SUMMARY OF 2017 ATLANTIC TROPICAL CYCLONE ACTIVITY AND
VERIFICATION OF AUTHORSGSEASONAL AND TWO-WEEK FORECASTS

The 27 Atlantic hurricane seasomas an extraordinarily activang with levels of
activity that were highethanwerepredicted by ouseasonal outlooksWhile the overall
season was very active, what most stood out about 2017 was thelyezakuhg levels
of hurricane activity that occurred during September. Hurricanes Harvey, Irma and
Maria were the most notable storms of 2017, legwpaths of death and destruction in
their wake.
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ATLANTIC BASIN SEASONAL HURRICANE FORECASTS FOR 2017

Forecast Parameter and 198110 Issue Date Issue Date Issue Date Issue Date| Observed| % of 198%

Median (in parentheses) 6 April 1 June 5 July 4 August 2017 2010

2017 2017 2017 2017 Activity Median

Named Storms (NS) (12.0) 11 14 15 16 17 142%
Named Storm Days (NSD) (60.1) 50 60 70 70 91.25 152%
Hurricanes (H) (6.5) 4 6 8 8 10 154%
Hurricane Days (HD) (21.3) 16 25 35 35 51.25 241%

Major Hurricanes (MH) (2.0) 2 2 3 3 6 300%
Major Hurricane Day$MHD) (3.9) 4 5 7 7 19.25 494%
Accumulated Cyclone Energy (ACE) (92) 75 100 135 135 226 246%
Net Tropical Cyclone Activity (NTC) (103%) 85 110 140 140 231 224%
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Atlantic basintropical cyclondracks in 20Z. 17 named stormsl0 hurricanes ané
major hurricanes occurredrigure courtesy oWeather Underground



https://icons.wxug.com/data/dhc_archive_charts/at_2017_charts/at2017.gif

ABSTRACT

This report summarizes tropical cyclone (T&Ejivity which occurred in the
Atlantic basin during 207 and verifies the authasseasonahtlantic basin brecasts
Also verified aresix two-weekAtlantic basinforecastsssuedduring the peak months of
the hurricane seasdhatwere based ora combnation of current activity, model
forecasts anthephase of thaddenJulian Oscillation (MJQ)

Thefirst quantitativeseasonal forecast for PDwas issued o6 April with
updatedollowing on 1 June 5 Julyand4 August Theseseasonal forecasts also
contained estimates of the probability of UaBd Caribbeahurricane landfall during
2017.

The 27 hurricane seasonas an extremely active on&@he seasowas
characterized bwell aboveaverage numbers of named stormsribanes, major
hurricanes as well as duration and integration metrics such as hurricane days and
Accumulated Cyclone Energy (ACE). Our initial seasonal forecast issued in April
underestimated activity in 2017 by a large margin, due in part to El Nificcioed by
many statistical and dynamical models that did not come to fruition. Later seasonal
forecasts issued in July and August correctly predicted an av@rage season but still
considerably underestimated just how active the season was going to be

Six consecutive twaweek forecastaere issuediuring thepeak months of the
Atlantic hurricane season froAugustOctober. These forecast®re based oaurrent
hurricane activitypredicted activity by global forecast modatsdthe phase of the
MaddenrJulianOscillation(MJO). These tweweek forecastgenerallyverified well.

Integrated measures such as Net Tropical Cyclone (NTC) activity and
Accumulated Cyclone Energy (ACE) weret@p tenlevelsbased on Atlantic hurricane
data going back tthe mid19" century Well aboveaverage sea surface temperatures
and reduced levels of vertical wind shear in the tropical Atlantic were two of the primary
reasons why such an active season was observed.

While the season was very active, it willlest remembered for several
hurricanes that devastated portions of the continental United States as well as islands in
the Caribbean and other parts of the tropical Atlantic. Hurricane Harvey brought epic
flooding to the Houston metropolitan area, whitled and Maria both brought
devastation to islands throughout the Caribbean and tropical Atlantic. Irma also made
landfall in the Florida Keys as a Category 4, pummeling the Keys and bringing
considerable damage to mainland Florida as widlle 2017 Atlatic hurricane season
was also the first season record (since 18519 have two Category 4 hurricanes make
continental United States landfall in the same year (Harvey and Irma).



DEFINITIONS AND ACRONYMS

Accumulated Cyclone Energy (ACEA measure of a named stormds potential for wi
square of a named st or mdaas) foreach dmumperiod ohitd existeneee The 195000 avdefage value of this
parameter i96 for the Atlantic basin.

Atlantic Multi-Decadal Oscillation (AMOj A mode of natural variability that occurs in the North Atlantic Ocean and evidencing itself in
fluctuations in sea surface temperature and sea level pressure fields. The AMO iglhitety/to fluctuations in the strength of the oceanic
thermohaline circulation. Although several definitions of the AMO are currently used in the literature, we define thesat¥iGntidorth
Atlantic sea surface temperatures fr6@860°N, 50-10°W and sa level pressure fro®50°N, 70-10°W.

Atlantic Basini The area including the entire North Atlantic Ocean, the Caribbean Sea, and the Gulf of Mexico.

El Nifioi A 12-18 month period during which anomalously warm sea surface temperatures occur stetimehesf of the equatorial Pacific.
Moderate or strong El Nifio events occur irregularly, about once evegpears on average.

Hurricane (H) A tropical cyclone with sustained lelevel winds of 74 miles per hour (33 ther 64 knots) or greater.

Hurricane Day (HD} A measure of hurricane activity, one unit of which occurs as féwus periods during which a tropical cyclone is
observed or is estimated to have hurrictoree winds.

Indian Ocean Dipole (IOD)An irregular oscillation of sesurface temperatuséetween the western and eastern tropical Indian Ocean. A
positive phase of the 10D occurs when the western Indian Ocaabrisalously warnsompared wittthe eastern Indian Ocean.

Madden Julian OscillatiotMJO)i A globally propagating mode of tropical atmospheric iseasonal variability. The wave tends to
propagate eastward at approximately 5tnesrcling the globe in roughly 460 days.

Main Development Region (MDR)AnN area in the tropical Atlantic vene a majority of major hurricanes form, which we defin@.&s
22.5N, 20-75°W.

