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Abstract

This study examines the predictability of an enhanced monsoon trough, which is accompanied by a large-
scale cyclone in the lower troposphere, south of Japan seen in late August 2016. The monsoon trough is found
to be enhanced by a meandering of the Asian jet and a consequent southwestward intrusion of upper-level high
potential vorticity associated with a Rossby wave breaking east of Japan. Japan Meteorological Agency’s oper-
ational one-month ensemble prediction during the forecast period of a week underestimates the intensity of the
Rossby wave breaking and fails to predict the enhanced monsoon trough. A simple sensitivity analysis based on
ensemble singular vectors indicates that initial perturbations over the Bering Sea and near the Asian jet entrance
region can efficiently grow and propagate toward the region to the south of Japan, contributing to maximize the
perturbations of the enhanced monsoon trough. The time evolution of the perturbations propagating toward the
region to the south of Japan is consistent with that of the ensemble spread during the forecast period. Perturbed
hindcast experiments were conducted with the initial perturbations obtained from the simple sensitivity analysis.
The monsoon trough to the south of Japan in the perturbed experiment is significantly more enhanced than the
unperturbed experiment, supporting the simple sensitivity analysis. These results indicate a crucial contribution of
the initial perturbations associated with the Rossby wave breaking and near the Asian jet entrance region to the
limited predictability of the enhanced monsoon trough in late August 2016.
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1. Introduction

In Northern Hemispheric summer, the monsoon
trough is climatologically enhanced from the South
China Sea to the east of the Philippines (e.g., Lander
1996), accompanied by a strong convergence due to
the monsoon westerlies and trade winds in the lower
troposphere (e.g., Chan and Evans 2002; Tomita et al.
2004) and the resultant active convection over the
region. The monsoon trough is thus one of the most
essential features of the summer Asian monsoon
circulation. A large-scale low-pressure system is
occasionally seen over the subtropical western North
Pacific (WNP) associated with the enhanced monsoon
trough, which is called a “monsoon gyre” (e.g., Ge
and Shi 2019; Jinno et al. 2019). Molinari and Vollaro
(2013) and Wu et al. (2012, 2013) showed a close
relationship between the enhanced monsoon trough
and formation of tropical cyclones, indicating its large
impacts on the summer climate over East Asia.

The active cumulus convection over the subtropical
WNP associated with the enhanced monsoon trough
is well known to be closely related to the anomalous
anticyclonic circulation near Japan in the lower
troposphere (e.g., Nitta 1987; Wang and Wu 1997;
Lu and Dong 2001). This atmospheric teleconnection
is referred to as the Pacific-Japan (PJ) pattern (Nitta
1987; Kosaka and Nakamura 2006). The anomalous
anticyclonic circulation near Japan corresponds to the
northwestward extension of the North Pacific subtrop-
ical high (NPSH), frequently causing anomalous hot
summer climate (e.g., Wakabayashi and Kawamura
2004) and occasionally bringing heavy precipitation
over Japan along the periphery of the NPSH. Moli-
nari and Vollaro (2017) showed a close relationship
between the monsoon gyre and the PJ pattern from
their composite analysis of the monsoon gyre cases,
indicating the impacts of the monsoon gyre on the
abnormal summer climate over Japan.

The monsoon trough is associated not only with the
tropical large-scale atmospheric and oceanographic
variability such as the Madden—Julian Oscillation
(MJO) and El Nifio Southern Oscillation (ENSO)
(Molinari and Vollaro 2017) but also with Rossby
wave breakings (RWB) near the Asian jet exit region.
Takemura et al. (2017) performed a case study on the
event in August 2016 and showed that an equatorward
intrusion of high potential vorticity (PV) airmass
resulting from the RWB east of Japan can promote
the enhanced convection over the subtropical WNP
through dynamically induced ascent. The influence
of the upper-level trough on the enhanced monsoon
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trough with a synoptic timescale is also indicated by
Molinari and Vollaro (2012) and Geng et al. (2014).
From the results of the lag composite analysis of
44 RWB cases, Takemura and Mukougawa (2020)
(TM20) further revealed a process linking the quasi-
stationary Rossby wave propagation along the Asian
jet (Lu et al. 2002; Enomoto et al. 2003) and the PJ
pattern through the “inverse-S” shaped RWB east of
Japan. These results imply the impacts of atmospheric
variability in the mid-latitude on the enhanced mon-
soon trough.

In August 2016, the persistent monsoon gyre
associated with the enhanced monsoon trough was
clearly seen over the subtropical WNP, accompanied
by the formation of six tropical cyclones during the
month (Takemura et al. 2017; Jinno et al. 2019). In the
upper troposphere, the persistent Rossby wave prop-
agation along the Asian jet and consequent frequent
RWB east of Japan were clearly seen, contributing
to the persistent monsoon trough (Takemura et al.
2017). The northern parts of Japan experienced a
serious damage resulting from the sequent landfalls
of typhoons associated with the monsoon gyre to the
south. Hence, although the improved medium-range
numerical prediction of the enhanced monsoon trough
is expected to reduce the socio-economic damages
due to the abnormal summer climate over East Asia,
a related assessment of operational forecasts was not
sufficiently performed in previous studies. According
to the process indicated by TM20, it is expected that
the limited predictability of the meandered Asian jet
(e.g., Kosaka et al. 2012) and consequent RWB east
of Japan can cause that of the monsoon trough. This
study examines possible factors contributing to the
predictability of the enhanced monsoon trough in
the first half of late August 2016, which is one of the
cases extracted in TM20, using an operational one-
month ensemble forecast dataset.

