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ABSTRACT



This paper investigates relationships between tropical cyclone eye size, eye shape, and intensity.  Eye size and shape are estimated from the Radius of Maximum Wind (RMW) measured by Hurricane Hunter aircraft during each pass through the storm.  Intensity is estimated from both maximum sustained wind and minimum central pressure (MSLP).  When comparing eye size and intensity, results generally agreed with previous studies, in that there was little to no correlation present.



A significant relationship was apparent between differences in RMW standard deviation to the MSLP changes.  This relationship uses RMW standard deviation as a crude measure of eye shape.  Results in this area show how much MSLP can fluctuate, providing a possible hurricane forecasting tool.  Data used in this study are from storms in 1979 through the year 1995.

1.  Introduction


The two primary components of hurricane forecasting are track and intensity. Over the past several decades, the development of better instrumentation (e.g., satellites, radar, sondes, buoys, etc.), data assimilation techniques, and numerical models have lead to considerable improvements in both forecast components.

However, significant advances in intensity forecasts have lagged advancements in track forecast due to a lack of understanding of the essential internal processes involved (Elsberry et al. 1992).  To date, predicting when the winds will increase, and by how much, prior to landfall remains a very challenging forecast.


Currently, structure and intensity are the primary areas of hurricane research, due to the expected impact of the results upon forecasting.  Through NOAA's Hurricane Hunter missions, much knowledge has been gained about storm structure with flight level data (e.g., Jorgensen 1984).  For example, temporal changes associated with eye wall replacement cycles have received considerable attention in recent years. (Willoughby et al. 1990; Willoughby et al. 1982; Black et al. 1992).  


The objective of this paper is to determine if eye sizes are characterized by changes in storm intensity over the 6-hour period during and after a flight through a hurricane.  The reasoning behind this is that if a significant change in eye size were to occur before a rapid change in intensity, it could be an indicator as to when strengthening could occur.  Several studies have shown a weak correlation between eye size and the minimum sea level pressure (MSLP) in Atlantic hurricanes (e.g. Weatherford and Gray 1988).  In general, smaller eye sizes are coincident with greater intensity, however, small eyes can also be found in relatively weak tropical cyclones.  Even though studies have shown little to no correlation in this area, this paper  investigates this relationship further by considering possibilities of impact of asymmetries in eye diameter on intensity changes.

2. Procedure

a. Radius of Maximum Wind (RMW)

The Radius of Maximum Wind (RMW), as defined in Shea, et al. (1973) was used as an estimate of eye size, in kilometers (km). By using data from NOAA's Hurricane Research Division website, I was able to find the measured RMW for each flight.  The flights were organized and flown at several different levels throughout each storm's lifetime.  For this project, only data collected at either 850 mb or 700 mb in tropical cyclones of hurricane strength were used.  Each flight was required to have at least four passes, or 8 radial legs, through the eye of the storm.  During each of these legs, a RMW was measured.  These values were used to find two mean RMW values, which will be discussed in the next section.  From all of these values, a RMW standard deviation was also calculated which served as a crude measure of the asymmetry of the eye size.  This will be discussed in the Analysis section.

b. Change in mean RMW


Two values for mean RMW had to be found. These were computed by taking the average RMW value of the first four legs, and the average value of the last four legs.  The final values were referred to as RMW-1 and RMW-2, respectively.  Four legs were used to find a mean RMW because most flights are done in a figure-4 pattern. This is useful because it creates a  good azimuthal coverage of the four quadrants.  As a result only flights with at least 8 legs were used.


The mean times for the first four legs, last four legs, and the entire flight were also calculated. These values are referred to as t-1, t-2 and t-0, respectively.  Since the differences in times between RMW-1 and RMW-2 were irregular, they were normalized to a 6 hour time frame for easier comparison.


Next, the change in mean RMW per second was computed. This was done by subtracting RMW-2 from RMW-1, and dividing this value by the difference between t-2 and t-1.  The following formula illustrates this:
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The units for change in mean RMW are in km/s.  The units of this value were converted to km/hr by multiplying by 3600 s, and then by 6 hr to normalize it to a six-hour period.
c. Change in Hurricane Intensity

I obtained each storm's intensity values and their corresponding times from the "best track” database maintained by NOAA's Tropical Prediction Center (Neumann et al. 1999).  Since the only available times were 00, 06, 12, and 18 UTC, which didn't always correspond with the starting and ending times of a flight, I interpolated between the values to find the maximum wind speed and minimum sea level pressure at these times.  Next I found the differences in both values over the six hour period.  I followed the same procedure for the six hour period after the flight.


