RESPONDING TO A RISING TIDE

Coastal Storm Hazards for Cape Cod

Bob Thompson
National Weather Service Taunton, MA



COASTAL STORMS

Types of coastal storms

— Tropical Cyclones (e.g. hurricanes)
* Hurricane Bob — August 19, 1991

— Extratropical Cyclones (e.g. nor’easters)
e Perfect Storm — October 30, 1991

Impacts from Hurricanes and Nor’easters
National Weather Service Resources
Concluding Thoughts



NEW ENGLAND HURRICANES

Low Frequency, High Impact!

@ Category 3 hurricanes
— Great Colonial Hurricane of 1635
— Hurricane of 1815
— Hurricane of 1869

— Great New England hurricane of
1938

— Carol in 1954
@ Strong Category 2 hurricane
— Great Atlantic Hurricane of 1944
— Ednain 1954
@ Last land-falling hurricane
— Bob in August 1991




A Preparedness Challenge

@No Category 3 hurricanes have made landfall in
southern New England since 1954

— And no hurricane at all since 1991

@ Buildup in coastal population and infrastructure
presents a high risk for life and property

@Most New Englanders have not experienced a
worst case scenario and many no hurricane at all!

— Inexperienced population!



Category 5 — Winds > 155 mph
Category 4 — Winds 131-155 mph
Category 3 —Winds 111-130 mph
Category 2 — Winds 96-110 mph
Category 1 — Winds 74-95 mph

Destructive potential of wind increases by the square of the wind speed!
Storm surge not closely correlated with hurricane category

Saffir-Simpson Scale



Hurricanes Come in Different Flavors

e 1938 or Carol Type Hurricanes
— Most dangerous
— Fast and furious

* Sandy Type Hybrid

— May have tropical core but behaves like very
severe nor’easter

* A Brusher - Earl or Edouard Type Hurricane
— Brushes by coast
— May be too close for comfort
— Primary impacts may be rip currents and erosion



Jet Stream Interaction
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Key on approach of first tropical storm force squalls
— not the eye!
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Hurricane Impacts

 Wind
* Flooding Rains
e Coastal Flooding from Storm Surge and Waves



History can be a Guide to Our Future!
Wind
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1938 Hurricane damage in Keene, NH Gusts to 60 mph during Bob

1938 Hurricane took down over a billion trees in New England
- 91 million in just Windham County in northeast Connecticut



History can be a Guide to Our Future!
Flooding Rain

1938 Hurricane - Flooding in Winchendon Tropical Storm Diane in 1955
Flash Flooding on route 44 in Putnam, CT

Tropical Storm Irene - Flash Flooding along the
Deerfield River (and Conway Street) in Buckland

Photo: J. Brown



History can be a Guide to Our Future!
Floodmg from Storm Surge
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Near worst case for Narragansett
and Buzzards Bays

Hurricane Bob (1991) - 6 foot surge



Storm Surge for Category 3 Hurricane

NNE at 50 mph

moving




Storm Surge At Low Tide

STORM SURGE

Timing of Storm Critical!




Storm Surge At High Tide

Timing of Storm Critical!




New Developments o\
from National Hurricane Center

* Storm Surge Warnings

— Explicit Storm Surge Warning
 versus implicit by a Hurricane Warning

— Recommended by social scientists

* Inundation mapping So-immIs

[ [ DL e

— Visualization of inundation possible from a speC|f|c storm
— Represents plausible worst case scenario (10% exceedance)
— Depicts where risk too high not to take action

— Does not incorporate wave runup/overwash

— Currently only for tropical cyclones



Why is forecasting hard?

ALBERTO
0000 UTC 12 AUG - -




Hurricane Joaquin
115 PM EDT Wednesday September 30, 2015
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Why is forecasting hard?

