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ABSTRACT

The present study uses the nonlinear singular vector (NFSV) approach to identify the optimally-growing tendency
perturbations of the Weather Research and Forecasting (WRF) model for tropical cyclone (TC) intensity forecasts. For nine
selected TC cases, the NFSV-tendency perturbations of the WRF model, including components of potential temperature
and/or moisture, are calculated when TC intensities are forecasted with a 24-hour lead time, and their respective potential
temperature components are demonstrated to have more impact on the TC intensity forecasts. The perturbations coherently
show barotropic structure around the central location of the TCs at the 24-hour lead time, and their dominant energies
concentrate in the middle layers of the atmosphere. Moreover, such structures do not depend on TC intensities and
subsequent development of the TC. The NFSV-tendency perturbations may indicate that the model uncertainty that is
represented by tendency perturbations but associated with the inner-core of TCs, makes larger contributions to the TC
intensity forecast uncertainty. Further analysis shows that the TC intensity forecast skill could be greatly improved as
preferentially superimposing an appropriate tendency perturbation associated with the sensitivity of NFSVs to correct the

model, even if using a WRF with coarse resolution.
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Article Highlights:

* Model error is an important source of TC short-range intensity forecast error.
¢ The model errors associated with the potential temperature in the inner core and middle layers of the atmosphere of TCs

influence the TC intensity forecast skill.

1. Introduction

As a common type of severe weather event, tropical cyc-
lones (TCs) are a double-edged sword. TC rainfall can
greatly relieve high temperatures and droughts, but they can
also cause disruption to human activities, economic losses,
and even human fatalities. TCs attract the attention of both
the general public and scientists worldwide, and an accur-
ate forecast for TCs is of special concern. The forecast of
TCs can not only help decision makers issue alarms as soon
as possible and provide information to the general public for
arranging their necessary production and life activities, but
can also help the government take measures to reduce eco-
nomic and human losses caused by TCs.

The short-range forecast skill (with one- to two-day
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lead times) of TC intensity is far behind that of the TC track
(DeMaria et al., 2014) and less improved than the longer
lead times’ forecast skill during the recent 30 years.
However, these one-to-two days are critical with respect to
TCs because nearly all protective measures are carried out
within this period. Therefore, it is necessary to reduce the
forecast uncertainty of TC intensity, even with short lead
times; a feasible and effective way is to identify the sources
that contribute to forecast uncertainty and then reduce the un-
certainties accordingly. It is known that inaccurate initial con-
ditions and imperfect numerical models are two main
sources for forecast uncertainty. For the former, many stud-
ies have diagnosed their impacts on TC intensity forecasts.
For example, Torn (2016) found that the initial uncertainty
associated with the atmosphere produces the largest stand-
ard deviation in TC intensity forecasts, and the initial uncer-
tainty associated with the oceans leads to continuous growth
in ensemble standard deviation with time development.
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Emanuel and Zhang (2016) found that the error growth associ-
ated with TC intensity over the first few days is dominated
by the errors in initial intensity of TCs in terms of the per-
fect model scenario; they particularly thought that the
growth of TC intensity forecast errors are at least as sensit-
ive to the specification of inner-core moisture as to that of
the wind field (Emanuel and Zhang, 2017).

Forecast errors can also be produced due to model imper-
fections. For TC intensity forecasts, Emanuel and Zhang
(2016) emphasized that the errors in initial TC intensity are
an important source of forecast error. However, there was
still a large root-mean-square error gap between the real-
time operational model forecast and their perfect model pre-
dictability experiments, which indicates that model error
plays an important role. Many factors contribute to model er-
rors, such as incomplete knowledge of a physical process
and its ancillary data, reduced complexity to limit computa-
tional costs, omission or misrepresentations of processes
andsystem components, uncertain parameters in parameteriza-
tions that do not have a directly observable equivalent, discret-
ization, and insufficiently fine resolution (Leutbecher et al.,
2017). For example, considering uncertain parameters,
Green and Zhang (2013) examined the effect of surface
fluxes on the intensity and structure of TCs using the convec-
tion-permitting Weather Research and Forecasting (WRF)
model. They found that the drag coefficient affects the pres-
sure—wind relationship and changes the radius of the maxim-
um near-surface winds of a storm. By contrast, Torn (2016)
found that the uncertainty in drag coefficient led to negli-
gible increases in the standard deviation of TC intensity fore-
casts, which is mainly due to the lack of spatial correlation
in the exchange coefficient perturbations. In addition, some
studies emphasized that increasing spatial resolution can
help resolve various scales of motion and improve the fore-
cast of TC intensity, whereas model convergence does not oc-
cur, even with grid spacing well below 1 km (Gentry and
Lackmann, 2010).

How to describe model uncertainties in numerical predic-
tions is a challenging problem due to their complexity. Two
main approaches have been used to represent model uncertain-
ties: one uses multi-model or multi-parameterization, and
the other uses stochastic representation. For the former, Bha-
tia et al. (2017) used two statistical and two dynamic mod-
els and proposed the prediction of intensity model error
(PRIME) forecasting scheme. They found that the PRIME er-
ror forecasts were significantly better than the forecasts that
used error climatology derived from a majority of historical
forecasts for a majority of forecast hours, and the bias-correc-
ted forecasts using PRIME had significantly lower errors
than the original forecasts. However, the sampling of uncer-
tainty in this way is discrete and the increase of the spread
is simply due to different model biases and cannot provide a
reasonable distribution of ensemble members. There are
three main approaches for the stochastic representation of
model uncertainties: the stochastically perturbed parametriza-
tion tendency scheme (SPPT: Buizza et al., 1999; Palmer et
al., 2009), the stochastic kinetic energy backscatter scheme
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(SKEB: Berner et al., 2009; Judt et al., 2016), and the
stochastically perturbed parameterization scheme (SPP: Olli-
naho et al., 2017). The SPPT scheme assumes that the domin-
ant error of the parameterized physics is proportional to the
net physics tendency. SPPT has been found to be effective
in generating additional ensemble spread and improving prob-
abilistic skill in a range of numerical model prediction en-
sembles (Leutbecher et al. 2017). In TC forecasts, Puri et al.
(2001) showed that SPPT strongly influences the central pres-
sure of the TC but has less effect on the TC track. The
SKEB scheme aims to represent model uncertainties associ-
ated with scale interactions that take place in the real atmo-
sphere but are absent in a truncated numerical model. Reyn-
olds et al. (2011) demonstrated that SKEB increases the en-
semble spread, especially in the tropics. However, Leutbech-
er et al. (2017) showed that SKEB adds little additional
spread for different lead-time forecasts. In Lang et al.
(2012), they compared SPPT with SKEB and found that
their perturbation structures are initially quite different but
after two days they converge toward a TC displacement and
take shape in an intensity-change pattern. Lang et al. (2012)
also compared the SPP scheme with SPPT and found that
the former is more flexible and introduces local stochastic per-
turbations to both parameters and variables in the parameteriz-
ations. Moreover, SPP was also found to be more effective
than SPPT in generating ensemble spread in TC intensity fore-
casts. It is clear that the approaches mentioned above be-
have differently in generating ensemble spread when either
the forecast time (short- and medium-range) or the target re-
gion (tropics or subtropics) changes. A possible reason is
that those approaches do not sufficiently consider the un-
stable growth of model errors and make the increase of the en-
semble spread case-, target-region-, and even model-depend-
ent.

