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ABSTRACT

Since 2003, a field program has been conducted under the name of Dropwindsonde Observations for
Typhoon Surveillance near the Taiwan Region (DOTSTAR). As the name DOTSTAR suggests, targeted
observation is one of its key objectives. The prerequisite for designing the observing strategy is to identify
the sensitive areas, which would exert great influence on the results of numerical forecast or the extent of
the forecast error.

In addition to various sensitivity products already adopted in DOTSTAR, a new way to identify the
sensitive area for the targeted observation of tropical cyclones based on the fifth-generation Pennsylvania
State University—National Center for Atmospheric Research (NCAR) Mesoscale Model (MMS5) is pro-
posed in this paper. By appropriately defining the response functions to represent the steering flow at the
verifying time, a simple vector, adjoint-derived sensitivity steering vector (ADSSV), has been designed to
demonstrate the sensitivity locations and the critical direction of typhoon steering flow at the observing
time. Typhoons Meari and Mindulle of 2004 have been selected to show the use of ADSSV. In general,
unique sensitive areas 36 h after the observing time are obtained.

The proposed ADSSV method is also used to demonstrate the signal of the binary interaction between
Typhoons Fungwong and Fengshen (2002). The ADSSV is implemented and examined in the field project,
DOTSTAR, in 2005 as well as in the surveillance mission for Atlantic hurricanes conducted by the Hur-

ricane Research Division. Further analysis of the results will be vital to validate the use of ADSSV.

1. Introduction

A typhoon is one of the most destructive disasters
and therefore causes great loss of life and property year
by year in Taiwan. Since 2003, in order to promote the
typhoon research, the National Science Council (NSC)
in Taiwan has granted funding to the project, Drop-
windsonde Observations for Typhoon Surveillance
near the Taiwan Region (DOTSTAR; Wu et al. 2005),
which is an interdepartmental and international project
between Taiwan and the United States. The principal
part of the project is the use of the airborne global
positioning system (GPS) dropwindsondes released
from the jet aircraft flying above 42 000 feet in the en-
vironment of a tropical cyclone approaching near Tai-
wan. For DOTSTAR, targeted observations constitute
one of the most critical objectives. To use the limited
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aircraft resources to maximize the possible improve-
ment of numerical forecast, targeted observation strat-
egy, which includes the flight route and the dropwind-
sondes deployment locations, must be developed be-
fore the flight mission. The basis for formulating the
observation strategy is to identify the sensitive areas,
which would considerably influence the results and
sometimes even accuracy of the numerical forecast.
Until 2004, three sensitivity products have been used
to determine the observation strategy for DOTSTAR.
These products are derived from three distinct tech-
niques. The first technique is the deep-layer mean
(DLM) wind variance. It is one of the deep-layer steer-
ing flows based on the National Centers for Environ-
mental Predictions (NCEP) Global Ensemble Forecast-
ing System (EFS; Aberson 2003), where areas with the
largest forecast DLM wind bred vectors represent the
sensitive region at the observing time. The second tech-
nique is the ensemble transform Kalman filter (ETKF;
Majumdar et al. 2002). This technique is able to pre-
dict the reduction in forecast error variance for
feasible deployment of targeted observations based
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on the 40-member NCEP EFS. The third is the singular
vector (SV) technique (e.g., Palmer et al. 1998; Peng
and Reynolds 2006). It maximizes the growth of a total
energy or kinetic energy norm using the forward and
adjoint models of the Navy Operational Global Atmo-
spheric Prediction System (NOGAPS; Rosmond 1997,
Gelaro et al. 2002).

As mentioned above, the ETKF and SV products are
derived from the (total) energy or kinetic energy norm.
For the DLM wind variance, high sensitivity has a ten-
dency to appear around the storm region as there is
generally higher ensemble variability associated with
small displacement of strong cyclonic winds near the
core. Therefore, none of the above techniques for tar-
geted observations is directly related to the motion
(steering flow) of the tropical cyclone.

