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ABSTRACT 

The radial extent of damaging winds in tropical cyclones is an important problem for 

forecasters. vVith the loss of aircraft reconnaissance data in the NW Pacific, techniques are 

needed for forecasting these winds using satellite data. This study examines relationships 

between deep convective clouds (convection) and the radial extent of strong winds in 

tropical cyclones. Techniques are tested fpr determining the extent of these damaging 

winds using infrared data from geostationary satellites. Pixel counts at various infrared 

temperature thresholds and storm radii are compared with aircraft wind measurements 

to determine correlations between convection and the radial extent of damaging winds. 

Twenty-four hour running mean pixel counts for infrared cloud temperatures colder than 

-2.5°C in the 444 km (4° of latitude) radius area show an apparent correlation with both 

the mean radial extent and time variation of 15ms-1 winds (R15 ). A rapid decrease of 

deep convection in the 222-444 km (2-4°) band offers a signal as to when maximum R15 

will occur. An empirical rate of decrease of R15 from its n1aximun1 value is shown to 

be present. The average radius of 26ms-1 (50 knot) winds (R26) is shown to be linearly 

related to Rl5. Individual (instantaneous) measurements of convection are shown to be 

not well correlated with either concurrent R15 values or with time rates of R15 change. 

Convection asymmetries are shown to be unrelated to asymmetries of R15. 
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LIST OF SYMBOLS AND ACRONYNIS 

CIRA = Cooperative Institute for Research in the Atmosphere at CSU 

CSU = Colorado State University 

G MS = Japanese geostationary meteorological satellite 

hPa = hectopascals (1.0mb) 

hr =Hour 

IR = Infrared 

Ist = Inertial stability 

JTWC = Joint Typhoon vVarning Center 

kin = Kilometers 

m =Meters 

MOT = Coordinate system with storm motion subtracted from observations. 

MSLP = :Minimum sea level pressure 

NAT = Nat ural coordinate system-with respect to the fixed Earth. 

NWP = Northwest Pacific Ocean Basin 

OCS = Outer Core Strength; the average wind speed within a radius extending from 111 

to 333 km (or 1-3° of the TC center. 

r = Correlation coefficient for linear regression 
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R15 = 11ean radius of 15ms-1 (or 30 knot) winds 

R26 = Niean radius of 26ms-1 (or 50 knot) winds 

TC = Tropical Cyclone 

Z = Zulu or Greenwich Mean Time (U.T.C.) 
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Chapter 1 

INTRODUCTION 

Ocean swells generated by tropical cyclone (TC) winds greatly affect mari tin1e ac

tivity. The U. S. Navy has designated sustained winds in excess of 1.5 meters per second 

( ms-1) (or 30 knots) as detrimental to shipping. Sustained winds in excess of 26 1ns-1 (50 

knots) are considered damaging to onshore military assets. vVinds greater than 15 n1.s- 1 

may extend out to.500 kilometers (km)'from the center of a large TC and 26 1ns-1 winds 

may be found outward to 200 km. Therefore, both military and commercial interests are 

greatly concerned with the observation and forecasting of these potentially destructive 

winds. 

vV~th the loss of aircraft reconnaissance in t_he Northwe-st Pacific Ocean (NvVP) ilL 

1987, forecasters are now without their best tool for observing the outer wind structure 

of TCs. Satellite observations are expected to eventually fill the data. gaps left by the 

departure of the aircraft and techniques have long been in place for estimating tropical 

cyclone intensity (ie., central pressure and maximum sustained wind speed) from satellite 

data. The most effective of these intensity estimating techniques is Dvorak's (1975) pattern 

matching procedure wherein the analyst attempts to match cyclone features to descriptive 

patterns through a decision tree. Attempts to define the outer wind structure, extending 

fro1n the radius of maximum winds out to approximately 600 k1n, with satellite data haYe 

not had as much success. There is great need for additional research on procedures for 

estimating the mean radius of 15 ms-1 (R15) and 26 nts--1 (R26) winds fron1 satellite 

data. vVind data from earlier, pre-1987 aircraft reconnaissance n1issions are used in this 

study to approximate surface wind profiles which are compared to various satelli t~ deri vecl 

estimates of convection over different TC radii. 
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1.1 Goals 

The goals of this research include the investigation of possible relationships between 

convection and the radial extent of strong outer winds of tropical cyclones. The analyses 

include the development of objective techniques, using the Japanese Geostationary .lv[e

teorological Satellite ( GlVIS), for assessing the present value and for forecasting changes 

of R15 and R26 so that the threat of potentially damaging winds can be 1nanaged more 

effectively. 

1.2 Definitions 

Convection: Deep convective clouds which extend to near the tropopause levels. 

Since most cloudiness associated with tropical cyclones is of convective origin, the extensive 

cirrus shield is also referred to as "convection" in this paper. For the purposes of this paper~ 

all satellite observed cloud areas with infrared temperatures less then 0° C are referred to 

as "convection". 

Filling: Conditions wherein the minimum central pressure of a tropical cyclone is 

increasing. 

Intensifying: Conditions wherein the minimum central pressure is decreasing and 

maximum wind speed is increasing, by their relationship. 

Intensity: The J\1finimum S.ea ,Level J:ressure (lVISLP) 1neasured at the center of 

the storm in hectoPascals (hPa; equivalent to millibars). Good correlations are observed 

between the maximum sustained winds and lVISLP and these two values are cmnmonly 

used interchangeably by forecasters. In this paper, 1\1SLP will be used as the index of 

intensity. 

Pixel: The smallest unit of resolution in a satellite image which in this study is 

approximately 10 x 10 km. A brightness temperature is assigned to each pixel and the 

number of pixels colder than a given threshold may be referred to as either a pixel count 

or as a pixel area, since number of pixels times resolution is equivalent to area. 

R15: The axially averaged radial extent of 15 ms-1 winds, 1neasured from the TC 

circulation ccn ter. 
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R26: The axially averaged radial extent of 26 ms-1 winds, measured from the TC 

circulation center. 

Strengthening: Condition wherein the radial extent of strong winds is increasing. 

Weakening: Condition wherein the radial extent of strong winds is decreasing. 

1.3 Prior Work 

It would be convenient for tropical forecasters if the outer radius wind structure of 

tropical cyclones were a simple direct function of intensity. However, the relationship 

between intensity and values of R15 and R26 is not sufficiently reliable to be used for 

forecasting purposes. Merrill (1982) examined correlations between maximum sustained 

winds versus the radius of the outer closed isobar (similar to intensity) and obtained 

values of 0.32 for tropical cyclones in the NvVP. vVeatherford (1985) obtained correlation 

coefficients of -0.60 for MSLP versus R15 and -0.16 for 1'ISLP versus R26, using a three 

year sample ( 1980-1982) of tropical storms. For the years 1983-1984, these correlation 

coefficients are -0.73and -0.58 for intensity versus R15 and R26 respectively (see Figs. 1.1 

and 1.2). Hence, approximately one .half of the variance (correlation coefficient squared) 

is explained for R15 and one third for R26 in this sample. 

Frank and Gray (1979) used maximum sustained wind data to separate TC intensity 

values into six categories. The percent of soundings with estimated surface winds greater 

than 15 ms-1 was determined for 111 km (1 °) radial increments. vVind data \Vere also 

stratified into left and right hemispheres (relative to the TC motion vector) and examined 

for wind asymmetries. Based on the maximum sustained wind values, these stonns were 

divided into tropical storms (18-32 ms-1 ), typhoons (33-51 ms- 1 ), and strong typhoons 

(greater than 51 ms-1 ). The percent of estimated surface winds greater than 15 1ns-1 

in each hemisphere was determined for 111 km radial increments. A broad variation of 

the radial distribution of 15 ms-1 winds was observed for TCs of similar intensity, again 

demonstrating that intensity and outer wind extent are not well correlated. tderrill (1982) 

also encountered wide variations when using rawinsonde composites to derive graphs of 

the probability for encountering 15 ms-1 surface winds at various radii for each of eight 
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Figure 1.1: Correlation between minimum sea level pressure (MSLP) and mean radius of 
15 ms-1 winds (R15) for the 1983-1984 storm sample. 
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Figure 1.2: Correlation between minimum sea level pressure (MSLP) and mean radius of 
26 ms-1 winds (R26) for the 1983-1984 storm sample. 
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octants of both sn1all and large TCs. Forecasters, however, work with individual TCs and 

composite data do not explain how individual storms will vary from the mean. Hence, 

forecasters require more objective methods for determining R15 and R26. 

In an attempt to relate wind structure to satellite images, Wei and Gray (1989) 

compared the size of cloud shields to the radial extent of 15 ms-1 winds. The use of 

satellite images for which digital satellite data were not available restricted this early 

work. Instead, the major and minor axes of heavy cirrus cloud shields near a TC's center 

were averaged. Although shield size values were not well related to maximum TC wind 

speeds, a modest correlation between R15 and shield size was observed. This early study 

showed that there was promise for inferring R15 from satellite based convection data and 

that these relationships should be examined further. An illustration of what Wei and Gray 

encountered is shown in Figs. 1.3 and 1.4. Both of these typhoons are of shnilar intensity, 

approximately 955 hPa. vVhereas Typhoon Orchid (November, 1983) had an R15 value of 

300 km, Typhoon Agnes (November, 1984) had an R15 of 160 km. Note the much larger 

overall eloud shield of Typhoon Orchid, especially for the more intense inner convective 

areas, as compared to Typhoon Agnes. 

1.4 Availability of New Data 

Infrared (IR) images taken every three hours from the Japanese Geostationary Nlete

orological Satellite ( GMS) are now available in a digitized format which allows researchers 

to quickly process these data for specific needs. For example, infrared images could be 

enhanced (Figs. 1.3 and 1.4) and images could be animated through display of time se

quences. In addition, objective, quantitative information can be extracted fro1n digital 

images. Prior to this time, data images were stored on film or paper and had to be vi

sually interpreted. Temperature thresholds could only be estimated approximately and 

there was no capability for reprocessing the images. Detailed descriptive information on 

the GNIS satellite data set can be found in the \Norld Cli1nate Programme (1985). The 

present study emphasized quantifying the cloud shield as pixel counts colder than various 

temperature thresholds and looking for relationships with outer wind radii. One pixel 
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Figure 1.3: The very extensive cloud shield of Typhoon Orchid (November 1983) when 
(compare to Typhoon Agnes in Fig. 1.4) R15 was 300 km. The circles superimposed on 
the image are at 222 and 444 km (equivalent to 1° and 2° of latitude) from the TC center. 
Temperature cutoff values for the inner (dark) and surrounding enhanced areas are -80° 
and -65°C, respectively. 
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Figure 1.4: The cloud shield for Typhoon Agnes (November 1984) when R15 was 160 km. 
Both Agnes as shown here and Orchid in Fig. 1.3 had MSLP values of approximately 955 
hPa. 
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was equal to approximately 100 square km. The number of pixels colder than a specified 

threshold is equivalent to the total cloud area colder than that threshold. The actual area 

can be determined by multiplying the pixel count by the pixel resolution. To emphasize 

this relationship, the number of pixels or "pixel count" will be used interchangeably with 

the term "pixel area". 

