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Abstract

This study aims to assess whether, and the extent to which, an increase in atmospheric
resolution in versions of the Geophysical Fluid Dynamics Laboratory (GFDL)
High-Resolution Forecast-oriented Low Ocean Resolution Version of CM2.5 (FLOR)
with 50 km and HiFLOR with 25 km improves the simulation of the El Nifio Southern
Oscillation-tropical cyclone (ENSO-TC) connections in the western North Pacific
(WNP). HIFLOR simulates better ENSO-TC connections in the WNP including TC
track density, genesis and landfall than FLOR in both long-term control experiments
and sea surface temperature (SST)- and sea surface salinity (SSS)-restoring historical
runs (1971-2012). Restoring experiments are performed with SSS and SST restored to
observational estimates of climatological SSS and interannually-varying monthly SST.
In the control experiments of HiIFLOR, an improved simulation of the Walker
circulation arising from more realistic SST and precipitation is largely responsible for
its better performance in simulating ENSO-TC connections in the WNP. In the
SST-restoring experiments of HIFLOR, more realistic Walker circulation and steering
flow during El Nifio/La Nifia are responsible for the improved simulation of
ENSO-TC connections in the WNP. The improved simulation of ENSO-TC
connections with HiFLOR arises from a better representation of SST and better
responses of environmental large-scale circulation to SST anomalies associated with
El Nifio/La Nifia. A better representation of ENSO-TC connections in HIFLOR can

benefit the seasonal forecasting of TC genesis, track and landfall, improve our
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understanding of the interannual variation of TC activity, and provide better

projection of TC activity under climate change.

1. Introduction

Tropical cyclones (TCs) are among the most destructive natural hazards
(Emanuel, 2005; Pielke Jr et al., 2008; Peduzzi et al., 2012; Zhang et al., 2009). The
scientific community has paid considerable attention to the analysis of their genesis
(Chia and Ropelewski, 2002; Gray, 1979; Zehr, 1992; Gray, 1998), track (Riehl and
Shafer, 1944; Chan, 1980; Fraedrich and Leslie, 1989; Harr and Elsberry, 1991;
Dobos and Elsberry, 1993; Holland and Lander, 1993), landfall (Tuleya et al., 1984;
Chan and Liang, 2003; Lyons, 2004) and intensity (Dvorak, 1984; Chan et al., 2001;
Emanuel et al., 2004; Wong and Chan, 2004). Advances in the understanding of the
physical and dynamical processes of TCs have been achieved with previous studies.

The ElI Nifio Southern Oscillation (ENSO) phenomenon plays an important
role in modulating the statistics of TC development, genesis and track. ENSO arises
from air-sea interactions in the tropical Pacific (Rasmusson and Carpenter, 1982;
Philander, 1983; Cane and Zebiak, 1985), and modulates weather and climate not only
in the tropics but also the subtropics and extratropics by teleconnections (Wunsch,
1991; Lau and Yang, 1996; Lau and Nath, 1996; Alexander et al., 2002). Mounting
evidence has supported the influence of ENSO on TC genesis (Chan, 1985; Wu and

Lau, 1992; Chan, 2000; Wang and Chan, 2002; Fudeyasu et al., 2006; Wang et al.,
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2007), intensity (Camargo and Sobel, 2005; Chan, 2008; Zhang et al., 2015a), track
(Wang and Chan, 2002; Camargo et al., 2007; Hong et al., 2011; Li and Zhou, 2012),
and landfall (Wu et al., 2004; Fudeyasu et al., 2006; Zhang et al., 2012) in the western
North Pacific (WNP) based on observations. For example, EIl Nifio (La Nifia) favours
(suppresses) basin-wide TC activity measured by accumulated cyclone energy in the
WNP and enhances TC genesis in the southeastern (northwestern) portion of the WNP
(Wang and Chan, 2002; Camargo et al., 2005). More intense typhoons tend to occur
during El Nifio than La Nifia because of the eastward shift in TC genesis and a longer
time spent over warmer water and within a moister environment (Wang and Chan,
2002; Camargo et al., 2005; Zhang et al., 2015a). In addition, TCs are more likely to
make landfall over East Asia during La Nifia years because of a westward shift of TC
genesis and of the subtropical high (Wu et al., 2004; Zhang et al., 2012). In contrast,
there are more recurving TCs during the El Nifio than the La Nifia phase (e.g., Wang
and Chan, 2002; Hong et al., 2011). TC recurvature is a special type of TC track,
turning from westward toward the north and eventually to the northeast in the
Northern Hemisphere (Riehl and Shafer, 1944; George and Gray, 1977).

This connection between TCs and ENSO in the WNP is present not only in the
observational records but is also captured by dynamical models (e.g., Wu and Lau,
1992; Murakami et al., 2011; Chen and Tam, 2010; Kim et al., 2014; Li and Wang,
2014; Vecchi et al., 2014; Krishnamurthy et al., 2015b). Over the decades, models

ranging in complexity from atmospheric general circulation models (AGCMs) to
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coupled general circulation models (CGCMs), have been widely used to simulate the
ENSO-TC connections (Wu and Lau, 1992; Camargo and Sobel, 2005; Murakami and
Wang, 2010; Murakami et al., 2011; Bell et al., 2014; Wang et al., 2014). The
TC-permitting High Resolution Atmospheric Model (HIRAM) has produced
promising simulations of inter-annual variability of hurricanes by prescribing the
observed sea surface temperature (SST) in the North Atlantic (e.g., Zhao et al., 2009,
2010; Chen and Lin, 2011, 2013). CGCMs have also shown encouraging ability to
simulate the ENSO-TC connections across the tropics (Kim et al., 2014; Vecchi et al.,
2014; Wang et al., 2014;Krishnamurthy et al., 2015b; Murakami et al., 2015). AGCMs
have been used for about two decades to simulate the ENSO-TC association in the
WNP and have greatly advanced our understanding of the interannual variation of
TCs over that region (Wu and Lau, 1992; Vitart and Anderson, 2001; Camargo et al.,
2005; Murakami et al., 2011; Li and Wang, 2014; Shaevitz et al., 2014). The 50-km
AGCM used by Zhao et al. (2009) has lower skill in simulating the interannual
variability of TC genesis frequency over the WNP than over the North Atlantic forced
with SST prescribed from the observations. The value of AGCMs forced by historical
SSTs to disentangle the role of climate variability on tropical cyclone activity is
limited by relatively short integration lengths of these runs, as well as because the
observed history of SSTs includes both the impact of radiative forcing and internal
variability. In addition, AGCMs do not allow for ocean response to the atmosphere.

