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Flood Maps from FEMA (Federal Emergency Management Agency)

Flood maps help mortgage lenders determine insurance requirements and help communities develop strategies for

reducing their risk. https://www.fema.gov/flood-maps
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Flood Zone vs Real-time Model
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Photos showing the flooding in Houston during Harvey from
https://www.theatlantic.com/photo/2017/08/hurricane-harvey-leaves-houston-under-water/538215/



How much can we trust Flood Zone?

Table 1: Flooding in mapped flood zones

FEMA Flood Zone

Flooded Area (square
miles) in analyzed images

Percent of Flooded
Area (totals > 100%)

Floodway 26.37 mi? 12.45%
Special Flood Hazard

Area ("100 year" 89.40 mi2 32.26%
floodplain; zones A, AE,

AH, AO)

VE (Coastal) 2.48 mi? 0.89%
Shaded X zone 37.23 mi2 13.44%
("500 year" floodplain)

"Minimal flood hazard" 147.94 mi? 53.39%

over 50% of estimated inundation occurred outside of any mapped flood zone.



Application: Hurricane Harvey

The coupled model simulates what was
happening in the battle ground where
fresh water and salt water could collide.
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Hurricane Evolution
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Tropical Storm Florence Current information: x Forecast positions: Hurricane Florence Current information: x Forecast positions:
Saturday September 08, 2018 Center location 24.5 N 54.2 W @ Tropical Cyclone Q Post/Potential TG Friday September 14, 2018 Center location 34,1 N77.9 W @ Tropical Cyclone Q Post/Potential TC
5 AM AST Advisory 36 Maximum sustained wind 65 mph Sustained winds: D < 39 mph 8 AM EDT Intermediate Advisory 60A Maximum sustained wind 90 mph Sustained winds: D < 39 mph
NWS National Hurricane Center Movement W at 9 mph $39-73 mph H74-110 mph M > 110 mph NWS National Hurricane Center Movement WNW at 6 mph $39-73 mph H74-110 mph M> 110 mph
Potential track area: Watches: Warnings: Current wind extent: Potential track area: Watches: Warnings: Current wind extent:
Day 1-3 Day 45 Hurricane Trop Stm [lHurricane [ Trop Stm Il Hurricane Trop Stm &Day 1-3 Day 45 Hurricane TropStm  [lHurricane Il Trop Stm IlHurricane | Trop Stm

NOAA’s Tropical Cyclone Track Forecast Cone and Watches/Warnings and Initial Wind Field for Hurricane Florence

On September 08, 2018 On September 14, 2018



NOAA national Centers Related to Hurricane Flooding Forecast

NOAA

National Oceanic and
\_ Atmospheric Administration /

NWS

el National Weather Service
* ¥ \

NCEP OWP

National Centers for Office of Water Predicti
\___Environmental Prediction e o T er Tredeen

: . ) |
NHC EMC NWC

. . Environmental Modeling
National Hurricane Center
\_ Y, \_ Center Y,

~

J
~
J

National Water Center

HSU TAFB TSB ( The Storm Surge |

The Tropical Analysis and The Technology & Science U t
Forecast Branch Branch \_ ni J

The Hurricane Specialist Unit




[ ’ ’ g 1 ,{/
[ Potential Tropical Cyclone ]—»[ Tropical Depression H Tropical Storm ]—»[ Hurricane H Landfall ]—»[ Remnant

| NOAA / NWS ]
| |
[ NCEP / NHC ] [ NCEP / EMC ] [ OWP ]
|
| | | |
[ b5y ] [ Tt ] [ 5B ] [ The Storm Surge Unit ] [ NWC ]
The Hurricane Specialist Unit The Tropical Analysis and Forecast Branch The Technology & Science Branch g National Water Center

A

Based on the observations from Satellite Imagery, Radar
Imagery, Aircraft Reconnaissance, etc.

=» HSU issues:
Tropical Cyclone Forecast/Advisory (TCM)
Tropical Cyclone Public Advisory (TCP)
Tropical Cyclone Discussion (TCD)
Tropical Cyclone Surface Wind Speed Probabilities (PWS)

\\\\\\

TCM, TCP, TCD and PWS when Florence was a Potential Tropical Cyclone on August 30,201¢
https://www.nhc.noaa.gov/archive/2018/FLORENCE.shtml?
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Potential Tropical Cyclone Tropical Depression Tropical Storm Hurricane Landfall Remnant

NOAA / NWS

| |
NCEP / NHC NCEP /EMC Oowp

]
| | | |
HSU TAFB TSB

The Hurricane Specialist Unit The Tropical Analysis and Forecast Branch The Technology & Science Branch

NWC

The Storm Surge Unit National Water Center

A

HSU keeps issuing TCM, TCP, TCD, PWS every 6 hours.