I repeated these procedures for 88 flights in 14 hurricanes, starting with Frederick in 1979 up through Roxanne in 1995.  The storms analyzed included all of the following intensity change categories: RI=Rapid Intensification, SI=Slow Intensification, RF=Rapid Filling, SF=Slow Filling, and S=Steady.   Most of these were in the Cat. 1 to 3 range, with a few at Cat. 5.


I attempted to explore several possible relationships.  I compared RMW change to Max Wind Change, both during flight and post flight, RMW Change to MSLP change during and after the flight.  RMW Standard Deviations, hereafter referred to as RMW SD, were compared to Max Wind Change, both during and after the flight.  As with RMW, RMW SD was was also compared to MSLP change during and post-flight.  All of these will be described and discussed in Section 3.

3. Analysis and Results

Instead of looking for a possible cause-and-effect relationship, possible indicative relationships were explored.  For example, does a RMW change occur right before a rapid filling or intensifying?  Furthermore, I explored whether the RMW SD would have an effect, based on different structure.  A large RMW SD would indicate large differences in RMW specific to each leg.  This can indicate an asymmetric eye structure, described in Willoughby et al. 1982.  More is described in each section.
a. RMW vs Max Wind

The first comparison was to see if there was a direct relationship between RMW and Maximum Wind.  Since the measurement of RMW-1 is a mean of the first 4 legs of a flight, it was compared against the Max Wind value at the beginning of the six hour window in Figure 1a.  In Figure 1b, RMW-2 is graphed against the Max Wind value at the end of the six hour window in the same way.  As shown in 
Figure 2a-2b, there is almost no correlation.  This is in agreement with the findings of Weatherford and Gray (1988).

b. RMW vs MSLP

The second comparison was to see if there is a direct relationship between RMW and Minimum Sea Level Pressure (MSLP).  As with the previous section, there was little to no correlation.  As indicated in Table 1, and 2a-b, the exception is Hurricane Gilbert with an MSLP hovering around 890 mb, with the RMW-1 values slowly getting smaller.
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c. RMW Change vs Max Wind Change during flight.
The first relationship explored was the comparison between RMW change and Maximum Wind Change.  This was to see if change in eye radius had any immediate effect on Maximum Wind.  However this had little to no correlation, as shown in Figure 3.
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Statistics:



y = 2.4964762 - 1.095282 x



R=0.039804
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d. RMW Change vs post-flight Max Wind Change 

Looking at the wind change in the six-hour period after the initial flight was to find out if a change in RMW might be a possible forecast indicator for later 
intensity changes.  As in the previous section, little to no correlation was found between these two variables.  This is shown in Figure 4.

Statistics: 

y = 1.8880685 - 0.2975571 x




R=0.003811

e. RMW Change vs MSLP Change during flight

Since intensity is also measured by the MSLP, the same analysis was applied here.  Again, little to no correlation was found here, as displayed by the equation and by Figure 5.

Statistics:




y = 2.7224413 + 0.6024064 x




R=0.034097

f. RMW Change vs Post-Flight MSLP Change

MSLP change after the flight didn't look any different with one exception.  Looking closely at Figure 6, the values sitting around the origin in the domain of -5 < x < 5, and the range of -20 < y < 20 are packed closer together than the previous graph in the same domain and range.

Statistics:  



y = 1.5335675 + 0.3922976 x



R=0.01604
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g. RMW SD vs MSLP Change
In Figures 8 and 9, RMW standard deviation is used as an approximate indicator of how symmetric/asymmetric the storm's structure is.  A lower RMW Std Dev represents a more symmetric pattern since the RMW varied the least between several passes through the eye.  MSLP change is also plotted against RMW Std Dev on the right side of Figures 8 and 9.  The MSLP standard deviations for each range of RMW Std Dev are plotted as bars on the left side of each graph.  Likewise, the MSLP mean for each range of RMW Std Dev are plotted in the MSLP Std Dev bars and are connected by the diagonal lines. From the graphs, it can be determined that MSLP Changes, both present and future, varied the most when RMW-1 Std Dev varied the least.  In other words, MSLP generally changed the most when the eye had a more symmetric structure.  