Major Hurricane (MH) A hurricane which reaches a sustained-lewel wind of at least 111 mph (96 knots or 50%r& some point in its
lifetime. This constitutes a @gory 3 or higher on the Saffir/Simpson scale.

Major Hurricane Day (MHD} Four 6hour periods during which a hurricane has an intensity of Saffir/Simpson category 3 or higher.

Multivariate ENSO Index (MEIj An index defining ENSO that takes into aonotropical Pacific sea surface temperatures, sea level
pressures, zonal and meridional winds and cloudiness.

Named Storm (NS)A hurricane, a tropical storm or a strbpical storm.

Named Storm Day (NSDB)As in HD but for four 8hour periods during hich a tropical or sutropical cyclone is observed (or is estimated)
to have attained tropical stofforce winds.

Net Tropical Cyclone (NTC) Activity Average seasonal percentage mean of NS, NSD, H, HD, MH, MHD. Gives overall indication of
Atlantic basin seasonal hurricane activity. The 12800 average value of this parameter is 100.

Saffir/SimpsorHurricane WindScalei A measurement scale ranging from 1 to 5 of hurricane wind intensity. One is a weak hurricane;
whereas, five is the most interfsarricane.

Southern Oscillation Index (SOT)A normalized measure of the surface pressure difference between Tahiti and Darwin. Low values typically
indicate El Nifio conditions.

Sea Surface Temperatur&ST

Sea Surface Temperature AnomalgSTA

Thermohaline Circulation (THC) A largescale circulation in the Atlantic Ocean that is driven by fluctuations in salinity and temperature.
When the THC is stronger than normal, the AMO tends to be in its warm (or positive) phase, and more Atlantiestypicatly form.

Tropical Cyclone (TC}) A large-scale circular flow occurring within the tropics and subtropics which has its strongest winds at low levels;
including hurricanes, tropical storms and other weaker rotating vortices.

Tropical NorthAtlantic (TNA) indexi A measure of sea surface temperatures in the area fre23 53\, 1557.5°W.

Tropical Storm (TS} A tropical cyclone with maximum sustained winds between 39 mph (£&n%4 knots) and 73 mph (32 rher 63
knots).

Vertical Wind Sheaii The difference in horizontal wind between 200 mb (approximately 40000 feet or 12 km) and 850 mb (approximately
5000 feet or 1.6 km).

1 knot = 1.15 miles per hour = 0.515 meters per second

nd

and

st



Acknowledgment

These seasonal forecasts were develdyyeatie late Dr. William Gray, who was
lead author on these predictions for over 20 years and continued-asitngountil his
death last year. In addition to pioneering seasonal Atlantic hurricane prediction, he
conducted groundbreaking research inidewariety of other topics including hurricane
genesis, hurricane structure and cumulus convection. His investments in both time and
energy to these forecasts cannot be acknowledged enough.

We are grateful for support from Interstate Restorationingigrance Information
Institute and Ironshore Insurance that partially support the release of these predictions.
We thank the GeoGraphics Laboratory at Bridgewater State University (MA) for their
assistance in developing thaited States Landfalling Hurricane Probability Webpage

Col orado State Universityodés seasonal hurr
from a number of individuals that were former graduate students of William Gray.
Among these former project members are Chris Landsea, John Knaff and Eric Blake. We
have alsdenefited from meteorological discussions viéxl Schreck, Brian McNoldy,
Paul Roundy, Jason Dunion, Mike Ventrice, Peng Xaiatd Amato Evawover the past
few years


http://www.e-transit.org/hurricane

1 Preliminary Discussion

la. Introduction

The yeatto-year variability of Atlantic basin hurricane activity is the largest of
any of the gl olpT€)basing. Thene has aways deerc dndwilleontinue
to be much interest in knowing if the coming Atlantic hurricane season is going to be
unusualy active, very quiet or just average. There was never a way of objectively
determininghow active the coming Atlantic hurricane season was going to be until the
early to mid1980s when global data sets Beemore &cessble.

Analyzing the available da in the 1980st wasfound that the coming Atlantic
seasonal hurricane season did indeed have various precursor signals that extended
backward in time from zero to® months before the start of the season. These precursor
signals involvedEl Nifio T Sauthern OscillationENSO), Atlantic sea surface
temperature(SSTs)andsea levepressurs, West African rainfallthe QuasiBiennial
Oscillation QBO) and a number of other global parameters. Much effort has since been
expen ded by oaumrentand formentemhieigalong with otheresearch
groups)to try to quantitatively maximize the best combination of hurricane precursor
signals to give the highest amount of reliable seasonal hindcast skill. We have
experimented witka large number ofarious combinations of pcarsorvariablesand
now find that our most reliable forecastilize a combination ofhree orfour variables.

A cardinal rulethat hasalwaysbeenfollowed is to issue no forecast for which we
do not have substantial hindtagill extending back in time for at lea€d gears. The
NCERNCAR reanalysis data set®w usedare available bacto 1948providing70
years of hindcast informationiVe also utilize newer reanalyses that have loeseloped
on the past-35 years of dt&a (e.g., the ERAnterim and CFSR Reanalysed)e also
have been exploring longéerm reanalysis products such as th& @@ntury Reanalysis
from the Earth System Research Laboratory.

The explorative process to skillful prediction should continugeteelopasmore
data becongavailableandasmorerobustrelationships are found. There is no one best
forecast scheme that can always be conflgaquplied We have learned that precursor
relations can change with time and that one must be alértde thanging relationships.
For instanceearlier seasonal forecastdied heavily on the stratosphe@BO and West
African rainfall. These precursor signals have not worked in recent years. Because of
this, other precursor signailgere substitutech their place.As new data and new insights
are gathered in theoming yearsit is to be expected that our forecast schewiésn
future years also need revision. Keeping up with the changing global climate system,
using new data signalandexploring new physical relationshifsa fulktime job.

Success can never be measured by the success of a féimeetirecasts buinly by
long-period hindcast relationshand sustained demonstration of reale forecast skill
over a decade or mare

1b. Seasonal Forecast Theory



A variety of atmospherecean conditions interact with each other to cause year
to-year and monttio-month hurricane variability. The interactive physical linkages
between thesprecursophysical parameters and hurricaraiability are complicated
and cannot be well elucidated to the satisfaction of the typical forecaster making short
range (15 days) predictions where changes inchieentmomentunmand pressuréelds
are the crucial factors. Seasoftmkcasts, unfortuately, must deal with the much more
complicated interaction of the energyisture fieldsalongwith the momentum fields.

