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ENVIRONMENTAL CONDITIONS

FOR TROPICAL CYCLONES TO FORM AND GROW

Ocean surfacevaters warmer than 26°C

An unstable atmosphete allow convection to develop ;

Relatively moist layers in the mid-troposphere

A minimum distance of 5-10° from the equator

A pre-existing disturbanaeear the Earth's surface with
sufficient cyclonic vorticity and convergence ;

Low values of vertical wind sheaetween the surface and the
upper troposphere .




VARIATIONS IN THESE CONDITIONS
AFFECT TROPICAL CYCLONE ACTIVITY

e Seasonal variationa tropical cyclone activity depend on

changes in one or more of the six parameters
(e.g. N Indian no TCs during the monsoon due to increased windr$hea

« Variations in these parameters (both before amohguhe
tropical cyclone season) can be used to understamdn
some cases, predict seasonal tropical cyclonetgctiv

« ENSO(EI Nino — Southern Oscillation) is the primary dmod
Interannual variability of tropical cyclone activity




« NORMAL » ATMOSPHERIC AND OCEANIC
CONDITIONS OVER THE PACIFIC OCEAN (1)

December - February Normal Conditions
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This distribution of SST and precipitation resulanfi easterly (trade) winds in

the lower troposphere and westerly winds aloft

Over the equatorial western Pacifeclow pressure zong associated with

mean upward motiongligh surface pressust mean downward motiompsevail to
the east.

This « Zonal Walker Ceb represents thenormal» atmospheric circulation

over the tropical and equatorial Pacific ocean.
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« NORMAL » ATMOSPHERIC AND OCEANIC
CONDITIONS OVER THE PACIFIC OCEAN (2)

EQUATORIAL TEMPERATURE SECTION, WOA CLIMATOLOGY Noy A=2.0*C
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The thermal structure of equatorial and tropicalifikRaeveals une deep
warm(SST > 27°Clayer to the westand a cooleSST<23°Chand thinner mixed
layer to the east

Between the upper mixed layer and the deep watewbéhe thermocline
varies in depttirom west (150-200m) to east (50-100m).
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« PERTURBED » ATMOSPHERIC AND OCEANIC
CONDITIONS OVER THE PACIFIC OCEAN

December - February El Nifio Conditions L
e El Nino : The low-level easterly
trade windsand the upper-
tropospheric westerly winds are
weaker in relation with a less
Intense Walker Circulation

La Nifa : The low-level
easterly trade windsnd the
upper-tropospheric westerly
winds are strongerm relation
with a more intense Walker
Circulation
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« PERTURBED » WALKER CIRCULATION

Neutral conditions
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& Pacific Walker
Circulation
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THE GLOBAL INFLUENCE OF ENSO
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The map of global correlations of sea-level pres¢8t_P) with Tahiti
(Central Pacific : 17° 52' S - 149° 56' \WQveals the very large atmospheric
influence zone of ENSO.

Darwin (N Australia, 12° 28' S - 130° 51' Ean be considered as the
opposite pole to Tahiti.




Standard Deviation

Temperature (° C)

SOUTHERN OSCILLATION INDEX
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The SOl« Southern
Oscillation Index» is the

normalized difference In

SLP between Tahiti and

Darwin.

High pressure at
Darwin and low pressure
at Tahiti correspond to
El Nifo (warm) events

(SOI<0) the opposite

pressure conditions
(SOI>0) correspond to

La Nina (cold) events
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THE INFLUENCE OF ENSO
ON TROPICAL CYCLONE ACTIVITY

The state of ENSO has been related to TC numbensuny
regions of the world.

Coherent relationshigsetween cyclone occurrence and the
phase of ENSO have been found, although the dymamic
reasons for the modulation appear to be quiteréiffiein the
various cyclone basiref the world.

