
1.  Introduction
Observational studies have shown that the 30–90-day-period intraseasonal oscillation (ISO) in the tropi-
cal atmosphere strongly influences tropical cyclone (TC) activity (Kikuchi & Wang, 2010; Klotzbach, 2014; 
Liebmann et al., 1994; Nakazawa, 2006; Yoshida et al., 2014). Previous model studies have shown that the 
ISO is a major source of predictability for TC activity at subseasonal (2 week to 2 month) time scales (Na-
kano et al., 2015; Vitart, 2009). In the western North Pacific (WNP), the most active basin of TC activity on 
the globe, Yoshida et al. (2014) showed that more TCs form in the enhanced convective phases of the boreal 
summer ISO (BSISO; Kikuchi, 2021; Kikuchi et al., 2012; Wang & Rui, 1990; Wang & Xie, 1997) while less 
TCs form in the suppressed convective phases. Nakano et al. (2015) showed that a successful simulation of 
the eastward extension of the monsoon trough in the WNP associated with the enhanced convective phases 
of the BSISO leads to accurate TC genesis forecasts using a cloud system-resolving model.

Understanding the dynamic background of TC track predictability at subseasonal time scales and improv-
ing the numerical weather prediction models are essential to mitigate the risk and impact of TCs. Previous 
studies have shown that TC tracks in the WNP are influenced by background fields such as the WNP sub-
tropical high and monsoon trough (Camargo et al. 2007; Harr & Elsberry 1991, 1995), as well as the BSISO 
(Li & Zhou, 2013). However, these studies were based on the means of the entire typhoon season (e.g., 
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June–November). Considering that the BSISO behavior is affected by background fields, such as the vertical 
wind shear (Jiang et al., 2004; Wang & Xie, 1997), which may be influenced by the monsoon trough and 
subtropical high, and that the large-scale field varies considerably month to month in boreal summer in the 
WNP (Hirata & Kawamura, 2014; Kawatani et al., 2008), the impact of the BSISO may also change from 
month to month. Here, we examine how TC tracks in the WNP are modulated by the BSISO for each month 
of the TC season (June−October) using the best track data and how well the modulation is reproduced in 
the European Centre for Medium-Range Weather Forecasts (ECMWF) model.

2.  Method and Data
The ECMWF model data were produced using the Integrated Forecasting System (IFS) Cy43r3 and are 
available from the Subseasonal to Seasonal prediction project (S2S) database (Vitart et al., 2017). The data 
consist of an 11-member ensemble of 46-day forecasts produced twice a week. The forecast data initialized 
in the period of 1998–2016 were analyzed and compared with observations over the same period.

The BSISO phase and amplitude were calculated using the real-time monitoring method proposed by Ki-
kuchi et al. (2012; see Section 6), which is based on an extended empirical orthogonal function analysis 
(Weare & Nasstrom, 1982) for three time steps (days −10, −5, and 0) of the outgoing longwave radiation 
(OLR) in boreal summer (June−August). National Oceanic and Atmospheric Administration OLR data 
(Liebmann & Smith, 1996) were used as the observations. Kikuchi et al. (2012) calculated the OLR anomaly 
by subtracting the climatological mean and the three harmonics of the climatological seasonal cycle. To 
treat the observations and the model simulations in the same manner, the observed OLR anomaly was cal-
culated by subtracting the daily climatology, which was linearly interpolated from the monthly climatology. 
The seasonal cycle of the interpolated daily climatology from the monthly climatology was very similar to 
that calculated by the method used in Kikuchi et al. (2012). The model OLR anomaly was calculated by sub-
tracting the model climatology, which was calculated on a monthly basis and then interpolated to the model 
initial date. Therefore, the model bias, which generally grows with the forecast lead time, was also subtract-
ed. In this study, we defined phases 5–8 as the enhanced BSISO phases and phases 1–4 as the suppressed 
BSISO phases in the WNP. The phases were defined in the observations and in the model. The accuracy of 
the predicted BSISO phases and amplitudes was not considered in this study, which instead focuses on how 
the model accurately reproduces the impact of the BSISO.

