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What is paleotempestology ?

Paleotempestology is a young field of science that studies
past hurricane activities by means of geological and
archival techniques.

Why Study the Past?

* A long-term perspective is vital for accurate risk assessment.

 Observational record of hurricanes only span the last 150 years.
 Category 4 & 5 hurricanes are extremely rare.
* A long-term perspective is vital to forecasting the return period of the “Big Ones”.

 ¢.g., Is Hurricane Katrina’s direct hit at New
Orleans a 50-yr, 100-yr, or 500-yr event ?

Cat 1
H Cat 2
lCat3

Cat 4

Cat S

 What is the probability for a Katrina-like
hurricane to hit La Paz?




Multi-decadal variability
in Caribbean hurricane activity

» Linked to large-scale climate patterns such as the Atlantic Multidecadal
Oscillation (AMO) and El Nino-Southern Oscillation (ENSO)
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Decadal Variability
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The “Hockey Stick” Debate
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Figure 1 | A measure of the total power dissipated annually by tropical
cyclonesin the North Atlantic (the power dissipation index, PD) com parad
to Septem ber sea surface temperature (55T). The PDI has been multiplied
by 2.1 % 107 '* and the S5T, obtained from the Hadley Centre Sea Ice and
SST data set (HadISST)™, is averaged over a box bounded inlatitude by 6° N
and 187 N, and in longitude by 20" W and 60° W. Both quantities have been
smoothed twice using equation (3), and a constant offset has been added to
the temperature data for ease of comparison. Note that total Atlantic
hurricane power dissipation has more than doubled in the past 30yr.

Emanuel 2005, Nature

A long-term perspective is
necessary:

» to decipher between signal and
noise in climate changes,

« to distinguish between natural
variability and anthropogenic
impacts,

« to understand the large-scale
climate mechanisms (e.g., SST,
ENSO, NAO) controlling
hurricane activity,

* to estimate the recurrence
interval of extreme events,

* to help us prepare for worst-
case scenarios




Research Questions
to be addressed by paleotempestology

 What is the probability for a given coastal
location (Atlantic/Gulf/Pacific) to be directly hit by
a catastrophic hurricane of category 4 or 5
intensity?

* How does this landfall probability vary
temporally, and at what timescales”?

— Do hurricane activities vary from one century
(millennium) to the next?

— Are the 1940s to 1960s worst case scenario? If not,
how bad can it be?
* How are these long-term changes in spatial and

temporal patterns related to global climate
changes”?



How do we study the past ?

1. Geological proxy record

Principle: Detection of storm signal in geological proxy record
« Tempestites from marine sediments
« Beach ridges
« Coastal lake/marsh sediments
» Corals, speleothems, tree rings

2. Historical documentary record

 Local (county) gazettes — China

Spanish colonial records — in archives in Madrid, etc.
Local newspapers

Diaries, plantation records

Ship logs



Tempestites

* In shallow-water marine
sediments

LebareeEs

*Flg 557. Hummocky cross stratlﬁcatlon (Harms 1975) or
“truncated wave-ripple laminae’’ (Campbell 1966). Shoreface

Igg 384. Lagoonal sediments showing wave ripples, Almere of barrier Island Norderney, North Sea. Water depth 3.8 m.
eposits, Netherlands (After Chowdhuri and Reineck 1978)

Reineck & Singh, 1980



Australian beach ridges Nott and Hayne, 2001)
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Sand Age Coras
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Model of overwash sand deposition in a
lake and its stratigraphic implications
(Liu and Fearn, 2000)

« Stronger hurricanes will
cause higher storm surge,
hence bigger overwash fans;

« Overwash sand layers will be
thicker near the lake shore,
and thin out towards the lake
center;

« Only the strongest
hurricanes will be recorded
in sediments at the center of
the lake.



Microfossil data (diatoms, foraminifera, pollen, phytoliths) suggest

seawater intrusion and transportation of materials from the sand dunes.
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Phytolith assemblages from the sand lavers are

similar to those derived from sand dunes. thus

supporting the notion that the sand was deposited Lu & Liu, 2005
by overwash processes.
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Effect of late-Holocene sea level rise

on the paleotempestological sensitivity
of a coastal lake (Liu, 2004)

Effects of Holocene sea level rise

e Sea level since 5 ka has been within 5 m
below present;

» Lake-sediment record shows stable lake
environment since 5 ka;

* Only stronger storms are recorded in the
past, when sea level was lower.

0
cmeEeEA
4 ’o‘.'.:-' R \H
F\ ) A
v - -
-10+ / e /.f—
L CURVE REFERENCE
1 L~ , A Emery & Garrison, 1967
| B Melson & Bray, 1970
-20 CD  Curray, 1965
. EF  McFarlan, 1961
E GH Coleman & Smith, 1964
§ 3047~ I Redfield, 1967
— -
- /
< :. A ' gloo SPo
: / U 1000 km
40 1 K
] ( 30° -
50! . . y—
| Pirazzoli, 1991 co
'60 T T T T T T T T T
10 8 6 4 2 (0]

Age ( x 10° Yr B.P.)



