
Forced	  and	  internal	  variability	  of	  
tropical	  cyclone	  track	  density	  in	  the	  

western	  North	  Pacific	  	  

Wei	  Mei1	  

Shang-‐Ping	  Xie1,	  Ming	  Zhao2	  &	  Yuqing	  Wang3	  

1.	  Scripps	  Ins.tu.on	  of	  Oceanography,	  UCSD;	  2.	  NOAA/Geophysical	  Fluid	  Dynamics	  Laboratory,	  
and	  University	  Corpora.on	  for	  Atmospheric	  Research;	  3.	  Interna.onal	  Pacific	  Research	  Center,	  

and	  Department	  of	  Meteorology,	  University	  of	  Hawaii	  at	  Manoa	  	  	  



•  Western	  North	  Pacific	  (WNP)	  is	  the	  basin	  where	  tropical	  
cyclones	  (TCs)	  are	  most	  acJve.	  

•  The	  genesis	  (including	  both	  locaJon	  and	  frequency)	  and	  tracks	  
of	  WNP	  TCs	  are	  modulated	  by	  various	  climate	  modes	  (e.g.,	  
ENSO).	  
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FIG. 7. (a) Correlation of the mean latitudes of the TS formation
in JAS with the Niño-3.4 SSTA. In (b) as in (a) except for the number
of TS formations in the southeast quadrant of the WNP (58–178N,
1408–1808E). In (c) as in (a) except for the mean TS life span in the
entire WNP (08–308N, 1208–1808E) during Jul–Dec. The linear cor-
relation coefficients and regression lines are given in each panel.

FIG. 8. (a) SON TS tracks during the six strongest warm years
(1965, 1972, 1982, 1987, 1991, and 1997). The locations (tracks) of
the long-lived (life span exceeding 7 days) tropical storms formation
are marked by heavy solid dots (solid lines). Locations (tracks) of
other storms are denoted by open circle (dashed lines). (b) The same
as in (a) but for the six strongest cold years (1970, 1973, 1975, 1988,
1998, and 1999). (c) The difference in the total number of TS oc-
currence in each 2.5 lat 3 2.5 lon grid during SON between the
strong warm and cold years. Shading indicates areas where the dif-
ference is statistically significant at the 1% confidence level by the
two-sample t test.

a. Peak and late season (July–December) TS activity

The JAS SST anomalies may be predicted by simple
linear extrapolation:

SSTA (JAS) 5 2 SSTA (AMJ) 2 SSTA (JFM). (5.1)

The correlation coefficient between the predicted and
observed Niño-3.4 SSTA is 0.88 for the 35-yr period
(1965–99), that is, about 78% of the total variance can
be captured using this simple formula. More generally,
one may use AMJ mean SSTA and the SST tendency,
DX 5 AMJ mean SST minus JFM mean SST, as two
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(Wang	  &	  Chan	  2002)	  
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IntroducJon	  

•  The	  variability	  in	  TC	  track	  density	  integrates	  variaJons	  in	  TC	  
genesis	  and	  tracks,	  and	  thus	  is	  expected	  to	  be	  influenced	  by	  
climate	  variability	  as	  well.	  

•  We	  use	  high-‐resoluJon	  AGCM	  ensemble	  simulaJons	  to	  isolate	  
SST-‐forced	  variability	  and	  understand	  internal	  variability.	  	  

•  The	  results	  have	  important	  implicaJons	  for	  predictability	  of	  
local	  TC	  occurrence.	  



Data	  and	  Methods	  

•  Observed	  and	  simulated	  TC	  tracks	  

	  

	  
	  
	  
	  
	  
	  
	  

•  CalculaJon	  of	  track	  density	  
Calculated	  as	  TC	  days	  within	  each	  8°x8°	  grid	  box	  on	  a	  yearly	  basis.	  

•  Observed	  TC	  best-‐track	  data	  

•  GFDL	  High-‐ResoluJon	  Atmospheric	  Model	  (HiRAM):	  	  

	  

•  Study	  period:	  1979-‐2008	  

•  25	  km	  horizontal	  resoluJon;	  	  

•  forced	  by	  observed	  SSTs;	  	  
•  3	  members	  that	  differ	  only	  in	  iniJal	  condiJons;	  

•  ensemble	  mean	  =	  SST-‐forced	  variability;	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
the	  deviaJon	  from	  the	  ensemble	  mean	  =	  internal	  variability.	  



Observed	  &	  simulated	  TC	  genesis	  and	  tracks	  
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 834!

