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ABSTRACT

A hybrid statistical–dynamical model is developed to predict multiyear variability of Atlantic tropical

cyclone (TC) activity. A Poisson model takes sea surface temperature (SST) averaged over the Atlantic main

development region (MDR) and the Atlantic subpolar gyre region (SPG) from the initialized CESM pre-

diction as predictors, and skillfully predicts the basinwide TC frequency, accumulated cyclone energy (ACE),

landfalling TC frequency, and hurricane and major hurricane days. Further analysis shows that the SPG SST

is a more important source of predictability than the MDR SST for multiyear Atlantic TC activity. The

comparison between the uninitialized and initialized CESM predictions suggests that the SPG SST is better

predicted by the initialized CESM owing to the better prediction of Atlantic meridional overturning circu-

lation, which contributes to the overall more skillful TC predictions. On the other hand, the skillful prediction

of the basinwide TC frequency by the uninitialized CESM suggests the role of external forcing in the vari-

ability ofAtlantic TC activity. The dependence of the hybrid prediction skills on the dynamicmodel ensemble

size is also explored, and an ensemble size of;20 is suggested as optimal. Further analysis shows that the SPG

SST is associated with the variability of vertical wind shear and precipitable water over the tropical Atlantic

even when the influence of the MDR SST is controlled. The spatial patterns of vertical wind shear and

precipitable water suggest a strong modulation of ACE and hurricane frequency but a relatively weak in-

fluence on the basinwide TC frequency. The physical mechanisms between the SPG SST and Atlantic TC

activity are discussed.

1. Introduction

Interannual or multiyear tropical cyclone (TC) pre-

diction has been less studied compared to seasonal TC

prediction despite the apparent socioeconomic value of

skillful TC prediction on this longer time scale (Caron

et al. 2018). Tropical sea surface temperature (SST) has

been regarded as an essential predictability source for

seasonal TC activity (e.g., Chen and Lin 2011, 2013;

Klotzbach 2007; Vecchi et al. 2011, 2014), although TC

activity may be modulated by extratropical processes

(Chang and Wang 2018; Zhang et al. 2016, 2017; Zhang

and Wang 2019; G. Zhang et al. 2019). Particularly, the

relative SST over the Atlantic main development region

(MDR; 108–208N, 208–808W; Goldenberg and Shapiro

1996), with respect to the global tropical mean, plays an

important role in regulating Atlantic TC activity and

tropospheric variability (e.g., Caron et al. 2014; Swanson

2008; Vecchi and Soden 2007; Vecchi et al. 2011, 2013;

Zhao et al. 2010). The physical framework of relative

MDR SST is mainly built upon thermodynamic consid-

eration. The tropospheric warming follows the tropical-

mean SST under the weak temperature gradient

approximation (Sobel and Bretherton 2000; Sobel et al.

2002), while the moist static energy in the boundary

layer is strongly modulated by the local SST (Raymond

1995; Zeng et al. 2000). If the MDR SST warms more

than the tropical mean, the destabilization of tropo-

sphere favors convection and leads to an increase in

Atlantic TC activity (Gualdi et al. 2008; Ramsay and

Sobel 2011; Sugi et al. 2012; Vecchi and Soden 2007).

In contrast to seasonal prediction, the sources of pre-

dictability on themultiyear time scale are less well studied.

While the pioneering studies by Smith et al. (2010) and

Dunstone et al. (2011) emphasized the importance of the

Atlantic subpolar gyre (SPG) SST in multiyear prediction
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of Atlantic hurricane frequency, Vecchi et al. (2013) and

Caron et al. (2014) skillfully predicted Atlantic hurricane

frequency using the Atlantic MDR SST and the tropical-

mean SST. The relative importance of tropical SST and

extratropical SST to multiyear Atlantic TC prediction is

not clear.

The Atlantic SPG is the region where the Atlantic

multidecadal oscillation (AMO; Zhang and Delworth

2006) or Atlantic multidecadal variability (Knight et al.

2006) has the largest low-frequency SST variance. The

AMO modulates several large-scale environmental pa-

rameters closely related to TC activity, including tropi-

cal SST, sea surface pressure (SLP), vertical wind shear

(VWS), tropical precipitation, low-level vorticity, and low-

tropospheric convergence on decadal tomultidecadal time

scales (Caron et al. 2015a; Goldenberg et al. 2001; Knight

et al. 2006; Ruprich-Robert et al. 2017; Vimont andKossin

2007; Zhang and Delworth 2006). In the conventional

view, the AMO is tied to the Atlantic meridional over-

turning circulation (AMOC) and is regarded as a natural

mode of climate variability (Kimet al. 2018;R.Zhang et al.

2019). Some recent studies suggested that the AMO is

driven by atmospheric noises, particularly theNorthAtlantic

Oscillation, and that ocean dynamics are not an indispens-

able component of the AMO (Clement et al. 2015; Cane

et al. 2017). It was also suggested that the AMO may be

drivenbyexternal radiative forcing, such as volcanic aerosols,

changes in solar irradiance, and greenhouse gases (e.g.,

Booth et al. 2012; Otterå et al. 2010; Otto-Bliesner et al.

