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Motivation: TCs as rare, albeit significant contributors to climate

Guo et al. 2017
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Re-analyses very likely under-estimating the role of TCs in

producing precipitation and moisture transports.

What is the role of model resolution, model physics,
initialisation (Data Assimulation)?



Recent natural catastrophes: comparing 2011 with other years

NatCatSERVICE
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Geographical overview

Drought
Wildfire Jan — Oct Winter damage, Flood Geophysical events
(LNU Complex Fires) (Westem-, Southern Europe) ~ frost Jun - Oct (Earthquake, tsunami,
8-20 Oct 15 Apr - 9 May South Asia volcanic activity)
USA Europe Fatalities: 1,787
Fatalities: 25 N
eteorological events
@ Meteorological event
Wildfire (Tropical storm,
(Thomas Fire) extratropical storm,
December convective storm,
USA Flood, landslide ezl i)
Fatalities: 2 ) i 22 Jun -5 Jul
Hurricane Harvey Hurricane Maria China
25 Aug — 1 Sep 19-22 Sep __ Fatalities: 56 @ Hydrological events
USA Canbb_ean (Flood, mass movement)
Fatalities: 88 Fatalities: 108 L Typhoon Hato
N 23 Aug
Hurricane Irma .
6-14 Sep 1Ezar:‘hquake ght'"l".’|’. V‘_e;";m @ Climatological events
Caribbean, North America | 'TV atalities: (Extreme temperature,
Fatalities: 128 ran, Iraq drought, wildfire)
Fatalities: 630
Earthquake Landslide
19 Sep 14 Aug
" y Typhoon Tembin
Mexico Sierra Leone w
o
Fatalities: 369 Fatalities: 500 ﬁi}ﬁgpﬁ.eecs Cyclone Debbie possevents
Flood, landslide Wildfire (Knysna Fire) Eatalities: 164 27 Mar -6 Apr (O Selection of
Jan — Mar 7-13 Jun Australia catastrophes
Peru South Africa Fatalities: 12
Fatalities: 147 Fatalities: 9 Source: Munich Re, NatCatSERVICE, 2018
o} NatC: ICE — As at January 2018

~380 US billion

Munich Re 2011-2017



Europe example: ex-hurricane Ophelia (2017)

The easternmost Atlantic hurricane on record caused
three fatalities and $65 million insured damages.

Cornwall, south-western UK (BBC) County Kerry, Ireland (Irish Examiner)

Tropical-to-extratropical transition of cyclones exposes mid-latitude regions to hurricane-type hazards.



Early GCM studies: 70s-80s
“Hurricane-type vortices”

JOURNAL OF THE ATMOSPHERIC SCIENCES
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Tropical Circulation in a Time-Integration of a Global Model of the Atmosphere
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This is not in anyway a surprise, since the
horizontal and vertical resolutions which are used
in large-scale numerical models cannot satis-
factorily describe the small-scale features of these
phenomena. However, tropical cyclones have
occasionally been observed to have dimensions
over 2000 km, in particular in the western North
Pacific. See for example the study of the super
typhoon Tip (Dunnavan and Diercks, 1980). A
numerical model with a resolution of 3° or less
would therefore have the potential possibility of

basis carried out 10-day global forecasts S times a
week from August 1, 1979 and daily from August
1, 1980. The following study is concerned with the
period January 1, 1980—December 31, 1980. The
numerical model has at times generated vortices
with a structure and behaviour resembling intense
tropical cyclones. The developments have mostly
taken place around days 4 and S of the forecasts.
Moreover, they have been found in areas and at
times where tropical cyclones normally occur and
they have shown a similar sensitivity to the

L. BENGTSSON, H. BOTTGER AND M. KANAMITSU

Indian Ocean, when very few tropical cyclones are

observed. Over the western North Pacific, genesis
of tropical storms is possible throughout the year.
About 2/3 of all tropical cyclones form north of
equator and the highest frequency is observed in
the western North Pacific, with nearly 50% of
all northern hemisphere tropical cyclones during
the 20-year period 1958-1978.

