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ABSTRACT

This study investigates the characteristic large scale flow
patterns associated with fast, slow and looping tropical cyclone motion
in the western Atlantic and the western North Pacific. Such storm
motion is often difficult to forecast. Cyclones have been stratified by
their speed — motion greater than 7.5 m/s (262 cases at 1200 individual
time periods) or motion less than 2.5 m/s (201 cases at 914 individual
time periods) and also into a looping track category (112 cases during
505 individual time periods). Data have been gathered for all storms
meeting these criteria for the 21 year period of 1957-1977. In addition
each class of cyclone motion has been further stratified by its position
south of, near, or north of the subtropical ridge at 500 mb., Both
individual case and composite analyses are performed. Climatological
information on each motion class is also provided.

Significant differences in the climatology for these three classes
of storm motion are observed. In lower latitudes, slow and looping
cyclones occur with a higher percentage fequently (while fast cyclones
occur with less percentage fequently) in the west Pacific than in the
Atlantic. The reverse situation occurs at higher latitudes. However,
the synoptic circulation characteristics around these three classes of
cyclones are very much the same in both ocean basins., Individual case
and composite data analyses indicate that cyclone motion is primarily
related to the hemispheric westerly long waves and to the storm’s
position relative to the subtropical ridge. When a cyclone moves slowly
or loops, thére is typically a large amplitude 500 mb westerly wave
trough to the northeast of the cyclone. This produces a near
symmetrical tangential circulation around the slow and looping cyclomes.
The more poleward the cyclone is relative to the subtropical ridge, the
further east the trough is relative to the looping tropical cyclone.
When a cyclone moves fast, the long wave trough is to the west of the
cyclone or the circulation is zomal. This causes fast-moving cyclones
to have a large asymmetrical circulation. This asymmetry of the
tangential wind with maximum wind speed to the right and minimum to the
left of the storm direction is essential to tropical cyclone motion. It
results from the addition of a vortex circulation and a basic
translationl current.

The middle latitude long waves which influence cyclone motion are
related to the hemispheric circulation. Harmonic analyses of the
hemispheric 500 mb height fields show that stationary long waves with
wave number five (wave length 70-75° longitude) are most related to
cyclone motion. Climatological differences of cyclone motion in the two
oceans can be largely explained by the climatological flow pattern
differences occurring in these two ocean basins,
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1. INTRODUCTION

This study was undertaken with the purpose of isolating and styding
the special environmental flow situations associated with tropical
cyclones which are experiencing a fast, slow, or looping motion. These
types of cyclone motion are some of the most difficult to forecast. It
may prove beneficial to study these special classes of cyclone motion by
themselves and try to learn as much as possible of the physical
processes responsible for such motion.

Of the many factors which affect tropical cyclone motion, the large
scale circulation around a cyclone appears to be the most important.
The ’'steering flow' concept has long been used in operational
forecasting of tropical storm motion. Riehl and Shafer (1944) were two
of the first to point out the relationship between tropical cyclone
motion and height changes in the polar westerlies. Dao (1965) noticed
that a sudden modification in polar westerly long waves can cause
significant changes in typhoon tracks. Burroughs and Brand (1972)
indicated that westerly trough locations can greatly affect cyclone
velocity after recurving. Chen and Ding (1979) have also discussed the
many ways tropical cyclone motion cam be affected by its surrounding
circulation patterns. The horizontal scale of the surrounding flow
pattérns investigated in this study are larger than those typically used
in storm—-environment steering flow studies such as those of George and
Gray (1976) and Chan and Gray (1982). This study discusses how the very
large—scale synoptic—scale flow patterns (~ 1000 km) in which the
tropical cyclone is embedded effects its current and subsequent motion.

In this research we use both individual case studies and

compositing analyses to stratify storms undergoing these three special



motion characteristics. Five hundred and seventy-five separate cyclone
cases of motion are studied. Each case might extend for several days.
In addition, all cyclones have been stratified by their latitude
position relative to the subtropical ridge. Storms south of the
subtropical ridge must be handled differently than storms located to the
north or on thé ridge.

Individual storms often do not have enough information around them
to permit a meaningful and quantitative analysis. However, by
compositing many similar cases together, one can often obtain the
necessary information required for such an analysis. By subtracting the
environmental conditions surrounding slow moving cyclones from those
surrounding fast-moving cyclones, it is possible to isolate more
quantitatively those factors most responsible for differences in cyclone
movement.

The three classes of cyclones to be studied are each stratified by
their latitudinal position north, on, or south of the subtropical ridge
at 500 mb, Nine classes of cyclone motion are thus studied.

An attempt is made in this study to gain insight into the general
problem of how the synoptic and planetary scale surrounding storm flow
patterns act to influence the cyclone's motion. It appears that one
reason why statistical forecast methods have mnot been as successful as
anticipated is that the data have not been properly stratified according
to the position of the cyclone relative to the subtropical ridge. A
cyclone embedded in the trade winds and a cyclone embedded in the

westerlies should not be treated the same way.



A companion paper to shortly follow this study (Xu and Gray, 1982)
deals with with special questions of tropical cyclone recurvature and

non-recurvature.



2. CLIMATOLOGY OF FAST, SLOW, AND LOOPING
TROPICAL CYCLONE MOTION

2.1 Data Sources and Sample Selection

The Annual Typhoon Report issued by the Joint Typhoon Warning
Center at Guam (for cyclones of the northwest Pacific) and the Best
Tracks of the National Hurricane Center (for storms of the Atlantic)
were used during the 21 year period 1957-1977 to select the three
classes of tropical cyclone motion ~ fast, slow, and looping. All
numbered or named tropical depressions, tropical storms, and typhoons
(hurricanes) were examined.

Looping motions were manually selected from the cyclone best track
charts. This data set consists of northwest Pacific cyclones which
underwent a complete circular loop and west Atlantic cyclenes which had
a circular motion of at least three—quarters of a loop. If a cyclone
undergoes two motion loops in one day it is counted only as one loop.
The start and end time of looping are defined as the time at which the
cyclone lost and regained a stable direction and speed. Looping period
was defined as the period during which the cyclone was in a circular
track. Looping diameters are defined as the mean values of the long and
short axes of the track ellipses. Looping locations are takem to be the
centers of the track circles., Table 1 and 2 present information omn all
the looping cyclones studied. Figure 1 shows some examples of erratic

and looping motion in the west Atlantic and the northwest Pacific.



Individual Cases of Western Pacific Looping Cyclones

Year Cyclone Cyclone Date/Time Date/Time Period of Location of Diameter Looping
Intensity Name Start of End of Looping Looping og Direction

) Looping Looping _Days o
1957 S Irma 10. 8.12 10.10.00 1.0 14.5 117.5 1 cC
1958 T Marie 10.26.12 10.28.12 1.0 17.0 155.0 1 cC
1958 S Pamela 11.30.12 12, 2.12 1.5 18.0 138.5 1 C
1960 T Polly 7.22.00 7.25.00 3.0 23.5 127.0 0.5 CcC
1960 T Bess 8.22.12 8.23.12 2.0 35.5 154.0 2.5 C
1960 T Della 8.21.12 8.25.12 2.5 22.0 137.0 1 cC
1961 S Grace 7.21.00 7.23.00 1.5 22.5 127.5 1 CcC
1961 T Helen 7.30.00 7.31.12 1.0 28.0 129.5 0.5 CC
1961 T Lorna 8.21.12 8.22.12 0.8 16.5 127.5 0.5 CcC
1961 T Clara 10.27.00 10.28.12 1.0 19.0 169.0 1 C
1962 T Georgia 4.16.12 4.17.12 1.0 9.5 140.0 1 CcC
1962 T Kate 7.20.00 7.21.12 1.0 19.5 119.0 0.5 CcC
1962 T Sarah 8.16.00 8.18.12 2.5 23.5 125.0 1 cC
1962 T Gilda 10.21.00 10.24.00 0.5 15.5 132.5 0.5 cc
1963 S Lora 10.10.12 10.13.12 2.5 13.5 143.5 2 cC
1964 S Tess 5.14.12 5.17.12 3.0 12.0 130.5 2 ©
1964 T Kathy 8.17.00 8.21.12 5.0 26.0 129.0 5 cC
1964 T Kate 11.13.00 11.15.00 3.0 9.5 112.5 2 CcC
1964 S Opal 12.14.12 12.15.12 0.8 15.0 120.5 1 CC
1965 T Ivy 7.28.00 7.31.12 5.0 13.5 128.5 5 cC
1965 T Jean 7.31.12 8. 1.00 0.5 17.5 130.5 0.5 cC
1965 S Elaine 11. 9.12 11.11.00 0.8 17.0 112.5 1 cC
1966 S Winnie 8.20.12 8.22.00 1.0 28.0 130.0 1 cC
1966 T Alice 8.26.12 8.28.12 2.5 28.0 145.0 2 C
1966 D T.D.20 9. 6.12 9. 9.00 2.5 30.5 152.0 2 C
1966 T Elsie 9.11.12 = 9.13.12 2.0 18.5 118.0 1 C
1

T = Typhoon, S = Tropical Storm, D = Depression 2C = Clockwise, CC = Counterclockwise, = = Irregular Looping



TABLE 1 (cont'd)

Year Cyclone 1 Cyclone Date/Time Date/Time Period of Location of Diameter Looping
Intensity Name Start of End of Looping Looping of Direction
Looping Looping Days Lat. Long. Loop oLat.

1966 S June 9.24.12 9.26.00 1.0 19.0 137.5 0.5 CcC
1966 T Kathy 10, 9.00 10.12.12 3.0 19.5 151.0 1 C
1967 T Violet 4. 9.00 4.,10.12 0.5 21.0 118.0 0.5 C
1967 S Louise 8.16.12 8.18.12 2.0 19.0 142.0 1 o
1967 T Wanda 9.19.12 9.21.12 2.5 23.0 142.5 1 )
1967 S Amy 9.28.12 10. 1.12 3.5 20.5 158.5 2 C
1968 T Jean 4,13.12 4.15.00 0.8 21.0 145.0 0.5 CC
1968 D Mary 7.28.00 7.30.12 2.5 33.0 132.0 3 CcC
1968 S Nadine 7.21.12 7.23.00 1.5 18.0 126.5 1 CcC
1968 S Nadine 7.26.00 7.28.00 2.0 21.5 117.0 2 cc
1968 S Polly 8. 6.00 8. 7.12 1.5 24.5 156.0 0.5 C
1968 S Polly 8.14.00 8.15.12 1.5 27.5 124.0 1 CcC
1968 S Trix 8.23.12 8.27.00 3.0 24,0 129.5 2 CcC
1968 T Wendy 8.29.00 8.30.00 0.5 16.0 146.0 0.5 CcC
1968 T Wendy 9. 4.00 9. 5.00 0.5 21.0 123.5 1 CcC
1968 T Agnes 9. 4.00 9. 7.12 2.5 20.0 137.0 1 CcC
1968 T Bess 9. 1.12 9. 2,12 0.5 19.5 114.0 0.5 CC
1968 T Gloria 10.22.00 10.23.00 0.8 26.0 133.0 0.5 CC
1968 D Mamie 11.14.00 11.16.00 0.5 13.0 130.5 0.5 c
1969 T Phillis 1.20.12 1.22.00 0.5 14.0 149.5 0.5 C
1969 D T.D.11 9. 7.00 9. 9.00 2.0 19.0 119.0 1 CcC
1969 D T.D.12 9. 7.12 9. 9.00 1.5 13.0 112.0 1 CcC
1969 T Grace 9.30.00 10. 2.00 5.5 25.0 162.0 5 ©
1969 S Lorna 11.26.00 11.27.00 1.0 14.0 131.5 0.5 C
1

T = Typhoon, S8 = Tropical Storm, D = Depression 2C = Clockwise, CC = Counterclockwise, « = Irregular Looping



TABLE 1 (cont'd)

Year Cyclone Cyclone Date/Time Date/Time Period of Location of Diameter Looping
Intensity Name Start of End of Looping Looping of Direction
Looping Looping Days lat. Long. Loop °Lat.

1970 S Nancy 2.20.00 2.21.00 -0.5 8.5 147.5 0.5 cC
1970 T Anita 8.17.12 8.18.12 0.5 21.0 138.0 0.5 CcC
1970 S Ellen 9. 5.12 9. 6.00 0.5 25.0 125.0 2 CcC
1970 T Hope 9.23.00 9.24.00 0.3 20.0 149.0 0.5 C
1970 S Marge 11. 3.00 11. 6.00 1.5 15.0 115.5 0.5 cC
1971 S Sarah 1. 9.12 1.10.12 0.5 11.0 136.5 0.5 CC
1971 D Thelma 3.18.00 3.19.00 0.8 10.5 129.5 1 o
1971 T Elaine 10. 5.12 10. 7.12 0.3 16.5 115.5 0.5 CcC
1971 T Faye 10.10.12 10.12.12 3.0 14.5 120.5 3 CcC
1971 T Irma 11. 8.00 11. 9.12 0.3 8.0 141.5 0.5 CcC
1972 D Nina 6. 1,00 6. 2.00 1.5 9.0 143.5 1 cC
1972 T Rita 7.11.12 7.13.00 1.0 18.0 132.5 0.5 CcC
1972 T Rita 7.21.00 7.25.00 4.0 27.0 126.5 3 cC
1972 T Susan 7. 9.12 7.14.00 1.5 22.0 117.0 0.5 ©
1972 S Grace 9.12.00 9.16.12 5.0 20.0 127.0 3 ccC
1972 T Ida 9.16.00 9.19.12 4.0 16.0 156.5 3 C
1972 S Helen 9.17.12 9.19.12 1.5 42.5 139.0 2 CcC
1972 S Nancy 10.21.12 10.23.00 2.5 26.5 163.0 2 CC
1972 S Violet 12.13.12 12.14.12 0.8 9.5 170.5 0.5 C
1973 T Ellen 7.20.12 7.28.00 7.0 32.0 128.0 5 o
1973 S Iris 8.10.12 8.14.00 2.0 23.5 131.0 0.5 0
1973 S Nora 10. 2.12 10. 4.12 0.5 11.0 133.5 0.5 cC
1974 S Mary 8.19.12 8.25.00 8.0 28.0 126.0 9 CC
1974 D Polly 8.26.00 8.26.12 0.5 15.5 146.5 0.5 CC
1975 S Lola 1.26.00 1.28.00 1.0 16.0 112.5 1 C
1975 D Flossie 10.20.00 10.21.12 0.5 15.5 116.5 0.5 C
1975 S Grace 10.24.00 10.30.00 6.0 18.0 129.0 2 o
1975 S June 11.16.00 11.18.00 1.0 6.5 142.5 0.5 C
lT = Typhoon, S = Tropical Storm, D = Depression 2C Clockwise, CC = Counterclockwise, = = Irregular Looping



TABLE 1 (cont'd)

Year Cyclone Cyclone Date/Time Date/Time Period of Location of Diameter Looping
Intensity Name Start of End of Looping Looping og Direction
Looping Looping Days Lat. Long. Loop Lat.
1976 S Marie 4, 3.00 4. 7.00 1.5 8.5 140.5 0.5 cC
1976 S Olga 5.19.00 5.20.00 1.0 15.5 124.5 0.5 cC
1976 T Pamela 5.14.12 5.18.00 3.5 7.5 152.0 3 CcC
1977 S Diana 9.16.12 9.21.00 1.0 17.0 116.0 1 cC
1977 S Ivy 10.21.00 10.23.00 1.0 17.5 146.0 1 cC
1977 D Jean 11. 2.00 11. 3.00 1.5 27.0 146.5 1 CcC
1977 T Mary 12,24.00 12.25.00 0.5 13.0 169.5 0.5 c

lT = Typhoon, S = Tropical Storm, D = Depression 2C = Clockwise, CC = Counterclockwise, » = Irregular Looping



TARLE 2

Individual Cases of Western Atlantic Looping Cyclones

Year Cyclone Cyclone Date/Time Date/Time Period of TLocation of Diameter Looping
Intensity Name Start of End of Looping Looping og Direction
Looping Looping Davs Lat. Long. Toon "Tat.

1957 S Frieda 9.20.12 9.24.12 4.5 30.5 69.0 6.5 C
1959 H Gracie 9.25.12 9.27.00 0.5 28.0 73.0 0.5 c
1960 D 6.24.12 6.26.00 1.0 28.5 98.5 1 cc
1960 D Florence 9.22.00 9.22.12 1.0 22.5 83.5 1 ccC
1961 S Esther 9.21.12 9.25.12 4.5 38.5 68.0 6 c
1961 D Jenny 11. 4.12 11. 7.12 1.5 27.0 45.0 3 cc
1962 S Celia 9.18.12 9.20.12 2.5 30.0 53.0 3 C
1963 H Flora 10. 5.00 10. 9.00 3.0 2.0 77.5 2 c
1963 H Ginny 10.20.00 10.28.00 8.5 31.0 77.0 5 ©
1964 D Isbell 10.11.12 10.12.12 1.5 19.0 86.0 0.5 ccC
1965 H Betsy 9. 4.12 9. 6.00 1.5 28.5 75.5 0.5 C
1965 H Carol 9.23.12 9.28.12 3.5 33.5 41.5 1 C
1966 H Inez 10. 3.12 10. 4.12 0.5 25.5 78.5 0.5 CcC
1966 S Lois 11. 4.12 1. 7.12 3.5 25.5 53.0 4.5 cC
1967 H Doria 9.11.12 9.17.00 8.0 36.5 72.5 7.0 cc
1968 D Abby 6. 8.12 6.11.12 3.5 34.0 80.5 3.5 o
1969 H Inga 9.29.12 10.15.00 14.5 29.5 57.0 10.0 c
1969 S Kara 10.12.00 10.15.00 4.5 33.0 73.0 245 ©
1969 H Laurie 10.20.00 10.25.12 5.0 25.0 89.0 5 C
1971 H Ginger 9.14.12 9.21.12 9.5 37.5 53.5 6.5 ©
1971 S Laura 11.16.00 11.19.12 2.0 21.0 83.5 1.5 C
1972 H Betty 8.29.12 9. 1.00 2.5 41.0 34.0 2.5 C
1972 H Dawn 9. 7.12 9.11.00 3.5 35.0 72.0 4.0 cC
1973 S Delia 9. 5.00 9. 6.00 1.0 28.5 95.5 1.0 cC
1974 H Gertrude 9.30.00 10. 1.00 0.5 11.0  56.5 0.5 cc
1976 S Belle 8. 6.12 8. 8.12 0.5 26.0 73.0 0.5 cc
1977 S Clara 9. 9.00 9.11.00 2,0 33.5 63.0 L5 C

2 ‘
lH = Hurricane, S = Tropical Storm, D = Depression C = Clockwise, CC = Counterclockwise, « = Irregular Looping
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Fig. 1. Erratic and looping tropical cyclone tracks of th: west Atlantic
(diagram a) and the northwest Pacific (diagram b).
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Fast and slow moving cyclones were selected by the following speed
criterion, It was required that fast-moving cyclones continue moving
faster than ‘'.5 m/s for at least three consecutive 12 hour time periods
or more, Slow-moving cyclones were required to move at a speed of less
than 2.5 m/s during a period no shorter than 36 hours. Because there
are so many individual cases of slow and fast motion (examples were
objectively selected by the computer), a listing of these cases will not
be given.

2.2 Occurrences of Special Motion Categories

The occurence frequencies per year of these three types of cyclone
motion during 1957-1977 in the west Pacific and west Atlantic are listed
in Table 3. During this 21 year period in both oceans there were 262
fast motion cases, 201 slow motion cases, and 112 looping motion cases.
The year to year variability is large. For example, in the west
Pacific, the yearly mean looping events were 4, but in 1968 there were
13 looping cyclones while in 1959 there was nome, A similar large
variability exists in the Atlantic and also with the annual variability
of slow and fast cyclones.

Comparirg the three types of motion occurrences to the total
tropical cyclone occurence, one finds that about one cyclone in seven
experience a looping motion in both oceans while about one storm in two
in the west Atlantic and ome in four or five in the west Pacific
undergoes a fast or slow motion. This suggests that both fast and slow
motions occur more frequently in the west Atlantic than in the west
Pacific. Figure 2 shows the speed distribution in both oceans. Cyclone
mean speeds are almost the same in both oceans, but the variability of

cyclone speed is somewhat larger in the Atlantic.
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TABLE 3

Number of occurrences of fast, slow, and looping tropical cyclone motion
events during 1957-1977 in the west Pacific (W.P.) and the west Atlantic
(ATL.). ©Note that some storms can have more than one per:od of fast,
slow, or looping motion. '

Year Fapt Moving | Slow Moving Looping Total Tropical
(yclone
‘ QOccurrences
W.P. ATL. W.P ATL. W.P. ATL. W.P. ATL.
1957 15 4 7 1 1 1 21 8
1958 6 8 3 2 2 0 22 10
1959 10 7 1 4 0 1 26 11
1960 9 4 9 0 3 2 27 7
1961 11 4 8 3 4 2 31 11
1962 14 2 13 3 4 1 30
1963 3 4 6 5 1 2 25 9
1964 13 8 5 7 4 1 40 12
1965 12 3 3 5 3 2 34 6
1966 11 6 8 5 6 2 30 11
1967 10 3 9 6 4 1 35 8
1968 5 5 13 3 13 1 27 8
1969 6 8 3 8 5 3 19 15
1970 2 1 4 3 5 0 24 10
1971 9 7 3 9 5 2 35 13
1972 6 2 9 1 9 2 30 7
1973 0 6 4 1 3 1 21 8
1974 4 4 4 2 2 1 32 11
1975 5 2 4 3 4 0 20 9
1976 9 6 10 2 3 1 25 10
1977 6 2 1 1 4 1 19 6
SUM 166 96 127 74 85 27 573 195
Yearly = 5 4 4.6 | 6.0 3.5 | 4.0 1.3 |27.3 9.3

Mean
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2.3 Duration of Fast (> 7.5 m/s), Slow (< 2.5 m/s) and Locping
Motion Events.

Figure 3 shows the distribution of the duration (in days) of these
three types of cyclone motion., There is no significant difference in
fast and slow periods between the two ocean basins., More than 90% of
fast and slow cyclone motion periods are less than 3 days duration.

Looping periods can take anywhere from 1/2 to about 1(! days. In
the west Atlantic the mean looping period is 3.7 days while in the west
Pacific it is about 2 days. The 85 percentile periods are 3 days in the
Pacific and 5 days in the Atlantic. Thus, a looping motion typically
takes longer to complete in the Atlantic tham in the Pacific,

Figure 4 shows the distribution of looping diameter. In the
Pacific the mean looping diameter is only about 1.4° latitude. More
than 85% of the west Pacific looping cyclones have looping diameters of
less than 2° latitude. In the Atlantic the mean and 85 percentile loops
are 3.3° and 7.0° latitude respectively. Thus, looping motion is of
significantly larger size and of longer duration in the Atlantic than in
the Pacific,

Figure 5 shows the direction of looping. In the Pacific
counterclockwise (CC) loops are more frequent than clockwise (C) loops
by a ratio of 2 to 1, while in the Atlantic, clockwise and
counterclockwise loops have a similar frequency. Thus, a higher
percentage of clockwise loops occur in the Atlantic than in the Pacific.
2.4 Monthly Distribution of Events

Figure 6 shows the mean monthly distribution of the three motion
classes during the 21 years in both ocean basins. Not much difference

exists between these three classes of motion except in the early part of
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the storm season when looping and slow motion is much less frequent in
the Atlantic. Figures 7 and 8 show tropical cyclone tracks of July and
November during the 90 years of 1886-—1977 in the west Atlantic. Imn July
most of the cyclones take on the usual straight or recurving track while
in November a higher percentage of storms follow looping tracks.

2.5 Geographic Distribution

There are significant differences in the geographic distributions
of these motion classes between the two ocean basins. In the Atlantic
the distribution of fast storms (Fig. 9) has two maxima which represent
the fast cyclones on the north and south sides of the subtropical ridge.
In the Pacific (Fig. 10) only one maximum occurs. The Pacific fast
motion maximum to the south of subtropical ridge does not appear
separately., On the other hand, Atlantic slow and looping motion
distributions (Figs. 11 and 13) have their maximum at higher latitudes
than the Pacific systems (Figs. 12 and 14).

