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Multi-Year Prediction of Atlantic TCs
• Compared to S2S prediction, multi-year prediction of TC activity is less well studied despite its 

significant value in various sectors (such as emergency management and insurance industry).  

• Smith et al. (2010) showed that Atlantic hurricane frequency can be predicted at lead times of a 
few years using the Met Office Decadal Climate Prediction System (DePreSys) 

• In a follow-up study, Dunstone et al. (2011) suggested that the Atlantic subpolar SST is an 
important source of multi-year predictability for the tropical Atlantic atmospheric circulation 
and Atlantic TCs.

• Vecchi et al. (2013) and Caron et al. (2014) emphasized the importance of the SST in the 
Atlantic Main Development Region (MDR) relative to the global tropics, and they skillfully 
predicted the Atlantic multi-year hurricane frequency using a Poisson regression model. 

• The mechanisms of multi-year predictability for Atlantic TC are not well understood.
• Most studies didn’t detrend the data, and the linear trend can substantially inflate the 

prediction skill.



Objective

• Present a skillful hybrid prediction model for Atlantic TC activity (TC 
and hurricane freq, landfall TC activity) using SST prediction from a 
large-ensemble, dynamical prediction dataset.
• What is the relative importance of tropical and extratropical SST in the multi-

year prediction of Atlantic TC activity?
• How sensitive is the hybrid model to the ensemble size of the dynamic 

prediction?

• Does ocean initialization help increase the prediction skill?
• What are the possible underlying mechanisms for the skillful prediction?



A large ensemble of initialized 
decadal prediction

• The ensemble decadal prediction was carried out by the NCAR using the 
Community Earth System Model (CESM-DP) (Yeager et al. 2018).
• Consists of coupled atmosphere, ocean, land, and sea ice component models; 

approximately 1° horizontal resolution in all model components, too coarse to 
explicitly resolve TCs 
• The dataset is comprised of 10-year prediction initialized on Nov 1 every year 

from 1954-2015 (62 years) and consists of 40 ensemble members.
• The CESM-DP uses the same code base, component model configurations, and 

radiative forcing as in the CESM Large Ensemble (CESM-LE; Kay et al. 2015), but 
the ocean and sea ice were not initialized in the CESM-LE.



Hybrid Prediction
• TC indices (Jun-Nov): 

• basin-wide: TC frequency, hurricane (>= 64 knots) frequency, accumulated cyclone energy (ACE)
• Landfalling: TC frequency, hurricane frequency

• A Poisson model for Atlantic TC activity (TC frequency, ACE, hurricane frequency, landfalling TC or 
hurricane frequency)

! = exp('( + '*+,- + './01)
where ! represents a TC index, MDR represent the MDR (10-20N, 20-80W) relative SST index, and 
SPG (50-60N, 10-50W) represents the subpolar Atlantic SST index.

• All data are detrended
• Prediction skill: assessed by the anomaly 

correlation coefficient (ACC) between the 
prediction and observation using leave-one-out 
against the IBTrACS data.

• We focus on 5-year mean, and the degree of 
freedom is adjusted following Chelton (1984)



ACC of Tropical Cyclone Prediction

Blue: two predictors, SPG+MDR SST;
Yellow: one predictor, MDR SST
Zonal axis: lead times
Bars: ACC; 
X: 95% confidence level with 
adjusted DOF

• The hybrid prediction employing 
MDR + SPG skillfully predicts TC 
activity

• The SPG predictor contributes to 
the prediction ACE and 
hurricane frequency. 



Prediction Skill as a Function of Ensemble Size

Ensemble Size

The model skill increases sharply when the ensemble size is increased from 1 to 5, and saturates 
when the ensemble size is 15-20. The behavior is similar to the dynamic prediction by HR models.

