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ABSTRACT

The purpose of this study is to investigate the effectiveness of two different ensemble forecasting
(EF) techniques—the lagged-averaged forecast (LAF) and the breeding of growing modes (BGM). In the
BGM experiments, the vortex and the environment are perturbed separately (named BGMV and BGME).
Tropical cyclone (TC) motions in two difficult situations are studied: a large vortex interacting with its
environment, and an apparent binary interaction. The former is Typhoon Yancy and the latter involves
Typhoon Ed and super Typhoon Flo, all occurring during the Tropical Cyclone Motion Experiment TCM-
90. The model used is the baroclinic model of the University of New South Wales. The lateral boundary
tendencies are computed from atmospheric analysis data. Only the relative skill of the ensemble forecast
mean over the control run is used to evaluate the effectiveness of the EF methods, although the EF
technique is also used to quantify forecast uncertainty in some studies. In the case of Yancy, the ensemble
mean forecasts of each of the three methodologies are better than that of the control, with LAF being the
best. The mean track of the LAF is close to the best track, and it predicts landfall over Taiwan. The
improvements in LAF and the full BGM where both the environment and vortex are perturbed suggest the
importance of combining the perturbation of the vortex and environment when the interaction between the
two is appreciable. In the binary interaction case of Ed and Flo, the forecasts of Ed appear to be insensitive
to perturbations of the environment and/or the vortex, which apparently results from erroneous forecasts
by the model of the interaction between the subtropical ridge and Ed, as well as from the interaction
between the two typhoons, thus reducing the effectiveness of the EF technique. This conclusion is reached
through sensitivity experiments on the domain of the model and by adding or eliminating certain features
in the model atmosphere. Nevertheless, the forecast tracks in some of the cases are improved over that
of the control. On the other hand, the EF technique has little impact on the forecasts of Flo because
the control forecast is already very close to the best track. The study provides a basis for the future
development of the EF technique. The limitations of this study are also addressed. For example, the
above results are based on a small sample, and the study is actually a simulation, which is different than
operational forecasting. Further tests of these EF techniques are proposed.
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1. Introduction

As pointed out by Chan (2002), the application of
the concept of ensemble forecasting (EF) to the prob-
lem of tropical cyclone (TC) motion and intensity pre-
dictions is still in its infancy and more research is nec-
essary to establish the viability of the EF technique as
an alternative to the traditional deterministic solution
in such predictions. Despite such a necessity, only a
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few groups have carried out studies in this area, be-
ginning with the work of Aberson et al. (1995, 1998).
They perturbed the initial conditions using the bred
perturbations generated from the global model of the
U.S. National Centers for Environmental Prediction.
However, only slight improvements in track forecasts
were obtained. Zhang and Krishnamurti (1997, 1999)
and Mackey and Krishnamurti (2001) subjected the
differences in forecasts between the control and per-
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turbed model runs to a complex empirical orthogo-
nal function (EOF) analysis and identified those EOF
coefficients with the most rapid growth as the fast-
growing modes. These results were then used to per-
turb the initial conditions of the environmental flow.
In these studies, not only were improvements made
in track predictions, but the TC structures were also
found to be quite reasonable.

Cheung and Chan (1999a, b; hereafter CCa and
CCb respectively) applied three EF techniques—the
Monte Carlo method, the lagged-averaged forecast
(LAF), and the breeding of growing modes (BGM)-
to predict TC motion with a barotropic model. Their
results showed that over 40% of the forecasts can be
improved using the BGM technique by applying per-
turbations to the environmental flow. Similar improve-
ments were obtained (more than one-third) from the
LAF. However, the simplified dynamics of a barotropic
model can limit the skill. Therefore, Cheung (2001)
used the Pennsylvania State University-National Cen-
ter for Atmospheric Research (PSU-NCAR) Mesoscale
Model version 5 (MM5) to evaluate the skill further us-
ing random as well as regional BGM perturbations. He
pointed out that the skill of this ensemble mean track
prediction using the Monte Carlo techniques is almost
always lower than that of the control forecast in the
cases considered, while the ensemble of regional BGM
perturbations did outperform the control forecast after
36 h.

Recently, Puri et al. (2001) studied the utility of
the ensemble prediction system of the European Cen-
tre for Medium-Range Weather Forecasts in TC pre-
diction by generating the initial perturbations using
targeted diabatic singular vectors. They found that
the spread in the tracks is highly sensitive to the back-
ground state used to derive the singular vectors.

It is obvious from this brief review that only a few
studies have been conducted in applying the EF tech-
nique to TC predictions. A fundamental issue in all
these studies is the method used to generate the initial
perturbations. Although the BGM technique has been
tested by Cheung (2001), its effectiveness remains to
be ascertained, especially when compared with other
dynamic techniques such as the LAF. Further, as CCa
and CCb have found, in the problem of TC predic-
tion, perturbing the environment and the vortex can
yield different results. Since their conclusion is based
on a barotropic model, it is essential to investigate the
extent to which this statement is true in baroclinic
models.