Aircraft reconnaissance observations were also available for constructing radial profiles 

of TC winds. These aircraft observations had been previously processed and archived 

digitally. The availability of both aircraft and satellite data sets allowed this research to 

be done. 

1.5 Limitations 

Two years of concurrent aircraft and satellite data were available for this study. Al

though aircraft measurements have been processed for the period of 1980·1985, satellite 

data only became available beginning with 1983 and, at the time of this study only the 

years 1983 and 1984 were available for research purposes. Consequently, the available data 

set consisted of approximately 2500 satellite images and 400 air~ra.ft missions. 

The aircraft data were taken primarily at the 700 hPa level and extrapolated to 

estimate values at the surface. The extrapolation procedure introduces some error into 

surface wind values for those cases wherein the TC is undergoing unusual shear conditions. 

In these few cases, flight level winds may not be precisely representative of the surface 

winds. However, without aircraft wind data there are no accurate methods for determining 

wind profiles for individual storms. 

1.6 Summary 

The intensity of tropical cyclones (MSLP) is not well correlated with the radial extent 

of damaging winds. At present ·there are no accurate methods for either diagnosing or 

forecasting Rl5 and R26 without aircraft reconnaissance. Previous studies have shown 

approximate climatological relationships between intensity and radial extent of damaging 

winds but these methods do not reliably explain deviations of individual storms from the 
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mean. Wei and Gray (1989) obtained a relationship between the size of the cloud shields 

of tropical cyclones and radial wind extent. New technology should now be applied to 

expand on this concept. This study was undertaken to search for possible relationships 

between convection and the extent of damaging winds so that refined techniques could be 

developed and applied operationally by forecasters at the Joint Typhoon Warning Center 

(JTWC) on Guam. This study could only have been done in the Northwest Pacific because 

aircraft reconnaissance measurements were routinely made out to 444 km ( 4° latitude or 

250 nautical miles) on tracks extending to the NW, NE, SW and SE (see Fig. 1.5). Similar 

aircraft measurements in the Atlantic typically do not extend past 222 km (2°) radius from 

the cyclone centers. 

