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1. Introduction

By defining the response functions to represent the

steering flow of a tropical cyclone (TC), the adjoint-

derived sensitivity steering vector (ADSSV; Wu et al.

2007, hereinafter W07; Wu et al. 2009a, hereinafter

W09) identifies the sensitive areas at the observation

time that optimally modify the mean steering flow at the

verifying (final) time. The technique was originally de-

veloped, while combined with other targeted techniques

(Wu et al. 2009b), to assist the targeted observations

of the Dropwindsonde Observations for Typhoon Sur-

veillance near the Taiwan Region (DOTSTAR) pro-

gram (Wu et al. 2005) for improving track forecasts of

TCs in the western North Pacific Ocean. W09 demon-

strated that the ADSSV captures the signals of the in-

fluence of the large-scale trough and the subtropical high

prior to the recurvature of Typhoon Shanshan (2006),

and such a signature is further supported by the poten-

tial vorticity (PV) analysis.

Hoover (2009, hereinafter H09) has commented on

W09, questioning the appropriateness of the response

functions defined in the ADSSV methodology to de-

scribe TC steering and the dynamical interpretation of

the adjoint-derived sensitivity gradients. Tests were per-

formed in H09 using the Navy Operational Global at-

mospheric Prediction System (NOGAPS) model and its

adjoint to investigate how perturbations in the initial

conditions would influence the steering flow of a TC. H09

suggested that perturbations to the final-time location

of the TC can have a larger influence on the zonal and

meridional steering, and therefore that the response

functions used in W09 are likely invalid in the sense that

the TC center will shift after the initial conditions have

been perturbed.

In this reply we wish to clarify that the basic con-

cepts associated with the ADSSV in W07 and W09 have

been misunderstood and misinterpreted by H09. H09

provided a simple numerical experiment to indicate a

well-known fact that the incorrect center would lead to

a biased averaged mean flow at the storm center. In this

reply, we elaborate that the numerical experiment in

H09 makes sense in itself, but does not provide evidence

to indicate that the design and interpretation of ADSSV

in W07 and W09 are inappropriate.

2. Reply to specific comments

a. The appropriateness of the ADSSV used
to describe TC steering

For ADSSV as originally described in W07, the veri-

fying area in which the response functions are defined

is an area (e.g., square of 600 km 3 600 km) centered

at the TC location simulated by the nonlinear for-

ward model, the fifth-generation Pennsylvania State

University–National Center for Atmospheric Research

Mesoscale Model (MM5) at the verifying time. The re-

sponse functions (R1 and R2) are defined to represent

the average background flow steering a TC at the veri-

fying time within the verifying area. To calculate the

ADSSV for a TC, the MM5 nonlinear forward model is

first of all used to perform a 48-h simulation. Based on

the simulated TC center location at the verifying time,

the response functions and the verifying area are defined

as stated above. Then, the MM5 adjoint model inte-

grates backward to obtain the gradients of the response

functions to the state variables [zonal and meridional

winds (u, y), vertical velocity (w), temperature (T), and

pressure perturbation (pp)] at the initial time. From the

gradients of the response functions to the zonal and

meridional wind, the gradient of the response functions

to the vorticity (§) can be further obtained (see the ap-

pendix in Kleist and Morgan 2005). That is the sensi-

tivity of the average background steering flow at the
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verifying time to the vorticity fields at the initial (ob-

serving) time. In other words, the ADSSV represents

the changes in the mean steering flow at the verifying

time with respect to vorticity perturbation at the initial

time.

H09 states that the response functions depend par-

tially on the assumption that the TC is at the center of

the verifying region as well as on the size of that region.

Figure 1 of H09 shows that if the center used to calculate

the mean flow is shifted, a biased representative mean

flow would be induced, which is a well-known concept.

We stress that the ADSSV calculation completely obeys

the assumption that the final TC location is at the center

of the verifying region. As explained above, the location

of the TC (circulation) center at the verifying time is

undoubtedly derived from the exact forward model

simulation with no ambiguity, because no other pro-

cedure needs to be conducted that would lead to small

perturbations to the final-time location of the TC.