The objective of this paper is therefore to compare
the effectiveness of the LAF and BGM in the ensem-
ble forecasting of TC motion using a baroclinic model.
In the BGM experiments, the vortex and the envi-
ronment are perturbed separately (named BGMV and
BGME). The focus is on two types of TC motion that
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led to large forecast errors during the Tropical Cy-
clone Motion (TCM-30) experiment (Elsberry, 1990):
a “stepping motion” that apparently involved the in-
teraction between the environment (including terrain
influences) and a large vortex—the case of Typhoon
Yancy, and an apparent binary interaction between
Typhoon Ed and super Typhoon Flo (CCa, CCb, Joint
Typhoon Warning Center, 1990). The aim is to deter-
mine whether the EF technique can be effective in such
difficult forecast scenarios.

Section 2 gives a brief description of the baroclinic
model of the University of New South Wales (Leslie et
al., 1985) employed in this study, as well as the data
and initial conditions used. How the LAF and BGM
perturbation methodologies are applied in the study
is explained in section 3. The ensemble forecast re-
sults for Yancy are presented in section 4. Section 5 is
about the binary typhoon Ed and Flo. Section 6 gives
a summary of the results and possible future work.

2. Model and data
2.1 The model

The University of New South Wales model (Leslie
et al., 1985) is a hydrostatic primitive equation model
and has been used in real-time forecasting for a number
of years (Leslie and Pureser, 1995; Leslie and Speer,
1998). The integration is carried out on a staggered
Arakawa C-grid employing the semi-implicit time dif-
ferencing scheme. The horizontal grid spacing is 30
km with 24 internal vertical sigma levels o (0.1, 0.15,
0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7,
0.75, 0.8, 0.85, 0.89, 0.93, 0.95, 0.975, 0.98, 0.99, 0.995,
0.999), which are proportional to pressure normalized
by surface pressure, covering a domain from 5° to 45°N
and 90° to 170°E.

The modified Kuo (Kuo, 1965) and Kain-Fritsch
(Kain and Fritsch, 1993) cumulus parameterization
schemes are used in the present study. The main physi-
cal processes in the model include large-scale precipita-
tion, a stability-dependent boundary layer with eddy
diffusivities being a function of the bulk Richardson
number, vertical diffusion above the boundary layer
based on the mixing-length hypothesis, and a surface
heat budget prognostic equation for surface tempera-
ture. Lateral boundary conditions are updated from
the analysis data every 6 h. For more details, the
reader is referred to Leslie and Pureser (1995).

2.2 Data and initial conditions

The initial fields are taken from the TCM-90
dataset (Rogers et al., 1993), which are on a 0.5°
latitude-square grid with a vertical resolution of 50
hPa up to 100 hPa. Cubic-spline interpolation is used
to interpolate from the pressure surfaces of the TCM-
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90 dataset to the sigma surfaces of the model. Forecast
time is up to 72 h.

A bogussing procedure is used in some of the ex-
periments (see sections 4 and 5). When this procedure
is carried out, the vortex in the analysis is first filtered
using the vortex specification technique of Kurihara
et al. (1995). A bogus vortex is then inserted into
the filtered analysis, which consists of an axisymmetric
vortex used in the bogussing scheme of the Typhoon
Model (TYM) of the Japan Meteorological Agency and
an asymmetric flow in the form of a persistence vec-
tor added at the best-track position. Details of the
TYM bogussing scheme can be found in Iwasaki et al.
(1987).

3. Perturbation methodologies

Process: The perturbation methods in this study
include LAF and regional BGM. The LAF perturba-
tions are generated from the differences between the
short-range forecasts. A maximum lag period of 24 h
is used with two successive lagged integrations being 6
h apart (as in CCa and CCb). No vortex-environment
flow separation is applied and the vortex circulation
is treated as part of the large-scale flow, as in Che-
ung (2001). As a result, the LAF technique has the
disadvantage that much larger “perturbations” may
occur owing to the larger differences between lagged
forecasts, thus the LAF may be less skillful. To solve
this problem partly, Ebisuzaki and Kalnay (1991) sug-
gested the scaling back of the larger perturbation to a
reasonable amplitude. The perturbations in LAF are
scaled down with a uniform factor of 0.3 in this study.
Only the differences of the temperature and wind com-
ponents between two short-range forecasts are added
to or subtracted from the initial analysis field. Six
pairs of ensemble members can be generated by this
method.

The BGM perturbation scheme is similar to that in
CCa and CCb. The breeding cycle begins at 24 h be-
fore the initial time. Random perturbations are added
to (for a positively perturbed field) or subtracted from
(for a negatively perturbed field) the analysis. The
model is then integrated for 6 h from both the posi-
tively and negatively perturbed fields. The differences
between these two forecasts are added to or subtracted
from the following 6 h analysis after rescaling uni-
formly by defining the maximum value of the differ-
ences to the same value at every sigma level. The pro-
cess is repeated forward every 6 h until the initial time.
After 18 h of breeding, the growth of the perturbation
becomes saturated in the root-mean-square sense (not
shown). This demonstrates that a 24-h breeding pe-
riod is reasonable.

When employing the BGM technique, the strategy
of separating the TC vortex and its environment is
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applied. In the experiments in which only the envi-
ronment is perturbed (BGME), the 6-h predicted vor-
tices are filtered out from the forecast fields. Differ-
ences at each level between the filtered predictions are
then used, after rescaling, as perturbations in the next
breeding cycle.