Shading: 5-95th percentile

ensemble members) track densities (Fig. 8) similar to
Vecchi et al. (2014, their Fig. 11). [We define track
densities as number densities per season per unit area
equivalent to a 58 spherical cap, which differs from the
TC density definition used in Vecchi et al. (2014)].
Using this metric, significant skill in the NA is achieved
mainly in the MDR and midlatitudes (Figs. 8a–c). The
former region is important as many intense hurricanes
with frequent landfall along the U.S. and Canadian
coasts form and develop there (e.g., Kossin et al. 2010).
Significant correlations are also present over the
western Caribbean Sea (T639, Fig. 8b), part of the Gulf
of Mexico (T1279, Fig. 8a), and along the U.S. mid-
Atlantic seaboard (T1279, Fig. 8a). It is curious that
only the T1279 model shows a fairly large area of sig-
nificant skill in the immediate vicinity of the U.S. At-
lantic coast, whereas in the coarser-resolution models
this region is shifted to the northeast and is primarily
over open waters (Figs. 8b,c). We suspect that this im-
provement is partly due to a more realistic relationship

of the track density variations with ENSO in this model,
as discussed below.
In the EP, significant correlations are found in the

central part of the basin (Figs. 8d–f). There are addi-
tional broad regions of skill in the vicinity of the Central
American coast and near Hawaii, only in the T1279
hindcasts (Fig. 8d). On the other hand, correlations near
the Pacific coast of North America are insignificant or
even negative. Since the TC activity in this part of the
domain is strongly modulated by the Madden–Julian
oscillation (MJO; Camargo et al. 2008), this result is
consistent with the limited skill of current forecasting
systems in predicting the MJO (about 25 days in Mi-
nerva). Overall, the fraction of the EP TC region ex-
hibiting skill appears to increase with the model
resolution, particularly in transition fromT639 to T1279.
The WP demonstrates the highest correlations among
all the basins, which are largely confined to the southeast
(Figs. 8g–i) and are hence indicative of the strong foot-
print of ENSO (see below). In contrast with the EP,

FIG. 7. Retrospective linear correlations between the MJJASON observed (IBTrACS) and predicted TC frequencies for 1980–2011 as
a function of the ensemble size. Results are shown for the (a) NA, (b) EP, and (c) WP for T1279 (red), T639 (blue), and T319 (green).
(d)–(f)As in (a)–(c), but for theACE.Dots indicatemean values of the correlation coefficients, and error barsmark the range fromplus to
minus one standard deviation from the mean (see text for more details).
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Initialized vs. uninitialized Predictions
(two predictors: SPG + MDR)

Blue: initialized prediction, with the SST predictors derived from CESM-DP
Yellow: uninitialized prediction, with the SST predictors derived from CESM-LE

*Initialization of the ocean and sea ice doesn’t substantially affect the prediction 
of TC frequency, but significantly increases the skill of ACE prediction.



Predictive Skill of the Predictors (SPG and MDR):
CESM-DP vs. CESM-LE

Blue: initialized prediction, CESM-DP
Yellow: uninitialized prediction, CESM-LE

Initialization (CESM-DP) significantly increases the skill of the SPG SST but doesn’t 
substantially affect the MDR SST prediction. The prediction skill of hurricane 
frequency and ACE is more sensitive to SPG SST than the skill of TC frequency. 



Large-scale Circulation Anomalies Associated with 
MDR vs. SPG SST: Partial Correlations (obv; Yr1-5)

SPG SST

MDR SST



anomalies are in line with simple models [e.g., Lindzen and
Nigam, 1987] of the atmospheric response to tropical SST
anomalies.
[12] Figure 3 shows the annual mean surface temperature

and SLP anomalies for different years. In year 2, significant
cooling is confined to the North Atlantic from 20!–50!N
and the Norwegian Sea. The cooling over northern hemi-
sphere land is generally smaller and not significant. Pos-
itive temperature anomalies over the northwest North
Atlantic are associated with the reduction in convective
mixing mentioned above. Panel e shows that, over the
region of negative SST anomalies, positive anomalies in
SLP have developed. As time progresses (years 2–4), the
cooling over the North Atlantic ocean becomes stronger
and more extensive as a result of the weakened THC and
associated ocean heat transport. In addition, the cooling
signal spreads downstream over the Eurasian continent,
where temperature anomalies of 1–2!C develop. Accom-
panying these changes in surface temperature is the east-
ward spread of pressure anomalies. By year 4 significant
high pressure anomalies appear over North Africa and
Europe, and there is already an indication of a significant
low pressure anomaly, with an associated SST anomaly,
over the North Pacific.
[13] The warming of the tropical South Atlantic is already

visible in year 4, and by year 6 a prominent North-South
dipole of temperature anomalies can be seen in the tropical
Atlantic. This pattern is interesting because it is known that
the inter-tropical convergence zone (ITCZ) in the Atlantic is
sensitive to variations in the cross-Equator SST gradient

