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Hurricane Irma

— Hurricane Irma was an extremely powerful and catastrophic Cape Verde hurricane, the strongest observed
in the Atlantic in terms of maximum sustained winds since Wilma, and the strongest storm on record to
exist in the open Atlantic region. \Wikipedia

— Total fatalities: 134

— Highest wind speed: 177 mph

— Date: August 30, 2017 — September 13, 2017

— Affected areas: Florida, Cuba, Saint Martin (Island), Puerto Rico, MORE

— Cateqory: Category 5 Hurricane (SSHWS), Category 4 Hurricane (SSHWS), Category 1 Hurricane
(SSHWS)

— Did you know: Irma is the fifth-costliest Atlantic hurricane ($64.8 billion in damage). wikipedia.org

https://en.wikipedia.org/wiki/Hurricane_Irma
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https://en.wikipedia.org/wiki/Hurricane_Irma
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=hurricane+irma+total+fatalities&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkx0TLMTrbSz00tSc0vys_JT6_ULynKL8hMTsyJT65MzsnPS7UqyS9JzFFISwSSmSWZqcWLWOUzSouKgGryUhUyi3ITFdBVAACBU-XeZgAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQ6BMoADAsegQIBxAs
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=hurricane+irma+highest+wind+speed&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkx0dLLTrbSz00tSc0vys_JT6_ULynKL8hMTsyJT65MzsnPS7XKyEzPSC0uUSjPzEspXsSqmFFaVARUkJeqkFmUm6iALK1QXJCamgIAqdVLD2UAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQ6BMoADAtegQIBxAv
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=hurricane+irma+date&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkx0VLNTrbSz00tSc0vys_JT6_ULynKL8hMTsyJT65MzsnPS7VKSSxJXcQqnFFaVAQUz0tVyCzKTVQAiQIAqmeHbE4AAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQ6BMoADAuegQIBxAy
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=hurricane+irma+affected+areas&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkx0dLLTrbSz00tSc0vys_JT6_ULynKL8hMTsyJT65MzsnPS7VKTEtLTS5JTVFILEpNXMQqm1FaVARUkJeqkFmUm6iAIl0MAJJkSPdhAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQ6BMoADAvegQIBxA1
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=Florida&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkxUeLQz9U3MKooqtTSy0620s9NLUnNL8rPyU-v1C8pyi_ITE7MiU-uTM7Jz0u1SkxLS00uSU1RSCxKTVzEyu6Wk1-UmZIIAIiY-ZVVAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQmxMoATAvegQIBxA2
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=Cuba&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkxUeLUz9U3SDEwqTLT0stOttLPTS1JzS_Kz8lPr9QvKcovyExOzIlPrkzOyc9LtUpMS0tNLklNUUgsSk1cxMriXJqUCAB9TcW1UwAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQmxMoAjAvegQIBxA3
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=Saint+Martin&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkxUeLUz9U3MDTMKMvT0stOttLPTS1JzS_Kz8lPr9QvKcovyExOzIlPrkzOyc9LtUpMS0tNLklNUUgsSk1cxMoTnJiZV6Lgm1hUkpkHAN9GflBbAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQmxMoAzAvegQIBxA4
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=Puerto+Rico&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkxUeLQz9U3MC0yL9HSy0620s9NLUnNL8rPyU-v1C8pyi_ITE7MiU-uTM7Jz0u1SkxLS00uSU1RSCxKTVzEyh1QmlpUkq8QlJmcDwBJTYnFWQAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQmxMoBDAvegQIBxA5
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=hurricane+irma+affected+areas&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkx0dLLTrbSz00tSc0vys_JT6_ULynKL8hMTsyJT65MzsnPS7VKTEtLTS5JTVFILEpNXMQqm1FaVARUkJeqkFmUm6iAIl0MAJJkSPdhAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQ44YBKAUwL3oECAcQOg
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=hurricane+irma+category&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkx0dLMTrbSz00tSc0vys_JT6_ULynKL8hMTsyJT65MzsnPS7VKTixJTc8vqlzEKp5RWlQElMtLVcgsyk1UgMkAAFyx3s1WAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQ6BMoADAwegQIBxA9
https://www.google.com/search?sa=X&rlz=1C1CHBD_enUS747US747&biw=1296&bih=745&q=hurricane+irma+did+you+know&stick=H4sIAAAAAAAAAOPgE-LVT9c3NEwzyK4qMUkx0ZLJTrbST87Pzc3P0y_JL8hMtkorzUtLTC4pjs9OXsQqnVFaVJSZnJiXqpBZlJuokJKZolCZX6qQnZdfDgDFCaXQTQAAAA&ved=2ahUKEwiit_y8jJTgAhWCCDQIHU-iCnEQ6BMoADAxegQIBxBA
https://en.wikipedia.org/wiki/List_of_costliest_Atlantic_hurricanes