The different factors are the SSfhe SLP the tropospheric

wind and humidity

The influence of ENSO can appear through shifteén
location of cyclogenesigind in cyclone frequency and intensity
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TROPICAL CYCLONES VARIABILITY
ENSO / Global

Bell et al. 2014:J. Climate 27, 6404—-6422

(a) IBTrACS El Nino - ¢lim (b) IBTrACS La Nina - clim
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Track density (storms/mont/10%m?)

Tropical cyclone track density (storm transits / month / 10 km?)
from IBTrACS during May—November in the Northern Hemisphere and October—
May in the Southern Hemisphere
(a) El Nifio years minus 1979-2010 climatology,
(b) La Nifa years minus 1979-2010 climatology.
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TROPICAL CYCLONES VARIABILITY
ENSO / western North Pacific)

Chu 2004 :« ENSO and tropical cyclone activity. Hurricanes angfgons : Past,
Present, and Potential. R.J. Murnane and K.B. Liu, Eds., Columbia Unive$%, 297-33
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The tropical cyclogenesis zone shiftsstwardwestward)
during ENSOwarm / El Nino(cold / La Nina)years.

12



TROPICAL CYCLONES VARIABILITY
ENSO / western North Pacific)

During El Nifio yearsthe eastward #=SSEESEl oo 0™ o
allow TCs to maintain a longer lifespa’®™ \ 7%
while tracking westward over open wate St e ‘I
Interactions with transient midlatitud., % %4 NED
synoptic systems result in more recurv
trajectoriesoward NE Asia. b ¢« 5w

- During La Nifa yearsthe

- monsoon trough is short and

~ confined in the western extreroé
N Pacific. Landfalls are more

- common in the SE Asia shores.
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TROPICAL CYCLONES VARIABILITY
ENSO / eastern North Pacifiqy)
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A majority of
storms form along th ="
axis of the monsoc
trough but TCs migh .|
also be triggered L
tropical Easterly Wave
from West Africa ant ™™
the Atlantic. sn
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Schernatic showing the longterm mean sudace circulation in August in the
eaztern Morth Pacific. The monsoon trough axis is denoted by a broken line, and the ridee axiE by a
zigzag line.Wind directions are indicated by arrowms .

Il when TCs are active in the eN Pacijfibey tend to be
suppressed over the Atlanaad vice versa !! 14




TROPICAL CYCLONES VARIABILITY
ENSO / eastern North Pacific2)

There is no obvious impact of ENSD the overall TC frequency in

the eN Pacific.
If only intense stormé&Saffir-Simpson category3) are considered,

the ratio during El Nino to La Nina years is abbiit
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TC tracks expand westwaddiring EI Nino years, and retreat
eastwardluring La Nifa.
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TROPICAL CYCLONES VARIABILITY
ENSO / western South Pacifigy)

There Is a strong correlation between the SOl anddysSin the
Australian region (105°E — 155°E).

Higher SLP cooling of ocean surfacand the sinking branch of
the Walker circulatiomluring EI Niflo years combine to produce
unfavourable condition®r TC formation.

54 1

s

In thewS Pacific (>155°E)
the eastern end of the
monsoon trougls usually
near 175°E, but it can extend
255 2 as far easas 140°W during

El Niflo years.

205

1556 160 1555 i70E 1756 130

Scheratic showing the kbng-term riean surface circulation in February in the 16
southwestern Pacific. The monsoon trough axis is indicated by a braken line. wind directions are
indicated by arrows.



TROPICAL CYCLONES VARIABILITY
ENSO / western South Pacifig2)
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During El Nino yearsthe median
location of TC genesis points is about
20° eastward from the climatological
mean.

During La Niflia yearsTCs form more
closer to Australia with a higher risk of
landfall.
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TROPICAL CYCLONES VARIABILITY
ENSO / western South Pacifigs)
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Surface streamline amalyses for (&) Nowernber 15,1982, and (B March 11,1983. The
troughlines are indicated bydots. Note that in (&) the equatorial westerlies in the central Pacificare
embedded betwesen thedoub ke tiough, one in each hernizphens, and that the tropicaldepression near
Penryhn inthe South Facific [-158%W) = indicated. In [B), westerliss lie betweeen thetrough [cotted
ling] andthe equatar. Motethe troughextends as far east as135°W [adapted from Sadler, 1983, with
permEsion].

