit slows significantly, whilst Haiyan speeds up slightly. Hagupit makes

landfall whilst travelling well below the climatological average, at approximately

1 1

2ms~. Meanwhile, Haiyan travels at a speed of 10-12ms™". This difference in
translation speed is seen in Figure by the distance between the circles. Each
circle represents a 6 hr period. Hagupit is over land for approximately 60 hours,

compared to just 12 hours for Haiyan.

Figure |4.4] shows the pressure-weighted, depth-averaged streamlines of Haiyan and
Hagupit using ERA-5 reanalysis. The features identified in Figure [4.3] can also be
identified in Figure [4.4] In particular the subtropical anticyclone contributes to a
strong easterly flow in which Haiyan is embedded throughout its path across the
Pacific and as it makes landfall over the Philippines (Figures and ) At
1200 UTC 3 December, Hagupit is also embedded in an easterly flow associated with
the subtropical anticyclone, but the anticyclone is positioned to the north-east as

opposed to directly to the north. Later, at 0000 UTC 6 December, when Hagupit is
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Figure 4.4: Streamlines of Haiyan (2013) and Hagupit (2014) calculated using ERA-5
reanalysis at a pressure-weighted, depth-averaged height between 850 and 200 hPa.
The ‘H’ symbols show the location of the anticyclones. The TC is located in the
region of dense circular contours (i.e. to the south of the anticyclone in the first three
figures, and between the anticyclones in the last figure), the arrows are for visual
purposes only to illustrate the direction of the circulations.

positioned between the two anticyclones (e.g. Figure ) it is unclear which of the
anticyclones is dominant in steering the TC. Unlike Haiyan, Hagupit is not embedded
in strong environmental flow but is located in an area of weak environmental steering.
The time in which Hagupit becomes positioned between the two anticyclones is also
the time when the storm slows down. Comparing the environments of Haiyan and
Hagupit suggests that the differences in the tracks and the storm speeds are related

to differences in the large-scale environment.

4.3 Track Forecasts

Global and CP ensemble forecasts have been produced for both Haiyan and Hagupit,
as described in Section [3.3.2] Forecasts were initialised 12 hours apart between
0000 UTC 4 November 2013 and 1200 UTC 6 November 2013 for Haiyan and between
0000 UTC 2 December 2014 and 0000 UTC 7 December 2014 for Hagupit. Each
ensemble has 12 members, thus, there were 72 global and 72 CP simulations for

Haiyan and 132 global and 132 CP simulations for Hagupit, totalling 408 individual
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simulations. Figures to show ensemble forecasts from 3 initialisation times for
each model configuration and each storm compared to the best track. The forecasts
chosen are initialised between 0000 UTC 4 November and 0000 UTC 5 November
2013 for Haiyan; and between 0000 UTC 3 December and 0000 UTC 4 December
2014 for Hagupit. These forecasts are chosen as they cover the period 3-4 days before
the storms made landfall and also include the period of rapid intensification and
peak intensity of the storms. Due to differences in storm translation speeds, the
track plots in Figures to are on different horizontal scales to allow for better

visualisation.

The fairly straight east to west motion of Haiyan was well predicted by the Met Office
global ensemble. Figure shows the global track forecasts for three initialisation
times 12 hours apart for Haiyan, coloured by each 24 hour forecast period. The
forecast for the earliest initialisation time, 0000 UTC 4 November, exhibits the
greatest spread in the track. Two ensemble members predict the storm to make
landfall significantly to the north of the best track. Overall, there is a lot of certainty
in the forecast - all of the ensemble members predict the storm to be moving westwards
directly towards the Philippines. Subsequent forecasts (Figures and ) show
even less spread, with the exception of one ensemble member in the forecast initialised
at 0000 UTC 5 November which moves slightly further north earlier on in the forecast.
In each case the best track lies within the ensemble spread and the translation speed

is accurately predicted, suggesting a small track error.

Whilst the direction of the storm is still well predicted in the CP forecast, the
timing is not (Figure . After just 24 hours of the forecast a significant number of
ensemble members lag 12 hours or more behind the best track line - an error that
does not occur in the global forecasts. The error remains for the whole forecast.
After five days the TC in each of the ensemble members are located where Haiyan
was located 18 hours earlier. This is an example of a large along track error as
opposed to a cross track error - the path of the storm is well predicted but the speed

of the storm is not.

Global track forecasts for Hagupit (Figure , in contrast to those of Haiyan, exhibit
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Figure 4.5: Global MetUM ensemble 5-day track forecasts for Typhoon Haiyan
initialised at (a) 0000 UTC 4 November 2013, (b) 1200 UTC 4 November 2013,
and (c) 0000 UTC 5 November 2013. The black line is the best track according to
IBTrACS, with the position of the storm at 0000 UTC (1200 UTC) denoted by a
triangle (dot). Each colour represents 24 hours of the forecast.
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Figure 4.6: As in Figure but for the CP forecasts.
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a large amount of variability. Although some members of the forecast initialised at
0000 UTC 3 December (Figure ) predict Hagupit to veer toward the south, most
ensemble members from all three forecasts predict that Hagupit will either make
landfall over the central Philippines or turn to the north prior to making landfall.
In each of the forecasts the storm slows considerably for approximately 48 hours
from 0000 UTC 5 December. Following this period, at approximately 0000 UTC 7
December, the storm’s speed increases and the tracks begin to diverge. The forecast
initialised at 0000 UTC 4 December (Figure [1.7¢), less than 3 days before landfall,
are still unable to predict with certainty whether or not the storm will make landfall.
This uncertainty in whether or not Hagupit would make landfall remained present in
the forecast initialised at 0000 UTC 5 December, which still included some ensemble

members predicting the TC to turn to the north (not shown).

The behaviour of the CP ensembles for Hagupit is markedly different to the global
ensembles (Figure . Initially each of the ensemble members are predicted to move
too far northwards. Just before 0000 UTC 5 December, each ensemble member turns
towards the south-west. This south-west turn occurs in each of the ensembles and
become more pronounced in the later initialisation time of 0000 UTC 4 December
(Figure [4.8). The best track shows that as the ensemble members turn to the
south-west, Hagupit’s motion changes to a westwards direction (turning from the
initial north-west direction). The error due to the south-west turn in each of the
ensemble members is particularly problematic for a forecaster as it occurs before

Hagupit makes landfall. The south-west turn represents a forecast bust.

The spread, S, of the tracks at any given time is calculated by taking the unbiased
estimator for the variance of the ensemble members (Fortin et al. 2014)). That

is,

5 — (”Zl) nilzn:(a_c—a:if, (4.1)

i=1
where n is the number of ensemble members, x; is the position of ensemble member ¢

and X the ensemble average position. The [(n + 1)n term is a correction factor

used with a small ensemble. A forecast with large spread in tracks suggests there
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is a large amount of uncertainty surrounding the location of the TC. Over many
forecasts there should be good correlation between the error in the forecast mean

and the ensemble spread.

Figure [4.9| compares the spread and direct positional error of the ensemble mean
against lead time for each of the forecasts. For each storm and model configuration
the error and spread is averaged across the three forecasts shown in Figures to
[4.8l The positional error of the global forecasts for Hagupit and the CP forecasts for
Haiyan (both over 400 km after 5 days) are significantly greater than the CP forecasts
for Hagupit (approximately 300 km after 5 days) and the global forecasts for Haiyan
(50 km after 5 days). The global forecasts of Hagupit also exhibit the greatest spread
of approximately 275 km after the 5 day forecast. For Hagupit the spread in both the
global and CP forecasts continues to increase with time. In comparison the spread
of the forecasts for Haiyan increases up to a lead time of 36 hours (at this point
Haiyan’s global track spread is almost double that of the Hagupit forecasts). After 36
hours, Haiyan’s global track spread plateaus for the remainder of the forecasts. This
suggests that whilst there is some early variation in the position of the storms in the
Haiyan forecasts, after approximately 36 hours each of the forecasts are predicting
the TC to move in the same direction (i.e.to the west) and thus the spread does not
increase further. However, for Hagupit, particularly in the global forecasts, each of
the ensemble members is moving in a different direction and the spread continues
to increase throughout the forecast. The spread in the CP forecasts of Hagupit is

substantially less than the spread in the global forecasts for Hagupit.

In general, Figure demonstrates that the track of Haiyan is better predicted than
that of Hagupit. The spread and positional error in the forecasts are smaller than
the global forecasts for Hagupit. Although there is a large along track error in the
CP forecast for Haiyan, the spread remains small. The speed of Haiyan is much
higher than that of Hagupit. Had the distances in Figure been normalised by the
distance each of the storms had travelled then the differences would be even more

striking.
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Figure 4.9: Direct positional error (DPE) of the ensemble mean (crosses) and
ensemble spread (squares) of each of the forecasts outlined in Figures to 4.8 For
each storm and model configuration the DPE and spread is averaged across the three
initialisation times.

4.4 Intensity Forecasts

The initial intensity of both Haiyan and Hagupit was too weak in the forecasts (Figures
and . This is attributed to problems initialising the storm caused by rapid
intensification of the TC and high sea level pressure gradients (Heming, [2016)). In
particular, the intensity of the storm is input into the data assimilation process as the
minimum sea level pressure value. However, during periods of rapid intensification,
the quality control check of observations can flag up these observed intensities. This
is because the background model is unable to predict rapid intensification, and
thus when the observation is compared to the background forecast there are large

discrepancies.

The global ensembles are unable to intensify the storm at the correct intensification
rates. For Haiyan (Figure the minimum sea level pressure in the global model
does not decrease for the first 36 hours of the forecast initialised at 1200 UTC 4
November. After this, at 0000 UTC 6 November, the forecasts predict the TC start
intensifying. During the final 36 hours of the forecasts the average minimum sea level
pressure decreases from 990 hPa to 970 hPa, however, this is still some way off the

minimum sea level pressure of 895 hPa according to the best track. When analysing
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the maximum wind speed in the different forecasts (the bottom figure of Figure 4.10)),
intensification occurs from the start of the forecast. The rate of intensification is

initially slow, but increases after 36 hours.

The global forecasts of Hagupit predict a slow decrease in minimum sea level pressure
throughout the forecasts. The storm is initialised slightly stronger than Haiyan
with an initial average sea level pressure of 990 hPa for Hagupit, compared to over
1000 hPa for Haiyan, and an initial maximum wind speed of 25ms~! for Hagupit
compared to less than 15ms™! for Haiyan. During the 5-day forecast the ensemble
average minimum sea level pressure decreases to 980 hPa, although there is little
change in the maximum wind speed. Whilst global forecasts of Haiyan predict
a greater intensification rate of the storm, for much of the 5-day global forecasts
Hagupit is predicted as a stronger TC than Haiyan at equivalent lead times, due to

the stronger initialisation.

The CP forecasts of both storms produce much stronger TCs than the global forecasts,
as would be expected due to their increased resolution. For Haiyan the CP forecasts
predict a large increase in intensity earlier on, although there is large spread in the
intensities of the ensemble members - particularly when considering the minimum sea
level pressure. The ensemble average sea level pressure reaches less than 950 hPa in
CP forecasts of Haiyan, whilst the maximum wind speed increases to approximately
45ms~!. Convection permitting forecasts for Hagupit also intensify the storm to

under 950 hPa and increases the maximum speed to approximately 50ms1.

In
both cases this increase in intensification represents only approximately 60% of the

intensification of the actual TCs.

In Figures and only one initialisation time is shown for simplicity. However,

in other forecasts initialised within 24 hours of these forecasts the storm is still

initialised too weak and thus produce similar intensity predictions. Compared to

the best track the intensity forecasts are poor. Even without the weak initialisation,

the intensification of the storms does not match reality. Both storms undergo a
1

period of rapid intensification (defined as an increase in intensity of 15.4ms™" in

24 hours), however, the only time this criteria is met is during the first 24 hours
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of the CP forecasts of Haiyan, as the storm is spinning up in the simulations. The
timing of peak intensity is off in both CP forecasts (a “peak intensity” cannot be
identified in the global forecasts as they do not weaken). This is likely related to
the track errors which cause the forecasts to inaccurately predict when the TC will

make landfall.

The analysis here considers ensemble averaged intensity with the spread shown by
errorbars in Figure and [£.11] Whilst there was some spread in the different
ensemble members, there were no links found between the intensity of the storms
and the track. That is, for Hagupit, there was no link between the TC intensity and

whether or not the track would turn to the north or make landfall.

4.5 Storm Size and Structure

For both Haiyan and Hagupit observational data was limited to satellite data. In this
section comparisons are made between some model diagnostics and satellite imagery.
The aim is to demonstrate that the forecasts produce realistic simulations of Haiyan
and Hagupit, by comparing the size of the two storms along with features such as
their eye, eyewall and rain bands. The aim is not to produce a detailed comparison
of the inner core structure of the storms or to diagnose forecast errors relating to the
structure, but to get an idea of how well the simulations capture the basic structural

features of Haiyan and Hagupit.

Microwave remote sensing is capable of penetrating the cirrus canopy of TCs which
is often seen in visible satellite images. The convective clouds associated with the
internal structure of a TC can be identified as large water droplets and ice particles
cause a scattering of microwaves and a loss of energy. The 85 GHz images are able
to identify deep convective clouds, but they do not identify low level precipitating

clouds.

Here, 85 GHz satellite images from the special sensor microwave/imager (SSM/I) are
used to compare the structure of both Haiyan and Hagupit close to peak intensity

(the top right figures of Figures and [4.13)). Both storms feature a clear cloud-free
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eye and cover approximately the same area. For Hagupit (Figure 4.12)) there is
enhanced convection to the west of the storm centre, whilst for Haiyan (Figure [4.13))
deep convective clouds surround the eye. Rainbands spiral out towards the north in

both storms.

The plots in the top left of Figures 4.12| and [4.13| are rainfall rate estimates for

the TCs from different satellites. Note that the time of these satellite images is
different to the plots in the top right of the figures. For Hagupit, Global Precipitation
Measurement (GPM) Microwave Imager (GMI) precipitation rates are used. The
GMI observes energy from 13 different microwave frequencies and combines this
data to produce quantitative maps of precipitation. It provides a continuation of
measurements made from the Tropical Rainfall Measuring Mission. For Haiyan,
rainfall estimates from Advanced Microwave Scanning Radiometer 2 (AMSR?2) sensor,
on board the Global Change Observation Mission satellite is used. The AMSR2
uses 6 different microwave frequencies to estimate rainfall. The difference in satellite

imagery used for Haiyan and Hagupit is due to data availability.

The estimated rainfall distribution can be compared to the rainfall distribution from
the Met UM forecasts. For Hagupit (Figure the rainfall is predicted well in the
MetUM. For the CP forecasts (bottom right of Figure , there is no rain at the
centre of the storm. Stronger precipitation rates are to the west of the TC with an
area of enhanced rainfall also occurring to the north-east of the TC centre. Each of
these features matches the satellite derived rainfall estimates (top left of Figure .
The CP forecasts show lots of small scale structures (shown by the pink contours,
representing areas of relatively high ascent), highlighting the convective detail of CP
forecasts. On the other hand, the global forecasts produce a much lower rainfall rate.
Ascent is limited to the north-west of the TC and the finer structure of the spiralling
rainbands cannot be seen in the rainfall. However, the general region of rainfall is

still well predicted.

For Haiyan the CP forecasts again capture some of the small scale features of the
TC (Figure 4.13] bottom right). There is lower precipitation in the TC eye whilst

there are also spiralling rainbands to the east. The rainband which spirals from the



81

12/05/14 0600Z 22W HAGUPIT
12/05/14 0748z F-16 91H

12/05/14 0732z MTSAT-2 VIS

16°N - S — |

12°N [£3 o s

goN |-~ N -
. GMI Rainfall Rate . 5
:05/12/2014, 1032 UTC

16°N ML L L AL, - .
12°N |

8N =222 — T —

124°E 128°E 132°E 136°E 124°E 128°E 132°E 136°E

10ms~!
—

10.0 12.5 15.0 17.5 20.0
mm hr~1

Figure 4.12: GMI rainfall rate estimate of Hagupit at 1032 UTC 5 December (top
left). 85 GHz microwave satellite image of Hagupit at 0732 UTC 5 December 2014
(top right). MetUM forecasts of mean rainfall rate using ensemble member 0 of
the global (bottom left) and CP (bottom right) forecasts. For the model output
shading is of the mean precipitation, arrows show the 850 hPa winds, pink contours
are areas of relatively high ascent at 500 hPa and contours are of sea level pressure,
contoured every 8 hPa. The Figures in the bottom panels are at a valid time of
1100 UTC 5 December 2014. The forecasts were initialised at 1200 UTC 3 December.
The satellite image in the top right is taken from the National Research Laboratory,
Marine Meteorology Division.
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south of the TC to the north of the TC in the satellite image is not seen in the CP
forecasts. However, for these forecasts the time of the simulated TC and the satellite
image is different. This is due to the errors in the TC motion meaning that a like for
like comparison (i.e.same location and at the same time) is not possible. As with
Hagupit, the detail in the global forecasts is much less. Higher relative ascent is seen

in a broad region around the eyewall of the TC. However the finer structure cannot

be identified.

Comparing satellite imagery at a couple of times to MetUM forecast data at a single
time is inadequate to diagnose errors in the storm structure. Despite this, some
features of Haiyan and Hagupit which are present in the satellite images can be
identified in the MetUM forecasts, particularly in the CP forecasts. For Hagupit
the area of enhanced convection on the west side of the eyewall is seen in the CP
forecasts along with the satellite images. The spiralling raindbands of Hagupit,
particularly to the north-east of the TC centre are also present in the CP simulations.
The comparisons suggest that the MetUM is producing realistic simulations of both
Haiyan and Hagupit. Further comparisons between TC structure and observations
are not made as the aim of this work is to consider the predictability of TC motion,
and the influence of the larger scale steering flow, not to diagnose errors in the storm

structure.

4.6 Summary and Conclusion

This chapter introduces Typhoons Haiyan and Hagupit, gives a synoptic overview of
each storm, presents the track and intensity forecasts from global and CP ensembles,
and briefly discusses the structure of the storms in comparisons between model

output and observations.

There are a number of similarities between Haiyan and Hagupit. Both storms were
category-5 TCs, both made landfall over the Philippines having followed similar
paths, and both were high-impact TCs. Each storm was initially steered by the

sub-tropical anticyclone. Haiyan was steered by the anticyclone up until landfall.
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Marine Meteorology Division.
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However, Hagupit became positioned between two anticyclones, one to the east
and one to the west of the storm. Upon entering this position the storm slowed
significantly. Chapters [5] and [6] will investigate this position in Hagupit’s lifetime in

more detail.

The track forecasts are a key motivation in studying these storms further. Ensemble
forecasts of Haiyan predicted the storm’s motion with a large degree of certainty.
An error in timing in the CP forecasts meant that they induced a large positional
error, however the path of the storm was still well predicted. The global model
predicted both the location and the speed of Haiyan accurately. On the other hand,
the global forecasts of Hagupit were associated with a large amount of uncertainty.
At the same time that the motion of Hagupit slowed, global track forecasts diverged.
Some ensemble members predicted the storm to turn north, completely missing the
Philippines, whilst others predicted the TC to continue west and move across the
Philippines. This behaviour was the same in forecasts initialised at 0000 UTC 5
December, just 18 hours before landfall. Comparing the environments of the two
storms it seems likely that the position of Haiyan and Hagupit with respect to the

anticyclone steering the TCs is key in the predictability of both storms.