The paper is arranged as follows. Section 2 de-
scribes the dataset used and analysis methods. Section
3 describes the atmospheric circulation from Eurasia
to the WNP during the period from middle to late
August 2016 and its ensemble forecast using a reanal-
ysis dataset and Japan Meteorological Agency (JMA)’s
one-month ensemble forecast dataset. In Section 4,
we perform a simple sensitivity analysis based on
ensemble singular vectors (SVs) to identify factors
contributing to the limited predictability of the mon-
soon trough over the subtropical WNP. In Section 5,
we conduct perturbed hindcast experiments given
by the initial perturbations, which are obtained from
the simple sensitivity analysis, to validate the result
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of the simple sensitivity analysis. Section 6 provides
the main findings and discussion of the results in this
study.

2. Data and methods

The data used in this study were the 6-hourly and
daily mean datasets of the Japanese 55-year reanalysis
(JRA-55) for August 2016 and during the 30-year
period from 1981 to 2010 with a horizontal resolution
of 1.25° and 37 pressure levels (Kobayashi et al.
2015). To infer convective activities, interpolated
outgoing longwave radiation (OLR) (Liebmann and
Smith 1996) provided by the National Oceanic and
Atmospheric Administration was utilized. We also
used operational one-month ensemble forecast dataset
during 34-day forecast period from 12 UTC 16 August
2016, which is provided once a week by the JMA,
with a horizontal resolution of 2.5° and 22 pressure
levels. The forecast dataset had 25 ensemble members
with 24 perturbed and 1 unperturbed (i.e., control run)
initial conditions. The initial perturbations were ob-
tained using the Breeding of Growing Mode method
(Toth and Kalnay 1993). Here anomalies are defined
as a departure from the climatology, which is obtained
as the 60-day low-pass-filtered 30-year daily averages
of JRA-55 from 1981 to 2010 using Lanczos filter
(Duchon 1979). To extract low-frequency components,
including quasi-stationary Rossby waves, a 5-day run-
ning mean was applied to the daily data. To represent
transient disturbances along the meandered Asian jet,
high-frequency components were defined by subtract-
ing the 5-day running mean from the daily data.

The propagation of Rossby wave packet was ana-
lyzed using the wave activity flux (WAF) defined by
Takaya and Nakamura (2001). The horizontal compo-
nent of WAF is defined as follows:

m 81/// 2 ,32l/ll
r*cos’d [ oA ] IAEYE ]

v [oy (91///_ ) 32‘///]
cos r’cosp| O O¢ O10¢
W= 201 - > (1)

u al///al/ll , 82W/
Pcosp| 01 09 aw¢}
7 8‘l// 2 /821,1//

7 [37] I a_wl

where u is the zonal wind, v is the meridional wind,
and v is the geostrophic stream function at a reference
latitude of ¢, = 40°N at a pressure level. The overbars
and primes denote the climatology and anomalies,
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respectively. U = (i, ¥) is the climatological wind
vector. A and ¢ denote longitude and latitude, respec-
tively. The WAF is derived from the 5-day running
mean.

To identify initial perturbations that can linearly
evolve with the largest growth rate and contribute to
the limited predictability of the monsoon trough over
the subtropical WNP, we performed a simple sensi-
tivity analysis based on ensemble SVs introduced by
Enomoto et al. (2015). The analysis method is briefly
described as follows. Assuming linear time evolution
of initial perturbations denoted by y, perturbations at a
verification time denoted by z can be represented as

=My, @)

where M is a matrix representing time integration
from the initial to the verification time (Fig. 1 of
Enomoto et al. 2015). Here, perturbations are defined
as a deviation from the control run. Considering
that the perturbations can be expressed as a linear
combination of those for each ensemble member, the
perturbations at the initial and verification times are
represented as follows:

y=>_.py,=Yp, (3a)
i=1

= Zpizi =MYp="17p, (3b)
i=1

where m is the number of perturbed ensemble mem-
bers (i.e., m = 24) and p is the weight coefficient de-
noted by p' = (p,, p»» ..., p,,)- ¥ and z can be expressed
using matrix notations of Y = (y, , ... y,) and Z =
(z, 2, ... z,,), respectively. Here, a constrained extremal
problem for the norm of z can be solved using the
method of Lagrange multiplier. The Lagrange function
of p and Lagrange undetermined multiplier A can be
represented as

F(p,A)=(z,2)+ A1 —(y,»))

where the notation of (,) denotes inner product. The
total derivative of F' can be represented as follows:

SF=2(6p,Z"Zp— AY"Yp)—SL(1—(Yp,Yp)). (5)

Thus, F has the following constraint to have an ex-
treme value:

Y'Y)'Z'Zp=Ap, 6)

which is an eigenvalue problem. Given that the initial
perturbations of the operational one-month ensemble
members (y;) are approximately normalized and mutu-
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Fig. 1. Five-day running mean (left) 200-hPa stream function (contour; unit: 10° m* s™') and the anomalies (shading),
(middle) 360-K potential vorticity (shading; unit: PVU), and negative OLR anomalies (purple contour) at intervals
of 15 W m™, and (right) 850-hPa stream function (contour) and the anomalies (shading). The WAF (unit: m*s™) is
indicated by vectors on the left and right panels. Black shadings in the right panels indicate regions with altitudes
exceeding 1,600 m. Red triangles in the right panels denote central positions of typhoons at 12 UTC in each day based
on JMA’s best track data. (a, b, ¢) 18 August, (d, e, f) 20 August, (g, h, i) 22 August, and (j, k, 1) 23 August 2016.
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ally orthogonal from the tropics to the Northern Hemi-
sphere extra-tropics (not shown), the matrix (Y'Y) "'
is nearly proportional to the identity matrix, and Eq.
(6) is equivalent to the singular value decomposition
of the matrix Z. In this study, the norm of perturbation
was assessed using vertically integrated areal averages
of moist total energy (MTE; Ehrendorfer et al. 1999)
expressed as follows:

MTEf—ff

u + + }7 T/Z Li q/2
c,T,

dAdp, @)

I\2
o
b,

where A is the unit area; «/, v/, T', ¢/, and p, are the
perturbed components of the zonal wind, meridional
wind, temperature, specific humidity, and surface
pressure, respectively; ¢, is the specific heat at con-
stant pressure; L, is the latent heat of condensation; R
is the gas constant of dry air; and 7, (=270 K) and p, (=
1000 hPa) are the reference temperature and pressure,
respectively. Although the previous studies perform-
ing the sensitivity analysis (e.g., Enomoto et al. 2007;
Takemura and Mukougawa 2010; Matsueda et al.
2011) used dry total energy (Buizza et al. 1993) as
the norm of perturbation, this study uses the MTE to
include nonnegligible moist processes in the tropics. A
region with a large vertically integrated (from 1000
hPa to 100 hPa) MTE derived from the combined
initial perturbation weighted by p (i.e., the vector y in
Eq. 3a) is referred to as a sensitive region. Here, each
mode of the initial perturbations is calculated from an
eigenvector multiplied by the square root of the eigen-
values according to Enomoto et al. (2015).

To assess the validity of the aforementioned as-
sumption on the linear perturbation growth, perturbed
hindcast experiments with the initial perturbations,
which were obtained from the simple sensitivity anal-
ysis, were conducted using JMA’s Global Spectrum
Model (GSM) version 1705, which is newer than that
used to produce JRA-55 (version 0808). The GSM has
a horizontal resolution of T;319 and 60 vertical levels,
which is the same as the JRA-55 system (Kobayashi
et al. 2015), to avoid the interpolation of initial
conditions derived from the JRA-55 dataset. Global
objective analysis data (GANAL) in JMA, which
have a higher horizontal resolution than the JRA-55
system, were used to give the initial conditions in the
operational ensemble forecast. On the other hand, we
used JRA-55 as the initial conditions according to
the available period and resolution of the GANAL.
During the 10-day integration period with a time step
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of 450 s, the GSM is forced at the lower boundary by
the global daily sea surface temperatures (MGDSST:
Merged satellite and in situ data Global Daily Sea Sur-
face Temperatures in the global ocean; Kurihara et al.
2006) and climatological sea ice, which are provided
by IMA.

3. Atmospheric circulation and the ensemble
forecast from mid- to late August 2016

Figure 1 shows the upper- and lower-tropospheric
stream function anomalies, 360-K isentropic PV in the
reanalysis, and OLR anomalies during the period from
18 to 23 August 2016. In the upper troposphere, the
quasi-stationary Rossby wave propagation, accompa-
nied by the meandered Asian jet, is clearly seen from
Eurasia to the east of Japan during the period (Figs.
la, d, g, j). The persistent propagation of wave packets
contributes to a persistent ridge east of Japan, associ-
ated with the occurrence of an anticyclonic RWB with
an “inverse-S” shaped overturning of the upper-level
PV after 20 August (Figs. le, h, k). The consequent
southwestward intrusion of the upper-level high-PV
airmass toward the region to the southeast of Japan
contributes to enhanced convection southeast of Japan
(purple contour in Figs. 1h, k) through dynamically
induced ascent as indicated by TM20. The southwest-
ward intruding upper-level high-PV originates from a
trough south of Alaska (Figs. la, b), which is down-
stream of the persistent ridge east of Japan. In the
lower troposphere, an anomalous cyclonic circulation
south of Japan is clearly seen on 18 August (Fig. 1c),
which is associated with a prior RWB event in the first
half of August (not shown). The lower-level anoma-
lous cyclonic circulation, which once weakens on 20
August (Fig. 1f), is enhanced again after 22 August,
indicating the persistent monsoon trough (Figs. 1i, 1).
The enhanced anomalous cyclonic circulation in late
August 2016 is closely associated with the enhanced
convection southeast of Japan (Figs. 1h, k). Their
relationship is consistent with that of Takemura et al.
(2017), who performed a numerical experiment using
the linear baroclinic model (LBM; Watanabe and
Kimoto 2000, 2001) with monthly-mean diabatic heat
sources in August 2016. Their results of the LBM
experiment show that the lower-level anomalous
cyclonic circulation is a Rossby wave response to the
heat sources associated with the enhanced convection
over the subtropical WNP. The enhanced convection
immediately south of Japan is associated with the
lower-level enhanced cyclone including the typhoons
(red triangles of Figs. 1i, 1) over the region, which is
associated with the southwestward intruding high-PV
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airmass (Figs. 1h, k). Meanwhile, a persistent anom-
alous anticyclonic circulation is clearly seen east of
Japan (Figs. lc, f, i, 1), indicating southwest—northeast-
oriented dipole anomalies with the anomalous cyclonic
circulation south of Japan, which is like the northeast-
ward shifted PJ pattern. The relationship between the
RWB east of Japan and PJ-like pattern is consistent
with the linking mechanism indicated by TM20.