During the very strong
1982-1983 EIl Ninpthe

South Pacific trough
extended almost 20° of

longitude & 2000 km) east

of its mean climatological
position.
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TROPICAL CYCLONES VARIABILITY
ENSO / western South Pacifigs)

i L 1982-83 Cyclone Season
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During the very strong 1982-1983 El Nifemomalous conditions caused
TCs to occur in French Polynegiag to 110°W !) that is not generally regarded
as a cyclone-prone area (due to strong vertical winsr).
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TROPICAL CYCLONES VARIABILITY
ENSO / Atlantic (1)

Caorrelation SST Anomalies ASO and Atlantic Named Tropical Cyclones ASO 19502001
— -"_:E;ﬁr—-._,_‘::'.___ T S i

There are more stornaver the Atlantic during.a Nifia

years than during! Nino years
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TROPICAL CYCLONES VARIABILITY
ENSO / Atlantic (2

Composite Windshear Magnitudes 12 El Nino Years
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Changes in the vertical wind shear
are the most important environmental factor
iIn modulating the TC activity over the Atlantic.
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TROPICAL CYCLONES VARIABILITY
ENSO / Atlantic (3)
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1997 U.S. DEPARTMENT OF COMMERCE, NATIONAL WEATHER SERVICE
== NORTH ATLANTIC HURRICANE TRACKING CHART
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During “El Nino”, the warm pool and
tropical convection shift eastward to the
“ || NE Pacific. The enhanced upper-level
" divergent outflowsrom the Walker

| circulation cause subsidenasd upper-

I-| level westerly winds intensifying the

"I vertical wind shearover the Caribbean
and tropical Altantic.

g

J
P

J
[8]

' 1997 ElNIﬁO

450

120°  415° 410° 105° 100° 95° 90° 85 B0° 75 70° 65 60° 55° 50°  45° 40° 3§ 30° 25° 20° 45% 10°  5°WestOast 5°
T T 7T

NATIONAL HURRICANE CENTER ‘.‘
ATLANTIC - CARIBBEAN « GULF OF MEXICO - HURRICANE TRACK CHART i |

I i =
45

NUMBER TYPE

“La Nifia” has a profoun(-||:

impact on hurricane numhdifetime, ||
iIntensityand landfall probability -
There is a 20:1 ratio in medi¢"| "
damage per yealuring the opposit| |
phases (3 billion USD in La Nina v
150 million USD in EI Nifno.

]

i 5 B |zrxzzzzAaz-zzoza
R
o T = mgog
. e BRI BRI
. 23gsE2E20
Z
n &
A

Tropical Stom
~— Tropical Dep,
— Subiropical Storm (3T}
- ical Dep.




TROPICAL CYCLONES VARIABILITY
ENSO / South Indian()

Conflicting influences of ENSO-
related SST and upper-level

W BT T westerliesanomalies.
— |

BT R B e ey T W No statistically significant changes
- = g#z<~ ¥ .4 In TC numbersiuring El Nifio or La
xa4 Niflo seasons.
e
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TROPICAL CYCLONES VARIABILITY
ENSO / South Indian )

Ho et al. 2006: J. Geophys. Resl1], D22101] E| Nino minus La Nina
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Kuleshov et al. 2006: Ann. Geophys27, 2523-2539
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The formation areéor tropical cyclones in the south Indian ocean
tends toshift west in EI Ninacompared td.a Niflaseasons
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Zonal Wavenumber

Madden-Julian Oscillation — MJO (1)

Madden & Julian 1972: J. Atmos. Scji29 1109-1123 + 1994Nlon. Wea. Rey122 814-837
Zhang 2005: Rev. Geophys43 1-36

850 hPa zonal wind

Precipitation
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Time-space power spectra of (a) 850 hPa zonal wind (NCEPNCAR
reanalysis) and (b} precipitation [Xie and Arkin, 1997] for 1979 through

1998, averaged over 20°N-20°8 and 60°- 180°E.

