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The main historical archive of all tropical storms and hurricanes in the North
Atlantic Ocean, Caribbean Sea, and Gulf of Mexico from 1851-present is known as
HURDAT. This official database of historical Atlantic tropical cyclones (TCs) is
maintained by the National Hurricane Center (NHC). The original database of 6-
hourly tropical cyclone positions and intensities was assembled in the 1960s in
support of the Apollo space program to help provide statistical TC track forecasting
guidance (Landsea et al. 2008; Jarvinen et al. 1984; Neumann, personal
communication). Today, HURDAT is widely utilized and relied upon by many
groups including research scientists conducting climatic change studies (e.g. Landsea
et al. 1999), operational hurricane forecasters, insurance companies, and emergency
managers (Jarrell et al. 1992). The accuracy of the HURDAT database is important
to many; however, the original database contains many systematic biases and random
errors (Landsea et al. 2008). Therefore, a reanalysis of the HURDAT database is
necessary. The Atlantic Hurricane Reanalysis Project (AHRP) is an ongoing effort to
correct the errors in HURDAT, and to provide as accurate of a HURDAT database as
is possible with utilization of all available data. For this thesis, HURDAT is

reanalyzed for the period 1944-1953, the first decade of the “aircraft reconnaissance



2

era.” The track and intensity of each existing tropical cyclone in HURDAT is
reassessed, and previously unrecognized tropical cyclones are noticed, analyzed, and
recommended to the National Hurricane Center Best Track Change Committee
(NHCBTCC) for inclusion into HURDAT (existing TCs may be removed from the
database as well if analyses indicate evidence that no tropical storm existed).
Changes to the number of tropical storms, hurricanes, major hurricanes, accumulated
cyclone energy (ACE), and U.S. landfalling hurricanes are recommended for most of
the years of the decade studied. An error analysis for the decade is also provided. It
is noted that all changes to HURDAT mentioned in this thesis are preliminary and
have not yet been approved by the NHCBTCC.

In addition to the HURDAT reanalysis, the second part of this study is
conducted to determine whether the apparent recent increase in Atlantic Basin Saffir-
Simpson Hurricane Wind Scale (SSHWS) Category 5 hurricanes is real or whether
the increase is an artifact of recent technological advances and better observational
capabilities. Several previous studies have stated that there has been an increase in
the number of intense hurricanes both in the Atlantic Ocean and globally (e.g.
Webster et al. 2005) and attribute this increase to anthropogenic global warming
(AGW) and/or global climate change. Other studies (e.g. Landsea 2007) claim that
the apparent increased hurricane activity in the record is an artifact of better
observational capabilities and improved technology for detecting these intense
hurricanes. This study delves deeper into the question of whether the recently
observed increase in the number of Category 5 hurricanes in the Atlantic basin (late

1940s vs. 1990s-2000s period) is an artifact of better observations/technology or



rather possibly due to climate changes. Ten Category 5 hurricanes were recorded in
the Atlantic Basin from 1992-2007 [Hurricane Andrew (1992) to Hurricane Felix
(2007)]. A new (fairly objective) methodology was created to determine how many
of these ten recent Category 5s would have been recorded as Category 5s if they had
occurred during the late 1940s using only the observations that would have been
available with late 1940s technology. A new best track intensity was drawn for the
entire lifetime of these ten recent Category 5s (using late 1940s technology), and it is
found that only two of these ten (Andrew and Mitch) would have been recorded as
Category 5 hurricanes if they had occurred during the late 1940s period. The results
suggest that intensity estimates for extreme tropical cyclones prior to the satellite era

are unreliable.
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CHAPTER 1
PURPOSE AND OBJECTIVES

This thesis explains the reanalysis of the Atlantic hurricane database for the period
1944-1953 (the first decade of aircraft reconnaissance). Since the original database was
developed in the 1960s, HURDAT has been utilized for many purposes including “setting
appropriate building codes for coastal zones, risk assessment for emergency managers,
analysis of potential losses for insurance and business interests, intensity forecasting
techniques, verification of official and model projections of track and intensity, seasonal
forecasting, and climatic change studies” (Landsea et al. 2008). However, the original
database was not designed with these purposes in mind, and recent studies depend on a
complete and unbiased database. For these reasons, the main objective of the Atlantic
Hurricane Reanalysis Project is to improve the accuracy and completeness of HURDAT
(or, at the very least, to understand and to quantify the existing biases). This reanalysis is
necessary to correct the many random errors and systematic biases in HURDAT. Also,
new data sources have become available recently containing observations from past
decades, and it is essential that all available observations from these sources are utilized
for the reanalysis. Another objective is to provide landfall parameters for U.S.
landfalling hurricanes because many of the intensities have not been specified at landfall
and are not accurate. Furthermore, there were TCs that existed but were not included in
the original HURDAT database. Many of these TCs were noticed due to the recent
availability of new data sources. Analyses are conducted for these missing storms, and
they are recommended for inclusion into HURDAT. Also, any cyclones in HURDAT

that are found to not have actually been tropical cyclones are removed from HURDAT.



In addition to the reanalysis of the HURDAT database, a study was performed to
determine whether the recent increase in the number of Category 5 hurricanes in
HURDAT is real or an artifact of recent technological advances and better observational
coverage to detect these intense hurricanes. Numerous recent studies (e.g. Webster et al.
2005) relate increases in the number of intense hurricanes to AGW. Other studies, such
as Landsea (2007) and Landsea et al. (2010) show that recent technological advances and
improved observational capabilities have allowed better detection of TCs. Although the
two latter studies focus mainly on TC frequency instead of intensity, the main concept
from those studies can be applied here. The observational network during the late 1940s
was not as complete as it is today, and better technological advances for monitoring TCs
(satellites- geostationary, polar orbiting, microwave, scatterometer; dense coastal radar
network; dropsondes, SFMR, and better aircraft radars, etc.) were invented after the late
1940s. These improvements in technology and observational capabilities with time are
nicely illustrated by McAdie et al. (2009) and are depicted in Figure 2. Most of the ten
Category 5 hurricanes in the Atlantic from 1992-2007 were only at Category 5 strength
for a short period of time. For example, Hurricanes Katrina and Wilma of 2005 were
only Category 5 hurricanes for 18 hours each, and Hurricane Emily (2005) was only a
Category 5 for six hours, and none of those three storms made landfall as a Category 5.
Because of the improved monitoring capabilities coupled with the very short duration of
Category 5 hurricanes at that intensity, the question to be addressed with this study is:
How intense would the ten recent Category 5 hurricanes have been if these cyclones had

occurred during the late 1940s?



The Atlantic hurricane database contains many random errors and systematic biases
(Landsea et al. 2008, 2004a). Some of the random errors include errors to the
track/position of tropical cyclones at given times from the true position due to uncertainty
based on lack of available observations. Random intensity errors can also arise on days
when there are a lack of sufficient observations near a TC. It can be argued that when
there are a lack of observations near the center, the intensity of the TC may have been
underestimated in HURDAT, therefore making this a bias rather than a random error;
however, although that may be true more often than not, overestimating the intensity in
certain situations with a lack of data may have occurred occasionally as well.

The many systematic biases contained in the original HURDAT database are
usually more noticeable and quantifiable than the random errors. When the original
database was constructed, the position and intensity of TCs were estimated only twice
daily (at 00Z and 12Z) during the 1944-1953 period. The 06Z and 18Z positions and
intensities were interpolated (Jarvinen et al. 1984, Landsea et al. 2008). This
interpolation often created intensity inaccuracies for landfalling hurricanes. As in
Landsea et al. (2008), which describes the reanalysis of the 1911-1920 Atlantic hurricane
seasons, it was found here that for numerous TCs during the first decade of aircraft
reconnaissance that the translational velocities at the beginning and/or the end of TC
tracks often showed unrealistic accelerations or decelerations because of the digitization
of hand drawn track maps back in the 1960s during the compilation of the original
HURDAT database (see Figure 1). Some of the systematic biases appeared in the
original HURDAT database because the understanding of tropical cyclones was not as

advanced as it is today. For example, knowledge of pressure-wind relationships and
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Figure 1. Examples of rapid accelerations and decelerations during the first or last six hours of tracks
in HURDAT originally.




knowledge of how wind speed changes with height in TCs were both limited. In many
cases, the reported maximum flight-level wind was the wind speed placed into the
original HURDAT database. Furthermore, wind speed estimates and measurements
provided by aircraft reconnaissance in the pre-satellite era contained a systematic high
bias (Neumann, personal communication). These measurements became more accurate
during the 1970s with the invention of an inertial navigation system on the P-3 aircraft
(Hugh Willoughby, personal communication). Landsea (1993) documents an artificial
change to the central pressure-maximum wind relationship from the 1940s — 60s period
compared with the 1970s — 80s period. This artificial change is due to changes in
maximum wind measuring and estimating techniques. It is important to note that there
have been no changes with techniques used for measuring central pressure (Landsea
1993). The bias of the earlier years, which includes the first decade of aircraft
reconnaissance, is confirmed by the research conducted in the present study- available
aircraft central pressure observations are compared with the maximum wind speed
reported, and on numerous occasions, maximum wind speeds derived from central
pressures using the Brown et al. (2006) pressure-wind relationships are 20 to sometimes
more than 40 kt less than the estimated maximum wind speed of the storm as provided by
the flight aerologist. This inconsistency likely arose from three factors- insufficient
knowledge of pressure-wind relationships, insufficient knowledge of wind speed change
with height, and inaccurate wind speed measuring/estimating techniques. Another
systematic bias is that the Saffir-Simpson Hurricane Wind Scale (SSHWS) categories for
U.S. hurricane landfalls, first assigned by Herbert and Taylor (1975), do not match up

with the maximum wind speed at landfall (Landsea et al. 2008). This is because those



designations were based on central pressure rather than maximum sustained wind speeds.
Today, the SSHWS category is determined by maximum wind speed. For the reanalysis,
detailed landfall parameters are analyzed and added to HURDAT including consistency
between the maximum wind and the Saffir-Simpson category at U.S. landfall.

Many users of HURDAT have requested that these aforementioned landfall
parameters be provided in HURDAT for U.S. landfalling hurricanes. Since the
HURDAT database did not previously contain landfall parameters, these parameters are
analyzed and added to HURDAT as part of the reanalysis. These parameters include the
latitude and longitude of the landfalling point to the nearest tenth of a degree, time of
landfall to the nearest hour, intensity (kt) at landfall, central pressure (mb) at landfall,
radius of maximum wind (RMW) (if available), outer closed isobar (OCI) (mb), and
radius of outer closed isobar (ROCI) to the nearest 25 nmi. Without these parameters
available, users of HURDAT could only estimate a few of these parameters such as
location and time of landfall by interpolating the 6-hourly HURDAT position to landfall.
However, hurricanes do not always move in straight paths and at constant speeds.

In addition to reanalyzing each tropical cyclone listed in the HURDAT database
from 1944-1953, a thorough search was conducted for tropical cyclones that existed but
were not originally listed in HURDAT. If a potential TC not existing in HURDAT is
identified, thorough analyses of all available data from all sources are conducted. If the
analyses indicate that the system in question is likely a TC that was previously missed
and therefore undocumented in HURDAT, it is then recommended for inclusion into the
database. More details on the methodology for determining new TCs added to HURDAT

can be found in the next chapter of this thesis.



Intensity error estimates for both the reanalysis and the Category 5 study are
provided in this thesis. For the Category 5 study, the uncertainty estimates in the
intensity values chosen are more straightforward since the intensity is chosen by simply
removing observations (of recent technology) from the analysis. However, for the
HURDAT reanalysis, it is shown that uncertainty varied tremendously from case to case
since there are huge variations in the amount of observations available to analyze the
intensity. Whenever there is significant track or intensity uncertainty for a particular
storm, it is discussed in the metadata section. The methodology regarding intensity
determination of individual TCs on any given day is also discussed in the metadata
section for each TC. In addition, general average intensity errors as well as position
uncertainties for this reanalysis are estimated and discussed later in this thesis for each
type of situation (low-level aircraft penetration, aircraft circumnavigation, no aircraft

flights, etc.).



CHAPTER 2
BACKGROUND INFORMATION

Previous to this study, the AHRP has been completed and approved by the
NHCBTCC for the years 1851-1925 and the new changes have already been made
available to the public (Landsea et al. 2004a, 2008). The preliminary research has
already been conducted for the years 1926-1943, and NHCBTCC is currently reviewing
these years. The current study discusses preliminary changes for the years 1944-1953. It
is important to note that the work for four of the TCs between 1944-1947 was conducted
by others (Donna Strahan and Chris Luckett) prior to the current study (1944 Storm 7-
“The Great Atlantic Hurricane”, 1945 Storms 5 and 9 which made landfall in Texas and
Homestead, FL respectively, and 1947 Storm 4- “The Fort Lauderdale Hurricane”)
(Landsea et al. 2007). For completeness, the metadata from these studies are included in
the appendix. The tables in the results section include the information from these
cyclones. The research conducted here will be submitted to the NHCBTCC together with

the four hurricanes that were reanalyzed by others.

Database of Atlantic Basin Hurricanes- about HURDAT
The HURDAT database contains the positions and intensities of each recorded
Atlantic Basin tropical storm and hurricane from 1851-present. Although this study only
focuses on the reanalysis of HURDAT from 1944-1953, it is important to understand how
observational practices have evolved over time. Since 1851, the observational network
has become more dense, and new tools and technology have been created for better

monitoring TCs. Due to the technological advances described in Landsea (2007) and



McAdie et al. (2009) (see Figure 2), numerous papers have been published since 2005
that use different methods to estimate the number of “missed TCs” for various eras of the
HURDAT database (e.g. Landsea 2007, Vecchi and Knutson 2008, Mann et al. 2007,
Landsea et al. 2010). Prior to the aircraft reconnaissance era, TCs that stayed far away
from any land areas would only be noticed and recorded if a ship encountered the storm
at sea. Beginning in 1944, the first year of aircraft reconnaissance, this was only true for
TCs east of about 55W longitude. Therefore, some studies (e.g. Landsea 2007) have
presumed that there are no missing cyclones in the western half of the Atlantic basin
post-1944. Tt will be shown later in this thesis that several missing storms in the western
half of the basin were identified and added into HURDAT. For the decade studied, the
greatest reasons for missed cyclones in the western half of the basin are due to changes in
analysis techniques and designation practices. A secondary reason is that more data has
recently become available for detecting these cyclones. For cyclones in the eastern half
of the basin or in locations where aircraft reconnaissance was not available, the primary
reason for missed cyclones was a lack of real-time (or operationally available) ship data
for detecting these cyclones. The COADS ship database remains the most useful data
source (which became available in 1987- Woodruff et al.) for locating evidence of
missing TCs in the eastern half of the basin during the reanalysis of the first decade of

aircraft reconnaissance.
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Beaufort Scale

Ships at sea estimated wind speeds by using the Beaufort Scale, created by Sir
Frances Beaufort in 1806. This scale is based on the observed sea state. The scale ranges
from Forces 0 to 12, (0 is a calm wind, and 12 is a hurricane force wind). Ship
observations of wind speed during the 19" century and well into the 20™ century were
estimated using the Beaufort Scale. Table 1 describes the Beaufort Scale. During
situations when a wind observation is only available in Beaufort form, the conversions to
kt listed in the second column of the table are used in the reanalysis. In official military
coding messages, aircraft reconnaissance would report surface wind speed at the location
of the aircraft if the sea-state was visible and was not obscured by clouds. The highest
number that could be reported in the military coding was 12. If a higher surface wind
speed was observed, the aerologist on the flight would use plain text to deliver his wind
speed estimate to the Joint Hurricane Warning Center in Miami, FL, but this information

was sometimes not communicated, inaccurate, or not available.

Pressure-wind relationship
Typically, as the central pressure of a TC decreases, the maximum wind increases.
There was little knowledge of and there were no publications on relating central pressure
to maximum wind speed until a paper was published by Kraft (1961), which only uses a
small sample of surface observations at landfall to derive an empirical relationship.
Brown et al. (2006) derives a revised pressure-wind relationship for Atlantic Basin
tropical cyclones based on a large sample size of aircraft data from 1998-2005. The

observations used for the Brown et al. study are more reliable than the data used for the
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Beaufort
Number

Knots

Description

Specifications at Sea

0

Calm

Sea like a mirror

1

1-3

Light air

Ripples with the appearance of scales are formed,
but without foam crest

2

4-6

Light breeze

Small wavelets, still short but more pronounced;
crests have a glassy appearance and do not break

7-10

Gentle breeze

Large wavelets; crests begin to break; foam of
glassy appearance; perhaps scattered white horses

11-16

Moderate
breeze

Small waves, becoming longer; fairly frequent
white horses

17-21

Fresh breeze

Moderate waves, taking a more pronounced long
form; many white horses are formed (chance of
some spray)

22-27

Strong breeze

Large waves begin to form; the white foam crests
are more extensive everywhere (probably some

spray)

28-33

Near gale

Sea heaps up and white foam from breaking waves
begins to be blown in streaks in the direction of the
wind

34-40

Gale

Moderately high waves of greater length; edges of
crests begin to break into spindrift; foam is blown
in well-marked streaks along the direction of the
wind

41-47

Strong gale

High waves; dense streaks of foam along the
direction of the wind; crests of waves begin to
topple, tumble, and roll over; spray may affect
visibility

10

48-55

Storm

Very high waves with long overhanging crests; the
resulting foam, in great patches, is blown in dense
white streaks along the direction of the wind; on
the whole, the surface of the sea takes on a white
appearance; the tumbling of the sea becomes heavy
and shock-like; visibility affected

11

56-63

Violent storm

Exceptionally high waves (small and medium-sized
ships might be for a time lost to view behind the
waves); the sea completely covered with long
white patches of foam lying along the direction of
the wind; everywhere the edges of wave crests are
blown into froth; visibility affected

12

>63

Hurricane

The air is filled with foam and spray; sea
completely white with driving spray; visibility very
seriously affected

Table 1. Beaufort Wind Scale. Source: Fitzpatrick (1999)
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Kraft study. Brown et al. found that the pressure-wind relationship systematically differs
slightly depending on latitude and whether the cyclone is currently undergoing a
strengthening, weakening, or steady state phase. The Brown et al. pressure-wind
relationship is used for the reanalysis of HURDAT. It should be noted that subsequent to
the Brown et al. publication, Knaff and Zehr (2007) have published a version of the
pressure-wind relationship that takes into account storm size, environmental pressure, and
storm speed in addition to the factors shown in the Brown et al. study. Although the
Knaff-Zehr pressure-wind relationship is an updated and slightly more accurate version
than the Brown et al. relationship, the newest version is not used in the HURDAT
reanalysis. Several decades of the HURDAT reanalysis have already been completed
using the Brown et al. pressure-wind relationship, and it is important that the reanalysis
methodology remains the same for the entire reanalysis for systematic consistency
reasons (to avoid any intensity bias issues from one time period to another). Despite this,
reanalysis methodology described in Landsea et al. (2008) allows for analyzed intensities
to deviate by as much as 10 kt from the Brown et al. pressure-wind relationship for cases
when storm size, RMW, speed, and/or environmental pressure deviate significantly from
average values of these parameters. After this 5 or 10 kt adjustment factor is added or
subtracted on a case-by-case basis, it is believed that the analyzed wind speeds would
show similar accuracy as if the Knaff-Zehr pressure-wind relationship would have been
used. Testing this hypothesis is beyond the scope of this thesis.

Central pressures were measured much more often than the maximum wind speed
in a TC. Also, central pressure measurements were most often more accurate than wind

speed observations and estimates during this decade. The only accurate and truly
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objective wind speed measuring devices that existed were the anemometers at the official
U.S. Weather Bureau stations. But even these were located at different heights, and
many were obscured by buildings and trees.

The Brown et al. pressure-wind relationships are used to translate available central
pressure observations in the reanalysis to maximum wind speed values. For example, a
central pressure of 980 mb for a TC south of 25N latitude with a steady-state intensity
yields a maximum wind speed of 78 kt according to the Brown et al. pressure-wind
relationship. An 80 kt intensity would be chosen for the reanalysis since the precision of
the database is 5 kt. However, if the original HURDAT listed a 75 kt intensity at the time
of the central pressure measurement, the 75 kt intensity would not be changed to 80 kt
because changes are typically only made to the HURDAT intensity when there is
evidence to make greater than a 5 kt change (i.e. a 10 kt change or more).

Central pressure measurements for TCs over the open ocean prior to the aircraft
reconnaissance era were extremely uncommon. After the initiation of aircraft
reconnaissance, central pressure observations were more common, and the Brown et al.
pressure-wind relationship is utilized often during the reanalysis of 1944-1953. During
times when central pressures were measured, the reanalysis of intensity is more accurate

than when central pressures are not available.

Saffir-Simpson Hurricane Wind Scale Categories
The Saffir-Simpson Hurricane Scale (SSHS), a damage scale based on hurricane
intensity, was originally devised by Herbert Saffir (an engineer) and Robert Simpson (a

meteorologist) (Simpson 1974). The scale ranks hurricanes from 1 to 5 based on wind
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speed. Corresponding central pressure and storm surge values were listed in this scale as
well. In 2010, the scale was revised to remove mention of the corresponding storm surge
and central pressure values and to update the wind-caused damage descriptions. The
revised scale (Table 2) is called the Saffir-Simpson Hurricane Wind Scale (SSHWS) —

(see online reference http://www.nhc.noaa.gov/sshws.shtml).

SSHWS Category Winds (kt)
1 64-82
2 83-95
3 96-113
4 114-135
5 > 135

Table 2. Saffir-Simpson Hurricane Wind Scale categories. (Source: http://www.nhc.
noaa.gov/sshws.shtml).
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CHAPTER 3
METHODOLOGY
Many sources of data are utilized for the reanalysis. Two different types of
synoptic maps heavily utilized are the Historical Weather Maps Series (HWM)
(Reichelderfer 1944-1953) and NHC microfilm of synoptic weather maps (microfilm).
HWM (see Figure 3) provides a surface analysis for the entire northern hemisphere once

daily at 127 as well as a once daily 500 mb map. HWM is a series of daily maps that

Historical Weather Map

Figure 3. Historical Weather Map for October 18, 1944 zoomed in to 1944 Storm #13.

16
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were reconstructed by the U.S. Weather Bureau at the end of each decade. Each HWM
series volume is grouped by month and by decade so that all of the maps from September
1-30, 1940-1949, for example, are in the same book. The microfilm synoptic maps,
which are kept only at the National Hurricane Center, were originally constructed
operationally by the U.S. Weather Bureau hurricane forecasters in Miami, FL. These
analyzed maps were utilized as part of the foundation for hurricane forecasting. The
microfilm synoptic maps from every six hours are available in most cases except for TCs
in the eastern half of the Atlantic. South of about 25N latitude, the eastern edge of the
microfilm map was about 55W longitude. This may be because microfilm maps did not
extend beyond the range of aircraft reconnaissance. This could be a reason for missed
TCs in the eastern half of the basin. The Comprehensive Ocean-Atmospheric Dataset
(COADS) first introduced by Woodruff (1987) is a global database containing millions of
ship observations. These observations include wind speed, wind direction, pressure, air
temperature, and SST along with the date/time of the observation and the position of the
ship. The wind and pressure observations can be very useful, especially for ships
involved close to TCs. The temperature observations are important for extratropically
transitioning (ET) TCs to help diagnose the timing of ET. The availability of the
COADS database has provided numerous additional ship observations that were not
available during the real time operational forecasting or the post-season analysis process.
The utilization of COADS along with the HWM and microfilm maps is necessary for the

reanalysis process and has led to numerous changes made to HURDAT.
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The Monthly Weather Review (MWR) provides a monthly chart of cyclone tracks
referred to here as the “MWR tracks of centers of cyclones chart.” This chart is located
towards the back of each monthly issue of MWR. The MWR also provides a descriptive
post-season hurricane summary for the Atlantic as well as a post-season track map. The
post-season summary article (along with the track map) was usually written by a Weather
Bureau forecaster who monitored the TCs throughout the season and kept statistics on the
TCs (e.g. Summer 1944b, 1946a, 1946b 1947, 1948; Zoch 1949; Norton 1951, 1952,
1953a, 1953b). MWR also lists a table of maximum monthly wind speed for U.S. coastal
stations as well as summaries of river flooding. These articles and maps that appeared
routinely in MWR were usually prepared by Weather Bureau employees. The table of
maximum monthly wind speed for coastal stations was obtained by MWR from the
observers of the various U.S. Weather Bureau stations each month. The summary of
river flooding is an article authored by a forecaster similar to the post-season summary
article. Many of the pieces of information utilized that were originally found in MWR
from 1944-1949 were subsequently published in the National Monthly Climatic Data
Summary beginning in 1950. Other sources utilized include the Original Monthly
Records of U.S. Weather Bureau coastal station observations (made available by the
National Climatic Data Center- NCDC), and the Local, State, and National Monthly
Climatological Data Summaries from NCDC. This data contains U.S. coastal station
information and is useful for U.S. landfalling hurricanes and for TCs that pass close to
the coast. Meteorological observations obtained from the meteorological offices of
several Caribbean island countries and Mexico are utilized. Newspaper articles, reports

and personal accounts in publications such as Barnes (1998) and Tucker (1995) are
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utilized. The U.S. Navy weather logbooks are available each year beginning in 1950.
The U.S. Air Weather Service (USAWS) reports (e.g. AWS 1948, 1949, 1951) are vital
as well, but these are not available for the first few years of aircraft reconnaissance.
Several studies are utilized for aid in determining TC intensity. Some of these include
the Brown et al. (2006) pressure-wind relationships, the Kaplan and DeMaria (1995)
Inland Decay Model, the Ho et al. (1987) inland pressure decay model, the Schloemer
equation (Schloemer 1954) for calculating central pressure of a cyclone, the Vickery et
al. (2000) climatological RMW values, and the Schwerdt model (Schwerdt et al. 1979)
for determining the extent of hurricane force winds at landfall. Some of the sources
utilized for landfalling hurricanes include the studies of Connor (1956), Dunn and Miller
(1960), Harris (1963), Jarrell et al. (1992), and Perez et al. (2000). These studies provide
estimates of landfall point, landfall intensity, RMW, OCI, damage, impacts, etc.
“Reanalysis is a process that checks, and if needed, corrects various intensity and
track errors in the original hurricane database. The reanalysis is also done to corroborate
previous analyses in the original HURDAT record. A reanalysis includes an examination
of every available raw observation surrounding a tropical cyclone, including data that
were not available during the original post-season analyses” (Glenn 2005). Glenn’s
statement regarding HURDAT reanalyses for five seasons within 1916-1935 is also
applicable to the reanalysis of the first decade of aircraft reconnaissance. There are
several systematic steps that are included in the research process of reanalyzing the
HURDAT database for each year. The first step while reanalyzing the existing TCs in
HURDAT is to obtain all available raw meteorological data and observations from all

sources and compile these observations into a single database- an Excel spreadsheet. A



Date

14
14
15
16
16
16
16
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
18
18
18
18
18
18
18

Time

18Z
18427
pm
1450Z
08287
12Z
12202

132

141562
14152
152

152

152

18152
18302
19357
11297
11457
1230Z
12457
1830Z
18377

02152
~02457
02457
~0315Z

1012
1005

999¢c
1010
1006
1000

1007
992¢
992¢
1001
1004

1000

1006
978c
1005

971c

973

973
973

35
26
90
90
35
40

55
45
70 fl
70 fl
55
40
75
40

50
80

90

110

70-80

75+
100+

95+ e
75-80

Dir

WNW

ESE
SE

SE

SSE

SW

SE

T/ S
eye
rad
83 80

7 nmi
80
82

10nmi
10nmi

AF
AF
6 nmi
6 nmi
Navy
11nmi
Navy
AF
3 nmi

type/place

SHIP
aircraft
aircraft
aircraft
San Juan
SHIP
SHIP
SHIP
SHIP
aircraft
aircraft
aircraft
SHIP
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
Kingston
Kingston
Kingston
Kingston
Kingston
Kingston
Kingston

Lat

115
112

145
185
161

162
162
160
163
160

163
162

166
174
164
165
182
171

180
180
180
180
180
180
180

Lon

330
535

597
661
660

667
679
673
666
675

683
688

730
727
729
729
758
748

768
768
768
768
768
768
768

Source Identifier Comment
COA 5141
micro center fix
MWR
micro center fix
micro G 40-45
micro California
micro Rockwel  minp
micro Rockwel maxw
micro Rockwel
ATS center fix
micro center fix
micro fl 500 ft fl wind?
micro Sun Valley
micro fl wind? probably
micro fl 40 SE 1600 ft
micro DR center fix
micro 700 Z 9870 ft
micro radar center fix
micro fl 50 ENE 500 ft
micro radio center fix
micro fl50 S 700 ft
micro fl 55 ENE 10,500 ft
micro radar center fix
700 mb Z- 9,400 ft above fix
micro
met mag min p
met mag G 95
micro min p max w
MWR min p
MWR max w
metmag G 105-110 kt est

0¢



18
18
18
18
18
18
18
18
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
20

03-04Z
05-06Z
20457
202
21Z

21127
21457
0z
0z
3Z
127
127
12452
132
132
1330Z
13457
1400Z
14157
1430Z
17302
187
1830Z
1850Z
1930Z
202
2030z
217
21Z
2130z
227
0z

998
1002
1000

982¢c

1003
1008
1007
1005
1003
1005
1007
999

976¢
998

984

1005

1011

1005

999

1008
1002

1000
997

30
20
50
55

75

50
40
50
15
10

24

115

25
50
30
60-70
30
50
40
35
20
40
50
55

ESE
SSE
NW

ENE
ENE

ESE
SE
SE
SW
ENE

NNE

NE

NNE
NNE
NNE
ESE
WNW
NE
SE
NE

79

AF
AF
76
79
76
82

10nmi

80

81

75

85
76

84

85

84

Kingston
Kingston
aircraft

Gr. Cayman
Gr. Cayman
Gr. Cayman
aircraft
aircraft

Gr. Cayman
SHIP

Gr. Cayman
SHIP
Cozumel
aircraft
Cozumel
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
Cozumel
SHIP
Cozumel
aircraft
Cozumel
Cozumel
Cozumel
SHIP

SHIP
Cozumel
SHIP
Cozumel

180
180
180
193
193
193
188
198
193
213
193
181
205
207
205
200
193
196
193
198
205
205
220
205
230
205
205
205
215
186
205
202
205

