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A MODEL OF TYPHOONS WITH OUTFLOW AND SUBSIDENCE LAYERS
1 

by 

Tatsuo Izawa 
The University of Chicago 

and 
Meteorological Research Institute, Tokyo 

ABSTRACT 

The Nimbus and ESSA pictures of hurricanes and typhoons reveal that 

longitudinal bands of convective clouds appear outside a relatively clear 

annular zone around the storm and these longitudinal bands at times are 

ac·companied by well-defined transverse bands which are characterized 

by mesoscale cloud streaks. 

In order to generalize the model of typhoons accompanied by inner and 

outer rainbands by Fujita, Izawa, et al, (1967), a modified model of 

typhoons was proposed. In this model, a subsidence layer was added 

to the original outflow layer in order to permit the air to descend from 

the outflow to the subsidence layer. The model also permits the air in 

the subsidence layer to ascend to the outflow layer by entraining the air 

into the updraft. The middle layer of the previous model was also used 

to transport the absolute angular momentum inside the radar echoes 

through the subsidence layer to the outflow layer. 

One of the most interesting results obtained from the present model 

is the relation between the orientation of the outflow cirrus bands and 

the vertical wind shear. The computed wind shear between the outflow 

and the middle layers coincides with the general pattern of wide longi -

tudinal bands of cirrus clouds, while the transverse bands which are 

nearly perpendicular to the general orientation of the longitudinal bands 

were found to represent the computed wind shear between the outflow 

and the subsidence layer. 

1
Tue research reported in this paper was sponsored by US ESSA under Grant CWB- E-

~ 22-45-68-(G). 
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1. Introduction 

The TIROS meteorological satellites dating back to April 1960 have brought us a great 

deal of new knowledge on hurricanes and typhoons. Fett (1964) found that TIROS hurricane 

and typhoon pictures reveal at least two major features which appear to characterize many 

tropical storms : (1) a relatively clear annular zone of subsidence appears, curving around 

the periphery of the high cloud shield of a tropical storm and (2) outer convective bands often 

appear, exterior to the annular zone. These bands at times develop to full squall line 

intensity. 

The High Resolution Infrared Radiometer (HRIR) carried by the Nimbus I meteorolog

ical satellite launched in August 1964 provided detailed depiction of cloud features of hurri -

canes on the dark side of the earth. Allison, et al. (1966) analyzed the Nimbus I pictures 

of Hurricanes Gladys and Dora, showing the existence of an annular zone of subsidence and 

outer convective bands. 

Typhoon Bess of 1963 discussed by Fujita , Izawa et al. (1967) was accompanied by 

well-defined inner and outer rainbands. From the detailed analysis of TIROS and radar 

pictures and other conventional meteorological data , it was found that the clouds near the 

tyiiJ.oon center appear as the "inner cirrus shield" covering m ostly the region of inner rain

bands, and the "outer cirrus decks" are seen over the outer rainbands which propagate out-. 
ward, leaving an annular ring of relatively clear sky. Numerical experiments with a two-

layer model indicated that the vertical transport of angular momentum by outer rainbands 

alters the outflow pattern, resulting in the formation of a ring of high cloud-free region 

which s eparates the inner cirrus shield from the outer cirrus decks . 

The banded structure of convection in the atmosphere has been studied by many authors. 

It is well known that convection in the atmosphere takes place in the form of Benard cells 

when the vertical wind shear within the convective layers is small. With increasing shear 

the tilt of these cell axes is so large that the cellular convection gradually changes into 

transverse rolls, commonly observed under moderate wind shear. An experimental study 

made by Chandra (1938) revealed the transitions from open cells to transverse rolls and 

finally to longitudinal bands when the vertical wind shear was increased. On the other hand, 

from his dynamical consideration, Kuettner (1959) showed that the banded structure of clouds 

as seen in the trade winds, tropical cyclones, and many other phenomena in the atmosphere 
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is more closely related to the wind shear gradient than to the wind shear. This dynamical 

approach would be more attractive than purely kinematical considerations such as the de

formation of the pre-existing convective cells in shear flows. According to his estimate, 

the required wind shear gradient is 10-7cm1 sec1 • 

Tsuchiya and Fujita, however, (196?) showed that convective clouds which form over 

the western Pacific under the influence of the Winter Monsoon are more closely related to 

the wind shear than to the wind shear gradient. According to their study, the top of these 

convective clouds is as low as about the 700 mb level, and the convective regimes are re

presented by longitudinal bands when wind shear is strong, transverse bands when wind shear 

is moderate, and cellular clouds when wind shear is weak. 