Figure 2 shows the upper- and lower-tropospheric
stream function anomalies, the 360-K isentropic PV,
and precipitation anomalies predicted by the JMA’s
one-month ensemble mean forecast from 12 UTC 16
August 2016 until lead time of +7 day (23 August). Al-
though the zonal phase of the quasi-stationary Rossby
wave in the upper troposphere is well predicted, the
amplitude of the wave is underestimated (Figs. 2a, d,
g, j) compared to that in the reanalysis (Fig. 1). The
RWB east of Japan and consequent southwestward
intrusion of high-PV airmass toward the region to the
southeast of Japan are also underestimated (Figs. 2e,
h, k), associated with the weaker meandering of the
Asian jet. The enhanced convection, which is shown
by anomalous positive precipitation (purple contour
in Figs. 2e, h, k), is seen in the narrow region over
the subtropical WNP because of the underpredicted
intrusion of the upper-level high-PV airmass. The en-
hancement of the monsoon trough in late August 2016
is not predicted at all (Figs. 2i, 1), associated with the
aforementioned underestimated process in the upper
troposphere. The control forecast also underestimates
the amplified Rossby wave in the upper troposphere
and fails to predict the enhanced monsoon trough (not
shown), as with the ensemble mean.

To assess the predictability of the enhanced mon-
soon trough south of Japan, the ensemble spread of the
geopotential height between the ensemble members,
which is defined by

_ 13 :
S= =Y (F—F,)". ®)

i=1

was calculated. Here, F; and F,, in Eq. (8) are the pre-
dicted value of the i-th member and ensemble mean,
respectively. The large ensemble spread indicates lim-
ited predictability. In this study, the ensemble spread
is normalized by the zonal mean to highlight the
region with relatively large ensemble spread over each
latitude and consider the increased ensemble spread
with the lead time. The normalized ensemble spread
of 200-hPa height on 23 August (Fig. 3a) clearly
shows the large ensemble spread from south of Alaska
to the subtropical WNP, corresponding to the region
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where the southwestward intrusion of the upper-level
high-PV airmass is seen. The upper-level ensemble
spread near the dateline is larger than the climatologi-
cal standard deviation of height field (dots in Fig. 3a).
The northeast—southwest-clongated large ensemble
spread in the upper troposphere thus indicates the lim-
ited predictability of the high-PV intrusion toward the
region to the southeast of Japan associated with the
RWRB east of Japan. The normalized ensemble spread
of 850-hPa height on 23 August shown in Fig. 3b is
also large over the same region and notably attains its
maxima south of Japan (red closed curve in Fig. 3b),
although the spread is smaller than the climatological
standard deviation. The local maximum of the ensem-
ble spread corresponds to the limited predictability of
the enhanced monsoon trough. The ensemble spreads
in the upper and lower troposphere indicate that the
predictability of the monsoon trough is closely asso-
ciated with that of the upper-level high-PV intrusion
toward the region to the southeast of Japan through
the process shown by TM20.

Figure 3c further shows a Hovmoller diagram of
the normalized ensemble spread of 200-hPa height
averaged between 35°N and 70°N from the initial
time to the lead time of +8 day (24 August), showing
the variability of the ensemble spread along the
Asian jet. The ensemble spread maxima in the upper
troposphere propagate eastward from 30°E to the
east of Japan (bold dashed line in Fig. 3¢) during the
period from the initial time to the lead time of +4 day
(red arrow in Fig. 3c), contributing to the limited pre-
dictability of the RWB east of Japan afterward. The
wave train structure of the ensemble spread maxima
corresponds to the Rossby wave propagation along the
Asian jet during the period (Figs. 2a, d). The ensemble
spread maxima also move eastward (blue arrows in
Fig. 3c), indicating the contribution of the transient
disturbances along the meandered Asian jet. To ex-
amine the activities of the transient disturbances, the
high-frequency components of 200-hPa height from
the lead time of +2 day to that of +4 day are shown in
Fig. 4. Both the reanalysis (left panels in Fig. 4) and
ensemble mean forecast (right panels in Fig. 4) show
the eastward migrating transient disturbances along
the meandered Asian jet (striped gray shading in Fig.
4), particularly from central Eurasia to the Bering Sea,
corresponding to the eastward migrating ensemble
spread maxima (Fig. 3c). These results suggest that
the ensemble spread near the Asian jet entrance region
in the initial time propagates and migrates eastward
resulting from the Rossby wave propagation and
the active transient disturbances, contributing to the
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Fig. 2. Same as Fig. 1 but for the JMA’s operational one-month ensemble mean forecast from 12 UTC 16 August
2016. The purple contours denote positive precipitation anomalies at intervals of 3 mm day .
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(a) 200hPa (Aug.23) (b) 850hPa (Aug.23)
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Fig. 3. Five-day running mean geopotential height (contour; unit: m) and its spread normalized by the zonal mean
(shading) at (a) 200 hPa and (b) 850 hPa in lead time of +7 day (23 August 2016). (c) shows a Hovméller diagram of
the normalized spread of 200-hPa geopotential height (shading) and 200-hPa meridional wind anomalies (contour;
unit: m s ') averaged between 35°N and 70°N from the initial time to the lead time of +8 day (24 August 2016).
Black shading in (b) indicates the region with altitudes exceeding 1,600 m. The red closed curve in (b) denotes the
verification area [15—-30°N, 125—150°E]. Dots in (a) denote the region where the ensemble spread is larger than
the climatological standard deviation of the height field derived from JRA-55. Black bold dashed line in (c) shows