TYPICAL FLIGHT PATTERN 
700mb LEVEL 2-FIX 

kiLOMETERS I U 278 450 
NAUTICAL MILES !0 l 90 1~0 iso 

~~~·~·~·~·~·~·~·-·~·~ 
DEGREES LATITUDE ~ 2- 3• 

Figure 1.5: Typical 700mb flight pattern for a single reconnaissance mission into a North· 
west Pacific tropical cyclone. Circles denote required observation positions taken every 
.5° (55 km), with four additional observations taken at the· radius of ma."cimum wind. The 
shaded region marks the outer core (1 ° to 2.5° radial band) while the inner unshaded inner 
core is defined as the region inside 1° radius. 



Chapter 2 

DATA 

This study encompasses a two year period (1983-1984) for which aircraft wind and 

pressure measurements as well as corresponding GMS IR satellite data were available for 

the Northwest Pacific Ocean (NWP). A description of these data sets is essential to proper 

understanding of the comparative techniques used in this paper. 

2.1 Aircraft Data 

In situ wind data for tropical cyclones were obtained from aircraft reconnaissance 

missions flown by the United States Air Force and included wind and pressure measure

ments (usually at 700 hPa ) extending outward to 463 km from the TC center. These 

missions were flown twice a day, usually in the early morning and late afternoon and thus 

two complete radial wind profiles and four measurements of NISLP were obtained daily. 

Occasional night missions (approximately 1000Z-1400Z) were flown if JTvVC determined 

that extra data were necessary. 

MSLP values were determined by dropsonde or with established statistical correla

tions between MSLP and aircraft flight level pressure measurements in the TC center. 

The correlation between MSLP and 700 hPa height is 0.997, and hence is quite reliable 

(Weatherford and Gray, 1988a). Weatherford (1985) also describes details of how recon

naissance missions were flown and how meteorological data were collected and archived. 

Flight observations were archived and their bearing and range were navigated relative to 

the moving TC center throughout the mission which typically lasted approximately four 

hours. If storm relative navigation were not done, winds at the end of the mission could 

be referenced to a TC center position 100 km or more from the actual current position 

of the storm. Wind speed and direction were plotted in a natural (NAT) Earth relative 
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coordinate system because it is these actual wind speeds relative to the surface, rather 

than the TC-relative winds, that cause damage and which are included in tropical cyclone 

warnings. Plots of flight level winds as shown in Fig. 2.1 were then generated for each 

mission. 

R15 

926 Kilometers 

Figure 2.1: Example of aircraft reconnaissance data for a mission flown at 700 hPa. Values 
for R15 and R26 are calculated from the four quadrant average of the extent of 18 and 
30 ms-1 winds (at 700 mb ). Winds shown here are in knots with pennants representing 
50 knots, full barbs representing 10 knots, and half barbs representing 5 knots. One knot 
equals 0.5144 ms-1 

Forecasters at the Joint Typhoon Warning Center ( JTWC) on Guam are operationally 

concerned with the radial extent of 15 and 26 ms-1 surface winds. Various agencies in the 

Department of Defense as well as civilian governments in the NWP area need information 

on winds exceeding these thresholds of destruction. To extrapolate surface wind speeds 

from aircraft reconnaissance data, surface speeds were presumed to be 85 percent of the 

700 hPa speeds as indicated in Fig. 2.1 (Powell, 1982; Shea and Gray, 1973; Jorgensen, 
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1984; Frank, 1977; Frank and Gray, 1980). Hence, the R15 and R26 profile for each mission 

was analyzed using the 18 ms-1 and 30 ms-1 winds at 700 hPa to represent the 15 ms-1 

and 26 ms-1 surface winds. The original wind data set was measured in knots (1 knot== 

0.5144 ms-1 ) so that in actual practice, profiles of 35 and 59 knot winds were drawn. The 

original aircraft observations (Air Weather Service forms 35, 82, and 82b) were consulted 

for remarks which might provide additional insight when needed. For occasional low-level 

missions (below 500 m ), or when low level observations were taken during a combined 

low-level and 700 hPa mission, the flight level winds were considered to be representative 

of the surface winds. 

Mission plots of R15 and R26 radii were analyzed to determine the extent of 18 ms-1 

and 30 ms-1 700 hPa winds. These radial values were then measured and averaged over 

four quadrants to calculate the R15 and R26 for each mission (see Fig. 2.1). All R15 

values greater than 463 km (250 nautical miles) were recorded as 463 km since aircraft 

observations typically did not extend beyond this radius. 

Because of this truncation, a few TCs with very large circulations exhibit constant 

R15 Yalues of 463 km even though R15 actually extended farther out. Figure 2.2 shows 

an example of a TC with a large R15. 

The two-year aircraft data set contained a wide distribution of R15 and R26 values as 

can be seen in Figs. 2.3 and 2.4. The bar graphs in these figures represent the number of 

R15 and R26 values observed within each of ten 50 km radial bands referenced to the TC 

center. The high frequency of R15 values located in the 450 km to 500 km radius in Fig. 

2.3 is due to the grouping of truncated R15 values larger than 463 km into that band. 

2.2 Satellite Data 

The satellite data set consists of infrared data taken by the Japanese GMS at three 

hourly intervals over the NWP area. There were a few TCs early in the 1984 season for 

which images were available only every six hours. However, this deficiency does not affect 

the results of this study. Resolution of the satellite data at satellite sub-point is 10 km 

(each pixel equals 100km2) for full-disk images which are stored digitally on magnetic tape. 
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Figure 2.2: Time variation of R15 for Typhoon Abby over a 12 day period. Although R15 
extended past 463 km for approximately two days (time between vertical dashed lines), 
it was recorded and displayed as 463 kilometers (see text). Storm day on the abscissa is 
referenced from the time of maximum intensity which is designated as zero. 
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Figure 2.3: Frequency distribution of R15 for the 1983-1984· aircraft data set. Values of 
R15s greater than 463 kilometers were coded as 463 km. 
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Figure 2.4: Same as Fig. 2.3 except for R26. 

These images were archived for cloud climatology purposes and have been made available 

for other research (World Climate Programme, 1985). Computer programs for navigating 

the images to TC centered coordinates were provided by- the Cooperative Institute for 

Research of the Atmosphere (CIRA) at CSU. 

To avoid possible bias due to geometric foreshortening effects in the satellite imagery, 

no TC data were included for storm centers which were more than 28° from the satellite 

subpoint. This constraint meant that images for TC centers farther north than 28°N 

latitude, west of ll2°E longitude, or east of 168°E longitude could not be used. However, 

this restriction generally only excluded data for recurving TCs which typically travelled 

north of 28°N while recurving. 

Four temperature thresholds were used for counting pixels. These included tempera

ture values less than 0°C, -25°C, -50°C, and 75°C, respectively. As there was no a priori 

way to anticipate what temperature thresholds might be important for associations with 

R15 and R26, it was assumed that useful information would be obtained by examining a 

range of thresholds. This range of thresholds permitted the measurement of not only deep 

convection, but also of the extensive cirrus cloud shield. All TC images for 1983 and 1984 

which corresponded to times of concurrent aircraft reconnaissance missions were processed 
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for radii extending from 0 to 444 km ( 4 degrees of latitude). Correlations between indi-

vidual measurements of satellite observed convection and radial wind extent could then 

be examined. 

Twelve TCs in the 1983-1984 data set (Table 2.1) had good continuity for both 

satellite images and aircraft reconnaissance observations. These twelve were generally 

both more intense and longer lived than average which probably accounts for the good 

continuity of aircraft reconnaissance data. The data set for these cyclones is also favorable 

for this study in that the more intense storms generally have larger R15 values and create 

the most concern for potential damage in the NWP. Tropical Storm Wynne remained 

below typhoon intensity and Typhoon Ike transited the Philippine Islands which altered 

its convection and wind profiles. 

Table 2.1: Twelve TCs used for extensive analysis in this study. 

1983 

Supertyphoon Abby 
TyphooR Ellen 
Supertyphoon Forrest 
Supertyphoon Marge 
Typhoon Orchid 

1984 

Supertyphoon Bill 
Typhoon Cary 
Typhoon Clara 
Typhoon Doyle 
Typhoon Ike 
Supertyphoon Vanessa 
Tropical Storm Wynne 

The satellite data were examined closely at seven different concentric radii for all four 

temperature thresholds. Table 2.2lists the dimensions of these radii and the total number 

of pixels (proportional to total area) in each annulus. This analysis procedure yielded 

a good mix of data for both inner and outer convection and permitted the exclusion of 

either the inner or outer convection when selectively testing for correlations. 

Convection in four storm quadrants was analyzed out to 444 km. These quadrants, 

labeled north (N), south (S), east (E), and west (W), were obtained by dividing the images 

diagonally along lines crossing the storm center at the 45° and 135°. This stratification was 

done to permit the analysis of asymmetries in convection as described below in Chapter 

Eight. 
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Table 2.2: Radii (expressed in km and as degrees of latitude) and equivalent pixel counts 
for the seven annuli used for the analysis of GMS data. 

Kilometers 

0-111 (1°) 
0-222 (2°) 
0-444 (4°) 
0-667 (6°) 
111-444 (1-4°) 
222-444 (2-4°) 
222-667 (2-6°) 

Total Pixels 

380 
1520 
6082 
13971 
5702 
4562 
12457 

Pixel areas from preceding and subsequent images were averaged to obtain interpo

lated data for the occasional missing images. This interpolation procedure helped to keep 

time continuity intact and eliminated several data gaps from the plots. 

In the course of this study it became apparent that the recent (time averaged) history 

of convection would be a useful index of convective activity. Running means of convection, 

as defined in Fig. 2.5, were calculated for 24, 48, and 72 hour periods. These running mean 

values were then compared to current values of R.15, as well as the prior and subsequent 

time rate of change of R15. Figure 2.5 defines and illustrates each of these quantities and 

Fig. 2.6 gives an example of the time variation of instantaneous pixel area measurements 

and of 24 hour running mean pixel areas. 

Instantaneous and running mean pixel areas were processed for comparison with air-

craft data. Each data point was identified by time using a Julian Hour calendar referenced 

to the start of 1983. Data for each TC were also identified by "storm day", which was 

referenced to the day and hour of maximum intensity for each storm. This storm day 

designation allowed different TCs to be compared for similar stages of their life cycle in 

relation to maximum intensity. 

Time series plots of R15, R26, and MSLP for each storm were generated for analyses 

of time variations of wind radii and intensity. Figure 2. 7 shows examples of R15 and 

MSLP plots for Typhoon Abby. Data were also stratified for various other considerations 

including intensification, filling and time of day. Convection changes were determined over 
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24 hour intervals rather than over shorter periods, so as to avoid the possible effects of 

diurnal convection variation (Zehr, 1987). 
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Figure 2.5: Definitions of measurements A-G referenced to time of maximum intensity are 
as follows: A, prior 72-hour running mean of convection; B, prior 48-hour running mean 
of convection; C, prior 24-hour running mean of convection; D, prior 24-hour change of 
R15; E, subsequent 24-hour change of R15; F, current R15; and G, current pixel area. 
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(right ordinate scale) pixel areas for convection colder than - 25°C. Ordinates are in pixel 
counts, hence multiply by 100 to get area in square km. Note the smoothing of the diurnal 
variation in the mean plot. The vertical scales have been offset to prevent overlap. 



18 

500 1020 

450 1000 

400 
980 

350 
<0 
a.. Typhoon E 960 ..c 

Abby ~ 

U1 

0:: 

300 a.. 
-J 

250 
940 (/) 

I: 

200 920 

150 900 

100 880 
-6 -4 -2 0 2 4 6 8 10 

Storm Day 

Figure 2. 7: Time plot of R15 and MSLP for Typhoon Abby. Storm day is referenced from 
time of maximum intensity. 

2.3 Statistical Analysis Software 

Statistical analyses used in this paper were performed using prepackaged statistical 

analysis software. Documentation on the statistical analysis schemes can be found in the 

Macintosh Statview 512 Manual (1986). This software facilitated the analysis by allowing 

graphs to be generated using numerous stratifications and also by calculating correlation 

coefficients, running means, and fitted curves. 

2.4 Summary 

The data sets for this study included airborne weather reconnaissance observations 

of tropical cyclones, generally at 700 hPa, consisting of winds and pressure. The 700hPa 

wind speed values were adjusted to a factor of 0.85 to approximate surface wind speeds. 

Values of R15 and R26 were obtained from analyses of reconnaissance mission plots. 

The satellite data set consists of three hourly digital images navigated to TC centered 

coordinates. Cloud areas were computed by the number of pixels colder than each of four 

temperature thresholds at seven different radii. 



Chapter 3 

HYPOTHETICAL RELATIONSHIPS BETWEEN DEEP CONVECTION 

AND OUTER RADIUS WINDS OF TROPICAL CYCLONES 

As a tropical cyclone develops into an intense vortex, its net tropospheric tangential 

momentum increases (Fig. 3.1), while continually giving up tangential momentum to the 

ocean below (Fig. 3.2). For a TC to maintain itself against frictional dissipation at the 