768
768
818
814
814
814
816
815
814
848
814
841
870
862
870
864
847
856
844
840
844
870
852
870
850
870
870
870
849
865
870
843
870

micro
micro
micro
micro
micro
MWR
micro
micro
micro
COA

micro
COA

micro
micro

or 21372
fl75E

3372

11411

fl 50 NE

Mexican obs EDADS

micro
micro
micro
micro
micro
micro
micro
COA
micro
micro
micro

fl 50 NE
DR

fl 85 SSE
fl 90 SSE
fl80 E
3372

fl wind

Mexican obs EDADS

micro
micro
micro
micro
micro
micro

G 80
center fix
5,000 ft

500 ft

600 ft
center fix

400 ft
400 ft
500 ft
G 34

G 45
9000 ft
G 45

G 60
G50

G 60
G70

1¢



20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

0z

0z

0z

0z

0z
0130Z

0230z
03302
04357
05302
6Z
6Z
6Z
6Z
6Z
6Z
0730z
08302
08302
09302
10302
1130Z
1130Z
127
127
1330Z
1330Z
14302
14302
1530Z
1530Z

1008
1000
1003
1005

965
971

1002
1011
1005
1005
1005
1005

9927
1003
1001

986
1003
988
1003
993
1003

50
40
30
25
20
80

65
40
40
40
40
40
40
30
30
30
20
20
30
20
30
20
30
15
20

30
20
25
20
30
20

ESE
SE
SW
WNW
SSwW
NNE

ESE
SE
SE
SE
ESE
SE
SSE
SSE

NW
ESE

SE

WNW

NNW
WNW
WNW
SW

WNW

79
83
84
83

83
80
80

82

78

85
86

84
88

SHIP
SHIP
SHIP
SHIP
SHIP
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
Cozumel
SHIP
SHIP
SHIP
Merida
Campeche
Cozumel
Merida
Cozumel
Merida
Merida
Merida
Campeche
Campeche
Merida
Merida
Campeche
Merida
Cozumel
Merida
Campeche

205
213
191
186
175
205
205
205
205
205
205
205
205
203
205
205
210
198
205
210
205
210
210
210
198
198
210
210
198
210
205
210
198

846
849
862
867
866
870
870
870
870
870
870
870
870
842
860
860
896
905
870
896
870
896
896
896
905
905
896
896
905
896
870
896
905

micro
micro
COA
COA
COA
micro
micro

Mexican obs EDADS

micro
micro
micro
micro
micro
COA

COA

micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro

532
1111
8012

min p

3372
532

G 95

G 60
G 60
G55
G55
G50

G 45
G23
G 40
G35
G35
G 35-45
G 35-45
G35
G 25

G35
G24
G35
G 25
G 45
G 25

cc



20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
21
21
21
21
21
21
21
21
21
21
21
21
21
21

1730Z
182
2030z
217
21152
2130Z
2130Z
21457
227
22157
2230z
2230z
22437
22437
22457
23157
2330Z
2330z
23457
0z
6Z
127
15382
16Z
182
187
1830Z
18457
19157
19302
19452
21Z
2130Z

998

1006

1003
1001
1002
1000

995
989c
989 |
989
996

1001
1003
1009
1010
1012
988c

1012
1000
997
996
995
1001
1006
1005
1005

25
30
40

40

35

115

115

35

40
35
40
70

35

35

SE
SSE
SE

ESE

SSE

SE

ENE

ESE

NE

Navy

82
83
84
15nmi

88

86
86
84

86

Merida
Merida
Merida
aircraft
aircraft
Merida
aircraft
aircraft
aircraft
aircraft
Merida
aircraft
aircraft
aircraft
aircraft
aircraft
Merida
aircraft
aircraft
SHIP

SHIP

SHIP

aircraft
aircraft
SHIP

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft

210
210
210
232
231
210
225
223
217
211
210
207
206
219
206
209
210
213
217
240
242
242
217
210
244
201
206
212
226
231
238
235
231

896
896
896
900
905
896
909
916
925
926
896
920
915
911
915
909
896
914
915
922
912
896
943
949
954
945
939
933
936
940
944
927
945

micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
micro
ATS

micro
micro
micro
micro
micro
COA
COA
COA
micro
micro
COA
micro
micro
micro
micro
micro
micro
micro
micro

G 45
G 38
G 47
fl40 ESE 500 ft
fl45 E 500 ft
G 52
fl 60 ENE 400 ft
fl 65 NE 500 ft
fl60O NE 600 ft
fl55 N 500 ft
G 43
500 ft
center fix
center fix
fl20 NW 500 ft
fl115 SE 500 ft
G 43
fl65 ENE 600 ft
fl 65 NE 700 ft
57011
57011
57011

fl70N

center fix
fl50 W
4581
fl 60 WNW 800 ft
flé5 SW 700 ft
fle5 S 600 ft
fl100 E 500 ft
fl 80 ENE 500 ft
fl60 E 500 ft
fl40 E 5000 ft
fl60 E 800 ft

€c



21
21
21
21
21
21
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
23
23

21457
227

22157
2230z
22457
22477

0z

0z

97
127
127
132
13262
~1326Z
~1326Z
~13457
1530Z
1630Z
1730Z
182
187
182
182
1830Z
~1915Z
1930Z
2030z
213027
23157

0z
1272

1005
1005
1003
997
983
982¢c

1008
1011
1005
1005
1000
996

972c

998
990
990
976
1003

975
1003
974

973

972
999
1008

100

40
35
40
35
20

130 fl
130 fl
120 fl
701l
45

60
87G95
35-40
40

30

10

35
calm
45

17

95

60

45
20

WNW
WNW
NW
WNW
SSW
WNW

NNW

NE
SE
SE
WSW

ESE
SE

20nmi

83
87
80
80
75

18nmi

78

86

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
SHIP
SHIP
SHIP
SHIP
Tampico
aircraft
aircraft
aircraft
aircraft
aircraft
Tampico
Tampico
Tampico
land
SHIP
Tampico
Tuxpan
Tampico
Tampico
Tampico
Tampico
Tampico
Tampico
aircraft
Tampico
Tampico

226
220
212
205
205
205
218
198
250
206
209
222
232
223
219

216
222
222
222
223
222
222
210
222
222
222
222
222
222
223
222
222

956
960
957
950
943
944
968
963
946
969
971
978
976
968
970

962
978
978
978
985
973
978
974
978
978
978
978
978
978
968
978
978

micro fl 60 NE 800 ft
micro fl60O N 700 ft
micro

micro fl 90 NNW 600 ft
micro fl90 NW 500 ft
ATS DR center fix
micro fl 120 WSW

COA 74712

COA 4581

micro

COA 74712

HWM

micro fl 70 NE 600 ft
micro center fix
micro

ATS center fix
micro 600 ft

micro G75
micro G75
micro, adv, MWR, ATS, Connor
micro

micro

micro

micro

micro

micro

micro

micro

Connor, MWR max w
micro Gto70
micro fl130 N

micro G70
micro

44



Table 3 (previous pages). Raw observations from 1951 Hurricane Charlie. Date = the date during August, 1951; P = pressure (mb),
and “c” implies central pressure whereas “1” implies lowest pressure observed; W = wind speed (kt) where “flI” indicates a flight-level
wind measurement; Dir = wind direction; T = temperature (F) for ships and land stations and Eye rad = eye (or center) radius (nmi)
from aircraft reconnaissance reports (also Navy means the Navy was flying and AF means the Air Force was flying); S = sea-surface
temperature; Sources: COA = COADS, micro = microfilm, MWR = Monthly Weather Review, ATS = Annual Tropical Storm Report,
met mag = Meteorological Magazine (Fowler 1952), Mexican obs were obtained from NCDC, HWM = Historical Weather Map,
Connor is from (Connor 1956), and adv = Weather Bureau public advisories; and Identifier = ship identifier.

14
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listing of raw observations for 1951 Hurricane Charlie are shown in Table 3. It is crucial
to obtain the original observations when available rather than relying upon the secondary
sources which could misinterpret and inadvertently alter the observations. Both the
HWM and microfilm synoptic weather maps are scanned using two special scanners
(both located at the NHC Library in Miami, FL). HWM maps are scanned using a
standard hi-resolution scanner. A much more specialized scanner is utilized for the
microfilm scanning. The maps are scanned and printed out in order to plot all
observations from all sources onto a single synoptic map corresponding to a specific
time. The observations in the aforementioned Excel spreadsheet are plotted onto the
maps one to four times daily for each storm, depending on the amount of data available
on a particular day. The microfilm synoptic map containing some observations plotted
from other sources is shown in Figure 4 for August 19™ at 12Z for 1951 Hurricane
Charlie. After the synoptic observations are plotted and the Excel spreadsheet is
completed, a daily metadata paragraph is written for every TC. (The metadata for all
years of this study is shown in Appendix C.) The metadata includes a description of the
synoptic analyses shown on the HWM and microfilm maps as well as the locations near
which the different sources place the center of the TC or area of low pressure at 12Z each
day. The highlighted observations from each day are also included in the daily metadata
paragraph. Important descriptions or accounts of visual observations, storm damage, etc.
are also included in the daily metadata paragraph. The daily metadata paragraph for

August 18, 1951 for Hurricane Charlie quoted below:
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Figure 4. Synoptic map of August 19, 1951 at 12Z for Hurricane Charlie with
observations plotted.

August 18:

HWM analyzes a hurricane of at most 1000 mb centered near 17.7N, 80.1W. HURDAT
lists this as an 85 kt hurricane at 18.2N, 80.5W. The MWR tracks of centers of cyclones
shows a 127 position near 18.2N, 79.6W with a 980 mb pressure and the MWR post-
season track map shows a 127 position near 18.2N, 80.0W. Microfilm analyzes a closed
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low of at most 1002 mb centered near 18.1N, 79.8W. Land/station highlights: 75-80 kt
estimated highest average wind speed, 95 + kt estimated max wind, and 105-110 kt
estimated max gusts around 02157 to possibly after 03157 at Kingston, Jamaica (micro,
MWR, met mag), 973 mb (min p) around ~0245Z at Kingston, Jamaica (micro, MWR,
met mag); 55 kt ENE G 80 kt and 1000 mb at 21Z at Grand Cayman (micro, MWR,
advisories). One other gale and low pressure at 20Z at Grand Cayman. Aircraft
highlights: Air Force center fix at 21127 at 18.8N, 81.6W with 982 mb central pressure
and 75 kt max flight-level winds encountered at 5,500 feet at 19.8N, 81.5W (ATS, micro).
One other low pressure. “The center skirted the south coast of Jamaica during the night
of the 1 7" and the entire island had destructive winds, which caused the worst hurricane
disaster of the century on Jamaica. Property and crop damage was estimated at
350,000,000, 152 persons killed, and 2,000 others injured, and about 25,000 made
homeless. The strongest wind at Kingston was estimated at over 110 mph; lowest
pressure [measured] 28.74 inches (973 mb); and rainfall 17 inches. The center passed
several miles south of the city” (MWR). “Center of hurricane passed just south of
Palisadoes at 18/0315 GMT. Wind exceeded 100 kt. Lowest pressure 973 mb by
barograph. Rainfall 430 mm plus. Weather office wrecked and all coms dislocated”
(micro). “The strongest wind at Jamaica was 110 miles per hour” (Tannehill). “The
eastern parishes [of Jamaica] were the first to be affected... torrential rain and winds of
80-90 mph being experienced by about [0130Z]. These conditions moved slowly
westward over the southern half of Jamaica and finally cleared the extreme west by
[10Z]. The hurricane struck Kingston at [0245Z] when the wind suddenly increased to
an average speed of over 85 mph with gusts in excess of 110 mph. This approximation is
necessary as the two recording wind instruments in the district ceased to register above
these limits. There have been rumors that other anemometers recorded gusts of 140-160
mph before being wrecked but these instruments are of the revolving-cup pattern, which
over-read considerably at high speeds. It is considered that a reasonable approximation
may be given as an average wind speed of 85-90 mph with gusts to 120-125 mph. These
hurricane force winds continued for about six hours, during which time trees were blown
down, roofs blown off and much general damage was done by flying debris, such as
branches of trees, pieces of timber and sheets of corrugated iron, the latter being used
extensively for garage roofs and outbuildings. The number of deaths in Kingston was 56
and the total for the whole island was 152. There was considerable damage to shipping
in Kingston Harbor and five large vessels were driven ashore. The minimum value
recorded at Palisadoes was 973 mb. It is estimated that the center passed about eight
miles south of Palisadoes Airport- that is, about ten miles south of Kingston- and that the
pressure at the center, allowing for a five-miles area of uniform pressure in the ‘eye’,
was about 964 mb” (Met Mag). “Damage in Jamaica was estimated at $15,000,000 to
property and 350,000,000 to crops” (ATS). “After the hurricane left Jamaica, Grand
Cayman experienced 92 mph winds in gusts” (MWR). “An Air Force Reconnaissance
aircraft flying out of Ramay AFB, Puerto Rico, located the hurricane on 18/21127 at
18.8N, 81.6W. This fix showed the hurricane had continued on its WNW track at a speed
of 15 kt and had weakened somewhat [from its passage over Jamaica]. Maximum winds
reported were 75 kt in the northern semicircle, extending 15 miles from the eye.
Minimum pressure reported was 982 mb” (ATS).
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Next, the reanalyzed positions and intensities for each storm for every six hours are
carefully chosen (this process is discussed in the next subsection). Changes are made to
HURDAT only when available observations provide enough evidence that the previous
HURDAT position or intensity is in error. Typically, changes to the existing HURDAT
are only introduced if the position needs to be adjusted by at least 0.2 degrees latitude or
longitude and the intensity adjusted by at least 10 kt (Landsea et al. 2008). (The
precision of the database is 0.1 degree latitude/longitude and 5 kt for position and
intensity respectively.) After the HURDAT tracks and intensities have been reanalyzed,
opening and closing paragraphs are added to the metadata for each TC. The opening
paragraph contains a sentence explaining whether minor, major, or no changes were
made to HURDAT for the cyclone. Track changes of larger than two degrees lat/lon are
considered major track changes, and intensity changes of 20 kt or greater are considered
major intensity changes. Large changes to the genesis, decay, or structure (TC or
extratropical) of the cyclone are also noted in the opening metadata paragraph for each
TC. The final sentence of the opening paragraph of the metadata contains all
sources/references that were utilized in the analysis for that specific TC. The opening

paragraph of the metadata from 1951 Hurricane Charlie is quoted below:

Minor track changes and major intensity changes are analyzed for this straight-moving
Caribbean hurricane that made four landfalls- all with major hurricane intensity. Major
changes were also made to the genesis and the timing that tropical storm intensity was
attained. Evidence for these alterations comes from the Historical Weather Map series,
the COADS ships database, Monthly Weather Review, NHC microfilm of synoptic
weather maps, U.S. Navy (flight log book), U.S. Weather Bureau public advisories,
Fowler (1952), Caribbean station observations, Connor, and Tannehill.
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The closing paragraph(s) of the metadata for each storm contain(s) a summary of the
highlight changes introduced into HURDAT and explain(s) the reasoning behind the

changes made. The closing paragraphs from 1951 Hurricane Charlie are shown below:

The origins of a tropical disturbance that would soon become Charlie took shape in the
eastern tropical Atlantic Ocean in early-mid August, 1951. The tropical cyclone might
have formed from the interaction of a tropical wave with the ITCZ. HURDAT started this
system on 12 August at 06Z near 12N, 46W as a 25 kt tropical depression. The 7"
through the 11 th of August was searched for data between that location and the African
coast, and an observation of 35 kt WNW with 1012 mb at 18Z on 9 August was found at
11.5N, 33.0W (COA). The time series for this ship as well as another ship located
somewhat farther away from the center were plotted, and the data indicates the likely
existence of a tropical storm at that location. Genesis is analyzed to have begun August
9" at 00Z as a 30 kt tropical depression at 12.0N, 28.8W (78 hours earlier and 17
degrees longitude further east than in HURDAT originally). The depression is analyzed
to have strengthened to a tropical storm by 127 on the 9" (5 and a half days earlier than
in HURDAT originally). A 40 kt intensity is analyzed from 18Z on the 9" through 06Z on
the 11" as the cyclone moved westward in a data sparse region. On the 12" an
abundance of ship data in the storm area indicates a very weak closed circulation, and
the cyclone is analyzed to have weakened to a troijical depression at 00Z on the 12". 4
30 kt intensity is analyzed at all times on the 12" and 1 3™ (up from 25 kt in HURDAT
originally), as data was sparse on the 13". On the 14" at 18427, an aircraft
reconnaissance flight in the area reported a minimum pressure of 1005 mb. There is
conflicting information with this report that spreads considerable uncertainty as to
whether this value is a central pressure. A central pressure of less than or equal to 1005
mb yields a wind speed of greater than or equal to 37 kt according to the Brown et al.
southern pressure-wind relationship. The tropical depression is analyzed to have
attained tropical storm strength again by 00Z on the 14™ (which is still 24 hours earlier
than HURDAT lists this cyclone becoming a tropical storm for the first time). Charlie
continued westward, and on the 15" at 145027, aircraft located the center at 14.5N,
59.7W, and a central pressure of 999 mb was measured. Maximum flight-level winds of
90 kt were reported to have been encountered, but the central pressure value recorded
indicates that the wind speed is likely too high. The 999 mb central pressure is added to
HURDAT at 127 on the 15". A central pressure of 999 mb yields 49 kt according to the
southern pressure-wind relationship.  The RMW was slightly smaller than the
climatological value and the speed of the storm was 18 kt, so 55 kt is chosen for the
intensity at 127 (up from 50 kt originally) and the 60 kt intensity listed in HURDAT at
18Z on the 15™ is maintained. All track changes from the 12" through the 1 5" are half a
degree or less. All intensity changes from the 12" through 12Z on the 15" are minor
upward adjustments. Charlie passed between Dominica and Martinique late on the 15™.
The position at 18Z on the 15" is shifted four-tenths of a degree south of the previous
HURDAT position, showing that the center passed closer to Martinique than Dominica
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whereas HURDAT previously showed a possible landfall on Dominica. Observations are
only available from the islands every six hours, and no observations of gale force winds
from any of the island stations are found. Nevertheless, the HURDAT intensity of 60 kt at
Charlie’s passage through the islands is maintained. The cyclone then moved west-
northwestward into the central Caribbean Sea, and it intensified. On the 1 6" at 14157, a
central pressure of 992 mb was measured by Navy Aircraft, and this value is added to
HURDAT at 12Z on the 16™. A central pressure of 992 mb yields 61 kt according to the
southern pressure-wind relationship. The RMW was near the climatological value but
the speed of the storm was about 19 kt, so 65 kt is chosen for the 127 intensity on the 1 6"
(down from 75 kt originally). It is analyzed that Charlie attained hurricane strength by
06Z on the 16" (6 hours later than in HURDAT originally). Later on the 1 6" at 19352,
an Air Force plane recorded a 700 mb height in the eye of 9,870 ft which implies a
central pressure in the range of 970-990 mb. The next day (1 7”’) at 12307, a Navy
aircraft measured a central pressure of 978 mb, and this value is added to HURDAT at
127 on the 17". A central pressure of 978 mb yields a wind speed of 78 kt according to
the southern pressure-wind relationship for steady state and for intensifying systems, and
85 kt is chosen for 127 on the 1 7" (down from 95 kt originally). The intensity
adjustments made to HURDAT from 00Z on the 16" through 12Z on the 17" are all
minor downward adjustments. At 18377 on the 1 7" an Air Force aircraft measured a
central pressure of 971 mb, and on the same flight, a 700 mb height in the eye of 9,400
feet was measured, implying a central pressure in the range of 956-974 mb. The 964 mb
central pressure in HURDAT at 18Z on the 17" is removed and replaced by the 971 mb
value, which yields a wind speed of 90 kt according to the intensifying subset of the
southern pressure-wind relationship. The 964 mb central pressure that was removed
from HURDAT was likely placed into the original HURDAT because of an estimate of the
central pressure at Jamaican landfall provided in the Meteorological Magazine, but this
landfall occurred well after 00Z on the 18", so even if correct, it was listed in the
incorrect time slot. The eye diameter reported by the Air Force plane on the flight that
measured the 971 mb central pressure was very small and indicates an RMW of about 5
nmi, which is much smaller than the 14 nmi climatological RMW. The maximum high-
level (700-mb) wind encountered by the aircraft was 110 kt. The intensity of 95 kt listed
in HURDAT at 18Z on the 17" is unchanged.

The center of Hurricane Charlie passed very near Kingston, Jamaica and the observation
site at Palisadoes Airport (18.0N, 76.8W) around 03Z on 18 August, and landfall in
Jamaica occurred around the same time at 17.9N, 76.9W. The vast literature and
numerous sources that discuss the hurricane’s impact in Jamaica do not mention any lull
being experienced at Kingston. All information is consistent and indicates that the right
RMW of Charlie passed either over or just south of Kingston around 03Z as the cyclone
was moving west-northwestward. Due to the descriptions of the damage and impacts in
Jamaica and in Kingston itself, which are indicative of major hurricane winds, along
with available meteorological observations, the RMW could not have been very far from
Kingston. The minimum pressure recorded at the Kingston (Palisadoes) airport located
on the southern coast was 973 mb. The description of Charlie’s impact in Jamaica
provided in the July, 1952 issue of the Meteorological Magazine estimates [using crude
methodology] a central pressure of 964 mb. A run of the Schloemer equation was
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performed to obtain the central pressure. Two of the four parameters needed are known
(the peripheral pressure of 973 mb at Kingston and the OCI of 1010 mb). The RMW and
the distance from the 973 mb observation to the storm center are unknown. However,
these two values were both estimated in the Meteorological Magazine. Also, aircraft
reconnaissance provided an eye radius value about nine hours earlier (mentioned above)
which indicates an RMW of about 5 nmi. In the Schloemer equation, the ratio of the
RMW to the distance from the 973 observation to the storm center is what matters, not
the individual values. According to the revised track, the center of Charlie passed 7 nmi
from the airport at closest approach, and this is also consistent with the publication. The
Schloemer equation was run twice using RMWs of 5 and 7 nmi respectively for each run
to obtain a possible range of central pressure values. The run with a 5 nmi RMW yields
a 938 mb central pressure and the run that assumes the airport was at the RMW at the
time of the minimum pressure yields a central pressure of 951 mb. Since there is some
uncertainty in the parameters used, it was decided to average the 951 mb obtained here
with the 964 mb central pressure reported by the Meteorological Magazine, and a central
pressure of 958 mb is chosen for landfall. Although the reliable data indicates that the
central pressure was likely 964 mb or lower, there is considerable uncertainty as to how
much lower than 964 mb (if any) the central pressure was as Charlie passed south of
Kingston and made landfall southwest of Kingston. If 964 mb is assumed to be the
central pressure, 964 mb yields a wind speed of 98 kt according to the intensifying subset
of the southern pressure-wind relationship. After adding 5 kt for the speed/size of
Charlie, 105 kt would be chosen for the landfall intensity. Since a landfall central
pressure of 958 mb is decided upon, this value yields a wind speed of 105 kt using the
same pressure-wind relationship, and after adding 5 kt for speed/size, 110 kt is chosen
for 00Z on the 1 8" (up from 75 kt originally) and Jamaican landfall at 03Z. Although
there is little doubt that Charlie impacted Jamaica as a major hurricane, it could have
been a Category 4 at landfall. It should be mentioned that the previous HURDAT was
faster with Charlie and showed landfall occurring about five hours earlier than the
analyzed landfall. The HURDAT intensity at the point just before Jamaican landfall was
previously 95 kt, and this intensity is revised upward to 110 kt. The center of Charlie was
over Jamaica from 03Z to 07Z on the 18" A run of the Kaplan and DeMaria inland
decay model yields an intensity of 84 kt for 06Z on the 18". The next time intensity
information is available is 15 hours later. At 21127 on the 18" aircraft measured a
central pressure of 982 mb, and this value is added to HURDAT at 00Z on the 1 9" 4
central pressure of 982 mb yields 75 kt according to the southern pressure-wind
relationship. Analyzed intensities on the 18™ for 06, 12, and 187 are 80, 75, and 75 kt
respectively (80, 85, and 90 kt originally). The position of the aircraft fix at 2112Z on the
18™ is consistent with the 21Z observations of 55 kt and 1000 mb recorded at Grand
Cayman, about 50 nmi north-northeast of the center fix. The revised track late on the
18™ and on the 19" is still slower than the previous HURDAT track, and also slightly to
the right (north), and these track changes are in agreement with aircraft fixes. On the
19" Charlie continued moving west-northwestward through the western Caribbean Sea.
At 1330Z on the 19", a Navy aircraft measured a central pressure of 976 mb and
encountered maximum flight-level winds of 115 kt at around 500 ft. A central pressure of
976 mb is added to HURDAT at 127 on the 19", and this value yields 83 kt according to
the southern pressure-wind relationship and 84 kt for the intensifying subset. An
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intensity of 85 kt is chosen for 12Z on the 19" (down from 105 kt originally- a major
change). Next, Charlie approached Cozumel, Mexico, where a minimum pressure of 965
mb was recorded around 0200Z (could have been anytime between 0130Z and 0230Z) on
20 August, but it was unlikely to have been a central pressure measurement. A central
pressure of less than 965 mb yields a wind speed of greater than 97 kt according to the
intensifying subset of the southern pressure-wind relationship. Cozumel only reported
winds at hourly observations, and the highest wind reported at these hourly intervals was
80 kt G 95 kt from the NNE at 0130Z. The previous HURDAT track has the center of
Charlie passing south of the island, but the revised track, which is shifted about two-
tenths of a degree to the right, shows the center of Charlie passing over the extreme
southern tip of the island. The weather station on the island is located on the northern
part of the island and likely did not experience calm conditions associated with the eye.
It is unknown whether Cozumel experienced a lull associated with the center. The
Schloemer equation was run three times, keeping three of the four variables constant and
only changing the RMW each time. A value of 1008 mb is used for environmental
pressure, 965 mb for the measured peripheral pressure at Cozumel, and 12 nmi for the
distance from the station to the center. RMWs of 10, 15, and 20 nmi were used for the
three different runs, and central pressures of 932, 947, and 954 mb are obtained. These
values yield wind speeds of 130, 116, and 109 kt respectively according to the
intensifying subset of the pressure-wind relationship. The HURDAT intensity of 115 kt at
00Z on the 20™ is unchanged due to the uncertainty in the RMW. The aircraft fix 12
hours before Charlie reached Cozumel reported a 976 mb central pressure with a RMW
of about 15 nmi. Charlie then deepened rapidly during the final 12 hours before
reaching Cozumel, so there is a distinct possibility that the eye contracted during this
time. Charlie is analyzed to have made landfall on the southern tip of Cozumel Island
(20.3N, 87.0W) at 01Z on 20 August as a 115 kt hurricane. Landfall in the Yucatan
Peninsula is analyzed to have occurred at 03Z at 20.4N, 87.3W with a 115 kt intensity.
Charlie was still moving west-northwestward, and the center was over the Yucatan
Peninsula from 03Z to 16Z on the 20". Observations from Merida, Mexico indicate that
the center passed just north of that station around 14Z. Runs of the Kaplan and DeMaria
inland decay model yield wind speeds of 84 and 63 kt at 06 and 12Z on the 20"
respectively, and intensities of 90 and 70 kt are chosen for 06 and 12Z respectively (down
from 115 and 100 kt originally). The minimum pressure recorded at Merida was 986 mb
experienced simultaneously with 30 kt winds at 1330Z. Seven hours after the center of
Charlie moved into the Bay of Campeche, an aircraft central pressure of 989 mb was
recorded at 22437 on the 20”’, and this value is added to HURDAT at 00Z on the 21*. A
central pressure of 989 mb yields 65 kt according to the southern pressure-wind
relationship. Charlie is analyzed to have weakened from 115 kt to 65 kt while over the
Yucatan Peninsula, and a 65 kt intensity is also analyzed for 18Z on the 20" and 00Z on
the 21°' (down from 95 and 90 kt originally). The new positions analyzed for the 20" are
still about half a degree slower than the previous HURDAT track, continuing the trend
that began on 17 August, but by the 21" at 127, the revised track caught up with the
previous HURDAT track at 21.6N, 93.8W (position unchanged). Aircraft central
pressures of 988 and 982 mb were measured at 1538 and 22477 on the 21°' respectively.
These values are added to HURDAT at 187 on the 21*" and 00Z on the 22". A central
pressure of 988 mb yields 67 kt and 982 mb yields 75 kt according to the southern
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pressure-wind relationship. The RMW was larger than climatology and the speed was
about 8 kt. The 65 kt intensity analyzed from 18Z on the 20™ through 00Z on the 21 is
kept through 18Z on the 21°" and increased to 70 kt by 00Z the 22" At all times on the
21 the 90 kt intensity previously listed in HURDAT is lowered to 65 kt. On the 22" at
13267, with Charlie located about 60 nmi east of Tampico, aircraft measured a central
pressure of 972 mb, and this value is added to HURDAT at 12Z on the 22", This flight
encountered a maximum flight-level wind of 130 kt around 600 ft. A central pressure of
972 mb yields 89 kt according to the intensifying subset of the southern pressure-wind
relationship, and the RMW is larger than climatology. An 85 kt intensity is chosen for
127 on the 22" (down from 115 kt originally). Major downward intensity adjustments of
between 25-30 kt are analyzed at all times from 06Z on the 20" through 127 on the 22,
Charlie is analyzed to have made its fourth (third Mexican) and final landfall at 19Z on
22 August at 22.3N, 97.8W. All information is consistent in that Tampico experienced the
calm associated with the eye for 30 minutes. The revised HURDAT track is one-tenth of
a degree to the north of the previous track at landfall. The previous track shows the
center passing a hair south of the station and the revised track shows the center passing a
hair north of the station. The time series of observations reported from Tampico yields
uncertainty as to whether the center of the eye passed north or south of the station, but
commentary from both MWR and ATS states that Tampico was in the southern edge of
the eye and that the center passed just north of the station. The highest wind recorded at
Tampico before the passage of the eye was 835 kt from the WNW (or NW) with a 976 mb
pressure, and the highest wind recorded after the passage of the eye was 95 kt from the
SE. The central pressure was either not recorded or is not available. The lowest
available pressure observation at Tampico was 973 mb with 45 kt NE winds inside the
RMW. This observation came two hours after the observation with the 85 kt WNW-NW,
and it came 30 minutes to 1 hour before the calm eye. Charlie was therefore likely to
have been moving slowly. A conservative estimate of the central pressure at landfall is
968 mb (using the 10 kt per mb rule inside the RMW, but this rule is for marine exposure,
and Tampico is located somewhat inland). The central pressure was likely slightly lower
than that but not significantly lower. The MWR tracks of centers of cyclones chart shows
a 960 mb pressure, but it is not known how this value was attained. A central pressure of
less than or equal to 968 mb yields a wind speed of greater than or equal to 93 kt
according to the intensifying subset of the southern pressure-wind relationship. From
this information combined with the 95 kt max wind recorded at Tampico, 100 kt is chosen
for 18Z on the 22" and for the 19Z landfall. HURDAT previously listed a 110 kt
intensity at 18Z on the 22", but this intensity was listed in HURDAT previously likely due
to the 115 kt placed into HURDAT at 12Z, which was likely based on misleading aircraft
winds. Runs of the Kaplan and DeMaria inland decay model yield 69, 50, and 36 kt for
00, 06, and 12Z respectively on 23 August. Highest observed winds within 2 hr of
synoptic times are 60, 20, and 30 kt at 00, 06, and 12Z on the 23 respectively. The
intensities of 65, 45, and 35 kt listed in HURDAT previously at 00, 06, and 12Z on the
23" are all unchanged. Charlie continued westward and weakened to a tropical
depression at 18Z on the 23" as it moved further inland. No changes are made to the
timing of dissipation, but the final point is adjusted half a degree north to 22.4N, 99.9W
at 187 on the 23 as a 25 kt tropical depression. Thereafter, the depression dissipated
over the high terrain of Mexico.
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After the existing TCs during a year are reanalyzed, a thorough search is conducted
for potential missing TCs (sometimes referred to as suspects) using synoptic maps as well
as all other available sources. First, an initial list of suspect candidates is complied from
these sources. For any suspects that appear to have a chance to have been a TC, the
COADS ship data is obtained and further analysis is conducted. After conducting a
search through all sources for data, if the suspect meets the criteria for adding a new TC
into HURDAT, as specified in Landsea et al. (2008), then the system is recommended to
the NHCBTCC to be added to the database. Potential new systems must meet the
following three criteria specified in Landsea et al. (2008): “l) non-frontal (not an
extratropical cyclone); 2) closed surface wind circulation; and 3) at least two separate
observations of sustained tropical storm force winds (at least 34 kt) or the equivalent in
sea-level pressure (roughly 1005 mb or lower). The two separate observations could
come from the same ship/station or two different platforms” (Landsea et al. 2008).