Theoretical work to determine a targeted observa-
tion strategy for better predicting the tropical cyclone
track is inadequate in the literature (save the notable
study of Rohaly et al. 1998). Along with the progress in
DOTSTAR, we propose a new method to determine
the sensitive area for targeted observation based on the
adjoint sensitivity (Zou et al. 1997; Kleist and Morgan
2005a) to verify the sensitive areas with respect to the
typhoon steering flow. A response function is designed
to represent the steering flow at the verifying time, and
to assess the adjoint sensitivity with respect to such
response functions. A simple parameter is also pro-
posed to interpret the sensitivity with clear physical
meanings. The methodology and experiment design of
this study are presented in section 2. Section 3 provides
the descriptions and adjoint-derived sensitivity steering
vector (ADSSV) results of Typhoons Mindulle and
Meari. In section 4, the above sensitivity parameter is
used to validate the binary interaction between Ty-
phoons Fungwong and Fengshen. Examination of the
linear assumption in the adjoint modeling system is pre-
sented in section 5. The summary and future prospects
are shown in section 6.

2. Methodology and experiment design

Scientists working on targeted observations are al-
ways interested in knowing the sensitivity of the specific
model output to the initial input variables and thus in
identifying where to make adapted observations to im-
prove weather forecast of specific interests. To identify
the sensitivity, a basic and direct practice would be to
change the input variables and to examine the response
of the model output. However, this is rather inefficient
since there is an infinite amount of input variables to be
perturbed. Errico (1997) has shown that the adjoint
model can be a powerful tool for many studies that

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 64
Oh 12h 24h 36h
MMS5 forecast model
Observing Verifying
time time
MMS5 adjoint model
-36h -24h -12h -0h

Fi1G. 1. The design of the forward and backward model integra-
tions. The negative sign before the time indicates the backward
integration (using the negative time step) associated with the ad-
joint model.

require an estimate of sensitivity of model output with
respect to input. In other words, by defining the re-
sponse function, as a function of model output vari-
ables, of research interests, one can use the adjoint
model to effectively calculate the sensitivity of response
function to the model input variables (aR/dx;,) (Kleist
and Morgan 2005a).

Our study utilizes a component of the fifth-
generation Pennsylvania State University—National
Center for Atmospheric Research (NCAR) Mesoscale
Model (MMS; Zou et al. 1997; Wu et al. 2006), which
was used by Kleist and Morgan (2005a) to investigate a
snowstorm with a poor forecast. This system includes
the nonlinear MMS5, its tangent linear model (TLM),
and corresponding dry-physics adjoint model. The do-
main for the nonlinear and adjoint models we use is a
60-km, 85 X 115 (latitude by longitude) horizontal grid,
with 20 sigma levels in the vertical. The nonlinear inte-
grations use the following physical parameterizations:
the Grell cumulus parameterization, the bulk PBL
scheme, the simple cooling radiation scheme, and the
stable precipitation where the large-scale saturation is
removed and rained out immediately but without rain
evaporation or explicit cloud prediction. The TLM and
adjoint integrations use the same parameterizations (or
their adjoints), but the effect of moisture is neglected.
The initial and boundary conditions are from the NCEP
Global Forecasting System (GFS) global analysis (1° X
1°) interpolated to the MMS5 grids.

The forward and backward integrations were ex-
ecuted by the MMS5 forecast model and the adjoint
model, respectively, as indicated in Fig. 1. The negative
sign before the time indicates the backward integration
(using the negative time step) associated with the ad-
joint model.