2016). Overall, the physical mechanisms of the AMO have

been a topic of active debate. This raises a question about the

role of internal variability and external forcing inAtlantic TC

variability andpredictiononmultiyear to decadal time scales.

With improved numerical models and increasingly

available computing resources, seasonal prediction of

TC activity using high-resolution numerical models has

been attempted in recent years (Chen and Lin 2011,

2013;Manganello et al. 2016;Murakami et al. 2015). TCs

can be directly tracked in high-resolution numerical

model simulations, and it was shown that high model

resolution can improve the mean TC frequency as well

as the spatial distributions of TC genesis and tracks

(Manganello et al. 2012, 2016). High-resolution nu-

merical model prediction, however, may not be com-

putationally feasible for multiyear TC prediction. In

addition, dynamical models that can skillfully predict

the SST and the large-scale circulation anomalies may

still have difficulty realistically representing TC activity

(Walsh et al. 2010). Hybrid prediction, which employs

predictors derived from coarse-resolution dynamical

model predictions, has proven skillful in predicting the

Atlantic hurricane frequency on multiyear time scales

(Caron et al. 2014, 2018; Vecchi et al. 2013). Previous

studies have employed different predictors, such as the

MDR SST or the relative MDR SST (Caron et al. 2014;

Vecchi et al. 2013) and SLP over the tropical and ex-

tratropical North Atlantic (Caron et al. 2015b), and the

skill of some hybrid predictions is comparable to that of

dynamical predictions (Caron et al. 2018).

In this study, we develop a hybrid prediction frame-

work using a newly available decadal prediction dataset

and will address the following questions:

d What is the relative importance of different predictors

in multiyear Atlantic TC prediction?
d What is the optimal ensemble size for multiyear

hybrid TC prediction?
d Does dynamic initialization of the ocean improve the

prediction skill?
d What are the physical links between the different

predictability sources and Atlantic TC activity?

The data and methodology are described in section 2.

The first three questions are addressed using a hybrid

prediction framework in section 3; the last question is

explored in section 4. Concluding remarks and discus-

sion are presented in section 5.

2. Data and methodology

a. Global climate model hindcasts and observational
datasets

The hybrid statistical–dynamical models are built on

SST indices derived from initialized and uninitialized cli-

matemodel predictions. The initialized hindcasts are taken

from the Community Earth System Model decadal pre-

diction dataset (CESM-DP; Yeager et al. 2018). The at-

mospheric component of the CESM-DP, the Community

AtmosphereModel, version 5 (CAM5;Hurrell et al. 2013),

is configurated at a horizontal resolution of 0.948 3 1.258
(latitude 3 longitude) with 30 vertical levels. The ocean

model is the Parallel Ocean Program, version 2 (POP2;

Danabasoglu et al. 2012), which is configured at a nominal

18 horizontal resolution on the displaced pole grid and has

60 vertical levels. The experiment includes 40 ensemble

members, which are initialized on 1 November every year

during 1954–2015 (62yr) and are integrated for 122months

(;10 yr). Initial conditions for atmospheric and land

models in the CESM-DP are obtained from the restart

files at the corresponding historical moments from the

CESM Large Ensemble (CESM-LE) simulations (de-

scribed below). The ocean and sea ice initial conditions

in the CESM-DP are derived from an updated forced

ocean–sea ice simulation (FOSI; Yeager et al. 2018), in

which the ocean and sea ice models are driven by the

observed time-varying atmospheric states and radiative

fluxes. Although no observation is directly assimilated
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into the ocean and sea ice models, the FOSI shows a

good agreement with the late-twentieth-century ocean

observations in the North Atlantic (Yeager et al. 2012;

Yeager and Danabasoglu 2014).

The CESM-LE (Kay et al. 2015) has 40 ensemble

members, and each member is continuously integrated

from 1920 to 2100. The ensemble members are initial-

ized by perturbing the atmospheric initial condition at

the round-off level. The CESM-LE shares the same ra-

diative forcing as the CESM-DP experiment. The his-

torical radiative forcing, including the influence from

volcanic aerosols, is used to drive the CESM hindcasts

for 1920–2005, and the projected radiative forcing of

RCP8.5 is used after 2005. In short, the CESM-DP and

CESM-LE are based on the samemodel version (CESM

1.1), have the same model configuration, and share the

same historical radiative forcing, and only differ in

the initialization of the ocean and sea ice components.

The comparison between the two experiments thus

helps identify the value of ocean initialization for mul-

tiyear prediction. The 40-member ensemble-mean SST

from each experiment (CESM-DP or CESM-LE) is

used to derive predictors for the hybrid predictions.