Case Setup

—2017.9.06 Hurricane Irma
—Grid: x-3100, y-1600, z-45
—Resolution: 5.4 km
—Forecast: 6 days

—Qutput Frequency: 1 hour
—Time step: 20 seconds
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Sea Level Pressure at Full Domain
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Full-domain SLP at 2017-09-07_12:00:00 Init: 2017-09-06_06:00:00
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE =3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBL Opt=1; CuOpt =6



Sea Level Pressure at Sub-domain
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Sub-domain SLP at 2017-09-07_12:00:00

Sea Level Pressure (hPa)
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt=4 ; PBLOpt=1; Cu Opt =6

Init: 2017-09-06_06:00:00



Calculate Mass Flux

—Continuuity equation:
dp =2\
E‘FV'(,DV)—O (1)

—Can be rewrite as:

2L =—7-(pV) (2)

—Integrate the above equation along vertical direction to get air column
mass change at left hand side, and mass flux at right hand side.
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Mass Change Rate

Vertical Integrated Density Tendency at 2017-09-07_12:00:00 Init: 2017-09-06_06:00:00

Vertical Integrated Density Tendency at 2017-09-07_12:00:00 (Kg/(s*M"2))
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Enterprise WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt = 4 ; PBL Opt = 1 ; Cu Opt = 6



Sea Level Pressure Change Rate

SLP Change Rate at 2017-09-07_12:00:00 Init: 2017-09-06_06:00:00

SLP Change Rate at 2017-09-07_12:00:00 (Pa/s)
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OUTPUT FROM WRF Vv3.9.1.1 MODEL
WE =3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBL Opt = 1 ; Cu Opt = 6
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Compare Hourly SLP Change and Integrated Mass Change

—As surface pressure is caused by the air in the vertical column, so the vertical
integrated air mass should have exactly the same pattern as surface pressure
(or Sea Level Pressure, if over sea).

—From continuity Equation, we expect that the vertical integrated mass flux, as
the right hand side of Eq. 2 should have the similar pattern as hourly vertical
mass change, right?
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Vertical Integrated Mass Flux Divergence
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Vertical Integrated Density Flux Divergence at 2017-09-07_12:00:00 Init: 2017-09-06_06:00:00

Vertical Integrated Density Flux Divergence at 2017-09-07_12:00:00 (Kg/(s*M"2))
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBLOpt=1;CuOpt =6
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Vertical integrated (Density tendency — density flux divergence)
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Vertical Integrated Continuation Equation Residual at 2017-09-07_12:00:00

Init: 2017-09-06_06:00:00
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ;: SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt = 4 ; PBL Opt = 1 ; Cu Opt = 6
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Compare Mass Change and Mass Flux

—In the hurricane region, the vertical integrated mass (hourly)
change has totally different pattern to the vertical integrated
Mass Flux.

—\What the vertical integrated mass flux similar to?

—
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Total Precipitation Rate
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Precip rate at 2017-09-07_12:00:00 Init: 2017-09-06_06:00:00

Precip rate at 2017-09-07_12:00:00 (mm/s)
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBL Opt = 1 ; Cu Opt = 6
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Water Vapor

—

Hewlett Packard
Enterprise

Vertical Integrated dQv Rate at 2017-09-07_12:00:00 Init: 2017-09-06_06:00:00

Vertical Integrated dQv Rate at 2017-09-07_12:00:00 (Kg/(s*M"2))
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt = 4 ; PBL Opt = 1 ; Cu Opt = 6
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Vertical Integrated Water Components Change Rate
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Vertical Integrated dQt Rate at 2017-09-07_12:00:00 Init: 2017-09-06_06:00:00

Vertical Integrated dQt Rate at 2017-09-07_12:00:00 (Kg/(s*M*2))
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBLOpt =1 ; CuOpt = 6
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Compare Density Flux Divergence with Precipitation, and Water
Vapor, etc

— Density Flux Divergence has lots of small scale features

— Precipitation is two hours, which has not much small scale features.

