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ABSTRACT: 
 
In this paper, the possible connection between the frequency of Atlantic hurricanes to the climate change, mainly the variation in the 
Atlantic Ocean surface temperature has been investigated. The correlation between the observed hurricane frequency for different 
categories of hurricane’s intensity and Sea Surface Temperature (SST) has been examined over the Atlantic Tropical Cyclogenesis 
Regions (ACR). The results suggest that in general, the frequency of hurricanes have a high correlation with SST. In particular, the 
frequency of extreme hurricanes with Category 5 intensity has the highest correlation coefficient (R =0.82). In overall, the analyses in 
this work demonstrates the influence of the climate change condition on the Atlantic hurricanes and suggest a strong correlation 
between the frequency of extreme hurricanes and SST in the ACR. 
 
 

1. INTRODUCTION 

Climate change and global warming are apparent across a wide 
range of observations. As a result, certain types of extreme 
weather events have become more frequent and intense, such as 
heat waves or floods and droughts in some regions. There is also 
an extended debate regarding the overall change in the activity of 
storms. In particular, variations in frequency and intensity of 
extreme storms, possibly due to the global warming, are at the 
focus of this scientific and societal debate (Knutson and Tuleya, 
2004; Bender et al., 2010; Knutson et al., 2013, 2015; Kanada et 
al., 2017). Tropical Cyclones (TC) and hurricanes are among the 
most destructive kinds of storms in nature. They bring violent 
wind, flooding rains and cause significant economic and social 
disruptions. Hence, this phenomenon has a significant impact on 
human life and property. Consequently, the interest in 
characterizing the relationship between TCs and hurricanes with 
the global warming has increased in the recent years.  
 
Several studies linked the formation of hurricanes to Sea Surface 
Temperature (SST) as one of its main drivers (Emanuel, 1991; 
Holland, 1997; Knutson and Tuleya, 2004; Bengtsson et al., 
2007). Goni et al. (2002) suggested that those values of SST 
higher than 26°C or so are necessary for hurricane cyclogenesis. 
Also, hurricane intensification might have a statistical 
relationship with higher SST values (Fraza and Elsner, 2015) or 
be related to the location of high SST values (Sun et al., 2007). 
When all these topics are underlined, an assumption should be 
made, i.e., the most direct parameter controlling the influence of 
climate change conditions on hurricanes is SST. Thus a higher 
SST may imply a higher frequency or intensity of hurricanes 
(Mann and Emanuel, 2006; Webster, 2005). Therefore, 
understanding the relationship between the frequency of 
hurricanes with different intensities and SST plays a crucial role 
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in storm risk assessment, emergency planning, and insurance 
industry.  

The aim of this paper is initially to examine the observed 
frequency of Atlantic hurricanes for different categories of 
intensity. In a second stage, to investigate the possible correlation 
between frequency and warmer SST in each category of intensity 
separately. 
 

2. HURRICANES INTENSITY 

The intensity of hurricanes is defined according to Saffir-
Simpson Hurricane Wind Scale (SSHWS), see Schott et al. 
(2012). The SSHWS is a 1-5 categorization depending on the 
hurricane's Lifetime Maximum Intensity (LMI), see Table 1. The 
LMI refers to the highest hurricane's Maximum Sustained Wind 
(MSW) speed during the time from genesis to dissipation of each 
hurricane. And the MSW speed is a maximum 1-minute average 
wind speed which is measured within a hurricane at an elevation 
of 10 m a.s.l. and with an unobstructed exposure. In another 
word, the LMI is the value of MSW where the lifetime maximum 
occurs.  
 

The procedure to estimate the hurricane's MSW is based on 
ship reports, satellite imagery using the Dvorak technique, 
aircraft reconnaissance, and land-based radar data. The Dvorak 
estimation technique was developed between 1969-1984 by 
Vernon Dvorak (Dvorak, 1975, 1984). This method is merely 
based on visible and infrared satellite images and is extensively 
used to estimate hurricane wind speed since 1970 (Velden et al., 
2006). The aircraft reconnaissance measurements use 
dropsondes (reconnaissance device dropped from the aircraft), 
Stepped Frequency Microwave Radiometer (SFMR) and radar to 
remotely estimate wind speed, precipitation, temperature, 
pressure, and relative humidity. The aircraft reconnaissance is 
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costly, and only the National Hurricane Center (NHC) is 
routinely using this approach to directly measure Atlantic 
hurricane’s wind speed and other properties. 

