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NCST Technical Investigation of
Hurricane Maria (Puerto Rico)

Hazard Characterization Project

Project Leaders: DongHun Yeo and Scott Weaver

Objective: To characterize the wind environment associated with Hurricane
Maria’s impact on Puerto Rico, using measurements and modeling of the
time-dependent hurricane wind-field in conjunction with wind tunnel studies
of topographic effects, and to document other hazards associated with the
hurricane, including storm surge, rainfall, flooding, and landslides
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Background: Wind Hazard from Hurricane Maria
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Gust Wind Speed in Flat Topography
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Hurricane Maria in Puerto Rico (Cat. IV storm at landfall):
Peak gusts in flat terrain exceeded 140 mph

Preliminary analysis shows topography increased peak gusts by up to ~ 80 % (especially in mountainous areas)
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&g Wind Hazard: Project Plans

Tower A Tower B Tower C

Wind Tunnel Testing Field Measurements
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Numerical Simulation Wind Field Modeling



é,g Wind Hazard: Recent Progress (Wind Tunnel Testing)

Purpose: Obtain flow-field measurements from wind tunnel testing of topographic features to

provide experimental data with quantified uncertainties for characterization of topographic
speedup effects and for validation of numerical models

Contract with University of Florida to support wind tunnel testing tasks:

* Fabrication and wind tunnel testing of topographic models

* Fabrication and wind tunnel testing of building models (supports Critical Buildings Project)

Fan Bank
PR Irwin Spires

Terraformer (Fetch Length = 18.3 m) Test Section
A

4 ~ < Development Section >a—x =295m
" Flow Field

Modulator
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Wind Hazard: Recent Progress (Wind Tunnel Testing)

Testing of generic topographic models:

For validating numerical results and quantifying uncertainties in wind tunnel testing results
Measurement of flow velocities around and pressure on models (PIV, pressure scanner)

Configurations of 2-D ridge and plateau models (Net distances: D = 2H, 5H, 10H where H = model height)
Surface roughness modeling (smooth, rough, terraced surface)

Approach flow (Exposures C [open terrain] and D [open water])

R
yd

Rlateau model Ridge model

e

Terraced surface Smooth surface
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Wind Hazard: Recent Progress (Wind Tunnel Testing)

Testing of Puerto Rico topographic model: Mayaguez

Wind directions (180°- 360°) during Hurricane Maria: max. TSF (~210°), max. gust speed (~230°)

PIV: 2 twelve-plane tests (210°, 230°), 17 one-plane tests (180°- 360°)
Cobra probes: 14 positions & 8 heights each (210°, 230°), 8 heights at hospital site (180°- 360°)

Testing data will be also used for generating approach flow in building/area model tests
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Wind Hazard: Recent Progress (Wind Tunnel Testing)

Testing of Puerto Rico topographic model: Yabucoa =

Testing is planned for comparison with data from field measurements and CFD sim.
Directions of prevailing wind and high TSF at towers: ~ East/Southeast s
PIV, cobra Probes: Tower C to Tower A (80.6°), Tower B to Tower A (92.6°), Tower C (92.6°)
Cobra probes: 8 heights at Towers (mostly from East, in 22.5° increment)
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) g Wind Hazard: Recent Progress (Field Measurement in PR)

Purpose: Obtain full-scale measurements of winds in regions of topographic interest in Puerto
Rico, to provide information for validation of wind tunnel test results and numerical models

Contract awarded to University of Florida (subcontractor: WeatherFlow)

e Selected three communication towers in the Yabucoa region for measurement of topographic effects on
winds, along with installation heights for deployment of anemometers
(in coordination with American Tower Corp.)

77 Z 7 o /44
Tower A Tower B Tower C




Purpose: Develop computational fluid dynamics (CFD) models for topographic effects on winds, verify CFD
simulations, validate CFD results against wind tunnel and field measurement data, and use the validated
CFD models to evaluate and characterize topographic speedup effects in Puerto Rico

* Developed numerical approaches for modeling of approach flow and terrain surface:
Roughness blocks

Canopy model
Wall function

« Simulates flow over generic models (in progress)

Approach flow generated by roughness blocks Flow around generic models
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Contract with Applied Research Associates to support wind field modeling tasks:

4 Wind Hazard: Recent Progress (Wind Field Modeling)

Purpose: Develop a time-dependent wind-field model of Hurricane Maria’s impact on Puerto Rico that
optimally matches available measured data

Completed methodology for adaptation of model to better handle strongly asymmetric wind fields

Completed methodology for optimization of model fitting to observed data, including assessment of goodness

of fit and quantification of uncertainty

Testing of these methodologies is currently underway using Hurricanes Irma (Puerto Rico), Irma (CONUS), and
Michael

Without Peak Factor

Hurricane Michael (2018): APCF1
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Hurricane Michael (2018): APCF1
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A new Peak Factor was
developed to improve the
hurricane model fit to
account for asymmetries in
the wind field.