The work is aimed to identify the sensitive areas at
the observing time, which will affect the steering flow of
the typhoon at the verifying time. It has generally been
proposed that tropical cyclone motion is governed by
the environmental steering flow (Chan and Gray 1982),
generally defined as the tropospheric average wind
within the inner 5° or 7° latitude radius. Neumann
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(1979) showed that the steering concept can account for
about 80% of the variability in the 24-h tropical cyclone
motion. Therefore, we define the response function(s)
as the deep-layer mean wind within the verifying area.
A square of 600 km X 600 km, centered around the
MMS5-simulated storm location (Fig. 3) at the verifying
time, is used to calculate the background steering flow.
Two responses functions are then defined: R, the 850—
300-hPa deep-layer area average (Wu et al. 2003) of
zonal component (u), and R,, the average of meridional
component (v) of the wind vector; that is,

300 hPa
f j u dx dy dp
_Jssonpa Ja
Ry = 300hPa
j J' dx dy dp
850hPa A
300 hPa
J f vdx dy dp
850hPa J A

300 hPa :
f dx dy dp
A

and

R, =
850 hPa

In other words, by averaging out the axisymmetric com-
ponent of the strong cyclonic flow around the storm
center, the vector of (R,, R,) represents the background
steering flow across the storm center at the verifying
time. It should be noted that a wind vector (R;, R,) is
totally different from the kinetic energy norm stated
above.

First, dR,/du and dR,/dv (dR,/du and dR,/dv) are
calculated to indicate the sensitivity of the zonal (me-
ridional) component of the steering flows at the verify-
ing time to the flow field at the observing time. To show
a general sensitivity to the wind field, we combine the
sensitivity of R; (R,) to u and the sensitivity of R; (R,)
to v to obtain the sensitivity of R, (R,) to the vorticity
field (dR,/0s and 9dR,/ds) and (Kleist and Morgan
2005a). In order to interpret the sensitivity with clear
physical meanings, we design a unique new parameter,
ADSSV, to identify the sensitive areas at the observing
time to the steering flow at the verifying time. The
ADSSV with respect to the vorticity field (s) can be
shown as

dR, 9R,
ADSSV=|—,—, (2)
dJds ~ 0ds

where, at a given point, the magnitude of ADSSV,
which is contributed by the sensitivities of the two re-
sponse functions (referred to as the typhoon steering
flow) to the vorticity field, indicates the extent of the
sensitivity. Meanwhile, the direction of the ADSSV,
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F1G. 2. Track of Mindulle from 1200 UTC 27 Jun to 0000 UTC
29 Jun from the MMS5 forecasts (CTRL and DRY) and the best-
track analysis of CWB.

which is controlled by the relative magnitude of two
sensitivities, represents the direction toward which the
steering flow would increase with respect to a vorticity
perturbation placed at that point. For example, if at a
given forecast time at one particular grid point the
ADSSYV vector points to the east, an increase in the
vorticity at the very point at the observing time would
be associated with an increase in the eastward steering
flow of the storm at the verifying time.

3. Results

Typhoon Mindulle in 2004, one of the cases observed
in DOTSTAR, is chosen as a test case to examine the
proposed new method for targeted observations based
on the adjoint sensitivity. Note that Mindulle is the sole
case out of the ten DOTSTAR cases in 2004 where
dropwindsonde data assimilated into the NCEP GFS
model did not help improve the track forecasts (Wu et
al. 2007). The study is based on a 36-h MMS5 simulation
initialized at 1200 UTC 27 June 2004 (denoted as
CTRL). Figure 2 shows that the model storm in CTRL
moves along (but slightly faster than) the best track
from the Central Weather Bureau (CWB) of Taiwan.

Based on Eq. (1), we first show that the background
steering flow (R,, R,) at the verifying time in MMS5 is
(—1.25, —0.24 m s~ '), which is consistent with the mod-
el’s slow westward movement of Mindulle at the veri-
fying time (i.e., 0000 UTC 29 June 2004; see Fig. 2 for
the modeled storm track in CTRL). In this paper, only
the sensitivity products at 700 hPa are shown. In gen-
eral, the results of the sensitivity patterns at 850 or 500
hPa are qualitatively consistent with each other.

As expected, the sensitivity (i.e., gradient) of R, to u
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F1G. 4. The evolution of sensitivity of R, with respect to the vorticity field at 700 hPa (contour interval of 4 m).
The dashed box represents the verifying area.