a longitude line of 135°E near Japan. Red and blue arrows in (c) mark the eastward propagating and migrating
spread maxima, respectively.

large ensemble spread around the RWB east of Japan.  monsoon trough, daily time series of areal average
Further impact of the ensemble spread over Eurasia ~ of 850-hPa relative vorticity over the verification
on the predictability of the monsoon trough will be  area from the initial time to the lead time of +9 day is
discussed later. shown in Fig. 5a. Here, the verification area is defined

To assess the predictability and forecast error of the  as the region [15-30°N, 125-150°E] (red closed
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Fig. 4. High-frequency component of 200-hPa height (contour) at intervals of 30 m and 5-day running mean 200-
hPa height (striped gray shading) at intervals of 100 m from 12,000 m to 12,500 m in (left) the reanalysis and (right)
ensemble mean forecast. Red solid and blue dashed contours denote the positive and negative high-frequency
components of height, respectively. (a, d) 18 August, (b, €) 19 August, and (c, f) 20 August 2016.

curve in Fig. 3b), where the large ensemble spread
of 850-hPa height is seen in the lead time of +7 day
(Fig. 3b). In the reanalysis (black line in Fig. 5a), the
positive vorticity over the verification area clearly
increases after the lead time of +5 day, consistent with
the enhanced monsoon trough (Figs. 11, ). The lower-
level relative vorticity in all ensemble members (gray
thin lines) and ensemble mean (black dashed line), by

contrast, fail to predict the enhanced monsoon trough
after the lead time of +5 day, accompanied by the in-
creasing ensemble spread (error bars). The difference
in the relative vorticity between the ensemble mean
(black dashed line) and reanalysis (black line) also
greatly increases after the lead time of +5 day, result-
ing in large forecast errors.
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(a) Timeseries of Vor850

4. Ensemble-based simple sensitivity analysis

20 A SVi-exp To identify the initial perturbation fields that can
16| o Sv2-exp contribute to maximize the perturba?ion of the ‘mon-
~ o CTL-exp soon trough south of Japan, the simple sensitivity
'n o\ analysis (Enomoto et al. 2015) described in Section 2
© 121 A was performed. Here, the norm of perturbation at the
2 verification time (i.e., the norm of z) was calculated
; 8 from the 5-day running mean perturbations over the
3 verification area between pressure levels from 1000 to
o 4 500 hPa in the lead time of +7 day (23 August). The
> sensitive regions obtained from the first and second
Ot ---mmmmmm o components of SVs, and their sum (hereafter referred

to as SV1, SV2, and SV1+2), which explains about

-4 . . . . . . . 33, 22, and 55 % of the total variance, respectively,

0 1 2 3 4 5 6 7 8 are shown in Fig. 6. The SV1+2 shown in Fig. 6a in-
Forecast day dicates the two major sensitive regions from northern

g : Europe to Central Asia and over the Bering Sea. The
"_w (b) lefe rl.enlce Ifrolrn Ctl " sensitive region over the Bering Sea is clearly detect-
© ed as SV1 (Fig. 6b), corresponding to the trough south
= of Alaska in the upper troposphere, which is one of
= the origins of the southwestward intruding upper-level
% high-PV airmass toward the region to the southeast of
o Japan. Meanwhile, the sensitive region from northern
g Europe to Central Asia is identified as SV2 (Fig. 6¢),
g -6 07 5 3 4 5 & 7 B corresponding to the wave train near the Asian jet

Forecast day

Fig. 5. (a) Daily time series of 850-hPa relative

vorticity (unit: 10 s™') averaged over the verifi-
cation area [15-30°N, 125-150°E] in the re-
analysis (black line), control run (green dashed
line), all ensemble members (gray thin line), and
the ensemble mean (black dashed line) from the
initial time to the lead time of +9 day (25 August
2016). Error bars denote the ensemble spread
represented by 1 standard deviation. Red trian-
gles, blue squares, and green circles connected
by lines indicate the results of the SV1-, SV2-,
and CTL-experiments, respectively. (b) Same as
(a) but the differences from the control run for
the ensemble members (gray thin line) and those
from the CTL-experiment for the SV1-experi-
ment (red line) and SV2-experiment (blue line),
respectively.

entrance region. Although these sensitive regions are
shown by the vertically integrated (from 1000 hPa to
100 hPa) MTE, they are centered in the upper tropo-
sphere above 500 hPa (not shown). It also indicates
their close relationships with the upper-level atmo-
spheric variability.

