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Abstract Numerical experiments are carried out to explore the impacts of local and remote forcing on the
interannual variability of tropical cyclone (TC) frequency. The first two groups of experiments focus on the
regional simulations of Atlantic TCs, and the lateral boundary conditions and sea surface temperature (SST)
are specified to investigate the relative importance of remote and local forcing. The results suggest that
remote processes outside the North Atlantic, particularly extratropical processes, play an important role in
modulating Atlantic TC frequency and that the remote impacts may exceed the impacts of local SST in
some years. The total TC frequency in the northern tropics is explored in the third group of experiments.
In contrast to the North Atlantic, tropical SST plays a dominant role in modulating the total TC frequency
in the northern tropics. The difference may help to explain the uncertainties in the projections of future
Atlantic TC frequency.

Plain Language Summary Skillful seasonal prediction of tropical cyclones (TCs) can help storm
preparedness and mitigate their destructive impacts and is thus of profound socio-economic value. TC
activity on the seasonal time scale is subject to local forcing associated with variability in tropical sea surface
temperature (SST) and remote extratropical influence. Numerical model experiments are carried out to
explore the impacts of local and remote forcing on the interannual variability of TC frequency. The
experiments suggest that the remote forcing, in particular, extratropical processes, plays an important role in
modulating Atlantic TC frequency and tropospheric variability and that the influence may even exceed
that of local SST in some years. In contrast to the Atlantic basin, tropical SST plays a dominant role in
modulating the total TC frequency over the northern tropics. The sensitivity of Atlantic TCs to extratropical
processes may help explain the uncertainties in the projections of future Atlantic TC frequency.

1. Introduction

Tropical cyclones (TC) are one of the most severe storm systems on the Earth. Skillful seasonal prediction of
TCs can help storm preparedness and mitigate their destructive impacts and is thus of profound
socio-economic value. Seasonal prediction of Atlantic TCs has proven skillful in both dynamic models and
statistical models in recent years (e.g., Chen & Lin, 2013; Klotzbach, 2007; Vecchi et al., 2011). In most models,
tropical sea surface temperature (SST) is an important source of predictability. The relative SST (the difference
between local SST and the tropical mean) is a particularly useful predictor for TC seasonal prediction or
projection of TC activity in a changing climate (e.g., Swanson, 2008; Vecchi & Soden, 2007; Zhao et al., 2010).
The effectiveness of tropical SST as a predictor for TC activity resides in its strong influence on atmospheric
circulation and convection. The seminal study by Gill (1980) emphasized the equatorial wave response of the
free troposphere to diabatic heating, which is closely related to tropical SST anomalies (Neelin & Held, 1987),
especially in the western Pacific-Indian Ocean warm pool region (Wang & Li, 1993). Over the eastern oceans,
where SST is relatively cool and the marine boundary layer is topped by the trade wind inversion layer, the
boundary layer wind and low-level convergence are strongly influenced by the SST gradient (Battisti et al.,
1999; Lindzen & Nigam, 1987). In addition, SST fronts can modulate the low-level wind and convergence via
changes in static stability and vertical mixing (Chelton et al., 2004; Wallace et al., 1989).

Despite its strong influence on TC activity, tropical SST alone does not fully explain the variability of TC activ-
ity. For example, the 2013 Atlantic hurricane season was characterized by warm sea surface temperature
anomalies (SSTAs) in the Atlantic main development region (MDR) and cold SSTAs in the East Pacific, but
turned out to be one of the quietest seasons since 1994 (Blake, 2014). Zhang et al. (2016, 2017) suggested
that the suppressed TC activity in 2013 can be attributed to active extratropical Rossby wave breaking
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(RWB). Despite a synoptic-scale process, frequent RWB can induce significant large-scale circulation
anomalies on the seasonal time scale via enhanced tropical-extratropical mixing and modulate TC activity.

Atlantic RWB is not only sensitive to extratropical processes, but is also related to SSTAs over the tropical
Atlantic (Zhang & Wang, 2018). Although RWB can modulate atmospheric conditions over the tropical
Atlantic independent of tropical SST (Zhang et al., 2017), the relative importance of the local SST versus
remote forcing (particularly extratropical processes) on TC activity is not entirely clear. This study will inves-
tigate this issue through numerical model experiments.