In perturbing the vortex (BGMV), the vortex area
between 0=0.85 and 0=0.3 is perturbed by the dif-
ferences between the two forecast vortices during the
breeding cycles. The breeding perturbations of the
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Fig. 1. Vertical variations of the RMS value of the six
pairs of LAF perturbations for (a) zonal wind and (b) tem-
perature in the case of Yancy (Y1700).
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Fig. 2. As in Fig. 1, except for the BGME.

vortex in the breeding cycles are expected to repre-
sent the growing errors in the empirical vortex. The
perturbed vortex domain in BGMV is determined by
the maximum relative vorticity in 24 radial directions
from the vortex center in the Kurihara et al. (1995)
vortex specification technique.

Amplitude: Ideally, the perturbations should
represent the errors in the analysis. The magnitude of
the perturbations should therefore be consistent with
the possible value of the analysis errors. The size of
the perturbations in the vortex needs to be considered
differently from that of the environment. The analysis
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Fig. 3. As in Fig. 1, except for BGMV.

errors in the environment are generally larger in the
upper layer than in the lower layer (Leslie and Speer,
1998). In contrast, the mean tangential wind of the
TC vortex has a maximum value near the surface and
decreases with height (Shea and Gray, 1973). Accord-
ingly, the size of the perturbations of the vortex is
larger in the lower layer. To compare the size of the
perturbations in the three EF methodologies, the ini-
tial root-mean-square (RMS) values of six pairs at ev-
ery sigma level are calculated.

For the LAF, the RMS values of the six pairs (Figs.
la, b) are the differences of lagged forecasts rescaled
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with a uniform factor of 0.3. In the BGME and BGMV
experiments, the magnitude of the perturbations is
scaled down by defining the maximum value at each
sigma level. In the BGME experiments, the RMS val-
ues of the initial perturbations (Figs. 2a, b) are larger
at the upper levels, which is comparable to the ac-
tual statistical results of analysis errors (Leslie and
Speer, 1998). The RMS values generally increase with
height (Fig. 2b). The values at the lower layers are
very small (~0.2) and there is an apparent discontinu-
ity between sigma levels 0.6 and 0.7. A possible reason
for the discontinuity is the large horizontal differences
of the temperature perturbations at the lower sigma
layers under the influence of the terrain. When the
perturbations are scaled with reference to the maxi-
mum perturbation value at each level, the RMS value
becomes small. The discontinuity of the RMS values in
the vertical occurs when the terrain influence decreases
rapidly from 0=0.6 to 0=0.7. For BGMV (Figs. 3a,
b), the wind perturbations are larger at the lower lev-
els in accordance with the vertical structure of a TC.
The perturbations of BGMV are rescaled accordingly
by defining the maximum value to be half the mean
wind speed between a 1° and 7° latitude radius from
the TC center. Compared with Cheung (2001), the
RMS values of the initial perturbations in the present
study are generally smaller than those in his study.

The number of members: A question often
asked in EF studies is the “minimum” number of en-
semble members needed to improve the skill of the con-
trol forecast through ensemble averaging. The study
of Toth and Kalnay (1997) shows that only a mini-
mal improvement of forecast skill is obtained when the
number of members is beyond 20, and even in tropical
areas the improvement is very limited when this num-
ber increases from 10 to 20, whereas the computing
time is doubled. Since in LAF, six pairs of ensemble
forecasts are produced, six sets of such bred errors are
generated in order to have the same number of ensem-
ble members. Further, only the temperature and wind
components are perturbed after rescaling because they
are the most important factors in TC motion.

The lateral boundary conditions in both the con-
trol and ensemble forecasting come from the analysis.
Admittedly, same lateral boundary conditions in the
ensemble members would reduce the ensemble spread.

4. Forecasts of typhoon
4.1 Forecasts of Typhoon Yancy

Typhoon Yancy of 1990 is chosen as an example
to examine the extent to which the EF methodology
can improve the track forecast accuracy since it is one
of the cases with larger forecast errors because of its
“stepping motion”. The case at the initial time of 0000
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UTC 17 August (to be labeled as Y1700) has a posi-
tion error of 400 km at 72 h from the control forecast.
All three methods, LAF, BGMV and BGME, are
tested. Nomne of the experiments includes a bogus
scheme because the analysis vortex seems to be well
represented by the TCM-90 analysis, with an intensity
in the analysis of 984 hPa, which is close to the obser-
vational estimate of 980 hPa. Furthermore, the huge
vortex circulation of Yancy occupied a large model do-
main, and it is difficult to filter out such a large vortex
from the environment and replace it with synthetic
observations depicting the vortex structure.

Most of the LAF members predicted the landfall
of Yancy over Taiwan except for one with a predicted
track passing north of the island (not shown). Two of
the landfall members showed a jump across the Central
Mountain Range. The ensemble-mean track is much
closer to the best track than the control forecast (Fig.
4). In BGMV (Fig. 4) and BGME (not shown, since
it is very close to BGMYV), the mean forecast tracks
also show an improvement over the control although
landfall is not predicted.