To examine the time evolution of the identified
sensitive regions until the verification time, daily
MTE derived from the regressed perturbations onto
SV1 and SV2 during the forecast period is shown in
Fig. 7. The large MTE in SV1 over the Bering Sea at
the initial time (Fig. 6b) extends and intrudes south-
westward (Figs. 7a—c), which is accompanied by the
trough extending southward in the upper troposphere
(contours in the figures). The time evolution of the
perturbations in SV1 thus corresponds to the south-
westward intrusion of the upper-level high-PV airmass
associated with the RWB east of Japan (middle panels
in Figs. 1, 2), contributing to the large perturbation
over and around the verification area (Figs. 7c, d).
The MTE in SV2 near the Asian jet entrance region
(Fig. 6¢) expands eastward in the lead time of +2 day
(Fig. 7e), also contributing to the large perturbation
over the WNP, including the verification area after-
ward (Figs. 7f—h). To further assess the downstream
influence of the sensitive region in SV2, a Hovmdller
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diagram of the MTE normalized by the zonal mean  (g) SV1+2 (55.20%)

averaged between 35°N and 70°N from the initial 8
time to the lead time of +8 day (24 August) is shown
in Fig. 8. The large MTE propagates eastward from 7
30°E to the east of Japan (bold dashed line in Fig. 8) 6
during the period from the initial time to the lead time 5
of +4 day, clearly showing its influence on the large
perturbation east of Japan afterward. It is consistent 4
with the eastward propagation of the ensemble spread 3
described in Fig. 3¢ and is presumed to be associated 5
with the Rossby wave propagation (left panel in Fig.
2) and the eastward migrating transient disturbances (1J /kg)
(right panel of Fig. 4) over Eurasia.

These results indicate that the initial perturbation (b) SV1 (
near the Asian jet entrance region and over the Bering e e
Sea can contribute to the limited predictability of the ,j..“.' !.,,é',‘ﬁ = 4.5
enhanced monsoon trough through the meandered &y ;3‘«((‘?"0‘ A 4.0
Asian jet and consequent southwestward intrusion of & '( P M/’ = 35
the upper-level high-PV airmass associated with the - O ‘
RWB east of Japan. 3.0
5. Perturbed hindcast experiments 25

The aforementioned simple sensitivity analysis 20
indicates that the initial perturbations over the sensi- 15
tive regions linearly grow and can contribute to the 1.0
maximized perturbation south of Japan in the lead U/kg)
time of +7 day (23 August). To assess the validity
of the assumption on the linear perturbation growth,
perturbed hindcast experiments given by the initial 4.0
perturbations in SV1 and SV2 (hereafter referred to 35
as SV1- and SV2-experiments), with their norms of ’
the MTE shown in Figs. 6b and 6c, were conducted 30
using a nonlinear atmospheric general circulation 25
model (JMA’s GSM). To focus on the impacts of 20
the perturbations in the upper troposphere on those
in the lower troposphere, the initial conditions were 15
perturbed above a pressure level of 500 hPa. Figure 1.0
9 shows the difference in 850-hPa stream function 0.5
between the SVI1- and SV2-experiments and un- (J/kg)

perturbed experiment (CTL-experiment) in the lead
time of +7 day. Both experiments show negative
(cyclonic) perturbations over the subtropical WNP in
the lower troposphere (Figs. 9a, b), indicating that the
initial perturbations in SVI1 and SV2 can contribute

Fig. 6. Sensitive regions of (a) SV1+2, (b) SVI,
and (c) SV2, represented by MTE (shading;
unit: J kg™") derived from a linear combination
of initial perturbations in all perturbed ensemble

to the intensity of the monsoon trough. The cyclonic members. The variances of the SVs (unit: %) are
perturbations over the subtropical WNP are consistent denoted above the panels. Contours indicate 200-
with the results of the simple sensitivity analysis, indi- hPa geopotential height (unit: m) at the initial
cating the valid assumption on the linear perturbation time. Dashed black closed curves denote the ver-
growth. Note that the centers of the cyclonic perturba- ification area [15-30°N, 125-150°E].

tions slightly shift eastward from the verification area
(dashed red closed curve in Fig. 9), suggesting a pos-
sible contribution of the nonlinear perturbation growth
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Same as Fig. 6 but for the MTE derived from the regressed perturbations onto (left) SV1 and (right) SV2 in

the lead time of (a, e) +2 day, (b, f) +4 day, (c, g) +6 day, and (d, h) +7 day. The MTE and geopotential height in (d)

