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Abstract We evaluate the ability of the latest generation atmospheric general circulation model from
State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics,
Institute of Atmospheric Physics, Chinese Academy of Sciences (namely, FAMIL2) in simulating some key
characteristics (genesis location, track, number, and intensity) of tropical cyclones (TCs) in terms of their
climatology and seasonal to interannual variability. A standard 1° × 1° atmospheric model intercomparison
project experiment is carried out for the period 1979–2002, and the last 20 years of outputs are used for
analysis. The same period from International Best Track Archive for Climate Stewardship (IBTrACS) is used
as the observation for comparison purposes. The evaluations focus on TC activity at the global scale as
well as in the three key regions of the northern Indian Ocean (NIO), western Pacific (WP) and northern
Atlantic (NA). With respect to the simulated TC climatology, FAMIL2 shows notable ability in correctly
reproducing the main characteristics of the genesis locations, tracks, and numbers of TC, particularly
over the key regions of TC activity in the Northern Hemisphere; whereas, it underestimates the intensities
of TC, as is the case with many state‐of‐the‐art climate models operating at a medium resolution. On
seasonal‐to‐interannual time scales, meanwhile, FAMIL2 successfully reproduces the seasonal cycles of TC
numbers over the NIO and WP regions, the former being characterized by double TC peaks (in May and
October) and the latter by a maximum peak season in August. However, the model only captures these
features approximately. For the simulated interannual variability of TC activity, the correlation coefficients
of 20‐year TC numbers between FAMIL2 and IBTrACS are 0.22, 0.51 (95% confidence interval), and 0.49
(95% confidence interval) for the NIO, WP, and NA, respectively. We also examine the possible reasons
behind the performance of FAMIL2 by investigating its subseasonal signs related to the Madden‐Julian
Oscillation (MJO) and convectively coupled equatorial waves. The TC genesis potential index is employed to
investigate the possible impacts of the large‐scale dynamic fields on the simulation of TC activity. Finally,
the biases of simulated TC activity, as well as possible solutions for these biases, are discussed with
respect to the horizontal resolution of the model. A TC forecasting case study is introduced as a first step in
applying FAMIL2 to a TC forecasting system.

1. Introduction

Tropical cyclones (TCs), as one of the most drastic phenomena on the synoptic scale, are accompanied by a
warm core, strong vorticity, extreme rainfall, and high wind speeds. Although all such systems form over the
tropical oceans, they often go on to have serious adverse impacts on human life when making landfall and
hitting our cities (Emanuel, 2005). A reliable estimation indicates that losses attributable to TCs amounted to
around $700 billion from 1971 to 2016 (Emanuel, 2017). Then, in 2017, these losses grew by a further $284.7
billion (CRED, 2018). Moreover, this number is expected to increase in the future compared to baseline con-
ditions (Mendelsohn et al., 2012). There have been two main avenues of research regarding TC. On the one
hand, researchers have focused on the variation of TC in different basins with respect to global climate
changes; for example, the future projection of variations in TC numbers and intensity (e.g., Knutson et al.,
2010; Murakami et al., 2011, 2012). On the other hand, predicting TC activity from synoptic to extended‐
range time scales by using a high‐resolution coupled prediction system has emerged as a popular
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approach and shown promise in improving the prediction skill and understanding of TCs in recent years
(e.g., MacLachlan et al., 2015; Manganello et al., 2016; Murakami et al., 2016). Emanuel (2017) pointed
out that strong and fast hurricanes appearing more frequently (e.g., Hurricane Sandy, which formed in
the northern Atlantic (NA) in October 2012) represents a huge challenge for TC forecasting, with most
models unable to predict the tracks of such TC very well (Xiang, Lin, et al., 2015). Therefore, there is
considerable value in improving model performance with respect to TC, from the point view of not only
long‐term projection but also short‐term forecasting.

There is, however, evidence that state‐of‐the‐art global climate models with a relatively higher horizontal
resolution have a greater ability to capture TC activities realistically. Previous studies (e.g., Bender, Ginis,
et al., 1993; Bender, Ross, et al., 1993; Haarsma et al., 1993) have pointed out that accurately describing
TC is limited by incomplete parameterizations and large climatic biases. Fortunately, with the development
of high‐performance computing and the models themselves, we can now handle synoptic‐scale phenomena
more reasonably in these higher‐resolution models, by which we mean horizontal resolutions from 100 to
25 km or even higher (e.g., Caron et al., 2011; Manganello et al., 2012; Murakami et al., 2011; Oouchi et al.,
2006; Zhao et al., 2009). However, alongside these developments, atmospheric general circulation models
(AGCMs) are another effective tool to investigate the performance in simulating TC at high resolution
(Chen & Lin, 2013; Zhao et al., 2009), as compared to fully coupled general circulation models (Small
et al., 2014). Indeed, there are many international projects whose aim is to compare the performance of
AGCM in simulating TC under high‐resolution conditions (e.g., Shaevitz et al., 2014). For example, the
U.S. CLIVAR Hurricane Working Group (Walsh et al., 2015) focuses on assessing the performance of
multiple high‐resolution American models in simulating TC. This project uses the same rules in terms of
forcing and time scales and thus can compare model performances in a fair way. Generally, although there
are deficiencies in their TC simulations, high‐resolution models can describe many aspects of TC, such as
their climatology, interannual variability, and intensity.