It is obvious in this case that the LAF gives bet-
ter predictions than both the BGMV and the BGME.
Toth and Kalnay (1993) noted that the analysis con-
tains fast-growing and non-growing errors. Ensemble
perturbation must represent the growing errors in the
analysis. In the present study, the LAF perturbations
are basically short-forecast errors, i.e., difference fields
between two forecasts. The proportion of growing er-
rors in the initial fields is enhanced at the end of the
short-term forecasts in a relatively stable northwest-
ward motion. When they are added to or subtracted
from the initial field, a more stable northwestward
movement is obtained instead of the northward devi-
ations predicted in the control run. Another probable
reason is that both environment and vortex perturba-
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Fig. 4. Ensemble tracks (thin lines) of Yancy (Y1700)
using the LAF (triangles with solid line), BGM (dotted
line) and BGMV (triangles with dashed line) techniques.
Best track is shown with black dots, control run with open
circles. Positions are plotted every 6 h.
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Fig. 5. Forcast tracks of Typhoons Ed and Flo from (a) E1400, (b) E1500, (c) F1400, and (d) F1500. Different
symbols represent results from different sensitivity experiments. See Table 1 for a description of each experiment.

Best track is shown with closed circles (every 6 h).
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Fig. 6. Asin Fig. 5 (b) except for experiments D1b (open
triangles), D1e (crosses) and D3a (open circles). Best track
with closed circles.

tions are included in the LAF, which is different from
the BGMV and BGME. The interaction between the

environment and the vortex is considered simultane-
ously. On the other hand, separating vortex or envi-
ronmental perturbations (in BGMV or in BGME re-
spectively) probably cannot give a good representation
of the interaction because of the difficulty in removing
the huge vortex of Yancy from the environment. This
therefore results in poorer forecasts. To confirm this
speculation, a simple experiment is employed by per-
turbing both the environment and the vortex with the
perturbations from BGMV and BGME. In contrast to
BGME and BGMYV, the track (dotted line in Fig. 4)
shows a little westward movement although it still has
larger errors than LAF.

To summarize, for the case of Yancy, it appears
that the LAF is superior to either the BGME or
BGMYV and predicts landfall over Taiwan because the
former apparently generate errors in both the environ-
ment and the vortex so that these can interact from
the beginning of the forecast. It suggests that perhaps
in a situation where the vortex is large (indicating a
strong interaction between the environment and the
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Fig. 7. (a) Streamline analysis at 0000 UTC 14 Septem-
ber. Thick short dashes represent the northern and eastern
lateral boundaries of domains D1, D2 and D3 respectively.
(b) Streamline analysis at 1200 UTC 16 September, (c)
60-h forecast flow field from 0000 UTC 14 September for
D1la. All three plots are on the 0=0.5 surface.

vortex), it might not be appropriate to perturb the
two components separately. The track improvement
in the full BGM experiments proved our speculation.

4.2 Forecasts of Ed and Flo
4.2.1 Sensitivity experiments

Similar to the case of Yancy, LAF experiments are
applied to the cases of Flo and Ed. The ensemble
forecast tracks of Flo are found to be surprisingly in-
sensitive to the perturbations, while those of Ed have
the same pattern as that in the control, with all the
tracks turning towards the south instead of a steady
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westward movement (see Figs. 9a, b). The southward
deflection in the forecast tracks of Ed leads to large
position errors, reaching 1000 km by 72 h. In other
words, for this pair of vortices, at least part of the
“failure” must lie in the model itself.

To investigate the factors that may have con-
tributed to the failure of these forecasts, a series of
sensitivity experiments are carried out (Table 1). Two
cases starting from 0000 UTC 14 September 1990 and
0000 UTC 15 September 1990 are studied here (to be
labeled as E1400 and E1500 for Ed, and F1400 and
F1500 for Flo respectively).

Firstly, the results show that the forecasts are sig-
nificantly influenced by the lateral boundaries. In the
case of F'1400 (Fig. 5c), the simulated track of Flo in
experiment D2a (smaller domain) is much closer to the
observed than in experiment D1a (larger domain) (see
Fig. 7a for the actual domain). The 72-h simulated po-
sition error of experiment D2a is only 69 km. Because
experiment D2a has a smaller domain, a large part of
the subtropical ridge is not included in the forecast
domain but “specified” through the boundary condi-
tions. Probably because of this, the steering influence
of the subtropical ridge to the north and a break in the
subtropical ridge are simulated well, which causes Flo
to move west-northwestward and finally recurve. In
experiment D1la, the subtropical ridge is stronger and
the position of the ridge is more westward than that in
the analysis (see Figs. 7b, ¢), which enhances the west-
ward movement of Flo (Fig. 5¢). The case starting at
0000 UTC 15 September shows similar improvement in
the smaller simulation domain (Fig. 5d) as in F1400.
A larger model domain means more weather systems
are included in the prediction. It also implies that the
larger prediction error of Typhoon Flo in Dla comes
from the erroneous prediction of the subtropical ridge
strength and position.

In experiment D1b, after the analysis vortices of
Ed and Flo have been filtered out, a synthetic vortex
is inserted at each best track position. The predicted
tracks of Flo from the two initial times become closer
to the best track (Figs. 5¢, d). For the E1400 case, the
deviation to the south before 48 h is removed, but the
forecast track still moves towards the south by 72 h so
that the forecast errors remain large (Fig. 5a). For the
case of E1500, the spread of the forecast tracks of the
sensitivity experiments is very small (Fig. 5b).