Observed TC tracks were retrieved from the International Best Track Archive for Climate Stewardship (IB-
TrACS; Knapp et al., 2010) v03r10. TCs are considered to have formed at the time when the storms reach 
tropical storm intensity (maximum surface wind speed >34 kt). In the ECMWF model, storms are tracked 
using the method proposed by Vitart et al. (1997), which searches for the low-level vortex and sea surface 
pressure minimum associated with a warm core structure. Storms that retain a maximum surface wind 
speed higher than 25 kt for at least 2 days are regarded as TCs in the model. TCs in the model detected at 
the initial date were excluded from the analysis to avoid contamination by pre-existing TCs that formed 
prior to the model initial date. These thresholds were determined using the TC frequency averaged over the 
TC season (0.111 day−1), which is similar to the observed frequency (0.116 day−1). TCs formed in the WNP 
(100–180°E, 0–25°N) were analyzed both in the observations and in the model. To focus on the impact of the 
BSISO on the TC track, the TC track density for TCs formed in the enhanced and suppressed BSISO phases 
within a certain forecast lead week were normalised by the number of TCs formed in each respective BSISO 
phase; then, the difference in the normalised TC track density between the enhanced and suppressed BSISO 
phases was analyzed.

The TC motion was determined according to the large-scale advecting flow (steering flow) and the interac-
tion between TCs and the large-scale flow including the planetary vorticity (the beta effect; Holland, 1983). 
To discuss the source of the model error, a beta and advection model (BAM) was used. In BAM, the TC 
tracks are determined by the beta effect and the steering flow, which is the average of the horizontal wind 
in the vertical (850–200 hPa) and horizontal (10° × 10° centered on each grid) directions. Marks (1992) es-
timated the beta effect with angles ranging from 295° to 315° and speeds ranging from 1 to 3 m s−1. Colbert 
and Soden (2012) used a constant angle of 315° and a variable speed of 1.5–5 m s−1 in their experiments. 
We assume that the effect is constant; TCs are translated with a speed of 2.5 m s−1 in the 315° direction 
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(northwestward) by the beta effect. We also assume TCs do not die out until they reach the boundary of the 
analysis area (0–60°N, 100–180°E). ERA-Interim data (Dee et al., 2011) were used to estimate the observed 
steering flow.

3.  Results
3.1.  Impact of the BSISO on the TC Tracks

Figure 1 shows the difference in the normalised TC track densities between the enhanced and suppressed 
BSISO phases in the WNP. In the observations (Figure 1, leftmost panels), the BSISO significantly influenc-
es the TC tracks but its effect varies based on the region and month. In June, TCs formed in the enhanced 
BSISO phases are more likely to hit the Philippines, China and Korea and less likely to hit Taiwan and west-
ern Japan than those formed in the suppressed BSISO phases. In July, TCs formed in the enhanced BSISO 
phases are more likely to hit China and the Philippines and less likely to move south of Japan. In August, 
the difference is not significant over the analysis area. In September, TCs formed in the enhanced BSISO 
phases are more likely to hit the Philippines and South China and less likely to hit Japan. In October, inter-
estingly, the tendencies are virtually reversed: TCs formed in the enhanced BSISO phases are more likely to 
hit Japan and less likely to hit the Philippines and South China.