(dR,/0u) at —0 h (the initial time of adjoint model)
shows a response uniformly distributed over the veri-
fying area (Fig. 3a), while there is no sensitivity of R, to
v (dR;/dv) (Fig. 3b). To show a general sensitivity to the
wind field, we combine the sensitivity of R, to «# and the
sensitivity of R, to v to obtain the sensitivity of R, to the
vorticity field (dR,/ds) (Kleist and Morgan 2005a).
Again, as expected, a dipolar pattern at —0 h (Fig. 3c)
is found; that is, a positive (negative) vorticity pertur-
bation to the north (south) of the verifying area is as-
sociated with a cyclonic (anticyclonic) circulation and
thus leads to an increase in R, (the zonal component of
the mean steering flow). Meanwhile, the sensitivity of
R, to u, v, and the vorticity field (Figs. 3d,e,f) also re-
veals comparable information. In all, Figs. 3c,f suc-
cinctly show the sensitivity of R, and R, to the flow field
with clear physical meanings.

The evolutions of the sensitivity of R; and R, to the
vorticity field are shown in Figs. 4 and 5. The sensitive
areas spread from the margin of the verifying area to
the outer region as the adjoint model is integrated

backward in time. At —36 h (the observing time, 1200
UTC 27 June), the large gradient (and thus the high
sensitivity) areas are located in the east and north of the
verifying area, and the sensitivity is found to be higher
in R, than in R,. This means that vorticity perturbations
in those large gradient (sensitive) areas at 1200 UTC 27
June will affect the steering flow of Typhoon Mindulle
at 0000 UTC 29 June, particularly the meridional com-
ponent of the steering flow.

As shown in Eq. (2), we can combine the result of
Figs. 4 and 5 to obtain the evolution of ADSSV with
respect to the vorticity field (Fig. 6). Figure 6 clearly
shows that the vectors rotate around the verifying area
at —0 h. As the adjoint model integrates backward in
time, these vectors evolve and expand outward, with
longer vectors (i.e., higher sensitivity) mostly extending
at about 800-1300 km from the north to the east of the
center of verifying area.

In this experiment, we have only demonstrated the
ADSSV at one single verifying time. Nevertheless,
since the tropical cyclone’s final position is affected by
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FiG. 5. The evolution of sensitivity of R, with respect to the vorticity field at 700 hPa (contour interval of 4 m).
The dashed box represents the verifying area.

the steering flow before and up to the verifying time, it
is critical to also calculate the adjoint sensitivity for
different verifying times along the storm track; thus the
impact of the targeted observations on the entire tropi-
cal cyclone track can be better assessed. Other than
performing the 36-h forward model simulation and 36-h
backward adjoint integration as shown above, for the
same starting (observing) time, we have also conducted
the 24- and 12-h forward and backward integrations to
obtain the respective ADSSVs associated with the re-
sponse function (R, R,) based on the model-predicted
storm location at each verifying time. By combining all
the ADSSYV plots at 12, 24, and 36 h into the observing
time in one figure (see Fig. 7), we can clearly identify
the sensitive regions that affect the steering flows at 12,
24, and 36 h, respectively, and thus the regions for tar-
geted observations that improve the typhoon track up
to the verifying time.

As such, the ADSSV with respect to the vorticity
field at 12 (in green), 24 (in red), and 36 h (in blue) is
plotted in Fig. 7, superposed with the geopotential

height field at 700 hPa at the observing time and
the deployed locations of the dropwindsondes in
DOTSTAR. Note that the ADSSV for different veri-
fying times more or less corresponds to one another.
Figure 7, in which the vectors in regions of large
ADSSV mainly point southward, indicates the south-
ward component of steering flow strengthens (weak-
ens) with the increase (decrease) in the vorticity in
those sensitive areas. Physically, these vectors are lo-
cated at the edge of the subtropical high, where, if the
subtropical high strengthens (i.e., with decreased vor-
ticity), the northward steering increases. The results
also show that the extent of the subtropical high is cru-
cial to determining Mindulle’s northward deflection as
observed at the verifying time.