In experiment D1c, the Kain-Fritsch instead of Kuo
cumulus parameterization scheme is used. However,
the forecast tracks of Ed are very similar to those in
D1b (Figs. 5a, b), which suggests that the large track
errors of Ed cannot be attributed to the cumulus pa-
rameterization scheme. In the case of Flo, the cumulus
parameterization scheme influences the forecast track
slightly such that more northeastward movement is ob-
tained in experiment Dlc than in D1b (Figs. 5c, d).
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Table 1. Sensitivity experiments in studying the Ed and Flo cases. The boundaries of the various domains (illustrated
in Fig. 7a) are D1: 5°-45°N, 85°~170°E, D2: 5°-45°N, 85°~155°E and D3: 5°-35°N, 85°-155°E. See text for a detailed

description of the different types of TC vortex specification.

Experiment Dla D2a D1b Dlc Did Dle D3a
Domain D1 D2 D1 D1 D1 D1 D3
Type of TC vortex  Ed-analysis Ed- analysis  Ed-bogus Ed-bogus Ed-removed Ed-bogus Ed-bogus
Flo-analysis  Flo-analysis  Flo-bogus Flo-bogus Flo -bogus Flo-removed  Flo-removed
Cumulus Kuo Kuo Kuo Kain-Fritsch Kuo Kuo Kuo
parameterization
ST northern lateral boundary is reset at 35°N in order to
g 2 4 decrease the influence from the erroneous prediction of
‘g L4 the evolution of the westerly trough by using the real
= boundary condition near the subtropical ridge. During
g2 o E— ' the first 48 h (Fig. 6), Ed moves westward in a manner
5’-35 -1 ——S’?l\fly"%é‘l2 48 54 60 66 72 very close to the best track, but it turns southward
L1 later near 114°E. The mean steering flow is found to
) become westerly at 48 h (Fig. 8). The mean steering
Lead time (h) flow i lculated by averaging the flow between the
ow is calcula y ging

Fig. 8. The mean zonal steering flow during the inte- 5° and 7° latitude radii from the TC center (following

gration in the D3a experiment for E1500. See text for
definition.

It is often observed that when two TCs occur si-
multaneously in close proximity, they tend to rotate
around each other (e.g., Brand, 1970; Chan and Law,
1995). During this process, their outer circulations
may also merge. This happens in the case of Ed and
Flo. The southeastward turn of Ed appears to result
from the steering flow associated with the circulation
in the southwest quadrant of Flo. Actually their circu-
lations are separated in the analysis (see Fig. 7b). Two
sensitivity experiments (D1d and Dle) are performed
by removing Ed and Flo respectively to investigate
their interactions and the extent to which they are af-
fected by each other. No significant change is found
in the predicted track of Flo when Ed is removed (not
shown). In experiment Dle, Flo is removed at the ini-
tial time and the point at which Ed turns south is to
the west in that in D1b (Fig. 6). However a weak vor-
tex to the northeast of Ed is generated by the model
(not shown), which likely influences the movement of
Ed as Flo does. The influence of Flo on Ed is appar-
ently not eliminated by removing the initial vortex of
Flo in the analysis, but a more westward movement is
indeed expected when such an influence is reduced.

Another important consideration is the forecast of
the subtropical ridge located to the north of Ed. The
model predicts a continuous weakening of the mid-
tropospheric ridge over South China while the west-
erly trough to the north of the subtropical ridge is
strengthened significantly. In the analysis, the ridge
actually remains to the north of Ed (Fig. 7b), keep-
ing Ed on a westward track. In experiment D3a, the

Chan and Gray, 1982) and from 0=0.3 to 0=0.85 after
the model vortex is filtered using the vortex specifica-
tion technique of Kurihara et al. (1995). It is worth
noting that the southward turning of Ed is consistent
with the change of the steering flow from easterly to
westerly. This result suggests that the change in the
steering direction contributes to the anticlockwise ro-
tation of Ed’s track.

It is also possible that Ed or Flo could affect the
evolution of the subtropical ridge in the model. Addi-
tional experiments have therefore been performed to
study the evolution of the environment by removing
both Ed and Flo so that the possible influence from
the forecast errors of Ed and Flo can be reduced. It is
found that the predicted environment is similar to that
with Ed and Flo present in the analysis (not shown).

From these experiments, it may be concluded that
the forecast errors of the environment, which includes
the subtropical ridge and the outer flow of Flo, largely
contribute to the forecast failure of the movement of
Ed. The weakening subtropical ridge over South China
is replaced by a continuously deepening trough. The
northwesterly flow upstream of the westerly trough
pushes Ed to the southeast. At the same time, the
outer flows of Ed and Flo merge due to the lack of
“interference” from the subtropical ridge. When Flo
moves to the northeast of Ed, the outer flow of Flo
makes Ed move to the southeast.

Stensrud et al. (2000) have highlighted the im-
portance of uncertainties of model physics parameter-
ization in short-range ensemble forecasts. Results of
the present sensitivity experiment point out that in
addition to initial conditions and physical parameteri-
zations, the configurations of the model, such as model
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Fig. 10. The zonal component differences at 18 h during
a 24-h BGME process on the level 0=0.85.
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Fig. 11. The total wind velocity differences at the end of

a 24-h BGMV process.

domain, can have significant effects on the TC mo-
tion due to the forecast ability of the model. It is also
one of the important factors that should be considered
in ensemble forecasting. Our speculation is based on
our simulation results where analysis data are used for
lateral boundary conditions. In a regional operational
forecasting system, lateral boundary conditions come
from the larger domain forecast with inevitable fore-
cast errors. These errors would have a significant ef-
fect on forecasts. The effect of lateral boundary errors
probably can be reduced by using a different forecast
domain in the ensemble members, but obviously this
requires further investigation.