Section 4.5 compared the structure of the storms to some satellite imagery. The
MetUM forecasts were able to identify some of the structural features in Haiyan
and Hagupit which were present in the satellites. These included realistic estimates
of rainfall and the locations, relative to the TC centre, where there was increased
rainfall. As expected, the CP forecasts demonstrated these structural features in
finer detail. The comparisons were used as a ‘sanity check’ to demonstrate that the

MetUM was producing realistic simulations of both Haiyan and Hagupit.

Throughout the chapter comparisons have been made between the CP and global
forecasts. This has brought up a number of questions, for instance: Why do the CP
forecasts behave differently to the global forecasts? What causes the systematic turn
to the south-west in the CP forecasts of Hagupit? What causes the unpredictability
in the global forecasts of Hagupit compared to those of Haiyan? Chapter |5 addresses

the latter question and focuses on the global ensemble forecasts. Chapter [6] and
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Chapter [7| focus on understanding the CP forecasts.



Chapter 5

Interaction of Hagupit and Haiyan

with thelr environments

5.1 Introduction

Despite the substantial improvements in TC track errors in general, there are still
TCs such as Hagupit for which the track is difficult to predict. Each season there are
examples of storms which are associated with large track errors and large uncertainties
in the ensembles (Magnusson et al., 2019). Case studies are often conducted to
understand the sources of errors and uncertainties and to allow for better preparedness
for future cases. Two storms which have been the subject of numerous case studies

are Hurricane Sandy (2012) and Hurricane Joaquin (2015).

Hurricane Sandy exhibited large uncertainty in track forecasts prior to making
landfall over the U.S. (Magnusson et al., [2014). The uncertainties were attributed to
uncertainty in the steering flow of the TC (Munsell and Zhang), 2014)) and differences
in the amplitude of the anticyclone to the north of the storm (Torn et al., 2015)).
Torn et al.| (2015) also demonstrated that Sandy contributed to the amplification
of the ridge to the north through the storm’s irrotational outflow. Additionally,
differences in SSTs between ensemble members caused differences in the depth of
Sandy but these differences did not impact the track forecasts (Magnusson et al.,

2014).

86
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Hurricane Joaquin produced a very unusual TC track. Initially the storm moved
south-westwards towards the Bahamas before making a 180° turn and moving back
out to sea. Track forecasts failed to predict the unusual looping track of Joaquin,
and many operational forecasts were predicting the TC to make landfall over the
U.S. east coast. Nystrom et al| (2018) used perturbations of the TC structure and
steering flow in CP forecasts to demonstrate that the TC was sensitive to steering
winds between 600-900 km from the centre. The impact of these different steering
winds influenced which side of a bifurcation point in the steering the TC would move
to. Using the National Centers for Environmental Prediction Global Forecast System,
Miller and Zhang| (2019)) highlighted the impact of a shallow vortex in some ensemble
members causing the TC not to interact with the steering flow at upper-levels. On
the other hand, Alaka Jr et al. (2019)) found the structure of Joaquin did not impact
the TC track in the Hurricane Weather Research and Forecasting Model but rather
the motion of Jaoquin was sensitive to differences in the steering flow of ensemble
members, which originated from the initial perturbations. These contradicting

conclusions highlight the importance of understanding difficult-to-predict TCs.

Using ensemble-based sensitivity analysis, [Torn et al.| (2018) showed that the forecast
spreads of three TCs [Joaquin, Debby (2012) and Lionrock (2016)] were all associated
with variability in the near-storm steering flow - in particular the steering flow within
500 km of the TC centre. Each of these TCs was characterised by being in a large-
scale deformation flow. This steering flow can be responsible for determining which
side of the axis of contraction the TC will move to and thus the future position of the
storm. In reviewing available diagnostic tools for difficult to predict TCs, Magnusson
et al.| (2019) highlighted ensemble sensitivity analysis as particularly useful. Unlike
other methods, ensemble sensitivity analysis, which uses linear regression to imply
the impact of a state variable on a forecast metric, can be used on an existing

ensemble without the need to rerun forecasts.

From each of the studies described above, along with other case studies of difficult to
predict storms (e.g. [Huang et al., 2020), it is obvious the steering flow of a TC plays

a big role in the predictability of its track. A TC’s interaction with its environment
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is two-way, meaning that whilst the environment steers the storm, the TC can also
impact the development of synoptic scale environmental features. One key interaction
is when the outflow of a TC interacts with the midlatitude flow (Jones et al., 2003}
Keller et al., [2019). These interactions are often investigated within a PV framework.
Anticyclonic outflow from the TC enhances the downstream trough amplification
through the advection of cyclonic PV and the implication of an enhanced anticyclonic
component in the region of the downstream trough (Riemer and Jones, 2010; Keller
et al.; 2019). Meanwhile divergent outflow from the TC, associated with the latent
heat release in the mid troposphere, contributes to ridge building and jet streak
formation through the advection of low PV air which distorts the upper level PV
field (Riemer and Jones, 2010; Grams et al., 2013; [Keller et al., [2019)). In the case
where the TC is in a sensitive region of steering flow, these interactions can impact

the storm’s environment enough to change its track (Grams et al., [2013]).

In this chapter the causes of the uncertainty in the global track forecasts of Hagupit
are explored and compared to the more predictable case of Haiyan. In Section the
large-scale flow in which Haiyan and Hagupit are embedded is compared. In Section
the TC removal technique, outlined in Section [3.5.2] is utilised to investigate the
steering flows of each of the TCs. Using this steering flow, Section explores the
sensitivity of Hagupit’s position earlier in the forecast to its future track. Section
looks in more detail at the environment of Hagupit. Using composite groups
of ensemble members, differences in the storms environments between members
which move to the west and make landfall and members which turn to the north are
highlighted. The contribution of the TC’s outflow in regulating its environment is
also investigated. Section [5.6| uses the 45-member ensemble and ensemble sensitivity
analysis to add robustness to the results from previous sections. Ensemble sensitivity
analysis uses linear regression to relate features of Hagupit’s environment earlier
in the forecast to the motion of the storm in the final 24 hours. A discussion and

conclusion is given in Section [5.7]
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5.2 The Environments of Haiyan and Hagupit

In Chapter (4] the environments of Haiyan and Hagupit were identified as possible
causes for the differences in track predictability (Figure[4.4)). In this section the large-
scale environments of Haiyan and Hagupit in the global forecasts are investigated

and compared to Figure [4.4]

Figure shows the ensemble averaged streamlines for the 850-250 hPa pressure-
weighted depth-averaged flow, for both Haiyan and Hagupit at two different times
- the same times as shown in Figures and [4.4] This depth represents a typical
steering flow layer for intense TCs (Velden and Leslie| [1991; |Wang and Holland)
1996). At 1200 UTC 5 November Haiyan is on the southern periphery of the sub-
tropical anticyclone. The anticyclonic flow associated with the anticyclone creates
an easterly flow which steers Haiyan towards the Philippines. The anticyclone is
elongated throughout the whole of the western North Pacific basin and the storm

is located on the southern periphery of the anticyclone throughout the forecasts
(Figure [5.1p).

At 0000 UTC 4 December (Figure ) Hagupit is located to the south-west of the
sub-tropical anticyclone. As such the motion of the storm is in a north-west direction.
By 1800 UTC 5 December (Figure [5.1d) Hagupit has moved into a position between
two anticyclones, one to the east and one west, with the subtropical jet to the north.
The two anticyclones are separated by both the storm and an upper level trough,
whose axis is in line with the storm. This synoptic set up shows a sensitive position
in the environment with the anticyclone to the east steering the storm to the north
towards the subtropical jet and the anticyclone to the west steering the storm south
and across the Philippines. Upon reaching this position the storm’s speed slows; over

1

the next 36 hours the storm moves slowly, at approximately 2ms™", in a westwards

direction up until it makes landfall.

The shading in Figure [5.1|shows the standard deviation of depth-averaged windspeeds
in the ensemble. The magnitude of the standard deviation in the environment in each

storm is similar, despite the differences in track forecasts. For Haiyan the regions
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of greatest variance are close to the TC and on the periphery of the subtropical
anticyclone (Figure and p.1p). For Hagupit, Figure shows that, earlier
on, there is some variance close to the storm along with variance to the east of the
sub tropical anticyclone (approximately 25°N and 175°E). When the TC becomes
positioned between the two anticyclones (Figure ), the largest variance is in the
region of the storm, in the location of the PV streamer (approximately 20°N and
175°E) and to the south of the storm (approximately 5°N and 130°E). There is little

variance on the sides of the anticyclones which are closest to the TC.

The mean 850-200 hPa flow is well represented in the forecasts for each storm. When
compared to the ERA-5 reanalysis (Figure , the main differences occur as Hagupit
makes landfall. In the MetUM the storm moves too slowly prior to landfall, meaning
that the ensemble members that predict the storm to hit the Philippines do so
slightly too late. During landfall there are also some differences in the development
of the downstream ridge (located to the north-east of Hagupit), with each ensemble
member having a stronger downstream ridge than ERA-5 in the final 24 hours of the
forecasts. Other than these differences the ERA-5 analysis lies within the ensemble

spread of throughout the forecasts.

5.3 Analysis of the Steering Flow

The large track spread of Hagupit suggests that the steering flow of the storm may
be important in determining its predictability. The steering flow of a TC is the
environmental flow which best matches the storm’s movement. To investigate the
steering flow of a storm, it is necessary to partition the winds associated with the
storm from those of the environment which are responsible for the steering of the
storm. This is done using the TC removal method described in section [3.5.2] Due
to the associated computational costs, the TC removal technique was carried out
on a single 12-member ensemble forecast for each storm. The forecasts used were
initialised at 1200 UTC 4 November 2013 for Haiyan and 1200 UTC 3 December 2014
for Hagupit. Figure shows, for both Haiyan and Hagupit, a contour plot of the

residual vector magnitude for different pressure levels and radii. This plot is created
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Figure 5.1: Streamlines of the pressure-weighted vertically averaged wind between
850 hPa and 250 hPa. All streamlines are of the global MetUM ensemble mean
(using time-lagged ensembles initialised at 1200 UTC 4 November and 0000 UTC 5
November for Haiyan, and 1200 UTC 3 December and 0000 UTC 4 December for
Hagupit). The shading shows the ensemble standard deviation of the depth-averaged
wind speeds. Centres of anticyclones are denoted by a ‘H’, centres of cyclones with
an ‘L, the position of the storm is shown with a TC symbol. The black arrows are
for illustrative purposes to indicate the direction of flow. Figures (a) and (b) are for
Haiyan at times 0000 UTC 5 November and 1200 UTC 7 November. Figures (c) and
(d) are of Hagupit at times 1800 UTC 3 December and 0000 UTC 6 December.

using every ensemble member at every 3-hourly output time. The figures produced

are very similar to previous studies using the same technique (Galarneau and Davis,

2013} Fowler and Galarneau), |2017; Torn et al., 2018)), with the optimum radius on

average being approximately 300-400 km, and the optimal top layer of 300 hPa for
Hagupit and 200 hPa for Haiyan. Figure suggests optimum height for Haiyan
may be higher than 200 hPa, however, a top layer of 200 hPa still produced a small

average residual vector when compared to the speed of the storm.

Averaged across all times and ensemble members, the magnitude of the residual
vector when using an optimum radius as a function of time as opposed to a constant

radius is approximately 0.6 ms~!. This residual is significantly less than the average
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Figure 5.2: The average magnitude of the residual vector, V g, defined as absolute
difference between the storm motion vector and storm-removed environmental wind
vector (contours, ms™!) as a function of vertical layer and removal radius, ro. The
shading denotes the standard deviation across all times and ensemble members. The
two plots are of (a) Haiyan ensemble forecasts initialised at 1200 UTC 4 November
2013 and (b) Hagupit ensemble forecasts initialised at 1200 UTC 3 December 2014.
The averages are computed across all 120 hours of the forecast.

minimum residual of slightly under 1.0 ms™!, produced when using a constant radius
(over a 5-day forecast this difference in error would equate to approximately 175km).
Therefore, the analysis in this section uses a radius which has been optimised at

every time step.

Figure |5.3| shows the ensemble averaged streamlines for the 850-250 hPa pressure-
weighted depth-averaged storm removed winds, for both Haiyan and Hagupit at two
different times. In the case of Haiyan the streamlines show the storm is embedded
in the easterly flow which is associated with the anticyclone to the north (Figure
). This flow strengthens as the forecast continues and Haiyan approaches the
Philippines (Figure ) In comparison Figure shows Hagupit is located to
the south-west of the subtropical anticyclone. As such the motion of the storm is in
a north-west direction. By 1800 UTC 5 December (Figure ) Hagupit has moved
into a position of weak steering flow between two anticyclones. To the west of the
storm the anticyclone steers the storm towards the Philippines, whilst to the east of

the storm the anticyclone creates a northward steering flow.
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Figure 5.3: Streamlines of the pressure-weighted vertically averaged storm-removed
wind between 850 hPa and 250 hPa. All streamlines are of the MetUM ensemble mean
(using the ensemble initialised at 1200 UTC 4 November for Haiyan, and 1200 UTC
3 December for Hagupit), with the grey line indicating the ensemble average track.
Centres of anticyclones are denoted by a ‘H’, centres of cyclones with an ‘L’, the
position of the storm is shown with a TC symbol. The black arrows are for illustrative
purposes to indicate the direction of flow. Figures (a) and (b) are for Haiyan at
times 1200 UTC 5 November and 0600 UTC 8 November. Figures (¢) and (d) are of
Hagupit at times 1800 UTC 3 December and 1800 UTC 5 December.

5.4 Storm Sensitivity to Initial Position

To investigate the sensitivity of the storm’s location to its predicted track, trajectories
are initialised at T+424 in a 1.6° X 1.6° box around the centre of the forecasted storm.
The box dimensions were chosen such that the maximum displacement between the
initial location of a trajectory and the forecasted position of the storm, at T+24,

was slightly larger than the average error of NWP models T+24 TC track forecasts

(approximately 75km, [Short and Petch| 2018). This means that trajectories starting

in the box represent what would be considered to be within the bounds of a normal
track error. Trajectories are calculated up to T+4120 with a Runge-Kutta 4th order

scheme using the 3-hourly storm-removed environmental winds.

Figure shows the trajectories computed for ensemble member 6 of Hagupit.
Ensemble member 6 was chosen as its track was similar to the ensemble average
and it predicted Hagupit would make landfall close to the observed location. The

trajectories exhibit a similar behaviour to the original ensemble (Figure ) The
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Figure 5.4: Trajectories (blue lines) calculated using the storm-removed environmental
winds of ensemble member 6 of the forecast for Hagupit initialised at 1200 UTC 3
December 2014. The trajectories are initialised at 1200 UTC 4 December (T424) in
a 1.6° x 1.6° box (indicated by the black box) around the forecasted position of the
storm. The forecasted track is shown by the red line, whilst the black dashed line is
the best track according to IBTrACS.

trajectories show that had the storm been located in a slightly different position at
T+24 it may have recurved and missed the Philippines, or alternatively it may have
propagated too far south. This highlights that in a single ensemble member the track
of the storm is sensitive to its position earlier in the forecast. It could be expected
that, if the environment in each of the global ensemble members was the same as
that in ensemble member 6, then small differences in the position of the storm in
different ensemble members could lead to a large track spread. Note, this analysis is

an approximation as it ignores any feedbacks of the TC on the environment.

Trajectories were computed using the storm-removed environmental winds for each
of the 12 ensemble members for both storms. As with the original ensemble of tracks,
the spread of the trajectories is calculated using Equation 4.1l The ensemble average
of these trajectory spreads is shown in Figure In calculating the ensemble
average of trajectory spreads for Hagupit, ensemble members 5 and 10 were omitted.
These ensemble members were the most southerly and northerly ensemble members,

respectively, and their perturbed trajectories remained very close to the forecasted
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Figure 5.5: Spread comparison of the global ensembles for Typhoons Haiyan (red)
and Hagupit (blue) initialised at 12000 UTC 4 November 2013 and 1200 UTC 3
December 2014, respectively. The ensemble spread is shown by the solid lines and
crosses whilst the spread of trajectories initialised at T+424 and calculated using the
storm-removed environmental winds are shown by the dotted line and triangles.

position of the storm. Thus the spread in these two cases was very small. The
spread of the trajectories for Hagupit is very similar to the spread of the 12-member
ensemble forecast, further illustrating that the uncertainty in the forecasts of Hagupit

is caused by the environment in which the storm is embedded.

Unlike those of Hagupit, the storm removed trajectories for ensemble member 1
of Haiyan show a much more predictable environment (Figure . Trajectories
remain close to the forecasted track (and indeed, the best track) and move westwards
directly towards the Philippines. Thus even if there was a small positional error at
T+24, this error would not develop into a large error and the storm location would
still be predicted with a high degree of certainty. As with Hagupit, the ensemble
average of trajectory spreads is plotted in Figure [5.5] Unlike the ensemble track
spread, the trajectory spread does increase with lead time. However at T+120 the
spread is approximately 50% of the trajectory spread of Hagupit, and only slightly
higher than the global track spread of Haiyan. Therefore, the same uncertainty that

was seen in Hagupit is not seen in the environment of Haiyan.

Whilst not a perfect technique (it does not account for different environmental winds
in the ensemble members), this method provides a computationally cheap way to

illustrate the uncertainty in a deterministic forecast of a TC. It has the potential
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Figure 5.6: Same as Figure but for ensemble member 1 of Haiyan with trajectories
initialised at 1200 UTC 5 November (T+24).

to be used operationally to determine how uncertain a TC forecast is likely to be

without the need for a full ensemble.

5.5 Impact of the Storms’ Environment on the
Steering Flow

The remainder of this chapter focuses on the forecasts of Hagupit to further under-
stand the reasons for the low predictability of the storm. This section investigates how
Hagupit interacts with its environment and how subtle differences in the environment
of different ensemble members are related to differences in the track forecasts. This
section uses two forecasts that are time-lagged to create a 24-member ensemble.
Forecasts initialised at 1200 UTC 3 December and 0000 UTC 4 December 2014 are
used. These forecasts show similar characteristics with some ensemble members
turning north and others making landfall over the Philippines. They are initialised
approximately 81 and 69 hours before the storm made landfall. Ensemble members
are split into two groups depending on whether the forecasted storm turns to the
north (NORTH members) or makes landfall (WEST members). These two groups,
based on the time-lagged ensemble, are shown in Figure Each group consists
of 8 members, four from the earlier forecast initialised at 1200 UTC 3 December,
and four from the later forecast initialised at 0000 UTC 4 December. The remaining
ensemble members were omitted for various reasons (shown in green in Figure .
Two ensemble members in the later forecast went considerably further south than

other members and one in the earlier forecast turned considerably further north.



97

15°N

——
—

N
] EYh “‘F = S Al 3
10°N }---

125°E 130°E 135°E

Figure 5.7: Track forecasts for Hagupit split into two groups depending on if the
storm is forecast to make landfall close to the correct location (“WEST”, orange) if
it is forecast to turn to the north (“NORTH”, blue), or if the ensemble member is
omitted from both groups (green). Two 12-member forecasts, initialised at 1200 UTC
3 December and 0000 UTC 4 December are time-lagged.

These extreme members were omitted to ensure they did not skew the group aver-
ages. Other members were omitted to ensure equal size groups, they were chosen as
ensemble members which were borderline between two groups (i.e. members which

made landfall over north Philippines).