 
The NHC best tracks are post-storm analyses of the measured 

wind speed, central pressure, position, and size of hurricanes and 
TCs at 6-hour interval. One MSW speed value is assigned to 
every cyclone at every best track time, i.e., every 6 hours. 
Therefore, to categorize hurricanes according to their intensities 
and study the related influence of global warming on the 
frequency of each category, the first step is to produce a 
hurricanes LMI data set for the required region and time period 
from the best tracks. 
 
 

SSHWS 
Category 

MSW 
(knots) 

Description of possible 
consequences 

1 64-82  Very dangerous winds will 
produce some damage 

2 83-95 Extremely dangerous winds will 
cause extensive damage 

3 96-112 Devastating damage will occur 
4 113-136 Catastrophic damage will occur 
5 137 Catastrophic damage will occur 

 
Table 1. The table of Saffir-Simpson hurricane wind scale 

(SSHWS. From the NHC, https://www.nhc.noaa.gov/ 
aboutsshws.php. 

 
 

3. ATLANTIC HURRICANE BEST TRACKS 

To produce the LMI data set, the revised Atlantic hurricane best 
tracks from the NHC, known as Atlantic HURDAT2 (Landsea et 
al., 2015) has been used. This historical database contains 
occurrences, and 6-hourly records of MSW speeds for all Atlantic 
storms. The procedure to estimate MSW speeds has been 
clarified in Section 2. The HURDAT2 database goes back to 
1851. However, it is not complete and accurate for the entire 
period. The uncertainty estimates of HURDAT2 for the various 
period have been studied by different authors (Landsea et al., 
2008, 2012, 2014; Hagen et al., 2012; Torn and Snyder, 2012; 
Landsea and Franklin, 2013). In general, new technologies affect 
the observations as our ability to detect the frequency, intensity, 
and size of tropical cyclones are always improving. 
Consequently, as one goes back further in time, besides the 
uncertainties, tropical cyclone frequencies may be underreported. 
 

Several studies have been carried out to estimate the possible 
undercount of the occurrence of events (Chang and Guo, 2007; 
Mann et al., 2007; Vecchi and Knutson, 2008). In a most recent 
piece of literature (Vecchi and Knutson, 2011), a previously 
developed methodology by Vecchi and Knutson (2008) was 
applied to estimate missed hurricanes, either those entirely lost or 
those incorrectly considered as TCs. These methods allow for a 
more reliable estimation of the number of undercounting events 
before the beginning of satellite imagery. However, they are not 
intended to estimate the MSW of the undercounted hurricanes 
and the intensity of the missed events are not known. Recorded 
values of MSW in HURDAT2 best track database are given to 
the nearest 10 knots for the period 1851-1885, and to the nearest 
5 knots in 1886-2016. With the intention of having a 
homogeneous data set, and to maximize the reliability of the data, 
only data recorded after 1886 have been used here. The 
hurricanes occurred in 2017 are not reported in the current 
version of HURDAT2 database (until the last update on 11th 
April 2017). Therefore, the hurricane’s MSW for this year are 

obtained from the NOAA’s monthly Atlantic tropical report 
(https://www.nhc.noaa.gov/text/). These reported wind speeds 
from miles/hour to knots have converted and rounded to the 
nearest 5 knots to be compatible with the rest of data set. The 
reported MSW for 2017 hurricanes and their rounded values in 
knots are presented in Table 2. 

 
 

Hurricane 
Name Dates 

LMI 

mph knots nearest 
5 knots 

Franklin 6-10 Aug 85 73.86 75 
Gert 13-17 Aug 105 91.24 90 
Harvey 17 Aug-1 Sept 130 112.96 115 

Irma 30 Aug-12 
Sept 185 160.76 160 

Jose 5-22 Sept 155 134.69 135 
Katia 5- 9 Sept 105 91.24 90 
Lee 15-30 Sept 115 99.93 100 
Maria 16-30 Sept 175 152.07 150 
Nate 4-9 Oct 92 80 80 
Ophelia 9-16 Oct 115 100 100 

 
Table 2. List of Atlantic hurricanes in 2017 stated in NOAA’s 

monthly Atlantic tropical report. 
 