We find that there is a rather high {60 percent) degree of yetryear
hurricane forecast potential if one combiBe$semtindependent atmospheaceanic
parameters together. The best predictors (out of a gragid)ado not necessarily have
the best individual correlations with hurricane activity. The best forecast parameters are
those that explaia portion of the variane of seasonal hurricane activity that is not
associated with the other variables. It is possible for an important hurricane forecast
parameter to showenly a marginally significant correlation with tpeedictand by itself
but to have an important influea when included with a set 84 other predictors.

In a four-predictor empirical forecast model, the contribution of each predictor to
the net forecast skill can only be determined by the separate eliminagantof
parameter from the full fogpredctor model while noting the hindcast skill degradation.
When taken from the full set of predictors, one parameter may degrade the forecast skill
by 2530 percent, while another degrades the forecast skill by onlp Ji&rcent. An
individual parameter tt, through elimination from the forecast, degrades a forecast by
as much as 280 percent may, in fact, by itself, shoglativelylittle direct correlation
with the predictand. A direct correlation of a forecast parameter may not be the best
measure ofhe importance of this predictor to the skill a3-& parameter forecast model.
This is the nature of the seasonal or climate forecast problem where one is dealing with a
very complicated atmosphernoceanic system that is highly ntinear. There is anaze
of changing physical linkages between the many variables. These linkages can undergo
unknown changes from weekly to decadal time scales. It is impossible to understand
how all these processes interact with each other. Despite the complicatedsbkips
that are involvedall of our statisticamodek show considerable hindcast skilWe are
confidentthat in applying these skillful hindcasts to future forecasts that appreciable real
time skill will result.

2 Tropical Cyclone Activity for 2017

Figurel and Tablel summarize Atlantic basifC activity which occurred in
2017. Overall, be season was characterizedamsitl aboveaverageactivity. Online
entries fromWikipediaare available fom-depthdiscussions of each TC that occurred in
2017. The National Hurricane Center is also currently in the process of writing up
extensivareportson all 2017 tropical cyclones.


http://www.wikipedia.org/
http://www.nhc.noaa.gov/data/tcr/
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Figure 1: Atlantic basin tropical cyclone tracks in 2017. 17 named storms, 10 hurricanes
and 6 major hurricanes occurred. Figure courte$¥edther Underground

Real-Time North Atlantic Ocean Statistics by Storm for 2017

vear | storm# | Name Dal_es TC Max Wind (MSLP Named Storm | Hurricane Major Hurricane | Accumulated Cyclone
= Active (kts) (mb)  |Days Days Days Energy

2017 (1 ARLENE 4/20-4/21 45 993 075 0.00 0.00 06
2017 |2 BRET 6/19-6/20 40 1007 1.25 0.00 0.00 07
2017 (3 CINDY 6/20-6/22 50 992 2.00 0.00 0.00 16
2017 | 4 DON TM17-718 40 1009 1.25 0.00 0.00 07
2017 (5 EMILY Ti31-Ti31 40 1005 075 0.00 0.00 04
2017 (6 FRANKLIN | 8/7-8/10 75 981 3.50 0.50 0.00 3.7
2017 |7 GERT 8/13-8117 90 967 4.00 2.50 0.00 73
2017 |8 HARVEY |[8/17-8/30 115 941 875 200 0.75 11.1
2017 |9 IRMA 8/30-9/12 160 914 12.75 11.25 8.50 E67.5
2017 (10 JOSE 9/5-9/21 135 938 16.50 12.00 3.50 41.8
2017 (11 KATIA 9/6-9/9 a0 972 3.25 2.50 0.00 6.1
2017 |12 LEE 9/16-9/30 100 0962 8.25 5.50 0.50 17.5
2017 (13 MARIA 9/16-9/30 150 909 1425 975 5.560 452
2017 (14 NATE 10/5-10/8 80 981 3.50 1.00 0.00 4.1
2017 |15 OPHELIA |10/9-10/15 100 058 6.75 425 0.50 15.0
2017 (16 BHILIPPE (10/28-10/29 50 995 1.25 0.00 0.00 09
2017 |17 RINA /71119 50 005 2.50 0.00 0.00 1.9

Table 1: Observed 2@JAtlantic basin tropical cyclone activity.


https://icons.wxug.com/data/dhc_archive_charts/at_2017_charts/at2017.gif

3 Special Characteristics of the 207 Hurricane Season

The 27 hurricane season set many records, especially during September.
Figure 2 display2017 hurricane activity and compares ithahistorical seasons. Note
that nearly alseasonatropical cyclone quantities displayed were at top 10 levels in
2017.

2017 Atlantic TC Activity Thru November

Observed 2017 Atlantic Full 2017 as 2017 All-Time
Atlantic TC Season 1981- Percentage of Full (Since 1851) Full All-Time Record
Forecast Parameter Activity 2010 Median Season Median Season Rank (Year)

Named Storms (NS) 17 12.0 142% T-9 28 (2005)
Named Storm Days (NSD) 60.1 152% 11 126.25 (2005)
Hurricanes (H) 6.5 154% T-8 15 (2005)

Hurricane Days (HD) g 241% 6 61.50 (1893 & 1995)

Major Hurricanes (MH) i - 7 (1961 & 2005)

Major Hurricane Days

(W] 24.50 (1961)

Accumulated Cyclone

Eneriy (ACE) 259 (1933)

Figure 2: Atlantic tropical cyclone activity in 2017 and comparisons with historical
seasons. ATO i n estthatehe $easbrtwas ircadié witmatheri seasonsc a t

Below is a selection of some of the records that were set during the season:

1 The Atlantic had a total of 17 named storms29hamed storm days and
10 hurricanes in 2017. Each of these were the rhasthie Atlantic had in a
season since 2012.

1 51.25 hurricane days occurred in 201the most in a season since 1995.
1 Six major hurricanes formed in 201%he most in a season since 2005
1 19.25 major hurricane days occurred in 20Xfie most in aeason since
2004.