Figure [5.8 shows the depth-averaged and ensemble-averaged steering flow for both
the WEST group and the NORTH group at 0000 UTC 7 December. The steering
flow has been calculated using a constant removal radius (r9) of 350 km to allow for
a comparison between the ensemble members. To calculate the average steering flow,
the steering flow for each ensemble member in the WEST and NORTH groups is
centred on the average forecasted location of the storm in that group, following this
the steering winds are averaged across all ensemble members. The solid red circle
in Figure [5.8] is the removal radius whilst the dashed circle shows the position of
the removal radius of the other group. Comparing the two groups shows there is a
distinct difference in the steering flow. The NORTH group has a stronger northward
component to the steering flow compared to the WEST group which is being steered
towards the Philippines. In both cases there is a deformation field with very weak
steering flow to the north-west of the storm. Compared to the NORTH group, the

WEST group has an average position further to the south-west and thus is embedded



98

10ms™!
—
.West North
6 4 4 a N
L S S Y . LSS
a & v ¢ 4 A b N N A - - - 4 A
4 A 4 & v b vaw % v v « - a v ¢ 4 b & LY
K . . - A ® v - -« = N a v ‘ » » A
v or ~ v DR R vy -
2 » > » s = s/ * < a 1 V___-\/
P S - + - e v D »
(0] P 2 s 4 af= = * - e y » g4 /W w
© s 2 s 4/‘ - - - » ,'/. 1/: -
2 0 - - 3 ’ =1 224 N
+ - - - ‘v W 3 - - - P s 4 = W ¥ ¥ ¥
s S S v s o» LI SR . i - -& -~
2 NI VAN I ™ s s H oA = > 0w
- NN . . . - - s b ‘\‘4 - \\\\h
’ x a2 = \/x- LR R s 4 s 2~ v ¥ i ~ . ~ - -
s &4 a4 a < Y ™ A N T T T N s 4 e e > 5—"Y‘\\h\v“ﬂo
-4 . 4 4 =~ Y F F R R N T W Ow o e oa a4 4 - O S S S B Yy v v e o=
- a < v % %Y %Y WM ™M W OWY ONWR Ow e e a - 4 4 . ran
- > LI A A 4 Y Y v v« - - - 4 4 a . - -
-6 [ R & o la
» » » » » . . 4 4 4 4 l
Avg . Avg
PR SR P S R 1 P S PR | A 4 4 4 4 4 4 4 a |
-6 -4 -2 0 2 4 6 -6 -4 =2 0 2 4 6
Longitude Longitude
0 3 6 9 12 15 18

m s~

Figure 5.8: Average 850-200 hPa steering flow of the WEST and NORTH groups
(shown in Figure at 1200 UTC 7 December. Solid red circle shows the removal
radius of 350 km and is centred on the position of the group, whilst the dashed red
circle is the relative position of the other group. Arrows are the winds and the
shading is the wind speed (ms™!).

in a stronger easterly flow.

Whilst the depth-averaged steering flow accurately matches the motion of the ensem-
ble members, it does not highlight what levels of the atmosphere are most important
in steering Hagupit. Figure [5.9) splits the depth-averaged steering flow into different
levels. The biggest influence to the depth-averaged steering flow occurs at the upper
levels. At 850 hPa the steering flow in both the WEST and NORTH groups is very
similar and weak. At 500 hPa there are differences in the direction of the environ-
mental winds, however the windspeeds are still relatively weak. At 300 hPa there is
a much larger contribution to the average steering as well as a stronger southerly
flow in the NORTH group. Thus, it can be concluded that the main contribution to
the differences in steering winds between the two groups is due to the upper level

winds.

The differences in the upper level steering between the two groups suggest there

are differences in the upper level environments. Figure shows the differences
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Figure 5.9: Same as Figure [5.8 but at a pressure level of 300 hPa (a-b), 500 hPa (c-d)
and 850 hPa (e-f).
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Figure 5.10: Geopotential height differences (dam) at 300 hPa between NORTH and
WEST groups (NORTH—WEST). Contours are the average geopotential heights at
300 hPa for NORTH (brown) and WEST (green) groups. Stippled regions signify
that the differences are statistically significant at the 95% confidence level. The
blue (NORTH) and orange (WEST) lines are average trajectories of the TC outflow
calculated from trajectories which are initialised over a 2.5° x 2.5° box centred on
the location of the storm at 1200 UTC 4 December. The trajectories are calculated
using the wind fields at 300 hPa. During averaging they are split into three groups
depending on if they head west, north towards the downstream ridge or become
wrapped in the upper-level anticyclone. The stars indicate the position of the
trajectory at the particular time shown in the plot. The TC symbol is the time-
lagged ensemble mean TC position at the time shown in the plot. The times shown
are (a) 1200 UTC 4 December, (b) 1200 UTC 5 December, (¢) 1200 UTC 6 December
and (d) 1200 UTC 7 December.

between the average 300 hPa geopotential heights of the NORTH and WEST groups.
Statistical significance, shown by the stippled regions, is determined using a bootstrap
resampling method. Two groups of ensemble members of equal size to those of the
WEST and NORTH groups are chosen at random without replacement. The difference
between these two groups is calculated. This process is repeated 300 times. A 95%
confidence interval is then calculated from the 300 samples for the difference between
the two groups. Regions where the difference between the NORTH and WEST

groups are outside of this confidence interval are statistically significant.
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Prior to 1200 UTC 5 December only small and subtle differences are seen between
the two groups. In particular the NORTH members are associated with a slightly
stronger upper-level anticyclone to the east of the storm (Figures and [5.10p).
Although the differences are only small they become statistically significant by
1200 UTC 5 December. By 1200 UTC 6 December more significant differences begin
to develop between the two groups. The NORTH members are associated with
stronger downstream ridge building (Figure , approximately 35° N and 150° E)
which ultimately leads to differences in the position of the detached PV streamer
shown in Figure [4.3d, and shown here by the differences in geopotential height
(Figure [5.10d, 15°N and 165°E). The PV streamer in the NORTH members has
propagated further to the west than in the WEST members, also impacting the
southern periphery of the anticyclone. Finally a dipole can be seen close to the
location of the storm in Figure |5.10d, approximately (12°N,128°E). This indicates
that by 1200 UTC 7 December there are statistically significant differences in the
location of the storm in each of the groups, with the WEST members already further

to the west at this point.

The trajectories in Figure [5.10[represent the outflow of the storm. They are calculated
on a single pressure level using the winds at 300 hPa (i.e. they do not account for
vertical motion) from the location of the storm at 1200 UTC 4 December, the time
when the motion of the storm slows. In each ensemble member trajectories are
initialised 0.25° apart in a 2.5° x 2.5° box centred on the group average location
of the storm. Therefore, from the 8 members of each group 968 trajectories are
calculated. These trajectories are then split into three groups depending on whether
they go to the west, interact with the downstream ridge or interact with the upper-
level anticyclone (Figure . Each group consists of approximately 33 % of the
trajectories. A small number of trajectories are omitted from the averaging if they
do not fulfil any of the criteria, which occurs when the trajectories become wrapped
in the storm’s circulation. Once split into the groups the trajectories are averaged
to form one trajectory per group. The criteria for splitting the trajectories and

averaging over each group is somewhat arbitrary, however, the three resulting average
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Figure 5.11: Example of how the trajectories in Figure are calculated. The
different colours show the three different groups whilst the thick line is the average
trajectory which has been calculated from the thinner trajectories. The black box is
made up of small black dots at each of the trajectory initialisation locations.

trajectories for each group demonstrate the general paths of the TC outflow. Whilst
the trajectories shown are initialised at 1200 UTC 4 December and are calculated at
300 hPa, a number of other initial times and heights were used to explore the outflow
channels of Hagupit. It was found that the outflow of Hagupit to the north-east
remained stationary during the three days prior to landfall when the motion of
Hagupit had stalled, and was always present at heights above 400 hPa. The fact that
the outflow pattern was similar at all heights above 400 hPa suggests that outflow
of the TC is well captured by these trajectories despite them not including vertical

motion.

The outflow from both the NORTH and WEST groups interacts with the upper
level trough and the downstream ridge (Figure . Figure shows that
in both groups the position of the trajectories by 1200 UTC 7 December is close
to the location of the PV streamer (located at approximately 15°N and 165°E).
This suggests that the anticyclonic outflow of Hagupit helps promote the Rossby
wavebreaking event by increasing the anticylonic wind component in the downstream
trough. This is similar to other observed processes often seen in TCs which undergo
extratropical transition (e.g. Riemer and Jones, 2010; Keller et al., 2019). Associated
with the outflow channel shown by the trajectories is Figure |5.10|is strong upper level
irrotational flow from the storm (Figure . Although no significant differences

were found between the NORTH and WEST groups, this irrotational outflow plays
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Figure 5.12: Anticyclonic PV advection by irrotational winds at 250 hPa (shading) for
the WEST and NORTH groups at 1200 UTC 6 December. Arrows are the irrotational
winds greater than 2ms~!, PV at 250 hPa is contoured at 2, 4 and 6 PVU. The TC
symbol is the average location of the storm and the green oval is the approximate
location of the outflow channel.

a crucial role in regulating the environment. The upper level trough is located at
the boundary between low upper-level PV to the south and high upper-level PV
to the north, whilst the jet is associated with the PV gradient at this boundary.
The irrotational winds aid the ridge amplification and formation of the jet streak

through the poleward advection of anticyclonic PV, enhancing the PV gradient and

deflecting the jet stream (Archambault et al. [2013; Keller et all [2019)). At the same

time anticyclonic PV advection, associated with the PV outflow, on the eastern side

of the upper level trough opposes the eastward propagation of the wave (Riemer

et all 2008; |[Keller et al., [2019)). These processes, similar to those shown in Figure

[2.3] ensure that Hagupit remains in the weak environmental flow for a number of

days before making landfall.

Differences in the average outflow of the storm between the NORTH and WEST
groups (shown by the trajectories in Figure are very small and subtle. The
complexity of the interactions between the TC and its environment and the feedback
of these interactions onto the steering flow make it difficult to distinguish which of
the subtle differences between the two groups are significant to the future forecast of

the storm. However, the small differences do show the complex interplay between
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the storm and the environment in which it is embedded. Comparisons between the
NORTH and WEST groups show that differences in the depth-averaged steering
flows of the ensemble members are dominated by differences in the upper level winds.
A number of differences in the upper level environments are highlighted. The next
section looks more closely at the impact of these differences using a larger 45 member
ensemble. In particular ensemble sensitivity analysis is used to determine the impact

these features have on the steering of the storm.

5.6 Ensemble-Based Sensitivity Analysis

The 45-member ensemble is produced for the forecast initialisation time of 1200 UTC
3 December. The track forecasts for the 45-member ensemble are shown in Figure
[5.13] The ellipses are the contours of the 95% bivariate normal distribution at each
24 hr time in the forecast (and T+3, the first output time). The forecast of the larger
ensemble shows similar characteristics to that of the smaller ensemble from the same
initial time (Figure [4.7b). In particular, the storm is predicted to stall before landfall
in each of the members. The ellipses do not include the best track position (shown
by the stars in Figure from as early as T+424, showing the large error associated
with the forecasts. After the storm has stalled, from approximately T+448 to T+96,
forecasts predict the storm to either move towards the Philippines before making

landfall or turn to the north.

The orientation of the ellipses in Figure demonstrates the direction in which
there is greatest spread in the track forecasts at that time. The orientation changes
between T+72 and T+120 from west to east to south-west to north-east. The major
axis is defined in the same way as in [Hamill et al| (2011) and is the direction in
which the track forecasts vary the most at any particular time. Figure [5.14] shows the
correlation of ensemble members along the major axis line at each time to the position
of the ensemble members along the major axis at T+120. Statistically significant
(> 0.294) correlations are seen after 24 hours of the forecast, however, it should be
noted that at this time the ellipse is almost circular, i.e. there was not a clear major

axis. By T+448 the correlation has exceeded 0.5 highlighting the importance of the
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Figure 5.13: Track forecasts using the 45 member ensemble initialised at 1200 UTC
3 December 2014. The ellipses denote the 95% bivariate normal distribution whilst
the dots show the position of the storm every 24 hours. The thick black line is the
best track according to IBTrACS. The coloured stars show the best track position of
the storm at the same times are the forecasted ellipses.

storm’s location earlier in the forecast to whether it turns to the north or heads
straight towards the Philippines. For example, ensemble members which predict the
TC to be further to the east at T472 are correlated to the ensemble members which
predict the TC to be further towards the north-east by T+120. This is consistent
with the results of the previous section where statistically significant differences in
the storm’s position were seen in the NORTH and WEST groups at 1200 UTC 6
December and 1200 UTC 7 December (Figures and d).

Sensitivity tests are carried out to investigate the impact the environment has on
the final position of the storm. Using ensemble sensitivity analysis, described in
Section [5.6] the sensitivity of the average meridional steering wind component for
the final 24 hours of the forecast is compared to the geopotential height at 300 hPa.
The quantities in Equation [3.45 are normalised by the ensemble standard deviation,
therefore, the ensemble sensitivity analysis shows the likely impact on the steering
flow should there be a perturbation of one standard deviation to the ensemble average
geopotential height. To calculate the meridional steering wind component the TC
was removed with a removal radius of 350 km in each of the ensemble members. This
constant radius was chosen due to the additional computational cost of finding the

optimum radius in each of the ensemble members. The environmental steering vector



106

1.0

0.8

o
o

Correlation
o
B

0.2

0.0, 20 40 60 80 100 120

Forecast time

Figure 5.14: Correlation between Hagupit’s T+120 position along the major axis
to the position along the major axis at earlier lead times. The dashed black line
highlights the point at which the correlation becomes statistically significant (i.e. a
correlation of 0.294 and above). Correlation for the 45 member ensemble forecast
initialised at 1200 UTC 3 December 2014.

is then calculated as described in Section [3.5.2] and the northward component of the

vector is averaged across the final 24 hours of the forecast.

Figure shows that increasing the geopotential height by one standard deviation
at T46 (1800 UTC 3 December) in the region to the east of the storm would lead
to an increased meridional wind component of approximately 0.9 ms~!. This would
correspond to the storm being steered approximately 80km further north of the
ensemble mean position over the last 24 hours of the forecast. On 3 December,
Hagupit is still positioned on the south-west periphery of the subtropical anticyclone
which is elongated across the western North Pacific (Figure ) Increasing the
strength of the anticyclone over the area highlighted by the large sensitivity in Figure
would lead to a stronger northward geostrophic wind component to the upper
level winds steering the storm. To the north in Figure there is a region of strong
negative sensitivity (approximately 40°N and 150°E) indicating differences in the

strength of the downstream ridge are important to the steering flow later on in the
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forecast. The magnitude of this sensitivity weakens over the next 24 hours (Figure
m:), however, the differences in the strength of the downstream ridge likely impact
the differences seen in the location of the PV streamer (e.g. Figure ) In Figure
the broad region of sensitivity over the upper-level anticyclone to the east has
decreased. Instead there is high sensitivity to the geopotential height to the south of
the storm. Increasing the geopotential at this point would induce an anticyclonic
geostrophic flow to the south of the storm which opposes the westward motion of the
TC. The sensitivities suggest that the storms with an increased geopotential to the
south will be subject to a greater northward steering flow of up to 1.5ms~! during
the final 24 hrs of the forecast, leading the TC to be positioned approximately 130 km
further north than the ensemble average. This result is consistent with Figures

5.10| [5.13] and [5.14] which suggested that differences in the west to east position of

the storm earlier in the forecast lead to differences in the north-east to south-west
position of the storm at the end of the forecast. Figure |5.15c also shows a large
sensitivity in the upper level environment to the north of the storm. This again
agrees with Figure [5.10| where NORTH members were associated with stronger ridge

building.

Figure shows further sensitivities to the Hagupit’s steering flow over the final
24 hours of the forecast to the 300 hPa geopotential height at T+72 (1200 UTC 6
December). At this time the position of the storm is strongly correlated to the final
location of the storm (Figure . This is seen in the figure due to the area of
red surrounding the location of the storm, suggesting storms further to the east
will be steered further north during the final 24 hours. The sensitivities again show
differences in the downstream development of the upper level environment. Storms
steered to the north have a stronger ridge, a stronger area of upper level high pressure
directly to the south of the storm and a difference in location of the upper level
trough, shown by the area of negative sensitivity in Figure [5.15|d at approximately
(25°N, 105°E). However, these differences could be due to the difference in location of
the storm. As at this time the location of the storms in both groups is significantly

different, it can be expected that the storm itself is impacting its environment
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Figure 5.15: Ensemble sensitivity of Hagupit’s mean northward steering flow during
the final 24 hours of the forecast to the geopotential height at 300 hPa (shading) at
(a) 1800 UTC 3 December (T+6), (b) 1200 UTC 4 December (T+24), (c) 1200UTC 5
December (T+48) and (d) 1200 UTC 6 December (T+72). The sensitivities show the
expected response to the mean northward steering should the 300 hPa geopotential
height be increased by one standard deviation at that point. The contours are of the
ensemble mean 300 hPa geopotential height, contoured every 10 dam. The green dot
is the ensemble average position of the TC at that particular time.

differently in each of the ensemble members. Further to this, the forecast metric
used - the steering flow in the final 24 hours - is sensitive to the location of the storm
as has been seen in section Therefore, as the forecast lead time increases the
assumption that the forecast metric is independent of the state variable no longer
holds. Indeed sensitivities at longer lead times are dominated by a strong dipole
structure close to the location of the TC (not shown). At later times the sensitivities
also continue to highlight the differences in ridge building and the differences in the

location of the detached PV streamer.

The above analysis calculates sensitivities of the TC motion in the final 24 hours
of the forecast to geopotential height at 300 hPa earlier on. At other heights the

sensitivity between the geopotential height and the northward motion of the TC
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Figure 5.16: As in Figure but at heights of (a) 500 hPa and (b) 850 hPa at a
time of 1200 UTC 5 December.

in the final 24 hours is significantly less. However, at mid and lower levels there is
a region of negative sensitivity to the north of the storm. Figure [5.16| shows the
sensitivities between the geopotential height at 500 hPa and 850 hPa at a time of
1200 UTC 5 December. To the north of the storm (approximately 17°N and 130°E)
there is a region of negative ensemble sensitivity. This negative sensitivity first
develops at 0000 UTC 5 December and remains throughout the forecast. Therefore,
increasing the geopotential at this location by one standard deviation will likely
lead to decrease in meridional steering velocity of approximately 1ms~! during the

final 24 hours. This again agrees with Figures [5.10] [5.13] and [5.14] as changing the

geopotential at this point would impact magnitude of the easterly steering flow and
thus create a west-east positional difference in the ensemble. The fact that the region
of negative sensitivity is directly to the south of the trough to the north of Hagupit
suggests that the depth and position of the trough is important to the future motion

of the storm.

5.7 Summary and Conclusion

This chapter has explored the influence of Hagupit’s environment compared to that of
Haiyan in determining the predictability of the track forecasts. Hagupit’s uncertain
track was linked to the weak environmental flow in which the storm was embedded.

Whilst Haiyan was steered by a strong subtropical ridge, Hagupit was embedded in
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a much weaker steering flow and became positioned between two anticyclones. To
the east an anticyclone pulled the storm to the north, and to the west an anticyclone
steered the storm towards the Philippines. The storm removed environmental steering
flow showed that in each ensemble member the exact location of Hagupit during the
first 24 hours of the forecast initialised at 1200 UTC 3 December was critical to its

position later in the forecast.

