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Numerical modeling of the interactions between
hurricanes, the Gulf Stream and coastal sea level

Tal Ezer

Center for Coastal Physical Oceanography (CCPO)
Department of Ocean, Earth and Atmospheric Sciences (OEAS)
Old Dominion University, Norfolk, VA, USA

Motivation: “clear day” flooding with no storm in the area. i =S8
Could this be due to remote influence from the Gulf Stream?f



The role of the Gulf Stream in sea level rise received special attention in recent years
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Impact of ocean dynamics on sea level rise:
Research triggered by 3 separate studies (2012) that
indicate a “hotspot of accelerated SLR” in the mid-
Atlantic coast north of Cape Hatteras.

nature LETTERS

Hotspot of accelerated sea-level rise on the
Atlantic coast of North America

Asbury H. Sallenger Jr*, Kara S. Doran and Peter A. Howd

(Method: linear trends over different periods)

Evidence of Sea Level Acceleration at U.S. and Canadian
Tide Stations, Atlantic Coast, North America
John D. Boon
www.cerf-jer.org

Virginia Institute of Marine Science
College of William and Mary

gl(:uir:t(.ell‘fmtva 23062, V.S A 'l' coaStaI Res- 2012 VIMS

boon@vims.edu

(Method: quadratic line fit)

nf a novel new approach for analyzing sea level data

al Ezer' and William Bryce Corlett'”
(Method: non-linear Empirical Mode Decomposition)

Latitude

GEOPHYSICAL RESEARCH LETTERS, VOL. 39, L19605, doi:10.1029/2012GL053435,
Is sea level rise accelerating in the Chesapeake Bay? A demonstration
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How can ocean dynamics affect coastal sea level?
Sea level is not level: ocean currents = sea level slope (Geostrophic balance)

Atlantic Ocean circulation

Sargasso
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Broad, shallow,
weak currents

Narrow, deep,
strong currents

The Gulf Stream keeps sea level on the US East Coast ~1-1.5 m (3-5 feet) lower
than water offshore.

In warmer climate the Atlantic Ocean circulation is expected to weaken
If the Gulf Stream slows down = coastal sea level would rise!!!
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SLR in Norfolk:
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* ~3.5 mm/y (1950s-80s) ~1.1 ft/century
* ~6 mm/y (1980s-today) ~1.9 ft/cen
*~2.1 mm/y (1950s-80s) ~0.7 ft/cen
*~4.3 mm/y (1980s-today) ~1.4 ft/cen

why in some years sea level is higher
than normal everywhere?
(more floods!)
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Decadal variations of sea level from tide gauge stations
Why do stations in different locations show the same pattern?

. . . . .
. Ezer et al., (2013)
Correlation between

change in GS and SL:
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Short-term fluctuations:

Coherent variations in coastal sL along the
entire U.S. East Coast are anti-correlated
with the transport of the Gulf Stream
measured in the Florida Straits
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Ocean circulation models help to understand the mechanism of

the Gulf Stream-coastal sea level relations
(from Ezer, 2016)
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How can large-scale variations in the ocean offshore can impact coastal sea level?
One of the mechanism is the generation of Coastal Trapped Waves (CTW)

On Coastal Trapped Waves: Analysis and Numerical Calculation by Inverse Iteration

Joun M. HUTHNANCE

Department of Oceanography, University of Liverpool, Liverpool, England L69 3BX
(Manuscript received 4 April 1977, in final form 7 October 1977) JPO (1978)

Ocean-to-shelf signal transmission: A parameter study

John M. Huthnance
Proudman Oceanographic Laboratory, Liverpool, UK JGR (2004)

Simple models show that CTW depend on:

- Length and time-scale of forcing

- Frequency of forcing

- Shape of continental shelf and slope
- Shape of coastline



Impact of topography on coastal-trapped-waves (forcing: Slope Current variations)

Coastal SL anomaly
(b) Model with simple topography (c) TOPOG simple FORCING SC var
: ' LAY

. SC-Slope Current inflow
GS- Gulf Stream outflow
55- Sargasso Sea inflow

I FC- Florida Current inflow

N
o

10.05

GS (100sv)

10

. .
-0.15
open boundary 40 60 80

-80 -75 -70
(d) TOPOG: real; FORCING: SC var

Longitude
(a) Model wuth reallstlc topography
0 : |

F  NRG- Northern Recirculation Gyre 4 \ l;

GS- Gulf Stream :

2 STG- Subtropical Gyre o X s 5

| GOM- Gulf of Maine - Y00 { ! N 1 ‘

MAB- Mid-Atlantic Bight ; ) | \ { O 0 5

) | 5AB- South Atlantic Bight t i \ ‘ \
;s . \ \ h
| '. l :
I

SS (30sv)

W
O,

Latitude

open boundary

H
o

10

W
O,

PN
V o\ 77 \\u/\vr‘\\ul’\"/ PN AN N7\

A RANVAZAVA AV
Q' e & ,',"_, " 4
z L) ( -0.15

\
Awn -i---l.‘ Miwmiran s
o2

Latitude




Impact of tropical

storms and hurricanes

Helght in meters (MHHW)

Hurricane Isabel
(a) Water level in Norfolk (Sep. 2003) |

«—>  2-days

A

Hurricane Isabel (2003) made landfall
& caused 1.5 m storm surge that lasted
a few hours (2" largest in history)

During Hurricane Joaquin (2015) that
stayed offshore high water and
flooding lasted for almost 2-weeks!