Therefore, it is relatively difficult to isolate the impacts of such forcing when
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analysing ENSO-TC connections. In contrast to a number of studies using AGCMs,
relatively few studies have focused on the ENSO-TC association in the WNP by using
CGCMs (lizuka and Matsuura, 2008; Bell et al., 2014; Kim et al., 2014; Vecchi et al.,
2014; Krishnamurthy et al., 2015b; Murakami et al., 2015).

High-resolution CGCMs have shown better skill than lower resolution
CCGM s in the simulation of ENSO variability (Shaffrey et al., 2009; Delworth et al.,
2012; Dawson et al., 2013; Vecchi et al., 2014; Krishnamurthy et al., 2015b;
Murakami et al., 2015). A new high-resolution coupled climate model has been
developed at the National Oceanic and Atmospheric ~Administration
(NOAA)-Geophysical Fluid Dynamics Laboratory (GFDL), which is called GFDL
Forecast-oriented Low Ocean Resolution Version of CM2.5 (FLOR) (Vecchi et al.,
2014; Jia et al., 2015a; Krishnamurthy et al., 2015b; Yang et al., 2015a). FLOR was
developed to be part of the North American Multi-Model Ensemble (NMME, Kirtman
et al., 2014). FLOR has been used to understand regional seasonal TC activity, and to
simulate and predict regional and extreme climate over regions of the world (Vecchi
et al., 2014; Msadek et al. 2014; Jia et al., 2015a, 2015b; Krishnamurthy et al., 2015a,
2015b; Yang et al., 2015a, 2015b; Zhang et al. 2015b). Although FLOR produces a
relatively satisfactory ENSO-TC association in the WNP, the responses of TC density
and genesis to ENSO still have relatively large bias in this model (Vecchi et al., 2014;
Krishnamurthy et al. 2015b). The regions with positive correlation between Nifio3.4

and TC track density in the Pacific shift eastward to the eastern Pacific in FLOR and
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this shift in TC density may arise from stronger El Nifio events in FLOR, with a more
eastward extension to their convective anomalies resulting in an enhanced negative
response in the eastern Pacific and North Atlantic and the eastward extension of the
western Pacific positive correlation (Vecchi et al., 2014; Krishnamurthy et al., 2015b;
Murakami et al., 2015). Recently, a new high-resolution FLOR (HiFLOR) with 25-km
mesh has been developed in GFDL. Initial results indicate that it produces much
improved hurricane simulations, especially for the category 4-5 hurricanes (Murakami
et al., 2015). The biases in the ENSO amplitude are also reduced in HiFLOR
(Murakami et al., 2015). Based on these results, we assess whether and to what extent
ENSO-TC connections in the WNP are better captured by HiIFLOR. If HiIFLOR
indeed produces a better simulation of the ENSO-TC connections then this leads us to
the question as to how this impacts seasonal forecasting of TC activity and provides
us with an opportunity to advance our understanding of the mechanisms underpinning
the ENSO-TC linkage from a modeling perspective. Better understanding of
ENSO-TC interaction can in turn benefit the simulation and prediction of TCs in the
WNP, and produce more reliable projection of TC frequency, genesis, track and
landfall under global warming.

The remainder of this paper is organized as follows. Section 2 presents data
and methodology and Section 3 discusses the analysis results based on observation
and simulations with FLOR and HiFLOR. Section 4 presents the discussion and

conclusion.
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2. Data and Methodology
2.1 Data

This study uses National Center for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al., 1996) available
from 1948, and Japan Meteorology Agency reanalysis (JRA-55, Kobayashi et al.,
2015) data sets starting from 1961 for observed environmental large-scale circulation.
Because the results based on two reanalysis datasets are consistent, we only show
results from JRA-55. SST data are obtained from the Met Office Hadley Centre with a
spatial resolution of 1°x1° (Rayner et al., 2003). TC data are from the International
Best Track Archive for Climate Stewardship (IBTrACS; Knapp et al., 2010),
including latitude, longitude, date and intensity of historical TCs. The 2.5°x2.5°
monthly precipitation data are obtained from Global Precipitation Climatology (GPCP)
Project from 1979 to present (Adler et al., 2003).
2.2 Climate models

Models used in this study include state-of-the-art CGCMs: FLOR and
HiFLOR. The high-resolution TC-resolving coupled GFDL climate model FLOR was
developed to study extreme weather and climate events such as TCs, extratropical
cyclones, precipitation extremes and floods (e.g., Vecchi et al., 2014; Jia et al., 2015a,
2015b; Yang et al., 2015a, 2015b). The atmosphere and land components are identical
to those of the GFDL Climate Model version (CM) 2.5 (Delworth et al., 2012) with a

spatial resolution of 50 kmx50 km. The ocean and sea ice components of FLOR are
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directly obtained from the CM 2.1 with a spatial resolution of 1°x1° except that there
is refinement of the grid in the deep tropics (from 10°S to 10°N) to approximately 1/3
degree in the meridional direction. The relatively low-resolution ocean and sea ice
components in FLOR are designed for a better efficiency of seasonal forecasting with
large ensembles.

GFDL has developed a higher-resolution version of FLOR (HiFLOR) with a
spatial resolution of 25 km based on FLOR (Murakami et al., 2015). HiFLOR was
developed by increasing the horizontal resolution of atmosphere and land components
while retaining the parameterized physical processes, with the ocean components
directly inherited from FLOR except for the length of dynamical integration time
steps in the atmosphere. Due to the increasing of the dynamical core atmospheric
resolution, the dynamical time-step in HiFLOR is half of that in FLOR. The “physics”
time-step (time-step of the convection, cloud and radiation schemes) in HiFLOR is
kept the same as FLOR (Murakami et al., 2015). Therefore, the differences between
FLOR and HIiFLOR lie fundamentally in the horizontal spatial resolution of the
atmosphere and land components.

2.3 Experiments

Control experiments were run for 300 years in HIFLOR and 1500 years in
FLOR by prescribing radiative forcing representative of 1990. We selected the first
300 years from FLOR control experiment to be consistent with HIFLOR and to be

compared with 300-year control simulation of HiFLOR. Such experiments are
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so-called "free run" in which flux adjustments (Magnusson et al. 2013; Vecchi et al.
2014) are not applied. It is noted that the control experiments are performed under
idealized time-invariant forcing.

In addition to the control experiments with FLOR and HIiFLOR, restoring
experiments over the period 1971-2012 were performed with sea surface salinity
(SSS) and SST restored to observational estimates of climatological SSS and
interannually-varying monthly SST at time scales of five and ten days (Murakami et
al., 2015). The simulated SSS in both models was restored to the World Ocean Atlas
2005 (Antonov et al. 2006) and SST was nudged (restored) to the monthly average
field obtained from the UK Met Office Hadley Centre SST (HadISST1.1; Rayner et
al., 2003). The restoring experiments were conducted with three different initial
conditions for both 5-day and 10-day restoring time scales. The difference in TC
simulation between 5-day and 10-day restoring time scales was small for both FLOR
and HiIFLOR (Murakami et al., 2015), so we treat all six members as a single
population from each model, thereby yielding six ensemble simulations each for
FLOR and HiFLOR. Because both restoring experiments have the same prescribed
SST and SSS, these experiments enable the diagnosis of whether and to what extent
the differences in the ENSO-TC association between FLOR and HiFLOR arise from
the improved performance of the SST simulation.