 

The Atlantic tropical Cyclogenesis Regions (ACR) is a box 
bounded in latitude between 6° - 18° N, and in longitude between 
20° - 60° W (see Fig. 1). The literature (Emanuel, 2005; Santer 
et al., 2006) suggests that SST changes in this area are more 
correlated with hurricane’s wind speed compared to the other 
regions. Therefore, in order to improve the analyses in this work, 
only those data for hurricanes in this area has been selected. 
 

 

 
 
Figure 1. The Atlantic Tropical Cyclogenesis Region (ACR), 

bounded in latitude between 6° - 18° N, and in longitude 
between 20° - 60° W. 

 
 

According to the SSHWS scale, between 1,566 recorded 
events in the ACR from 1886 to 2017, 734 storms have hurricane 
intensity, and 590 storms have TC intensity (Table 3). 
 
 
 
 
 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-3, 2018 
ISPRS TC III Mid-term Symposium “Developments, Technologies and Applications in Remote Sensing”, 7–10 May, Beijing, China

This contribution has been peer-reviewed. 
https://doi.org/10.5194/isprs-archives-XLII-3-527-2018 | © Authors 2018. CC BY 4.0 License.

 
528

https://www.nhc.noaa.gov/text/


 

Tropical cyclone Wind speed (knots) Counts 
All recorded  1566 

Tropical cyclone 33-64 590 
Hurricane > 64 734 

 
Table 3. Number of Atlantic hurricanes and TCs in HURDAT2. 
 
 
4. ATLANTIC YEARLY HURRICANE FREQUENCIES 

BASED ON LMI 

The yearly hurricane frequency is the number of hurricanes (TCs 
which reaches the minimum hurricane intensity) occurred in each 
year. The distribution of yearly hurricane frequency for the 
selected area and time period is presented in Figure 2.  
 
 

 
 

Figure 2. Distribution of yearly hurricane frequency in the ACR 
1886 to 2017. 

 
 

Figure 3, shows time series of occurred hurricanes. There are 
two years in the time series, 1907 and 1914, without any recorded 
hurricanes. In addition, the year 2005 has the highest number of 
events with 15 recorded hurricanes per year. 
 
 

 
 

Figure 3. Time series of occurred hurricanes in the ACR from 
1886 to 2017.  

 
 

To produce the yearly hurricane frequency for each SSHWS 
category separately, initially, the LMI value for every recorded 
hurricane in the time series have been collected. The histogram 
of the produced LMI for the whole period are shown in Figure 4.  

 
Then, the events are categorized according to SSHWS 

category and their LMI in every year. Table 4 shows the 
frequency and the rate of hurricanes in each category in the ACR 
for the whole 132-year period. As it is expected, the rate of 

hurricanes is decreasing by increasing their intensity. Category 5 
intensity has the lowest rate of 0.25 compared to other categories. 
 

 

 
 

Figure 4. Histogram of LMI for hurricanes in the ACR. 
 
 

Intensity Frequency Rate 
Cat. 1 271 2.05 
Cat. 2 182 1.38 
Cat. 3 136 1.03 
Cat. 4 112 0.85 
Cat. 5 33 0.25 

 
Table 4. The frequency and the rate of hurricanes for each 

SSHWS category in the ACR from 1886 to 2017. 
 
 

Among the available hurricanes in the produced LMI 
database, there are few extreme events with a much higher 
recorded intensity. Table 5, shows the list of first, second and 
third most intense hurricanes in terms of LMI. Hurricane Allen 
in 1980, the most intense one, reaches the maximum intensity of 
165 knots. 
 
 

Rank Hurricane’s 
name Year LMI 

knots m/s 
First Allen 1980 165 84.88 

Second 

Labor Day 1935 

160 82.31 Gilbert 1988 
Wilma 2005 
Irma 2017 

Third Mitch 1998 155 79.74 Rita 2005 
 

Table 5. List of intense hurricanes in terms of LMI that has been 
recorded in the produced LMI database. 