Despite the number of TCs being much higher in the ECMWF model because of the 11-member ensemble, 
the model simulates a similar distribution of the differences in the TC track density to the observations at 
forecast lead times of up to a week, in which the model error is small. This result indicates that the observed 
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Figure 1.  The monthly difference in the normalised TC track density between the enhanced (5–8) and suppressed (1–4) BSISO phases in the WNP (day−1). 
The uppermost panels are for June and the lowermost panels are for October. The leftmost panels show the best track data, with the ECMWF model with 
forecast lead times of 1–6 weeks arrayed to the right. The area without hatch indicates where the null hypothesis (that the difference is zero) is rejected at a 90% 
significance level according to the bootstrap method with sampling repeated 10,000 times. BSISO, boreal summer ISO; ECMWF, European Centre for Medium-
Range Weather Forecasts; WNF, western North Pacific.
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impact of the BSISO on the normalised TC track density is robust. In 
addition, the ECMWF model successfully reproduces the impact of the 
BSISO on the TC track up to a month in advance, especially for July and 
September. The model performance is, however, low, especially in Au-
gust (Figures 1 and 2a). In general, the difference becomes less clear and 
the model performance deteriorates as the forecast lead time increases 
except for August. In August, the model performance improves along 
with the forecast lead time, but the correlation is still quite low (∼0.4 at 
week 5). Because almost all regions showed that the observed differences 
in the TC track density were statistically insignificant (the third raw of 
Figure 1), this may have been influenced by under-sampling of the ob-
servation data.

3.2.  Cause of Model Error

The error in the impact of the BSISO on the TC tracks should originate 
from those of the TC genesis location and/or the steering flow. Figure S1 
shows the monthly difference in the normalised TC genesis density be-
tween the enhanced and suppressed BSISO phases. The observed differ-
ence in the TC genesis frequency is different from the TC track density 
even at low latitudes (Figure 1). This result suggests that the differences 
in both the TC genesis density and the steering flow contribute to that in 
the TC track density. In June, July, and September, more TCs form south 
of 20°N and less TCs form north of 20°N in the enhanced BSISO phases. 
The active TC formation region is collocated with the active convection 
region and the inactive TC formation region is collocated with the inac-
tive convection region in the enhanced BSISO phases (Figure S2). The 
ECMWF model qualitatively reproduced these different distributions of 
TC genesis well in July and September but with less accuracy as the fore-
cast lead time increases. The active convection region is slightly tilted to 

the south with longitude in the observation data and week 1 of the model but this becomes a west-east 
orientation as the forecast lead time increases. Moreover, the inactive convection region north of the active 
convection becomes unclear. These model biases for the convective activity may contribute to the biases 
in the TC genesis distribution in July and September. Conversely, in August and October, the observed 
differences do not have a well-defined pattern, which is probably hard to reproduce in the model. As for 
the steering flow, Figure S3 shows the monthly differences in the steering flow between the enhanced and 
suppressed BSISO phases. In general, the westerly anomaly is large in the southern Philippines and extends 
east up to 150°E. A large easterly anomaly can be seen near 20°N in June−July and September. This anom-
aly shifts northward (near 30° N) in August. These anomalies are related to the eastward extension of the 
monsoon trough in the enhanced phases of the BSISO. The extension enhances the low-level large-scale 
vorticity. Thus, TCs are more likely to form along the shear line lying between the westerly and easterly 
anomalies (Figure S1) (Nakano et al., 2015; Yoshida et al., 2014), and those TCs tend to be translated by 
stronger easterlies at low latitudes as observed in June, July, and September (Figure 1). Features of the steer-
ing flow anomaly at low latitudes are relatively well simulated in the ECMWF model. At midlatitudes, the 
anomalies of both the zonal and meridional components are complex. For example, an anticyclonic anom-
aly can be found just south of Japan in July and the anomalous flow significantly meanders east of Japan 
in September. These anomalous flows in the model became weak and zonal with longer forecast lead times.

To summarize, Figures 2b–2d show the spatial correlations between the observations and the model data 
of the difference in the TC genesis density and the zonal and meridional components of the steering flow 
between the enhanced and suppressed BSISO phases, respectively, as a function of the forecast lead time in 
the analysis area, which is the same as shown in Figure 1 (0–50°N, 100–180°E). In general, the correlation of 
the TC genesis density is the lowest, ranging from 0.4 to −0.2, and that of the zonal component of the steer-
ing flow is the highest, ranging from 1 to 0.7. The correlation of the meridional component of the steering 
flow is between these ranges (ranging from 1 to 0.1). These results suggest that the error in the TC genesis 
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Figure 2.  The spatial correlation coefficient (y-axis) between the 
observations and the ECMWF model of the (a) normalised TC genesis 
frequency, (b) normalised TC genesis density and (c) zonal and (d) 
meridional components of the steering flow in the analysis area (0–50°N, 
100–180°E) for each forecast lead time (x-axis in weeks). ECMWF, 
European Centre for Medium-Range Weather Forecasts.
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density largely contributes to the error in the TC track density. In other words, model performance for TC 
genesis density for each month would result in the different prediction skill for each month.