Against the stochastic representation of model uncer-
tainty, Barkmeijer et al. (2003) proposed the forcing singu-
lar vector (FSV) concept, which is invariant during forecast
periods and has a particular pattern and represents the con-
stant tendency perturbation that has the fastest growth. They
attempted to reveal the most disturbing tendency perturba-
tions of the model, i.e., those that tend to yield aggressively
large prediction departures. However, the FSV is estab-
lished based on a linearized model and cannot fully reflect
the effect of nonlinearity on model errors. Realizing this limit-
ation of FSV, Duan and Zhou (2013) extended FSV to a non-
linear field and proposed the nonlinear forcing singular vec-
tor (NFSV) approach. The competing aspect of NFSV con-
siders the effect of nonlinearity that exists in numerical mod-
els and is thus more applicable in describing the most disturb-
ing tendency perturbation in predictability studies associ-
ated with model uncertainty. Since NFSV induces the
largest perturbation growth, it has the most possibilities to in-
crease the ensemble spread when it is used for ensemble fore-
casts generated by an unstable dynamical system and can
overcome the limitation of the aforementioned approaches
(Huo, 2016). Focusing on TC intensity, NFSV may depict
the model perturbation that affects the TC intensity forecast
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uncertainties at its greatest extent. It has been deduced that
if such model perturbation is extracted from one control fore-
cast, it may reveal the sensitivity to model errors of the con-
trol forecast of TC intensity. Using this sensitivity, one can
determine where the TC intensity forecasting uncertainties
are most sensitive to the model errors and propose the
strategy of correcting the control forecast and improve the
forecast skill for TC intensity. Therefore, for a weather fore-
cast model we naturally ask: which features of the NFSV-
tendency perturbation are associated with the TC intensity
forecast, how do they influence the TC intensity forecast un-
certainties, and how can we improve the TC intensity fore-
cast skill using the sensitivity revealed by the NFSV-tend-
ency perturbation?

In the present study, we attempt to adopt the WRF mod-
el to address the above questions. The rest of this paper is or-
ganized as follows. Section 2 briefly describes the NFSV ap-
proach. Section 3 introduces the WRF model and TC cases
used in the present study. The structure of the NFSV-tend-
ency perturbation is explored in section 4, and its impact on
TC intensity and destructive force is illustrated in section 5.
Section 6 presents interpretation of how NFSV-tendency er-
rors affect TC intensity and the availability of utilizing the
sensitivity of NFSVs to reduce the model uncertainty. Fi-
nally, section 7 provides a summary and discussion.

2. Nonlinear forcing singular vector

Suppose that a state variable U is predicted and its con-
trol forecast is governed by the equation oU /0t = F (U (x;1)),
where F(-) is a nonlinear function. An external forcing f is
superimposed on the right-hand side of the equation and a per-
turbation forecast can be obtained. The difference between
control and perturbed forecasts can reveal the sensitivity of
the control forecast to the model uncertainty described by
the tendency perturbation f. If U is related to TC intensity,
the above tendency perturbation f will ultimately lead to a
large deviation from the control forecast in TC intensity. In
the present study, we use the minimum sea level pressure
(SLP) to depict the TC intensity, where SLP is calculated by
Eq. (1):

267y

SLP =Pje FaTH ) | (1)

where Pg, and T, denote the pressure and air temperature
at the surface, Z, represents half the height of the lowest mod-
el vertical level, SST is the sea surface temperature, and the
constants G = 9.81 N kg~! and Ry = 287.04 J kg~! K-! are
gravitational acceleration and dry air gas constant..

A cost function with respect to the SLP is constructed
as in Eq. (2) to describe the effects of the tendency perturba-
tion fon TC intensity forecast uncertainty:

1
J(f) = 3[SLPe-r (x0, f) = SLP.- C2N0)] )

where SLP,_7 (x¢, f) and SLP,_7 (x¢,0) respectively denote
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the forecasted SLP at time T starting from the initial condi-
tions x, with and without the tendency perturbation f (here,
the latter, SLP,—7 (x¢,0), is just the SLP in the control fore-
cast). The aforementioned NFSV (f*) can be obtained by max-
imizing Eq. (2) when f is constrained to have a certain en-
ergy E. Therefore, it is known that the NFSV-type tend-
ency perturbation represents the one that has the potential
for yielding an aggressively large deviation of the SLP from
the control forecast and has the largest effect on the TC intens-
ity forecast, i.e., the TC intensity in the control forecast is
most sensitive to the NFSV-tendency perturbation. Con-
sequently, the NFSV-tendency perturbation can tell us
which state variable in which region in the control forecast
should be preferentially corrected to reduce the uncertainty
of control forecasts or should be preferentially tendency-per-
turbed to effectively increase the ensemble spread to im-
prove the ensemble forecast skill for TC intensity.

The NFSV approach has been applied to identify the
most disturbing tendency error of the Zebiak—Cane model as-
sociated with El Nifio predictions (Duan and Zhao, 2015).
Duan et al. (2014), according to the NFSV tendency perturba-
tion structure, corrected the model errors of the
Zebiak—Cane model by assimilating the tendency perturba-
tion and reproduced the diversities of ENSO that most mod-
els fail to reproduce. It is clear that the NFSV is an effect-
ive approach that provides useful information for correct-
ing the model. It is expected here that the NFSV can also
identify the sensitive model uncertainty most likely to influ-
ence the TC intensity forecast and improve its forecast skill.