Tropical cyclone observations from the HURDAT2

(Landsea and Franklin 2013) are used to develop and

evaluate the hybrid predictions; SST data from the

Extended Reconstructed Sea Surface Temperature,

version 5 (ERSSTv5; Huang et al. 2017), are used as the

truth to evaluate the CESM SST predictions; and the

NCEP–NCAR Reanalysis 1 (Kalnay et al. 1996) is used to

investigate the physical processes linking SST predictors to

Atlantic TC activity. We focus on the Atlantic hurricane

season, June toNovember (JJASON), andadopt a 5-yr time

window to facilitate the comparison with previous studies

(e.g., Caron et al. 2014, 2015b, 2018; Vecchi et al. 2013). The

5-yr running means of JJASON seasonal means of various

variables (including SST indices, TC indices, and environ-

mental fields) are examined if not specified otherwise.

b. Predictor selections

To select effective SST predictors, the Pearson corre-

lation coefficient between the observed Atlantic TC fre-

quency and observed SST at every grid point is calculated

(Fig. 1a). Strong positive correlations are found over the

tropical Atlantic MDR, the subpolar North Atlantic, and

the Pacific. In particular, the SST correlation pattern over

the Pacific resembles the negative phase of the Pacific

decadal oscillation (PDO;Zhang et al. 1997), and the SST

pattern over the Atlantic resembles the positive phase of

theAMO.This suggests that remote SST anomalies, from

either the extratropical Atlantic or the Pacific, may

modulateAtlantic TC activity in addition to the local SST

anomalies over the tropical Atlantic (e.g., Li et al. 2015).

The CESM-DP broadly reproduces the observed cor-

relation patterns over the North Atlantic and the Pacific

(Fig. 1b), including the strong positive correlations over

the tropical Atlantic, the Atlantic SPG, and the western

North Pacific. However, the CESM-DP does not capture

the significant negative correlation over the tropical

eastern Pacific, resulting from the deficiency of themodel

in predicting the tropical Pacific SST anomalies (Yeager

et al. 2018). Further investigation suggests that the model

fails to reproduce the PDO despite the moderate pre-

diction skill of SST over the extratropical North Pacific

(not shown). Additionally, Fig. 1b shows basinwide pos-

itive correlations, instead of a tripole pattern (Czaja and

Marshall 2001), over the North Atlantic.

Various possible SST predictors—the MDR SST, SPG

SST (508–608N, 108–508W; Caron et al. 2015b), Niño-3.4
SST, an SST index representing the western North Pacific

(308–408N, 1358E–1808), and the tropical-mean SST (be-

tween 308S and 308N)—are tested (see Table S1 in the

online supplemental material), and the combination of

theMDRand SPGSST indices produces themost skillful

prediction. Inclusion of the Niño-3.4 SST or the western

North Pacific SST does not help appreciably increase the

prediction skills. Compared to the other sets of SST

predictors, the relative MDR SST (predictor set 2) ex-

hibits lower prediction skill, especially for the accumu-

lated cyclone energy prediction across all forecasting

lead times (Table S1). These results, however, are likely

model dependent, and can probably be attributed to the

poor skill of the CESM-DP in predicting ENSO (Yeager

et al. 2018) and the tropical-mean SST.

Since the MDR and SPG SST indices are not inde-

pendent of each other, we assess the impact of collin-

earity using the variance inflation factor (VIF; Davis

et al. 1986). The VIF values of the two SST predictors

(2.75, 4.71, and 2.15 for ERSSTv5, CESM-DP, and

CESM-LE, respectively) are lower than the VIF cutoff

value of 10, which is commonly used to drop off a pre-

dictor (e.g., Villarini et al. 2012). Both predictors are

thus employed in the hybrid model.

c. Statistical component of the hybrid prediction

The statistical emulator is formulated as a Poisson

regression model with two predictors: MDR SST and

SPG SST. The regression equation can be written as

l5 exp(a
0
1 a

1
SST

MDR
1 a

2
SST

SPG
),

where SSTMDR and SSTSPG are the MDR and SPG SST

anomalies relative to the model climatology at the cor-

responding lead times (the time periods associated with

different forecasting lead times are shown in the online

supplemental material); l represents different TC
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indices, including the basinwide TC frequency, accu-

mulated cyclone energy (ACE), landfalling TC fre-

quency, landfalling hurricane frequency, hurricane days,

and major hurricane days. A TC making landfall any-

where in the U.S. coastline, the Mexico coastline, or the

Caribbean islands during its lifetime is regarded as a

landfalling TC, and a category 3–5 hurricane is defined

as a major hurricane. Different from many previous

studies, the predictors and predictands are linearly de-

trended before fitting the Poisson regression model. We

deem detrending a necessary step because noticeable

linear trends exist in the predictors and the predictands

and would artificially inflate the prediction skill.

d. Assessment of prediction skill and statistical
significance

Prediction skill is assessed primarily by the Pearson

correlation between the predicted and observed time series

of TC indices using a leave-5-years-out cross-validation

method (Wilks 2006). For example, to predict the 5-yr-

mean TC frequency centered on 2009, the 5 years 2007–11

are excluded from the training data, and the 5-yr running

means of SST predictors and the observed TC frequency

during 1955 to 2006 (i.e., 5-yr running means from 1955–59

to 2002–06) are used to fit the Poisson regressionmodel via

the maximum likelihood method (McCullagh and Nelder

1989). This is repeated for every 5-yr running mean and

produces a time series of the predictand.