Why?

meter (MHHW)

Mean SSH and storm tracks

(a) Norfolk Hourly Water Level (Aug-Oct 2015)
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Sep-Oct 2015: severe flooding on the southeast &
US coast: a combination of Hurricane Joaquin
and weakening Gulf Stream
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Hurricane Matthew
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(a) Norfolk Hourly Water Level (Aug-Oct 2016)
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Study air-sea-coast interactions
during hurricanes in two steps:

Description and Analysis of the Ocean Component of NOAA’s Operational Hurricane
Weather Research and Forecasting Model (HWRF)

RICHARD M. YABLONSKY, ISAAC GINIS, AND BOU THOMAS

Anal AA’ ional
1 . n a yze N O S O p e ra t I O n a Graduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island

ALLAPRAGADA AND DMITRY SHEININ

led hurri model
C O u p e u r r I C a n e O e S/NCEP/Environmental Modeling Center, College Park, Maryland
HWRF-POM P
NOAA/ESRL/Global Systems Division, and CIRES, University of Colorado Boulder, Boulder, Colorado

(Manuscript received 28 March 2014, in final form 5 September 2014)

2. Sensitivity experiments

with ocean only model:

* No surface forcing
 HF only Foke ZR: -
e WIND only from HWRF-POM e S (NS ortn

® HF+WIND u ; Ocean
* Gulf Stream } from FC transport '

~

— Hurricane Matthew is used
as a case study

| Jnited
mmmms East Atlantic




Hurricane Matthew (2016) did not reach the Mid-Atlantic coast, but
nevertheless caused severe flooding there, why?
Surface currents in the coupled model show that the hurricane
disrupts the flow of the Gulf Stream

(a) HWRF 10m max wind (KNT) Oct. 7-12, 2016 (b) HWRF-POM forecast surf. vel. Oct. 7, 00hr
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Ezer (2018)



The coupled HWRF-POM model has some
skill in predicting coastal sea level, but
storm surge was not simulated very well
in the MAB (the model was not intended
to be a coastal ocean model...)
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On the other hand, ocean only POM

(1/12deg) forced by wind from the |

coupled model has better skill in
predicting storm surge

Coastal sea level during Hurricane Matthew
I I I I I
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We can also use the numerical model to simulate the
contribution of the Gulf Stream by forcing the model with the
Florida Current observations during the storm (but no wind)

Impact of Florida Current on model sea level
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Several days after Hurricane Matthew disappeared, coastal sea level remained high
(especially in the Chesapeake Bay and north of the Gulf stream)

Sea Level Anomaly Day=12
WIND SPEED > 25 m/s

GULF STREAM
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Altimeter data confirm model results

~ a week before Hurricane Matthew:

w
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3

typical meso-scale eddies

OCT-2016
23 ~ -
W a week after Hurricane Matthew:

* Gulf Stream remained weaker along most
of its path

LATITUDE

* coastal sea level remained high along
most of the U.S. coast

LONGITUDE



Sensitivity model simulations show how the surface forcing impact
temperature changes during the Hurricane (up to 4°C cooling)

(a) SST 10-Oct-2016 (bA?ZTemp. Change due to I-%ur_ricane 5

forcing:
WIND+HF

Lon(W) Lon(W)

(f) Temp. Change due to WIND (d) Temp. Change due to HEAT-FLUX
4 T ! o 4 T T = r 4
&F - -’h‘;‘ ey o
40 t
38} 7 T i
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Note that due to the interaction of Hurricane Matthew with the Gulf Stream, the
pattern of cooling is different than typlcal |mpact of hurricanes

3-day averaged TMI SST anomaly (* C\ at end of 5-day model forecas1

(—

» 4
68 66 64 62 60 - - - Y T_dif (DegC) @ z=-1 m
- 2005/10/22/12GMT
3-day averaged TMI SST anomaly (“C) at end of 2-day model forecast
\ \

warming of the
Loop Current

Togtge. . Hurricane Wilma (2005)
(from Oey et al, 2006)




The interaction between the hurricane’s winds and the Gulf Stream flow results
in cooling (and warming!) near fronts and eddies

(a) SST 10-Oct-2016 (b)_Temp. Change due to Hurricane
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(a) Average Change in Kinetic Energy (top 50m)
] | | | ]

< short-term direct impact of wind

11 14
Day in October warmer

(b) Average Change in Potential Energy (top 50m) (more stable)
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T WD t

long-term impact on ocean stability >

WIND+HF

| | ] | |
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Questions:

* With warming climate, are Atlantic storms
(tropical storms and hurricanes) getting stronger,
more frequent, or last longer?

* Do storms have a lasting impact on ocean
circulation (e.g., the Gulf Stream)



max storm days

before 1990s

Hur. Cat. 1-2

A shift in the pattern of hurricanes since the 1990s?
More days with storms- do they last longer due to warmer waters?
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A shift in the pattern of hurricanes since the 1990s?
More days with storms- do they last longer due to warmer waters?

Storms and Hurricanes Occurrence (60-85W,20-40N)
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Potential lasting impact of tropical storms and hurricanes on the FC:
Lower mean transport and larger probability of extremely weak FC.

(a) Histogram of FC transport without storm
| I I I II I
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(b) Histogram of FC transport during storm
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Lower mean transport | I
and higher probability | I
I
I

of extremely weak
" Florida Current
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