We use optimization algorithms to calculate the NFSV
associated with the TC intensity forecast. However, the exist-
ing optimization solvers are often used to solve minimiza-
tion problems. The NFSV is related to a maximization prob-
lem. Therefore, for the NFSV, we must reverse the NFSV-re-
lated maximization problem of Eq. (2) into a minimization
one by taking the negative of Eq. (2), J; (f) = -J(f), and
then use the existing optimization solvers to calculate it. In
the present study, we adopt the “spectral projected gradient
2” solver (SPG2; Birgin et al., 2001) to calculate the NFSV
of the control forecasts of TC intensity. In terms of the TC in-
tensity of concern in Eq. (1), the tendency perturbations are
considered to be superimposed on the tendency of potential
temperature and/or moisture to calculate the NFSV of the con-
trol forecast. Although horizontal winds are also important
for depicting the TC intensity, it does not appear in Eq. (1)
for the TC intensity and is thus not used to calculate the NF-
SV. The calculated NFSV-tendency perturbations are corres-
pondingly referred to as “NFSV-T” for potential temperat-
ure, “NFSV-Q” for moisture, and “NFSV-TQ” for their com-
bined mode. Moreover, to ensure the feasibility of the mag-
nitude of the tendency perturbations, the total energy (Zou
etal., 1997; Ehrendorfer et al., 1999) of the tendency perturba-
tions is constrained to be less than 0.05 J kg-!, which is
either not too small to have obvious impacts on the TC intens-
ity or too large to make the model integration terminate.
The total energy E is estimated as in Eq. (3):
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2 2
E= fff %l(g) 62+ L—q'2 dydxdo.  (3)
oxy N6 CpTr

The perturbation energy here is contributed by both tend-
ency perturbation from potential temperature # and mois-
ture ¢ ' in horizontal directions x and y and vertical direc-
tion o, L = 2.5104 x 106 J kg=!, C, = 1005.7 J kg~!, T, = 270
K, and N is the Brunt—Vaisala frequency.

3. Model and TC cases

Version 3.6 of WRF and its adjoint model are used,
with the initial fields and boundary conditions derived from
ERA-Interim data at a resolution of 0.25° x 0.25°. Experi-
ments are set up in one single domain of 29 x 29 grid
points, with grid spacing of 90 km. In addition, 31 eta levels
are adopted in the vertical direction, and the parameteriza-
tion schemes are microphysical (Iscondscheme), planetary
boundary layer (surfdragscheme), and cumulus convective
(ducuscheme). These schemes are utilized because their re-
spective adjoint schemes are available for calculating the NF-
SV-type tendency perturbation. We first compare the TC sim-
ulations under different horizontal resolutions; the results
are illustrated in Fig. 1. It is shown that the simulated minim-
um SLPs under different resolutions are almost the same in
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Fig. 1. Simulated minimum SLP at horizontal resolutions of 90
km (black), 30 km (blue), and 10 km (green) for the TC case
Dujuan. The simulation is generated by the WRF model and
the best-track data (red) are from the CMA.

Table 1. Nine TC cases used in this study.
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experiencing a rapid drop within the first several hours and
then gradually increasing, but all of them depart from the
best track of the China Meteorological Administration
(CMA). For different resolutions, the simulated minimum
SLPs drop by approximately 20 hPa at the 24-h lead time,
with the resolutions decreasing from 90 km to 30 km, where-
as trivial differences occur in the minimum SLPs of TCs
when the resolutions are further decreased from 30 km to 10
km. Obviously, the simulated minimum SLPs are sensitive
to resolution. In the present study, the optimization al-
gorithm used to calculate NFSV-tendency perturbation re-
quires the sensitivity of model output to tendency perturba-
tions, which is provided by the adjoint model, and the ad-
joint model is coded strictly according to the tangent linear
model. However, the validity of the tangent linear model is
verified to be much more acceptable when a 90-km horizont-
al resolution is used. Therefore, we have to use the WRF mod-
el with a 90-km horizontal resolution. Although the 90-km
resolution is coarse and induces additional model errors
with respect to the TC intensity forecast, it provides an oppor-
tunity for the sensitivities of NFSVs to demonstrate their ap-
plicability in reducing model errors. That is, it is investig-
ated in the present study whether the ability to simulate TC in-
tensity can be greatly improved using the sensitivity of the
NFSVs even though the horizontal resolution of WRF is relat-
ively coarse.

There are nine TC cases for investigation, all of which
originated over the western North Pacific. Their basic inform-
ation is detailed in Table 1. Among these TCs, three cases
[i.e., Dujuan (2015), Parma (2009), and Meranti (2016)] ex-
perienced rapid intensification within 24 h, i.e., their near-sur-
face maximum wind speed (MWS) increases by more than
15 m s~! during this period. Another three cases [i.e., Fung-
wong (2014), Megi (2010), and Tembin (2012)] underwent
obvious weakening during the 24 h, and the remaining three
cases [i.e., Neoguri (2014), Nanmadol (2011), and Jangmi
(2008)] maintained their intensity and had no obvious vari-
ation during this period. For all these nine cases, the model
simulates much weaker storms than in reality, with a higher
average minimum SLP of 82.5 hPa at a lead time of 24 h.

Name Start time (0 h; UTC) End time (24 h; UTC) Intensity at start time Intensity atend time
Dujuan (201521) 0000 26 Sep 0000 27 Sep 965 hPa/38 m s~! 930 hPa/55 m s~!
Parma (200917) 1200 29 Sep 1200 30 Sep 994 hPa/20 m s~! 970 hPa/35 m s~!
Meranti (201614) 0000 12 Sep 0000 13 Sep 955 hPa/42 m s~! 910 hPa/65 m s~!
Neoguril (201408) 0000 8 Jul 0000 9 Jul 935 hPa/52 m s~! 966 hPa/38 m s~!
Nanmadol (201111) 1200 26 Aug 1200 27 Aug 920 hPa/60 m s~! 945 hPa/42 m s~!
Jangmi (200815) 0000 29 Sep 0000 30 Sep 970 hPa/35 m s~! 990 hPa/23 m s~!
Fungwong (201416) 0000 21 Sep 0000 22 Sep 982 hPa/28 m s~! 985 hPa/25 m s7!
Megi (201013) 0000 20 Oct 0000 21 Oct 940 hPa/52 m s~! 940 hPa/52 m s~!
Tembin (201214) 0000 26 Aug 0000 27 Aug 965 hPa/38 m s~! 975 hPa/33 m s~

Note: The numbers (No.) and intensities are from the best-track data of the CMA, the latter of which include the minimum SLP and
maximum surface wind speed at the corresponding time.
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4. NFSYV Structure

For each case, we use a 12-h (from —12 h to O h) integra-
tion for spin-up. Then, starting from 0 h, we integrate the
WRF model for 24 h and use the SPG2 solver to calculate
the NFSV-Ts, NFSV-Qs, and NFSV-TQs that are superim-
posed on the tendency of potential temperature, moisture,
and both temperature and moisture, respectively. These NF-
SV-tendency perturbations represent the ones that lead to
the largest deviation of the SLP from the control forecast at
the 24-h lead time.