Besides the ADSSV with respect to the vorticity
field, we also calculate the ADSSV with respect to the
divergence field, which is

9R, R, X
aD b aD 9 ( )
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F1G. 6. The evolution of the ADSSV (magnitude of the vector given by the color bar scale to the right, unit: m)
with respect to the vorticity field at 700 hPa. The dashed box represents the verifying area.

where D represents the divergence of the wind field. It
is found that the sensitivity to the divergence field (Fig.
8) is one order magnitude smaller than that to the vor-
ticity field. The above result indicates that the steering
flow bears much larger sensitivity to the vorticity field
than to the divergence field.

Note that the ADSSV shown above is a dimensional
vector. To compare the relative importance of the
ADSSYV with respect to the vorticity and the divergence
fields, the nondimensional ADSSV (ADSSV-ND) is
also calculated. The ADSSV-ND with respect to vor-
ticity and divergence fields can be defined as

IR, IR,
P [s(to)] P [s(20)]

[Ril 7 IRyl ’

(4)

and

R, o ORy
52 1D — 2 1D(,)

IRyl 7 IR '

(5)

respectively, where ¢, is the initial time of the forecast
model. It can be demonstrated (figures not shown) that
the ADSSV-ND with respect to the vorticity field is still
much larger (by as much as two orders of magnitude)
than the ADSSV-ND with respect to the divergence
field. Hereafter, without loss of generosity, this study
will mainly focus on the ADSSV with respect to the
vorticity field, while neglecting the ADSSV with re-
spect to the divergence field.

Meanwhile, it is found that DOTSTAR’s dropsondes
for the case of Mindulle are not deployed in the high-
sensitivity region in the ADSSV plot in Fig. 7. On the
other hand, the sensitive regions in Fig. 7 are quite
different from those indicated by three other indepen-
dent sensitivity products (figures not shown) currently
used for planning the real-time targeted observations
for DOTSTAR (Wu et al. 2005). Subsequent research
is needed to assess such differences and to evaluate the
strength and weakness of each product (e.g., Majumdar
et al. 2006; Etherton et al. 2006).

Besides Mindulle, Typhoon Meari (2004) is another
observed case in DOTSTAR. It is shown that the drop-
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FiG. 7. ADSSV with respect to the vorticity field at 700 hPa at 12 (green), 24 (red), and 36 h (blue) as the
verifying time, superposed with the geopotential height field (magnitude scaled by the color bar to the right, unit:
m) at 700 hPa and the deployed locations of the dropsondes in DOTSTAR (brown dots). The scale of the ADSSV
vector is indicated as the arrow to the lower right (unit: m). The 36-h model-predicted track of Mindulle is indicated
with the typhoon symbols in red for every 12 h. The three square boxes represent the verifying areas at three
different verifying times. The X and the A show the grid locations where the wind perturbation is added at the
initial time for the linearity tests shown in Figs. 13 and 14.

sonde data from DOTSTAR has a very positive impact
on the 72-h track forecasts of Meari in the NCEP GFS
model (Wu et al. 2007). Here we also study the ADSSV
associated with Meari from a 36-h MMS5 simulation ini-
tialized at 1200 UTC 25 September. Similar to the plots
in Fig. 7, the ADSSV plots with respect to the vorticity
field at 12 (in green), 24 (in red), and 36 h (in blue),
respectively, are shown in Fig. 9. Consistent with the
case of Mindulle in Fig. 7, the sensitivity areas as de-
picted in the ADSSV for Meari at different verifying
times in Fig. 9 are collocated with one another. These
vectors mostly extend at about 300-600 km from the
north to the east of the storm center. It is obvious most
of the ADSSVs point southward, indicating the higher
sensitivity in affecting the meridional component of the
steering flow in these areas. As in Typhoon Mindulle,
these sensitive areas are located at the edge of the 700-
hPa subtropical high, implicating that the variation of

the subtropical high is important to the track of Ty-
phoon Meari.