4.2.2 Ensemble forecasts of Flo and Ed

The three EF techniques are applied to the cases of
Ed and Flo to investigate whether such techniques can
improve the forecasts of the environmental flow and /or
its interaction with the two typhoons, and hence the
forecast tracks of Ed and Flo.

The LAF experiments are carried out based on ex-
periment D2a, in which no bogus scheme is included
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in order to compare with the experiments for Yancy.
The spread of tracks is found to be smaller than that
in Cheung (2001), apparently because smaller pertur-
bations are used. For E1400 and E1500, the member
tracks (Figs. 9a, b) are similar to those of the control.
No significant improvement is obtained because the
forecast of the western part of the subtropical ridge is
not improved when the analysis is perturbed by the
errors generated from the LAF technique. For F1400,
the control run is quite good, with position errors be-
low 100 km from 48 to 72 h. The mean track is close
to the best track except that it has a larger speed. For
the F1500 case, the classic recurvature is well simu-
lated by both the control and the EF mean.

For the BGMV and BGME, experiment D1b, in
which the bogus scheme is applied to both vortices, is
selected as the control run (Figs. 9c—f). Despite the
magnitudes of the perturbations (similar to those in
Figs. 2 and 3), the initial positions of the members
do not differ much from one another. To understand
this more, the growth of the perturbations is exam-
ined. The magnitudes of the wind difference between
the positive and negative forecasts (i.e., the perturba-
tion) become stable after 18 h, which justifies a 24-h
period for growing the perturbations even in the trop-
ical regions. An example of this for one of the BGME
perturbations after 18 h of growth at 0=0.85 is shown
in Fig. 10. The zonal wind differences show a large
scale structure. It can also be seen from Fig. 10 that
the perturbations in the Ed and Flo areas are smaller
than those in the others because of the filtering pro-
cess. Similarly, the perturbations in the BGMYV have
rather reasonable magnitudes after 24 h of integration
(Fig. 11).

In BGME, for E1400, most members give similar
tracks as the control, except for one member, the pre-
dicted track of which appears to be close to the best
track (Fig. 9c). As a result, the ensemble mean track
is almost qualitatively the same as that of the control.
Similar results are obtained for E1500 (Fig. 9d). In
BGMYV, almost all members of E1400 deviate to the
south of the control, which results in poorer mean sim-
ulations (Fig. 9e¢). For the E1500 case, the ensemble
mean track is quite close to the control (Fig. 9f).

In the case of F'1400, the EF mean tracks in both
BGMV and BGME give the correct direction but
larger movement speed (Figs. 9c and e). For the F1500
case, the ensemble means have smaller deviations from
the best track in the BGMV and BGME experiments
(Figs. 9d and f). The results of the sensitivity ex-
periments show that the failed simulations of Ed are
caused by the erroneous simulations of the environ-
ment fields. In the EF experiments, although some
members have more westward movement when the vor-
tex or the environment is perturbed, the evolution of
the environment in the EF simulations is apparently
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not improved. The ensemble-mean track remains sim-
ilar to that of the control.

5. Summary and discussion
5.1 Summary

The purpose of this study is to examine the ef-
fectiveness of two different ensemble forecasting (EF)
techniques—the lagged-averaged forecast (LAF) and
the breeding of growing modes (BGM)—in predicting
tropical cyclone (TC) motion in two difficult forecast
situations: a large vortex interacting with its environ-
ment, and an apparent binary interaction. The former
is Typhoon Yancy and the latter two are Typhoon Ed
and super Typhoon Flo, all occurring during the Trop-
ical Cyclone Experiment TCM-90. The model used is
the baroclinic model of the University of New South
Wales. In the BGM experiments, the vortex and the
environment are perturbed separately (named BGMV
and BGME respectively).

In the case of Yancy, the ensemble mean forecast of
each of the three methodologies is better than that of
the control, with LAF being the best. The mean track
of the LAF is close to the best track, and predicts land-
fall over Taiwan. This result suggests the importance
of including the perturbations of the environment and
the vortex together when the interactions between the
two are significant. This point is partly proved from
the improvement of the full BGM experiment.

In the binary interaction case of Ed and Flo, the
simulations of Ed do not appear to be sensitive to per-
turbations of the environment or the vortex. An in-
vestigation into the possible causes suggests that the
model appears to produce an erroneous simulation of
the environment, thus reducing the effectiveness of the
EF technique. This conclusion is reached through sen-
sitivity experiments on the domain of the model and
adding or eliminating certain features in the model
atmosphere. The inability of the model to predict in-
teraction between the subtropical ridge and Ed, and
the interaction between the two typhoons apparently
led to the poor simulations. Although the distance be-
tween Ed and Flo is relatively large at the initial time
(~ 1600 km), the outer flows of the two vortices are
predicted to merge when Flo moves closer to Ed dur-
ing the integration. The trend of the simulation does
not change even when the environment or the vortex
structure is perturbed. Nevertheless, the simulated
tracks in some of the cases are improved over that of
the control.