 
 

5. ATLANTIC SEA SURFACE TEMPERATURE 

The Atlantic SST data set from CMIP5 (World Climate Research 
Programme’s Fifth Coupled Model Intercomparison Project) has 
been used for the analyses here. Such a data set includes four 
warming scenarios reports as Representative Concentration 
Pathways (RCPs), which provide historical records (1861-2005) 
and projection (by the end of the century) of SST values through 
several models for each scenario separately. These RCPs are 
specified by numbers (2.6, 4.5, 6.0 and 8.5), which refer to the 
increase (in W/m2) in radiative forcing (Meinshausen et al., 
2011). RCPs are the same in the historical part and quite close to 
one another from 2005 to 2017. Hence, for the analyses in this 
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study (1886-2017 in the ACR), the RCP2.6 has been selected. 
The SST values are downloaded from the KNMI (Royal 
Netherlands Meteorological Institute) Climate Explorer web 
application (https://climexp.knmi.nl/ plot_atlas_form.py). Each 
RCP warming scenario includes several models. However, they 
only have 24 models in common (Table 6). 
 
 
 bcc-csm1-1  GFDL-ESM2G  GISS-E2-R2 Amon_MIROC5 

 CCSM4  GFDL-ESM2M  GISS-E2-R3  MIROC-ESM 

 CESM1-CAM5  GISS-E2-H1  HadGEM2-AO  MIROC-ESM- 
 CHEM 

 CSIRO-Mk3-6-0  GISS-E2-H2  HadGEM2-ES  MRI-CGCM3 

 FIO-ESM  GISS-E2-H3  IPSL-CM5A-LR  NorESM1-M 

 GFDL-CM3  GISS-E2-R1  IPSL-CM5A-MR  NorESM1-ME 

 
Table 6. List of 24 common models the four RCP scenarios. 

 
 

For every year in the time series, an average of the 24 models 
of RCP2.6 is calculated and has been used for the analyses, see 
Figure 5. For the sake of simplicity in the following, this new 
multi-model mean of SST is called the Models Yearly Mean 
(MYM).  

 
 

 
 

Figure 5. Atlantic SST in the ACR from 1886 to 2017 (January-
December). Thin lines represent the CMIP5 RCP2.6 
models, and the Models Yearly Mean (MYM) is 
represented with a thick black line. 

 
 

6. CORRELATION BEWEEN YEARLY ATLANTIC 
HURRICANE FREQUENCIES AND MYM 

In order to estimate the influence of global warming on the 
Atlantic hurricane fequency, a Moving Window (MW) technique 
has been proposed. In the MW technique, a window with a fixed 
length moves from the beginning of the data set to the end with a 
one-year step forward, and for the last year at the end of the 
window in each step, the desired variables are computed by using 
the available data inside that window. The window continually 
moves one year forward, and the process repeats until the end of 
the period (last year of MW reaches the last year of the data set). 
The length of the MW should not be too short, so that it includes 
a statistically significant number of observations, and should not 
be too long so that changes occurring on relatively short time 
scales can be resolved. Our analyses indicate that the MW with a 

length equal to 30 years fulfills the abovementioned criteria. 
Consequently, having a 30-year moving window which 
continually moves a one-year step forward, starting from 1886 to 
2017, we could compute 103 values in total for the desired 
variable, i.e., frequency of hurricanes. 
 

The yearly number of events (produced in Sect. 4) inside a 
30-year MW, with an intensity equal or higher than each SSHWS 
category, are considered as the observed frequencies of that 
category. For example, here the frequency of Category 1 refers 
to all the hurricanes in any category, and the frequency of 
Category 2 refers to all hurricanes, except those of Category 1. 
Observed frequencies are then averaged over the 30-year 
window. The MYM values are also averaged over the same 
window within which the frequencies are computed. Then the 
correlation between the averaged frequencies and the averaged 
MYM values corresponding to the same windows are calculated 
trough Least-Squares regression.  
 

The correlation coefficients between each relationship are 
computed by measuring their linear dependence. In this regard, 
the Pearson correlation coefficient is used. Considering X as the 
MYM and Y as the frequency of different category of hurricanes: 
 

𝜌𝜌(𝑋𝑋,𝑌𝑌) = 1
𝑁𝑁−1

 �𝐴𝐴𝑖𝑖−𝜇𝜇𝑋𝑋
𝜎𝜎𝑋𝑋

� �𝐵𝐵𝑖𝑖−𝜇𝜇𝑌𝑌
𝜎𝜎𝑌𝑌

� (1) 
 
where  𝜇𝜇𝑋𝑋 = mean of X  
 𝜎𝜎𝑋𝑋 = standard deviation of X 
 𝜇𝜇𝑋𝑋 = mean of Y 
 𝜎𝜎𝑌𝑌 = standard deviation of Y 
 