The geographic distributions of total tropical cyclone occurence
(Figs. 15 and 16) are different between the two oceans, however. In the
Atlantic more cyclones occur at higher latitudes than in the Pacific.

It would be helpful to compare the geographic distributions of the ratio
of these three types of motion occurremces to the total cyclome
occurence.

Figures 17-22 show comparative results by ocean and motion
categories. The percentage of fast moving cyclones (Figs. 17 and 18)
are both high to the north of 30°N and both low between 20°N and 30°N in
the two oceans. Significant difference between the two oceans appears
to the south of 20°N where the ratios in the Pacific are still lower

than 20 percent while nearly all cyclones at low latitude in the
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Atlantic move fast.

The percentage of slow storms in the western parts of the two
oceans are similar., However, this difference is significant in the
eastern parts of the two oceans. The maximum percentage of slow moving
storms is at higher latitudes in the Atlantic (35°N) than in the Pacific
(5~10°N) - see Figs. 19 and 20.

Difference is also apparent for the percentage of cyclones which
undergo a looping motion. In the Atlantic, the highest percentage
occurs to the north of 20°N. while in the Pacific the highest percentage
of looping cyclones is south of 20°N (Figs. 21 and 22).

Figure 23 shows the ratios of the number of these three types of
storm motion to the total occurrence of cyclones. South of 20°N, the
percentage of fast moving cyclones is higher in the Atlantic than in the
Pacific but the percentage of looping cyclones is much lower north of
20°N. The percentage of slow moving and looping cyclones in the
Atlantic is nearly twice as great as in the Pacific but the percentage
of fast moving storms in the two oceans are almost the same,

Why are there such differences in the cyclone motion climatologies
between the two oceans? Most of these differences are believed to be
due to the climatological enviromments in which the cyclones exist.

Before attempting to further explain these climatological motion
differences, let us first compare the typical synoptic situations in

which these three classes of cyclome motion exist.
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3. SYNOPTIC CASE STUDIES OF LARGE SCALE SURROUNDING CIRCULATIONS
ASSOCIATED WITH THESE THREE CYCLONE MOTION CLASSES

After studying m#ny individual cases it was found that the types of
large scale circulation patterns which occur with these three types of
motion are related to the latitudinal position of the tropical cyclone
relative to the subtropical ridge. Thus, in all the following analyses,
storms will be stratified as to whether they are north, on, or south of
the subtropical ridge at 500 mb.

3.1 Storms to the North of the 500 mb Subtropical Ridge

Figures 24 to 29 show six tropical cyclone tracks illustrating the
three different motion classes., These storms are Gladys (October 1968),
Heidi (October 1967), Inga (September 1969) in the Atlamntic (Fig. 24)
and Helen (September 1969), Ellen (July 1973), Bess (August 1960) in the
Pacific (Fig, 25). The characteristics of the large scale circulation
associated with each of these cyclones which were all located to the
north of the subtropical ridge will be examined.

Fast Cases. Gladys and Helen began moving fast after they had
moved to the north of the latitude position of the subtropical ridge.
Figures 26 to 29 show the 500 mb and surface charts when the speed of
these two cyuloneé’first began to exceed 7.5 m/s. At 500 mb (Figs. 26
and 28), a strong westerly trough exists at a distance of about 15°
longitude to the northwest of these two cyclones. Both cyclone systems
were greatly influenced by the strong southwest air flow on the east
sides of these troughs. Winds of magnitude 20 m/s at 500 mb are
observed as close as 5° latitude from the center of these cyclones. In
each of the two surface charts (Figs. 27 and 29), the surface

subtropical 1idge was split by a frontal trough which had a northeast—



24

C - S E ]
~ DEPARTMENT OF COMMERCE. WEATHER BUREAU) f}"
N

NORTH ATLANTIC HURRICANE TRACKING CHART

NG <,

?

?—,«— -—J,

Fig. 24. Typical track examples of an Atlantic fast (Gladys), slow
(Heidi), and looping motion (Inga) storm to the aorth of the
subtropical ridge in the Atlantic.
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Fig. 25. Typical track examples of a Pacific fast (Helen), slow (Ellen),
and looping motion (Bess) to the north of the sibtropical ridge
in the Pacific.
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Fig. 26. 5)0 mb weather map for 20 Oct. 1968* of Hurricane Gladys

waich moved very rapidly. The main trough is to the northwest
side of the hurricane.

Fig. 27. Surface weather map for 20 Oct. 1968, for Hurricane Gladys
which moved very rapidly. A surface trough with front extend-

ing towards the hurricane is round on the northeast side of
the storm.

*All the we:sther maps shown in this paper are at 12Z except where noted
otherwise.
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Fig. 28. 500 mb weather map for 11 Oct. 1969, of Typhoon Helen which
moved very rapidly. A major trough is to the northwest side
of the cyclone.

Fig. 29. Surface weather map for 11 Oct. 1969, of Typhoor Helen which
moved very rapidly. A surface trough with associated front
lies to the northeast of the hurricane.
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southwest orientation and appeared to be connected to the cyclone., This
caused the surface wind on the east side of the cyclone to be strong and
from a southwesterly direction, The surface 'steering flow’ was thus in
the same direction as the winds at 500 mb. This leads to a deep layer
steering flow towards the northeast. Storms which move fast have the
same direction steering flows through a deep layer.

Slow Cases. Heidi and Ellen moved slowly for a period after they
had moved across the subtropical ridge. Figures 30 to 33 show the 500
mb and surface charts when these two cyclones began moving slowly (with
a speed < 2.5 m/s). At 500 mb (Figs. 30 and 32) a large amplitude
westerly trough exists at 20-30° longitude to the northeast of these
storms, Ridges were located about 5% to the west and north of the
cyclone. This resulted in a relatively weak circulation around the
cyclone. The 500 mb charts show that 20 m/s winds were located greater
than 15° latitude away from the cyclone. On the surface (Fig. 31) a
strong ridge exists to the north of Heidi, providing easterly steering
flow at the surface. Such easterly steering opposses the 500 mb
westerly steering flow. Ellen (Fig. 33) was embedded between two
surface ridges. Two areas of maximum wind to the north and south of the
cyclone resulted in a weak deep layer steering current.

Looping Cyclones. Inga and Bess took clockwise loops after they
had moved across the latitude of the subtropical ridge. Figures 34 to
40 show the 500 mb and surface charts when these two cyclones were in a
looping motion and were moving southward. Comparing Figs. 36, 37, 39
and 40 with Figs. 30 to 33, we can see that looping and slow motions
have similar large scale circulation characteristics: low zonal index

circulation, a westerly ridge at about the same longitude as the cyclone
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Fig. 30. 500 mb weather map for 26 Oct. 1967 of Hurricane Heidi which
moved very slowly. The major trough is to the northeast side
of the cyclone.
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Fig. 31. Surface weather map for 26 Oct. 1967 of Hurricane Heidi which
moved very slowly. There is a strong high pressure cell just
to the north of the cyclone.
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Fig. 32. 530 mb weather map for 21 July 1973 00Z of tropical storm
Ellen which moved very slowly. Note that the major trough
i3 to the northeast of the storm.
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Fig. 33. Surface weather map for 21 July 1973 00Z of tropical storm
Ellen which was moving very slowly. A weak surface high
pressure ridge is located to the north.



30

Fig. 34. 500 mb weather map of 4 Oct. 1969, of Hurricane Inga which
was undergoing a looping motion.
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Fig. 35. 500 mb weather map of 7 Oct. 1969 of Hurricane Inga which
was undergoing a looping motion.
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Fig. 36. 500 mb weather map of 10 Oct. 1969 of tropical storm Inga
which was experiencing a looping motion. Figures 34-38 show
how the northeast trough was developing when Inga took on a
looping wmotion.

Fig. 37. Suiface weather map of 10 Oct. 1969 showing tropical storm
Injja which was experiencing a looping motion. Note the strong
hijth pressure cell on the north side of the cyclone.
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Fig. 38. 500 mb weather map of 14 Oct. 1969 of tropical depression
Inga which had undergone a looping motion.
and a westerly trough 20-30° longitude to the northeast of the cyclone,
These circulation features result in a weak steering flow around the
cyclone and with opposite steering directions at 500 mb and the surface.
Looping motion can be distinguished from slow motion by a deepening
trough to the northeast of the storm, Figures 34 to 38 show how the
east trough was developing when Inga took on a looping motion. It is
the north wind behind a strong developing trough to the northeast of the
cyclone which drives the cyclone southward and develops its looping
motion. As the trough deepens a ridge becomes established to the north
of the storm (Fig. 38) and the cyclone begins moving towards the west,
Finally, another trough to the west of the cyclonme catches up with the
cyclone and steers it out of its loop. The ridge behind the trough then

strengthens and draws the cyclone westward. From the 500 mb maps of 4,
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Fig. 39. 300 mb weather map of 22 Aug. 1960 00Z of Typhoon Bess which
was undergoing a looping motion. A major trough is to the
aortheast of the typhoon.

Fig. 40. Surface weather map of 22 Aug. 1960 00Z of Typhoon Bess which

was undergoing a looping motion. A high pressure cell exists
on the north side of the cyclone.
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7, 10, 14 October, 1969 we can see the simultaneous occurrence of the
developing trough to the east of the looping event.
3.2 Storms On or Near the Subtropical Ridge

Figures 41 and 42 show six other cyclone tracks for cyclomes on or
near the subtropical ridge which underwent fast, slow, or loopimng
motion, These storms are Cleo (Aug., 1960), Gladys (Sept., 1964), Flora
(Sept., 1963) in the Atlantic and Ida (Sept., 1966), Agnes (Sept., 1974)
and Elaine (Nov., 1965) in the Pacific.

Fast Cases. Cleo and Ida went across the subtopical ridge with
speeds greater than 7.5 m/s. Figures 43 to 46 show the 500 mb and
surface charts when these two cyclones were near the subtropical ridge.
In the two 500 mb charts (Figs. 43 and 44), a westerly trough penetrated
deeply into the subtropics splitting the subtropical ridge. The
westerlies at the bottom of the trough were in fact at a latitude 15°
further south than the subtropical ridge. These cyclones were located
between a trough to the west and a subtropical ridge to the east. The
steering current was therefore very stromg from the south.

At the surface (Figs. 44 and 46) these cyclones were also located
in a general southerly current, These cases illustrate how rapid a
cyclone moves when the steering flows at the surface and 500 mb are from
the same direction.

Slow and Looping Cases. Gladys and Agnes moved slowly (speeds ¢
2.5 m/s), while Flora and Cleo looped when they went across the latitude
of the subtropical ridge. Figures 47 to 54 show the 500 mb and surface
maps when these four cyclomes moved across the latitude of the
subtropical ridge. The common characteristics of their surrounding

large scale circulation are: 1) at 500 mb there was a westerly trough at
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Fig. 42. E;aﬁples of a Pacific fast (Ida), slow (Agnes), and looping
(3ilaine) motion storm located on or near the subtropical
ridge.




500 mb weather map of 19 Aug. 1969, 12Z of Hurricane Cleo
which was moving very rapidly. The westerly trough pene-
trated deeply into the subtropics. Note that the hurrican:

is located between the subtropical high cell to ‘:he east
and the westerly trough to the west.

Fig. 44.

Surface weather map of 19 Aug. 1960, 12Z of Hurricane Cleo

which was moving rapidly. Like at 500 mb, the hirricane

is also under the influence of southerly flow at the surfa:e.
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I"ig. 45. 500 mb weather map of 24 Sept. 1966 of Typhoon Ida which was
noving very rapidly. The westerly trough penetrates deeply
:nto the tropics. The typhoon is between the subtropical high
cell to the east and the westerly trough to the west.
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Fig. 46. Surface weather map of 24 Sept. 1966 of Typhoon Ida which was
moving very rapidly. At the surface the typhoon also tends
to be under the influence of a southerly current.
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Fig. 47. 500 mb weather map of 19 Sept. 1964 of Hurricane Gladys wkich
was moving very slowly. Trough locations one 'day before
(T-1) and one day after (T+l) are also labeled. The main
trough is on the northeast side of the hurricane and is moving

very slowly.

Fig. 48. Surface weather map of 19 Sept. 1964 of Hurricane Gladys vwhich
was moving very slowly. A high pressure band is to the north
of the hurricane.
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Fig. 49. 500 mb weather map of 27 Sept. 1974 of Typhoon Agnes which
was moving very slowly. Trough locations one day before
(r-1) and one day after (T+l) are also labeled. The main

trough is to the northeast side of the typhoon and moving
vary slowly.
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Fig. 50. Surface weather map of 27 Sept. 1974 of Typhoon Agnes which
wss moving very slowly. A high pressure ridge is located on
tte north of the typhoon.



500 mb weather map of 5 Oct. 1963 of Hurricane Flora which
was undergoing a looping motion. The trough locations one
day before (T-1) and one day after (T+l) are shown. The main
westerly trough is to the northeast of the hurri:cane and is

Fig. 51.

moving rapidly.
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Surface weather map of 5 Oct. 1963 of Hurricane Flora which
was looping. A high pressure cell is located to the north

of the hurricane.

Fig. 52.
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41

10 Nov. 1965 of Tropical Storm Elaine,
which was undergoing a looping motion. Trough locations one
day before (T-1) and one day after (T+l) are labeled. The

main trough is to the northeast of the depression and it is

53. 500 mb weather map of

moving rapidly.

r. 54. Surface weather map of 10 Nov. 1965 of Tropical Storm Elaine
which was undergoing a looping motion. A high pressure band

is to the north of the storm.
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10-20° northeast of the cyclone; a ridge was located at 10~2)° on the
northwest side; the cyclone was thus in a weak steering curr:nt, 2) at
the surface the cyclone was to the south of a high pressure :ell and its
steering current was generally from the east.

The distinguiéhing feature between the slow and looping cases (as
with the cyclones north of the subtropical ridge) is still i1 the trough
to the northeast side of the cyclone. The two slow cyclones (Gladys and-
Agnes) are associated with troughs to the northeast which do not move
(Figs. 47 and 49) while the two looping cyclomes (Flora and leo) are
associated with fast moving troughs (Figs. 51 and 53).

3.3 Storms to the South of the Subtropical Ridge

The tracks of the six cyclones to the south of the subtropical
ridge are in Figs. 55 and 56. They are Cleo (Aug., 1964), Biulah
(Sept., 1967), Delia (Sept., 1973) in the west Atlantic and 3ally
(Sept., 1964), Bess (Aug., 1957) and Faye (Oct., 1957) in th: west
Pacific.

Vhen Cleo and Sally moved fast south of the subtropical ridge the
500 mb (Figs. 57 and 59) flow indicates a strong and zomal saibtropical
ridge to the north of the cyclome. Strong zonal air flow exists on both
the north and south sides of the subtropical ridge. Cyclones are in a
strong easterly current, At the surface (Figs. 58 and 60) there is also
a zonal high pressure ridge to the north of the cyclome. Thuas, surface
and 500 mb steering currents are in the same direction.

When Beulah and Bess moved slowly and when Delia and Faye looped,
the large scale circulations were similar., At 500 mb, cyclones were
located near a neutral point, Westerly troughs were located to the

north of the cyclones and subtropical highs to the east and west sides,
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Fig. 57. 500 mb weather map of 21 Aug. 1964 of Hurricane (leo which
was moving rapidly to the south of the subtropical ridge.
There are strong tradewinds and a strong subtrop:cal ridge.

Fig. 58. Surface weather map of 21 Aug. 1964 of Hurricane Cleo which
was moving rapidly to the west. Note the strong high pressure
cell to the north of the hurricane.



Fig. 59. 500 mb weather map of 5 Sept. 1964 of Typhoon Sally which was
moving rapidly. There are moderately strong trade winds and
a subtropical ridge on the poleward side of the storm.
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Fig. 60. Sunface weather map of 5 Sept. 1964 of Typhoon Sally which
was moving rapidly to the west. Note the high pressure cell
to the north of the storm.
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The net 500 mb circulation around the cyclone was quite wesk (Figs. 61,
63, 65 and 67), The surface circulations (Figs. 62, 64, 6G and 68) were
essentially the same as the 500 mb circulatioms.

The looping motions still distinguished themselves from the slow
cases by the moving troughs to their northeast. In Figs. ¢1 to 67
troughs one day before (T-1) and ome day after (T+1) map time are also
labeled. From these maps we can see how the westerly troughs move in
the looping cases but not in the slow cyclome motion cases,

3.4 Looping Motion Induced by Bimary Cyclones

As Chen and Ding (1979) have previously noted, when tvwo or more
cyclones exist in close proximity (10-—-15° or so) to ome ancther, a
mutual interaction can alter the motion of each cyclone, 7The different
cyclone tracks are complex. A complete discussion is beyord the scope
of this paper. In this paragraph, one typical example is listed to show
how the interaction of cyclone pairs can make the west cyclome go
through a looping motion. This is the typical situation when two
cyclones interact with each other — the westerly cyclone will undergo
the loop. This has been previously noted by Chen and Dimg (1979).

Brand (1970) has also discussed this type of cyclone motionm.

Figure 69 shows the tracks of a pair of cyclones — Sarah and Wanda
in September, 1967. On 18 September, Wanda was located west of Sarah.
Comparing the 500 mb charts of 18 and 22 September we can see that the
large scale flow patterns were very similar, So if there were no Sarah
to the east, Wanda would have recurved on 18 September. But Sarah
caught up with Wanda and recurved before Wanda. Wanda then looped prior

to recurving on 21 September (Figs. 70 to 72).
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Fig. 61. 500 mb weather map of 7 Sept. 1967 of Tropical Storm Beulah

which was moving very slowly. The trough locations one day
bafore (T-1) and one day after this time period (T+l) are
mirked. The main westerly trough is to the north of the storm
and [it is moving slowly. The storm is near a neutral point

in ghe flow field.
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Fig. 62. Surflace weather map of 7 Sept. 1967 of Tropical Storm Beulah

which was moving very slowly. The surface ridge to the north
of the storm is weak.
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Fig. 64.
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- S
500 mb weather map of 31 Aug. 1957 of Typhoon Bess which was
moving very slowly. The main trough was to the north of the
typhoon and was moving very slowly. Typhoon was near to a
neutral point. The trough position one day befcre (T-1) and
one day after (T+l) the current time is marked.
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Surface weather map of 31 Aug. 1957 of Typhoon less which was
moving very slowly. The high pressure cell to the north of
the typhoon has broken down. The typhoon is necra neutral
point.
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Fig. 65. 500/'mb weather map of 00Z 4 Sept. 1973 of Tropical Storm

Delia which was undergoing a looping motion. Main trough
is to the north of the storm and moving rapidly. Storm
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Fig. 66. Surface weather map of 4 Sept. 1973-~007 of Tropical Storm
Delia which was undergoing a looping motion. The high pres-
sure cell to the north of the storm is broken. Storm is
near a neutral point.
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Fig. 67. 500 mb weather map of 10 Oct. 1971 of Tropical Storm Faye
which was looping. The main trough is to the north of the
storm and is moving rapidly to the east. The stcrm is near
a neutral point.

Fig. 68. Surface weather map of 10 Oct. 1971 of Tropical storm Faye
which was looping. The high pressure band to the north of
the storm is broken. The storm is near a neutra.. point.
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Fig. 69. The tracks of Hurricanes Sarah and Wanda during Sept. 1967.
Before 19 Sept., Wanda was directly to the west of Sarah.
Sarah was moving faster than Wanda. By 19 Sept. Sarah
moved within 15~ latitude of Wanda and each storm began
affecting the others steering flow. Such steering flow
caanges caused Sarah to recurve and Wanda to take on a
looping motion.

Fiz. 70. 500 mb weather map of 18 Sept. 1967. Sarah was catching up
with Wanda.
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Fig. 71. 500 mb weather map of 20 Sept. 1967. Sarah has noved to the
north and east side of Wanda. Sarah recurved rapidly and
Wanda looped.

Fig. 72. 500 mb weather map of 22 Sept. 1967. After Sarah moved away,
Wanda resumed a straight northward motion.
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3.5 Summary

From the individual case studies it can be seen that these three
types of tropical cyclone motion in both ocean basins are closely
related to the large scale flow patterns around the cyclones., Storms
undergoing different motion characteristics have different surrounding
flow patterns., After compositing the daily 500 mb and surface weather
maps of 575 cases (262 fast cases, 201 slow cases, 112 looping cases,
and nothing that each case may extend for several days) in both oceans
we find that the characteristics of the large—scale circulation
described above are also typical for the average storm cases, Idealized

examples of these flow cases will be discussed in the next section.
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4. GENERAL SYNOPTIC MODELS FOR FAST, SLOW AND LOOPING STORM CASES

All the individual 500 mb and surface weather maps related to these
three types of motion categories in both oceans (262 fast cases, 201
slow cases, 112 looping cases, each for several days) were studied. All
cases occurred during the 21 years of 1957- 1977. The data used are:
Daily Series Symoptic Weather Maps (January, 1957— April 1971), Daily
Weather Maps (May 1971-December 1977) of the US NOAA Environmental Data
Service and Daily Weather Maps (January 1961-December 1977) of the Japan
Meteorological Agency. From these various case studies, typical
synoptic—~scale circulations associated with each of these three classes
of cyclone motion can be generalized into various idealized models.

4.1 For Storms North of the Subtropical Ridge

Fast Motion. At 500 mb (Fig. 73) a westerly trough is located 10-
20 longitude to the northwest side of the cyclome. A westerly ridge is
located 10-20° longitude on the northeast side of the cyclome. The
storm is thus located in strong southwest airflow just to the east side
of a westerly trough. A high speed air current is as close as 5°
latitude to the storm center. At the surface (Fig. 74) the poleward
part of the cyclone is connected with a surface trough which extends
northeastward. The surface steering flow has nearly the same direction
as that of the 500 mb flow,

Slow and Looping Motions. At 500 mb (Fig, 75) a westerly trougl is
located 20-30° to the northeast side of the cyclone. In looping cases,
this trough to the northeast is developing and moving. A westerly ridge
is located at about the same longitﬁde as the cyclone. The overall

surrounding circulation is weak., High speed airflow is at least 15°
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500 MB

Fig. 73. Typical conditions for fast cyclone motion to the north of

the subtropical ridge. A westerly trough is located 10-20°
on the northwest side of the cyclone.

40

SFC

Fiz. 74. Typical surface conditions associated with Fig. 73. The trop-

icall cyclone is connected with a frontal trough which extends
to the northeast.
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1

500 MB

Fig. 75. Typical flow pattern for slow moving and looping tropical
cyclones north of the subtropical ridge. The westerly trough
is in 20-30° longitude to the east and north of the cyclone.
In looping cases, this trough is deepening.

SFC

Fig. 76. Typical surface conditions with Fig. 75. A surface high
pressure cell is located to the north of th cyclone.
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latitude away from the cyclone. At the surface (Fig. 76) a high
pPressure exists to the north of the cyclome. Surface steering flow is
generally easterly and in an opposite direction to the 500 mb flow.
4.2 For Storms Near the Subtropical Ridge

Fast Motjon. At 500 mb (Fig. 77) a westerly trough digs deeply
into the subtropics to the west and a subtropical high cell is located
to the east. The steering current is strongly from the south. At the
surface (Fig. 78) an anticyclone associated with the subtropical ridge
is to the east and a cyclonic circulation to the west. The surface
steering current is in the same direction as the 500 mb flow and is
moderately strong from the southwest.

Slow and Looping Motion. At 500 mb (Fig. 79) a westerly trough is

located 10-20° to the northeast side of the cyclone. In the looping
situations a fast-moving shortwave is present at this location. A
westerly ridge is located 10-20° on the poleward side of the cyclone.
This ;esults in a weak steering flow around the cyclone. At the surface
(Fig. 80) there is a ridge to the north of the cyclone. Surface
steering is gemerally from the east and opposite to that at the middle
levels,

4.3 For Storms to the South of the Subtropical Ridge.

Fast Motion. At 500 mb (Fig. 81), there is zonal westerly flow at
midlatitudes and a subtropical ridge which causes stronger than normal
trade winds at the surface (Fig. 82). There is also a ridge to the
north of the c¢yclone. The cyclone is in a strong easterly steering flow
at both 500 mb and at the surface.