Of course, ultrahigh resolution models are the ultimate aim in terms of TC simulation and real‐time predic-
tion. But there are currently huge drawbacks in this respect, such as the computational expense and power
required, as well as data storage issues. Furthermore, these problems are worse still when an ensemble
approach is involved. One solution might be to use regional climate models, since these have the potential
to deliver ultrahigh resolution modeling more easily to studies of TC activity. However, there are many
advantages for TC forecasting in using global‐scale high‐resolution modeling, rather than regional model-
ing. For example, it decreases the dependence on lateral boundary conditions and the sensitivity of physical
parameterizations. Furthermore, because the prediction signal beyond the weather time scale may derive
from nonlocal and large‐scale processes, regional models are limited in terms of to what extent they can
improve the lead time of forecasts at longer time scales (e.g., Manganello et al., 2016, 2017; Shen et al.,
2017; Shepherd & Walsh, 2016; Xiang, Zhao, et al., 2015). Another method that considers large‐scale effects
while adopting the high resolution of the regional scale is the nested or stretched grid method (e.g., Harris &
Lin, 2014, 2016; Zarzycki & Jablonowski, 2014). In terms of application, on the one hand, it is a good option
for establishing a synoptic‐to‐seasonal‐scale forecasting system for global TC activity based on medium‐

resolution GCMs; while, on the other hand, it is also a good option for establishing a similar system for
regional TC activity by using a nested or stretched global grid. In terms of scientific analysis, it is necessary
to discuss the simulated TC activity under superhigh resolution conditions. For example, Japanese scientists
launched the Global 7‐km Mesh Non‐hydrostatic Model Intercomparison Project for Improving Typhoon
Forecasts (or TYMIP‐G7, for short; Nakano et al., 2017). Preliminary results have shown enormous improve-
ment in TC simulation and forecasting by using a nonhydrostatic dynamical core at ultrahigh
resolution (<10 km).

In addition to increased horizontal resolution and better representation of physical processes in models,
there are many other aspects that can help improve the simulation of TC in GCMs. On the one hand, with
improvements in parameterizations, especially moist processes and tropical variabilities (e.g., the Madden‐
Julian Oscillation (MJO) and convectively coupled equatorial waves (CCEWs)), from the subseasonal to
seasonal time scale, can be simulated more reasonably than before (e.g., Hung et al., 2013; Jiang et al.,
2013; Lin et al., 2006; Oouchi et al., 2009; Peters et al., 2017). On the other hand, objective feature‐tracking
methodologies can be used to detect the signals of TC directly (e.g., Bengtsson et al., 2007; Hodges, 1994,
1999; Knutson et al., 2007; Oouchi et al., 2006; Walsh et al., 2007; Wu & Lau, 1992; Zhao et al., 2009) thus
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diminishing the biases attributable to illusory signals of TC. Besides, some studies have focused on the
parameters and processes that have physical links with TC activity (e.g., Fuentes‐ Franco et al., 2017;
Reed & Jablonowski, 2011a, 2011b; Shepherd & Walsh, 2016; Tao & Zhang, 2014). Zhao et al. (2012)
discussed the important role played by physical and dynamic parameters in the simulation of TC. They
found that divergence damping and the parameterization of moist convection, in particular, the cumulus
mixing rate in the convection scheme of Bretherton et al. (2004), are sensitive to TC frequency in HiRAM
(Harris & Lin, 2014; Zhao et al., 2009). NASA's GEOS‐5 model produces a similar result (Lim et al., 2015).
They found that the time scale of plumes and the minimum entrainment threshold in the Arakawa‐
Schubert scheme (Arakawa & Schubert, 1974; Moorthi & Suarez, 1992) are sensitive to the ability to
simulate TC. These results suggest that if a model's physical processes related to TC activities are reasonable,
the characteristics of TC can be captured at a suitable resolution.

FAMIL2 is the latest generation atmospheric model of the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric Physics, Chinese
Academy of Sciences; compared with the former version, SAMIL (Bao et al., 2010, 2013). The dynamical core
of FAMIL2 has switched to a finite‐volume method (Lin, 2004; Voosen, 2017) and is discretized on a cubed‐
sphere grid system (Putman & Lin, 2007), which makes it possible to simulate TC activity at a resolution of
100 km to as fine as 6.25 km (Li et al., 2017; Zhou et al., 2012). As the atmospheric component of Climate
system model CAS FGOALS‐f2/3, the C96 (~100 km) resolution of FAMIL2 will be participating in
CoupledModel Intercomparison Project Phase 6 (CMIP6) activities (Eyring et al., 2016). The C384 resolution
of FAMIL2 (approximately 25 km) is participating in CMIP6 High Resolution Model Intercomparison
Project (HighresMIP; Haarsma et al., 2016), and the performance in simulating TC is considered an impor-
tant indicator in evaluating high‐resolution models. At the first step, simulation and prediction experiments
in AGCM FAMIL2 with fixed SST are designed as the exploratory studies. But Emanuel and Sobel (2013)
indicated the deficiency in prescribing the SST for realistic TC simulation, which is not beneficial for the
maintainance of surface energy balance. Then, a coupled real‐time subseasonal‐to‐seasonal forecasting
system has been established recently and operationally used as one member in China multiple model
ensemble system (China MME) proposed by Beijing Climate Center.

The purposes of the present study are, by using FAMIL2 at the horizontal resolution of C96 (~100 km), (1) to
evaluate its general performance in terms of global‐ and regional‐scale simulation of TC genesis locations,
tracks, numbers, and intensity; (2) to compare the global and regional TC numbers with IBTrACS data on
the interannual time scale; and (3) to reveal the possible reasons behind the performance of the model in
simulating TC activity by investigating the subseaonal variability related to the MJO, CCEWs, and the TC
genesis potential index (GPI) calculated through the outputs of FAMIL2. Additionally, results using the
higher horizontal resolution and prediction of one typical TC case are also presented.

This paper is structured as follows: Section 2 describes the model, the observational data sets and the design
of the numerical experiments. Section 3 introduces the detection method used in this paper. In section 4,
results regarding the climatological genesis locations and tracks, interannual variability, and intensity of
TC are presented and discussed. Section 5 discusses the possible impacts from the horizontal resolution
and reports a prediction skill of FAMIL2 for a specific TC case. Finally, section 6 summarizes the key
conclusions of our study and discusses possible future avenues of related research.