About the size of the verifying region, the reason to

use the square of 600 km 3 600 km to represent the

mean flow (the response functions, R1 and R2) is to av-

erage out the axisymmetric component of the strong

cyclonic flow around the TC center as described in W07.

This idea basically follows the well-accepted steering

concept as in Chan and Gray (1982) and numerous other

publications in the literature. In other words, it is well

known that TC motion is mainly controlled by large-

scale mean environmental flow, which does not vary

significantly at the vortex scale near the TC core. Note

that the sensitivity test for the size of the verifying region

can be shown by Fig. 1. The major patterns of ADSSV

with the highest sensitivity would remain the same (see

the red vectors in Fig. 1) when the size of the verifying

area is changed to a bigger square domain of 1200 km 3

1200 km. We believe that the design of the verifying

area in W07 and W09 for calculating the mean steering

flow across a TC is representative and physically mean-

ingful. Furthermore, W07 also shows consistency among

the sensitive areas associated with reduced (from 36 to

24 and 12 h) lead times (see Fig. 7 of W07), indicating

the robustness of the high sensitivity features identified

in ADSSV.

b. About the initial perturbed simulation in H09

The experiment performed in H09 shows that the

perturbation zonal flow (Fig. 3 of H09) is mainly caused

by the shift of the TC center location, but not directly

related to the actual change in the TC steering flow.

Thus, H09 suggested that the response functions used in

W09 must contend with both steering and nonsteering

effects related to small perturbations of the devel-

opment and final-time location of the TC.

First of all, we consider the experiment shown in H09

to be fine in itself. As indicated in Fig. 1 of H09, obvi-

ously it can be expected that wind and height fields are

different at the verifying region due to the different TC

locations in control and perturbed simulations (Fig. 3 of

H09). However, the above results did not provide the

evidence to indicate that the design and interpretation

of ADSSV in W07 and W09 are inappropriate. The key

point is that the shift of the TC location at the verifying

time is the result of the difference between the first

(control) and second (perturbed) simulations in H09. If

the forward model is perturbed, the TC would have

a new trajectory, likely with a different center location at

the verifying time. This finding does not collide with the

definition of the response functions and the ADSSV in

W07 and W09. As explained in section 2a, for the

ADSSV calculation, the TC at the final time is exactly

located at the center of the verifying region, while no

perturbation is introduced during the ADSSV calcula-

tion in both the forward and backward integrations. In

other words, the ADSSV shows the sensitivity at the

initial time to the TC’s steering flow at the verifying time

for the unperturbed forward MM5 simulation. It is in-

correct in H09 to use his second (perturbed) simulation

to infer that the ADSSV may show both steering and

nonsteering effects related to small perturbations of the

development and final-time location of the TC.

c. About the test for validity of results in H09

In section 4 of H09 (‘‘Test for validity of results’’),

H09 showed that DR1 (dR1) is 2.34 (1.94) m s21, sug-

gesting that the major contribution to the perturbation

zonal flow is directly related to a small translation of the

TC, not the actual change in the TC steering flow.

Here, we have two issues to address regarding the

above validity result. First, we have to reiterate that

the above result cannot be linked to the reliability of

the ADSSV. The point is that DR1 is related to the

second (perturbed) simulation, and the ADSSV only

accounts for the sensitivity calculated from the un-

perturbed MM5 forward simulation as stated in sections

2a,b. Second, obviously, the difference caused by the

unrepresentative centers would lead to the result in H09

(such as 82.8% of the total change in the response

function, as shown in section 4 of H09). We believe that

a more correct calculation would require an estimation

of the difference between the two mean flow fields after

the axisymmetric flow has been averaged out with re-

spect to the storm centers of the control and perturbed

runs, respectively. This is an issue that resulted from the

design of the calculation [Eq. (4)] in H09.