=» EMC triggers HWRF and HMON four times daily producing 5-day forecasts of mainly track and intensity.

®> HSU issues forecasts of track, intensity,and wind radii based on multiply model outputs.

Table 2. Summary of ensembles and consensus alds for track and Intensity,

Table 1. Summary of global and regional dynamical models for track, intensity, and wind ra

Table 3. Summary of statistical models for track, intensity, and wind radii.

The National Hurricane Center (NHC) uses many models as guidance in the preparation of official trackand intensity forecasts. The most commonly used models at NHC are summarized in the tables above.

https://www.nhc.noaa.gov/modelsummary.shtml

ATCF ID Maodel Horizontal Vertical D Pertubation or | Cycle/Run Ensemble NHC
ATCF ID Global/Regional | Horizontal Vertical Data Convective | Cycle/Run NHC Name or | Resoluion | Levels | Assimilation | Consensus | Frequency | Members | Forecast —
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Hurricane Weather Nested Grid 75 Hybrid 4D-VAR Hybrid Schubert + GFS uTe Track and b SHIP Intensity Prediction based on standard multiple atmosphere parameters, and an ocean 00/06/12/18 Intensity
HWRFIHWE Research and pont (13.5-4.5- || g0 v | GDASGFS | shallow convection || g0 enaity Sempie o raorn | AN EGRI Scheme regression techniques component uTe
Forecast system 1.5km) IGiBC {6 and 18km) roquest fiom (B Pactey | Vratle Coreees, | owoeiaria | FEL S Tiack
1.0km nest-none |l mve (TVCE) e ure e Decay-Statistical Statistical-dynamical model Climatology, persistence, environmental & hr (168 hr)
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Tropical Storm

[ Potential Tropical Cyclone ]—»[ Tropical Depression H ]—»[

Hurricane

Landfall Remnant

H 1

NOAA / NWS

NCEP / NHC

NCEP /EMC Oowp

. )

[ HSU ] [ TAFB ] [ TSB

NWC
National Water Center

] [ The Storm Surge Unit ] [

A

The Hurricane fpecialist Unit The Tropical Analysis and Forecast Branch The Technology & Science Branch
HSU keeps issuing TCM, TCD, PWS every 6 hours, TCP every 3 hours.
EMC keeps running HWRF and HMON four times daily producing 5-day forecasts of
mainly track and intensity.
HSU keeps issuing forecasts of track, intensity, and wind radii based on multiply
model outputs.
@&p>The Storm Surge Unit triggers SLOSH running to predict storm surge.

SLOSH: The Sea, Lake and Overland Surges from Hurricanes model

Strengths:

* computationally efficient.

resolves flow through barriers, gaps, and passes and models deep passes .

resolves inland inundation and the overtopping of barrier systems, levees, and roads.
resolves coastal reflections of surges such as coastally trapped Kelvin waves.
Limitations:

* no wave.

* noriverflow/ rain.

https://www.nhc.noaa.gov/surge/slosh.php

Operational Storm Surge Basins
for the Seaq, Lake, and Overland Surges from Hurricanes
(SLOSH) Model
Updated: January 1, 2020

ot Dot

- A i /s
SLOSH model coverage
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[ Potential Tropical Cyclone ]—»[ Tropical Depression H Tropical Storm ]—»[ Hurricane ]—»[ Landfall ]—»[ Remnant

| NOAA / NWS ]
| |
[ NCEP / NHC ] [ NCEP / EMC ] [ OWP ]
|
| | | |
[ b5y ] [ Tt ] [ e ] [ The Storm Surge Unit ] [ ST ]
The Hurricane Specialist Unit The Tropical Analysis and Forecast Branch The Technology & Science Branch 8 National Water Center

A A

HSU keeps issuing TCM, TCD, PWS every 6 hours, TCP every 3 hours.
EMC keeps running HWRF and HMON four times daily producing 5-day forecasts of mainly track and intensity.
HSU keeps issuing forecasts of track, intensity, and wind radii based on multiply model outputs.
The Storm Surge Unit keeps running SLOSH to predict storm surge.
®p Hurricane-induced river flooding started to be predicted by NWM operated by NWC.

NWM: National Water Model:

provides streamflow for 2.7 million river reaches and other hydrologic Current River Forecast Points (~3,600) NWM Streamflow Output Points (~2.7 mil)
information over the entire continental United States (CONUS).

Strengths:

* the core of the NWM (WRF-Hydro)is process-based hydrological model.

* ingests forcing from a variety of sources including MRMS, Stage IV, MPE,
radar observation, HRRR, RAP, NAM-Nest, GFS, CFS and NWP.

* capability of being run in six configurations (Standard / Extended / Long-
Range Analysis, Short-Range / Medium-Range / Long-Range Forecast).