Different from Mindulle, the deployed locations of
DOTSTAR’s dropwindsondes in Meari well match the
high ADSSV region in Fig. 9. Work is ongoing to help
investigate the impact of the dropwindsonde data on
the forecast models and identify their relation with the
ADSSYV (e.g., Huang et al. 20006).

4. A validation study of binary interaction
a. Synopsis

In this section, Typhoons Fengshen and Fungwong in
2002, which exhibit a clear binary interaction (Yang
and Wu 2004), are chosen as a show case to validate
whether the ADSSV can delineate the sensitivity of
such an interaction process. Yang and Wu (2004) inves-
tigated this binary interaction from the potential vor-
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F1G. 8. Same as Fig. 6, but for the ADSSV respect to the divergence field. The dashed box represents the verifying area.

ticity diagnosis, and found obvious influence of Feng-
shen on Fungwong (one-way interaction) during 0000
UTC 23 July to 0000 UTC 25 July (figure not shown).
In other words, the cyclonic looping of Fungwong (Fig.
10) is primarily induced by the flow associated with the
stronger storm, Fengshen. On the other hand, the mo-
tion of Fengshen is only slightly affected by the flow
associated with the weaker storm, Fungwong, while be-
ing mainly advected by the east-southeasterly steering
flow associated with the subtropical high.

b. ADSSV for binary interaction

1) ADSSV FOR THE TRACK PREDICTION OF
FUNGWONG

In this part, the ADSSV is calculated by the MM5
adjoint modeling system to demonstrate the sensitivity
location that would affect Fungwong’s steering flow.
The MMS forecast model is initialized at 0000 UTC 23
July, with the same domain settings as mentioned
above. The forecast location of Fungwong in 48 h is set
as the verifying area. The best-track analysis of CWB
and the forecast tracks from MMS5 are shown in Fig. 10.

Figure 11 shows the sensitive areas at the different
forecast times, which will affect the steering flow of
Fungwong at the verifying time. The locations of two

typhoons can be recognized by the colors that represent
the geopotential height field at 700 hPa in these figures.
Following the backward integration, the sensitive areas
are always located around Fengshen, and the maximum
ADSSV occurs between the two typhoons. It indicates
that Fengshen is sensitive to the steering flow of Fung-
wong at the verifying time.

2) ADSSV FOR THE TRACK PREDICTION OF
FENGSHEN

On the other hand, we can set the forecast location of
Fengshen in 48 h as the verifying area. It is demon-
strated in the ADSSV patterns in Fig. 12 that there is
not much sensitivity near Fungwong that would affect
the steering flow of Fengshen. Comparison of the
ADSSV distribution in Fig. 11d and Fig. 12d apparently
shows that Fengshen is sensitive to the steering flow
associated with the circulation of Fungwong, but the
sensitivity for Fungwong to the steering flow associated
with Fengshen is rather insignificant. The maximum
ADSSYV of Fengshen is mainly located in the north of
the storm itself. The above results are consistent with
the PV analysis of Yang and Wu (2004), showing the
nature of the one-way interaction between the two ty-
phoons. Namely, the circulation associated with the
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stronger Fengshen has greater influence on the track of
the weaker Fungwong.

5. Linearity test of the adjoint modeling system

The adjoint model is designed based on the TLM,
which is a linear assumptive model. As demonstrated in
Kleist and Morgan (2005a), in order to validate this
assumption, perturbations that evolve linearly via the
TLM need to be compared with different fields ob-
tained from two nonlinear model forecasts.