1 226 Accumulated Cyclone Energy units were generated in 2Qhé&

most in a season since 2005.



1 September 2017 broke Atlantic calendar month records for named storm
days (53.5), hurricane days (40.25), major hurricane days (1&cunulated
Cyclone Energy (175).

1 September 8, 2017 generated more Accumulated Cyclone Energy than any
other Atlantic calendar day on recorima, Jose and Katia were responsible for
the ACE generated on that day.

1 Harvey was the first major hurricaremake continental United States
landfall since Wilman 2005, ending the recoddng major huricane landfall
drought at 4323 days.

1 Harvey was the first Category 4 hurricane to make landfall in Texas since
Carla (1961)
1 Harvey lasted 117 hours as amed storm after Texas landfall, shattering

theold recordfor named storm longevity aftdiexas hurricane landfadlet by
Fern (1971) at 54 hours.

1 Harvey broke the tropical cyclorgenerated United States rainfall record.

Over 600 imNedenaadi Trexad, leréaking the old United States record of

520 in Hawaii set by Hurricane Hi ki in 19
1 l rmads maxi mum i werethe strongegsbnenfinutd 6 0 knot s

maximum sustained windginds recorded by an Atlantic hurricane outside of the
Gulf of Mexico and Caribbean on record.

1 Irma maintained an intensity of 160 knots for 37 hduifse longest any
cyclone around the globe has maintained that intensity on rédweshking old
record of 24 hours set by Haiyan (2013).

1 67.5 ACE generated byrra were the secontost in the satellite era
(since 1966) by an Atlantic hurricainerailing only Ivan (2004) which had 70.4
ACE

1 Irma was the strongest hurricane to impact the Leeward Island9({hg
65-60°W) on record.

1 Irma was the first Categoryturricane to make landfall in Cuba since
1924.
i Irma was the first Category 4 hurricane to make Florida landfall since

Charley in 2004

i Irma and Harvey marked the first time that two Category 4 hurricanes
have made continental United States landfall exsame year.
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i The continental United States had three landfalling hurricanes (Harvey,
Irma and Nate) for the first time since 2008.

1 |l rmads Florida Keysod | andfall pressur e

Okeechobee Hurricane of 1928 for tHelGwest onrecord for a continental US
hurricane. More records from Irma are listedte

1 Mariads | owest centr al pressuae of
hurricane in the eastern Caribbean (<=20°N60%W)

1 Maria intensified 60 knots in 18 houronly Wilma (2005), Felix (2007)
and lke (2008) have intensified more in 18 hours

1 Maria was first Category 5 hurricane on record to make landfall in
Dominica
1 Maria was the first Category 4 hurricane to make landfall in Puerto Rico

since 1932 and the strongest hurricane to make landfall in Puerto Ricd%X&e

1 Nat e-dhauraleaged translation speed of 28 mph was the fastest 12
houraveraged translatiorpsed in the Gulf of Mexico on record

1 Hurricane @helia was a major hurricane until it reached 18.3°ie
farthest east an Atlantic TC has been at major hurricane strength on record

4 Verification of Individual 20 17 Lead Time Forecasts

Table2 is a comparison of our forecasts 2017 for four different lead times
along with t hi sThg20HAtlantic haricane seasantwaso n s .
extremely active one.

Table2: Verification of our 207 seasonal hurricane predictions.

Forecast Brameter and 1982010 Issue Date Issue Date Issue Date Issue Date| Observed| % of 198%

Median (in parentheses) 6 April 1 June 5 July 4 August 2017 2010

2017 2017 2017 2017 Activity Median

Named Storms (NS) (12.0) 11 14 15 16 17 142%
Named Storm Day@NSD) (60.1) 50 60 70 70 91.25 152%
Hurricanes (H) (6.5) 4 6 8 8 10 154%
Hurricane Days (HD) (21.3) 16 25 35 35 51.25 241%

Major Hurricanes (MH) (2.0) 2 2 3 3 6 300%
Major Hurricane Days (MHD) (3.9) 4 5 7 7 19.25 494%
Accumulated Cyclone Energy (ACE2) 75 100 135 135 226 246%
Net Tropical Cyclone Activity (NTC) (103%) 85 110 140 140 231 224%
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https://webcms.colostate.edu/tropical/media/sites/111/2017/09/Hurricane-Irma-Records.pdf

Table3 provides the same forecasts, with error ljaesed on one standard

deviation of absolute erroray calculated fromeattime forecasts from 1998014. We
typically expect to sewvo-thirdsof our forecastserify within one standard deviation of

observed values, with 95% of forecastsifying within two standard deviations of

observed valuesSince July forecasts i@ only been issued in retine forthe past few
yeas, we estimate that the July forecast shdwdue errordalfway in between the errors

of the June and August forecasts. Since we have only issued ACE forecasts for the past

few years, we estimate ACHErers to be the same as NTCerrofshi s year 6s seaso

forecastsinderestimated the very active season that was observed.

Table3: Verification ofC S U B0%7 seasonal hurricane predictions with error lfarse

standard deviation)Predictions thalie within one standard deviation of observations are

highlighted inred bold font while predictions that lie within two standard deviati@me

highlighted in green bold fontPredictions that are outside of two standard deviations are

highlighted in black bold fontln general, we expect thao-thirdsof our forecasts

should lie within one standard deviation of observations, with 95% of our forecasts lying

within two standad deviations of observation©nly 5out of 32 (6%) of seasora

forecast parameters were within one standard deviation of observations forThe 201

seasonal forecasAs di scussed throughout the text of

significantly undeestimated overall levels of hurricane activity that occuriedor bars

for storms are rounded to the nearest stdfior. example, the hurricane prediction in

earlyApril would be1.9-6.1, which with rounding would b2-6.
Forecast Parameter and3192010 Median 6 April Update Update Update Observed
(in parentheses) 2017 1June 5July 4 August 2017