On the other hand, clouds surrounding hurricanes or typhoons are so high as to reach 

about the 200 mb level where outflow winds are blowing with a difference of about 180 deg 

between· the directions of this high level and the surface winds. The Nimbus and ESSA 

pictures of hurricane or typhoon clouds reveal that longitudinal bands of outer convective 

clouds are very often accompanied by well-defined transverse bands which are nearly per

pendicular to the general orientation of these longitudinal bands. The direction of longitu

dinal and transverse bands of clouds would be more closely related to wind shears between 

higher levels than to those between lower levels. 

In the present paper, by using a typhoon model with outflow and subsidence layers, it 

will be shown that the general orientation of the longitudinal bands coincides with the computed 

wind shear between the outflow and middle layers, while the direction of the transverse 

bands coincides with the computed wind shears between the outflow and subsidence layers. 

Since the present model permits the air in the subsidence layer to entrain into the updraft, 

the effect of entrainment upon the outflow winds will also be discussed. 

2. Longitudinal and Transverse Bands in Clouds Seen in Satellite Pictures 

Typhoon Bess of 1963 discussed by Fujita, Izawa, et al. (1967) revealed that a well

defined eye of about 50 km in diameter is clearly seen and relatively thick cirrostratus 

covers the inner portion of the storm while the outer portion is characterized by locally 

thick cirrus clouds which are closely related to the distribution of convective cells forming 

the outer rainbands. 
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The aim of this section is to present some other examples of longitudinal and trans

verse bands in hurricane and typhoon clouds seen in the Nimbus and ESSA satellite pictures. 

Figure 1 shows an HRIR photofacsimile depiction of Hurricane Gladys taken on Orbit 305, 
I 

at 0422 U. T. , 18 September 1964. On this particular orbit the spacecraft passed directly 

over the eye of Gladys, where the response of the radiometer was the highest in the analog 

trace (Allison, et al., 1966). To the west and north of Gladys may be seen a relatively 

cloud-free region between the hurricane and the longitudinal band of outer convective clouds, 

and the transverse bands may also be seen, characterized by mesoscale cloud streaks which 

are almost perpendicular to the general orientation of these longitudinal bands. 

Figure 2 shows another HRIR photofacsimile depiction of Hurricane Dora, taken on 

Orbit 174, at 0530 U. T., 9 September 1964. The eye of Dora was about 90 miles east of 

Daytona Beach, Florida at the time of the satellite pass (Allison, et al., 1966). In the 

northwest quadrant of Dora, there are several longitudinal bands of cloudiness accompanied 

by transverse bands which are ahnost perpendicular to these outer bands. Beyond the outer

most band of cloudiness was found peripheral subsidence associated with the hurricane out

flow (Reap, 1966 ). 

Presented in Fig. 3 is an ESSA-2 APT picture of typhoon Opal taken on Orbit 7052, at 

2228Z, 8 September 1967. On this particular day the storm was centered at about 27N, 

147E and reached the minimum central pressure of 958 mb. Typhoon Opal moved north

northwest and then veered to northeast without landing on the Japan Islands. Around the 

typhoon there are several longitudinal bands of outer cloudiness accompanied by transverse 

bands which are nearly perpendicular to these outer bands. 