The most significant contributions to the depth-averaged steering flow for Hagupit
came from the upper levels. North turning ensemble members were associated with
a slightly stronger upper-level anticyclone to the east of the storm earlier in the
forecasts. As the storm slowed on approach to the Philippines there were significant
differences in the downstream ridge building and the position of a detached PV
streamer. At approximately 0000 UTC 7 December there was a statistically significant
east-west positional difference of the TC between NORTH and WEST groups of
ensemble members, with the NORTH members being positioned further to the
east. A global 45-member MetUM ensemble showed there was indeed a statistically
significant correlation between, for example, ensemble members predicting the TC
to be positioned further to the east at T+72 (1200 UTC 6 December) to ensemble
members predicting the storm to be positioned further to the north-east at T+120
(1200 UTC 8 December). Further to this, ensemble sensitivity analysis showed
that this positional difference earlier on in the forecast is linked to the upper-level
geopotential height directly south of the storm and lower-to-mid-level geopotential
height to the north of the storm. Increasing the 300 hPa geopotential height by one
standard deviation directly south of the storm at T+448 (1200 UTC 5 December)
will lead to an increase in the northward component of the steering flow over the
final 24 hours of the forecast. The same increase of geopotential height at 500 hPa
and 850 hPa to the north of the storm will lead to a less northward component of
the steering flow over the final 24 hours of the forecast. These slight differences in
pressure directly north and south of the storm can explain the east-west positional
differences in the NORTH and WEST ensemble members. Hagupit is located on

the south-west periphery of the subtropical high and thus increasing the pressure
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south of the storm centre will decrease the eastward geostrophic component of the
steering flow. As a result the westward TC motion will be reduced and the TC slows
down. Ensemble sensitivity analysis also highlighted sensitivities to the strength
of the upper-level anticyclone earlier in the forecast and the development of the

downstream ridge and subsequent detached PV streamer.

This chapter shows some of the complexities of forecasting TCs embedded in weak
environmental flow. In a case where the TC steering flow is weak, subtle differences
between the environment, the position of the TC or the interactions between the
TC and the environment can lead to significantly different storm tracks. This was

indeed the case with Typhoon Hagupit.



Chapter 6

Convection Permitting Forecasts

of Hagupit

6.1 Introduction

Convection permitting simulations at a resolution of the order of 1km are the future
of global weather forecasting (Bauer et al.| 2015). Currently the resolution of a global
weather forecast is of the order of 10 km, however, technological advances will allow
weather centres to produce global operational forecasts at a much higher resolution
in the future. One of the key advantages of a higher resolution model is the ability
to produce forecasts without needing some of the physical parameterisation schemes
currently used. In particular, for forecasts of the order of 1km, convection can
develop freely rather than implicitly estimating the impact of convective processes

through use of a parameterisation scheme.

Currently, CP forecasts are carried out over various limited-area domains. For
example, a limited-area, CP configuration is used over the western North Pacific by
the Met Office, with the aim of providing improved TC forecasts for the Philippines
(Short and Petch|, 2018)). The intensity of and precipitation associated with TCs is
better represented in CP forecasts than in global forecasts (Jin et al., 2014} Short
and Petch, 2018)). However, there are a number of cases in which track predictions in

CP forecasts include large, systematic errors. Whilst CP forecasts have the potential
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to significantly improve TC intensity forecasts, it is not desirable to reduce the skill

of track forecasting.

The causes of the uncertainty in the global forecasts for Typhoon Hagupit were
explored in Chapter 5] However, the results do not explain why the CP forecasts
(shown in Figure behaved so differently. Rather than a large track spread
demonstrating the large uncertainty in the storm motion, CP ensemble track forecasts
systematically turned to the south-west in each of the ensemble members from
forecasts initialised prior to 0000 UTC 5 December. In this situation an inaccurate
track forecast is worse than no track forecast. By introducing systematic errors into

the ensemble there is a false confidence in where the storm is likely to move.

The aim of this chapter is to understand what causes the large track differences
between the global and CP simulations. As Hagupit was an intense, high-impact
storm with large levels of precipitation, strong pressure gradients and intense winds,
it can be expected that the higher resolution, CP forecasts produce storms that
vary significantly in structure to those produced by the global simulations. This is
implied through the intensity forecasts (Figure , and through comparisons of
precipitation rates and ascent (Section . Therefore, unlike Chapter [5{ where the
ensemble members produced similarly structured storms, focussing discussion on
differences in the environment and position of the TC, both the storm structure and

the environment steering flow will be considered in this chapter.

The structure of a TC can have a large impact on the future position of the storm.
Miller and Zhang| (2019) showed that the depth of Hurricane Joaquin caused dif-
ferences in track forecasts due to the interactions of the TC with strong upper
level-winds. Asymmetric TC structure, i.e. situations when convection is enhanced
on one side of the eyewall, can lead to asymmetric diabatic heating distributions
(Wu and Wang, [2000). Diabatic heating asymmetries are often the cause of TCs
deviating from steering flow over mountainous regions (e.g. [Hsu et al., |2013) and

over areas with large variation in SSTs (e.g. [Wu et al., [2005)).

The remainder of this chapter is structured as follows. In Section [6.2] a number

of sensitivity tests are carried out to determine if the science configuration or the



114

resolution is the cause of the systematic differences in the forecasts for Hagupit. In
Section the contribution of the steering flow in the CP and global forecasts to
the track deviations is calculated. The differences in the environments of the two
different simulations which lead to differences in the steering flow are explored in
Section The other cause of track deviations between the global and CP forecasts
is related to how the storm responds to the steering flow, and in particular the large
vertical wind shear. In Section [6.5 the structure of the storms in the two scientific
configurations is compared to investigate how the storm structure is impacted by
vertical wind shear. In Section [6.6] the forecasts from Section which use global
physics at 4.4km is investigated in more detail. A summary is given in Section

0.7l

6.2 Sensitivity Tests

The global and CP forecast set ups differ in several ways, as detailed in Section
3.3.2l The resolution of the global configuration is approximately 50 x 33 km in the
tropics with 70 vertical levels up to 80 km above mean sea level. The CP forecasts
have a horizontal resolution of 4.4 x 4.4km and have 80 vertical levels up to 38.5km
above mean sea level. The increased resolution in the CP forecasts allows for a
difference in science configurations. In the global simulations the Global Atmosphere
6.1 (GAG6.1, |Walters et al, 2017)) configuration is used, whilst in the CP forecasts
the Regional Atmosphere 1 Tropical (RA1-T, Bush et al., 2019)) configuration is
used with reduced air-sea drag at high wind speeds, which improves wind-pressure

relations in TCs and will be used in the release of RA2-T (Bush et al., 2019)).

The formation of the ensembles also differ between the global and CP ensembles.
Initial conditions for the MOGREPS-G forecast are formed by adding perturbations
to the Met Office global analysis, where perturbations are generated using an ensemble
transform Kalman filter (ETKF; Bishop et al., 2001). The effects of structural and
subgrid-scale model uncertainties are accounted for through two stochastic physics
schemes: the random parameters scheme (Bowler et al., 2008) and the stochastic

kinetic energy backscatter scheme (SKEB; Bowler et al., 2009). For the CP forecasts
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the initial conditions are formed by nesting each of the global ensemble members
down to the 4.4km grid. Lateral boundary conditions are provided to the CP
simulations from the global ensemble members every 3 hours. Thus, the initial
conditions and boundary conditions are inherited from the global model. No further

perturbations are made to the model physics in the CP forecasts.

A series of experiments (summarised in Table are carried out to determine which
of the differences in the model configurations cause the differences in the forecasts.
These experiments consist of reproducing the forecasts for Hagupit initialised at
1200 UTC 3 December 2014 using slightly different configurations of the model. The
aim is to step from the global forecasts to the CP forecasts and identify which of
the differences in configurations are the cause for the forecast differences, and hence

which physical processes are important in determining the track of Hagupit.

The forecast properties which are investigated as a potential cause for these differences

are:

e the use of stochastic physics in the global model (both the random parameters
and the SKEB scheme);
e the difference in model resolutions;

e the different model configurations.

Stochastic physics are only used in the global simulations, thus turning the scheme off
(NoSto) will only impact the boundary conditions of the higher resolution, regional
configurations. The two model resolutions tested are a nested, regional, 4.4km
domain (Hi), and the global (~ 50 kmx33km) domain (Lo). The different model
configurations refer to the GA6.1 configuration (Par) or the RA1-T configuration
(Ezxp). Each of the experiments is summarised in Table . Note that the experiments
named Par-Lo and Exp-Hi are identical to the global and CP forecasts that have
been discussed throughout this thesis. The names in Table are adopted for this

section only.
The forecast differences which are to be investigated are:

e the systematic turn to the south-west in the CP model, causing an increase in
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Table 6.1: Summary of the different experimental set ups used in this section.
The two rows in bold are the main global and CP configurations which are used
throughout this thesis. The other rows are the additional sensitivity tests discussed
in this chapter.

Science

Name Configuration Resolution Sto. Phys.
Par-Lo GA6.1 ~ 50 x 33 km Yes
Par-Lo-NoSto GAG6.1 ~ 50 x 33km No

Par-Hi GA6.1 4.4 x 4.4km Yes
Par-Hi-NoSto GAG6.1 4.4 x 4.4km No
Exp-Hi RA1-T 4.4 x 4.4km Yes
Exp-Hi-NoSto RA1-T 4.4 x 4.4km No

positional error in each of the ensemble members;
e the large track spread in the global forecasts compared to the small spread in

the CP forecasts.

Figure |6.1] shows the track forecasts for each of the experiments. In each of the
global forecasts the spread is very similar with some ensemble members turning to
the north and some ensemble members making landfall over the Philippines (Figures
a and b), suggesting stochastic physics has a very small impact on the global
ensemble spread and characteristics. Figure compares the Par-Lo-NoSto, Par-Hi
and Exp-Hi track positions to the Par-Lo track positions. Every 6 hours the direct
positional distance between equivalent ensemble members (i.e. ensemble members in
which the initial conditions are the same) is calculated. This distance is then averaged
over all 12 ensemble members to produce the average deviation line, and the shading
showing the ensemble spread. The deviation between the global ensemble members
with and without stochastic physics remains below 100 km for almost all ensemble
members throughout the forecast (the blue line in Figure . When comparing the
Par-Hi forecast to the Par-Lo, i.e. comparing the impact of changing the resolution,
the average deviation exceeds 100 km after 48 hours of the forecast, and remains
above 100 km for the remainder of the forecast with some Par-Hi members ending
up over 250 km away from the equivalent Par-Lo ensemble member (orange line in
Figure . In the Exp-Hi forecast the average deviation exceeds 100 km after 30
hours and quickly rises to above 300 km after 72 hours (green line of Figure . By
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Figure 6.1: Track forecasts of the sensitivity tests. Each forecast is for Typhoon
Hagupit, initialised at 1200 UTC 3 December 2014.

the end of the forecast the average deviation is 440 km and even the closest Exp-Hi
member is over 280 km away from its Par-Lo equivalent. These results suggest that
the cause of the differences between the Par-Lo and Exp-Hi forecasts is a combination

of the resolution and science configuration.

The small impact of stochastic physics on the global forecasts leads to only small
differences in the nested, limited-area forecasts which are being driven by the global
ensemble with and without stochastic physics (i.e. comparing Figure to
and Figure to ) Figure demonstrates this by showing the tracks of two
ensemble members (ensemble member 2 in which the Par-Lo forecast predicts the
storm to turn north and ensemble member 8 in which the Par-Lo forecast predicts the
storm to make landfall) in each of the experiments. In each case turning stochastic
physics on/off has little impact on the track. The greatest impact is between the
Par-Lo and Par-Lo-NoSto forecasts in ensemble member 2, where differences arise

from the region where Hagupit becomes positioned in the weak steering flow between
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Figure 6.2: Average track deviation from the global model (with stochastic physics)
for the global model without stochastic physics, Par-Hi and Exp-Hi forecasts. At
every 6 hourly time the distance between the equivalent ensemble members in
the forecasts is calculated. These distances are then averaged across all ensemble
members. The shading shows the full range of distances.

two anticyclones (i.e. the sensitive region discussed in Chapter . The Par-Hi and
Par-Hi-NoSto forecasts predict the storm track to lie between where the Par-Lo and
Exp-Hi forecast tracks. As the stochastic physics has only a very small impact, the
rest of the section only considers the forecasts with stochastic physics turned on

(i.e. the Par-Lo, Par-Hi and Exp-Hi forecasts).

The Par-Hi forecast (Figure ) exhibits a similar track spread to the Par-Lo
forecast. Some members are predicted to turn north and miss the Philippines whilst
others make landfall. The members which hit the Philippines tend to make a south-
west turn beforehand, much like the Exp-Hi forecasts. The direct positional error
(DPE) for the ensemble average of the Par-Hi forecast is less than for the Par-Lo
forecast and somewhat similar to the Exp-Hi forecast (Figure . It could be argued
that the GAG6, 4.4km forecast is the best forecast - the DPE is less than for the
global model, yet the spread is still significant and demonstrates the uncertainty in
the motion of Hagupit. Whilst some members take the south west turn seen in the
Exp-Hi forecasts, not every member does and thus there is not a systematic error in
the forecast. For this reason the forecast will be studied in more detail in Section

6.6l However, the GA6.1 configuration has not been designed to be run on a limited
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Figure 6.4: Comparison between the direct positional error (DPE) of the ensemble
average and the ensemble spread for each of the experiments which had stochastic
physics turned on.

area 4.4km grid in the tropics. Whilst the forecasts for Hagupit in this case seem
better, it is unlikely the configuration would regularly produce more accurate weather

forecasts than the configurations used in the Par-Lo and Exp-Hi experiments.

From these tests we can conclude three things about the track forecasts: (a) stochastic
physics in the global ensemble does not cause the large spread in comparison to the
CP forecasts; (b) increasing the resolution whilst using the global physics decreases
the spread and the DPE of the ensemble, but does not cause the systematic error
seen in the CP forecasts; (c¢) increasing the resolution and using the RA1-T science

configuration together causes the south-west turn in the CP forecasts.

Changing the resolution has a significant impact on the intensity of the storm (Figures
and . Although the maximum wind speed forecasts of the Exp-Hi and Par-Hi
forecasts are similar (Figure [6.6), there are some differences in the minimum sea level
pressure forecasts (Figure particular after approximately 0000 UTC 5 December.
The Par-Hi forecast continues to intensify Hagupit whilst the intensity in the Exp-Hi
forecasts plateaus. It is not immediately obvious why this is the case. However,
compared to the Par-Lo forecasts, the differences between the Exp-Hi and Par-Hi
intensity forecasts are small up until around the time Hagupit makes landfall. At

later times, when the differences are greater, all of the Exp-Hi ensemble member have
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Figure 6.5: Comparison of the minimum sea level pressure for each of the experiments
in which stochastic physics was turned on. Error bars show the full range of all
ensemble members. The black line is the minimum sea level pressure of Hagupit
according to IBTrACS.

made landfall and thus are weakening, whereas only a subset of Par-Hi members

have made landfall and are weakening.

A further test was carried out to assess the impact of the limited area domain size.
The CP forecasts were rerun using a larger domain which includes the anticyclones
which control Hagupit’s motion (shown in Figure . The result was an almost
identical forecast to the Exp-Hi forecast with very little deviation in the tracks or
intensities between equivalent ensemble members using the original and large domain
(not shown). Therefore, In the case of Hagupit, increasing the domain size does not

impact the CP track forecasts.

6.3 Contribution of the Storm’s Steering Winds
to Track Deviations

Section [6.2] demonstrated that the differences in track forecasts for Hagupit in the
global and CP simulations is caused by both the difference in resolution and the
difference in scientific configurations. In Chapter [5] it was shown that Hagupit’s

environment is critical to the track uncertainty in the global forecasts. In this section
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Figure 6.8: The ensemble average of the CP Hagupit forecast compared to the global
Hagupit forecast. Forecasts initialised at 1200 UTC 3 December 2014

the contribution of Hagupit’s steering flow in the CP ensemble is compared to that
of the global ensemble. The aim is to investigate to what extent the differences in

the track forecasts can be explained by differences in the steering flow.

Figure shows the ensemble mean position of Hagupit in the CP forecast compared
to the ensemble mean position in the global forecast. The figure shows that for the
first 24 hours of the forecast the location of the CP and global ensembles are similar.
However, at T+430, the position of the CP ensemble is to the south of the global
ensemble. From here the position of the CP ensemble mean compared to that of the
global increases quickly in the south-west direction. Comparing this plot to the track
plot (Figure shows that, just after T+424, when the global and CP forecasts begin
to deviate, the CP ensemble members turn to the west whilst the global forecasts
continue to move to the north-west. Note that at this point the ensemble spreads
of both the CP and global ensembles are approximately 50 km (Figure and
therefore the ensemble mean is representative of the different ensemble members.
Later on the spread of the global ensemble increases substantially, however it remains

the case that each of the CP forecasts move south-west of the global forecasts.

In order to investigate the storm environment, the TC was removed from each of

the ensemble members using the same storm removal method as in Section [5.3| and
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Figure 6.9: Trajectories (blue lines) calculated using the storm removed winds of
ensemble member 0 in the CP forecast. The trajectories are initialised 24 hours into
the forecast at 1200 UTC 4 December in a 1.6° x 1.6° box around the forecast position
of the storm. The forecasted track is shown by the red line whilst the IBTrACS best
track is shown by the black dashed line.

outlined in Section [3.5.2] The top pressure height, p;, is chosen as 300 hPa whilst
the removal radius, rg, is optimised at every timestep. Trajectories are calculated
using this optimum steering flow. The trajectories are initialised 0.16° apart in a
1.6° x 1.6° centred on the forecasted location of the storm to represent the typical
24 hr TC track error. The trajectories demonstrate that the CP model is insensitive
to the exact location of the TC earlier in the forecasts (Figure[6.9). The spread of
the trajectories remains small and each trajectory turns to the south-west away from
the best track line. Ensemble member 0 is shown in Figure however the same
behaviour was seen in each of the ensemble members. This suggests that the steering
winds are responsible for both the lack of spread in the CP forecasts and the turn to

the south-west.

On average (across all times and all ensemble members) the optimum 7 and p; for
the CP forecasts is 300 km and 300 hPa, respectively (Figure. Using these values
gives an average residual vector of magnitude 0.8 ms™!. The optimum depth and
radius is similar to that of the global forecasts (Figure , however the magnitude

of the residual vector is less in the CP forecasts. To allow for comparisons of the
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Figure 6.10: Average magnitude of the residual vector V,.,, defined as the difference
between the storm motion vector and the environmental wind vector (contours,
ms~!) as a function of storm depth and removal radius. The shading denotes the
standard deviation across all times and ensembles. The CP forecast initialised at
1200 UTC 3 December is used.

environmental winds in the global and CP forecasts, a constant ry of 300 km and
a constant p; of 300 hPa is used. The winds are averaged over ry to compute the
environmental vectors Veny. This is different to previous calculations which used
2Rsy (i.e. R = 1y in Equation . The reason for this is that the difference in
intensities of the storms in the different forecasts cause large differences in Rgy. By
using the value of 7y (300km), the same horizontal area is averaged over in both
cases. As outlined in Section [3.5.2] the difference between using R = 2Rgy and

R = ry in calculating V., is small.

Figure [6.11] compares the average distance between the equivalent ensemble members
in the CP and global ensembles to the distance between the ensemble members if
the storm would be exactly steered by the steering wind (i.e. if, using the values of
ro and p; defined above, V. = V,,,). If the steering flow accounted for all of the
differences in the storm’s track then the blue and red lines in Figure [6.11] would

overlap. The figure shows that the forecasted storm positions deviate significantly
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Figure 6.11: The distance between the forecasted locations of the global ensemble
mean and the CP ensemble mean (blue line) compared to the distance between the
locations of the storms if they were controlled exactly by the steering flow (red line).
Forecasts initialised at 1200 UTC 3 December 2014.

from approximately T+21, whilst the steering winds deviate significantly from
approximately T+36. Further to this, between T+36 to T+90, the gradient of the
deviation due to the environmental winds is less than that of the forecasted position.
This suggests that some of the differences between the ensemble member positions
in the global and CP forecasts can be explained by different environmental winds,
but not all of the differences. By the end of the forecast the gradient of both lines
in Figure [6.11]is similar and hence the environmental winds explain most of the
positional differences occurring. This is expected as by this point, due to differences
in the location of the storm in the CP and global forecasts, the environments steering

the TC are very different.