2017 2017 2017 Total

Named Storms (NS1@.0 11(+35) 14(x2.9 15(+2.6) 16(+2.2) 17
Named Storm Days (NSD$(.1) 50(+207) | 60(x19.9 70(+18.1) 70(£16.3) 91.25
Hurricanes (H) 6.5 4(+21) 6 (+2.0) 8(+1.9 8 (£1.7) 10
Hurricane Days (HD) (2.3) 16(x111) | 25(10.7) 35(+10.9) 35(+9.5) 51.25
Major Hurricanes (MH) (D) 2(x1.3) 2 (x1.4) 3(x1.2) 3(x0.9 6
Major Hurricane Days (MHD)3.9) 4 (x40 5(#3.7) 7(#3.9 7(#4.9) 19.25
Accumulated Cyclone Energy (ACBE2) 75 (242 100(x40) 135(+36) 135(+31) 226
Net Tropical Cyclone Activity (NTC) (18%) 85 (+42) 110(+40) 140(+36) 140(+31) 231

4.1 Preface: Aggregate Verification of our LastNineteen Yearly Forecasts

Anotherway to consider the skill of our forecasts is to evaluate whether the
forecast for each parameter successfully forecast abovelowaverage activity. Table
4 displayshow frequently our forecasts have been on the riglet af climatology for the
past ningeenyears. In general, our forecasts are successful at forecasting whether the
season will be more or less active thla@ average seasby as early ag\pril. We tend
to have improvingkill aswe get closer in time to the peakthe hurricane seaso

(AugustOctober).
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Table4: Thenumber of years that our tropical cyclone forecasts issued at various lead
times hae correctly predicted aboveor belowmedianactivity for each predictand over
the paseighteenyears (1992017).

Tropical Cyclone Early Early Early
Parameter April June August
NS 15/19 17/19 16/19
NSD 13/19 13/19 14/19
H 13/19 13/19 14/19
HD 1119 13/19 15/19
MH 14/19 15/19 15/19
MHD 13/19 14/19 15/19
NTC 1119 14/19 16/19
Total 90/133(68%) | 99/133(74%) | 105133 (79%)

Of course, there are significant amounts of unexplained varfanaenumber of
the individual parameter forecasts. Even though the skill for some of these parameter
forecasts is somewhat low, there is a great curiosity in having some objective measure as
to how active the coming hurricane season is likely toTheerebre, even a forecast that
is only modestly skillful is likely osomevalue In addition, we have recently redesigned
all of our statistical forecast methodologies using more rigorous physical and statistical
tests which we believe will lead to maaecurate forecasts in the futur€omplete
verifications of all season&brecastare available Verifications are currently available
for all of our prior seasons frod®842016. These tablesvill be updated with 2026 s
values once the National Hurricane Center finishes itsggagon analysis of all storms
that formed this year.

4.2 Verification of Two-Week Forecasts

This is theninth year that wéhaveissuedntraseasongke.g. tweweek)forecasts
of tropical cyclone activity starting in early Augusthese tweweekforecastsre based
on a combination of observational and modeling tools. The primary tookr¢haged
for these forecastre: 1) current storm activity) National Hurricane Center Tropical
Weather Outlooks, 3) forecastitput from global models, 4) the current and projected
state of the Maddedulian Oscillation (MJO) and 5) the current seasonal forecast.

The metric that we tried to predict with thea®-weekforecastss the
Accumulated Cyclone Energy (ACE) index, which is defined to be the square of the
named stor mds ma(n LOhkaat®) forieatié-hosirperieddf its
existence over thievo-weekforecastperiod. These forecasasetoo short in length to
show significant skill for individual event parameters such as named storms and
hurricanes.
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http://tropical.colostate.edu/forecast-verification/

Our forecast definition of abovgormal, normal, and belowormal ACE periods
waschangedhis seasono better fit, in our view, the observed historical distributions.
Our ACE forecasts are now defined by ranking observed activity in the satellite era (since
1966) and defining aboweormal, normal and belowormal tweweek periods based on
terciles. Since there were 51 years from 126@&6, each tercile is composed of 17 years.
The 17 years with the most active ACE for atweek period were classified as the
upper tercile, the 17 years with the least active ACE for aneek period were
classfied as the lower tercile, while the remaining 17 years were classified as the middle
tercile.

Table5 displays the sitwo-weekforecasts that were issued during th& 20
hurricane season and shows thenifieation. We correctly predictedvfe of the six twe
week periods In general, the 2017 hurricane season was very active, and consequently
we predicted abovaverage activity throughout the peak of the Atlantic hurricane season.
The MJO was fairly weak and disorganized during most of thk pethe Atlantic
hurricane season (Figure 3), with an amplification in largely unfavorable phases (MJO
phases 4) for Atlantic hurricane activity during Octobe@ur overforecast of activity
in late August was primarily due to anticipation of a cougbleasterlywaves moving off
of Africa developing. These storms did not develop

Table5: Two-weekAtlantic ACE forecast verification for 20 Forecasts that verified
in the correct category are highlighted in blue, forecasts that missed bytegergare
highlighted in green, while forecasts that missed by two categories are highlighted in red.

Forecast Period Predicted ACE Observed ACE
8/47 8/17 Above-Normal (11 or More) 11
8/181 8/31 Above-Normal (23 or More) 14
9/17 9/14 Above-Normal (31 or More) 101
9/1571 9/28 Above-Normal (25 or More) 70
9/2971 10/12 Above-Normal (9 or More) 13
10/1371 10/26 Above-Normal (9 or More) 10

14



[RMM1T,RBMMZ ) phase space faor 9-Aug-2017 to 6-Nov-2017

AR | | | I | I | | | T
“ Western 7
- I Pacific 6 R
., | //
3 \\ | rd —
Y -
“ | - #
n . [ _
™
e
e
2 \\ 5 —
s
- 8 s 5 -
1 [ —
i T
- ES 19 -
TRy =
™l o =
= L i
=@ === —=—=—=| | &8 A - o - 5T
= o e d
L M Q b m -
= o =
_1 [ —
~ 1 // il A 4 ]
# | b
# Y
_2 - o | N, —
P | ~
e S
& | N
n y | N _
~ | .
- kS
-3 = o | . _
s | ~
e | ,
s r
- 2 Indian 3 RN
d Qcean N
—4 | | | | | | | | | | !
-4 -3 -2 -1 ] 1 2 3 4
Labelled dots for each day. RMM 1

Blue line 18 for Nov, green line is for Oct, red line 1= for Sep.