To investigate this point further, four sensitivity experiments, OG-OS, MG-MS, MG-OS, and OG-MS, were 
conducted using BAM. Here “O,” “M,” “G,” and “S” stand for observed, modeled, genesis and steering flow, 
respectively. For example, in the OG-OS experiments, which imitate the observations, BAM advects TCs 
from the observed position of TC formation using the observed monthly mean steering flow. In the MG-
MS experiments, which imitate the ECMWF model, BAM advects TCs from the modeled position of TC 
formation in the ECMWF model using the monthly mean steering flow simulated in the ECMWF model. 
The MG-OS and OG-MS experiments were conducted to examine the impacts of the ECMWF model on TC 
formation and steering flow, respectively.

Figure 3 shows the results of the experiments for week 6. Note that the results are qualitatively the same 
for other forecast lead times (not shown). Interestingly, OG-OS (Figure 3a) qualitatively reproduced the 
observed impact of BSISO on the TC tracks well except for October (see the left panels of Figure 1), despite 
the TCs being advected by the monthly mean steering flow, ensuring that the BAM is useful for our purpose 
in general. This also supports the idea that the BSISO affects the likelihood of the TC track pattern. The MG-
MS experiments (Figure 3b) show a weak impact of the BSISO on the TC tracks, as analyzed in the ECMWF 
model data analysis (Figure 1). The OG-MS experiments (Figure 3c) show qualitatively similar results to 
those of the OG-OS experiments (Figure 3a), especially south of 35°N. The MG-OS experiment (Figure 3d) 
shows qualitatively similar results to those of the MGMS experiments (Figure 3b). These results suggest 
that model errors in the differences in the BSISO impact on the TC genesis location cause larger errors in 
the differences in the TC tracks between the enhanced and suppressed BSISO phases than does the steering 
flow. In October, a high-speed steering flow (>15 m s−1) region, which is associated with the subtropical jet 
intrudes south of 30°N (Figure S4). The interaction between TCs and transient eddies at midlatitudes (e.g., 
baroclinic waves), which are not able to be represented by the monthly mean field used in the BAM, are 
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Figure 3.  BAM results using observed (O)/modeled (M) TC genesis (G)/Steering flow(S) in the months of June 
(uppermost)−October (lowermost). BAM, beta and advection model.
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more likely happen. Thus, the BAM probably cannot properly simulate 
the impact of the BSISO on TC track in that month.

4.  Summary and Discussion
In this study, the impact of BSISO on the TC tracks and how the tracks are 
simulated in the ECMWF model were investigated. The TC tracks were 
significantly influenced by the BSISO state, and the way that BSISO af-
fects the TC tracks showed regional and seasonal variations (Figure 1). 
For example, the normalised TC track density (i.e., normalised by the TC 
number) in the enhanced BSISO phases tends to be significantly higher 
in the seas adjacent to the northern Philippines throughout the TC sea-
son. Conversely, the track density around Japan displays a pronounced 
seasonal dependence: it is significantly lower in September, while it is 
higher in October. The ECMWF model successfully reproduced these 
features with up to a month lead time, especially in July and September 
(Figure 2). To investigate which model error contributes to that of the TC 
track, the spatial correlations of the TC genesis density and the steering 
flow between the observations and the model were examined. The result 
suggested that the major source of model error for the TC track density 
results from errors in the TC genesis density. The source of the model 
error for the TC tracks was further investigated using BAM. The results 
confirmed that the error in the TC genesis density distribution is the ma-
jor source of error in the TC track density (Figure 3).

