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Motivation: TCs as rare, albeit significant contributors to climate 

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)? 

Contribution of TCs to the extreme rainfall (amount fraction) (%) from July to October, employing TCs 
tracks from (a) IBTrACS, (b) JRA-55 and (c) ERA-Interim. Climatology for 1998-2015 
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Guo et al. 2017 

Franco-Diaz et al. 
2019, submitted to 
Clim Dyn 



Munich Re 2011-2017 

Recent natural catastrophes: comparing 2011 with other years 
NatCatSERVICE

Loss events worldwide 2017 
Geographical overview

Source: Munich Re, NatCatSERVICE, 2018
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Hurricane Harvey
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USA
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Hurricane Irma
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Caribbean, North America
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Hurricane Maria
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Caribbean
Fatalities: 108

Typhoon Hato

23 Aug
China, Vietnam
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Australia
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South Asia
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Peru
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Typhoon Tembin

22-24 Dec
Philippines
Fatalities: 164

Wildfire

(Thomas Fire)

December
USA
Fatalities: 2

Loss events

Selection of

catastrophes

Meteorological events
(Tropical storm, 
extratropical storm, 
convective storm,
local storm)

Hydrological events
(Flood, mass movement)

Climatological events
(Extreme temperature, 
drought, wildfire)

Geophysical events
(Earthquake, tsunami, 
volcanic activity)

~300 U$ billion 

~380 U$ billion 

Overseas Development work 
Global annual loss is: 
a) Order of 100 billion U$ each year 
b) Mostly HydroMet 
c) Uninsured (2/3) 
d) Often governed by non-local processes 
e) Located in developing countries, where 

insurance cannot and will not operate, 
because there is no suitable evidence base. 



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” 

Review: Camargo & Wing, 2016 



Climate change and TCs 

Suzana Camargo 



TC seasonal variability 

Suzana Camargo 



TC dynamical seasonal forecasts 

Suzana Camargo 



Track density 

Observations 

Echam3 

Echam4 

NSIPP 

Camargo, Barnston & Zebiak, Tellus, 2005 

Number of tropical cyclones 

Suzana Camargo 

More recent GCM studies: 2000s 



HadGEM1: Strachan et al. J. Clim. (2011-2013) 

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

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

HadGEM3: Roberts et al. J. Clim. (2015) 



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… 

 

 
Suzana Camargo 



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 

Obs 

Distribution of the number of TCs per year 

Shaevitz et al. 2015. Journal of Climate 

Joint Weather & Climate 
Research Programme 
 A partnership in climate research  

 

 

Shaevitz et al. 2015. Journal of Climate 



Track density Tracks Suzana Camargo 



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 

Vecchi and Knutson 2008 

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 2011 

Careful with fitting linear trends… 



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. 

We created a 
complementary TC 
database that can be 
used to assist risk 
assessment, by: 
1. increasing the 

sample size and  
2. providing physically 

based estimates of 
model uncertainty. 



P. Loizou, 2018, unpublished 

There is no trace of TC trends in the re-analyses: 
there is, however, substantial and interesting variability 

NA WP 

IBTrACS 

ERAI 

MERRA 

MERRA2 

NCEP 

JRA25 

JRA55 



P. Loizou, 2018, unpublished 

Power spectra of TC time series in different basins, from 3 data sets 
IBTrACS NCEP JRA55 

NATL 

EPAC 

CPAC 

WPAC 

NIND 

TOTAL 



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



ENSO-TC: track density anomalies 

Match well 

Overpronounced  
variability 

Bell et al. J. Clim 2012 



TCs and ENSO in CLIVAR HWG exercise 

From Shaevitz et al. 2014 



New slide 12/28 

N96-ORCA1 
N216-ORCA025 
N216-ORCA12 
N512-ORCA025 
N512-ORCA12 

PRIMAVERA: decadal variability in unforced runs 

M. Roberts, P. L. Vidale, K. Hodges, unpublished 



P. Loizou, 2018, unpublished 

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



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

Is there regional variation in these climate model projections?  



What will happen to TCs in the future? 
Typhoons will migrate poleward … and a NA hurricane reduction 

2012 UPSCALE MODELLING CAMPAIGN 

Roberts et al. 2015. Journal of Climate, RCP 8.5 scenario 

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

Bell et al. J. Clim. 2012, idealised HiGEM simulations 



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  

Can we separate part of the trend 
from natural variability?  
 
Western North Pacific known dominant 
modes of natural variability: 
ENSO (inter-annual) 
PDO (decadal) 

observed 

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. 

projected 

Jim Kossin 



Back to observations: North Atlantic migration of TCs 

No long-term trend. 
 
But there is uncertainty 
about what’s driving the 
Atlantic Multi-decadal 
Oscillation 

Clean Air Act and 
Amendments (?) 

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

Steady equatorward 
migration since the 
1970s 

Jim Kossin 



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 



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



From US CLIVAR                to                CMIP6-HighResMIP TC simulations 
Hurricane Working Group (2015) 
 

Obs 

Shaevitz et al. 2015. Journal of Climate 

Tropical Cyclones “emerge” at high resolution 

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

PRIMAVERA, 2018 



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 



Tropical Cyclone track density: 65 year climatologies 
(storm transits per month per 4 degree unit area) 

LR 

HR 

Roberts et al. 2018, in preparation 

OBSERVATIONS 



Low resolution High resolution 

Roberts et al. 2018, in preparation 



TC intensity using MSLP-10m wind 
(instantaneous 6 hourly, not max/min over 6 hours) 

Continuous 
lines are 
coarser 
GCMs 
 
Dashed 
lines are 
higher 
resolution 
GCMs 

Roberts et al. 2018, in preparation 

HadGEM3, from 100 to 10km resolution 



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

Reanalyses 

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) 

Roberts et al. 2018, in preparation 

One of the most important results in the 
CLIVAR HWG experiment was this: skill at 
representing interannual variability 
improves with model resolution.  

 Key to seasonal prediction of 
hurricanes (and typhoons) 



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 

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



Total storms: 17 
- 17 tropical storms (39+ mph) 
- 10 hurricanes (74+ mph) 
- 6 major hurricanes (111+ mph) 
 
Accumulated Cyclone Energy (ACE) index = 226 

Motivation II: a changing risk from TCs 

Maria 

Irma Jose 

Ophelia 

Thanks to Jo Camp 

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 



Track density 

ANNUAL MEAN 

Genesis density 
northeastern US Europe northeastern US Europe 
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Alex Baker, GRL 2019 in prep. 



Historical variability of North Atlantic post-tropical cyclones 

*bold = significant at 99% level 

Alex Baker, GRL 2019 in prep. 



Composite post-tropical cyclone lifecycles 
Alex Baker, GRL 2019 in prep. 
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Post-tropical cyclone-associated precipitation – Europe 
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Post-tropical cyclone-associated precipitation – northeast US 



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? 
Topic Sub-topic People 

Storm tracks, variability M Roberts, K Hodges 
 

TCs simulation Role of resolution 
Role of Stochastic Phyisics 

M Roberts, PL Vidale 
PL Vidale, K Hodges, M Robersts, 
ECMWF 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 
mositure transports) caused by TCs 

L Guo, A Franco Diaz 