2. Model, Data, and Experimental Design
2.1. Model Description

As in version 1 of FAMIL (Zhou et al., 2015), FAMIL2 uses a finite‐volume dynamical core (Lin, 2004), and
combines this with a flux‐form semi‐Lagrangian advection scheme (Wang et al., 2013) on a cubed‐sphere
grid system (Putman & Lin, 2007 ). The horizontal resolutions of FAMIL2 can vary from C48 (approximately
200 km) to C1536 (approximately 6.25 km) in both AMIP‐like runs and a fully coupled run. The number of
vertical layers has been increased to 32 from 26, and the atmospheric layers extend from the surface to 1 hPa.
The vertical spacing of FAMIL2 is the same as GFDL HiRAM (Zhao et al., 2009). Besides, the main comput-
ing platform of FAMIL2 is Tianhe‐2, located in Guangzhou, China, which was the fastest supercomputer in
the world from June 2013 to May 2016 (https://www.top500.org/). The computational performance of
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FAMIL2 in Aqua‐Planet Experiments (Zhou et al., 2012) and under AMIP conditions (Li et al., 2017) has
been well evaluated.

Compared with FAMIL1, FAMIL2 has replaced the planetary boundary layer scheme, which was a
“nonlocal” first‐order closure scheme (Holtslag & Boville, 1993), with the University of Washington moist
turbulence (UWMT) parameterization (Park & Bretherton, 2009). UWMT is a nonlocal high‐order closure
scheme and uses diagnosed turbulent kinetic energy to determine the eddy diffusivity in turbulence.
Compared to the previous planetary boundary scheme, the UWMT scheme considers turbulence to be
affected by all processes that influence the vertical structure, and the results of the UWMT scheme are insen-
sitive to changes in the horizontal or vertical resolution. The microphysical parameterization used in
FAMIL2 is a single‐moment scheme, which is the revised Lin scheme (Lin et al., 1983). The scheme explicitly
treats the mass mixing ratio of six hydrometeor species (water vapor, cloud water, cloud ice, rain, snow, and
graupel), which is also used in GFDL HiRAM (Harris & Lin, 2014; Zhao et al., 2009). The land surface model
used in FAMIL2 is CLM4.0 (version 4 of the Community Land Model; Oleson et al., 2010), which is coupled
with the atmospheric component via the version 7 coupler in CESM (Craig et al., 2012). The frequency of the
coupling is 48 times per day, and the processes from the dynamic global vegetation model (DGVM) in
CLM4.0 are turned off during the coupling with FAMIL2. Thus, the processes related to carbon biogeochem-
istry, nitrogen biogeochemistry, and the urban model are fixed in FAMIL2. As in FAMIL2, there are two
horizontal resolutions of CLM4.0: 1° nominal resolution for the most CMIP6‐endorsed MIPs and 0.25° nom-
inal resolution for CMIP6 HighResMIP. In addition, a resolving convective precipitation parameterization
(©2017 FAMIL Development Team) is used, which involves calculating the microphysical processes in
the cumulous scheme for both deep and shallow convection, six species are considered similar to the
microphysics scheme (Harris & Lin, 2014; Lin et al., 1983). Owing to the quick phase changes within the
convective cloud, a subtime step of 150 s is used to calculate the microphysical processes.

2.2. Observational Data

To assess the model results, the IBTrACS (version v03r09) data set (Knapp et al., 2010) is used as a compar-
ison, which the data sources are derived frommany agencies. For example, the best track data set inWestern
Pacific Basin comes from RSMC Tokyo and CMA‐Shanghai Typhoon Institute (Ying et al., 2014). The
10‐min‐averaged wind speed at an elevation of 10 m for the maximum sustained wind is regarded as the
observed wind speed and is corrected to 1 min in order to compare to model's outputs directly. The conver-
sion coefficient is set to 0.88, and the threshold of a tropical storm is set from 18.01 m/s to 15.84 m/s (Knapp
et al., 2010; Manganello et al., 2012). Tropical depressions whose wind speeds are lower than 15.84 m/s
during their entire life cycle are filtered to highlight strong TC events.

OISSTv2 (Banzon et al., 2016; Reynolds et al., 2007) data during 1983–2002 are used to prescribe the SST for
FAMIL2. The TRMM 3B42 (https://trmm.gsfc.nasa.gov/) data for the period 2001–2010 along with
ERA‐Interim data (Dee et al., 2011) are used to evaluate the performance of FAMIL2 in simulating the
tropical cyclone GPI, MJO, and CCEWs.

2.3. Experimental Design

A 20‐year (1983–2002) AMIP‐like (Gates, 1992) run is designed to evaluate the global‐ and regional‐scale TC
activity. The forcing data used to drive FAMIL2 are as follows: daily SST data from OISSTv2; the solar
constant (Hartmann, 1994); greenhouse gas and ozone forcing data (Meinshausen et al., 2011); and five types
of three‐dimensional aerosols (Lamarque et al., 2012). The physical time steps are set to 30 min, and then
variables including the surface wind, sea level pressure, absolute vorticity, and temperature are output
every 6 hr.

3. TC Detection and Tracking Method

Different to the more traditional method that uses several parameters to represent TC, we use an objective
feature‐tracking approach (Tables 1–3). The identification criteria (Table 3) conform to the Saffir‐Simpson
(SS) intensity scale (Table 1) and Chinese intensity scale (Table 2). Also, the structure of the package is simi-
lar to the TSTORM software (https://www.gfdl.noaa.gov/tstorms/), designed to detect TC in HiRAM (Zhao
et al., 2009) and HiFLOR (Murakami et al., 2016). Weak and short‐lived TC has been filtered out from the
model results. Considering that the model time step is 30 min, compared to 1 min for the IBTrACS, the
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surface wind of the model's lowest level (~60 m) should be corrected to
10 m based on 0.88 as the conversion coefficient (Knapp et al., 2010).
The wind speed threshold is consistent with a recent study on the relation-
ship between a model's horizontal resolution and the TC detection
algorithms (Walsh et al., 2007).