Positive (negative) periods corresnond fo eastward (westward) nranasating
power. Data resolutions forthe spectra are pentad in time and 10° in longitude.
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Mean phase angles (deg), coherence squares, and background coherence squares for approximately the 36— 30-day periad range
of cross spectra between surface pressures at all stations and those at Canton. The plotting model is given in the lower right-hand comer.
Positive phase angle means Canton time series leads. Stars indicate stations where coberence squares exceed a smooth background at the
95% level, Mean coherence squares at Shemya (52.8°N, 174.1°E) and Carmpbell Istand (52.6”S, 169.2°E) (not shown) are 0.08 and 0.02,
respectively. Both are below their average background coherence sguares. Vaiues at Dar es Salaam (0.8°5, 39.3°E) are from a cross spectrum
with Nauru. The arrows indicate propagation direction (adapted from Madden and Julian 1972).



EAST LONGITURE

Madden-Julian Oscillation — MJO (2)

WEST LORGITUDRE

Longitude-height schematic diagram along the
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"1 equator illustrating the fundamental large-scale features of
the Madden-Julian Oscillation (MJO) through its life cycle
; (from top to bottom). Cloud symbols represent the

F ‘&J{ convective center, arrows indicate the zonal circulation,

and curves above and below the circulation represent
perturbations in the upper tropospheric and sea level
pressure.
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Schematic Depiction of the Large-scale Wind Structure of the MJO
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Schematic depiction of the large-scale wind structure of the MJO. The cloud symbol indicates

the convective center. Arrows represent anomalous winds at 850 and 200 hPa and the vertical motions at
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Madden-Julian Oscillation — MJO (3)

Schematic of the Madden-Julian Oscillation
- cross-section along equator

upper level divergence

increased shortwave
flux

enhanced
evaporation

mean westerly wind

approx. 60 of longitude
or ~30 days



Madden-Julian Oscillation — MJO (4)

(Y |4 \ Boreal winter / Austral summer :
, A |
- " A _
«Strict» |} * ‘ 5| Strickly eastward-movingloud
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fall B 0
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Ll ] m&
(*T—l"’\ N Boreal Summer :
‘: * Eastward complexes that split
Boreal |™] 1 either to the north over to the
Summer : south over the Indian ocean
Intra' < - 3ol T y 190 T
Seasonal| ”f Y
Oscillation| .. Eastward complexes that are
(BSISO) | = -1 connected with cloud systertisat
. 1 move northward into southern
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TROPICAL CYCLONES VARIABILITY : MJO

Composite Evalution of 200—hPao Velacity Potential Anomalies {10°m?s™"} and

points of arigin of tropical systerms that developed into hurricanes / typhoons ngglns & Shl 2001 :J. C“matel_4a 403-417
ah T r T T
o T e e a

. 15 1he points of origin of tropical cyclones that
developed into hurricanes / typhoons ar
shown as open circles.

The green (brown) shading roughly

day —10
’ corresponds to regions where convection is
favored (suppressed) as represented by
L 200-hPa velocity potential anomalies.

day O

Latitude

The MJO produce a strong
modulation of TC activity, in
« +s relation with associated variations in
low- and upper-level winds, vertical
wind shear, atmospheric humidity
and temperature, organized
convection, SSTT...

day +10

day +13
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TROPICAL CYCLONES VARIABILITY

MJO / South Indian o

J. Geophys. Resl1]

Phase 1 (188 days) Phase 5 (206 days)
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TROPICAL CYCLONES VARIABILITY
MJO / western North Pacific

Phases 5-8 (active)

Sobel & Maloney 2000 :
Geophys. Res. Lett
27,1739-1742

Convergence is largan the active

MJO phase than during the suppressed
phase by about 1 x P&,

The tongue of large convergence also
shifts slightly northwardn the active
phase.