COADS was utilized for all existing storms, all missing storms that are being
recommended for inclusion into HURDAT, as well as many suspects that are not being
recommended for inclusion into HURDAT. COADS often contains observations that are
not found in either HWM or microfilm. However, the vice-versa is occasionally true, and
often times there are observations found on microfilm that are not in COADS. An
example of the write-up pertaining to a noteworthy suspect in 1951 that is not being

recommended for inclusion into HURDAT is shown below:

HWM, microfilm, COADS, the August and September MWR tracks of lows, August and
September Local, State, and National Monthly Climatological Data from NCDC, the
1951 Navy log book (ATS), David Roth, and Jack Beven's list of suspects indicate that a
tropical cyclone formed from an old frontal boundary on 31 August off the Carolina
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coast. At 00Z on the 31%, it was still extratropical and located near 33.5N, 72W. It
became a tropical depression by 12Z on the 31* near 33N, 75W with an intensity of about
25 kt. By 18Z on the 31%, the intensity had increased to 30 kt and it was moving west-
southwestward located near 32.8N, 76.2W. By 06Z on 1 September, the 30 kt tropical
depression was located near 32.7N, 78.7W, and by 127, it was nearing landfall in
southern South Carolina south of Charleston. The likely 12Z position on the 1" is 32.3N,
79.6W and 18Z position is well inland near 32.1IN, 81.8W. The highest available wind
recorded from a coastal station was 25 kt (max w/I-min) recorded at Charleston on the
1", The lowest pressure recorded from a coastal station was 1004 mb at Charleston on
the 1. A central pressure of less than or possibly equal to 1004 mb yields a wind speed
of at least 36 kt according to the Brown et al. north of 25N pressure-wind relationship.
Environmental pressures were a little lower than typical, so it may have only been a 30 kt
tropical depression. The highest available wind for the entire system is 30 kt recorded at
Frying Pan (33.5N, 77.5W) at 18Z on 31 August (the elevation of the anemometer at
Frying Pan was not investigated). Since there is only one piece of evidence (the 1004 mb
recorded at Charleston) and since there were no gales recorded for the entire lifetime of
this system, it is not added to HURDAT. It should be noted that there is a chance that
this could have been a 35 kt tropical storm at landfall. No coastal station information
could be found for any locations between Charleston, SC and Savannah, GA. This is the
#2 suspect for closest to being added in to HURDAT of all the additional notes of 1951.

DAY LAT LON STATUS

Aug 29 36N 70w Extratropical

Aug 30 I5N 72w Extratropical

Aug 31 33N 75W Tropical depression
Sep 01 32.3N 79.6W Tropical depression
Sep 02 3IN 83w Tropical depression
Sep 03 Dissipated

Choosing the position and intensity based on available observations
Types of data used for track and intensity analysis include data from ships at sea,
surface and land-based stations, aircraft data, and radar data. For TCs in the eastern
Atlantic far from land, only ship data was used since the other two types of data were not
available. The most helpful types of meteorological data for analyzing the position and
intensity of a tropical cyclone (when only ship data is available) is data on wind speed,
wind direction, and surface pressure. For TCs that are approaching the subtropics and

mid-latitudes, temperature and dewpoint data is also helpful to determine whether the



37

cyclone has acquired fronts. The wind and pressure field typically become more
asymmetric as a cyclone transitions to extratropical. Due to the counterclockwise
rotation in a tropical cyclone combined with TC inflow, positions are chosen with a 15
degree inflow angle to the wind direction for ship observations within the TC circulation
(Landsea et al. 2008). Observations outside of the OCI and the TC circulation, although
not as helpful as the closer observations, can still be helpful when there is no data near
the TC. For example, if the original HURDAT lists a TC at 12.0N, 33.0W at 12Z on a
particular day, and there is one ship observation at 12.0N, 28.0W with a south wind of 10
kt and a pressure of 1014 mb, it will be determined that there is not enough data to
change the HURDAT position since it is entirely possible that the position is accurate.
However, in another hypothetical example, if HURDAT lists a hurricane center at 18.0N,
50.0W, and a ship observation at 18.0N, 50.5W at that time reports a south wind of 50 kt
with a pressure of 1000 mb, the HURDAT position will be adjusted about a degree west
to 51.0W. In the absence of aircraft data, a more accurate analysis will depend on the
number of ship observations near the TC, the distance of these observations from the TC,
the accuracy of the observations, and the ability of the these observations to be correctly
interpreted in the reanalysis. An important part of this process is realizing when an
observation appears to be faulty compared to other surrounding observations. When this
occurs, the observation in error is discarded. If there is some uncertainty as to whether an
observation is faulty, it is not discarded. All of the available observations are considered
as a whole to determine the best possible estimate of the position and intensity. If
observations are insufficient in number on a particular day, changes will not be made to

HURDAT.
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For the period of 1944-1953, aircraft data was available on more than half of the
days of all recorded tropical cyclones. For recorded tropical cyclones west of 55W from
1947 onward, aircraft flights were performed on more than three-fourths of the days of all
known TCs at that time. The most important goal of these flights back in the 1940s and
1950s was to determine the location of the TC center. An aircraft center fix is a position
estimate of a TC from an aircraft flight. The center does not have to be accurately
located in order for a center fix to be reported. Sometimes, the center was estimated
based on observed pressures and wind directions during circumnavigations, even if the
center was not seen on aircraft radar. Aircraft center fixes were performed by
penetration, circumnavigation, locating the center on radar, or a combination of methods.
Dead reckoning (DR) was the method of navigation and the interception of loran signals
(radio signals) was helpful for knowing the plane position with more accuracy. When
determining the track, all aircraft center fixes for the entire lifetime of the TC are
obtained. The center fixes are then interpolated to 6-hourly positions, placing more
weight on the more reliable center fixes. The center fixes from 1948 Storm #3 are shown
in Figure 5. Next, all ship data is analyzed to determine whether the positions suggested
by the aircraft center fixes are accurate. Occasionally, a ship observation near the center
will reveal that the aircraft fix was at least 30 nmi off in one direction compared to the
ship. Sometimes there is enough information to determine whether the ship or aircraft
navigation was more correct. When there are no such indications, a blend of the ship data
and the aircraft is used. If reliable ship observations occur when there is no aircraft data
within 12 hours of that time, the ship data will be relied on even more heavily for position

estimates. However, for many TCs, there were multiple aircraft center fixes each day.
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1948 Storm 3
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Figure 5. Aircraft center fixes (Teal dots) for 1948 Storm 3. The original HURDAT
track (with black hurricane symbols) is also shown.
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Beginning in 1950, the operational hurricane forecast center of the U.S. Weather Bureau
conducted post-season analyses and drew a best track for all storms. Interestingly, the
original HURDAT positions and intensities often do not match this best track. Data
available in this reanalysis have shown positions from both sources to be inaccurate on
several occasions. Reasons for this include having both more data available about past
storms and more meteorological knowledge today.

For the intensity reanalysis, central pressure measurements are relied on as the most
accurate intensity information. If no central pressure is measured, but a peripheral
pressure is available along with knowledge of the distance of this peripheral observation
from the center, the RMW, and the environmental pressure, the central pressure can be
calculated using the Schloemer equation (Schloemer 1954)

P—p
R 0 — e R
i

where Py is the observed sea level pressure at radius R, Py is the central pressure, and P,
is the environmental pressure. The Schloemer equation is only utilized if these other

variables are known with a high degree of accuracy and confidence.

Category 5 hurricanes
For the Category 5 study, a new methodology is developed to determine whether
the ten most recent Category 5 hurricanes in the Atlantic (from Hurricane Andrew in
1992 to Hurricane Felix in 2007) would have been recorded as Category 5 hurricanes if
they had occurred during the period of the late 1940s. All observations available to NHC

associated with these hurricanes are utilized for this study. This includes surface based
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observations from ships and land stations, aircraft observations including information
from dropsondes and SFMR, land-based Doppler radars as well as aircraft radars, and all
geostationary, microwave, and scatterometer satellites. During the late 1940s, much of
this technology did not yet exist. Therefore, only those observations that would have
been available during the late 1940s are utilized for determining what peak intensity
would have been recorded if the hurricane had occurred during the late 1940s. This
methodology excludes all satellite observations, but includes all surface-based
observations including all buoy and C-MAN stations even if they went into operation
post-1950 (a conservative methodology). Also, surface observations that are considered
by NHC to have been “unofficial observations” are included as information to be utilized
for this study. Since aircraft would only penetrate the center of tropical storms and weak
hurricanes during the late 1940s, it is assumed that no aircraft could penetrate the center
of a hurricane with a central pressure of less than 950 mb. Also, aircraft intensity
information was only available during daylight hours during the late 1940s since the sea-
surface is not visible at night. Due to these considerations, all aircraft wind and pressure
observations at night are excluded. All aircraft pressure observations of less than 950 mb
are excluded. For aircraft fixes during which the central pressure was less than 950 mb,
the late 1940s intensity is determined by utilizing the Brown et al. pressure-wind
relationships for 950 mb, and then adding 5 kt to account for the fact that the central
pressure is actually some value lower than 950 mb. Aircraft surface wind visual
estimates of the ten recent Category 5 hurricanes are included (excluding SFMR data),
but only at times when the central pressure is 950 mb or higher. After eliminating

intensity observations that would not have been available during the late 1940s, new best
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track intensities are drawn for the entire lifetime of these TCs. After performing these
analyses, answers to five questions are addressed: (1) Would the Category 5 hurricane
have been recorded as a Category 5 if it had occurred during the late 1940s? (2) What
intensity would the storm have been assigned at the time it was a Category 5 and why?
(3) What/when was the strongest wind/lowest pressure for the storm that would have
been used to determine the intensity during the late 1940s, and how was the best track
intensity decided upon? (4) What would the U.S. landfall intensity have been (where
applicable) with late 1940s technology and why? (5) How would the total ACE for the
hurricane have been different? These questions were answered for all ten Category 5
hurricanes and are discussed in the results section.

According to the NHC best track, the average Category 5 duration for the ten recent
Category 5 hurricanes is ~1.4 days. Observations of peak intensity in strong hurricanes
were much less common during the late 1940s compared with more recently, and the
ability to measure the central pressure of major hurricanes was limited during the late
1940s (unless the storm made landfall near/at a weather station or in a somewhat
populated location. The only way that a Category 5 hurricane over the open ocean would
have been counted as a Category 5 in this study is if a ship (or buoy) recorded Category 5
strength winds or a corresponding pressure value, which barely ever happens. However,
if a Category 5 hurricane makes landfall at or near a weather station or near a place with a
sufficient coastal population, then it is certainly possible that Category 5 conditions
would have been recorded. Of the ten Category 5 hurricanes in this study, four of them

made landfall as a Category 5 (Andrew- south Florida, Mitch- Swan Island, Dean-
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Mexico’s Yucatan Peninsula, and Felix- Nicaragua), but this does not necessarily mean
these would have been recorded as a Category 5 hurricane if they had occurred during the

late 1940s.



CHAPTER 4
AIRCRAFT RECONNAISSANCE

The first year during which routine planned military aircraft reconnaissance
missions were conducted into Atlantic hurricanes and tropical storms was 1944 (Sheets
1990, Summer 1944b, Porush and Spencer 1945). Different types of aircraft were
utilized for reconnaissance missions during the first decade of aircraft reconnaissance.
The Army Air Force (AAF) Hurricane Reconnaissance Unit operated four B-25 aircraft
in 1944 (Porush and Spencer 1945). A drift meter was installed on these aircraft for
flight-level wind speed measurements. The B-25 in 1944 contained a pressure altimeter,
but not a height altimeter. In 1944, surface pressures were either not measured or not
reported because no aircraft central or peripheral pressures could be found from all of the
available 1944 data used for the reanalysis. In 1945, some surface pressures began to be
reported. Surface and flight level wind speed and direction are available from 1944
onward. B-29 aircraft were used by the Air Force (formerly the AAF) from 1946 to
beyond 1953 (the final year of this study). The Air Force 53" Weather Reconnaissance
Squadron, which operated the B-29, flew out of various locations including Bermuda and
Ramey Air Force Base, Puerto Rico. The Air Force also utilized B-17 aircraft during
1947 (Sheets 1990; AWS 1948, 1949, 1951).

According to Porush and Spencer (1945), the Navy conducted flights into storms
during 1944 as well. In 1944 and 1945, the Navy used a version of the B-24 called the
PB4Y-1 Liberator for Atlantic hurricane reconnaissance (Reade, personal
communication, 2010). In 1946, the Navy switched to the PB4Y-2 Privateer aircraft for

low-level hurricane reconnaissance. The PB4Y-2 was the aircraft that was utilized the
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most by the Navy for Atlantic hurricane reconnaissance from 1946-1953, and in 1953,
the Navy added the P2V aircraft to compliment the PB4Y-2. The Navy VP-23 squadron
(based in Miami, FL) operated the PB4Y-2. The Navy also operated a PB-1W aircraft
(the Navy version of the B-17) equipped with an Airborne Early-Warning (AEW) radar
starting in 1947 as an extra aircraft utilized only for U.S. hurricane landfall threats (NHC
microfilm; AWS 1951; Reade, personal communication, 2010).

The Navy PB4Y-2 was used for low-level flying only (defined here as 0-2,000 ft
altitude) beginning in 1946 (Neumann, personal communication, 2010). The PB4Y-2
contained four engines. The radar onboard was virtually useless and was rarely used
because rainfall heavily attenuated the signal. Night flights were not performed with the
PB4Y-2 because low-level flights were not conducted at night because of the inability to
see the ocean’s surface in darkness. The aircraft was equipped with a high quality radar
altimeter so the in-flight altitude readings were reliable. But the pilot only had a pressure
altimeter that was not very useful for low-level flights into hurricanes. The flight
aerologist, located some distance from the pilot had use of the height altimeter. During
hurricane penetrations, one of the crew members stood behind the aerologist and relayed
the altitude to the pilot over the intercom. It was not unusual for downdrafts to bring the
plane down to 300 feet. The automatic pilot feature was used to help keep the plane
level. Loss of automatic pilot was a reason to abort the flight (Neumann, personal
communication, 2010).

The B-29 also contained four engines (Sheets 1990). In 1947, the B-29 was used
only sporadically by the Air Force, but in 1948, the B-29 was much more heavily

utilized, especially for high-level surveillance, but not very often for hurricane



46

penetrations (AWS 1948, 1949). The B-17 was heavily utilized by the Air Force during
1947 for low-level hurricane penetrations, but the Air Force decided to stop using the B-
17 after the 1947 season (AWS 1948). In 1950, the Navy utilized the PB-1W for radar
fixes at night, but penetrations were not performed. The PB-1W was equipped with an
AEW radar for performing center fixes from the periphery of hurricanes at night for U.S.
hurricanes threats (AWS 1951). The AEW radar was the best (least attenuation) aircraft
radar in existence by that time (Reade, personal communication, 2010).

Beginning in 1953, the P2V aircraft began being used by the Navy to compliment
the PB4Y-2 aircraft (Neumann, personal communication, 2010; Sheets 1990). This 2-
engine P2V aircraft differed from the 4-engine PB4Y-2 aircraft. Although the P2V
aircraft had a longer range, was more reliable, and was equipped with a much better radar
than the PB4Y-2, it did not afford the flight aerologist with adequate sea surface viewing
(which is necessary for estimating surface wind speed- discussed later). For this reason,
the P2V was not a very useful aircraft for reconnaissance, but it was new whereas the
PB4Y-2s were old. There was not any new instrumentation on the P2V compared with
the PB4Y-2 for measuring wind or pressure, and aneroid barometers were used on the
P2V.

During the first decade of aircraft reconnaissance, aircraft observation capabilities
were significantly more limited than they are today. The aircraft of today (including the
P-3s, C-130s, G-IV, etc.) contain many more instruments and recent innovations for
observing more accurate and continuous observations of wind, height/pressure,
temperature, moisture, precipitation, etc. (NHOP 2009). Observational capabilities and

techniques, prepared flight patterns, and flight rules and guidelines often changed,



47

sometimes on a yearly basis, especially during the first decade of aircraft reconnaissance.
The military was still becoming accustomed to hurricane reconnaissance and learning the
most efficient ways to operate that maximized the quantity and quality of important
meteorological data to forecasters while maintaining the safety of the flight crew. There
were some changes and advances in pre-season plans and observing techniques and
aggressiveness throughout the first decade of aircraft reconnaissance. It is clear that as
time went on during the decade, aircraft reconnaissance gradually improved. The most
significant changes occurred between the 1949 and 1950 hurricane seasons, especially as
to observing surface pressures indicative of major hurricanes and obtaining center fixes.
For example, penetrations would be performed more often and central pressures for
moderate intensity hurricanes were much more frequently reported after 1950.

The types of flight patterns utilized by aircraft for hurricane reconnaissance can
be separated into two general groups. One group is the low-level penetrations. When
aircraft are able to penetrate the eye at low-levels, a central pressure can be reported and
the reanalysis of intensity generally is much more accurate. An example of a low-level
penetration from 1948 Storm 5 by a Navy reconnaissance aircraft in the north central
Gulf of Mexico is shown in Figure 6. It was reported that a central pressure of 990 mb
was measured on this flight. The other common type of flight method is called
circumnavigation. Low-level circumnavigation was generally performed for major
(Saffir-Simpson Category 3-4-5) hurricanes.  Sometimes, penetration would be
attempted, but in many cases, when the 75 kt isotach was encountered, the pilot would
abort penetration and commence circumnavigation. A classic example of the

circumnavigation flight technique from a flight in 1948 Storm 3 on the afternoon of
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August 29, 1948 is shown in Figure 7. Although 25 aircraft center fixes were obtained
for 1948 Storm 3, none were obtained by penetration. Thus, no central pressures were
obtained for the entire lifetime of the storm. Circumnavigation was a standard technique
used for major hurricanes during the first decade of aircraft reconnaissance.

There are different methods by which center fixes were obtained by aircraft
reconnaissance and some methods have inherently more uncertainty in the storm center
position than other methods. The most common method that was utilized for calculating
the position (latitude/longitude) of the aircraft and therefore the position of the center of
the TC is called dead-reckoning (DR). The navigator took note of the time and position

of the last island or land mass seen before flying to intercept the TC. Every 30 minutes,
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Figure 6. Low-level penetration performed by Navy reconnaissance aircraft at an
altitude of 1,000 feet into 1948 Storm 5 in the north-central Gulf of Mexico on 3
September, 1948 at 2054Z.
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Hurricane Flight Track
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Figure 7. The August 29, 1948 afternoon flight track from 1948 Storm #3. The figure
shows observations recorded every 15 minutes of an aircraft circling around the periphery
of the hurricane, never penetrating closer to the center than the 1006 mb isobar. Flight-
level wind speeds (kt) are indicated by the number shown in the tail of the wind barb.
For example, focusing on the observation at 27.5N, 74.2W, the flight-level wind is 60 kt
from the west at a flight-level of 1,700 ft at 2215Z. Surface wind (obtained from visual
surface estimates) is indicated by the wind barbs where 1 barb is equal to 2 forces of
wind on the Beaufort Scale (four and a half barbs is equal to 40 kt). Pressure at the
location of the aircraft extrapolated down to the surface is shown above and to the right
of the circle (in whole millibars with the first digit removed- 1006 mb in the example
observation at 27.5N, 74.2W). Other numbers pertain to clouds, temperature, and
humidity. The estimated center fix position is indicated by the tropical cyclone symbol.
(Figure from AWS 1949).
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the navigator calculated the new position of the aircraft based on the speed and direction
the aircraft was traveling during the previous 30 minutes. Once the periphery of the TC
was reached, the new position would be calculated every 15 minutes. Most flights during
the 1940s and many flights during the early 1950s used the TC azimuthal winds as a tail
wind to gradually circle closer to the center of the TC before deciding to perform
penetration or to simply circumnavigate the storm. Because of the frequent heading
changes in high wind conditions, navigators often fell behind in their position
calculations (Neumann, personal communication, 2010). The navigational position error
was dependent on the distance from the TC to any land/island and on the amount of time
spent by the aircraft in high wind conditions as well as the intensity of the winds. The
reported aircraft positions and center fixes when DR is the only method used should be
considered an estimate, accurate perhaps to within 35 nmi about 50% of the time. This
figure of 35 nmi for the average error for center fixes obtained by DR only was derived
after estimating that aircraft center fixes on average (including more accurate methods
such as when loran and radio fixes are used) are accurate to within half a degree
latitude/longitude (30 nmi) 50% of the time. The reason why these figures are close is
because loran and radio signals were only available on about 25% of flights to improve
the DR position fix. This DR method was used from 1944 to beyond 1953 for low-level
aircraft reconnaissance (Neumann, personal communication, 2010). In one case during
1946 (not shown), an NHC microfilm synoptic weather map shows that two different
aircraft reported center fixes at the same time 60 miles apart. The position of one or both

of these aircraft was obviously in error.
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Aircraft center fix position accuracy could also be aided by intercepting radio or
loran signals. The aircraft must have been in a location where radio signals can be
intercepted, and this was only accomplished sometimes (on ~25% of flights). Although
DR was used on all reconnaissance flights, whenever loran was available, positions are
considered more accurate than when loran is not available.

In some cases, the center could not be located even after penetration was
attempted. Aircraft radar aided with this process sometimes, but for PB4Y-2 flights,
unless the aircraft was very close to the eye, attenuation would prevent the eye from
being seen on the radar display. The Navy radar aircraft (PB-1W), which performed
center fixes at night for U.S. landfalling hurricane threats beginning in the late 1940s, had
an AEW radar onboard, which was much better than the radar on the PB4Y-2s (USAWS
1951). The Navy radar aircraft did not usually attempt to penetrate the center. This
aircraft flew to the periphery of the TC, located the center with the radar and reported a
position. Since the aircraft always only flew within a few hundred nmi of land, the
aircraft positions were likely known with a good degree of accuracy despite the darkness
of night.

Night radar flights were only conducted by the Navy with PB-1W aircraft for U.S.
landfalling hurricane threats prior to the use of the P2V, but with the better radar of the
P2V, night flights started being conducted more often. The only purpose of night flights
was to perform center fixes (to report the position of the TC), and this would be
accomplished by locating the storm on aircraft radar and not by penetrating the center (in
most cases). Surface wind speed could not be estimated at night because the sea-surface

is not visible at night. Navigation at night was surprisingly nearly as good as daylight
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navigation. The stars would sometimes be used to aid in position estimates, though the
accuracy of this was limited. The navigator could also identify the position of the aircraft
by locating islands visually or by radar (Neumann, personal communication, 2010).

Low-level eye or center penetrations were only conducted for tropical storms and
weak hurricanes and usually were not attempted at night. Intense hurricanes were not
generally penetrated and would instead be circumnavigated. This is important because
central pressures obtained via low-level eye penetrations were accurate and are relied on
as the most credible intensity information for reanalyzing these TCs via the Brown et al.
(2006) pressure-wind relationships. Central pressures reported by aircraft were accurate
because the pilot and navigator knew the pressure of the aircraft, and the navigator knew
the height of the aircraft at all times. Pressures in the storm center, or eye, could
therefore easily be extrapolated down to the surface from low-levels. The Brown et al.
pressure-wind relationships are utilized for the reanalysis where central pressures are
available. Unfortunately, aircraft central pressures were only reported occasionally
during the daytime for tropical storms and weak hurricanes, and much fewer aircraft
central pressures were reported during the years 1944-1949 than from 1950 onward (as
shown in Figure 10 in the results section).

Surface winds on low-level reconnaissance flights were estimated visually by
viewing the foam/sea-spray state of the sea. The determination of wind speed was made
by the aerologist onboard. These surface wind speed estimates often contained high
biases (discussed later). No standardized systematic method of visually estimating the
wind speed from the sea-state existed until 1952 when a sea-state wind speed catalog was

published (Neumann 1952). A photo from this publication corresponding to 70 kt surface
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winds is shown in Figure 8. Flight-level winds were measured more objectively, by
taking drift measurements, but these likely contained significant errors as well that
increased with increasing winds (Willoughby, personal communication, 2010). The
Navy, which was very influential in hurricane forecasting and best-track preparation from
1946-1964, placed considerable reliance on the maximum wind reports from the aircraft.
This may have led to many overestimates of intensity in the best tracks due to the high-
biases of sea-state wind estimates. These often highly inaccurate guesses were placed
into the official best tracks and are the values found in the original HURDAT database

(Neumann, personal communication, 2010).

Figure 8. Photo of the sea-surface in 70-kt winds (photo from Neumann 1952).
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During the six years of 1944-1949, on average there was less than one reported
aircraft central pressure per TC (a very low number compared to dozens or perhaps
hundreds today). Operational intensities in the 1940s and 50s were assigned based on the
aerologist’s guess of the maximum winds in the storm. No pressure-wind relationship
was used because knowledge of these relationships was very primitive until the
publication of Kraft (1961). For the purposes of the reanalysis, significantly more weight
is placed on central pressure observations than both surface wind estimates and flight-
level wind speed measurements for determining intensity. Due to the fact that major
hurricanes were almost never penetrated between 1944-1949, central pressures below 970
mb were only reported on six occasions (in only three separate hurricanes) out of 43
aircraft central pressures obtained during the entire 6-year period. A central pressure
lower than 950 mb was only obtained one time- in 1947- a year during which the pre-
season flight plans were more daring with regards to hurricane penetration than all other
years from 1944-1949 (AWS 1948, 1949). For flights when central pressures were not
reported, the estimated surface winds and measured flight-level winds are not used
verbatim to make changes to the HURDAT intensity; however, they are taken into
consideration and weighted slightly in many cases. Regardless of the types of
observations available, changes are made to HURDAT only if there is enough convincing
evidence that the previous HURDAT intensity is incorrect.

For these reasons, the years 1944-1949 are grouped together for the Category 5
study, which assumes that aircraft could not penetrate the center for major hurricanes
with central pressures of less than 950 mb. From 1944-1949, almost no successful

penetrations were performed for major hurricanes. All penetration attempts from 1944-
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1949 were performed at low levels and only during daylight hours. High-level flying
(~3,000 — 11,000 ft) was only conducted for surveillance via radar fixes, not for
penetration. In 1950, several practices changed. For many tropical cyclones east of
about 70W longitude, the B-29 Air Force plane would penetrate TCs at 700 mb. The 700
mb height in the eye would often be reported. Also, 1950 is believed to be the first year
during which dropsondes were used regularly in the Atlantic for TC monitoring.
Information regarding the surface pressure encountered by the dropsonde just before
splash landing was received by the plane crew. However, there was no wind information
or position information for the dropsondes, so these surface pressures cannot be
considered central pressures as many of them would splash under the eyewall
(Willoughby, personal communication, 2010). Most of the dropsondes were released in
the eye from approximately the 700 or 500 mb levels, but occasionally, the aircraft would
fly as high as 25,000 ft to drop a sonde. Extrapolation of surface pressure from 700 mb
was not performed since temperature data outside the aircraft either was not available or
not reported. Extrapolations of 700 mb heights to obtain surface pressures without
temperature data is considered to have errors too large to be counted as central pressure
values in HURDAT. Nevertheless, the combination of reported 700 mb heights and
dropsonde pressures complimented accurate central pressures from low-level penetrations
to provide more intensity information than was available during the 1940s. In addition,
operating procedures for low-level flights changed slightly in 1950. It appears that low-
level penetrations were performed (or at least attempted) for slightly stronger hurricanes
beginning in 1950 compared with the 1940s (about 1 Saffir-Simpson category stronger on

average). Nevertheless, it was still a common occurrence in the 1950s for a plane to
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attempt a penetration and have to abort before the RMW or even the inner core was
reached due to extreme turbulence causing the plane to become uncontrollable.
Beginning in the early 1950s, for intense hurricanes with medium and large sized eyes,
aircraft would occasionally penetrate at the 700 mb level, descend in the eye so an
accurate central pressure could be obtained, and then reascend and depart the storm at the
700 mb level. An example of this from a quote found on NHC microfilm from an aircraft
reconnaissance report for Hurricane Carol (1953) is as follows:

“Storm center position two eight five one north - six six five five west - loran fix - lowest
seven hundred millibar height eight five four zero feet - eye well defined... will descend to
one five zero zero feet to secure sfc pressure and winds” (NHC microfilm).