Strong autocorrelations exist in the predictor and

predictand time series, which reduces the degree of

freedomof the data. The effective degree of freedomN*

is estimated following Chelton (1984):

N*5
N

11 2�
N/4

j51

r
xx
(j)r

yy
(j)

,

FIG. 1. (a) Pearson correlation coefficients between the observed 5-yr-mean global SST and the

Atlantic TC frequency fromHURDAT2 over 1955–2016. (b) As in (a), but the global SST is taken

from the first 5 years of the CESM-DP. Black dots indicate correlations exceeding the 95% confi-

dence level based on the Student’s t test. Theblack boxes depict the regions used to define theMDR,

SPG,westernNorth Pacific, andNiño-3.4 SST indices. Note that the significance level is determined

based on the effective sample size, which varies from grid point to grid point (see section 2d).
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where rxx(j) and ryy(j) are the autocorrelations of time

series x, y at lag j, respectively, and N is the length of the

time series. Since the autocorrelation of a field variable

varies from grid point to grid point, the effective degree of

freedom also has spatial variability. Although there are

more than 50 years of data, the effective degree of freedom

of the 5-yr-mean time series is between 8 and 10. The

significance of the Pearson correlation is determined based

on the effective degree of freedom using the Student’s t

test. Root-mean-square error (RMSE) is also examined

for some predictions, but prediction skill is referred to the

Pearson correlation if not specified otherwise.

3. Hybrid prediction of Atlantic TC activity

a. Retrospective forecasts

Figure 2 shows the prediction skill of the hybridmodel

using theMDR SST and the SPG SST as predictors. The

ACE, landfalling TC frequency, landfalling hurricane

frequency, hurricane days, and major hurricane days are

FIG. 2. Prediction skills of (a) basinwide TC frequency, (b) ACE, (c) landfalling TC frequency, (d) landfalling hurricane

frequency, (e) hurricane days, and (f) major hurricane days at different forecast lead times. The3 marks indicate the 95%

confidence levels basedonadjusteddegrees of freedom.Bluebars represent the skillswhenboth theSPGandMDRSSTare

used as the predictors. The redbars show the prediction skills when the observed linear trends of TCactivity are addedback.
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examined in addition to the basinwide TC frequency.

The correlations exceed the 95% confidence level for

ACE, hurricane days, and major hurricane days across

all forecast lead times, and the model is skillful in

predicting the basinwide and landfalling TC frequen-

cies from Yr 1–5 to Yr 3–7. The hybrid predictions of

TC frequency and ACE are also compared with the

persistence forecasts, in which the 5-yr-mean persis-

tence is defined as the observed average over the

5 years preceding the CESM-DP initialization. For

example, the persistence forecast of ACE for Yr 1–5

prediction centered on 1995 (i.e., model initialized in

November 1992) is the observed ACE averaged from

1988 to 1992. The hybrid model outperforms the per-

sistence forecasts at all forecast lead times (Table S1 in

the online supplemental material). We also tried add-

ing the observed linear trends to the TC indices, and it

brings the prediction skill higher except for hurricane

days and major hurricane days, which do not have a

strong linear trend.

In addition to the Pearson correlation, the skill of

hybrid predictions is also evaluated using RMSE

(Fig. S2). The RMSEs of TC frequency, landfalling TC

frequency, and landfalling hurricane frequency are around

1.2, 0.9, and 0.6, respectively; the RMSEs of hurricane days

and major hurricane days are 4–6 and;2, respectively; and

the RMSE of ACE is less than 20. Overall, our results

suggest that skillful prediction ofmultiyear variability of the

basinwide and landfalling TC activity is feasible.

To compare the relative contribution of theMDR and

SPG predictors, the prediction skill of multiyear TC

activity is shown in Fig. 3, where theMDRor SPGSST is

used as the sole predictor without adding the linear

trends. The prediction skill is consistently higher for all

the TC indices across all forecast lead times when

the SPG SST is used as the sole predictor than when the

MDR SST is used as the sole predictor, except for the

basinwide TC frequency and landfalling TC frequency

at Yr 1–5. In fact, using the MDR SST alone fails to

skillfully predict ACE, landfalling hurricane frequency,

hurricane days, or major hurricane days at any forecast

lead times. This suggests that the SPG SST is a more

important predictability source for multiyear Atlantic

TC activity than the MDR SST in the CESM-DP. These

results do not necessarily contradict the previous studies

emphasizing the role of the MDR SST (Vecchi et al.

2013; Caron et al. 2014), because using the MDR SST

alone can skillfully predict the basinwide TC frequency

and landfalling TC frequency at Yr 1–5 and Yr 2–6.

Additionally, the relative importance of the two pre-

dictors in the hybrid predictions may be model dependent.

The role of the SPG SST in modulating the large-scale

circulation is discussed in the section 4.

b. The skill dependence on ensemble size

Ensemble prediction has become a common practice

in recent years. Model uncertainties may arise from the

uncertainties of the initial conditions and uncertainties

of the model physics. The ensemble mean helps reduce

uncertainties and increase the signal-to-noise ratio. On

the other hand, a larger ensemble size requires more

computing resources. It is thus helpful to investigate the

optimal number of ensemble members for skillful pre-

diction given limited computing resources. The Pearson

correlation andRMSE as a function of the ensemble size

(Fig. 4) are computed using the bootstrap resampling.