—
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Total Precipitation Rate
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Init: 2017-09-07_12:00:00

I
66°W

) .6 .
S " 3 0\
N :
y "9 ? )
)
- ¢
= o — 3‘,.
| [ ]
72°W 70°W 68°W
Precip rate at 2017-09-07_12:06:00 (mm/s)
I
-.02 -.005 .001

OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBLOpt=1; Cu Opt =6
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Water Vapor

—

Hewlett Packard
Enterprise

23°N

22°N

21°N

20°N

19°N

Vertical Integrated dQv Rate at 2017-09-07_12:06:00 Init: 2017-09-07_12:00:00

Vertical Integrated dQv Rate at 2017-09-07_12:06:00 (Kg/(s*M"2))

Vertical Integrated dQv Rate at 2017-09-07_12:06:00 (Kg/(s*M"2))
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBL Opt = 1 ; Cu Opt = 6
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Vertical Integrated Water Components Change Rate
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Vertical Integrated dQt Rate at 2017-09-07_12:06:00 Init: 2017-09-07_12:00:00

Vertical Integrated dQt Rate at 2017-09-07_12:06:00 (Kg/(s*M*2))
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBLOpt =1 ; CuOpt = 6
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drhoFIx and Water rate at 2017-09-07_12:06:00
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBL Opt =1 ; Cu Opt = 6
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Water Vapor Change Rate

wrf_cs_dqv_qgv_5hour_from_1000x720_to_1200x815 Init: 2017-09-07_12:00:00

(Kg/(s*Kg))
Water vapor mixing ratio (kg kg-1)
Cross-Section: (1000,720) to (1199,814)
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Density Change Rate

Init: 2017-09-07_12:00:00

wrf_cs_drho_rho_5hour_from_1000x720_to_1200x815
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Cross-Section: (1000,720) to (1199,814)
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Density Flux Divergence
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The Vertical integrated Mass Flux

—More similar to water vapor, or
cloud water, or rain water pattern.

—Why?

Enterprise
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Mass Change in the Atmosphere

—\When the air flow into the hurricane, it contains
moisture/water vapor.

—Precipitation (more strictly, condensation) make
atmosphere lose moisture, therefor the air lose

Mass.

—The positive vertical integrated mass flux did not
change into air mass, but became precipitation, drop
out of the atmosphere.

27
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The Magnitude of Integrated Mass Flux and Precipitation

—From integrated mass flux figure, the positive
flux is 0.01 Kg/(m”"2*s).

—The precipitation ~ 40 mm.

—If the mass flux all convert to precipitation, the
depth of the water is:

—0.01 * 3600 (Kg/m#2), which is ~36 mm.

tt Packard
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New Continuity Equation

—S0 we should change continuity equation 1 to:

Z—i+\7-(pl7)=s (3)

—\Where “s” represents the combined air mass source and/or sink:
—For s < 0, which means air mass loss, or more precipitation than evaporation
—For s > 0, which means are mass gain, or more evaporation than precipitation

—

Hewlett Packard
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Cold Sea Surface Temperature after Hurricane

—The passage of a tropical cyclone over the ocean causes
the upper layers of the ocean to cool substantially, which
can influence subsequent cyclone development.

—This cooling is primarily caused by wind-driven mixing of
cold water from deeper in the ocean with the warm surface
waters.

—https://en.wikipedia.org/wiki/Tropical cyclone

Hewlett Packard
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Cold SST after Hurricane Irma (2017.09.08.18 — 2017.09.06.06)

Sea Surface Temperature

Sea Surface Temperature Difference (degC)
Sea Surface Temperature (degC)
Wind (m/s)

30°N

28°N

26°N

24oN o
\_:!y

N '.',
22°N S

20°N —| <78

o~
18°N — . |

16°N —' | &

) Aa/}(us}-ﬁ\

80°W 75°W 70°W 65°W 60°W 55°W
Sea surface temperature from 295 to 310 by 0.25

—

Hewlett Packard
Enterprise



Questions

—If the cold SST after hurricane is caused by
ocean mixing, then there should a warm pool In
the ocean right under the cold pool, right?

—Have we observed any of those warm pools?
—Where did it go?

—We'd like to propose a different thought.

Hewlett Packard
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5 Days Accumulated Precibitation
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OUTPUT FROM WRF V3.9.1.1 MODEL
WE = 3100 ; SN = 1600 ; Levels = 46 ; Dis = 5.4km ; Phys Opt =4 ; PBL Opt =1 ; Cu Opt = 6



Discussion

— 5 Days precipitation has a wide band of great than 100 mm, with maximum great than 1000 mm.

— We'd rather believe that the cool pool after hurricane is mostly contributed from precipitation, as:

— Ignore the density difference between precipitation and sea water.
— Assume ocean temperature 26 degree, and rain water temperature 22 degree

— Then 100 mm precipitation, when mixing well, can:
— Cool down sea surface temperature by 2 degrees up to 20 cm
— Cool down SST by 1 degrees to 40 cm

—
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Conclusions

—The continuity Equation should modified with an addition term s:
—Where s > 0, for evaporation, as it increases the atmospheric air mass.
—And s < 0, for precipitation, as it reduces the air mass.

—The cold SST after hurricane is from the cold rain water.

—
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