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Abstract
GFDFL Vortex Tracker is an external program that can detect and track both past and forecast
tropical cyclones. The purpose of GFDL Vortex Tracker is to apply a universal algorithm for all models
that can detect and track tropical cyclones occurred in all ocean basins. Barnes’ Analysis is adopted
by Vortex Tracker to first find and then fix tropical cyclones’ centers. Within the Vortex Tracker’s
detection, the pressure gradient and the average 850hPa tangential wind speed are used to ensure
the found centers belong to the detecting cyclones.
HWRF Model and ECMWF Model are used in this thesis study. HWRF Model is a non-hydrostatic
mode with up to 9km resolution. ECMWF Operational Model is a hydrostatic model with up to 16km
resolution. 0.1° resolution is used from HWRF Model, while 0.1°, 0.2°, 0.5° and 1.0° resolution are
used of ECMWF Model. All ECMWF resolutions are interpolated from the original 16km resolution
data. Interpolation to a high resolution only improves the grid by increasing the total number of grid
points within the same outer boundaries. However, interpolation to a low resolution not only
reduces the total number of grid points but also the number of input data.
Research of this thesis is to find out how different model resolutions and different thresholds’ values
will affect the output of the Vortex Tracker. Results show that 0.1° resolution of both HWRF Model
and ECMWF Model have acceptable results of Hurricane Irene case compared to the NHC best
observations. Parameters of MSLP, maximum 10-m wind speed, maximum and mean 850hPa
vorticity, maximum and mean 700hPa vorticity, pressure and radius of the last closed isobar, radius
of wind radii at 34/50/64knots wind and the track are used to analyze the performance of two
models’ output.
High resolutions of ECMWF Model show higher values of all parameters than low resolutions. When
increasing the values of pressure gradients threshold and average 850hPa tangential wind speed
threshold, ECMWF 1.0° resolution is the least affected among all resolutions. High threshold values
will affect the weak tropical storms that cannot be detected and tracked by Vortex Tracker.
Therefore, if detecting and tracking a developing tropical cyclone, the thresholds need to be set to
relatively small values.
Interpolation by the ECMWF Model and Vortex Tracker improves the performance of ECMWF 1.0°
resolution data. But for high resolutions, Vortex Tracker reduces the number of grid points to
enhance the efficiency. Since the output of Vortex Tracker is the forecast of the Hurricane Irene, the
results become unreliable along the time series. Pressure gradients threshold and average 850hPa
tangential wind speed thresholds can be adjusted based on the strength of the studied Hurricane.
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Chapter 1 Introduction
Tropical cyclones can be seen as one of the most destructive natural disasters. They may bring
irreversible damage to nature and society with deaths and material losses. Currently, as the climate
is getting warmer, the future tropical cyclone frequency will increase and thus pose an even higher
threat. That way, the forecast of tropical cyclones is of great interest and importance (Camargo and
Zebiak, 2002; Rathmann, Yang and Kaas, 2014; Tory et al., 2013a & Tory et al., 2013b).
The atmospheric system and hurricanes are both chaotic processes, which leads to the uncertainty in
the model analysis and forecast (Vecchi et al., 2011). To better simulate tropical cyclones, Tory et al.,
(2013a & 2013b) investigated the factors that cause the uncertainty or inaccuracy of tropical cyclone
analysis and forecast. In general, model type, resolution and basin location can cause the uncertainty
(Tory et al., 2013a).
Model resolution determines the model performance. With higher resolution, models can generate
acceptable output that tropical cyclones are close to the observations (Zhao et al., 2009). Low
resolution causes a weaker hurricane intensity and coarser spatial scale compared to the real
observation (Camargo and Zebiak, 2002).
Camargo and Zebiak (2002) divided the whole oceanic area into 7 ocean basin domains, which are
north Indian (Indian Ocean), western North Pacific, eastern North Pacific, Atlantic, south Indian,
Australian and South Pacific. They adopted a basin-independent detection algorithm to improve
model detection and tracking. As it turned out the threshold values in their detection algorithm
varied among those basins. Therefore, the basin location affects tropical cyclones’ detection and
tracking.
In the past, various studies have focused on the seasonal activity of the North Atlantic hurricanes
(Vecchi et al., 2011). Development and improvement of models help to simulate tropical cyclones
closer to real observations. Since the 1980s, the statistical approach to analyze the hurricane has
been introduced; different methods have been developed and applied all over the world (Camargo et
al., 2007). Various agencies and countries have developed dynamical and coupled models for tropical
cyclone forecasts, which can be found in Camargo et al., (2007). Global models are recommended
compared to regional models as domain size and boundaries cannot limit the performance of global
models (Manganello et al., 2012). Coupled dynamic models normally take the interaction between
atmosphere and ocean into consideration (Knutson et al., 2007; Vitart, 2006 &Vitart and Stockdale,
2001).
According to Camargo and Zebiak (2002), there are four approaches to analyze tropical cyclones: (1)
statistical methods; (2) dynamical forecasts with climate models; (3) seasonal prediction of largescale variables; and (4) detection of tropical cyclones with atmospheric general circulation models
(AGCMs) and coupled ocean–atmospheric models.
Currently, statistical and dynamical forecasts are the two most widely applicable approaches to
analyze tropical cyclones (Camargo et al., 2007). The statistical forecast is based on the observations
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of recorded cyclonic events. In this way, the better and more detailed the observation systems are,
the closer the statistical forecast will be to the real observation in the future. The main concern of
the dynamical forecast is the biases in the model that need to be pointed out and solved. Especially,
the model resolution is mostly related and discussed (e.g. Tory et al., 2013a; Tory et al., 2013b; and
Manganelloet al., 2012). Grid-dependent (resolution) bias means that high-resolution models will
generate output using higher threshold values (Tory, 2013a & Walsh et al., 2007). While lowresolution models will give a flatter structure of the tropical cyclone and use lower threshold values
(Tory, 2013a). Apart from model resolution, still other unknown factors cause or increase the
uncertainty of the model performance. To solve this problem, many studies have been conducted to
improve the model performance by applying a revised detection and tracking algorithm ((LaRow et
al., 2008; Murakami et al., 2012; Oouchi et al., 2006; Murakami, Wang & Kitoh, 2010; Masato & Akira,
2002; Camargo & Zebiak, 2002; Murakami et al., 2015; Knutson et al., 2007; Rathmann & Kaas, 2014;
and Zhao et al., 2009).
The key issue in the tropical cyclone detection is whether the models can produce realistic outputs
and how close to observations can it be. Model bias and characteristics of the tropical cyclone are
the two reasons that cause the results different from observations (Camargo and Zebiak, 2002 & Tory
et al., 2013a). To improve the model detection, the algorithm thresholds change with the enhanced
model resolution. Therefore, the research questions of this thesis are:
1. What is the effect of high resolution on the Vortex Tracker output?
Sub-question: Will HWRF Model have better results than ECMWF Model?
2. What is the effect of threshold parameters on the Vortex Tracker output?
In this research, the outputs of two models have been used to investigate how different resolution
data will perform. Two models are the Hurricane Weather Research and Forecast (HWRF) Model and
European Centre for Medium-Range Weather Forecasts (ECMWF) Operational Model. They are both
dynamic models but with different components and parameters integrated. HWRF is a nonhydrostatic model with up to 9km resolution, which is based on WRF model [1]. ECMWF operational
Model is a hydrostatic model with high TL1279 resolution (up to 16km) [2]. When the resolution is
higher than 10km, non-hydrostatic is required. Still, hydrostatic equation can represent vertical
acceleration enough when resolution is less than 10km [3]. During the period of 23rd-28th August of
2011, Hurricane Irene is selected for the two models. Specifically, 0.1°,0.2°,0.5°and 1.0° resolution
outputs from ECMWF operational model are used as well as the HWRF 0.1° output (0.1° corresponds
to 10km).
GFDL Vortex Tracker is designed to detect and track tropical cyclones with additional conditions of
detection and tracking. Furthermore, by changing the threshold values of pressure gradients and
850hPa wind speed within Vortex Tracker, both ECMWF and HWR model output are analyzed to
investigate how different models perform and are affected by model resolution.
Description of GFDL Vortex Tracker can be found in Chapter 2. Subsequently, the methods will be
described in Chapter 3 with specific data description, Hurricane Irene, and experiment designs. At
last, results and discussion will be in Chapter 4 and Chapter5.
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Chapter 2 GFDL Vortex Tracker
2.1 GFDL Vortex Tracker
GFDL Vortex Tracker (Li, Wang and Peng, 2016) is adopted to analyze the models’ output and
simulate the Hurricane Irene. GFDL Vortex Tracker is developed by the Geophysical Fluid Dynamic
Laboratory (USA). The GFDL Vortex Tracker version 3.5b can be accessed and downloaded in [4].
Vortex Tracker uses a universal detection and tracking algorithm, Barnes Analysis, which can be
applied in different ocean basins. Despite high or low resolutions’ data from regional or climate
model, Vortex Tracker follows the process of Barnes’ Analysis, position fix and quality check to give
locations of the tropical cyclones’ centers.
The GFDL Vortex Tracker can both perform already recorded storms from the Regional Specialized
Meteorological Center or storms that are currently being forecasted. To run the Vortex Tracker, the
input data must be in Gridded Binary version 1 format, following a latitude-longitude (lat/lon) grid.
Longitude and latitude grid increments need to be uniform but the grid length may differ. The initial
point of the grid is labeled as (1, 1), which is the most northwestern point in the grid map. The
program reads input data starting with this initial point and then from north to south and west to
east (Figure2.1) (Tallapragada et al., 2013).