The NFSV-Ts of all nine cases are illustrated to have a

NFSV-T
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coherent barotropic structure with height and to be highly con-
centrated around the center of the TC at the 24-h lead time.
The structure of the NFSV-T is independent of the actual in-
tensities of the TC cases and what they will experience in
the following 24 h and is only related to the final locations
of the TCs at the 24-h lead time. This result implies that the
track affects the forecast skill of intensity to some degree,
which is in accordance with that in Sippel and Zhang
(2010). That is, NFSV-T is related to the location of the TC
at the time of concern (24 h here). As an example, we plot
the NFSV-T for the TC case Dujuan in Fig. 2. It is shown
that the NFSV-T displays positive anomalies in the vertical

NFSV-TQ
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Fig. 2. The NFSV-T (left; units: K s~!), NFSV-Q (middle; units: kg kg=! s1), and NFSV-TQ [right;
shading is for potential temperature (units: K s~1), and contours are for moisture (unit: kg kg=! s~1)] for the

TC case Dujuan at different eta levels.
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layers, except for the surface layer, and is located around
the center of the TC at the 24-h lead time; moreover, such an-
omalies are enhanced with height and reach the maximum
at middle levels of the atmosphere (i.e., the level with eta =
0.59 in Fig. 2). Such NFSV-Ts indicate that the change of po-
tential temperature anomalies superimposed at the position
where the storm will move to at 24 h, compared with other
locations, is more likely to influence the SLP and have the po-
tential for yielding aggressively large deviation from the con-
trol forecast. In addition, in Fig. 3 we plot the inertial en-
ergy of the NFSV-T for the TC case Dujuan as a function of
height, where the energy at each height is averaged over the
region covered by the leading 49 grid points with the largest
values of NFSV-Ts. It can be seen that the energies mainly
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Fig. 3. Regionally averaged internal (I-), moist (M-), and
kinetic (K-) energies (units: 102 J kg=!) of NFSV-T (blue),
NFSV-Q (green), and NFSV-TQ (red) (top), and their resultant
energy deviation (units: 105 J kg~1) (bottom) at the lead time of
24 h for the TC case Dujuan.
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concentrate between eta levels 0.745 and 0.59. Therefore,
the structure of the NFSV-T and its corresponding energies
indicate that the forecast accuracy of TC intensity meas-
ured by SLP is most sensitive to the uncertainties of the
change in potential temperature that occurs between eta
levels 0.745 and 0.59 (i.e., the middle and lower layers of
the atmosphere) but around the TC center at the 24-h lead
time.

The NFSV-Q structures are also shown to be independ-
ent of the TC cases and share a horizontal and vertical struc-
ture similar to NFSV-Ts, which for the TC case Dujuan is
plotted in the second column in Fig. 2. It can be seen that pos-
itive moisture anomalies occur in the vertical layers from
the surface to the middle troposphere and surround the TC
center at the 24-h lead time, which, according to the defini-
tion, will be most likely to yield the largest deviation from
the control forecast with respect to the SLP. In contrast to
the NFSV-T, it is found that the majority of the energy of
the NFSV-Q is concentrated within the middle layer of the at-
mosphere (i.e., the eta level from 0.71 to 0.59 in Fig. 3a),
which accounts for 47.6% of the total energy of the NFSV-Q
in the troposphere. This suggests that the uncertainty of mois-
ture change in the mid-layer atmosphere plays a relatively
more important role in the TC intensity forecast with a lead
time of 24 h. Therefore, paying more attention to the simula-
tion of moisture change in the mid-layer atmosphere and
around the TC center at the 24-h lead time will be of bene-
fit for a more accurate TC intensity forecast with the 24-h
lead time.

When both the potential temperature and moisture tend-
ency are simultaneously perturbed, the structures of the NF-
SV-TQs can be obtained for the nine TC cases and are also
shown to be less case-dependent. The TC case Dujuan is
still regarded as the example to describe the results (see the
third column in Fig. 2). It is illustrated that the NFSV-TQs,
as the optimal structure of the combined mode of potential
temperature and moisture tendency perturbations, feature
both NFSV-T and NFSV-Q, with positive anomalies occur-
ring in both variables through the atmosphere in the vertic-
al direction (except for negative anomalies of potential tem-
perature at the surface) but only around the center of the TC
at the 24-h lead time. However, we notice that the mag-
nitudes of the moisture anomalies in the NFSV-TQ are
much less than those of the NFSV-Q. Moreover, the intern-
al energy component of the NFSV-TQ is larger than the
moist energy component (see Fig. 3a). These findings sug-
gest that the uncertainties of moisture change may play a sec-
ondary role in perturbing the SLP forecast, i.e., the accur-
acy of the TC intensity forecast with a lead time of 24 h
may be more sensitive to the change of potential temperat-
ure than to that of moisture. Therefore, it is the change of
the potential temperature, especially between the middle
and lower layers of the atmosphere and around the TC cen-
ter, that should be preferentially well-captured by the mod-
el to obtain a much more accurate TC intensity forecast.
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5. Impacts of NFSV-type tendency perturba-
tions on TCs

NFSV-T, -Q, and -TQ are calculated based on the con-
trol forecast of TC intensity measured by the SLP. It is
known with certainty that they will have the largest effect
on the TC intensity forecast uncertainties. However, in the
present study we are only concerned with the TC intensity
forecast with a lead time of 24 h. From the traditional per-
spective, such short-range forecasts are more concerned
with the accuracy of initial fields. Does it suggest that the NF-
SV-type tendency perturbation will not greatly change the
control forecast during this 24 h? In addition, the MWS is
also often used to describe the intensity of TCs. For the NF-
SV-type tendency perturbations predetermined by maximiz-
ing the minimum SLP, do they have a notable effect on the
MWS of TCs? Moreover, we investigate in this section the im-
pacts of the NFSV-tendency perturbations on the TC destruct-
ive force measured by the radial extent of gale force winds
(GFWs), storm size and TC rainfall. Since similar results
are obtained for the nine TC cases, we continue to use the
TC case Dujuan as the example to illustrate the results.