Some Methodological & Theoretical Issues

Q: How do you know that the overwash sand layers are
caused by hurricanes and not winter storms?

A: Storm surge heights caused by winter storms are typically
much lower than those of hurricanes.
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Ideal study sites:

Coastal backbarrier lakes

* subject to storm surge and
overwash by intense
hurricanes

« source of sand supply

« good preservation potential
(closed basin, not tidally

connected)

* no significant fluvial input
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FIGURE 2.5 (Top) Hypothetical sedimentary records in three coastal lakes (&, B, C) of different
geomorphic settings thatwere impacted by a hurricane strike and the associated overwash 1oo years
ago. Thick and thin sand layers are represented by cross-shaded bands and dotted lines, respectively.
(Bottom) Geomorphic settings of the three lakes in relation to coastal sand barriers (beach, dunes,
beach ridges) and the spatial limit of the storm surge generated by the landfalling hurricane. Small
arrows indicate waves overtopping the beach barrier, causing an overwash. An overwash fan is

farmed in Lake A Liu, 2004
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FIGURE 2.3  Hypothetical pattern of sand-layerdeposition in a coastal lake subjected to repeated
storm overwash events in the past. The overwash sand layers are thicker near the sand barrier and
become thinner toward the lake center. A core taken from site B will contain more and thicker sand
layers than one taken from site C A core taken from site & however, may consist of all sand without

discrete layers. Liu, 2004



Loss-on-ignition Analysis

Depth
(cm)
B0+
B2+

Depth Core 9
(cm)
50 |
52

54- 1320 150

561

581

60

62

64 1

66+

§ 1410150

68

20 § 1850 250

72

744

76

78-

WATER

%o

Liu and Fearn, 2000



Hurricane rains are strongly depleted in 5180

Stable isotopic proxies from:
 treerings

« speleothems

« corals

High-resolution proxy
records from latewood in
tree-rings

Miller et al., 2006



A 220-year (1770-1990) oxygen
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Speleothems (stalagmites)
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Photograph of stalagmite ATMT7 showing depth of radiometric dating samples,

and micromilling track across ~annually laminated couplets. White (gray) circles
denote the stratigraphic position of -activity samples with positive (undetectable)
"Cs activity. The onset of *"Cs ~activity indicates local deposition of global fallout
from atmaspheric thermonuclear bomb testing after 1953 The polished cross-
section inset shows the continuous micromilling track (blue outline), which was
positioned to maintain perpendicularity to the growth axis throughout sampling.

Frappier et al., 2007



HURRICANE FREDERICK (CATEGORY 3)
AUGUST 29 - SEPTEMBER 14, 1979

Lake Shelby, Alabama
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Coastal Alabama (Gulf Shores-Orange Beach) was devastated by
Hurricane Frederic in 1979, and again by Hurricane Ivan in 2004



Lake Shelby, Alabama

LAKE SHELBY CORE LOCATIONS

HURRICANE FREDERICK 51
SAND LAYER AT 1-3.5cm

I 1 1

L. LAKE SHELBY

10
500M
0.5 MILES

[l | | | I 1 I 1

 The Hurricane Frederic (cat 3) sand layer is confined to

near-shore sediments (core L).
 Therefore older sand layer found in cores A,B,E are likely

to be caused by stronger hurricanes (cat 4-5).
Liu & Fearn, 1993



Lake Shelby, Alabama

* Cores A,B.E contain 11 sand
layers, indicating 11 “direct
hits” by catastrophic hurricanes
over the last 3200 years.

e Return period = 300 years

« Landfall probability = 0.3%
per year (for cat 4-5 storms)

LAKE SHELBY CORE LOCATIONS

Liu & Fearn, 2003




Western Lake, Florida

Western Lake

1 kilometer
]

Liu, 2007



Western Lake (NW Florida)
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Western Lake, FL

 Contains 12 sand layers
deposited over the last 3400
years (Return period= 280

yr)

*Few events during 5000-
3400 yr BP and during the
recent millennium (past 1000

yr)

*Multiple strikes by
catastrophic storms during

“hyperactive period” of
3400-1000 yr BP.

Liu & Fearn, 2000
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Fig. 11. Sediment stratigraphy of Western Lake

determined by loss-on-ignition analysis.




Sedimentary proxy record from coastal marshes
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FIGURE 2.18

Hypothetical patterns of storm deposits in an estuarine marsh subjected to

repeated hurricane strikes and storm surges in the past. A core taken from the marsh should contain
multiple layers of storm deposits, which provide a proxy record of past hurricane strikes {after Liu and

Fearn zoooal.