The TC detection algorithm has been developed and modified based on
the work of Knutson et al. (2007) and Zhao et al. (2009). Our detection
algorithm consists mainly of three modules:

1. Potential TC identification at each grid point: Six‐hourly model outputs
are used for TC identification. At each time, cases where the 850‐hPa

absolute vorticity is greater than 3.5 × 10−5 within the 600 km × 600 km grid box will be picked out.
To confirm the center of the TC, there must be a grid point sea level pressure minimum within a
2° × 2° grid box that centers on the grid point vorticity maximum. Besides, there must be a warm core
defined as the average temperature between 300 and 500 hPa in the center of the TC that is 1 °C warmer
than another grid point within the surrounding 2° × 2° grid box.

2. TC track identification: When the TC identification module has completed, the TC track module will
judge if there is a continuous TC event. By using the location of the TC center at the present time, the
module will check if any TC appears in the 5° × 5° grid box in the next 6‐hr period. If the module cannot
find a suitable TC, the TC event is terminated. If there is more than one TC event in the 5° × 5° grid box,
the closest one is chosen as the successive TC from the last 6‐hr period. To filter out short‐lived TC
(Knutson et al., 2007; Shaevitz et al., 2014; Walsh et al., 2007; Zhao et al., 2009), the maximum surface
wind speed of TC must be greater than 15.84 m/s, and the lifetime of the TC must be greater than
72 hr (3 days).

3. Classifying the TC: The intensity of TC is categorized using the modified SS scale (Simpson & Saffir,
1974; Table 2). Then, it is divided into seven parts of the global basin in accordance with IBTrACS
(Figure 1). A statistic for the TC number in each month is designed for analyzing the seasonal cycle.

4. Results
4.1. Global Climatology of TC Density, Track, and Numbers

The genesis locations of TC simulated by FAMIL2 at C96 (~100 km) are shown in Figure 2b. For comparison,
the results of IBTrACS are also shown in Figure 2a.We can see that FAMIL2 at this horizontal resolution can
prescribe the genesis location of TC reasonably. Most locations of TC are concentrated over regions where
the Vmax is greater than 50 m/s (Emanuel, 1987; Korty et al., 2012; Royer et al., 1998), which is the dynamic
basis for TC genesis (thick contour).

The Vmax (the maximum potential intensity) used in this paper is defined as

Vmax ¼ CkTs

CdT0
CAPE*−CAPEb
� �

; (1)

where Ck is the exchange coefficient of enthalpy, Cd is the drag coefficient, Ts is the SST, and T0 is the mean
outflow temperature. CAPE* is the convective available potential energy (CAPE) of the air lifted from satura-
tion at sea level, and CAPEb is the CAPE of the boundary layer air (Emanuel, 1995).

In the western Pacific (WP) basin, most TC occur to the south of 30°N.
Compared to IBTrACS, more TC occur between 10°N and 20°N. In the
NIO, compared to IBTrACS, more TC occur near the coast in the northern
Indian Ocean (NIO). In the Northern Atlantic (NA), the total number of
TC is lower than that of IBTrACS, and the primary bias appears in the
nearshore area of Northwest Africa. Similarly, the global tracks of TC
simulated by FAMIL2 are shown in Figure 3b, with the results from
IBTrACS in Figure 3a for comparison and the TC in the NIO, WP, and
NA shown separately. Compared to IBTrACS, the TC in the NIO simu-
lated by FAMIL2 are similar; whereas, in the WP, the number of tracks

Table 2
The Chinese Typhoon Intensity Scale

Typhoon category Wind speed (m/s)

Tropical storm >17.1 and ≤24.4
Strong tropical storm >24.4 and ≤32.6
Typhoon >32.6 and ≤41.4
Strong typhoon >41.4 and ≤50.9
Super typhoon ≥50.9

Table 1
The Saffir‐Simpson (SS) Intensity Scale

SS category Wind speed (m/s)

Tropical storm >17.4 and ≤32.3
Category 1 >32.3 and ≤42.1
Category 2 >42.1 and ≤48.8
Category 3 >48.8 and ≤57.5
Category 4 >57.5 and ≤69.3
Category 5 ≥69.3
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at lower latitudes is reasonable but more than that observed at the eastern
part of 160°E. In the NA, the number of tracks is less than that observed to
some extent.

Figure 4 compares the number of TC in each basin in percentage terms
(TC percentage). The model shows good performances over the northern
Atlantic (NA), southern Indian Ocean (SI), and Northern Indian Ocean
(NI). The primary bias in the TC percentage appears in the Eastern
Pacific (EP), being only 6.7% in the simulation but 20.5% in the
IBTrACS. Another major bias appears in the WP, with 42.1% in the

simulation but 31.7% in the IBTrACS. The negative bias of the number of TC in the EP could be a common
problem compared with other AGCMs (Manganello et al., 2012; Zhao et al., 2009).

Figure 5 shows the seasonal cycle of TC in the NIO, WP, and NA. The results simulated by FAMIL2 is close
to the IBTrACS, and compared to the results of HiRAM (Zhao et al., 2009) the peak in TC numbers can be
described reasonably in both the NIO andWP. In the NIO, the seasonal cycle of TC numbers shows a double‐
peak pattern, with two active seasons of TC activity. The first peak is from April to June and the second from
September to December. In the simulation, the results for TC numbers in the first active season are close
those in the IBTrACS; however, a large bias appears in the second active season, especially in November,
when the number of TC is underestimated. In theWP, the seasonal cycle of TC numbers shows a single‐peak
pattern. Specifically, the active TC season in the WP is from June to November, when there are usually more
than two TC geneses, and the maximum number of TC is in August, which can reach up to about eight. In
the simulation, the TC numbers in the active season (June to November) and inactive season (December to
April) are close to those in the IBTrACS. The primary bias appears in the transitional season (April to June).
Especially in May, FAMIL2 underestimates by about one TC in the WP—a bias that may reflect a general
deficiency of FAMIL2 during seasonal transition (spring to summer) in the WP. The shape for the seasonal
cycle of TC activity in the NA is similar to the result in theWP. A single‐peak pattern is apparent but with the
maximum number of TC appearing in September. Although the simulated results for TC numbers are close
to those of the IBTrACS during the inactive season (December to May) and transitional season (May to July),
large bias appears in the active season (July to November), during which only around 60% of TC (approxi-
mately five in IBTrACS and three in FAMIL2) activity in the NA can be captured.