Figures |6.12h (global) and (CP) compare the track of each of the ensemble
members to the would-be track if the storm followed exactly the storm-removed
environmental winds. The environmental wind trajectories differ from the trajectories
in Figure in two important ways. First, the next three hours of the trajectory is
always calculated using the storm-removed environmental winds at the forecasted
TC position according to the original ensemble, rather than the position in which

TC would be if the storm-removed environmental winds exactly predicted its motion.



127

Second, the trajectory is calculated using the vector V., (defined in Equation [3.34])
and thus includes an average over an area of ry (300 km) rather than just a single
point. The first 12 hours of the forecast are omitted for this comparison due to the

fact the storm is spinning up and intensifying during this time.

For almost all ensemble members in the global model, the trajectories calculated using
Ve travel further than the forecasted tracks (Figure ) From T+24 to T+72
there is significant deviation between the forecasted tracks and the environmental
winds tracks. To highlight this Figure shows just three ensemble members
from Figure [6.12h. The ensemble members (0, 4 and 6) are chosen as they are
representative of the global ensemble (one turns north, one makes landfall and one
stops just before landfall). At T+24 (the first triangle) the environmental track and
the actual track closely match in all three members. However, at T472 (the third
triangle), the actual track position is close to the environmental track position at
a much earlier time. In the case of ensemble member 0 (the blue line), the actual
position at T+72 is between the environmental track positions at T+48 and T+60.
For ensemble member 4 (orange) the T+72 actual position is close to the T+48
environment position. For ensemble member 6 (green) the T+72 actual position is
near the T460 environmental position. In each case the forecasted storm stalls and

travels slower than the steering environmental winds.

Differences also occur in the actual and environmental tracks of the CP forecast
(Figures and , which highlight the same three ensemble members as
in Figure ) However, unlike the global forecasts these differences are more
systematic. There is some difference between the two sets of tracks as early as T+24
and this difference increases during every 12 hour period. Between T+24 and T+72
the differences between the actual and environmental tracks continue to increase but

the rate of increase is no different to earlier or later times.

The above discussion, and Figures to [6.13] demonstrates that there is one
period between T+24 and T+72 in the global forecasts in which the storms are not
directly steered by the steering flow, whilst the CP forecasts tend to travel faster

than the steering flow. This contributes to the differences in the track forecasts
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Figure 6.12: Comparison of the (a) global and (b) CP ensemble storm tracks and
to the trajectories calculated using the storm-removed environmental winds at the
TC centres. The storm-removed environmental winds use a removal radius, rg, of
350km and a top pressure layer, p; of 300 hPa. Squares are the position of the
storm at 0000 UTC, whilst triangles are the position of the storm at 1200 UTC. Each
colour represents a different ensemble member. The forecast used is initialised at
1200 UTC 3 December, comparisons made from T+12 to T+120 (i.e. the first square
is 0000 UTC 4 December).
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and will be investigated in Section As shown by Figure [6.11] there is also a
significant contribution to the track differences from the steering flow. Section
will investigate how the environment contributes to the differences in the steering

flow.

6.4 Global and CP Environmental Differences

In this section the environment of Hagupit in the global and CP forecasts is compared

to highlight why the differences in the steering flow occurs.

Between T+36 and T+84 the environmental trajectories in equivalent ensemble
members of the global and CP forecasts move on average from 50 km apart to 250 km
apart (Figure . Thus, there is an average steering flow speed difference of
approximately 1 ms~!. The trajectories in Figure show that earlier in the forecast
the track is not too sensitive to the position of the storm in the CP forecasts. This
suggests that small positional differences earlier in the forecast will not impact the
track of Hagupit in the CP simulations, and differences in the storm’s environment
causes the systematic differences between the steering flow of the CP and global
forecasts. Figure [6.14] compares the depth-averaged steering winds at T+36, showing
differences of approximately 1ms~! through the centre of the storm. This depth
average is then split into three levels in Figure[6.15] The steering winds at upper levels
are stronger than those at lower- and mid-levels. However, the average differences
between the global and CP forecasts are of approximately the same magnitude

regardless of vertical level.

Figure shows the geopotential height differences of the global and CP ensemble
means at four different times and three different heights. Gradients in the geopotential

induce a geostrophic wind (u,) via the geostrophic wind balance,

u, = %12 xVZ, (6.1)

where ¢ is gravity, f is the Coriolis parameter, k is the unit vector in the vertical

and Z is the geopotential height. Equation implies that, over an area of 100 km,
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Figure 6.14: Comparison of the ensemble-averaged, depth-averaged (between 850
and 300 hPa) steering flow for Hagupit in the global and CP forecasts at 0000 UTC
5 December (T+36). Each ensemble member is centred on the forecasted storm
location before averaging. In (a) and (b) shading shows wind speeds, arrows are
the wind vectors, the solid red circle is the 300 km storm removal location whilst
the dashed red circle is the relative location of the storm in the other model. In (c)
shading and arrows show the difference in steering winds between the global and CP
averages.

a geopotential height difference of 0.04 dam would be required to induce a wind of
1ms~!. Therefore, when comparing the geopotential heights in Figure [6.16] values

of this magnitude are significant.

Earlier on, at T+12, the main difference in the ensemble mean geopotential heights
occurs at approximately 5°N and 145°E. At this location the geopotential is greater in
the CP forecasts than the global forecasts at 300 hPa, whilst at 850 hPa the opposite
is true with the geopotential to the south-east of the storm being weaker in the CP
forecasts than in the global forecasts. The steering winds in both types of simulation
are similar at this point. However, it is not clear if the differences in geopotential
height have no impact on the steering flow because they are relatively far away from
the storm, or if the upper level and lower level differences cancel each other out when

computing the depth averaged steering flow.

Later in the forecast, at T+24 and T+36, geopotential height differences between
the ensemble averages become greater at all levels. To the south of the storm
there is a region of lower pressure in the CP forecasts (i.e. approximately 10°N and
130°E at 500 hPa and 850 hPa), whilst elsewhere the geopotential height is generally

similar in both the global and CP forecasts (i.e. regions to the north and level with
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Figure 6.15: As in Figure but for different pressure levels.
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Figure 6.16: Geopotential height differences between the global and convection
permitting ensemble averages, for the ensembles initialised at 1200 UTC 3 December.
Shading is of the geopotential height difference (Convection permitting - global).
The brown contours are of the global ensemble average geopotential and the green
contours of the CP ensemble average geopotential (contoured every 3dam). The
plots on the left are at a height of 300 hPa, in the middle at 500 hPa and on the right
at 850 hPa. Time increases each row by 12 hours from T+12 at the top. Stippling
indicates differences are statistically significant in the 95% confidence interval.



134

the TC). These differences are consistent with the steering wind differences. For
example, at T4+24 and 500 hPa, there is a geopotential height difference of 1.5 dam
between the global and CP ensemble averages at approximately 10°N and 130°E
(with the global forecasts having the greater geopotential height). In the region
of the storm (approximately 12°N and 132°E) there is a small dipole due to slight
positional differences, however elsewhere the differences are close to zero. Thus, the
geopotential height gradient gradient is greater in the CP forecasts, inducing a more

easterly steering flow for Hagupit compared to the global forecasts.

Stippling in Figure[6.16{shows areas in which the geopotential difference is statistically
significant in a 95% confidence interval. The statistical significance is calculated
using a bootstrapping method. Random groups of 12 ensemble members from both
the global and CP forecasts are chosen, without replacement. This is repeated 300
times with the difference between the two groups calculated each time. Using the
sample of 300 differences a 95% confidence interval is calculated. Differences in the
global and CP ensemble average comparison which are outside of this 95% confidence
interval are statistically significant. Note that almost all differences in Figure [6.16]
are statistically significant. This indicates that the differences between the model
configurations are much greater than differences between ensemble members in the

same configuration.

Once the position of the TCs in the global and CP forecasts deviate, positional
differences along with environmental differences become important. Figure [6.17]
shows the ensemble averaged, depth averaged streamlines of the CP forecasts. The
shading shows differences between the global and CP steering winds, with positive
differences indicating stronger steering winds in the CP forecasts. At T+12 both the
position and the steering winds between the ensemble averages are similar. However
at T+36 there is stronger steering winds in the CP forecast, caused by differences in
geopotential height to the south, which leads to positional differences by T+460. At
T+60 and T+84, whilst there are still some differences between the environments in
the CP and global forecasts, as shown by the shading, the positional differences are

also important. For example, if the CP forecast predicted Hagupit to be where the
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Figure 6.17: Depth averaged (850-300 hPa) TC removed streamlines averaged across
all CP ensemble members (contours). Shading shows the differences between the
ensemble averaged CP and global storm-removed environmental winds (CP - global).
The green square and red circle are the positions of the ensemble average CP

and global forecasts, respectively, at the relevant lead time. Forecast initialised at
1200 UTC 3 December 2014.

global forecasts predicted Hagupit to be at T+84, then the steering flow would have
a more northerly component. Figure also shows the steering flow causes the
south-west turn in the CP forecast. At T+60 the storm is embedded in a south-west

flow, to the south of the bifurcation point which was discussed in Chapter [f

As the global model provides lateral boundary conditions for the CP model, the
cause of the environmental differences to the south of the storm must be caused by
processes within the CP domain. One possible cause of the geopotential differences is

the enhanced convection to the south of Hagupit. During the time of Hagupit, there

was significant flooding due to heavy precipitation in Indonesia (Ismail and Siadari,

2017)). Such large scale precipitation events can interact with the environment in
similar ways to a TC - through outflow of the storm and release of latent heat. It
seems plausible that the different representations of convection in the CP and global

forecasts cause differences in the region to the south of the storm which ultimately
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has a significant impact on the TC track.

This section compared the differences in the environments of the storms between
the global and CP ensemble forecasts and showed that these differences are able to
explain the steering flow differences found in Section The steering flow differences
are only half of the story and the next section will investigate how differences in the

structure of the storms can lead to different tracks.

6.5 Impact of Vertical Wind Shear on Hagupit

Section demonstrated how differences in the global and CP tracks are partly
due to differences in the steering winds and partly due to differences in how the TC
responds to the steering winds in the global and CP simulations. The former was
investigated in Section [6.4] In this section, Hagupit’s response to strong vertical
wind shear in the CP and global forecasts is investigated. Prior to landfall Hagupit
weakened due to strong shear. This is shown in the steering winds (e.g. Figure
where there are much stronger winds at upper levels than at lower levels. It was
shown in Section that the TCs in the global simulations stall, moving slower than
the storm-removed environmental winds, whereas the TCs in the CP forecasts move
slightly quicker than the steering flow. In this section the structure of the storms
is compared to understand why the storm in the global forecasts stalls whilst the

storm in the CP forecasts does not.

The vertical wind profiles are shown at three different times in Figure The
shear is calculated by averaging environmental winds over a large 6° x 6° box centred
on the location of the storm. To ensure the definition of the shear was suitable
both the size of the box and location of the box was perturbed but the conclusions
remained the same and only the results using the 6° x 6° box are shown. The shear
is similar in both the global and CP forecasts. From T+24 up to T+48 the shear
increases substantially. At upper-levels the winds remain strong and in a north west
direction, however at lower levels the winds weaken and change from easterly to

mainly northerly. The increase in shear is caused by changes in winds at lower levels
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Figure 6.18: Comparison between the ensemble averaged vertical wind shear in the
global and CP forecasts. Shear is calculated using storm removed winds averaged
over a 6° box centred on the storm. The profiles on the left are of the zonal wind
(u) and on the right of the meridional wind (v). Forecast initialised at 1200 UTC 3
December 2014.

(changing from a westward direction at T+24 to a southward direction at T+448),

however the strongest winds occur at the upper levels.

In the global forecasts the storm does not travel as far west as the steering wind
predicts it to. This suggests that the storm is not interacting with the upper level
winds. Comparing the azimuthal and radial velocities in the storms suggest that this
may indeed be the case. Figure shows the azimuthal winds in a cross section
of Hagupit orientated in the direction of the shear vector. Here, the shear vector is
U0 — Ugs0 Where Tiagg and tgsg are the environmental winds averaged in a 6° x 6° box
centred on the storm location at 200 hPa and 850 hPa, respectively. The orientation
of the vector is shown by the number in the top right, measured in degrees from
north (i.e. —45° is in the north-west direction). In the global model (Figure
the storm tilts under large vertical wind shear. Initially a tall symmetric vortex, by
T+48 the eye is tilted significantly down shear, with anticyclonic winds appearing at
200 hPa on the upshear side. This tilting continues further at T+60, when the shear
is at a maximum. As the storm tilts the depth decreases. Therefore, the storm is
no longer being steered by the upper level winds. Instead these winds simply act to

shear away the vortex at upper levels.

In comparison, the CP forecast is much more resilient to vertical wind shear (Figure
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Figure 6.19: Azimuthal wind (shaded) cross section through the centre of the storm
in the direction of the shear vector (shown by the number in the top right) using
ensemble member 0 from the global forecast initialised at 1200 UTC 3 December
2014. The downshear region is to the right. The storm motion vector is subtracted
from the winds before calculating the azimuthal wind. Numbers on the z-axis are
approximate distances in degrees.
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. The storm in the CP forecasts remain upright and the vortex remains strong
at upper levels. Therefore, the storm continues to be influenced by the steering flow
at 300 hPa and above. This explains why there is a deviation of the actual tracks
compared to the environmental wind tracks (Figure [6.11]). The global model stalls
as the strong upper level winds just shear the storm away, whilst the CP model
travels further than the mean steering flow between 850-300 hPa as it is also likely

influenced by steering winds above 300 hPa.

To summarise the above for each ensemble member across all times, the top of the
storm is compared to the vertical wind shear for each ensemble member. Calculating
the depth of the storm is non-trivial as there is no clear boundary of what is a TC
and what is part of a TC’s environment. Here, the depth of the storm is defined as
the vertical layer from the surface up to the top height of the storm. The top height
of the storm is defined as follows. The relative vorticity is first azimuthally averaged
about the centre of the TC. The maximum relative vorticity of the whole storm is
found. This is usually at a height of approximately 850 hPa. Starting at the top
the maximum relative vorticity at each height is then calculated. The top height
of the storm is defined as the height at which the maximum relative vorticity at a
particular height first exceeds 10% of the maximum relative vorticity of the whole
storm. This definition allows for a comparison between the global and CP forecasts.
It is preferable to defining an arbitrary value of relative vorticity as it accounts for

the differences in intensities of the storms between the two configurations.

Figure [6.21] compares the ensemble averaged storm top height to the ensemble
averaged shear. It demonstrates that as the shear increases in both models, the
storms react in very different ways. In the CP forecasts the depth does not significantly
change. However, in the global forecast the storm’s top height decreases towards
500 hPa. As the shear decreases the storm recovers and the top height of the TC
increases back up towards 200 hPa. Recall from Figure that at the later times in
the forecast the differences in motion can be explained completely by the differences
in the storm-removed environmental winds, thus the fact that the storm depth

increases as the shear decreases supports the idea that the wind shear and subsequent
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Figure 6.20: As in Figure but for ensemble member 0 of the CP forecast
initialised at 1200 UTC 3 December 2014.
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Figure 6.21: Comparison between of the environmental shear and the TC top height
(indicated here by depth) in the global and CP forecasts initialised at 1200 UTC 3
December 2014.

decrease in storm depth is the cause of the global TCs stalling.

A TC tilting under vertical wind shear is not a new concept and has been the focus
of research for many years (e.g. Jones, |1995)). Typically the shear causes the storm
to tilt downshear and to the left, causing convective asymmetries. This often leads
to a weakening of the storm, although procession and subsequent realignment can
often trigger a period of rapid intensification, a scenario which NWP models often

struggle to predict.

The reasons why the TCs in the CP forecast do not tilt and shear away whilst the
TCs in the global forecasts do likely relates to the intensity of the TCs in the different
simulations. The TC is much stronger in the CP forecasts and thus has higher
inertial stability at all vertical levels. This will make it more resilient to the strong
upper levels winds. Another potential cause is due to differences in the outflow of the
storm. Ryglicki et al.| (2019) used Bernoulli’s equation to describe how the outflow
of the storm can cause a boundary to oppose the upper level winds and thus impact
of shear on the TC. They showed that this situation sometimes occurs before rapid

intensification.
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Along with the environmental differences discussed in Section structural differ-
ences between the global and CP configurations can ultimately cause differences in
the TC tracks due to the differences in the storm’s interactions with upper level
winds. Understanding why the CP forecast was resilient to the wind shear when
the global forecast was not may be important future work to limit the track and
intensity errors of storms in the future, especially as CP ensemble become more

comimaon.

6.6 The GAG6, 4.4 km forecast

The Par-Hi ensemble in section [6.2|is intriguing as the spread was similar to the global
model yet some ensemble members took a south-west turn similar to that of the CP
ensemble. In this section we explore the environment of the Par-Hi ensemble along

with how the storm responds to vertical wind shear in this model configuration.

The Par-Hi ensemble can conveniently be split into two groups of six according to
their tracks (Figure - the west group and the north group. Broadly the west
group behaves like the CP forecasts as each ensemble member takes a south-west
turn and the storm is predicted to travel further across the Philippines than it is in
the landfalling members of the global ensemble. The north group behaves more like
the global model. Each of the ensemble members predicts the storm to slow and later
turn to the north. Whilst not every global ensemble member turns to the north, the

stalling of the storm earlier on does occur in each of the ensemble members.

As with the global and CP comparisons, the contribution of the storm-removed
environmental winds to the differences in the motion of the storm between the global
and CP groups is shown in Figure [6.23] Here, the environmental winds contribute
much more to the positional differences than in the global and CP comparison (Figure

6.11)).

The environments of the two groups are compared using geopotential height in Figure
6.24] The differences are smaller than in the global/CP comparison in Figure [6.16]

Earlier in the forecast there is little difference between the group means, and there
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Figure 6.24: As in Figure but for comparisons between the west and north
(west-north) groups of the Par-Hi ensemble.

is also little separation between the forecasted TC positions in the two groups of
ensemble members. After T+24 there are larger difference between the strength of
the anticyclone to the east of the storm and the geopotential height to the north. In
particular, the group that moves to the north is associated with a stronger anticyclone.
This stronger anticyclone induces a geostrophic wind component to the north which
matches the motion of the storm in that group. To the north of the storm, the
west group are associated with stronger geopotential heights. The induced flow from
these differences would lead to a stronger westward propagation of the TC. Again
the statistically significant differences are highlighted by stippling in Figure and

calculated using the same method as outlined above.

When comparing ensemble averages it was found the environment of the Par-Hi
ensemble closely matches the global environment as opposed to the CP environment.
The maximum absolute difference in geopotential height on any level at any location

between the global andPar-Hi ensemble averages was less than 1 dam, compared to
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over 2dam for the comparison to the CP model. In general the difference between
the Par-Hi simulations was close to zero at all locations whereas comparing the CP
to the Par-Hi ensembles gave a similar result as Figure [6.16] (not shown). Unlike
the comparisons between the global and CP forecasts in Section [6.4] which used
the full ensemble, comparisons in this section involve ensemble members which
have different initial conditions and boundary conditions (supplied by the global
forecast). In Section 5.5 two groups (NORTH and WEST) of global ensemble members
were compared using geopotential height (Figure [5.10)). Each group contained four
ensemble members from the global forecast initialised at 1200 UTC 3 December along
with four ensemble members from the forecast initialised at 0000 UTC 4 December.
Each of the ensemble members in the NORTH global group from Section [5.5| are
also in the north Par-Hi group in Figure [6.22] whilst each of the global WEST
group are in the Par-Hi west group. This demonstrates that the results of Chapter
are relevant here. The global forecasts provide boundary conditions for the Par-Hi
forecasts and thus the differences between the WEST and NORTH groups which

develop in the global forecasts influence the Par-Hi forecasts.