Figure 4 shows a Nimbus 2 APT picture of typhoon Amy taken on Orbit 6747, at 

0153Z, 4 October 1967. On this particular day the storm was centered at about 24N, 148. SE, 

and reached the central pressure of 970 mb. Because of the large zenith angle of the sun at 

the time of the satellite pass and a low contrast between black and white colors in the 

picture recorded on facsiID;ile paper, no detail of cloud feature near the eye of the storm 

could be provided. To the east of the storm, however, may be seen well-defined transverse 

bands which are nearly perpendicular to the outer longitudinal band. 

Also presented in Fig. 5 is an ESSA-6 APT picture of typhoon Mary taken on Orbit 

3212, at 0018Z, 24 July 1968. On this particular day the storm was centered at about 21N, 



5 

153E, and reached the minimum central pressure of 925 mb. To the northeast of the storm 

may be seen a sunglint spot. Because of the large zenith angle of the sun at the time of the 

satellite pass, there may be seen ill-defined shadows of inner cirrus bands on the picture. 

To the west of the storm, however, may be seen transverse bands which are nearly per

pendicular to longitudinal bands of outer cloudiness. 

In the present paper it will be shown that the direction of longitudinal and trans

verse bands as seen in these satellite pictures of hurricanes and typhoons are closely 

r elated to the vertical wind shears between upper levels rather than those between lower 

levels. 

3. A Proposed Model with Outflow and Subsidence Layers 

The physical and mathematical basis of the present model as well as the previous 

model of typhoon outflow lies in the principles of conservation of mass and absolute 

angular momentum. 

Figure 6 shows a schematic model of a typhoon with outflow and subsidence layers. 

At the top of the outflow layer a solid boundary is taken all the way out through which the 

air is not permitted to pass. For the region of downdraft, the same boundary condition is 

also assumed at the bottom of the subsidence layer so that the air can descend only through 

the boundary between the layers. For the region of updraft, however, an open boundary is 

taken at the bottom of the subsidence layer so that the air can ascend all the way from the 

middle layer to the outflow layer with entrainment of air in the subsidence layer. For the 

convenience of later discussion we shall define the suffix i which refers to the quantity at 

the outflow layer when i = 1 and to that at the subsidence layer when i = 2. 

Equation of Continuity 

Presented in Fig. 7 is the mass flux diagram for downdraft and updraft. The radial 

mass flux across the cylindrical surfaces with constant thickness h; at radius r is given 

by 211rhi Ui , respectively. Since the radial velocity Ui is changed into Ui + dui , while 

the air is passing over the distance between r and r + dr , the radial mass flux across 

the cylindrical surface at radius r + dr is expressed by 21'1'hi (r+dr)(ui+dui) , respectively. 

For the vertical mass flux, different expressions are given between the region of down-

draft and updraft. 
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For the region of downdraft we simply assume that the vertical mass flux across the 

boundary between the outflow and the subsidence layers is given by 27Trwdr 

by the conservation of mass we have for the equations of continuity 

and I d ) W ..!...-(ru --==O 
r dr 2 h2 

when w<O • From Eqs. (1) and (2), we obtain the relation 

. Thus 

( 1 ) 

( 2 ) 

This means that the total radial mass flux across the layers with thickness h1 and . h2 

remains unchanged while the air is flowing over the region of downdraft. 

For the region of updraft there is a vertical mass flux through the bottom of the sub-

sidence layer which is given by 27Trwdr . This air is also assumed to be able to ascend 

through the boundary between the layers to the outflow layer, with entrainment of the air in 

the subsidence layer. Thus the vertical mass flux through the boundary between the layers 

is given by 27Tr(I +Eh1 )wdr , where E is the entrainment rate defined by E=ow/woh • 

By the conservation of mass we have for the equation of continuity 

I d Eh1W 
--(ru1)+ -- =O 
r dr h1 

( 4 ) 

and I d ( ) (l+Eh1)w 
ru =O r dr 2 - h2 

( 5 ) 

when w>O • From Eqs. (4) and (5) we have 

( 6 ) 

It is seen that the total radial mass flux across the layers with thickness h1 and h2 is 

increased by receiving additional mass supplied through the bottom of the subsidence layer 

while the outflowing air is passing over the region of updraft. Equations (3) and (6) are used 
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to obtain the radial velocities for the outflow layer after the radial velocities for the 

subsidence layer were obtained from Eqs. (1) and (4). 