4.2. Global Climatology of TC Intensity

Figure 6 shows the tracks of TC and their variation in intensity. TC in both the simulation of FAMIL2
and observation of IBTrACS are grouped into seven categories in accordance with the modified SS scale
(Table 2), but only show the TC which intensities are stronger than “tropical storm” (TS). From the global
perspective, the intensity of TC is concentrated from TS to “category 3”. In the NIO, because severe TC
are relatively rare, the intensity simulated by FAMIL2 is close to that in IBTrACS. In the WP
(Figure 6b) and in the NA (Figure 6c), the distribution of TC intensity simulated by FAMIL2 is narrower

than that in the IBTrACS. Zarzycki and Jablonowski (2014) used
CAM‐SE to do the TC simulation at nearly 100‐km horizontal reso-
lution. The result of TC intensity in CAM‐SE is similar to the result
in FAMIL2. Although more TC events are simulated in FAMIL2
than CAM‐SE, it is difficult to reproduce the intensity of TC with
the coarse resolution.

Figure 7 shows the pressure–wind relationship between the results of
TC simulated by FAMIL2 and those in IBTrACS. Each point refers to
a relationship between 6‐hr surface pressure and 6‐hr 10‐m wind
(simulation in blue; IBTrACS in red). The left‐hand side of each plot
is the low surface pressure and high 10‐m wind speed area, which is
reflective of severe TC. The results are similar to those of Figure 6; the
TCs are concentrated in the midintensity position. In the NIO
(Figure 7a), WP (Figure 7b), and in the NA (Figure 7c), there are
fewer TC, for which the 10‐m speeds are more than 40 m/s and the
sea level pressure less than 920 hPa. The results indicate that even

Table 3
TC Identification Criteria in FAMIL2

Variables Threshold

Surface wind speed threshold (m/s) ≥14.0
850‐hPa absolute vorticity (s−1) 3.5 × 10−5

Warm core (averaged temperature
between 300 and 500 hPa; K)

1

Life time (h) 72

Figure 1. The seven basins in FAMIL2: Northern Indian Ocean (NI, red box);
western Pacific Ocean (WP, blue box); eastern Pacific Ocean (EP, black box);
northern Atlantic Ocean (NA, gray box); southern Indian Ocean (SI, purple box);
southern Pacific Ocean (SP, green box); and southern Atlantic Ocean (SA, brown
box). The division conforms with that in the IBTrACS data set.
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when FAMIL2 can capture the genesis location and number of TC reasonably, these TCs do not always
develop into strong events.

4.3. Interannual Variability of TC Numbers

Figure 8 shows the interannual variability of TC numbers simulated by FAMIL2 (red lines), and observation
of IBTrACS (black lines) in the NIO (Figure 8a), WP (Figure 8b), and NA (Figure 8c). Although the numbers

Figure 2. The position of annual tropical cyclone (TC) genesis (black points), which are picked up by using an objective feature‐tracking approach and that covered
by 20‐year‐averaged sea surface temperature (shaded). The thick line means the Vmax is greater than 50 m/s, which is the required threshold for TC formation
in the current climate (Emanuel, 1987; Korty et al., 2012; Royer et al., 1998). A total of 20 years of data are used here. However, only those TC with lifetimes of
at least 3 days are shown, both in International Best Track Archive for Climate Stewardship (IBTrACS, a) and the C96 (~100 km) resolution simulation of
FAMIL2 (b). The northern Indian Ocean (c is the result of IBTrACS, f is the result of FAMIL2), western Pacific (d is the result of IBTrACS, g is the result of FAMIL2),
and northern Atlantic (e is the result of IBTrACS, h is the result of FAMIL2) basins are also shown.
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Figure 3. Comparison of observed (a) and model‐simulated (b) TC tracks, which are picked up by using an objective feature‐tracking approach (resolution:
~100 km; red lines) from 1983 to 2002. Only those TC with a lifetime exceeding 3 days are shown. The northern Indian Ocean (c is the result of International
Best Track Archive for Climate Stewardship, IBTrACS, f is the result of FAMIL2), western Pacific (d is the result of IBTrACS, g is the result of FAMIL2), and
northern Atlantic (e is the result of IBTrACS, h is the result of FAMIL2) basins are also shown.

Figure 4. Comparison of the number of tropical cyclone in each basin in percentage terms between (a) IBTrACS and
(b) FAMIL2 in C96 simulation (~100 km) in the western Pacific (WP, blue), eastern Pacific (EP, pink), southern
Pacific (SP, gray), northern Indian Ocean (NI, red), southern Indian Ocean (SI, purple), northern Atlantic (NA, green),
and southern Atlantic (SA, yellow). The annually averaged tropical cyclone numbers are also shown in all basin.
IBTrACS = International Best Track Archive for Climate Stewardship.
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of TC in the NIO are close to those in IBTrACS, the correlation coefficient between simulation and
observation is 0.22. This reflects the difficulties in simulating the interannual variability of TCs in the NIO
despite the simulated numbers being close to those observed. The correlation coefficient of the number of
TC in the WP reaches 0.51 (95% confidence interval). Several studies (e.g., Manganello et al., 2012, 2017)
have pointed out a strong correlation between El Nino–Southern Oscillation (ENSO) and TC activity in
the WP. Therefore, the high correlation of TC numbers in the WP may indicate that FAMIL2 well
reproduce the possible linkage between TC genesis and interannual variability of SST in the WP.
Although the simulated climatological number of TC in the NA is less than that in IBTrACS, the
simulated interannual variability of TC number is close to the IBTrACS, and the correlation coefficient of
the TC number between simulation of FAMIL2 and observation from IBTrACS in the NA is 0.49 (95%
confidence interval). As well as in the WP, the possible linkages of TC genensis and interannual
variability of SST in the NA is also captured in these regions to some extent. As Figure 2 shows, the
negative bias in TC numbers appears in the eastern part of the NA near the northwest of Africa. The high
correlation in annual TC numbers between the simulation and IBTrACS in the WP and NA indicates the
potential ability as for the application of the seasonal forecast of TC.

