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https://twitter.com/NOAASatellites/status/1037811837348261888
https://twitter.com/Astro_Alex/status/1039870236227522560
https://twitter.com/NOAASatellites/status/1040595993098682369
https://twitter.com/NOAASatellites/status/1041341994952351746
https://twitter.com/NHC_Atlantic/status/1038621024537989121
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https://twitter.com/NHC_Surge/status/1039617777676500992
https://twitter.com/NHC_Surge/status/1039983569567928320
https://twitter.com/NWSRaleigh/status/1039282587259297792
https://twitter.com/NHC_Surge/status/1039617777676500992
https://twitter.com/webberweather/status/1040200862403047424
https://twitter.com/UNCWilmington/status/1038890639633641472
https://twitter.com/wolfalert/status/1039265069677379585
https://twitter.com/camp_lejeune/status/1039614752023097349
https://twitter.com/ILMairport/status/1039849490109419521
https://twitter.com/UncwSLL/status/1039318452866084864
https://twitter.com/USGS/status/1039585617602965504
https://ccht.ccee.ncsu.edu/wave-gauge-deployment-hurricane-florence/
https://twitter.com/RippleEnviro/status/1040253985867948033
https://twitter.com/NCDOT_NC12/status/1040272260320374785
https://twitter.com/RippleEnviro/status/1040317787720359936
https://outerbanksvoice.com/2018/09/13/video-overwash-between-frisco-and-hatteras-village-2/
https://twitter.com/NCAviation/status/1041416737911201800
https://twitter.com/AdamWGME/status/1041482740384903168
https://twitter.com/weatherchannel/status/1040305773664980993
https://twitter.com/hurricanetrack/status/1040349246543814656
https://twitter.com/hurricanetrack/status/1040427897482305536
https://twitter.com/TidelandEMC/status/1040635655091568640
https://www.newsobserver.com/news/local/article218380955.html
https://splinternews.com/florence-death-toll-rises-as-flooding-continues-to-thre-1829082787
https://twitter.com/_andrewcarter/status/1040738667558518785
https://twitter.com/AWxNYC/status/1041130922203070464
https://twitter.com/DrewBrooks/status/1041393261326282752
https://twitter.com/NCDOT/status/1041792055016648714
https://splinternews.com/florence-death-toll-rises-as-flooding-continues-to-thre-1829082787
https://twitter.com/lmooreWRAL/status/1041072299804438530
https://twitter.com/NCEmergency/status/1041713001961869312
https://twitter.com/FayettevillePD/status/1042009828573556736
https://twitter.com/weatherdak/status/1042245754671120384
https://twitter.com/weatherdak/status/1042246235405508613
https://twitter.com/NWSEastern/status/1042824188724166662
https://twitter.com/NHC_Surge/status/1042876938887602176
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What Happened During Florence?
— Timeline of the Storm

— Predictions of Coastal Flooding
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ADCIRC solves the shallow water equations

— We must conserve

— These equations govern the conservation of fluid properties
— Water cannot be created or destroyed
— We must conserve

— Forces and accelerations are linked

— This is a form of Newton's second law of motion
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ADCIRC solves the shallow water equations

— We must conserve

— We must conserve

— These equations govern the conservation of fluid properties
— Water cannot be created or destroyed

Note: We rewrite this equation to improve its numerical properties before solving in ADCIRC.

— Forces and accelerations are linked

— This is a form of Newton's second law of motion
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ADCIRC solves the shallow water equations

— These equations govern the conservation of fluid properties
— We must conserve

— Water cannot be created or destroyed
— We must conserve
— Forces and accelerations are linked

— This is a form of Newton's second law of motion

There are only three unknowns in these equations t
— Water surface elevation, (
— Horizontal water velocities, V = (U, V)

Note: We rewrite this equation to improve its numerical properties before solving in ADCIRC.

These equations aren’t so scary!

V- VU +2Q XV = —gV

_l_Ps/glOO_CW}
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must be balanced by

Note: We rewrite this equation to improve its numerical properties before solving in ADCIRC.