The seasonal frequency and the geographical
distribution of the tropical cyclones simulated by
the ECMWF model has been determined from

archived operational forecasts for the year 1980.
The 850 mb wind components were retrieved from
ECMWF forecast archives using a 1.5° x 1.5°
grid resolution between 30°S and 30° N. The fields
are originally stored in the form of coefficients of
spherical harmonics. For archiving purposes a
triangular truncation at wave number 40 is applied

when computing these coefficients. The following
criteria have been used to determine a tropical
cyclone.

(i) Wind criterion: 850 mb wind fields are
scanned for wind speeds of >25.0 m s~7, which is
in accordance with the lower-surface wind limit
defining a tropical cyclone. Once a grid point has
been found, an area of 7.5° x 7.5° around this
point is scanned for higher wind speeds and if such
a grid point is found, it is selected.

(ii) Vorticity criterion: once a grid point fulfilling
the wind criterion has been found, the same area is
scanned for occurrence of relative cyclonic vorticity
¢ = G = 7 x 107° s71. This is half way between
the observed mean relative vorticity for pre-cyclone
disturbances in the early intensifying stage and for
intensifying cyclones (Zehr, 1976).

The combination of wind and vorticity criteria

INTENSE HURRICANE-TYPE VORTICES




Climate change and TCs
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Will greenhouse gas-induced warming over the next 50 years
lead to higher frequency and greater intensity of hurricanes?
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TC seasonal variability

Suzana Camargo



TC dynamical seasonal forecasts

Suzana Camargo



More recent GCM studies: 2000s

Number of tropical cyclones

. Camargo, Barnston & Zebiak, Tellus, 2005
Track density Suzana Camargo



North Atlantic TC variability in current high-
res GCMs used for climate system research:
Atmosphere-only

GFDL GCM:
Zhao et al.
J. Clim. (2009)

HadGEMZ1: Strachan et al. J. Clim. (2011-2013) HadGEM3: Roberts et al. J. Clim. (2015)



Suzana Camargo

Continuing issues

Mean biases in TC climatology:
— Number, intensity, tracks, size

Mainly attributed to:

— Model low-resolution

— Mean biases in model environment
Dependency on model characteristics:
— Model physics: convection scheme

— Dynamical core

“Hurricane-type vortices”: if it walks like a
duck and quacks like a duck...



Joint Weather & Climate
Research Programme

i in climate research

Tropical Cyclones “emerge” at high resolution
Results finally confirmed by the US CLIVAR Hurricane Working Group (HWG),

via a systematic multi-model intercomparison:
TC tracks and interannual variability in frequency are credibly represented at 20km;
however, intensity is still underestimated by some of the GCMs at this resolution

HRCM played a strong role in the first HWG; even stronger role in next phase
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Shaevitz et al. 2015. Journal of Climate
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Shaevitz et al. 2015. Journal of Climate

Distribution of the number of TCs per year
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What are the observed historical trends in key storm parameters and
how well do the climate models resolve these?



TC observations are just a mess... (K. Hodges, 2018)

P. Loizou, 2018, unpublished



There is a constant effort to re-visit and complete TC observations

Careful with fitting linear trends...

Vecchi and Knutson 2011

Analyses of long
time series
(basically NATL)
show that
substantial
decadal variability
is present and
needs to be
considered in risk
estimates and
management
actions.

Vecchi and Knutson 2008



DATASET | PERIOD | MODEL RESOLUTION | DATA GRID
IBTrACS | 1877-2017
ERAI 1979-2016 TL255L60 (80 km) 512 x 256
MERRA | 1979-2015 | 1/2° x 2/3° L72 (55 km) 540 x 361
MERRA-2 | 1980-2016 Cubed sphere (50 km) 576 x 361
NCEP 1979-2016 T382L.64 (38 km) 720 x 361
JRA-25 1979-2013 T106L40 (120 km) 288 x 145
JRA-55 1958-2017 TL319L60 (55 km) 288 x 145

We created a
complementary TC

database that can be
used to assist risk

assessment, by:

1. increasing the
sample size and
2. providing physically

15 JuLy 2017

HODGES ET AL.