2. Model and Experiment Design

TheWeather Research and Forecastingmodel (WRF; Skamarock et al., 2008) is used to conduct seasonal simu-
lations. The model has 40 vertical levels in the terrain-following σ coordinates. The simulations adopt the
Yonsei University planetary boundary layer parameterization (Hong et al., 2006), the rapid radiative transfer
model of longwave radiation (Mlawer et al., 1997), and the shortwave radiation scheme developed by
Dudhia (1989). The initial conditions, lateral boundary conditions (LBCs), and SST fields are derived from
the National Centers for Environmental Prediction Final Operational Global Analysis (NCEP FNL) at 1° × 1°
resolution, and the LBCs and SST fields are updated every 12 hr.

Three groups of experiments are carried out (Table 1), denoted as Exp (i)-XX, where i is the experiment group
number and XX indicates the surface temperatures and LBCs used for the experiment. The model is run at 9-
km horizontal grid spacing without any cumulus parametrization over the North Atlantic-West Africa sector
(2°–51°N, 112°W–2°E) in the first and second groups of experiments. The third group of experiments employs
a tropical channel domain (0°–35° N) at a coarser grid spacing (18 km) with the Kain-Fritsch cumulus scheme
(Kain & Fritsch, 1993), and the total TC frequency in the northern hemisphere is examined in addition to indi-
vidual basins. In Group 1, Exp1-2005 and Exp1-2013 simulate the Atlantic hurricane seasons in 2005 and 2013,
respectively. In contrast to 2013, the Atlantic hurricane season in 2005 had the record-breaking high TC activ-
ity, which can be attributed to warm SSTAs over the tropical Atlantic (supporting information Figure S1;
Beven et al., 2008). A mixed experiment (Exp1-SST05LBC13), with LBCs taken from 2013 and surface tempera-
ture from 2005, is carried out to examine the relative impacts of local and remote forcing on Atlantic TC fre-
quency. To test the robustness of the results, six ensemble simulations are carried out for each experiment
with different initial conditions or microphysics schemes (see the supporting information). All members are
integrated from late July to 31 October.

In the second group of experiments, the hurricane seasons during 2000–2016 are simulated to evaluate
whether the findings derived from Group 1 experiments can be generalized for other years. For each hurri-
cane season, the model is integrated from July 20 to October 31 with Goddard microphysics (Tao et al.,
1989), which produces TC counts closest to the observation in Exp1-2005 and Exp1-2013 (not shown). The
control experiment (Exp2-CTRL) is forced by the observed surface temperature and LBCs in each year. In
Exp2-SST05, the surface temperature from 2005 is used to force the model while the LBCs are still taken

Table 1
Summary of the Experiments and Correlation Analysis

Exp. group Experiment name Surface temp. Lateral boundary condition Corr. w/obv Corr. w/CTRL

Exp1 Exp1-2005 2005 2005 — —
Exp1-2013 2013 2013 — —
Exp1-SST05LBC13 2005 2013 — —

Exp2 Exp2-CTRL 2000–2016 2000–2016 0.63 1.00
Exp2-SST05 2005 2000–2016 0.42 0.48
Exp2-LBC13 2000–2016 2013 0.22 0.25

Exp3 Exp3-CTRL 2000–2016 2000–2016 0.37 1.00
Exp3-SST05 2005 2000–2016 0.41 �0.12
Exp3-LBC13 2000–2016 2013 0.23 0.79

Note. The column “Corr. w/obv” lists the correlations of TC counts between the IBTrACS and the experiments in Groups 2
and 3 from 2000 to 2016, and the column “Corr. w/CTRL” lists the correlations of TC counts between a sensitivity test and
the control run of the same group from 2000 to 2016. Correlations exceeding the 99% (95%) confidence level are under-
lined (in bold).
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from individual years during 2000–2016. In Exp2-LBC13, the LBCs from 2013 are used along with surface
temperatures from 2000 to 2016. The three experiments in Group 3 are the same as those in Group 2
except that the tropical channel domain (0°–35°N) is used to further clarify the relative influence of tropical
and extratropical processes on TCs. In the three groups of experiments, a buffer zone is used along the
model lateral boundaries to mitigate the incompatibility when surface temperatures and LBCs from
different years are used to force the model (see the supporting information).