Hurricane Joaquin

45°N —

40°N —

_ GFDI

r' . f&-’/
L oy e
A O
{ | TCONBAMM "
A |

35°N -

30°N —

25°N -

20°N

iAot ey
A | AEMI]
HWEI‘Q(ST'. TS| agFCs BAMD
12520 Nk A2d iz '
96 T ey 1
ol =T il
Tl N
:.;'**.-\ - ‘ 1 o 1
30 '-ijl -.
:\ 5%

80°W 75°W 70°W 65°W

Wed Sept. 30 AM models

TVCE
—TVCA
—TCON

CaTI

GFNI
—GFTI
==GFDI
—HWFI

AEMI
==AVNI
—LBAR
=—BAMD
—BAMM
—BAMS

CLP5
—XTRP
—OFClI

PS track guidance initialized at 0000 UTC, 01 October 2015

Current Intensity: 100 kt Current Basin: North Atlantic
=z ;
o S 7 . boor, | | —OFCL
S5°N R : : —GFSO
= . —AEMN
= 3 =—=APNN
21 | —AC00
50°N — ? > NVGM
FEMN
==FPnn
= —FC00
2 cMmC
45°N — CEMN
CPnn
CC00
40°N —
35°N —
30°N —%7
25°N —
20°N

|
90°W  85°W  B0°W  75°W  70°W  65°W  60°W  55°W

Wed Sept. 30 PM models




Joaquin Forecasts from
Two Main Stream Global Models

/

« GFS Model
« ECMWF Model



Major Hurricane Joaquin:
Category 4 (130 mph sustained

Mote: The cone contains the prohable path of the storm center hut does not show
the size of the storm. Hazardous conditions can occur outside of the cone.
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Mote: The cone contains the probable path of the storm center hut does not show
the size of the storm. Hazardous conditions can occur outside of the cone.
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&/NHC Atlantic Track Error Trends [

Forecast error (n mi)
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NOR’EASTER IMPACTS

January 27, 2015 morning Scituate, MA — courtesy Dave Laroche




Anatomy of a Major Nor’easter

eUpper level wind energy

eSharp lower level temperature gradient

Confiuent Polar Jet

Sensible and
Latent Heat

Dative

Polar Jdet

=) iEunvey_ar
Belt




The Basics

Astronomical tide amplitude (Spring Tide?)
Onshore wind speed

Wind fetch (distance over water)

Duration of strong winds headed toward shore
Angle of wave train to shoreline

Storm motion with respect to shoreline

Size of wind field

Wave period
— Long period waves potentially more damaging



ASTRONOMICAL TIDES
e Spring Tide

— During full and new moons

— Moon and sun gravitational forces ||
in alignment |

* Neap Tide

— Quarter moon phases
— Moon and sun gravitational forces offsetting

Spring Tides
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Storm Surge and Wave Heights

Determined by:
* Wind Speed
* Wind Fetch
 Wind Duration

Figurs 12 0000 UTC Surtace Analysis - 30 October 1991,



I
Hurricanes and Nor’easters both impact

coastline with storm surge and waves

= _Wave action produces additional elevation!

iR

Coastal flooding and erosion result from storm surge on top of
the astronomical tide and wave action on top of the storm tide.

Timing of the maximum storm surge is an important issue for
those locations (e.g. New England) that have large tidal ranges.

Storm Tide (Total Still Water Level) = Astronomical Tide + Storm Surge

Waves contribute the following:
- Add to water level behind barrier beach via overwash (from wave runup)

- Cause damage to structures (sea walls, docks, homes, etc.) via wave battery
- Scour and transport beach sand via erosion



Timing Matters!

8443970 Boston, MA
Water Levels (Backup Sensor Data)
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January 27, 2015 High Tide at Boston

Storm Surge at max storm tide = 3.35 feet (3.12 feet at time of actual
astronomical high tide)

Max storm surge = 4.78 feet (approx. 30 minutes after time of low tide)




WHAT IF...

 The storm was about 6 hours faster and peak surge
occurred at high tide:
— 10.5 + 4.78 = storm tide of 15.28 feet MLLW
— Just above record water level of 15.1 feet MLLW
set during the 1978 Blizzard

e The storm occurred the week before when we had a
12 foot MLLW astronomical tide:

— Potential storm tide near 16.8 feet (would bring us to
unchartered territory)



And WAVES MATTER!