5.1. TC Intensity

The minimum SLP of the TC case Dujuan without any
perturbation (i.e., the control forecast; hereafter “CTRL”) is
illustrated in Fig. 4. It can be seen that the minimum SLP
slowly increases within the first 6 h (i.e., the time interval
from —12 h to —6 h) and then experiences an abrupt drop by
over 80 hPa during the time interval from —6 h to 0 h. From
then (i.e., 0 h) on, the minimum SLP gradually increases
and finally reaches approximately 1040 hPa at the 24-h lead
time. Then, we superimpose the NFSV-tendency perturba-
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Fig. 4. Impacts of NFSV-T (blue), NFSV-Q (green), and
NFSV-TQ (red) on the SLP (top) and MWS (bottom) for the
TC case Dujuan, in contrast with CTRL (black).
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tions on the CTRL during the time interval from O h to 24 h;
that is, we produce a perturbed forecast of the SLP during
the time interval from O h to 24 h with a start time of 0 h
and a lead time of 24 h. When the NFSV-tendency perturba-
tions are superimposed on the CTRL, it is apparent that the
minimum SLPs begin to decrease and significantly depart
from the CTRL. By calculation, a NFSV-T (NFSV-Q) mag-
nitude of 10~* K s~ (108 kg kg~! s71) can yield a signific-
ant forecast deviation from the CTRL in the minimum SLP
of 140 hPa at the 24-h lead time. For all nine cases, NFSV-
Ts (NFSV-Qs and NFSV-TQs) make the simulated storms
stronger than the CTRL, some of which are even stronger
than in reality, and with an average lower minimum SLP of
46.4 hPa (36.8 hPa and 52.7 hPa) than the best-track data.
This indicates that even if a small perturbation to the change
of potential temperature and/or moisture within the inner-
core of TCs is superimposed, the forecast uncertainty of the
SLP can quickly grow significantly, i.e., the NFSV-T, -Q,
and -TQ can greatly change the TC intensity in the CTRL.
Therefore, the accuracy of the TC intensity forecast with a
short lead time of 24 h is very sensitive to the model errors
represented by the tendency perturbation of the potential tem-
perature and moisture of concern. Such sensitivity is partly
due to the coarse resolution used and embodies the contribu-
tion of model errors in short-range TC intensity forecast un-
certainty. It implies that a model with small model-error ef-
fectis necessary for the traditional perspective, which emphas-
izes the dominant contribution of initial accuracy to short-
range forecasts of TC intensity.

The NFSV-T, -Q, and -TQ have considerable effects on
the SLP in the CTRL. However, from Fig. 4 it can be seen
that the NFSV-T takes a shorter time period than the NFSV-
Q to make the minimum SLP the smallest, which suggests
that the uncertainties of the potential temperature change rap-
idly decrease the subsequent SLP and then rapidly increase
the TC intensity. This emphasizes that the change of TC in-
tensity is more sensitive to the uncertainties of the change in
potential temperature. In fact, when we investigate the optim-
al structure of the combined mode of potential temperature
and moisture tendency perturbations in section 4, we find
that the amplitude of the moisture component is much smal-
ler than that of the potential temperature component and sug-
gest that the uncertainties of the moisture change play a sec-
ondary role in perturbing the SLP forecast and emphasize
the importance of potential temperature change in yielding un-
certainties of SLP forecasts. It is obvious that the evolution-
ary behaviors of the differences between the CTRL and the
forecasts disturbed by the NFSV-type tendency perturba-
tions further verify the importance of the accuracy of poten-
tial temperature change in improving the TC intensity fore-
cast skill.

The MWS is also often used to measure the TC intens-
ity, and so we next investigate how the NFSV-type tend-
ency perturbations derived by maximizing the minimum
SLP affect the MWS of TCs. From Fig. 4, it is apparent that
the MWS in the CTRL displays a rapid increase during the
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time interval from —12 h to 0 h, which is followed by a slow
decrease during the time interval from O h to 24 h.
However, whenever the NFSV-tendency perturbations are im-
posed on the CTRL during the time interval from O h to 24
h, the MWS undergoes a significant change in terms of mag-
nitude, which finally yields a deviation from the CTRL of
~100 m s~! at the 24-h lead time. This deviation is also reflec-
ted in the perturbation energies at the 24-h lead time (see
Fig. 3). Specifically, the large perturbation kinetics gather
within the lower-layer atmosphere (i.e., below eta = 0.745
and are obviously larger than both the inertial and moisture
energies. As previously mentioned, the horizontal winds are
not perturbed by the NFSV-tendency perturbations. There-
fore, the large perturbation kinetics at the 24-h lead time
should be transferred from the inertial and/or moisture en-
ergy associated with the NFSV-T and -Q. In addition, it has
been shown that the dominant inertial (and moisture) ener-
gies of NFSV-T (and NFSV-Q) are located within the mid-
and low-layer (and mid-layer) atmosphere (see Fig. 3). There-
fore, we infer that the large perturbation kinetic energy with-
in the lower-layer atmosphere at the 24-h lead time is partly
transferred from the inertial and moisture energies in the
mid-layer atmosphere. In other words, although the NFSV-
type tendency perturbations are superimposed on the change
of potential temperature and/or moisture and directly aimed
at the forecast of the TC intensity measured by the minim-
um SLP, they can induce a well-developed storm system in
the subsequent evolution of the TC. It is obvious that the
small perturbations in the change of potential temperature
and moisture can also induce significant forecast uncertain-
ties of the MWS of the TC. Moreover, from Fig. 4 it can
also be found that the MWS is more sensitive to the change
of potential temperature than to that of moisture because the
NFSV-Q spends a longer time period making the MWS the
largest.