TCs in 6 re-analyses

Main finding: re-analyses are able to credibly reproduce TCs in
the higher categories, but are challenged in the TD, TS and
CAT1 categories.

5255

TABLE 3. Storms that match and do not match with IBTrACS in the NH by storm category, for each reanalysis, storms identified by the
objective detection method applied to the reanalysis tracks and, in parentheses, the direct matching method, performed in section 3a.
Values are number per year.

based estimates of

model uncertainty.

Category ERAI JRA-25 JRA-55 NCEP-CFSR MERRA MERRA-2
TD Match 2.91 (7.94) 3.26 (7.94) 5.24 (8.03) 3.50 (8.00) 2.29 (7.85) 3.48 (7.67)
No match 5.56 (0.53) 5.21 (0.53) 3.24 (0.44) 4.97 (0.47) 6.18 (0.62) 4.91 (0.73)

TS Match 11.85(22.38) 1862 (22.53)  18.32(22.53) 14.76 (22.32) 0.85(22.44)  14.24 (22.45)
Nomatch  11.85(1.32) 5.09 (1.18) 5.38 (1.18) 8.94 (1.38) 13.85 (1.26) 9.73 (1.52)

CATI1 Match 874 (1223) 1118 (1223)  11.17 (12.24) 10.09 (12.12) 7.74 (12.21) 9.76 (12.33)
No maich 3.44 (0.00) 1.00 (0.00) 1.00 (0.00) 2.09 (0.06) 4.44 (0.00) 2.55 (0.00)
CAT2 Match 5.29 (6.35) 6.15 (6.38) 6.00 (6.35) 5.82 (6.38) 4.76 (6.35) 5.64 (6.39)
No match 1.06 (0.00) 0.21 (0.00) 0.35 (0.00) 0.53 (0.00) 1.59 (0.00) 0.73 (0.00)
CAT3 Match 6.15 (7.00) 6.91 (7.06) 6.82 (7.03) 6.71 (7.06) 5.82 (7.03) 6.42 (7.06)
No maich 0.88 (0.03) 0.12 (0.00) 0.21 (0.00) 0.32 (0.00) 1.21 (0.00) 0.64 (0.00)
CAT4 Match 5.97 (6.79) 6.76 (6.79) 6.71 (6.74) 6.47 (6.79) 5.76 (6.76) 6.48 (6.76)
No match 0.82 (0.00) 0.03 (0.00) 0.09 (0.06) 0.32 (0.00) 1.03 (0.03) 0.33 (0.06)
CATS Match 1.09 (1.12) 1.12 (1.12) 1.12 (1.12) 1.12 (1.12) 1.03 (1.12) 1.09 (1.09)
No match 0.03 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.09 (0.00) 0.00 (0.00)




WP west paciFic (p)

NA NORTH ATLANTIC (P)

there is, however, substantial and interesting variability

There is no trace of TC trends in the re-analyses
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Power spectra of TC time series in different basins, from 3 data sets
IBTrACS NCEP JRAS55
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P. Loizou, 2018, unpublished



Will we see changes to the inter-dependency between La Nifia / El Nifio
cycles and tropical storm intensity or frequency?



ENSO-TC: track density anomalies

Match well<

Overpronounced —

variability =

B

Bell et al. J. Clim 2012



TCs and ENSO in CLIVAR HWG exercise

From Shaevitz et

al.

2014



PRIMAVERA: decadal variability in unforced runs
New slide 12/28

N96-ORCA1l
N216-ORCA025
N216-ORCA12
N512-ORCA025

M. Roberts, P. L. Vidale, K. Hodges, unpublished I E II I HUE RA



Power spectra of TC time series in different basins, from HadGEM3 simulations

P. Loizou, 2018, unpublished



What are the projected changes to track paths, intensity, structure,
frequency and potential seasonal extensions?

s there regional variation in these climate model projections?