Slow and Looping Motions. At both 500 mb and the surface (Figs. 83

and 84) the tropical cyclone is near a neutral point. A westerly trough
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500 MB

Fig. 77. Typical flow pattern for fast moving tropical cyclones near
the subtropical ridge. A westerly trough extending deep into
the subtropics in 10-20° longitude to the west of cyclones.

SFC

Fig. 78. Typical surface conditions associated with Fig. 77. A surface
high pressure is to the east of the cyclone.
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Typical flow pattern for slow moving and looping tropical
cy?lones near the subtropical ridge.
located 10-20°

Fig. 79.

A westerly trough is
to the northeast of the cyclone.

In looping
cases, this is a rapidly moving short wave trough

{o

/7
\
~J
|
\
\\
20
40
0

SFC

Fig. 80; Typical surface conditions associated with Fig. 79

A surface
high pressure is to the north of the cyclone.
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Fig. 8l. Typical flow pattern for fast moving tropical cyclones south
of the subtropical ridge. There are zonal easterly winds and
a strong subtropical ridge to the north side.

40
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SFC

Fig. 82. Typical surface conditions associated with Fig. 8l. Strong
surface ridge is also to the north of the cyclone Steering
flow is the same at both levels.
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500 MB

Fig. 83. Typical flow pattern for slow moving and looping tropical
cyclones south of the subtropical ridge. A westerly trough
is located at about the same longitude to the north. The
cyclone is near the neutral point in the flow field. 1In loop-
ing cases there is a short wave trough moving rapidly by the
cyclone to the north.
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Fig. 84. Typical surface map associated with Fig. 83. The surface_.
cyclone is also located near a neutral point in the flow field.
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exists relatively far to the north. Two high pressure cells exist to
the east and west of the cyclone. In looping cases, the westerly trough
moves quickly .

From the schematic maps shown above we can see that westerly waves
have a major influence on tropical cyclone motion, and that the relative
reinforcement of the surrounding steering current between middle and low
levels greatly affects the cyclone speed. Fast motion requires that the
surface and middle level steering be in the same direction.

In the next section, composited height maps and derived geostrophic
wind fields are presented to give a more quantitative verification of

these synoptic models,
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5. COMPOSITE ANALYSES OF THE THREE CLASSES
OF CYCLONE MOTION
5.1 Data Sources and Composite Methods

Daily 00Z and 12Z 500 mb height and surface pressure grid point
data during 1957-1977 were extracted from the National Center of
Atmospheric Science (NCAR), Boulder,Colorado global data tapes. This
information was used to make large—scale composite analysis of each of
the nine motion classes which are all stratified by their position
relative to the subtropical ridge at 500 mb.

Because high case counts are desirable for a representative
composite analysis, all the data related to the 575 cases were used.
Each case was divided into 5 periods: two days before the event (-2),
one day before the event (-1), during the event (0), the last day of the
event (1), and one day after the event (2). Every time period includes
two 12 hour intervals except the ’'during event’ period which can include
more time intervals. A few 0 or during events lasted as long as 8-10
days.

As before, each case was stratified by its latitude position
relative to the 500 mb Subtropical (S.) Ridge (R.). For fast motions,
determination of the position relative to the S.R. was simply based on
the direction of the cyclome. Cyclones moving in a direction towards
30°-50° are considered north of the S.R., cyclones moving in a direction
340°-20° are near the S.R., and cyclones moving 250°-290° are considered
south of the S.R. For slow and looping motions, the stratification is
based on the cyclone’s position relative to the 500 mb subtropical ridge

and the cyclone’s track as related to which side of the recurving point

it is on.
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After stratification, each case is put into ome of 90 specific
storm situations (two ocean basins, three types of motion, three
locations relative to the subtropical ridge, and five time periods
associated with the event),

A 5° latitude and longitude geographic grid is used for
compositing. The domain is —10o to +35° latitude and + 50° longitude
relative to the storm center. From the 500 mb height and surface
pressure field geostrophic winds were calculated and composited in each
of the 90 individual case situa;ions.

All the composite maps for these examples which have more than ten
cases are shown in the Appendix, From these composite maps, we can see
the major and persistent features which describe these various classes
of cyclone motion, The statistics of these composites will now be

discussed.

5.2 Differences in Westerly Trough Locations Associated With These Motion
Classes,

Figure 85 gives the 500 mb composite westerly trough locations
(longitude relative to cyclone center) between 10°-30° 1latitude to the
north of the cyclones by time period and event, Information is given
from two days before the event occurs until 1 day after the event. The
fast motion events have different distributions of westerly trough
positions than the slow and looping motion events. Irrespective of the
cyclone's location relative to the subtropical ridge, slow and looping
motions are always associated with a trough to the northeast of the
cyclone. Fast moving cyclones are always associated with a trough to
the west sidé. The more poleward the cyclone is relative to the
subtropical ridge, the further eastward the westerly trough is relative

to the slow and looping cyclones. This figure shows that there is a
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difference in the longitude positions of the westerly troughs of about
30° between the fast moving cyclones and the slow and looping cyclones.
These differences in westerly wave locations should result in composite
height differences, Figures 86-89 show 500 mb height differences of
fast minus slow, and fast minus looping motion for both Atlantic and
Pacific cases. These four maps show definite positive and negative
height differences to the northeast and northwest sides of these
different cyclone motion classes to the north of, near, and to the south
of the subtropical ridge, In diagram (a) of these figures (north of
S.R.), the pair of positive and negative centers are more to the east
than in diagram ¢ (south o S.R.). This verifies that the troughs which
cause cyclones to move slowly or loop are more to the east when cyclones
are to the north of S.R. and more to the west when cyclones are to the
south of S.R.

5.3 Flow Pattern Modification and Looping Motion to the North
of Subtropical Ridge

In the last section we saw that the difference map; of fast minus
slow and fast minus looping ’'during events’ indicate similar
distribution in the two ocean basins. Similar difference maps for the
periods of one and two days before the beginning of these events were
also made. Except for the looping motion storms to the north of the
subtropical ridge, most of the difference maps one day and two days
before events look very similar to the periods during the event. Figure
90 shows an example of the 500 mb height difference maps of fast minus
slow and fast minus looping motion two days before events in the west
Atlantic. The difference of fast minus slow events still retains a
pattern similar to that during the event (Figs. 86a and 90a). By

contrast, the difference of fast minus looping events shows appreciable
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change (Figs. 90b and Fig., 88a) from two days before until the event,
The flow pattern of slow motion did not change very much while the
looping motion pattern changed. Flow pattern modification is thus
important for looping motion cases to the north of the subtropical
ridge.

5.4 Differences in Wind Speed in the Surrounding Circulation Associated
With the Three Motion Classes

Figure 91 shows the distance from the tropical cyclome to the
nearest 10 m/s isotach (not the cyclone circulation itself) in the 500
mb composite maps of the three motion classes in the two ocean basinms.
This figure shows the influence of the surrounding 500 mb wind to the
cyclone speed. At 2 and 1 days before the event (except in the Pacific
north of the S.R.) there is little difference in the distances between
the cyclone and the 10 m/s isotach among the three motion classes, All
storm centers to 10 m/s isotach distances are greater than 10° 1latitude.
Major differences between fast motion and the other two types of motion
only appear during the events., When a cyclone to the north of the S.R.
starts moving fast, the surrounding westerly high speed airflow rapidly
approaches the cyclone center., In situations where the cyclone is mear
or south of the S.R. a new high speed airflow often separated from the
main westerly belt is observed to form near the cyclone.

During the periods in which cyclones move slow or loop, surrounding
cyclone 500 mb high speed air currents are far away from the cyclone.
When high speed air currents are far away from the cyclone it moves
slowly or takes on a looping motion. As soon as high speed air currents
approach the cyclone it accelerates. Thus, the surrounding airflow

exert quite an influence on cyclone motion.
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The analysis in section 5.2 shows that the location of the westerly
trough is very closely related to cyclone movement, The function of the
westerly trough, in fact, is to specify the degree to which the high
speed air currents approach the cyclone., With a westerly trough to the
west the cyclone becomes entrapped in the high speed currents. With a
large amplitude westerly trough to the east of or near the longitude of
the cyclone, the high speed westerly current is kept away from the
cyclone.

From the analysis shown above we can see that the surrounding
circulation has a very important influence on cyclone motion. In the
next section we shall try to explain how the surrounding airflow acts to

cause cyclone motion.
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6. WIND ASYMMETRY ACROSS FAST AND SLOW MOVING STORMS

Our analysis shows how closely related the storm’s environmental
circulations and its movement are. But how does the cyclone'’s
surrounding circulation physically affect its motion? In order to
understand this question better we have made additional composites of
rawinsonde data around fast— and slow—moving cyclones to compare their
differences,

Rawinsonde composites have thus been performed in the west Atlantic
vwvhere a 21 year data sample is available. The data distribution and
composite philosophy have been discussed in many of the earlier reports
of our research group such as Williams and Gray (1973), Frank (1977a,
1977b) and Gray et al. (1982).

All the fast and slow motion cases during the 21 year period of
1957-1977 we studied before were used to make rawinsonde composites.
These stratifications are similar to the height composites except that
rawinsonde data were used in place of grided height values. This gives
us the detailed vertical resolution which is not possible from just the
500 mb and surface data. Compositing was performed only during the
periods the storms were moving fast or slow for six situations (two
classes of motions (fast, slow) at three different locatioms (to the
north, near, and to the south of the subtropical ridge). Two coordinate
systems were used in the composites. They are: 1) the geographic
c¢yclindrical coordinate system and 2) the cyclome oriented cylindrical
coo;dinate system. In the former, the grid is always oriented to point
towards north, while in the latter, or cyclone system, the grid is

oriented along the directiom of cyclone motion, In this latter system
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the cyclone speed has been vectorially subtracted from all the winds so
that wind components are given relative to the cyclone center. Figure
92 shows this grid oriemtation.

6.1 Tangential Wind Asymmetry in Geographic Coordimates

Figures\93 through 98 show these tangential wind distributions of
the six cyclone movement cases in geographic coordimates. For each
composite, the vertical mean tangential winds for four layers are given,
These are: a) the 300-100 mb layer, b) the 1000-350 mb layer, c¢) the
700-350 mb layer, and d) the 1000-800 mb layer average wind. Cyclone
direction and speed are labeled with an arrow.

For the layer (1000—-350 mb) for which the storm cyclonic
circulation of the vortex extends, fast moving cyclomes (Figs. 93, 95,
97) are always associated with large tangential wind asymmetry
irrespective of their position relative to the subtropical ridge. That
is, the maximum tangential wind is always on the right side. Slow
moving cyclones (Figs. 94, 96 and 98) have much less tangential wind
asymmetry. This is a natural consequence of the storm vortex being
superimposed upon a large—scale steering current.

Figure 99 shows the mean tangential winds of the three octants omn
the right-hand-side and the three left side octants in the 1000-350 mb
layer at various radii. Figure 92 shows these octants, Figure 100
shows the subtraction of the left quadrant tangential winds from those
in the right quadrant, or the right vs. left quadrant asymmetry of the
cyclone. From these charts one can see that for fast moving cyclones,
the right side tangential winds are always stronger than the left side
ones. The maximum difference is 12 m/s near 4° 1atitude radius. For

slow moving cyclones, these right vs. left quadrant differences are
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_ Storm Direction or
north

OCTANT NO |

Fig. 92. Rawinsonde compositing grid in geographic or storm coordinates,
Arrow points to the north or in the direction of storm motion.
In the storm coordinate system the right side of the storm
octants is given by 6, 7 and 8. The left of the storm is given
by octants 2, 3, and 4.

typically less than 3 m/s. Figures 99 and 100 show that fast~moving

cyclones have very asymmetric tangential wind distribution while slow

moving cyclones do not.

At the outflow level (300-100 mb) (Figs. 93a, 94a, 95a, 96a, 97a,
and 98a) these differences in right vs. left quadrant tangential wind
betveen fast and slow moving cyclones are not nearly as apparent as at
low:r levels., It appears that the middle and lower troposphere levels
are much more important for cyclone motion than are upper troposphere

levels as some meteorologists during the 1950's use to hypothesize (E.

Jordan, 1952; Miller, 1958).
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a) 300-100 mb c¢) 700-350 mb

HmsA

b) 1000-350 mb d) 1000-800 mt

Fig. 93. Tangential wind distribution of fast moving cyclones to
the north of subtropical ridge in gecgraphic coordinates
for the following layer average winds: a) 300-100 mb,

) 1000-350 mb, <¢) 700-350 mb, and d) 1000-800 mb.
Arrows indicate the average cyclone direction and speed i
m/s.
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a) 300-100 mb c) 700-350 mb

b) 1000-350 mb d) 1000-800 mb

Fig. 94. Same as Figs. 93(a~d) but for slow moving cyclones to the
‘north of subtropical ridge. An arrow indicates cyclone
direction and speed in m/s.
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a) 300-100 mb c) 700-350 mb

b) 1000-350 mb c) 1000-800 mb

Fig. 95. Same as Figs. 93(a-d) -but for fast moving cyclones near sub-
tropical ridge. An arrow indicates cyclone direction and
speed in m/s.
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) 1000-350 mb ¢) 1000-800 mb

Fig. 96. Same as Figs. 9Xa-d) but for slow moving cyclones near sub-
tropical ridge. An arrow indicates the cyclone direction
and speed in m/s.
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a) 300-100 mb c) 700-350 mb

b) 1000-350 mb d) 1000-800 mb

Fig. 97. Same as Figs. 93(a-d) but for a fast moving cyclone to the
south of subtropical ridge. Arrows indicate the cyclone
direction and speed in m/s.
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c¢) 700-350 mb

b) 1000-350 mb d) 1000-800 mb

‘Fig. 98. Same as Figs. 97 (a-d) but for the slow moving cyclone to the
south of subtropical ridge. Arrows indicate the cyclone
direction and speed in m/s.
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6.2 Vertical Variablity of Tangential Wind Asymmetry

Comparing layer (c)-(700-350 mb) and layer (d)—-(1000-800 mb) therxe
are large differences existing in the vertical variability of tangential
wind asymmetry between fast and slow motion. (See Figs. 93c to 98¢ and
934 to 98d.) Regardless of the cyclone’s direction of motion, a large
left to right tangential wind asymmetry is present around the fast-—
moving cyclones. Also, it should be observed that the maximum winds at
each layer is on the same side of the cyclone. By contrast, when
cyclones move slowly, not only are the tangential winds more
symmetrical, but the maximum and minimum winds are often found at
different sides at different levels within the cyclone. Often two wind
maxima are present on different sides of the storm.

Figure 101 shows the tangential wind distribution around the
cyclone at 3-7° latitude radius at 500 mb and 950 mb. One can see that
for the fast-moving cyclones the maximum tangential wind at 500 mb and
950 mb is on the same side, Slow moving cyclones do not show this same
type of wind asymmetry. In addition the maximum wind at different
levels is often not on the same side of the cyclone. Fast-moving
cyclones are not only asymmetric in tangential wind distribution but
also the maximum winds at all levels is on the same side of the cyclone.
Slow-moving cyclones have not only a more symmetric wind structure; but
they also typically have maximum wind in different quadrants at
different levels. The right vs. left quadrant wind asymmetry is due to
the stronger steering current which the fast storm is embedded in. VWhen
one adds a vortex motion to this steering current, a large right vs.

left quadrant asymmetry naturally results.
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6.3 Asymmetry in Cyclone Coordinates

Figures 102 and 103 portray similar maps as Figs. 99 and 100 but
are in cyclone coordinate where the cyclone motion has been subtracted
from all of the winds and the coorxdinate system is oriented in the
direction to which the cyclone is moving, When this is done note that
the right vs, left quadrant asymmetry no longer exists and that the
asymmetry even reverses itself at radii larger than 4°., Both fast and
slcw cyclones have tangential wind asymmetry with maximum winds to the
left in the coordinate system relative to the moving storm center. And
as we expected this 'so called’ asymmetry is more apparent in fast
motion than in slow motion.

The asymmetry differences between these two coordinate systems
imply that tropical cyclones move faster than their surrounding steering
flow., The precise physical processes of tropical cyclone motion from a
variety of points-of-view are currently being investigated by J. C. L.
Chan (1982) and G. Holland (1982) of our project and more detailed
reports on this subject will be forthcoming.

This right vs, left side tangential wind asymmetry is essential for
cyclone motiorn and is caused by the surrounding storm steering current.
Cyclones can move rapidly only when the storm asymmetries coincide at
different levels. When cyclones lose their surrounding steering current
they quickly develop a symmetric wind structure., This symmetric wind
structure does not have strong preferred areas for positive vorticity
advection, In this case, the storm motion is dictated solely by the
earth’s vorticity advection which (as discussed by Holland, 1982) causes

storms to drift slowly westward.
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Thus, tropical cyclones are not isolated from their enviromnment, A
cyclope embedded in a uniform surrounding environmental flow pattern
will always have a asymmetric circulation. A cyclone in a static
sus rounding airflow will be symmetric. The action of the middle
latitude trough to the northeast of slow or looping motion situations is
to create a static environmental flow background. This produces a
synmetric wind structure about the looping storm.

Because tropical cyclone motion is so closely related to middle
latitude westerly trough distributions, it is important to examine how

cyclone motion is related to hemispheric flow patterns.
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7. HEMISPHERIC LONG WAVE TROUGH-RIDGE DISTRIBUTIONS ASSOCIATED WITH
THE THREE CLASSES OF CYCLONE MOTION

Figures 104 and 105 show the positions of hemispheric 500 mb
westerly wave troughs relative to the cyclone center position for
looping cyclones to the north and south of the subtropical ridge in both
oceans. These charts show that the westerly waves which affect cyclone
motion are a part of a special hemispheric circulation, The long waves
with wave number 5 (stationary wave pattern) seem to have preferred
longitudinal locations relative to the position of looping cyclomes, A
more quantitative examination of these westerly wave patterns seem in
order,

7.1 Data and Analysis Method

To examine the relationship between tropical cyclone motion and
hemispheric westerly wave distributions harmonic analyses was perforned
for these three classes of motion events. Analysis was made in 10-3)°
latitude bands to the north of the cyclone centers around the globe with
the daily 00Z and 12Z 500 mb height grid point data of 1957— 1977.

The 500 mb height field can be decomposed into Fourier components

as follows:

Hsoo(x) = A° + E? A cos m [x—(Qm-n)]. (1)
m=1
where
m = wave number
: Ah' = amplitude of wavenugber m (m=0, 1, 2,...,10)
Q = ophase aﬁgle of the trough with wave number m

'The'degree of meridional flow and trough phase angle distributisn

for wave nnter 1-10 were calculated. Degree of meridional flow is
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Fig. 104. Positions of 500 mb westerly wind troughs (solid curved lines)
about the Northern Hemisphere relative to the position of
looping cyclones to the north of the subtropical ridge. The
symbol ¢ denotes the longitude of the looping cyclone. Con-
centric circles denote latitude.



92

180

00

—

06 -
A
/,

30

/]
&/

So,v

2

DN
30/V

- \O) =

Fig. 105. Same as Fig. 104 but for looping tropical cyclones to the
south of the subtropical ridge.
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defined as

M = mA (2)

(3)

m is the total number of cases
n is the trough number per 5 degree longitude intervals.

Fm is positive when there are more troughs in the longitude
interval., It is negative when there are fewer troughs (or more ridges)
in this interval.

Harmonic analyses were performed for the two oceans separately.
Once again very similar results were observed in both ocean basins. Ve
will thus show the total of both oceans rather than portraying each
ocean separately,

7.2 Degree of Meridional Flow for Harmonic Waves of Wavenumber 1-10

Figure 106 shows the degree of meridional flow for harmonic waves
withm=1, 2, 3,......10 for our three motion clases. From Fig., 106 we
can see two main differences:

1) To the south of the subtropical ridge, the fast moving cyclones
have a smaller degree of meridional wind component than the slow
and looping motion cases for all the harmonic waves from wave
number 3 to 8. This means that to the south of the subtropical
ridge (bottom diagram of Fig. 106) fast storm motion is
associated with more zonal air flow than the other two classes
of cyclone motion,

2) Near the subtropical ridge, short waves with wave numbers 7-9
have greater meridional flow in looping motion than in slow
motion., This verifies the observational results obtained in the

individual case studies that moving shortwaves are important for
looping motion near or to the south of the subtropical ridge.
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Fig. 106. Degree of meridional flow (M) of harmonic waves 1-10 for the
three motion classes and position locations relative to the
subtropical ridge.
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7.3 Phase Angle of Wave Number 1-2

Figures 107 to 109 show wave trough location distribution of the
three types of motion for wave numbers 1-2, In these figures there is
no apparent difference in trough distribution of wave number 1-2 among
the three motion classes., VWhen cyclones are near or to the north of
subtropical ridges, they are all near the wave ridge, while for cyclomes
south of the subtropical ridge, they are all near the wave trough. So,
the ultra long wave lengths of wave number 1 and 2 appear not to be
important in tropical cyclone motion,

7.4 Phase of Long Wave

Figure 110 is similar to Figs. 107 to 109 but is for wave number §
which represents wavelengths of 70-75° longitude. The wave—trough
distributions associated with this wave number are much more
distinguishable for these three motion classes. To the north of
subtropical ridge, whea cyclones moves fast, the wavenumber five wave
troughs are typically oriented to the west of the ¢yclome; when cyclones
move slowly or loop, wave trough is to the east of the cyclome. To the
south of subtropical ridge, when cyclones moves fast, the wave number
five ridges tend to be distributed near the longitude where the cyclone
exists; when cyclones move slowly, however, the wavenumber five troughs
will typically be located mear the longitude of the cyclone,

This harmonic analysis verifies that the flow patterns which affect
cyclone motion are hemispherically—related and mainly caused by the
stationary long wave. Stationary long waves are persistent; they also
have the largest meridional component in the midlatitudes (Figs. 104 and
105). Different long wave patterns can bring about a different cyclome

motion response. A rapid modification of the long wave patterns can
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cause cyclones to take on quite different track cha;acteristics. It is
thus important for the forecaster to check the hemispheric lomg wave
patterns before he makes a forecast, The establishment of new troughs
35° longitude to the east or west of a cyclone position should be
carefully monitored.

Figure 111 shows the hemispheric 500 mb chart which was present
when Hurricane Inga (1969) was undergoing a looping motion. This is a
typical example of a wave number five flow pattern,

7.5 Short Wave and Looping Motions Near and to the South of
Subtropical Ridge

Figure 112 shows a similar analysis as Fig. 110 but for wave number
7-8. VWhen cyclones looped near or to the south of subtropical ridge,
there were short waves concentrated in a narrow area near the cyclone's
longitude. This did not occur for the other two types of motion or for
the looping motion to the north of subtropicai ridge. This helps verify
the point being made with the individual case studies. The
distinguishing feature of looping motion and slow moving cyclomes near
or to the south of subtropical ridge is a short-wave trough going across

the cyclone's longitude to the north,
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Hemispheric 500 mb chart of 1 Oct. 1969. This is typical of
a wave number 5 flow pattern when a tropical cyclone takes

on a loeping motion. Troughs are indicated by the solid line.
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8. RELATIONSHIPS BETWEEN LARGE SCALE MEAN CIRCULATION AND TROPICAL
CYCLONE MOTION CLIMATOLOGY

We have tried to show that although tropical cyclone motion
climartologies of these three types of cyclone motion are different
between the two ocean basins, the synoptic—scale circulations around the
cyclones are much the same.,. But what causes these climatological
difforences?