Figure 1: Global TC genesis (black dots) and tracks (green curves) between 1979-2008 835!

from (a) observations and (b) one realization using the 25-km-resolution version of 836!

HiRAM. Note that several TCs over the South Atlantic and medicanes over the 837!

Mediterranean Sea (e.g., Emanuel 2005b) are not shown. 838!
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Forced	  variability:	  	  
low-‐frequency	  (≥	  10	  years)	  



Low-‐frequency	  variability	  in	  TC	  track	  density:	  Mode	  1	  
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(b) HiRAM mode L1 (57.6%)
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Figure 3: (a) Spatial pattern of the first leading mode of the low-pass-filtered annual TC
track density (denoted as mode L1; unit: days per year) in the WNP from observations.
(b) As in (a), but for HiRAM-simulated track density. (c) Normalized time series of the
corresponding principal component (PC) from observations (blue) and HiRAM simulations
(black). Also shown are normalized anomalies of low-pass-filtered annual TC numbers in
observations (cyan) and HiRAM simulations (green), and NAO index of the preceding winter
(red). 37
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(b) HiRAM mode L1 (57.6%)
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Figure 3: (a) Spatial pattern of the first leading mode of the low-pass-filtered annual TC
track density (denoted as mode L1; unit: days per year) in the WNP from observations.
(b) As in (a), but for HiRAM-simulated track density. (c) Normalized time series of the
corresponding principal component (PC) from observations (blue) and HiRAM simulations
(black). Also shown are normalized anomalies of low-pass-filtered annual TC numbers in
observations (cyan) and HiRAM simulations (green), and NAO index of the preceding winter
(red). 37
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Low-‐frequency	  variability:	  Mode	  1	  
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Figure 3: (a) Spatial pattern of the first leading mode of the low-pass-filtered annual TC
track density (denoted as mode L1; unit: days per year) in the WNP from observations.
(b) As in (a), but for HiRAM-simulated track density. (c) Normalized time series of the
corresponding principal component (PC) from observations (blue) and HiRAM simulations
(black). Also shown are normalized anomalies of low-pass-filtered annual TC numbers in
observations (cyan) and HiRAM simulations (green), and NAO index of the preceding winter
(red). 37
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(b) HiRAM mode L1 (57.6%)
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Figure 3: (a) Spatial pattern of the first leading mode of the low-pass-filtered annual TC
track density (denoted as mode L1; unit: days per year) in the WNP from observations.
(b) As in (a), but for HiRAM-simulated track density. (c) Normalized time series of the
corresponding principal component (PC) from observations (blue) and HiRAM simulations
(black). Also shown are normalized anomalies of low-pass-filtered annual TC numbers in
observations (cyan) and HiRAM simulations (green), and NAO index of the preceding winter
(red). 37
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Low-‐frequency	  variability:	  Mode	  1	  
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(b) HiRAM mode L2 (29.3%)
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Figure 5: As in Fig. 3, but for the second leading mode (denoted as mode L2) of the
low-pass-filterers annual TC track density.
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Figure 5: As in Fig. 3, but for the second leading mode (denoted as mode L2) of the
low-pass-filterers annual TC track density.
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Figure 5: As in Fig. 3, but for the second leading mode (denoted as mode L2) of the
low-pass-filterers annual TC track density.
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Low-‐frequency	  variability	  in	  TC	  track	  density:	  Mode	  2	  
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Figure 5: As in Fig. 3, but for the second leading mode (denoted as mode L2) of the
low-pass-filterers annual TC track density.
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Figure 5: As in Fig. 3, but for the second leading mode (denoted as mode L2) of the
low-pass-filterers annual TC track density.
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Figure 5: As in Fig. 3, but for the second leading mode (denoted as mode L2) of the
low-pass-filterers annual TC track density.
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Low-‐frequency	  variability	  in	  TC	  track	  density:	  Mode	  2	  
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Forced	  variability:	  	  
high-‐frequency	  (<	  10	  years)	  
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(e) HiRAM mode H3 (8.9%)
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Figure 7: (a) Spatial pattern (unit: days per year) and (b) time series of the PC (blue) for
the first leading mode of the high-pass-filtered TC track density in observations (denoted
as Obs. mode H1). (c) and(d) As in (a) and (b), but for the first leading mode in HiRAM
simulations (denoted as HiRAM mode H1). (e) and (f) As in (a) and (b), but for the third
leading mode in HiRAM simulations (denoted as HiRAM mode H3). Also shown in (b) is
a linear combination of the PCs for modes H1 and H3 in HiRAM simulations (black), and
in (d) is the normalized time series of anomalous annual TC counts in HiRAM simulations
(green). 41