2.4 Classification of El Nifio and La Nifia years

10
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The observed TC responses to ENSO are here used as a benchmark for the
comparisons between FLOR and HiFLOR. The El Nifio and La Nifia years are
defined based on the Nifio3.4 index, which is the SST anomalies averaged over the
region (5°S-5°N and 170°E-120°W). The SST anomalies are defined as the deviation
from the monthly climatology over the 1979-2000 period. The July—October (JASO)
months during which the Nifio3.4 index is larger/smaller than one standard deviation
are designated as EI Nifio/La Nifa, respectively (Kim et al., 2009; Chen and Tam,
2010). The La Nifia and EI Nifio years for the period of 1961 to 2013 are listed in
Table 1.

The strength of El Nifio and La Nifia events from the control experiments of
FLOR and HIiFLOR has a larger magnitude than the observations (Table 2). One
standard deviation of the anomalous monthly SST is also used as the criterion for
identifying El Nifio/La Nifia years for the FLOR/HIFLOR control experiments, which
is consistent with Murakami et al. (2015). In the restoring experiments of FLOR and
HIiFLOR, we use the same definition of El Nifio/La Nifia years for the period
1971-2012 as in observations because SST was restored to observations. The central
Pacific (CP) El Nifio is not considered because there are few CP EI Nifio events in the
control experiments of FLOR and HiFLOR. Krishnamurthy et al. (2015b) found that
the ENSO amplitude affects the ENSO-TC connections; therefore, if we select El
Nifio/La Nifia years from the control experiments of FLOR and HiFLOR using the

magnitudes of SST anomalies changing from 0.6°C to 1.4°C at an interval of 0.1°C,

11
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the TC responses to ENSO are still consistent with those using one standard deviation
of Nifio3.4. In general, the strength of responses of WNP TC to ENSO is indeed
stronger for stronger ENSO events.
2.5 Landfall regions

Following previous studies (Wu et al., 2004; Zhang et al., 2012), the East
Asian coast is divided into four subregions: Japan and Korea, the Philippines, the
Indochina and Malay Peninsula (ICMP), and China. The landfall frequencies are
calculated for these four subregions, as well as for East Asia as a whole. Although the
Philippines are geographically not part of East Asia, we consider them as one of the
subregions since the Philippines are often at severe threat of landfalling tropical
systems (Wu et al., 2004; Chan and Xu, 2009; Zhang et al., 2012). In general, TCs are
more likely to make landfall over East Asia during La Nifia than EI Nifio phases.
3. Results

This section discusses the analysis of TC activity (e.g., density, genesis and
landfall) during EIl Nifio and La Nifia phases and examines the ENSO-TC association
and underlying mechanisms. This is accomplished based on the control experiments
and SSS- and SST-restoring ensemble experiments with both FLOR and HiFLOR and
observations.
3.1 Results from Control Experiments

TC density climatology in the 300-year control experiments of HiFLOR,

FLOR and observations is shown in Figure 1. TC track/genesis density is obtained by

12
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binning the TC tracks/geneses in the WNP in 5x5 degree grid boxes without
smoothing. The detailed tracking processes are provided in the Appendix part of this
paper. Although the spatial patterns of the TC density climatology in the control
experiments of HIFLOR and FLOR are similar, the TC density climatology in
HIFLOR is larger than that in FLOR (Figure 1). In contrast to the observations, the
centers of TC track density in HIFLOR and FLOR are located eastward (Figure 1) and
such spatial characteristics have also been reported in previous studies (Vecchi et al.,
2014; Murakami et al., 2015). Similar to the TC track density climatology, the
climatology of TC genesis density in the control experiments of HIFLOR and FLOR
is located eastward of that in observations (Figure 2). However, the TC genesis
density pattern in HIFLOR is closer than that in FLOR to the observations, especially
from 120°E to 150°E (Figure 2). The differences in TC genesis and density
climatology between HiIFLOR and FLOR (HiFLOR minus FLOR) are characterized
by a dipole pattern in the WNP, i.e., positive anomalies in the eastern part of the WNP
and negative anoamlies in the western part of the WNP (Figure 1S). The seasonal
cycle of WNP TC frequency in HIFLOR, FLOR and observations is consistent with
the above discussion on TC genesis (Supplemental Figure 2S). HIFLOR simulates
TCs more than observations in the WNP for each month and more than FLOR from
April to September (Supplemental Figure 2S), similar to what presented by Murakami
et al. (2015). However, HIFLOR produces a more faithful representation of the

phasing of seasonal cycle of TC frequency in the WNP than FLOR, with the peak in
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FLOR occurring a month or so after the August peak observed and in HiFLOR
(Supplemental Figure 2S). The improvements in the seasonal variation of TC
frequency are consistent with previous studies reporting that an increase in horizontal
resolution of a climate model results in better seasonal variation of TC frequency in a
coupled climate model (Murakami and Sugi, 2010). The simulated mean frequency of
TC landfall over East Asia and its subregions in the control experiment of HiIFLOR is
better than that in FLOR (Supplemental Figure 3S). A better simulation of TC
climatology can play some role in improving the simulated responses of TCs to
ENSO.

Distinct differences in TC track density anomalies are found between El Nifio
and La Nifa conditions in the 300-year control experiments with HiFLOR (Figure 3a
and 3b). During the El Nifio phase of HIFLOR control simulation, positive (negative)
TC density anomalies are identified in the eastern (western) WNP. During the La Nifia
phase, the spatial pattern of TC density anomalies is largely the opposite of what
discussed for the El Nifio phase although positive anomalies are relatively weak in the
Philippine Sea and the South China Sea (Figure 3a and 3b). In the El Nifio phase of
FLOR control simulation, the positive TC density anomalies are stronger and shifted
more eastward toward the central Pacific than HIFLOR. In the La Nifia phase of the
control simulations with FLOR, the negative TC density anomalies shift more

eastward and prevail in the entire WNP. Such TC density patterns during the ENSO
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phases with FLOR or CM2.5 have been identified in previous studies (Kim et al.,
2014; Vecchi et al., 2014; Krishnamurthy et al., 2015b; Murakami et al., 2015).