air-sea interface, there must be a continuous in-up-and-out (i.e., radial) circulation which 

acts to enhance tangential winds and balance frictional dissipation. 
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Figure 3.1: Vertically averaged radial profiles of Vr for developing tropical cyclones in 
the northwest Pacific. The WPD (acronym for West Pacific Developing) numbers signify 
cyclones of increasing intensity wherein 2 is a developing cyclone, 3 a cyclone of tropical 
storm strength, 4 a cyclone of typhoon strength, and 5 a supertyphoon. (From Holland, 
1983). 
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Figure 3.2: Negative spin·up due to surface frictional dissipation for cyclones of different 
intensity. (From Holland, 1983). 

A hypothesis was formulated as· to how convection, transverse circulation and the 

radial extent of strong winds in tropical cyclones are related. These concepts are presented 

below in a series of illustrations and as a. set of simplified equations. These hypothetical 

concepts will then be tested and ·forecasting rules will be developed using the data sets 

described previously. 

3.1 Convection, Wind and Surface Friction 

As shown in Fig. 3.3, the wind field of a tropical cyclone in cylindrical coordinates can 

be decomposed into tangential (VT) and radial (Vr) components. Equation 3.1 expresses 

the time rate of change of VT as a function of Vr, relative vorticity ( (which increases 

tangential winds when there is inflow of cyclonic vorticity) and tangential friction Fr 

(which always works to diminish VT ). 

-A- -B- -C-

f f {)VT dAdp = f f r(( -Vr)didp + f f FT dAdp 
j A j P {)t 9 jl j P g j A j P 9 

(3.1) 

The factor ( d~dp) represents the incremental portion of mass of the vortex. Also, A 

= 21rr0 
2 , and P extends from the surface to 100mb,£= 21r~. 

Note that term A in Eq. 3.1 is influenced by both R15 (ie., the OCS) and by changes 

in MSLP. In this case, closer in convection will relate more closely to ~1SLP while farther 
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Outflow 
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Figure 3.3: Conceptual representation of a tropical cyclone in cylindrical coordinates. 
The cyclone is assumed to extend from the surface to 100mb. The area (A) lies within a 
specified radial distance ( r 0 ). Vr and Vn are the tangential and radial winds, respectively. 
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out convection should be more closely relate to R15. When integrated over the depth of 

the troposphere, the source term (ie., term B) in Eq. 3.1 yields the net inflow of tangential 

momentum. Inflow occurs in the lower troposphere where relative vorticity is high (see Fig. 

3.4). Outflow, as shown in Fig. 3.3, occurs aloft where absolute vorticity may approach 

zero (Fig. 3.4). Therefore, a net increase of tangential wind (spin-up) occurs, provided 

the transverse (radial) circulation importing tangential momentum (term B of Eq. 3.1) 

exceeds the frictional effects (term C). 

p 

~ 

_,..~ outflow 

inflow 

Figure 3.4: Conceptual illustration of the typical vertical distribution of relative vorticity 
( (r) of a tropical cyclone at 3-4° radius. 

Radial velocity is related to divergence and vertical motion through simple continuity 

concepts. It is vertical motion which is indirectly estimated in GMS data as areas of 

intense convection. Hence, sustained deep convection signifies sustained vertical motion, 

low level convergence, and consequently, the spin-up of TC winds. This spin-up process 

will continue to increase the tangential winds until balanced by frictional effects. In the 

most basic sense, the research described here seeks to determine if G1viS imagery can 

be used to make reliable estimates of Term B, and thereby gain improved quantitative 

estimates of Term A and hence, of time varying outer radiul? wind strength. 

Deep convection also causes warming aloft which acts hydrostatically to lower surface 

pressure near the TC center. This reduced central pressure and associated pressure gradi-
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ent accelerates boundary layer winds towards the TC center through Ekman convergence. 

Tangential winds then intensify following Eq. 3.1. As convection in the core area continue 

to cause warming aloft, the pressure gradient, Vr and VT, all continue to increase. 

The effects of friction in the boundary layer are represented by Eq. 3.2, wherein VT 

is assumed to represent the average wind speed at 10m height over the ocean and Cn is 

a drag coefficient. 

- -g 2 
FT:.:::::: ~PCnV To (3.2) 

For a given rate of convection, maintained over time, an equilibriun1 condition will 

eventually develop. Friction in Eq. 3.2 increases approximately as the square of the wind 

speed. Hence, tropical cyclones cannot intensify indefinitely because of the non linear 

increase of the effects of friction with speed. The TC will intensify when convection is 

strong enough to maintain a large in-up-and-out circulation which causes the tangential 

winds to increase faster than frictional dissipation. When there is less convection than 

is needed to maintain the TC against frictional decay, filling and/ or generally weaker 

tangential winds will result. There is greater net frictional dissipation in a large, intense 

typhoon than in a small, minimal tropical storm. Therefore, the amount of convection 

which will allow winds in a large storm to weaken, might also cause a minimal tropical 

storm to strengthen. 

Merrill {1982) made an analysis of tropospheric Relative Angular Mo1nentum (RANI) 

budgets for tropical storms (TS) and typhoons (TY) of different size. Storm size was 

defined by the radius of the outer closed isobar. The larger cyclones in Merrill's work were 

found to have stronger 0-4° tangential wind fields. There was little variation of central 

pressure values among storms which were within either the TS size groups or within 

the TY size groups. However, values for the net tangential relative angular momentum 

(fA fp rVT 6~8P) and friction dissipation (fA fp rFT 8~8P) of the larger sized cyclones were 

considerably greater than for the smaller sized cyclones (see Figs. 3.5 and 3.6). Despite the 

weaker outer radius winds (in comparison with inner radius sp-eeds) angular momentum 

dissipation is concentrated at the outer radius because of the area relationship. 
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Figure 3.5: Integrated Relative Angular Momentum (RAM) from 0°- 4° latitude radius 
and 950 mb to 100 mb for Atlantic and Pacific tropical cyclone composites. The shaded 
area is the RAM estimated for the 0°-2° region using the fitted modified Rankine vortex 
approximation. (From Merrill, 1982.) 
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Figure 3.6: Integrated surface sink of cyclone RAM from 0°-8° latitude radius of Atlantic 
and Pacific tropical cyclone composites. The black area corresponds to surface loses in 
the area within 2° latitude radius of the center, the hatched area from 2° to 4°, and the 
remainder from 4° to 8°. (From Merrill, 1982.) 
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Given the greater frictional dissipation for the larger sized tropical cyclones shown in 

Fig. 3.6, it is to be expected that the maintenance of large storms with stronger outer 

radius winds requires larger in-up-and-out radial circulations in the outer radius area. 

The associated deep convection must also be considerably greater than for the smaller 

cyclones. The larger cyclones in Merrill's study also had a substantially greater 300 mb 

vertical velocity inside the 4° radius than did the smaller cyclones. If this were not 

the case, then the outer circulation wind fields of the large-scale cyclones would have to 

rapidly weaken as Term C, integrated over 24 hours, would be larger than term D. By 

contrast, a very large amount of deep convection associated with a stronger than usual 

radial circulation would cause term B to be larger than term C and lead to a spin-up of 

the outer-circulation. 

Since deep convection undergoes very large diurnal variations without concurrent di

urnal changes in outer radius vortex strength, it is implicit that the relationship expressed 

by Eq. 3.1 can not apply for instantaneous observations. Rather, when Eq. 3.1 is inte

grated over time, say for a 24-hour period or longer, this relationship appears to offer a 

reasonable·estimate of the expected changes in tangential winds over outer radius winds. 

Figure 3. 7 gives a conceptual representation of the relationship between running av

erage convection and R15. The heavier curved line represents a balance between the three 

terms in Eq. 3.1. If the rate of convection falls in the area above this line, R15 should 

increase and likewise, R15 should decrease if convection falls below the line. The rate of 

R15 increase or decrease should also be proportional to the excess or deficit of convection 

for a given R15 value. 

3.2 Convection, R15 and Intensity 

The strength of the circulation in the outer radius of a tropical cyclone (and hence of 

R15) is well correlated with the overall tangential wind strength in the 0-3° radius vortex 

but not with intensity (MSLP) (Holland, 1982; :Nierrill, 1984; vVeatherford and Gray, 

1988a, 1988b ). Specifically, Nlerrill (1982) found that the mean radius of the outer closed 

isobar was correlated with MSLP at a value of 0.3 and vVeatherford and Gray found that 
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R15 
Figure 3. 7: Idealized representation of how convection is related to R15. The balance 
(heavy) line is curved because friction increases non·linearly. If convection is greater than 
needed to sustain a given Rl5, then Rl5 should increase and the amount of Rl5 increase 
should be proportional to the distance above the balance line for different oR15/ot values. 

variations in R15 explained only about one third of the variance of MSLP. All of these 

studies dealt exclusively with NWP storms. 

For the present study, the concept illustrated in Fig. 3. 7 relating Rl5 and convec-

tion was expanded to encompass relationships between intensity and convection. It was 

postulated that a certain amount of convection should sustain a certain storm intensity 

and, if observed convection was in excess of what was needed to maintain that intensity, 

the extra energy should manifest itself in the wind field (ie., as R15 ). Figure 3.8 shows 

an idealized rendering of this hypothetical relationship between convection and intensity 

wherein variable values of Rl5 would be the anticipated result. 

3.3 Summary 

Radial wind is a major factor governing variations of the tangential wind through 

the conservation of angular momentum. Convection is related to radial winds through 

continuity. Hence, there may then be relationships between either the intensity of current 

convection or the mean level of prior sustained convection and variations of R15 .. Running 

mean and current (instantaneous) measurements of convection, inferred from satellite 
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Figure 3.8: Idealized representation of the hypothesized relationship between convection 
and intensity (MSLP). For a given intensity, convection greater than needed to balance 
friction should serve to increase tangential winds. Intensity is similar at points (A) and 
(B), but R15 is greater for point (A). 

based radiance data, are used .to test this· inference in the following chapters. Also, the 

possibility of a relationship between TC intensity and rates of convection will also be 

examined. 



Chapter 4 

ASSESSMENT OF DIRECT RELATIONSHIPS BETWEEN 

CONVECTION AND DAMAGING WINDS 

The first step in testing the hypothetical associations discussed in Chapter Three 

was to look for relationships between values of R15 or R26 and concurrent convection. 

Values of R15 and R26 for each mission were compared to concurrent pixel counts at 

four temperature thresholds within the 0 to 444 km radius. Because poor correlations 

were obtained for these tests, no additional radii were examined for relationships of this 

sort. Results for these tests are included here to illustrate the nature of the relationships 

which were observed between convection and radial extent of winds and to document their 

apparent lack of usefulnes!) ~o.forecasters. Note the difference in. the prdinate scales for 

Figs. 4.1 and 4.2, illustrating the substantial size differences between these (and other) 

storms. Similar differences in pixel counts between different storms and especially for 

different temperature thresholds further necessitated the use of variable ordinate scales. 

The reader is advised to note these scale differences carefully in making comparisons 

between various figures. 

4.1 Relationship between R26 and R15 

Changes in the value of R26 for a given storm tend to follow concurrent changes in 

the value of R15. Examples of these changes (for typhoons Abby and Clara) are shown 

in Figs. 4.1 and 4.2. These plots suggest that R26 and R15 should both exhibit similar 

relationships with convection. Because values for R26 are smaller than R15 values, a 

forecaster may determine R15 through synoptic analysis but not know R26. 



29 

Values for R26 were compared to R15 and a linear regression equation relating the 

two was developed. This relationship is given in Eq. 4.1 and shown graphically in Fig. 

4.3. Because of these similarities R26 will not be discussed separately from R15. 
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Figure 4.1: Time plot of R15 and R26 for Typhoon Abby. Time on the abscissa scale 
is plotted in days relative to the time of maximum intensity (minimum SLP) which is 
represented as the vertical dashed line of day -0. Note that R26 closely parallels R15. 
Small fluctuations in R15 and R26 are likely due to uncertainties of measurement. 

R26 = 0.5 · Rl5- 20(km) ( 4.1) 

4.2 Relationships Between Intense Convection and R15 

No strong correlations were observed between R15 and concurrent instantaneous pixel 

counts at the four temperature thresholds as shown in Figs. 4.4 through 4. 7. \Vhen 

the data were stratified so as to include only intensifying TCs (Figs. 4.8-4.11), some 

trend towards convection being associated with R15 values can be observed by inspection 

although less than 20 percent of the variance was explained. Similar relationships (not 

shown) were obtained for filling TCs. 

Zehr (1987, 1989) and McBride and Gray (1980a,b) have shown that tropical cyclones 