Previous studies showed that differences in the genesis potential index 
(GPI; Emanuel & Nolan  2004) can represent the differences in the TC 
genesis density for some long-time scale phenomena, such as the El Nino 
Southern Oscillation (Camargo, Emanuel, et al. 2007; Camargo, Robert-
son, et al. 2007) and the intraseasonal oscillation (Camargo et al. 2009). 
Therefore, the question arises as to whether the model can reproduce 
differences in GPI between the enhanced and suppressed BSISO phas-
es. Figure 4 shows the monthly difference in GPI between the enhanced 
and suppressed BSISO phases in the observations and the model at a lead 
time of 6 weeks. The model reproduced the observed distribution of the 
difference in GPI even for a forecast lead time of 6 weeks. The difference 
in GPI reflects the difference in the TC genesis density to some degree in 
June, July, and September; GPI is higher in the enhanced BSISO phases 

in June from the South China Sea to east of the Philippines. In addition, in July and September, GPI is lower 
north of the higher GPI area, as can be seen in the difference in the TC genesis density between the en-
hanced and suppressed BSISO phases. Even though the difference in GPI has some structure in August and 
October, the difference in the TC genesis does not display well-defined patterns (Figure S1). More recently, 
Moon et al.  (2018) proposed the intraseasonal GPI and found that the midtropospheric upward motion 
anomaly associated with the BSISO is correlated well with the boreal summer TC genesis density anomaly. 
Because large-scale midtropospheric upward motion is usually collocated with active convection region, 
relationship between the OLR anomaly and normalized TC genesis density anomaly for the enhanced and 
suppressed phases of BSISO is examined (Figure S2). As seen in the GPI analysis, the OLR anomaly does not 
represent the TC genesis density anomaly in August and October. These results indicate that the difference 
in GPI is not always suitable to estimate the modulation of TC genesis by the BSISO, especially in August 
and October.

The GPI estimates the favourability of TC formation using large-scale environmental parameters (e.g., 
low-level vorticity, mid-level relative humidity, the deep-layer vertical shear of the horizontal wind and 
the maximum potential intensity, which reflects the vertical thermodynamic structure of the atmosphere). 
However, answering the question “why is the GPI unable to represent the TC genesis density anomaly in 
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Figure 4.  Monthly difference in GPI between the enhanced and 
suppressed phases of the BSISO analyzed in (a) ERA and (b) the ECMWF 
model at a forecast lead time of 6 weeks of June (uppermost)−October 
(lowermost). BSISO, boreal summer ISO; ECMWF, European Centre for 
Medium-Range Weather Forecasts.
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some months?” is beyond the scope of the present study but it is noteworthy that TCs form from tropical 
disturbances (e.g., mixed Rossby-gravity waves or tropical depressions; Takayabu & Nitta, 1993) as well as 
extratropical systems (e.g., upper tropospheric cold lows; Fudeyasu & Yoshida, 2019). Indeed, Fudeyasu and 
Yoshida (2019) showed that the number of TC geneses from the upper tropospheric cold lows is the highest 
in August. Yoshida and Fudeyasu (2020) found that the frequency of the easterly wave flow pattern, which 
often transforms into tropical depressions, is the highest in October. Considering the small number of trop-
ical disturbances that transform into TCs, we need to understand how the activity of seeds of TC and their 
survival rate (the fraction of TC formation to tropical disturbances; Lee et al., 2020; Sugi et al., 2020; Yamada 
et al., 2021) are modulated by the BSISO and improve the model performance of TC genesis predictions 
based on this understanding.

Data Availability Statement
The S2S ECMWF reforecast data and ERA-interim data can be obtained from the ECMWF’s meteorological 
archive (MARS; https://apps.ecmwf.int/datasets/). NOAA Interpolated OLR data were provided by NOAA/
OAR/ESRL PSL, Boulder, Colorado, USA, from their website at https://psl.noaa.gov/data/gridded/data.in-
terp_OLR.html. All figures were drawn using the GFD Dennou Club Library (http://www.gfd-dennou.org/
library/dcl/).
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