Figure 2.1 Reading direction of input data in GFDL Vortex tracker. The above figure covers the whole Hurricane
Irene track. GFDL Vortex Tracker reads the data starting with grid point (1, 1) and ends with (imax, jmax).
Symbol ‘i’ and ’j’ are the grid points that represent the longitude and latitude correspondingly. The direction of
the search is from west to east and from north to south.
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In total, there are 14 parameters that can be read by the Vortex Tracker. They are u- and vcomponent of wind speed at 850, 700 and 500hPa; absolute vorticity at 850 and 700hPa;
geopotential height at 850 and 700hPa; sea level pressure; u- and v-component of 10-m wind speed
and lastly mean temperature between 300-500hPa. These parameters are then used to locate the
hurricane center, using Barnes’ analysis. Before and during Barnes’ analysis, input data will be
calculated into parameters that Barnes’ analysis need. Finally, Barnes’ analysis is conducted to
calculate maximum relative vorticity at 850 and 700hPa, minimum wind speed at 850 and 700hPa,
minimum geopotential height at 850 and 700hPa, minimum sea level pressure, minimum wind speed
at the surface (10m) and maximum relative vorticity at the surface (10m).
To detect and track recorded storms, the GFDL Vortex Tracker run in cyclogenesis mode to identify
the storms referring to National Hurricane Center (NHC) and Joint Typhoon Warning Center based on
the ocean basins. A TC vitals file defined by users provides the essential information of the starting
time for Vortex Tracker to begin the detection and tracking of Barnes’ Analysis. Still, TC vitals file can
be blank. An example of output from Vortex Tracker’ cyclogenesis run is as follows:
Table 2.1 Example Output of GFDL Vortex Tracker
Output
Example
basin ID for cyclogenesis
AL
number of the cyclone the tracker identified
09L
ID for cyclones
2011082312_F000_206N_0706W_09L
model starting time
2011082312
constant
3
model ATCF name
HCOM
lead time
0
latitude *10
204N
longitude *10
706W
max 10-m wind(knots)
87
minimum sea level pressure (hPa)
978
placeholder
XX
wind speed thresholds (34, 50 or 64 knots)
34
the start of wind radii direction
NEQ
wind radii (nm) for the threshold wind in NE
103
wind radii (nm) for the threshold wind in SE
77
wind radii (nm) for the threshold wind in SW
58
wind radii (nm) for the threshold wind in NW
95
the pressure of last closed isobar(hPa)
1005
the radius of last closed isobar(nm)
56
the radius of max wind(nm)
24
parameter B*10
-999(Not Applicable)
thermal wind value for lower troposphere(900-600hPa) *10
-9999(Not Applicable)
thermal wind value for upper troposphere(600-300hPa) *10
-9999(Not Applicable)
the presence of a warm core
U(undetermined)
storm moving direction (degrees)
291
storm moving speed(m/s)
45
mean 850hPa vorticity (s-1×10-6)
1188
maximum (grid point)850hPa vorticity (s-1×10-6)
5492
mean 700hPa vorticity (s-1×10-6)
1184
maximum (grid point) 700 hPa vorticity (s-1×10-6)
4975
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2.2 Barnes’ Analysis
In GFDL Vortex Tracker, a single-pass Barnes analysis is implemented to locate the criteria extremum
as tropical cyclone detection. Details of Barnes analysis calculation can be found in Tallapragada et al.,
(2013). The initial time in the Hurricane Irene case is 23rd August 2011 1200UTC with guess location
at 20.6N 70.6W. Nearby the initial position, Barnes analysis calculated a list of Gaussian weightedaverage data values as discussed above. Here is the Barnes analysis (Tallapragada et al., 2013):
For a given variable F, the Barnes analysis B, at a given grid point g, in this array is given as:
B(g) =

∑N
n=1 wn F(n)
∑N
n=1 wn

(1)

Where w is the weighting function defined by:
w = e−(𝑑𝑛

2

⁄𝑟𝑒 2 )

(2)

And where n is input data point;
N is the total number of grid points;
g is grid point;
dn is the distance from n to g;
re is the e-folding radius that weighting drops off within.
If the resolution is finer than 0.1, the value of re is set to 60km; if coarser than 1.25, re is 125km; and
in between, re is 75km.
Barnes’ analysis (Figure 2.2) starts with checking if all longitude and latitude points are within the
grid. If so, then it will search the center around the first guess location. From the Vortex Tracker’
-5
script, only when the sum of weighing function (∑𝑁
𝑛=1 𝑤𝑛 ) is higher than 1.0*10 , the results of
Barnes’ analysis will return as a valid center. Eventually, Gaussian weighted-average (area-averaged)
values of Barnes’ analysis are computed, and thus the location of the highest value is the guess
center of current forecast time.
However, the highest values from Barnes’ Analysis may not locate at the grid point and especially this
happens when input data are coarse (Figure 2.2). As resolution goes coarser, the number of grid
points drops. Thus, iteration of Barnes’ Analysis is performed to reduce the inaccuracy of coarse
resolutions’ input data that the guess center is not located at the grid point. Several iterations will be
performed based on the input data resolution. For a coarse resolution, larger than 0.2° precisely,
besides the initial iteration, five additional iterations will be performed. Finer than 0.2°, only two
additional Barnes iterations are performed, and one is only performed for a resolution higher than
0.05°.
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Figure2.2 Barnes Analysis grid and Barnes Iteration grid. Barnes Analysis grid is interpolated from the model
input data grid, and the number of Iteration grid is halved from the Barnes Analysis grid [5].

2.3 Position Fix
As to the final position fix, GFDL Vortex Tracker uses several primary and secondary parameters (see
Table 2.2). First, Barnes analysis is carried out with all parameters to find the maximum/minimum
values of each parameter. The output is a latitude/longitude location of each extremum value.
Vortex Tracker has a defined area with the guess storm center as the center. Only when these
locations are situated within this area, parameters can be accepted and then used. The initial radius
of the area is set to 600km. For other times during the tracking, the radius is an average value of 3
previous forecast times’ distances of valid primary parameters towards the area center. Secondary
parameters are not included in calculating the radius because they are always within a short range
that can reduce the average radius largely. Again, secondary parameters are used only when primary
parameters return valid positions. Finally, an average center is derived from all valid parameters’
centers. However, this average value is not the final output and it will be used to calculate all valid
parameters’ deviations, which will be used in the weighing function.
To get the final output of the storm center, the weighting function is introduced again. For each
primary and secondary parameter that is within the range, the weighing function will give the results
to calculate the final position based on the Barnes’ equation mentioned in 2.1. In addition, only when
more than 2 valid parameters are found, the weighting function is used. Otherwise, it will return as
an error with the value of 0.
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Parameters
Variables
Source codes

Table 2.2 Variables in the GFDL Vortex Tracker to track tropical cyclones
Primary Variables
Secondary Variables
Relative vorticity at 10m, 850hPa, and 700hPa
Minimum wind speed at 10m, 850
Mean sea level pressure
hPa, and 700 hPa
Geopotential height at 850 hPa, and 700 hPa
find_maxmin
get_uv_center

2.4 Quality Check
Once position fixes are performed, four checks are proceeded to confirm the detected locations are
the same storm. These checks are 1) minimum pressure gradient threshold; 2) average tangential
wind speed threshold at 850hPa; 3) distance threshold between two guess centers of MSLP and
maximum relative vorticity at 850hPa; and 4) storm traveling speed threshold between 2 successive
fixed centers. Vortex tracker checks the guess center following the order of these four thresholds.
Checking stops when the calculated values are out of range and the center is discarded. Pressure
gradient threshold is to check the change of pressure gradients in the same direction of storm’s
movement. Checking 850hPa wind speed threshold is to ensure that the storm remains as a cyclonic
structure. Pressure gradient and 850hPa wind speed thresholds are used in this study and will be
described in sections 4.2 and 4.3 respectively. Also, two threshold values can be adjusted by users.
Distance threshold is defined and the values of threshold vary on model type. For HWRF and ECMWF,
the number is 323km but 405km for Global Forecast System (GFS). Moving speed threshold is
defined with the value of 60knots. Vortex tracker stops tracking when the distance or moving speed
exceeds the threshold value. Both thresholds are to assure the tracking storm is the same storm
instead of being affected by another nearby storm.

2.5 Tracking
To ensure the detected locations are successive through time, two methods are applied in Vortex
Tracker to find the guess location of the storm center for the next forecast time. Barnes’ analysis of
wind speeds at 500, 700 and 850hPa are performed to give information on wind vector to predict the
next guess location at a certain time. By calculating these wind speeds into an average value, this
method adopts all these values to represent a deep-layer steering wind to create a structure of
advection air parcel. Another method is the linear extrapolation, and specifically, it uses the current
and previous storm motion to predict the next location. For the initial time, it reads the information
through TC vitals record file. Finally, locations from the Barnes’ Analysis and linear extrapolation are
averaged to present the final guess location. After guess location is settled, Vortex tracker starts to
detect the real center around the guess location. Still, a position fix can be performed to ensure the
distance between guess location and detected center is within a certain range.
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Chapter 3 Data and Methods
3.1 Model Data
Input data are from two different models: The Hurricane Weather Research and Forecast (HWRF)
Model and the ECMWF operational model. HWRF is built on the WRF model with non-hydrostatic
dynamic core aiming to conduct hurricane forecast (Tallapragada et al., 2013). For each center of
currently detected hurricanes, the inner domain (nest) shifts along hurricanes’ motion. Inner nests
include a cloud-resolving inner grid and an intermediate grid, with 3 km and 9 km resolution
respectively. Meanwhile, the outer domain (nest) remains fixed with a 27km resolution. Finally, it
produces a 126-hour forecast output with a 6-hourly interval. The ECMWF operational model in this
study uses TL1279L91 (N640) version with a 0.141 lat/lon resolution (~16km) [2]. Details of ECMWF
operational model and HWRF can be found in Kidd, Dawkins, & Huffman (2013) and Tallapragada et
al., (2013) respectively. NHC best observations are extracted from the Hurricane Irene documentary
(Avila & Cangialosi, 2011).
Both the HWRF and the ECMWF model are dynamic models but the capability of highest resolution
differs. ECMWF operational model data is downloaded from ECMWF website, which is interpolated
by original TL1279L91 0.141 data. While HWRF model is downloaded with GFDL Vortex Tracker as
the test case data from DTC website [4].

3.2 Hurricane Irene
Hurricane Irene is classified as one of the major hurricanes in 2011. Irene started as a tropical wave
on 15th August 2011 near the West African coast and then moved westwards across the Atlantic
Ocean. Irene was recorded as a hurricane on 22nd August and the highest wind speed was observed
on 1200UTC 24th August. Based on the Saffir-Simpson scale, Irene was a category 3 hurricane. The
whole hurricane phase of Irene started on 0600UTC 22nd August and lasted until 0935UTC 28th August.
After that, it passed the Bahama Islands and gradually weakened. Irene brought lots of precipitation
on 22nd August when passing Puerto Rico. Later, Irene kept moving northwest along American east
coast and brought precipitation during 26th and 29th August to those states. Meanwhile, the largest
effect is inland flooding in New Jersey, Massachusetts, and Vermont. Irene then became an
extratropical cyclone on 0000UTC 29th August and finally was absorbed by a frontal system on 30th
August. (Avila & Cangialosi, 2011)

3.3 Experiment design
The experiment consists of several runs of the GFDL Vortex Tracker with two models’ data as input.
By using the test case data of Hurricane Irene, the HWRF 0.1 data, the initial run is to test if the
GFDL Vortex Tracker can generate acceptable output compared to observations. Following runs of
different resolution data of the ECMWF model intend to compare the performance of different
resolution data. Besides, pressure gradient threshold and 850hPa wind speed threshold are adopted
to test the Vortex tracker’s quality control of tracking. In a word, resolution of the input data and two
thresholds values of Vortex tracker are the focus of this thesis study.
Four resolutions of ECMWF Operational Model input data are used, which are 0.1, 0.2, 0.5 and
1.0. And yet only 0.1 input data from HWRF Model is used. Meanwhile, NHC Best Observations
data of Hurricane Irene (Avila & Cangialosi, 2011) is used as the reference to compare all resolution
runs’ performance.
11 | P a g e

As mentioned in Section2.3, pressure gradient and 850hPa wind speed thresholds are adopted to
challenge the capability of actual default values to track tropical storms. By changing the threshold
values, the purpose is to check by how far pressure gradient threshold and 850hPa wind speed will
be reasonable to detect Hurricane Irene. According to the Vortex Tracker’s manual (Bao, Stark &
Bernardet, 2013), the pressure gradient threshold is defined as the minimum pressure gradient
(Pa/km) that the Vortex tracker must meet during tracking. The 850hPa wind speed threshold is also
defined as the minimum area-average 850hPa tangential wind speed that the Vortex tracker must
meet. Values of pressure gradient threshold and 850hPa wind speed threshold are listed in Table 3.1.
Meanwhile, the default value of the Vortex Tracker is set as 0.15Pa/km and 1.5m/s.