and (h) are derived from the 5-day running mean.
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Fig. 8. Hovmoller diagram of vertically integrated (from 1000 hPa to 100 hPa) MTE derived from the regressed
perturbations onto SV2 normalized by the zonal mean (shading) and 200-hPa meridional wind anomalies predict-
ed by the ensemble mean (contour; unit: m s ') averaged between 35°N and 70°N from the initial time to the lead
time of +8 day (24 August 2016). Black bold dashed line shows a longitude line of 135°E near Japan.
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Fig. 9. Five-day running averages of the difference in 850-hPa stream function from the CTL-experiment for the (a)
SVl-experiment and (b) SV2-experiment (shading; unit: 10° m* s™') in the lead time of +7 day. Contours denote
the 850-hPa stream function in the (a) SV1- and (b) SV2-experiments at intervals of 2 x 10° m* s™'. Green triangles
denote predicted central positions of cyclones south of Japan at 12 UTC in the lead time of +7 day for the (a) SV1-
and (b) SV2-experiments. Black shadings indicate a region with altitudes exceeding 1,600 m.
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Fig. 10. Difference in 200-hPa stream function between the SV1-experiment and CTL-experiment (shading; unit:
10° m® s7") in the lead time of (a) 0 day (i.e., initial day), (b) +2 day, (c) +4 day, and (d) +5 day. Contours denote
the 200-hPa stream function in the SV 1-experiment at intervals of 5 x 10°m” s™". The stream function in (d) is de-

rived from the 5-day running mean.

that cannot be represented in the simple sensitivity
analysis. The predicted central positions of the lower-
level cyclones at 12 UTC in the lead time of +7 day
(green triangles in Fig. 9) are largely different between
the SV1- and SV2-experiments, and the cyclone in the
CTL-experiment cannot be detected to the south of
Japan. These large differences in the predicted cyclone
may contribute to the eastward shifted lower-level cy-
clonic perturbations. Positive (anticyclonic) perturba-
tions, by contrast, are seen west of the dateline in both

SV1- and SV2-experiments, indicating the extended
NPSH toward the region. These perturbations show
the southwest—northeast-oriented dipole structure,
with the cyclonic perturbation over the subtropical
WNP and the anticyclonic one west of the dateline,
which is like the northeastward shifted PJ pattern and
is consistent with the anomalous circulation on 23
August (right panels in Figs. 1, 2).

To examine the influence of the upper-level initial
perturbation over the Bering Sea in SV1 on the low-
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Fig. 11. Hovmdller diagram of vertically integrated (from 1000 hPa to 100 hPa) MTE normalized by the zonal mean

(shading) and differences in 200-hPa meridional wind between the SV2-experiment and CTL-experiment (contour;
unit: m s') averaged between 35°N and 70°N from the initial time to the lead time of +8 day (24 August 2016).
The MTE is derived from the perturbations of the SV2-experiment from the CTL-experiment. Black bold dashed

line shows a longitude line of 135°E near Japan.

er-level cyclonic perturbation over the subtropical
WNP at the lead time of +7 day, differences in 200-
hPa stream function between the SV1-experiment and
CTL-experiment are shown in Fig. 10. A negative
(cyclonic) perturbation over the Bering Sea at the
initial time (Fig. 10a) intrudes southwestward toward
the region to the southeast of Japan (Figs. 10b—d)
in the upper troposphere. The time evolution of the
perturbations in the SV1-experiment corresponds to
the southwestward intrusion of the upper-level high-
PV airmass associated with the RWB east of Japan. It
is consistent with the time evolution of MTE derived
from the regressed perturbations onto SV1 (left panel
of Fig. 7), also indicating the impact on the large
perturbation of the monsoon trough at the verification
time (Fig. 9a).

The influence of the upper-level initial perturbation
in SV2 on the perturbations over the WNP is also
clearly seen in their longitude-time cross section.
Figure 11 shows a Hovmoller diagram of the MTE,
which is derived from the perturbations of the SV2-
experiment from the CTL-experiment, normalized
by the zonal mean averaged between 35°N and 70°N
from the initial time to the lead time of +8 day (24
August). As with the result of the simple sensitivity
analysis (Fig. 8), the large perturbations propagate
eastward from 30°E to near the dateline through the
region near Japan (bold dashed line in Fig. 11) during

the period from the initial time to the lead time of +4
day, indicating the impacts on the large perturbation
east of Japan afterward. Meridional wind perturbation
in the upper troposphere (contours in Fig. 11) further
exhibits both the quasi-stationary and ecastward
migrating wave train structures until the lead time of
+4 day, indicating that the eastward propagation of
the initial perturbations is associated with the Rossby
wave propagation and eastward migrating transient
disturbances over Eurasia. The eastward propagation
of the perturbations from the Asian jet entrance region
to the region near the dateline is also clearly seen even
in the experiment in which the initial perturbations
obtained from SV2 are limited over Eurasia alone
(not shown). This result further confirms an essential
contribution of the initial perturbations near the Asian
jet entrance region to the enhanced monsoon trough at
the verification time.