A tracker algorithm is used to detect TCs in the model simulations (see the supporting information). TCs are
first tracked in individual simulations, and the TC statistics based on the ensemble mean in Group 1 or the
long-term mean (2000–2016) in Groups 2 and 3 are presented in section 3. The International Best Track
Archive for Climate Stewardship (IBTrACS; Knapp et al., 2010) and the FNL analysis are used to evaluate the
model simulations. Since the model resolutions are not sufficient to resolve intense hurricanes, we mainly
focus on TC frequency. Our analyses cover the time period from 1 August to 31 October, and the simulation
in late July is excluded as the model spin-up stage.

For the convenience of discussion, we refer to the impacts of processes outside the model domains via LBCs
as the remote forcing, and the direct impacts of the SST within the model domains as the local forcing,
although SSTAs in a model domain may have remote impacts on the large-scale circulation outside
the domain.

3. Results
3.1. Experiment Group 1: 2005 Versus 2013

The storm counts from the observation and model simulations are shown in Figures 1a and 1b, respectively.
Compared to the observation, the model slightly overestimates TC and hurricane counts in both 2005 and
2013, which may be partly attributed to the lack of air-sea interaction (Bender & Ginis, 2000). Nevertheless,
the model reasonably reproduces the observed contrast between 2005 and 2013. Few TCs originate from
the westernMDR in Exp1-2013 (Figure S2c), consistent with the observation (Figure S2a). The ensemblemean
TC counts are 18.7 and 9.8 for 2005 and 2013, respectively, and the TC counts in ensemble members are well
separated between the two years (Figure 1b). A similar contrast in hurricane counts is also reproduced by
the model.

Surprisingly, TC frequency in Exp1-SST05LBC13 is similar to that in Exp1-2013 despite different SST and is sub-
stantially suppressed compared to Exp1-2005 (Figures 1b and S2). This suggests that the remote forcing via
LBCs exerts a stronger influence on Atlantic TCs than the direct influence of local SST in this experiment.

To better understand the local versus remote impacts, the differences in vertical wind shear (VWS, defined as
the magnitude of the vector wind difference between 200 and 850 hPa) and 600-hPa relative humidity (RH)
between 2005 and 2013 are examined. According to the FNL analysis, the hurricane season in 2013, when
compared to 2005, is characterized by enhanced VWS (with differences up to 7 m s�1) over the Gulf of
Mexico and the MDR and reduced RH over the central and western MDR and east of Florida (Figures 2a
and 2b). Such differences contribute to the substantially suppressed TC activity in 2013. Exp1-2005 and

Figure 1. Tropical cyclone counts and hurricane counts from (a) the IBTrACS, (b) Experiment Group 1, and (c) Experiment
Group 2. The bars in (b) are the ensemble mean with whiskers showing the ensemble range; the bars in (c) are the
average over 2000–2016 with whiskers indicating the interannual standard deviation. IBTrACS = International Best Track
Archive for Climate Stewardship.
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Exp1-2013 broadly reproduce the observed differences between the two years, including the enhanced VWS in
the Caribbean and reduced RH in the central andwesternMDR in 2013 (Figures 2c and 2d). However, themodel
fails to reproduce the VWS differences over the central MDR and underestimates the VWS differences over the
West Atlantic. Furthermore, the RH differences over the central MDR are overestimated by the model.

The differences between Exp1-SST05LBC13 and Exp1-2005 are also examined (Figures 2e and 2f). The VWS in
Exp1-SST05LBC13 generally resembles that in Exp1-2013, including the enhanced VWS over the southeastern
United States and the Caribbean and the reduced VWS over the subtropical Atlantic compared to Exp1-2005,
but Exp1-SST05LBC13 fails to reproduce the enhanced VWS in the central and eastern MDR. The pattern of RH
difference resembles that in Figure 2d, but with a smaller magnitude. The differences between Exp1-
SST05LBC13 and Exp1-2013 can be attributed to SSTAs, which modulate the atmospheric conditions, includ-
ing local baroclinicity and humidity.