For an ensemble size N, the 5-yr-averaged ensemble-

mean MDR and SPG SSTs are calculated from N

members randomly chosen from the pool of 40 CESM-

DP members. This is done independently for each year

during 1954–2006, and the correlations and RMSEs of

TC frequency and ACE are then calculated. The dis-

tributions of Pearson correlation and RMSE for the

ensemble size of N are obtained by repeating this pro-

cedure 1000 times. This can be done for different en-

semble sizes between 1 and 39 (note that the ensemble

members are chosen independently for each year). The

median, 95th and 5th percentiles of the correlation, and

RMSE values are shown in Fig. 4. The correlation co-

efficients increase sharply when the ensemble size is

increased from 1 to 5 and saturates when the ensemble

size is around 20, consistent with the previous studies

based on high-resolution numerical model simulations

(Manganello et al. 2016; Mei et al. 2019) or for opera-

tional hurricane forecasts (Gall et al. 2013). The RMSE

of TC frequency decreases sharply from 1 to 5 and starts

to level off for the ensemble size around 20. The RMSE

of ACE, however, decreases more gradually and does

not converge even for the ensemble size 40.

c. Initialized and uninitialized prediction

The role of ocean initialization is explored by com-

paring the skill of the hybrid prediction using the SST

predictors from the CESM-DP to that using the SST

predictors from the CESM-LE (Fig. 5). The Poisson

model [Eq. (1)] is trained for the SST predictors from

the CESM-DP and CESM-LE separately. The initial-

ized (CESM-DP) and uninitialized (CESM-LE) pre-

dictions show similar skills in predicting the basinwide

TC frequency, landfalling TC, and hurricane frequen-

cies for short lead times, but the skill of the uninitialized

prediction deteriorates quickly for longer lead times.

The uninitialized predictions of ACE, hurricane days,

and major hurricane days show no skill at all. The ini-

tialized prediction outperforms the uninitialized pre-

diction except for the basinwide and landfalling TC
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frequencies at short lead times, and the prediction skills

assessed by RMSE show consistent findings (Fig. S2).

The increase in prediction skill via model initialization is

in line with some previous studies (Smith et al. 2010;

Vecchi et al. 2013). These results lead to two questions:

What is the source of predictability in the uninitialized

CESM-LE prediction? Why does the ocean initializa-

tion contribute to the ACE prediction but not much to

the TC frequency prediction?

To answer the first question, we evaluate the predic-

tion of the two SST indices against the ERSSTv5. The

CESM-DP and CESM-LE show a similar skill in pre-

dicting the MDR SST (Fig. 6a), although both predic-

tions have 1–2-K cold biases inMDRSST (not shown), a

common issue for CMIP5 climate models (Zhang and

Zhao 2015). In contrast, the CESM-DP is much more

skillful than the CESM-LE in predicting the SPG SST

(Fig. 6b). In fact, the CESM-LE shows no skill in pre-

dicting the SPG SST.

The MDR SST and SPG SST can be regarded as the

tropical and extratropical components of the AMO,

respectively. The recent study by Delworth et al. (2017)

FIG. 3. Prediction skills of various TC indices at different forecast lead times. The 3 marks indicate the 95%

confidence levels based on adjusted degrees of freedom. The blue and yellow bars represent the skills when the SPG

and MDR SST are used as the only predictor, respectively.
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emphasized the role of ocean dynamics in generating

extratropical Atlantic SSTA as a delayed response to the

Atlantic meridional overturning circulation (AMOC).

The CESM-DP underestimates the strengths of AMOC

and northward heat transport at 508N, but skillfully cap-

tures their variabilities on the multiyear to interdecadal

time scales, while theCESM-LE shows no skill (Fig. 7). In

contrast to the extratropical Atlantic SST, the radiative

forcing associated with anthropogenic or natural aerosols

and dust emission (Booth et al. 2012; Evan et al. 2008,

2009) was suggested to play an important role in the

variability of the tropical Atlantic SST. Recall that the

CESM-DP and CESM-LE share the same radiative

forcing, which explains the skillful prediction of theMDR

SSTbyboth experiments, while the poor prediction of the

SPG SST by the CESM-LE is consistent with the im-

portant role of ocean dynamics in the variability of ex-

tratropical Atlantic SST on the multiyear time scale. The

comparison between the hybrid predictions based on the

CESM-LE and CESM-DP thus also implies the role of

external forcing in the variability of Atlantic basinwide

TC frequency and landfalling TC frequency.

The finding that the initialized prediction has higher

skill than uninitialized prediction in predicting ACE but

has similar skills in predicting basinwide TC frequency is

consistent with Fig. 3, which shows that the SPG SST is

more skillful in predicting ACE than the MDR SST but

the two SST predictors have comparable skill in pre-

dicting the basinwide TC frequency. This issue is further

examined in the next section.