TC density anomalies in HIFLOR are more consistent with observations than
FLOR during both El Nifio and La Nifia phases. In the El Nifio phase, the centre of
positive TC density anomalies are shifted more westward in HIFLOR than in FLOR
(Figure 3) with the spatial pattern of negative/positive TC density anomalies in
HiFLOR closer to the observations, although some eastward bias still exists. During
El Nifio, there are positive TC density anomalies around the Philippines in FLOR
while there are negative TC density anomalies in HIFLOR and the observations in this
region. In the La Nifia phase, HIFLOR produces a better simulation of TC track
density than FLOR, in that both HIFLOR and observations show positive TC density
anomalies in the South China Sea and the East Asian coast in contrast to basin-wide
negative TC density anomalies in FLOR.

The regressions of TC density onto Nifio3.4 is shown to further substantiate
the previous discussion (Figure 4). The regressions of TC track density anomalies
onto the Nifio3.4 index with HIFLOR resemble those from observations while the
positive anomalies from FLOR have a much higher magnitude (Figure 4). This
indicates that the responses of TC density to ENSO in FLOR are much stronger than
the observations and HiIFLOR. Although the positive anomalies of TC track density in
HIFLOR control experiments are shifted slightly eastward when compared to the

observations (though less so than in FLOR), the magnitude of anomalous TC track
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density is in good agreement (Figure 4). Compared with the observations, regression
analysis discussed above suggests that the responses of TC density to a unit of
Nifo3.4 (i.e., 1°C) are stronger in FLOR than either HIFLOR or observations,
especially in the eastern part of the WNP. Different sample sizes (time period) in the
control experiments and observations may bias the above results. We calculate the
regression of TC track density onto Nifio3.4 index in each 53-year sub-period (the
same as the time period (1961-2013) of observations) in the control experiments of
HiFLOR and FLOR (not shown). It appears that the regression of TC density onto
Nifo3.4 over the entire 300 years is consistent with those over every 53-year
sub-periods in the control experiments of HIFLOR and FLOR.

Consistent with the above discussion, HIFLOR also produces TC genesis
anomalies that are in closer agreement with the observations than FLOR in ENSO
phases (Figure 5). Specifically, TC genesis anomalies in FLOR are located
substantially further eastward than in the observations during the EIl Nifio phase. In
contrast, TC genesis in HiFLOR is located more westward than in FLOR, more
similar to observations in the El Nifio phase (Figure 5). During the La Nifia phase,
FLOR does not reproduce the observed positive anomalies west of 140°E, whereas
HiFLOR shows the positive TC genesis anomalies, especially over the area from

120°E to 140°E (Figure 5).
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Previous studies have reported that landfalling TCs over East Asia are more
likely to occur in La Nifia years than EI Nifio years because of a westward shift in the
subtropical high during la Nifia years which subsequently produces an increase in TC
landfall in the WNP (Wang and Chan, 2002; Wu et al., 2004; Zhang et al., 2012).
Figure 6 lists the correlation coefficients between the frequency of TCs making
landfall over East Asia and four subregions and Nifio3.4 in the control simulation of
FLOR and HiFLOR and observations (1961-2013). The correlation in HIFLOR more
closely resembles what obtained from the observation than in FLOR except for TC
landfall over Japan and Korea (Figure 6). There is a much stronger positive
correlation between landfall over Japan and Korea during La Nifia in HIFLOR than
observations (Figure 6). In addition, the correlation between TC landfall over China
and Nifio3.4 in FLOR is positive while it is negative in the observations and HiFLOR
(Figure 6). HIFLOR therefore makes a substantial improvement in simulating the
responses of TC landfall over China to ENSO. It is of great significance because
China is a heavily populated country and has the longest coastline in East Asia.
Moreover, the association between the frequency of TC landfall over East Asia and
subregions and Nifio3.4 is largely better simulated in HiIFLOR than in FLOR. The
improved connection between TC track density and ENSO in HiFLOR is thus
reflected in a better connection between TC landfall and ENSO.

3.2 Mechanisms from control experiments
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ENSO alters remote large-scale circulation by teleconnections (Lau and Nath,
1996; Alexander et al., 2002). The modulation of the Walker circulation by ENSO
strongly shapes the ENSO-TC connections in the WNP in FLOR and HiFLOR. The
SST, precipitation, the Walker circulation and steering flow during El Nifio and La
Nifia phases in HIFLOR, FLOR and observations are discussed to identify the
underlying mechanisms.

The standard deviation of Nifio3.4 in HIFLOR is smaller than those in FLOR
but still larger than in the observations (Table 2). The SST anomaly patterns during El
Nifio and La Nifia phases from HiFLOR, FLOR and the observations are shown in
Figure 7; SST anomalies in FLOR are stronger than those in HIFLOR and in the
observations for both El Nifio and La Nifia phases, especially in the ENSO regions
(Figure 7a, c, and e). A larger magnitude of Nifio3.4 in FLOR may be responsible for
the stronger responses of TC density to ENSO as shown in Figure 2 (Krishnamurthy
et al., 2015b; Murakami et al., 2015).

Precipitation is closely linked to SST anomaly patterns. Precipitation is
associated with deep convection in the atmosphere, which alters local and remote
circulation (Trenberth et al., 2002; Chiang and Lintner, 2005). During El Nifio years,
the FLOR precipitation anomalies are stronger than those in HIFLOR and in the
observations in the tropical central Pacific, indicating the responses of precipitation to
SST anomalies in HIFLOR bear more resemblance than FLOR to those in the

observations (Figure 8). During La Nifia years, the major differences in precipitation
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anomalies between HIiFLOR and FLOR are located in the southeastern WNP
(depicted by the rectangles in Figure 8d and 8f). The precipitation anomalies in the
marked regions of Figure 8 are also reflected in the Walker circulation (Figure 9).

TC activity in the WNP is largely modulated by dynamic factors associated
with changes in large-scale circulation rather than local thermo-dynamic changes
connected to local SST (Chan, 2000; Wang and Chan, 2002; Chan and Liu, 2004; Fu
et al., 2011). Changes in the Walker Circulation are exhibited in the vertical profiles of
zonal wind (averaged over 5°N to 20°N) and -50 * o (unit: pa/s) (Figure 9). During El
Nifio years, the anomalous updraft in the tropical central Pacific in FLOR is much
stronger than those in HIFLOR and observations (i.e., JRA-55 reanalysis) (Figure 9),
suggesting stronger deep convection over that region in FLOR. Such results
corroborate the analysis of TC density and genesis anomalies in HIFLOR, FLOR and
the observations (Figures 3 and 4).

During La Nifa years, the updraft anomalies in the control simulation of
FLOR are still greater than in HIFLOR and the anomalous downdraft in FLOR is also
stronger than in HIFLOR in the WNP (Figure 9), resulting in strong suppression of
WNP TC activity in FLOR. In addition, the Walker circulation in HiFLOR is more
realistic than that in FLOR, particularly the anomalous ascent in the WNP and the
anomalous subsidence in the tropical eastern and central Pacific (Figure 9d). The

excessive anomalous Walker circulation appears responsible for the heightened
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negative TC density and genesis anomalies in the WNP during La Nifia years in the
FLOR control experiment.