Furthermore, in ADSSV, if one would like to inves-

tigate the impact on the steering flow from the perturbed
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FIG. 1. ADSSV with respect to the vorticity field at 700 hPa at the initial time (1200 UTC 27 June) for Typhoon

Mindulle as in the case of W07 calculated from the verifying area of (a) 600 km by 600 km and (b) 1200 km by

1200 km. The background shading is the geopotential height at 700 hPa and the scale of the ADSSV is indicated by

the arrow to the lower right (unit: m). The 36-h simulated track is indicated by the typhoon symbols in red for every

12 h. The dots around Mindulle represent the deployed locations of dropwindsondes in DOTSTAR.
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model simulation, by design one would calculate the

mean steering flow based on the new storm center as-

sociated with the perturbed forward model integration.

Certainly it would be incorrect to use the unrepresen-

tative storm center from the perturbed run to perform

such a calculation. This method should be applied to

show the difference between the wind vectors from the

unperturbed and perturbed simulations. A more ap-

propriate approach to take in Fig. 3 of H09 is to calculate

the difference of the mean steering flow (by removing

the axisymmetric wind related to the model storm cen-

ters in the unperturbed and perturbed simulations, re-

spectively). In this way, one would be able to see more

clearly the impact on the steering flow from the per-

turbed experiment. This issue is totally independent of

the design and calculation of R1 and R2 in ADSSV using

the well-defined center from the unperturbed forward

model run.

d. The dynamical interpretation of the
adjoint-derived sensitivity gradients

Note that the PV diagnosis (Wu et al. 2003) applied in

W09 provides one approach to investigate the steering

contribution from the synoptic weather system indicated

by the ADSSV sensitivity. H09 stated that tests need to be

performed to determine how perturbations to the initial

condition vorticity would impact the steering of Shanshan.

Indeed, we have conducted this part of work and are about

to submit a follow-up paper reporting our new findings.

Here we include some result highlights from our vali-

dation experiments in response to the helpful suggestion

from H09.

W09 identified the sensitivities associated with the

midlatitude trough and the subtropical high from the

ADSSV signals (see Fig. 3 of W09), which is well sup-

ported by the PV analysis. Here the validation exper-

iments are conducted by comparing the simulations

in the forward model between the perturbed and un-

perturbed initial conditions. The vorticity within the

800-km-radius circle (see Fig. 2 about the initial vorticity

perturbation region with center indicated by the symbol X)

from the midlatitude trough system is perturbed (e.g.,

the maximum vorticity associated with the trough at

500 hPa is reduced by 50% from 9.4 3 1025 s21 to 4.7 3

1025 s21; i.e., the perturbation is added to weaken the

trough system) following the procedure developed in

Wu et al. (2009c) to obtain the dynamically balanced

initial flow and mass fields. The perturbed and reduced

vorticity between the two circles in Fig. 2 increases in

linear proportion with radius and regains its original value

at the periphery of a larger circular domain. The forward

model is rerun with the newly perturbed initial condition.

The perturbed experiment (PERT) is then compared with

the unperturbed forecast (CTRL) to validate the impact

of the perturbation in the sensitive region (from the

ADSSV signal) on the model.

The 850–250-hPa deep-layer-mean (DLM; i.e., steer-

ing) winds of CTRL and PERT are calculated by re-

moving the axisymmetric flow relative to the storm

centers from CTRL and PERT, respectively. Despite

the slight shift of storm centers between CTRL and

PERT, the DLM steering flows of CTRL and PERT,

respectively, can be easily derived here. The problem of

the unrepresentative mean flow due to the use of the

incorrect center implied in H09 does not exist in our

study. The time evolution of the difference in the DLM

steering winds between experiments PERT and CTRL

is shown in Fig. 3. The large DLM steering wind dif-

ference (with a maximum of about 5 m s21) at the initial

time (Fig. 3a) occurs to the south of the perturbation

center and is mainly anticyclonic due to the weakening

of the trough in PERT. This anticyclonic flow pattern

continues and expands at the 12-h forecast time (Fig. 3b).