have a diurnal cycle of convection. Greater amounts of very cold clouds tend to occur in 
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Figure 4.2: As in Fig. 4.1 but of R15 and R26 for Typhoon Clara. 
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Figure 4.3: Linear regression between R26 and R15. Approximately two-thirds ( r 2 = 0.68) 
of the variance is explained by this relationship. R15s greater than 463 km are truncated 
to values of 463 km (Chapter 2), thus explaining the clustering at the right of the chart. 
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Figure 4.4: Pixel counts (ordinate) for areas of convection colder than 0°C versus R15 
(abscissa) for all storms. The value of r2 represents the amount of the variance explained 
(correlation coefficient squared). 
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Figure 4.5: As in Fig. 4.4 except for the -25°C temperature threshold. 
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Figure 4.6: As in Fig. 4.4 except for the -50°C temperature threshold. 
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Figure 4. 7: As in Fig. 4.4 except for the -75°C temperature threshold. 
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Figure 4.8: As in Fig. 4.4 (all convective areas with temperatures below 0°) but for 
intensifying storms only. 
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Figure 4.9: As in Fig. 4.8 except for the -25°C temperature threshold. 
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Figure 4.10: As in Fig. 4.8 except for the -50°C temperature threshold. 
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Figure 4.11: As in Fig. 4.8 except for the -75°C temperature threshold. 
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the morning hours with a maximum around sunrise. Separating morning and evening data 

to remove the effects of this diurnal variability of convection and comparing to R15 values 

for intensifying TCs also revealed no strong correlation. Results for correlations between 

morning data from intensifying TCs are shown in Fig. 4.12-4.15. Correlations for evening 

data from intensifying TCs were slightly weaker than for the morning, and are not shown. 

For filling TCs (intensity decreasing), neither morning nor evening satellite observations 

yielded good correlations with R15. 
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Figure 4.12: As in Figs. 4.4 and 4.8 (convective temperature threshold is 0°C) but for 
morning pixel counts for intensifying storms only. 

The possibility that an increase in pixel count correlates with an increase in R15 was 

tested by first removing the diurnal variability of convection by comparing 24 hour pixel 

count changes with 24 hour changes of Rl5. When this is done the resulting distribution 

appears random (Figs. 4.16-4.19) with no apparent relationship. The correlation was 

also poor when stratified into intensifying and filling classes. When the convection is 

increasing, R15 may increase or decrease, although there appears to be a slight bias 

towards an increasing R15 for intensifying TCs. When a TC is filling, either convection 

and/or R15 may continue to increase (Weatherford, 1985) and no relationship observed 

between convection change and R15 change. 



36 

6500 

6000 c 
5500 cc 0 c 

~ 5000 
a c c 

c cc e c 

~ 4500 0 ca cc 
0 

I 
vi 4000 c c 

D 0 c 
~ 3500 
~ 3000 D 

a; 2500 
c D c 

X a D r 2 = 0.1e a: 2000 
c a 

1500 c 
1000 

0 so 100 150 200 250 300 350 400 450 
R15 km 

Figure 4.13: As in Fig. 4.12 except for the -25°C temperature threshold. 
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Figure 4.14: As in Fig. 4.12 except for the -50°C temperature threshold. 
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Figure 4.15: As in Fig. 4.12 except for the -75°C temperature threshold. 
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Figure 4.16: Twenty-four hour change of(~ 0°C) convectio~ for all storms compared to 
change of R15. Results were similar for intensifying and filling TCs. 
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Figure 4.17: As in Fig. 4.16 except for the -25°C temperature threshold. 
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Figure 4.19: As in Fig. 4.16 except for the -75°C temperature threshold. 

4.3 Relationship of Intensity to R15 and Pixel Counts 

As stated in Chapter 1, variations in MSLP (intensity) accounted for approximately 

one half of the variance of R15 (Fig. 1.1) for the 1983-1984 data set. This relationship 

was also examined for TCs which had been stratified according to whether they were 

intensifying or filling to see if improved correlations between convection and R15 could be 

obtained. It is reasonable to expect a filling TC to have a greater R15 at a similar 11SLP 

value than an intensifying TC. This difference is attributable to longer spin up time for 

its outer regions of filling TCs. The MSLPs for intensifying TCs versus Rl5 and R26 are 

compared in Figs. 4.20 and 4.21. These results show values of 52 and 39 percent of variance 

explained for Rl5 and R26 respectively. For filling TCs, 48 and 27 percent of the variance 

is explained for Rl5 and R26 respectively (see Figs. 4.22 and 4.23). Although these 

findings show that more intense TCs tend to have larger R15 values, there is appreciable 

scatter and forecasters would not know what R15 to forecast based on intensity alone. 

An interesting relationship between convection and :NISLP is shown in Figs. 4.24-4.27 

for filling storms. Up to 60 percent of the variance of 11ISLP is explained by the amount 

of convection colder than either -25°C or -50°C (Fig. 4.25 ). The amount of convection 
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Figure 4.20: Comparison of MSLP and R15 for intensifying storms. Fifty-two percent of 
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Figure 4.22: As in Fig. 4.20 but for MSLP and R15 for filling storms. 

Figure 4.23: As in Fig. 4.20 but for MSLP and R26 for filling storms. 
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in a filling TC could be used to estimate a range of probable MSLPs. However, this 

association is not particularly helpful to forecasters because of the availability of more 

accurate intensity measurement schemes (Dvorak, 1975, 1984). 
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Figure 4.24: Pixel counts for convection colder than 0°C c·ompared to intensity for filling 
storms. It appears that as storms fill, they lose convection. 
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4.4 Effects of Inertial Stability 

It can be assumed that a tropical cyclone with a large areal extent of winds greater 

than 15 ms-1 would have greater inertial stability, 12 , [or (a( !Jf + /)] than a stnall TC 

with spatially confined winds. It is also possible that pixel counts do not correlate well 

with R15 change because of the effects of 12 • Specifically, a TC with a given amount of 

convection would show less R15 change for large / 2 situations than for small 12
• Pixel 

counts divided by 12 yield numbers which are larger if inertial stability is small. This 

number might then correspond to a larger R15 increase since the convection can have a 

greater net effect on winds. It was decided to initially examine a quick n1easure of inertial 

stability and see if protnising results might be obtained in normalizing for its effects . .Niore 

precise values for inertial stability could be calculated later from aircraft observations if 

appropriate. For the purpose of initial testing, an approximate measure of inertial stability 

was estimated from the ratio R15/(1009 - lviSLP). The average sea level pressure of the 

undisturbed deep tropics (approximately 1009 mb) is included in the denominator so as 

to keep the values of this approximation greater than zero. 

If two TCs with identical lviSLPs were compared, the TC with the greater Rl5 would 

have greater inertial stability. For a given amount of convection or convection change, a 

TC with less inertial stability would be expected to have a greater R15 change. vVhen pixel 

areas divided by 12 were plotted against Rl5 change, as in Figs. 4.28-4.31, the graphs 

show that there is little correlation between the amount of convection nonnalized by 12 

and changes in R15. Twenty four hour convection change normalized by 12 correlates 

poorly to R15 change and graphs are essentially the same as Figs. 4.28 to 4.30. Hence 

12 does not look promising for forecasting R15 and detailed integrated inertial stability 

values were not calculated from the aircraft mission data. 

4.5 Summary 

The rather simplistic tests described here failed to yield direct quantitative relation~ 

ships which might be useful for relating values of tropical cyclone intensity, instantaneous 

convection and R15 in a way that would allow forecasters to better assess and predict the 
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Figure 4.28: Convection normalized by "inertial stability" compared to 24 hour R15 
change. Threshold is ~ 0°C. 
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evolution of the wind structure of tropical cyclones. Although there is a fairly strong cor

relation between convection colder than -25° and NISLP for filling TCs, this relationship 

does not-improve on techniques already available to forecasters. In the past, direct mea

surement of winds by aircraft was the only accurate method for determining Rl5. There 

are apparently no simple satellite based replacements to be found and more sophisticated 

schemes must be pursued. 



Chapter 5 

TEMPORAL ASSOCIATIONS BETWEEN CONVECTION AND THE 

OCCURRENCE OF MAXIMUM R15 

Inspection of the time variation of pixel counts for temperatures colder than -75°C 

(also termed -75°C convection) at various radii reveals a steady increase in deep convec

tion, followed by a rapid drop off which persists until the TC dies. This large decrease 

of deep convection generally occurs after maximum intensity is attained and a point is 

reached where deep convection stops completely and remains stopped as the TC dies. 

This sequence of development and dissipation is plausible because filling TCs have less 

deep convection than intensifying TCs and because it corresponds well with the theory 

advanced preyiously. 

5.1 Diagnosing and Forecasting the Time of Occurrence for MR15 

Niaximum R15, or MR15, is defined as the greatest extent of RlS occurring during the 

lifetime of a tropical cyclone. \Vhen comparing pixel counts to plots of R1.5 for the twelve 

TCs in Table 2.1, a tendency emerges suggesting that in general, -75°C convection in the 

222 to 444 km (2-4° annulus stops before the NIR15 is reached. However, this tendency is 

not observed in all TCs and close examination showed that there appear to be two classes 

of TCs with very different MR15 characteristics; there also appears to be a signal in deep 

convection at radius 222 to 444 km that may precede l\tiRlS by up to two days. 

The relationship wherein the end of deep convection precedes 1VIR1.5 by approximately 

two days occurs in six of the twelve TCs. Cyclones which definitely show this relationship 

include Abby (Fig. 5.1), Forrest (Fig. 5.2), and Vanessa (Fig. 5.3). Typhoons Cary (Fig . 

. 5.4), Ellen (Fig. 5.5), and Marge (Fig. 5.6) also appear to show this relationship to some 

extent just prior to either making landfall or moving north of 28°N latitude and hence 



49 

beyond the domain of this study. Although deep convection in all seven annuli in each of 

these cyclones showed this trend, -75°C convection in the radius between 222 ·and 444 

km showed the most contrast ·and the best lead time between convection and MR15. 
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Figure 5.1: Time variation of instantaneous pixel counts and R15 (km) for Typhoon Abby. 
Deep convection ends on day (plus) three and R15 reaches a maximum approximately two 
days later. The vertical dotted line (day 0) indicates the time of minimal SLP. 

Typhoon Ike (Fig. 5.7) and Tropical Storm Wynne (Fig. 5.8) do not show this 

time delay between the end of convection and the occurrence of MR15. Typhoon Ike was 

still intensifying when it crossed the Philippine Islands which interfered with the normal 

progression of convection and Rl5. Ike began to reintensify over the South China Sea 

until making landfall in Southern China. Tropical Storm Wynne made landfall before 

intensifying to typhoon strength. Thus, both TCs were still in their intensifying and 

strengthening stage when impeded by the influence of land surfaces. 

The other four TCs in the twelve storm sample exhibited no significant lead time 

between the end of deep convection and the occurrence of MR15. These four were a 

significant percentage of the sample and were examined to determine why they behaved so 

differently. Figures 5.9 through 5.12 show the relationship b~tween -75°C convection and 

R15 for these four, which include Typhoons Bill, Clara, Doyle, and Orchid, respectively. 

No systematic delay between the end of deep convection and MR15 is apparent. Note 
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Figure 5.2: As in Fig. 5.1 except for Typhoon Forrest. Note that ordinate scale is two 
times that for Typhoon Abby (in Fig. 5.1) a.nd more than three times that for Typhoons 
Carry, Ellen and Ike in Figs. 5.4, 5.5 a.nd 5. 7, respectively. 
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Figure 5.3: As in Fig. 5.1 except for Typhoon Vanessa. 
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Figure 5.4: As in Fig. 5.1 except for Typhoon Cary. Images were available at six hour 
intervals for this storm. 
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Figure 5.5: As in Fig. 5.1 except for Typhoon Ellen. 



52 

800r-------~------~--~~-------+----__ _. ______ _. 

100 Typhoon P1xe1 Area 
&oo Marge 1-7soc 

222 to 444 km 
500 

400 

300 

200 

100 

-2 
Storm Day 

0 2 

Figure 5.6: As in Fig. 5.1 except for Typhoon Marge. 
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Figure 5.7: As in Fig. 5.1 but for Typhoon Ike. Convection and the wind profile in Ike 
were disrupted as it transited the Philippines. 
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Figure 5.8: As in Fig. 5.1 but for Tropical Storm Wynne which made landfall in southern 
China before maximum intensity. 

that although MR15 occurred up to two days after the end of deep convection, there are 

no cases among these four wherein deep convection in the 222 to 444 km radius occurs 

more than twelve hours after MR15. 

5.2 Theory of Maximum R15 