ADCIRC solves the shallow water equations
— We must conserve

— Water cannot be created or destroyed
— We must conserve

— These equations govern the conservation of fluid properties
— Forces and accelerations are linked

— This is a form of Newton's second law of motion

There are only three unknowns in these equations
— Water surface elevation, (

— Horizontal water velocities, V = (U, V)

These equations aren’t so scary!

oV

Ot

V- VU +2Q XV = —gV

_l_Ps/glOO_CW}
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Note: We rewrite this equation to improve its numerical properties before solving in ADCIRC.

ADCIRC solves the shallow water equations
— We must conserve

— Water cannot be created or destroyed
— We must conserve

— These equations govern the conservation of fluid properties
— Forces and accelerations are linked

— This is a form of Newton's second law of motion

There are only three unknowns in these equations
— Water surface elevation, (

— Horizontal water velocities, V = (U, V)
These equations aren’t so scary!

oV

Ot

-V - VU +

Water is accelerated (

2€) x V

—gV (C+ Ps/gpo — an
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Note: We rewrite this equation to improve its numerical properties before solving in ADCIRC.

ADCIRC solves the shallow water equations
— These equations govern the conservation of fluid properties
— We must conserve
— Water cannot be created or destroyed
— We must conserve

— Forces and accelerations are linked
— This is a form of Newton's second law of motion

There are only three unknowns in these equations
— Water surface elevation, (

— Horizontal water velocities, V = (U, V)

These equations aren’t so scary!

oV

Ot

-V - VU +2Q2 x V

Water is accelerated ( ,

—gV (C+ Ps/gpo— an

, and rotationally) due to external forces (

~and
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WINDS: Forecasts from the NHC used to
generate internal wind fields; or else can
read hindcast winds in a variety of formats.
TIDES: Tidal potential RIVER FLOW: Rates specified
and harmonic at river flux boundaries.
constituents specified
at ocean boundaries.

ADCIRC
Finite-element model solves
continuity and momentum

UNSTRUCTURED COMPUTATIONAL MESH

equations for long waves
(tides, storm surge).

SWAN
AN iitc_difference model solves
action balance equation;
integrated solution represents

short waves (wind-sea, swell).
OUTPUT: Water levels, currents, wave radiation stresses,

wind speeds, significant wave heights, peak wave periods

provided in formats such as ASCII, binary, NetCDF.
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What Happened During Florence?
— Timeline of the Storm

— Predictions of Coastal Flooding

What are the Components of Our Models?
— Equations for Ocean Circulation

— Unstructured Mesh for North Carolina

«O» «Fr o«

DA



SWAN+ADCIRC can be employed in real-time
— Everything happens automatically

Wind fields from two sources:

— Models are initialized, run, and processed by Perl scripts
— Under normal conditions:

— Downloaded from NAM model output by NOAA/NCEP
— Converted into format compatible with SWAN+ADCIRC
— Under storm conditions:

— Download advisories from NOAA/NHC
Guidance can be shared in multiple formats:

— Generate wind fields using parametric model (Holland, 1980)

— Send directly to stakeholders (NC Emergency Management)

— Share publicly via web service (http://www.adcirc.org)
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SWAN+ADCIRC can be employed in real-time
— Everything happens automatically

Wind fields from two sources:

— Models are initialized, run, and processed by Perl scripts
— Under normal conditions:

— Downloaded from NAM model output by NOAA/NCEP
— Converted into format compatible with SWAN+ADCIRC
— Under storm conditions:

— Download advisories from NOAA/NHC
Guidance can be shared in multiple formats:

— Generate wind fields using parametric model (Holland, 1980)

— Send directly to stakeholders (NC Emergency Management)

— Share publicly via web service (http://www.adcirc.org)

The larger ADCIRC team was forecasting Florence in real-time
— For 21 advisories (every 6 hr)

— For 3 ensemble members (consensus and track perturbations)
— On 3 high-performance computing systems
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Adv 48 — Sep 11 Tue 5am — Consensus
\Water Height (ft) DOWNLOAD
Click and drag in the plot area to zoom in
09 Sep 10 Sep 11 Sep 12 Sep 14 Sep 15 Sey
12AM 12AM 12AM 12AM 12AM 12AM 12AM 12AM 2.
— observed  — predicted advisory time

16 Se...
predicted maximum

The larger ADCIRC team was forecasting Florence in real-time
— For 21 advisories (every 6 hr)