In Section |6.4] it was suggested that the difference in the environments between
the CP and global forecasts may be caused by the representation of convection
to the south of the storm in the two configurations. Whilst this hypothesis is
not investigated in detail, the analysis here supports the hypothesis. The Par-Hi
ensemble, which has the same science configuration as the global forecasts, matches
the environment of the global forecasts more so than the CP forecasts. Further, the
differences between the north and west groups, which broadly behave like the global
and CP ensembles respectively, are mainly in the strength of the anticyclone to the
east of the storm, not in the geopotential strength to the south of the storm. The
only time when the geopotential to the south of the storm changes is when the CP

science configuration is used.

Aside from the environment itself, the second thing to investigate between the two
groups of ensemble members is the storm’s reaction to the vertical wind shear. As

the environment of the Par-Hi simulations is similar to the global model, yet the
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Par-Hi ensemble shows characteristics similar to both the global and CP forecasts,
it is unsurprising that the structure of the storm is much more similar to the CP
forecast. Under the strong vertical wind shear, the storm does not tilt or shear away
in either group. Instead the structure remains strong at all levels (Figure . This
explains why the storms do not stall as much as in the global model and why some
ensemble members turn to the south west, without reaching the area of weak steering.
Figure [6.25| shows the vertical structure of ensemble member 0 in the Par-Hi forecast,

however, ensemble members from both groups show the same results.

The Par-Hi ensemble was interesting because it has characteristics of both the
global and CP ensembles. The spread of the Par-Hi ensemble was significant and
similar to the global model as the environment was more like the global model.
However, the ensemble members which made landfall generally behaved like the
CP ensemble - making a systematic turn to the south-west and travelling further
across the Philippines than those which made landfall in the global forecasts. The
reason for this is because the structure of the storm did not change under large
vertical wind shear. The strong upper level winds did not impact the structure of
the TC, but rather contributed to the steering of the TC. Therefore the ensemble
members in the Par-Hi ensemble which made landfall (and which were also the same
ensemble members making landfall in the global forecasts) experienced stronger

depth-averaged steering flow than those in the global forecast.

6.7 Summary and Conclusion

The CP track forecasts for Hagupit behaved markedly different to the global forecasts.
Each of the CP ensemble members turned to the south-west before landfall, away
from the best track line. In comparison the global forecasts predicted Hagupit to
slow significantly before landfall, with some ensemble members predicting the storm
to subsequently turn to the north and miss the Philippines altogether. The spread in
the CP forecasts remained small, whilst the spread in the global forecasts was large.
The aim of this chapter has been to understand these discrepancies between the two

sets of simulations.
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Figure 6.25: As in Figure but for ensemble member 0 of the Par-Hi ensemble.
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A series of experiments in Section showed that changing the resolution of the
global model to 4.4 km, but not changing the physics (i.e. the Par-Hi ensemble) leads
to a reduced, but still significant track spread with some ensemble members behaving
like the CP members by turning to the south-west and passing over the Philippines.
The fact that some ensemble members of the Par-Hi forecast were still predicted
to turn to the north shows the importance of the change in physics in causing the

systematic turn to the south-west in the CP forecast.

Section [0.3] compared the tracks to the storm-removed steering winds of the different
ensembles. In particularly it was shown that the difference in tracks was due to a
combination of the steering winds and how the TC reacted to the steering winds in

the simulations.

The main differences in the environments between the CP and global forecasts, which
lead to the differences in the steering winds, were due to lower pressure to the south
of the storm in the CP forecasts compared to the global forecasts (Section[6.4). This
caused a stronger geoptential gradient and thus a stronger easterly geostrophic flow
through the TC. As such, the TC in the CP forecasts moves further to the west
than the global simulations after 24 hours of the forecast. During the time in which
CP forecasts experienced lower geopotential heights to the south of the TC, there
was a broad region of enhanced convection. It is speculated that this difference in
geopotential height is related to the representation of the convective systems to the

south by the different science configurations.

The other key component in determining the track of the storms in the ensemble is
vertical wind shear. A link was found between the shear magnitude and the height
of the storm in the global model, however, the height remained unchanged under
large vertical wind shear in the CP and Par-Hi forecasts. Rather than steering the
storm, the strong upper level winds in the global forecast act to shear away the TC
core. The upper level winds are the strongest winds and thus the global model stalls

whilst the stronger CP forecasts continue to propagate the storm.

The Par-Hi forecasts can provide insight into the impact of both the environmental

differences and the structural differences between the global and CP forecasts. The
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forecasts of Hagupit in the Par-Hi ensemble all had similar structures and intensities
to the CP forecasts. However, the environment was much more similar to the global
forecasts. In the Par-Hi forecasts, the TCs do not shear away and stall. Further,
the forecasts that predict the TC to move to the north are the same ensemble
members as those in the global forecast which predict the storm to move to the
north, demonstrating that the increased spread in the global forecasts compared
to the CP forecasts is mainly due to the environmental differences rather than the
storm structure differences. The fact that the environment, particularly to the
south of Hagupit, is similar to the global forecasts rather than the CP forecasts
supports the hypothesis that the region of enhanced convection to the south of the
TC is represented differently and causes environmental differences in each of the

simulations.

The Par-Hi forecast was produced as a series of experiments and was not analysed in
great detail. It would be interesting to compare the results of the Par-Hi forecast to
the CP forecast to gain an understanding of the impact of parameterised convection
in TCs. For instance, it would be of interest to compare the resolved updrafts and
rainfall rates in the Par-Hi and CP models. Similarly, it would be interesting to
understand the impact of increased resolution on the CP forecasts. At a higher
resolution more convective processes would be fully resolved, it would be of interest
to see if this impacts Hagupit’s track, and if so if there is a threshold at which

increased resolution no longer impacts the track.

Whilst differences between the TC environments and the vertical structure of Hagupit
in global and CP forecasts have been highlighted as the causes of deviations in the
track forecasts, it is not clear which type of simulation performs best at predicting
the evolution of Hagupit. The Par-Hi forecast implies that the structure of the TC
was more accurate in the CP forecasts, and it was the environmental differences
which caused the CP forecasts to turn to the south-west. The spread of the global
forecasts was greater than the CP forecasts, and this was related to the storm’s
environment in the global forecasts along with the position Hagupit is in when it

stalls due to the large vertical wind shear. However, it is plausible that this is a
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case of getting the right result for the wrong reason. Hagupit was a category-5 TC,
and the global forecasts predict the storm to shear away whilst it was in reality
close to peak intensity. Indeed, the Par-Hi ensemble suggests that had the TC been
more resilient to the vertical shear then there would have been an improvement in
the average direct positional error and only a small decrease in spread. The sparse
observations of Hagupit make further comparisons difficult and motivate a more

systematic study of TCs in global and CP forecasts.

In conclusion there are two key processes which cause the differences between the
global and CP ensemble forecasts. The first is differences in the steering winds
(of approximately 1ms™!) early in the forecast (from approximately 1200 UTC 4
December to 1200 UTC 5 December), caused by slight differences in the environments.
The second is the storm in the CP forecasts is more resilient to the large vertical
wind shear. Whilst the global forecasts stall as the shear disrupts the structure of
the vortex at upper levels, the storm in the CP forecast continues to be steered by

the strong upper level winds.



Chapter 7

Convection Permitting Forecasts

of Haiyan and Florence

7.1 Introduction

Chapter [6] investigated the differences between global and CP forecasts of Typhoon
Hagupit, highlighting the impact on the storm track of small environmental and
structural differences between different simulations. Hagupit is not the only TC
which features large differences between the global and CP MetUM forecasts. As
shown in Chapter |4} the CP forecasts of Typhoon Haiyan contained large track errors.
Whilst these errors were limited to along-track errors, i.e.the path of the storm was
well predicted but the timing was not, there is still a clear difference between the

global and CP forecasts.

Another TC to contain systematic differences in the global and CP forecasts is
Hurricane Florence (2018). For multiple forecast lead times, CP MetUM forecasts
failed to predict the location of an inland turn to the north in the forecasts of
Florence. This puzzled model developers at the Met Office as global forecasts
accurately predicted the location of this northward turn. Florence was a high-impact
TC, causing 53 deaths and $24 billion of damage. As Florence formed over the
North Atlantic ocean and due to the fact that differences in the global and CP tracks

occurred as the TC was weakening, it provides a good case study to test results from

151
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the analysis of CP forecasts of Hagupit on a TC which is significantly different to

that of Hagupit.

The fact that Hagupit was not the only high impact TC in which track differences
between global and CP forecasts occurred demonstrates the important need to
understand why there are differences and to reduce the risk of forecast busts in
the future, particularly as operational CP TC forecasts become more common.
Comparing the causes of track deviations between global and CP simulations of
different storms can highlight some important processes which may impact the

accuracy of track forecasts in the CP simulations.

In this chapter forecasts for both Haiyan and Florence are analysed, using results
from the previous chapter as motivation. For Hagupit differences in the vertical
structure of the TC in the global and CP simulations lead to differences in how the
storm interacted with upper level steering winds. These structural differences were
linked to the intensity of the storm. The stronger CP forecasts were more resilient
to the strong vertical wind shear, whilst the global forecasts were sheared away at
upper levels. Another difference was found in the environment of the storm in the CP
and global forecasts. To the south of Hagupit there was a region of higher pressure
in the global forecasts. This influenced the steering flow compared to that of the
CP forecast by inducing an westerly steering current through the global forecasts
of Hagupit, opposing the westwards motion. One possible cause of this difference
is how the different forecasts represented the large area of enhanced convection to
the south of Hagupit, and thus how this area of convection interacted with the TC’s

environment.

In Section the forecast for Haiyan initialised at 1200 UTC 4 November 2013 is
analysed, whilst in Section [7.3| the forecast for Florence initialised at 1200 UTC 13
September 2018 is analysed. In both cases differences in the TC structures and
the steering flow will be investigated. Similarities and differences between Haiyan,

Hagupit and Florence in the global and CP forecast behaviour will be summarised

in Section [7.4]
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7.2 Typhoon Haiyan

The CP forecasts for Typhoon Haiyan (Figure lagged behind their global
equivalents (Figure . For the forecasts initialised at 0000 UTC and 1200 UTC
4 November, this means that the CP forecast predicted Haiyan to make landfall
approximately 18 hours later than the global forecasts and the best track. For the
forecast initialised at 0000 UTC 5 November, much of this error in the speed of the
storm was rectified, although the CP forecasts did still lag slightly behind the global

forecasts.

In this section the CP forecast initialised at 1200 UTC 4 November is compared to
the global forecast initialised at the same time. This initial time is chosen as despite
the error in translation speed, the path of the storm is still well predicted in the
CP forecast. The location of landfall is predicted to a high degree of certainty, but
the timing was incorrect. For the global forecasts both the location and timing of

landfall were forecast accurately (to within a few hours).

Figure [7.1] compares the paths of the CP ensemble average relative to the global
ensemble average. The CP forecasts initially move slightly further south than the
global forecasts. After approximately 12 hours the CP forecasts begin to lag behind
the global forecasts (shown by the increase in longitude difference in Figure as
the TC moves to the west). The TC in the CP forecasts continues to move slower
than the global forecasts up until T+96. At this point the storm moves at a similar
speed in both forecasts. The initial southward motion of the CP forecasts relative to
the global forecasts is gradually decreased up until T496. Here, the CP ensemble
average is slightly to the north of the global ensemble average. Between 72-96 hours,
when the TC makes landfall in both types of simulations, the latitude difference is
small. Unlike Hagupit (Figure , the deviation between global and CP forecasts for
Haiyan occurs from the very start of the forecast (the forecasts for Hagupit remained

similar for the first 24 hours, before diverging).

To calculate the steering winds in both the global and CP forecast the TC is removed
using the method outlined in Section with rg = 300km and p, = 250 hPa
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Figure 7.1: The ensemble average position of the CP forecasts of Haiyan relative to
the global ensemble average position. Forecasts initialised at 1200 UTC 4 November
2013.

(the values found to give, on average, the lowest residual vector). Figure shows
that almost all of the differences between the global and CP forecast tracks can be
accounted for by the steering winds which the TCs experience. Figure also shows
that these differences in steering winds differ from the start of the forecast. The
positional differences not accounted for by the difference in steering winds is small
(approximately 80km after 100 hours, compared to approximately 420 km difference

due to the steering winds).

The differences in steering flow indicated by Figure|7.2l may not be down to differences
in the environments of the TC, but rather slight differences in the position of the
storm due to the initial southwards motion of the TC in the CP forecasts relative
to the global forecasts. This is demonstrated in Figure which shows the depth-
averaged steering flow of the global and CP ensemble average at T+6. Haiyan is
located on the periphery of the anticyclone in a region of large horizontal wind shear.
The easterly flow steering the storm is much stronger to the north than it is to the
south. Differences between the environments are small, but there is a northward
residual wind when comparing the global to CP forecast (i.e. the right panel of Figure
. This contributes to the relative southwards motion of the CP forecasts, and

thus the steering flow in which the CP forecast becomes embedded is weaker than
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Figure 7.2: As in Figure but for forecasts of Haiyan initialised at 1200 UTC 4
November 2013.

the steering flow the global forecast is embedded in, even at the short lead time of
just 6 hours. Note that to calculate the residual in the third panel of Figure
each of the ensemble averaged winds are centred on the ensemble averaged positions.
Therefore, the environment could be exactly the same but a difference in position of
the storm could still cause there to be a residual in the steering, due to the fields

being centred on a different location.

Later in the forecast, at T+ 48, there are east-to-west differences between the average
position of global and CP ensembles (Figure . The global forecasts, which are
located to the west and slightly to the north, are embedded in easterly flow that is
approximately 1.5ms~! stronger than the CP forecasts. The figure also suggests that
had the CP forecast been located where the average position of the global forecasts

is at this point, then the CP forecasts would experience stronger steering flow.

Figure shows the vertical wind shear profiles in a 6° x 6° centred on the TC
in the global and CP forecasts. A southward component of steering flow occurs at
upper levels in both the global and CP forecasts. At T412 and T+18 these upper
level (i.e. above 500 hPa) northerly winds are stronger in the CP forecasts than the
global forecasts. Although the meridional component of the wind is much less than

the zonal component of the wind (approximately 2ms™! compared to 10ms™1), the
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Figure 7.3: Ensemble averaged storm removed winds of Haiyan at 1800 UTC 4
November (T+6) in (a) the global and (b) the CP forecasts. The difference between
the winds is shown in (c¢). Shading shows the wind speeds, the arrows show the wind
directions. The solid red circle is the 300 km removal radius whilst the dashed red
circle shows the relative position of the other forecasts. Environmental winds are
centred on the storm’s forecast position before averaging through the ensemble.
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Figure 7.4: As in Figure 7.3/ but at 1200 UTC 6 November (T-+48).
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difference in the upper level winds is enough to push the CP towards the south

relative to the global forecasts.

The comparison between the global and CP forecasts is further complicated by the
large differences in intensity and structure of the storms. The global forecasts do
not spin up the storm for the first 48 hours of the forecast (Figure . Therefore,
as shown by Figure the TC in the global forecasts of Haiyan remains a weak
tropical disturbance for the first 48 hours, whilst the CP forecasts contract the TC
as it intensifies. This has a number of impacts. The first is that there is not a clear
centre of the storm, due to weak sea level pressure gradients making identifying
the centre difficult. This is the reason for the “chinks” early in the global track
forecasts for Haiyan. As a result comparisons of the steering flow, and in particular
the third panel of Figure [7.3] may be inaccurate as the centre of the storm is not
well-defined. At T+12 in Figure [7.6] the global forecast shows a minimum of sea
level pressure covering a region slightly to the north of where the maximum relative
vorticity is. In comparison, the CP forecast at the same time shows a clearer location

of minimum sea level pressure which is at the same location as the maximum relative
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vorticity.

The second impact of the weak initialisation is that, for the first 24 hours, the global
forecasts for Haiyan predict the TC vortex to remain weak and to cover a broad
area. Figure [7.6| shows Haiyan in the CP forecasts contracting as the storm spins
up. Whilst the vorticity at the centre of the storm increases, the contour showing
vorticity greater than 107°s~! decreases in area. In comparison the vorticity in the
global forecast only slightly increases, and the 107°s~! contour covers approximately
the same size region throughout the first 12 hours. This means that the TCs in
the two simulations are likely steered by winds covering a different horizontal area.
Comparing to Figure[7.3] this means that the TC in the global forecasts will interact
with the stronger winds to the north, yet the CP forecasts will not. This is somewhat
similar to the discussions of Tang et al.| (2020)), in which the size of a TC was

significant in determining to what extent it is steered by nearby synoptic weather

features.

The initial cause of the southwards motion in the CP forecasts is not clear. Although
the steering winds comparison suggest that there is a more northerly component
in the winds in the CP forecasts at T+6 (Figure , positional differences may
have already caused this southward residual when comparing the steering flows. One
possible cause of the southward motion is that the CP forecast spins up in an area
of weaker vertical wind shear. One requirement for a TC to develop is that it must
be in an area of weak vertical wind shear (Gray, 1968). As shown by Figure the
steering flow to the north is much stronger than the steering flow to the south. The
main contributor to this depth-averaged steering flow is from up the upper levels
(Figure . Therefore, from the region of higher relative vorticity at T+40 in Figure
[7.6] it is more favourable for the TC to develop towards the south. At later times
the vertical wind shear in the proximity of the storm decreases (Figure . At
T+36, as the global forecast begins to intensify and develop into a TC, the shear

has decreased significantly with strong easterly winds at every level.

To summarise, the differences between global and CP forecasts of Haiyan is related

to movement to the south in the CP forecasts relative to the global forecasts. Due
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to large horizontal wind shear, the TC initially moving to the south in the CP
forecasts immediately places it in an area of weaker easterly flow. In comparison
the global forecasts do not intensify the storm and instead it remains as a large
tropical disturbance. This disturbance is propagated faster across the Pacific as
the strong winds to the north help steer it. The cause of the relative southwards
motion of the CP forecasts is unclear. Differences in the steering flow suggests that
the environment causes a more southward steering of the storm. However, these
comparisons are sensitive to the location of the storm, which due to the very weak
TC vortex is uncertain in the global model. One plausible explanation is that the
CP forecast moves to the south as that is the region most favourable for spinning
the storm up. The southwards motion happens immediately, thus rather than an
existing storm being steered there, it is the case that Haiyan developed towards the
south in the CP forecasts as it was a more favourable region. Large horizontal shear
meant that to the north, where the global forecasts are, there is also large vertical

wind shear. This large wind shear is not conducive to the development of TCs.

This explanation also agrees with behaviour seen in other forecasts of other initiali-
sation times. The forecasts initialised 12 hours earlier, at 0000 UTC 4 November,
exhibited similar behaviour to the forecast investigated here. However, the difference
between global and CP forecasts was reduced at 0000 UTC 5 November and there
were no differences at 1200 UTC 5 November. Further, the intensity in the global
and CP forecasts were similar in all initialisation times. This suggests that at later
initialisation times, when the vertical wind shear near to the storm has decreased,
the CP forecast develops Haiyan at a location closer to the global forecast and closer
to the best track, eliminating the initial southwards deviation and thus embedding

the TC in the correct steering flow.