5.2 Discussion

The results from the study suggest that the EF
technique can be useful in predicting tropical cyclone
motion in some cases. It appears that for large vor-
tices, it might be better not to perturb the environ-
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ment and the vortex separately. For binary vortices,
the success depends not only on how the two vortices
interact but also on whether the model is capable of
predicting the evolution of the environment and its in-
teractions with the vortices. Of course, the appropri-
ateness of the bogus vortex needs to be ascertained.
More detailed studies with more cases are obviously
needed.

The improvement of the forecast track appears to
be more closely related to the track type rather than
the ensemble methodologies applied. For example, in
the F1500 case, improvements are obtained in all three
EF methodologies, but for F1400, negative relative
skill scores (RSSs) occur in all EF experiments due
to the larger speed of the TC movement (Table 2). It
would be interesting to test whether the improvement
of EF has a preference for some particular track types.

The RSS of the ensemble mean is only used to eval-
uate the EF effectiveness here. Another essential ob-
jective of an ensemble prediction system is to predict
the probability density function of the solution. How-
ever the ensemble spread provides a measure of ex-
pected forecast error only in a perfect model (Hansen,
2002). If the prediction model were perfect, this prob-
ability density function would be uniquely related to
the uncertainty in the initial condition. The perfect
model hypothesis is not fulfilled in practical forecast-
ing, thus skill versus spread displays a highly scattered
relationship (Elsberry and Carr, 2000; Goerss, 2000).
This is also true in our results. For example, the en-
semble member tracks of F1400 in the LAF experi-
ment apparently have a larger spread than in F1500 of
LAF (Figs. 9a, b), but the RSSs of the F1400 ensemble
mean are much lower (—21.6%) than in F1500 (5.4%)
as shown in Table 2. Since the spread and the ensemble
mean skill are not necessarily related, the application
of TC ensemble forecasting such as probability fore-
casting becomes challenging and complicated. So the
probability distribution of ensemble members is not
considered in our work.

This study also points to the limitation of the ap-
plication of the ensemble forecasting approach using a
single model. Even if the initial state is close to reality,

Table 2. The mean Relative Skill Scores (RSSs) for all
time periods for all five cases and each of the three EF
techniques: LAF, BGME and BGMV.

LAF BGME BGMV
Y1700 24.4 4.4 8.1
E1400 —0.2 —0.4 —22.0
F1400 —21.6 —16.1 —15.5
E1500 1.9 19.4 12.2
F1500 5.4 8.9 6.4
Mean 2.0 3.3 —2.1
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the evolution of the real atmosphere may not be esti-
mated correctly by an imperfect model. It is useful to
use more than one model in such an approach to be
more confident that the true solution would fall within
the range of the ensemble. The significance of multi-
model ensemble forecasting has been realized due to
inevitable model forecasting error (Goerss, 2000). The
multi-ensemble forecasting method has been used by
some institutes such as NCEP. (Du et al., 2003).

Admittedly our study is actually a simulation,
which is different than operational forecasting, and so
the conclusions from a simulation cannot completely
apply to operational weather forecasting. In addition,
the study is based on a small sample so that the conclu-
sions are only tentative. However the results provide
a basis for further development of the EF technique as
an alternative to traditional deterministic forecasts of
tropical cyclone motion.

Acknowledgments. The authors would like to
thank Prof. Lance Leslie of the University of New South
Wales for providing the model. This work is sponsored
by the Research Grants Council of the Hong Kong Spe-
cial Administration Region Government of China Grant
CityU 1015/01P and Natural Science Foundation of China
(40005003).

REFERENCES

Aberson, S. D., S. J. Lord, M. DeMaria, and M. S. Trac-
ton, 1995: Short-range ensemble forecasting of hur-
ricane tracks. Preprints, 21st Conf. Hurr. Trop. Me-
teor., Miami, Amer. Meteor. Soc., 494—-497.

Aberson, S. D., M. A. Bender, and R. E. Tuleya,
1998: Ensemble forecasting of tropical cyclone tracks.
Preprints, 12th Conf. Num. Wea. Pred., Phoenix,
Amer. Meteor. Soc., 290-292.

Brand, S., 1970: Interaction of binary tropical cyclones of
the western North Pacific Ocean. J. Appl. Meteor., 9,
433-441.

Chan, J. C. L., 2002: Ensemble forecasting of tropical cy-
clones. WMO Bulletin, 51, 247-252.

Chan, J. C. L., and W. M. Gray, 1982: Tropical cyclone
movement and surrounding flow relationships. Mon.
Wea. Rev., 110, 1354-1374.

Chan, J. C. L., and A. C. K. Law, 1995: The interaction
of binary vortices in a barotropic model. Meteorology
and Atmospheric Physics, 56, 135—-155.

Cheung, K. K. W., 2001: Ensemble forecasting of tropical
cyclone motion: comparison between regional bred
modes and random perturbations. Meteorology and
Atmospheric Physics, 78, 23-34.

Cheung, K. K. W.; and J. C. L Chan, 1999a: Ensem-
ble forecasting of tropical cyclone motion using a
barotropic model. Part I: Perturbations of the envi-
ronment. Mon. Wea. Rev., 127, 1229-1243.

Cheung, K. K. W., and J. C. L Chan, 1999b: Ensem-
ble forecasting of tropical cyclone motion using a

ZHOU AND CHEN 353

barotropic model. Part I1: Perturbations of the vortex.
Mon. Wea. Rev., 127, 2617-2640.

