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ABSTRACT

The forecast and research skill of knotty typhoon tracks of various kinds is presented. It is a prac-
tical approach to raise the diagnosing ability of the forecasters and to improve the forecast of kootty
typhoon tracks at the present stage by revealing and studying the causes of the erratic tracks, obtaining their
characteristics and gradually perfecling the prediction models.

1. INTRODUCTIOM

The subject of knotty typhoons has stemmed from the course of typhoon research work
and operational forecasting. It can be seen that damage caused by typhoons over China in
the past ten-odd years and samples of large errors occurring in various cobjective forecast
models are predominantly caused by a small number of problematic typhoons with erratic
movements, which are hereby defined as knotty typhoons. The knotty typhoons include
both the typhoons with complicated abnormal tracks and those with normal tracks which,
however, make large deviation angles with the flow direction at the *“‘optimum or best
steering layer™(""?], The author has investigated five peculiar phenomena of western North
Pac'fic typhoons, such as the sudden change of direction and speed of movement, dawdling
and circling, ete.  The skills of various forecasting methods in the countries along the western
North Pacific and in China are shown in Fig. 1. Only 159% of the sudden right-turning of
the tracks (the difference between the subsequent 6 hr mean direction and that of the pre—
vious 6 hr ==50°) has been forecasted in advance and less than 6% for the prediction of 24
hr ahead (Fig. la). The skill for the forecast of the left—turning (the previous 6 hr mean
direction minus that of the subsequent ¢ hr==40°} has been very poor, less than 69 (Fig. Ib}.
No successful prediction has been recorded in the past three years for the looping and daw-
dling tracks, and the best is only to make timely diagnose when a typhoon begins to
dawdle (Fig. 1c). Fig. Id shows the statistics of forecasting skill for typhoons with sudden
reduction of speed of movement (from a mean of >15 kmjhr in the previous 6 hr to<C5
km/hr in the subsequent § hr) in the objective predictions of the varioys forecasting centers
involved. It is shown that this kind of trajectory has not been predictable either and most
of the diagnoses lag behind by 12—18 hours. Thus it can be seen that, for these deflections,
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both the empirical diagnosis of the forecasters and the various objective prediction models
lack the forecasting skill. The most probable reason for this is the complexity of the for—
mation mechanism [or these knotty typhoon tracks which are quite different from ordinary
typhoons. Little is known about this mechanism. Furthermore, as these knotty typhoons
are diverse in variety, it is almost impossible to cover all the knotty typhoons with a single
model. Comprehensive synoptic analyses of various kinds of knotty typhoons thus seem
to be a more practical approach in solving the problem. Their mechanism of formation
may then be investigated and the diagnostic skill of the forecasters may be improved. And
numerical models may eventually be constructed on the basis of these studies to sum up
the characteristics of different types of knotty typhoons,
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Fig. 1. vurecasting skills for different kinds of abnormal typhoon tracks over the

western Norih pacific during 1976—1978 in various forecasting centers and
by various objective prediction models,
{a) for sudden right-turning typhoon tracks (65 cases); (b) for sudden
left-tarning typhoon tracks (42 cases); (¢) for dawdling tracks (23 cases); and
(d) for sudden speed reduction {13 cases). Shown oo the left of the abscissa
zero (negative) is the forecasting skill for the actual predictions, and on the
right (positive), for the posterior predictions,
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T1. THE SUDDEN TURNING OF TYPHOONS

The sudden turning of typhoons forms the largest category of knolty typhoons
influencing China. Typhoon No. 7203 turning west unexpectedly to strike North China
after entering the Huanghai Sea on its northward movement arouse wide concern®? for the
first time. Fig. 2 gives the change of the synoptic-scale circulation as the typhoon moved
northward. Note that the deep trough over Inper Mongolia had been replaced by a strong
anticyclone within 24 hours and. the typhoon, steered by the strong southeasterly flow,
accelerated 1o move northwest.

An important problem is to discern the real cause of the west--turning of the typhoon.
Chen Lianshou is the first to have noticed the influence of the strong cold vortex
over North China on typhoon motion. He has also noticed that the west-turning for
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Fig. 2. 300 hPa charts when Typhoon No. 7203 turned west over the
Huanghai Sea. The thick solid lines are sireamlines and the thin
lines isotachs {(mys).
fa} 1200 GMT, 25 July; (b) 1200 GMT, 26 July.