4. Summary and Discussion

RMW data and Intensity data from 88 flights into hurricanes in a period from 1979 to 1995 showed some correlation, however, most verified with earlier studies.  All comparisons between RMW and Max Wind showed little to no correlation, whether it was plotted against current (during the flight) or future intensification.  As mentioned before, this verifies with several previous studies (e.g. Weatherford and Gray 1988).  A comparison of RMW standard deviation to MSLP change showed more correlation as suggested by more recent studies (e.g. Willoughby 1990; Black 1990).  These studies, as well as the results from this paper, suggest a crude way to measure asymmetric/symmetric storm structure using RMW standard deviation.  Larger RMW standard deviations tend to show more asymmetric structure, while smaller RMW standard deviations will tend to show a more symmetric structure.  Lower MSLP standard deviation tends to show up in conjunction with a more asymmetric structure, as indicated by higher RMW standard deviations.  A storm that has asymmetric structure tends to impact a storm negatively.  This allows more time for vertical shear to occur, or colder sea surface temperatures to inhibit strengthening.  A storm that has a more symmetric structure is likely more efficient at strengthening because they allow winds to increase quicker.  Other studies (e.g. Shapiro and Willoughby 1982) have also shown that there is a more efficient “spin-up” effect as a result of a more symmetric structure.


Awareness of an asymmetric structure in a storm can also be important to forecasting winds at landfall.  In a case study by Willoughby et al. 1990,  the outer eyewall was observed to contract before becoming asymmetric, and retained intensity on one side, but then weakened on the other.  Depending on landfall time and location, this can create different effects on local area.


Another point to consider is the fact that data sets from 1980 to 1995 were used.  In the past ten years, tropical systems have been more frequent and much stronger than they used to be.  The recent record breaking season in 2005 may also be one to consider doing further studies to see any differences from the previous fifteen years.  This would be especially true in Hurricanes Katrina, Rita, and Wilma.  In addition to this, flights into storms are more frequent than before, with data  taken at a higher resolution, which may indicate further relationships.  
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� EMBED soffice.StarChartDocument.6 ���Fig. 1 a: RMW-1 vs Initial Max Wind.  The Initial Max Wind is the value from the beginning of the six hour window, approximately matching up with RMW-1.   RMW-1 is an average of the first 4 legs.





� EMBED soffice.StarChartDocument.6 ���Fig. 2 a:  RMW-1 vs Initial MSLP.  Initial MSLP is the value at the beginning of the six hour window, approximately matching up with RMW-1.  Very little correlation was found here except with very low pressures sitting closer to smaller RMW-1 values.
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�Fig. 2 b:  RMW-2 vs Final MSLP.  Linear regression model shows almost no correlation here, except for low values of pressure near small RMW-2 values.








    Mean RMW =  ((RMW-2) – (RMW-1))


       Change	                ((t-2) – (t-1))





Table 1:  List of analyzed flights from 1979 through the 1995 season.  Included in the list are some notable storms, including Gilbert in 1988, Andrew in 1992, and Opal in 1995.  All data was taken from flights in storms at hurricane strength.





Storm�
Flight�
Level�
Flight Date�
# of Radial Legs�
Intensity (mb)�
Intensity Change (mb)�
�
Frederick�
5�
850�
09/12/79�
8�
960�
-16�
�
�
7�
850�
09/12/79�
8�
951�
-6�
�
�
8�
850�
09/12/79�
8�
946�
13�
�
Allen�
2�
700�
08/05/80�
16�
929�
21�
�
�
3�
850�
08/05/80�
9�
929�
21�
�
�
9�
850�
08/08/80�
15�
940�
-40�
�
�
11�
700�
08/09/80�
22�
925�
19�
�
Diana�
5�
850�
09/11/84�
14�
995�
-31�
�
�
6�
850�
09/11/84�
16�
960�
-17�
�
�
7�
850�
09/11/84�
10�
950�
11�
�
�
8�
850�
09/12/84�
14�
963�
11�
�
�
9�
850�
09/12/84�
14�
968�
5�
�
�
10�
850�
09/13/84�
12�
972�
13�
�
Elena�
1�
850�
08/29/85�
12�
994�
41�
�
�
2�
850�
08/29/85�
12�
988�
-10�
�
�
3�
850�
08/30/85�
10�
976�
-7�
�
Gilbert�
1�
700�
09/11/88�
8�
973�
-11�
�
�
2�
700�
09/13/88�
10�
905�
-32�
�
�
3�
700�
09/14/88�
10�
889�
20�
�
�
4�
850�
09/15/88�
8�
950�
1�
�
�
5�
850�
09/16/88�
8�
949�
-3�
�
Gustav�
1�
850�
08/27/90�
8�
966�
-3�
�
�
3�
850�
08/28/90�
16�
978�
7�
�
�
4�
700�
08/29/90�
16�
979�
-7�
�
�
5�
850�
08/29/90�
14�
978�
8�
�
�
8�
700�
08/31/90�
8�
960�
-7�
�
Claudette�
2�
700�
09/07/91�
22�
954�
18�
�
�
3�
700�
09/07/91�
16�
954�
18�
�
�
4�
700�
09/07/91�
10�
960�
10�
�
�
6�
700�
09/08/91�
8�
966�
4�
�
�
7�
700�
09/08/91�
9�
971�
9�
�
Andrew�
10�
700�
08/22/92�
10�
963�
-27�
�
�
11�
700�
08/23/92�
10�
933�
-14�
�
�
13�
700�
08/23/92�
12�
954�
-28�
�
�
14�
700�
08/24/92�
14�
948�
-6�
�
�
15�
700�
08/25/92�
12�
948�
-4�
�
�
16�
700�
08/25/92�
10�
942�
1�
�
�
17�
700�
08/26/92�
16�
946�
36�
�
Emily�
4�
850�
08/27/93�
8�
982�
-2�
�
�
5�
850�
08/27/93�
8�
981�
-15�
�
�
6�
850�
08/27/93�
8�
981�
0�
�
�
8�
850�
08/28/93�
8�
981�
-6�
�
�
11�
850�
08/29/93�
8�
973�
5�
�
�
13�
850�
08/29/93�
8�
977�
-2�
�
�
14�
850�
08/30/93�
8�
973�
-4�
�
�
15�
850�
08/31/93�
8�
972�
-8�
�
�
16�
850�
08/31/93�
8�
963�
-5�
�
�
19�
700�
09/01/93�
10�
963�
7�
�






� EMBED soffice.StarChartDocument.6 ���Fig. 1 b: RMW-2 vs Final Max Wind.  The Final Max Wind is the value from the end of the six hour window, approximately matching up with RMW-2.  As discussed in Section 2b, RMW-2 is an average of the last 4 legs.





�Fig 3: RMW Change vs Max Wind Change.  Linear regression model shows little to no correlation between these two variables.





�Fig. 4: RMW Change vs Post Flight Max Wind Change.  
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Fig. 9: Post-Flight MSLP Change vs RMW Std Dev.  Here, RMW is used as a simple measure of symmetry/asymmetry of the eye.  The bars on the left side are MSLP standard deviations to show variability of MSLP change in each range of RMW Std Dev.  The diagonal lines between each standard deviation bar indicate the Mean value of MSLP Change.  On the right, all values for MSLP Change are plotted against RMW Std Dev.
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� EMBED soffice.StarChartDocument.6 ���Fig. 6:  RMW Change vs Post Flight MSLP Change.
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Fig. 8: MSLP Change during flight vs RMW Std Dev.  Here, RMW is used as a simple measure of symmetry/asymmetry of the eye.  The bars on the left side are MSLP standard deviations to show variability of MSLP change in each range of RMW Std Dev.  The diagonal lines between each standard deviation bar indicate the Mean value of MSLP Change.  On the right, all values for MSLP Change are plotted against RMW Std Dev.
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� EMBED soffice.StarChartDocument.6 ���Fig. 5: RMW Change vs MSLP change during flight. 





Erin�
3�
850�
07/31/95�
8�
993�
9�
�
�
4�
850�
08/01/95�
8�
986�
-8�
�
�
5�
850�
08/01/95�
8�
985�
0�
�
�
6�
700�
08/01/95�
16�
980�
4�
�
�
9�
850�
08/02/95�
14�
983�
7�
�
�
10�
850�
08/03/95�
16�
976�
9�
�
Felix�
8�
700�
08/14/95�
8�
962�
5�
�
�
12�
850�
08/16/95�
8�
968�
2�
�
�
13�
850�
08/16/95�
8�
969�
1�
�
�
14�
850�
08/17/95�
10�
971�
2�
�
�
15�
850�
08/17/95�
8�
973�
1�
�
Luis�
1�
700�
09/03/95�
8�
948�
-3�
�
�
2�
700�
09/04/95�
8�
941�
0�
�
�
3�
700�
09/05/95�
8�
940�
0�
�
�
6�
700�
09/05/95�
8�
945�
1�
�
�
8�
700�
09/06/95�
8�
941�
0�
�
�
9�
700�
09/06/95�
8�
943�
-2�
�
�
14�
700�
09/08/95�
8�
941�
5�
�
�
15�
700�
09/09/95�
8�
945�
6�
�
�
16�
700�
09/09/95�
8�
952�
6�
�
Marilyn�
2�
700�
09/14/95�
9�
986�
-5�
�
�
3�
700�
09/15/95�
8�
985�
-9�
�
�
4�
700�
09/15/95�
8�
976�
-9�
�
�
9�
700�
09/17/95�
10�
950�
9�
�
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