NW Pacific tropical cyclones are more
frequentduring the active phase
because of the existence of a larger
number of precursor depressions

Group velocity divergence at 850 hPa
composited over the active (top) and
suppressed (middle) phase of the MJO, in
units of 10 s-1. 31




TROPICAL CYCLONES VARIABILITY
MJO / Australian basin

| Hall et al. 2001 :Mon. Wea. Rev.129, 29702982
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TROPICAL CYCLONES VARIABILITY
MJO / eastern North Pacific

| Maloney & Hartmann 2000 : Science 287, 2002-2004]

E. Pacific Hurricanes and Tropical Storms E. Pacific Mean System Strength
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F1c. 10. Number of hwrricanes and tropical storms as a finction FIG. 11. Average strength (kt) of hurricanes and tropical storms as
of MIO phase for the sastern Pacific Ocean humricane region during a function of MIO phase for the eastem Pacific Ocean hurmcane
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Over twice the number of named tropical systems exist in Pliaaad 2
A pronounced cycle in system strengglalso seen during the progression
through the phases. 33




TROPICAL CYCLONES VARIABILITY
MJO / Atlantic (1)

| Mo 2000 :Mon. Wea. Rev., 1281097—4107|
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Tropical cyclones in the Atlantic are more likely tacacwhen convection
over the Indian Ocean is enhanced

The response of the wind shear in the Main Development R¢6id5°N ;
30-120°W) is remotely forcedy MJO from the eastern hemisphere.
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TROPICAL CYCLONES VARIABILITY
MJO / Atlantic (2)

| Maloney & Hartmann 2000 : Science 287, 2002-2004|
MJO phase (by 850 hPa Wind Anomalies) and Tropical Cyclone Tracks
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Frequency (CPD)

0.1
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Fonal Wavenumber Eastward
Southern Hemisphere Spectrum
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TROPICAL CYCLONES
VARIABILITY

Convectively coupled
equatorial waves(1)

é‘:
2
5
Frank & Roundy 2006 :
Mon. Wea. Reyl134 2397-2417
The MJO is by far the most
active wave type in the
Southern Hemisphere
Higher-frequency tropical
z wavesare all much more
% prominent in the Northern
2 Hemisphere
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TROPICAL CYCLONES VARIABILITY
Convectively coupled equatorial waveg)

rossby wave (n=1) Westward
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TROPICAL CYCLONES VARIABILITY
Convectively coupled equatorial waves’3)

Annual Mean Variance of IR Brightness Temperature Filtered for
Kelvin, n = 1 Equatorial Rossby, and Mixed Rossby-Gravity Wave Bands
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TC: Preferred location of tropical cyclone genesis 38
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TROPICAL CYCLONES VARIABILITY
Convectively coupled equatorial wave#

Filter band Var, (W %)%

Storms Per Menth

Filter band Var. :Wm’z)E

Filter band Var. (Wi %)
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Comparing Figs. 2 and 4 it is clear that the low-
frequency MJO band and ER band variances that
dominate the Southern Hemisphere spectrum are
strongly seasonal, and they vary in phase with the cy-
clone scason in the two Southern Ocean basins and for
the first peak of the North Indian season. Activity in
the Kelvin band tends to follow the same pattern,
though the cycles are somewhat less distinct than for
the MJO and ER bands.
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All of the wave types (except the MJO) are more
active in the Northern than in the Southern Hemi-
sphere. This is particularly true for the MRG-TD-type
band, which varies strongly and in phase with the cy-
clone season in the North Atlantic and the northwest
Pacific.
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TROPICAL CYCLONES VARIABILITY

Equatorial Rossby waves / S Indiarfl)

| Bessafi & Wheeler 2008vlon. Wea. Rey134 638-656

CATEGORY 1 CATEGORY 4

Composite
850-hPa wind
(vectors) and
OLR anomalies
(<0 : shading,
>0 : contours)
for each
category of the

e ER-wave.