To quantify the role of remote forcing in modulating the North Atlantic circulation, pattern correlation coeffi-
cients (PCCs) of various variables are calculated between the simulations and the FNL analysis. A 7-day run-
ning mean filter is applied to the daily data to remove high-frequency fluctuations, and PCCs are then
calculated on each day between 1 August and 31 October. The ensemble mean PCCs are shown in
Figure 3a. Exp1-2013 is more skillful in reproducing the observed 200- and 850-hPa zonal winds (U) and
500-hPa RH than Exp1-2005, which can probably be attributed to the stronger lateral boundary forcing asso-
ciated with a large-scale Rossby wave train spanning from North America to the North Atlantic in 2013 (Bell
et al., 2014). Meanwhile, Exp1-2005 is more skillful in reproducing the 850-hPa RH, possibly owing to the influ-
ence of the strong SSTAs in 2005.

Furthermore, the PCCs of different variables in Exp1-SST05LBC13 are calculated with the FNL in 2005 and
2013, respectively, to assess the relative influences of remote and local forcing on the Atlantic atmospheric
circulation. Specifically, if tropospheric variabilities are mainly controlled by the remote forcing, Exp1-

Figure 2. The difference in VWS (m s�1) and 600-hPa RH (%) between 2005 and 2013 from the FNL analysis (top), between
Exp1-2005 and Exp1-2013 (middle), and between Exp1-2005 and Exp1-SST05LBC13 (bottom). Black contours highlight the
differences above the 99% confidence level.
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SST05LBC13 should have stronger PCCs with the FNL in 2013 than in 2005, and vice versa. As shown in
Figure 3a, the PCCs between Exp1-SST05LBC13 and the FNL in 2013 are consistently higher than those
between Exp1-SST05LBC13 and the FNL in 2005. It is also found that TC genesis locations in Exp1-
SST05LBC13 are similar to those in Exp1-2013 (Figure S2). Overall, the first group of experiments suggests
that remote processes may have a strong influence on the atmospheric circulation and TC frequency over
the Atlantic.

3.2. Experiment Group 2: Regional Simulations (2000–2016)

To test whether the finding of the strong remote influence can be generalized for other years, the hurri-
cane seasons from 2000 to 2016 are simulated in the second group of experiments. The observed surface
temperature in 2005 and LBCs in 2013 are chosen to represent strong local and remote forcing, respec-
tively, and three experiments are carried out (Table 1). The cyclogenesis pattern in Exp2-CTRL is broadly
consistent with that observed (Figures S3a and S3b). Although Exp2-CTRL slightly overestimates TC and
hurricane counts (Figure 1c), it reproduces the TC interannual variability skillfully. The correlation of TC
counts between Exp2-CTRL and the IBTrACS is 0.63 (Table 1), above the 99% confidence level. As
expected, TC and hurricane counts are both reduced when the LBCs in 2013 are used (Exp2-LBC13)
and are increased when the SST in 2005 are specified (Exp2-SST05). The reduced TC genesis in Exp2-
LBC13 mainly occurs in the MDR (Figure S3d). The correlation of TC counts is reduced to 0.42 between
Exp2-SST05 and the IBTrACS and is even weaker (0.22) between Exp2-LBC13 and the IBTrACS (Table 1).
This suggests that both the local SST and remote forcing modulate Atlantic TC frequency and that remote
forcing exerts a stronger influence than the local SST in the context of the model setup. Further calcula-
tions show that RWB occurrence is enhanced in Exp2-LBC13 (Figure S4), in agreement with the reduced
TC activity (Zhang et al., 2017).

PCCs are calculated between the experiments and the FNL to assess the relative impacts of remote and local
forcing on the tropospheric variability (Figure 3b). PCCs are reduced in both Exp2-LBC13 and Exp2-SST05
compared to Exp2-CTRL, but the reduction is larger in Exp2-LBC13, again suggesting that the remote forcing
has a stronger influence on Atlantic tropospheric variability than the local SST. This point is further supported
by the PCCs between Exp2-LBC13 and the FNL in 2013 and the PCCs between Exp2-SST05 and the FNL in
2005: The former set of correlations are much stronger than the latter.