Daily time series of the areal average of 850-hPa
relative vorticity over the verification area in the
SV1-, SV2-, and CTL-experiments are shown in Fig.
5a. The relative vorticities in the SV1-experiment
(red triangles) and SV2-experiment (blue squares) in-
crease after the lead time of +5 day and reproduce the
enhanced monsoon trough compared to the ensemble
forecasts (gray thin and black dashed lines) that fail
to predict that. The intensities of the cyclonic circula-
tions in the SV1- and SV2-experiments are prominent
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and strongest between all ensemble members in the
lead time of +7 day, in contrast to that in the CTL-ex-
periment (green circles), which is within the range
predicted by the ensemble members. The differences
in the lower-level cyclone intensity of the SVI-
experiment (red line in Fig. 5b) and SV2-experiment
(blue line in Fig. 5b) from the CTL-experiment are
almost the same as or larger than those of the ensem-
ble member with the highest vorticity from the control
run (gray line in Fig. 5b) in the lead time of +7 to
+8 days. The large positive differences in the lower-
level vorticity for the SV1- and SV2-experiments
from the CTL-experiment are consistent with the
maximized perturbation to the south of Japan. The
lower-level vorticity time series in the SVI1+2-
experiment is almost the same as those in the SVI1-
and SV2-experiments, and the monsoon trough is
stronger than the CTL-experiment (not shown). The
cyclonic circulations shown in the SV1- and SV2-
experiments further show the reduced forecast errors
of the monsoon trough compared to the ensemble pre-
dictions, although the intensity is still largely under-
estimated compared to the reanalysis (black line). The
underpredicted positive vorticity from the lead time
of +2 day to +4 day in the perturbed hindcast experi-
ments compared to the operational ensemble forecast
may be due to the difference in the dataset to give the
initial conditions between JRA-55 and the GANAL, as
described in Section 2. A detailed comparison with the
perturbed hindcast experiment using the GANAL will
provide us with further understanding of the differenc-
es in the predicted lower-level vorticities between the
operational forecast and hindcast experiment in this
study.

These results from the perturbed hindcast experi-
ments also indicate that the initial perturbation near
the Asian jet entrance region and over the Bering Sea
can contribute to the predictability of the enhanced
monsoon trough, supporting the results of the simple
sensitivity analysis in the valid assumption on the
linear perturbation growth.

6. Concluding remarks

This study investigated the predictability of the en-
hanced monsoon trough south of Japan in late August
2016 using the JRA-55 reanalysis dataset and JMA’s
operational one-month ensemble forecast dataset.

The enhanced monsoon trough in late August
2016 was caused by the propagation of amplified
Rossby waves along the Asian jet and consequent
southwestward intrusion of the upper-level high-PV
airmass toward the region to the southeast of Japan

associated with the RWB east of Japan. The influence
of the amplified Rossby waves along the Asian jet
on the enhanced monsoon trough was consistent
with the linking process indicated by TM20. The
ensemble prediction during the forecast period of a
week underestimated the intensity of the Rossby wave
propagation and the RWB east of Japan and failed to
predict the enhanced monsoon trough. In the upper
troposphere, the ensemble spread maxima extended
from south of Alaska to the subtropical WNP during
the forecast period, indicating the contribution of the
limited predictability of the southwestward intruding
high-PV airmass associated with the RWB to that of
the enhanced monsoon trough. The upper-tropospheric
ensemble spread maxima near the Asian jet entrance
region also propagated eastward along the Asian jet
until the lead time of +4 day, associated with the
Rossby wave propagation and the eastward migrating
transient disturbances, contributing to the limited
predictability of the RWB east of Japan. The existence
of eastward migrating transient disturbances along
the meandered Asian jet described in Fig. 4 is one of
the remarkable features, even though baroclinicity in
mid-latitudes in summer is climatologically smallest
in the year (e.g., Nakamura 1992). It motivates us to
further examine the influences of the active transient
disturbances on the maintenance of the RWB east of
Japan as indicated by Yamazaki and Itoh (2013a, b).
The simple sensitivity analysis based on ensemble
SVs with the verification area south of Japan showed
the sensitive regions over the Bering Sea and near the
Asian jet entrance region as SV1 and SV2, respective-
ly. The result of the sensitivity analysis indicated that
the initial perturbations over the regions can efficient-
ly grow and propagate toward the region to the south
of Japan, contributing to the limited predictability of
the enhanced monsoon trough, consistent with the
variation of the ensemble spread during the forecast
period. The contribution rate of the initial perturbation
over the Bering Sea and near the Asian jet entrance
region can be approximately estimated as 33 % and
22 % from the variance of SVI and SV2, indicating
the primary and secondary factors causing the lim-
ited predictability of the enhanced monsoon trough,
respectively. The sensitive region for the weighted
average from SV3 to SV10 is seen over tropics,
particularly over the central to eastern tropical North
Pacific, although each SV mode has a small variance
(not shown). This result suggests a relatively insignif-
icant contribution of tropical variability such as con-
vective activities over the intertropical convergence
zone to the predictability of the monsoon trough in
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late August 2016. Duchon, C. E., 1979: Lanczos filtering in one and two di-

The perturbed hindcast experiments with the initial
perturbations in both SV1 and SV2 reproduced the en-
hanced monsoon trough south of Japan, in contrast to
the operational ensemble forecast that failed to predict
that. The results of the perturbed hindcast experiments
supported the result of the simple sensitivity analysis
and showed the validity in the assumption on linear
perturbation growth. These results indicate the crucial
contributions of the initial perturbations around the
RWB and along the meandered Asian jet to the limited
predictability of the persistent monsoon trough in late
August 2016.

The results shown in this case study suggest that the
precise prediction of the enhanced monsoon trough
due to the variability in mid-latitudes during the fore-
cast period of one week still remains a challenging
task as described in Fig. 5a. To further assess the
causal relationship from the underestimated RWB east
of Japan to the failed prediction of the enhanced mon-
soon trough in the operational ensemble forecast, we
are planning to perform an impact experiment using
the JIMA’s GSM, which nudges the forecast over the
region of the RWB toward the reanalysis during the
time integration. The result of the impact experiment
will be presented in our future paper.
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