There were a total of 43 central pressures reported by aircraft reconnaissance
during the six-year period of 1944-1949. Only one of these was less than 950 mb, and
only five of these were between 950-970 mb. There were 15 times when aircraft reported
central pressures between 970-989 mb, and aircraft central pressures of 990-1009 mb
were reported on 22 occasions during the 1944-1949 period. The number of aircraft
central pressures may have been greater (for any or all of those pressure bins) if some
values were not reported and archived. During the four year period from 1950-53, 150
aircraft central pressures were reported. About 38 aircraft central pressures per year were
reported in 1950-53 compared with about 7 aircraft central pressures per year from 1944-
1949. In 1950, the lowest aircraft surface pressure obtained was 943 mb from a
dropsonde in Hurricane Dog, and this value may not have been a central pressure and
thus is grouped into a separate category for possible central pressures/peripheral

pressures. The lowest aircraft surface pressure in 1951 was 937 mb in Hurricane Easy,
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and this value was a central pressure obtained by low-level penetration. The lowest
aircraft central pressure obtained during the first ten years of Atlantic aircraft
reconnaissance was 929 mb in Hurricane Carol of 1953.  Penetrations and
obtaining/reporting central pressures were not the highest priorities during the first
decade of aircraft reconnaissance, especially from 1944-1949. The most important
priority was locating the position of the center (and thus determining a direction and
speed of movement). Secondary priorities included estimating or measuring the
maximum wind speed of the cyclone, estimating the size of the storm, reporting eye
diameter (when possible), central pressure or lowest pressure encountered, cloud type,
and perhaps writing a short description of how well the center is organized (AWS, 1948,
1949, 1951). It was generally known by meteorologists during the first decade of aircraft
reconnaissance that normally, as the maximum winds in a hurricane increase, the central
pressure should decrease, but specific knowledge of pressure-wind relationships did not
exist during this time. It was common for a central pressure to be reported with a
maximum wind estimate for which the maximum wind estimate was 20 to sometimes
more than 40 kt above what the central pressure would suggest according to the Brown et
al. (2006) pressure-wind relationship. For example, in Hurricane Baker of 1952, an
aircraft center fix reported a 993 mb central pressure and 130 kt maximum flight-level
winds encountered (Raftery 1953). The flight-level wind of 130 kt reduces to 104 kt at
the surface after multiplying by the appropriate reduction factor of 0.80 for low level
flights of 1000 feet or less (Franklin et al. 2003). According to the Brown et al. southern
pressure-wind relationship, a central pressure of 993 mb yields 59 kt. The RMW at that

time was about half of the climatological value, and a 70 kt intensity is chosen for that
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time in the reanalysis (down from 90 kt in HURDAT originally- a major change). This
type of scenario was common during the first decade of aircraft reconnaissance. There
has been no systematic change to the way aircraft central pressures have been observed
and reported from the 1940s to today, but there have been many significant changes to
the way the maximum wind speed has been measured, estimated, and reported by aircraft
reconnaissance (Landsea 1993, Franklin et al. 2003).

It is important to understand the difference between surface wind speed visual
estimates based on the sea-state conditions and the estimated maximum storm intensity.
The former is an estimate of the local surface wind speed near the location of the aircraft.
The latter is a guess of the maximum storm intensity by the onboard aerologist even if the
most intense part of the cyclone is not sampled. If the aerologist believed that the aircraft
sampled the most intense part of the cyclone, then the former and the latter were equal.
This is usually assumed in the reanalysis for low-level eye penetrations unless there is a
statement indicating that the most intense quadrant was purposely avoided. The latter
were not given much weight at all in the reanalysis efforts. For circumnavigations, the
maximum visually estimated surface wind speed should not be equal to the guess of the
maximum storm intensity as the circumnavigations were conducted outside of the
eyewall and RMW region.

Surface wind speed visual estimates based on the sea-state observed from an
altitude of 2,000 feet or less are believed to have been generally accurate to within 15 kt
the majority of the time for tropical storms and Category 1 hurricanes from 1944-1953.
There was likely a high bias (estimated at 5 to 8 kt on average). However, as described

above, this does not mean that estimated maximum storm intensities were accurate within
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15 kt the majority of the time. Surface wind visual estimates are local to the aircraft
location, and if an aircraft was unable to penetrate as far as the RMW, the maximum
observed surface wind speed would be lower than the maximum storm intensity.
However, during most flights, the aerologist was required to provide a best estimate of
the maximum intensity of the storm regardless of whether the most intense portion of the
storm was sampled. In cases for which the center could not be penetrated after
attempting, the aerologists almost always reported intensities of 100 to more than 120 kt,
even if the maximum visual surface wind and maximum flight-level winds encountered
were significantly lower than that reported value. Quotes from the Air Weather Service
report and the Navy Annual Tropical Cyclone report for Hurricane Dog of 1950 provide a
good example of a maximum intensity guess that was made on September 6, 1950:

“At noon on the 6" the Navy flight circumnavigated the storm center and on the north
side reported tremendous SE swell estimated 100 feet high. On the basis of these the
weather observer wrote, ‘It is believed that highest winds near the center were probably
in excess of 150 kt”” (AWS 1951).

“As in previous flights into this storm, no penetration was planned because of the severity
of the turbulence...it was considered desirable and adequate to circumnavigate at
approximately the 70 kt wind circle. Features of this flight include the observation of the
extremely large swells ahead of the hurricane, and the extent of hurricane winds over a
very large area. It is believed that highest winds near the center were probably in excess
of 150 kt” (ATS 1950).

These practices often led to many high biases in reporting maximum winds (for
hurricanes that were not actually that strong in reality). During many cases, including
cases when penetration was successful, the maximum flight-level wind encountered

would often be reported as the storm intensity, leading to additional high biases in

HURDAT since the maximum flight-level (400 — 1000 ft) wind encountered during
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penetration cases is usually higher than the maximum surface winds in a TC (Franklin et
al. 2003). There were many cases when aircraft penetrated the center, reported a central
pressure and also reported a maximum wind estimate. Many of these reported wind
speeds are 20 to more than 40 kt above what the Brown et al. (2006) pressure-wind
relationship would suggest.

An additional complication regarding the issue of using surface wind estimates,
flight-level wind measurements, or maximum intensity estimates regardless of whether
penetration occurs and the most intense part of the storm is sampled is that often times
reports from the flights available for the reanalysis are unclear as to what type of wind is
being reported- a surface wind, maximum flight-level wind encountered, or maximum
storm intensity estimate. About one-third of all aircraft wind reports are unclear in this
regard. For this reason and other reasons (mentioned later in this section), wind estimates
and measurements for aircraft are only weighted slightly in the reanalysis compared to
any available central pressure measurements. Slightly more weight is placed on aircraft
winds for cases when the wind level and observing method are known as compared with
almost no weight being placed on aircraft winds when there is considerable uncertainty as
to whether a surface wind is being estimated, a flight-level wind is being reported, or a

maximum storm intensity is being guessed.

Error Estimates for Aircraft Reconnaissance
An assessment of the accuracy and bias of aircraft wind speed estimates is
conducted. The evaluation is performed only when an aircraft observed central pressure

was available. Since these central pressures have been placed into the revised HURDAT
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data file, they are compared with the wind speed values in both the original and the
revised HURDAT database. The original and revised HURDAT winds are then
compared with the Brown et al. (2006) pressure-wind relationship value for the reported
central pressure to calculate average biases for various central pressure bins. The Brown
et al. curve utilized for this statistical analysis is an average of the southern pressure-wind
relationship with the pressure-wind relationship for 25-35N. As was previously stated,
the original wind speeds in the Best Track were usually taken directly from the aircraft
reconnaissance wind speed estimates. This objective method is not a perfectly random
data sample because for TCs that were major hurricanes in reality, central pressures were
observed much less frequently. For TCs that were tropical storms and Category 1
hurricanes in reality, central pressures were observed much more frequently.

The results of the method are shown in Table 4 and Figure 9. For times when
aircraft reconnaissance reported a central pressure value (1944-1953), the intensities in
the original HURDAT database contain an average error of 16.5 kt with a bias of +13.3 kt
compared to the wind speed suggested by the Brown et al. pressure-wind relationships
(the data only uses 193 of the 6-hourly HURDAT points during the entire ten-year
period). This positive bias decreases with increasing intensity as shown in Table 4. The
high standard deviation seen in the aircraft wind speed biases (about 15 kt) suggests a
limited knowledge of pressure-wind relationships and a lack of standardized reliable
wind observations. The values obtained for the original HURDAT are much worse than
those obtained for the revised HURDAT (4.5 kt for average accuracy and +2.7 kt for
average bias). There are a few possible reasons for why the average bias in the revised

HURDAT is not exactly zero (as it was hoped that the biases in HURDAT could be
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eliminated with the reanalysis). One reason could be that the Brown et al. curve utilized
for this comparison is not an exact match for the average applicable Brown et al. curve.
Another reason is that the size, speed, RMW, and environmental pressure were not taken
into account on a case-by-case basis for this comparison. If more than half of the storms
were smaller than climatology or fast-moving, it would lead to an apparent average high
bias. A third reason is because the central pressures that are compared with the
maximum wind speeds can be off in time by as much as three hours. For TCs undergoing
rapid intensity changes, the analyzed wind speed could differ significantly from the
pressure value in the same time slot. Although the average bias in the reanalyzed
HURDAT is not zero according to this analysis, the value of +2.7 kt is significantly
improved over the value of +13.3 kt indicated by the original HURDAT maximum winds
for cases when central pressures listed in the revised HURDAT are due to aircraft
reconnaissance pressure information only. A graphical representation of the data utilized

for Table 4 is shown in Figure 9.

Wind Speed Biases based on Aircraft Data (Revised vs. Original HURDAT)
Brown et al. Method

Aircraft central pressure  Average accuracy (kt) Average bias (kt) Stdev of biases (kt)
(mb) Revised Original Revised Original Revised Original
All (N = 193) 4.5 16.5 2.7 13.3 5.1 14.8
990-1009 mb (N = 90) 5.3 171 3.8 15.9 5.6 13.9
970-989 mb (N = 73) 3.5 16 1.9 13.6 4 13.1
929-969 mb (N = 30) 4.2 15.8 1.2 4.6 5 18.2

Table 4. Wind speed accuracy (MAE) and biases of the original vs. revised HURDAT
measured against the Brown et al. pressure-wind relationships for times when central
pressures are listed in the revised HURDAT that are there only because of aircraft
pressure observations. Accuracy and standard deviation of biases can only be positive
numbers since they are absolute values. All average bias data are positive biases. The
data used to construct Table 4 and Figure 9 is identical.
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Additional discussion on aircraft error estimates

Visual surface wind speed estimates on low-level flights (below 2,000 ft) for actual
surface winds of 80 kt or less near the location of the aircraft between 1944-1953 are
determined to have been accurate to within 12 kt on average. Average bias is estimated
to be about +7 kt for these cases. Visual surface wind speed estimates on low-level
flights (below 2,000 ft) for actual surface winds of 85 kt or greater near the location of
the aircraft between 1944-1953 are determined to have been accurate to within 15 kt on
average. Average bias is estimated to be about +8 kt for these cases.

Visual surface wind speed estimates for flights between 2,000 — 5,000 ft for actual
surface winds of 80 kt or less near the location of the aircraft are determined to have been
accurate to within 15 kt on average. The average bias is estimated to be about + 8 kt for
these cases. It is important to note that there are not many cases that fit into this category
because surface winds could only be estimated visually if the sea-surface was visible. In
most cases, clouds extend down to well below 2,000 feet, so this is only valid for
cases/locations when the sea-surface is visible. Visual surface wind speed estimates for
flights between 2,000 — 5,000 ft for actual surface winds of 85 kt or greater near the
location of the aircraft are determined to have been accurate to within 20 kt on average.
Average bias is estimated to be about +10 kt for these cases. Visual surface wind speed
estimates for flights above 5,000 ft for actual surface winds near the location of the
aircraft should be disregarded altogether due to very large errors and very few cases.

Flight-level winds contained slightly less error than the surface winds for low
wind speeds only (~Category 1 hurricanes and weaker) since flight-level winds were

obtained more objectively than visual surface winds estimates. For winds stronger than a
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Category 1 hurricane, flight-level winds were just as erroneous as surface wind estimates.
This large error for high wind conditions is for the same reason that position errors
contained more error in high wind conditions. In concordance with drift meter
measurements for measuring flight-level wind, the flight-level winds were calculated by
the navigator along with the position every 15 minutes based on the speed that the aircraft
should have been traveling and the extra distance covered as a result of the tail wind on
the aircraft as it slowly circled toward the center of the TC with the winds (Neumann,
personal communication, 2010). Significant errors in positioning, which were rather
common, contributed directly toward significant flight-level winds calculation errors.

The estimated maximum storm intensity by aircraft on low-level flights for which
the RMW is not penetrated and/or the strongest quadrant of the storm is not sampled for
hurricanes has little to no reliability and is not weighed at all in the reanalysis. The
average absolute error in central surface pressure measured from aircraft in the eye at
low-levels is believed to be about 2 to 3 mb. The absolute error in determining the
central surface pressure value if only the 700 mb height in the eye is available with no

temperature data is about 8 mb on average.
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Figure 9. Comparison plot of original HURDAT winds vs. revised HURDAT winds with central pressures listed in the revised
HURDAT that came from aircraft data only.
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CHAPTER 5
REANALYSIS RESULTS AND DISCUSSION

Recommended changes to the number of tropical storms and hurricanes,
hurricanes, major hurricanes, and ACE for each year (1944-1953) are shown below in
Table 5. Twenty-one additional tropical cyclones were identified and added into
HURDAT during these ten years, and there was one removed, bringing the total number
of TCs for the period from 103 to 123. This is an increase of two per year. Eighteen of
the 21 additional TCs were tropical storms, and three were hurricanes. These three new
hurricanes, along with two previous tropical storms that are reanalyzed to have been
hurricanes and two previous hurricanes that are reanalyzed to be only tropical storms,
increases the total number of hurricanes for the nine year period from 64 to 67, which is
an increase of 0.3 hurricanes per year. The number of major hurricanes decreased from
36 to 27 (a decrease of 0.9 major hurricanes per year) after conducting the reanalysis.

Ten hurricanes previously listed in HURDAT as major hurricanes were revised

Preliminary Original vs. Revised HURDAT Comparison

Year tropical storms and hurricanes hurricanes major hurricanes ACE
1944 11/14 7/8 3/3 96/104
1945 1111 5/6 3/1 67/60
1946 6/8 3/4 1/0 22/24
1947 9/10 5/5 2/3 112/90
1948 9/10 6/6 4/4 106/93
1949 13/16 77 3/3 98/99
1950 13/16 11/11 8/6 243/211
1951 10/12 8/8 5/3 137/126
1952 711 6/5 3/2 87/71
1953 14/15 6/7 4/2 104/96
avg 1944-53 10.3/12.3 6.4/6.7 3.6/2.7 107/97

Table 5. Original/revised tropical storm and hurricane, hurricane, major hurricane, and
ACE counts for 1944-1953 along with the 1944-1953 averages. ACE = 10™*% vy
where Vyax 1s the maximum wind value (kt). The maximum winds are summed for all 6-
hourly periods for the entire year.

66
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downward in intensity to non-major hurricane status, and one minor (Category 1 or 2)
hurricane was revised with an increase in intensity to major hurricane status. Seven of
the ten major hurricanes that were reanalyzed downward to be minor hurricanes are the
result of overestimation of winds by aircraft reconnaissance. During these cases, central
pressure observations within a few hours of the aircraft wind estimates indicate the wind
estimates (and also the HURDAT recorded winds) were too high. Those seven cases are
just some of the numerous examples of hurricanes with various intensities that were
revised downward. Most of these were cases when aircraft overestimated the maximum
winds when central pressures were also available. This is the overwhelming reason why
the reanalyzed ACE is lower than the original ACE for 1944-1953 despite the addition of
many new storms during the decade. The average seasonal ACE declined from 107 to 97
units.

Table 6 lists all hurricanes and tropical storms that impacted the coastline of the
continental United States as well as those that made a direct landfall. There were a total
of 23 hurricanes that impacted the coastline of the continental U.S. from 1944-1953. The
busiest ten-year period on record is the 1879-1888 period when 28 hurricanes impacted
the U.S. For comparison, a recent ten-year period that was also particularly active, 1996-
2005, had 24 U.S. hurricanes. Eight major hurricanes impacted the U.S. during the 1944-
1953 period, and there were nine during the 1996-2005 period. In addition to the 23 U.S.
hurricanes, 24 tropical storms (not of hurricane intensity) impacted the U.S. during the
decade (1944-1953), which means the total number of tropical cyclones impacting the

U.S. during the period was 47.



Date- Storm #

8/1/1944- Storm 3
8/22/1944- Storm 5
9/10/1944- Storm 6
9/10/1944- Storm 6
9/14/1944- Storm 7
9/15/1944- Storm 7
9/15/1944- Storm 7
10/18/1944- Storm 13
10/19/1944- Storm 13
6/24/1945 - Storm 1
6/26/1945 - Storm 1
8/27/1945- Storm 5
9/5/1945 - Storm 7
9/15/1945- Storm 9
9/15/1945- Storm 9
9/17/1945- Storm 9
7/6/1946 - Storm 2
10/8/1946- Storm 6
11/1/1946- Storm 7
11/3/1946- Storm 8
8/2/1947- Storm 1
8/22/1947- Storm 3
8/24/1947- Storm 3
9/17/1947- Storm 4
9/19/1947- Storm 4
9/8/1947- Storm 5
9/23/1947- Storm 6
10/7/1947- Storm 7
10/11/1947- Storm 9
10/12/1947- Storm 9

Landfall
time
2300Z
1700Z
1600Z
2300Z
1300Z
0300Z
03457
2000Z
07007
0800Z
0100Z
1600Z
0000Z
1930Z
2000Z
1100Z
0800Z
0200Z
2100Z
0500Z
0000Z
1400Z
2200Z
1600Z
1400Z
14007
2200Z
04007
1900Z
0200Z

Lat

('N)
33.9
26.0
29.1
30.3
352
40.9
41.3
24.6
27.2
28.6
34.7
28.3
26.5
25.3
254
32.1
33.9
27.5
26.6
35.0
26.0
29.1
29.1
26.2
29.6
30.3
28.9
30.8
24.5
254

Lon
(W)
78.1
97.1
90.4
88.3
75.0
72.3
71.5
82.9
82.5
82.7
76.6
96.6
82.1
80.3
80.4
80.8
78.2
82.6
80.1
76.1
97.1
90.3
94.9
80.1
89.5
88.2
82.7
81.5
82.8
81.2

U.S. Tropical Cyclones (1944-1953)

Location

Oak Island, NC

Port Isabel, TX

W of Grand Isle, LA
Dauphin Island, AL
Cape Hatteras, NC
Southhampton, NY
Matunuck, RI

Dry Tortugas, FL.
Venice, FL
Brooksville, FL
Cape Lookout, NC
Port O'Connor, TX
Fort Myers, FL
Ocean Reef, FL
Florida City, FL
Hilton Head, SC
Oak Island, NC
Bradenton, FL

Palm Beach, FL
Ocracoke Is., NC
Port Isabel, TX

W of Grand Isle, LA
Galveston, TX

Fort Lauderdale, FL
SE of New Orleans, LA
Dauphin Island, AL
Crystal River, FL
St. Marys, GA

Dry Tortugas, FL
NW of Cape Sable, FL

Landfall int.
(kt)
65
40%*
50
50
90*
95
95
105
90
70
60*
95
40
115
115
75
40
75
40
35
35%
40
70
115
95
45
55
50
75%
80

Orig. int.
(kt)
80

89



10/15/1947- Storm 9
7/9/1948- Storm 2
9/4/1948- Storm 5
9/21/1948- Storm 8
9/22/1948- Storm 8
10/5/1948- Storm 9
10/5/1948- Storm 9
8/24/1949- Storm 1
8/26/1949- Storm 2
9/4/1949- Storm 5
9/13/1949- Storm 7
10/4/1949- Storm 11
8/31/1950- Baker
8/31/1950- Baker
9/11/1950- Dog
9/5/1950- Easy
9/6/1950- Easy
10/18/1950- King
10/21/1950- Love
5/17/1951- Able
10/2/1951- How
10/5/1951- How
2/3/1952- Storm 1
8/31/1952- Able
8/28/1952- Storm 3
6/6/1953- Alice
8/14/1953- Barbara
8/14/1953- Barbara
8/14/1953- Barbara
9/1/1953- Storm 3
9/7/1953- Carol
9/7/1953- Carol
9/20/1953- Storm 7
9/26/1953- Florence

1100Z
0700Z
0800Z
1700Z
05002
1800Z
21002
12002
23002
1200Z
0800Z
05002
0300Z
04002
0600Z
17002
0400Z
05002
1000Z
21002
1000Z
08002
0400Z
0300Z
02002
1700Z
0200Z
0500Z
09002
0800Z
12002
1800Z
17002
1600Z

31.8
30.3
29.2
24.6
25.8
24.7
25.1
343
26.6
29.3
343
28.8
30.2
30.7
35.2
29.1
28.5
25.7
29.5
25.8
26.7
36.0
25.4
323
33.7
30.3
34.9
35.4
36.1
31.6
41.2
44.9
29.0
30.3

80.9
87.3
90.4
81.6
81.3
81.2
80.9
76.1
80.0
90.6
77.8
95.6
88.0
87.9
75.5
82.8
82.7
80.2
83.4
80.2
82.3
76.0
81.1
80.6
78.7
85.9
76.3
76.1
75.7
81.1
70.2
67.0
82.8
86.2

Savannah, GA
Pensacola, FL

W of Grand Isle, LA
Sugarloaf Key, FL
Everglades City, FL
Marathon, FL
Flamingo, FL

Cape Lookout, NC
Palm Beach, FL
Houma, LA

Wrightsville Beach, NC

SW of Freeport, TX
Fort Morgan, AL

E of Mobile, AL
Cape Hatteras, NC
Cedar Key, FL
Brooksville, FLL
Miami, FL

Cross City, FL
Miami, FL

Fort Myers, FL.
Cape Henry, VA
Cape Sable, FL
Beaufort, SC

N. Myrtle Beach, SC
Panama City, FL
Ocracoke Is., NC
Nebraska, NC

Kitty Hawk, NC

N of Brunswick, GA
Nantucket, MA
Eastport, ME
Crystal River, FL
Panama City, FL

90
35
65
110
115
90
90
70*
120
50
35
100
75
75
35%
105
90
115
60
40%*
55
45%
55
85
50
40
80
75
75
35
50%*
45%*
35
80

69



10/4/1953- Storm 10 0000Z 25.3 80.3 Ocean Reef, FL K S T
10/9/1953- Hazel 1500Z 26.6 82.3 Captiva, FL 65 60 987 1011 300 0 -
10/9/1953- Hazel 1600Z 26.7 82.1 Ft. Myers, FL 65 60 987 1011 300 -

Table 6. Tropical cyclones that affected the United States from 1944-1953. (1944 Storm #7, 1945 Storms #5 and #9, and 1947 Storm
#4 were reanalyzed prior to this thesis). Many TCs made multiple U.S. landfalls. Direct landfalls are included as well as close
approaches of hurricanes and tropical storms that caused at least tropical storm conditions on land. * indicates a close approach (not a
direct landfall), and the wind speed value listed is the analyzed maximum wind experienced on land (therefore the original HURDAT
intensity value is left blank for those cases). The original HURDAT intensity column is left blank elsewhere for new storms and new
analyzed landfalls. For all hurricane impacts, max wind, central pressure, OCI, and ROCI are required. For all tropical storm impacts,
max wind is the only value required to be provided. RMW is provided for hurricane impacts only if the value is known.

0L
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Saffir-Simpson Category Changes to U.S. Landfalling Hurricanes

Table 7 shows that there are 16 U.S. landfalling hurricanes (1944-1953) for which
changes are made to the SSHWS category that impacted one or more states/regions.
However, changes are only made to the maximum U.S. landfall category for nine of these
16 hurricanes.

Storm 8 of 1948 (previously Storm 7), which made landfall just southeast of
Everglades City, FL on September 22 at 05Z, is upgraded from a Category 3 to a
Category 4 at landfall. Everglades City reported a pressure of less then 948 mb with
simultaneous winds of at least 85 kt. The maximum estimated wind at Everglades City
was in excess of 105 kt, but the city was positioned on the left (typically weaker) side of
the storm. Analyzed intensities are 115 kt at 00Z, landfall and 06Z. Previous HURDAT
intensities were 100 kt at 00Z and 85 kt at 06Z.

Storm 2 of 1949, which made landfall in Palm Beach County, FL between
Boynton Beach and Lake Worth on August 26 at 23Z, is upgraded from a Category 3 to a
Category 4 at landfall. However, the wind speed in HURDAT is lowered from 130 to
120 kt at 18Z on the 26" and 00Z on the 27™. This is a classic example of the reason why
landfall parameters are specified in the reanalyzed HURDAT for U.S. landfalling
hurricanes. The highest official 1-min, 10 m wind was 110 kt at Lake Worth. The lowest
pressure recorded was a 954 mb central pressure (with calm) at West Palm Beach. A 1-
min, elevated wind of 133 kt was recorded at Jupiter Light, FL. This value reduces to

120 kt at 10 m.



Changes to U.S. Landfalling Hurricanes (1944-1953)

Year/Storm Original Revised Cat/state changes

1944 Storm 3 NCA1 NCA1 none

1944 Storm 7 NC3 VA3 NY3 CT3 RI3 MA2 NC2 VA2 NY2 CT1 RI2 MA1 NC -1; VA -1; NY -1; CT -2; Rl -1; MA -1
1944 Storm 13  BFL3 DFL2 BFL3 DFL1 AFL1 NE FL -1; add NW FL

1945 Storm 1 AFLA1 AFL1 none

1945 Storm 5 BTX2 ATX2 BTX2 CTX1 add S TX (+2); add N TX

1945 Storm 9 CFL3 CFL4 BFL2 AFL1 SC1 SE FL +1; add SW FL (+2), NW FL, SC
1946 Storm 6 BFL1 BFL1 none

1947 Storm 3 CTX1 CTX1 none

1947 Storm 4 CFL4 LA3 MS3 BFL2 CFL4 LA2 MS2 BFL2 LA -1; MS -1

1947 Storm 9 GA2 SC2 CFL1 GA2 SC2 BFL1 CFL1 add SW FL

1948 Storm 5 LA1 LA1 none

1948 Storm 8 BFL3 CFL2 BFL4 CFL2 SW FL +1

1948 Storm 9 CFL2 BFL2 CFL2 add SW FL

1949 Storm 1 NCA1 NCA1 none

1949 Storm 2 CFL3 CFL4 BFL1 AFL1 DFL1 GA1 SE FL +1; add SW FL, NW FL, NE FL, GA
1949 Storm 11 CTX2 CTX3 BTX1 N TX +1;add C TX

1950 Baker AL1 AL1 AFL1 add NW FL

1950 Easy AFL3 AFL3 BFL1 add SW FL

1950 King CFL3 CFL4 DFLA1 SE FL +1; add NE FL

1952 Able SC1 SC2 SC+1

1953 Barbara NC1 NC1 none

1953 Carol ME1 TS remove ME

1953 Florence AFLA1 AFL1 none

1953 Hazel TS BFL1 SW FL +1

Table 7. Original vs. revised hurricane impacts for U.S. states by Saffir-Simpson category. (1944 Storm #7, 1945 Storms #5 and #9,
and 1947 Storm #4 were analyzed by other students prior to this thesis). ATX- South Texas, BTX-Central Texas, CTX-North Texas,
LA- Louisiana, MS- Mississippi, AL-Alabama, AFL-Northwest Florida, BFL-Southwest Florida, CFL-Southeast Florida, DFL-
Northeast Florida, GA-Georgia, SC-South Carolina, NC- North Carolina, VA- Virginia, NY- New York, CT- Connecticut, RI- Rhode
Island, MA- Massachusetts, ME- Maine. Changes to maximum U.S. landfall category are indicated in underline and bold.
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Storm 11 of 1949 (previously Storm 10), which made landfall near Freeport, TX
on October 4, 1949 at 05Z, is upgraded from a Category 2 to a Category 3 at landfall, but
the intensity at the point before landfall is reduced from 115 to 100 kt. This is another
example of how the previously unavailable landfall parameters indicate the disparity
between the HURDAT winds and the landfall category in HURDAT. The highest
official 1-min 10 m wind was 87 kt at Freeport. The highest unofficial wind was 115 kt
estimated at a location about five nmi away from Freeport. This was reported
simultaneously with the lowest official land pressure observation of 978 mb. The RMW
was 15 nmi and the analyzed landfall central pressure is 960 mb.

Hurricane King of 1950, which made landfall at Miami, FL on October 18 at 05Z,
is upgraded from a Category 3 to a Category 4 at landfall. A central pressure of 955 mb
was observed in Miami. The maximum recorded 1-min wind at the Downtown Miami
Weather Bureau Office was 106 kt (elevated) and 70 kt was the highest 1-min wind
experienced at the airport. The RMW was a tiny 5 nmi. A central pressure of 955 mb
equals 108 and 105 kt according to the intensifying subsets of the Brown et al. (2006)
pressure-wind relationships for south and north of 25N latitude respectively. The
climatological RMW value from Vickery et al. (2000) for this latitude and central
pressure is 17 nmi (more than three times larger than the analyzed RMW of 5 nmi).
Reanalysis methodology from Landsea et al. (2008) states that for landfalling U.S.
tropical storms and hurricanes for which the RMW is significantly smaller (>50%) than
the climatological value, 10 kt should be added to the pressure-wind relationship. A 115
kt landfall intensity is analyzed. King deepened by 33 mb during the 14 hr immediately

prior to landfall at Miami (max 1-min wind is analyzed to have increased 45 kt in 12 hr).
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Hurricane Able of 1952, which made landfall near Beaufort, SC on 31 August, is
upgraded from a Category 1 to a Category 2 hurricane at landfall on the Saffir-Simpson
Hurricane Wind Scale. The maximum winds are, however, are reduced from 90 to 85 kt
in HURDAT. A highest measured wind of ~75-80 kt was recorded at Beaufort when the
left RMW passed overhead, but the strongest winds likely occurred over the uninhabited
swampy marshlands between Beaufort and Charleston and were not recorded. Available
observations indicate the central pressure at landfall was near 980 mb, which yields 76 kt
according to the intensifying subset of the north of 25N pressure-wind relationship from
Brown et al. Evidence from radar aircraft reconnaissance indicates that the eye was
contracting prior to landfall, and the RMW was smaller than the climatological RMW
value for that central pressure and latitude from Vickery et al (2000). Due to this
information combined with the analysis that the wind observation occurred on the left
side of the storm, 85 kt is the analyzed landfall intensity.