In our climatological analyses in Chapter 2, we noticed several
differences between the two ocean basins in regards to cyclone motion
climatology. These climatological differences in cyclone movement are
largely related to the difference in geographical wind regime present in
the 'wo ocean basins, For example, in the Pacific, the mean looping
time period and diameter are 2 days and 1.4 degrees latitude, only 23%
of looping events occur in a clockwise direction. The same figures for
looping motion to the north of subtropical ridge in the Pacific are 3.1
days, 2.5 degrees latitude and 59% clockwise direction. This means that
looping motions to the north of subtropical ridge have a longer period,
have a larger diameter, and are more clockwise in direction, Because a
higher percentage of cyclones in the Atlantic loop to the north of the
subtropical ridge than in the Pacific, the mean looping time period,
diameter and clockwise direction ratio are consequently different than
in the Pacific. To understand these looping motion differences between
ocean basins, we have only to understand the large—scale climatological
flow regime differences between these two ocean basins,

Figures 113 and 114 show the mean gradient level wind for July. In
the west Pacific, there is a westerly monsoon current extending upward

through a deep layer, while in the west Atlantic monsoon westerly winds
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Fig. 113.

Resultant gradient-level wind for July (from Atkinson, 1971). In the western Atlantic there

is no lower tropospheric monsoon trough.
from the last.

The steering current at low latitudes is strongly
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Resultant gradient-level wind for July (from Atkinson, 1971). In the west Pacific there is a
lower troposphere monsoon trough which causes the steering current to be much weaker from the
east than at a comparable latitude in the west Atlantic.
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are not present, Easterly trade winds dominate the tropical western
Atlantic. This causes low latitude Atlantic cyclones to move faster to
the west than their counterparts in the Pacific. More cyclones move
slow or loop at low latitudes in the Pacific than in the Atlantic.

It is well known that the midlatitude westerly trough near the east
Asian coast is the strongest and most stable in the world and that
blocking situations are more frequent in the Atlantic than in the
Pacific. As a result, fewer cyclomes move slow or loop in the Pacific
than in the Atlantic.

Differences in the tropical cyclome motion climatology between the
two oceans are thus mainly a result of differences in the mean large-

scale circulations between the two ocean basins,
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9. SUMMARY DISCUSSION

It is hoped that this paper has offered a helpful synthesis of the
usual environmental conditions associated with these three classes of
tropical cyclone motion which are often very difficult to predict. It
is hcped that the composite 500 mb and surface maps contained in the
Apperdix of this report may be able to be used as an aid to the
operetional forecaster.

This paper has stressed the importance of stratifying tropical
cyclone motion with respect to the latitude position of the cyclone
relative to the subtropical ridge. Cyclones south of the subtropical
ridge must be handled quite differently from those located to the north
of the S.R.

The characteristics of the synoptic circulation around cyclones
unde::going these three types of motion are very much the same in both
oceans, Slow and looping cyclones are associated with westerly troughs
to their northeast sides, Fast motion cyclones are associated with
weste2rly troughs to their northwest sides.

The large—scale flow affects storm motion by establishing an
asymnetry in the tangential wind distribution. It was observed that
fast moving cyclones have maximum winds on the same side of the cyclone
through a deep layer, while slow moving cyclones have maximum winds on
different sides of the cyclone at different levels. Such large or small
horizontal wind asymmetry is to be expected if a symmetric storm vortex

were to be superimposed upon a strong or a weaker surrounding steering

current,
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The large—scale flow which affects cyclone motion are often well
related to the hemispheric long wave peatterns, Stationary long wave
number five is the most important for cyclone motion.

Climatological differences in cyclone motion between the Atlantic
and the Pacific are primarily a result of differences in mean
circulation which are present in these two ocean basins,

A companion paper to this study (Xu and Gray, 1982b) using similar
methodology will deal with the question of tropical cyclone recurvature
vs. non-recurvature.

The appendix of this paper gives composite height-pressure fields
and geostrophbic wind conditions at 500 mb and the surface associated
with each of these 9 cyclone motion classes for 5 different time periods
before, during and after these motion events, Statistical tests as to
the significance of these flow field patterns is also given, It is
hoped that these composite flow fields may be of some benefit to the

operational forecaster.
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APPENDIX

LARGE SCALE CIRCULATION COMPOSITE MAPS FOR ALL NINE MOTION CLASSES

This appendix shows 500 mb and sn;face composite maps when tropical
cyclones in the two oceans take on fast, slow or looping cyclome motion,
They contain geostrophic winds as well as height gradients on a constant
pressure surface. This information is presented to give quantitative
information to the tropical cyclone forecaster so that he may be able to
better evaluate his current map situation for similar motion
characteristics.,

Each cyclone motion event was divided into 5 time periods labeled
by -2, -1, 0, 1, 2 as shown in schematic form in Fig. 115, In Fig. 115
point A is the starting time of the event (as defined Chapter 2) and
point B is the ending of the event. Time period -2 and -1 are 2 days
and 1 day before start time (or before A) respectively. Time period 2
is 1 day after end time (i.e.—after B). Time period 1 is a combination
of time period B and 12 hours before B. Time period O can involve a
time period as long as 1 to more than 10 days. It is the time period
from A to 24 hours before B.

In the Atlantic to the north of the subtropical ridge, the O period
of looping events lasts longer. These events were subdivided into three
subperiods by cyclone direction to show the details of the changes in
the large scale flow pattern. These three subperiods were the time
periods when the cyclone moved towards the south (direction between 95-
2100), west (direction between 215-330°) and north (direction between

335-90°).
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TIME PERIODS
2 | 0 - -2
e —— il 0 B 0 8 ————
B A
T2 0 v o0 1 0 2 0 § 2 6 ® 0 12 o6 B o
Fig. 115. Definition of time periods before (minus), during (0), and

after (+) the specific motion events. Point A is the beginning

of

-2

-1

+1

+2

the motion event, point B is the end of the event.

time period means the average of two 12-hour time periods
approximately two days before the motion event commenced.

time period means the average of two 12-hour time periods
12 and 24 hours before the motion event commenced.

time period means the time period of the motion event except
the last two time periods. This time period can last from
1 to 10 days.

time period is the last two 12-hour periods of the motion
event -- or time period B plus the time period 12 hours
before period B.

time period is the average of the two 12 hour time periods
immediately after the event or period B.
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The areal scope of the composites is a rectangular area 50°
longitude to the west and east, 10° south, and 35° north latitude of the
cyclone., The grid length is 5 degrees latitude or longitude.

The units of the composites are 10 geopotential meters at 500 mb
and millibars at the surface. The geostrophic winds are expressed by
vector arrows with 1 grid length (50 latitude on the maps) represent 30
m/s at 500 mb and 15 m/s at the surface.

Statistical tests were performed for each height—pressure composite
map. The tropical cyclones in ome composition may be located at
different latitudes. The latitudinal difference of 500 mb height causes
a large standard deviation of composite 500 mb height fields. In the
previous analysis it has been shown that the essential factors which
affect cyclone motion are the longitudinal location of the westerly
trough relative to the cyclone. The height departure from the
latitudinal mean height which represents the ridge and trough locations
on that latitude is much more résponsible for cyclone motion than the
height field by itself, Statistical tests were performed on these
height departure fields.

Let H, be the height (pressure) value., Subscript i denotes

i,j,k

ecast—west direction, j south—north direction, k the case number. The

total number of cases in a composite is n. Let and ' represent mean
and departure values for a specific latitude belt denoted [ ] as the
average from different examples.

Then,

n

Ly g,

H..] =
ij n o ijk

is the height (pressure) composite shown in this appendix.
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21
—_— - —1_ z
jk 21 7 Cijk
) = -n
B ik Hiix ™ B

are the latitudinal mean value and the height departure from this
latitudinal mean value for individual motion classes.

The mean values and standard deviations (S’) of H'ijk' are as

follows:

1 1
g’ = = T
ij n o ijk
1 D
S ij = 1 k}—jl (H'ijk - [H'ij])

Two kinds of significant tests were performed on H'ijk'
[TEST 1]
If [H'i,j] is not equal to zero then we gain confidence in the
composite height—pressure values at the individual grid points. If this
height value test is passed, then we know that the height composite

value in this grid point is significantly different from the latitudinal

mean,

In order to do this we construct a function

H',
o Vo I !
ij 8" 4

where t i, represents the T—-distribution with (n-1) degrees of freedom,

’

then

td
t = [ t(o-1l)dy = 1-a
-td
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Here a is the significant level
when [t | > te, [H' 140
1] 1]

when |t..| ¢ ta, [H' .1 =0
ij ij

The left table in each page labeled Test 1 shows these test
results. For instance, when the value of 3 (or 2,1) was printed, the
composite height (pressure at the surface) was significantly different
from the latitudinal mean at the significant level 0,001 (or 0,01,
0.05). When the test failed to pass, nothing was printed at that grid
point,

[TEST 2]

For specific latitudes, we simultaneously test the 500 mb height
(or surface pressure) difference between ridge and trough. This test
gives us confidence in the ridge—trough height differences. If this
test is passed, then the 500 mb height (or snrfacebpressure) value at

| the ridge is significantly higher than the one at the trough,

Let i1 be the ridge point and 12 the trough point. Construct

another function

(me*, .1 - [H, .]
. ~ 11j iZi

(n-1) 8*'., .2 + (n-1)S', .2

\I'E 113 12_]
n ) 2n-2

Again represent the tj—distribution with degrees of freedom (2n-2). The

test then becomes

when |tj| > ta, I[H ilj] # [H'izj]
when |tj]| < ta, [H'ilj] = [H'izj]

The right hand table of each page labeled Test 2 shows these latter
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test results. When ’'Pass’ was printed, the 500 mb ridge height (or
surface pressure) is significantly different from the trough height
(pressure). When the test fails, nothing was printed.

Table A of the Appendix gives a list of these composite maps.

For better storm track assessment, forecasters may find it helpful
to refer to these nine classes of cyclone motion categories in each of
two ocean basins, It is too difficult in an operational environment to
find appropriat; cases from the thousands of daily historical weather
maps. The unexperienced forecaster will generally not have the
background to recognize the essential height pattern differences from
the typical operational flow pattern. For example, when a trough is
deepening to the northeast of the storm, a forecaster may not realize
that this may cause a looping motion. These composite maps give
forecasters a brief library of the historical weather maps. Although
they are smoothed compared to the daily maps, these 154 maps express the
long wave flow patterns very well.

Basic Rules. Before making a cyclone track forecast, decide which
side of the subtropical ridge the cyclone is located. Compare the real
time map and the numerical prediction (if available) to these composite
maps. At 500 mb, take note of the long wave positions, their likely
future alteration, and the distance the jet stream is from the cyclome.
At the surface, note if the steering flow is in the same direction as
the 500 mb flow and if the surface ridge is to the north of the cyclone
and is breaking down. Find the most similar composite map of these many
cases. The cyclone will likely follow the type of motion indicated.

Then use other methods to help verify or reject your assessment.



A7

THE FOLLOWING 308 COMPOSITE MAPS AND 154 MULTIPLE STATISTICAL TESTS
OF 500 MB HEIGHT FIELDS (IN METERS) AND SURFACE (SFC) PRESSURE FIELDS
(IN MILLIBARS) ARE PRESENTED FOR THE WESTERN ATLANTIC (A OR ATL.) AND
NORTHWEST PACIFIC (P OR PAC.) FOR FAST, SLOW AND LOOPING TROPICAL STORMS
TO THE NORTH (N), ON (ON), OR TO THE SOUTH (S) OF THE SUBTROPICAL RIDGE
AT 500 MB. TABLE A OUTLINES ALL OF THESE COMPOSITE MAP STRATIFICATIONS
BY APPENDIX PAGE NUMBER AND GIVES THE NUMBER OF EXAMPLES IN EACH CASE.
THE HEAVY DOT (@) SHOWS THE CYCLONE CENTER POSITION.

ARRO& LENGTHS OF 5° LATITUDE DISTANCE REPRESENT 30 m/s AT 500 MB

AND 15 m/s AT THE SURFACE)>
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b 3 s s ] -] 2 -] L] L] s s -] 3 PASS PASS PASS
2 s 3 s s 3 2 s s 2 2 2 2 2 PASS PASS PASS
-] 2 s L] H 2 H PASS PASS PASS
1t F PASS PASS

5 4 3 3 1 PASS PASS PASS

c H s 3 3 3 3 PASS PASS PASS

-5 1 H 1 2 2 s ] 2 S s 2 1 PASS PASS PASS
” 2 2 2 3 s 2 s s s H 2 s 3 ] s 1 PASS PASS PASS
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H t ! 1 1 2
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1 1 1 PASS PASS PASS
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-50 -45 -40 .35 -30 -25 -20 -15 -10 -S 0 $ 10 15 20 25 30 35 40 45 SO0 050 .010 .00Y
1 1 1 1 PASS  PASS
[ 2 3 3 3 3 2 v 3 2 PASS PASS  PASS
2 3 3 3 3 3 2 1 1 2 2 2 2 1 1 PASS PASS PASS
2 1 1 3 3 3 1 1 3 2 1 PASS  PASS PASS
2 3 2 PASS PASS PASS
! ' 2 3 2 3 3 3 3 2 PASS  PAS> PASS
1 2 3 3 3 3 3 3 3 3 3 2 3 3 3 3 3 3 3 2 1 PASS PASS PASS
2 3 3 3 3 3 k) 2 3 3 3 2 3 3 3 3 3 3 3 3 2 PASS PASS PASS
30 3 3 3 3 3 3 3y 3 3 2 3 3 3% 3 3 3y 3 PASS  PASS  PASS
3 3 3 3 3 3 ] 3 1 1 3 3 3 3 3 3 3 3 PASS PASS PASS
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STGNIFICANT LEVEL
.50 -45 -40 -35 -30 -25 -20 -1% -10 -5 0 5 10 15 20 25 30 35 40 45 50 .050 .010 .00
% 3 3 3 3 3 3 3 31 3 1 1 2 2 3 3 3 3 3 PASS PASS PASS
3 3 3 3 3 3 3y 3y 3 2 1 2 % 33 ) 3 PASS PASS PASS
2 3 03 3 3 3% 3 3 2 1 2 3 33 3 PASS PASS PASA
20 1 ) 1 1 2 2 3 PASS PASS PASS
w12 ' PASS  PASS
0 3 3 3 2 3 03 3 3 03 3 3 3 3 3 PASS PASS PASS
s 3 3 3 3 2 3 3 31 3 2 3 3 3 3 3 3 3 PASS PASS PASS
e 3 3 3 3 3 3 3 3 3 3 3 3 303 3 3 3 3 3 3 PASS PASS PASS
5 2 1 2 3 3 3 3 3 3 3 3 ' 303 3 3 3 3 3 3 PASS PASS PaSS

-10 1 2 1 1 1 1 1 1 2 2 PASS PASS  PASS
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ATUANTIC FAST NORTH OF  SUBTROPICAL RIDGE 0 Dar N0 B TO NORTH  EXAPLEs 83
ST 1 TEST 2
SIGNIFICANT LEVEL
N B -0 B - -B AN -85 -0 5 ] S 101 20 25 N B N & %N .05 .00 .00
= 1 2 2 2 2 2 H 1 1 2 3 3 PASS PASS PASS
- 2 1 i ! 2 2 2 2 1 1 PASS PASS PASS
S 3 S 3 s 2 2 3 3 s 3 2 1 PASS PASS PASS
-] s - ] 3 s s s s s 3 s t  PASS PASS PASS
L] s - s s s 2 ] -] ] 3 s 1 1 PASS PASS PASS
1 -] 3 s 3 5 s L] s -] s s -] 3 PASS PASS PASS
S N L 3 L 3 3 3 3 3 3 L] L) L] t PASS PASS PASS
< 1 2 s 3 s s 3 3 - s 3 3 1 PASS PASS PASS
-5 2 5 s 3 3 3 s ] 3 3 s PASS PASS PASS
-10 2 s 3 s L) S L] 2 s s -] s 1 1 1 PASS PASS PASS
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TesT ) TEST 2
SIGNIFICANT LV,
A -8 -4 B - B 2N -5 -1 -5 ] S 1 15 20 2 N W 40 8 %N .00 .010 .00
s s 3 8 2 1 1 1 2 2 1 1 PASS PASS PASS
L) s S 3 3 -] 2 ! ! 5 3 - s 53 PASS PASS PASS
] 3 s ] 3 s s 1 2 3 s 3 ] - S PASS PASS PASS
3 ] s 3 s s 2 1 1 3 s s 3 3 PASS PASS PaASS
] s 3 s 3 2 1 s s s 2 s 3 s -] -1 3 PASS PASS PaASS
] -] s H M 3 L -] s L H s s s s 2 2 3 2 PASS PASS PASS
2 s s s s s ] S -] s 3 3 3 s 3 PASS PASS PASS
s 8 s s ] s s s s 3 s $ 3 3 8 S5 S S 2 2 PASS PASS Pass
3 3 s L] L] L] s L] s 3 s 2 s s s ] 3 3 S 2 1 PASS PASS PaSS
L s s s 2 2 2 2 1 3 s s 3 3 2 PASS PASS PASS
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ATULANTIC  FAST NORTH OF SUBTROPICAL RIDGE 0 DAY SURFACE T0 NORTH EXAMPLE: 81
TEST 1 TEST 2
SIGNIFICANT LEVEL
-50 -4%5 40 -35 -30 -2 -20 -1% .10 -5 0 5 10 15 20 2% 330 35 O 45 50 .00 .010 .001
1 1 1 1 PALS  PASS
1 2 2 2 1 1 1 1 1 PASS PASS  PASS
2 2 2 2 2 k) 2 1 1 1 1 1 1 PASS PASS PASS
1 ' t 2 3 3 2 2 2 1 ' PASS PASS PASS
2 3 3 2 3 3 3 2 PASS  PASS  PASS
1 3 3 3 3 2 3 3 3 3 PASS PASS PASS
1 1 3 3 3 3 3 3 3 3 3 3 3 1 PASS PASS PASS
2 3 3 1 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 1 PASS PASS PASS
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 PASS PASS PASS
3 3 £ 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 1 PASS PASS PASS
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PACIFIC FAST NORTH OF SUBTROPICAL RIDGE 0 DAY SURFACE 10 NORTH EXANPLES 112
TEST 1 TEST 2

SIGNIF1CANT LEVEL
-%0 -45 -40 -35 -30 -2% -20 -15 10 -5 4 5 10 15 20 25 30 3% 46 45 50 .05 .010 .00

35 1 1 2 3 3 3 2 2 2 1 1 i 2 3 3 3 3 PASS PASS  PASS
30 3 3 3 3 3 2 1 ] 1 1 2 3 3 3 3 3 PASS PASS PASS
25 3 3 3 3 3 3 2 2 2 2 1 1 2 3 k) 3 3 3 PASS PASS PASS
20 3 3 3 3 2 1 1 2 1 1 3 3 3 3 PASS PASS PASS
95 1 1t PASS PASS
10 3 2 1 1 1 2 3 3 3 3 3 3 1 1 1 PASS PASS PASS
5 3 3 3 3 1 3 3 3 3 i 3 3 3 3 3 3 3 3 PASS PASS  PASS
0 3 3 3 3 1 3 3 3 3 3 1 3 3 3 3 ) k] 3 3 PASS PASS PASS
-5 3 3 3 3 3 3 3 3 3 k) 3 3 3 3 k) 3 3 3 3 3 PASS PASS PASS
-10 3 3 3 3 3 3 3 3 3 3 2 3 3 3 3 3 3 3 3 3 PASS PASS PASS
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ATUNTIC FAST NRTHOF SBMPICAL RIDGE 1 DAY 50N  TONRN DAL &
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SIGNIFICANT LEVEL
B B -4 3 % F X <18 -1 8 ¢ 5 10 5 XN B N W 4 S % .00 .00 .00
Ty o2 2 2 1T Y2 v PASS PASS PASS
2 2 s s s 2 t 2 s s s 2 1t PASS PASS PASS
Tt 2 s 3 s s 2 2 s s s s 3 2 PASE PASS PASS
s 5 5 s s t 2 s s 3 PASS PASS PASS
H 2 2 2 s 2 t o2 1 PASS PASS PASS
2 2 2 8 s 2 s 2 PASS PASS PASS
2 2 5 s s s 2 s s s 2 PASS PASS PASS
H t. 3 8 s s 3 : 2 s 3 8 2 PASS PASS PASS
2 8 s$ s s s s s 8 s 2 PASS PASC PASS
Tt 2 s s 8 3 2 2 5 3 s 2 PASS PASS PASS
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PACIFIC  Fas? NORTH OF  SUBTRQPICAL RIDGE 1 DAY 500 M@ TO NORTH  EXAMPLEs 104
TEST 1 TEST 2
SIGNIFICANT LEVEL
5 -8 -4 W KN B -2 1% -0 5 0§ 5 13 B 20 2 KN W 4 S %N .05 .010 .00!