Weatherford (1989) proposed that, in general, R15 keeps increasing after maximum 

cyclone intensity is reached and continues to increase until approximately that time when 

there is no longer an eye in the storm. Weatherford defines Outer Core Strength (OCS) 

as the average wind from 111 to 278 km radius and shows that OCS values correlate well 

with R15. Dunn and Miller (1960) and Riehl (1979) divide Atlantic Hurricanes into four 

idealized stages which parallel Weatherford's findings. These stages are, 

1. The formative stage including the time from when the TC initially develops until it 

reaches hurricane intensity; 

2. The immature stage wherein intensification proceeds with little change in OCS. This 

period ends when the cyclone reaches maximum intensity; 



54 

3. The mature stage wherein intensity no longer increases but OCS grows; 

4. The decaying stage wherein OCS begins to collapse. 

This sequence of stages applies to the six TCs which exhibited a two day lead time 

between convection and MR15 (Figs. 5.1-5.6). All six are filling when MR15 is reached 

(ma.ximum OCS) and thus appear to fit the description of a typical TC. In this paper, these 

typical storms will be characterized as "delayed" TCs since MR15 is delayed following the 

end of maximum intensity. 

In the four TCs with no lead time between the end of -75°C convection (in radius 

222 to 444 km) and MR15, the MR15 value is reached within approximately twelve hours 

of maximum intensity (Figs. 5.9-5.12). Hence, MR15 occurs almost simultaneously with 

maximum intensity, and also with the end of deep convection. These four storms are 

termed as "simultaneous" TCs. These TCs have a distinctly different wind distribution 

over their lifetimes when compared to delayed TCs. Examining the deep convection from 

0 to 222 km for the four simultaneous TCs shows that although the deep convection from 

222 to 444 km has stopped, deep convection from 0 to 222 km persists and TCs are still 

active. 

Figure 5.13 shows a comparison of the convection in these two annuli for Typhoon 

Orchid, a simultaneous TC. In the delayed TCs, convection in both annuli stops at ap

proximately the same time as shown in Fig. 5.14 for Typhoon Abby. Thus it appears that 

when simultaneous TCs reach maximum intensity, they immediately begin the process of 

decay, skipping step three (maturing) of the Dunn and Miller TC cycle. When a delayed 

TC reaches maximum intensity, it adjusts outward and, although maximum intensity has 

been reached, the OCS continues increasing and deep convection near the TC's center 

persists as the TC strengthens during that time. 

The cause of this difference will possibly be found in the large scale influences. The 

delayed TCs may be entering a more favorable synoptic environment such as one wherein 

vorticity near the outer radius increases due to the influence of the subtropical ridge. 

The comparative climatological characteristics of delayed and simultaneous TCs provide 
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Figure 5.9: As in Fig. 5.1 but for Typhoon Bill. Deep convection ended at approximately 
the same time as R15 reached maximum which also corresponded to the time of maximum 

intensity. 
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hints as to possible differences in their life cycles. The six delayed TCs occurred in July, 

August, September (2), October, and November. The four simultaneous TCs occurred 

in November (3) and December. This time distribution may indicate a seasonal effect, 

as the large scale influences may not be as favorable in the latter part of the TC season 

in comparison to the early fall. Recurvature seemed to not be a factor in differentiating 

between simultaneous and delayed TCs in that two of the simultaneous TCs recurved and 

two did not. Of the delayed TCs, five recurved and one did not. Presently, the seasonal 

effects appear to be more important in determining TC type. 

5.3 Forecasting Maximum Rl5 

Important considerations for forecasting MR15 include any clues which indicate in 

advance which TCs are simultaneous and which are delayed. Aircraft reconnaissance 

measurements of eye sizes might provide such a due. Eye size data, which were part of 

the reconnaissance data s~t, were collated for the six delayed and four simultaneous TCs. 
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Figures 5.15 and 5.16 show the variation in time of mean eye sizes relative to the time of 

the first appearance of the eye for both delayed and simultaneous TCs. 
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Figure 5.15: Time variation of delayed TC eye diameters in relation to the time of the 
first reported eye size. Eyes appear to grow slowly over time beginning on day 3. 
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Figure 5.16: Time variation of averaged eye diameters of simultaneous storms shown in 
relation to the time of the first reported eye. A slight contracting trend is evident beginning 
on day 5. 

No trends became evident when viewing these plots. It was then decided to examine 

the time variation of eye size in relation to the time of maximum intensity. Time of 
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maximum intensity was defined as day zero for each TC life cycle and eye sizes were first 

averaged and then plotted. Figures 5.17 and 5.18 reveal distinct differences between the 

two TC types. Whereas the eyes of delayed TCs tend to decrease until maximum intensity 

is reached and then tend to increase again, the eyes of simultaneous TC tend to remain 

at approximately the same size and may decrease slightly after maximum intensity. Also, 

following maximum intensity, the eyes of simultaneous TCs did not persist for as long as 

those of delayed TCs. 
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Figure 5.17: Time variation of averaged eye diameters for delayed storms in relation to 
time of maximum intensity (day 0}. Note how eye shrinks until maximum intensity is 
reached and then expands. Large variability at the start and end of the time series is due 
to small sample sizes. 

These differences in eye characteristics combined with the differences in convective 

characteristics seems to suggest that fundamental differences may exist between these two 

types of TCs. In delayed TCs, R15 continues to increase and the eye grows larger, even 

though maximum intensity has been reached. Deep convection continues on a broad area 

around the TC after maximum intensity. In simultaneous TCs, MR15 occurs at about the 

same time as maximum intensity and subsequent deep conve~tion becomes confined to the 

area near the center of the TC (0 to 222 km). Thus, delayed TCs, after reaching maximum 

intensity, appear to adjust outward, "maturing" as their OCS increases. Si-multaneous 
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Figure 5.18: Time variation of average eye diameters for simultaneous storms. Eyes appear 
earlier in the storm's life cycle, do not last as long after maximum intensity, and neither 
decrease nor expand after maximum intensity is reached. 

TCs remain compact, and do not grow in radial extent after maximum intensity; rather, 

they reach maturity at the same time as maximum intensity. After maximum intensity is 

reached, the OCS of simultaneous TCs decreases as these TCs weaken. 

Although the sample size used to compute mean eye diameters for this analysis is 

small, the results are interesting and are presented primarily in consideration of future 

research. Also, because values for the time variations of eye size are too small to measure 

with present satellite technology, techniques for using eye sizes to forecast TC type are 

not presently applicable. 

5.4 Forecasting Rules for Maximum R15 

Useful "rules of thumb" are needed for forecasters to differentiate between delayed 

and simultaneous TCs and to forecast the time of MR15. Presently these rules include 

the following: 

1. If -75°C convection occurs over more than two percent of the annulus spanning 222 

to 444 km for more than twelve hours after maximum intensity has been reached: 
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• This is a delayed TC. 

• Ma.ximum R15 will occur approximately two days after -75°C convection in the 

222 to 444 km annulus reaches a value of less than two percent of the area. 

2. If maximum intensity has either not yet been reached or was reached within twelve 

hours of -75°C convection in the 222 to 444 km annulus falling below two percent of 

the area: 

• This is a simultaneous TC. 

• Maximum R15 occurred or will occur within twelve hours of the decline of deep 

convection in the 222-444 km radius. 

• Maximum intensity occurred or will occur within twelve hours of the end of 

deep convection in that radius. 

5.5 Summary 

It is now possible to estimate when MR15 will occur with a modest degree of skill. Two 

distinct modes for wind development in tropical cyclones became apparent when looking 

at twelve selected TCs in 1983 and 1984: the OCS may either continue to increase after 

maximum intensity has been reached, (delayed TCs), or the OCS may follow intensity and 

begin to decrease immediately after maximum intensity has been reached (simultaneous 

TCs). Diminished rates of deep convection in the 222 to 444 km annulus ends are a signal 

that MR15 will be reached approximately two days later in delayed TCs, or that the 

MR15 and maximum intensity have already occurred or will occur within twelve hours for 

simultaneous TCs. These forecasting tools are objective and the signal is a change in the 

convection data which is easily observed. 



Chapter 6 

TIME VARIATION OF R15 IN RELATION TO RATES OF 

CONVECTION 

6.1 Convection and R15 

It was shown in Chapter 5 that temporal trends in convection offer some insight as 

to when R15 has reached its maximum value. This association suggests that convection 

might also be useful for predicting changes of R15 with time. The hypothesis discussed in 

Chapter 3, that the amounts of convection should correlate with R15 and/or its variation 

with time, was examined to see if the rate of change for R15 could be determined from the 

current R15 value and the recent history of convection. Running mean values for 24, 48, 

·and 72 hour average convection within a 444 km radius were computed for each day, along 

with current values for R15 and prior and subsequent rates of change of Rl5. These values 

were computed over the entire life cycle of each of the twelve cyclones studied here. The 

observations were then compared graphically to determine if useful relationships might 

exist. 

Running mean values of convection for 24, 48, and 72 hour periods for temperature 

thresholds of -25°C and -50°C were compared to values of R15. Correlation statistics for a 

polynomial regression were also computed. Figures 6.1 through 6.6 show the relationships 

obtained in these tests. For the best of these results (Fig. 6.3), 51 percent of the variance 

of R15 was explained by the 72 hour running mean -25°C (and colder) convection. When 

R15 values were less than 300 km, there was a tendency for increased convection to 

correspond to increased values of R15. However, for R15s greater than 300 km, similar 

amounts of convection were observed for a large range of R15 values. Note that the 

difference between the figures shown here (Figs. 6.1 through 6.6) versus Figs. 4.4 through 
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4.15 is the use of running mean rather than instantaneous values of convection in Figs. 

6.1-6.6. 
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Figure 6.1: Twenty-four hour running mean pixel counts for convective ~loud top tem
peratures less than -25°C in the 0 to 444 km radius area COJ:Dpared to subsequent R15 
values observed for the end of the averaging period. The best fit routine uses a· polynomial 
regression of order two. 

6.2 Convection and R15 Change 

Temporal associations for various time varying values of R15 were illustrated in Fig. 

2.5. Figure 3. 7 presented an idealized hypothetical relationship between R15, R15 change, 

and convection. In this section the possibility that changes of R15 can be determined 

from such a relationship is examined. Initially, all observations were stratified according 

to whether R15 was increasing or decreasing and then compared to see if a curve similar 

to that in Fig. 3. 7 could be observed. The best results obtained in this test were obtained 

for the -25°C threshold, which are shown in Figs. 6.7 through 6.12. There is considerable 

overlap between the increasing and decreasing R15 groups and many of the observations 

with decreasing R15 were associated with greater convection than were observations with 

R15 increasing. This overlap also occurred for both prior and subsequent changes of R15 
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Figure 6.2: Forty-eight hour running mea.n pixel counts for -25°C convection compared 
to subsequent R15 values. 
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Figure 6.3: Seventy-two hour running mean pixel counts for -25°C convection compared 
to subsequent R15 values. 
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Figure 6.4: Twenty-four hour running mean pixel counts for -50°C convection compared 
to subsequent R15 values. 
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Figure 6.5: Forty-eight hour running mean pixel counts for -50°C convection compared 
to subsequent R15 values. 
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Figure 6.6: Seventy-two hour running mean pixel counts for -50°C convection compared 
to subsequent R15 values. 

in relation to the convection averaging period (see Fig. 2.5 for definitions of "prior" and 

"subsequen~" 24-hour changes of R15). 

It was thought that because the data sample in Fig. 6. 7 contained both delayed and 

simultaneous TCs, the wind profiles of each, following maximum intensity, might be the 

cause of the overlap. The comparison in Fig. 6. 7 was redone using only observations from 

intensifying TCs and results of these tests are shown in Figs. 6.13-6.18. For subsequent 

future changes of R15 (Figs. 6.16-6.18), a reasonable distinction emerges, separating the 

samples wherein R15 was increasing from those where it was decreasing. When TCs are 

intensifying, there indeed appears to be a certain level of convection which, if exceeded, 

will result in an increase of R15. This finding confirms the hypothesis stated in Chapter 3 

that convection should correlate with radial wind extent, allowing for noise in the sample 