Hurricane Carol of 1953, which was originally listed as a Category 1 impact for
Maine, is found to have only produced a tropical storm impact there. The highest
recorded 1-minute wind in Maine was 42 kt at Eastport. Although Carol is analyzed to
have still been a Category 1 hurricane when it passed a few dozen nmi east of Eastport,
ME, the winds on the east side were much stronger than the winds on the west side. The
strongest wind recorded on the U.S. coastline in association with Carol was 49 kt at
Nantucket.

Tropical Storm Hazel of 1953 (now Hurricane Hazel) is upgraded from a 60 kt
tropical storm to a 65 kt hurricane at landfall between Fort Myers and Punta Gorda, FL.

A 987 mb minimum pressure was recorded at Okeechobee City, FL, and this value is the
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analyzed landfall central pressure. A 987 mb central pressure equals 66 kt according to
the intensifying subset of the Brown et al. (2006) north of 25N pressure-wind
relationship. Although the environmental pressure was low (in terms of ROCI, which
was about 300 nmi), that effect is counteracted by the fast speed of the storm, which was
20 kt. A 65 kt landfall intensity is chosen based on that data. A Category 1 landfall is

also supported by commentary, which describes damage indicative of a Category 1.

Hurricane Impacts Outside of the Continental U.S.

Table 8 lists all hurricane landfalls and impacts (1944-1953) for land areas outside
of the continental U.S. Many of these hurricanes made direct landfalls; however, several
others passed close enough to islands or countries for hurricane force winds to be
experienced on land without making direct landfalls. Those hurricanes are included in
this list as well and contain the value of maximum intensity likely experienced on land as
calculated by the Schwerdt et al. (1979) model in the absence of information that
contrarily indicates a higher or lower intensity. There were no landfalling Category 5
hurricanes analyzed, but countries that experienced one or more major hurricane impacts
during the decade include Cuba (3 major hurricanes), The Bahamas (3), Jamaica (2),
Mexico (2), and Antigua and Barbuda (1). Bermuda experienced a Category 2 impact

four times during the ten-year period.



Landfalling Hurricanes Outside of Continental U.S. (1944-1953)

Date/Storm #

8/20/1944- Storm 4
8/22/1944- Storm 4
9/20/1944- Storm 8
9/21/1944- Storm 8
10/16/1944 Storm 13
10/18/1944- Storm 13
10/18/1944- Storm 13
9/14/1945- Storm 9
9/15/1945- Storm 9
10/4/1945- Storm 10
10/12/1945- Storm 11
9/13/1946- Storm 4
10/4/1946- Storm 5
8/15/1947- Storm 2
9/17/1947- Storm 4
10/20/1947- Storm 10
9/13/1948- Storm 6
9/19/1948- Storm 8
9/20/1948- Storm 8
9/21/1948- Storm 8
10/5/1948- Storm 9
10/6/1948- Storm 9
10/7/1948- Storm 9
8/26/1949- Storm 2
9/21/1949- Storm 10
9/21/1949- Storm 10
8/21/1950- Able
8/22/1950- Baker
9/1/1950- Dog
9/3/1950- Easy

Landfall
time
1600Z
1100Z
1000Z
2000Z
0600Z
0000z
0800z
0600Z
0800z
1300Z
1200Z
0000z
1800Z
1100Z
0600Z
1500Z
1800Z
1200Z
2200Z
0100z
0700z
0800z
2200Z
1000Z
1200Z
2100Z
1600Z
0400z
0600Z
0100z

Location

Jamaica
Mexico
Mexico
Mexico
Cayman lIs.
Cuba

Cuba
Turks & Caicos
Bahamas
Belize
Cuba
Bahamas
Azores
Mexico
Bahamas
Bermuda
Bermuda
Cayman Is.
Cuba

Cuba

Cuba
Bahamas
Bermuda
Bahamas
St. Croix
Puerto Rico
Nova Scotia
Antigua
Antigua
Cuba

Lat

('N)
18.2
20.0
211
18.4
19.3
21.4
225
21.3
23.7
16.2
21.6
25.9
38.5
21.9
26.5
32.3
32.3
19.3
22.3
22.7
22.4
26.8
32.3
25.0
17.7
18.0
445
17.0
17.2
21.5

Lon

(W)
76.3
87.5
86.8
934
81.4
82.9
82.9
71.7
77.7
88.8
79.3
77.3
28.5
97.6
78.7
64.8
64.9
81.4
82.1
82.1
83.2
75.6
64.8
77.3
64.9
67.2
63.7
61.7
61.8
82.7

Category Wind

105
80
70
70
85*
115
120
85
110
75
80
65
70
100
110
90*
95*
85*
110
110
110
85*
90
100
65*
65*
65
85*
125*
70

A AN A2 WNNWWWNNNWWA=S 2 aAWNAANS 2 AW

Revised

105
80
70
70
90
115
120
85
110
75
80
65
70
100
110
105
110
90
110
110
110
85
90
100
65
70
65
90
125
70

Original

105
80
70
70
80
105
105
105
110
60
85
65

100

70
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9/3/1950- Easy 0700Z Cuba 227 824 1 80 80 70
10/11/1950- Item 04002 Mexico 18.8 959 1 80 80
10/16/1950-King 2200z Cuba 209 783 1 80 80 95
5/18/1951- Able 0900z Bahamas 269 780 1 75 75 70
8/18/1951- Charlie 0300z Jamaica 179 76.9 3 110 110 95
8/20/1951- Charlie 0300z Mexico 204 873 4 115 115 115
8/22/1951- Charlie 1900Z Mexico 222 9738 3 100 100 110
9/2/1951- Dog 1200z Martinique 144 60.9 1 80* 80 100
9/2/1951- Dog 1200Z St. Lucia 141  60.9 1 65* 80 100
10/24/1952- Fox 1600Z Cuba 21.7 810 4 125 125 130
10/24/1952- Fox 1800Z Cuba 22.0 809 4 125 125 130
10/26/1952- Fox 0800z Bahamas 247 763 1 75 75 100
9/7/1953- Carol 2000Z Canada 442 664 1 75 75 65
9/7/1953- Carol 2200z Canada 453 65.8 1 70 70 65
9/18/1953- Edna 02002 Bermuda 32.3 6438 2 90* 100 100

Table 8. Landfalling hurricanes outside of the continental U.S. (1944-1953). Wind is estimated maximum sustained (1 min) surface
(10 m) winds to occur at the coast at landfall/closest approach. Revised winds are the winds in the revised HURDAT at the point just
prior to landfall or point of closest approach. Original winds are the winds in HURDAT that were originally provided at the point just
prior to landfall or point of closest approach. Non-landfalls are denoted by a “*”” symbol.

LL
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Aircraft Central Pressures

To justify the methodology for the Category 5 study and to give a sense of how
often low pressures were measured by aircraft reconnaissance, Figure 10 and Table 9 list
the frequency of reported available aircraft central pressures. One central pressure
observation represents one aircraft penetration for which a central pressure is reported.
There were a few occasions for which two penetrations and two central pressures were
reported on the same flight, but usually no more than one central pressure would be
reported per flight. There were many flights for which no central pressure value was
reported. Sometimes, a center fix was reported with a minimum pressure encountered
but with no information as to whether the plane flew in the eye. Careful interpretation
with enough evidence is necessary before a “minimum” pressure value is considered to
be a central pressure. It is likely that there are a few cases for which the crew believed
they were in the eye, but it was in fact a local calm/clear area encountered in the
periphery. Sometimes this was reported as the eye with a pressure 10 mb higher than the
“minimum” pressure encountered by the aircraft. Pre-satellite aircraft reconnaissance
undoubtedly had a more difficult time locating the center especially for weaker TCs. For
cases when there is uncertainty as to whether the minimum pressure reported is a central
pressure, the reanalysis leans toward not making a significant change to the original
HURDAT intensity. All aircraft observations of less than 960 mb for the entire decade
regardless of whether they are a central pressure are listed in Table 9. The reason why
960 mb is chosen for this table is because 960 mb is about the general cutoff for major
hurricane intensity according to the Brown et al. pressure-wind relationships. These

pressure-wind relationships also indicate that a value near 945 mb is the borderline
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Aircraft central pressures
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Figure 10. Total number of aircraft central pressures reported during the 6 years from
1944-49 vs. the 4 years from 1950-53.

between Category 3 and 4 intensity. A 920 mb central pressure is a good approximation
for the borderline of Category 4 and 5 intensity. There were very few pressure readings
indicative of major hurricanes compared to the number of major hurricanes that existed
previously in the original HURDAT database during this decade. From 1944-1953, there
were five hurricanes for which a Category 4 intensity was confirmed by an aircraft
pressure measurement. This number compares with 16 Category 4 or greater hurricanes
listed in HURDAT originally and 14 shown in the reanalyzed HURDAT for this ten year
period. There was one hurricane for which a Category 5 intensity was confirmed by an
aircraft pressure measurement from 1944-1953 (1953 Hurricane Carol- 929 mb). This
number compares with three Category 5 hurricanes listed in HURDAT originally and one

shown in the reanalyzed HURDAT for the ten year period. For two of the TCs
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previously listed as Category 5 hurricanes (1950 Hurricane Dog and 1951 Hurricane
Easy), aircraft pressure information indicated wind speeds below the Category 5
threshold at the time HURDAT originally listed Category 5 intensity. Category 5 wind
speeds were placed into the original HURDAT database due to maximum wind speed
guesses by the onboard aerologist for those two hurricanes. For 1947 Storm 4
(reanalyzed by Donna Strahan- Landsea et al. 2007), Category 5 wind speeds were placed
into the original HURDAT database due to a 160 mph surface observation in the

Bahamas that was found in the reanalysis to be too high based on aircraft central pressure

Lowest Aircraft Pressure Observations (1944-1953)

Lowest Aircraft

Pressure (mb) | Central pressure? Storm Revised intensity (kt) | HURDAT original
at time of observation | intensity (kt)
929 yes 1953 Hurricane Carol 140 130
937 yes 1951 Hurricane Easy 125 140
938 yes 1947 Storm 4 125 125
940 yes 1952 Hurricane Fox 120 125
942 yes 1953 Hurricane Carol 115 125
942 yes 1952 Hurricane Fox 110 95
943 maybe 1950 Hurricane Dog 125 145
944 yes 1953 Hurricane Carol 120 75
944 maybe 1950 Hurricane Dog 120 160
945 yes 1953 Hurricane Carol 110 105
951 yes 1948 Storm 8 105 80
951 yes 1947 Storm 4 110 135
952 yes 1947 Storm 4 115 115
953 yes 1950 Hurricane Able 105 120
953 yes 1950 Hurricane Dog 110 75
953 maybe 1950 Hurricane Dog 110 75
956 yes 1947 Storm 4 105 140
957 yes 1951 Hurricane Easy 95 120
958 yes 1950 Hurricane Able 100 120
958 yes 1952 Hurricane Charlie 100 100

Table 9. All available aircraft pressure observations of less than 960 mb for first ten
years of aircraft reconnaissance. “Maybe” in three of the above cases indicates the
surface pressure was measured by dropsonde.
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measurements made on the same day. Whenever there was not a central pressure
measurement to justify an intensity change, no change would be made to the HURDAT
intensity, but several of the major hurricanes were eliminated due to central pressure
information that indicated a weaker intensity.

The original HURDAT database contains central pressure values in 92 of the 6-
hourly time slots during the ten years of 1944-53. The reanalyzed HURDAT contains
central pressure values in 301 of the 6-hourly time slots. Aircraft central pressures are
responsible for 23 of the 92 central pressures that were listed in the original HURDAT.
Aircraft reconnaissance is found to have been responsible for 201 of the 301 central
pressures in the revised HURDAT. Other types of central pressures are measured when
the center of a tropical cyclone passes over a ship or a land station, but some of the
central pressures in the revised HURDAT are calculated from peripheral observations

using aforementioned methodology.

Changes by year

The revised track maps for each year (1944-1953 inclusive) are shown in this
section. Tables summarizing the highlighted changes for each cyclone are shown. A
major track revision is defined as greater than or equal to a two degree latitude/longitude
(~120 nmi) change. All track changes less than two degrees are considered minor track
revisions. A major intensity revision is defined as a change of greater than or equal to 20
kt. All intensity revisions of 5 to 15 kt are considered minor revisions. The precision of
the positions are to the nearest 0.1 degree latitude/longitude, and the precision of

intensities are to the nearest 5 kt. A track change is only made to HURDAT if the
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position requires adjusting of at least 0.2 degrees latitude/longitude. Several individual
changes of only 0.1 degree are shown in the metadata, but these were due to the
smoothing of the track between points when there was more available data. For the
reanalysis methodology prior to the aircraft reconnaissance era, intensity changes are
only made to HURDAT if observations suggest a 10 kt or greater change needs to be
made (Landsea et al. 2008). That guideline was followed in most cases for the reanalysis
of 1944-1953, but there were instances when a 5 kt change would be made if there was
sufficient available data to support such a minor revision. A 5 kt change is only made
when applicable and when both the central pressure and the RMW are known. Other 5 kt
changes shown in the metadata are due to interpolation of revised intensity between times
of sufficient data availability. The tables for each year also show changes that were

analyzed to the genesis, extratropical transition, and dissipation of the TCs.

The 1944 Hurricane Season

The reanalysis of 1944 contains several noteworthy changes and additions,
depicted in Figure 11 and Table 10. The original HURDAT lists 11 tropical storms,
seven of which reached hurricane intensity, and three of which were listed as major
hurricanes. Three missing tropical storms are added to HURDAT during 1944, and none
were removed, increasing the total number of storms to 14. One of the three new storms
is found to have been a hurricane that occurred near the Azores in October and made
landfall in Portugal as a tropical storm. If accepted by the NHCBTCC, this will be the
only recorded tropical storm in the entire HURDAT database from 1851-present to have

ever made landfall in the Iberian Peninsula. However, there is some precedence for
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Revisions for the 1944 hurricane season

Storm Previous

#

O©Co~NOOOhwWN-

Storm #

O©CoONOOOPA~,WN-=-

Date

7/13-7/20
7/24 - 7/28
7/30 - 8/4

8/16 - 8/24
8/18 - 8/23
9/9 - 9/11

9/9 - 9/16

9/19 - 9/22
9/21 - 9/28
9/30 - 10/3
9/30 - 10/3

10/11-10/17

Orig. Peak
Intensity (kt)

80
55
80
105
50
45
120

10/12-10/24 105

11/1-11/3

Major/Minor Major/Minor Genesis/Decay

Revised

Peak Track
Intensity (kt) Change
65 minor
55 major
65 minor
105 major
50 minor
50 major
120 minor
70 minor
85 major
45 -
40 major
70 0
120 minor
60 0 -

Table 10. 1944 revisions.

Intensity
Change
minor
minor
minor
minor
none
minor
major
major
minor

Change

ET 12 hr later

None

Genesis 18 hr earlier, Decay 12 hr earlier
Genesis 6 hr earlier, Decay 6 hr later
Genesis 30 hr earlier

added ET 1st 36 hr; Decay 12 hr later
None

None

ET 24 hr earlier

New storm

Genesis 24 hr earlier

New storm

Genesis 6 hr earlier, ET 12 hr earlier, Decay 24 hr later
New storm
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1944 New Hurricane- October 12 127

Figure 12. 1944 Storm 12 (new to HURDAT) on October 12 at 12Z. Center is analyzed
at 36.0N, 40.0W (depicted by the tropical cyclone symbol) as a 70 kt hurricane. Highest
observed wind was 70 kt. Lowest observed pressure was 996 mb.

tropical cyclones affecting the Iberian Peninsula. Vaquero et al. (2008) documents a
possible tropical storm or hurricane that impacted the region in late October, 1842. Also,
Hurricane Vince of 2005 weakened to a tropical depression before making landfall in the
Iberian Peninsula. A synoptic map from this new hurricane of October 12, 1944 is shown
in Figure 12. This new hurricane increases the number of hurricanes in 1944 from seven
to eight. The number of major hurricanes in 1944 is unchanged. Of note is that 1944
Storm 13 (originally listed as Storm 11) is analyzed to have impacted Cuba with a
Category 4 intensity, while HURDAT originally shows only Category 3 winds for Cuba.

The reanalysis of 1944 resulted in an increase of the ACE from 96 to 104.
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The 1945 Hurricane Season

For the 1945 hurricane season, HURDAT originally listed 11 tropical storms, 5 of
which were listed to have reached hurricane intensity, 3 of which were listed as major
hurricanes. 1945 was the only year of this study for which no missing tropical cyclones
were discovered and added to HURDAT. No storms were removed in 1945 either, so the
total number of storms is unchanged. One tropical storm (Storm 4), which was originally
listed with a peak intensity of 60 kt, is reanalyzed with a peak intensity of 65 kt- a
hurricane. This is responsible for increasing the total number of hurricanes from five to
six for the year. The number of major hurricanes is decreased from three to one. Storm 1
was found to have attained a peak intensity of only 85 kt instead of 100 kt. The 100 kt
intensity was placed into HURDAT originally likely due to a 100 kt reported aircraft
wind, but an abundance of other data for this storm shows that this wind estimate was too
high. Storm 10 is an interesting case in 1945 in that the dissipation of this storm is
analyzed to have occurred two days later than originally indicated. After making landfall
in Belize as a 75 kt hurricane (up from a 60 kt tropical storm originally), the cyclone
crossed central America and entered the Pacific Ocean intact as a tropical depression, as
shown in Figure 13. The cyclone is analyzed to have restrengthened to a tropical storm
over the Pacific just off the Mexican coast. Then it made landfall on the Pacific Coast of
Mexico as a 40 kt tropical storm and dissipated shortly thereafter. These revisions and
others for 1945 are summarized in Table 11. The reanalysis of 1945 results in a decrease

in ACE from 67 to 60.
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Revisions for the 1945 hurricane season

#

Storm Previous Date Orig. Peak Revised
Storm # Intensity (kt) Peak
Intensity (kt)

1 6/20-7/4 100 85

2 7119-7/22 45 35

3 8/2 - 8/4 50 50

4 8/17 - 8/21 60 65

5 8/24 - 8/29 120 95

6 8/29-9/1 50 60

7 9/2 - 9/6 35 40

8 9/9-9/12 50 50

9 9/12-9/20 120 115

10 10/2 - 10/7 85 75

11 10/10-10/16 85 80

) 2 0O NOOOAPRWN -

- O

Major/Minor Major/Minor Genesis/Decay

Track
Change
minor
major
minor
minor
minor
minor
minor
minor
minor
major
minor

Intensity
Change
major
minor
minor
minor
major
major
minor
minor
major
major
minor

Table 11. 1945 revisions.

Change

ET 24 hr earlier, Decay 72 hr later
Decay 6 hr later
Genesis 18 hr later
none

Genesis 6 hr earlier
Decay 12 hr later
Genesis 30 hr earlier
ET included at end
ET 6 hr earlier
Decay 48 hr later
none
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The 1946 Hurricane Season

1946 was the least active year of tropical cyclone activity during the ten year
period of study. Changes for 1946 are summarized in Figure 14 and Table 12.
HURDAT originally listed six tropical storms for the year, three of which were
hurricanes and one of which was listed as a major hurricane. Two missing storms are
identified and added to HURDAT in 1946, increasing the total number of tropical storms
from six to eight. One of these storms is found to have attained hurricane intensity before
making a direct landfall in the Azores as a 70 kt hurricane, so the total number of
hurricanes in 1946 is increased from three to four. This hurricane destroyed an American
built air base in the Azores. A short-lived 35-kt tropical storm that made landfall on the
Outer Banks of North Carolina is the other new storm that is added. It is analyzed that
this system was a tropical storm for 12 hours and made landfall near Ocracoke Island,
NC. The major hurricane listed in HURDAT originally (1946 Storm 5- now Storm 6) is
reanalyzed with a major downward intensity revision and is no longer shown to have
been a major hurricane, so the number of major hurricanes in 1946 is decreased from one
to zero. The downward intensity revision of this storm is based on a 979 mb central
pressure measurement (which yields a wind speed of 76 to 79 kt). The measurement
occurred just four hours after an aircraft wind estimate of 115 kt. HURDAT previously
listed this cyclone as having weakened from 115 kt to 65 kt during a 6-hour period while
the cyclone was still over water. The revised intensity shows a weakening from 80 kt to
75 kt during that 6-hour period. This major intensity error in the original HURDAT
database is almost certainly due to the wind overestimate by aircraft reconnaissance since

the value shown in HURDAT is an exact match of the intensity reported from the aircraft.
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Revisions for the 1946 hurricane season

Storm Previous Date Orig. Peak  Revised Major/Minor Major/Minor Genesis/Decay
# Storm # Intensity (kt) Peak Track Intensity Change
Intensity (kt) Change Change
1 1 6/13 - 6/16 35 35 minor minor Genesis 6 hr earlier
2 2 7/5-710 70 70 major minor none
3 3 8/25 - 8/26 35 50 minor minor none
4 4 9/12 - 9/17 85 85 minor minor Genesis 6 hr earlier, ET 12 hr earlier, Decay 6 hr later
5 - 10/1 - 10/6 ----- 70— e New storm
6 5 10/5-10/14 115 85 minor major Genesis 12 hr later
7 6 10/31-11/1 40 40 major minor Genesis 12 hr later, Decay 6 hr earlier
8§ - 11/3-11/4 ----- 3% - New storm

Table 12. 1946 revisions.

16
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These aircraft winds were usually interpreted by the forecasters as truth (Neumann
personal communication). The reanalysis of 1946 results in an increase in the ACE index

for the year from 22 to 24.

The 1947 Hurricane Season

In 1947, the original HURDAT lists nine tropical storms, five of which were
thought to have been hurricanes, and two of which were listed as major hurricanes. The
changes for 1947 are summarized in Figure 15 and Table 13. One storm is added to the
database in 1947- a tropical storm in the northeastern Atlantic during October that
attained a peak intensity of 50 kt. This new storm increases the 1947 total from nine to
ten since no storms were removed. No changes are made to the number of hurricanes in
1947, which remains at five. One hurricane which was previously listed with a peak
intensity of Category 2 strength- Storm 2- is reanalyzed to have been a Category 3
hurricane at landfall in Mexico, which made landfall about 30 nmi south-southeast of
Tampico. This increase in intensity is justified by wind speed observations from the
station at Tampico. This adjustment increases the number of major hurricanes for 1947
from two to three.

There were some other noteworthy changes made during 1947. Major track and
intensity revisions are analyzed for Storm 3, which is originally shown in HURDAT to
have moved on a slow, straight path through the Gulf of Mexico from the Florida Straits
to Galveston. This storm was weak in the eastern Gulf of Mexico, and is analyzed to
have undergone a center reformation to the north. The cyclone is analyzed to have made

a brief landfall in southern Louisiana as a 40 kt tropical storm before dipping
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Revisions for the 1947 hurricane season

Storm Previous Date Orig. Peak  Revised Major/Minor Major/Minor Genesis/Decay
# Storm # Intensity (kt) Peak Track Intensity Change
Intensity (kt) Change Change
1 1 7/31-8/2 40 45 minor minor none
2 2 8/9-8/16 95 100 minor major none
3 3 8/18 - 8/27 70 70 major major none
4 4 9/4-9/21 140 125 minor major ET 24 hr later
5 5 9/7 - 9/9 40 50 major minor Genesis 18 hr earlier, Decay 6 hr later
6 6 9/19 -9/26 50 55 minor major Genesis 18 hr earlier, ET 12 hr earlier, Decay 6 hr later
7 7 10/5-10/9 45 50 major minor Genesis 12 hr earlier, ET 1st 30 hr, Decay 12 hr later
8 - 10/8-10/11  ----- 50 0 - e New Storm
9 8 10/8-10/16 75 90 minor minor Genesis 12 hr earlier
10 9 10/17-10/22 105 105 minor major Genesis 6 hr later, ET 12 hr later

Table 13. 1947 Revisions.
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southwestward back over the Gulf of Mexico on the 23™. The Category 1 landfall near
Galveston is unchanged. Storm 7 underwent some significant alterations as well. An
extratropical phase is added for the first day of this cyclone and the position at 06Z on
October 6 is shifted 5 degrees north of the previous HURDAT position. This is one of
the many examples of unrealistic accelerations and decelerations at the beginning and end
of cyclone tracks in the original HURDAT database. The first ever TC cloud seeding
experiment was conducted during Storm 9 (originally Storm 8). This cyclone formed in
the western Caribbean in October, made Category 1 landfalls in Cuba and Florida, and
was located 350 miles east of Jacksonville on a northeast course when Project Cirrus was
conducted. An aircraft dropped dry ice into the hurricane that appeared headed out to sea
(Barnes 1998). Shortly afterward, the cyclone slowed down and then turned sharply
toward the west, making landfall at Savannah, GA as a 90 kt hurricane where extensive
damage occurred. Some people blamed the westward turn on the cloud seeding
experiment (though this was not the case) (Barnes 2001, Dorst 2007). The reanalysis of

1947 results in a decrease of the ACE index from 112 to 90.

The 1948 Hurricane Season
A similar amount of tropical cyclone activity occurred in the Atlantic Basin
during 1948 as in 1947. Revisions for 1948 are summarized in Figure 16 and Table 14.
Originally, HURDAT listed nine storms, six of which were hurricanes. Four of the six
hurricanes were listed to have become major hurricanes. A 55 kt tropical storm,
previously undocumented in HURDAT, was found in the western Atlantic in September.

This is the lone storm added to HURDAT for 1948, which increases the number of
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storms from nine to ten. The number of hurricanes and major hurricanes in 1948 is
unaltered. Despite this, there were some noteworthy changes. Storm 6 of 1948
underwent very large intensity revisions for several days. This storm originated from an
African easterly wave. HURDAT started this as a tropical storm right away and listed
this storm as having attained hurricane intensity by the time it reached 23W longitude.
The previous HURDAT brought it to a Category 2 on September 8 by the time it reached
38W and a major hurricane at 00Z on the 11™ at 20N, 54W. Major downward intensity
revisions (>= 20 kt) are implemented at all times from 18Z on September 4 to 12Z on
September 11. The intensity was lowered by 45 kt from the previous HURDAT intensity
from 06Z on the 10" through 00Z on the 11™. The first aircraft reconnaissance flight,
which reached the cyclone on the 9" near 19.0N, 48.4W found maximum winds of only
35-40 kt. Text from the Weather Bureau operational advisories describes it as a tropical
storm of moderate intensity. The first reconnaissance flight to notice any increase in

intensity occurred on the 11"

. Before that time, it is analyzed that this storm was a weak
tropical storm on its journey across the Atlantic rather than a hurricane since the plane on
the 9™ found a weak tropical storm. Storm 6 went on to give Bermuda its 2™ Category 2
hurricane impact in as many years (1947 Storm 9). Later in 1948, two hurricanes struck
southern Florida within a span of two weeks, and many of the same locations were

impacted. The results from the 1948 reanalysis have decreased the ACE for the year

from 106 to 93.
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Revisions for the 1948 hurricane season

Storm Previous Date Orig. Peak  Revised Major/Minor Major/Minor Genesis/Decay
# Storm # Intensity (kt) Peak Track Intensity Change
Intensity (kt) Change Change
1 1 5/22 - 5/29 45 45 major minor Decay 6 hr later
2 2 77 -711 35 35 minor minor none
3 3 8/26 -9/5 105 105 major minor Genesis 6 hr earlier, ET 6 hr later, Decay 24 hr later
4 4 8/30-9/1 50 50 major none Genesis 6 hr earlier
5 5 8/31-9/6 70 65 minor major Genesis 30 hr earlier, Decay 6 hr earlier
6 6 9/4 -9/17 115 115 major major ET 12 hr earlier, Decay 18 hr later
7 - 9/7-9/M10 ----- 5. = - e New storm
8 7 9/18 - 9/26 105 115 minor major ET 6 hr earlier, Decay 6 hr later
9 8 10/3-10/16 115 110 major major Genesis 6 hr earlier, Decay 12 hr later, ET added twice
10 9 11/8-11/11 70 65 major minor ET 6 hr later

Table 14. 1948 revisions.
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The 1949 Hurricane Season
Revisions for 1949 are summarized in Figure 17 and Table 15. The number of tropical
storms during the 1949 Atlantic hurricane season was well above the 1944-1953 average,
but the number of hurricanes and major hurricanes were near the ten-year averages.
HURDAT originally listed 13 tropical storms, seven of which were listed as hurricanes.
Three of these hurricanes were listed as major hurricanes. Three new tropical storms are
identified and added into HURDAT for 1949. The first new storm identified was a
tropical storm during September that attained a peak intensity of 45 kt and made landfall
near Wrightsville Beach, NC as a 35 kt tropical storm. This is the second tropical storm
to make a U.S. landfall that was previously unlisted in HURDAT during the period of
this study. The second previously unlisted storm that was identified in 1949 occurred in
the central Atlantic in early October and moved northeastward, attaining a peak intensity
of 50 kt. The third system identified moved westward in the central Atlantic south of
25N latitude in early November, attaining a peak intensity of 45 kt. These three storms
increase the total number of tropical storms in 1949 from 13 to 16. The number of
hurricanes and major hurricanes in 1949 are both not changed. Major intensity revisions
in 1949 are only analyzed for two of the TCs, which is less than most of the other years.

As a result, the ACE is only changed slightly from 98 to 99.
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Revisions for the 1949 hurricane season
Storm Previous Date

#

OO NOO OGP WN-

Storm #

8/21 - 8/30
8/23 - 91
8/30 - 9/3
9/3 - 9/11
9/3 - 9/5
9/5 -9/16
9/11-9/14
9/13-9/17
9/20 - 9/26
9/20 - 9/22
9/27 - 10/7
10/2 - 10/7
10/12-10/21
10/13-10/17
11/1-11/6
11/3 - 11/5

Orig. Peak
Intensity (kt)

95
130
45
110
40
40

Revised
Peak
Intensity (kt)
95

120

40

110

50

55

45

50

80

70

100

50

80

50

45

55

Major/Minor Major/Minor Genesis/Decay

Track
Change
major
minor
minor
minor
minor
minor

Table 15. 1949 revisions.