Three different groups of experiments are used to
test the linear assumption for the case of Typhoon Min-
dulle. For the first, 1 m s~! wind perturbation is added
at a single grid point at the o = 0.775 level located
within the most sensitive area of ADSSV for Typhoon
Mindulle at 36 h (see the cross sign, X in Fig. 7). Since
both the TLM and the adjoint model we used contain
no moist physics, as a fair test of the linear assumption,
in the first experiment, the assigned perturbation is in-
tegrated in the TLM based on a basic state provided
from the simulation of the nonlinear model with dry
physics (denoted as TLM-D). Then two nonlinear
simulations with dry physics are performed: one from
the control simulation that creates the dry basic state
(denoted as DRY) while the other simulation starts
with the single-grid perturbation added to the above
initial basic state. The difference of the two simulations

(the former simulation subtracted by the latter) is de-
noted as NLM-D

As shown in Figs. 13 and 14, the time evolution of the
wind perturbation (in both u and v) of the TLM-D is
nearly identical to that of NLM-D. It is clearly demon-
strated that the linear assumption holds perfectly up to
36 h in the dry physics model (the result also remains
robust at 48 h; figures not shown). Indeed, when we
choose the dry forward-model run (i.e., the DRY ex-
periment) as the basic state, the obtained ADSSV pat-

Typhoon Fungwong and Fengshen

U R Fengshen
30N 4 No —& —o —8
0000UTC 25 JUL
-~ 0000UTC 23 JUL
) ”
y // — - — Fengshen_MM5
‘—// + Fengshen_CWB
ZON | — - — Fongwong_MM5
Fungwong —&— Fongwong CWB
130E 140E 1508

F1G. 10. Tracks of Fengshen and Fungwong from 0000 UTC 23
Jul to 0000 UTC 25 Jul from the MMS forecast and the best-track
analysis of CWB.
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terns are nearly identical to the previous ones based on
the moist basic state (figures not shown).

The second group is the same as the first, except that
the perturbation is added at the nonsensitive grid loca-
tion (as indicated by the triangle sign, A in Fig. 7). As
shown in Fig. 15, the zonal component (u) of the wind
perturbation of the TLM evolves consistently with that
of NLM-D, and the same for the meridional component
(v; figures not shown). Similar experiments have
also been shown in other typhoon cases (such as
Meari; figures not shown). The results all show that the
linear assumption works well in all these dry experi-
ments.

It is also worth noting that in the first group of ex-
periments, the perturbation starts at the ADSSV-
sensitive location, and then it does grow and propagate
into the verification region (i.e., the square box in Figs.
13 and 14) at 36 h. On the other hand, for the second
group of experiments, as shown in Fig. 15, the pertur-
bation starts at a nonsensitive region, though it contin-
ues to grow and propagates eastward, but never shows

any impact on the flow field in the verification region.
This result appears consistent with our ADSSV theory,
which reveals the sensitivity to the response function at
the verification at the verification time.

One would naturally questions whether the dry as-
sumption is valid in the typhoon simulation. As dis-
cussed in Peng and Reynolds (2006), we believe that
the tropical cyclone movement is mainly controlled by
the large-scale flow field, which is less directly affected
or dominated by the moist physics. Indeed, Fig. 2 shows
that the model storm from both the CTRL and DRY
experiments experiences a consistently northwestward
movement of Mindulle in their lifetime, though the
DRY storm tends to move slower and show more
northward and eastward track.

To evaluate the impact of the moist physics, the third
group of experiments are performed based on the moist
basic state in the TLM (denoted as TLM-M) and two
nonlinear forecasts with moist physics (namely, one is
CTRL, while the other is the same as CTRL, but with
the single-grid perturbation added). The results (figure
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not shown) show that the 36-h perturbation of the
TLM-M remains very similar to that of TLM-D. How-
ever, the difference of two nonlinear simulations be-
come very different from that in TLM-M, particularly
when many noises occur on several spots of the model
domain. This appears consistent with the features of
spurious perturbations growing over the oceanic area
described in the Fig. 3b of Kleist and Morgan (2005a).
Note that the above comparison based on the moist
basic state is actually not fair since the TLM we use
contains no moist physics while the nonlinear model
does have moist physics.