5.2. TC destructive force

As acriterion to issue TC-resultant gale warnings in oper-
ational forecasts, the radial extent of GFW is an important in-
dex to depict the TC destructive force, which is defined as
the radial distance of the averaged tangential wind larger
than 15.0 m s~! from the TC center. The larger the radial ex-
tent, the larger the region that will be influenced by the gale.
We compare the radial extent without and with NFSVs (fig-
ures omitted) and find that there is no region influenced by
the gale from 9 h on in the CTRL of the TC case Dujuan;
however, whenthe NFSV-tendency perturbations are superim-
posed on the CTRL, such a situation does not hold. With the
NFSV-T perturbation, the GFW disappears earlier than that
of the CTRL, whereas with the NFSV-Q perturbation the re-
gion influenced by the GFW becomes slightly larger.
However, when the NFSV-TQ is superimposed on the
CTRL, the GFW appears in the later times. We further ex-
plore the other eight cases and find that the NFSV-T, -Q,
and -TQ perturbations influence the tangential wind in differ-
ent ways. The NFSV-Q perturbation strengthens the tangen-
tial wind, rather than modulates the wind structure (also see
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section 6). Therefore, the NFSV-Q perturbation can only
lead to a larger radial extent of GFW than the CTRL.
However, the NFSV-T perturbation tends to first change the
wind structure but then gradually strengthens the tangential
wind with time. Moreover, the change of wind structure
does not make tangential wind larger during the forecast peri-
od but makes the region influenced by it more contracted
than the CTRL due to the effect of the significantly
strengthened near-surface radial winds. Moreover, we no-
tice that the wind structure with the NFSV-TQ perturbation
is similar to that of the NFSV-T, which suggests that the po-
tential temperature change plays a dominant role in modulat-
ing the wind structure in TC intensity forecasts. Nonethe-
less, an accompanying effect on strengthening tangential
wind induced by the moisture component in the NFSV-TQ
makes the behavior of GWFs induced by the NFSV-TQ differ-
ent from those caused by the NFSV-T and -Q.

The storm size, which is believed to impact surge, also
indicates the destructive force of TCs. Next, we investigate
the impact of the NFSVs on the storm size. In this study, the
storm size is defined as the total number of grid points re-
lated to a storm where the surface wind speed is greater than
a threshold. There are five grades of storm sizes in terms of
surface wind speed: tropical storms (17.2-24.4 m s1),
severe storms (24.5-32.6 m s71), typhoons (32.7-41.4 m s1),
severe typhoons (41.5-50.9 m s7!), and super typhoons (=
51 m s71). In Fig. 5, we plot their storm sizes for the TC
case Dujuan at the lead times 6 h, 12 h, 18 h, and 24 h. It is
shown that the region with large wind speed, particularly
that of the severe typhoon for the CTRL, shrinks with time
and disappears from 18 h on. Additionally, the wind speed
in the right half of the TC is obviously larger than that in the
left half from this time (i.e., 18 h), which appears to be an
asymmetry of wind structure. These findings indicate that
the TC case Dujuan is weakening in the CTRL. However,
when it is disturbed by the NFSV-tendency perturbations
(i.e., the NFSV-T, -Q, and -TQ), the storm sizes of the
typhoon, severe typhoon, and super typhoon become signific-
antly large, whereas the storm sizes of the tropical storm
and severe storm expand significantly outward only when NF-
SV-T or NFSV-TQ is considered. That is, for the TC case
Dujuan, not only does the wind speed in the inner-core be-
come much larger, but more flows in the outer region are
also involved. Even in cases such as Neoguri, Jangmi and
Fungwong, the closed eyes in the CTRLs that disappear be-
gin to reappear and even contract under the effect of the NF-
SVs, which indicates that the TCs are intensifying with the
effect of the NFSVs. This implies that the uncertainties of
the changes in both potential temperature and moisture can
significantly influence the forecast uncertainty of the storm
sizes. In particular, the change of the potential temperature
significantly influences not only the wind speed in the in-
ner core, but also the outer structure of TCs. Therefore, it
tends to improve the ability to simulate the change in poten-
tial temperature and then increase the forecast skill of the
storm size associated with the TC intensity.

TC rainfall is another important behavior of TC influ-
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Fig. 5. Storm size in various grades according to the near-surface wind of CTRL, NFSV-T, NFSV-Q, and NFSV-TQ

from 6 to 24 h at 6 h intervals, for the TC case Dujuan.

ence. The precipitation for the TC case Dujuan is concen-
trated between the period —12 h to —6 h (see Fig. 6), which
dramatically decreases from then on; no measurable precipita-
tion appears after 0 h in the CTRL. This situation remains
the same when either NFSV-T or NFSV-TQ is added.
However, if NFSV-Q is added, light rain appears from 0 h
on and lasts to the end of the simulation. The distribution of
perturbation energies gives a possible explanation for the dif-
ferent behaviors of NFSVs. For all NFSVs, only NFSV-Q
leads to perturbation moist energy in the mid-layers of the at-
mosphere (Fig. 3). Neither NFSV-T nor NFSV-TQ can lead
to significant differences for moisture at the 24-h lead time.
Although there is a moisture component in NFSV-TQ, the
amplitudes of the anomalies of the moisture component are
much smaller than that of the potential temperature compon-
ent. As a result, the impact of moisture change in NFSV-TQ
is far away from measurable precipitation; only a sufficient
change of moisture can lead to the obvious forecast differ-
ences for TC rainfall, which emphasizes the importance of ac-

curate simulation of the moisture change in precipitation fore-
casts.

6. Interpretation and verification

As demonstrated in section 5, the NFSV-tendency per-
turbations lead to large departures from the CTRL in terms
of minimum SLP, MWS, the radial extent of GFW, storm
size, and TC rainfall. In this section, we investigate their
time-dependent evolution to study how the NFSV-tendency
perturbations work and result in large departures from the
CTRL. Subsequently, experiments are conducted to verify
whether the ability to simulate SLP can be improved with
the information provided by the sensitivity of NFSVs, espe-
cially for the WRF with a relatively coarse horizontal resolu-
tion as detailed in section 2. Since the conclusions are less
case-dependent, we will still take the TC case Dujuan as the
example to describe the results.
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CTRL, and at 6 h in NFSV-Q (bottom) for the TC case
Dujuan, respectively.