HWRF Model

0.1

Table 3.1 Resolutions of Models and Threshold Values
ECMWF Model Pressure Gradient Threshold (Pa/km) 850hPa Wind Speed (m/s)
0.0001
0.0015
0.1
0.1
0.015
1.5 (default)
0.2
0.15 (default)
15
0.5
1.5
20
1.0
5
15

In the output file of GFDL Vortex Tracker, MSLP, maximum 10-m wind speed, relative vorticity,
isobars and wind radii are selected to compare the performance of runs. MSLP, maximum 10-m wind
speed, and track can be directly compared with NHC Best observations document. The pressure at
last closed isobars of a certain time can be used to calculate the pressure gradients by combing with
the radius of last closed isobars. This shows how Vortex Tracker simulates the two closed isobars
around the minimum sea level pressure. Wind radii (see Figure 3.1) is described as the distance from
the storm center to the 10-m wind speed, sustained 1 mins, of 34knots, 50 knots and 64 knots
thresholds within northwest (NW), northeast (NE), southwest (SW) and southeast (SE) quadrants
[6][7]. These parameters present the structure of the hurricane Irene can indicate the strength of the
hurricane at a certain time. For example, the 64 knots wind radii must exist if Irene was categorized
as a hurricane. As closer to the center of tropical cyclones, cyclones accelerate and give higher wind
speed. However, the structure is not exactly a circle. For all winds, the distances at four directions are
different and even may not exist in a certain direction. Each parameter can be found in the following
results section. The values from Vortex Tracker will be checked with the model input data.

Figure 3.1 Wind radii in the quadrant of a tropical cyclone in the north hemisphere, northwest (NW), northeast
(NE), southwest (SW) and southeast (SE) and directions of 10-m wind speed.

12 | P a g e

3.4 Pressure gradients
The calculation of pressure gradients in the Vortex Tracker and GrADS are different. Vortex tracker
first uses the guess location from the Barnes’ analysis of MSLP as the fixed point and then calculates
pressure gradients with all the points that are exactly located on the grid. As long as one calculated
pressure gradient reaches or exceeds the pressure gradient threshold, the calculation will stop and
return the guess location as valid.
Pressure gradients are calculated and defined in Vortex Tracker as follows:
pgradient = (slp(i,j) – parmval) / dist

(1)

which (i,j) is the location that is on the grid;
and i is longitude;
and j is latitude;
slp(I,j) is the sea level pressure at the location(I,j)with unit Pa;
parmval is the sea level pressure at guess location from MSLP Barnes’ analysis;
dist is the distance between the location (i,j) and guess location with unit km.
However, GrADS interpolates the data and calculates the pressure gradients based on centered
differences, both longitudinal and latitudinal direction. The calculation is based on Holton& Hakim
(2012) and as follows:

𝜕𝑝

𝜕𝑝

| ⃗∇𝑝 | = √(𝜕𝑥)2 + (𝜕𝑦)2

(2)

∂p
∂x

= 𝑟 cos 𝜙 𝜕𝜆

(3)

∂p
∂y

= 𝑟 𝜕𝜙

1

𝜕𝑝

1 𝜕𝑝

which p is pressure and → 𝑝 is pressure gradients;
∇

λ is the longitude;
φ is the latitude;
r is the radius of the earth.
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(4)

Chapter 4 Results
4.1 Models and Observations
4.1.1 ECMWF0.1/HWRF0.1/Observations
For the NHC best track observations, I selected the data within GFDL Vortex Tracker forecast time.
As shown in the following figures, the starting time of HWRF Model in GFDL Vortex Tracker output is
1200UTC on 23rd August 2011(forecast time 0) and the end time is 1200UTC 28th August
2011(forecast time 120). While ECMWF Model starts at 1800UTC on 23rd August 2011(forecast time 6)
and ends at 1800UTC 28th August 2011(forecast time 126). To evaluate, 10-m wind speed and sea
level pressure during these periods are used, see Figure4.1 and Figure 4.3 respectively.
Generally, both ECMWF and HWRF model simulate different results compared to the NHC best
observations (Figure 4.1 and 4.2). HWRF simulated comparatively higher 10-m wind and lower sea
level pressure referring to the observations. Meantime, ECMWF model simulated both lower sea
level pressure and 10-m wind speed. Comparing to observations, for maximum 10-m wind speed, the
results of ECMWF 0.1° and HWRF 0.1° are within the observations’ range (Figure 4.1 and 4.2).
However, for MSLP, both models are lower than observations after forecast time 78 (Figure 4.3 and
4.4).
MSLP and 10-m wind speed extremums of HWRF 0.1 are closer to observations than those of
ECMWF 0.1. It appeared that the Hurricane Irene reached its maximum 10-m wind speed and
minimum sea level pressure at forecast time 24 and time 66 respectively with exact values of
105knots and 942hPa. However, both HWRF and ECMWF models’ peak values are later than the
actual time. For 10-m wind speed, HWRF peaked at 114knots (time 72) and ECMWF peaked at
88knots (time 108). For minimum sea level pressure, HWRF reached the minimum value at 937hPa
(time 114) while ECMWF reached at 916hPa (time108).
As to track plots (Figure 4.5), NHC best observations track contains the whole activity of Hurricane
Irene. It’s from 22nd August of 2011 to 28th August of 2011, corresponding to forecast time 0 till
forecast time 126. ECMWF 0.1 and HWRF 0.1 tracks are centers from Vortex Tracker output.
Centers of HWRF 0.1 are almost same as NHC observations’ centers from forecast time 0 until
forecast time 42 (Figure 4.5). Meanwhile, all centers of ECMWF 0.1 deviate from the observations.
After that time, both ECMWF and HWRF model have different centers compared to the observations.
Notably, at forecast time 48, the center of NHC best observations is closer to HWRF and ECMWF
Model’s center at forecast time 54 than the center of forecast time 48 (Table 4.2). Also, at forecast
time 72, the center of NHC observations is closer to two models’ centers at forecast time 84 (Table
4.2). The center difference between ECMWF 0.1° and HWRF 0.1° is not much (smaller than 0.5°) until
forecast time 96 and after that, the latitude of ECMWF’s centers are higher than HWRF (around 1°).
At forecast time 120, the center of Hurricane Irene is over 40°N while the center of ECMWF 0.1° is
37.2°N and HWRF 36.1°N.
Table 4.1 Forecast Time (hour) from Vortex Tracker output and Corresponding Real Time
Forecast Time(hour) Actual Hour Actual Day Month
0
12
23
6
18
23
12
00
24
36
00
25
August
60
00
26
84
00
27
108
00
28
126
12
28
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Figure 4.1 Maximum 10-m wind speed (knots) with NHC best track observations (yellow) and ECMWF 0.1
forecast (red) and HWRF 0.1 forecast (blue).

Figure 4.2 Various Maximum 10-m wind speeds (knots) observations of Hurricane Irene extracted from (Avila &
Cangialosi, 2011). Dashed vertical lines correspond to 0000 UTC of each date and the solid vertical line
corresponds to the first U.S. east coast landfall near Cape Lookout, North Carolina (Avila & Cangialosi, 2011).
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Figure 4.3 Minimum sea level pressures (hPa) with NHC best track observations (yellow) and ECMWF 0.1
forecast (red) and HWRF 0.1 forecast (blue).

Figure 4.4 Various Minimum Sea Level Pressure (hPa) observations of Hurricane Irene extracted from (Avila &
Cangialosi, 2011). Dashed vertical lines correspond to 0000 UTC of each date and the solid vertical line
corresponds to the first U.S. east coast landfall near Cape Lookout, North Carolina (Avila & Cangialosi, 2011).
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Figure 4.5 Hurricane Irene Track of ECMWF 0.1 (blue circle), HWRF 0.1(yellow square) and NHC best
observations (black triangle) by using 6-hourly centers. The number of forecast time follows NHC best
nd
observations’ centers. NHC Observations started with forecast time 0 (1200UTC 22 August 2011) and ended
th
at forecast time 126(1800UTC 28 August 2011).
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Table 4.2 Centers’ Latitude and Longitude of ECMWF 0.1°, HWRF 0.1° and NHC Best Track Observations at
selected times
ECMWF 0.1°
HWRF 0.1°
NHC Best Observations
Forecast
Time (hour)
Latitude(N)
Longitude(W)
Latitude(N)
Longitude(W)
Latitude(N)
Longitude(W)
48
24.5
76.3
24.8
76.2
25.4
76.6
54
25.6
76.7
25.8
76.7
26.5
77.2
66
27.6
77.1
27.7
77.3
28.8
77.3
72
28.8
77
28.6
77.4
30
77.4
84
30.5
77.1
30.4
77.4
32.1
77.1
96
32.4
76.4
32
77.3
34.7
76.6
102
33.5
76.1
32.8
77.2
35.5
76.3
108
34.8
75.8
33.6
76.9
36.7
75.7
114
36
75.8
34.7
76.6
38.1
75
120
37.2
75.5
36.1
76.4
40.2
74.1

4.1.2 ECMWF 0.1/ HWRF0.1
As mentioned in section 4.1.1, both models simulate results different compared to the NHC best
observations. To compare HWRF 0.1 and ECMWF 0.1, ECMWF has higher maximum values of
850hPa and 700hPa relative vorticity for most of the time, while HWRF has higher mean values (see
Figure4.6 and 4.7). This suggests that at a certain forecast time, vorticity of ECMWF Model varies
sharper while HWRF Model rather flat. Vortex Tracker calculates the average vorticity around storm
center within a radius of 150km at the current forecast time.
Also, ECMWF 0.1 has higher sea level pressure at the last closed isobars than HWRF 0.1 but shorter
radius (see Figure 4.8). Referring to Figure 4.3, for most of the time, the changes of minimum sea
level pressure and pressure of last closed isobars remain the same for both models (Figure 4.9).
Specifically, during the period time 18-24 and time 30-36, ECMWF 0.1° has increasing MSLP but
decreasing pressure of last closed isobar. The same change of two sea level pressures for HWRF 0.1°
is the period time 90-96. Inversely, the periods of decreasing MSLP but increasing pressure of last
closed isobar for ECMWF and HWRF are time 36-42, time 84-30 and time 6-12, time 60-66
correspondingly. Additionally, HWRF 0.1° has same minimum sea level pressure at forecast time 18
and time 24 but increasing pressure of last closed isobar during that period. For HWRF 0.1°, the
change of pressure and radius at last closed isobar is way more than the rest successive periods,
which matches the change of MSLP (Figure 4.3).
As to wind radii (Figure4.10- 4.12), HWRF0.1 has a full record of all 34, 50 and 64 knots wind in four
directions. However, ECMWF 0.1 simulates no wind speed exceeding 64 knots at forecast time 6 and
12. This is consistent with the maximum 10-m wind speed results (see Figure 4.1). As to the distance
of threshold wind, for both models, the radius of all thresholds wind at northeast and southeast
quadrant are longer than northwest and southwest quadrant. However, ECMWF 0.1simulates
longer radius of 34 knots wind in all directions than HWRF 0.1 but shorter of 50 and 64 knots wind.
For the northeast quadrant, 34 knots wind’s radius of ECMWF 0.1 is almost twice longer than
HWERF 0.1. The longest radius of ECMWF 0.1 is at forecast time 60 and 66 while HWRF 0.1 is at
forecast time 108. As the large radius of thresholds wind shows high wind speed, comparing to
Figure 4.1, the highest wind speed was at forecast time 108 and 72 for ECMWF 0.1 and HWRF 0.1.
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Figure 4.6 Maximum(left) and mean(right) 700hPa vorticity (s ×10 ) of ECMWF 0.1(red) and HWRF 0.1(blue).