PASS
PASS PASS PASS

PASS PASS PASS
PASS PASS PASS

N W wNn
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“u v wu ow

N uw oW N

PASS PASS PASS

- U U N
w e N
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PASS PASS PASS
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ATLANTIC FAST NORTH OF SUBTROPICAL RIDGE 1 DAY SURFACE YO NORTH EXAMPLEs 39

TEST 1 TEST 2

SIGNIFICANT LEVEL
-%0 -45 -40 -3% -30 -2% -20 -1 -10 -8 0 5 10 15 20 25 30 35 40 45 50 .080 .010 .00V

35 t 1 PASS  PASS
30 1 g 1 1 1 1 1 1 1 t 1 PASS PASS
2% 2 2 2 2 2 2 ' 2 3 2 1 1 2 PASS PASS PASS
20 1 2 2 2 1 1 1 2 2 2 2 2 PASS PASS PASS
8 2 i 1 1 t 2 1 1 2 2 1 PASS PASS PASS
10 2 1 PASS  PASS
5 t 3 3 3 2 3 2 PASS  PASS PASS
0 1 3 3 3 3 3 3 3 3 > 1 PASS PASS PASS
-5 1 ! 1 2 3 3 3 3 3 3 k) 3 2 PASS  PASS PASS

-10 3 3 3 2 1 3 3 k) 2 3 3 3 3 2 PASS  PASS  PASS
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PACIFIC  FAST NORTH OF  SUBTROPICAL RIDGE 1 DAY  SURFACE  TO NORTH  EXAWPLEs 98
YEST 1 €57 2
SIGNIFICANT tEVEL
-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 .050 .010 .00%
[ [ T T 11 1 PASS PASS
T2 2 2 2 2 11 2 3 3 3 3 PASS PASS PASS
3 03 3 3 3 3 3 3 2 1 t 3 3 3 33 3 PASS PASS PASS
3 3 3 3 3 3 3 3 3 2 1 2 3 3 3 3 3 3 PASS PASS PASS
3 3 3 3 2 2 2 2 1 1 1 < 3 3 3 3 PASS PASS PASS
1 1 1 ] 1 1 1 PASS  PASS PASS
3 3 3 3 3 3 2 3 2 PASS PASS PASS
' 3 3 3 3 3 303 3 3 3 3 3 3 PASS PASS PASS
303 3 v3 03 3 3 3 3 3 3 3 333 33 3 PASS PASS PASS
3 3 3 3 3 3 3% 3 3 3 3 13 3 3 3 3 3 3 3 3 PASS PASS PASS
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ST TEST 2
SIGNIFICANT LEVEL
m 48 -a) W N -M N -1% -1 85 0 S 10 15 % B XN B L S XN 0N 00 +001
®s 2 85 8 2 1 PASS PASS PiSs
] 1 * 1 s s 3 1 PASS PASS PASS
= ! ! 2 s 3 1 2 PASS PASS PASS
20 2 1 1 2 2 1 1 1 PASS PASS PSS
5 2 1 1 2 1 H PASS PASS PSS
10 1 1 1 PASS PASS
5 1 1 1 2 PASS PASS PASS
] 2 85 1 8 2 1 PASS PASS PASS
3 vo2 s 3 2 PASS PASS PASS
=10 ! ! 2 8 s 2 PASS PASS PASS
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TEST 1 TEST 2
SIGNIFICANT LEYEL
-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 3 40 45 S0 .0%  .010 .00
35 1 1 ' ' 1 PASS  PASS
30 1 1 PASS
25 1 2 1 1 1 PASS  PASS PASS
20 o2 1 Vo2 2 ! PASS PASS PASS
T3 ' » 3 2 o2 T2 1 PASS PASS PASS
10 ' 303 2 v o2 2 PASS PASS PASS
5 ' 3 3 1 2 T2 2 3 3 3t PASS  PASS  PASS
0 2 2 2 2 1 ' 3 03 3 3 3 3 3 3 3 3 PASS PASS PASS
-5 2 3 3 3 2 1 ' 2 3 3 3 3 3 k] k] 3 2 ' PASS  PASS  PASS
=10 2 2l 2 2 ' 2 3 3 3 3 2 PASS PASS  PASS
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TEST 1 TEST 2

SIGNIFICANT LEVEL
A & - B -N X -0 -5 -10 5 0 5 10 13 20 23 N B 40 & 5 080 .010 .001

» 1 1 PASS PASS
0 1 1 1 2 1 1 PASS PASS PASS
b 2 2 2 PASS PASS PASS
2 1 & 2 1 2 PASS PASS PASS
% 3 £ 3 t 2 2 2 ! 1 1 PASS PASS PASS
e 5 & 5 2 1 2 s s 3 1 PASS PASS PASS
L 1 2 2 ? 1 2 2 1 P4 1 PASS PASS PASS
0 ! 2 s 2 2 1 PASS PASS PASS
-3 2 8 ¢ 1 2 PASS PASS PaASS

-19 3 2 PASS PASS
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TEST 1 EST 2

SIGNTF [CANT LEVEL

-%0 -45 -40 -3% -30 -2% -20 -1% -10 -3 0 5 10 1% 20 %5 30 35 40 5 50 .05/ .10 .g0!
1 2 t 1 1 1 PASS  PASS

1 2 1 1 ' PASS  PASS PASS
t t PASS PASS

1 2 2 1 2 3 2 PASS PASS PASS

t 3 3 3 2 1 3 3 3 2 PASS  PASS  PASS

t ) 3 3 3 3 k) 3 3 2 PASS PASS PASS

1 2 2 2 2 ' 1 1 ' 1 t 1 PASS PASS PASS

Al ' 1 1 3 3 3 3 3 3 3 3 3 2 PASS PASS PASS

' 2 2 ] 2 t 2 k] ] 3 3 3 3 3 3 3 PASS PASS PASS

! 2 3 k] ) ' ) 3 3 3 3 3 1 PASS PASS PASS
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wST 1 ST 2
SIGNIFICANT LEVEL
% B -4 - %0 2B -2 -18 -10 8 0 5 10 1% 0 2 2 W 0 & %N 050 .00 .00
A B S PASS PASS PASS
1 T2 S PASS PASS PASS
2 3 s 2 1 s s s S PMSS PASS PASS
2 s s 5 s s s s s 2 2 s s s S PASS PASS PASS
1 % 3 3 3 1 s 5 s s 3 s 2 s s s 2 PASS PASS PASS
2 3 35 3 3% 1 2 35 3 35 3 3 8 1 1 8 8 8 2 2 PASS PASS PASS
2 4 s s s $ 8 s s s 3 s 3 2 1 1 2 5 1 PASS PASS PASS
[ T S S 8 s 1t 3 s s 1 PASS PASS PASS
2 s s 1 s s 2 s s 1 PASS PASS PASS
2 2 1 PASE PASS
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TEST 1 TEST 2
SIGNIFJCANT LEVEL
8 B -4 B %N B -N -8 -10 -5 ] 5 10 15 20 B N B N & N 0N .010 .00t
t 1 2 1 PASS PASS
2 2 ! 2 3 2 PASS PASS PASS
s 3 3 1 | 2 2 PASS PASS PASS
1 2 3 1 1 1 2 3 PASS PASS PASS
1 1 1 1 1 2 3 3 PASS PASS PASS
! 2 3 2 1 1 3 s 3 PASS PASS PASS
1 PASS
2 ' 1o 1 PASS PASS
2 s 1 H 2 1 s 1 2 2 1 PASS PASS PASS
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TEST 1 TEST 2
SIGNIFICANT LEVEL
-0 -45 -40 -35 -30 -25 -20 -15 -0 -5 O 5 10 15 20 25 30 35 40 45 050 (010 001
T2 2 [ B S '3 3 3 1 PASS PASS PASS
2 2 2 v 3y 2 2 03 3 3 3 2 Pass PASS PASS
12 too2 0y 3 3 3 I T T T PASS  PASS  PASS
2 1 ' 2 3 3 3 3 3 rs 2 3 3 2 PASS  PASS PASS
T3 3 3 Y 3 3 3 3 3 2 03 3y 3 PASS  PASS  PASS
3 03 3 3 3 303 3 3 3 3 o2 2 PASS PASS PASS
33 3 3 3 2 3 303 T2 PASS PASS PSS
vt 3 3 a3 3 03 3 3 3 3 3 3 3 3 2 PASS PASS PASS
3 3 k] 3 3 3 1 k] 3 3 3 3 3 3 3 3 2 PASS PASS PASS
3 3 3 3 3 2 2 3 3 3 3 3 3 3 3 3 PASS PASS PASS
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PACIFIC SLOw NORTH OF SUBTROPICAL RIDGE 0 DAY SURFACE EXAMPLE: 15
TEST 1 TEST 2
STGNIFICANT LEVEL
-50 -4% -40 -35 -30 -2% -20 -t5 -10 -5 1] 5 10 15 20 2% 30 35 40 45 50 L0506 .010 .00
35 2 2 2 3 2 1 1 PASS  PASS PASS
30 1 1 1 PASS
25 1 1 1 PASS  PASS
20 1 1 1 1 1 1 2 2 PASS  PASS  PASS
15 2 2 3 2 1 2 3 3 b PASS PASS PASS
10 1 2 2 3 k] 3 2 2 3 3 3 PASS PASS PASH
5 3 3 2 2 3 2 3 2 2 2 3 3 3 3 PASS  PASS  PASS
0 3 2 2 3 3 3 2 2 3 3 3 2 3 3 3 3 3 3 PASS  PASS  PASS
-8 3 1 1 1 1 1 1 1 1 2 PASS PASS PASH

=10 1 2 1 1 2 il t 2 PASS  PASS
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R -5 - -B N B -0 -15 -1 S5 ¢ S5 W B 20 23 N B N S N sfg”s‘ﬂ'l‘;%
1 PASS
1 PaASS
! PASS PASS
PASS PASS PASS
1 PASS PASS PASS
PASS PASS PASS
s PASS PASS PASS
PASS PASS PASS
S PASS PASS PASS
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TEST 1 TEST 2
SIGNIFICANT LEVEL
&S -5 -0 -\ -8 B -2 -5 -0 5 ) § 15 1 20 2 %N 3B 4 & % 0% 010 .00
» 2 L] 2 PASS PASS
. ] H H H H 1 1 1 PASS PASS PASS
] H -] s H PASS PASS
2 H 3 s H 1 3 PASS PASS PASS
= 1 H M 2 2 H 3 s 1 1 4 S PaSS PASS PASS
1% M 2 ] s 2 1 1 L S PASS PASS PASS
L. 1 2 ! 1 1 PASS PASS
4 2 1 e PASS PASS
- s -3 2 H P4 S P4 1 1 ! 1 1 1 PASS PASS PASS

-13

PASS



A35

ATL. SLOW

. . .
ATLANTIC SLOW IQRTH OF S, R, 1 DAY SURFACE ExAPLE B

- PO .- N ogp e o -
- - .- . - -t aF - 5 M 5 .t £ 5L Ll W& "
B RS S TR T, > S PLISRIE I S B 5 4] T )l o

Tvrir Y I[l‘l‘Wl]l]l LA IR LA B
<,

o

-5 -3 -3 <% B -2 20 -6 -0 -6 5 % 20 0B 5 %% AT 5 .'}:Sfc.
SRS R RS S A R S B L B I
. . . L) [} . . 4 .

» -

r 4 - 3} ) -
.
-
’
LT T T N T o ot SR UL S SR SRR S Y R 3
. /]
- . - - - - - - - - - ~ - - ~ \ Y » . ’ “*
—
-
o A I R N N e /4
-
[~ ’
e« <« . . v . L N T N Y 9
-
N ' . - - - L
o ¢ . . . ¢ . . - - . - - Y -
L— -
L-— - . P . . . LI ) \ ¢ - . ~ - - . ‘-
- o ]
b e e e e - A\ . ~ / /7 i . . . P ¢ o
' -
e »
ws - . . - ’ ! . - - 4 . . N P) o, 7 P -
N TN NN NN TN SN R ERN M E N N
ATLANTIC SLOW KORTH OF SUBTROPICAL RIDGE 1 OAY SURFACE EXAMPLE. 43
TEST 1 TEST 2
SIGNIFICANT LEVEL
-50 -45 -40 -35 .30 -25 -20 -5 -1Q -5 0 5 10 15 20 25 30 kLY 40 45 50 .050 .010 .00t
1 1 1 1 1 PASS  PASS PASS
1 2 2 2 1 PASS  PASS  PASS
1 ) 2 3 3 3 1 PASS PASS  PASS
| 2 2 2 1 ] 3 3 3 1 PASS  PASS PASS
1 2 2 2 2 1 3 2 2 1 PASS  PASS  PASS
Z 3 2 PASS  PASS
1 ] 1 PASS  PASS
3 3 3 : 3 3 2 2 1 PASS  PASS PASS
i 1 3 2 2 2 3 2 § 3 3 3 3 3 1 PASS  PASS PASS
2 2 3 3 t e k] ;) 3 k) 3

! PASS  PASS  PASS
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TEST TESY 2
SIGNIFICANT LEYEL
-%0 -4% -40 -J3% -30 -25 -20 -1% -10 -5 o 5 10 15 20 25 30 £ 40 45 50 .050 .010 .00t
1] 1 2 2 PASS
1 PASS
1 1 PASS
2 3 2 2 PASS PASS PASS
2 2 2 2 2 3 1 1 2 3 3 PAGS PASS  PASS
' 3 3 2 2 2 3 2 3 3 3 3 PASS  PASS PASS
1 2 3 3 2 2 3 1 3 3 3 3 3 3 PASS  PASS PASS
3 3 2 2 2 1 1 1 2 3 2 3 3 3 3 PASS PASS PASS
3 2 1 1 2 3 2 2 2 2 2 PASS PASS PASS
2 1 1 2 ] 1 1 1 1 1 1 PASS  PASS
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i 1 1 PASS PASS
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s - b S s L] s - 3 PASS PASS PASS
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PASS PASS

r
-
~n
-

PASS



A38

SLOW
N,

ATL.

ATLANTIC SLOW NORTH OF S. R, 2 DAy SURFACE ExANPLE s 57
5 -5 -30 -% -850 -5 -20 -6 -1 5 ¢ 6§ L % 20 H» %N % L8 5
WI‘I‘FT'I‘I'T rrvrryrvyrvryvy’d TTiINTTpd
1012
T}.{\ -
n -
n \““,—\/\ vot‘ -
= p
- -
ET— ;
Oﬂ:’i]lljl]loi 12t s 1 1

'H
L TN

Wt

5¢ -5 -~4¢ -% -3%€ -5 -2¢ -5 -1 -5 ¢ 6 1C 15 2

% 3L

» a0

a5

= Sfc,

TT VT YT VT T r T r I T vy rryrrvyryrrrrrrrrrrrru?
. . . . . . . . . . . . . . . . 3 . . - -
- -
e o . . . . [ . . . . . . . ’ . . 7 <
- -
- . . . ’ - . - < ~ ® = = N N . . [} 1
— -—
- - - - » ’ . - - - - - e - N N Y N - ’ =
e —
uiid - - L4 . . - - - » . - - ~ \ S - - - 7
- p-
- . . . . - . . . - A \ . ) \ - - - - -
- -
i - - . P - A ] L3 7 /.\ \ . . - - - - - -»
oo =
._.--_...“//....,....
. -
b o . . ! ’ . ~, ™ / /’ 4 . & - - -
a4 a4 0t s b oo b foa g doatyo0 g ba 4o doadaly iy 1y tal
ATLANTIC SLOW NORTH OF SUBTROPICAL RIOGE 2 DAY SURFACE EXANPLEs 37
TEST 1 T€ST 2
SIGNIFICANT LEVEL
-850 -45 -40 -35 -30 -25 -20 -3 -10 -5 o L 10 1% 20 25 30 35 40 & 50 050 .010 001
1 1 t PASS
1 PASS PASS
t 1 PASS PASS
1 2 1 PASS PASS PASS
1 1 2 2 2 PASS PASS PASS
vo2s 1 PASS PASS PASS
2 3 3 PASS PASS PASS
3 03 2 3 2 2 v U 1 2 1 1 PASS PASS PASS
1 2 3 2 2 2 1 3 3 3 3 3 3 k] 2 1 PASS PASS PASS
2 2 3 3 H 2 3 3 3 3 3 2 PASS PASS PASS
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ATLANTIC  LOOP NORTH OF  SUBTROPICAL RIDGE -2 DAY 500 1@ DAL 28
TEST ! TE8T 2
SIGNIFICANT LEVEL
B B - % % - -0 -8 -1 8 0 5 10 15 XN B3 N B W & N .60 .00 .00
1 1 1 1 1 1 2 2 2 2 1 PASS PSS PASS
1 1 2 5 2 2 2 PASS PASS PASS
2 8 2 3 PASS PASS PASS
2 S PASS PASS PASS
1 PASS PASS
1 1 1 1 PASS PASS
1 1 1 ! s 8 2 2 1 1 1 PASS PASS PASS
! ' 2 85 3 2 s s 8 2 8 2 1 2 U PASS PASS PASS
1 2 1 1 ] s 2 t s s s 3 2 1 1 1 1 PASS PASS PASS
1 ! 1 PASS PASS
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ATLANTIC LOOP NORTH OF  SUBTROPICAL RIDGE -2 DAY  SURFACE EXANPLES 27
TEST 1 TEST 2
SIGNIFICANT LEVEL
60 45 -40 -35 -33 -25 -20 -1 -1 -5 0 % 10 15 20 25 30 35 40 4% 050 010 .00%
35
30
25 1 1 PASS  PASS
20 2 2 1o '3 PASS PASS PASS
15 1 3 3 2 ' t 1 1 3 3 PASS PASS PASS
10 2 3 3 1 12 3 33 PASS PASS PASS
5 t 03 3 3 3 2 3 "3 3 3 3 3 3 3 3 PASS PASS PASS
0 c2 03 3 3 1 2 2 33 ) 303 3 3 3 3 3 3 1 PASS PASS PASS
-5 ? 3 3 3 3 3 2 2 3 2 t 2 3 3 3 3 3 ) 3 1 PASS  PASS PASS
e 2 2 2 2 v 2 1 3 3 1 3 PASS PASS PASS
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ATLANTIC LOCP NORTH OF  SUBTROPICAL RIDGE -1 DAY 800 19 DL B
ST 1 TEST 2
SIGNIFICANT LEVEL
B -4 -4 -B -N -B -N -18 -10 5 L} 5 10 1 2 2 %N B 4 & 3 .00 .010 .00
] 1 1 2 2 2 1 PASS PASS PASS
L] 1 2 2 2 PASS
b 2 2 PASS PASS
F- 1 1 1 PASS PASS
L} 4 2 2 1 1 2 1 PASS PASS PASS
A\ 2 3 s 2 2 3 2 ! 2 \ PASS PASS PASS
L] 2 3 2 1 2 1 2 s 3 3 PASS PASS PASS
[ 1 1 1 s 8 3 PASE PASS PASS
] 2 2 1 ! 2 s 3 8 PASS PASE PASS
=10 s 1 s 2 PASS PASS PASS
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TEST 2
SIGNIFICANT LEVEL

REBEREERG

010

PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
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B 20 23 X 3B 440 5 3N

PASS
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ATLANTIC L0OP NORTH OF  SUBTROPICAL RIDGE =-) DAY  SURFACE EXANPLE: 27

ESY TEST 2
. STGNIF ICANT LEVEL
.50 -45 -40 -35 -30 -25 -20 -18 -0 -5 0 5 10 15 20 25 30 3 40 45 050 .010 .00%
2 2 2 22 ' PASS PASS PASS
2 3 3 1 2 v3 32 T3 PASS PASS PASS
3 3 3 3 3 v 3 3 2 2 3 3 2 1 11 3 3 PASS PASS PASS
R T S T T 3 3 3 3 3 3 3 3 2 PASS PASS PASS
2 3 3 3 3 2 2 1 vy 3 3 3 3 3 3 3 3 3 1 PAST PASS PASS
2 3 32 3 3 3y 2 2 v 2 3 03 3 3 3 3y 32 PASS PASS  PASS
2 3 3 3 2 2 vy 3 3 332 PASS PASS PASS
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PACIFIC LOOP NORTM OF SUBTROPICAL RIDGE -1 DAY SURFACE EXAMPLEs 14
TEST ¢t TEST 2
SIGNIFICANT LEVEL
~%0 -4% -40 -35 -30 -2% -20 -1% -10 -5 0 5 10 15 20 25 30 3% 40 4n 50 50 .0t0 001
3% 1 2 PASS  PASS PASS
30 1 1 1 1 PASS PASS
Fi 1 1 1 PASS
20 2 2 1 1 PASS PASS
1% 1 3 3 2 1 1 1 M 2 PASS PASS PASS
10 t 3 3 3 3 2 1 2 3 3 3 1 3 PASS  PASS PASS
5 1 1 3 3 3 3 3 2 2 1 1 1 2 3 3 3 3 2 3 PASS PASS PASS
] 2 2 2 2 2 2 2 2 2 2 2 1 3 3 3 3 3 3 3 3 PASS  PASS PASS
-5 2 2 3 2 2 3 3 3 2 2 1 1 3 3 3 3 3 3 k] 3 PASS PASS PASS
10 ] 1 ] ] 1 1

PASS
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ATLANTIC  LOOP NORTH OF  SUBTROPICAL RIDGE O DAY 500 M8 EXNPLE 136

TEST 1 TEST 2

SIGNIFICANT LEVEL.
By B -4) % - B <20 -1%5 <10 5 0 5 10 5 20 3 N B 4L & %N .00 .00 .00

s 5 5 ! 2 2 % 3 83 83 2 1 2 3 3 PASS PASS PASS
x 8 1 1 1 1 1 ! 1 S 3 PASS PASS PASS
F-3 1 1 1 2 S PASS PASS PASS
x 2 s s s @ s 8 s s 3 t 2 8 1 S PASS PASS PASS
s 8 3 3 5 3 2 s 3 3 3 3 3 1 5 s 2 1 PASS PASS PASS
it 5 35 s s 3 $ 8 5 35 3 83 3 2 S 3 8 3 2 2 PASS PASS PASS
s 3 8 s 3 3 s 5 s 8 s 35 3 3 2 35 3 3 3 PASS PASS PASS

° 3 3 2 1 3 3 3 1 3 s 3 1 2 s 2 1 PASS PASS PASS
-5 ] s s 1 2 S ] L] L) 3 2 1 1 PASS PASS PASS
-18 1 2 H 2 1 1 1 2 PASS PASS PASS
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PACIFIC  LOOP NORTH OF SUBTROPICAL RIDGE 0 DAY 3500 1@ DANPLEs B
TEST Y TEST 2
S0 8 0 B -N B N 1% -10 -5 ° S 1 15 20 3 XN B &4 S5 N sfgnsm LFQ%
» 2 1 1 2 1 PASS PASS PASS
- 3 -] 2 1 H 1 PASS PASS PASS
S 2 3 ] 3 1 1 PASS PASS PASS
20 2 3 1 1 2 1 1 PASS PASS PASS
15 1 2 2 2 1 1 1 2 3 2 1 ] 3 PASS PASS PASS
10 2 2 ] ] s s 1 H 1 1 2 1 s 3 3 PASS PASS PASS
5 2 1 2 S ] 2 - s 3 PASS PASS PASS
] L] 2 2 2 L] 2 t 1 1 1 s s 1 PASS PASS PASS
- s s s s 35 2 ] 3 2 2 2 s 3 2 PASS PASS PASS
-10 L] = s s 3 3 1 1 1 ] 5 L] 3 s -] 3 3 3 3 PASS PASS PASS
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ATLANTIC  LOOP NORTM OF  SUBTROPICAL RIDGE O OAY SURFACE EXAMPLEs 128
TEST ¢ TEST 2
SIGNIFICANT LEVEL
-850 -4% -40 -35 -30 -2% -20 -1% 10 -§ o 5 16 15 20 2% 30 35 40 45 50 .05 .03 .000

3 3 3 3 3 2 1 1 1 3 k) 3 3 3 PASS PASS PASS
) 3 3 3 2 1 1 1 1 1 3 3 3 3 3 1 PASS PASS PASS
3 3 2 1 3 3 k] 2 3 3 3 3 2 PASS PASS PASS
2 2 3 3 k) t k) 3 3 3 PASS  PASS PASS
3 3 2 3 3 k] 3 3 2 3 3 3 2 PASS PASS PASS

2 2 3 3 3 3 3 3 3 2 t 2 2 PASS PASS PASS

1 3 3 3 2 A 3 k] 1 1 2 1 1 2 2 PASS PASS PASS

2 3 3 3 3 3 A 1 3 3 3 1 3 3 3 k) 3 3 3 3 PASS PASS PASS
] 3 ] 3 3 3 3 3 3 3 3 3 3 3 El 2 PASS  PASS  PASS
3 3 3 3 3 3 2 3 B 3 3 3 3 ) PASS PASS PASS
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ATLANTIC LQOP NORTH OF S, R, CDAY 500M8  TO SQUTH ExAMPLEe 46
“50 -3 -0 -5 -5 -5 -20 -15 -10 5 0 5 10 5 20 25 3 M} 40 H5 X

5 - -4 B XK -5 -0 -5 -1 5 0 S5 10 15 20 5 0 B 4 H N
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ATUINTIC LOOP NORTM OF  SUBTROPICAL RIDGE 0 DAY %00M 70 SWUTH  EXAMLEs 46
TEST TEST 2

B 45 -4 - - -B -0 -8 -1 85 0 5 10015 20 3 N B N & N ngﬂ%{;%

2 35 3 35 35 85 ! 2 3

2 2 1 1 1 1 1 2 3

PASS PASS
PASS  PASS
PASS PASS
PASS PASS
PASS PASS
PASS PASS
PASS PASS
2 PASS  PASS
PASS
PASE
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* LANTIC LOOP MORTW OF  SUBTROPICAL RIDGE 0 DAY SURFACE 10 SOUTH EXAMPLES 4%

TEST 1 TEST 2

SIGNIFICANT LEVEL
-50 -4% -40 -35 -30 -25 -20 -1% -10 -% 0 S 10 1% 20 2% .0%0 .01 .007

w
w

PASS PASS PASS

2 3 3 2 PASS PASS PASS

' 2 1 1 2 3 3 3 3 ) 1 2 1 PASS PASS  PASS

2 ' ' 3 3 3 3 3 1 1 3 3 1 PASS PASS PASS

1 2 1 1 3 3 3 3 2 1 s 2 2 PASS PASS PASS
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A -4 -0 B -N -B -N -5 - 5 § 5 1 B N B K B N & 080 010 001