this sort of typhoon occurs mostly in the sea area off the Cheju Islandt¥, Tn order to
make clear to what degree the upper tropospheric cut—off celd vortex influences the
west—turning of the typhoon tracks, special investigations have been made. The typhoon
research group of Liaoning Provincial Meteorological Bureaul” reveals that it is the high
pressure ridge in the weslerlies that greatly influences the latter part of a typhoon’s
northward track. The author et al.l} once emphasized that the building-up of a high ridge
between Northeast China and Korea together with the weak vertical shear and relatively
barotropic structure within the ridge plays a decisive role in the west-turning of 2
typhoon over the Huanghai Sea. Tt is no doubt that the continental cold vortex and the
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quasi-stationary low-pressure system also have their contributions. The existence of this
system is favourable for the setting-up of the warm anticyclone over Northeast China.
When the cold vortex is active to the east of 115°E, the typhoon will be forced to furn
further west. This indicates that the cold vortex will attract the typhoon when these (wo
systems are close to each other. Wang Dawent™ has made a simple numerical experiment
by using a primitive barotropic equation model of spline function. Results show that
when a cold vortex and the Northeast-China High exist simultaneously, the ridge of the
high will play 2 main part in a typhoon’s west-turning, but when there exists no strong
anticyclone over Northeast China or the anticyclone is quite weak, the typhoon will be
found 10 move to the right side of the predicted track instead of moving west due to the
presence of a cold vortex to its west. It is shown from his experiment that the attraction
of the vortex to a typhoon is present only when the two systems are close enough to each
other, and the two systems will finally combine, If the separation is more than 9 degrees
of latitude, the cold vortex will have nothing to do with the typhoon, It can thus be seen
that the effect of a cold vortex on a typhoon is second to the rapid development of a
warm anticyclone to the north of the typhoon, the latter causing the basic flow to
change its direction. A typhoon in the Huanghai Sea turns weést in the following procedure:
When it enters the Huanghai Sea, the ridge of a warm high in the upper tropospheric
westerlies over Northeast China develops rapidly and superimposes on the subtropical high
over Korea to combine into a new strong high pressure belt. The typhoon is forced to
move northwest under the strong southeast—steering current on the western side of the
newly—established high. When the typhoon center, under this favourable environmental
circulation, moves within 7—-9 degrees of latitude of the cold vortex to the west, the
attraction of the vortex to the typhoon in turn shows up and causes the typhoon to
further deviate to the west.

For those typhoons already moving northeastward ahead of the westerly trough over
the East China Sea, il also remains a problem to forecast fts sudden west—turning and the
subsequent landing at China. Typhoons 7708 and 7504 are two typical cases belonging
to this category. Typhoon 7708, however, is more complicated in the mechanism of its
west-turning. On the one hand, the typhoon encountered a dramatic change of the general
circulation as the cell of the Pacific subtropical high had advanced west by 15 degrees of
longitude within 2 days®!. On the other hand, the ageostrophic wind component also
played an important role. It is well known that the track forecast using geostrophic
steering current is dependent greatly on the stability of the circulation pattern. When this
typhoon turned west, the track prediction by using the 500 hPa steering current resulted in
directional errors of —28°and —43° respectively for 12 and 24 hours (Fig. 3a). The author
reveals®! that the adjustment of the circulation is closely related to the periodic intensi-
fication of the Pacific subtropical high while the allobaric wind acting on the typhoon as
the subtropical high rapidly stretched westward, causing considerable difference between
the typhoon movement and the steering current {Fig. 3b). Liu Jingxiut®? has analysed the
causes of the west-turning of this typhoon and revealed that the west-turning of this typhoon
is dominated by the subtropical high steering current at first. And, as the typhoon moved
west to an area within 7 degrees of latitude of the cut-off cold low, the two vortices rotat—
ing around each other anticlockwise, added to further westward deviation of the typhoon
track. The Weather Forecasting Center of Zhejiang Provincef'™ has obtained a similar
conclusion after analysing the west-turning of Typhoon 7504 over the southern East China
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Sea. In fact, the cutting—off itself of the cold vortex from the mid-latitude westerly trough
reflects the dramatic growth of the subtropical high and the rapid weakening and subsequent
dissipation of the westerly trough. A layer of easterlies rapidly reestablishes to the north of
the typhoon, thus the typhoon, together with the cold vortex, moves westward, being steered
by the easterly flows. As a cold vortex and a typhoon oceupy different positions relative
to the high, their directions of movement would also differ, with the former steered by the
northeasterly flows and moving southwest and the latter dominated by the southeasterly
flows and moving northwest, This large-scale phenomencn of general circulation is often
mistaken to be the mutual rotation of the two systems when they are far apart. However,
it is still quite significant if we simply take the cut-off of the upper tropospheric cold
vortex from the westerly trough as an indication that the typhoon will deviate to the
west.
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Fig. 3. (a) 500 hPa isallohypses (dashed lines) at 1200 GMT,
Sept, 9 (The arrow represents the aflobaric wind).
(b} 500 hPa geostrophic—steering current, isallobaric wind
and the typhoon track.
When Typhoon 7708 turned west over the northern East China Sea,
its trajectory deviated greatly from the geostrophic-steering current.
The direction of the typhoon is basically the resultant of the geo—
strophic steering current and the direction of the isallobaric winds.