caused by other influences including variable large scale processes. When restratified and 

omitting all R15 changes smaller than 20 km, the level of noise is reduced considerably 

(Figs. 6.19 through 6.21 ). 

Values for subsequent increases and decreases of R15 were stratified for intensifying 

TCs to see if, as hypothesized, larger R15 changes will be found farther (above or below) 
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Figure 6.7: Cases of increasing and decreasing 24 hour changes of R15 compared to the 
prior 24 hour running mean --25°C convection. Note the considerable overlap between 
observations where R15 was decreasing (solid) and increasing (open circles). . 
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Figure 6.8: Same as Fig. 6.7 except for running mean -25°C pixel areas over the prior 
48 hours. 
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Figure 6.9: Same as Fig. 6. 7 except for running mean -25°C pixel areas over the prior 
72 hours. 
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Figure 6.10: Stratification of R15 for subsequent 24 hour change compared to prior 24 
hour running mean pixel area for -25°C convection. Again, considerable overlap occurred 
between cases where R15 was decreasing and increasing. 
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Figure 6.11: Same as Fig. 6.10 except for running mean -25°C pixel areas over the prior 
48 hours. 
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Figure 6.12: Same as Fig. 6.10 except for running mean -25°C pixel areas over the prior 
72 hours. 
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Figure 6.13: Cases of increasing (open) and decreasing (solid) 24 hour changes of R15 
compared to prior 24 running mean - 25°C convection. 
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Figure 6.14: Same as Fig. 6.13 except for running mean -25°C pixel areas over the prior 
48 hours. 
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Figure 6.15: Same as Fig. 6.13 except for running mean -25°C pixel areas over the prior 
72 hours. 
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Figure 6.16: Stratification by subsequent 24 hour R15 change for intensifying TCs in 
comparison to the prior 24 hour running mean pixel counts .. Overlap is much reduced in 
this analysis and it is possible to determine an approximate line of division between cases 
where R15 was decreasing and increasing. 
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Figure 6.17: As in Fig. 6.16 except for running mean -25°C pixel areas over the prior 48 
hours. 
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Figure 6.18: As in Fig. 6.16 except for running mean -25°C pixel areas over the prior 72 
hours. 
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Figure 6.19: Stratification by subsequent 24 hour R15 change for intensifying TCs omitting 
all cases with net R15 changes of less than 20 km. This stratification again reduces 
overlap between cases where R15 was increasing or decreasing. A line which approximately 
separates these groups of points has been drawn. 
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Figure 6.20: As in Fig. 6.19 except for running mean -25°C pixel areas for the prior 48 
hours. 
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Figure 6.21: As in Fig. 6.19 except for running mean -25°C pixel areas over the prior 72 
hours. 

from the hypothetical equilibrium curve. Figures 6.22 through 6.24 suggest that there is a 

tendency for the greatest changes. of R15 to be displaced farther from the main sequence 

of data points. The sample is small however and there is appreciable scatter for these 

results. It is nevertheless important to forecasters to be able to recognize that, for a given 

R15, a TC with appreciably greater than average convection has a greater potential for 

R15 to increase rapidly. This relationship is especially helpful in the early TC stages when 

rates of R15 increase can be very large. 

The lack of correlation between convection and Rl5 during filling was also investi

gated further. The twelve storms were stratified according to whether they were delayed 

or simultaneous and R15 and convection were again compared, both for cases wherein R15 

was increasing and for which it was decreasing. No distinction could be made for filling 

delayed cyclones due to considerable overlap between increasing and decreasing values of 

R15 (Fig. 6.25). Delayed TCs apparently do not have a relationship between convection 

and R15 following maximum intensity. Merrill {1982) compared small and large cyclones 

and determined that large cyclones may grow larger due to increased convergence of an

gular momentum which was forced by the large scale environment. Large scale forcing of 
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Figure 6.22: Stratification by subsequent R15 change for intensifying TCs in relation to 
24 hour running mean pixel area, stratified by the rate of R15 change. There is a tendency 
for those observations with the greatest R15 changes to deviate farthest from the principal 
sequence of data points. Arrows point to observations with the greatest change values. 
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Figure 6.23: As in Fig. 6.22 except for running mean -25°C pixel counts over the prior 
48 hours. Although convection amounts for both observations (indicated by arrows) are 
similar, R15 change was most positive for smaller R15, and most negative for larger R15. 
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Figure 6.24: As in Fig. 6.12 except for running mean -25°C pixel areas for the prior 72 
hours. 

this sort .is not accounted for in the hypothesis proposed here and other studies would be 

required to assess the effects of large scale circulations .on the ou~er wind profile of these 

delayed TCs. 

6.3 Forecasting R15 Decrease 

No cases were observed wherein R15 increased during filling of simultaneous TCs. 

This observation simply confirms that these TCs are weakening as they fill. The simul

taneous TCs shown in Fig. 6.26 appear to have a linear distribution of convection and it 

may be possible to use 24 hour running mean values of convection colder than -25°C for 

first guess values of R15. This process could be accomplished using convection amounts 

obtained from satellite images. Obviously, more observations need to be examined to see 

if this relationship is sufficiently accurate for forecasting purposes. 

An empirical relationship for estimating rates of R15 decrease was also developed. 

Typically weakening TCs were caught in westerly currents an~ accelerating out of aircraft 

range or were dying away from land and no flights were necessary. Hence, few weather 

reconnaissance missions were flown after TCs began weakening. Nevertheless, rates of Rl5 
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Figure 6.25: R15 change values for delayed type TCs in the filling stage. 
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Figure 6.26: Relationship between R15 change and convect"ion values for simultaneous 
TCs. 
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decrease were determined for those TCs for which sufficient data was available. Equation 

6.1 gives the ernpirical rate of R15 decrease observed in these data. 

R15 Decrease = 48 km d-1 {6.1) 

One standard deviation for this relationship is 15 kmd-1 indicating that approximately 

15 percent of these TCs will have R15 decrease rates greater than 63 km d-1 , and 15 

percent will have R15 decrease rates less than 33 km d-1 • It must be stressed that this is 

a purely empirical relationship and assumes that the TCs are dissipating at sea and have 

no major land (frictional) influences. 

6.4 Specification of R15 from Observations of Intensity and Convection 

The intensities of developing tropical cyclones may be estimated using Dvorak's {1975) 

Current Intensity (CI) number which is obtained using a procedure based on cloud pattern 

matching techniques. Table 6.1 gives the Dvorak CI numbers corresponding to maximun1 

wind speed and MSLP for Northwest Pacific TCs. Dvorak's technique has proven accurate 

and is used operationally at JTWC. 

It has also been shown that the rate of increase of R15 may be inferred from convection 

if an initial value of R15 is known. Because values of R15 have been shown to be poorly 

correlated with intensity, a reliable initial value of R15 cannot simply be specified for a 

given CI based intensity value. For example, the average R15 value for intensifying TCs 

in the 988 to 994 hPa MSLP intensity range was observed to be 124 km with a standard 

deviation of 38 km. Hence, a more reliable current value of R15 must be known for 

knowledge of the likely rate of R15 increase to be useful to forecasters. 

A conceptual relationship between intensity (MSLP), convection amounts and R15 

values was shown in Fig. 3.8. It was hypothesized that more convection for a given JviSLP 

might be associated with larger R15 values. In this section the prospects for determining 

useful initial estimates of R15, given various measurements of convection and MSLP, are 

examined. Figures 6.27 through 6.32 show that intensity is reasonably well correlated 

with convection, explaining up to one half of the variance. However, Figs. 6.27-6.32 also 
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Table 6.1: Dvorak (1975) current intensity number (CI), maximum sustained wind speeds, 
and MSLP. 

Dvorak Max Wind Speed MSLP 
CI Number Meters per Second NW Pacific 

0.0 < 13 
0.5 13 
1.0 13 
1.5 13 
2.0 15 1000 
2.5 18 997 
3.0 23 991 
3.5 28 984 
4.0 33 976 
4.5 40 966 
5.0 46 953 
5.5 52 941 
6.0 59 927 
6.5 65 914 
7.0 72 898 
7.5 80 879 
8.0 87 858 
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show that this relationship is not likely to be very useful to forecasters in that for more 

intense TCs (especially those with MSLP less than 960 hPa) wherein there is little change 

of convection over a rather broad intensity range. 
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Figure 6.27: Analysis of intensity (MSLP) in comparison to running mean -25°C con
vection over the prior 24 hours. Similar convection amounts tend to correspond to a wide 
range of intensities for more intense TCs. 

Differences in convection were examined for less intense TCs (i.e., MSLP greater than 

960 hPa) to see if, for a given intensity, larger values of convection could be systematically 

linked to larger R15 values. Convection amounts were compared to MSLP and stratified 

by R15 for four size groups. Figure 6.33 shows that knowledge of MSLP convection does 

not always translate into a very close relationship with R15. 

6.5 Summary 

For intensifying cyclones, increases of R15 are highly correlated with the amount 

of sustained convection (represented by time averaged pixel counts) associated with the 

present R15 value. Larger increases of R15 are likely when C<?nvection is greater than the 

average value associated with a given value of R15. Decreases of R15 for simultaneous type 

TCs are also well correlated with convection. An empirical formula for R15 decrease was 
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Figure 6.28: As in Fig. 6.27 except for 48 hour running mean pixel counts. 

6000 

5500 

5000 

4500 

4000 

3500 

3000 

2500 

2000 

1500 r 2 = 0.55 
1000 

500 

0 
860 880 900 920 940 960 980 1000 

MSLP hPa 

Figure 6.29: As in Fig. 6.27 except for 72 hour running mean pixel counts. 

1020 

1020 



83 

u 
sooo~----._----------------~~----~----._ __________ _. 

0 

0 
lJ1 
I 
vt 

4500 

4000 

c:: E 3500 
«J 
Q) ~ 3000 
I:V 
g' ~ 2500 

'c I 2000 
co 
~ 1500 

1000 

500 

<> 
<> 

8 

<> 
r2 = 0.34 

0 
<> 

0 <I> 
0 

<> 0 0 

0 $ <> 
0 ° 8 ~ 

<> 0 <> 
<> 4' Oo <> 0 <> <> 

0 
~ 

0~~--~~--~--~~--~--------~----~--~~----_. 
860 880 900 920 940 960 980 1020 

MSLP hPa 

Figure 6.30: As in Fig. 6.27 except for -50°C convection. 
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Figure 6.31: As in Fig. 6.28 except for -50°C convection. 
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Figure 6.32: As in Fig. 6.29 except for -50°C convection . 
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Figure 6.33: Comparisons between intensity (MSLP) and convection stratified for four 
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left to lower right if greater convection for a given intensity were infact related to larger 
Rl5 values. This is not the case however, and it appears that R15 cannot be estimated 
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developed which is valid for all TCs after maximum R15 has been reached. Unfortunately, 

efforts to specify initial Rl5 values from intensity and convection data were unsuccessful, 

thereby compromising the applicability of these rate of change associations. 



Chapter 7 

ASSOCIATIONS BETWEEN ASYMMETRIC CONVECTIVE BURSTS 

AND WIND FIELD ASYMMETRY 

Values of R15 and R26 represent axially averaged quantities. vVeather analysts and 

forecasters however, need to know the horizontal asymmetries in the tropical cyclone's 

wind profile. It was decided to examine quadrant scale asymmetries of R15 to determine 

if they were related to convective asymmetries. Specifically, could enhanced convection in 

a sector be used to predict a greater radial extent of R15 in that or any other sector? 

7.1 Methodology 

To accomplish this task, pixels were counted for all four ternperature thresholds as 

described previously over the radius 0 to 444 km in four goo sectors tenned north, south, 

east, and west (N, S, E, W). These goo sectors were centered on the compass headings 

of 0°, goo, 180°, and 270°. Because convection within a TC varies in space and time, it 

was assumed that differences in convection between opposite sectors would best represent 

the effects of asymmetry. Opposite sector differences are defined here as the south sector 

pixel area minus the north sector pixel area (S-N) and similarly, the east n1inus west pixel 

area difference (E-vV). Plots were made of the absolute values of S-N and E-\V convection 

differences at the four temperature thresholds over time. Twenty-four hour running means 

of these differences were computed so as to smooth the plots. 

7.2 Significance of Asymmetry 

If the strength of convective asymnwtries between opposite sectors were on the order of 

ten percent or less of the overall convection, they were not considered to be significant since 

the time variation of the asy1n1netries would then be a small percent of the total convection. 