Figure 4.7 Maximum(left) and mean(right) 850hPa vorticity (s ×10 ) of ECMWF 0.1(red) and HWRF 0.1(blue).

Figure 4.8 Sea level pressure(hPa) at the last closed isobars (left) and the distance (nautical miles) between the
MSLP and the last closed isobars (right) of ECMWF 0.1(red) and HWRF 0.1(blue).
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Figure4.9 Minimum sea level pressure (red, hPa) and pressure of last closed isobar (blue, hPa) for ECMWF 0.1°
(left) and HWRF 0.1° (right).
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Figure 4.10 Wind radii within northeast(NE), northwest(NW), southeast(SE) and southwest(SW) quadrant of 34
W
knots wind (nautical miles) with ECMWF 0.1 (red) and HWRF 0.1 (blue).
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Figure 4.11 Wind radii within northeast(NE), northwest(NW), southeast(SE) and southwest(SW) quadrant of 50
knots wind (nautical miles) with ECMWF 0.1 (red) and HWRF 0.1 (blue).
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Figure 4.12 Wind radii within northeast(NE), northwest(NW), southeast(SE) and southwest(SW) quadrant of 64
knots wind (nautical miles) with ECMWF 0.1 (red) and HWRF 0.1 (blue).
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4.2 Vortex Tracker’s Thresholds
4.2.1 Pressure Gradients
According to Vortex Tracker manual, the sea level pressure gradients must exceed a minimum value
in order to locate the storm center, which refers as pressure gradients threshold. Vortex tracker
calculates pressure gradients around the guess center within a defined radius based on the number
of grid points from input data. The initial radius to search the maximum values is defined as 200km
for 0.1and 0.2 and 300km for 0.5 and 1.0 in the Vortex Tracker’ script. After that, to calculate the
mean 850hPa and 700hPa vorticity, the radius was 150km for all resolutions’ run same as the Barnes’
Analysis. Calculation continues until a valid pressure gradient is found to confirm the guess center
from Barnes’ Analysis. Afterward, next threshold check will start, which is 850hPa wind speed
threshold. Meanwhile, the value of 850hPa wind speed threshold is set as default 1.5 m/s.
Overall, it shows the same results until the threshold value increases into 15 Pa/km. All fourresolution data do not record the complete Hurricane Irene, but there are still slight differences
among four resolutions. As shown in Figure4.13, the sea level pressure values from Vortex Tracker
and the GrADS’ are almost identical. This shows that data used by Vortex Tracker and GrADS are the
same. Referring to Figure 4.2, Vortex Tracker MSLP is the same as the ECMWF 0.1 minimum sea
level pressure. When sea level pressure drops along the forecast time, the pressure gradients
increase. At time 108, pressure gradients reach the highest value 110.227Pa/km as minimum sea
level pressure 916Pa is recorded.
To investigate the value of pressure gradient threshold, forecast time 6UTC (actual time 1800UTC of
23rd August) of ECMWF 0.1 default run is selected (see Figure 4.14). Extracted from the run file, the
highest value of pressure gradient that Vortex tracker calculates is 9.00016Pa/km at time 6. However,
maximum value from GrADS is 33.0087Pa/km. The value difference of pressure gradients is caused
by the different definition and calculation mentioned in Section 3.4. GrADS directly uses the actual
minimum sea level pressure of input data but Vortex Tracker accepts the sea level pressure from
Barnes’ Analysis output. In this way, the minimum sea level pressure from Barnes’ Analysis may not
be the actual value, normally higher. Still, this also explains why negative pressure gradient values
are found during Vortex Tracker calculation.
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Figure4.13 MSLP time series of ECMWF 0.1 of Vortex Tracker output (green triangle) and GrADS output (blue
square), and the maximum pressure gradients calculated by GrADS (green line) time series.

rd

Figure4.14 Contour lines of sea level pressure with values at forecast time 6UTC (actual time 23 August
1800UTC 2011) of ECMWF0.1 default run(left) and shaded and contour lines of pressure gradients(Pa/km)
with values(right).

As resolution gets coarser, the values of pressure gradients get smaller. Time 108 of ECMWF 0.1 and
ECMWF 1.0 are chosen (Figure 4.15). ECMWF 0.1 and ECMWF 1.0 both reach lowest minimum sea
level pressure at forecast time 108, 916hPa and 928hPa correspondingly. Read by GrADS, MSLP of
0.1 and 1.0 are 91606.1Pa and 92841.6Pa. 0.1 has the highest value of pressure gradient, 110
Pa/km, while 1.0 is only 30 Pa/km. Besides, the isobars are better interpolated in ECMWF 0.1 than
ECMWF 1.0.

Figure4.15 Forecast time 108 of ECMWF 0.1(left) and forecast time 108 of ECMWF 1.0(right) with pressure
gradients (shaded, Pa/km) and isobars (contour, Pa).

4.2.2 Pressure Gradient thresholds & MSLP
For each resolution, results are same when pressure gradients threshold increases to 15Pa/km. All
plots can be found in Appendix B. All four resolutions return with incomplete records when pressure
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gradients threshold is 15Pa/km (Figure 4.16). However, they start tracking at the different time.
Specifically, 0.1 and 0.2 starts tracking at forecast time 66, while 0.5 starts at time 72. Meanwhile,
1.0 starts at time 36 but stops after time 42 and then tracks again at time 60. All four resolutions
end at forecast time 120 instead the actual forecast time 126. By looking into the actual sea level
pressure with GrADS, time 36, 42, 66 and 72 are selected for all ECMWF resolution data (see Table
4.3) to check with Vortex Tracker (Table 4.4). At forecast time 42, both GrADS and Vortex Tracker’s
calculation of pressure gradients for 1.0 is lower than 15Pa/km, 13.4758 and 14.44691 Pa/km
respectively. However, at forecast time 66 0.5 has higher values than 14.44691 Pa/km but less than
15Pa/km, there is no record.
Comparing with the observations’ range (Figure 4.4), all four resolutions’ results are not within the
range for most of the time. Hurricane Irene hit the lowest MSLP at forecast time 66 when all ECMWF
resolutions’ MSLP continue dropping. For ECMWF 0.1° and 0.2°, the values and changes of MSLP are
almost the same. At forecast time 84 and time 90, ECMWF 0.2° has the same MSLP value while 0.1°
does not (Figure 4.16). For ECMWF 0.5° and 1.0°, the change of MSLP is different from that of 0.1°
and 0.2° nearly through the whole forecast time, except period time 6-12, time 42-48, time 60-72,
time 96-102, time 114-126 (Figure 4.16). Both ECMWF 0.1° and 0.2° reach the lowest MSLP at
forecast time 108, while 0.5° reaches the lowest at forecast time 102 and 1.0° at both forecast time
108 and 114.

Figure 4.16 Minimum sea level pressure (hPa) with four ECMWF resolutions of 0.15 Pa/km (left) and 15Pa/km
(right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
Table 4.3 ECMWF Model Four Resolutions Pressure Gradients Values Calculated by GrADS at Time 36, Time 42,
Time 66 and Time 72
ECMWF pressure gradients by GrADS (Pa/km)
Forecast Time
(hour)
0.1
0.2
0.5
1.0
36
76.8
62.9
35.0
20.9
42
75.6
57.7
29.5
13.5
66
84.2
69.9
40.5
19.7
72
85.3
69.0
38.1
25.4
Table 4.4 ECMWF Model Four Resolution Pressure Gradients Values Calculated by Vortex Tracker at Time 36,
Time 42, Time 66 and Time 72
ECMWF pressure gradients by Vortex Tracker (Pa/km)
Forecast Time
(hour)
0.1
0.2
0.5
1.0
36
10.9
11.9
11.4
18.1
42
11.3
11.6
11.4
14.4
66
15.2
15.1
14.7
16.6
72
15.1
15.3
15.3
15.7
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4.2.3 10-m wind speed
Apart from the incomplete records mentioned in Section 4.2.2, it shows the differences among four
resolutions (Figure 4.17). ECMWF 0.1 and 0.2 are almost the same that at most time they have the
same values, for example at time 78, 84 and 108. Meanwhile, 0.5 and 1.0 record different values.
And 1.0 has the lowest values among all forecast times. Both 0.1 and 0.2 reach highest wind speed
at forecast time 108, while 1.0at time 96. For 0.5, the highest wind speed at forecast time 90 and
time 96 are the same. Meanwhile, the best track of Hurricane Irene recorded the highest 10-m wind
speed at forecast time 24 (Figure 4.1). Referring to Figure 4.2, results of 0.1 and 0.2 are within the
observations’ range. For 0.5 and 1.0, results are within the observations’ range after forecast time
36. Before that, the values of maximum 10-m wind speed are smaller than the observations.

Figure 4.17 Maximum 10-m wind speed (knots) with four ECMWF resolutions of 0.15 Pa/km (left) and 15Pa/km
(right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).

4.2.4 850hPa Vorticity /700hPa Vorticity
Higher resolution has higher values of relative vorticity, both maximum and mean values (Figure4.18
-4.21). 0.1 has the highest maximum 850hPa vorticity and 700hPa vorticity among all resolutions
(Figure 4.18 and 4.19). As to mean values of 850 and 700hPa vorticity, 0.1 and 0.2 are almost the
same and higher than the rest two resolutions. Additionally, only mean 850hPa vorticity of 0.1 and
0.2 both peak at time 108 when maximum 10-m wind speed is recorded (see Figure 4.17 and 4.21).
For 1.0 at time 36, from the Vortex Tracker output, the mean 700hPa vorticity of 15 Pa/km pressure
gradients are higher than that of 0.15Pa/km pressure gradients, 507 and 238 respectively (unit of S-1
× 10-6). And yet the locations of the two centers are the same, 23N and 75W. Read by GrADS, at time
36 of 1.0 maximum and average approximation of 700hPa vorticity are 627.81 and 265.993 (unit of
s-1×10-5). Based on the radius that Vortex Tracker used (Section 4.1.2), the average approximation of
mean 700hPa vorticity was calculated by averaging the square with a 3° length of each side (Figure
4.22), while the center location was (23N, 75W). By checking Vortex Tracker’s calculation, the guess
center for two pressure gradient thresholds’ runs are slightly different, as well as the grid points that
they used. Specifically, along the longitudinal direction, ’i’ started at 11 for 0.15Pa/km pressure
gradient run while 15Pa/km pressure gradient started at 10 (see Figure 2.1). The total number of grid
points two runs used is same as 12.
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Figure 4.18 Maximum 850hPa vorticity (s ×10 ) with four ECMWF resolutions of 0.15 Pa/km (left) and
15Pa/km (right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).