Limitations:
* no overbank flooding.
* unstable on low topography terrain. https://water.noaa.gov/about/nwm




Different types of flooding during hurricane

I Precipitation - River runoff - River flooding 1 Compound flooding 1  Wind - Storm surge—> Coastal inundation
| | |

Image originally published on phys.org: https://phys.org/news/2019-09-global-simulations-uk-northern-europe.html
Credit: Douglas Maraun




Modeling of hurricane-induced flooding

Ocean model

* Only covers open ocean and part of transition zone.
* Require accurate upper boundary conditions.
* Examples: NOAA SLASH, ADCIRC, SCHIMS, FVCOM, ROMS , etc.
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Image originally published on phys.org: https://phys.org/news/2019-09-global-simulations-uk-northern-europe.html
Credit: Douglas Maraun




Modeling of hurricane-induced flooding

Hydrological model

* Only covers drainage basin and part of transition zone.
* Require accurate lower boundary conditions.

*  Examples: NOAA NWM, HEC-REC, VIC, CASC2D, etc.

Image originally published on phys.org: https://phys.org/news/2019-09-global-simulations-uk-northern-europe.html
Credit: Douglas Maraun




Modeling of hurricane-induced flooding

Single model is unable to accurately simulate Highlight the need for an integrated modeling
what is happening in the transition zone and I > system to simulate the flooding event on the
thus losses compound flooding information. land and in the ocean simultaneously.

Image originally published on phys.org: https://phys.org/news/2019-09-global-simulations-uk-northern-europe.html
Credit: Douglas Maraun



Modeling of hurricane-induced flooding

NOAA / NOS / Office of Coast Survey is developing required infrastructure to perform inland-coastal coupling for the NOS' operational coastal ocean models.
They are coupling hydrological model (mainly NWM) with ocean models ADCIRC, ROMS, FVCOM and SELFE/SCHISM (currently through one-way coupling approach).
https://coastaloceanmodels.noaa.gov/coupling/02_inland_coastal_coupling.html

Hydrological model and ocean
model are running simultaneously
as anintegrated modeling system.

Using the output (streamflow)
from a hydrological model as vs

upper boundary condition to
drive an ocean model.

Two-way coupling

One-way coupling
Image originally published on phys.org: https://phys.org/news/2019-09-global-simulations-uk-northern-europe.html
Credit: Douglas Maraun



Dynamically coupled hydrological-ocean modeling system

Hydrological model WRF-Hydro s, Ocean model ROMS
* Open-source. : * Open-source.
* Process based hydrological model. | * Regional Ocean Modeling System.

e Core of current version of NWM. Dynamical coupling method * One of the most popular ocean models.
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Image originally published on phys.org: https://phys.org/news/2019-09-global-simulations-uk-northern-europe.html
Credit: Douglas Maraun



COAWST

Coupled Ocean Atmosphere Wave & _ _ _
Uwind, Vwind, RH, Tair,

Sediment Transport Modeling System cloud, rain, evap,
SWrad, Lwrad

Wind speed
SST

MCT

Uwind, Vwind, Patm, RH, Tair,
cloud, rain, evap, SWrad, Lwrad
Water Levels LH, HFX, Ustress, Vstress

Sediment (WRF-Hydro-Sed) Us, Vs, h, bath, Z,

Streamflow,

Water WS]

Lewels,

Vertical Hwave, I—mwave! I—pwave1 Dane’
fluxes

Tpsurfr Tmb_ott’ Qb’ ’
DisSpot, DISSg s, DISSycap:
Ubot

"~ InWave
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Dynamically coupled hydrological-ocean modeling system

Computation domain is divided into two subdomains- one for WRF-Hydro and the other for ROMS.

The two models exchange water level information on every connected cell along the boundary.

A coupler is applied to assure the two models have the same velocity along the interface boundary.

The dynamic coupling is built on the platform of COAWST (Warner et al., 2010).

e ses s e e | T T T T T T T T T T TS s s s e WRF-Hydro running ROMS running
I
: WRF-Hydro : I COAWST modeling system I
! 1
! I
I NLDAS2 : ! i ! Data Data
1 | | I ok WRF : exchange exchange
1 _|‘___——"_’_|‘_1_——-""__ | point point
: _-—"’_211:::47-_— | 1 yes yes
o e |
1 | Land surface model | e | : :
1 | I Send boundary water Send boundary water
1 ! level to coupler level to coupler
I I ! :
I | ROMS 3D 1
I i ' = WAVE%??(’:H u |!
I'| Subsurface routing Channel routing Overland routing ROMS 2D 1 i  Seleieieieteietd
I i | 1
1 i
I_ e } ______________ Z _______________________________ 1 E Receive water level E
: :
|:| WRE-Hydro cells ' I '
-Hydro cells . !
. ROMS cells E Calculate boundary i
' velocity !
1
[3 Boundary cells ' !
: v -
< Boundary velocity ! :
. Send back velocity !
: :
[ E ]
Adjust boundary Adjust boundary
water level water level