Figure 10 illustrates the differences in the steering flow (850 hPa - 200 hPa
mass-weighted mean) between HIFLOR and FLOR in the control experiments during
El Nifio and La Nifia phases. HIFLOR produces a stronger easterly steering flow than
FLOR in both EI Nifio and La Nifia phases, indicating that WNP TCs are more likely
to move westward in HiFLOR given the same genesis locations (Figure 10). The
effects of steering flow appear to be highly distinct in the La Nifia phase in the control
experiments of HIFLOR and FLOR because TC density in HIFLOR is much higher
than that in FLOR (Figures 3 and 9). Although higher TC genesis in the Philippine
Sea may play some role in shaping the differences in TC density between HiFLOR
and FLOR, the steering flow should act as a key factor to produce different TC
density patterns during La Nifia phase. Previous studies have shown that the beta drift
due to Coriolis force changes related to TC size also influence TC tracks (Wu and
Wang, 2000, 2001). As shown in Murakami et al. (2015), TC sizes in FLOR and
HiFLOR are very close to one another, indicating that beta drift is not an important
factor in causing the differences between FLOR and HiFLOR.

3.3 SST-restoring experiments

The previous discussion has shown that the responses of TC density, genesis

and landfall to ENSO are greatly improved in HiFLOR than FLOR in the control

experiments. Since the ENSO SST anomalies in FLOR are much stronger than those
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in HIFLOR and in the observations, it is useful to assess whether the ENSO-TC
improvements are caused by a better representation of SST in HiIFLOR. We do so by
exploring whether, and the extent to which the improvements between HIFLOR and
FLOR in simulated ENSO-TC relationship still hold in the additional SST and SSS
restoring ensemble experiments which control for differences in SST simulation in the
coupled models.

The climatology of TC track density in the SSS- and SST-nudging
experiments of HIFLOR is larger than that in FLOR in period 1971-2012 and both
have similar spatial patterns (Figure 11). The high centers of TC track density
climatology in HIFLOR and FLOR reside eastward of those in the observations in
1971-2012 (Figure 11). The high centers of TC genesis density climatology in
HiFLOR and FLOR are also located eastward of that in the observations (Figure 12).
However, the genesis density climatology in HiFLOR is located less eastward than
that in FLOR, indicating a stronger resemblance to the observations than FLOR
(Figure 12). The seasonal variation of WNP TC frequency in HIFLOR more closely
resembles the observations than FLOR, although there is a higher TC frequency in
HiFLOR for each month (Supplementary Figure 3S). The climatology of TC landfall
frequency over the Philippines, ICMP, China and East Asia in the SSS- and SST-
restoring experiment of HIFLOR appears to be close to or better than those in FLOR,

while FLOR outperforms HiFLOR for TC landfall over Japan and Korea (Figure 4S).
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In the El Nifio phase, TC track density anomalies in the SST-restoring
experiments with HiIFLOR are consistent with those in the observations, while those
with FLOR differ considerably from observations (Figure 13). Both TC track density
anomalies in the SST-restoring experiments with HiFLOR and the observations
feature a dipole mode in the WNP (Figure 13). In contrast, the TC track density
anomalies in the SST-restoring experiments with FLOR have strong positive
anomalies in the eastern WNP (Figure 13). During EI Nifio years, there are negative
TC density anomalies near the East Asian coast in both observations and the
SST-restoring experiments with HIFLOR, while negative anomalies are not observed
in FLOR. Instead, positive TC density anomalies are observed in the northern
Philippines (Figure 13c). During La Nifia years, positive TC track density anomalies
prevail along the East Asian coast, while there are strong negative TC track density
anomalies in the WNP in the observations (Figure 13f). Such TC density anomalies
suggest more TCs making landfall over East Asia during the La Nifia phase (Wu et al.,
2005; Zhang et al., 2012). The SST-restoring experiments with HiFLOR largely
reproduce the TC track density anomalies in the observations during La Nifa (Fig.
13b). The TC track density anomalies in FLOR (Fig. 13d), however, are quite
different from those in the observations because there are negative TC density
anomalies almost everywhere in the WNP. Based on the SST-restoring experiments
with FLOR, there are less TC landfalls over East Asia during La Nifia years, which is

the opposite to what found in the observations. Therefore, our finding that HIFLOR
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produces better responses of TC to ENSO than FLOR based on 300-year control
experiments also holds for the SST-restoring ensemble experiments.

The differences in TC genesis locations between HiFLOR and FLOR are
mainly located west of 150°E (Fig. 14). During the El Nifio phase, negative TC
genesis anomalies are stronger in FLOR than HIFLOR west of 150°E. TC density
anomalies in FLOR are, however, higher than in HiIFLOR in the vicinity of the East
Asian coast during the El Nifio phase. During the La Nifia phase, positive TC genesis
anomalies are stronger in HIFLOR than in FLOR west of 150°E, consistent with TC
density patterns (Figures 13 and 14). However, TC genesis cannot fully explain the
spatial patterns of TC density, especially during the EI Nifio phase. Therefore, the
steering flow between HiFLOR and FLOR may be responsible for the differences in
TC density.

The correlations between TC landfall and Nifio3.4 based on FLOR, HiFLOR
and observations are listed in Table 3. Such correlations are consistent with those in
the control experiments (Figure 6). HiFLOR reproduces the negative correlation
between the frequencies of TCs making landfall over East Asia and the subregions
and Nifio3.4 in the observational records, though the correlation coefficients have a
larger magnitude (Table 3). In contrast, FLOR produces positive correlation
coefficients between Nifio3.4 and the frequencies of TCs making landfall over China
and East Asia, with the wrong sign compared with those based on observations (Table

3). Meanwhile, the correlation coefficients between Nifio3.4 and the frequencies of

23



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

TCs making landfall over Japan and Korea, the Philippines, and ICMP in FLOR are
similar to those in observations.
3.4 Mechanisms from SST-restoring experiments

Since SST in the restoring experiments with HIFLOR and FLOR are restored
to the observations, only the precipitation, the Walker circulation and steering flow
during El Nifio and La Nifia phases are discussed here.

During the EI Nifio phase, the precipitation anomalies located in the WNP in
HiFLOR and FLOR restoring experiments are largely weaker than those in the
observations (Figure 15). The precipitation anomalies in HIFLOR and FLOR are
similar to one another in the WNP, suggesting similar strengthen of deep convection
in HIFLOR and FLOR (Figure 15). During the La Nifia phase, the precipitation
anomalies in the WNP in FLOR and HiFLOR are similar to the observations (Figure
15).