Figure 4.19 Maximum 700hPa vorticity (s ×10 ) with four ECMWF resolutions of 0.15 Pa/km (left) and
15Pa/km (right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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Figure 4.20 Mean 850hPa vorticity (s ×10 ) with four ECMWF resolutions of 0.15 Pa/km (left) and 15Pa/km
(right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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Figure 4.21 Mean 700hPa vorticity (s ×10 ) with four ECMWF resolutions of 0.15 Pa/km (left) and 15Pa/km
(right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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Figure 4.22 Forecast time 36 of ECMWF 1.0° with 700hPa vorticity (s ×10 ) (shaded and contour).

4.2.5 The Last Closed Isobars
The pressure of the last closed isobar is defined as the pressure closest to the minimum sea level
pressure that Vortex Tracker found. Compared to other three resolutions, changes of pressure and
radius of 1.0 are larger during the whole period (see Figure 4.25 - 4.27). Through all forecast time,
0.1 has the lowest sea level pressure and the shortest radius among all resolutions. Besides, the
pressure difference between MSLP and pressure at the last closed isobar of 0.1° is the smallest
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except forecast time 18 (Figure 4.26). Also, for 0.1°, the pressure difference and radius of the last
closed isobars are relatively stable (around 8hPa) compared to the rest resolutions (Figure 4.26).
Though ECMWF 1.0 has a smaller value of the average pressure difference than 0.5, the changes of
pressure difference are larger (Table 4.6). For 1.0°, the radius of the last closest isobar is changing
vastly through the whole time. The highest value is at forecast time 54, which is at least 4 times
higher than the other resolutions’ radius of the same time (Figure 4.27). As the resolution gets
coarser, the distance of two closest grid points is larger (Figure 4.15). This leads to the high values of
pressure difference and radius of the last closed isobar.
Compared to the change of MSLP, all four resolutions’ changes of pressure at the last closed isobar
are different. The whole forecast time can be divided into 20 successive periods, like forecast time612. Table 4.5 lists all the periods of different change between MSLP and pressure at the last closed
isobar. Especially, ECMWF 0.5° has 8 periods, which is the most number of all resolutions. During
forecast time 102 and 108, the radius of 0.5° increases. (Specifically, the value of MSLP increases
from 924hPa into 928hPa and LCP drops from 967hPa into 963hPa, while the radius increases from
39nm into 58nm.) The possible explanation is that Hurricane Irene started weakening as the MSLP
decreases. Also for ECMWF 0.2, during forecast time 84-90, MSLP stays the same and pressure at
the last closed isobar increases, but the radius at the last closed isobar drops. (Both value of the
MSLP at forecast time 102 and time 108 is 931hPa. Meanwhile, the pressure at last closed isobar is
937hPa and 947hPa, but the radius at last closed isobar is 16nm and 13nm.) As shown in Figure 4.23
and 4.24, even if a point locates within a contour interval, but if no point was found in the following
contour interval, these points are left out and begin to search for new contour. The found contour
must be continuous.
As listed in Table 4.6, the pressure difference and radius at the last closed isobar are relatively stable
for ECMWF 0.1. 0.1 has the lowest standard deviation among all resolutions. However, comparing
to 0.2, the radius to simulate 1hPa interval of 0.1 is larger and almost same as 0.5. But for 0.2, the
standard deviation of an average radius is almost high as 0.5. Read by Vortex Tracker script, tracker
checks and finds if there is a closed contour around the minimum sea level pressure. First Vortex
Tracker checks the 8 points of sea level pressure around the center (Figure4.28) to see if they are
located within the contour interval. The interval of the contour can be set to 100Pa. For points that
have valid sea level pressure, new 8 points will be checked around each point as a ring. All closed
contours will be found until it meets the boundary of the input data.
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Figure 4.23 Sea level pressure (Pa) of forecast time 84 and 90 for ECMWF 0.2°

Figure 4.24 Sea level pressure (Pa) of forecast time 102 and 108 for ECMWF 0.2°

The pressure of the last closed isobars can be used to calculate the pressure gradients combined with
the distance of last closed isobars. However, this is not the exact values of pressure gradients from
Vortex Tracker’s calculation. Seen from Figure 4.14, the largest value of pressure gradients was not
near the center of the storm, where the minimum sea level pressure located. At forecast time 6 of
0.1, pressure gradients value was 19.0573Pa/km based on the pressure and radius of last closed
isobars, 987hPa and 17nm respectively. As mentioned in the beginning of Section 4.2.1,
9.00016Pa/km was from Vortex Tracker and 33.0087Pa/km from GrADS.
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Table 4.5 The change of MSLP and Pressure at Last Closed Isobar (LCP) of Four ECMWF Resolutions data at
*
Selected Time
Period in Forecast Time (hour)

ECMWF0.1
MSLP
LCP
×



ECMWF0.2
MSLP
LCP

ECMWF0.5
MSLP
LCP



ECMWF1.0
MSLP
LCP

6-12
×
×
18-24
24-30
×




30-36




×
36-42






60-66


×
66-72
×


72-78
×


84-90






90-96




102-108




×
108-114
×




120-126
×


*Note “” means increasing; “” means decreasing; “” means same value between two forecast time; “×”
means the change of MSLP and LCP is same.

Figure 4.25 Pressure at last closed isobar (hPa) with four ECMWF resolutions of 0.15 Pa/km (left) and 15Pa/km
(right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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Figure 4.26 Pressure differences between MSLP and Pressure at last closed isobar (hPa) with four ECMWF
resolutions of 0.15 Pa/km pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).

Table 4.6 Average Values of Pressure Difference (Pressure of the last closed isobar - MSLP) and Radius at the
Last Close Isobar and Standard Deviations of Average Values with ECMWF Four Resolutions
ECMWF Resolution
0.1
0.2
0.5
1.0
Average of Pressure Difference (hPa)
7.86(3.00) 16.29(7.92) 31.90(8.69)
31.14(11.54)
Average Radius (nautical miles)
12.67(3.01) 20.81(6.31) 53.14(12.13) 119.00(55.78)
Average Radius/Average Pressure Difference
1.61
1.28
1.67
3.82
(nm/hPa)

Figure 4.27Radius of last closed isobar (nautical miles) with four ECMWF resolutions of 0.15 Pa/km (left) and
15Pa/km (right) pressure gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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Figure 4.28 Searching for the ring of closed isobar based on a user-defined contour interval, extracted from the
GFDL Vortex Tracker script. X is where the MSLP locates, A-I are the points where the SLP are within the first
contour.

4.2.6 Wind radii in NE quadrant of 34, 50 and 64 knots wind
Tropical cyclones have a rotational structure. Since the moving direction of Hurricane Irene is mostly
towards to north and west (Figure 4.5), a westerly wind is often the strongest. Referring to Figure 3.1,
at northeast quadrant, the direction of winds always point to the north and west, thus the northeast
direction of the wind radii is selected (Figures 4.29, 4.30 and 4.32). Other three directions’ plots are
in Appendix B. Based on the NHC best observations, during forecast time 6-114 hour, the maximum
10-m wind speed all exceeded 64 knots (Figure 4.1). However, the results from Vortex Tracker are
different (Figure 4.30 and 4.32). At a certain forecast time, the wind radii were missing or even no
record of 64 knots wind from Vortex Tracker output (Figure 4.32).
For 34 and 50 knots wind radii, the radius of 0.1 was the largest among all resolutions and 1.0 the
shortest (Figure 4.29 and 4.30). Unlike the starting time of 0.1 and 0.2, 0.5 and 1.0 started at time
12 instead of time 6. As to 64 knots wind (Figure 4.32), when pressure gradients threshold was 0.15
Pa/km, 0.1 and 0.2 started to record at forecast time 18 until time 126. For 0.1 and 0.2, at
forecast time 54, referring to Figure 4.17, the maximum 10-m wind drops but the radius of 34 knots
wind speed is way larger than the previous time. Also at forecast time 54, the 64 knots wind is only
found in SE quadrant (Figure 4.31).
Forecast time 54 of 0.1 and time 24 of 0.5 were selected for the checking of Vortex Tracker’s wind
radii results. By using GrADS, 10-m wind speed and sea level pressure of the chosen time plots were
made (Figure 4.33). According to Vortex Tracker output, 64 knots wind only occurred at SE direction
for 0.1 and NW for 0.5( Figure 4.31). With minimum sea level pressure as the center, it is clear to
see the maximum 10-m wind speed of 1.0 in the SE direction with 35m/s. However, for 0.5 the
maximum wind speed is in the northern direction, both west and east.
In general, the results of 64 knots wind of 0.1and 0.2 were better than that of 0.5 and 1.0.
Referring to maximum 10-m wind speed (Figure 4.17), all four resolutions had low wind speed
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records that were less than 64 knots. ECMWF 0.1 and 0.2 recorded from forecast time 18 until time
126. And through the whole time, the maximum 10-m wind exceeded 64 knots (Figure 4.32). Except
that, at forecast time 54, the maximum 10-m wind speed in NE direction was lower than 64 knots.
Moreover, for 0.2, the maximum 10-m wind speed did not exceed 64 knots at forecast time 42 and
96. Meanwhile, 0.5 and 1.0 had incomplete records that most of the time maximum 10-m wind
speeds were less than 64 knots. Still, 0.5 started at time 24 and 1.0 started at time 48.

Figure4. 29 Wind radii within northeast(NE) quadrant of 34 knots wind (nautical miles) with four ECMWF
resolutions of 0.15 Pa/km (left) and 15Pa/km (right) pressure gradients, 0.1 (red), 0.2 (blue), 0.5 (yellow),
and 1.0 (black).

Figure4. 30 Wind radii within northeast(NE) quadrant of 50 knots wind (nautical miles) with four ECMWF
resolutions of 0.15 Pa/km (left) and 15Pa/km (right) pressure gradients, 0.1 (red), 0.2 (blue), 0.5 (yellow),
and 1.0 (black). Value 0 means that the wind exceeds the 64 knots threshold but not in the NW quadrant. No
value means any records of wind radii that maximum 10-m wind is less than 64 knots threshold in all four
directions.
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Figure4.31 Wind radii within northeast (NE, upper left), northwest (NW, upper right), southeast (SE, lower left),
and southwest (SW, lower right) quadrant of 64 knots wind (nautical miles) with four ECMWF resolution of 0.15
Pa/km pressure gradients, 0.1 (red dots), 0.2 (blue square), 0.5 (yellow x), and 1.0 (black triangle). Value 0
means that the wind exceeds the 64 knots threshold but not in NW direction. Missing points mean no records
of wind radii that maximum 10-m wind is less than 64 knots threshold in all four directions.