The weak initialisation of the storm in this case has implications not just on future

intensity forecasts, but also on future track forecasts.
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7.3 Hurricane Florence

Hurricane Florence made landfall over North Carolina at 1100 UTC 14 September
2018. Having formed on the 31 August, Florence was a long-lived Atlantic storm.
Florence reached peak intensity at 1800 UTC 11 September, with winds of 67ms™!,
making it a category-4 storm. Upon making landfall with winds of 40 ms~!, Florence
weakened towards a tropical depression on 16 September. Despite the weakening,
slow storm motion lead to record-breaking rainfall and catastrophic flooding over
the Carolinas. This flooding resulted in 53 deaths and over $24 billion of damage
(Paul et al., 2019).

Having made landfall over North Carolina, Florence travelled inland and then turned
to the north (Figure at approximately 34°N and 82°W). Whilst the global
MetUM ensemble members predict this turn to the north reasonably well (albeit the
forecasts do predict the storm to travel slightly too far to the west after turning),
the CP ensemble members predict the storm to travel too far inland, significantly
overshooting the location of the northward turn (Figure [7.8). As with Hagupit, this
is an example of a forecast bust - the CP track forecasts deviate significantly from
both the best track line and from the global forecasts. Here the forecast initialised
at 1200 UTC 13 September is used. However, the overshoot in the CP forecasts was

observed in forecasts initialised 24 hours either side of this.

Unlike the forecasts of Haiyan and Hagupit, the intensity of Florence is similar in both
the global and CP forecasts (Figure , and is also predicted with greater accuracy
when compared to the best track. The forecasts for Florence were initialised as the
storm was weakening and dissipating unlike the forecasts for Haiyan and Hagupit
which were initialised as the storm was strengthening. After the initial time the storm
is predicted to be slightly too weak. As the forecast continues, the global forecasts
predict Florence to be weaker until 0000 UTC 16 September (T+72), after which
the TC is weaker in the CP forecasts. However, the difference in intensity between
the global and CP forecasts is small, with the errorbars in Figure [7.9] overlapping.
Figure [7.9 shows the intensity of Florence in terms of sea level pressure, however the

same conclusions apply when considering maximum 10 m wind speeds.
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Figure 7.8: Global (top) and CP (bottom) track forecasts of Hurricane Florence
initialised at 1200 UTC 13 September 2018. The black line shows the best track
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Figure 7.9: Global and CP minimum sea level pressure forecasts of Hurricane Florence
initialised at 1200 UTC 13 September 2018. The error bars show the ensemble range
whilst the black line is of the best track data according to IBTrACS.
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Figure 7.10: Difference between the global ensemble average position and the CP
ensemble average position. Each colour is 24 hours of the forecast. The forecasts
were initialised at 1200 UTC 13 September 2018.

As with Hagupit, the initial track deviation between the CP and global forecasts of
Florence occurred before the differences became obvious to the eye. Florence turned
to the north at approximately T+72 (Figure . This was the case in both the
global and CP forecasts. However, in the CP ensemble Florence had travelled too far
inland, to the west, before turning. Figure demonstrates that these differences
occur between T+24 and T+72. Initially the average location of the TC in the global
and CP ensembles are similar. After 24 hours the positional difference indicates
that the CP forecasts have travelled further to the west and slightly further south.
At approximately T+66, the CP forecasts turn north. Here, the latitude difference
between the two forecasts decreases, but the longitude difference of 1.4° remains due

to the overshoot before the CP forecasts turned.

To understand why the TC moved in the way that it did, Figure [7.11] shows the
synoptic set up of Florence. The storm is steered by an upper level anticyclone.
Earlier on, this anticyclone is located to the north of the storm (approximately
42°N and 85°W) leading to Florence moving to the west. As the TC travels inland
the anticyclone moves to the east. Eventually Florence becomes located on the
western edge of the anticyclone, which results in the turn to the north. Both the

movement of the anticyclone and the movement of the TC are responsible for Florence
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Figure 7.11: Geopotential height at 500 hPa for Hurricane Florence using ensemble
member 0 of the global ensemble initialised at 1200 UTC 13 September 2018. Shading
and contours are both of the geopotential height.

becoming positioned on the western edge of the anticyclone. Figure [7.11] shows the
environment of the global ensemble member 0, however comparisons between all
ensemble members of the global and CP ensemble forecasts showed there were no

large differences in the synoptic scale environment of the storm.

To further investigate the cause of the differences in the global and CP forecasts, the
TC is removed using the method outlined in Section [3.5.2] Of particular interest
is the period between T+24 and T+48, when the global and CP ensemble average
positions first begin to deviate. As was the case with Hagupit, it can be assumed
that once there is an initial deviation between the global and CP forecasts, then the
storms are in different positions and thus experience different steering flows. The
optimum top pressure level and radius of the steering flow for Florence between T+24
and T+448 is shown in Figure for both the global and CP ensemble. For both
sets of simulations there are well defined optimum depths. For the CP forecasts the
optimum depth is between 850 and 500 hPa, whilst the optimum depth of the global
forecasts is between 850 and 400 hPa. For the global forecasts this optimum depth
gives an average residual of 1.2ms™!, whilst for the CP forecasts the average residual
vector magnitude is 1.4ms~!. For Florence the optimum depth was very sensitive
to the time period in which it was investigated. For example, between 0-24 hours

the optimum top pressure level in both the global and CP forecasts was 300 hPa,
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Figure 7.12: Contour plot showing the residual vector when comparing the environ-
mental steering vector to the storm global (left) and CP (right) forecast vector using
different values of ry and p; for Hurricane Florence between T+24 and T+48. The
residual magnitude is shown by the contours and the standard deviation shown by
the shading. Forecasts initialised at 1200 UTC 13 September 2018.

whilst between 72-96 hours an optimum p; was 600 hPa was calculated. This in

unsurprising as the forecasts cover the time period in which the TC dissipates.

Figure shows the shear profiles for the global and CP forecasts between T+24
and T+48. The shear is very similar across all times, particularly below 400 hPa. The
winds between 500 hPa and 400 hPa, i.e. the winds in which the global simulations
are being steered by but the CP are not, are westerly. This is expected as westward
motion of the storm in the global forecasts is slower than that in the CP forecasts.
Defining a steering depth of 850-400 hPa in the CP forecast between the times

1

of T+24 and T+72 gives an average easterly wind component of 1.98ms™". In

comparison, a depth of 850-500 hPa gives an easterly wind component of 2.94ms™!.
This difference of 0.96ms~! over the 48 hours would translate to a positional distance
of 166 km. This is the approximate track deviation of the CP forecasts to the global
forecasts during this time. The fact that the global model is influenced by winds
in the 500-400 hPa height range but the CP is not accounts for all of the track

deviations between the two types of simulations.
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Figure 7.13: Vertical (a) u and (b) v wind profiles for Hurricane Florence in the
global and CP forecasts. Profiles are calculated using the environmental winds in
each ensemble member averaged in a 6° X 6° box centred on the location of the storm.
All ensemble members are averaged over to create a wind profile for each forecast
type. Forecasts initialised at 1200 UTC 13 September 2018.

Despite the storms responding to different depths of steering flow, there are surpris-
ingly no clear differences between the vertical structure of the storm in global and
CP simulations (Figures and . The cross section plots in Figures and
[7.15 show the azimuthal winds in a slice taken in the direction of the vertical wind
shear vector. Unlike the forecasts of Hagupit there is no tilting under vertical wind
shear in the global or CP forecasts. The wind speeds are similar at all levels and the

TC extends towards 200 hPa in both simulations.

The deviations in Florence’s tracks occur when the storm has made landfall. At this
point the storm becomes asymmetric. Figure [7.16] shows a comparison between the
steering flow and original winds in ensemble member 0 of Florence just after landfall
at the 500-400 hPa layer. A single ensemble member is shown to highlight the finer
detail which is averaged out when considering the ensemble average. The eastwards
flow which steers the global forecast but not the CP forecast is similar in both cases
(bottom panels of Figure . Rather than the storm being embedded in this
eastwards flow, the flow is slightly to the north of the storm’s central location. The
structure of the storm in both the global and CP forecasts between 500 and 400 hPa

differs and is asymmetric. Florence is no longer a strong symmetric vortex embedded
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Figure 7.14: Cross sections of azimuthal velocities of Florence in the global forecasts.
The cross section is taken in the direction of the vertical wind shear vector between
200 hPa and 850 hPa (indicated by the number in the top right). The times are (a)
1200 UTC 14 September (T+424) and (b) 1200 UTC 15 September (T+48).
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Figure 7.15: As in Figure but for the CP forecasts.

in a strong steering flow. The optimum steering flow for the CP simulations was
shallower than that for the global, this may be a reflection of the fact that the
stronger steering flow in Figure does not interact with the stronger parts of
the TC vortex at upper-levels. This demonstrates the need to accurately forecast
the structure of the storm as well as the large scale environment when a storm is

embedded in a weak and non-uniform steering flow.

The asymmetries in the structure of Florence and weak steering flow may impact
the contribution of diabatic heating to the TC motion, meaning the steering flow
may not accurately describe the motion of the storm. Florence was a slow moving
storm, in the forecasts between T+24 and T+48 the TC travelled at a speed of
approximately 3ms~!. The residual of the optimum storm-removed environmental
wind has an average magnitude of 1.4ms~! for the CP forecast during this time
period (Figure . This is a significant magnitude for a period of time when the
TC is moving so slowly. This suggests that other factors may be influencing the

TC motion other than just the environmental winds. Both the topography impact
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Figure 7.16: Comparison of winds averaged between 500 and 400 hPa for Hurricane
Florence. The top figures show the original wind fields whilst the bottom panels
show the storm removed winds. On the left is the global, middle the CP and right is
the difference (calculated by subtracting the global u and v components from the
CP). The time is 0000 UTC 16 September (T+60), all plots are for ensemble member
0. The solid red circle is the removal radius of 350 km, whilst the dashed circle is
the removal radius in the other model. To calculate the difference the global is first
recentred so that the centre of the storm is in the same location as the centre of the
storm in the convection permitting forecast.
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of the TC moving over land and the fact that Florence was weakening can impact
the structure and symmetry of the TC. Further, the different science configurations
likely lead to differences between global and CP forecasts in diabatic heating in the
proximity of the storm. The PV-tendency approach of Wu and Wang] (2000) could
provide insight into the different contributions of diabatic heating to TC motion
in the forecasts. Another approach would be to run a large sensitivity test which
involves nudging parameters in the global and CP forecasts, to find out which aspect
of the forecasts is causing the differences. Both of these were outside the scope of

this study.

7.4 Summary and Conclusion

This chapter uses methods developed in Chapter [0] to investigate two further storms
in which there were large differences between the global and CP forecasts. The aim
has been to indentify any common themes between these storms and Hagupit which

may lead to problematic CP TC track forecasts.

For Haiyan the differences were related to the early position of the TC in either
forecast. The CP forecasts were positioned slightly to the south, and were, due to
horizontal shear, embedded in a weaker easterly steering flow. In comparison the
global forecsats did not initially intensify (or spin-up) into a TC. Rather the ensemble
members forecasted a broad tropical disturbance which covered a greater horizontal
area than the TC in the CP forecasts. In the global forecast this tropical disturbance
was therefore influenced by the stronger easterly winds to the north. The reason
that the CP forecasts were positioned slightly to the south is likely because this was
a favourable environment for them to spin-up and intensify. To the south there was
less vertical wind shear. In general vertical wind shear inhibits TC genesis. In reality
Haiyan was already a TC by this initialisation point, however the weak intensity

upon initialisation meant this was not the case in the model.

Hurricane Florence had some similar characteristics to Hagupit. Differences between

global and CP ensemble members later in the forecast, specifically the location of
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a northward turn, were related to east-west positional differences which developed
between T+24 and T+72 in the forecasts initialised at 1200 UTC 13 September. The
optimum steering flow of the TC in each type of simulation differed in its height
but not its radius. The global forecasts, which did not propagate the storm as far
to the west, had an optimal p; of 400 hPa whilst the CP forecasts had an optimal
p; of 500hPa. The difference between the averaged eastward component of the
environmental wind vector in the CP forecast between T+424 and T+48 using a
height of 400 hPa and a height of 500 hPa almost exactly matched the difference in
the position of the storm during this time. Whilst this suggests there would be a
difference in TC height between the two types of simulations, this was found not
to be the case. Both sets of forecasts predicted the storm to be of similar intensity
and depth. Some further analysis highlighted the complexity of Florence at this
time. The storm was over land and there were many asymmetries in the structure.
Between 500 and 400 hPa the weak steering flow did not fully embed the TC but
rather formed a small channel just north of the TC centre. Accurately predicting

the storm structure, including the asymmetries, seems vital at this point.

Neither Haiyan nor Florence were exactly the same as Hagupit. In the forecasts of
Hagupit there were clear differences between the sets of simulations in how the TC
reacted to vertical wind shear. In particular the large vertical wind shear caused
the global forecasts to tilt and decrease in height. However, this was not the case
in Haiyan or Florence. Despite this the presence of moderate to high vertical wind
shear was present in each storm and did cause forecasting difficulties. For Haiyan
these difficulties centred around where the CP would spin up in the model (the global
forecasts were unable to spin up the TC until later in the forecast when vertical
wind shear had decreased). Had Haiyan been initialised at the correct intensity this
issue may have been avoided. The weak initial intensity was due to quality control
dismissing the sea level pressure observations due to their large pressure gradients.
It would be interesting to see the CP forecasts of the storm if these observations had
not been omitted from the data assimilation process. For Florence the vertical wind

shear, along with landfall, was the cause of the TC weakening. The difference in
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motion between global and CP forecasts was related to the TC’s interaction with
winds at upper levels. However, a surprising result was that the structure of the TCs
was broadly similar between each forecast and did not show any signal of the TC

reacting differently in the different simulations.

Whilst a link between the storm motion differences and the vertical wind shear has
been identified, the influence of vertical wind shear on TC structure has not been
studied in detail. This is not a trivial question and is often studied with the aim of
improving intensity forecasts. One common consequence of vertical wind shear is
asymmetric convection in the eyewall of the storm. This can lead to asymmetries
in the latent heat release due to convection. These asymmetries can influence the

motion of the storm through advection of PV (e.g. [Wu and Wang, 2000).



Chapter 8

Conclusion and Future Work

8.1 Introduction

The aim of this thesis is to improve our understanding of TC track predictability in
both global and CP configurations of the MetUM. Whilst TC forecasts have improved
considerably over the past decades, every year there are examples of TCs with large
errors or large uncertainty in their track forecasts. Whilst these outlying cases are
rare, they are problematic to decision makers whose job is to provide warnings to
communities who are in danger of being affected by TCs. Understanding what causes
uncertainty in track forecasts can reduce the impact of future cases and inform model

development.

Typhoons Haiyan (2013) and Hagupit (2014) were two seemingly similar high-impact
storms with large differences in the spread of the global operational MetUM track

forecasts (Figures and . The global track forecasts of Haiyan and Hagupit

lead to the following research questions:

e Why were the track forecasts for Typhoon Haiyan and Typhoon Hagupit so

different?

e How do Haiyan and Hagupit interact with their environment, and what impact

does this have on their tracks?

The first part of this thesis addressed these questions by comparing global MetUM

173
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track forecasts of Haiyan and Hagupit.

Regional CP forecasts of TCs are produced operationally at the Met Office over the
western North Pacific. These CP forecasts are run at a higher resolution than global
forecasts with different model physics (e.g. convection is allowed to develop freely
rather than be parameterised). For TCs, the intensity and precipitation forecasts are
improved in CP simulations (Short and Petch| 2018). Average CP TC track forecast
errors remain approximately the same as average global TC track errors, however,
there are significant positional differences between global and CP track forecasts
(Figure [L.6)). Sometimes one configuration performs better than the other and it
is not always the case that CP forecasts are better than global forecasts. Global
CP forecasts are the future of NWP (Bauer et al| 2015). Although this change will
improve many aspects of TC predictions, it is not desirable to introduce errors in TC
track forecasts that are not present in the current global simulations. Understanding
why global and CP track forecasts differ for some storms is critical to the future

development of CP models.

Systematic differences were present in the global and CP forecasts of both Haiyan
and Hagupit. For Haiyan the motion of the TC was predicted too slowly in the CP
forecasts, whilst each ensemble member of the CP forecasts of Hagupit predicted
the storm to take a south-west turn, away from the best track. A third high-impact
storm also caught the eye of model developers at the Met Office. Hurricane Florence
(2018) made landfall over North Carolina, travelled inland and then turned north.
Global forecasts predicted this motion well, however CP forecasts predicted the
TC to track too far to the west before turning north. These differences in global
and CP forecasts posed the final research question: What causes the differences in
track forecasts between the global and CP simulations? To answer this question,
the second part of the thesis analysed CP MetUM forecasts of Haiyan, Hagupit and

Florence.
The key findings from this study are as follows:

e The uncertainty in the track forecasts of Hagupit was related to the storm’s

position in weak steering flow between two opposing anticyclones — one which
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steered the TC to the north and one which steered the TC to the west. In
comparison, Haiyan’s track was well predicted as the storm was located to the

south of the sub-tropical anticyclone and embedded in a strong easterly flow.

Interactions between Hagupit’s outflow and its environment, the strength of the
two anticyclones either side of the TC and the upper level geopotential height
to the south of the storm all influenced Hagupit’s track and predictability. For
example, forecasts which predicted Hagupit to turn to the north were associated
with a stronger upper level anticyclone to the east earlier in the forecast.
For storms embedded in both a weak steering flow and a deformation flow,
accurately forecasting TC-environmental interactions is crucial to determining
the future track forecast. As Haiyan was embedded in a much stronger steering
flow, subtle differences in the TC-environment interactions between ensemble

members have little impact on the TC track.

Differences in TC track predictions between global and CP forecasts can be
caused by differences in TC structure, particularly when the TC interacts with
strong vertical wind shear. Convection permitting forecasts for Hagupit predict
a strong TC vortex, even at upper levels, whilst the global forecasts predict a
much weaker storm which tilts and dissipates at upper levels due to the vertical
wind shear. Thus, whilst the CP forecasts are steered by the strong upper level
winds, the global forecasts stall until the shear decreases. In addition to the
TC structure, environmental differences were found between global and CP
forecasts of Hagupit. These difference caused difference in the strength of the
steering winds and were likely related to the representation of a broad region

of convection to the south.

A more systematic study of global and CP TC forecasts would lead to a
greater understanding of differences between the two model configurations
and highlight how CP forecasts can continue to be improved. As with this
study, a systematic study should be conducted on forecasts using different
configurations of the same model to ensure the impact of a change in resolution

and science configuration is not conflated with, for example, the impact of a
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different dynamical core or initial conditions.

The remainder of this chapter is structured as follows. In Section the key results
from each chapter are summarised. In Section the general conclusions from the

thesis are outlined. A discussion on avenues of future work is provided in Section

B4

8.2 Summary

8.2.1 Global Forecasts

The key results from this thesis were presented in Chapters [ to[7] In Chapter [4] an
overview of two TCs, Haiyan and Hagupit was given. Both Haiyan and Hagupit were
high-impact storms which made landfall over the Philippines 13 months apart. Their
similarities included the paths they followed across the Pacific prior to landfall, the
intensities they reached and their size. However, the track forecasts were markedly
different. Whereas global MetUM ensemble forecasts for Haiyan predicted the motion
of the storm with a large amount of certainty, global track forecasts for Hagupit
featured a large amount of variability in where the storm would move. Global
forecasts initialised up to 60 hours before landfall failed to predict where, or indeed

if, Hagupit would make landfall.