The plots at left show
example comparisons of
modeled to observed data
with and without the Peak
factor in Hurricane Michael
(2018) for Buoy Station
APCF1 - 8728690 located in
Apalachicola, Florida.



Wind Hazard: Next Steps

Wind tunnel testing:

* Fabricate the Mayaguez topographic model
* Perform tests of generic and PR topographic models

Field measurement:

* Install weather stations on 3 existing towers, with anemometers at multiple heights on each tower
* Collect wind data at three weather stations for one year

Numerical simulation:

* Complete simulations of generic and topographic models
* Validate numerical topographic simulation modeling with wind tunnel data

Wind field modeling:

* Complete testing of methodologies and finalize the wind field model improvements for asymmetric wind
fields and optimization of fit

* Complete the final wind field model of Hurricane Maria based on modeling improvement and updated
consideration of topographic speedup effects, once the experimental topographic speedup data has been
obtained and analyzed




Initial Observations: Multiple Hazards from Hurricane Maria

Local Topography (mph)

. 1mph = 0.447 m/s

e

= (Gust Wind Speed in Flat Topography

I 51 -0 W13ft
B 41 -50

[ 51 -e0 W24t
61-70 [ J141-150 3.5 ft

[ d7-80 [ J151-160

[ Jst-90 [ J161-170 471t

[ Jot-100 [ 171-180 MW 69ft

[ J101-110 [ 181- 190

[ Ja11-120 [ 191 - 200

[ J121-130 I 201 -210 1ft=0.3048m

~ g Tha, - .
[ 1131140 [ 211 - 220 R , o T

Inundation above ground level
Source: NOAA/NHC

Hurricane Maria
September 19-21, 2017
44 sites

1-2.99"
3-4.99"
ey 5-6.99"
— 7O 99"
— 10-14.99"
—— 15-19.99"
— 20-24.99"
e— %g:gg_gg:: ...
35-37.90" Landslide Density
lin. = 25.4 mm Precipitation in inches £ ' P T B et than 25 enadsides per sa km
- less than 25 landslides per sq km
Source: NOAA/WPC Concentration of landslides [ o landsides
l:] not examined

Source: USGS

Hurricane Maria subjected Puerto Rico to multiple hazards: peak gusts exceeded 140
mph (63 m/s), peak coastal inundation exceeded 6 ft (1.82m), rainfall totaling up to 37
inches (939mm) causing inland flooding. The storm damaged instrumentation,
resulting in challenges to the metrology of the hazards related to the windstorm.




Number of Events
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Windstorm Related Disasters 1980 - 2020

United States Billion-Dollar Disaster Events 1980-2020 (CPI-Adjusted)

M Severe Storm Count Tropical Cyclone Count M Combined Disaster Cost

5 (6) Major Hurricane Landfalls in 14 months:

Irma, Yutu, & Michael|(Florence)

Tropical Cyclones
1980-1999 18 events
2001-2020 27 events

1980 1982 1984 1986 1988 1990 1992

Costs 95% ClI Il 5-Year Avg Costs
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Hurricane Fatalities as Function of Hazard 1963-2012

Rainfall fatalities ~2.5 times that of wind + tornado
Statistics are sensitive to outliers
1970-99 period had 6 storm surge related deaths

When analysis period expanded to 1963-2012:
1139 Storm Surge Fatalities
Storm Surge 627 rainfall fatalities

49% N - 186 wind fatalities

< | Ssurfé6%

Offshore 6%

Tornado 3%
Other 1%

Data Source: NOAA/National Hurricane Center
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Flood Hazard Measurement Challenges

San Juan
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Zone| Description
A No base flood elevation determined
B AE Base flood elevation determined
AH Flood depth of 0.3 to 0.9 meters (usually areas of ponding)
Flood depth of 0.3 to 0.9 meters (usually sheet flow on sloping terrain) alluvial fan
M| A0 :
flooding
D Areas in which flood hazard are undetermined, but possible
M| vE Costal flood with velocity hazard (wave action) Source: FEMA
B ixsoo X500 - Areas of 500-year flood; areas of 100-year flood with average depths of less
than 0.3 meters or with drainage areas less than 2.6 square kilometers
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Flood Hazard Measurement Challenges

Featured USGS gages

(normalized stage)

Hurricane Maria

USGS Stream Gages (< 25% of Puerto Rico gages)

e Below flood stage
e Above flood stage
No data

NOAA total rainfall amount (inches)
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Flood Hazard Measurement Challenges

Featured USGS gages

(normalized stage)