Figure4. 32 Wind radii within northeast(NE) quadrant of 64 knots wind (nautical miles) with four ECMWF
resolutions of 0.15 Pa/km (left) and 15Pa/km (right) pressure gradients, 0.1 (red), 0.2 (blue), 0.5 (yellow),
and 1.0 (black). Value 0 means that the wind exceeds the 64 knots threshold but not in NW direction. No value
means any records of wind radii that maximum 10-m wind is less than 64 knots threshold in all four directions.
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Figure4. 33 Forecast time 54 of 0.1 (left) and forecast time 24 of 0.5 (right), with 10-m wind speed (shaded
and grid, m/s) and mean sea level pressure (contour, Pa).

4.3 The 850hPa Wind Speed Threshold
After checking pressure gradients threshold, Vortex tracker starts to calculate the average tangential
wind speed at 850hPa of all grid points within the defined radius same as pressure gradients
threshold. For different resolutions ‘data, Vortex Tracker reduces the numbers of grid points to
reduce the time of calculation. Specifically, 0.1 skips two points every time and 0.2 skips one grid
point every time. For 0.5 and 1.0, it remains the same. This only happens when a valid pressure
gradient was found.
As shown in Figure4.34, negative values are found at forecast time 54 of ECMWF 0.2 from the
Vortex Tracker tangential wind speed calculation. Negative values mean that direction of tangential
wind is opposite from the velocity vector at these locations. Seen from the track of Hurricane Irene
(Figure 4.5), the direction changes through whole forecast time, from westerly to northwesterly then
northerly. The locations with negative values in the northeast quadrant weaken the northwesterly
motion of Irene and thus eventually allow Irene to move towards north.
Also, actual 850hPa wind speed from Vortex Tracker calculation and GrADS are almost the same. The
guess center to calculate average 850hPa wind speed is not same as the guess center to calculate the
pressure gradient (Section 4.2.1). The guess center is the center where minimum 850hPa wind speed
locates. To avoid the minimum 850hPa wind speed center is too far away from the actual center
(Figure4.34 and 4.35), the guess center for minimum 850hPa wind speed is the average position fix
outcome from the parameter MSLP, 850hPa and 700hPa relative vorticity, geopotential height at
850hPa, and 700hPa and the initial guess center from the previous forecast time (Table 2.2). The
initial guess center from previous time is (25.37N, 76.90W) is the guess center for all parameters
mentioned in except three secondary parameters. Besides, the radius to search for the minimum
850hPa wind speed is 120km for all four resolutions. All positions from Vortex Tracker run log are
listed in Table 4.7.
Table 4.7 Guess Center and Position Fix Outcome of Selected Parameters at Forecast Time 54 of ECMWF 0.2
from Vortex Tracker Output
Parameter
Initial Guess Center
850hPa Vorticity
700hPa Vorticity
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Latitude(N)
25.37
25.67
25.67

Longitude(N)
76.90
76.50
76.40

Geopotential Height at 850hPa
Geopotential Height at 700hPa
MSLP
850hPa Wind Speed(Average)
850hPa Wind Speed (Used)
850hPa Wind Speed (Fix Center)

25.67
25.67
25.67
25.62
25.62
24.92

76.40
76.40
76.40
76.50
76.51
77.41

Figure 4.34 Actual grid points that GFDL Vortex Tracker used to calculate the average 850hPa tangential wind
speed (below, m/s), and actual 850hPa wind speed (middle, m/s), and same grid points with GrADS’ values (top,
m/s).

Generally, for MSLP, maximum 10-m wind speed, 850hPa vorticity, 700hPa vorticity, pressure and
radius of the last closed isobar and radius of 34 knots wind speed, values and changes are the same
as mentioned in section 4.2.2-4.2.5. All plots can be found in Appendix C. Vortex Tracker’s output
are same when 850hPa wind speed threshold values are 0.1 and 1.5 m/s for each resolution. ECMWF
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1.0 has complete records for all 850hPa wind speed threshold values. Meanwhile, ECMWF 0.1, 0.2
and 0.5 have incomplete records when threshold values are 15 and 20 m/s. The missing record of a
certain forecast time means no tropical cyclone is found by Vortex Tracker. All three resolutions
missed records at forecast time 12 when the threshold value is 15m/s. As to 20 m/s, they all start at
forecast time 6 then stopped. Subsequently, 0.1 started again at time 54, 0.2at time 60 and 0.5 at
time 30. Besides, 0.1 did not have records at time 60. The pressure gradients threshold was set as
default 0.15hPa/m the whole time.
To check the values of average 850hPa wind speed, for each resolution the average 850hPa wind
speed of GrADS and Vortex Tracker output at forecast time 6, 12, 54 and 60 are listed in Table 4.8
and 4.9. GrADS’ values are calculated in a rectangle grid based on Vortex Tracker’s grid (Figure 4.34)
that the center is from minimum 850hPa wind speed parameter position fix. The differences of actual
850hPa wind speed between GrADS and Vortex Tracker are less than 1m/s for most of the forecast
times (Table 4.8 and 4.10). Vortex Tracker uses tangential velocity instead of the real 850hPa wind
speed. For ECMWF 0.5 and 1.0, the values are close between Vortex Tracker and GrADS (Table 4.8
and 4.9). However, for ECMWF 0.1 and 0.2, the tangential values from Vortex Tracker are lower
than the real wind of Vortex Tracker.
Forecast time 54 of ECMWF 0.2 is selected. It’s clear that the average value of forecast time 54 from
GrADS is smaller than Vortex Tracker calculation (Figure 4.35) that the wind below 20m/s takes up
1/3 of the whole grid. When only wind speed from the same grid points of Vortex Tracker’s
calculation are selected, the GrADS’ average wind speed is close to Vortex Tracker’s, which is
24.7978m/s (Figure 4.34). Vortex Tracker skips grid points for high-resolution input data, which helps
to give better results of average 850hPa wind speed. For coarse resolutions, the input grids are
interpolated into a high resolution’s grid but the number of the data remains the same. This explains
that ECMWF 1.0 has complete records.
Table 4.8 Average 850hPa Wind Speed (m/s) Calculated by GrADS of Selected Forecast Time
ECMWF Average 850hPa Wind Speed by GrADS (m/s)
Forecast Time
(hour)
0.1
0.2
0.5
1.0
6
22.7
22.1
21.4
21.4
12
18.7
18.3
17.8
21.7
54
25.9
25.0
29.6
29.5
60
27.4
26.4
30.3
28.8

Table 4.9 Average 850hPa Tangential Wind Speed (m/s) Read by Vortex Tracker of Selected Forecast Time
ECMWF Average 850hPa Wind Speed by Vortex Tracker (m/s)
Forecast Time
(hour)
0.1
0.2
0.5
1.0
6
22.0
21.9
21.9
21.2
12
14.2
14.2
14.2
20.8
54
19.0
18.5
30.3
29.6
60
19.9
19.9
31.7
29.8

Table 4.10 Average 850hPa Wind Speed (m/s) Calculated from Vortex Tracker Run Log File of Selected Forecast
Time
ECMWF Average 850hPa Wind Speed by Vortex Tracker (m/s)
Forecast Time
(hour)
0.1
0.2
0.5
1.0
6
22.9
22.7
22.7
21.8
12
18.6
18.5
18.6
21.7
54
25.7
25.4
30.6
29.8
60
27.7
27.3
32.0
30.0
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Figure 4.35 Sea Level Pressure (contour, Pa) and 850hPa wind speed (shaded, m/s) at forecast time 54 of
ECMWF 0.2.

4.3.1 Wind radii in NE quadrant of 50 and 64 knots wind
For ECMWF 1.0°, the results are same as pressure gradient section (Figure 4.28, 4.29 and Figure 4.32,
4.33). However, for ECMWF 0.1 0.2, the radius of 50 and 64knots wind in NE quadrant of 1.5m/s
and 15m/s threshold values are different (Figure 4.37 and 4.38). Results of 850hPa wind speed
0.1m/s and 1.5m/s are the same. However, when threshold values increase into 15m/s and 20m/s,
the radius of 50 and 64knots wind are slightly different at several forecast times for 0.1, 0.2 and
0.5. Notably for 0.5, at forecast time 114, the radius of 50 knots wind in the northeast quadrant are
111nm and 69nm for 20m/s and 1.5m/s threshold respectively. From the Vortex Tracker run log, the
center to search for the wind radii in the quadrant are close, (36.02N, 75.78W) and (36.03N, 75.8W)
correspondingly. As shown in Figure 4.36, in the NE quadrant, the two farthest 50 knots wind are in
the grid point (36N, 73.5W) and (36.5N, 74.5W). The actual output center is (36N, 75.8W). Vortex
Tracker calculates the wind radii in the quadrant with the maximum radius as 650km (× 0.539638 =
350.76 nautical miles). The distances between these locations are listed in Table 4.11. It seems that
Vortex Tracker’s interpolation and calculation of parameters between grid points may still be
unstable.
Table 4.11 Centers of Different 850hPa Wind Sped Threshold Values and the Corresponding Distance to the
Two Furthest Grid Points in the NE Quadrant
850hPa Wind Speed Threshold
Center for Wind
Distance to (36N, 73.5W) Distance to (36.5N, 74.5W)
(m/s)
Radii
(nm)
(nm)
1.5
36.03N, 75.8W
112
69
15
36.01N, 75.78W
111
69
20
36.02N, 75.78W
111
68
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Figure 4.36 10-m wind speed (knots) of ECMWF 0.5° at forecast time 114 by GrADS (shaded with values in the
grid).

Figure4. 37 Wind radii within northeast(NE) quadrant of 50 knots wind (nautical miles) with four ECMWF
resolutions of 0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20m/s (lower right) 850hPa
wind speed, 0.1 (red), 0.2 (blue), 0.5 (yellow), and 1.0 (black). Value 0 means that the wind exceeds the 50
knots threshold but not in NE direction. No value means any records of wind radii that maximum 10-m wind is
less than 50 knots threshold in all four directions.
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Figure4. 38 Wind radii within northeast(NE) quadrant of 64 knots wind (nautical miles) with four ECMWF
resolutions of 0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20m/s (lower right) 850hPa
wind speed, 0.1 (red), 0.2 (blue), 0.5 (yellow), and 1.0 (black). Value 0 means that the wind exceeds the 64
knots threshold but not in NE direction. No value means any records of wind radii that maximum 10-m wind is
less than 64 knots threshold in all four directions.