It is generally accepted that climatemodeling is strongly dependent on the lower boundary conditions (espe-
cially SST), which are an important source of predictability for the atmosphere on the subseasonal and sea-
sonal time scales (Branković et al., 1994). Accordingly, the realistic representation of SST is regarded
essential for the skillful seasonal TC prediction (e.g., Vecchi et al., 2014; Zhao et al., 2010). However, our results
suggest that remote forcing (both extratropical and tropical) might play a more important role than local SST
in modulating Atlantic TC activity in some years, at least in the context of the model setup.

Figure 3. PCCs of various variables between the FNL analysis and model experiments from (a) Group 1, (b) Group 2, and
(c) the comparison between Exp2-CTRL and Exp3-CTRL. All PCCs are calculated with 7-day runningmean daily data over the
tropical-subtropical Atlantic (10°–30°N, 20°–90°W) and averaged over 1 August to 31 October. The ensemble means are
taken for Group 1, and the long-term means over 2000–2016 are taken for Groups 2 and 3. The whiskers indicate the
ensemble range of PCCs in (a), and the interannual standard deviation in (b) and (c). PCC = pattern correlation coefficient.
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3.3. Experiment Group 3: Tropical Channel Simulations (2000–2016)

In the previous two subsections, we simply refer to the processes outside of the model domain as remote
forcing. This remote forcing includes extratropical processes from the north, tropical forcing from the east
and west, and the possible influence from the South Atlantic. The lack of predictors in the South Atlantic
in statistical models (e.g., Gray et al., 1993) implies that the influence from the South Atlantic is likely
weak. A recent study suggests that African easterly waves do not affect the seasonal mean, basin-wide
Atlantic TC activity (Patricola et al., 2018). However, the forcing via the west boundary includes the
influence of the El Niño–Southern Oscillation and is not negligible (e.g., Goldenberg & Shapiro, 1996).
To further investigate the tropical versus extratropical influence on TC frequency, we adopt the tropical
channel configuration of the WRF (e.g., Ray et al., 2012) in Group 3 and carry out three experiments
similar to those in Group 2 (Table 1). The total TC activity in the northern tropics enclosed by the model
domain is modulated by tropical SST and the processes from the northern extratropics and the Southern
Hemisphere. The latter is collectively referred to as the remote forcing, although these processes may be
affected by SST in the northern tropics.

The model reproduces the long-termmean TC counts over the North Atlantic, the East Pacific, and the Indian
Ocean generally well (not shown). Due to biases in the large-scale circulation, TC frequency over the western
North Pacific is overestimated by ~200% (a similar issue also found in Ray et al., 2012). To mitigate this issue,
we first rescale the basin-wide TC counts over individual basins based on observation (see the supporting
information) and then calculate the total TC counts using the rescaled TC counts over individual basins. In
the following analysis, we will focus on the TC interannual variability.

The correlation of the TC counts between the Exp3-CTRL/Exp3-SST05/Exp3-LBC13 and the IBTrACS are all
below the 95% confidence level (Table 1). However, the strong correlation of TC counts between Exp3-CTRL
and Exp3-LBC13 (0.79), in contrast to the much weaker correlation between Exp-CTRL and Exp3-SST05
(�0.12), suggests that the total TC frequency over the northern tropics are strongly modulated by tropical
SST while the impacts of the remote forcing are negligible. Regarding the individual basins, Exp3-CTRL better
reproduces the TC variability over the North Atlantic (r = 0.54) and the East Pacific (r = 0.63) than over the wes-
tern North Pacific (r = 0.40; Table S1). In addition, the strong positive correlation (0.93) of TC counts between
Exp3-CTRL and Exp3-LBC13 over the East Pacific, in contrast to the negative correlation between Exp-CTRL and
Exp3-SST05 (�0.28), indicates the prominent influence of tropical SST on TC variability over the East Pacific,
which is different from the Atlantic basin. The remote forcing plays an important role in modulating Atlantic
TC frequency, as indicated by the higher correlation of Atlantic TC counts (r = 0.32) between Exp3-CTRL and
Exp3-SST05 than the nearly zero correlation (r = �0.03) between Exp3-CTRL and Exp3-LBC13 (Table S1).