2 ! PASS PASS
35 8 3 2 1 1 1 1 1 PASS PASS PASS
2 8 s 3 s5 2 2 8 s s s PASS PASS PASS
2 8 8 s s ! 2 5 s s 2 PASS PASS PASS
1 $ s s ' s 2 1 2 2 PASS PASS PASS
2 8 8 2 5 3 3 s PASS PASS PASS
1 S 3 35 3 5 3 8 8 3 1 PASS PASS PASS
1 2 3 s s 2 ! s = 8 s 2 2 PASS PASS PASS
2 2 2 2 8 s 2 ! s 8 8 8 2 2 1 PASS PASS PASS
i 1 ! 1 2 2 8 2 ! s t ! 2 2 1 PASS PASS PaASS
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L ] 1 2 ! 2 ] ] 2 1 1 PASS PASS
- 2 2 1 ! 1 H 1 2 2 1 1 s 3 3 3 S 35 PASS PASS PASS
s 2 2 2 2 1 1 1 1 1 2 3 8 3 5 PASS PASS PASS
] 2 2 ! 1 s s 2 3 3 3 PASS PASS PiSS
5 1 1 2 3 s 3 1 3 3 ] 3 3 2 3 3 PASS PASS PASS
i\ t 5 8 s L ] 5 8 8 s 3 s 1 1 PASS PASS PASS
L.} 2 1 S s L] S s L] s S ] s 5 s S 3 3 2 PASS PASS PASS
° s 2 ! 2 s 85 s s s s 3 s 3 3 ] 3 s 1 2 3 PASS PASS PASS
e} ] ] H $ 8 3 s s 3 s s 3 3 3 3 2 1 2 3 PASS PASS PaSS
-10 3 2 2 * ' 2 2 3 s 1 1 2 2 2 1 PASS PASS PASS
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ATL, FAST O
Near

ATLANTIC FAST IEAR S, R. C DAY  SWRFACE 70 IORTH ExAMPLEs 26
BL 95 -0 o565 B0 X5 -2 <18 -1 6 T B 1L 5 2 2 % % oan o
L] T
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ATLANTIC FAST MEAR  SUBTROPICAL RIDGE O DAY  SURFACE TO NORTH  EXAMPLE: 26
TEST 1 TEST 2

) SIGNIFICANT LEVEL
-50 -45 -40 -35 -30 -25 -20 -15 -10 -8 1] 5 10 15 20 25 30 35 40 a5 -050 .010 .00Y

35 2 2 1 1 1 2 1 PASS PASS PASS
30 2 2 2 2 1 1 2 3 3 3 3 PASS PASS PASS
2% 1 2 2 2 2 1 1 2 2 2 2 2 3 3 3 3 3 PASS PASS PaASS
20 1 2 2 3 * 1 2 2 2 2 2 PASS PASS PASS
15
10 2 3 2 3 3 3 1 PASS PASS PASS
5 1 2 1 1 1 Al 3 3 3 3 1 3 3 3 3 3 3 3 3 1 PASS PASS PASS
] 3 3 3 2 2 3 3 3 3 3 1 3 3 3 3 3 3 3 3 2 PASS PASS PASS
-5 1 3 3 3 R 3 3 3 3 3 3 3 3 3 3 3 3 3 3 1 PASS PASS PASS
-10 1 3 3 3 2 3 3 3 3 2 3 3 3 3 3 3 3 2 PASS PASS PASS
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PAC. FAST 1
Near

PACIFIC  FAST NAR S, R, 1 DAY 500 M8 TO NORTH EXAMALEs - 20
50 -85 -40 - - -3 -0 -5 -10 5 0 S5 10 15 20 25 30 B 4 H KN
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PACIFIC  FAST NEAR  SOTROPICAL RIDGE ! DAY 500 M8 TONRTH  ExaLls 20
TEST 1 TEST 2

SIGNIFICANT LEVEL
RN BN W N BN -S5O 5 0B N B XN W N &S W 0850 .00 .00

» 1 PASS

® 1 2 2 1 LI PASS PASS PASS
F— T T T T LB B T PASS PASS PASS
2 1 1 1 1 PASS PASS
s t 2 2 2 12 2 PASS PASS PASS
1 ! 2 2 1 2 2 s 3 2 1 1 2 PASS PASS PASS
s 1 1 2 2 s 2 1 1 s 3 3 s 2 PASS PASS PASS
] 1 1 2 s s 3 8 g 5 3 8 s 3 PASS PASS PASS
- 1t 2 35 3 s s s s 8 s s s PASS PASS PASS
-1 2 3 s s s 3 2 s s s 2 PASS PASS PASS
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PAC. FAST 1
Near

PACIFIC  FAST IEAR S, R, 1 DAY  SURFACE 10 LORTH EJA¥LEe 20
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PACIFIC  FasT NEAR  SUBTROPICAL RIDGE 1 DAY  SURFACE TO NORTN  EXANPLEs 20
TEST 1 TEST 2
SIGNIFICANT LEVEL
-50 -45 -40 -3%5 -30 -25 20 -15 -10 -5 0O 5 10 15 20 25 30 35 40 4% %0 050 .010 001
£ . Prss
30 :
2
20
15
w1 to2 voo2 3 3 2 PASS PASS  PASS
5 3% 3 2 o+ v 2 3 3 3 3 3 1 2 3 3 3 3 3 3 2 1 PASS PASS PASS
6 3 2 1 v 2 3 3 3 3 3 3 1 3 3 3 3 3 3 13 ) PASS PASS PASS
5 03 2 1 v 2 3 3 3 3 3 13 303 3 3 3 3 2 2 1 ©ASS PASS PASS
1603 2 12 2 2 3 3 3 3 2 303 3 3 3 2 12 3 PasS PASS PASS
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SLOW
Near

ATLANTIC SLOW NAR S, R, -2DAy 5000
R % -4 % -N -3 -0 -15-10 5 ¢ 5 10

ATL.

ExAPLEs 29

15 20 25 XN % 4 S X
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e 00
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ATLANTIC SLOM AR SETROPICA. RIDGE -2 DAY 80 M DAL
TSt 1 TEST 2
SIGNIFICANT LEVEL
B B 4 W W B XN -1 -0 B8 0 S 10 15 20 B N B L 4S8 %W 080 .00 .00
L J 1 2 2 2 1 L] s s 2 1 PASE PASS PASS
% 1 1 1 t 2 8 8 8 2 1 2 PASE PASE PASS
-] 1 1 1 2 2 2 1 PASS PASS PASS
- PASS
1% PASS
10 3 1 t ot PASS PASS PASS
s 3 2 2 8 2 1 PASS PASS PASS
¢ ! 2 8 2 2 2 2 2 2 1 PASS PASS PASS
- LI | 2 2 2 1 2 85 s 2 PASS PASS PASS
-10 1 Tt 1 1 2 PASE PSS
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A82

SLOW

NEAR S, R,

Near

2DAY 5001

0

5

10

EXAMPLE
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40

15 20 25 X B 40 & X
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E
5 |- 1
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.10 Lo Lo Lo 0 st abatatgdatabadatatats sttty 500
50 -85 -40 -% -3 -25 -20 -15 -10 -5 0 5 10 5 20 25 XN B 40 & 0 mb
s
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P o -
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PACIFIC SLOM AR SETROPICAL RIDGE -2 DAY 800 M@ EXAPLEe &0
TEST 1 TEST 2
SIGNIFICANT LEVE.
8 4 -4 B - -JB N -1 -0 B § 8 1 18 0 B N B 0 &8 0 .08 .00 .00
s 35 3 s 3 3 s 2 ! s 35 3 5 s 8 8 2 PASS PASS PASS
] ] 3 s S ] 3 1 2 -] ] s S s -] -1 PASS PASS PASS
s s 3 s s 2 t 3 8 8 5 2 1 PASS PASS PASS
2 2 1 1 o2 PASS PASS PASS
1% 1 2 L] 3 -] s 3 s 2 2 3 3 5 2 2 1 PASS PASS PASS
10 2 ] s L] L] 3 3 2 1 L] -] s 3 3 ] s 1 PASS PASS PASS
) ! 2 2 2 2 3 ! 1 5 3 3 8 83 3 2 PASS PASS PASS
6t 2 85 2 1 1 2 8 8 2 8 8 8 s 8 1 PASS PASS PASS
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ATL., SLOW -2
Near

ATLANTIC SLOW AR S, R, -2 DAY SURFACE EslPLE e 27
“G0 4% <40 -%5 -30 =25 -2 <16 -0 6 I 5 L G 2% 3% 41 4% 5
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ATLANTIC sLov NCAR  SUBTROPICAL AIOGE -2 DAY SURFACE ExAMPLE. 27

TEST ¢ TEST 2

-30 -43 -4p -5 -30 -25 -20 -1% -10 -8 L S 0 13 30 2% 0 B e s

Sfc.

SIGNIFICANTY LEVEL
0 .0%0 .0%0 .0®t

2 2 2 1 PASS PASS PasS

1 1 2 1 PASS Pass

1 PASS PAgS
H 2 1 1 ] 1 2 PASS Pass Pass
2 L) 3 3 2 1 t 2 2 2 2 2 1 1 2 PASS PASS PSS
2 3 3 3 3 2 1 1 3 3 3 2 3 3 3 2 1 PASS PASS PasS
3 3 3 3 2 1 2 3 3 3 3 3 I 3 t PASS  PASS PaAsS
t 2 ? ? ? A\l 3 3 3 2 3 3 2 3 3 3 t PASS PASS  PasY
1 2 2 2 2 1 2 3 2 3 3 3 3 3 2 2 1 PASS PASS PASS

1 1 1 1 2 2 2 3 2 1 '

PASS PASS PASS
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Near
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PacIFIC  SLOw NEAR  SUBTROPICAL RIDGE -2 DAY  SURFACE EXANBLES 39
TEST 1 TEST 2
SIGRIFICANT LEVEL
.50 <45 -40 3% -30 -2% -30 -15 -10 <8 0 8 10 15 20 25 30 35 40 45 50 0% 010 .001
*® 3 3 ) 3 33 2 FIRNNE T TR TN T R PASS PASS PASS
30 2 3 3 3 k] 3 3 2 1 2 3 3 3 1 PASS PASS  PASS
2% 1 2 2 2 1 1 2 2 2 PASS PASS PASS
20 2 1 1 1] PASS PASS PASS
13 3 3 3 2 1 1 1 1 PASS PASS PASS
10 3 3 3 3 3 t H 2 3 3 3 3 1 1 2 PASS PASS PASS
L 3 3 3 k] 2 3 2 2 2 2 2 2 k) 3 3 PASS PASS PASS
[} 3 3 2 2 il 1 3 3 2 3 2 3 3 3 3 3 3 3 PASS PASS PASS
K
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ATL.  SLOW 1
Near

ATLANTIC SLOW NAR S, R, -1 DAY . 500 M@ EXNPLEs 33
5 -5 -30 -9 50 <25 -20 -15 10 -5 0 5 10 5 20 25 %N B 440 5 5

9 N 2w
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5 - -
5 e @ o+ s e o . - L e, . -, = e
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ATLANTIC SOM AR SBTRPICA RIDGE -1 Dy 200 19 DMMEs =8
™ TESY 2
SIGNIFICAN? LEVEL
50 48 -4 % - 2B -2 -13 -0 8 0 8 10 15 20 28 N B &L & S .00 .00 .00
= 1 LI 2 2 8 8 3 2 2 1 PASS PASS PSS
= Tt ! t 2 2 8% 8 s 1 2 1 1 PASE PASS PASS
3 L tor o 2 2 PASS PASS
2 PaSE
15
] 1 s 2 PASE PAGE PASS
s L S s s 2 PASE PASE PARS
] ] s 5 3 PASE PARS PASS
-4 t 2 2 2 t 1 2 PASE PASE PaSS
-10 2 2 2 1 1 PISS PASE
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PAC. SLOW -1
Near

PACIFIC  SLOW NCAR S, R, -1y 800 EXNPLEs  B1
B0 B <40 -9 %0 2B <20 -16 -10 5 0 B 10 13 20 2 N MW &L 8/ XN

500

B0 -8 40 -9 -0 -2B -0 -18 <10 -5 0 5 10 5 20 2 30 ¥ 40 S5 XN mb

s

X PF- -y
o @& «w» wp w \\\\“_.-.—._‘_.—b"/—dP

S - -
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PICIFIC KOW NCAR  SUBTRGPICAL RIDGE -t DAY B0 19 [»7 VL]
TEST ! ST 2

SINIFICANT LEVEL
% B N W -5 8 0 5 10 18 X X X B N 48 %N 080 .00 .00

]
[
&
o

s $ 3 S s 8 s 3 2 2 85 3 5 s s 3 s 3 1 PASS PASS PASS
% $ 3 s 3 s s 35 2 1 s 3 8 8 3 35 35 s 3 PASS PASS PASS
s 3 8 85 3 s 8 2 s 3 s 35 35 s s 2 ! PASS PASS PASS
% 3 8 3 5 2 2 $ s s 3 2 1 1 1 PASS PASS PASS
1 2 2 3 35 83 3 35 3 1t s s s 5 s 2 2 PASS PASS PASS
1t 85 3 3 s 3 s 5 s s s 3 35 3 s s 8 2 1 PARE PASE PASS

s 3 S 35 8 s s 1 1 1 1 s s 8 8 s 35 2 PASS PASE PASS

©c s s s 2 ¢ t 1 8 s s 5 2 2 3 3 8 1 PARS PASE PASS
4 2 2 ! 1 ! 2 2 2 2 2 2 1t PASS PASS PASS
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ATL, SLOW -1
Near

ATLANTIC SLOW EAR S, R. =1 DAY SURFACE EadMPLE " 3%
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ATLANTIC  SLOW NEAR  SUBTROPICAL AIDGE -1 DAY  SURFACE EXAMPLES 30

TEST 1 TESY 2
SIGNIFICANT LEVEL
-850 -43 -40 -3 -3 -25 -20 -1% -10 -3 L] 8 10 13 20 25 30 3B 40 45 0 .0%0 .010 .001

1 PASS

PASS
2 PASS PASS PASS
3 PASS PASS PASS
PASS PASS PASS
PASS PASS  PASS
PASS PASS PASS
PASS PASS PASS
PASS PASS  PASS
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PACIFIC  SLOW NEAR  SUBTROPICAL RIDGE -1 DAY  SURFACE EXAMPLE: 48
TEST 1 TEST 2
SIGNIFICANT LEVEL
-850 4% 40 35 -30 -25 -20 -5 <10 -5 0 5 10 15 20 25 230 I5 40 45 50 10001
3 3 3 3 3 3 3 3 3 2 1 3 3 3 3 3 3 3 3 PASS PASS PASS
F 3 3 3 3 3 3 3 3 3 1 2 3 3 3 3 3 3 2 PASS  PASS  PASS
T3 2 2 2 3 3 2 voo2 2 2 2 2 1t PASS PASS PASS
3 2 1 1 2 2 1 PASS PASS PASS
3 3 3 3 1 1 2 2 2 1 PASS PASS PASS
3 3 3 3 1 1 1 2 3 3 3 3 3 3 PASS PASS PASS
3 3 kl 3 3 2 1 3 3 3 3 3 3 3 3 3 3 PASS PASS PASS
3 3 3 3 2 3 3 2 2 3 3 3 3 3 3 3 3 PASS  PASS  PASS
2 2 2 1 2 1 H 2 3 2 1 2 3 3 3 3 3 3 3 PASS  PASS PASS
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s 8 3 s s 3 3 s s s s s s 2 1 1 PASS PASRE PASS
$8 2 2 2 8 8 ! 1 $ 2 35 8 3 3 3 35 3 S ! ME MumMS
4 v 1 1 1] 1 1T 1 1t 2 2 PAR PAR PR

-0 2 1 1 s 1 PASS PASS
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2 3 3 3 3 1 1 PASS  PASS  PASS
3 3 3 3 3 2 PASS PASS PASS
3 3 3 3 3 2 PASS PASS PASS
1 1 2 l 1 PASS PASS PASS
1 1 1 1 1 PASS  PASS
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-18 L} 1 2 1 2 2 2 1 1 1 1 1 PASS PASS
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1 8 8 8 s 3 s s 1 s 3 35 5 s 3 s 3 PASE PASS PASS
s 5 8 3 8 1 2 3 8 2 2 2 8 2 PASE PSS PASS
s 2 2 1t 2 83 2 1 1 1 PASS  PASS



Al37

ATL. SLOW -1
S.

ATLANTIC  SLOW SOUTH OF S, R, ~1 DAY SURFACE EXAPLE» 23
50 =45 -30 % -5C -5 2L <15 - -5 ¢ 0§ i1 15 2 25 3 % 4. 0 5

. L ba ba Lo 0o b o 8ot ds a4 adg 0ty 0 00 dalala

“60 -35 -aC -35 -3¢ <25 <20 -5 -0 5 ¢ 8 I 15 20 25 3 % a5 & 5 Sfc
®
I I

"l "l',f',l',l',f'_l'\l'l' " LA "l"l'_.l'_.l".lz.l_‘
N - A “
T Y Y P vy N - - AP e e N N -
2% b=~
b & . - ] \ - - ‘ ) ~ - - ’ /’ - - - N (N .~
28 -
- :‘ S s e s ., ' . L T . ¢ 4 e
1 ——
- - Y - - - - - - - . . - - - - - -~ 7 -
H N -1
b & - N er M e e o N - - - - P N - ol
5 P~ =
Fe e I . .
: ' / -
. :’ — ~N g -\~ -y LI A-——‘_—(( :
e
.- lj]jlll]llllllllllllljllllllllljllll]l
ATLANTIC  SLOV SOUTH OF  SUBTROPICAL RIDGE -t DAY  SURFACE EXAMPLE: 24
TESY ¢ ST 2
SIGMIFICANT LEVEL
30 43 40 o35 30 25 -0 .15 10 5 0 8 10 1% 20 25 30 I8 40 45 80 080 010 0ot
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2 2 3 3 3 3 2 PASS  PASS  PASS
sy 3 2 [ T T T S PASS PASS  PASS
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s 3 8 3 s s s 2 s s 3 $ 3 3 3 3 3 S 3 PASS PASS PABS
[} s 8 8 3 3 s 3 3 35 s 3 S S S S S PASS PASS PASS
3 ! e 2 8 3 2 2 2 2 s 5 s 2 3 3 3 3 S 3 2 PSS MSS PASS



ATL, SLOW O

ATLANTIC SLOW SOUTH F  S. R, C DAY SURFACE ExAMPLE" 8

50 ~35 -0 % -5 -2 -2 <15 -0 5 ¢ 6 10 % 2 X% K B I & 6

112l st 431

50 -5 -4C -3 -5 25 -2¢ -5 -1¢ 5 ¢ 5 10 15 20 D X B 4 & !’rCSfc.

pdadsd

-
-
t
»
o
.
.
-
-
.
.
-
-
A1
»
L}
s
4
A

.
.
-
-
.
’
14
’
[}
.
.
.
.
.
-
-
.
.
-
.

r'd
k4
Fd
rd
'
.
1 il latad

’
7
4
4
’

ATLANTIC SLOw SOUTH OF  SUBTROPICAL RIDGE O DAY SURFACE EXANPLE: 80

TR 1 TEST 2

SIGNIFICANT LEVEL
-50 -45 -40 -3% .30 -25 -20 -1% -10 -8 [ S 10 15 20 2% 30 3% 40 45 50 .050 .010 .DOY

t 2 3 3 1 : 1 1
1

1 PASS  PASS  PASS
PASS

PASS  PASS

PASS  PASS  PASS
PASS PASS PASS
PASS PASS PASS
PASS PASS PASS
PASS  PASS PASS
TASS  PASS PASS

~

NN oW owow
W oW W oW oW N
W oW W W ow
W oW W oW -
W oW oW ow

W ow oW ow

¢ oW ow ow

W W oW ow N
Now N -

v oW ow oW N
W oW W W ow N
oW W W W oW
W oW oW oW oW ow
W W W oW ow N
w W oW ow N



o

A RSREEEERRREREE)

PAC,

PACIFIC

53

-J

SLOW

el

-5

SOUTH OF

-5 -25

=20 -15

Al42

SLOW
S.

S. R,

-10

C DAy

-5

SURFACE

5

10

l'l'l'l'}l'l'l'

Q\.O

yi'l'I'lr

ExAMPLE »
15 20 25 %X % 4

‘55

O

g

-35

-3¢

-

-5

-5

20 ~15

-1C

5 ¢

1

L

2 25 35

» 4

L]

)

!

-

~

&\\\\.—

-

-

-

S e e e e

-

-

-

-

. .
- -
- -

T e e e e

/ /..

-

Q‘\ \

f\f/‘,-

"/l

HELIMELIMELEME B B B B I N0 B L A

»

-

-

\

T]’"r('lf‘f
~

\

)

’

-~
e
- ~
-
- g
-l
. . o
-
L . o
=
- -
-
. L
-
’ - o
-y

l|lljllll|l|l|lllllllJlllll]llJ]lllllJl

PACIFIC  SLOW
%0 48 40
L T T
y 3 3 s
» 3 3 3
EINE B R
LI B R |
LI T T |
Yy 3 3 3
1 3 3 3

SOUTH OF  SUBTRCPICAL RIOGK

- W W W W e - oW ow

3
3
1

N e W oW ow

-3% -3 -2% -20 -

3
3
2

w oW oW -

% -10
3 3
3 2
R t

1
3 3
3 3

hi3)

o

0 DAY
Tt

@ W W -

SURFACE
10 18
3
1 3
1 1
]
3
1 3
1 3

@ W W W -

© W W w ow

“w W w oW ow N

EXANPLES 153

VW oW w W ow

¢ W W W oW w

TESTY 2

i Sfco

SIGNIFICANY LEVEL
0 .0%0 010 .00%

¢ W W W owoN

PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS

PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS

PASS
PASS

PASS
PASS
PASS
PaSS
PASS
PASS

1ol



%0 3B 40 -3 %0 2B -2 18 10

ATL.

ATLANTIC SLOW

SVTHM P 8. R,

Al43.

SLOW

!

-5

S.

DAy
]

N e
5

i0

ExaeLL

1

43

15 20 25 XN W 40 4 5

00

® A R B2 S S S L
s :
3
2
15
0
5
c
-5
.]o
S B -4 -B - -2 -0 -15-10 8 0 5 10 15 20 B N B N S N mb
»
LRRRARRES oo R5 S8 B8 RAREES B> 52 R B0 BB pugs
% - -
e B W w W W B e e wy ~ v - D P e ey ——a
a ot L
- - - - - - . - .- - -y ~ - - - - B > —y -
P B od -
o > B > S P e p e - - - - e e P e - [N —
15 o= =4
o - - - - - - - - - - - - - - - - - - - —y
10 = -
- - - - - L4 . . . . . ] . - - . . . . - -
5 = -
i . . . . L] . ° ° o \ . . . ) . - - - - o
[ o e
po ¢ . . . . . - - N N / . . N - - , » . .o
5 p- '-
b . ¢ « o 1 s . e . '
e R 00 00 13 10 10 0 0 0 B L bty
ATLANTIC SR SOUTH OF  SUBTRGPICAL RIDGE 1 Day 800 1@ EXAPLEs 43
TEST ! ST 2
SIGNIFICANT LEVRL
N B -4 B N B 20 18 0 8 0 % 10 18 20 2 0 W 4 &8 W 080 010 .000
= 2 F 1 1 1 2 2 2 1 PASS PASS PASS
x toor o PASS PASS
a2 1 PASE  PASS
2 vt 12 PASS PASE PASS
13 1 e 2 1 1 PASS PASS PASS
v 2 2 ot PASS PASS PASS
L} 1 PASS PASS
] 1 2 8 2 3 2 PSS PSS PASS
1 H 1 2 1 1 PASS PASS PASS



Al4h

PAC., SLSOW 1

PACIFIC  SLOW SOUTH OF S, R, 1Ay S0 EXNPLE 57

50 35 40 %5 -30 -2 -20 18 -10 5 0 S5 10 15 20 B N B 44 H X
»

A2 >

500

B0 =45 40 -3 %N B -0 -8 -10 -5 0 S 10 15 20 3 N B N & N mb

PCIFIC S0 SWTHOF SETRPICA RIDEE 1DAY 5018 DanEs 97
JEST 1 % 2

N M8 N B\ XN BN WS 08 10BN DN B NS N ’!gnfm %
s s s 3 s 2 1 2 S 35 PSS PASS PASS
% ] 3 2 2 3 3 PISS PASS PSS
s s 3 3 35 3 t 1 2 1 PASS PASS PASS
x t 2 2 2 2 3 2 PASS PASS PASS
s 35 8 s s 8 85 2 1 Tt 3 3 35 3 3 3 ME S NS
I 3% 8 8 83 85 8 5 2 2 2 ! S 3 3 3 3 3 3 M MK Pass
s 3 3 s s s 2 LI $ 3 3 3 3 3 3 3 PAE MR PASS
s 2 2 s s 3 1 s 3 s S 3§ 8 3 3 3 3 S PSS PASS PASS
L S B | t 2 8 2 2 2 Vv 2 PASS PASS PASS



Al45

ATL.