— On 3 high-performance computing systems

— For 3 ensemble members (consensus and track perturbations)

What were the uncertainties within each advisory?
— Consider the forecast for advisory 48
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Adv 48 — Sep 11 Tue 5am — Veer Left 50%
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Click and drag in the plot area to zoom i
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Adv 48 — Sep 11 Tue 5am — Veer Right 50%

Water Height (ft)
Click and drag in the plot area to zoom i
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The larger ADCIRC team was forecasting Florence in real-time
— For 21 advisories (every 6 hr)

— For 3 ensemble members (consensus and track perturbations)
— On 3 high-performance computing systems

What were the uncertainties within each advisory?
— Consider the forecast for advisory 48

— Possible/likely for the storm to move west or east

— Different flooding scenarios near Wilmington and in estuaries
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Adv 48 — Sep 11 Tue 5am — Consensus

Water Height (i
Click and drag in the plot area to zoom in
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The larger ADCIRC team was forecasting Florence in real-time
— For 21 advisories (every 6 hr)

— For 3 ensemble members (consensus and track perturbations)
— On 3 high-performance computing systems

What were the uncertainties within each advisory?
— Consider the forecast for advisory 48

— Possible/likely for the storm to move west or east

— Different flooding scenarios near Wilmington and in estuaries
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Adv 48 — Sep 11 Tue 5am — Consensus

‘Water Height (ft) DOWNLOAD
Click and drag in the plot area to zoom in

Adv 50 — Sep 11 Tue 5pm — Consensus Adv 52 — Sep 12 Wed 5am — Consensus Adv 54 — Sep 12 Wed 5pm — Consensus Adv 56 — Sep 13 Thu 5am — Consensus

The larger ADCIRC team was forecasting Florence in real-time

Water Height (ft) DOWNLOAD Water Height (ft) DOWNLOAD Water Height (ft) DOWNLOAD Water Height (ft) DOWNLOAD
i Click and drag in the plot area to zoom in Click and drag in the plot area to zoom in Click and drag in the plot area to zoom in Click and drag in the plot area to zoom in

— For 21 advisories (every 6 hr)
W‘ [/\\/ o /\ \ o |/ = \\/\ — For 3 ensemble members (consensus and track perturbations)
asonf a A A, 0 A asonf n A NN A \/ i \ V\/A 2501 | (\/\/\ /\ \/\N\/\) 200\ N A A AN V\/A _ On 3 high f .
I A A gy A g ~ IR W, WA W + 3 bigh-performance computing systems
Ry - U . v 'L i What were the uncertainties within each advisory?
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— observed  — predicted ‘advisory time predicted maximum

10 Sept Sep12 Sep13 Sept4 Sepi5 Sepi6 Se.
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— Consider the forecast for advisory 48

— Possible/likely for the storm to move west or east

— Different flooding scenarios near Wilmington and in estuaries
What were the uncertainties between advisories?

— Storm moved southward

— Storm slowed down

— At Beaufort gauge, very close to magnitude and timing of peak
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Adv 48 — Sep 11 Tue 5am — Consensus

Adv 50 — Sep 11 Tue 5pm — Consensus Adv 52 — Sep 12 Wed 5am — Consensus

Adv 54 — Sep 12 Wed 5pm — Consensus Adv 56 — Sep 13 Thu 5am — Consensus The |arger ADC'RC team was forecasting F|Orence in real—time Best-Track Hindcast
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U o VY A ! v V i What were the uncertainties within each advisory?
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— Possible/likely for the storm to move west or east

— Different flooding scenarios near Wilmington and in estuaries
What were the uncertainties between advisories?