5. Possible Reasons for FAMIL2's Performance in Simulating TC
5.1. Large‐Scale Environmental Factors

We use the theory of tropical cyclone GPI developed by Emanuel and Nolan (2004) to investigate the ration-
ality of certain environmental variabilities contributing to the genesis of TC. Camargo et al. (2007) discussed

Figure 5. The 20‐year seasonal cycle (January–November) of tropical cyclone numbers in the northern Indian Ocean
(a), western Pacific Ocean (b), and northern Atlantic (c). The results of FAMIL2 in C96 (~100 km) simulation are
shown as red lines, and the results of IBTrACS are shown as black lines. The time periods of the FAMIL2 simulation and
IBTrACS are both from 1983 to 2002. IBTrACS = International Best Track Archive for Climate Stewardship.
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the detail of the GPI and used it to diagnose global and regional aspects of TC activity in CMIP5 models. The
GPI used in this paper is defined as

GPI ¼ 105vort850
�� ��3=2 RH

50

� �
Vmax

70

� �
1þ 0:1V shearð Þ−2; (2)

where vort850 is the 850‐hPa absolute vorticity (s−1), RH is the 600‐hPa relative humidity (%), Vmax is the
maximum potential intensity, Vshear is the magnitude of the wind shear between 850 and 200 hPa (m/s).

Figure 6. Tropical cyclone (TC) tracks (lines) and intensity (colors): (a) from a 20‐year segment (1983–2002) of IBTrACS, and (b) from the simulation of FAMIL2,
which are picked up by using an objective feature‐tracking approach at the C96 (~100 km) resolution for 1983–2002. Only those TC with a lifetime exceeding 3 days
are shown. The TC in both the simulation of FAMIL2 and observation of IBTrACS are grouped into seven categories in accordance with the modified SS scale
(Table 2) but only show the TC which intensities are stronger than “tropical storm” (TS). The results between FAMIL2 (f–h) and IBTrACS (c–e) in the northern
Indian Ocean (c is the result of IBTrACS, f is the result of FAMIL2), western Pacific (d is the result of IBTrACS, g is the result of FAMIL2), northern Atlantic (e is the
result of IBTrACS, h is the result of FAMIL2) basins are also shown. IBTrACS = International Best Track Archive for Climate Stewardship.
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The GPI establishes the link between the large‐scale environmental conditions and TC formation. Figures 9a
and 9b show the climatological distribution of the GPI in the simulation by FAMIL2 (Figure 9b) and in
ERA‐Interim data (Figure 9a) averaged from May to November, which is the primary TC season in the
Northern Hemisphere. The results show fundamentally consistent patterns of GPI between ERA‐Interim
and the simulation by FAMIL2. Thus, the environmental conditions of FAMIL2 for TC genesis are close
to those observed. There are biases in the quantitative values of the GPI, which are consistent with the
results of the genesis location biases and numbers of TC using the objective feature‐tracking methodology
in each basin. The GPI values in the NIO and WP are close to those observed, but the values in the EP
and NA are less than those observed. To analyze the contribution of the GPI's biases, we calculate the
relative bias for each term of the climatological GPI (averaged from May to November) in the NIO, WP,
EP, and NA (Figure 9c). On the one hand, the result shows negative biases of Vmax in the WP, EP, and
NA, and this result is consistent with the intensity of TC detected by the objective feature‐tracking metho-
dology. On the other hand, the relative humidity (RH) and wind shear (Wind_shear) show positive biases
in the WP, EP, and NA. The moister profile of RH and stronger wind shear go against the genesis conditions
necessary for TC, and that is one reason why the number of TC is less than IBTrACS in these basins.
Camargo et al. (2007) have discussed the GPI in several climate models. They show positive biases of RH
in ECHAM3, ECHAM4, ECHAM5, CCM3, and NSIPP, which are similar to the results of FAMIL2. But
the negative biases of wind shear that existed in ECHAM4, ECHAM5, NSIPP are different from the results
of FAMIL2.

Figure 7. Pressure‐wind pairs for each 6‐hourly TC measurement for the FAMIL2 in C96 (~100 km) simulation (blue
dots) and IBTrACS (red dots) in the western Pacific (a), northern Indian Ocean (b), and northern Atlantic (c). A linear
regression (blue line for the result of FAMIL2, red line for the result of IBTrACS) is fitted to each distribution of
pressure–wind pairs. IBTrACS = International Best Track Archive for Climate Stewardship.
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5.2. The MJO and CCEWs in FAMIL2

Previous studies reveal that the MJO and CCEWs are the prominent intraseasonal variabilities in the tropics
(e.g., Wheeler & Kiladis, 2010). Zhang (2005, 2013) discussed the relationship between the MJO and global
TC genesis locations and tracks, including its impacts on them. A realistic simulation of the MJO and
CCEWs will provide reasonable backgrounds for the simulation of TC (Hung et al., 2013; Waliser
et al., 2009).