ATLRITIC SLOW SOUTH OF S, R, ! DAY SURFACE

“52 35 30 -5 -850 -2 20 -6 - 5 T 5

1

55 3 gy
R
5 P
s
I o
L. o
kol N
5 -
L
-~ L
'
n
)
:
-5
A .
50 -85 -4 - %0 -2 -2 16 <10 6 & 5 0 15 2 2 X B & H 5 Sfc.
5 ] L LJ L i L) L | L] ¥ 1) L] l 1 l 1§ r L
MBI EL AL LI B0 L L 0 5 5 0 0 R
' . . N LA T T T G R T SN
-
N ’ ° . . . . [ » - ', . . ’ ’ - . . 1
e
. : a - - - . ) - . . - . ’ ] » - A s
-—
. 4 ] v - % N N e . - - . .~ A . - ’ ¢
-
\
. ’ M ‘ ¢ ™ N N e e N - . [ - - v - -
-
.\\\;-s-/\\““°""‘
LA ]
- LY -~
, s , . bt o- - \ N N SN - - g
-
-~ / //l \ 1 / . -
A T L L s il T
ATUANTIC SLOow SOUTH OF SUBTROPICAL RIDGE 1 DAY SURFACE EXAMPLES 39
TEST 1 TEST 2
SIGNIFICANT LEVEL
-50 -4% -40 -3% -30 -2% -20 =15 -10 -5 1] 5 10 15 20 25 k1 3% a0 s 050 .010 .001
» 3 3 2 1 1 1 1 PASS PASS PasS
10 3 1 PASS  PASS PASS
2% 1 1 ] 1 1 PASS  PASS
20 1 2 2 1 1 1 2 2 2 PASS  PASS  PASS
18 1 3 3 3 2 1 2 3 3 2 PASS PASS PASS
10 1 3 3 3 3 3 1 1 3 3 3 2 1 PASS  PASS  PASS
5 2 3 3 3 3 3 3 2 1 2 3 3 3 3 3 2 PASS PASS PASS
0 2 3 3 3 3 3 3 2 k] 3 3 2 2 2 PASS  PASS  PASS
-5 1 2 1 1 2 b ] 3 1 1 3 2 2 1 1 1 PARS  PASS  PASS



Stve Ss¥e SSW¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 2 [ S SR SR I T
$S¥¢ SSve SV € € € € € ¢ € ¢ t ¢ € ¢ 4 ¢ ¢ t ¢t € ¢ € o
SSve SSvd SSW¢ € £ € € € € ¢ ¢ ¢ ¢ 2 €t ¢ ¢ ¢ ¢ € € s
SSve SSvd SSW& L ¢ € £ €t ¢ 4 g ¢ ¢t & ¢ € ¢ o
SS¥¢ SSve SSWd ¢ € € & ¢ [ z ¢ ¢t ¢t ¢t & %
SS¥a SSwd SSWé 2 € € 2 t e € € o2
SSvd  SSvd ) ) ) ) (24
SSV4 SSve SSWe & 2 o Vo g ¢ ¢ ¢z T ¢ ¥ o
SSVé SSvd SSwd € € € 2 zZ ¢ £ € €& € € st
100° 010" 050° 0% S¥ Or SC OC K2 OZ % O § O & Ol- Si- 02- - Of- SE- Ov- Sv- O-
AT INIINDIS
Z 153 L iSH
s =3aMvx3 20400 AVQ 1 30T WIOUNS 30 HIADS A0S  J14ldvd
LA N (LN NN NN LAY BN LA BN B A LA NN BNLAN S AN BRLAN BRAR BRLAN BRAN |
C t /- -
> - g hd - —
o “ L/ / ® > ‘ 7 N\ .
- o . P) ‘ \ N N N \ /_.. Ny Yy e .
- -
P e %M N N N NN NN — e e s L S S S Y )
- o
P % N N N N e e s e et o e N e YN N Y e
= 113
-~ . . . . ~ - - L - * v v ny Ny
- °z
e - rd . » . . . . . . . ’ - - - - -~ -
pun Q
- W W e . B ' . . . » [} \ ’ . * w w =
- 0:
- N\ - -~ . . - . . . . . A . . . . - .
lllllllllll‘illljlllllJllllllllllllllll's

Ggr ir & ¥ & 2 G % § O & 0l- Gl- 02- G2- 0g- G&- OP- Gr- OG-

w

'S -

LR BN LA SN0 B A B A N A L B LA L L D B LB A N AN B i

-
B9 v & g & 2 o6 L6 ¢ & li- gl- 02- 62- §- G- Ir- G- G-

i * Y3 VS Avq L ‘d °S 0 HINOS M0 D14lIvd

! MOT1S  Ovd



ATL.

ATLANTIC

SLOW

SVTH OF S, R, J
50 45 40 -%8 -%0 -2 -20 -85 <10 8 0 85 10 15 20 3 XN B 40 [ ]

Al47

SLOW
S.

2 DAy 800

EXANPLE »

2

* P S e T
- %
e
P-4
2c
% i
HY
S
¢
5
-1%
40 -5 40 -3 -N B -0 -15 -10 5 0 S 10 B 20 3 X B N B N
s o8 BLER TRLAN BRLAR BLEN B BLJ” B Ty
PARARRBARANARSES 35 L0 30 L8 RN RARS BFRoRr R
x —
: fe e W W@ e Ny wp D WP =P P wd wmg g e e =S P P . e
S - -
P~ - - - - e wd @b wd B P P wp gy wy WY = WP s AP o
P2 -
.b‘—--“-“‘—ﬁ‘-.‘—.-.-.—o-
S - ef
ey W o o - - - - - - - - - - - - - - eu eod
MR o ey
e - - o - > - - - . L] . - - - - - - - -
L. 3 ond
=\ - . o . . . . . ,\ . . . v . . . - -f
[ 2 -
= - » 1 ] - - - . ,Q ° s . . [] . 'Y -
. Y \
- g
. ] . . ’ . LY . L)
e Ul 0003 80 10 00 09t 00003 b0t atalalal
ATUNTIC SUm TUNNGT SBRPICAL ML 2Dav 5018 DRl B
ws? 1 ST 2
SIGNIFICANT LOVEL
N M N BN BN W0 8 0 B 0B N BN B KN & N .0 00 .00
., 3 85 2 2 L t 2 1 PASE PASR PASS
0 T PASS PASS
a
x . 1 PSS
% 1 2 2 1 toor PASS PASS PASS
®w 2 s s 2 Tt 2 1 1 1 1 1 PASS PASS PASS
s t 2 s 2 2 2 1 T 2 PASE PASE PASS
] t 2 2 1t 8 2 1 1 3 3 S 2 PASE PASS MSS
4 ' 2 2 1 1 3 3 2 ! PASE PAS PASS
1 1 T T 1 2 1 PASE PASE PASS



Al48

PAC. SLOW 2
S.

PACIFIC SUOW SUTH OF  S. R, 2047 300 EXNPLEe 7%
B 48 <40 % -3 B N 15 -10 B 0 5 10 8 20 B3 N B 4 H X

’wn-:-:-:r:-:-.
S ———
% ———— ——380,

= —— ——
. /

2 8%, — T —

1%

10 -
- -

3 - E‘,QH :
- 0.

3 C) :

L - I o - d o=
.lnlnljlnlnl-nlnlllnllljlllnjnlnlnllllll“

e 500

By -85 =40 -35 -30 -28 20 -15 -10 5 0 S 10 5 20 B N »B A Gﬂmb

b v v v v 14 L] v v v T v L4 \J v J v ] L) L
S -
Fﬁwn-.““‘—.—.—o-.—.-—.a—’—.
a-
-““*“~~—.-‘*-‘—.‘a”_’*
=
--_-‘--.‘.‘—-.—.-Q-.—O—'“-
15 -
@ W@ B @ W W W A AP e B B > S S S, S - - -
Tr
X3 . . . 3 - e a o [} . . . . . . . . . .
L o \
‘ [ ] . .
o ¢ . . . . . - - ¢ - * . . .
(e /‘/
- ¢ ] . Py P M . . ' \ ] . . . ¢ o e e e

oK -

falatadatadadada bt tataltatadatalslal

PACIFIC  SOM S OF  SETRPICAL RIDGE 204y S0 8 [27 VLl
T st 2

SIGNIFICAT LDV
B M8 -4 W N B 20 -9 0 8 0 B 10 18 N B N B L S N 0 00 K

s s s 5 s ! LI | L
» S 3 s 3 2 2 PASS PASS PASS
S 3 2 2 2 ¢ 2 8 2 ! 1t PASS PASS PiSS
.} t 8 8 2 1 1 8 3 3 2 PASS PANE PASS
3 3 3 3 2 2 2 35 3 s 2 S 3 3 3 3 PASE PASS PSS
W 3$ 8 s s s s s s L | 2 3 8 3 3 3 P Mt Mss
s 8 s 35 s 3 8 2 2 ! 8 38 12 2 % 38 3 3 3 3 MmPMS N
°o 3 1 2 11 2 3 3 3 8 3 3 3 3 3 3 3 3 PN MM M
- T 2 Tt s 5 35 3 PISS PASS PASS



s3 X8

. Al49

ATL. SLSC)W 2

ATLANTIC SLOW SQUTH OF S, R, 2 Day SURFACE EXAMPLE 35

-6 -35% -40 -%5 -8C -25 <2 -15 -1 5 ¢ 085 1 5 20 &5 5 WM 41 W6

TTTTTTYTTTT
Io(

L 3

i

TN NNV JEENENE NN |

*5C 45 -40 -3 -30 -5 -20 -15 -1C 5 ¢ 5 1C % 2 XH X B 4 &S

T LN BLAE SLAN LA LW AU SRS R SRLON BLAE SN IR T
AR B BB LI I LR 00 [ 00 I I I
- L
. . . R R . \ . - - P P P s e w w - - o~
- -t
- . . ] . . . - ’ ’ 4 - - - he - - - i “
R =
- . R R P . - . . ! ! ’ . . . . - . . 3 ~
e -
. . ’ ¢ . . Y |} ] Ay L) - - . . . . . . "
- -
L, . . ' ' e o N N W N o . . . L] . ¢
- \ n
SR T T A e AR I N
[~ . / / ]
7 . L S
pon- - P P ‘ Y . . » \ - - -9
o / \ ~ P
- - -~ ., ” N -~ - -~
Tt 14 010 19 1t ta bty i s 1 G151,
ATLANTIC SLov SOUTH OF  SUBTAOPICAL RIDGE 2 DAY  SURFACE EXANPLE: 32
TEsT 1t EST 2
SIGNIFICANT LEVEL
780 45 40 -33 .30 28 .20 18 10 -8 0 85 10 98 20 25 30 3 40 4 so oms Coye ‘EuEt
vz 2 PASS PASS PASS
1 1 1 PASS  PASS
[ T S PASS  PASS
2 2 2 2 31 Vo2 1o PASS  PASS PASS
to3 3y 3 3 2 03 2 1 v 2 2 3 2 1 Pass pass Pass
2 3 3 3 3 3 2 03 3 2 2 3 3 3 3 1 PASS PASS PAsS
L R R N I 303 3 3 3 3 3 1 PASS PASS Pass
LI R A T D T 13 3 3 3 3 3 2 PASS PASS PAsS
2 2 v vy 2 g vz 3 a2 PASS PASS PASS
1 il 1 ) 1 1 1 PASS PASS



A150

PAC. SLOW 2
S.

PACIFIC  SLOmW SOUTH OF S, R, 2 Dar SURFACE EAAMPLE I
G0 45 -3l -5 80 <25 <20 <15 <10 8 5 0 % 20 0™ OS5 % &, N b

TTTTVYTVTVIRTVINITTD

L a4 a1 g 808 o 8o dad s ted sttt sdadadatlatatast

AL ML L BN B LI DL L AL DL A0 S B A LA NS LS A
. . . . - . . ~ - - - - - - - - - -
- -
- - - - . . ¥ » 1 . . - - N . . . -
n 7
- - - - - - - . . . . . . . . . ’ ’ L4 - od
o o S B M - - - . - - - P - [ 1 ] ] o
C ]
F...N\\N\\ L R e .~ \ \ \ - -
R e T T T em e NN NN N .:
| e
PO T U N - ‘h\‘\ N NN NN A O
. “i”e ]
S T B ey \' v r-r-,, . 7
N 7\ ]
Lot o 8o 82t 2 2 a4 a0 o 3 a2t et s b3 0 a0 gt ot 1l

PACIFIC  SLow S0UTH OF  SUBTROPICAL RIDGE 2 DAY SURFACE EXANPLEs 71
TEST 1 TESY 2
SIGNIFICANT LEVEL
+80 -4%5 -40 -3%5 -30 -2% -20 -1% -10 -8 o 5 10 15 20 25 I I 4D a8 0 .050 .010 .001
2 3 3 3 3 3 2 1 1 2 2 1 1 1 PASS PASS Pass
2 2 ) 2 2 1 1 1 PASS PASS PASS
PASS
PASS PASS  PAsSS
PASS PASS PASS
PASS FASS PASS
PASS  PASS  BASS
PASS  PASS  PASS
PASS  PASS  PASS

- W W w oW
- e W W oW ow
. e W W e ow
N oW wowow N
o ow W W
N e e
~

~

-

w

-

«

w
v - e -
N e oW ow

v e e oW ow
Vo W oW ow oW
v - w W oW oW
R )

5 -4 -3 -3 - -B -2 15 -1 5 ¢ 5 ¢ B 2 B X B 8L B 5 Sfc.
¥



Al31

PAC. LOSOP -2

PACIFIC  LOOP SQUT™H OF S, R, ~20Av 800 MO ExaEs 29
'50:6"0'5-N'B-20~15~10 5 0 S5 10 15 20 23 % B N B %

{
I

33 L a it

B %, _

L Latad a0 o808 adadatotsdadotatatadalodats

-10

B0 4B 20 -3 30BN -1S-10 5 0 8 10 15 N 235 N W N & N
OO OO T OO OO OO
S -
*"“‘““*ﬂ*ﬂﬂ““-’*—.‘—._b

a -
-.-O—o-.-—o—.—o—.—o-—.—.—.—.—.—o—o—o-‘—l

2 -
‘-.‘-.-.-.-.—.‘-.q’~g-.-.—.—..--‘

15 -t
- e @ S @ S o o - - - * N e e - - - - -

1% -
- 4 L] . - L3 L . - - - - P) » . L] . . . -

L] -
. . [ . . L] ] . P} \ \ e - - . . P P . -

3 “Q/ .
L TSP . * e LI LI (S R L

- \ 4
-18 llljllllllllll‘lll]lllllllll]l‘lllll‘l

PACIFIC  LoP SUTH OF  SUBTROPICAL RIDGE -2 Day 200 0 DAL
ST 1 ST 2
XN 4B N W% BN -1 (8 ¢ 8 10 13 2 3 W =w o &8 % s!g"m%
s . 12 1 PASS PASS
%N 1 1 t 2 1 1 PASS PASS Pass
= ! PASS
-] H 1 LI | PASS
B 2 2 2 1 2 t o PASS PASS Pass
0 t 2 2 t 2 s 2 ! PASS PASS PASS
$ 2 2 1 r 1 1 t o1 PASS PASS PaSS
] 12 LI PSS
- 1 1 1 2 8 Pss

38

o



o

S5 ~d5 =40 -5 <50 - -2 -15 -0 -5

Al52

PAC, LOSOP -2

PACIFIC  LOOP SQUTH OF S, R, -2 DAY SURFACE ExAMPLE e 26

3,

5 20 % 5 % 4T W 5

Loa Lo oo da t ot ad sttt statatsdladatlatatiat

*5¢ -4 -IC -3 -5 -25 -2 -15 -1 -5
V

5 1 15 2 %5 X » 4¢ JBSCSfC
)
7
}

% LN AL L L A A A B LI SR LA L R LA A GELA LA A }
_ 'I‘l'l'l.l.l.l‘l‘l‘ ~ .I,I,[.‘.l I‘l_l,
3 ™~

Od s . . - . . . - - - - o - - N N — -
2 |

S . . . - ° ° - - - - - - - ~ - - -
2. M-

’\\\.—.— - - . . - - . - - . . . . 4
5 |-

. G B, e e N e e e S e = - - - - - .
;&-‘—N\\ N - T N
5 P
JQ'!-\ \ ’ ’ ’ \&ﬁ V4 o B s
u-\\\\\'— /. b, VY A )
-5 = / t

-lll‘llljlljljl INENETETENENE NSNS NN T .

PACIFIC  LOO® SOUTH OF  SUBTROPICAL RIOGE -2 DAY SURFACE EXANPLE: 2o

TESY 4 T 2

SIGHIZICANY LEVEL
“80 -45 -40 -3% -30 25 -0 -18 -10 -9 L] S 10 15 20 2% 30 3% 40 45 80 0% 010 .0O%

1 PASS  PASS  PASS
2 1 1 PASS  PASS
1 2 1 PASS  PASS
3 3 3 1 1 1 1 2 1 1 PASS  PASS PASS
3 3 3 3 2 1 2 1 1 1 2 3 2 1 1 1 PASS PASS PASS
3 2 2 2 2 1 1 2 3 3 3 3 2 2 3 PASS PASS PASS
1 1 1 ¥ ' 1

1 1 1 PASS  PASS  PASS
T PASS  PASS



Al53

PAC, LOSOP -1

PACIFIC  LOOP SVTHOF S. A, -1DAY 9500 M ExamEe a2
B0 48 40 - 30 -28 -0 -18-10 -5 0 5 10 15 20 B X B 0 B %N

L
860,

. \\\__Sm,?/ j
S e — B———

p— e —— m————
2 - 5%. [

-
i

-
1®
s |- )
g p=
P R ' ; ~—~~
.18 L Lo b s b o 8 st o A a0 o Qo d oot ool st 2tgstotodald

500

N B -40 B - B 2N -18-10 5 ¢ S 10 15 20 3 0 B 4 B “mb

s L4 L4 J L v ] J T J T
L5 0 00 R0 0 A L B S0 % % 5 5 L B
30 - ' -
> = = TP w=h =P WP WP ug g R wwly P il P Wl D B - - ——d
S - -
pr = = = WD D D wp Wy P P wn D WP D P - B "l — -
20 b= -y
e " T ap W AP af P WO P D WD P P D WP =P wh T  wg
15 - -
PP W B W @ @ @ W P P e P e W w w e - - -y
€ - -
= - . . . . . ] . . . . - . . . . - - »
5 p~ -
e @ . . . . . * . . \ - - L4 ’ . . . . .-
o b L J -
> &= - N \ .. . . P ] . ’ ! - . . ~ -
5 p- \ -
~ -
.18 Lol s Lo 0o d o828 o b g ) otsdalastatodsfatatats

PACIFIC  LOOP SOUTH OF  SUBTRGPICAL RIDGE -1 DAY %00 1§ Dot
TEST 1 ST 2

SIGNIF ICANT LEVEL,
-ﬂ-‘-ﬂ'!-ﬁ-a-ﬂ-lﬂ'miOBlOISRBMSMGH.m.MO.WI

L] t 2 2 1 PASE

k] 1 1 1 t 2 8 8 2 1 PASS PASS PASS
F 1 1 | 2 1 1 1 PASS PASS

2 ! 1 1 ' PASE PASS

8 1 s 3 2 2 t 1 1 1 1 PASS PASS PASS
v 5 3 35 s 2 v 2 2 2 8 s s 2 PASS PASS PASS
S 35 3 s s s 1 1 1 s 35 3 PASS PASS PASS
Q o2 1t 1 1 1 PASS  PASS

-5

-1¢



Al54

PAC. LOOP -1

PACIFIC  LOOP SOUTH OF  S. R. ~1 Day¥ SURFACE ExAMPLE %

-5 -35 -3 -% -3 -2 -2¢ -6 -0 5 O S 20 % 3N % 4. a6 5L

5 12
MR ALY LR RS

5

% | DL B L B L2 BRI | ULER S
5:‘-/____/ -y
x5 -

=
23
'S
2]
5 N\ \\

ot s s s b bt a bt bt b bt el adatatsl

B0 -d5 <40 -% -30 2% -20 -5 -10 -5 ¢ 5 10 5 26 25 X ¥ 4 B 5:Sfc.

* \ABANESEBABABEABADENABERLBEBABARARARE BN
e o o . . . . . . LR N SR N ’ ’ ' . 9
3 - -4
ad - - - . . . . L Y 1 [N [ . - - . . - - -
= |- -
e O = e & = - P ’ . N . - - o o e & e
2z -
e S em W W S e e - - - - . . . ’ * » - o«
. o -
. @ W G e e NN e e e = - . .+ A\ - [ - - -
. pe

-
- T S W e e o

5:.:4._ -~ . \: 1 7 e =

- -

'/
.5 / ;
.t Ly b datat st a1 st st a bttt sl adalalaldy

PACIFIC  LOOP SOUTHM OF  SUBTROPICAL RIDGE -1 DAY SURFACE EXANPLE= 38
TEST 1 TEST 2
STGNIFICANT LEVEL
-850 -45 -40 -3% -30 -2% -20 -15 -10 -3 0 5 10 15 20 25 30 35 40 45 S0 050 .010 .00

k. 2 2 2 2 1 2 3 3 2 PASS PASS PASS

0 2 2 2 2 1 1 2 2 1 PASS PASS PASS

Fad 1 1 PASS  PASS

20 $ PASS

AL] 3 3 3 3 2 t 2 2 3 2 A PASS PASS Pass

1 E) 3 3 3 3 2 2 1 1 3 3 3 3 i3 3 2 PASS PASS PALS
s 3 3 3 3 3 3 3 3 1 3 3 3 3 3 3 3 3 3 3 PASS PASS  PAGS
[ 2 |l 2 2 ) 1 2 3 1 1 PASS  PASS  PASS

-8 t ' 1 ¥ 2 ] 1 t 1 PASS  PASS



9 b2 @

Y Hey

o @

-10

ATL.

LOOP

Al55

O
S.

ATLANTIC  LOOP SQUTH OF S, R, 0 DAY 500 M8 EXANPLE « 5
60 -4 <40 - -%0 -2 -20 -15 <10 5 0 5 10 15 20 25 5 B 40 &5
e J ——-——_‘——’:
- 3
» —-\ /_-\%

576, °

T

Goei.

LAEREREREEE RS REREEREEBA RS BEBRA RS EBLF B B Y Y
""JJ\I\\\\ns A -
o
b # L d ‘-“\\\\\\_.’//.—v—o-.-
=N
R AV “‘\\\\‘”//a“\\
-4 , 7 - S v NN - “’//-—‘\\ ~
el
L,/ 7 . R I A A A I
atmd
LA I I Y NS
ATLANTIC L00P SWTH OF  SKBTROPICAL RIDGE O DAY 800 18 DAmEs S
ST "t 2
SIGNIFICANT LDV
% 48 W B N B -2 18 -1 S5 0 5 1 5 N B3 N B N £ %0 .0 .00 .00
PSS
PSS
! 1 PASS
H PASE PASS
H 2 2 1 1 PASS PASS
2 1 1 1 1 PASS PASS
2 T 2 2 2 PASE PASE PASS
' 2 1 ' 2 PARE PABE  PASS
1 1 1 1 PASS  PARS

S00

By 45 -40 -95 -5 -2 -20 15 -10 -5 0 S 10 1520550540650mb



PAC.

PACI

Fic

LooP SVTH OF S, R,
50 -5 -40 -3 -0 -2/ -20 18 -10

Al56

LOOP
S.