But more complicated phenomena will be found if an expanded sample of data is
analysed. Fei Liang et al'). have investigated the movement of 24 pairs of cut-off cold
vortices and typhoons which are less than 10 degrees of latitude apart off the east coast
of China. It is shown from the statistics that only 32% of the typhoons will turn west,
being affected by the cold vortex when the two systems move around each other cyclon—
ically; the remaining 68% of the typhoons will not be influenced and therefore recurve
to the north or northeast as the two systems depart from each other anticyclonically.
What is more, the west-turning of the typhoon is quite independent of the distance, intensity
and horizontal dimension of the cold vortex. Wang Dawen' has also found from his
numerical experiment that even when a cold vortex is linked with a typhoon circulation,
the two systems might later move separately along their own environmentai current, i e
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the typhoon recurves towards the northeast and the cold vortex moves to the northwest,
In & word, the interaction between a cold vortex and a typhoon in real atmosphere needs
to be further investigated.

Chen Delinl'* has studied two kinds of knotty typhoon tracks to the east of Taiwan
Province: one is the west—going typhoon though it ought to have recurved from the ana-
lysis of the synoptic stiteation; the other kind is the recurving track over the sea though it
should have been moving west. All these are caused by the drastic readjustment of the large
scale circulation. The west-going typhoons are resulted from the westward stretch and
inlensification of the subtropical high under the smooth mid-latitude westerly circulation.
and the alternation and retrogression of the long-wave trough over the China coast while
the recurving typhoons are associated with southward displacement of frontal zone under
the blocking action and the weakening of the subtropical high.

Over the South China Sea, the mean basic current is rather weak and the movement of
typhoons is slower than that over other sea areas. Knotty typhoons occur in this area
frequently and their mechanism is complicated. There are mainly two categories of typhoons
that might cause severe failure of the forecasts due to their sudden directionai changes: The
first category includes typhoons that turn morth suddenly after entering the South China
Sea from the Pacific. The landing point therelore evidently deviates to the east of the
expected position, resulting in the unpreparedness for precautions against the typhoon.
The second type involves typhoons which tend to have rather northern-deviated tracks but
suddenly turn west when approaching land. High costs might have to pay by unnecessary
precautionary measures taken due to undue warnings. The second type of typhoons will
be discussed in the next section and the results of study of the first category are presented
here.

The nerth-turning typhoons differ from the normal west-—going ones over the South
China Sea in both the circulation characteristics and the nature and structure of the pressure
systems. Xue Hongkuan has indicated from a detailed comparative analysis that, for the
west-going typhoons, there usually exists a strong zonally-distributed subtropical high to
the norih of the typhoon with positive isallohysic field and negative vorticity prevailing
from west 1o east along 30° N, the lower troposphere being nearly barotropic with small tem-
perature difference, and slight zonal and meridional winds. On the contrary, for the north-
turning typhoons, all the parameters indicate that the subtropical high to the north of the
typhoon is quite weak while the ridge 1o the east of the typhoon is apparent. The latter
circulation pattern causes the strong meridional flow and favours the northward turning
of the typhoon. Chen et allY have revealed that the typhoon track will turn north
when the Lyphoon eniers into the monsoon convergence zone, the easterly wave superimposes
on the typhoon, the India—Burma trough moves east, the South China high weakens and
the equatorial anticyclone intensifies or the subtropical high retreats to the south. The
Chief Hydro-meteorological Forecasting Office of the State Oceanographic Bureaul'*! has
selected weather predictors from the parameters causing the north-turning of the typhoon to
design a set of practical forecasting procedures. Niu Xuexin has developed prediction
equations to diagnose the west-turning of the northward track and the sudden
notth-turning of the west-going track over the East China Sez on the basis of historical
sample of many years.