Bao, D.,Xue,Z.G., Warner, J. C.,, Moulton, M., Yin, D., Hegermiller, C. A., etal.(2022). Anumerical i nvestigation of Hurricane Flore nce-induced compound flooding inthe Cape Fear Estuary usinga
dynamically coupled hydrological-ocean model. Journalof Advancesin Modeling Earth Systems, 14, e2022MS003131.
Warner,J.C,, Armstrong, B., He, R., & Zambon, J. B. (2010). Development ofa coupled ocean-atmosphere—wave—sediment transport (COAWST) modeling system. Ocean modelling, 35(3), 230-244.



Application: Hurricane Florence

Hurricane Florence

* The sixth hurricane and the first major hurricane of the 2018 Atlantic hurricane season.
* Made landfall near Wrightsville Beach, North Carolina on 14 September.

* Introduced huge precipitation in the Cape Fear River Basin and set new records of peak flows in
most of the channels and tributaries therein.

* generated a huge storm surge, and the inundation heights along the North Carolina coast reached
2.5-3.4 m (8-11 ft).

&<NEWS|HURRICANE FLORENCE
51SATELLITE AND PATH

Mon 8:00AM
30 mph

— b 4 Norfolk

Knoxville pASheville

Fig00MIC ape Hatteras

Sun 8:00AM Charlotte i 100 mph
%

Atlanta ?cj/lumbi‘;@ . 27 L 2 Unlied Stetes

The projected path of Hurricane Florence Satelliteimage of Florence.

https://abcnews.go.com/US/160000-power-hurricane-florence- https://www.bbc.com/news/world-us-canada-45511312
lashes-north-carolina-coast/story?id=57791726

Drone photo of Florence-induced flooding.
https://www.greenvilleonline.com/story/news/2018/09/15/tropicat
storm-florence-track-path-sc-nc-gre enville-asheville-charlotte-columbia-
myrtle-spartanburg/1309148002/



Application: Hurricane

Model set-up
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Application: Hurricane Florence

Model validation
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Application: Hurricane Florence

Model validation
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River-Ocean Coupling
Dynamical (two-way) vs. One-way Coupling
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Application: Hurricane Florence

Model validation
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River-Ocean Coupling

Dynamical (two-way) vs. One-way Coupling
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Application: Hurricane Harvey

Hurricane Harvey

Second-Costliest Hurricane to Hit the United States (https://geology.com/hurricanes/largest-hurricane/).

One of the deadliest hurricanes in the last 12 years (Sarkar et al., 2018).

The most significant tropical cyclone rainfall event in United States history (Blake & Zelinsky, 2018).

The wettest storm in the history of the United States (Valle-Levinson et al., 2020).

The return period of three-day precipitation exceeds 1000 years (van Oldenborgh et al., 2017).
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Hurricane Harvey track from National Weather Service An image of Hurricane Harvey captured on Aug. 26, Floodwaters brought onbyHurricane Harveyin Houston overwhelmed the
https://www.weather.gov/crp/hurricane_harvey 2017, by GOES-East satellite. (Image: NOAA) Addicks Reservoirin August 2017.Credit...DavidJ. Phillip/Associated Press

Blake, E. S., & Zelinsky, D. A. (2018). National Hurricane Center tropical cyclone report: Hurricane Harvey (AL092017). National Hurricane Center, May, 1-77.

Van Oldenborgh, G. J., Van Der Wiel, K., Sebastian, A., Singh, R., Arrighi, J., Otto, F., Haustein, K., Li, S., Vecchi, G., & Cullen, H. (2017). Attribution of extreme rainfall from Hurricane Harvey, August 2017. Environmental Research Letters, 12(12),124009.

Sarkar, S., Singh, R.P., & Chauhan, A. (2018). Anomalous changes in meteorological parameters along the track of 2017 Hurricane Harvey. Remote Sensing Letters, 9(5), 487-496.

Souri, A. H., Choi, Y., Kodros, J. K., Jung, J., Shpund, J., Pierce, J. R., Lynn, B. H., Khain, A., & Chance, K. (2020). Response of Hurricane Harvey’s rainfall to anthropogenic aerosols: A sensitivity study based on spectral bin microphysics with simulated
aerosols. Atmospheric Research, 242,104965.



Application: Hurricane Harvey

Model set-up
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Application: Hurricane Harvey
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Flood Zone vs Real-time Model

Flood Zone: Real-time Model:
Input: historical data Input: real-time data
Output: flooding probability Output: real-time water level

https://coast.noaa.gov/floodexposure/

The return period of Harvey’s three-day precipitation exceeds 1000 years !
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