4. The physical mechanisms behind the
predictability sources

a. Implications for different large-scale variables

The importance of the relative MDR SST in modu-

lating the large-scale circulation over the North Atlantic

from the seasonal to multiyear time scales has been

investigated by some previous studies (e.g., Bell and

FIG. 4. (top) The prediction skill of (a) the basinwide TC frequency and (b) ACE as a function of the dynamical

model ensemble size. (bottom) The RMSEs of (c) the basinwide TC frequency and (d) ACE as a function of the

dynamical model ensemble size, respectively. Shading represents the 5%–95% uncertainty range. SST predictors

are taken from the first 5 years of the CESM-DP.
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Chelliah 2006; Camargo et al. 2007; Latif et al. 2007;

Swanson 2008; Vecchi and Soden 2007). In comparison,

the SPG SST has been less well studied. The more

skillful predictions of some TC indices using the SPG

SST suggest that the SPG SST might independently

modulate the atmospheric circulation over the tropical

Atlantic. Since the SPG SST and the MDR SST are not

independent of each other, here we calculate the partial

correlations to disentangle their relative impacts on

environmental variables. The total precipitable water

(TPW) and VWS (defined as the magnitude of the

vector wind difference between 200 and 850 hPa) during

the Atlantic TC season (June–November) are exam-

ined. The seasonal-mean fields are derived from

the NCEP–NCARReanalysis 1 (Kalnay et al. 1996). All

variables are linearly detrended, and a 5-yr running-

mean filter is applied between 1955 and 2016. For the

partial correlation between the MDR SST and a vari-

able x, the influences of the SPG SST on the MDR SST

and x are removed by linear regression, and then the

FIG. 5. Prediction skills of various TC indices at different forecast lead times. The 3 marks indicate the 95%

confidence levels based on adjusted degrees of freedom. The blue and yellow bars represent the skills based on the

CESM-DP and the CESM-LE, respectively.
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Pearson correlation is calculated between the residuals

of the MDR SST and x. A similar calculation is done for

the partial correlation between the SPG SST and x by

controlling the influences of the MDR SST on the SPG

SST and x.

Figure 8 shows that the MDR SST and the SPG SST

both impact the TPW and VWS over the tropical and

subtropical Atlantic, but the impacts have different spatial

patterns. Figure 8a suggests that positive TPW anomalies

prevail north of 108N when the MDR SST is warm, in

keepingwith the satellite observations (Wentz andSchabel

2000). Consistent with some previous studies (e.g., Sutton

and Hodson 2007; Zhang and Wang 2013), the warm

anomalies of MDR SST are associated with reduced VWS

throughout the MDR and over the southeastern United

States (Fig. 8b). The partial correlation is very weak in

the subtropical Atlantic. Overall, the correlation patterns

suggest that the warmMDR SST favors an increase in the

basinwide TC frequency and ACE.

The partial correlations of the SPG SSTwith the TPW

show a patchy pattern, with weak correlations in the

subtropical western Atlantic and a small region of sig-

nificant positive correlations over the east Atlantic

(Fig. 8c), which may reflect the relationship between the

AMO and West African rainfall (e.g., Diatta and Fink

2014; Martin and Thorncroft 2014) given the strong link

between the AMO and SPG SST (e.g., Sutton 2005;

Ruprich-Robert et al. 2017). Figure 8d suggests that the

warm SPG SST anomalies are associated with reduced

VWS over the MDR (Fig. 8d) but enhanced VWS over

tropical West Africa, the southeastern United States,

and the subtropical Atlantic. The combined TPW and

VWS patterns suggest an environment conducive to TC

activity over the east Atlantic but a possibly hostile en-

vironment over the subtropical western Atlantic. It may

affect the chance of TCs to intensify into hurricanes but

may not strongly modulate the basinwide TC frequency

(Zhang et al. 2017), which explains why the predictions

of ACE and hurricane days are more sensitive to the

SPG predictor than the prediction of the basinwide TC

frequency. In summary, our analyses suggest that SPG

SST can significantly influence TPW and VWS inde-

pendent of the MDR SST forcing.

The impacts of SPG SST on different environmental

variables raise the following question: how does the SPG

SST modulate the atmospheric circulation over the

tropical Atlantic? It may be understood in the frame-

work of the Atlantic regional Hadley circulation (Zhang

and Wang 2013). As suggested by several previous

studies (e.g., Bellomo et al. 2016; Chiang et al. 2003;

Chiang and Bitz 2005; Dunstone et al. 2011; Yuan et al.

2016), the extratropical SST anomalies may modulate

the ITCZ through changes in the tropical SST via

the wind–evaporation feedback or the cloud–radiation

feedback, and a sudden weakening of the AMOC can

induce dipolar SST anomalies in the tropical Atlantic

and leads to a meridional displacement of ITCZ (Dong

and Sutton 2002; Okumura et al. 2009; Zhang and

Delworth 2005). The idea may seem consistent with the

studies about the impacts of extratropical forcing on the

ITCZ in the energy framework (Broccoli et al. 2006;

Kang et al. 2008, 2009), but the applicability of the en-

ergy framework to the regional Hadley circulation is not

clear as one needs to consider the zonal energy transport

by the ocean and the atmosphere for the regional energy

budget. It is thus instructive to examine the link between

the SPG SST and the regional Hadley circulation.