4.3.2 15Pa/km Pressure Gradient Threshold & 15/20m/s 850hPa Wind Speed
Since the threshold check first checks the pressure gradient, thus only when a valid pressure gradient
is found will 850hPa wind speed threshold be checked subsequently. Generally, incomplete results
are recorded when pressure gradient increases till 15Pa/km and 850hPa wind speed are 15m/s and
20m/s separately. Therefore, when combining different values of two thresholds (Table 3.1), the
changes and values of all parameters are the same as shown in pressure gradients threshold and
850hPa wind speed threshold sections. Also, the starting and ending time of the results are the same
as mentioned in Section 4.2.2. Specifically, the recorded values and changes are same as the default
values of pressure gradients and 850hPa wind speed threshold.

4.4 Tracks of four resolutions of ECMWF data
From Vortex Tracker’s output, the centers of four resolutions are almost the same for most of the
time (see Figure 4.41). This makes sense since the data are all from the same ECMWF Operational
Model. Still, at time 6, 24, 30, 36, 54 and 90, four resolutions’ centers are different. At forecast time
84 and 90, two MSLP centers of 1.0° are in the same location (Figure 4.39). Meanwhile, the two
centers of ECMWF 0.5 are different (Figure 4.40). Read from GrADS, all centers of the ECMWF
resolutions are listed in Table 4.12 that confirms the locations of 1.0° at forecast time 84 and 90 are
the same. However, from the Vortex Tracker output, these two locations differ with (30.5N, 77.1W)
and (31.2N, 76.8W) respectively. Referring to Figure 4.13, the values of MSLP from GrADS and Vortex
Tracker are almost identical for ECMWF 0.1. For ECMWF 1.0, the MSLP values of Vortex Tracker’s
output are 962hPa and 950hPa at forecast time 84 and 90, while GrADS’ MSLP are 96172.9Pa and
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94952.7Pa. The possible explanation of this ‘error’ is caused by the interpolation by ECMWF
Operational Model. For 1.0°, the longitudinal and latitudinal intervals are both 1 degree, which leads
to the values of coordinates are rounded numbers with no decimal fractions.

Figure 4.39 Sea Level Pressure(Pa) at forecast time 84 (left) and forecast time 90 (right) for ECMWF 1.0.

Figure 4.40 Sea Level Pressure (Pa) at forecast time 84 (left) and forecast time 90 (right) for ECMWF 0.5.
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Table 4.12 Coordinates of Minimum Sea Level Pressure of ECMWF Four Resolutions with Vortex Tracker Output
and GrADS Output
Forecast time
(hour)
6
12
18
24
30
36
42
48
54
60
66
72
78
84
90
96
102
108
114
120
126
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ECMWF
Vortex
Tracker
20.5N
71.2W
20.7N
71.9W
21.1N
72.7W
21.6N
73.5W
22.3N
74.4W
22.9N
75.1W
23.6N
75.8W
24.5N
76.3W
25.6N
76.7W
26.6N
76.8W
27.6N
77.1W
28.8N
77W
29.8N
77.2W
30.5N
77.1W
31.3N
76.9W
32.4N
76.4W
33.5N
76.1W
34.8N
75.8W
36N
75.8W
37.2N
75.5W
38.6N
75.3W

ECMWF
GrADS
20.5N
71.1W
20.9N
71.7W
21.3N
72.6W
21.7N
73.4W
22.4N
74.2W
23N
74.9W
23.8N
75.6W
24.7N
76.2W
25.6N
76.5W
26.7N
76.6W
27.7N
76.9W
28.8N
76.9W
29.8N
77.2W
30.5N
77W
31.3N
76.7W
32.4N
76.4W
33.5N
75.9W
34.9N
75.7W
36N
75.8W
37.3N
75.5W
38.6N
75.3W

Vortex
Tracker
20.5N
71.2W
20.7N
71.9W
21.1N
72.7W
21.6N
73.6W
22.2N
74.4W
22.9N
75W
23.6N
75.8W
24.5N
76.4W
25.6N
76.6W
26.6N
76.8W
27.7N
77W
28.8N
76.9W
29.8N
77.1W
30.5N
77.1W
31.3N
76.7W
32.4N
76.4W
33.5N
76W
34.8N
75.8W
36N
75.8W
37.3N
75.5W
38.7N
75.3W

ECMWF
GrADS
20.6N
71.2W
21N
71.8W
21.4N
72.6W
21.8N
73.4W
22.4N
74.2W
23N
74.8W
23.8N
75.6W
24.6N
76.2W
25.6N
76.4W
26.8N
76.6W
27.6N
77W
28.8N
76.8W
29.8N
77.2W
30.4N
77W
31.4N
76.6W
32.4N
76.4W
33.6N
76W
34.8N
75.8W
36N
75.8W
37.4N
75.4W
38.6N
75.4W

Vortex
Tracker
20.4N
71.1W
20.8N
71.8W
21.1N
72.7W
21.6N
73.4W
22.3N
74.3W
23N
75W
23.8N
75.7W
24.6N
76.2W
25.7N
76.5W
26.7N
76.7W
27.7N
77W
28.8N
77W
29.8N
77.2W
30.5N
77.1W
31.3N
76.8W
32.4N
76.4W
33.6N
76.1W
34.8N
75.8W
36N
75.8W
37.3N
75.6W
38.6N
75.3W

ECMWF
GrADS
20.5N
71W
21N
71.5W
21.5N
72.5W
21.5N
73.5W
22.5N
74W
23N
75W
24N
75.5W
24.5N
76W
25.5N
76.5W
26.5N
76.5W
27.5N
77W
29N
77W
30N
77W
30.5N
77W
31.5N
77W
32.5N
76.5W
33.5N
76W
35N
76W
36N
75.5W
37.5N
75.5W
38.5N
75.5W

Vortex
Tracker
20.4N
71.6W
20.9N
71.9W
21.1N
72.7W
21.8N
73.3W
22.3N
74.2W
23N
75W
23.8N
75.8W
24.8N
76.2W
25.7N
76.4W
26.8N
76.8W
27.8N
77W
28.9N
77W
29.9N
77.2W
30.5N
77.1W
31.2N
76.8W
32.3N
76.4W
33.5N
76.1W
34.8N
75.8W
36N
75.8W
37.2N
75.5W
38.7N
75.3W

GrADS
20N
71W
21N
72W
21N
73W
22N
73W
22N
74W
23N
75W
24N
76W
25N
76W
26N
76W
27N
77W
28N
77W
29N
77W
30N
77W
31N
77W
31N
77W
32N
76W
34N
76W
35N
76W
36N
76W
37N
76W
39N
75W

)
Figure4.41 Tracks of four ECMWF resolutions from Vortex Tracker output, which 0.1 (white square), 0.2 (red
triangle), 0.5 (black circle x), 1.0(yellow*) and NHC observations (black x).
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Chapter 5 Discussion and Conclusion
Research Question 1: What is the effect of high resolution on the Vortex Tracker output?
Sub-question: Will HWRF Model have better results than ECMWF Model?
Generally, the results show that the HWRF model has better results than ECMWF operational model.
Compared to ECMWF Model, HWRF Model’s results are closer to the real observations. HWRF model
presents a better track than all resolutions of ECMWF model. HWRF model is indeed a highresolution model that is designed for hurricane analysis and ECMWF model is not. Still, by comparing
the actual values of MSLP and 10-m wind speed to the NHC observations, both models’ results are
slightly different from the observations. Since the output from HWRF and ECMWF Model are both
the forecast of Hurricane Irene, the actual results are reasonable that they are different from the
NHC best observations.
For the four ECMWF resolutions results, 0.1 has better results than the other resolutions. 0.1 has
the highest (lowest) values of all parameters and closest to the real observations. The values of
ECMWF 0.1 and 0.2 of all the parameters are close. Manganelloet al., (2012) investigated different
resolutions of ECMWF Integrated Forecast system and found out that high resolutions up to 16km
(T1279) and 10km (T2047) had similar results of cyclone intensities. The reason that causes this
similarity is the interpolation by ECMWF Operational Model. In this study, the original resolution
from ECMWF operational model is 16km (T1279) and then all resolutions’ data are smoothed by that.
Results of each parameter are slightly different from each other. Compared to observations,
minimum sea level pressures of four ECMWF resolutions continue dropping after actual lowest MSLP
was reached at forecast time 60. Among four resolutions, 0.1 has the lowest MSLP and 1.0 has the
highest. For maximum 10-m wind speed, 0.5 and 1.0 have lower values than 0.1 and 0.2. Values
of 0.5 and 1.0 are rather smaller that they are not within the various observations before the
forecast time 36. This also explains that the incomplete records of 64 knots wind radii of 0.5 and
1.0 and 0.1 and 0.2 have rather completed records of 34, 50 and 64 knots wind radii. However,
the locations of centers for all four resolutions are almost the same but still deviate from the NHC
best track. To present the last closed isobars, ECMWF 0.1 resolution’s pressure difference and
radius of the last closed isobars are most stable among all resolutions.
Research Question 2: What is the effect of threshold parameters on the Vortex Tracker output?
To analyze Hurricane Irene case, GFDL Vortex Tracker adopts Barnes’ Analysis to detect centers and
then track through 6-hourly times. By looking into ECMWF model’s output data with GrADS, the
output of Vortex Tracker of sea level pressure, wind speed and vorticity are consistent with input
data. However, for pressure gradients, the actual values from Vortex Tracker’s calculation are not
same with GrADS’ local pressure gradients. Minimum sea level pressure from Barnes’ analysis
calculation may lead to different locations from where the actual lowest values are at. First Barnes’
Analysis is a highly-efficient method that can save running time by reducing the grid points of high
resolutions’ data. Also, it uses a newly defined small grid within the original input data grid and then
searches for the maximum/minimum values.
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To ensure the credibility of the output, Vortex Tracker does multi calculations of Barnes’ Analysis
with vorticity, geopotential height, wind speed and sea level pressure. Besides, the threshold check
of pressure gradients and average 850hPa tangential wind speed are performed to ensure the
reliability of Vortex Tracker’s output. High values of two threshold values cannot guarantee the
accuracy of the output. Too high values can skip weak tropical cyclones. For Hurricane Irene, when
pressure gradient increases into 15hPa/km and average 850hPa tangential wind speed increases into
15m/s, the output are successive but not fully recorded through the whole forecast time. The values
of two thresholds depend on the strength of investigated tropical cyclones. If the resolutions of
model data are high enough, relatively small values of thresholds cannot change the output. In this
way, the two thresholds’ values need to be controlled within a relatively small range, especially for
the forecast of developing tropical cyclones. Moreover, ECMWF 1.0 is the least affected by the high
threshold values. However, about the values of two thresholds, ECMWF 0.5 differs most between
the actual values read by GrADS and Vortex Tracker calculation.
Additionally, according to Walsh et al., (2007), 10-m wind speed should be used as the criteria to
detect tropical cyclones. To check with his criteria, the minimum 10-m wind speeds are 17.5, 17.3,
16.5 and 15 m/s for resolution of 0.1°, 0.2°, 0.5°, and 1.0° respectively. In this study, the lowest 10-m
wind of all ECMWF resolutions is 21.6m/s of 1.0°. However, 10-m wind speed cannot be the only
determined parameter to define the tropical cyclones. Besides the detection of tropical cyclones, 10m wind speed is also used to categorize the hurricane strength [8]. Indeed, Vortex Tracker takes 10m wind speed as a secondary parameter to fix the tropical cyclones’ centers.
To compare with other detection algorithms (see Appendix A), within the Vortex tracker, the
temperature was not used. Besides, the detection algorithms change upon different ocean basins
and study purposes. This study is the case study of Hurricane Irene in the North Atlantic Ocean. Also,
the detection and tracking algorithm from the GFDL Vortex Tracker is limited to apply different
methods. Furthermore, the study can be extended by adding thermal sections during the tropical
cyclones detection and tracking within a long period.
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Appendix A Detection Algorithms of Tropical Cyclones
To detect the tropical cyclones, different detection methods are used in the past. Detection
algorithm is the criteria to identify and analyze tropical cyclones. Dynamic and statistic methods are
wildly used. Of most detection algorithms, the key step is to define different threshold values of
selected parameters. A tropical cyclone will be detected and then tracked only when exceeding those
threshold values of chosen criteria. In the past years, detection algorithm has been revised and
changed all the time due to the development and improvement of the model. Various detection
algorithms can be seen in Table 1.
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Table 1 Summary of key parameters in different detection algorithm.