Figure3: Propagation of the Maddehulian Oscillation (MJO) based on the Wheele
Hendon classification scheme over the period fAargust9 to November 6 The MJO
was generally weak durirthe peak of the Atlantic hurricane season, with amplification
of the signabver the Maritime Continergind the western Pacific October The
Maritime Continent referto Indonesiand the surrounding island2MM stands for
RealTime Multivariate MJO. Figure courtesy oBureau of Meteorology

5 Landfall Probabilities

Every hurricaneseason, we issue forecastshe seasonal probability of hurricane
landfall along the U.S. coastlirzs well as the CaribbeaWhereas individual hurricane
landfall events cannot be accurately forecast, the net seasonal probability of zardfall
be issied using past climatology and this year's forecast in combinationlaraifall
probabilities have statistical skill, especially over sevgealr periods. With the
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premise that landfall is a function of varying climate conditi®h§,. probabilitieshave
been calculatethrough a statistical analysis of all U.S. hurricane and named storm
landfalls during a 10@ear period (1900999). Specific landfall probabilities can be
given for all tropical cyclone intensity classes for a set of distinct UeBtaloregions.

Net landfall probability is statistically related to overall Atlantic basin Net Tropical
Cyclone (NTC) activity. Tablé gives verifications of our landfall probability estimates
for the United States and for the CaribbeaB0d7.

Landall probabilities for the 207 huricane season were estimated tabeve
average for our most recent forecast issued in earfust Obviously, the 2017 Atlantic
hurricane season was very active from a landfall perspective with 3 hurricanes (Harvey,
Irma and Nate) and 2 major hurricanes hitting the continental United States (Harvey and
Irma). In addition, 3 tropical storms also made continental US landfall (Cindy, Emily
and Philippe) Averagecontinentall.S. landfalling statistics since 1900 arettB&®
named storms, 1.8 hurricanes and 0.7 major hurricanes make U.S. landfall per year.

Seven named stornpmssed through the Caribbean-@0N, 6388°W) during
2017. Both Irma and Maria cut paths of destruction and devastation across portions of
the eastern and central Caribbean as they each were at Category 5 strength in the
Caribbean. Hurricane Jose reached Category 4 strength in the Caribbean but fortunately
did not significantly impact any landmasses. Bret, Franklin, Harvey and Nate were all
tropical storms in the Caribbean.

Landfall probabilities include specific forecasts of the probability &.
landfalling tropical storms (TS) and hurricanes of catege2yahd 34-5 intensity for
each of 11 units of the U.S. coastline (Figdiye These 11 urs are further subdivided
into 205 coastal and neapastal counties. The climatological and curysdr
probabilities are available online via thendfalling Hurricane Probability Webpage
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Figure4: Location of the 11 coastal regions for which separate hurricane landfall
probability estimates are madehese subdivisions were determined by the historical
frequency of landfalling major hurricanes.
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Table6: Estimated forecast probability (percent) of one or more landfalling tropical
storms (TS), category-2 hurricanes, and categoryd® hurricanes, total hurricanes and
named storms along the entire U.S. coastline, along the Gulf Coast (Redipraddhg

the Florida Peninsula and the East Coast (Regidtiy &nd in the Caribbeaior 2017 at
various lead times. The mean annual percentage of one or more landfalling systems
during the 2t century is given in parenthesedlie4 Augustforecast column. dble (a)

is for the entire United States, Table (b) is for the U.S. Gulf Coast, Table (c) is for the
Florida Peninsula and the East Ccasdl Table (d) is for the CaribbeaBarly August
probabilities are calculatdzhsedon storms forming after 1 August.

(@) The entire U.S. (Regions-11)
Forecast Date

Observed
6 Apr. 1June | 4August | Number
TS 6% 82% 87% (79%) 3
HUR (Cat 12) 57% 70% 77% (68%) 1
HUR (Cat 34-5) 42% 55% 62% (52%) 2
All HUR 75% 87% 91% (84%) 3
Named Storms 92% 98% 99% (97%) 6
(b) The Gulf Coast (Regions #4)
Forecast Date
Observed
6 Apr. 1June | 4August | Number
TS 48% 61% 68% (59%) 1
HUR (Cat 12) 34% 45% 51% (42%) 1
HUR (Cat 34-5) 24% 32% 38% (30%) 1
All HUR 4% 63% 70% (60%) 2
Named Storms 74% 86% | 90% (83%) 3

(c) Florida Peninsula Plus the East Coast (RegionsHl)
Forecast Date

Observed
6 Apr. 1June | 4 August | Number
TS 41% 53% 60% (50%) 2
HUR (Cat 12) 35% 47% 53% (44%) 0
HUR (Cat 34-5) 24% 33% 38% (31%) 1
All HUR 51% 64% 71% (61%) 1
Named Storms 71% 83% 88% (81%) 3

(d) Caribbean (1620°N, 6G88°W)
Forecast Date
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Observed
6 Apr. 1June | 4 August | Number
TS 73% 84% 90% (82%) 4
HUR (Cat 12) 47% 60% 67% (57%) 0
HUR (Cat 34-5) 34% 44% 51% (42%) 3
All HUR 65% 78% 84% (75%) 3
Named Storms 90% 97% 98% (96%) 7

7 Summary of Atmospheric/Oceanic Conditions

In this section, we go into detail discussing lasgale conditionthat we believe
significantly impacted the 20 Atlantic basin hurricane season

7.1 ENSO

Going into the 207 Atlantic hurricane seasowe anticipated a weak to moderate

El Nifio event, based largely on dynamical model guidance that was predicting this event.

As the season started in early June, we began to résdizesutral ENSO coaditions

were the most likely scenarior the peak of the hurricane season. The season ended up
being characterized by cool neutral ENSO conditions, with NOAA recently declaring that

a weak La Nifiavas underway. Below are some quotes excerpted froraeasonal

forecasts issued this year showing how our views on the likelihood of El Nifio changed as

the peak of the Atlantic hurricane season approached.

(6 April 2017) i

fiBased on the above information (e.g., dynamical and statistical model
guidance),our best estimate is that we will likely have weak to moderate El Nifio
conditions by the peak of the Atlantic hurricane season. There remains a need to
closely monitor ENSO conditions over the next few months. We believe we will be

somewhat more confidehabout ENSO conditions for the upcoming hurricane

season by the time of our next forecast on Junedl.