Equations of Absolute Angular Momentum 

7 

The absolute angular momentum at the outflow and the subsidence layers is defined as 

M· = rv· + -2
1 fr2 

I I 

where vi is the tangential velocity and f is the Coriolis parameter. Similar to the radial 

mass flux, the radial flux of absolute angular momentum across the cylindrical surfaces 

with constant thickness hi at radius r is given by 27Thi rui Mi • In this case, since 

the radial velocity Ui and the absolute angular momentum Mi are changed into ui + dui 

and Mi + dMi , while the air is passing over the distance between radii r and r + dr , 

the absolute angular momentum flux at radius r +dr is expressed by 27Thi{r+dr){ui+dui){Mi+dMi). 

Also, similar to the vertical mass flux, the vertical flux of absolute angular momentum 

takes a different expression between the regions of downdraft and updraft. 

For the region of downdraft, the vertical flux of absolute angular momentum through 

the boundary between the outflow and the subsidence layers is given by 27TrM2wdr 

Thus by the conservation of absolute angular momentum we obtain 

and 

when w<O. By using the equation of continuity, Eq. (2), Eq. (8) can be reduced to 

dMa =O 
dr 

( 7 ) 

( 8 ) 

( 9) 

This means that the absolute angular momentum in the outflow layer is constant while the 

air is passing over the region of downdraft. From Eqs. (7) and (8), we obtain 

( 10 ) 
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We observe that the total radial flux of absolute angular momentum across the layers with 

thickness h1 and h2 remains constant, while the air is passing over the region of down-

draft. 

For the region of updraft, the vertical flux of absolute angular momentum through the 

bottom of the subsidence layer is given by 27Trmwdr , where m is the absolute angular 

momentum of radar echoes. Since the air inside the updraft ascends to the outflow layer 

with entrainment of the air in the subsidence layer, the vertical flux of absolute angular 

momentum through the boundary between the layers is expressed by 27Tr(m+Eh1 M1 )wdr 

where E is the entrainment rate defined above. By the conservation of absolute angular 

momentum we have for the equations of absolute angular momentum 

( 11 ) 

and ( 12 ) 

; when w > 0. By using the equation of continuity, Eq. (1), Eq. (12) is reduced to 

' i . 

dM1 =O 
dr 

( 13 ) 

showing that' the absolute angular momentum in the subsidence layer is constant, while the 

air is passing over the region of updraft. From Eqs. (11) and (12) we obtain. 

( 14) 

This means that the total radial flux of absolute angular momentum across the layers with 

the thickness h1 and h2 is increased by receiving additional absolute angular momentum of 

radar echoes supplied through the bottom of the subsidence layer while the air is passing 

over the region of updraft. Equations (10) and (14) are used to obtain the absolute angular 

·momentum for the outflow layer after the absolute angular momentum for the subsidence 

layer was obtained from Eqs. (7) and (11). 
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4. Solutions of Equations 

From the above discussion the equations of continuity to be solved are written as 

-Jr-(ru1 )= -Ewr 

d 
dr ( h,ru, + h2ru2) = rw 

and 

} when w>O ( 15 ) 

fr(ru1)= -{rw 

Jr (h,ru,+~u2)=0 
} when W <O, ( 16 ) 

respectively. Similarly, the equations of absolute angular momentum are written as 

} when w>O ( 17 ) 

} when w < 0 ( 18 ) 

where M2 is constant. 

Radial Mass Flux and Radial Velocity 

Since the equations of continuity (15) and (16) are "exact", these equations can at once 

be integrated. Thus we have for the radial mass flux across the subsidence layer 

( 19 ) 

where w0 is the modified vertical velocity given by 

for updraft 

for downdraft ( 20) 

in which Wn is the mean vertical velocity between radii r0 and rn+I 

Similarly, we have for the total mass flux across the outflow and the subsidence laye rs 
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( 21 ) 

where iii~ is given by 

for updraft 

for downdraft ( 22 ) 

Therefore, we have the radial velocities in the subsidence and the outflow layers 

( 23 ) 

( 24) 

respectively. 