6.1. Pressure

The cost function to identify the NFSV-tendency perturb-
ations is associated with the minimum SLP, which meas-
ures the TC intensity and is a function of pressure (see sec-
tion 2). It is noted that the pressure is calculated by the equa-
tion of state p = po(RaOm/poaq)’, where py, Ry, and y are all
constants and have values of 1000 hPa, 287.04 J kg~! K1,
and 1.4, respectively. Obviously, the pressure p is determ-
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ined by two variables: potential temperature (6,,,) and dens-
ity of the dry air (1/a4). Since the NFSV-T represents the op-
timal tendency perturbation with respect to potential temperat-
ure, the NFSV-T directly leads to the change of pressure ac-
cording to the equation of state. In the subsequent integra-
tion step, such change of pressure makes both the horizont-
al and vertical winds appear different from those of the
CTRL; this process continues as NFSV-T is superimposed
in each integration step. Simultaneously, the changed winds
gradually induce intense secondary circulation and signific-
antly decrease the density in the eye region, which further
changes the pressure there. With the combined effects from
both potential temperature and density, a large departure of
SLP from the CTRL appears (as shown in Fig. 4). NFSV-Q
works in a similar way, with the only difference that the
change of moisture g, is first transferred to that of potential
temperature 6, by 6y, =0[1+(Ry/Ry)q,]~0(1+1.61q,).
This gives a possible explanation that the change of mois-
ture requires a longer time to reach the smallest SLP than po-
tential temperature (as shown in Fig. 4), which further indic-
ates the importance of accurate simulation to the change of
potential temperature in improving the forecast skill for SLP.

6.2. Horizontal wind

Horizontal wind structure determines the MWS, the radi-
al extent of GFW, and the storm size associated with TCs.
We decompose the horizontal wind of the TC case Dujuan in-
to radial and tangential components and plot them in Figs. 7
and 8, respectively, as a function of the radii from the TC cen-
ter at various model eta levels at the lead times of 6 h, 12 h,
18 h, and 24 h. In contrast with that of the CTRL, both the ra-
dial and tangential winds, especially the former, with the NF-
SV-tendency perturbations at the near-surface (eta = 0.975
in Figs. 7 and 8), are stronger than the CTRL for most of the
lead times, which directly contributes to the much larger
MWSs in Fig. 4b and the expansion of storm sizes in
typhoons, severe typhoons, and super typhoons in Fig. 5.
Note that the location where the tangential wind reaches the
maximum (which is larger than 15.0 m s~!) determines the ra-
dial extent of the GFW. This location moves further away
from the TC center (exceeding 540 km) when NFSV-Q is su-
perimposed, whereas that for both NFSV-T and NFSV-TQ
are only less than 540 km (as shown in Fig. 8). This is pos-
sibly why NFSV-Q behaves steadier in increasing the radi-
al extent of GFW, as previously shown. Moreover, we no-
tice that both the radial and tangential wind structures
caused by NFSV-TQ are more similar to that of NFSV-T
but are obviously different from that of NFSV-Q, which ex-
plains why the change of potential temperature plays the dom-
inant role in disturbing the wind structure of TCs.

6.3. Precipitation

According to the distribution of TC rainfall in Fig. 6,
we plot in Fig. 9 the relative humidity (RH) of the TC case
Dujuan in the CTRL and that with the NFSV-tendency per-
turbations during the time intervals —6 h to 24 h, where the
RH can determine if there is detectable precipitation. The
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Fig. 7. Azimuthal-averaged radial wind (units: m s~!) from the TC center to 1080 km in CTRL, NFSV-T, NFSV-Q,

and NFSV-TQ for the TC case Dujuan.

RH at time —6 h is larger than 90% of that from the lower-
(eta=0.975) to the mid-layer (eta = 0.59) atmosphere (Fig. 9),
which corresponds to heavy precipitation during this period
(Fig. 6). In the subsequent 6 h (from —6 h to 0 h), the RH with-
in this layer drops below 50%, which accords with light pre-
cipitation. When the NFSV-tendency perturbations are super-
imposed, only the NFSV-Q can lead to much larger RH
than the CTRL within this layer. Moreover, the RH in the
mid-layer atmosphere is obviously larger than that in the
lower-layer atmosphere and is close to 100%. This possibly
explains why precipitation only occurs when the NFSV-Q is
superimposed on the CTRL.

6.4. Verification

Comparing Figs. 1 and 4, it is clear that the simulated
minimum SLPs with the NFSV-tendency perturbations are
significantly far away from the CTRL and close to the ob-
served minimum SLPs. Furthermore, all of nine TC cases
show such a phenomenon. This implies that the NFSV-type
tendency perturbation may potentially describe model sys-

tem errors that limit the forecast skill of TC intensity. Addi-
tionally, the results in section 4 show that the NFSV-T sensit-
ivity is more important for forecasting TC intensity and pos-
sesses a pattern with the main energies around the central loca-
tion of the TCs at the 24-h lead time and located in the
middle layers of the atmosphere. Such a pattern indicates
that the model uncertainty that is represented by NFSV-T
makes larger contributions to the forecast uncertainty of TC
intensity. That s to say, the NFSV-T has more potential to de-
scribe the main model system error associated with forecast-
ing TC intensity. In order to examine this possibility, we con-
struct a correction item f, to the tendency equation of poten-
tial temperature in WRF, derived as follows:

“4)

where SLP;_7 (xo, f) has a similar meaning as that in Eq. (2)
and denotes the forecasted SLP at time 7 starting from the ini-
tial conditions x, with a correction item f; whereas, MSLP
denotes the minimum SLP of best-track data at the time 7.

J(f.) = ming[SLP,r (xo, f) ~ MSLP]*,
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That is, Eq. (4) describes the minimum deviation of simu-
lated minimum SLP with a correction item f, from the best-
track data. The smaller the minimum, the closer the simu-
lated minimum SLP with f is to the observation. That is,
the correction term f, includes most of the information for
correcting the CTRL. It is conceivable that, if the NFSV-T
has the potential to describe the model system error of the
TC intensity forecast, its pattern should bear useful informa-
tion for the correction term f.. To show this, we plot the simu-
lated minimum SLP with the correction item f,, together
with the best-track data and the CTRL, for nine TC cases in
Fig. 10 and the f.. From Fig. 10, it is shown that, although
there is a relatively large deviation from the best-track data
at the lead time of 3 h, the simulated minimum SLPs with
the correction item f, are much closer to the best-track data
during the following period than the CTRL; and the aver-
aged deviation of minimum SLP with the correction item f,
from the best track is 4.5 hPa for nine TC cases, with the
largest deviation of 14 hPa for the TC case Parma.