Dots represent
the TC genesis
location for each
category
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TROPICAL CYCLONES VARIABILITY
Equatorial Rossby waves / S Indiarg2)

850-hPa vorticity anomaly & TC genesis
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The large modulation of TC genesis in the SW Indian odsathe ER-
waves is attributable to the large variation of the l@wdl vorticity and

coincidence with enhanced convection

The smaller changes in vertical wind shappears less important.
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TROPICAL CYCLONES VARIABILITY

TC genesis in the different basins has a clear modulati
signal by large-scale atmospheric variability.

Intraseasonal and interannual disturbances have some
predictability. These time scales are relevant for
extending the current TC predictability.

Future high resolution (convection permitting) glbba
(non-hydrostatic) models will promote realistic process
resolving intraseasonal simulations.
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Project ATHENA : High Spatial Resolution

In Global Climate Models
| Kinter etal. 2013 :Bull. Amer. Meteor. Soc94, 231—245|
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TROPICAL CYCLONES SEASONAL FORECAST

GOAL : (TS+TC) number and days, TC number and days, Cat-3-bauand
days, accumulated cyclone energy ( ACE\#maXZdt ), per season

STATISTICAL METHODS :
- predictors = large-scale parameters related to TCigctexww months

later (e.g. ENSO, SST, wind shear, SLP, atmosphegalation,
convective activity, ... ) ;
- regression equations based on climatology

- analog seasons
- CSU, NOAA, TSR, Cuban Institute of Meteorology, BpBhangai

Typhoon Institute

DYNAMICAL METHODS
- seasonal forecasting systems (up to 6 months)
- predictors and regression
- track the « TC-like vortices »
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TROPICAL CYCLONES SEASONAL FORECAST :
CSU / Tropical Meteorology Project— Atlantic

Forecast Parameter and 1981-2010 Median 4 Apnl 2012 | Update Update | Observed | %of
(in parentheses) 1 June 2012 | 3 Aug ] 2012 Total | 1981-2010
2012 Median

Named Storms (NS) (12.0) 10 13 14 19 158%
Named Storm Days (NSD) (60.1) 40 50 52 99.50 166%
Hurricanes (H) (6.5) 4 ) 0 10 154%
Hurricane Days (HD) (21.3) 16 18 20 26.00 122%
Major Hurricanes (MH) (2.0) / ) ) l 50%
Major Hurricane Days (MHD) (3.9) 3 4 5 0.25 0%
Accumulated Cyclone Energy (ACE) (92) 70 80 99 129 140%
Net Tropical Cyclone Activity (NTC) (103%) 75 90 105 121 [17%

The2012 Atlantic hurricane seasorwas quite unusual, with near record-high

numbers of named storms and named storm days obseéPoedersely, the season

was associated with a negligible amount of major hurecactivity.

This year’s seasonal forecasts were somewhat of an undiéiciova.
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TROPICAL CYCLONES SEASONAL FORECAST :
CSU / Tropical Meteorology Project— Atlantic

Forecast Parameter and 1981-2010 Median | 10 April 2013 | Update Update | Observed | % of 1981-
(in parentheses) 3June 2013 | 2 Aug 2013 § 2013 Total | 2010 Median
Named Storms (NS) (12.0) 18 18 18 13 108%
Named Storm Days (NSD) (60.1) 03 03 s | B | 5%
Hurricanes (H) (6.5) 9 9 2 31%
Hurricane Days (HD) (21.3) 40 40 35 375 18%
Major Hurncanes (MH) (2.0) - 3 0 0%
Major Hurnicane Days (MHD) (3.9) 9 ] 0 0%
Accumulated Cyclone Energy (ACE) (92) 165 165 14 30 3%
Net Tropical Cyclone Actvity (NTC) (103%) 175 175 150 43 42%

While many of the large-scale conditions associatéd agtive seasons were

presenfe.g., anomalously warm tropical Atlantic, absenckldflino conditions,
anomalously low tropical Atlantic sea level pressuresy dry mid-level air

combined with mid-level subsidenaad stable lapse ratassignificantly suggress

the2013 Atlantic hurricane season