It can be seen from above that most of the sudden turning of the typhoon trajectories
happen when the large-scaie circulation undergoes dramatic changes. Therefore, in addition
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to updating and improving numerical prediction models, it is necessary to study seriously the
change of the circulation system from synoptic aspects so as to improve the prediction of
such knotty typhoons,

1IIl. THE PARTICULAR STERRING 1AYER

The basic method of using steering current o predict the typhoon movement is supported
widely by the forecasters, but the problems arise as which level or levels can be taken as
the steering layer and how the steering current can be best calculated.  Almost all the studies
agree on the point that the 500 hPa and 700 hPa or the weighted average in a thick layer
would be most effective as a steering layer for western North Pacific typhoonst'*'*]. This is
the so-called “best steering layer™. However, the “hest steering layer” is in the sense of
statistics of large sample of data or of composite mean and is not necessarily appropriate
for some individual typhoons. Large deviations may occur. Fei Liang et al. have found
that when an upper tropospheric cold vortex occurs in the subtropical region, the subtropical
high will have a special structure: the negative anticyclonic voriicity is confined fo the
middle and lower troposphere below 500 hPa, and a cold vortex lies in the upper tropo-
sphere, aspecially at 300 hPa (Figs. 4 and 5). The typhoon in this case does not move with the
“best” steering layer current but is significantly affected by the strong southerly winds in
the upper troposphere. Dong Kegin et al.tl'*! have discussed in detail the prediction of
the first portion of the trajectory of Typhoon 7303 which is one of such cases. On the con-
irary, other typhoons move under the control of the lower tropospheric flow instead, mostly
in autumn and winter. Summer typhoons will not be affected by the low-level flow unless
strong cold air bursts south along the east coast o directly influence the north side of the
typhoon. Forecasters in South China have already had such experiencest'™. 1t is shown
from the statistics of Chen Lianshou et al.l'' that, when the 500 hPa air flow differs from
the 850 hPa flow to the north of the typhoon after the cold air breaks to the south, the lower
tropospheric steering becomes more important. 13 out of 14 typhoons of this calegory move
with the direction of the 850 hPa flow. The sudden wesi-turning of the originally north-,
ward moving typhoon is the result of this lower tropopsheric steeringt'*,  As the cold air
pushes southward, the zonally—distributed Pacific subtropical high markedly weakens and
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Fig. 4. Mean 500 hPa chart at 0000 GMT, 18—21 August, 1976 (Heavy
lines are contours and the typhoon track is marked with dates).
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retreats to the east. In general, when a westerly flow is seen at 500 hPa to the north of
the typhoon, it is most likely to predict that the typhoon will continue to move northward
and land at the coast of South China or even recurve northeastward. However, as the
typhoon moves northward and approaches the strong low-level easterly winds, e. g the
wind speed at 850 hPa reaching 12 mis or more, the typhoon immediately turns west. The
cold air reaching the coast of South China can maintain strong casterly winds only when
the surface pressure center of the cold—core high and the 850 hP» contour center near the
Great Bend of the Huanghe River reach the intensity of 1030 hPa and 162 geopotential
decameters respectively.
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Fig. 5. Vertical struture of the subtropical upper tropospheric cold vortex
(Dotted and dashed line denotes the axis of the subtropical ridge).