Absolute Angular Momenttllll· 

Since M1 is constant inside the updraft arid M2 is constant inside the downdraft, Eqs. 

(17) and (18) are "exact". Therefore, we have for the radial flux of absolute angular 

momenttllll across the subsidence layer 

( 25) 

where nn is the absolute angular momenttllll defined as 

for updraft 

for downdraft ( 26 ) 

Similarly we have for the total flux of the absolute angular momentum across the outflow and 

the s ubsidence layers 

( 27) 
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where m0 is the mean absolute angular momentum of radar echoes. We, therefore , have 

for the absolute angular momentum in the subsidence and the outflow layers 

( 28 ) 

and 

( 29 ) 

respectively, where w0 , w~ , and !10 are given by Eqs. (20), (22), and (26), respectively. 

Boundary Conditions and Other Conditions Required 

In order to compute the continuity equations, (Eqs, (23) and (24), and the equations of 

absolute angular momentum, Eqs. (28) and (29), the following boundary conditions were used: 

For the radial velocity 

( 30) 

where u1E and u2E are the radial velocities at the eye wall at the subsidence and the out

flow layers, respectively. 

For the absolute angular momentum 

( 31 ) 

where M1E and M2E are the absolute angular momenta at the eye wall at the subsidence and 

the outflow layers, respectively , and mE is the absolute angular momentum of the radar echo 

· at the eye wall. 

From Eq. (20) it is found that the radial velocity over the region of the inner rainbands 

is negative no matter how small the entrainment rate, and for a large value of entrairunent 

the radial velocity over the region of outer rainbands could be negative even though the radial 

velocity over the region of the inner rainbands is not negative. Therefore, for the first run, 

when negative values of radial velocity appeared over the region of the updraft, they were 

replaced by zero where the absolute angular momentum remains constant by Eq. (13). 
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5. Computation of Three-Dimensional Wind and Pressure Fields 

From the radial velocities and the angular momenta obtained above, the tangential 

and total velocities and the wind shears are computed. By using the equation of motion the 

pressure fields are obtained. 

Tangential Velocity, Crossing Angle and Total Wind Velocity 

The tangential velocity vi , the crossing angle ai , measured clockwise from the 

direction of the tangential wind, and the total wind velocity Vi are expressed by 

respectively. 

Vertical Wind Shear 

-I f a.= tan U· V· I I I 

V=~ I V Uj 'Vj 

The wind shear between the outflow and the middle layers is given by 

and 

( 32 ) 

( 33 ) 

( 34 ) 

where 8V20 and A20 are respectively the magnitude and the crossing angle of tne wind 

shear. 

Similarly, the magnitude 8V21 and the crossing angle A21 of the wind shear 

between the outflow and the subsidence layers are expressed as 

and 

( 35 ) 

( 36 ) 
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When the absolute angular momentum remains constant inside the downdraft, V2cosa2=\tjcosa1 

and, therefore, 8V21 can be reduced to 

( 37 ) 

, the crossing angle A21 becomes 

( 38 ) 

Pressure Field 

For a steady state the equation of motion is 

OU· w V· I OP· 
u.-' -u.--(-' +f)v. =----' 

I or I hi r I Pi or ( 39) 

where Ff is the pre~sure and Pi the air density. This can also be written as 

w I o~ I ( 2 2 
r:V· +u·- = --- + - U· +v ) 

I I I h· p· Or 2 I I . 
I. I 

( 40) 

where ~i is the absolute vorticity and is given by 

OV. V· 
~· = --' + _, + f 

I Or r 
( 41 ) 

Integrating Eq, (39) with respect to r , we have 

( 42) 

where f'ib and Vib are the pressure and the total wind velocity at the outer boundary, 

respectively, and 6.r is the radial distance between rn and rn+ 1 • The path of 

integration is taken toward the center from the outer boundary and the air density Pi 

· assumed constant. 