Overwash Splashover

Rule of thumb:

Along exposed coast, overwash and splashover can become important when waves
about 10 miles offshore reach 20 feet or more




Wave Overwash
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Wave Battery




And Erosion Can Be a Big Issue
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Wave Run-up

* Experimental program to help understand and forecast
wave impact
— Empirical technique being applied to “hot spots”

Input parameters (green only)  Feet Meters

Beach Slope 0.03

Deep water wave height 18.00 5.49
Deep water wave length 41470  126.40

Deep water wave period 9.00
Tide 11.7 3.57
Storm Surge 1.6 0.49
Dune Base Elevation 11.10 3.38
Dune Crest Elevation 13.57 4.14
These are the Raq; 4.19 1.28
individual output  Swash 3.19 0.97
parameters Setup 1.00 0.30

Include Tide + Surge
Riow 1430 4.36

Rpigh  17.49 5.33

Rz% 4,188 1.28
Erosion Expected
Overwash Expected

Inundation Expected
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Coastal Flood Threat and Inundation Mapping Boston, MA

\Westher.gov = Boston. M4 = Cosstal Flood Threst and Inundstion Mapping Westher Forecast Office
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worst case scenario (versus the usual most likely scenario).



Coastal Flood Threat and Inundation Mapping Boston, MA

Weather.gov = Boston, MA = Coastal Flood Threat and Inundation Mapping Weather Forecast Office
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Snutheast New England Water Level Forecast & Coastal Flood Threat
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COASTAL FLOOD HEADLINES

Extratropical Storms (e.g. Nor’easters)

* Coastal Flood Watch
— Potential for moderate or greater coastal flooding
— Generally 36 to 48 hours lead time

* Coastal Flood Warning
— Moderate or major coastal flooding likely/expected
— Generally 24 to 36 hours lead time

* Coastal Flood Advisory

— Minor coastal flooding likely/expected
— Generally 24 to 36 hours lead time



HEADLINE CRITERIA

* Minor - Coastal Flood Advisory

 Moderate or Major = Coastal Flood Warning

Minor Moderate Major




Coastal flood impacts appearing in TWLBOX are a function of water
level and waves (derived from staff experience and local studies)

Scituate
Storm Tide Wave Height

10 15 20 25 30 35
R ; - - Mo
10.0 - - - Minor-Mdt
105 - . . Minor-Mdt | Moderate
11.0 Minor Minor-Mdt | Moderate | Mdt-Major
115 - Minor-Mdt | Moderate | Moderate | Mdi-Major
12.0 Minor-Mdt | Moderate | Moderate | Mdi-Major
125 Minor-Mdt | Moderate | Moderate | Moderate | Mdi-Major
13.0 Moderate | Moderate | Moderate | Mdi-Major
135 Moderate | Moderate | Mdt-Major
14.0 Moderate | Mdi-Major
150 Mdt-Major
15.0
Sandwich
Storm Tide Wave Height

3 10 15 20 25 30
10.0 - - - - Minor
105 - - - . Minor-Mdt
11.0 - - Minor Minor-Mdt | Moderate
11.5 - - Minor-Mdt | Moderate | Moderate
12.0 Minor-Mdt | Moderate | Moderate | Mdt-Major
125 Minor-Mdt | Moderate | Moderate | Mdi-Major
13.0 Minor-Mdt | Moderate | Moderate | Mdt-Major
135 Moderate | Moderate | Mdt-Major
14.0 Moderate | Mdi-Major
145 Mdt-Major
150




Product Example

COASTAL HAZARD MES3AGE
HATIHMAL WEATHER SERVICE TAUNTON MA
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Coastal Flood Threat and Inundation Mapping Boston, MA

Weather.gov = Boston, MA = Coastal Flood Threat and Inundation Mapping Westher Forecast Office

- Total Water Level Forecast

oracast Issued:
0 PM EST TUE DEC 1 2015 M

Inundation Depth at 167/t MLLW

Coastal Overlays ™ igh Tide Cycles
¥ water Level O 15t PM cycle

[ Coastal Hazard Overlay ® 2nd AM cydle
) 2nd PM cycle

M Inundation Overiay O 3rd M cydle
) Extent ®) Depth ) 3rd PM cycle

@ ) ) 4th am cycle
) ath pm cycle

[ velocity Zone Overlay

Inundation Overlay
Total Water Level (MLLW?
1_& ft

» What is...7

‘- 4 ~ )\ - .
5 | : P'Iﬁi il -Easl :;a aWIEh ) : leam! Inur_:dahpn Mapping
=2 Leaﬂeli Map data © DpEmSIreeﬂu'lap curﬂ!'ﬂnl‘lm& {I.‘.-EY-SA Imagery A A8 Mapbox, NWS Tauntun Ma Scenarios Disclaimer

=

NOTE: Durrng times '.-.rhen the area is under a Tropical Storm/Hurricane Watch or Wamning, the storm tide or total water level forecast will reflect a plausible
worst case scenario (versus the usual most likely scenario).
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HAZARDOUS WEATHER OUTLOOK
(HWO)

Issued every early morning
Potential hazardous weather out to 7 days
May be your first clue of a local concern!