Following Zhang and Wang (2013), we calculate the

regional meridional streamfunction over 208–808W us-

ing the JJASON seasonal-mean irrotational meridional

FIG. 6. Prediction skills of (a)MDRSST and (b) SPG SST in the CESM-DP (blue) and the CESM-LE (yellow) at

different forecast lead times. The 3 marks indicate the 95% confidence levels based on adjusted degrees of

freedom.
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flow component derived from NCEP–NCAR Reanalysis

1 (Figs. 9a,b), along with precipitation (1979–2017) from

the Global Precipitation Climatology Project (GPCP)

(Figs. 9c,d; Adler et al. 2003). The most prominent cell

in the long-term-mean streamfunction is the southern

Hadley cell, with the ascending branch located slightly

north of the equator and the downward motion between

158 and 308S. The mean position of regional ITCZ in-

dicated by the precipitation peak agrees well with the

ascending branch of the Hadley cells, and weak precip-

itation around 208S/N is consistent with the descending

motion of the Hadley circulation.

The streamfunction anomalies corresponding to the

warmer SPG SST exhibit an interhemispheric dipole

pattern, indicating a slight northward displacement of the

strengthened southern Hadley cell (Fig. 9a). Although

the anomalous precipitation signal associated with vari-

ability of SPG SST is relatively weak (Fig. 9c), it is

qualitatively in line with the streamfunction anomalies

shown in Fig. 9a. Both datasets describe an intensification

of the ascending branch of the regional Hadley circula-

tion. The negative streamfunction anomalies between 158
and 308N (Fig. 9a), along with the increased precipitation

around 208N (Fig. 9c), reveal the reduced subsidence in

the subtropics due to the weakening of the northern

Hadley cell.

After the removal of possible influence from the MDR

SST, the partial linear regressions of streamfunction and

FIG. 7. (a) Forecast skills of the AMOC strength at different lead times in the CESM-DP (blue bars) and the

CESM-LE (yellow bars). The 3 marks indicate the 95% confidence levels based on adjusted degrees of freedom.

(b) The 5-yr-mean AMOC strength (Sv; 1 Sv[ 106m3 s21) time series in the FOSI (red), the CESM-DP at Yr 3–7

(black line with pink shading), and the CESM-LE (black line with purple shading). Shading parts represent the 5th–

95th-percentile range of the ensemble members. The forecasts are aligned to the central years of the 5-yr-average

periods. (c) As in (a), but for northward ocean heat transport (PW) at 508N in the North Atlantic. (d) As in (b), but

for ocean heat transport at 508N.
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precipitation onto the SPG index (Figs. 9b,d) show sim-

ilar patterns to Figs. 9a and 9c but with generally weaker

magnitudes, and significant anomalies of streamfunction

now mainly occur in the upper troposphere, and still in-

dicate the strengthening and slight northward displace-

ment of the southern cell and the weakening of the

northern cell. Overall, the strengthening of the ITCZ and

the weakening of the subtropical subsidence both favor

Atlantic TC activity (Zhang and Wang 2013), but the

regional differences between thewest and eastAtlantic as

shown in Fig. 8a cannot be revealed by the zonal-mean

circulation.

b. Possible linkage to the Pacific decadal oscillation
and the Atlantic intrabasin SST contrast

Figure 10 shows the partial correlations between the

SPG or MDR SST index and global SSTs. After re-

moving the influence of the MDR SST, the SST pattern

associated with the SPG SST over the Pacific resembles

the negative phase of the PDO (Zhang et al. 1997). The

PDO has been suggested as a response to the AMO

through atmospheric teleconnections and oceanic dy-

namics (Yu et al. 2015; Zhang and Delworth 2007).

Observational and modeling studies (McGregor et al.

2014; Sohn et al. 2013) suggested that SST anomalies

over the tropical Pacific may modulate the Walker

circulation and lead to the variability of the Atlantic

Hadley circulation (Chiang 2002), which contributes to

the variability of Atlantic TC activity (Zhang andWang

2013). We note that the PDO is strongly anticorrelated

to the 5-yr-mean Atlantic TC frequency (r 5 20.62),

consistent with Li et al. (2015). Additionally, a signifi-

cant negative correlation is found between the observed

PDO and SPG SST indices (r 5 20.56), indicating that

the influence of the Pacific SST is implicitly represented

by the SPG SST. It is possible that the regional ITCZ

variability associated with changes in the SPG SST in-

volves variations in tropical Atlantic SST and also re-

flects the teleconnection between the subpolar North

Atlantic oceanic variability and the Pacific climatemode

on the decadal time scale (Chafik et al. 2016). Another

noticeable feature is the east–west dipole pattern over

the Atlantic, which can be represented by a dipole index

(see the two highlighted regions in Fig. 10b). Further

analysis reveals a significant partial correlation between

the 5-yr-mean Atlantic TC frequency and the 5-yr-mean

dipole SST index (r 5 0.57) when the influence of the

MDR SST is controlled, suggesting another pathway for

the SPG SST to affect the tropical Atlantic circulation.

The link between the dipole-pattern SSTAs and the

tropical Atlantic circulation merits further investigation

but is outside the scope of the present study.