6. An Example of a Numerical Computation 

In order to investigate the effect of entrainment on the outflow winds and the relation 
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between the orientation of the outflow cirrus and the vertical wind shear, two different runs 

were made with the same distribution of vertical velocity and absolute angular momentum of 

radar echoes. In the first run, when negative values of radial velocity appeared in the sub

sidence layer, they were replaced by zero. For the second run, the actual negB:_tive values 

were used. In this paper several results obtained from the first run are presented followed 

by some discussion of the results derived from the second run. 

To obtain a finer structure of the typhoon outflow, the radius was divided into 10 km 

intervals. The thickness of the outflow and the subsidence layer was assumed to be 

constant, h1 = h2 =2 km. Values up to 800 km from the storm center were computed by 

using the IBM 7094 computer at the University of Chicago. The distribution of vertical 

velocity used is presented in the figures. The radial distribution of absolute angular 

momentum of echoes is shown in Table 1 for every 100 km. 

Table 1. Absolute Angular Momentum of Echoes 

Radius 100 200 300 400 500 600 700 km 

4.0 8. 2 12.2 16,2 20. 5 24.4 28.5 
6 2 -1 

m xlO m sec 

1/ 2 fr
2 

0.4 1. 5 3.3 5. 8 9.1 13.l 17,9 
6 2 -1 

xlO m sec 

3.6 6.7 8.9 10. 4 11. 4 11. 3 10. 6 
6 2 -1 

vr xlO m sec 

Wind Field 

Figure 8 shows the distribution of the radial and the tangential velocities in the out

flow layer for different entrainment rates. Since the radial velocity in the subsidence layer 

was replaced by zero when its value became negative the radial velocity is zero all over the 

region of the iruter band in the subsidence layer and, therefore, no entrainment occurs into 

the inner rainband. Thus the radial and tangential velocities in the outflow layer take the 

same pattern over the iruter rainband and the subsequent downdraft and the effect of entrain

ment appears only over the outer rainbands. When the entrainment rate is zero, the outflow 

winds obtained from the present model coincide with those obtained from the previous model. 
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As the entrainment rate increases the radial velocity increases and the negative value of 

tangential velocity also increases. This comes from the increase in the mass and the 

decrease in the absolute angular momentum due to the entrainment of the air in the sub

sidence layer into the updraft. 

Presented in Fig. 9 is the distribution of the radial and the tangential velocities in the 

subsidence layer. For the reason mentioned above the radial velocity is zero all over the 

inner rainband and the radial velocities take the same pattern for different entrainment 

rates over the inner rainband and the subsequent downdraft. As the entrainment rate in

creases the radial velocity over the outer rainbands increases by entraining the air in the 

subsidence layer into the updraft and the negative value of tangential velocity increases 

since the absolute angular momentum in the sunsidence layer is supplied only through the 

subsidence process from the outflow layer where the absolute angular momentum is de

creasing through the process of entrainment. 

Figures 10, 11, and 12 show the vertical cross section of the winds obtained from the 

present model. The wind pattern in the middle layer was obtained from the absolute angular 

momentum of the radar echoes which are shown in Table 1. Over the inner band and the sub

sequent downdraft the winds in the outflow and the sunsidence layers take the same pattern 

for different entrainment rates . Over the outer rainbands, the wind direction changes clock

wise in the outflow and the subsidence layers and the wind ve locity increases in the outflow 

layer and decreases gradually in the subsidence layer. In the subsidence layer the cyclonic 

wind inside the inner rainband changes into the anticyclonic wind over the subsequent down

draft and then intensifies gradually toward the outer boundary as the entrainment rate in -

creases. 