Threat evolution

— May not appear too ominous at first (especially if time
period is greater than 5 days)

e But let that be your signal for higher situational awareness

— Monitor evolution of threat with time (e.g. increasing or
decreasing threat)

Check HWO daily to maintain situational awareness
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AREA FORECAST DISCUSSION
(AFD)

Explains the rationale behind the warning and
forecast decisions (i.e., the “why” of the forecast)

Favorite product for many broadcast meteorologists
Confidence level and degree of uncertainty

May indicate alternative scenarios possible

A way to get inside our heads



Area Forecast
Discussion
issued early
Friday morning
March 18, 2016

.LONG TEEM /SATURDAY NIGHT THROUGH THURSDRY/...
HIGHLIGHIS FOR LATE SEASON WINTER STORM POTENTIAL SUN EM/MON ZM:

* SIGNIFICANT WINTER STOEM STILL POS5 FOR AT LEAST FART OF THE REGION

*# LOW CONFIDEWCE CN BEST CHANCE FOR SIGNIFICENT SHOWFALL

* WESTEEN TERACK: SIGHNIFICRNT SNOW POTENTIAL ACROSS INTERICOR WITH DREY
SLOT/FTIYPE ISSUES ON THE COASTAL PLAIN

* EASTEEN TRACK: LIGHTER SHOWFALL ACROSS THE INTERICE WHILE
SIGNIFICANT SNCW POTEWTIAL OCCURS ACROSS EASTERN MA/RI

DETAILS...
SUNDAY INTC MOWDAY....

I FAIRLY CCLD ATEMASS WILL BE IN PLACE FOR LATE MARCH ELRLY SUNDRY
MCENING WITH HIGH PRESSURE ACROS3 EASTERN CAWADR. AT THE 5AME
TIME...A POTENT CLOSED UFFER LEVEL DISTURBAMCE WILL BE AFPPROACHING
FROM THE WEST AND INTERACT WITH NORTHEBN STREAM ENERGY. THE
STRENGTH AND TIMING OF THE ENERGY WILL DETERMINE THE STRENGTH/TRACK
OF THE 5TORM AND WHERE HERVIEST SNOWFALL OCCURS.

HCEMRLLY AS ¥OU GET CILOSER TO ZN EVENT CONFIDEWNCE IN & GIVEN
SCEFARICQ INCREASES...BUT THE OVERNIGHT MCDEL RUNS ACTUALLY DID THE
CPPOSITE. NOW THAT DOES CCCASIONALLY HAFPPEN...PARTICULARLY WHEN THE
MATN EVENT IS STILL CQUISIDE 72 HOURS IN THE MODEL WORLD.

TC SUMMRRIZE...THE ELRLIER 12Z INTERNATICNAL MCDELS SHOWED A RAPIDLY
INTENSIFYING LOW PRESSUBE SYSTEM PASSING NEAR THE CAPE/ISLANDS. THIS
SCENARICQ WOULD BREING & LRRGE SWATH OF & TC 12+ INCHES OF 3HOW RCROSS
INTERICE MA AND NORTHEEN CT WITH THE HELF OF L POTENT BACKE BACKBENT
MID LEVEL WAEM FEONT....WHILE MUCH OF EASTERN MA/RI WOULD RECEIVE &
FRONT END THUMP OF HEAVY SNOW BND THEN HEVE DRY SLOT/PTYFE ISSUES.
STRONG WIND GUSTS OF 40 TQ 55 MPH WILL ALSO BE A CONCERN FOR B TIME
ALONG THE CORST. MEANWHILE...THE 12Z AMERICAN MODELS SHOWED R
WEAKER ZND MORE FROGEESSIVE LOW PEESSUBE SYSTEM CONFINING MOST OF
THE SIGNIFICRENT SHOW TO ERSTERN MA/RI WITH LIGHTER SNOWS BACK INTO
THE INTERICE.