Intensity
Change
minor
major
minor
major
minor
minor

Change

Genesis 6 hr earlier, ET 12 hr earlier, Decay 30 hr later
Decay 24 hr later

Decay 6 hr earlier

Genesis 6 hr earlier

none

Decay 5 days later

New storm

Decay 18 hr earlier

none

Genesis 18 hr earlier

Added ET last 12 hr, Decay 6 hr later
New storm

ET 24 hr later, Decay 48 hr later
none

New storm

none

10T
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The 1950 Hurricane Season

The most active hurricane season during the first decade of aircraft
reconnaissance was 1950, and the results are shown in Figure 18 and Table 16.
Originally, HURDAT listed 13 tropical storms, 11 of which were listed as hurricanes.
Eight of these 11 hurricanes were listed as major hurricanes. Three new tropical storms
are identified and added for 1950, brining the total number of tropical storms to 16. All
three of the new storms added did not attain hurricane intensity, and all of them occurred
in late October or November. One of these storms that was previously unlisted in
HURDAT was given a name by the Air Weather Service in their post-season tropical
cyclone review (AWS 1951). The storm, named Mike, occurred from 25-29 October in
the central Atlantic. That storm along with both of the two other storms added to
HURDAT did not threaten any land areas. The number of hurricanes for 1950 is not
changed. However, two of the cyclones previously listed as major hurricanes are revised
down to minor hurricanes, which lowers the major hurricane total for 1950 from eight to
six. The peak intensity of Hurricane Baker is reduced from 105 kt to 90 kt, and the peak
intensity of Charlie is reduced from 100 kt to 95 kt. Additionally, since there were more
available aircraft central pressure observations beginning in 1950 compared with the
1940s, numerous downward intensity adjustments were made because the high-biased
wind speeds reported by aircraft reconnaissance became more obvious when central
pressures confirmed these biases. Hurricane Dog, which was previously listed as having

maintained a Category 5 intensity for several days, is reanalyzed to have only attained
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Revisions for the 1950 hurricane season
Storm Previous

#

OO NOO P WN-=-

Storm #

1 (Able)

2 (Baker)
3 (Charlie)
4 (Dog)

5 (Easy)

6 (Fox)

7 (George)
8 (How)

9 (Item)

10 (Jig)

11 (King)
12 (Unnamed)

Date Orig. Peak
Intensity (kt)

8/12-8/24 120
8/20 - 9/1 105
8/21-9/5 100
8/30-9/18 160
9/1-9/9 110
9/8-9/M17 120
9/27 - 10/7 95
10/1-10/4 50
10/8 - 10/11 95
10/11-10/18 105
10/13-10/20 105
10/17-10/24 60
10/18-10/22 80
10/25-10/29 -----
10/27-10/29 -----
11/10-11/13 --—--

Revised

Peak Track
Intensity (kt) Change
110 minor
90 minor
95 major
125 minor
110 minor
120 major
95 major
40 minor
80 major
105 major
115 minor
60 major
70 minor
40 0 -
45
60 0

Intensity
Change
major
major
major
major
major
minor
minor
minor
major
minor
major
none

Table 16. 1950 revisions.

Major/Minor Major/Minor Genesis/Decay

Change

Added ET last 60 hr, Decay 36 hr later
none

ET 6 hr earlier

ET 6 hr earlier, Decay 24 hr later
none

ET 12 hr later, Decay 6 hr later

ET 6 hr later

none

Decay 18 hr later

ET 30 hr earlier, Decay 6 hr later
Decay 18 hr later

none

Genesis 12 hr later, Decay 24 hr later, ET at end
New storm

New storm

New storm

701
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Category 4 intensity. The ACE in 1950 was lowered from 243 to 211 as a result of the
many downward intensity revisions. One reason for the decrease is due to better
knowledge of pressure-wind relationships.

There were several interesting recording errors in HURDAT during 1950. For
Hurricane King, the intensities in HURDAT on the 17" and 18™ of October were mixed
up and placed on the incorrect day. This resulted in the original HURDAT listing King
as too intense for the Cuba landfall and too weak for the Miami, FL landfall. Hurricane
Item was originally listed to have dissipated after 18Z on October 10. The reanalysis

reveals that Item did not make landfall until the 11"

at 04Z just east of Veracruz, Mexico
as a hurricane. The track is thus extended for 18 hours. There were other instances when
central pressures were previously placed in the incorrect time slots, such as during

Hurricane Easy when the central pressure of 958 mb, which was observed at Cedar Keys,

FL, was listed 12 hours too early.

The 1951 Hurricane Season
For the 1951 hurricane season, HURDAT originally listed ten tropical storms, eight of
which were listed to have become hurricanes. Five of these hurricanes were listed to
have attained major hurricane intensity. Two new out-of-season tropical cyclones were
identified and added to HURDAT in 1951, as shown in Figure 19. One was a tropical
storm in January (now 1951 Storm 1) that attained a peak intensity of 55 kt, and the other
was a hurricane in December (now 1951 Storm 12) with a peak intensity of 70 kt, as
shown in Table 17. The January tropical storm originated as an eastward moving frontal

wave in the western Atlantic. It then separated from the front and moved southward. It
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attained tropical characteristics, strengthened, and turned west just in time before it would
have made landfall in Puerto Rico. A couple of days later, the cyclone turned north and
became extratropical as the next front approached. The December hurricane, which
occurred over the north-central and northeastern Atlantic, would likely have been
considered to have been a subtropical cyclone throughout its lifetime by the designation
techniques of today, but for the purposes of the reanalysis, these cyclones are considered
to be tropical cyclones (since there are no satellite pictures to confirm the convective
structure). The two new cyclones in 1951 increases the number of tropical storms from
ten to 12. Although one new hurricane was added, the number of hurricanes in 1951 did
not change because Hurricane Item is analyzed to have only attained tropical storm
strength. The peak intensity of Item is reduced from 70 to 55 kt. As a result of the
reanalysis, the number of major hurricanes in 1951 is decreased from five to three. The
peak intensity of Hurricane Able, which occurred from May 16-24 in the western Atlantic
off the east coast of the U.S., is reduced from 100 kt to 80 kt, and the peak intensity for
Hurricane Dog is also reduced from 100 kt to 80 kt. The former is the result of
overestimation of winds by aircraft reconnaissance while is the latter is the result of an
elevated or estimated wind mistakenly being considered an official wind measurement
operationally, which unfortunately was included in the HURDAT database originally.
Other observations show that this wind was biased too high. Hurricane Easy, previously
listed as a Category 5 hurricane, is lowered to Category 4 status. The ACE for 1951 was

decreased from 137 units to 126 units.
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Revisions for the 1951 hurricane season

Storm Previous
# Storm #
—

2 1 (Able)

3 2 (Baker)
4 3 (Charlie)
5 4 (Dog)

6 5 (Easy)

7 6 (Fox)

8 7 (George)
9 8 (How)
10 9 (Item)

11 10 (Jig)
12

Date Orig. Peak
Intensity (kt)

12-112 -

5/16 - 5/24 100

8/2 - 8/5 50

8/9-8/23 115
8/27-9/5 100
9/1-9/14 140
9/2 - 9/11 100
9/19-9/22 50
9/29-10/8 95
10/12-10/17 70
10/15-10/20 70
12/3-12/12 -—---

Revised
Peak
Intensity (kt)
55

80

50

115

80

130

100

50

85

55

65

70

Table 17. 1951 revisions.

Major/Minor Major/Minor Genesis/Decay

Track
Change

Intensity
Change

Change

New storm

Genesis 18 hr later, Eliminated ET

Decay 12 hr earlier

Genesis 78 hr earlier

Decay 6 hr earlier

Genesis 36 hr earlier, ET 18 hr earlier, Decay 24 hr later
ET 18 hr earlier, Decay 6 hr earlier

Genesis 12 hr earlier, Decay 6 hr later

Genesis 18 hr later, Et 12 hr earlier, Decay 6 hr later
none

Decay 18 hr earlier, added ET last 2 days

New storm

80T
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The 1952 Hurricane Season

Revisions for the 1952 season are summarized in Table 18. Originally, HURDAT
listed seven tropical storms in 1952. Six of these were originally listed as hurricanes and
three of the hurricanes were originally listed as major hurricanes. Four new storms were
added to HURDAT in 1952 (the most storms added for any single year of this study).
None of these new storms were hurricanes. Perhaps the most interesting of the four new
storms added is the one that made landfall near North Myrtle Beach, SC as a 50 kt
tropical storm early on 28 August. A frontal boundary, which was dissipating on the 26"
left behind an area favorable for the development of a tropical cyclone. This tropical
storm formed less than 12 hours prior to landfall and no advisories or warnings were
issued. This is the third tropical storm previously unlisted in HURDAT to have made a
U.S. landfall during these ten years. The other two had 35 kt intensities at landfall, but
this tropical storm occurred with a 50 kt landfall intensity. Although the statistics shown
in Landsea (2007) are computed under the assumption that no landfalling tropical
cyclones were missed post-1900, that study also acknowledges the possibility that some
short-lived, relatively weak landfalling tropical storms could have been missed. Of the
21 new TCs added to HURDAT for this study (1944-1953), 16 of these did not impact
any land areas or islands in the Atlantic Basin. Three of these impacted portions of the
Carolinas with tropical storm impacts. The other two impacted the Azores- one with only
tropical storm conditions (this TC also impacted the Iberian Peninsula with tropical storm
conditions), and the other with hurricane conditions. Although there were likely no U.S.
hurricanes that were missed and very few hurricanes missed that impacted other countries

or islands post-1900, the statistics in the Landsea (2007) study may have to be adjusted



Revisions for the 1952 hurricane season

Storm Previous
# Storm #
1 1

2 2 (Able)
—

4 3 (Baker)
[ Y—

6 4 (Charlie)
7 5 (Dog)
8

9 6 (Easy)
10 7 (Fox)
11

Date Orig. Peak
Intensity (kt)

2/3-2/5 50
8/18-9/3 90

8/27 - 8/28  -----
8/30-9/10 105
9/8-9/14 -
9/23-10/1 105

9/24 -9/30 75
9/25-9/28 -
10/6 - 10/11 95
10/20-10/28 130
11/24-11/30 -----

Revised
Peak
Intensity (kt)
60

85

50

95

50

105

55

40

85

125

50

Table 18. 1952 revisions.

Major/Minor Major/Minor Genesis/Decay

Track
Change
minor

Intensity
Change
minor
major

Change

Genesis 18 hr later, ET 6 hr later

Decay 12 hr later

New storm

Genesis 12 hr earlier, ET 12 hr earlier, Decay 12 hr later
New storm

Genesis 18 hr later, ET 24 hr earlier, Decay 12 hr earlier
Genesis 18 hr earlier, Decay 30 hr later

New storm

none

Added ET at end

New storm

0Tt
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slightly after the completion of the reanalysis. Perhaps minimal 35 kt tropical storms
were so inconsequential, that even if a Weather Bureau forecaster realized of the
existence of a closed tropical cyclone prior to landfall, the intensity would not have
impressed them enough to begin issuing advisories. It is likely that the 50 kt tropical
storm of 1952 formed and moved inland so quickly that there was not enough time to
issue an advisory. Based on data available, the earliest that Weather Bureau forecasters
would have been able to issue an advisory would have been six hours before landfall, but
they may not even have considered the system to have been a TC by that time as it still
contained some hybrid characteristics. It appears that storms like this were sometimes
ignored and not included in HURDAT. The other three new tropical storms in 1952 did
not impact any land areas. The total number of tropical storms in 1952 is increased from
seven to 11. The number of hurricanes is reduced from six to five. Hurricane Dog was
previously listed with a 75 kt peak intensity, but this is reduced to a 55 kt peak intensity.
The peak intensity of Hurricane Baker is decreased from 105 kt to 95 kt, which lowers
the number of major hurricanes for 1952 from three to two. The ACE for 1952 decreased

from 87 to 71 as a result of the reanalysis.

The 1953 Hurricane Season
Originally, HURDAT listed 14 tropical storms in 1953, six of which were listed
as hurricanes. Four of these hurricanes were originally listed as major hurricanes. One
of the 14 tropical storms was removed. It was found that Storm 11 was a continuation of
Hurricane Gail. The cyclone previously listed as Storm 11 is removed from HURDAT,

but several days are added on to the end of Gail. Two new tropical cyclones are added in
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1953 — a July tropical storm that paralleled the east coast of the U.S. a couple hundred
nmi offshore and a short-lived tropical storm found to have occurred in the north-central
Atlantic in September. This increases the total number of tropical storms in 1953 from
14 to 15, as shown in Table 19. Tropical Storm Hazel was previously listed with a 60 kt
peak intensity, but it is reanalyzed to have been a hurricane at its Florida landfall. This
increases the number of hurricanes for 1953 from six to seven. Hazel, which was
previously not listed on the U.S. landfalling hurricanes list, is upgraded to a Category 1
hurricane at landfall as mentioned earlier in the U.S. landfalling hurricanes section.
Hurricanes Dolly and Florence, which were originally listed as major hurricanes, are
downgraded to minor hurricanes. The number of major hurricanes in 1953 is thus
decreased from four to two. Hurricane Carol, which was originally listed with a Category
4 peak intensity, is upgraded to a Category 5 on 3 September while over the open ocean
due to a 929 mb aircraft central pressure observation. This 929 mb aircraft observation
was the lowest central pressure recorded by aircraft reconnaissance during the first ten
years of aircraft reconnaissance. Carol is now listed as the only Category 5 hurricane in
HURDAT from 1944-1953. Carol later made landfall in Canada as a Category 1
hurricane. Carol was originally listed as having impacted Maine with Category 1
conditions, but it was found that Maine only experienced tropical storm conditions, and
Carol is removed from the U.S. hurricane list. The ACE for 1953 is revised downward

from 104 to 96 units as a result of the reanalysis.



Storm

ONO G WN -

Previous
Storm #

1 (Alice)

2 (Barbara)
3

4 (Carol)

5 (Dolly)

6 (Edna)

7

8 (Florence)
9 (Gail)

10

11

12 (Hazel)
13

14

Date

5/25 - 6-7
711 -7/16
8/11 - 8/16
8/28 - 9/1
8/28 - 9/9
9/8 - 9/16
9/10 - 9/11
9/15 - 9/22
9/15 - 9/21
9/23 - 9/27
10/2-10/12
10/3 - 10/8
10/7-10/14
11/23-11/26
12/7 - 12/9

Orig. Peak
Intensity (kt)

45
35

Revised Major/Minor Major/Minor Genesis/Decay

Peak Track
Intensity (Change
60 minor
40 -
80 minor
35 minor
140 major
65 major
50 -
100 minor
40 major
90 minor
70 major
40 major
65 minor
45 major
55 major

Intensity
Change
major

Table 19. 1953 revisions.

Change

Decay 12 hr later

New storm

ET 6 hr earlier, Decay 6 hr later
Decay 30 hr earlier

ET 6 hr later

ET 6 hr later, Decay 30 hr earlier
New storm

Genesis 18 hr later, Decay 48 hr later
Genesis 30 hr later

ET 6 hr later, Decay 24 hr earlier
Decay 6.5 days later

Decay 60 hr earlier

Storm was removed from HURDAT
ET 6 hr earlier, Decay 48 hr later
none

none

ert
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Reanalysis discussion and HURDAT uncertainty estimates

There are many potential sources of error in the reanalysis of the first decade of
aircraft reconnaissance. Sometimes, two different sources contained contradictory
information regarding the same observation. For example, one source would claim that a
land-based reported wind observation was an estimate while another source would
indicate that the wind was recorded by an instrument. In other cases, sources conflicted
on the averaging time of a land-based wind observation. Conflicting information from
different sources is not the only problem that can lead to uncertainty. A significant
amount of uncertainty exists in the numerous cases for which there is not enough
information or clarity provided to know important information. Sometimes, it could not
be determined whether a reported aircraft wind was a surface wind, flight level wind, or
maximum storm intensity estimate. It was also often difficult to determine the method by
which the aircraft wind was estimated or measured unless explicitly mentioned in a
message or in the military coding messages. Some aircraft reports did not specify
whether the report was of the most intense part of the storm (though one can safely
assume that nearly always the most intense part of the TC was not measured).
Sometimes when aircraft reported the minimum pressure encountered, it was uncertain
whether the value was the pressure in the center (or eye). The pressure value cannot be
treated as a central pressure in the reanalysis unless there is near certainty that the

pressure value reported is a central pressure rather than a peripheral pressure reading.
Estimates of the average position and intensity errors for HURDAT for the first
decade of aircraft reconnaissance are shown in Tables 20 and 21 along with estimates for

the period 1851-1920 provided in Landsea et al. (2008). For position, open ocean cases



115

without aircraft showed only slight improvements from the early decades of the
HURDAT era. This increase is solely due to an increase in ship traffic from the 1800s to
the mid-20" century. The position improvement is not very significant because
widespread monitoring of the whole basin provided by geostationary satellites was not
yet available. The average position error for open ocean cases for which aircraft

reconnaissance provided a center fix is estimated to have been about 30 nmi.

HURDAT Position Error Estimates

Year US Landfalling (settled) = Open ocean w/ AC Open ocean w/ no AC

1851-85 60 nmi N/A 120 nmi
1886-1920 60 nmi N/A 100 nmi
1944-1953 20 nmi 35 nmi 80 nmi
Late 1990s 12 nmi 15 nmi 25 nmi
Late 2000s 12 nmi 15 nmi 25 nmi

Table 20. Average track error estimates in the reanalyzed HURDAT for different time
periods stratified by using different observation methods. “AC” = aircraft
reconnaissance. (References: Landsea et al. 2008; Landsea, 2011, personal
communication.)

HURDAT Intensity Error Estimates

US Landfalling Open ocean Open ocean Open ocean
Year (settled) w/ AC cp w/ AC; no cp w/ no AC
1851-85 15 kt N/A N/A 25 kt
1886-1920 12 kt N/A N/A 20 kt
1944-1953 11 kt 13 kt 15 kt 20 kt
Late 1990s 10 kt 12 kt N/A 15 kt
Late 2000s 9 kt 10 kt N/A 12 kt

Table 21. Average intensity error estimates in the reanalyzed HURDAT for different time
periods stratified using different observation methods. “CP” = central pressure.
(References: Landsea et al. 2008; Landsea, 2011, personal communication.)
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There were some flights for which no center fix was provided (such as when
circumnavigation was conducted), and it is estimated that the position error averaged
over all times when there was reconnaissance data available is about 35 nmi. Average
position error for settled areas of the coastline for U.S. landfalling hurricanes showed
significant improvement from the 19" century. This is largely due to the numerous
(sometimes hourly) aircraft center fixes that were usually provided during the last day or
so leading up to a U.S. landfall. Also, the coastal radar network was beginning to be
developed during the late 1940s, and by 1950, there were at least four land-based radars
operation along the coastal areas between Texas and Virginia (NHC microfilm). These
radars were located at Boca Chica (NAS), FL, first utilized for 1947 Storm 9 (originally
Storm 8), Freeport, TX, first utilized for 1949 Storm 11 (originally Storm 10), Norfolk,
VA, first utilized for 1950 Hurricane Able, and Gainesville, FL, first utilized for 1950
Hurricane Easy. The last two rows in Tables 20 and 21 are unpublished subjective error
estimates from an average of the NHC hurricane specialists for recent time periods
(Landsea, 2011, personal communication).

The intensity errors in HURDAT are stratified similarly to the track errors except
the aircraft reconnaissance group is divided into two groups- one for which central
pressures were measured, and the other for when they were not measured. There was a
significant difference in the average absolute error between the two groups. The wind
speeds in the original HURDAT contain similar errors for when central pressures were
measured compared to when central pressures were not measured. The improvement as a
result of the reanalysis is due to greatly increased knowledge of pressure-wind

relationships. The HURDAT intensity biases are shown in Table 22. Intensities are
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HURDAT Intensity Error Biases

Year 1851-85 1886-1920 1944-53 Late 2000s

US Landfalling (settled) 0 kt 0 kt 0 kt 0 kt

Open ocean w/ AC cp N/A N/A 0 kt 0 kt

Open ocean w/ AC; no cp (30-60 kt) N/A N/A +3 kt N/A
Open ocean w/ AC; no cp (65-95 kt) N/A N/A +5 kt N/A
Open ocean w/ AC; no cp (100-115 kt)  N/A N/A 0 kt N/A
Open ocean w/ AC; no cp (120+ kt) N/A N/A -12 kt* N/A
Open ocean w/ no AC -15 kt -10 kt -10 kt 0 kt

Table 22. Average intensity bias estimates in the reanalyzed HURDAT for different time
periods stratified using different observation methods and by actual storm intensity only
for when aircraft reconnaissance flights did not report central pressure values.
(References: Landsea et al. 2008; Landsea, 2011, personal communication.)

likely underestimated in HURDAT for open ocean cases when aircraft reconnaissance
was not present. For cases when aircraft central pressures were measured there is little, if
any, bias in the HURDAT intensity. However, for the cases when the aircraft estimated
the maximum winds but did not provide a central pressure, there were larger biases. TCs
that were Category 1 and 2 hurricanes in reality are likely overestimated in intensity by
around 5 kt on average in the reanalyzed HURDAT during times when aircraft provided
wind estimates with no central pressure measurement (they were likely overestimated by
around 10 kt on average in HURDAT originally). This is because the intensity can only
be reduced if there is enough observational evidence to lower the HURDAT intensity.
There are likely many cases for which aircraft reconnaissance overestimated the intensity
and did not measure or report a central pressure, but the HURDAT intensity cannot be
fully corrected for these cases unless there is enough evidence. TCs that were actually
120 kt and higher are likely underestimated in intensity since the most intense part of the

storm was not sampled for these intense hurricanes. To test this hypothesis, statistics

from the Category 5 study were utilized. For all times during which hurricanes between
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1992-2007 utilized for this study were at or above a 120 kt intensity, the NHC best track
intensity (kt) is subtracted from the late 1940s intensity value. During the late 1940s, the
intensity averaged over all 6-hourly cases is 12 kt lower than the intensities listed in the
NHC best track, and that value is shown in Table 22.

Figure 20 is similar to Figure 9 except that all central pressures listed in the
revised HURDAT are utilized (from aircraft, ship, and station data). Central pressures
listed in HURDAT for overland cases after landfall are excluded because the Brown et al.
pressure-wind relationships are for over water exposure only. The raw data that pertains

to Figure 20 is listed in Appendix B.
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CHAPTER 6
CATEGORY 5 STUDY RESULTS AND DISCUSSION
Best track intensity graphs are drawn for the entire lifetime of all ten of the
Category 5 hurricanes using the methodology for this study described above in the
methodology section. The actual intensities from the NHC best track are compared to the
best track intensity that would have been listed if these hurricanes had occurred during
the late 1940s. The following subsections detail how the questions were answered for the

individual ten Category 5 hurricanes.

Hurricane Andrew (1992)

Hurricane Andrew (1992), the most damaging hurricane in the history of the
United States at the time (not adjusted for population and wealth increases) (Pielke et al.
2008), is listed in the revised NHC Best Track (Landsea et al. 2004b, Rappaport 1993) as
a Category 5 on August 23 at 12 and 18Z as well as August 24 at the 09Z landfall south
of Miami, FL. The results of this study suggest that Hurricane Andrew would have also
been listed as a Category 5 if it had occurred during the late 1940s. Two barometers in
Homestead recorded central pressures of about 922 mb at landfall. A central pressure of
922 mb yields wind speeds of 137 and 130 kt, respectively, according to the southern and
north of 25N pressure-wind relationships, respectively. The 922 mb central pressure also
yields 139 and 137 kt according to the intensifying subsets of the aforementioned
pressure-wind relationships respectively. A number between these values of 136 kt is
chosen. Taking into account the small size of Andrew, 10 kt is added to the pressure-

wind relationship. A 145 kt intensity is chosen as the landfall intensity and the intensity
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at 06Z on August 24" (three hours prior to landfall), as shown in Figure 21. During the
time when Andrew is listed as a Category 5 on August 23, intensities of 125 and 135 kt
would have been chosen at 12 and 18Z if Andrew had occurred during the late 1940s
(145 and 150 kt in the revised NHC Best Track). On August 22 at 1705Z, aircraft
measured a central pressure of 974 mb which yields about 82 kt, and 90 kt is chosen for
18Z due to speed/size considerations. On August 23 at 12247, aircraft flew to the system
again and would have not been able to penetrate the center. A central pressure of less
than 950 mb yields a wind speed of greater than 111 kt in this case. Adding 10 kt for
speed/size yields a wind speed of greater than 120 kt. A 125 kt intensity is chosen for
August 23 at 12Z. On August 23 at 21Z, a pressure of 935 mb was recorded at Harbor
Island, Bahamas. Although this was not a central pressure in reality, there may have been
some uncertainty as to whether it was a central pressure if Andrew had occurred during
the late 1940s. A central pressure of less than 935 mb yields a wind speed of greater than
126 kt in this case. A 5 to 10 kt addition is made for speed/size. A 135 kt intensity is
chosen due to the uncertainty regarding whether this is a central pressure, but one could
argue that 140 kt should be chosen for August 23 at 18Z after factoring in the possibility
that the 935 mb observation may not have been treated as a central pressure during the
late 1940s. In general, the double peak intensity for Andrew would not have been
identified back in the 1940s. Instead, it is likely that the first Category 5 peak would
have been underestimated and the second would have been recorded The ACE of
Hurricane Andrew would have been shown as 25 instead of the value of 28 indicated

from the revised NHC Best Track.
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Hurricane Mitch (1998)

Hurricane Mitch (1998) presents a different type of scenario, dissimilar from the
other nine Category 5 hurricanes. Hurricane Mitch passed directly over Swan Island as a
Category 5 hurricane. There used to be a full weather station on the island, but it was
abandoned sometime during the 1980s. If Mitch occurred during the late 1940s, it would
have been possible that the Category 5 conditions experienced there would have been
recorded by the barometer or anemometer. A more likely scenario is that these
instruments would have been blown away or destroyed by the storm, or a human would
not have been there to monitor the instantaneous pressure trace for fear of his or her life.
Nevertheless, due to the conservative methodologies applied for this study, it is assumed
that the Category 5 conditions would have been recorded during the late 1940s. Mitch is
listed in the NHC Best Track (Guiney and Lawrence 1999) as a Category 5 from October
26 12Z through October 28 00Z. The following values (kt) are the analyzed intensities
for late 1940s values compared with the NHC Best Track values in parenthesis for the
time when Mitch is listed as a Category 5 in the NHC Best Track: 135 (145); 140 (155);
140 (155); 140 (150); 135 (150); 130 (145); 125 (140). These values are shown in Figure
22 on the Best Track comparison graph for Hurricane Mitch. On October 25 at 1326Z,
aircraft would not have been able to penetrate the center because the pressure was less
than 950 mb. The Brown et al. southern pressure-wind relationship for intensifying
systems is used at this time. It would have been known that the system was intensifying
because the central pressure deepened by at least 31 mb during the previous 20 hours.
This yields a wind speed of at least 113 kt. A 120 kt intensity is chosen from October 25

12Z through October 25 18Z. Thereafter, a 5 kt intensity increase every six hours is
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Figure 22. Best Track comparison graph for Hurricane Mitch (1998).
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applied until October 27 00Z, when Mitch passed over Swan Island, where a 910 mb
central pressure could have been recorded. A central pressure of 910 mb equals 147 kt
according to the Brown et al. southern pressure-wind relationship. A 140 kt intensity is
chosen because 5 kt is subtracted for a slow speed. On the 27" at 2340Z, the central
pressure of Mitch was still less than 950 mb. By midday on the 28", aircraft measured
central pressures of 959 and 960 mb, which yield intensities around 95 kt after taking into
account speed/size. A 125 kt intensity is chosen for October 28 at 00Z because analysis
would have shown that the pressure would have still likely been below 950 mb at that
time. The U.S. landfall intensity for Mitch would have been listed as 60 kt instead of 55
kt for the November 5" landfall at Naples, FL. The ACE for Mitch would have been

listed as 34 instead of the value of 36 from the NHC Best Track.

Hurricane Isabel (2003)

Hurricane Isabel (2003) was a particularly interesting case with a distinct and
important difference from all of the other nine cases- it was out of range of aircraft
reconnaissance during part of the time when it was a Category 5 hurricane. Isabel
originated from an African easterly wave. Satellite images and associated Dvorak
classifications showed it became a tropical storm on September 6 at 06Z in the far eastern
Atlantic. It strengthened into a hurricane at 12Z on the 7™, Satellite images indicated
that Isabel became a Category 3 hurricane by September 8 at 12Z. A 7.0 Dvorak
classification on September 11 indicated that Isabel had reached Category 5 strength on
that day while moving westward near 45 degrees W longitude- still too far east for

aircraft reconnaissance. The range of aircraft reconnaissance in the 1940s was to S0W
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longitude. No ships traveled close enough to Isabel to measure winds of gale force
during the time from genesis to the first aircraft flight on the 12", Therefore, for the first
day when Isabel was a Category 5 hurricane, it likely would not have been known that a
tropical storm even existed if Isabel occurred during the late 1940s. The methodology of
this study does not take into account the fact that since there were no warnings for
unknown storms, ships would have run into them if they happened to have been on a
collision course with a TC. However, experience with the reanalysis as well as published
papers such as the one by Vecchi and Knutson (2008) indicate that ship traffic in the
region between 5-25N, 25-55W was sparse, even during the 1940s compared with other
regions of the Atlantic Basin. In fact, ship density in this region remains rather sparse
today. When aircraft reconnaissance first reached Isabel on the 12 of September, the
aircraft would not have been able to penetrate the center because the central pressure was
less than 950 mb, as shown in Figure 23. A central pressure of less than 950 mb yields a
wind speed of greater than 111 kt according to the southern pressure wind relationship.
Using the rule to choose an intensity 5 kt above the what the 950 mb value would suggest
if it was a central pressure, 115 kt is chosen. Even though the pressure remained less
than 950 mb through at least 1936Z on the 15", the 115 kt intensity is lowered to 110 kt
at 06Z on the 15™. On the 15", the storm began to approach 25N latitude and it also
slowed down slightly from the previous days. On September 15 at 1936Z, the central
pressure was still below 950 mb. Using a combination of the southern and north of 25N
pressure-wind relationships, and then subtracting by 5 kt because of a below average
speed and an above average size, a wind speed of greater than 102 kt is obtained. On

September 16 at 1231Z, aircraft measured a central pressure of 959 mb which yields an
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intensity of 96 kt according to the north of 25N pressure-wind relationship. Subtracting 5
kt for a slow speed and large size rounds to 90 kt. To allow for a steady intensity
decrease from the previous day, the 110 kt intensity chosen for 12Z on September 15 is
brought down to 105 kt on September 15 at 18Z, 100 kt on September 16 at 00Z, 95 kt at
06Z, and 90 kt at 12Z. The central pressure then deepened again from 959 mb to 953 mb
between September 16 at 1231Z and September 17 at 2344Z. The 90 kt intensity on
September 16 at 18Z is brought up to 95 kt for 00Z on the 17". On September 17 at
19257, the 955 mb central pressure yields an intensity of 100 kt (subtracting 5 kt for
speed/size yields 95 kt). Although the pressure of 953 mb at 2344Z on the 17" yields
102 kt, after subtracting by 5 kt for speed/size, it would produce an intensity of 97 kt.
That was the last observation for the day, and the next observation at 9/18 1302Z yields
an intensity of 94 kt. The 953 mb observation could have been transitory, and 95 kt is
maintained from September 17 06Z through landfall.