The correlation coefficient could also be defined by means of the 
covariance: 
 

𝜌𝜌(𝑋𝑋,𝑌𝑌) = 𝑐𝑐𝑐𝑐𝑐𝑐(𝑋𝑋,𝑌𝑌)
𝜎𝜎𝑋𝑋𝜎𝜎𝑌𝑌

  (2) 
 
Knowing the fact that the diagonal entries are equal to one, the 
correlation coefficient matrix of X and Y is: 
 

𝐶𝐶 = � 1 𝜌𝜌(𝑋𝑋,𝑌𝑌)
𝜌𝜌(𝑋𝑋,𝑌𝑌) 1 �  (3) 

 
In the next step and for each relationship (𝑋𝑋,𝑌𝑌), a linear 
regression line is computed with the method of Least-Squares. If 
the model function has the form of 𝑓𝑓(𝑋𝑋𝑖𝑖 ,𝛽𝛽) in which 𝑚𝑚 
adjustable parameters are held in the vector 𝛽𝛽, the residuals 𝑅𝑅 are 
presented as: 
 

𝑅𝑅𝑖𝑖 = 𝑌𝑌𝑖𝑖 − 𝑓𝑓(𝑋𝑋𝑖𝑖 ,𝛽𝛽)  (4) 
 

Where data set consists of 𝑛𝑛 data pair of (𝑋𝑋𝑖𝑖 ,𝑌𝑌𝑖𝑖), 𝑖𝑖 = 1, … ,𝑛𝑛 and 
where 𝑋𝑋𝑖𝑖 is an independent variable and 𝑌𝑌𝑖𝑖 is a dependent 
variable. Then the best fit in the Least-Squares sense is estimated 
by minimizing the sum of squared difference between an 
observed value, and the fitted value provided by a model, i.e., by 
minimizing the sum 𝑆𝑆 of squared residuals 𝑣𝑣𝑖𝑖2. 
 

𝑆𝑆 = ∑ 𝑣𝑣𝑖𝑖2𝑛𝑛
𝑖𝑖=1     (5) 

 
No weights have been included in the estimation process since all 
the observations have almost the same accuracy. Finally, the 
averaged observed frequencies are plotted versus the averaged 
MYM values corresponding to the same window and the Least-
Squares lines are added to each graph (Fig. 6).  
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Figure 6. The relations between the averaged frequency of different SSHWS categories of hurricanes and averaged MYM values in the 

ACR from 1886 to 2017. The black lines are Least-Squares regression lines. 
 
 
The computed correlation coefficients of relations between 
averaged MYM and averaged hurricane frequency for Category 
1-5 are presented in Table 7. The highest correlation coefficient 
is for Category 5 intensity with R=0.82. It means that averaged 
MYM has a high correlation with the frequency of extreme 
hurricanes. 
 
 

Intensity Correlation Coefficient 
Cat. 1 and higher 0.81 
Cat. 2 and higher 0.48 
Cat. 3 and higher 0.74 
Cat. 4 and higher 0.80 
Cat. 5 and higher 0.82 

 
Table 7. Correlation coefficients of relations between averaged 

MYM and averaged hurricane frequencies, computed on 
different SSHWS categories. 

 
 

7. CONCLUSIONS 

In this study, the influence of climate change condition, mainly 
SST variations on the Atlantic hurricanes, has been examined. 
The analyses highlights and quantifies the influence of warming 
ocean on the frequency of hurricanes in the Atlantic tropical 
cyclogenesis regions from 1886 to 2017. It is found that the 
frequency of extreme hurricanes correlates very tightly with the 
Atlantic SST. More precisely the results indicate that the 
frequency of Category 5 hurricanes has a particularly high 
correlation with averaged MYM values over the same area. 
 

In overall the results suggest that the hurricanes with an 
intensity equal or higher than Category 5 or in another word the 
extreme Atlantic hurricanes are more influenced from the 
increase in the temperature of the surface layer of Atlantic Ocean 
compared to the lower hurricane categories. 

 

Future research will concern the estimate of probability 
prediction for different categories of hurricanes, and the 
extension of this methodology to investigate other regions. 
Beyond the effect of SST on hurricane formation, other effects 
which may influence this process will be considered, as for 
example the sea level rise (Tian et al., 2015).  
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