— Storm moved southward

— Storm slowed down

— At Beaufort gauge, very close to magnitude and timing of peak
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What Happened During Florence?
— Timeline of the Storm

— Predictions of Coastal Flooding

What are the Components of Our Models?
— Equations for Ocean Circulation

— Unstructured Mesh for North Carolina
, 3

¥ How Good are the Forecasts?
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We want to enhance the flooding guidance to NCEM

— Now we provide water levels at our model resolution
— More than 600K points
— Minimum spacing of about 50 to 100 m

— NCEM wants to combine with other datasets
— More than 400M cells

— High-resolution topography with equal spacings of 50 ft

Need to do two things:
1.

our resolution to high-resolution topography
2.

our flooding into small-scale coastal regions
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We want to enhance the flooding guidance to NCEM

— Now we provide water levels at our model resolution
— More than 600K points
— Minimum spacing of about 50 to 100 m
— NCEM wants to combine with other datasets
I CRUETR Y S
— High-resolution topography with equal spacings of 50 ft

77700077
77777

N
\
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Mean Sea Level
- ADCIRC Flood Forecast

N )
Need to do two things: \\\\\\\\\\\\\\\\\“W’ :E:n::s Topo/Bathy
N\ -

1. our resolution to high-resolution topography B Roadway

2. our flooding into small-scale coastal regions
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We want to enhance the flooding guidance to NCEM Goal:

— Now we provide water levels at our model resolution — Enable data-driven decision-making for coastal communities
— More than 600K points during storm events

— Minimum spacing of about 50 to 100 m “‘

— NCEM wants to combine with other datasets - Objectives:

— More than 400M cells — Extrapolate ADCIRC results to intersect high-resolution DEM
— High-resolution topography with equal spacings of 50 ft — Create fully-automated process to be run during real-time

S
\
\
\

Mean Sea Level
- ADCIRC Flood Forecast

NS

— Use open-source software for transferability

H ‘oho H - Roadway A .
1. our resolution to high-resolution topography — Share enhanced guidance with NCEM
2. our flooding into small-scale coastal regions
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Goal:
— Enable data-driven decision-making for coastal communities
during storm events

‘ Objectives:

— Extrapolate ADCIRC results to intersect high-resolution DEM
Mean Sea Level — Create fully-automated process to be run during real-time

- ADCIRC Flood Forecast A .
High-Res Topo/Bathy — Enable process to run in 10-20 minutes for each forecast

/)y'
. NN
Need to do two things: W ) E Building — Use open-source software for transferability
Roadwa
’ — Share enhanced guidance with NCEM

We want to enhance the flooding guidance to NCEM
— Now we provide water levels at our model resolution

— More than 600K points
— Minimum spacing of about 50 to 100 m

— NCEM wants to combine with other datasets

I CRUETR Y S
— High-resolution topography with equal spacings of 50 ft

(/4444444
777

\
\
N

1. our resolution to high-resolution topography

2. our flooding into small-scale coastal regions
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Use the Geographic Resources Analysis Support System (GRASS):
— Open-source software (https://grass.osgeo.org)
— Developed by Prof. Mitasova and researchers

— Center for Geospatial Analytics
— Extremely fast for raster processing

Then the general steps were:

1. Interpolate ADCIRC points to raster at resolution of DEM
2. Extrapolate water levels into small-scale features

a. Expand the raster outward only where the water levels are
higher than the ground surface
b. Remove isolated (not hydraulically-connected) cells

3. Convert the new “grown” raster to polygon format

«4O0> «Fr «E»
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Use the Geographic Resources Analysis Support System (GRASS):
— Open-source software (https://grass.osgeo.org)

— Developed by Prof. Mitasova and researchers
— Center for Geospatial Analytics
— Extremely fast for raster processing

Then the general steps were:

1. Interpolate ADCIRC points to raster at resolution of DEM
2. Extrapolate water levels into small-scale features

a. Expand the raster outward only where the water levels are
higher than the ground surface

b. Remove isolated (not hydraulically-connected) cells

3. Convert the new “grown” raster to polygon format

«4O0> «Fr «E»

«E>»

DA


https://grass.osgeo.org

Use the Geographic Resources Analysis Support System (GRASS):
— Open-source software (https://grass.osgeo.org)

— Developed by Prof. Mitasova and researchers
— Center for Geospatial Analytics
— Extremely fast for raster processing

Then the general steps were:

1. Interpolate ADCIRC points to raster at resolution of DEM
2. Extrapolate water levels into small-scale features

a. Expand the raster outward only where the water levels are
higher than the ground surface

b. Remove isolated (not hydraulically-connected) cells

3. Convert the new “grown” raster to polygon format

«4O0> «Fr «E»

«E>»

DA


https://grass.osgeo.org

Use the Geographic Resources Analysis Support System (GRASS):
— Open-source software (https://grass.osgeo.org)