5. Summary and discussion

We develop a skillful statistical–dynamical model for

multiyear prediction of Atlantic TC activity. The dy-

namical predictions of SST are based on recently con-

ducted CESM-DP (Yeager et al. 2018). The statistical

component of the hybrid model is a Poisson model that

takes the Atlantic MDR and SPG SST indices as pre-

dictors. The hybrid prediction is evaluated against the

FIG. 8. Partial correlation between the 5-yr-mean SST indices and 5-yr-mean (left) TPW and (right) VWS during

1955–2016. The correlations with (top) theMDRSST and (bottom) the SPG SST. SST indices are derived from the

ERSSTv5. Black dots indicate the regions exceeding 95% confidence level based on the Student’s t test. The black

box highlights the Atlantic MDR.
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HURDAT2 data using the leave-5-years-out method,

and the hybrid model exhibits significant skills for the

basinwide TC frequency, ACE, and landfalling TC fre-

quency, as well as hurricane and major hurricane days.

Further investigation reveals that the SPG SST is an

important source of predictability, and the predictions

based on the SPG SST alone demonstrate higher skill

than those based on the MDR SST alone. In addition,

the dependence of retrospective forecast skill on the

ensemble size is explored. The prediction skill based on

the Pearson correlation quickly increases when the en-

semble size is increased from 1 to 5 and saturates when

the ensemble size is around 20, similar to the dynamic

prediction of seasonal TC activity (Manganello et al.

2016; Mei et al. 2019), but the RMSE of ACE does not

converge even for the ensemble size of 40.

The impacts of ocean initialization on prediction skill

are examined by comparing the hybrid predictions

based on the CESM-DP and CESM-LE experiments

(Kay et al. 2015), with the latter serving as the unin-

itialized counterpart to the CESM-DP. Initialization of

ocean and sea ice does not strongly affect TC frequency

prediction, but significantly increases the prediction skill

of ACE, landfalling hurricane frequency, and hurricane

and major hurricane days. Further analysis shows that

the variability of the AMOC and the SPG SST are skill-

fully predicted in the CESM-DP but not in the CESM-

LE. The key role of oceanic dynamics in driving the

decadal variability of North Atlantic SST has been rec-

ognized by recent studies (e.g., Delworth et al. 2017; Kim

et al. 2018), and initializing the model with realistic sub-

surface ocean conditions in the CESM-DP contributes to

FIG. 9. (a) Long-term JJASON seasonal-mean streamfunction from 1955 to 2016 (contours;1011 kg s21) and

streamfunction anomalies (shading; 1010 kg s21) regressed onto one standard deviation (1s) of the 5-yr-mean de-

trended SPG SST. Red dots indicate the regressions exceeding the 95% confidence level based on the Student’s t

test. (b) As in (a), but for streamfunction anomalies partially regressed onto 1s of the 5-yr-mean detrended SPG

SST after the influence of the MDR SST is removed. (c) JJASON-mean precipitation from 1979 to 2017 (black

curve with the ordinate on the left) and precipitation anomalies (red curve with the ordinate on the right) regressed

onto 1s of the 5-yr-mean detrended SPG SST. (d) As in (c), but for precipitation anomalies partially regressed onto

1s of the 5-yr-mean detrended SPG SST after the influence of the MDR SST is removed.
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the skillful predictions of the AMOC and the SPG SST. In

contrast, the evolution of tropical SST is believed to be

driven by radiative forcing associated with time-varying

greenhouse gases and aerosols (Booth et al. 2012; Evan

et al. 2008, 2009). TheCESM-LE thus has skill in predicting

the MDR SST even without the ocean initialization. The

comparison also implies the role of external forcing in the

variability of Atlantic basinwide TC frequency.

Further analysis is conducted to evaluate how the

SPG SST may affect the large-scale environmental

conditions. It is shown that the SPG SST can modulate

VWS and TPW over the tropical Atlantic independent

of the MDR SST forcing, and it plays a role in modu-

lating the strength of the Atlantic regional Hadley cir-

culation. In addition to being affected by the local SST,

the atmospheric circulation over the tropical Atlantic is

also subject to remote SST forcing from the Pacific (Li

et al. 2015). Although the hybrid model does not use any

SST index from the Pacific, the significant correlation

between the observed SPG SST and PDO indices sug-

gests that the remote influence from the Pacific is partly

represented by the SPG SST in the hybrid model.

It is worth pointing out that this study is based on the

hindcasts of one climate model (CESM). Some results,

such as the relative importance of the SPG SST and

MDR SST in the multiyear variability of Atlantic TC

activity, may be model dependent. Additionally, the

impacts of SPG SST on tropical Atlantic climate vari-

ability are largely inferred from observational analyses

and the findings of previous studies. Although partial

correlations and regressions are used to assess the rela-

tive impacts of the MDR and SPG SST on Atlantic TC

activity and atmospheric circulation, it is challenging to

clearly disentangle them using observational data alone,

especially given possible nonlinear relations. The phys-

ical connection between the SPG SST and tropical

Atlantic atmospheric circulation needs to be further

explored by idealized climate simulations.
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