References

(Camargo &
Zebiak,
2002)

(Murakami et al., 2015)

(Knutson et al., 2007)

(Rathmann & Kaas,
2014)

(Zhao et al., 2009)

850hPa relative
vorticity

2.6*10-6

\

1.6 × 10–4 s–1

3.5 × 10−5 s−1

1.6 × 10−4 s−1

maximum surface
wind speed

10.4

0.51 m/s

\

\

\

minimum sea level
pressure

\

\

The surface pressure increases
by at least 4 hPa from the storm
center within a radius of 5°.

Within an approximately
12.375° × 12.375°
bounding box.

\

A warm-core structure
ΔT≡ΔT700hPa +ΔT 500hPa
+ΔT300hPa

The local maximum
temperature averaged
between 300 and 500 hPa is
defined as the center of the
warm core.

threshold
temperature anomaly
averaged over
300,500 and 700hPa

all positive
between 300 and 500
T300>T850

The closest local maximum in
temperature averaged between
300 and 500 hPa is defined as
the center of the warm core.

1.9K

>=1K

V850hPa.
mean speed average
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V850hPa,max > V300hPa,max ;
\

V300hPa

>1.5K

\

\
V850hPa,max ≥ 15 m/s

resolution( grid size)

T42
resolution

various upon the three
models and the
components
GFDL

model

ECHAM4.5

FLOR
HiFLOR

data input

10m wind
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18km (1/6 degree)

T159(125km)

50 km resolution

Geophysical Fluid Dynamics
Laboratory Regional
Atmospheric Model

EC-Earth

North American Regional
Climate Change Assessment
Program

6 hourly

6 hourly

6 hourly

\

6 hourly

\

The maximum 10-m
wind inside the set of
closed contours is
considered to be the
maximum wind speed
for the storm at that
time.

\

14.5 m/s

\

Extended from table 1

References

(Murakami, Wang &
Kitoh, 2010)

(Masato & Akira, 2002)

3.0 × 10−5 s−1

35×10-6 s−1

at 850hPa is larger than
15 m/s

at 850hPa 14.0 m/s

at 850hPa is larger than
15 m/s

\

\

\

less than 1020hPa

There is an evident
warm core aloft,
namely, the sum of the
temperature deviations
at 300, 500, and 700hPa
exceeds 2.0, 2.0, 1.0,
and 0.8 K.

The temperature
structure aloft has a
marked warm core such
that the sum of the
temperature deviations
at 300, 500 and 700hPa
exceeds 2 K.

The temperature
structure aloft has a
marked warm core, such
that the sum of the
temperature deviations
at 300, 500, and 700hPa
exceeds 1.2 K

Warm core: The average
temperature difference
from the area mean of
surrounding region at
300hPa, 500hPa, 700hPa
and 850hPa exceeds 3°C.

(LaRow etal., 2008)

(Murakami et al., 2012)

vorticity threshold from
3.5 × 10−5 to 4.5 × 10−5 s−1

AGCM20_3.1,
AGCM20_3.2,
AGCM60_3.1, and
AGCM60_3.21.2 × 10−4,
2.0 × 10−4, 8.0 × 10−5,
and 8.0 × 10−5 s−1

3.5 ×10- s

maximum surface
wind speed

\

maximum wind speed at
850hPa exceeds 17.0,
17.0, 13.0, and 13.0 m/s

minimum sea
level pressure

\

temperature
anomaly averaged
over 300,500 and
700hPa

Local maximum
temperature is detected
between 500 and 200hPa
and defines the warm
core. increased the warmcore temperature
maximum from 0.5 to 6°C

850hPd relative
vorticity
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(Oouchi et al., 2006)

5 -1

mean speed
average

resolution( grid
size)

\

T126

The maximum wind
speed at 850hPa is
greater than the
maximum wind speed at
300hPa.

The maximum wind
speed at 850hPa is
larger than that at
300hPa.

\

Maximum wind speed at
300hPa is less than the
maximum wind speed at
850hPa near the cyclone
center.

20km 60km

TL959 (20 km)

T959L60(20km)

T106

Meteorological
Research Institute
(MRI)/Japan
Meteorological Agency
(JMA) AGCM

Japan Meteorological
Agency (JMA) global
model JMA-GSM8911

model

FSU–COAPS model

MRI-AGCM: 3.1 and 3.2

Meteorological
Research Institute
(MRI)/Japan
Meteorological Agency
(JMA) unified model

data input

\

6 hourly

6 hourly

6 hourly

24 hour

10m wind

\

\

\

\

\
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Appendix B Plots of Pressure Gradients Threshold

Figure 1 Minimum sea level pressure (hPa) with four ECMWF resolution of rest pressure gradients,

0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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Figure 2 Maximum 10-m wind speed (knots) with four ECMWF resolution of rest pressure gradients,

0.1(red), 0.2(blue), 0.5(yellow), and 1.0(black).
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-1

-6

Figure 3 Mean 700hPa vorticity (s ×10 ) with four ECMWF resolution of rest pressure gradients,

0.1(red), 0.2(blue), 0.5(yellow), and 1.0(black).
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-6

Figure 4 Max 700hPa vorticity (s ×10 )with four ECMWF resolution of rest pressure gradients,

0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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-6

Figure 5 Mean 850hPa vorticity (s ×10 ) with four ECMWF resolution of rest pressure gradients,

0.1(red), 0.2(blue), 0.5(yellow), and 1.0(black).
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-6

Figure 6 Max 850hPa vorticity (s ×10 ) with four ECMWF resolution of rest pressure gradients,

0.1(red),0.2(blue),0.5(yellow), and 1.0(black)

59 | P a g e

Figure 7 Sea level pressure at last closed isobars (hPa) with four ECMWF resolution of rest pressure

gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black)
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Figure8 Radius of last closed isobars (nautical miles) with four ECMWF resolution of rest pressure
gradients, 0.1(red),0.2(blue),0.5(yellow), and 1.0(black).
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Figure9 Distance of 34 knots wind in NW direction (nautical miles) with four ECMWF resolutions of all
pressure gradients, 0.1(red), 0.2(blue), 0.5(yellow), and1.0 (black).
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Figure10 Distance of 50 knots wind in NW direction (nautical miles) with four ECMWF resolution of
all pressure gradients, 0.1(red), 0.2(blue), 0.5(yellow), and 1.0(black).
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Figure11 Distance of 64 knots wind in NW direction (nautical miles) with four ECMWF resolution of
all pressure gradients, 0.1(red), 0.2(blue), 0.5(yellow), and 1.0(black).
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Appendix C Plots of 850hPa Wind Speed Threshold

Figure1 Minimum sea level pressure (hPa) with four ECMWF resolution of 0.1 m/s (upper left), 1.5
m/s (upper right), 15m/s (lower left) and 20 m/s (lower right) 850hPa wind speed, 0.1(red),0.2
(blue),0.5 (yellow), and 1.0 (black).
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Figure2 Maximum 10-m wind speed (knots) with four ECMWF resolution of 0.1 m/s (upper left), 1.5
m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed, 0.1(red), 0.2
(blue), 0.5 (yellow), and 1.0 (black).
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Figure3 Maximum 850hPa vorticity (s-1×10-6)with four ECMWF resolution of 0.1 m/s (upper left), 1.5
m/s (upper right), 15m/s (lower left ) and 20 m/s(lower right) 850hPa wind speed, 0.1(red),0.2
(blue),0.5 (yellow), and 1.0 (black).

Figure4 Maximum 700hPa vorticity (s-1×10-6)with four ECMWF resolution of 0.1 m/s (upper left), 1.5
m/s (upper right), 15m/s (lower left ) and 20 m/s(lower right) 850hPa wind speed, 0.1(red),0.2
(blue),0.5 (yellow), and 1.0 (black).
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Figure5 Mean 850hPa vorticity (s-1×10-6)with four ECMWF resolution of 0.1 m/s (upper left), 1.5 m/s
(upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed, 0.1(red),0.2
(blue),0.5 (yellow), and 1.0 (black).
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Figure6 Mean 700hPa vorticity (s-1×10-6)with four ECMWF resolution of 0.1 m/s (upper left), 1.5 m/s
(upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed, 0.1(red),0.2
(blue),0.5 (yellow), and 1.0 (black).
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Figure7 Pressure at last closed isobars (hPa) with four ECMWF resolution of 0.1 m/s (upper left), 1.5
m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed, 0.1(red),0.2
(blue),0.5 (yellow), and 1.0 (black).
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Figure8 Radius of last closed isobars (nautical miles) with four ECMWF resolution of 0.1 m/s (upper
left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed,
0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure9 Distance of 34 knots wind in NE quadrant (nautical miles) with four ECMWF resolution of 0.1
m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed,
0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).

72 | P a g e

Figure10 Distance of 34 knots wind in NW quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure11 Distance of 34 knots wind in SE quadrant (nautical miles) with four ECMWF resolution of 0.1
m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed,
0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).

74 | P a g e

Figure12 Distance of 34 knots wind in SW quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure13 Distance of 50 knots wind in NE quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure14 Distance of 50 knots wind in NW quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure15 Distance of 50 knots wind in SE quadrant (nautical miles) with four ECMWF resolution of 0.1
m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed,
0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure16 Distance of 50 knots wind in SW quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure17 Distance of 64 knots wind in NE quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure18 Distance of 64 knots wind in NW quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure19 Distance of 64 knots wind in SE quadrant (nautical miles) with four ECMWF resolution of 0.1
m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind speed,
0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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Figure20 Distance of 64 knots wind in SW quadrant (nautical miles) with four ECMWF resolution of
0.1 m/s (upper left), 1.5 m/s (upper right), 15m/s (lower left) and 20 m/s(lower right) 850hPa wind
speed, 0.1(red),0.2 (blue),0.5 (yellow), and 1.0 (black).
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