(2 June 2077) i

fiOur confidence that a weak to moderate El Nifio will develop has

diminished since early April. While upper ocean content heaanomalies have

slowly increased over the past several months, the transition towards warm ENSO
conditions appears to have been delayed compared with earlier expectations. At
this point, we believe that the most realistic scenario for the 2017 Atlantic hticane

season is border|

(4 August 20T7) i

fiThe official forecast from the Climate Prediction Center indicates that

ne

war m

neutr al

ENSO

ENSO neutral conditions are the most likely scenario for the peak of the Atlantic
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hurri cane season from August through October. Based on our assessment of both
current conditions as well as forecast model output, we are now quite confident that
El Nifio will not play a significant role in the 2017 Atlantic hurricane seasoirii

As mentioned befly earlier, most of the dynamical and statistical model
guidance were much warmer than what was actually observed in the eastern and central
tropical Pacific in 2017 These significant ovefiorecasts are a symptom of a phenomena
known as the ENSO spigtime predictability barrier, which is the time of year where
ENSO forecasts have the least skill. Some of this reduction in skill is due to the fact that
this is climatologically when SST gradients are at their weakest, and consequently, the
trade windghat blow across the eastern and central tropical Pacific are also at their
weakest and subject to more ssdasonal variability. An excellent discussion that goes
into more detail describing the springtime predictability barrier was published a cbuple o

years ago in &OAA blog.

Figure 5 displayshe ECMWF seasonal forecast for Nino 3.4 from March, which
is the forecast information that we had available for our early April seasonal forBgast.
September, the observed Nino 3.4 valasoutside virtually all of its ensemble
members. Similarly, Figure 6 displays the CFS seasonal forecasts for Nino 3.4 from
early April. The CFS also predicted much warmer SSTs in the eastern and central
tropical Pacific than were observed.
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NINO3.4 SST anomaly plume
ECMWEF forecast from 1 Mar 2017
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Figure 5: EMWF ensemble prediction for Nino 3.4 frdhMarchi the most recent
information that we had available for our early April forecast in 2017. Blue dots
represent the observed values.
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= NWS/NCEP/CFC Last update: Mon Apr 3 2017

Initial conditions: 24Mor2017—24pr2017
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Figure 6: CFS ensemble prediction for Nino 3.4 from early April.eRBlats represent the
observed values.

Weak La Nifia conditions briefly occurred during the winter of 2016/17, then
rapidly warmed to near borderline El Nifio conditions during the late spring/early summer
of 2017. These warm SST anomalies tragidly cooled, and during the peak of the
Atlantic hurricane season, we had cool neutral ENSO conditions. In early November,
NOAA officially declared that we had moved into weak La Nifia conditidrable7
displays anomalies in the various Nino regions in Jandgmyl, July and October 207
respectively.

Table7: January anomalies, April anomalies, July anomadiedOctoberanomalies for
theNino 1+2, Nino 3, Nino 3.4 and Nino 4 regiorSST anomaly differencésom
January 207 are in parentheses.

Region January 207 | April 2017 July 2017 October 2Q7
Anomaly (°C)| Anomaly (°C) [ Anomaly (°C) | Anomaly(°C)
Nino 1+2 | +1.2 +0.9 €0.3) -0.1(-1.3) -1.3(-2.5
Nino 3 0.0 +0.6 (+0.6) +0.2(+0.2) -0.6(-0.6)
Nino 3.4 | -0.3 +0.3 (+0.6 +0.4(+0.7) -0.5(-0.2
Nino 4 -0.1 +0.2(+0.3 +0.4(+0.5 -0.1(0.0
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An additional way to visualize thghanges in ENSO that occurred over the past
several months is to look at uppmrean heat content anomalies in the eastern and central
tropical Pacific (Figure 7). Thesmomalies were belomormal in the early part of the
year, warmed talightly abovenormal levels during the middle of the year and have
recently cooled back to belemormal levels.
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Figure7: Upper ocean (300 meter) heat content anomalies in tretexa and central
tropical Pacific fromDecember 2016 November 2017

7.2  Intra-Seasonal Variability

The MJO was fairly weak and disorganiZed most of the peak of the Atlantic
hurricane season (Figure 8). The MJO did amplify into phaSeduding October.
These phases are climatologically associated with less Atlantic hurricane activity (Table
8) due to increased vertical wind shear and are likely one reason why October ended up
with only nearaverage Atlantic hurricane activity despite fealnle largescale
conditions (e.g., borderline La Nifia and very warm tropical Atlantic and Caribbean
SSTs). The 2017 Atlantic hurricane season was, in general, characterized by average
activity when broken down by month except for September, which ag eatker was
the most active Atlantic calendar month on record (Figure 9). Table 9 displays the
number of storms that were first named in each phase of the MJO over the course of the
2017 Atlantic hurricane seasoin general, the relationships that bgweviously been
documented between MJO phase and Atlantic hurricane activity matched up fairly well
with what was observed in 2017.
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Figure8: Propagation of the Maddelulian Oscillation (MJO) based on the Wheeler
Hendon classification scheme over the period from August 9 to November 6. The MJO
was generally weak during the peak of the Atlantic hurricane season, with amplification
of the signabver the Maritime Continent and the western Pacific in October. The
Maritime Continent refers to Indonesia and the surrounding islands. RMM stands for
RealTime Multivariate MJO. Figure courtesy Blireau of Meteorology
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Table8: Normalized values of named storms (NS), named storm days (NSD), hurricanes
(H), hurricane days (HD), major hurricanes (MH), major hurricane days (MHD) and
Accumulated Cyclone Energy (ACE) generated by all tropical cysléorening in each

phase of the MJO over the period from 12007. Normalized values are calculated by
dividing storm activity by the number of days spent in each phase and then multiplying
by 100. This basically provides the level of TC activity thatildde expected for 100

days gven a particular MJO phase.