AT 00Z...THE HAM JOINED THE 12Z INTEENATICNAL MODELS SHOWING R
POTENT SETUF FOR HEAVY SNOW ACROSS THE INTERICE WITH 2 FRONT END
THUMP FOLLOWED BY DRYSLOT,/FTYPE ISSUES ON THE COASTAL PLATHN.
HOWEVER. ..THE LATEST 00Z CQPERATIONAL ECMWF WHICH HAD BEEN CONSISTENT
TEENDED' SIGNIFICENTLY FURTHER EAST AND WERKER. THIS WOULD CONFINE
SIGNIFICANT 3WMOW POTENTIAL TO EASTERN MA/RI WITH A LIGHTER SHOWFRLL
BACK INTO THE INTERICE. THE ECMWF ENSEMELES 4130 TRENDED FURTHER
EAST...BUT THERE WAS STILL R LARGE SPREAD WITH SCME STILL SHCWING
BIG HITS ACROSS THE INTERICR...BUT MORE RCROS5 EASTERN NEW ENGLAHND.
A5 FOR THE GFS5...IT EEMAINED THE WEZKEST AND FURTHEST ELST SCLUTICHN
BUT ITS IWDIVIDUAL ENSEMELE MEMBERS S3TILL SHOWED A LARGE POTENTIAL
RANGE IN PQSSIELE OQUTCOMES.

50 IN & NUTSHELL...A SIGNIFICANT WINTER STCBM I3 STILL PO3SIBLE FCOR
AT LEAST A PFORTICN OF 30UTHEEN WEW ENGLAND). THE MATN QUESTICN IS
WHERE DOES THIS OCCUR. A LOT OF THE 00Z GUIDANCE...BUT CERTAINLY
NOT ALL OF IT SHIFTED THE POTENTIAL OF HEAVIEST 5SHMOW ACRQ35 ERSTEEN
MB/RI. HOWEVER...THE INTERICR BY NO MEANS IS QUT OF THE WOODS RS
SCOME OF THE GUIDRNCE STILL HAS THE FOCUS QUT IN THAT REGICNM. THE
SPREAD IN THE ENSEMBLES RND SUBTLE TIMING DIFFERENCES IN SBORTWAVE
INTEBACTION TELL U5 IT3 TQQ EARLY TQ LOCK IN 2 SPECIFIC SCENARIO.




Looking to the Future

* Rising sea level
— Expect more frequent coastal flooding
— New record total water levels
— Raises the impact stakes

Boston, MA 2.63 +/-0.18 mmlyr

Diata with the average seasonal
cycle removed
045+ - Higher 85% confidenceinterval |- — — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ e
: —— Linear mean sea level trend

— Lower 93% confidence interval
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STORMREADY




WeatherReady Nation Goals Include

Accurate and timely forecasts and warnings
Integration of cutting edge science into operations

‘Understanding of and effective response to
weather information by partners/customers
Emphasis on Impact Decision Support Services

h Weather-Ready Nation

National Oceanic and Atmospheric Administration



Impact Decision Support Services

* Supports WeatherReady Nation goal

— Provide weather information that enables Americans to respond
effectively to weather hazards and achieve high level of resilience
— Information to enable effective decisions by officials

* Public Safety
* Preservation of natural and human resources

 Take on different forms

— High Impact Storm

* Blast emails (sometimes with Powerpoint Briefings), conference calls,
Hazardous Weather Outlooks, Special Statements, social media posts, etc.

— Special Event Support
* Major such as July 3r9-4th Esplanade or Boston Marathon

* Smaller but still with significant public safety risk
— Regattas, concerts, sporting events, large flea markets, fairs, etc.

' ‘55_ Weather-Ready Nation

National Oceanic and Atmospheric Administration




Take Away Thoughts

Cape Cod vulnerable to both hurricanes and
nor’easters

— Hurricanes more extreme but nor’easters more frequent

— Hurricanes usually greater threat to south side and
nor’easters usually greater threat to east side

Inexperienced population
Warning => Risk Too High => Take Action if vulnerable

Expect more frequent and severe coastal flooding
and erosion episodes with continued sea level rise



PREPAREDNESS!

NEWEnglﬂnd Showstorm indicators...
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Assess Vulnerability, Make Plan,
and Act on Plan before too late!

FLEEING HURRICANE
GEORGES IN KEY WEST




(o

Natural calamity strikes at just about the time

that one forgets its terror.”
-- Japanese Proverb

EDGEWOOD YACHT CLUB- PROVIDENCE R. L

Fy ihiwsd EeERELL  FROeD




Perfect Storm of October 1991 Courtesy Boston Globe