This is in contrast with the precipitation anomalies in HIFLOR and FLOR for
the control experiments, where FLOR produces stronger positive anomalies in
precipitation than HiFLOR. The SST-restoring experiments of FLOR and HiFLOR
have similar observationally-based SST patterns, but FLOR overestimates ENSO
amplitude in its control experiment. The weaker responses of precipitation to El
Nifio/La Nifia in the restoring experiments of FLOR may arise from the weaker SST
anomalies compared with the control experiments of FLOR. This also indicates the

important role SST plays in shaping the deep convection.
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Figure 16 shows the vertical profile of wind vector, i.e., zonal wind (averaged
over 5°N - 20°N) and -50 * ® (unit: pa/s) during El Nifio and La Nifia phases based on
the SST-restoring experiments with HIFLOR, FLOR and the observations. The
differences in the Walker circulation between FLOR and HiFLOR are mainly located
in 110°E - 150°E (Figure 16). In the El Nifio phase, the updraft anomalies in FLOR is
stronger than HIFLOR in 110°E - 150°E. In the La Nifia phase, the downdraft
anomalies in FLOR is also stronger than HiIFLOR in 110°E - 150°E (Figure 16). This
is consistent with the differences in TC genesis anomalies between HiFLOR and
FLOR during EI Nifio and La Nifia years in 110°E - 150°E (Figure 14)

Figure 13 also shows that TCs in FLOR tend to move towards the East Asian
coast in the El Nifio phase while they tend to stay in the ocean during the La Nifia
phase. In addition to the spatial patterns of TC genesis, the differences in steering
flow between HiFLOR and FLOR (HIFLOR - FLOR) SST-nudging experiments are
also analysed during both EI Nifio and La Nifia phases (Figure 17). Steering flow (850
- 200 hPa) is more favourable for TCs to move eastward in HIFLOR than FLOR
during the EI Nifio phase (Figure 17). Meanwhile, steering flow is more conducive to
westward-moving TC track from 10°N to 20°N in HiFLOR than FLOR during the La
Nifa phase (Figure 17). This is partly responsible for strong negative TC track density
anomalies in the WNP in FLOR and strong positive TC track density anomalies along
the East Asian coast in HIFLOR during the La Nifia phase. Such characteristic TC

density anomalies can be attributed to the steering flow patterns in FLOR and
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HiFLOR (Figure 17). Therefore, the responses of the Walker Circulation (averaged
over 5°N - 20°N) and steering flow to ENSO in HiFLOR are better simulated than
FLOR in the restoring ensemble experiments. Such responses contribute, in addition
to the improved simulation of ENSO, to the improved simulation of TC density and
genesis in HIFLOR.

4. Discussion and conclusions

ENSO-TC connections in the WNP have attracted tremendous attention over
the decades, with analyses based on both observations and dynamic models. Over
time, AGCMs and CGCMs have reported large improvements in the simulation of
ENSO-TC connections. However, the performance of such simulations is not yet
satisfactory because of remaining model biases and gaps in our understanding of
ENSO-TC connections.

Although the GFDL CM 2.5 has shown encouraging results for the responses
of TC activity to ENSO, a larger eastward shift and higher magnitude in anomalous
TC density in the WNP were found during El Nifio/La Nifia phases compared to the
observations (Kim et al., 2014). FLOR inherits this ENSO-TC association in the WNP
from CM2.5 as reported in Vecchi et al. (2014). Recently, GFDL has developed the
high-resolution FLOR (HiFLOR) with a spatial horizontal resolution of 25 km, which
performs much better than FLOR in the simulation of global category-4 and 5 TCs,
especially in the North Atlantic (Murakami et al, 2015). This study aims to assess

whether and by what mechanisms HiFLOR improves the simulation of ENSO-TC
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connections in the WNP by using long-term control simulations and restoring

ensemble experiments. Our research findings are summarized as follows.

1.

3.

HiFLOR simulates better ENSO-TC connections in the WNP including the TC
track density, genesis and landfall than FLOR in both long-term control
experiments and SST-restoring historical runs (1971-2012).

In the control experiments of HIFLOR, an improved simulation of the Walker
circulation related to SST and deep convection is largely responsible for its
better performance in simulating ENSO-TC connections in the WNP. In the
SST-restoring experiments of HiIFLOR, more realistic Walker circulation and
steering flow with HIFLOR during El Nifio/La Nifia are responsible for the
better simulation of TC activity in the WNP.

An improved simulation of ENSO-TC connections with HiIFLOR arises from a
better representation of SST and better responses of environmental large-scale
circulation to SST anomalies associated with EI Nifio/La Nifa.

Fundamentally, HIiFLOR differs from FLOR because a higher spatial

resolution of atmospheric and land components. The enhanced resolution of the

atmospheric component in HiFLOR relative to FLOR results in coupled feedback that

drives an improved ENSO SST simulation; the SST in turn drives better atmospheric

responses in HIFLOR (Murakami et al., 2015). This partly explains the better

performance of HIFLOR in simulating ENSO-TC connections in the WNP. However,

as demonstrated in the SST-restored experiments, even with the very similar SSTs
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HiFLOR outperforms FLOR in WNP TCs. Using CGCM with a horizontal resolution
of 60-km, the simulated TC genesis is shifted more eastward during La Nifia years in
contrast to the observations (lizuka and Matsuura, 2008). Bell et al. (2014) showed
that both HIGAM and HIGEM produce encouraging simulations of global ENSO-TC
connections. However, large negative (positive) TC track density anomalies are
simulated in the western WNP during EI Nifio/La Nifia phases (Bell et al., 2014). This
may arise from the different months selected for TC density analysis because the
current study analysed TC from July to October while Bell et al. (2014) examined
TCs from May to November or from model biases. The current study has shown that
HIFLOR performed better than FLOR in simulating ENSO-TC connections in terms
of genesis and track and landfall in the WNP. HIFLOR produces simulations
comparable to or slightly better than other models and the better simulation with
HiFLOR is largely attributed to the more realistic representation of SST and the
improved large-scale circulation responses to El Nifio/La Nifia associated with SST
anomalies.