MJO Phase NS NSD H HD MH MHD ACE
Phase 1 64 359 37 179 18 53 76.2
Phase 2 75 430 50 184 21 46 76.7
Phase 3 63 308 30 147 14 28 56.0
Phase 4 51 255 35 123 1.0 28 494
Phase 5 51 226 29 9.5 1.2 2.1 40.0
Phase 6 53 244 32 7.8 0.8 1.1 357
Phase 7 36 181 1.8 7.2 11 20 332
Phase 8 6.2 270 33 104 0.9 26 46.8

Phase 22 70 394 43 181 1.9 49 765
Phase & 45 215 25 7.5 1.0 15 346

Phase 22 / 1.6 1.8 1.7 2.4 2.0 3.2 2.2
Phase &

2017 Atlantic Accumulated Cyclone Energy vs. 1981-2010 Average
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Figure9: Atlantic Accumulated Cyclone Energy generated by month during the 2017
Atlantic hurricane season. Note that all months were fairly close tenoeasal for ACE
except forSeptember, which as noted in the text was the most active calendar month on
record.
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Table9: TC formations by MJO phase during the 2@tlantic hurricane season.

MJO Phase| TC Formations

cCONO U WNPE
NNOONAMAMW

7.3 Atlantic SST

The other primary reason for the marked urAdeecast of the 2017 Atlantic
hurricane season, especially with the outlook issued in April, other than the forecast bust
of the ENSO models was due to anomalously cool tropical Atlantic SSTs that were
observedn the latter part of March/early April. Figure 10 displays late March SST
anomalies across the North Atlantic.

0.7
0.5
0.3

0.1

-0

-0.3
-0.5

-0.7

-0.9

TOW  SOW  S5O0W 40w 30w 20W 10w
Surface Skin Temperature{SST) {K) Composite Anomaly {1981-2010 Climatology])
Late March 2017 SST Ancmalies

MCER,/NCAR Reanalysis

FigurelQ: Late March 2017 SST anomaly pattern across the Atlantic Ocean.
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During this same time, the far North Atlantic was also quite cold, indicative of a
potential negative phase of the AMO. Typically, when the far North Atlantic is colder
than normal, the atmosphere responds with a stronger subtropical high that drives
stranger trade winds, increased evaporation and upwelling, and consequently anomalous
cooling in the tropical Atlantic. This did not occur, however, in 200f7e subtropical
high was much weaker than normal during April/May, leading to much weaker trade
winds, reduced evaporation and upwelling and considerable anomalous warming (Figure
11).
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Figurell Late May 2017 minus late March 2017 SST anomaly change across the North
Atlantic.

These warm SST anomalies persisted throughout the Atlantic hurricane season.
During the recorébreaking September that occurred, SST anomalies across the Main
Development Region (3R0°N, 66G20°W) were at their third warmest values on record
using the NOA OI SST dataset which goes back to 1982. The Sejgtemberghat
were warmer were 2005 and 2010 which were also both very active Atlantic hurricane
seasonslin addition to warmer SSTs providing more fuel for developing tropical
cyclones, these warm SSare typically associated with lower sea level pressures,
weaker trade winds (and associated reduced vertical wind shear) and increaksaeimid
moisture.
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Figurel2: September 2013ST anomalies
7.4  Tropical Atlantic SLP

Tropical Atlantic sea kel pressure values are another important parameter to
consider when evaluating likelyC activity in the Atlantic basinin general, lowesea
level pressures across the tropical Atlantic imply increased instability, increased low
level moisture, and calitions that are generally favorable fi€ development and
intensification. The AugustOctober portion of the 20’ Atlantic hurricane season was
characterized bigelow-normal sea level pressures acrtescentral and western tropical
Atlantic (Figure 13. Some of these low pressure anomalies may be due to the tropical
cyclones themselves, although the NCEP/NCAR Reanalysis which is used to plot sea
level pressure anomalies is at a 2.5° resolution. Consequently, hurricanes are only
represented very coaly.
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Figurel3: AugustOctober 2A7 tropical and suitropical North Atlantic sea level
pressure anomalies.

7.5 Tropical Atlantic Vertical Wind Shear

One of the primary reasons why the 2017 hurricane season was so active was due to the
very low values of vertical wind shear that were observed in the central and western
Atlantic, especially during the very active portion of the season from late Audast to
September (Figure 14)A combination of very favorable thermodynamic conditions
associated with the anomalously warm SSTs discussed previously and low levels of
vertical wind shear allowed for very powerful hurricanes like Irma, Jose and Maria to
develop and intensify during the recestiattering September of 2017.
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Figure14: Anomalous vertical wind shear observed across the Atlanticlat@ugust
to late September. This period was associated with the most active portion of the 2017
Atlantic hurricane season.

7.6  Steering Currents

In addition to the very conducive dynamic and thermodynamic conditions discussed
earlier in this verification, the mitibvel steering flow in 2017 was quite a bit different

than what was observed from 2006 to 20&Ben the continental United States was in a
major hurricane landfall drought (Figure 15). The subtropical high extended further west
in 2017than in the past decade, driving storms on a westward trajectory and preventing
recurvature. Consequently, th@lZ Atlantic hurricane season witnessed storms like

Irma and Mariarackingduewest (or even sohtof due west) @atheymovedacross the
Atlantic. It was the unfortunate combination of both highly conducive hurricane
formation conditions as wedlssteemg currents that prevented recurvature that allowed
the 2017 season to be as damaging and devastating as it turned out to be.
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Figure15: 500-mb heightin the central and western part Atlantic from August to
October in 2017 differenced from tAeigustOctober 2006 to 2016 period.

7.7  Atlanti ¢ Multi-Decadal Oscillation (AMO) Status

One of the big questions that has been raiseelcent years has beere we
moving out of the active era? We recently addressed this in an article published in
Nature Geosciencglotzbach et al. 2015)The 20% Atlantic hurricane season has
added additional intrigue to this questi@as we have just experienced one of the most
active seasons on record.

We monitor the strength of the AM@ reattime through a index that combines
SSTs measured from (ED°N, 5310°W) as well as SLPs measured fronb(IN, 70
10°W) (Figure ¥). This index reached very low levels earlier this year (associated with
both colder than normal SSTs as well as higher than normal §tigsje I7). However,
the index then rebounded to near or slightly akover mal v al ues during th
hurricane season. In addition, while far North Atlantic SSTs were near average over the
past few months, tropical Atlantic SSTs were much warmer tioamal. In a longerm
average sense, far North Atlantic SST anomalies and tropical Atlantic S8iRla@®
tend be of the same sign, contrary to what was observed this year.
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