High-‐frequency	  variability	  in	  TC	  track	  density:	  HiRAM	  simula.ons	  
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(c) HiRAM mode H1 (43.5%)
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Figure 7: (a) Spatial pattern (unit: days per year) and (b) time series of the PC (blue) for
the first leading mode of the high-pass-filtered TC track density in observations (denoted
as Obs. mode H1). (c) and(d) As in (a) and (b), but for the first leading mode in HiRAM
simulations (denoted as HiRAM mode H1). (e) and (f) As in (a) and (b), but for the third
leading mode in HiRAM simulations (denoted as HiRAM mode H3). Also shown in (b) is
a linear combination of the PCs for modes H1 and H3 in HiRAM simulations (black), and
in (d) is the normalized time series of anomalous annual TC counts in HiRAM simulations
(green). 41

High-‐frequency	  variability	  in	  TC	  track	  density:	  HiRAM	  simula.ons	  
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Figure 7: (a) Spatial pattern (unit: days per year) and (b) time series of the PC (blue) for
the first leading mode of the high-pass-filtered TC track density in observations (denoted
as Obs. mode H1). (c) and(d) As in (a) and (b), but for the first leading mode in HiRAM
simulations (denoted as HiRAM mode H1). (e) and (f) As in (a) and (b), but for the third
leading mode in HiRAM simulations (denoted as HiRAM mode H3). Also shown in (b) is
a linear combination of the PCs for modes H1 and H3 in HiRAM simulations (black), and
in (d) is the normalized time series of anomalous annual TC counts in HiRAM simulations
(green). 41

Only	  one	  physically	  meaningful	  mode	  exists	  in	  observaJons,	  
and	  this	  mode	  can	  be	  considered	  as	  a	  mixture	  of	  the	  two	  
modes	  of	  HiRAM	  simulaJons.	  

High-‐frequency	  variability	  in	  TC	  track	  density:	  Observa.ons	  
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Figure 8: (a) Regression of the high-pass-filtered SST anomalies (unit: �C) on the PC of
mode H1 from observations shown in Fig. 7a. Stippling indicates correlation significant
above a 95% confidence level. (b) and (c) As in (a), but respectively for modes H1 and H3
from HiRAM simulations.
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Obs.	  mode	  1	  
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Figure 8: (a) Regression of the high-pass-filtered SST anomalies (unit: �C) on the PC of
mode H1 from observations shown in Fig. 7a. Stippling indicates correlation significant
above a 95% confidence level. (b) and (c) As in (a), but respectively for modes H1 and H3
from HiRAM simulations.

42

  0  60E 120E  180 120W  60W  0  
60S

40S

20S

 EQ

20N

40N

60N

Longitude (degree)

La
tit

ud
e 

(d
eg

re
e)

(a) r(sst, PC−H1) Obs.

 

 

−0.5

0

0.5

  0  60E 120E  180 120W  60W  0  
60S

40S

20S

 EQ

20N

40N

60N

Longitude (degree)

La
tit

ud
e 

(d
eg

re
e)

(b) r(sst, PC−H1) HiRAM

 

 

−0.5

0

0.5

  0  60E 120E  180 120W  60W  0  
60S

40S

20S

 EQ

20N

40N

60N

Longitude (degree)

La
tit

ud
e 

(d
eg

re
e)

(c) r(sst, PC−H3) HiRAM

 

 

−0.5

0

0.5

Figure 8: (a) Regression of the high-pass-filtered SST anomalies (unit: �C) on the PC of
mode H1 from observations shown in Fig. 7a. Stippling indicates correlation significant
above a 95% confidence level. (b) and (c) As in (a), but respectively for modes H1 and H3
from HiRAM simulations.
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HiRAM	  mode	  1	   HiRAM	  mode	  3	  

High-‐frequency	  variability	  in	  TC	  track	  density	  

Central	  Pac	  El	  Nino	   Eastern	  Pac	  El	  Nino	  

Hybrid	  El	  Nino	  



Internal	  variability	  



DefiniJon	  

•  Track	  density	  	  =	  forced	  response	  (ensemble	  mean	  )	  +	  internal	  
variability	  (departures	  from	  the	  ensemble	  mean).	  