Hurricane Maria \

USGS Stream Gages (< 25% of Puerto Rico gages)

e Below flood stage
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Flood Hazard Measurement Challenges

Featured USGS gages

(normalized stage)
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Flood Hazard Measurement Challenges
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(normalized stage)

Hurricane Maria

USGS Stream Gages (< 25% of Puerto Rico gages)

e Below flood stage
e Above flood stage
No data

NOAA total rainfall amount (inches)
0-3 15-18|18-2121-24|24-27| 27-30( 30-33| 33-36 | 36-39 [ 39-42| 4245 45-4848-51| 51+ |

LU

lin. = 25.4 mm



Flood Hazard Measurement Challenges

Featured USGS gages

(normalized stage)
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Rainfall Hazard Measurement Challenges

Rainfall (inches) - September 19 to September 21
Il s |

D0 0 D P D o ®

“Many of our stations were not
able to report due to the damages
sustained by hurricane Maria”
~NWS PR WFO

l'b ‘)’ \Q‘ \‘)o ()94 qf)' rbol lb‘);
lin. = 25.4 mm

6.21

0 10 20 40 Miles
B BN

Data Sources: FEMA, NWS, NOAA

a)

NOAA Gaug

Figure 1-10: Estimated rainfall total from Hurricane Maria (National Weather Service 2017).

In portions of northeastern and central Puerto
Rico, initial precipitation estimates between the
two differ by up to 33 inches (838mm)!

NOAA Radar was destroyed, and many rain
gauge measurements were lost.

NOAA Radar

Rainfall (mm)

B 025 [ 127178 [ 381508 [} 762-889

B 257 [ 1178254 M soss63s M sss-1016

B 76127 [ 254381 M 635762 M 1016+
lin. = 25.4 mm

Source: Bessette-Kinton et al, 2019 (With Permission)



National Windstorm Impact Reduction Program

Strategic Plan
Jor the
National Windstorm Impact Reduction Program

The NWIRP Strategy

Vision: A Nation that is windstorm-resilient in public
safety and economic well-being.

Mission: To achieve major measurable reductions in the
losses of life and property from windstorms through a
coordinated Federal effort, in cooperation with other
levels of government, academia, and the private sector.
NWIRP will support research aimed at improving the
understanding of windstorms and their impacts. and
develop technical guidance and foster outreach initiatives
encouraging the implementation of cost-effective
mitigation measures to reduce those impacts.

Congress directs NWIRP “to coordinate all federal post
windstorm investigations to the extent practicable.”




The Engineering Laboratory is conducting research on measurement science challenges
for rainfall in extreme events, which complements the NCST work for Hurricane Maria

Data
* Rain Gauge Network obtained from NOAA/National Weather Service.

* UCSB Climate Hazards Infrared Precipitation with Stations (CHIRPS). Combines
infrared satellite measurements with rain gauge data. 5km/daily/1981-present.

* NASA GPM/IMERG. Combines data from all GPM passive microwave instruments
and merges with rain gauge estimates. 10km/30-minute/2014-present.

Points to Consider
* Topography enhances rainfall production.
* Rainfall measurement systems may show significant variability.

* Rainfall can be used as a flood proxy in addition to or in the absence of large
area-wide inundation estimates.

* Rainfall is the primary input to hydrologic models which are used to produce
estimates of flood inundation and landslide density.




Total Rainfall for Hurricane Irma 5-7 September 2017 (4km)

NCEP STAGE IV “ CHIRPS
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Rain Gauge

~ Source: NASA

Source NOAA

Total Rainfall (i yh Wide disparity in rainfall measurements. Satelllte systems do not capture same
Otal Rainta (mc es) intensity and topographic influences despite merging of in situ data.

. 24 6-8 [N 10-12 WM 16+ However, biases appear to be much less than for H. Maria, especially in coastal
BN 46 0 8-10 M 12-16 areas
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Total Rainfall for Hurricane Maria 19-21 September 2017 (4km)

NCEP STAGE IV

~

Source: NOAA . Source: NASA
Rainfall (inches) Wide disparity in rainfall measurements. Satellite systems seemingly fail
m 5-10 15-20 mm 30-4(0) mm 60+ | to capture intensity and topographic influences despite merging of in situ
e 10-15 == 20-30 == 40-60 data and show weaker spatial variability.

lin. =25.4 mm
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NCST Technical Investigation of
Hurricane Maria’s Impacts on Puerto Rico

Hazard Characterization Project

Project Leaders: DongHun Yeo and Scott Weaver
Project Team: Joe Main, Marc Levitan, Dereka Caroll-Smith

Questions?

| > Please ‘raise your hand’ using the Blue
Jeans Participant window and unmute
your audio and video