— Developed by Prof. Mitasova and researchers
— Center for Geospatial Analytics
— Extremely fast for raster processing

Then the general steps were:

1. Interpolate ADCIRC points to raster at resolution of DEM
2. Extrapolate water levels into small-scale features

a. Expand the raster outward only where the water levels are
higher than the ground surface

b. Remove isolated (not hydraulically-connected) cells

3. Convert the new “grown” raster to polygon format

«4O0> «Fr «E»

«E>»

DA


https://grass.osgeo.org

Use the Geographic Resources Analysis Support System (GRASS):
— Open-source software (https://grass.osgeo.org)

— Developed by Prof. Mitasova and researchers
— Center for Geospatial Analytics
— Extremely fast for raster processing

Then the general steps were:

1. Interpolate ADCIRC points to raster at resolution of DEM
2. Extrapolate water levels into small-scale features

a. Expand the raster outward only where the water levels are
higher than the ground surface

b. Remove isolated (not hydraulically-connected) cells

3. Convert the new “grown” raster to polygon format

«4O0> «Fr «E»

«E>»

DA


https://grass.osgeo.org

The first interpolation step is costly

— Need to take water levels from the ADCIRC mesh vertices
— About 600,000 vertices for NC

— And interpolate water levels onto 50-ft raster DEM

— About 28 million cells for Carteret County
— About 434 million cells for NC
— This process is slow

— We use a file with pre-computed, inverse-distance weights
— It still takes 5 min for each forecast

The new raster is imported into GRASS:

— Raster is extrapolated using a modified version of the module “r.grow
— Only hydraulically-connected, flooded cells are retained
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We made some changes within the GRASS software:
— Normally, the r.grow function expands a raster outward
cells of the original raster

— Fills surrounding cells with values taken from the outermost

— Our modified version allows for expanding into null cells only if
the ADCIRC cell value is greater than the value of the DEM

— Water level must be higher than ground surface

— After "growing” by a sufficiently large radius, isolated cells are
Then we convert back to polygons

removed if they do not overlap with the original raster
— Enforce a hydraulic connectivity

— Expanded water surface is binned into 0.5-ft intervals
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We can intersect the flooding guidance with known buildings
— NCEM has compiled a database of infrastructure
— Building footprint, first floor elevation, etc.

— Used for their planning during and after storm events

We can analyze the number of buildings covered by our flooding
prediction for a Hurricane Matthew hindcast

— Before enhancement: 2,435 buildings

— After enhancement: 3,886 buildings
— This is an increase of 60 percent

«4O0> «Fr «E»

4

DA



We can intersect the flooding guidance with known buildings

— NCEM has compiled a database of infrastructure
— Building footprint, first floor elevation, etc.

— Used for their planning during and after storm events

We need the method to be fast:
We can analyze the number of buildings covered by our flooding
prediction for a Hurricane Matthew hindcast

— Before enhancement: 2,435 buildings

— After enhancement: 3,886 buildings
— This is an increase of 60 percent

needed to be parallelized:

— Interpolation of ADCIRC points to raster format is most
— Entire process was taking 30-40 minutes at first, and clearly

time-consuming part, even with precomputed weights
— Allow for parallel processing on up to 16 CPUs
— DEM was divided into horizontal strips
— Some aspects cannot be parallelized

— Final conversion into 0.5-ft polygons

— With parallelization, the entire process now takes 12-15
minutes to run on the NCSU computing cluster
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cluster at NCSU:

We are now providing the enhanced guidance to NCEM

— During hurricane season, we use an automated script on our

— Downloads the maximum water levels

— Runs the enhanced-resolution process
— Recent storms:

— Detects when ADCIRC results are posted to the archive

— 2017 — Harvey & Irma
— 2018 — Florence & Michael

Future work — Integrate this script into the forecasting system
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What Happened During Florence?
— Timeline of the Storm

— Predictions of Coastal Flooding

What are the Components of Our Models?
— Equations for Ocean Circulation

*\w

— Unstructured Mesh for North Carolina

Nt How Good are the Forecasts?

— Uncertainties Within and Across Advisories

How Can We Improve Our Guidance?
— So ... What is the Problem?

— Downscaling and Extrapolation
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