Also presented in the figures are two different types of wind shear. The distribution 

of the wind shear between the outflow and the middle layers, indicated by longer arrows, 

takes the same pattern over the inner rainband and the subsequent downdraft for different 

entrainment rates since the wind pattern is the s ame. However, there is a slight increase 

·in the speed of the wind shear when the entrainment rate increases, the crossing angle of 

the wind shear ranges from 160 to 180 degs. This direction of the wind shear ranging from 

160 to 180 degs coincides with the general orientation of the wide bands of outer cirrus 
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bands as seen in the pictures which are shown in Figs. 1 through 5. 

The radial distribution of the wind shear between the outflow and the subsidence layers 

for different entrainment rates is also indicated by shorter arrows in the pictures. Over the 

downdraft subsequent to the inner rainband the direction of the wind shear is exactly 90 degs 

as stated in the previous section. As the entrainment rate increases the direction of the 

wind shear approaches 90 degs over the downdraft in the region of the outer rainbands and 

beyond this region. This direction of the wind shear which is nearly 90 degs over the down -

draft coincides with the direction of the transverse bands which are nearly perpendicular to 

the general orientation of the longitudinal bands of cirrus clouds as seen in the pictures 

which are shown in Figs. 1 through 5. 

Pressure Field 

Presented in Figs. 13 and 14 are the pressure profile at the outflow layer combined with 

two-dimensional distribution of the winds in the outflow and the middle layers and that of the 

wind shears between the outflow and the middle layers and between the outflow and the sub

sidence layers for two different entrainment rates. The pressure profile in the outflow 
-3 

layer was obtained from Eq. (42) by assuming that P2b = 200 mb and p2 = O. 3430 kgm . 

Following the path of integration used for Eq. (42), when viewed from the outer boundary of 

the storm, the pressure rises step-wise toward the center, each increase starting after the 

appearance of a rainband and each plateau corresponding to a region of downdraft. After 

reaching the highest level of pressure over the downdraft between the inner and the outer 

rainbands, the pressure falls rapidly near the eye of the storm. As the entrainment rate 

increases, this highest pressure gradually intensifies. 

Additional Computations 

The results discussed above were obtained under the assumption that the radial 

velocity in the subsidence layer is not negative. When negative values of the radial velocity 

appeared they were replaced by zero. In the second run this condition was eliminated. 

Some results thus obtained are as follows : (1) cyclonic winds blowing toward the storm 

center with some crossing angle are seen in the subsidence layer. This inward crossing 

angle becomes larger as the entrainment rate increases. (2) Since the radial velocity near 

the eye of the storm is so large, for a large entrainment rate, entrainment into the inner 
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rainband greatly affects the winds over and beyond the outer rainbands in the subsidence 

layer. (3) The value of the highest pressure over the downdraft subsequent to the inner 

rainband becomes much larger than that obtained from the first run when the entrainment 

rate increases. 

7. Conclusions 

From the Nimbus and ESSA pictures of hurricanes and typhoons it was found that 

longitudinal bands of outer convective clouds often are accompanied by well-defined transverse 

bands which are nearly perpendicular to the general pattern of these outer bands. In order 

to discuss this problem by generalizing the previous model of typhoons accompanied by 

inner and outer rainbands, the present model of typhoons with outflow and subsidence 

layers was proposed where entrainment of the air into the rainbands is taken into consider

ation. 

When the entrainment rate is zero both the radial velocity and the absolute angular 

momentum in the outflow layer increase by receiving the mass and the absolute angular 

momentum of echoes supplied from the middle layer over the region of updraft while the 

radial velocity decreases by the subsidence process and the absolute angular momentum 

remains unchanged over the region of downdraft. Therefore, the wind pattern in the out

flow layer obtained from the present model coincides with that obtained from the previous 

model. In the subsidence layer both the radial velocity and the absolute angular momentum 

increase over the region of downdraft while the radial velocity decreases and the absolute 

angular momentum remains unchanged over the region of updraft. 