What will happen to TCs in the future? .2

Typhoons will migrate poleward ... and a NA hurricane reduction

GPl-based estimates
agree in the Pacific,
albeit not in the Atlantic

Bell et al. J. Clim. 2012, idealised HIGEM simulations Roberts et al. 2015. Journal of Climate, RCP 8.5 scenario



Back to observations: annual-mean latitude of peak TC intensity

The migration rate is consistent with the
independently-measured rate of tropical
expansion, which has been partly attributed
to human activity.

Kossin, J. P., K. A. Emanuel, and G. A. Vecchi, 2014: The poleward migration
of the location of tropical cyclone maximum intensity. Nature, 509, 349-352.

Jim Kossin



Longer-term observed trends and projections

projected

Can we separate part of the trend
from natural variability?

Western North Pacific known dominant
modes of natural variability:

ENSO (inter-annual)

PDO (decadal)

Jlm Kossi n Kossin, J. P., K. A. Emanuel, and S. J. Camargo, 2016: Past and projected changes in
western North Pacific tropical cyclone exposure. J. Climate, 29, 5725-5739.



Back to observations: North Atlantic migration of TCs

Steady equatorward Clean Air Act and
migration since the Amendments (?)
1970s

No long-term trend.

But there is uncertainty
about what’s driving the
Atlantic Multi-decadal
Oscillation

. . Kossin, J. P., 2018: Comment on “Spatial and temporal trends in the location of the
.I|m KOSS' n lifetime maximum intensity of tropical cyclones”. Atmosphere, 9, 241-244.



What will happen to TCs in the future?
Models agree on an overall reduction.

What is still controversial:
a) regional distribution
b) changes by category



Projected changes in
intensity due to
anthropogenic climate
change: still a

controversial issue O



What are the present model limitations and how are these being (or
could be) resolved?



Tropical Cyclones “emerge” at high resolution

From US CLIVAR
Hurricane Working Group (2015)

Obs

Shaevitz et al. 2015. Journal of Climate

Our main question: is this a robust result?
We need a multi-model, multi-resolution,
ensemble approach

to

CMIP6-HighResMIP TC simulations

PRIMAVERA, 2018
Atmosphere-land-only, 1950-2014 (—> 2050)

Forced by observed SST and sea-ice and historic forcings (= projected)
highresSST-present (= highresSST-future)

1950 Historic forcings 2014 Future forcings 2050
highresSST-present highresSST-future

Coupled climate, 1950-2014 (—> 2050)
Forced by constant 1950 and historic forcings (= projected)
Initial coupled spin-up period ~ 30-50 years from 1950 EN4 ocean climatology

spinup-1950, control-1950, hist-1950 (= highres-future)
Future projected forcing 2050

2015-2050, hfghres—;if;;;c;'

Historic 1950-2014 forcing

hist-1950 2014
1950
Constant 1950's forcing Constant 1950's forcing
spinup-1950 control-1950

FRIMAVERA



Models in PRIMAVERA running
HighResMIP protocol

6 different atmosphere-only GCMs

7 different coupled GCMs
(though some common components)

Range of resolutions: from 100km to 20km
... and further to sub-10km

HighResMIP: Haarsma et al., GMD, 2016 FEIH HUERA



Tropical Cyclone track density: 65 year climatologies

(storm transits per month per 4 degree unit area)

LR
OBSERVATIONS HR

Roberts et al. 2018, in preparation FEIH HUERA



ngh resolution Composite HR storms for: near_surface_windspeed Low resolution
Cat: 880-920 mb Cat: 920-945 mb Cat: 945-965 mb Cat: 965-980 mb Cat: 980-995 mb Cat: 995-1020 mb

ECMWF-IFS

CNRM-CM6é HadGEM3-GC31

CMCC-CM2

EC-Earth3

Roberts et al. 2018, in preparation m/s FEIH HUERA



TC intensity using MSLP-10m wind

(instantaneous 6 hourly, not max/min over 6 hours)