From Eq. (4), it is known that f, mainly describes the
model error effect of WRF with the 90-km horizontal resolu-

tion associated with TC intensity. When examining nine TC
cases, we find that all f, possess similar patterns. Therefore,
f. may reveal the model system error associated with the
TC intensity. Figure 11 gives the f. of the TC case Dujuan
as an example. It is shown that the NFSV-T, either in its hori-
zontal or vertical structures, is really similar to that of f,.
That is, the main energies are mainly around the central loca-
tion of the TCs at the 24-h lead time and locate in the
middle layers of the atmosphere. It is therefore inferred that
the NFSV-T can describe the main model system error associ-
ated with the short-range forecast of TC intensity.

The NFSVs here are only related to the CTRL in its calcu-
lation and not as that in the calculation of the correction
item f,, which needs the future observation as the input
(they cannot be available in forecasts). Furthermore, we
have shown that the NFSV-T can describe the main model
system errors of WRF associated with the short range of TC
intensity. Therefore, we conceive that if calculating the NF-
SV-T with appropriate amplitudes (even together with the NF-
SV-Q) and superimposing them to the tendency of WREF,
the short-range forecast skill of TC intensity could be
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greatly improved, especially for models with coarse resolu-
tion and being unable to precisely resolve small-scale dynam-
ic processes but being expected to be used for TC intensity
forecasts. Of course, one can also consider regarding the NF-
SVs as members of ensemble forecasts for TC intensity and
increase the ensemble spread as shown in some other en-
semble forecast methods (see Introduction). In any case, it
is expected that the NFSV approach can play arole in improv-
ing the TC intensity forecast skill.

7. Summary and discussion

In this study, we use the NFSV approach to identify the
tendency perturbations of the WRF model that will lead to
the largest deviation of the minimum SLP from the control
forecast at the 24-h lead time. The optimal tendency perturba-
tions of potential temperature, moisture and their combined
mode, denoted by “NFSV-T”, “NFSV-Q”, and “NFSV-
TQ”, respectively, are revealed for nine selected TC cases.
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All of these NFSV-tendency perturbations are shown to
have a coherent barotropic structure with height, and their
dominant energies are concentrated around the center of the
TC at the 24-h lead time but are only located in the mid-lay-
er or mid- and lower-layer atmosphere. Moreover, such tend-
ency perturbation structures do not depend on TC intensit-
ies and what the TC undergoes in the following stage. The
NFSV-tendency perturbations for TCs indicate that the fore-
cast accuracy of TC intensity measured by SLP are more sens-
itive to the uncertainties of the changes of the potential tem-
perature (moisture) that occur in the mid- and lower-layer
(mid-layer) atmosphere but in the inner-core of TCs at the
24-h lead time. A comparison was made between the poten-
tial temperature and moisture, and the uncertainties of the po-
tential temperature change are shown to play a more import-
ant role in disturbing the forecast accuracy of the minimum
SLP, and even the MWS, the radial extent of GFW, and the
storm size. The forecast skill of TC intensity can therefore be-
nefit more from the accuracy of the potential temperature
change, especially in the region between the mid- and
lower-layer atmosphere but also in the inner-core of TCs.
However, for TC rainfall, the moisture change accuracy is
found to be more crucial to the improvement of TC rainfall
forecast skill.

It is noted that the TC intensity forecasts with 24-h lead
time are of concern. From the traditional perspective, such
short-range forecasts are more concerned with the accuracy
of initial fields. However, this does not mean that the uncer-
tainty coming from an imperfect model can be ignored. Con-
versely, the present study shows that even if a tiny tend-
ency perturbation is superimposed on potential temperature
and/or moisture, an aggressively large departure from the con-

trol forecast of the SLP can result, even within a short-range
forecast such as a lead time of 24 h. Moreover, additional ex-
periments (details not shown here) suggest that the TC intens-
ity (indicated by the minimum SLP) will quickly approach
that of the control when the NFSV-T, -Q, or -TQ are re-
moved at any time during the 24-h lead time, which in fact
emphasizes the importance of model uncertainty in disturb-
ing the accuracy of TC intensity forecasts. Obviously, this is
quite different from the traditional perspective and is prob-
ably related to the model uncertainty itself because a WRF
with coarse resolution is used. Despite this, the results
provide useful ideas on improving TC intensity forecast
skill, even with a WREF of coarse resolution. Specifically, ac-
cording to the structure of the NFSV-tendency perturba-
tions shown in the present study, we have indicated that the
forecast of TC intensity measured by minimum SLP is more
sensitive to the uncertainty in the change of potential temper-
ature in the inner core of a TC. Hence, we construct an optim-
al correction item to force the simulated minimum SLP at a
lead time of 24 h to approach the best-track data, and such a
correction item describes model system errors associated
with TC intensity simulation. In particular, the present study
has found that the NFSV-T bears great similarities with this
correction term and its resultant TC intensity forecast is
close to the best-track data. Obviously, the NFSV-T pos-
sess more potential to offset the model system error effect
and improve the TC intensity forecast skill. In the present
study, WRF with a horizontal resolution of 90 km is adop-
ted. It is therefore conceivable that the TC intensity fore-
cast, even if the adopted model has an insufficiently fine resol-
ution to resolve the small-scale dynamics, also has the poten-
tial to achieve high skill due to the inclusion of NFSV sensit-
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ivity.

In addition, Emanuel and Zhang (2017), from the per-
spective of initial value problems, stated that the growth of
TC intensity forecast errors are at least as sensitive to the spe-
cification of inner-core moisture as to that of the wind field.
In the present study, from a perspective of tendency perturba-

tion, the TC intensity forecast is shown to be more sensit-
ive to the change of potential temperature than to that of mois-
ture. Which one, then, between the initial condition of mois-
ture and change of potential temperature, is more important
for TC intensity forecasts? And what about the sensitivity of
initial potential temperature? These questions should be ex-
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plored in the future. The answers will be helpful for address-
ing whether the initial field or model accuracy should be of
greater concern, and which physical variable in which re-
gion should be of greater concern in improving accuracy
and significantly increasing the forecast skill of TC intens-
ity. In any case, we expect that the TC intensity forecast can
be made more skillful through more studies on the predictabil-
ity of TCs.
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