Isabel would have been listed with a 95 kt landfall intensity instead of the 90 kt
intensity shown in the NHC Best Track (Beven and Cobb 2003). A 957 mb aircraft
central pressure recorded just as the center was moving onshore yields 98 kt according to
the Brown et al. north of 25N pressure wind relationship and 92 kt according to the north
of 35N pressure-wind relationship. Averaging the two values yields 95 kt, which would
be been chosen according to reanalysis methodology.

Hurricane Isabel has by far the largest ACE disparity between the late 1940s
value and the NHC Best Track value. The ACE for Isabel would have been 40.6 instead
of 63.3. But this is using a very conservative methodology. When Isabel would have

been first discovered in the late 1940s (September 12" around 18Z), the analyzed 115 kt
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intensity at that time was flat-lined back for 24 hours due to the fact that aircraft
reconnaissance could have reached Isabel on the 11™ since it reached 50W by that day.

From the point on the 11"

of September, the intensity is decreased by 25 kt per day until
a 35 kt intensity is shown back on the 8" of September. If these conservative

methodologies are not applied, the late 1940s ACE of Isabel would have been 29.3

instead of 63.3 if counting begins on September 12 at 12Z.

Hurricane Ivan (2004)

Hurricane Ivan (2004) fluctuated between Category 4 and 5 intensity three
different times during its lifetime according to the NHC Best Track (Stewart 2004). Ivan
was a long-lived hurricane that traveled westward through the Caribbean Sea, passed
through the Cayman Islands when it was at borderline Category 4/5 intensity, moved
northwestward into the Gulf of Mexico and then northward and made a U.S. Landfall in
Alabama after having weakened to a Category 3 hurricane. Hurricane Ivan also would
not have been listed as a Category 5 if the cyclone had occurred during the late 1940s.
The Best Track comparison graph for Hurricane Ivan is shown in Figure 24. Hurricane
Ivan is listed as a Category 5 in the NHC Best Track for the 12 hours including 06-12Z
on September 9, the 12 hours including September 11 18Z — September 12 00Z, and the
36 hours including September 13 00Z to September 14 06Z. Intensities of 140 kt were
attained during the first and last of these three periods and 145 kt was attained during the

middle period.
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For the first of those three periods, intensities of 120 kt would have been chosen
instead of 140 kt on September 9 from 06 — 12Z. On September 7 at 2043, 2208, and
23127, aircraft reconnaissance measured central pressures of 952, 950, and 951 mb
respectively. These pressures yield 110 kt (southern- intensifying), 113 kt (southern,
intensifying), and 110 kt (southern) respectively. The intensifying subset was used for
the first two because the cyclone is analyzed to have been intensifying steadily since a
963 mb central pressure was recorded 24 hours earlier. But when the 951 mb reading
was recorded, it appeared to signal the end of that intensification process. Adding 5 kt to
each of these for a smaller than average storm and a faster than average forward motion
yields an average of about 115 kt among the three observations. A 115 kt intensity is
chosen for Ivan from September 8 00Z to September 8 18Z. On September 8 at 1748Z,
aircraft measured a central pressure of 951 mb, which yields 110 kt according to the
southern pressure-wind relationship. The speed and size of the cyclone were becoming
closer to average. However, two hours later, at 1928Z on the 8th, aircraft would not have
been able to penetrate the center because the pressure was below 950 mb. The pressure
remained below 950 mb from September 8 1928Z through at least September 15 at
22557. At September 8 1928Z, a pressure of less than 950 mb yields a wind speed of
greater than 111 kt. After adding 5 kt for speed/size plus adding 5 kt since the central
pressure would have been some unknown value less than 950 mb, 120 kt is chosen from
September 9 00Z through September 10 18Z. This time includes the first period when

Ivan was a Category 5.
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For the second Category 5 period for Ivan, during the morning of the 11", when
the cyclone was passing near Jamaica, Pedro Bank recorded winds of 116 kt (on the left
side of the storm). More than 24 hours later, Grand Cayman recorded a sustained wind of
130 kt on September 12 at 15Z. Grand Cayman was located on the right side of the storm
and within three-tenths of a degree lat/lon of the center. A 135 kt intensity is chosen
using the reanalysis methodology to choose an intensity 5 kt above the highest available
reliable wind observation. It is important to note that if a station is located on the left
side of the storm, an intensity 10 kt above that observation can be chosen due to the
effects of translational velocity. Therefore, at the time of the Pedro Bank observation of
116 kt, a 125 kt intensity is chosen. At the time of the Grand Cayman observation of 130
kt, a 135 kt intensity is chosen. A 130 kt intensity of chosen for 06Z on the 11", so 125
kt is chosen for 00Z on the 11™. The intensity is increased to 135 kt at 12Z on September
11 and held there through September 13 00Z. After the Cayman Islands observation of
130 kt at 15Z on the 12", there is no more information regarding the peak intensity of the
hurricane until landfall near the Alabama/Florida border when a 105 kt intensity is
chosen based on a 943 mb central pressure observation (after applying an adjustment
factor of +5 kt to the pressure-wind relationship). A gradual decrease in intensity from
130 kt on the 12" to 105 kt on the 16™ is implemented starting at 9/13 06Z. Between the
time of the 130 kt at Grand Cayman and the 943 mb observation at Fairhope, AL, the
central pressure was below 950 mb the entire time, so aircraft reconnaissance would not
have been able to penetrate the center. No other surface observations recorded near

Category 5 conditions.
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According to the NHC Best Track, Hurricane Ivan made landfall on the coast of
Alabama as a 105 kt hurricane. If Ivan had occurred during the 1940s, the analyzed
intensity would likely have been about the same value. A central pressure of 943 mb at
Fairhope, AL yields 112 kt according to the north of 25N pressure wind relationship.
There is no evidence that the cyclone was weakening prior to landfall. After subtracting
5 kt due to a rather low OCI of 1006 or 1007 mb, a 107 kt intensity is obtained, which
rounds to 105 kt (the same value as listed in the NHC Best Track). The ACE for Ivan is

analyzed to have been 64 (late 1940s) compared with the NHC Best Track value of 70.

Hurricane Emily (2005)

Hurricane Emily (2005) would have been listed with a peak intensity of 125 kt (as
depicted in Figure 25) instead of the 140 kt peak intensity shown in the NHC Best Track
(Franklin and Brown 2006). Hurricane Emily is listed as having only been at Category 5
strength for six hours (at July 17 00Z). The peak observations available during the late
1940s that would have been used to determine the peak intensity of Emily are as follows.
From July 16 at 1328Z until at least July 17 at 1715Z, the central pressure was less than
950 mb and the aircraft would not have been able to penetrate the center. A central
pressure of less than 950 mb yields a wind speed of greater than 113 kt from the
intensifying subset of the Brown et al. southern pressure- wind relationship. Adding 5 kt
to the pressure-wind relationship for a small size and a fast speed rounds to greater than

120 kt. A 125 kt intensity is chosen from July 16 12Z to July 17 18Z.
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Choosing intensities on July 18 for 00Z and 06Z were problematic because the
first Mexican landfall would have been analyzed to have occurred within 6 nmi of
Tulum, Mexico, where a minimum pressure of 978 mb was recorded. However, in
reality, aircraft measured 955 mb just before landfall (at night). A 978 mb central
pressure yields 79 kt and 955 mb yields 106 kt. A 5 kt addition is applied to both for a
small size. This yields 85 and 110 kt respectively. But even if the 978 mb observation
was believed to be close to the central pressure value, it would not have been treated as a
central pressure, so the 85 kt could therefore be raised to 95 kt. However, since it would
have been known that the pressure was less than 950 mb just 13 hours prior to landfall, it
seems unrealistic that the hurricane would fill 28 mb over water in 13 hours. Therefore, a
solution about halfway between the two possibilities is analyzed, and 100 kt is chosen for
the first landfall. For the second landfall, the Ho et al. inland pressure decay model is
used to obtain a landfall pressure of 949 mb which yields 110 kt (unchanged). This
pressure is obtained from an observation of a 965 mb pressure four hours after landfall
and 60 km inland. Emily did not make a U.S. landfall. The ACE for Hurricane Emily

would have been 30 instead of 33.

Hurricane Katrina (2005)

Hurricane Katrina (2005) likely would not have been listed in HURDAT as a
Category 5 hurricane if it would have occurred during the late 1940s, as depicted by the
Best Track comparison graph in Figure 26. During the 18 hour time when Katrina was a
Category 5 (August 28 12Z — August 29 00Z), intensities of about 115, 120, and 120 kt

would have been assigned instead of 145, 150, and 140 kt. On August 27 at 1514Z, the
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aircraft would not have been able to penetrate the center because the pressure was less
than 950 mb. This continued with every aircraft fix through landfall. A pressure of less
than 950 mb yields wind speeds of at least 113 and at least 110 kt according to the Brown
et al. pressure-wind relationships for intensifying systems south and north of 25N
respectively. A 115 kt intensity would have been chosen for a TC with a normal size and
forward speed due to the methodology to choose an intensity 5 kt higher than a peripheral
pressure. After subtracting 5 kt for the large size of Katrina, 110 kt is chosen for the
intensity on August 27" at 18Z. On August 29 at 0948Z, an National Ocean Service
(NOS) station recorded a pressure of 922 mb, and then a 920 mb central pressure was
measured at Buras, LA on August 29 at 1116Z. A central pressure of 920 mb equals 132
kt according to the pressure-wind relationship for north of 25N. A 120 kt peak lifetime
intensity is chosen (after subtracting 10 kt for the very large size of Katrina) from August
28 18Z through the first Louisiana landfall, which occurred at August 29 11Z. The
intensity is analyzed to have reached 115 kt by August 28 at 06Z and 120 kt by August
28 at 18Z. The rapid intensification and subsequent rapid weakening that occurred in the
Gulf of Mexico would not have been captured with the observational platforms of the late
1940s.

The 70 kt intensity for Katrina’s Florida landfall would be unchanged. The
highest observed wind was 63 kt at Virginia Key in Miami-Dade County, FL. The lowest
observed pressure was 983 mb (central pressure) at the WFO/NWS/NHC/TPC in Miami,
FL. A central pressure of 983 mb yields 72 and 68 kt according to the southern and north
of 25N pressure-wind relationships respectively. The size of Katrina was smaller than

average, but the speed was slower than average, so no adjustment is necessary. Taking
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an average of the 72 and 68 kt values yields 70 kt. Multiplying by 0.85 to account for
surface friction (Vickery et al. 2009) because the observation was slightly inland yields
60 kt. However, this observation was taken more than two hours after landfall. The
lowest pressure on the coast at landfall was 985 mb at North Miami Beach. A central
pressure of 985 mb yields 71 and 66 kt according to the southern and north of 25N
pressure-wind relationships respectively. Taking an average yields 68 kt, which rounds
to 70 kt. Katrina made its second U.S. landfall at Buras, LA. A 120 kt intensity would
have been chosen for landfall (reasoning already explained above) instead of the 110 kt
landfall intensity listed in the NHC Best Track (Knabb et al. 2005). The central pressure
of Katrina was so low, a 120 kt Category 4 landfall intensity would have been analyzed
even after subtracting 10 kt from the Brown et al. pressure-wind relationship. Katrina
made its third and final landfall a few hours later near the Louisiana/Mississippi border.
A 115 kt intensity would have been analyzed compared with a 105 kt intensity listed in
the NHC Best Track. Within ten minutes of the time of this 2™ landfall, a buoy recorded
a pressure of 927 mb (would have been uncertain whether this was a central pressure
value). Assuming it is a central pressure, 927 mb equals 126 kt for north of 25N, but then
reduces to 115 kt after taking into account the size of the storm.

The ACE for the entire lifetime of Katrina would have been about 18.8 instead of
20.0 if Katrina had occurred during the late 1940s instead of in 2005. During the 30 hour
period including the intensities from August 28 at 06Z through August 29 at 06Z, the

actual intensity of Katrina was much higher than the intensity that would have been listed
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in the Best Track if Katrina had occurred during the late 1940s. It would have been
assumed that Katrina slowly intensified until reaching its peak intensity at Louisiana

landfall.

Hurricane Rita (2005)

Hurricane Rita (2005) also would not have been considered to have been a
Category 5 if only late 1940s technology was available for observing the cyclone. The
Best Track comparison graph for Hurricane Rita is shown in Figure 27. Hurricane Rita
was a Category 5 for 24 hours (according to the NHC Best Track) from 18Z on
September 21 through 12Z on September 22. Intensities of 145, 150, 155, and 140 kt are
listed in the Best Track for Hurricane Rita from September 21, 2005 at 18Z through
September 22 at 12Z. If Rita had occurred during the late 1940s, intensities of 120, 125,
125, and 130 kt would have likely been listed in HURDAT during the time it was a
Category 5. On September 21 at 1517Z, aircraft would not have been able to penetrate
the hurricane because the central pressure was less than 950 mb. A central pressure of
less than 950 mb yields wind speeds of greater than 113 kt and greater than 110 kt
according to the intensifying subsets of the Brown et al. southern and north of 25N
pressure-wind relationships respectively. No adjustment is implemented because the size
and the forward speed of Rita were near average on the 21%. Beginning on the 22™ at
06Z, Rita slowed slightly and the size increased, so an adjustment of -5 kt is implemented
on the 22", Late on the 22nd, at 2250Z, a buoy in the Gulf of Mexico recorded a 926 mb
pressure, which would have been the peak intensity observation for the entire lifetime of

Rita available during the late 1940s. If the assumption is made that 926 mb observation
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is a central pressure value, the pressure-wind relationship yields 133, 127, 136, and 133
kt for south of 25N, north of 25N, south of 25N and intensifying, and north of 25N and
intensifying subsets, respectively. A 133 kt intensity is chosen from this blend.
Subtracting by 5 kt for speed/size yields 128 kt, which rounds to 130 kt. 130 kt is chosen
at Sep 22 12Z. Winds are gradually ramped up to this value from the preceding 24 hr.
Since it would not have been certain in the late 1940s whether the 926 mb observation
was a central pressure, 135 kt is chosen from 9/22 18Z to 9/23 00Z. The peak intensity of
Rita would have been analyzed to have occurred later and have only been a 135 kt
Category 4 if observations of recent technology were not available. Some observations
due to recent technology that provided evidence of the Category 5 intensity include an
898 mb dropsonde pressure in the eye and a 7.5 satellite Dvorak classification. An
intensity of either 150 or 155 kt would have been chosen in the reanalysis if the 898 mb
pressure would have been available if Rita had occurred during the late 1940s. A 7.5
Dvorak classification corresponds to a 155 kt intensity. Hurricane Rita made landfall
near the Texas/Louisiana border on September 24 at 07Z. A 110 kt intensity would have
analyzed with reanalysis methodology compared to the 100 kt shown in the NHC Best
Track (Knabb et al. 2006) because a 939 mb pressure was recorded at Johnsons Bayou.
This would have been assumed to have been a central pressure since it was at the exact
location of landfall. A central pressure of 939 mb equals 116 kt according to the
pressure-wind relationship for north of 25N, and 110 kt for its weakening subset. At that
time, 33 hours had passed since the 926 mb buoy observation. The rate of weakening
was greater than or equal to 13 mb during the previous 33 hours. No adjustment factor

for speed/size is necessary. A 110 kt intensity is chosen for the landfall intensity. The
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ACE for Hurricane Rita would have not been very different if Rita had occurred during
the late 1940s- about 25.1 units of ACE for both scenarios. Although the analyzed
intensity (late 1940s) for Rita would have been lower during the time it was a Category 5,
the inclusion of all surface observations, both official and unofficial as well as reanalysis
methodology are both partially responsible for an analyzed intensity above the actual

intensity on the 23™ and 24™ of September.

Hurricane Wilma (2005)

Hurricane Wilma (2005) also would not have been known to have attained a
Category 5 intensity if it had occurred during the late 1940s, as depicted in Figure 28.
According the NHC Best Track (Pasch et al. 2005), Hurricane Wilma rapidly intensified
from 75 kt to 160 kt in a period of 18 hours. This rapid intensification was observed via
satellite intensity estimates and aircraft observations including a dropsonde which
indicated a central pressure of 882 mb, the lowest pressure ever recorded in the Atlantic
Basin. Wilma was a Category 5 hurricane for only 18 hours on October 19 from 06Z
through 187 with intensities of 150, 160 and 140 kt at 06, 12 and 18Z on the 19"™. If only
the technology and observational capabilities of the late 1940s were available to observe
Wilma, the intensity at these time would be listed in HURDAT as about 115, 120, and
120 kt for 06, 12, and 18Z on the 19" of October, respectively. On October 18" at
2309Z, aircraft recorded a central pressure of 954 mb. This pressure yields 109 kt
according to the intensifying subset of the Brown et al. southern pressure-wind
relationship. Subtracting by 5 kt for a slow speed yields a value of about 105 kt. The

next aircraft flight occurred at night, and no intensity information was available during
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the late 1940s at night. The first fix during daylight on the 19™ occurred at 1806Z.
Aircraft in the 1940s would not have been able to penetrate the center since the central
pressure was below 950 mb. A pressure of less than 950 mb yields a wind speed of
greater than 111 kt making use of the southern pressure-wind relationship. Subtracting
by 5 kt for the slow speed of the storm yields an intensity of greater than 106 kt. It would
not have been known whether Wilma was significantly strengthening at the time, but if it
was, the intensifying subset would yield a value of greater than 108 kt after subtracting
by 5 kt at 18Z on the 19", According to the methodology for this study, a value of either
110 or 115 kt would be chosen in this situation. However, with late 1940s technology, a
rapid intensification would have been noted to have occurred between the 18" at 12Z (70
kt) and the 19™ at 00Z (105 kt) (65 to 130 kt in the NHC best track). According to
reanalysis methodology, a gradual leveling off of the intensification rate may have been
applied in this situation if Wilma was being reanalyzed today as a storm that occurred
during the 1940s. Therefore, a 120 kt intensity is chosen for 18Z on the 19™. It is
important to note that the peak intensity in the NHC Best Track is 160 kt at 12Z. There
would have been no information in the late 1940s between the 954 mb central pressure
observation on the 18" and the aircraft not being able to penetrate the center on the 19" to
indicate a hurricane with such intensity.

A 928 mb pressure was recorded from the station at Cozumel Mexico on October
21 at 21Z. It would have been known that this observation occurred inside the RMW,
with light (but not calm) winds. Assuming a central pressure of 927 mb, this value equals
133 kt according to the Brown et al. southern pressure-wind relationship. Subtracting 10

kt for a very slow speed and a large storm yields 123 kt, which rounds to 125 kt, and 125
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kt is chosen as the peak intensity from October 21 18Z through landfall near Puerto
Morelos, Mexico on October 22 at 03Z. A 120 kt intensity is shown for these times in
the NHC Best Track. For the portion of the Best Track intensity chosen on October 22,
Wilma was over Mexico on the 22™ from 03Z to 22Z. Runs of the Kaplan and DeMaria
inland decay model yield 98 kt for 06Z, 71 kt for 12Z, and 58 kt for 18Z. Intensities of
110, 95, and 85 kt are chosen for those times because at 10/22 1930Z, Isla Mujeres
reported a minimum pressure of 968 mb. Isla Mujeres is an island just off the
northeastern tip of Yucatan. The cyclone was located inland on the mainland at this time,
so the 968 mb observation is not a central pressure. Also, the center of the storm was
within 10 nm of the coastline at this time. A peripheral pressure of 968 mb yields a wind
speed of greater than 90 kt according to the weakening subset of the southern pressure-
wind relationship. Subtracting 10 kt for speed/size yields a wind speed of greater than 80
kt. No 0.85 multiplication factor (Vickery et al. 2009) is applied for over-land friction
because the front-right RMW could have been over water by that time. A wind speed of
85 kt is chosen for 18Z, using the rule to choose an intensity 5 kt above the pressure-wing
relationship for peripheral pressures. Wilma made a U.S. landfall in southwest Florida
near Naples. A 100 kt intensity would have been chosen for landfall (105 kt in the NHC
best track). A 950 mb central pressure was recorded from a tower in the Everglades.

The ACE for Wilma would have been about 33.8 instead of 38.9 if Wilma had
occurred during the late 1940s. The time when Wilma was a Category 5 is mostly

responsible for this disparity as shown in the Best Track intensity graph for Wilma.
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Hurricane Dean (2007)

Hurricane Dean (2007) also would not have been listed as a Category 5 if it had
occurred during the 1940s even though it made landfall in Mexico as a Category 5. The
Best Track comparison graph for Hurricane Dean is shown in Figure 29. The eye passed
within 17 nmi of a coastal station, but the station stopped reporting as the storm
approached. Dean is listed a Category 5 from August 18 06Z-12Z and again from August
21 00Z to the 0830Z landfall. During the time it was a Category 5 on the 18", analyzed
intensities during the late 1940s would have been 130 kt at 06 and 12Z instead of the 145
kt shown in the NHC best track (Franklin 2008). The 130 kt on the 18" would have been
listed as the peak intensity for Dean. Aircraft would not have been able to penetrate the
center from August 17 23327 until landfall because the central pressure was less than 950
mb. For the intensity on August 18 at 00Z, a pressure of less than 950 mb yields a wind
speed of greater than 113 kt using the Brown et al. southern pressure-wind relationship
for intensifying systems. Adding 10 kt for a small storm and a fast speed rounds to
greater than 125 kt. A 130 kt intensity is therefore chosen from August 18 00Z to August
18 18Z. During the time when Dean was a Category 5 on August 21, analyzed intensities
during the late 1940s would have been 125 kt instead of the 145-150 kt listed in the NHC
Best Track from August 21 00Z through the 0830Z landfall. From August 19 at 00Z
until August 21 at 00Z, it would not have been known whether the hurricane was
strengthening, and the speed and size of the storm suggest an adjustment factor of only
+5 kt above the pressure-wind relationship. These combined factors yield an intensity of
greater than 115 kt, and 125 kt is chosen for the time period, except 120 kt is analyzed

from 8/19 18Z to 8/20 12Z. There are no more peak observations between Aug 21 00Z
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and the first Mexican landfall at Aug 21 0830Z, so 125 kt is carried until landfall. For
Dean’s final landfall in Mexico on August 22 at 1630Z, an intensity of 95 kt is chosen
(up from 85 kt in the NHC Best Track). On August 22 at 18Z, Tuxpan, Mexico recorded
a pressure of 974 mb along with 27 kt of wind at the same time. A 971 mb landfall
central pressure is analyzed. A central pressure of 971 mb equals 90 kt according to the
intensifying subset of the southern pressure-wind relationship. Adding 5 kt for above
average speed and below average size yields 95 kt. For the 18Z intensity, the NHC Best
Track shows 75 kt. Using a 95 kt landfall intensity, a run of the Kaplan and DeMaria
inland decay model yields 80 kt for 18Z. At 18Z, the central pressure was still 971 mb,
and the center of the hurricane was only 11 miles inland. A 971 mb central pressure
yields 87 kt according to the southern pressure-wind relationship for weakening systems.
An 85 kt intensity is chosen for 18Z. For the intensity on August 23 at 00Z, the NHC
Best Track lists a 30 kt intensity. The Kaplan and DeMaria run yields 54 kt for that time.
A 50 kt intensity is chosen because the center had just reached rugged terrain and Dean
was a small system. NHC already dissipated the system by 06Z on the 23™. The Kaplan
and DeMaria run yields a 38 kt intensity for that time. A 30 kt intensity is chosen. The

ACE of Dean would have been about 35 for both the late 1940s and present day.

Hurricane Felix (2007)
Figure 30 shows that Hurricane Felix (2007) would not have been listed as a
Category 5 if it had occurred during the late 1940s. However, Felix did make landfall in
Nicaragua as a Category 5. There was a coastal station about 17 nm from the center, but

the station’s barometer and anemometer stopped working before the peak of the storm.
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Hurricane Felix is listed as a Category 5 in the NHC Best Track (Beven 2008) from
September 3 00Z-12Z and again on September 4 at 12Z (the point right at landfall). On
September 3 at 00 and 06Z, 130 kt would have been the intensity instead of the 150 kt
listed in the NHC Best Track with the technology of the late 1940s, and at 12Z on the 3",
125 kt is chosen instead of the 145 kt listed in the NHC Best Track. The observations
that support this analysis are as follows. On September 2 at 2307Z, the aircraft would
have found that they could not penetrate the center since the central pressure was below
950 mb, and this continued through at least September 3 at 1227Z. For September 3 at
00Z, a pressure of less than 950 mb yields a wind speed of greater than 113 kt according
to the intensifying subset of the Brown et al. southern pressure-wind relationship. At that
time, the cyclone’s forward motion was a fast 17 kt, its ROCI was a small 125 nmi, and
its OCI was a near average 1011 mb so 10 kt is added to the pressure-wind relationship.
This yields an intensity of greater than 125 kt after rounding to the nearest 5 kt value.
Therefore, 130 kt is chosen from September 3 00Z through September 3 06Z. On
September 3 at 1723Z, aircraft measured a central pressure of 953 mb, which yields 108
kt according to the southern pressure-wind relationship. Adding 10 kt for speed/size
yields 120 kt after rounding, and this value is chosen for the 18Z intensity on the 3. On
September 3 at 12Z, 125 kt is chosen even though it would have been known that the
pressure was still less than 950 mb (since the aircraft could not penetrate the center)
because the system is likely no longer intensifying at 12Z. For the time on September 4
at 12Z when HURDAT lists a Category 5 intensity of 140 kt, a late 1940s intensity of 120
kt is chosen. After the aircraft central pressures of 953 mb on September 3 from 1723Z —

2041Z, there would have been no more data for the remainder of the lifetime of Felix.
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Therefore, the 120 kt intensity chosen for September 3 18Z is maintained until landfall.
Using a 120 kt landfall intensity, runs of the Kaplan and DeMaria inland decay model
yield 73 kt for 18Z on the 4th, 52 kt for the 5™ at 00Z, and 43 kt for 06Z. Intensities of
75, 45, and 35 kt are chosen because the storm was traveling over some high terrain. The
NHC Best Track (using a landfall intensity of 140 kt) shows 85, 50, and 25 kt

respectively. The ACE of Felix would have been 16 instead of 18.

Overall results of Category 5 Study

The results show that Category 5 conditions would not have been observed for
eight of these ten Category 5 hurricanes (including Katrina and Wilma of 2005) if these
storms occurred during the late 1940s. On average, there were much fewer observations
of the peak intensity of TCs during the late 1940s, especially because there were no
satellites and because aircraft would not fly into the eye of strong hurricanes. During the
lifetimes of eight of the ten hurricanes, there were land stations or ships that measured
Category 5 winds or pressures indicative of a Category 5. It is known that these cyclones
were Category 5 hurricanes due to observations from satellites, aircraft, dropsondes, and
SFMR surface wind measurements. Table 23 (the overall results of the Category 5 study)
shows that eight of the ten recent Category 5 hurricanes likely would not have been
classified as such during the late 1940s. All of the observations that measured Category 5
conditions during those eight hurricanes were from observational technologies or
practices that did not exist during the late 1940s. The two hurricanes that likely would
have been classified as Category 5s if they occurred during the late 1940s are Andrew

(1992) and Mitch (1998). For Andrew, surface pressures of 921 and 923 mb were



Andrew - 1992
Mitch — 1998
Isabel — 2003
Ivan — 2004
Emily — 2005
Katrina - 2005
Rita — 2005
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145
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Category 5 Study Results

0.62

1.75

1.75

2.5

0.25

0.75

0.75

1

1

1.37

145 —Cat 5

140 — Cat 5

115 -Cat4

135 -Cat 4

125 - Cat 4

120 — Cat 4
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125 - Cat 4

130 - Cat 4

130 — Cat 4
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28

36

63

70

33

20

25

39

35

18

37

25

34

41
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30

19

25

34

35

16

32
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Table 23. Summary of results of Category 5 study. Best Track Peak is the peak intensity
of the hurricane listed in the official NHC best track database, and 1940s Peak is the
value that the peak intensity would have likely been analyzed as if the hurricane would
have occurred during the late 1940s.

measured from barometers in Homestead, FL. Given the tiny size of the RMW, Andrew

would be classified as a Category 5 hurricane at landfall with the observational

capabilities of the 1940s and of the reanalysis techniques of today. Mitch passed directly

over Swan Island at its peak Category 5 intensity. Today, there is no weather station on

that island, but during the late 1940s, a full weather station was in operation on the island.
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Therefore, for the purposes of this study, it is assumed that Category 5 conditions would
have been recorded explicitly from an anemometer or indirectly through a central
pressure measurement.

Table 23 shows that eight of the ten cyclones would not have been listed as
Category 5 hurricanes if they had occurred during the late 1940s. However, the analyses
performed indicate that the other eight would have been classified with a Category 4 peak
strength. The reader is reminded that many conservative methodologies have been
employed for this study. For example, many times during the late 1940s the aircraft
reconnaissance did not penetrate the center of hurricanes below 960 mb. If this criteria
were utilized, it is likely that some of these cyclones would have been listed with a peak

intensity of only Category 3 strength.