To further investigate the tropical versus extratropical remote forcing on Atlantic TCs, the PCCs between
Exp2-SST05 and the FNL are compared to those between Exp3-SST05 and the FNL over the Atlantic
(Figure 3c). The Atlantic atmospheric circulation in Exp2-SST05 and Exp3-SST05 is both forced by the SST
in 2005 and the year-to-year varying remote forcing from the north and south boundaries (although the lati-
tudinal locations of the boundaries are not the same in the two experiments). The major difference lies in the
west and east boundaries of the Atlantic basin, which are specified in Exp2-SST05 and generated by the
model in Exp3-SST05. Similarity between the experiments and the FNL, as evaluated by PCCs, can be attrib-
uted to the remote forcing via the north and south boundaries. Additionally, similarity between the two
experiments, which can also be evaluated in terms of their PCCs with the FNL, would imply a minor role of
the remote forcing from the west and east. As shown in Figure 3c, Exp2-SST05 and Exp3-SST05 have similar
PCCs for RH500 and U200, but a large reduction of PCC is found for RH850 and U850 in Exp3-SST05. This sug-
gests that the remote forcing from the east and west has a stronger influence in the lower troposphere while
extratropical processes have a stronger influence in the middle and upper troposphere.

4. Summary and Discussion

Three groups of numerical experiments are carried out to investigate the importance of local and remote for-
cing on TC frequency. The first two groups of experiments focus on the regional simulations of Atlantic TCs,
and the third group examines the TC activity in the northern tropics using a tropical channel configuration.
The first group of experiments reproduce the active hurricane season in 2005 and the inactive season in
2013 when driven by the observed surface temperature and LBCs from the corresponding years. The
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mixed simulations, with surface temperature from 2005 and LBCs from 2013, resemble the 2013 simulations,
which implies the strong influence of remote forcing on Atlantic TCs. The hurricane seasons from 2000 to
2016 are simulated in the second group of experiments. The interannual variability of Atlantic TC frequency
is skillfully simulated by the control run as indicated by the correlation between the observed and simulated
TC counts (r = 0.63). The correlation is reduced when the LBCs are set to 2013 (r = 0.22) or the surface tem-
perature is set to 2005 (r = 0.42). This suggests that the remote and local impacts both modulate Atlantic
TC frequency, and the larger reduction of correlation in Exp2-LBC13 suggests that the remote forcing may
have stronger impacts on Atlantic TCs than the local SST. Pattern correlation analysis further suggests that
the tropospheric variability is strongly modulated by remote forcing. The tropical channel experiments in
Group 3 fail to skillfully simulate the interannual variability of the total TC counts in the northern tropics.
However, the strong correlation of TC counts between Exp3-CTRL and Exp3-LBC13, which have the same
SST forcing but different LBCs, suggests that tropical SST plays a dominant role in modulating the total TC
activity over the northern tropics, in contrast to the Atlantic basin.

The experiments suggest that the remote forcing plays an important role in modulating Atlantic TC activity
and that the influence may even exceed that of local SST in some years. However, the results should not be
interpreted as that the influence of tropical SST on Atlantic TC activity is not important. It is worth noting that
2013 is characterized by very active RWB over the North Atlantic and that such strong extratropical influence
does not exist in every year.

Some results in this study may be sensitive to the model configuration. In particular, it is conceivable that
LBCs may have a weaker control on regional model simulations if the model domain is larger. This helps to
explain the difference in the local versus remote control on TC activity between the Atlantic basin and the
northern tropics, but we suspect that the differences are also tied to the forcing mechanisms of TC variability
in different basins. For example, TC variability tends to be out-of-phase between the North Atlantic and the
East Pacific (e.g., Wang & Lee, 2009; Zhang & Wang, 2015). Such TC variations are partly canceled when the
northern tropics is considered as a whole, so the regional TC variability may not be closely related to the glo-
bal TC variability. In addition, TCs are strongly modulated by the El Niño–Southern Oscillation in the East
Pacific (e.g., Jin et al., 2014; Zhang & Wang, 2015) and are closely tied to the monsoon activity over the wes-
tern North Pacific (e.g., Ritchie & Holland, 1999). Extratropical influence may thus be relatively weak in these
basins. The sensitivity of Atlantic TCs to extratropical processes may help to explain the uncertainties in the
projections of future Atlantic TC activity.
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