•  The	  internal	  variability	  is	  measured	  as	  the	  signal-‐to-‐noise	  raJo:	  

	  
	  

A	  large	  value	  of	  	  	  	  	  	  indicates	  that	  the	  internal	  variability	  is	  not	  as	  
important	  as	  the	  forced	  response,	  and	  hence	  high	  predictability.	  

R

Internal	  variability	  

(Mei et al. 2013):413

R =
�F

�I
=

forced response

internal variability
, (1)

where �F is the standard deviation of the ensemble mean component (i.e., the forced re-414

sponse), and �I represents internal variability and is the standard deviation of the departures415

from the ensemble mean in all three member runs. A large value of R suggests weak internal416

variability and thus high potential predictability. Figure 14a shows the calculated SNR for417

the annual TC track density. Values exceeding 1 can be found over the main development418

region (MDR) of the WNP TCs, whereas small values are primarily along the East and South419

Asian coastal regions, particularly over the northern SCS, indicating a low predictability of420

TC landfall.421

Wu et al. (2012) recently find that the TC detection algorithm can contribute to the422

large internal variability in TC activity since the TCs detected in models need to satisfy423

several criteria. They also show that the TC frequency in model simulations is very sensitive424

to the intensity criteria. Because the TC intensity changes considerably near the coastal425

regions, the sensitivity is expected to be enlarged in costal regions. To understand whether426

the large internal variability in TC track density along the costal regions is due to the TC427

detection algorithm, we repeated the calculations using TCs detected and tracked based on428

six di↵erent detection schemes [Table 1; criteria of other aspects, such as SLP, are the same429

as described in Mei et al. (2013)].430

A comparison of the SNR of the TC track density from the various detection schemes431

suggests that the results are most sensitive to the duration (not shown), consistent with Wu432

et al. (2012). Without a limit on duration, the SNR increases over most of the area south433

of 30�N. But for all the TC detection schemes, the internal variability along the coastal434

regions is always large. We further examined the spatial distribution of climatological TC435

lysis detected based on scheme 1 [i.e., the one mentioned in section 2b and described in Mei436

et al. (2013)]. We found only few TCs disappear over the ocean within 800 km of the coasts,437

and many TCs can make landfall. This suggests that the TC intensity changes near the438

17



Signal-‐to-‐noise	  raJo	  of	  annual	  TC	  track	  density	  
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Internal	  variability	  

�	  	  	  Large	  over	  the	  main	  development	  
region,	  and	  small	  over	  the	  South	  China	  
Sea	  and	  along	  the	  coast	  of	  East	  Asia.	  

	  
�	  	  	  	  The	  local	  maximum	  value	  is	  ~1.4.	  
�	  	  	  	  In	  contrast,	  the	  signal-‐to-‐noise	  raJo	  of	  	  
total	  TC	  numbers/days	  is	  ~1.7.	  

Landfall	  is	  hard	  to	  predict.	  

Basin-‐integrated	  metrics	  are	  
more	  predictable.	  



Signal-‐to-‐noise	  raJo	  of	  seasonal	  TC	  track	  density	  
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Early	  TC	  season	  (AMJ)	  

Peak	  TC	  season	  (JAS)	   Late	  TC	  season	  (OND)	  

•  Peak	  season	  is	  
high	  in	  internal	  
noise.	  	  

•  Landfall	  is	  hard	  
to	  predict.	  



Summary	  
•  Modes	  dominaJng	  on	  decadal	  Jmescales:	  

•  Modes	  dominaJng	  on	  interannual	  Jmescales:	  	  

•  TC	  track	  density	  is	  less	  predictable	  in	  peak	  season	  and	  over	  the	  
South	  China	  Sea	  and	  along	  the	  coast	  of	  East	  Asia.	  Total	  TC	  
number/days	  are	  more	  predictable	  than	  local	  TC	  occurrence,	  
parJcularly	  the	  landfall.	  

•  a	  nearly-‐basin-‐wide	  mode,	  linked	  to	  variaJons	  in	  SSTs	  over	  
the	  northern	  off-‐equatorial	  tropical	  central	  Pacific;	  

•  a	  dipole	  mode	  between	  the	  subtropics	  and	  lower	  laJtudes,	  
associated	  with	  the	  AtlanJc	  MulJdecadal	  OscillaJon.	  

•  a	  basin-‐wide	  mode,	  driven	  by	  central	  Pacific	  ENSO;	  
•  a	  southeast-‐northwest	  dipole	  mode,	  connected	  to	  eastern	  

Pacific	  ENSO.	  	  



Thank	  you	  for	  your	  aGenHon!	  