Du, J., G. DiMego, M. S. Tracton, and B. Zhou
2003: NCEP short-range ensemble forecasting
(SREF) system: Multi-IC, multi-model and multi-
physics approach. Research Activities in Amospheric
and Oceanic Modeling, J. Cote, Ed., Report 33,
CAS/JSC Working Group Numerical Experimenta-
tion (WGNE), WMO/TD-No. 1161, 5.09-5.10

Ebisuzaki, W., and E. Kalnay, 1991: Ensemble experi-
ments with a new lagged analysis. Research Activ-
ities in Atmospheric and Oceanic Modeling, Report
No.15, WMO. [Available from WMO, C. P. NO. 2300,
CH1211, Geneva, Switzerland.]

Elsberry, R. L., 1990: International experiments to study
tropical cyclones in the western North Pacific. Bull.
Amer. Meteor. Soc., 71, 1305-1316.

Elsberry, R. L., and L. E. Carr III, 2000: Consensus of dy-
namical tropical cyclone track forecasts—Errors versus
spread. Mon. Wea. Rev., 128, 4131-4138.

Goerss, J. S., 2000: Tropical cyclone track forecasts using
an ensemble of dynamical models. Mon. Wea. Rev.,
128, 1187-1193.

Hansen, J. A.; 2002: Accounting for model error in
ensemble-based state estimation and forecasting.
Mon. Wea. Rev., 130, 2373-2391.

Iwasaki, T., H. Nakano, and M. Sugi, 1987: The perfor-
mance of a typhoon track prediction model with cu-
mulus convection. J. Meteor. Soc. Japan, 65, 555—570.

Joint Typhoon Warning Center, 1990: Annual Tropical
Cyclone Report 1990. 278pp. [Available from Joint
Typhoon Warning Center, PSC 455, Box 12, FPO,
AP 96540-0051.]

Kain, J. S., and J. M. Fritsch, 1993: Convective param-
eterization for mesoscale models: The Kain-Fritsch
scheme. The Representation of Cumulus Convection
in Numerical Models, K. A. Emanuel and D. J. Ray-
mond, Eds., Amer. Meteor. Soc., 165-170.

Kurihara, Y., M. A. Bender, R. E. Tuleya, and R. J. Ross,
1995: Improvements in the GFDL hurricane predic-
tion system. Mon. Wea. Rev, 123, 2791-2801.

Kuo, H. L., 1965: On formation and intensification of trop-
ical cyclones through latent heat release by cumulus
convection. J. Atmos. Sci., 22, 40-63.

Leslie, L. M., G. A. Mills, L. Logan, D. J. Gauntlett, G.
A. Kelly, M. J. Manton, J. McGregor, and J. Sardie,
1985: A high resolution primitive equations NWP
model for operations and research. Australian Meteo-
rological Magazine, 33, 11-35.

Leslie, L. M., and R. J. Pureser, 1995: Three-dimensional
mass-conserving semi-Lagrangian scheme employing
forward trajectories. Mon. Wea. Rev., 123, 2551-
2566.

Leslie, L. M., and M. S. Speer, 1998: Short-range ensemble
forecasting of explosive Australian east coast cycloge-
nesis. Wea. Forecasting, 13, 822-832.

Lorenz, E. N.; 1963: Deterministic nonperiodic flow. J.
Atmos. Sci., 20, 130-141.



354 ENSEMBLE FORECASTING OF TROPICAL CYCLONE MOTION USING A BAROCLINIC MODEL

Mackey, B. P.; and T. N. Krishnamurti, 2001: Ensemble
forecast of a typhoon flood event. Wea. Forecasting,
16, 399-415.

Puri, K., J. Barkmeijer, and T. N. Palmer, 2001: Ensemble
prediction of tropical cyclones using targeted diabatic
singular vectors. Quart. J. Roy. Meteor. Soc., 127,
709-731.

Rogers, E., S. L. Stephen, D. G. Deaven, and G. J. DiMego,
1993: Data assimilation and forecasting for the Trop-
ical Cyclone Motion Experiment at the National Me-
teorological Center. Preprints, 20th Conf. Hurr. Trop.
Meteor., San Antonio, TX, Amer. Meteor. Soc., 329—
330.

Shea, D. J., and W. M. Gray, 1973: The hurricane’s inner
core region. I. Symmetric and asymmetric structure.
J. Atmos. Sci., 30, 1544-1564.

VOL. 23

Stensrud, D. J., J. W. Bao, and T. T. Warner, 2000: Us-
ing initial condition and model physics perturbations
in short-range ensemble simulations of mesoscale con-
vective system. Mon. Wea. Rev., 128, 2077-2107.

Toth, Z., and E. Kalnay, 1993: Ensemble forecasting at
NMC: The generation of perturbations. Bull. Amer.
Meteor. Soc., 74, 2317-2330.

Toth, Z., and E. Kalnay, 1997: Ensemble forecasting at
NCEP and the breading method. Mon. Wea. Rev.,
125, 3297-3319.

Zhang, Z., and T. N. Krishnamurti, 1997: Ensemble fore-
casting of hurricane tracks. Bull. Amer. Meteor. Soc.,
78, 2785-2795.

Zhang, Z., and T. N. Krishnamurti, 1999: A perturba-
tion method for hurricane ensemble predictions. Mon.
Wea. Rev., 127, 447-469.