HadGEM3, from 100 to 10km resolution

Continuous
lines are
coarser
GCMs

Dashed
lines are
higher
resolution
GCMs

Roberts et al. 2018, in preparation I E II I HUERA



Interannual TC frequency correlation with
observations (all/hurr) - 1 member

One of the most important results in the

CLIVAR HWG experiment was this: skill at

representing interannual variability

improves with model resolution. Reanalyses
- Key to seasonal prediction of
hurricanes (and typhoons)

In 2015, as part of our work in the US CLIVAR
Hurricane Working Group
using our 2012 PRACE-UPSCALE data:

TC frequency, track density and interannual
variability are credibly represented at 20km.

Roberts et al. 2015. Journal of Climate
Previously also shown in Zhao et al. (2010) and Strachan et al. (2011)
F E Ir.1 HUERA Roberts et al. 2018, in preparation




Is using single ensemble members
per GCM enough to robustly
represent interannual variability?

Multiple GCM resolutions of
ensembles, 2 tracking
algorithms

At least 6 ensemble members needed
in the North Atlantic to understand skill in
simulating interannual variability

3-4 ensemble members seem
sufficient in the West Pacific.

We do have a heterogeneous ensemble
in PRIMAVERA, but also small
ensembles of each GCM. = need to
revisit IV



Motivation ll: a changing risk from TCs

Ophelia —

Jose Irma

Maria

Total storms: 17

- 17 tropical storms (39+ mph)

- 10 hurricanes (74+ mph) Thanks to Jo Camp
- 6 major hurricanes (111+ mph)

Accumulated Cyclone Energy (ACE) index = 226

GFS analysis of “record-setting ex-Hurricane
Ophelia, which underwent tropical transition, rapid
intensification as a TC in a very unusual
geographic region, extratropical transition
(including warm seclusion) that led to the strongest
winds in Ireland in recorded history, and finally
occlusion as a decaying cold-core extratropical
cyclone.”

moe.met.fsu.edu/cyclonephase



ERA-Interim

JRA-55

NCEP-CFSR MERRA2

Track density
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Alex Baker, GRL 2019 in prep.



Historical variability of North Atlantic post-tropical cyclones

Total annual PTC occurrences
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*bold = significant at 99% level

Alex Baker, GRL 2019 in prep.



Composite post-tropical cyclone lifecycles

ERAI, EUROPE, 1979

-2015
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Post-tropical cyclone-associated precipitation — Europe
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Post-tropical cyclone-associated precipitation — northeast US
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Summary

® Tropical Cyclones emerge in high-resolution GCMs:

— The good and the bad:

®* 50-20km resolution: credible representations of track density and interannual
variability

® Structures are credible at ~20km, but TCs still too large in most GCMs.

* Intensity at ~20km still not sufficient to capture all CAT4,5 in most GCMs (but there are
notable exceptions with full spectrum represented)

— In this context it is extremely important that we are working as a community,
under an agreed protocol, HighResMIP. Progress in understanding from that
decision. However:

®* We need ensemble size of at least 5 to robustly represent interannual variability
— TC-ENSO relationship credibly represented in historical simulations

— Poleward shift of TCs seen in climate change projections by GCMs capable of
resolving TCs

® We are working towards sub-10km GCMs: expect better skill in terms of intensity.

® Much work left to do on post-tropical cyclones, extra-tropical transition,

structures, etc.



HRCM and TC research: who is doing what?

N N

Storm tracks, variability M Roberts, K Hodges
TCs simulation Role of resolution M Roberts, PL Vidale
Role of Stochastic Phyisics PL Vidale, K Hodges, M Robersts,
ECMWEF group

Post-Tropical Cyclones A Baker

TC-centred hydrological cycle B Vanniere

TC energetics B Harris

Decadal Variability P Loizou

Impacts Climatologies of precipitation(and L Guo, A Franco Diaz

mositure transports) caused by TCs