Liu, 2004



Backbarrier marshes

barrier beach

overwash fan

/

backbarrier marsh

Conceptual model of overwash deposition and the landward
translocation of the barrier-marsh system in a regime of rising sea level.
Overtopping of the barrier beach by storm surge results in overwash fan
deposition across back-barrier marshes. Overwash fans are preserved
as sea level increases and they are covered with marsh deposits.

Donnelly and Webb, 2004




Overwash fan deposits in New England marshes
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Pearl River Marsh (LA / MS)
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14C Age (yr BP)

Chronology of Catastrophic Hurricane Strikes
along the U.S. Gulf Coast during the last
4500 Years
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The Bermuda High Hypothesis

* Bermuda High provides the
steering mechanism that
determines hurricane tracks

* A southwestward shift of the
Bermuda High at 3800 BP
steered more hurricanes towards
Gulf coast

 Implication: Hurricane activities
along the Gulf coast and Atlantic
coast should be negatively
correlated (anti-phase pattern)

Liu & Fearn, 2000



The Bermuda High — NAO Hypothesis | & o
(Elsner et al., 2000; Liu & Fearn, 2000)

« Strong NAO: More East Coast landfalls

Bermuda

« Weak NAO: More Gulf Coast landfalls
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Paleotempestology
Study Sites

A

Testing the Bermuda High hypothesis — New data from Cape Cod
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Fig. 18. Summary of proxy records and return periods from Nobska Pond
(NP), Redwing Lake (RL), and Western Lake (WL) showing possible anti-
phase pattern between the Atlantic coast and Gulf coast.

 Data support the hypothesis that hurricane activities along the Gulf
Coast and Atlantic Coast are in a see-saw (anti-phase) pattern
controlled by the Bermuda High.

« U.S. East Coast is in the active phase in the long-term hurricane
activity cycle.



Intense hurricane activity over the past 5,000 years
controlled by El Nino and the West African monsoon

Jeffrey P. Donnelly' & Jonathan D. W oodruff'

B5° W

High-resolution proxy record from Puerto Rico

Donnelly & Woodruff, 2007
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Proxy record from Puerto Rico suggests that hurricane activity
was positively linked to the strength of the West African
monsoon (and strength of the African easterly jet) and
negatively with the frequency of strong El Nino events.
However, the Puerto Rico record is out of phase with the Gulf

coast record.
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Ecological Applications......

Is there a link between hurricane and fire ?

Hypothesis of hurricane-fire interactions: Fire hazard
increases significantly after a major hurricane strike due to fuel
accumulation (dead biomass) and drier microclimate.

Liu et al., 2008



Little Lake, Alabama
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Core
Little Lake, Alabama
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Hurricane-Fire
Interaction:

*Dinoflagellate data
confirm overwash origin of
7 sand layers.

* At least 11 charcoal peaks
during past 1,300 years.

* 3 of 4 prominent charcoal
peaks occur immediately
above sand layers.

* Data support the
hypothesis that fire hazard
increases significantly after
major hurricane strike.



Pollen data from Little Lake reveal vegetation response to
interacting disturbances between hurricanes and fires
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The Expanding Frontiers of Paleotempestology.......
Multi-proxy Reconstruction of Prehistoric Hurricane Activities
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Approaches in Studying the Past

» Geological Proxy Records

* Historical Documentary Records



Spanish and English
historical records
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Historical Records of Typhoon Landfalls in China
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Frequancy

Typhoons Affecting Guangdong in 1001-1900
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* Most active decades: AD 1660-1680, 1850-1880
» Approximately 50-year periodicity Liu et al., 2001



Comparison between
Guangdong typhoon record
with other paleoclimatic
proxy records from China

» Little Ice Age cold period
has two temperature minima

* Two active periods in
Guangdong coincide with two
of coldest & driest periods in
north & central China

*Multi-decadal variability

Liu et al., 2001
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Hypothesis:
Southward shift of typhoon tracks during AD 1660-1680
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Lessons Learned from
Paleotempestology

Paleotempestology helps us understand the
climate mechanisms controlling hurricane
activities (e.g., Bermuda High & storm tracks; 50-
yr typhoon Cycles)

For Gulf coast locations, catastrophic hurricanes
(cat 4-5) have a return period of ca. 300 years (p
= 0.3%/yr)

For the Gulf coast, the past millennium is in the

low-activity phase of the mega-cycle of hurricane
activity. (we haven’t seen anything yet!)

If the climate regime characteristic of the
“hyperactive period” returns in the future,
hurricane landfall probability for the Gulf coast
may increase by 3-5 times.



Paleotempestology

Principles:

Methods:

Applications:

Users:
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Reconstruction of past hurricane strike
event (age, intensity, impacts, etc.)
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Henriette (2007) |

Food for thought: Marty (2003)
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How do we get a paleo- |
tempestology record for
Baja California Sur?
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