Although this study has shown encouraging results for ENSO-TC connections
based on state-of-the-art HIFLOR and FLOR, we still need further improvements in
the simulation of total TC genesis in the WNP. This is particularly true for the areas
with strong TC density anomalies around the East Asian coast and the Philippine Sea
in HIFLOR. A better representation of ENSO-TC connections may benefit the

seasonal forecasting of TC genesis, track and landfall, improve our understanding of
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the interannual variation of TC activity and provide better projection of TC activity
under climate change. Such analysis will be conducted in our future studies. Because
an improved simulation of ENSO-TC connections in the WNP is also observed in
SST-restoring experiments, it is thus of great interest to examine whether or not
HIFLOR can outperform FLOR in seasonal forecasting of WNP TC activity.
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Appendix

Tracking algorithm
The tracker is developed by Harris et al. (in preparation) to track TCs from 6-hour
climate simulations. This tracker was also employed in Zhang et al. (2015b) and
Murakami et al. (2015). The tracking processes are based on key variables such as
temperature, sea level pressure (SLP) and 10-m wind. The tracking procedures are

described as follows.
(1) Local minima of the smoothed SLP field are found. The location of the center
is properly adjusted by fitting a biquadratic function to the SLP and locating

the center at the minimum.
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(2) Closed contours in an interval of 2 hPa (dp) around every single SLP low

center. The N'™ contour is marked as the contiguous region surrounding a low
central pressure P with pressures lower than dp x N + P, as detected by a
“flood fill” algorithm. It is noted that the contours are not required to be
circular and a maximum radius of 3,000 km will be searched from each

candidate low center.

(3) If the algorithm detects contours that are close enough, the low is counted in

as a TC center. By this way, the tracker attempts to find all closed contours in
the vicinity of the low center within a certain distance from the low center and
without entering contours belonging to another low. The maximum 10-m wind
inside the set of closed contours is taken as the maximum wind speed at that

time for the storm.

(4) Warm cores are detected via similar processes: closed 1°C contours for FLOR

are found surrounding the maximum temperature anomaly (ta) within a TC's
identified contours, no more than 1 degree from the low center. This contour
must have a radius smaller than 3 degrees in distance. If there is not such a
core, it should not be marked as a warm-core low center, though the center is

not rejected.

(5) TC centers are combined into a track by taking a low center at time T — dt,

extrapolating its motion forward dt, and then seeking storms within 750 km. It

is noted that a deeper low center has higher priority of tracking.
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(6) The following criteria are required to pick up the final TCs.
a. At least 72 hours of total detection lifetime (not necessarily
consecutive).
b. At least 48 cumulative (not necessarily consecutive) hours with a warm
core.
c. At least 36 consecutive hours of a warm core with winds greater than

17.5ms 2.

d. TC genesis should be confined equatorward of 40°N.
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Table 1. Classification of EI Nifio and La Nifia years for the period of 1961-2013
based on the Nifio3.4 index.

El Nifo

La Nifia

1963, 1965,1969, 1972, 1976, 1982, 1987, and
1997

1964,

1970,

1973,1975,

1999,2007 and 2010

1988,

Table 2. The standard deviation of Nifio3.4 index in the first 300 years of the control

experiments with HIFLOR, FLOR and observations (53 years).

Magnitude HIiFLOR FLOR

Observations

Nifio3.4 0.78 131

0.79
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Table 3. Correlation coefficients between TC landfall over Japan&Korea, the
Philippines, ICMP, China and East Asia and the Nifio3.4 index based on observations,
and the SST-restoring experiments with HIFLOR and FLOR for the period of
1971-2012. The symbols ***, ** and * indicate results that are significant at the

levels of 0.01, 0.05 and 0.1, respectively.

TC-landfall IBTrACS FLOR HIiFLOR
Correlation (SST Restoring) (SST Restoring)
Japan & Korea -0.02 -0.07 -0.16
Philippines -0.24* -0.28** -0.41%**

ICMP -0.30** -0.12 -0.51***

China -0.49*** 0.32** -0.38***

East Asia -0.27** 0.03 -0.61***
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Figure captions

Figure 1. TC density climatology in the control experiments (300 years) of HiFLOR,
FLOR and observations (1961-2013).

Figure 2. TC genesis climatology in the control experiments (300 years) of HiIFLOR,
FLOR and observations (1961-2013). The red plus sign represents the mean TC
genesis location.

Figure 3. TC track density anomalies (units: times/year; binned into 5° x 5° grid box)
in the WNP during El Nifio and La Nifia phases based on HIFLOR (a,b), FLOR (c,d)
and observations (e,f).

Figure 4. Regressions of TC track density (units: times/year; binned into 5° x 5° grid
box) onto Nifio3.4 based on the control experiments with HIFLOR (a) and FLOR (b)
and observations (c).

Figure 5. TC genesis anomalies (units: times/year; binned into 5° x 5° grid box) in the
WNP during El Nifio and La Nifia phases based on the control experiments with
HiFLOR (a,b), FLOR (c,d) and observations (g,f).

Figure 6. Correlation between Nifio3.4 and TC landfall frequency over Japan and
Korea, the Philippines, the Indochina and Malay Peninsula (ICMP), China, and East
Asia in the 300-yr control experiments of FLOR and HiFLOR and in the observations.
The correlation for HIFLOR and FLOR are calculated by averaging the correlation
coefficients for every 53-year moving periods and the error bars represent the
confidence interval of the average correlation coefficients for each 53-year periods at
0.05 level of significance.

Figure 7. SST (unit: °C) anomalies during El Nifio and La Nifia phases based on
control experiments with observations (a,b), HIFLOR - observations (c,d) and FLOR -
observations (g,f).

Figure 8. Precipitation anomalies (unit: mm/day, PreAno) during El Nifio and La Nifia
phases based on observations (a,b), HIFLOR - observations (c,d) and FLOR -
observations (e,f).

Figure 9. Vertical profile of wind vector (zonal wind (averaged over 5°N to 20 °N)
and -50 * o (unit: pa/s )) during El Nifio and La Nifia phases based on observations
(a,b), HIFLOR - observations (c,d) and FLOR - observations (e,f).The shading in this
figure represents o (omega).

Figure 10. Differences in steering flow (unit: ms-1) (HIFLOR minus FLOR) in the
control experiments during EI Nifio (a) and La Nifia (b) years. Contours represent the
annual average TC genesis density in the control experiment of HiFLOR.

Figure 11. The simulated TC density climatology in the SSS- and SST-nudging
experiments of HIFLOR, FLOR and observations (1971-2012).

Figure 12. The simulated TC genesis climatology in the SSS- and SST-nudging
experiments of HIFLOR, FLOR and observations (1971-2012). The red plus sign
represents the mean TC genesis location.
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Figure 13. TC track density anomalies (units: times/year; binned into 5° x 5° grid box)
in El Nifio and La Nifia events in the SST-restoring experiments of HiFLOR and
FLOR and the observations.

Figure 14. Annual average TC genesis anomalies (units: times/year; binned into 5° x 5°
grid box) during El Nifio and La Nifia events in SST-restoring experiments with
HIFLOR, FLOR and observations.

Figure 15. Precipitation anomalies (unit: mm/day) during El Nifio and La Nifia phases
based on observations (ab), SST-restoring HiFLOR-observations (c,d) and
SST-restoring FLOR-observations (e, f).

Figure 16. Vertical profile of wind vector (zonal wind (averaged over 5°N to 20 °N)
and -50 « o (unit: pa/s )) during El Nifio and La Nifia phases based on observations
(a,b), SST-restoring  HiFLOR-observations (c,d) and SST-restoring
FLOR-observations (e, f) to depict the Walker circulation. "OBS" represents
observations. The shading in this figure represents o (omega).