Figure 10 is an annual (January–December) time‐longitude diagrams for lag‐composites of precipitation
correlated against precipitation in the NIO, along with the 850‐hPa zonal winds, in the FAMIL2 simulation
(Figure 10a) and observation (Figure 10b). By using 20‐ to 100‐day band‐pass filtered data, the MJO's
eastward phase is shown. The lag of the zonal wind anomaly behind the precipitation anomaly is about
5–7 days, which is close to that observed. Although the 850‐hPa wind speed of FAMIL2 is close to that
observed in the western hemisphere, there is the faster eastward propagation of 850‐hPa winds in the eastern
hemisphere compared observation.

Figure 11 shows the symmetric (observation: Figure 11a; simulation: Figure 11b) and antisymmetric
(observation: Figure 11c; simulation: Figure 11d) raw spectra, which have been deducted the background
spectra. Persian curves distinguish the prominent area of Kelvin, equatorial Rossby, eastward interior

Figure 8. Interannual variation of tropical cyclone (TC) numbers in the (a) northern Indian Ocean, (b) western Pacific
Ocean (WP), and (c) northern Atlantic (NA) basins. The results of FAMIL2 in C96 (~100 km) simulation are shown as
red lines, and the results of IBTrACS as black lines. The time periods of the FAMIL2 simulation (~100 km) and
IBTrACS are both from 1983 to 2002. The correlation coefficients of 20‐year TC numbers between FAMIL2 and IBTrACS
are 0.22, 0.51 (95% confidence interval), and 0.49 (95% confidence interval) for the NIO, WP, and NA, respectively.
IBTrACS = International Best Track Archive for Climate Stewardship.
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Figure 9. The tropical cyclone genesis potential index (GPI) in June–October (JJASO) during 1983–2002, based on ERA‐interim (a) and FAMIL2 at C96 (~100 km)
simulation (b). Panel (c) shows the biases of relative humidity (RH), absolute vorticity (vort850), maximum potential intensity (Vmax), and wind shear
(Wind_shear) between 850 and 200 hPa in JJASO during 1983–2002 in the western Pacific (WP), eastern Pacific (EP), northern Atlantic (NA), and northern Indian
Ocean (NI).

Figure 10. Comparison of annual (January–December) time‐longitude diagrams for lag‐composites of precipitation
anomalies (color shading) and 850‐hPa zonal wind between 10°S and 10°N in observation (a) and the FAMIL2 at C96
(~100 km) simulation (b) by using 20–100 band‐pass‐filtered data from 2001–2010. Color shading is for precipitation
correlations, while the lagged correlations for the zonal winds are shown by the contours.
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gravity, andmixed Rossby gravity modes for the three equivalent depths of 12, 15, and 50m. It is obvious that
there is anMJO signal in both the observation and simulation, the zonal wave numbers of which are 1–3 and
the periodicities of which are 30–80 days. Although the signals, for example, the MJO and Kelvin wave, are
stronger and narrower than observed, the CCEWs in their characteristic wave numbers are prominent.
Therefore, the realistic simulation of the CCEWs and MJO provides a reasonable background for the
genesis and propagation of TC.

6. Discussion

The impact of horizontal resolution on TC simulation has been widely studied, and some studies have
pointed out the simulated performance of TC is improved when horizontal resolution is increased, (e.g.,
Manganello et al., 2012; Shaevitz et al., 2014; Strachan et al., 2013; Walsh et al., 2013). Figure 4 shows, the
primary negative biases in TC numbers simulated by C96 (~100 km) FAMIL2 appear in the EP and NA.
Also, Figure 12 (IBTrACS: Figure 12a; simulation: Figure 12b) shows that when the horizontal resolution
is increased to C384 (~25 km), the percentage of TC in the EP increases from 6.7% to 16.4%, which is closer
to the results in IBTrACS compared to the simulation in the C96 resolution. On the other hand, the total

Figure 11. Space‐time spectrum of the 15°S to 15°N symmetric (a, b) and antisymmetric (c, d) component of precipitation (shaded) divided by the background
spectrum. The frequency spectral width is 1/128 cpd. Panels (a) and (c) are the observations, and panels (b) and (d) are the simulated results of FAMIL2 at the
C96 (~100 km) resolution.
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percentage of TC in the WP is reduced from 10.4% to 2.5% compared to the results simulated at the C96
resolution. As for the intensity of TC (Figure 13), the simulation of C384 FAMIL2 exhibit a slightly
enhanced compared with results from C96 FAMIL2, the “Category 3” hurricane can be detected in C384
FAMIL2 in an 8‐year period of 1992–1999, while only “Category 1” hurricane is detected in C96 FAMIL2.
By both regional and global model experiments, many studies claim nonhydrostatic dynamic core in a
superhigh horizontal resolution plays a crucial role for the intensity of TC simulation. (e.g., Nakano et al.,
2015, 2017; Satoh et al., 2014). Finally, the role the air‐sea interaction as well as the model physics
modules have been shown to be connected to the bias of the intensity and structure of TC simulation,
especially the maximum wind speed (e.g., Mogensen et al., 2017; Srinivas et al., 2016; Zarzycki, 2016).
Furthermore, several studies have discussed the impacts of physical processes, which include convective
activity and cloud processes (e.g., Lin et al., 2006; Reed & Jablonowski, 2011a, 2011b; Stan, 2012; Zhang &
McFarlane, 1995) on GCM‐simulated climatology and variability of TC. Zhao et al. (2012) found that the
simulation of TC genesis is sensitive to the cumulus mixing rate in a modified version of the convection
scheme of Bretherton et al. (2004) and damping in the divergent component (Lin, 2004; Lin & Rood,
1997). Lim et al. (2015) found that the simulation of TC genesis, intensity, and 3‐D structure is sensitive
to the minimum entrainment of the modified version of the relaxed Arakawa–Schubert scheme
(Moorthi & Suarez, 1992) in NASA's GEOS‐5 model. Therefore, as for model development of FAMIL, a
nonhydrostatic dynamic core in a high horizontal resolution (within 25 km), air‐sea interaction as well as
the model physics will be the potential future directions to further improve the skills of TC simulation.