To fully address these issues, we believe that more
investigations on the impact of the moist physics to the
adjoint model needs to be carried out when both the
moist TLM and the moist adjoint model are available.

6. Summary and future prospects

In addition to various sensitivity products adopted in
DOTSTAR so far, a new sensitivity measurement has
been proposed here based on the adjoint model. In
short, by appropriately defining the response functions

to represent the mean steering flow at the verifying
time, we can derive its sensitivity to the flow field at the
observing time to help formulate the observation strat-
egy. In particular, a simple vector, the ADSSV with
respect to the vorticity field, is proposed to clearly dem-
onstrate the sensitivity to the storm’s steering flow, and
thus the motion. We believe that ADSSV can lend itself
to scientific research in many aspects and can be tested
in the field project to help improve the typhoon track
prediction.

Subsequent work is being carried out to consolidate
this study, and will be presented in forthcoming
papers.

1) Linearity test and impact of the moist-physics ad-
joint model:

The results from the linearity test in section 5
starting with the perturbation wind of 1 m s™' shows
that the linear assumption remains valid for the 36-h
evolution of the MMS adjoint modeling system with
dry physics. It is worth noting that these experi-
ments are only for cases started with a small pertur-
bation at a single grid point. It is consistent with Mu
and Zhang (2006) that the linear assumption works
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well for this type of small perturbation. Therefore,
more experiments need to be conducted to further
examine the impact of perturbations with different
magnitudes and patterns (instead of a single grid
point) on the validity of the linear assumption.
Note that the adjoint model employed here does
not include the moist physics. Although the moist
process is definitely critical to the development of
the tropical cyclone system, in line with the argu-
ment by Peng and Reynolds (2006), we also believe
that the tropical cyclone movement is mainly con-
trolled by the large-scale flow field and is less likely
related to the moist physics. This hypothesis can be

2)

tested using the moist version of the adjoint model,
when it is available in the future.
Impact study:

The above validation study of the binary interac-
tion between Fengshen and Fungwong indicates that
the ADSSV can well represent the signal of the one-
way binary interaction process. Besides the binary
interaction, the ADSSV can also be used to show
how the critical weather system affects the typhoon
motion, such as the impact of the approaching
trough. To validate the sensitivity derived from the
adjoint modeling system in more details, following
the Langland et al. (2002) and Kleist and Morgan



2624

3)

4)

30N

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 64

Oh

18N 1

IS

(a)

(e)

30N

Ol

(f)

30N =

18N

(c)

(g)

18N

12N

@73

(h)

120E

v(TLM—D)

130E 140E

120E

130E 140E

v(NLM—D)

FI1G. 14. Same as Fig. 13, but for the meridional wind (v).

(2005b), we also plan to design other experiments,
such as to systematically perturb the wind (vorticity)
fields in the initial time (such as those in the area
with large or small magnitude of ADSSV), and in-
vestigate the response to the simulated typhoon
track.

Application of the ADSSV method to other adjoint
modeling systems:

Besides the MM5 adjoint modeling system, there
are other adjoint models, such as NOGAPS. How
the ADSSV method will appear in different model-
ing systems is an interesting issue worth further
study.

Operation in the field program:
While the above task continues, starting from

2005, the updated method (using ADSSV) has been
implemented for real-time use in DOTSTAR, as
well as for Atlantic hurricanes (Wu 2006; Etherton
et al. 2006). A longer period of model integration
time is needed because the DOTSTAR operation
would require lead time of at least 48 h. The pre-
liminary test is showing consistent results when we
run the model for up to 96 h, thus indicating the
feasibility of the current system used in DOTSTAR.
We believe that using the method of ADSSV in
DOTSTAR (Wu et al. 2007) and in the Atlantic
(Etherton et al. 2006; including ADSSV comparison
with other targeted observation techniques) will
shed new light on the targeted observations for
tropical cyclones.
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