Following the model integration, the signature of the

above DLM wind difference pattern propagates along

with the midlatitude trough into the original ADSSV

verifying area (as shown in the dashed square box based

on the 48-h storm center of CTRL; Figs. 3c–f). In addi-

tion, it is also identified that the impact extends to the east

of Japan and farther downstream (upper-right features in

Figs. 3c–f). It is notable that the initial vorticity pertur-

bation associated with the trough in northern China

would 48 h later influence the DLM steering wind around

Shanshan in the verifying area.

The comparison between the ADSSV patterns and

changes in the DLM steering flow around Shanshan at

the verifying time due to the perturbation of the mid-

latitude trough is conducted here to investigate how

perturbations would affect the steering of Shanshan. To

compare the difference between the DLM steering flows

of CTRL and PERT with the direction of the ADSSV

signal near the trough region (see Fig. 2), we calculate

the areal average of the DLM steering flows of both

CTRL and PERT over the verifying area. (Note that in

this case, since the axisymmetric wind component has

been removed, the DLM steering wind is generally

uniform around the storm. Therefore, the areal average

would show no sensitivity to the difference of the storm

centers between CTRL and PERT. In other words, the

issue raised from the artifact calculation of H09 does not

apply here at all.)

In Fig. 4, it is found that the areal-average DLM

steering flow in CTRL (thin solid vector) is stronger

than that in PERT (thin dashed vector). The difference

of DLM steering flows between PERT and CTRL, as

indicated by the bold solid vector in Fig. 4, shows a
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south-southwestward vector, indicating that when the

midlatitude trough is weakened at the initial time in

PERT, the steering flow at the verifying time is reduced,

while the northward movement of Shanshan is also

slowed down. This is generally consistent with the sig-

nature of the ADSSV averaged over the perturbation

region in northern China (see Fig. 2), which is pointing

northeastward in Fig. 4 (bold dashed vector), that is,

following the definition of ADSSV in W07 and W09, the

increase (reduction) of the vorticity at the initial time at

the region will lead to change of the mean steering flow

toward the northeast (southwest). Again, note that this

result has nothing to do with the argument from H09

concerning the problem induced by the different storm

center in the perturbed experiment.

3. Final remarks

In this reply, we have clarified the issues raised in H09

concerning the appropriateness of the definition of

ADSSV in W07 and W09. We elaborate that the nu-

merical experiment in H09 is fine in itself, but it does not

provide evidence to indicate that the design and physical

interpretation of ADSSV are inappropriate. Some

highlight results from our validation experiments are

also included in this reply to address the dynamical in-

terpretation of the ADSSV. The key points are sum-

marized in response to the major issues outlined in the

conclusion of H09:

1) Second paragraph of the conclusion of H09, ‘‘It has

been shown that the response functions used by W09

to describe the zonal and meridional steering of a TC

must contend with both steering effects and non-

steering effects related to small perturbations of the

development and final-time location of the TC.’’

Reply: The key point is that the shift of the TC

location at the verifying time is the result of the

difference between the first (control) and second

(perturbed) simulations in H09. However, for the

ADSSV calculation, the TC at the final time is ex-

actly located at the center of the verifying region,

while no perturbation is introduced during the

FIG. 2. ADSSV with respect to the vorticity field at 500 hPa at the initial time (0000 UTC 15 September)

for Typhoon Shanshan as in Fig. 3b of W09, superposed with the geopotential height at 500 hPa. The X represents

the perturbation center in experiment PERT and the two circles are regions with radii of 800 and 400 km. The best

track, the simulated tracks of PERT and CTRL are indicated by the black (typhoon symbol), red and blue lines,

respectively.
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FIG. 3. The difference of the 850–250-hPa DLM steering flow between experiments PERT and CTRL at the forecast time (a) 0, (b) 12,

(c) 24, (d) 36, (e) 42, and (f) 48 h initialized at 0000 UTC 15 Sep 2006. Wind with velocity above 1.5 m s21 is shaded and the X over north-

central China indicates the perturbation center associated with the midlatitude trough. The simulated tracks for experiments PERT and

CTRL are shown in red and blue lines for every 6 h, respectively.
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ADSSV calculation in both the forward and back-

ward integrations.