The above analysis shows that C96 FAMIL2 exhibits reasonable performance in terms of the tracks, the
numbers, and genesis locations of TC, especially over WP and NI regions. Therefore, we are in the process
of setting up a seasonal TC forecasting system from the synoptic to seasonal time scale based on the coupled
version of the model (Bao et al., 2018). Additionally, 1° horizontal resolution is quite cheap as to supercom-
puting resources and it shows a strong competitive ability so that we can easily design a reliable ensemble
prediction system with a large ensemble.

7. Conclusion

In this study we have evaluated the performance of FAMIL2, at C96 (horizontal resolution of ~100 km), in
simulating TC activity, focusing mainly on the climatology, variability, and intensity in the NIO, WP, and
NA. The possible reasons behind the model's performance have been assessed with respect to the MJO,
CCEWs, and the GPI. The main findings of the study can be summarized as follows:

1. At the C96 (~100 km) horizontal resolution, FAMIL2 can reasonably capture the main climatic patterns
of the genesis locations, tracks, numbers, seasonal cycle, and intensity of TC. The main negative biases in
TC numbers and tracks appear in the EP and NA. When the horizontal resolution is increased to C384

Figure 12. Comparison of the number of tropical cyclone in each basin in percentage terms between (a) IBTrACS and
(b) FAMIL2 in C384 simulation (approximately 25 km) in the western Pacific (WP, blue), eastern Pacific (EP, pink),
southern Pacific (SP, gray), northern Indian Ocean (NI, red), southern Indian Ocean (SI, purple), northern Atlantic (NA,
green), and southern Atlantic (SA, yellow). The annually averaged tropical cyclone numbers are also shown in all basins.
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(~25 km), the bias in TC numbers in the EP is reduced but the TC numbers in the NA do not increase
obviously. A possible reason is the weaker easterly wave in the NA that goes against the genesis and
propagation of TC. FAMIL2 can capture the main shape of the seasonal cycle in the NIO and WP,
albeit with deficiencies in the detail. The main biases appear in the NA; only 60% of TC activity during
the active season can be simulated, and the negative biases of TC numbers appear in the eastern part
of NA that is near the northwest of Africa. One possible reason for the negative biases in TC numbers
in NA is the weaker TC intensity compared to that of IBTrACS. When the TC intensity is weaker than
IBTrACS, fewer TC events will be detected in NA. The intensities of TC simulated by FAMIL2 are weaker
than those in IBTrACS. Moreover, there is no apparent improvement in the simulated intensities of
TC when the horizontal resolution is increased from C96 (~100 km) to C384 (~25 km). According to
the findings of other studies, there are many parameters to which the number and intensity of TC are
sensitive. From the analysis of the GPI in each basin, the positive biases of relative humidity and wind

Figure 13. Tropical cyclone (TC) tracks (lines) and intensity (colors): (a) from an 8‐year segment (1992–1999) of IBTrACS,
(b) from an 8‐year segment (1992–1999) simulation of FAMIL2 in C96 (~100 km), and (c) from an 8‐year segment (1992–
1999) simulation of FAMIL2 in C384 (approximately 25 km). The TC in FAMIL2 simulation are picked up by using an
objective feature‐tracking approach, and only those TC with a lifetime exceeding 3 days are shown. The TC in both the
simulation of FAMIL2 and observation of IBTrACS are grouped into seven categories in accordance with the modified SS
scale (Table 2), but only show the TC which intensities are stronger than “tropical storm” (TS).
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shear are the main hindrance to the accurate simulation of TC genesis. Meanwhile, the negative bias in
maximum potential intensity, which is related to convective processes, is the main hindrance to an
accurate simulation of the development of TC. It is necessary to carry out further research to identify
the parameters and processes (Murakami et al., 2012) in FAMIL2 to which the model performance
is sensitive.

2. In terms of the interannual variability of TC numbers, the correlation coefficients of 20‐year TC numbers
between FAMIL2 and IBTrACS is 0.22, 0.51 (95% confidence interval), and 0.49 (95% confidence interval)
for the NIO, WP, and NA, respectively. Although the seasonal cycle and numbers in the NIO are close to
those in IBTrACS, the correlation coefficients of 20‐year TC numbers are lower than in the other basins.
This reflects the difficulty for FAMIL2 in simulating the interannual variability in the NIO, which is an
aspect that the next version of the model should address.

3. On the one hand, there are strong MJO and CCEW signals in the FAMIL2 simulation. Compared to
observation, the spectral widths of these waves are narrower. For example, the zonal wave number of
theMJO is from 1 to 5 in the observation, but only 1 to 3 in the simulation. Besides, the intensities of these
waves are stronger than observed. On the other hand, the GPI is used to check the backgrounds contri-
buting to TC genesis. The pattern of the GPI in FAMIL2 is close to ERA‐Interim, but there are negative
biases, particularly in the EP and NA, which are similar to the TC results by using the objective feature‐
tracking methodology.

4. Based on the performance of simulating TC, it is advisable to use this version of the model at the standard
horizontal resolution (~100 km) when establishing a subseasonal to seasonal forecast system (Bao et al.,
2018). Emanuel and Sobel (2013) discussed the importance of air‐sea interaction for the genesis and
maintenance of TCs, and indicated the deficiency in prescribing the SST for realistic TC simulation.
Therefore, the subseasonal to seasonal forecast system should be a fully coupled version (MacLachlan
et al., 2015; Yuan et al., 2011). Li et al. (2017) discussed the computational performance of FAMIL2 at
different horizontal resolutions and with different CPU processes, and the result showed that the C96
(~100 km) resolution was computationally less expensive and the more efficient choice for FAMIL2.
The seasonal forecasting skill (Camp et al., 2015; Manganello et al., 2016; Murakami et al., 2016;
Xiang, Zhao, et al., 2015) with respect to TC in the WP, even in the Northern Hemisphere, will be dis-
cussed from the hindcast data set of a seasonal forecasting system based on FAMIL2 in the future.
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