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Therefore, the amount of asymmetry in comparison to average total sector convection was 

examined. Figures 7.1· to 7.8 show opposite sector differences in convection for Typhoon 

Abby as a function of average sector convection. Equation 7.1 gives the formula used for 

computing these differences which are expressed as percent. This expression represents the 

absolute value of sector differences (thereby avoiding negative percentage values) divided 

by the average sector convection. Hence, a difference value of 100 percent would mean an 

opposite sector difference in convection for a given threshold equivalent to the total average 

sector convection for that threshold. Significant convection differences at all temperature 

stratifications can be seen in Figs. 7.1 through 7.8, both in the S-N and E-W plots. The 

percentage differences become larger for the colder temperature thresholds because there 

is typically less net convection represented by colder temperature areas and corresponding 

sector average pixel areas (ie., denominator values in Fig. 7.1) are smaller. Also, deep 

convection appears to be more asymmetric in satellite images, making the asymmetries 

more pronounced at the colder temperature thresholds. 

Figure 7.1: Absolute value of sector convection differences (south minus north, 0 to 444 
km radius) expressed as a percentage of sector average total< 0° convection. See text for 
equation. 

Diff(%) = 400x IS- N I 
(N +S+E+ W) 

(7.1) 
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Figure 7.8: As in Fig. 7.5 except for -75°C convection. 

Convective asymmetries were compared to analyses of aircraft winds. As described 

in Chapter 2 values of R15 in this study were obtained as a four quadrant average of 

the radial extent of 15ms-1 winds. Hence, for the analysis of asymmetries, values for 

individual quadrants were compared individually to plots of convection differences. These 

plots were examined in both the natural, Earth relative coordinate system (NAT) ancl 
. . 

in the TC motion relative coordinate system (MOT) wherein TC motion is subtracted 

out. Figures 7.9 and 7.10 show mission plots from Typhoon Abby for one day prior to 

maximum intensity in both of these coordinate systems. It can be observed that here and 

in most other TCs, wind asymmetry relative to the TC center largely disappears in MOT 

coordinates. 

Results of the convective analyses show that TCs had significant convection asyn1-

metries, especially in their early stages, regardless of whether or not pronounced wind 

asymmetries were present. Although Typhoon Ellen had fairly symmetric wind profiles 

throughout its lifetime, sector convection differences varied significantly (Figs. 7.11-7.18). 

In Fig. 7.12 it can be seen that convection favored the southern quadrant on day -8.5 

while convection favored the northern quadrant quite strongly on day -2.5. However, at 

both of these times R15 values in the north quadrant were. slightly larger in the NAT 

system while R15 profiles were very symmetrical in the MOT system. Similar re.sults were 

obtained for the other TCs. 
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Figure 7.11: Time series of south minus north sector convection differences for Typhoon 
Ellen. The temperature threshold is 0°C. 
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Figure 7.13: As in Fig. 7.11 except for -50°C convection. 
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Figure 7.14: As in Fig. 7.11 except for -75°C convection. 
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Figure 7.15: Time series of east minus west sector convection differences for Typhoon 
Ellen. The temperature threshold is 0°C. 
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Figure 7.16: As in Fig. 7.15 except for -25°C convection. 
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Initially it was thought that asymmetric bursts of convection may simply rotate 

around the TC's center and thus would effect R15 in only the convective ·sector. Fig

ure 7.19 shows that at day -5, convection differences in the east and west quadrants of 

Typhoon Abby were large while small differences occurred in the north and south quad

rants. This situation then reverses on day -4 when convection differences in the east and 

west quadrants were much smaller than those in the north and south quadrants. 

~ 1200+-____ _. ____________ _. ______ ~------------------~----~ 
.,J 

c Typhoon Abby i -so•c n~ 

~ 1000 o-4• Redius 
0
otP' - ~ (os-N ) 

~ 
X ·-a.. 
~ 
(.) 
c 
CJ.) 
L 
CJ.) ,..... 

800 

600 

400 

200 

~ " i 0: ~ .. ~\ o l~ :Yo o 
0 .<Sb) : ./". , 

0 • 0 ~= • • 
.. 0 ~: • 

o r o~~·i • \ • 
0 0 ··-·-~··-c;·~~--~·····-:-··--·-···············--~······-·····-~······--···············:·························· 

~ -2oo • .IJimJ. ~ l o • .,. '\,.: ra E-w ) 

,..... 

<:; rtl' ,. ~0 • r-- BPI ~ -
~ -400T-~---r--~--r-~---r------~~~~~~~--~--~--~~--~ 

(J') -8 -6 -4 -2 0 

Storm Day 
2 4 6 8 

Figure 7.19: Time series of sector differences of -50° convection for Typhoon Abby. Note 
the phase difference from day -7 to day -4. 

To more closely examine this apparent movement of asymmetry between sectors, 

image loops of the TCs were analyzed and compared to the plots at the corresponding 

times. The loops showed that the convective asymmetries were not propagating around 

the TC, but rather, were forming and dissipating at all times in all sectors. Thus, a 

convective outburst in the east quadrant could be followed by a similar outburst in the 

north quadrant. The east quadrant outburst would not necessarily move into the north 

quadrant. These asymmetric outbursts were more apparent when the TC was immature 

and disorganized and when convection was not well concentrated aboutthe center. 
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7.3 Climatology of Asymmetry 

It is possible that characteristic climatological distributions of convective asymmetries 

in tropical cyclones may occur or that convection in one sector may be favored over others 

because of current large scale environmental flow. To examine this possibility, inter

quadrant differences of convection were composited for those ten TCs for which three 

hourly images were available to see if any mean systematic differences could be observed. 

Because the TCs had different life spans, the asymmetries were temporally centered on 

the time of maximum intensity (storm day), as was done in Chapter Five when eye sizes 

were composited. 

Twenty four hour average pixel count differences for all ten TCs at each temperature 

threshold were used to compute a mean difference time series for the area encotnpassed by 

0 to 444 km. Results of this analysis are shown in Figs. 7.20-7.27. Those titnes when data 

for less than five storms were available to compute the mean (ie., at the beginning and 

end of the TCs time scale) were excluded from the analysis. These plots show that the 

intense convection favors the south and east sectors, possibly because of high dewpoints 

in equatorial air drawn into the southern quadrant. Drier air in the subtropical ridge 

generally lies to the north and is drawn into the north quadrant. 

vVhen comparing convective asymmetries of individual TCs against this composite, 

deviations from the average are of little apparent value for predicting wind asymn1etries. 

For example, although convective sector differences in Typhoon Ellen were much greater 

than the observed average differences, tangential wind profiles in this TC were very sym

metrical. Therefore, even though sector differences of convection 1nay deviate considerably 

from the climatological average, it is not an indication of significant asymmetry of R15. 

7.4 Summary 

Asymmetries of convection appear to be unrelated to wind asymmetry because the 

effects of convective outbursts are quickly advected into the overall TC circulation. The 

lack of observed tangential wind changes due to large diurnal cycles of deep convection 

is further evidence of the need to maintain deep convection for an extended period in 
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Figure 7.20: Composited south minus north convection differences. Ten storms were 
averaged, and only those points with five or more storms are displayed. The temperature 
threshold is 0°C. 
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Figure 7.21: As in Fig. 7.20 except for -25°C convection. 
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Figure 7.24: Composited east minus west convection differences. Ten storms were av
eraged, and only those points with five or more storms are displayed. The temperature 
threshold is 0°C. 
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order to bring about strengthening of winds. Small perturbations in the pressure field 

are apparently smoothed out quickly so as not to influence winds in just one quadrant. 

Asymmetric convection contributes to the entire wind field and thus the entire R15 profile, 

but no predictive signal for wind asymmetries is found. Currently, forecasters at JTWC are 

constructing symmetrical wind profiles and then adding TC motion vectors to predict wind 

asymmetries (personal communication with JTWC). This procedure has proven useful in 

the past and should continue to do so because TC motion is the primary cause of first order 

asymmetry in the wind field. In the future, archived synoptic data will become available 

to researchers and further study may identify causes of wind asymmetry in larger scale 

environmental features. 



Chapter 8 

SUMMARY AND CONCLUSIONS 

8.1 Summary 

The end of aircraft reconnaissance in the NWP in 1987 eliminated the best tool for 

measurement of R15 and R26 which are needed for warnings of rough seas and dan1a.ging 

winds. It is essential that new, satellite based techniques be developed and made avail

able to forecasters for predicting R15. This study has attempted to initiate research on 

development of procedures which will immediately begin to fill the gap left by the loss of 

aircraft reconnaissance. Although limited in scope by the availability of only two years of 

concurrent aircraft and satellite data, and"' thus based on relationships which are not as 

tested as one might like, there appear to be some predictive signals in satellite data which 

correlate with certain aspects of the outer wind structure of TCs. 

It was proposed that sustained deep convection is related to radial winds through 

continuity which is then related to changes of tangential winds. In this way, a physical 

basis was set for correlating convection with the extent of strong tangential winds in TCs. 

Running mean convection over 24, 48, and 72 hours, represented by cloud temperatures 

colder than -25°C within 444 km of the TC center, was shown to provide insight as to 

when R15 might be expected to either increase rapidly or decrease for intensifying TCs. 

The empirical rate of R15 decrease for filling storms was derived from the average rate of 

R15 decrease for a number of storms. A possible linear relationship for determining R15 

using convection amounts for filling TCs was also examined. 

Investigation of Rl5 throughout the lives of twelve TCs with good data continuity 

led to the identification of two types of cyclone evolution in the NvVP. Values of R15 for 

"delayed" type TCs continue to increase after maximum intensity is reached. The R15 of 
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"simultaneous" type TCs follows intensity more closely and reaches its maximum value 

(IviR15) within twelve hours of maximum intensity. Deep convection colder than -75°C 

in the 222 to 444 km annulus can be used in conjunction with satellite intensity mea

surements (Dvorak, 1975) to predict or observe when MR15 will occur for both delayed 

and simultaneous storms. Delayed TCs typically have a two day lead time following the 

end of the deep convection until maximum R15 occurs. For simultaneous TCs, MR15 

occurs within twelve hours of the end of the deep convection, as does maximum intensity. 

Other attempts to use satellite radiance measurements to improve R15 specification and 

prediction were less successful. No relationships were found between concurrent values of 

convection and R15 or recent R15 change. There was also no correlation between con

vection asymmetry and R15 asymmetry. The Holland-Martin technique for determining 

outer wind profiles requires knowledge of the radius of ma.ximum winds (personal com

munication with JTWC). In the absence of other measurements, R26 was shown to be 

correlated to Rl5 values and forecasters may derive approximate R26 values if R15 can 

be obtained. This technique may be advantageous when the radius of maxin1um winds is 

not known for a particular TC. 

8.2 The Future 

Improved satellite microwave imagery with better algorithms for determining surface 

wind speeds will add much needed data to the analysis of radial wind extent in tropical 

cyclones. More coverage from an increased number of platforms is needed to fill data 

gaps. Microwave derived winds with adequate areal coverage and timely availability to 

the forecaster· would enhance the schemes developed here by providing more accurate 

initial data. vVind asymmetries would also become more apparent and new .relationships 

could then be developed. 

Other research that would be beneficial to forecasters includes an examination of the 

large scale synoptic data in relation to tangential winds. Studies of this nature might 

provide more insight into differences between delayed and simultaneous type TCs. Also, 

large scale vorticity values derived from this synoptic data may show correlations with R15 
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for formative storms. Relationships between convection and intensity, as well as intensity 

change, may become apparent. 

Data sets which will allow such studies are currently being procured by Professor 

Gray's project at CSU and will be available for research in the future. The aircraft

satellite data set will be doubled to contain four years of concurrent data. This may be 

the most important portion of the data sets for developing additional satellite based TC 

forecasting techniques. There are many more procedures, techniques and rules that can 

be developed to ma..ximize the use of satellite data in forecasting TCs and it is hoped 

that this paper stimulates more research that can be directly applied by tropical cyclone 

forecasters. 
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