[e.g., Moura and Shukla, 1981]; thus we may anticipate
significant effects on the tropical atmosphere in response to
this dipolar anomaly. Figure 3g shows that the SST dipole is
mirrored in a dipole of SLP anomalies. Lastly, in year 7
there is a further very interesting development. The dipolar
pattern in the tropical Atlantic has disappeared, but prom-
inent temperature anomalies have now appeared in the
tropical Pacific ocean. The pattern of anomalies is typical
of an El Niño event, suggesting - remarkably - that the
perturbation we introduced into the THC has led to the
triggering of El Niño. At this stage the climate impacts of
the THC change are felt across virtually the whole globe.
[14] Further insight into the processes via which the

THC-induced signal is spread through the tropical atmos-
phere is provided by Figure 4. This shows the response in
precipitation. In year 6 the impact of the tropical Atlantic
SST dipole on the Atlantic ITCZ can clearly be seen. The
dipolar pattern of precipitation anomalies indicates that the
ITCZ has shifted southwards. The precipitation anomalies
over the tropical Pacific in year 6 are not statistically
significant, but by year 7 a pattern of significant anomalies,
characteristic of El Niño, is seen. How could the events in
the tropical Atlantic in year 6 lead to the triggering of El
Niño in year 7? Detailed investigation is beyond the scope
of this paper, but a plausible mechanism is as follows.1 The
shift of the ITCZ in year 6 is associated with anomalies in
the diabatic heating of the atmosphere. Figure 4a suggests
that the peak of the heating anomalies will be off the

Figure 3. Ensemble mean annual surface temperature (left
panels, !C) and sea level pressure anomalies (right panels,
hPa) 2 to 7 years after the introduction of the salinity
perturbation. Significance shading as for Figure 1.

Figure 4. Ensemble mean annual precipitation anomalies
(mm day!1) in (a) year 6 and (b) year 7. Significance
shading as for Figure 1.

1 An alternative to the hypothesis proposed here is that the changes in
the North Pacific are critical to triggering El Niño.

DONG AND SUTTON: COUPLED ADJUSTMENT TO CHANGE IN THE THC 18 - 3

SST

How does SPG SST affect the Tropical Atlantic:?

• Chiang et al. (2003) suggested that cooling/warming in the North Atlantic can 
induce a dipole SST pattern in the tropical Atlantic via wind-evaporation feedback 
and lead to a meridional displacement of the ITCZ.

• Dong and Sutton (2002) suggested that a sudden weakening in the Atlantic 
thermocline circulation induces dipolar SST anomalies in the tropical Atlantic and 
associated southward shift of the ITCZ. 

• Smith et al. (2010) and Dunstone et al. (2011) suggested that the Atlantic 
subpolar SSTA may induce a latitudinal shift of the ITCZ and thus modulate 
Atlantic TC activity.anomalies are in line with simple models [e.g., Lindzen and
Nigam, 1987] of the atmospheric response to tropical SST
anomalies.
[12] Figure 3 shows the annual mean surface temperature

and SLP anomalies for different years. In year 2, significant
cooling is confined to the North Atlantic from 20!–50!N
and the Norwegian Sea. The cooling over northern hemi-
sphere land is generally smaller and not significant. Pos-
itive temperature anomalies over the northwest North
Atlantic are associated with the reduction in convective
mixing mentioned above. Panel e shows that, over the
region of negative SST anomalies, positive anomalies in
SLP have developed. As time progresses (years 2–4), the
cooling over the North Atlantic ocean becomes stronger
and more extensive as a result of the weakened THC and
associated ocean heat transport. In addition, the cooling
signal spreads downstream over the Eurasian continent,
where temperature anomalies of 1–2!C develop. Accom-
panying these changes in surface temperature is the east-
ward spread of pressure anomalies. By year 4 significant
high pressure anomalies appear over North Africa and
Europe, and there is already an indication of a significant
low pressure anomaly, with an associated SST anomaly,
over the North Pacific.
[13] The warming of the tropical South Atlantic is already

visible in year 4, and by year 6 a prominent North-South
dipole of temperature anomalies can be seen in the tropical
Atlantic. This pattern is interesting because it is known that
the inter-tropical convergence zone (ITCZ) in the Atlantic is
sensitive to variations in the cross-Equator SST gradient