Motivated by the differences in the spread of these ensemble forecasts for both Haiyan
and Hagupit, Chapter 5| investigated in detail the environments of both storms in the
global forecasts. Hagupit’s unpredictable track was linked to the weak environmental
flow in which the storm was embedded. Whilst Haiyan was steered by a strong
subtropical ridge, Hagupit was embedded in a much weaker steering flow and became
positioned between two anticyclones. To the east an anticyclone pulled the storm to
the north, and to the west an anticyclone steered the storm towards the Philippines.
As Hagupit passed through the two anticyclones, the storm slowed and its forecasted

tracks began to diverge.

The main contribution to the depth-averaged steering flow of Hagupit came from

the upper levels (i.e.above 300 hPa). Statistically significant differences were found
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in the 300 hPa geootential height field of ensemble members which predicted the
TC to turn north and those which predicted the TC to continue to move to the
west. For instance, north-turning ensemble members were associated with a stronger
upper-level anticyclone to the east of the storm and an area of higher pressure
to the south, when compared to the ensemble members which predicted Hagupit
to continue west and make landfall. Earlier in the forecast, these environmental
differences impacted Hagupit’s steering flow, with ensemble members that would
later predict the TC to turn north located to the east of landfall-predicting ensemble

members.

The inherent uncertainty of Hagupit’s environment was tested by calculating trajec-
tories with slightly different initial positions using the storm-removed environmental
winds. Trajectories were initialised at T+24 in a region consistent with the mean
NWP track forecast errors. In forecasts for both Haiyan and Hagupit, the spread of
the tracks in the original ensemble matched the spread of the trajectories. Whilst
this method is far from perfect - it does not account for environmental differences
between ensemble members, nor does it account for TC-environment interactions - it
provides a computationally cheap and quick assessment of the unpredictability of a
TC track forecast. This method has the potential to be used operationally to allow
forecasters to understand the uncertainty of a single deterministic forecast without

the need to run a full ensemble.

Large TC track errors are often associated with steering flow in which small pertur-
bations to the TC location, or to the steering flow itself, can cause the TC to move
into a drastically different position later in the forecast. This is usually due to a
bifurcation point in the environmental flow (e.g. (Grams et al.; 2013} Torn et al.| 2018)).
Hagupit’s steering flow showed similarities to TCs located close to a bifurcation
point. The east to west differences which formed whilst the TC entered the region
between two anticyclones was key to whether or not Hagupit was predicted to make
landfall or turn north. However, Hagupit differed from other case studies as the
steering flow broke down and reached near-zero. The likelihood of Hagupit turning

north (i.e. steered by the anticyclone to the west) or making landfall (i.e. steered by
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the anticyclone to the east) depended on positional differences which developed after
Hagupit became located between the two anticyclones. These positional difference
developed because of environmental differences in the ensemble members leading to
slight differences in the steering flows. Forecasting these differences is made more
difficult due to the fact that Hagupit’s own outflow interacts and influences the

development of the environment.

Tang et al. (2020) studied three examples of TCs which enter a region of weak
steering flow due to the break-up of the subtropical ridge - a similar synoptic set
up to that of Hagupit. They highlighted the importance of accurately predicting
the size of a TC and thus capturing its interactions with different synoptic features.
In this study, similar uncertainty for track forecasts was found despite the size of
the TC not changing between ensemble members. Whilst TC size is undoubtedly
important to the forecasts, TC position, the strength and position of surrounding
synoptic weather systems, TC outflow and interactions between the outflow of a TC

and its environment can all impact the track.

8.2.2 Convection Permitting Forecasts

In Chapter|[6] the differences between the CP and global forecasts of Typhoon Hagupit
were investigated. Relative to the global forecasts, the CP forecasts produced more
intense TCs, exhibited lower track spread and predicted Hagupit to turn to the

south-west away from the best track.

There were two key differences which led to the deviation of CP and global track
forecasts. First, the TC environments differed in important ways. In the CP
simulations the geopotential height was lower at low-mid levels (850-500 hPa) in
the region to the south of the storm compared to the global forecasts. This caused
differences in the steering winds, with CP forecasts experiencing stronger easterly
winds. Second, the storms reacted differently to the large vertical wind shear. As
shear increased, the depth of the TC circulation in the global forecasts decreased.
However, the TC vortex in the CP forecasts remained resilient to the vertical wind

shear and was hence steered by the upper-level easterly winds. Each of these



179

differences contributed to the storm in the CP forecasts being steered further to
the south-west relative to the global forecasts between 1200 UTC 4 December and
1200 UTC 6 December. The deviation in steering winds occurred before the storm
in the global forecasts stalled and entered the region between two anticyclones.
Consequently, the CP storm did not become positioned in this sensitive position, but

rather was steered by the anticyclone to the west towards the Philippines.

Sensitivity tests identified the higher resolution, rather than the different scientific
configurations, as the cause of intensity differences between CP and global forecasts,
whilst both the higher resolution and the different science configuration were respon-
sible for causing the systematic south-west turn in each ensemble member. The
Par-Hi ensemble, where the global science configuration, GA6.1, was used to create
a regional 4.4km ensemble, was particularly interesting as it featured characteristics
of both the global and CP ensembles. As the intensity of the TC vortex was similar
to the CP forecasts the depth of Hagupit in the Par-Hi experiment did not decrease
with wind shear. Therefore, the strong winds at heights of 300 hPa and above helped
steer the Par-Hi ensemble (as they did in the CP forecasts), rather than shear the top
of the storm away as in the global forecasts. However, the environment of the Par-Hi
ensemble was almost identical to the global ensemble average, and did not feature
the region of lower pressure to the south. As such the Par-Hi did not experience the

stronger easterly winds like in the CP forecasts.

Chapter [7| investigated differences in the global and CP track forecasts of Typhoon
Haiyan and Hurricane Florence. Haiyan in CP forecasts lagged behind the global
equivalent, making landfall approximately 18 hours too late. In the case of Florence,
the TC was predicted to move too far inland before turning north by the CP model,
resulting in track errors. The global forecasts did not feature this error and turned

to the north earlier than the CP forecasts.

Differences occurred in the initial intensification of Haiyan in the global and CP
forecasts. The CP forecasts intensified the TC from the start of the forecast, however,
the TC developed too far to the south where the vertical wind shear was decreased

and was thus a more favourable environment for TC development. On the other
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hand the strong vertical wind shear of up to 10ms~! between 850 and 400 hPa
prevented the global forecasts from intensifying Haiyan and the forecasts predicted a
broad tropical disturbance rather than a TC, until later in the forecast when shear
decreased. The southwards position of Haiyan in the CP forecasts relative to Haiyan
in the global forecasts caused differences in the steering flow experienced by the TCs
in the different simulations. The TCs in the global forecasts were slightly to the

north and thus embedded in a stronger easterly flow than the CP forecasts.

For Florence, differences in the average TC position in the CP and global forecasts
developed between 1200 UTC 10 September (T+24) and 1200 UTC 12 September
(T+72). During this 48 hour period, the CP forecasts predicted the TC to move
further to the west than in the global forecasts. Both simulations predicted the
northwards turn of Florence at the same time, however, the CP forecast had already
predicted the storm to move too far inland. Between 1200 UTC 10 September and
1200 UTC 12 September, the optimum depth when computing the steering winds
was between 850 and 400 hPa in the global forecasts and 850 and 500 hPa in the
CP forecasts. When recalculated using an upper level pressure of 400 hPa as in the
global model, the steering wind in the CP model almost exactly matched that in the
global model. Therefore, the deviation of tracks was caused by differences in how

the TC interacted with the upper-level winds in the CP and global forecasts.

For Haiyan and Hagupit, differences in the global and CP forecasts were related
to the intensities and structure of the TCs. Both storms were initialised too weak
in terms of minimum sea level pressure and near-surface wind speed. It would be
interesting to see the impact of a better representation of the TCs at the initial time
on the TC tracks in both the global and CP forecasts. In the global forecasts the
central pressures of the TC were flagged during data assimilation due to the quality
control procedures. This is because the global model was unable to capture the rapid
intensification of the TC. Thus, the difference between the “background” forecast
(i.e. the forecast used in the data assimilation process for the next forecast cycle) and
the observed central pressure was deemed too large and the observations were not

assimilated into the model (Heming), [2016)). The CP forecasts are able to capture
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rapid intensification better but they inherit initial conditions from the global model.
Initial conditions for the CP forecasts, generated through the use of an assimilation
specifically designed for the regional higher resolution forecasts, would likely have

provided more accurate forecasts.

In all three cases vertical wind shear and differences in the storm’s interaction with
winds at different vertical levels were important to the TC track differences in global
and CP forecasts. The impact of vertical wind shear on TCs is a well studied and
challenging topic. It is well accepted that large vertical wind shear typically impedes
TC genesis and intensification (e.g. |Gray|, |1968; Emanuel, [2003). However, there
are also a number of cases where TCs intensify in spite of vertical wind shear (e.g.
Molinari et all 2004; Ryglicki et al., [2019). Vertical wind shear can cause a tilt
in a TC, usually downshear and slightly to the left (e.g. [Jones, [1995)). The tilting
typically causes a redistribution of convection, which in turn causes asymmetries
in diabatic heating due to latent heat release from ascending air. Asymmetries in
diabatic heating can have an impact on TC motion through the advection of PV
(e.g. Wu and Wang}, |2000). The contribution to TC motion by diabatic heating in
the MetUM has not been studied, however, it may be important in situations such
as Florence in which no obvious structural differences exist between global and CP

simulations.

For each of the TCs studied, comparing the position of the CP ensemble average to
the global ensemble average was useful in highlighting the first point in the forecast in
which the tracks began to deviate. For Haiyan this highlighted the initial movement
to the south in the CP forecasts, whilst for Hagupit and Florence it highlighted a
48-72 hour period in which the CP forecasts travelled further to the west. Simply
considering the average position of one forecast with respect to another can be useful
to a forecaster by highlighting a time at which an assessment can be made on the

quality of either forecast.

The steering flow of the TC was discussed throughout the study. This flow was
calculated using the vorticity inversion method of |Galarneau and Davis| (2013) with

a couple of modifications. Before calculating the nondivergent wind from the relative
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vorticity within the radius rg of the TC centre, the relative vorticity averaged across
a longitudinal range was first removed from the total relative vorticity. This removal
ensured that winds associated with a horizontally sheared environment were not
removed when calculating the storm-removed environmental winds. Although the new
method only differed slightly from that used in previous studies, the environmental
vector was changed distinctly. It is something which should be adopted in future

studies which use the TC removal method for calculating steering winds.

8.3 Conclusion

This thesis aimed to improve our understanding of TC track uncertainty in MetUM
predictions. Results show that when a TC moves into an area of relatively weak
environmental steering with two anticyclones either side, the track of the storm is
likely to be difficult to predict. Slight differences in the strength and position of
the anticyclones, the position of the storm and interactions between the outflow of
the TC and its environment can all impact the future track. The complexities of
accurately forecasting each of these processes highlights the unpredictable nature of

TCs such as Hagupit, and motivates the use of ensemble forecasts.

Convection permitting track forecasts can deviate from the global equivalents in
situations in which the TC structure is poorly predicted or in which there is large
vertical wind shear. Deviations between global and CP forecasts are caused by either
differences in the TC steering winds or differences in how the TC responds to the
steering winds. The former is suggests there are slight differences in environments of
the TC in global and CP simulations, which in the case of Hagupit are caused by the
different science configurations, not the different resolutions. The TCs response to

steering winds may be caused by differences in the TC structure and intensity.

The analysis of the cause of uncertainty in the global forecasts of Hagupit was limited
by sparse observational data. Increased observations (i.e.from aircraft data) of TCs
in weak steering flow and their surrounding environment would add confidence to

the ensemble forecasts due to a reduction in potential errors in the assimilation
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process, whilst also providing invaluable data to assess the quality of the forecast in
hindsight and thus identify problems with the model. Similarly, repeating the study
on a more well-observed case would yield better validation of the results through
comparisons between the model and observations. This would be particularly useful
when comparing the global and CP forecasts. In Chapter [0 both the environment and
the TC structure were highlighted as differences between the global and CP forecasts.
Comparisons to observations would allow conclusions to be made about which of the
forecasts was closer to reality, whilst also highlighting any situations in which the

forecast produces an accurate track prediction but for the wrong reasons.

The sparse observational data also exposes from difficulty of trying to improve one
model based on a comparison to another model for just a handful of cases. There
were a number of differences between the global and CP forecasts in each of the
three storms discussed. Using a handful of metrics (i.e.track and intensity) to
evaluate which forecast is best limits the amount of model validation which can
take place. This can lead to situations in which errors are cancelled out and thus
model deficiencies are missed. A more systematic comparison between global and CP
forecasts would be needed to highlight exactly which processes are well represented

in one compared to the other.

The CP forecasts will likely benefit from assimilating initial conditions rather than
inheriting them from the global forecasts. Observations of a TC’s minimum sea
level pressure omitted from the global assimilation process as they are too unlike the
background forecast need not be omitted from the CP forecasts where the higher

resolution would provide a more intense TC in the background forecast.

8.4 Future Work

This study highlights many avenues of future work which will benefit both NWP
development, forecasters and the research community. Tropical cyclones associated
with uncertainty in track forecasts have been the subject of a number of case

studies in the past. Track errors are often related to steering wind or positional
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differences.

To discuss errors in steering flow it is necessary to first define what the steering flow
of a TC is. Recently the method of TC removal through the inversion of relative
vorticity associated with the TC, as used in this study, has become popular (e.g.
Fowler and Galarneau, 2017} [Torn et al., |2018; Huang et al., [2020). This method
facilitates a comparison between ensemble members of the steering winds responsible
for the TC motion. The steering wind can be defined with either a constant radius,
ro, and constant top pressure level, p;, or these values can be allowed to vary in
time. It makes conceptual sense that both ry and p; should change in time as the
size and structure of a TC will change in time. However, it is computationally more
efficient, and allows for comparisons between different simulations, if the values are
kept constant. Ideally a method would exist to accurately predict the optimum
values of rq and p; according the intensity and radius of a TC. A study comparing
the |Galarneau and Davis (2013)) definition of steering flow to steering flow computed
using PV inversion, or steering flow calculated in an idealised model where the
TC-relative winds can easily be removed, may be of use in identifying a relation
between rg, p; and various TC characteristics (e.g. intensity or radius of maximum
winds). This would allow one to calculate an accurate TC steering flow whilst

bypassing the computationally expensive optimisation process.

Case studies are useful at highlighting physical processes that may be contributing
to TC track uncertainty. Some important examples include TCs embedded in
deformation flow (e.g. |Torn et al [2018), TCs which interact with approaching upper
level troughs (e.g. |Grams et al., 2013) and TCs embedded in weak steering flow
(e.g. this study on Typhoon Hagupit). Conclusions from these studies would be made
more robust through the identification of many more cases. Composites may be
formed to assess TC track variability in weak steering flow for a large number of
TCs. Such a study may also identify common synoptic conditions affecting the TC
tracks, for example the strength of an anticyclone to the east of the storm or the
pressure to the south of the TC. Identifying these synoptic features could feed back

into the observation and data assimilation community to identify regions in which
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TC forecasts may benefit from better observations.

Currently there are few studies which compare the structure, track and intensity of
TCs in global and CP forecasts from the same model. As CP forecasts begin to be
more commonly used operationally, it is important that a thorough understanding
of the representation of the structure of TCs in CP compared to global forecasts
is gained and the possible implications of any differences on the track forecasts
understood. Comparing the regional CP forecasts to the driving global simulations
is of particular interest as the initial conditions of the regional forecasts are inherited
from the global forecasts, and hence differences develop during the forecast due to
different resolutions and science configurations. Whilst the intensity and structure
of TCs are better represented in CP forecasts, it is important not to introduce
track inaccuracies. In the three storms studied here it is shown that one cannot
automatically assume a better track forecast in CP simulations. A potential link
between high vertical wind shear and CP track errors was identified. Therefore, it
would be of interest to investigate more cases of TCs in an environment of large
vertical wind shear. Similarly, a systematic study of many TC cases, not necessarily
embedded in large vertical wind shear, may lead to an identification of dynamical

features which cause the global and CP forecasts to deviate.

As well as direct comparisons between global and CP forecasts, it is important to
gain a better understanding of how well convection is resolved in TCs and their
environments, and the potential impacts this can have on the storm tracks and
intensity. A deeper understanding of the impact of allowing convection to develop
freely could be gained through, for example, the use a diabatic tracers in the model.
This would allow for an budget analysis of the different science configurations, gaining
insight into how and why the environments and TCs are different in the different
simulations. In this study, the intensity of the Par-Hi ensemble for Hagupit was
similar to that of the CP ensemble, and much stronger than the global ensemble.
This indicates that the resolution was more important in intensifying the storm than
the science configuration. At higher resolutions the CP forecast would likely resolve

more of the physical processes (such as downdrafts), investigating the impact of
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increased CP resolution on the TC track and intensity would indicate how important
fully resolving these processes is, and if there is a threshold at which increased

resolution no longer benefits the forecast.

Investigating the impact of the differing TC structures in the global and CP forecasts
in storms with a greater number of observations would allow for a better validation
of results. In particular, data from aircraft reconnaissance missions can provide a
detailed three-dimensional structure of TC winds through dropsonde data, doppler
radar and in-situ measurements. This would be particularly useful for TCs which
are embedded in strong vertical shear as it would allow for comparisons between
observations, global forecasts and CP forecasts on TC height and TC tilt. The CP
forecasts for Hagupit were more resilient to vertical wind shear, it would be interesting

to compare a TC which has this same characteristic to detailed observations.

The problem of the weak initialisation of the TCs in the model is an area of active
research (e.g. [Liu et al| 2020). Three methods are generally used to initialise TCs:
inserting a “bogus” TC into the initial state of the forecast by prescribing a vortex
structure based on the observed position and intensity of the TC; including intensity
and position estimates regularly in the assimilation process (and thus treating them
in the same way as observations); and using a background model to spin up a realistic
vortex and transfer this to the initial state of the forecast. Historically, the first two of
these methods have been used to initialise the TC (e.g. the MetUM uses the second).
However, the research community are building more advanced vortex assimilation
techniques which will likely improve TC forecasts in the future. Each of the forecasts
in this study would likely have benefited from better vortex initialisation, and it

would be of interest to compare forecasts in the future.

Convection permitting ensemble forecasts would also benefit from perturbations
targeted for the region and resolution of the domain. Currently, in the MetUM,
initial conditions are inherited from the global model. These initial conditions are
generated through an ETKF, where the fastest growing perturbations to the model
analysis are identified. As these perturbations are made to the global forecast, the

CP ensemble spread is limited and unlikely to be greater than the global spread. To
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increase the spread of the TC forecasts, perturbations generated in an assimilation
process focused on the regional CP domain should be made. Whilst this is an
incredibly complex problem, it could help better represent the uncertainty in CP

TC forecasts.

Magnusson et al.| (2019) suggest a more systematic approach to understanding TC
forecast errors, with institutions working together to investigate a greater number of
case studies which can be recommended by operational centres. Such an approach
would be of benefit to the research community as a whole. Future work should
also include developing a greater understanding of how TC tracks are impacted by
changes in model physics or resolution (i.e.not just TCs with large uncertainty in an
ensemble forecasts, but TCs in which there are systematic differences in global and

regional forecasts).

This thesis has identified weak steering flow as a cause of uncertainty in TC track
forecasts. Additionally, differences in global and CP track forecasts can occur when
there are discrepancies between the TC intensity and structure in the two types of
simulation and in situations where there is large vertical wind shear impacting the
storm. Whilst there are still a number of unknowns regarding TC track uncertainty,

this study contributes to our growing understanding of difficult to predict TCs.
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