JV. INTERACTION OF BINARY TYPHOONS

It is well known that strange tracks such as looping are likely to occur under the
circumstance of binary typhoons, When two typhoons are close to cach other, the two
systems will undergo mutual rotation and mutual attraction, the so—called “‘Fujiwhara
effect”, which was found half a century ago bul the study of many problems involving
binary typhoons has achieved little progress since then. Rules that can be applied to
operational forecasts are scarce. In recent years, much work has been done in China
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in both the synoptic study and thecretic analysis of the binary typhoons, which enables us to
understand them better. From their laboratory simulations, Wei Dingwen et all'®2
have obtained the initial distance and rotating angular speed when the two typhoons begin
to rotate around each other under ideal conditions. For the amalgamation of the two ty—
pheons, diverse conclusions have been reached by theoretical analysis and by laboratory
simulation. Wu Zhonghail** holds that the two vortex centers do not amalgamate, as
the distance between the two systems reduces to a certain critical value r,, they will start
10 separate again. He also discussed several possible trajectories of binary typhoons. In
the simulation experiment!'", however , the amalgamation and the dissipation of one cir-
culation system can be clearly seen as the two vortices gradually approach each other. Ac-
tually. the so—called amalgamation of two typhoons is, in a sense of fluid dynamics, the
process in which one center maintains while the other dissipates as the two typhoon centers
get nearer. It is impossible for the two systems to really coalesce. In the real aimosphere,
the activities of binary typhoons are much more complicated due to the varying intensities
and to the concurrent acitons of the environmental currents, In order to obtain definite
conclusions applicable to the forecast, more investigations into historical samples of binary
typhaons are needed as well as further simulation experiments and theoretical analyses.
Chen Qigangl?! has made a statistical analysis of the synoptic—climatological characte-
ristics for binary typhoons over the West Pacific in the 30 years from 1949 to 1978 and
found the 10-year quasi-periodical frequency of occurrence of binary typhoons and their
relative high concentration near the Ryukyu Islands. It has also been shown that when the
eastern one of the two typhoons moves into the area within +10° due east of the western
one, the western typhoon would start to dawdle. In other words, as the eastern typhoon
moves to the same latitude as the wesiern one or 1o a point 1—2 degrees of latitude
lower, the latter will begin to stagnate or loop. An earlier study by Luan Baochu® indica-
tes that when a closed low occurs at 500 hPa in the northeast quadrant on the periphery
of a typhoon, even though the low may be quite weak with surface wind below Beaufort
force 8 and may be as far as 25 degrees of longitude away, the typhoon 1o the west may
also take a looping track. The two studies mentioned above have derived generally similar
results. This phenomenon is generally considered to be an indirect interaction between
two typhoons, that is, as the eastern typhoon moving northward separates the western one
from the deep large—scale main current of the subtropical high, the western typhoon is thus
dominated by the surrounding weak and variable flows and hence begins to dawdlel**. But
what is the maximum distance between the two typhoons at which the direct rotation around
each other initiates? This is a complicated and controversial issue. Wang Zuooshu et al.i?
have established from their investigation of 92 pairs of binary typhoons that the maximum
distance of interaction is 12 degrees of latitude; binary typhoons have no evident mutual
rotations farther away. Chen Ruishan et al. have found from an analysis of the well-
known Typhoons 6413 and 6414 which coalesced near the Ryukyu Islands that the distance
at which the typhoons started to rotate around ‘zach other is much less, being 7 degrees of
latitude which doubles the radius of strong winds over force 6 for Typhoon 6414. Dong
Keqin® has pointed out that the anticlockwise relative rotation of two typhoons is largely
determined by the environmental basic current. If the basic current favours the clockwise
mutual rotation, the two typhoons, even though they are close to each other, say, being
separated only by 2.6 degrees of latitude, will not rotate anticlockwisely. Therefore it
can be seen that the contribution of “Fujiwhara effect™ could not be overgstimated. It can
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also be inferred that the role of environmental circulation has been incorporated in the sta-
tistical results of previous investigations so that the distance of interaction has been exag-
gerated.

Up to the present the study of binary typhoons is confined to a rather narrow scope.
Further investigations should be carried out on various aspects, such as the movement
characteristics of the castern iyphoon under binary typhoon circumstances, the motion of
the western typhoon for different relative locations of the two typhoons, the stagnation
duration of the western typhoon, the mechanism for the varying curvatures of the looping
track. the trajectory after ending of the stagnation period of the western typhoon, the
amalgamating process and intensity variations of the two typhoons, and the tracks of
multiple typhoons.

¥. THE SUDDEN CHANGE OF MOYING SPEED

The sudden change of the moving speed for typhoons is another knotty problem for
forecasters. Mo systematic research has been undertaken except some case studigst” and
a general survey of the sudden slowing-down of the South China Sea typhoons. The authorf*?1
has analysed Typhoons 7810 and 7806 which suddenly slowed down and stagnated when
approaching the coasi of East China. Preliminary knowledge has been obtained of the
background circulation that leads to the sudden change of the moving speed, of the location
of decreasing center of the contour field round the typhoon and of the specific conditions for
the initiation of sudden deceleration. As for the circulation characteristics, the stability of
main part of the subtropical high and the transformaticn inte a col area to the north of
the typhoon (which can be seen from the strong convection development in the originally
subtropical-high controlled region in the north part of hte satellite images) play an impor-
tant role in the sudden deceleration. A typhoon decelerates simultancously with pressure
fall in the entire layer from the surface to 300 hPa to the north of the typhoon.

The improvement of typhoon track forecast has become sluggish. This is due to a
small amount of extremely knotty typhoons in addition to the fact that various predic-
tion models have reached a plateau. It might bs expected that this situation will last a
considerable {ime since the complicated causes for the sudden change of typhoon movement
can not be really and fully understood without a pesistent period of study. Of course, a
model to accurately predict different kinds of knotty typhoons can not be constructed
without a solid Toundation. Therefore only when detailed studies of the mechanism of
knotty typhoons and analyses of their physical processes are made can we expect new prospects
for typhoon track forecasts. The study of knotty typhoons in China fully demonstrates
this. Persistence means greater achievements.

The author would like to thank his colleagues Mr. Ma Dehua for his help of the English translation
and typing of the paper and Mr. Che Buke for his assistance in the figures.
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