2) Second paragraph of the conclusion of H09, ‘‘The

influence of nonsteering effects on the sensitivity

gradients is dependent on the size of the response

function box, as well as perturbations to the intensity,

asymmetry, and final-time locations of the TC due to

perturbations added to the model initial conditions.’’

Reply: The sensitivity test for the size of the veri-

fying region has been shown in this reply. As found in

Fig. 1, major patterns of ADSSV with the highest

sensitivity would remain the same when the size of

the verifying area is increased. Meanwhile, no per-

turbation needs to be added for the ADSSV calcu-

lation in both the forward and backward integrations.

The resulted change of the final-time TC location due

to the added perturbation in H09 is a totally unrelated

issue to the definition and calculation of ADSSV.

3) Second paragraph of the conclusion of H09, ‘‘Fur-

thermore, the lack of dynamical interpretation and

testing of these sensitivity gradients has allowed

these problems to escape notice.’’

Reply: It is valuable to conduct the test and vali-

dation study, as nicely suggested by H09. Note that

W09 has highlighted how ADSSV captures the sig-

nals of the influence of the midlatitude trough

and the subtropical high prior to the recurvature of

Shanshan, and such influence is consistent with the

PV analysis. Indeed, the follow-up validation work

has been ongoing, and is demonstrated briefly here in

section 2d.

4) Third paragraph of the conclusion of H09, ‘‘A solu-

tion to this problem will take the form of redefining

the response functions used to describe the zonal and

meridional steering of the TC such that the effect of

small perturbations of the final-time location of the

TC within the response function box is removed.’’

Reply: Again, this is the misunderstanding and

misinterpretation from H09 regarding the design and

definition of ADSSV in W07 and W09. No perturba-

tion is introduced during the ADSSV calculation in

both the forward and backward integrations. As op-

posed to what is stated in H09, we show that the def-

inition of the response function box is not a problem.

Finally, it should be noted that several targeted ob-

servation techniques [i.e., ADSSV; total energy singu-

lar vectors (TESVs), from the European Centre for

Medium-Range Weather Forecasts (Buizza et al. 2007),

Japan Meteorological Agency (Yamaguchi et al. 2009),

and NOGAPS models (Peng and Reynolds 2006); the

ensemble transform Kalman Filter (ETKF; Bishop et al.

2001; Majumdar et al. 2002); and DLM wind ensemble

variance (Aberson 2003)] have been compared in Wu

et al. (2009b) to highlight the unique dynamical features

affecting TC motion. Wu et al. (2009b) demonstrated

that the ADSSV sensitivity shows high similarities to

ETKF and also modest similarities to TESVs, indicating

these targeted techniques could provide some reliable

information to assist in targeted observations.

In the summer of 2008, a major field campaign, The

Observing System Research and Predictability Experi-

ment (THORPEX) Pacific Asian Regional Campaign

(T-PARC) was conducted, in which four different air-

craft (Astra Jet of DOTSTAR, P-3, C-130, and Falcon)

were used to investigate the TC genesis, structure

change, motion/recurvature (targeted observation), and

extratropical transition of TCs (Elsberry and Harr 2008).

Some unprecedented data have been collected. It is be-

lieved that the data from T-PARC would provide valu-

able information for assessing targeted observations, and

for improving the understanding and forecasts of TCs.
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FIG. 4. The areal-average DLM wind vectors within the verifying

area at the final time for experiments CTRL (thin solid vector)

and PERT (thin dashed vector) after the axisymmetric flow of

Shanshan with respect to the storm centers of CTRL and PERT,

respectively, is removed. The areal-average DLM wind difference

between experiments CTRL and PERT is indicated by the thick

solid vector. The ADSSV averaged within the perturbation region

is shown by the bold dashed vector and scaled as 5 m. The two

circles represent the scales of 5 and 10 m s21, respectively.
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