When entrainment occurs the equation of continuity requires inflow into the inner 

rainband in the subsidence layer. For the first run, when negative values of radial velocity 

appeared in the subsidence layer, they were replaced by zero. Therefore, no entrainment 

occurs into the inner rainband and actual entrainment appears over the outer rainbands in 

the subsidence layer where the decrease in the radial velocity becomes larger but the 

absolute angular momentum remains unchanged when the entrainment rate increases. Over 

the region of downdraft both the radial velocity and the absolute angular momentum increase 

in the subsidence layer. On the other hand, in the outflow layer both the radial velocity and 

the absolute angular momentum decrease over the region of downdraft while the radial 
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velocity increases and the absolute angular momentum decreases over the region of the 

outer rainbands. 

From the computation of the pressure field it was found that the pressure in the out

flow layer rises toward the center from the outer boundary, reaches the maximum value 

over the downdraft between the inner and the outer rainbands , then falls rapidly near the 

eye of the storm. This maximum value of pressure becomes larger as the entrainment 

rate increases. 

One of the interesting results obtained from the present model is the relation of the 

general orientation of longitudinal bands and the direction of transverse bands as seen in 

satellite pictures, to the computed wind shear. The general orientation of the longitudinal 

bands coincides with the computed wind shear between the outflow and the middle layers, 

while the direction of the transverse bands coincides with the computed wind shear between 

the outflow and subsidence layers. 
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Fig. 1. An HRIR piotofacsimile depiction of Hurricane Gladys taken on Orbit.305 at 0422 U T. , 

18 September 1964. To the west and north of the storm may be seen well-defined longitudinal 

and transverse bands of clouds. 

Fig. 2. An enlarged HRlR ?totofacs imile depiction of Hurricane Dora taken on Orbit 174 at 

0530 U. T. , 9 September 1964. In the northwest quadrant may be seen longitudinal bands of 

outer convective clouds accompanied by well-defined transverse bands. 

20 



135E 160E 

40N 

35N 

30N 25N 

25N 

130E 135E 140E 145E 150E 

Fig. 3. An ESSA-2 APT picture of 'fyphoon Opal taken on Orbit 7052 at 2228Z, 

8 September 1967. Around the st orm may be seen longitudinal bands of outer 

convective clouds accompanied by marked transverse bands. 
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Fig. 4. A Nimbus-2 APT picture of 'fyphoon Amy taken on Orbit 6747 at 0153Z, 

4 October 1967. To the east of the storm may be seen longitudinal bands of outer 

convective clouds accompanied by transverse bands. 
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Fig. 5. An ESSA-6 APT picture of Typhoon Mary taken on Orbit 3212 at 

0018Z , 24 July 1968. To the west of the stonn may be seen ill-defined 

transverse bands which are nearly perpendicular to longitudinal bands of 

outer convective clouds. 

.------OUTFLOW 

--1-1-1---
w 

SUBSIDENCE 
u, 

w 

RAIN BAND 

u,+du, 

Fig. 6. Schematic model of tyP:,.oon with outflow and subsidence layers. 
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Pig. 9. Distribution of r adial and tangential velocities at tbe subsidence 

layer for different entrainment rates. 
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Pig. 10. Vertical cross section of winds in knots combined witb two different 

types of wind shear when the entrainment rate E is zero. The wind shear 

between the outflow and the middle layers is indicated by longer arrows ra -

dialing from the circle, graduated In 10 knots. The wind shear between the 

outflow and the subsidence layers is indicated by shorter arrows across the 

circle with the same scale. 
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Fig. 11. Same as Fig. 10 except the entrainment r ate E is O. 2 • 
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Fig. 12. Same as Fig. 10 except the entrainment r ate E is O. 4. 
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Fig. 13. Pressure profile at the outflow layer combined with a two-dimensional dis tribution of winds 

for different layer s and of different types of wind shear when the entrainment rate is zero. Presented 

at the upper left and right quadrants are the horizontal wind distributions for the outflow and the 

middle layers, respectively. The wind s hear between the outflow and subsidence layers Is shown at 

the lower left quadrant while the wind shear between the outflow and the middle layers is shown at 

the lower right quadrant. 

Fig. 14. Same as Fig. 13 except the entrainment r ate E is O. 2 • 
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