Figure 17. Steering flow (unit: ms?) (HIFLOR minus FLOR) in the SST-restoring
experiments during the El Nifio (a) and La Nifia (b) phase. Contours represent the
annual average TC genesis density in HIFLOR.
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Figure 1.TC density (unit: times/year) climatology in the control experiments (300
years) of HIFLOR, FLOR and observations (1961-2013).
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(a) TC Genesis Climatology in HIFLOR (CTRL)
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977  Figure 2. TC genesis (unit: times/year) climatology in the control experiments (300
978  years) of HIFLOR, FLOR and observations (1961-2013). The red plus sign represents
979  the mean TC genesis location.
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Figure 3. TC track density anomalies (units: times/year; binned into 5° x 5° grid box)
in the WNP during El Nifio and La Nifia phases based on HiFLOR (a,b), FLOR (c,d)

and observations (e,f).

44

2 4 6 8



986
987

988
989
990

60N T

40N

20N

80E 100 E 120E 140 E 160 E 180 160 W

(b) Regression of TC Density onto Nifio3.4 in FLOR

60N T T T ——— e T =
- 8 CF T A

-~
40N | J _

20N

4
%
_— -

e 1 1 1 1
80 E 100 E 120 E 140 E 160 E 180 160 W

60N T T T - d T =
o -
e -

-~
40N @f _

20N

80E 100 E 120E 140 E 160 E 180 160 W
T T T T T
-8 -6 -4 -2 0 2 4 6 8

Figure 4. Regressions of TC track density (units: times/year; binned into 5°x5° grid
box) onto Nifio3.4 based on the control experiments with HIFLOR (a) and FLOR (b)
and observations (c).
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Figure 5. TC genesis anomalies (units: times/year; binned into 5° x 5° grid box) in the
WNP during El Nifio and La Nifia phases based on the control experiments with
HiFLOR (a,b), FLOR (c,d) and observations (g,f).

46



996

997

998

999

1000

1001

1002

1003

1004

Correlation between TC Landfall and Nino 3.4 Index

02
Bl HiFLOR
C=drLorR
01 Bl BTACS
0
5 -01
©
o
8 0.2
-0.3
-04
-0.5 m— .
Japan and Korea  Philippines ICMP China East Asia

Landfall regions

Figure 6. Correlation between Nifio3.4 and TC landfall frequency over Japan and
Korea, the Philippines, the Indochina and Malay Peninsula (ICMP), China, and East
Asia in the 300-yr control experiments of FLOR and HiFLOR and in the observations.
The correlation for HIFLOR and FLOR are calculated by averaging the correlation
coefficients for every 53-year moving periods and the error bars represent the
confidence interval of the average correlation coefficients for each 53-year periods at

0.05 level of significance. The observations cover the period 1961-2013.
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Figure 7. SST (unit: °C) anomalies during El Nifio and La Nifia phases based on
control experiments with observations (a,b), HIFLOR - observations (c,d) and FLOR -

observations (g,f).
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(a) PreAnoc in El Nifio in OBS (b) PreAno in La Nifia in OBS
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1011  Figure 8. Precipitation anomalies (unit: mm/day, PreAno) during EI Nifio and La Nifia
1012 phases based on observations (a,b), HIFLOR - observations (c,d) and FLOR -
1013  observations (e,f).
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(a) Walker Circulation in El Nifio in Observation (b) Walker Circulation in La Nifia in Observation
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1014
1015  Figure 9. Vertical profile of wind vector [zonal wind (averaged over 5°N to 20°N) and
1016  -50 = o (unit: pa/s )] during El Nifio and La Nifia phases based on observations (a,b),
1017 HIFLOR - observations (c,d) and FLOR - observations (e,f).The shading in this figure
1018  represents o (omega).

1019

50



1020
1021

1022
1023
1024

(a) Steering Flow El Nino (HIFLOR - FLOR)
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Figure 10. Differences in steering flow (unit: ms™) (HIFLOR minus FLOR) in the
control experiments during EI Nifio (a) and La Nifia (b) years. Contours represent the

annual average TC genesis density in the control experiment of HiFLOR.
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(a) TC Density Climatology in 1971-2012 HiFLOR SST-Nudging
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(b) TC Density Climatology in 1971-2012 FLOR SST-Nudging
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(c) TC Density Climatology in 1971-2012 IBTrACS
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1026  Figure 11. The simulated TC density (unit: times/year) climatology in the SSS- and
1027  SST-nudging experiments of HIFLOR, FLOR and observations (1971-2012).
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60 N (a) TC Genesis Climatology in 1971-2012 HiIFLOR SST-Nudging
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1030  Figure 12. The simulated TC genesis (unit: times/year) climatology in the SSS- and
1031  SST-nudging experiments of HIFLOR, FLOR and observations (1971-2012). The red
1032  plus sign represents the mean TC genesis location.
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(a) TC Density Anomalies in El Nifio HIFLOR
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(c) TC Density Anomalies in El Nifio FLOR
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1035  Figure 13. TC track density anomalies (units: times/year; binned into 5° x 5° grid box)
1036 in El Nifio and La Nifia events in the SST-restoring experiments of HiFLOR and
1037 FLOR and the observations.
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(a) TC Genesis in El Nifio HIFLOR
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(b) TC Genesis in La Nifia HIFLOR
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Figure 14. Annual average TC genesis anomalies (units: times/year; binned into 5° x 5°

0
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grid box) during El Nifio and La Nifia events in SST-restoring experiments with

HiFLOR, FLOR and observations.
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based on observations (a,b),
SST-restoring FLOR-observations (e, ).

(a) Precipitation Anomalies in El Nifio in Observations
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Figure 15. Precipitation anomalies (unit: mm/day) during El Nifio and La Nifia phases
SST-restoring HiFLOR-observations (c,d) and
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(a) Walker Circulation in El Nifio Observations

(f) Walker Circulation in La Nifa
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Figure 16. Vertical profile of wind vector [zonal wind (averaged over 5°N to 20°N)
and -50 * o (unit: pa/s )] during EI Nifio and La Nifia phases based on observations
(a,b), SST-restoring  HiFLOR-observations (c,d) and SST-restoring
FLOR-observations (e, f) to depict the Walker circulation. "OBS" represents
observations. The shading in this figure represents » (omega).
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0N (a) Steering Flow EIl Nino (HIFLOR = FLOR)
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1061  Figure 17. Steering flow (unit: ms™®) (HiFLOR minus FLOR) in the SST-restoring
1062  experiments during the El Nifio (a) and La Nifa (b) phase. Contours represent the
1063  annual average TC genesis density in HIFLOR.
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