S DAy
4 0

8¢ e
s 10

18

EXAMPLE ¢

O

w»

20 28 N ®™ 4

Lo 4o 0ot sl 2 g a ol o) stadadstataslatalal

-1¢
S0 45 40 -3 -30 25 -0 -13 -10 8 0 S5 10 15 20 B 30 B 4 85 %N
L ]
PR = 5t 5B U L L L LR UL SR S S B0
L -
-—.‘--....‘.“.‘\\_.—.-‘_.—.—’-—'—o—ib
I o -
jo = > @ B wd W W ny g g g O P W il el il — —
2 - ot
pr b B W@ B W W W g gy G B D P W W " —> wmp =
18 p= =
> - - - - - - - - - B ab P S e - - - - - -~
1 p=- -
- o . L] ') . . . - - - . ’ . » . 3 . . x
S p= -
- o . . . - . . . P \ \ . . L) . . - .
¢ b= ) -
- e e e ) L] . . N \/I e o 2 YV - o
-5 - -
-
18 120 20 00 st adststadsistatstatlatatslatat
PACIFIC X 4 SOUTH OF SUBTRGPICAL RIDGE O DAY SN N DAL %
mwT ST 2
SIGNIFICANT LDV
4 48 - B W B N B S 0 B3 WIS NS N B N LS % .0 00,
= 2 3 8 83 s s 2 35 s 8 2 1 PASES PASE PASE
% 't 2 3 s 3 83 35 s 1 3 3 8 s 83 1 PASS PAGE PASS
s 2 3 3 3 35 s 53 & 3 3 3 8 35 1 PASE PASE PaSS
2 12 2 s s 2 s 5 3 s s PASS PASE PASS
13 1 2 2 3 8 35 s 8 85 3 s PAIE PASS PASE
W 8 3 35 s 3 2 2 3 s 35 s 2 s 3 8 3 3 s 2 PASS PASS PASS
$ 3 3 5 35 S5 3 s s 2 s 35 8 2 3 8 3 s 3 3 PASE PASE PASS
¢ 3 3 35 s s 3 2 3 3 3 2 3 3 3 3 PASS PASE  PASS
4 3 3 s s s 2 s s 2 2 2 3 3 3 3 s PASS PASE PASS



w3 sgXg

ATL. LOOP -0

ATLANTIC LOOP SOUTH OF S, R, 0 DAY SURFACE ExAMPLE» 3

E . !ozo//i
llllllll‘lll]j]lllljll‘l‘lll‘llj‘lll‘l

T X ®™ % % oar am B:Sfc'

Bl -d6 - -5 WX -5 26 -15 -6 -5 ;5

_.'I"l:l:l;l'\l'\l"I'__l"l'_l"l"l"lf,l'_,lu',l',dLj
s . ll‘\‘_.“\\‘f//-‘-—ln
:-lo. . ,-_‘\\\.—///..“.:
:..._ L \“’/"'o/':
:“ L R N T S S 2N S .y ,:
:\\.. T L U U R B R ‘\\‘_:
I ',‘-.'/.\,\\\\'l . JIE
L v N e . e \\\\.....,.//:
-j]lll]lllll]lllll]lll‘lllll‘jll‘l‘l[l!lq

ATLANTIC LoOP SOUTM OF  SUBTROPICAL MIDGE 0 DAY SURFACE EXAMPLE. 4
TEST ¢ TESY 2

SIGNIFICANT LEVEL
-%0 -45 -40 -3 -30 -2 .20 1% -10 .3 0 3 10 15 20 2% 30 35 40 a8 0 .050 .010 .00V

1 PASS

1 1 1 PASS

PASS

t 1 1 2 1 PASS
1 2 3 2 PASS

1 2 2 1 PASS



SSvo SSvd SSwa € ¢ Z €& € € ¢ [ B ¢ € 2 T i %
SSvd SSvd SS¥d € € € € € € € T & ¢ € € € £ ¢ ¢ € ¢ € € o
SSwd SS¥d SSv¢ £ € € € € € € € € € Z € €& € t € € € ¢ %
Ssvd SSvd SSwd € € £ € € ¢ 1 z 2 T ¢ ¢ © t t ot
SSvg SS¥a SSWd € € € € & Lo Z € € € ¢ t &
SSva SSva SSwd 4 2 Z ¢ (R S Z ¢ ¢ &t e
SSvd SS¥d  SSvd z 2 [ S T 1]
SSV4 SSYA  SS¥d [ T [ S S Y S ' [
SSvd SS¥d SSwd 4 L L 2 € € ¢ € 2 f2 8 £t € t € ¢t € &
100° 010" 0S0° 0% S» Oy S€ OE $2 02 & 01 S 0 G Ol Si- 0L S2- Of- SC- Ov- G- 0%
TIAIT AINVILSINGLS
2183 Lasn
28 =3gwvx3 dvaung AVO 0 300J4 WO1e0MIINS 20 NINOS 00 LTsldve
LR LA (LA AN LA L B (B LB B B N N I B B A B g
o l_"-
T L
be & Pd /'—‘ // / / \ .—-// - 7 - .
g ./7 ‘
o G
PSS N N N N N N N T et .
= -
SR I T VN U S B di i ad S S VU S
P~ (i
b - . . R . . « e ¢ A T T T T Sy
o 2
e - - - e P - . ¢ L4 ’ . . - - - - W e
- (4
oo - - - ¢ P . 1] ¢ ’ (] - . » - - - - -
- s
o o - - - P . . \ L} [} . » . . - . . - - Py
° ljllll]lllllll|1[lll|jllllljllll|llllL(s
O;S WG o9 X e TG L6 0 G 2i- Gi- 02- G2- 2%- GG~ - GPe 7G-
-'U'l'l'l'lrr"'T'Irl'l'le'I'l'l'l'l'B o

o

12

1

«Tavr3

ey ~t
o WX G LS5

6 li- G- 8- 90- X6- -

AvQ 2 ‘Y 'S 0 HINOS «L07

Le. G

.

gre G-

Ivd

ovd



A159

PAC. LOSOP 1

PACIFIC  LOGP SUTH OF S R, 1oAY %000 EXNPLEs 62
B0 5 <40 -3 <%0 2/ <20 <15 <10 5 0 5 10 15 20 B N B 4 H X

E —— ‘N~f::::::

__/—_—..
_/——-_:

9 4 28

10

500

50 -5 -40 % -0 -B -0 -8 -0 5 0 5 10 15 20 23 N ¥ O 4550mb
T o oo ]

-l -
e > e s W g g P wh e e g s D D R e e —p
oad -
e e B, B —.*—.*—.“-—.—.—0—.—0-—.“_’
e -y
e wp > . B O e wp wp p O I O W W il > cp —y ~-

e s W W@ B @ B W wp W W W =S S P S - - ~ ~
o —-—
) - - - - - o - - . . ’ ’ 4 L . - - P ’
pon -
e o e e e e o ., o N oV ¢ v .., e o
™ . [} B
e o ¢ 2 2 ., L, . S s s, - o o9
L \ L n
- .
1ol b d ot ot o atatadadadtsftadsdadadastals
PAZIFIC  LOOP SOUTH OF SUBTROPICAL RIDGE ! DAY %00 1@ DAL &
ST 1 ST 2

SIGNIFICANT LEVEL.

A 45 4 -B N B/ -N -8 -1 8 1 S 0 B8 N B XN B N &8 080 010 001

2 2 1 PASS PASS PASS

1 1 1 2 1 PASS PASS PASS

1 1 2 2 2 1 2 1 PASS PASS PASS

2 2 s 2 1 2 s 3 L 2 PASS PASS PASS

3 s s s 3 2 1 1 1 2 3 L] H 3 S L] 32 PASS PASS PASS

2 3 s 8 2 2 2 1 1 2 s 3 3 L] 3 S 3 1 PASS PASS PASS

2 35 8 85 s 8 35 2 2 8 3 1 2 3 3 3 3 3 3 2 PASS PASE PASS

2 2 2 2 2 2 2 '3 2 ! 1 1 1 2 8 3 5 2 PSS PASS PASS

2 2 2 1 1 1 1 PASS PASS PASS



Al60

PAC. LOOP 1

PACIFIC  LOQOP SOUTH OF  S. R, 1 DAy SURFACE EXAMPLE » %
60 =35 - % -5 -B/ -2 -6 -1 5 0 5 10 15 20 B X B I I 5

a4 o 4 s 1 g L) s 42ttt s fatslatststatstiliad

» LML BN ML L L LN L D LA B B L B SN B % BN
. . . Y Y [y . 'y Y . . - - [N ' » . > o
L -
= o o - o - ¢ 1y . - - N . N \ -~ - P P a
% - -
o o~ = - wm e - . . . - . 1y N - P, S e
2. - -
e G S W e - e - - * o e . . I ’ 4 . » of
5 f- -
e S B B e WM N M e e e e ™ w . \ ) . . . of
- -
PNNNNN\N“"«.\\\\\\\\ . o
5"-_.\ e, \ \ 7]
= oo G’ W, S - e
. L 4/‘/. -
..\\ i1 /o~ . ////’.~-.\.
.5- -
:.-llJllLlllllllJlll‘lllllll‘lljllllllll]l

PACIFIC  LOOP SOUTH OF  SUBTROPICAL RIOGE 1 DAY SURFACE EXAMPLE. 58
TEST 1 TEST 2
. SIGNIFICANT LEVEL
=30 -4% -40 -5 -0 -25 -20 ~15 .10 -8 o S 0 15 20 23 30 35 40 45 S0 .05 .010 .00f

» 3 3 k] ? k] 2 H ' 1 3 3 3 3 2 1 PASS PASS PASS
3 3 3 3 3 3 H 2 1 2 3 3 3 2 A PASS PASS  PASS
F. ] 1 1 1 1 3 3 \ PASS  PASS  PASS
20 t 1 1 PASS PASS PASS
15 3 3 3 3 3 1 1 3 3 3 1 PASS PASS PASS
10 3 3 3 3 ] ) ' 2 3 3 3 3 3 PASS PASS PASS

L] 3 ) ] 3 ] k] 3 2 \ 3 3 1 2 3 3 3 3 3 3 PASS  PASS  PasS

L | 1 3 3 3 3 2 2 3 3 ] E 3 3 2 3 3 3 3 3 3 PASS PASS  PASS
-8 1 2 2 1 2 1 H 2 ) 2 2 1 1 1 PASS PASS PASS

K - -4 -PB -3 =B -2 -15 -1 5 ¢ 5 10 15 26 B X B I8 B 5 Sfc.



R B

o o

«10

PAC.

PACIFIC

Alé6l

LOOP 2
S.

LooP SUTH OF S, R, 2Dy 00 EXAPLEs %
B0 48 40 -9 30 -2 <20 -5 -10 -5 0 S 10 15 20 B N ¥ 0 B 50

v

X Irryfyryvtyqryr L Y1’V
— . —m0.

Ful |

H
et tabatatatatandtatan e tPParys 500

By a5 40 3B %0 2B 20 -8 -10 8 0 5 10 15 20 35 N 3} 4 & N m b
LJ ™™ vr?Y LA \ 28 I T v T Lt B Y T ™17 4 L} Y
o -y
ooy WP wmp Wp Emp ) WP wmp NP wwp P =B wwmh T WG =l — i
p— -
--o-.-.—.-‘-.—.—._.—.—o-.—.“—-.—.-—o-—.-‘—b
- -
ey D wp WP D P wP mpy =P D P i = — .l ol wlp ol =y )
pus -
e - - - - - - wmp =g =B b o - e o - - - - ~
- L
Y - - - - - - - - - . 4 ’ . . . . - M v
e -
o . . ) . . . . . \ 1 ‘. . . . . - . .
[ "./ -
o . . . . . . . IS ~ ! L) . . - P P ™ o
~ . .
o L] . . - . . . » \ - - . -
tatad sttt st e a0 0134515 1% 1951590818118
PACIFIC  LOOP SWTHOF  SBTROPICAL RIDGE 2 DAY 500 M8 DAL %
st 1 %S 2
SICNIFICANT LEVEL
4 -4 N B -N B -N -1B -0 B ° s 19 18 20 2 N W KN & % 080 010 .00
1 1 L 1 PISS PASS
2 2 2 1 1 1 PASE PASS PASS
2 1 1 PASS PASS PASS
1
"2 2 2 1 vtz ot 1t 2 8 3 2 PASS PASS PSS
2 2 8 s 8 2 2 2 2 2 t 1 2 2 8 5 3 2 PASS PASS PASS
2 2 s s 2 2 1 1 2 3 s 2 1 2 2 3 3 3 3 S PASS PASS PASS
2 3 2 2 1 S S ! 2 2 2 2 1 1 2 1 PASS PASS PASS
2 2 1 1 t 2 1 H t 2 2 2 1 PASS PASS PASS



»

w©

a
L]

PAC.

PACIFIC

LooP
-55

LOOP 2

SOUTH OF  S. R, 2 DAy
-5 25 -2¢ -1 -1 5 ¢

56 -5 -4 -% -3 -5 -2¢ -15 -1C 5 ¢

51015202550540550J

Jilrvrevrvyyvyyrvyryrvryrrvrgryyrerrvrrrrvyvrryyy
. . - - - - - . . - - =T = N N N “1
-—
hd - - - . . . ’ . . . - - - - NN N ™
-
- e ew - - - . . . . . . . . [} L N~ e
-
o T M N - - v Y - - - - - - . - - -e
-
o N N e T S e e e e m o= . - . . . X
-
e N N M e Y ._/1-—. NOow N -~ - \ . v -
-
T N S e e @ \ f ’ [ K N N U
i . /

\ . . - . \ / P e - 2 . - .-j
/” e p
1.441.1.'T.‘r-h.‘lﬂ’i1.1.{,{1.’1114'1’11‘11".1‘

PACIFIC  LOOP SOUTH OF  SUBTROPICAL RIDGE 2 DAY  SURFACE EXANPLEs 52

YEST TEST 2
SIGNIFICANT LEVEL
-50 4% 40 -3% -30 -28 -20 15 -10 -5 0 %5 10 t5 20 25 30 )5 40 45 .0%0 ,010 .00t
303 32 3 3 3 2 2 33 3 PASS PASS PAsS
* Y 3 3 3 2 2 2 3 3 3 PASS PASS PASS
' 12 2 2 PASS PASS PAsS

[ 1 PASS  PASS
3 3 3 3 2 ' v 2 2 12 2 PASS PASS PASS
303 Yy 3 3y 2 2 t 03 3 3 3 3 3 PASS PASS PASS
I3 )y oy 33 2 [ v 2 3 3 3 3 3 3 PASS PASS PASS
3 03 3 2 3 3 3 3 3 3 3 1 2 3 3 3 3 3 3 3 3 PASS PASS PASS
2 32 2 2 [ T Y12 2 3 2 2 11 PASS Pass Pass

il



W. M. GRAY'S

CSU Dept. of
Atmos. Sci.
Report No.

FEDERALLY SUPPORTED RESEARCH PROJECT REPORTS SINCE 1967

Report Title, Author, Date, Agency Support

104

114

116

124

Unnumbered

Unnumbered

140

161

179

182

188

The Mutual Variation of Wind, Shear and Baroclinicity in
the Cumulus Convective Atmosphere of the Hurricane (69 pp.).
W. M. Gray. February 1967. NSF Support.

Global View of the Origin of Tropical Disturbances and
Storms (105 pp.). W. M. Gray. October 1967. NSF Support.

A Statistical Study of the Frictional Wind Veering in the
Planetary Boundary Layer (57 pp.). B. Mendenhall. Decem-
ber 1967. NSF and ESSA Support.

Investigation of the Importance of Cumulus Convection and
Ventilation in Early Tropical Storm Development (88 pp.).
R. Lopez. June 1968. ESSA Satellite Lab. Support.

Role of Angular Momentum Transports in Tropical Storm
Dissipation over Tropical Oceans (46 pp.). R. F. Wachtmann.
December 1968. NSF and ESSA Support.

Monthly Climatological Wind Fields Associated with Tropical
Storm Genesis in the West Indies (34 pp.). J. W. Sartor.
December 1968. NSF Support.

Characteristics of the Tornado Environment as Deduced from
Proximity Soundings (55 pp.). T. G. Wills. June 1969.
NOAA and NSF Support.

Statistical Analysis of Trade Wind Cloud Clusters of the
Western North Pacific (80 pp.). K. Williams. June 1970.
ESSA Satellite Lab. Support.

A Climatology of Tropical Cyclones and Disturbances of the
Western Pacific with a Suggested Theory for Their Genesis/
Maintenance. W. M. Gray. NAVWEARSCHFAC Tech. Paper No.
19-70 (225 pp.). November 1970. (Available from US Navy,
Monterey, CA). US Navy Support.

A diagnostic Study of the Planetary Boundary Layer over the
Oceans (95 pp.). W. M. Gray. February 1972. Navy and
NSF Support.

The Structure and Dynamics of the Hurricane's Inner Core
Area (105 pp.). D. J. Shea. April 1972. NOAA and NSF
Support.

Cumulus Convection and Larger-scale Circulation, Part I:
A Parameteric Model of Cumulus Convection (100 pp.). R. E.
Lopez. June 1972. NSF Support.



CSU Dept. of
Atmos. Sci.
Report No.

189

190

195

196

199

200

212

219

224

225

234

241

Report Title, Author, Date, Agency Support

Cumulus Convection and Larger-scale Circulations, Part II:
Cumulus and Meso-scale Interactions (63 pp.). R. E. Lopez.
June 1972. NSF Support.

Cumuilus Convection and Larger-scale Circulations, Part IIl:
Broadscale and Meso-scale Considerations (80 pp.). W. M.
Gray. July 1972. NOAA-NESS Support.

Characteristics of Carbon Black Dust as a Tropospheric Heat
Source for Weather Modification (55 pp.). W. M. Frank.
January 1973. NSF Support.

Feasibility of Benetic¢ial Hurricane Modification by Carbon
Black Seeding (130 pp.). W. M. Gray. April 1973. NOAA
Support.

Variability of Planetary Boundary Layer Winds (157 pp.).
L. R. Hoxit. May 1973. NSF Support.

Hurricane Spawned Tornadoes (57 pp.). D. J. Novlan. May
1973. NOAA and NSF Support.

A Study of Tornado Proximity Data and an Observationally
Derived Model of Tornado Genesis (101 pp.). R. Maddox.
November 1973. NOAA Support.

Analysis of Satellite Observed Tropical Cloud Clusters
(91 pp.). E. Ruprecht and W. M. Gray. May 1974. NOAA-
NESS Support.

Precipitation Characteristics in the Northeast Brazil Dry
Region (56 pp.). R. P. L. Ramos. May 1974. NSF Support.

Weather Modification through Carbon Dust Absorption of
Solar Energy (190 pp.). W. M. Gray, W. M. Frank, M. L.
Corrin, and C. A. Stokes. July 1974.

Tropical Cyclone Genesis (121 pp.). W. M. Gray. March
1975. NSF Support.

Tropical Cyclone Genesis in the Western North Pacific (6€
pp.). W. M. Gray. March 1975. US Navy Environmental
Prediction Research Facility Report. Tech. Paper No.
16-75. (Available from the US Navy, Monterey, CA). Navy
Support.

Tropical Cyclone Motion and Surrounding Parameter Rela-
tionships (105 pp.). J. E. George. December 1975. NOAA
Support.



CSU Dept. of
Atmos. Seci.

Report No.

243

257

258

259

Unnumbered

262

274

77-01

277

297

298

299

78-01

Report Title, Author, Date, Agency Support

Diurnal Variation of Oceanic Deep Cumulus Convection.
Paper I: Observational Evidence, Paper II: Physical
Hypothesis (106 pp.). R. W. Jacobson, Jr. and W. M. Gray.
February 1976. NOAA-NESS Support.

Data Summary of NOAA's Hurricane Inner-Core Radial Leg
Flight Penetrations 1957-1967, and 1969 (245 pp.). W. M.
Gray and D. J. Shea. October 1976. NSF and NOAA Support.

The Structure and Energetics of the Tropical Cyclone (180
PP.). W. M. Frank. October 1976. NOAA-NHEML, NOAA-NESS
and NSF Support.

Typhoon Genesis and Pre-typhoon Cloud Clusters (79 pp.).
R. M. Zehr. November 1976. NSF Support.

Severe Thunderstorm Wind Gusts (81 pp.). G. W. Walters.
December 1976. NSF Support.

Diurnal Variation of the Tropospheric Energy Budget (141
pp.). G. S. Foltz. November 1976. NSF Support.

Comparison of Developing and Non-developing Tropical Dis-
turbances (81 pp.). S. L. Erickson. July 1977. US Army
Support.

Tropical Cyclone Research by Data Compositing (70 pp.).
W. M. Gray and W. M. Frank. July 1977. Navy Support.

Tropical Cyclone Cloud and Intensity Relationships (154
pp.). C. P. Arnold. November 1977. US Army and NHEML
Support. :

Diagnostic Analyses of the GATE A/B-scale Area at Individual
Time Periods (102 pp.). W. M. Frank. November 1978. NSF
Support.

Diurnal Variability in the GATE Region (80 pp.). J. M.
Dewart. November 1978. NSF Support.

Mass Divergence in Tropical Weather Systems, Paper I:
Diurnal Variation; Paper II: Large-scale Controls on Con-
vection (109 pp.). J. L. McBride and W. M. Gray. November
1978. NOAA-NHEML Support.

New Results of Tropical Cyclone Research from Observational
Analysis (108 pp.). W. M. Gray and W. M. Frank. June 1978.
Navy Support.



CSU Dept. of
Atmos. Sci.
Report No. Report Title, Author, Date, Agency Support

305 Convection Induced Temperature Change in GATE (128 pp.).
P. G. Grube. February 1979. NSF Support.

308 Observational Analysis of Tropical Cyclone Formation
(230 pp.). J. L. McBride. April 1979. NOAA-NHEML, NSF
and NEPRF Support.

333 Tropical Cyclone Intensity Change - A Quantitative Forecasting
Scheme. XK. M. Dropco. May 1981. NOAA Support.

340 The Role of the Generél Circulation in Tropical Cyclone
Genesis (230 pp.). Geoff Love. April 1982. NSF Support.

341 Cumulus Momentum Transports in Tropical Cyclones.
Cheng Shang Lee. May 1982. ONR Support.

343 Tropical Cyclone Movement and Surrounding Flow Relationships
(68 pp.). Johnny C. L. Chan and William M. Gray. May
1982. ONR Support

346 Environmental Circulations Associated with Tropical Cyclones
Experiencing Fast, Slow, and Looping Motions. Jianmin Xu
and William M. Gray. May 1982. ONR Support.

348 Tropical Cyclone Motion: Environmental Interaction Plus A
Beta Effect. Greg. J. Holland. May 1982. ONR Support.

—-— Tropical Cyclone and Related Meteorological Data Sets
Available at CSU and Their Utilization. W. M. Gray,
E. Buzzell, G. Burtom, G. Holland and Other Project
Personnel. February 1982. NSF, ONR, NOAA, NEPRF Support.



Author: Jianmin Xu and william M. Gray

ENVIRONMENTAL CIRCULATIONS ASSOCILATED
WITH TROPICAL CYCLONES EXPERIENCING
FAST, SLOW AND LOOPING MOTION

Colorado State University Subject Headings

Department of Atmospheric Science Tropical cyclones
Cyclone motion

National Science Foundation

Grant No. ATM-7923591

NOAA
Grant No.NA79RAD0O0002

This study investigates the characteristic large scale
flow patterns associated with fast, slow and looping
tropical cyclone motionr in the western Atlantic and the
western north Pacific. Such storm motion is often
difficult to forecast. Cyclones have been stratified by
their speed - motion greater than 7.5 m/s (262 cases at
1200 individual time periods) or motion less than 2.5 m/s
(201 cases at 914 individual time periods) and also into

a looping track category (112 cases during 505 individual
time periods). Data have been gathered for all storms
meeting these criteria for the 21 year period of 1957-1977.
In addition each class of cyclone motion has been further
stratified by its position south of, near, or north of the
subtropical ridge at 500 mb. Both individual case and
composite analyses are performed. Climatological informa-
tion on each motion class is also provided.
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