[e.g., Moura and Shukla, 1981]; thus we may anticipate
significant effects on the tropical atmosphere in response to
this dipolar anomaly. Figure 3g shows that the SST dipole is
mirrored in a dipole of SLP anomalies. Lastly, in year 7
there is a further very interesting development. The dipolar
pattern in the tropical Atlantic has disappeared, but prom-
inent temperature anomalies have now appeared in the
tropical Pacific ocean. The pattern of anomalies is typical
of an El Niño event, suggesting - remarkably - that the
perturbation we introduced into the THC has led to the
triggering of El Niño. At this stage the climate impacts of
the THC change are felt across virtually the whole globe.
[14] Further insight into the processes via which the

THC-induced signal is spread through the tropical atmos-
phere is provided by Figure 4. This shows the response in
precipitation. In year 6 the impact of the tropical Atlantic
SST dipole on the Atlantic ITCZ can clearly be seen. The
dipolar pattern of precipitation anomalies indicates that the
ITCZ has shifted southwards. The precipitation anomalies
over the tropical Pacific in year 6 are not statistically
significant, but by year 7 a pattern of significant anomalies,
characteristic of El Niño, is seen. How could the events in
the tropical Atlantic in year 6 lead to the triggering of El
Niño in year 7? Detailed investigation is beyond the scope
of this paper, but a plausible mechanism is as follows.1 The
shift of the ITCZ in year 6 is associated with anomalies in
the diabatic heating of the atmosphere. Figure 4a suggests
that the peak of the heating anomalies will be off the

Figure 3. Ensemble mean annual surface temperature (left
panels, !C) and sea level pressure anomalies (right panels,
hPa) 2 to 7 years after the introduction of the salinity
perturbation. Significance shading as for Figure 1.

Figure 4. Ensemble mean annual precipitation anomalies
(mm day!1) in (a) year 6 and (b) year 7. Significance
shading as for Figure 1.

1 An alternative to the hypothesis proposed here is that the changes in
the North Pacific are critical to triggering El Niño.

DONG AND SUTTON: COUPLED ADJUSTMENT TO CHANGE IN THE THC 18 - 3

Precip

Dong and Sutton (2002)



Partial Correlation of Precipitation with
SPG vs. MDR SST (obv; Yr1-5)

SPG SST

MDR SST
MDR SST: Latitudinal 
displacement of the ITCZ

SPG SST: width and 
intensity change of the ITCZ



Partial Corr. of SST with SPG vs. MDR Indices 
(ERSSTv5; YR1-5)

+
-
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Correlation between the PDO and Atlantic TCs

TC Freq. Hurr. 
Freq.

ACE

Yearly data -0.39 -0.31 -0.29
5-Yr Mean -0.63 -0.44 -037

Yeager et al. 2018

ACC of SST between CESM-DPLE and ERASST (without detrending)

Bold: above 95% 
confidence level



Summary
• A skillful hybrid prediction model is developed to predict Atlantic TC activity using 

the CESM large ensemble decadal predictions.
• The prediction skill increases sharply when the ensemble size increases from 1 to 

5 and saturates when the ensemble size reaches 15-20.
• Ocean initialization increases the prediction skill of hurricane freq. and ACE but 

doesn’t affect substantially the prediction of TC frequency.

• Compared to the prediction solely based on MDR SST, SPG SST provides added 
value to the prediction of ACE and hurricane frequency.

• SPG SST may affect the tropical Atlantic atmosphere and hurricane activity via the 
Pacific ocean (needs further testing).