Discussion and Error Analysis for Category 5 Study

The average errors for the best track intensity graphs are similar to the average
errors in the revised HURDAT for the period 1944-1953 (about 10 to 15 kt) since aircraft
reconnaissance was utilized on nearly all of the days for most of the cases. However,
more importantly, using the given set of observations that would have been available
during the late 1940s, the range of intensity values that would have been chosen based on
available data and reanalysis methodology is more standardized. For the purposes of
debating the chosen intensity values, a range of plus/minus 5 kt on average from the
values chosen should be considered (since an intensity 5 kt lower or higher could have
been chosen for many of the 6-hourly values for many of the storms). If this 5 kt

flexibility range is used for the intensity values chosen, then the number of storms that
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would not have been considered Category 5 hurricanes is in the range of six to nine (out
of the ten). If all of the peak intensities in Table 23 are increased by 5 kt, then six of the
ten cyclones would not have been considered Category S5s. If all of the peak intensities in
Table 23 are decreased by 5 kt, then nine of the ten cyclones would not have been
considered Category 5s. In a deterministic sense, using the peak intensity values chosen,
eight of the ten would not have been considered Category 5s.

Hurricane Andrew would have been observed to be a Category 5 hurricane only
under the assumption that the meteorological instrumentation that measured the Category
5 conditions would have been present in the same location in the late 1940s, which is
reasonable, as Homestead has had barometer readings to the 1940s and earlier. Both
Hurricane Andrew and Hurricane Mitch would have been observed to be a Category 5
only if the instrumentation was not blown away or destroyed before the Category 5
conditions were recorded. Therefore, it could have been possible that all ten of these
Category 5s would not have been categorized as Category 5s during the late 1940s
period. On the other hand, before satellites, ships may have been slightly more prone to
run into hurricanes than more recently (though none would purposely steer into the eye of
a major hurricane simply to observe the central pressure). All of these questions add
uncertainty to the Category 5 study.

The observation network that existed during the late 1940s was much more sparse
than it is today. Therefore, it is very likely that most of the peak intensity observations
during these storms would have been missed. With the observational capabilities,
density, and practices of the late 1940s, very few peak intensity observations in Category

4 and 5 hurricanes would have been observed.



CHAPTER 7
OVERALL SUMMARY AND CONCLUSIONS

The first decade of aircraft reconnaissance was an active period for Atlantic
hurricanes, especially with respect to U.S. and Caribbean hurricanes. The number of TCs
was significantly increased as a result of the reanalysis as 21 TCs were added during the
decade. However, the number of major hurricanes and ACE were decreased as a result of
the reanalysis, due in large part to overestimation of winds in TCs from aircraft
reconnaissance.

HURDAT position and intensity estimates from 1944-1953 are significantly better
than the HURDAT estimates for the period 1851-1920 due largely to aircraft
reconnaissance. The most significant bias that existed during the first decade of aircraft
reconnaissance was the tendency for aircraft to overestimate the wind speeds in many
TCs. For flights during which a central pressure was measured, this bias is eliminated.
Ship traffic was more dense in many areas of the basin during the 1940s and 50s
compared with the 2™ half of the 19" century. This assisted in having a more complete
record of TC frequency, but not necessarily TC intensity as ships did their best to avoid
sampling the most intense portion of TCs. Although there likely have been some storms
that were missed (even after this reanalysis), the intensity accuracy in HURDAT is
perhaps a more alarming issue than the number of TCs that remain unaccounted for.
Several missed TCs were found in this reanalysis, but the average absolute error for
intensity was likely improved only slightly due to the low number of aircraft central
pressures observed along with the limitations of the Brown et al. pressure-wind

relationship.
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Hundreds of track and intensity changes to HURDAT are recommended to the
NHCBTCC. Although a significant percentage of these recommendations call for major
track and intensity alterations, the overwhelming majority of the recommendations are for
minor revisions to HURDAT. However, there were numerous cases for which no
changes or minor changes were analyzed due to a lack of available observations since
changes to HURDAT cannot be made unless there is enough evidence to make a change.
These cases likely contain errors larger than the average error estimates in HURDAT for
the decade.

The metadata from the reanalysis of the 1944 to 1953 hurricane seasons are listed in
Appendix C. The metadata explains the analysis and the reasoning behind the major
changes that are introduced to HURDAT.

In conclusion, the goals of this thesis are to provide documentation of the Atlantic
Hurricane Reanalysis Project for the first decade of aircraft reconnaissance (1944-1953).
A discussion of aircraft reconnaissance equipment, techniques, procedures, and
limitations has been provided. A results summary as well as detailed error estimates for
the reanalyzed positions and intensities have been provided. An important point of this
thesis is to demonstrate the limitations of the HURDAT database, especially with regards
to TC intensity analysis accuracy, and the Category 5 study helps to illustrate this point.
This research suggests that for many cases, the intensities listed in HURDAT (at least
through 1953, and likely beyond that year) are not nearly as reliable as intensity estimates

today.
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APPENDIX A
PRESSURE-WIND RELATIONSHIP TABLE

The different types of pressure-wind relationships utilized for the reanalysis of the
first decade of aircraft reconnaissance are listed in Table 24. The winds in Table 24 are
listed in kt and central pressures are in mb. All pressure-wind conversions in the
reanalysis were based on one of the seven conversions. For TCs south of 35N latitude,
all pressure-wind relationship derivations come from Brown et al. (2006). For TCs north
of 35N latitude, all pressure-wind relationship observations are from the Landsea et al.
(2004a) pressure-wind relationships. The six types of pressure-wind relationships from
the Brown et al. study are: 1) southern; 2) north of 25N (used for 25-35N latitude); 3)
southern/intensifying; 4) southern/weakening; 5) north of 25N/intensifying; and 6) north

of 25N/weakening.

Central Brown Brown Brown Brown Brown Brown Landsea
S25N S25N N 25N N 25N

Pressure S 25N N 25N In We In We N 35N
1008 30 28 28 32 29 27 32
1007 32 30 31 35 31 29 35
1006 35 32 34 37 33 32 37
1005 37 34 36 39 36 33 40
1004 39 36 38 41 38 35 42
1003 41 38 41 43 40 37 44
1002 43 40 43 45 42 39 45
1001 45 42 45 47 44 41 47
1000 47 44 47 48 45 42 49
999 49 45 48 50 47 44 50
998 51 47 50 52 49 45 52
997 53 49 52 54 51 47 53
996 54 50 54 55 52 48 55
995 56 52 56 57 54 50 56
994 58 53 58 58 56 51 58
993 59 55 59 60 57 53 59
992 61 56 61 61 59 54 60
991 62 58 62 63 60 56 61
990 64 59 64 64 62 57 63
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Table 24. Empirically derived pressure-wind relationship from Brown et al. (2006) and

Landsea et al. (2004a).



APPENDIX B
CENTRAL PRESSURES

Appendix B is a list containing all of the central pressures in the original and the
revised HURDAT database from 1944-1953. For the 6-hourly time slot for which these
central pressures are listed, the analyzed maximum wind speeds from both the original
HURDAT and the revised HURDAT are shown. The column on the left is the revised
storm number, and the column on the right is the observation type by which the central
pressure was obtained. Observations in yellow highlight pertain to analyzed central
pressures after landfall for inland TCs (i.e. these cannot be compared against the Brown
et al. pressure-wind relationship since that relationship is for over-water exposure only).
It is important to note that not all central pressures listed in the revised HURDAT are
obtained by direct pressure measurements. Some central pressures are estimated, but
only when there are enough peripheral observations close enough to the center to obtain a
reliable central pressure estimate. Nearly all (greater than 90%) of the revised central
pressures are taken from direct measurements. Some methods for estimating central
pressure from peripheral pressure measurements are: 1) The 10 kt per mb rule for a
observation inside the RMW; 2) The Schloemer equation; 3) the averaging of two or
more close off-time central pressure measurements (e.g. a 989 mb central pressure
measured at 16Z and a 985 mb central pressure measured at 20Z would yield an analyzed
central pressure of 987 mb for 18Z). Central pressures at the time of landfall have been
estimated in many previous studies for many landfalling hurricanes. If the estimates from

these studies appear correct, and if there is no contradictory data, then these central

169



170

pressures will sometimes be chosen for landfall, but only for cases for which there was no
explicit central pressure measured. The data contained in Figures 9 and 20 come from

Table 25.

Revised Original HURDAT  Revised HURDAT
Storm# centralp maxw centralp maxw Ob type

194403 990 80 990 55 land
194404 973 75 973 90 ship
194406 none 35 1001 50 land
194407 943 115 943 115 unknown
194407 none 105 933 120 ship
194407 none 90 942 110 land
194407 none 75 953 95 land
194407 966 65 966 70 land
194413 none 70 976 80 ship
194413 none 100 937 120 land
194413 none 105 949 105 land
194413 none 65 962 90 land
194413 978 60 976 60 land
194413 983 50 983 55 land
194413 987 45 985 50 land
194505 963 115 963 95 land
194505 966 120 966 90 land
194505 968 120 none 75

194505 980 65 980 65 land
194505 987 50 987 50 land
194505 993 40 993 40 land
194505 1002 25 1002 25 land
194505 1006 20 1006 20 land
194506 993 35 990 60 land
194508 none none 1009 45 aircraft
194509 none 100 972 95 aircraft
194509 977 105 977 85 land
194509 none 120 949 115 land
194509 951 115 954 100 land
194509 963 85 963 75 land
194509 974 65 974 70 land
194509 987 55 987 65 land
194509 990 50 990 70 land
194509 991 45 991 75 land
194509 996 40 996 50 land
194509 1000 40 1000 50 land
194509 1006 35 1006 45 land
194510 none 80 987 70 aircraft
194510 982 85 982 75 aircraft

194511 1000 85 980 80 land
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956
954
940
966
970
984
987
993
994
1000
983
978
none
982
975
966
966
1000
990
981
961
none
1007
998
990
none
986
988
994
951
950
940
none

75
30
40
75
85
35
65
80
75
40
90
70
50
85
115
125
110
105
105
115
95
70
55
45
50
50
50
75
80
70
70
80
85
90
45
70
80
105
50
30
50
60
65
65
60
60
105
110
115
85

land
land
aircraft

ships
aircraft
land

ship & land
aircraft
land
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
land

land

land

land

land

land
ship & AC
ship & land
aircraft
aircraft
land

aircraft
aircraft
ship

land

aircraft
aircraft
aircraft
aircraft

aircraft
aircraft
aircraft

land
land
aircraft
aircraft
land
land
land
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194808
194809
194809
194809
194809
194809
194810
194810
194810
194810
194901
194901
194901
194901
194902
194902
194902
194902
194902
194902
194902
194902
194902
194902
194902
194904
194904
194904
194904
194904
194904
194905
194906
194911
194911
194911
194911
194913
194913
194916
195001
195001
195001
195001
195001
195001
195001
195001
195001
195002

965

none
975

979

none
none
none
none
none
none
none
none
none
Q77

954

965

974

982

987

992

996

1000
1002
1000
1000
none
none
none
none
none
none
1008
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none

80
75
110
90
85
40
60
70
70
55
70
85
85
95
130
100
65
55
50
45
40
40
40
40
35
65
75
80
80
95
100
40
none
95
115
60
50
70
90
50
70
70
70
75
80
90
110
120
120
105

965
991
963
979
971
989
996
994
990
994
993
984
974
977
954
965
974
980
984
988
996
1000
1002
1000
998
987
995
994
994
982
974
none
996
970
960
982
998
995
981
993
995
995
995
989
987
980
962
958
953
990

80
70
90
80
90
60
50
60
65
55
70
80
85
90
120
85
70
70
65
65
55
50
50
50
50
70
65
65
65
80
90
50
55
95
100
60
35
65
80
55
60
60
60
65
70
80
100
100
105
70
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land
ship & AC
land
land
land
ship
ship
aircraft
aircraft
aircraft
aircraft
aircraft
ship
land
land
land
land
land
land
land
land
land
land
land
land
aircraft
ship
aircraft
aircraft
aircraft
aircraft

ship
aircraft
land
land
land
aircraft
aircraft
aircraft
ship & AC
ship
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft



195002
195002
195002
195002
195002
195002
195002
195003
195003
195003
195004
195004
195004
195004
195004
195004
195004
195004
195004
195004
195005
195005
195005
195005
195005
195005
195005
195005
195006
195006
195006
195006
195007
195007
195008
195008
195009
195009
195009
195011
195011
195011
195011
195011
195011
195011
195011
195011
195011
195011

none
none
none
none
none
979

none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
958

none
none
none
none
none
none
none
none
none
none
none
none
none
none
955

none
none
none
none
none
none
none
none

100
60
55
65
65
90
75
85
100
85
75
115
125
80
85
85
85
85
80
75
65
65
70
75
110
110
105
100
70
90
90
120
80
95
50
50
50
80
95
60
85
105
105
90
75
65
35
25
25
none

987
1003
996
998
996
none
979
985
974
980
953
962
972
987
986
986
982
978
974
972
996
995
980
980
973
973
none
958
995
986
977
946
978
960
1009
1007
1002
990
980
992
985
none
988
955
975
983
989
992
996
999

75
45
55
55
55
90
75
70
85
75
110
100
85
65
65
65
70
75
80
85
55
55
75
75
85
85
105
105
55
75
85
120
70
95
35
35
45
65
75
55
75
65
70
115
80
70
65
45
35
30

aircraft
aircraft
aircraft
aircraft
aircraft

land

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft

land

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft

aircraft
land
land
land
land
land
land
land
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195011
195011
195013
195013
195013
195013
195102
195102
195102
195102
195102
195102
195102
195102
195102
195102
195103
195104
195104
195104
195104
195104
195104
195104
195104
195104
195104
195104
195105
195105
195105
195106
195106
195106
195108
195109
195109
195109
195109
195109
195110
195110
195110
195111
195111
195111
195202
195202
195202
195202

none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
964

none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
1006
none
none
1003

none
none
80
80
80
70
65
75
80
80
80
90
100
85
50
45
45
50
75
95
95
75
95
105
90
90
95
115
100
85
60
110
120
140
50
35
80
85
95
90
70
50
40
70
60
55
50
50
55
70

1000
1002
990
990
987
991
983
982
985
982
980
979
978
973
984
994
999
999
992
978
971
958
982
976
989
988
982
972
992
993
1004
967
957
937
999
1003
982
979
975
972
1000
998
1009
998
1000
999
1006
1007
1008
1003

35
20
60
65
70
70
70
75
70
75
75
75
75
80
75
35
45
55
65
85
95
110
80
85
65
65
70
85
70
60
45
85
95
125
50
40
75
80
80
85
50
50
25
65
60
55
35
40
40
45

land

land

aircraft
aircraft
ship

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
land

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
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195202
195202
195202
195202
195202
195202
195204
195204
195204
195204
195204
195204
195204
195204
195204
195204
195204
195206
195206
195206
195207
195207
195207
195207
195207
195207
195209
195209
195209
195210
195210
195210
195210
195210
195210
195301
195301
195301
195301
195301
195301
195303
195303
195303
195303
195303
195303
195304
195304
195304

998

none
none
none
none
none
1003
1003
none
none
993

none
none
none
981

none
969

993

none
none
998

none
none
none
none
none
995

968

1001
993

none
none
934

991

none
none
none
none
none
none
997

none
none
none
none
987

none
985

none
none

70
75
80
80
85
85
70
80
90
95
100
105
105
100
95
95
75
90
105
100
70
55
45
45
35
none
45
80
40
75
95
125
130
90
80
45
50
55
50
40
60
65
80
90
95
90
70
45
35
50

998
1003
999
998
992
983
none
none
993
996
993
993
983
983
981
978
969
993
969
958
998
1002
1001
1001
1009
1008
995
968
1001
993
942
940
934
991
994
1000
1003
997
996
999
994
1005
1002
995
987
975
973
none
1007
1008

50
50
55
55
65
75
60
65
70
65
65
65
70
70
75
80
95
65
95
100
55
45
45
45
30
30
50
85
40
60
110
120
125
60
55
40
40
50
50
40
55
50
50
60
70
80
80
30
30
35

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
land

aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
aircraft
land

aircraft

aircraft
aircraft
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195305 none 75 944 120 aircraft
195305 929 130 929 140 aircraft
195305 none 125 942 115 aircraft
195305 none 105 945 110 aircraft
195305 none 80 962 85 aircraft
195306 none 65 1005 45 aircraft
195306 none 100 999 55 SHIP
195306 995 100 990 60 aircraft
195306 none 100 989 65 aircraft
195306 none 60 996 55 land
195306 none 55 994 55 aircraft
195308 none 65 995 65 aircraft
195308 none 75 987 75 aircraft
195308 none 110 977 80 aircraft
195308 none 105 966 95 AC & ship
195308 none 105 962 100 aircraft
195309 none 60 1004 40 aircraft
195310 none 70 1001 55 AC & ship
195310 968 110 968 90 aircraft
195310 985 70 975 70 land
195311 none 65 986 70 SHIP
195311 none none 997 50 aircraft
195313 none 55 1002 45 aircraft
195313 994 55 987 55 land
195313 none 60 989 60 aircraft
195314 none 45 999 45 aircraft

Table 25. List of central pressures both in the original HURDAT (2™ column) and the
revised HURDAT (4™ column). Original HURDAT wind speed (3" column) is the
original HURDAT wind speed listed in the time slot of the central pressure in the revised
HURDAT.



APPENDIX C

REANALYSIS METADATA
1944 Storm 1
31500 07/13/1944 M= 8 1 SNBR= 697 NOT NAMED XING=0
31505 07/13* 0 0 0O 0%*196 679 35 0%*207 688 35 0%*217 698 40 0*
31505 07/13* 0 0 0 0%*196 682 30 0%207 692 30 0%*215 702 30 0*
* % % * % * % % * % * % % * % % * %
31510 07/14%226 708 40 0%234 718 45 0%243 728 45 0%*251 737 50 0*
31510 07/14%223 711 35 0%*231 720 35 0%240 728 35 0%*251 735 35 0*
* % % * % % * % * % % * % % * % * % % * % * % % * %
31515 07/15*259 744 50 0*274 755 55 0*289 762 60 0*296 762 60 o*
31515 07/15*262 741 40 0*274 746 45 0*285 750 50 0*%294 753 55 0*
* % % * % % * % * % % * % * % % * % % * % * % % * % % * %
31520 07/16%302 761 65 0%*309 758 70 0%*314 755 70 0%*318 752 75 0*
31520 07/16%302 755 60 0%309 756 65 0%*314 755 65 0%318 752 65 0*
* % % * % * % % * % * % * %
31525 07/17%*321 748 80 0%*324 744 80 0%*328 738 80 0%*333 727 80 0*
31525 07/17%322 748 65 0%325 743 65 0%328 735 65 0%331 726 65 o*
* % % * % * % % * % % * % * % % * % * % % * % % * %
31530 07/18%*339 715 70 0%*345 703 70 0E351 692 65 0E360 676 60 0*
31530 07/18%333 716 65 0*336 706 65 0*340 695 65 0*350 680 60 0*
* % % * % % * % * % % * % % * % * k k% * % % * % k% * % %
31535 07/19E372 651 55 0E386 620 55 0E402 582 50 0E421 540 50 0*
31535 07/19E365 655 60 0E382 622 60 0E402 582 60 0E422 540 50 0*
* % % * % % * % * % % * % % * % * % * % %
31540 07/20E442 498 45 0* 0 0 0 0* 0 0 0 0* 0 0 0 0*
31545 HR

Minor track changes and minor changes to intensity were made on most days of this
storm. Evidence for these alterations comes from the Historical Weather Maps series, the
COADS ship database, Monthly Weather Review, and NHC microfilm of synoptic
weather maps.

July 12:

HURDAT does not list a storm on this day, and HWM shows a possible wave axis
between 62 and 65W, but no closed low. Microfilm indicates a spot low near 15N,
65.5W. No gales or low pressures.

July 13:

HWM analyzes a spot low in an open trough near 22N, 63.8W. HURDAT lists this as a
35 kt tropical storm at 20.7N, 68.8W. The MWR post-season track map shows a 00Z
center near 17.2N, 67W and a 12Z center near 20.5N, 69.3W. Microfilm shows a closed
low analyzed near 20.7N, 69.1W. Aircraft highlights: 35 kt SE at 22.9N, 66.1W at
1230Z (micro); 35 kt SE at 23.0N, 67.9W at 13Z (micro).

177
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July 14:

HWM shows a tropical storm of at most 1015 mb centered near 25.6N, 67.3W.
HURDAT lists this as a 45 kt tropical storm at 24.3N, 72.8W. The MWR post-season
track map shows a 00Z center near 22.2N, 71.4W and a 12Z center near 24.2N, 73.3W.
Microfilm shows a low of at most 1015 mb centered near 23.5N, 73.2W. No gales or low
pressures.

July 15:

HWM shows a tropical storm of at most 1010 mb centered near 28.8N, 73.1W.
HURDAT lists this as a 60 kt tropical storm at 28.9N, 76.2W. The MWR tracks of
centers of cyclones shows a center near 27.2N, 73.8W. The MWR post-season track map
shows a 00Z position near 26N, 74.3W and a 12Z position near 28.6N, 76.2W.
Microfilm shows a low of at most 1005 mb centered near 28.1N, 74.4W. Aircraft
highlights: 50 kt ESE at 29.0N, 74.0W at 0930Z (micro); 40 kt SSW at 28.0N, 75.0W at
147 (micro); 40 kt SE at 29.8N, 73.8W at 1550Z (micro). Seven additional observations
of gale force winds were found.

July 16:

HWM shows a tropical storm of at most 1010 mb centered near 31.7N, 76.1W.
HURDAT lists this as a 70 kt hurricane at 31.4N, 75.5W. The MWR tracks of centers of
cyclones shows a center near 29N, 75W at 00Z and 31.2N, 75.5W at 12Z. The MWR
post-season track map shows a 00Z position near 30.3N, 76.1W and a 12Z position near
31.1N, 75.5W. Microfilm shows a low of at most 1002 mb centered near 31.6N, 76.3W.
Ship highlight: 35 kt SSE and 996 mb at 30.8N, 73.8W near ~00Z (micro). Aircraft
highlights: 45 kt SSE at 31.1N, 75.1W at 1410Z (micro); 45 kt WNW at 29.7N, 76.0W at
15Z (micro); 35 kt NE at 31.2N, 78.3W at 1610Z (micro).

July 17:

HWM shows a tropical storm of at most 1010 mb centered near 32.2N, 72.3W with a
dissipating cold front a few hundred nm northwest of the cyclone. HURDAT lists this as
an 80 kt hurricane at 32.8N, 73.8W. The MWR tracks of centers of cyclones shows a
00Z position near 32.2N, 74.8W and a 12Z position near 33N, 73W. The MWR post-
season track map shows a 00Z position near 31.9N, 75W and a 12Z position near 32.4N,
73.9W. Microfilm shows a low of at most 999 mb centered near 32.8N, 73.1W. Aircraft
highlights: 60 kt at ~32N 71W at 19Z (micro); 35 kt SW at 29.9N, 70.3W at 14Z (micro);
35 kt NW at 32.0N, 73.3W at ~14Z (micro); 35 kt S at 33.5N, 70.0W at 19Z (micro).
“Pireps wind shift at 1840Z with drift change from 8 right to 15 left on 90 degree course
at 32N, 71W. Max wind estimated 70 mph. Sea relatively flat near center with spray in
fine parallel bands. Rved from WVI (Parrish)” (micro).

July 18:

HWM shows a tropical storm of at most 1010 mb centered near 35.4N, 69.1W with
stationary fronts indicated to the southwest and northeast of the cyclone, but neither
analyzed to be extending into the cyclone. HURDAT lists this as a 65 kt extratropical
cyclone at 35.1N, 69.2W. The MWR tracks of centers of cyclones shows a 00Z position
near 33.8N, 70.5W and a 12Z position near 34N, 68.2W. The MWR post-season track
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map shows a 00Z position near 33.5N, 71.5W and a 12Z position near 34.7N, 69W.
Microfilm shows a low of at most 996 mb centered near 33.3N, 68.8W. Ship highlights:
35 kt SE and 1013 mb at 35.5N, 68.5W at 1Z (COA); 45 kt SW and 1001 mb at 32.1N,
69.0W at 1045Z (micro); 45 kt S and 1014 mb at 33.5N, 65.5W at 12Z (COA); 45 kt S
and 1017 mb at 33.5N, 65.5W at 16Z (COA); 35 kt NE at 40.5N, 66.5W at 20Z (COA).
Land highlight: 35 kt at Bermuda (MWR). Aircraft highlight: 40 kt WSW at 32.0N,
70.0W at ~1830Z (micro) Regarding the position...”Bermuda reported winds of
approximately 40 miles per hour as the center passed about 250 miles to the northwest of
that station” (MWR).

July 19:

HWM shows a tropical storm of at most 1005 mb centered near 42N, 56W with a warm
front indicated to the northeast of the cyclone and a cold front southwest of the cyclone,
but neither analyzed to be extending into the cyclone. HURDAT lists this as a 50 kt
extratropical storm at 40.2N, 58.2W. The MWR post-season track map shows a 00Z
position near 36.6N, 65.3W and a 12Z position near 40.2N, 58.2W. Microfilm shows a
center near 39.7N, 57.7W at 12Z with Beaufort wind force 11 (60 kt) analyzed to be near
the center at 17Z. Ship highlight: 35 kt NW and 992 mb at 39.0N, 59.0W at ~1830Z
(micro).

A low pressure area associated with a tropical wave apparently moved northwestward
from the eastern Caribbean Sea and became a tropical depression just north of the
Dominican Republic at 06Z on the 13™ (no change to genesis). Minor track changes to
HURDAT are introduced on everyday of the cyclone’s lifetime and are largest on the 15
and 18" as the position was adjusted over a degree on these days. Continuing
northwestward, it became a tropical storm at 00Z on the 14th, 18 hours later than in the
original HURDAT. Late on the 15 the tropical storm’s forward motion slowed down
and turned toward the north-northwest, but strengthening continued. It became a
hurricane at 06Z on the 16" (six hours later than originally) and recurved on this date
with a position a few hundred miles east of Georgia. It remained a hurricane on the 17"
and the 18" as it moved slowly off to the northeast. Early on the 18" the hurricane
began to accelerate, and by 18Z on the 18" the intensity had weakened to a 60 kt tropical
storm. The intensity is reduced every day from the 13™ to the 17" as observational data
indicates that the cyclone was weaker than originally shown in HURDAT. While there
are no explicit observations of hurricane intensity, a peak intensity of 65 kt from the 16™
to the 18" (down from 80 kt originally) is retained as aircraft reconnaissance did
estimated surface winds of 60 kt on the 17™. The cyclone became extratropical at 00Z on
the 19" (12 hours later than originally) a few hundred miles south of Halifax, Canada.
On the 19", the 50 kt intensity of the extratropical cyclone is raised to 60 kt due to
Weather Bureau analysis of Beaufort force 11 near the center. It was absorbed by a
larger extratropical low around 06Z on the 20th.

This hurricane is historic in that these were the very first planned aircraft reconnaissance
missions to occur with the flights from the 13™ to the 17 of July.
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1944 Storm 2

31550 07/24/1944 M= 5 2 SNBR= 698 NOT NAMED XING=0

31555 07/24%* 0 0 0 0*114 561 35 0*117 584 40 0*123 610 45 o*

31555 07/24%* 0 0 0 0*134 566 35 0*137 584 40 0*140 604 45 o*

* % % * % % * % % * % % * % %

31560 07/25%130 630 50 0%*141 643 55 0%*151 656 55 0%*158 671 55 0*

31560 07/25%143 622 50 0%*147 639 55 0*151 656 55 0*156 673 55 0*
* % % * % % * % % * % % * % % * % %

31565 07/26%162 686 55 0%¥163 702 55 0%¥162 721 55 0%*161 744 50 0*

31565 07/26*161 690 55 0%166 707 55 0%170 725 55 0%173 744 50 0*
* % % * % % * % % * % % * % % * % % * % %

31570 07/27*161 768 50 0%*165 791 45 0%¥169 812 45 0%*169 822 40 0*

31570 07/27*175 764 45 0%176 783 40 0%175 800 35 0%174 816 35 0*
* % % * % % * % * % % * % % * % * % % * % % * % * % % * % % * %

31575 07/28%170 830 35 0%*171 844 30 0*172 858 25 0%*169 872 25 0*

31575 07/28%173 831 35 0%172 845 30 0%172 858 25 0%172 872 25 0*
*kk Kk *k *kk Kk *k * % %

31580 TS

Major track changes and minor intensity changes were made to this tropical storm.
Evidence for these alterations comes from the Historical Weather Map series, the
COADS ships database, Monthly Weather Review, and NHC microfilm of synoptic
weather maps.

July 23:
HWM analyzes a spot low in an open wave near 11.4N, 57.6W. HURDAT does not list a
system on this day. There were no gales or low pressures

July 24:

HWM analyzes a spot low in an open wave near 13.5N, 62W. HURDAT lists this as a
40 kt tropical storm at 11.7N, 58.4W. Microfilm shows a low approaching the southern
Windward Islands by their 18Z map. No gales or low pressures.

July 25:

HWM analyzes a spot low in an open wave near 15N, 65.5W. HURDAT lists this as a
55 kt tropical storm at 15.1N, 65.6W. The MWR post-season track map shows a center
near 14.6N, 65.4W. Microfilm shows a small tropical storm at 00Z centered at 14.5N,
61.7W. At 12Z, microfilm shows a low of at most 1011 mb centered near 15.2N, 65.4W.
Land highlight: 48 kt at Fort de France at 00Z (MWR). Aircraft highlights: 40 kt E at
16.0N, 65.8W at 17Z (micro); 40 kt E at 16.9N, 67.0W at 18Z (micro); 35 kt SE at
15.0N, 65.8W at 19Z (micro); 45 kt SE at 17.0N, 65.8W at 20Z (micro).

July 26:

HWM analyzes a spot low near 16.7N, 72.2W. HURDAT lists this as a 55 kt tropical
storm near 16.2N, 72.1W. The MWR post-season track map shows a 00Z position near
16N, 68.8W and a 12Z position near 17.5N, 73W. Microfilm shows a low of at most 999
mb centered near 17.4N, 73.1W. No concrete gales or low pressures. Regarding the
intensity, “...There were positive evidences that it was near the coast of Haiti not far
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south of Port Au Prince on the morning of the 26™. A wind of 70 knots was encountered
by an airplane near this point (exact location and elevation unknown), and the Port Au
Prince soundings showed winds aloft of hurricane force, with squalls of 35 miles per hour
at the surface. Considerable damage was reported from the town of Jacmel on the coast
south of Port Au Prince. Indications are that the small center struck the high mountains
of the Haitian Peninsula and were broken up. It is not believed that winds of hurricane
force accompanied the storm at t