WMO/CAS/WWW
THIRD INTERNATIONAL WORKSHOP ON TROPICAL CYCLONE LANDFALL PROCESSES
6.2: Forecasting Challenges related to Track, Intensity, and Structure Changes at Landfall
Rapporteurs:
Sai-tick Chan 



Jim Davidson



Hong Kong Observatory                              Formerly Bureau of Meteorology


134A Nathan Road, Hong Kong                 Australia
Email:

stchan@hko.gov.hk


davidsonjt@bigpond.com
Phone:

+852 2926 8434 


+61 409 641 216
Working Group: Philip Caroff (RSMC La Reunion), Joe Courtney & David Grant (Australian Bureau of Meteorology), Koji Kato (Japan Meteorological Agency), M. Mohapatra (India Meteorological Department) and C.H. Qian (China Meteorological Administration).
Abstract: The major challenges currently being faced in forecasting the track, intensity and structure changes of TCs at landfall are presented in this report, with a focus on the practical aspects of forecasting and experiences from the operational warning centres.  For TC track forecasting, while significant improvements have been achieved by NWP models over the years, it is not generally considered a solved problem.  The uncertainty in the impacts of TCs could still be substantial in the midget TC scenario or TCs undergoing rapid changes in motion before making landfall. Moreover, systematic biases sometimes occur in NWP tracks for particular TC cases.  Comparatively speaking, prediction of TC intensity and structure changes at landfall is much less skilful, partly due to the scarcity of ground truth to facilitate a trustworthy analysis.  Rapid intensification and weakening of TCs remain the highly challenging events to manage operationally.  Nevertheless, no matter how accurate the objective guidance can be, forecasters will still have to cope with warnings bearing different degrees of uncertainty. These uncertainties must be properly communicated to the communities at risk to help them assess the threats from the hazards they are facing and respond by taking the most appropriate safety and preventive measures.
6.2.0   Introduction

This report reviews and summarises the latest understanding and challenges related to forecasting the track, intensity, and structure changes of tropical cyclones (TCs) during their landfall phase.  The focus is placed on the practical aspects of forecasting based on illustrations from recent examples and case studies provided by the operational warning centres in the various TC basins since the last workshop (IWTCLP-II) held in 2009.  It is inevitable that some overlap with discussions during IWTC‑VIII will occur.  Note that science aspects of Topic 6.2 will be addressed in a companion report. 
While the theme of the present workshop is on landfall processes, it should be highlighted that the most critical period from an operational perspective is not the landfall phase per se, but the preceding hours or even days leading up to the landfall.  This is the time window that is critical in determining what might be the final coastal crossing point, and the intensity and structure of the storm at landfall.   It is also the time period when those critical decisions have to be made as regards warning for the community and disaster preparation efforts.  When landfall does ultimately occur, the window of opportunity is effectively passed in terms of taking safety and preventive measures.
6.2.1   Track
There is really no doubt that there has been continual improvement in track forecasting in the last couple of decades, due mainly to the advancement of NWP models and the use of consensus and ensemble forecasts.  In the Atlantic basin, for example, the 24-120 h track forecast errors by NHC have reduced by about 50% or more over the past 10-20 years (Cangialosi and Franklin, 2014).   The track error at 24 h has now in fact been reduced to less than 100 km in a number of basins including RSMC Tokyo for the western North Pacific (Fig. 1).  Some might therefore consider that the issue of research and development into track forecasting is no longer critical.  For most events this may well be the case but large errors are still possible. 
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Fig. 1. Annual mean position errors of operational TC track forecast by RSMC Tokyo from 1982-2013 (Source: Presentation on “Activities of the RSMC Tokyo – Typhoon Center in 2013” by RSMC Tokyo at the 46th Session of Typhoon Committee, 10-13 Feb 2014 in Bangkok, Thailand).
6.2.1.1
   Midget TCs (“All-or-nothing situation”)
For some specific situations even an 80 km shift of the final track may result in very different consequences or impact.  For small systems, like midget storms, the 80 km distance may just correspond to the spread of the severe weather associated with the storms.  For systems recurving near a coast or passing close to an island, an 80 km shift can make all the difference between a direct impact and a “glancing blow”.   Cyclone Tracy that devastated Darwin, Australia, during the Christmas period in 1974 is a good example.   It is the most compact hurricane on record in the Australian basin, with gale-force winds extending only 48 km from the centre.  If another cyclone Tracy was to threaten Darwin today, forecasters would still be significantly challenged to predict what might occur 24 hours or so later at specific locations. The difficult operational decision would still need to be made between warning of a "close shave" with little damage and a catastrophic direct impact.  

So, even a rather small uncertainty in track forecast may result in a large uncertainty in terms of impact or consequences; meaning in fact that there would be no other option in such a situation than to adopt the low probability – high consequence scenario strategy and send out what might be termed an alarmist message: "get prepared for a direct impact", with the real possibility that almost nothing will happen.   Hence, even at only 24 hours range there is still scope for large uncertainties linked to the track forecasts.
6.2.1.2    Rapid changes in TC motion
Forecasting of TC track is particularly challenging when there is rapid change in the motion direction and/or speed near landfall.  Such difficult situations include: (i) recurving TCs; (ii) rapid movement of TCs during landfall; and (iii) slow movement/stationarity of TCs near the coast.  The average track forecast errors recorded by IMD of cyclones with rapid changes in motion are shown in Table 1.  
	Lead Time (Hours)
	Track Forecast Error (km) for All TCs (A)
	Track Forecast Error (km) for TCs with rapid changes of tracks (B)
	Increase in Error (%) in cases of  TCs with rapid changes of tracks 

((B-A)/A*100)

	12
	79.9
	83.6
	4.6

	24
	134.6
	148.7
	10.5

	36
	163.7
	187.0
	14.2

	48
	202.1
	230.3
	14.0

	60
	233.7
	272.0
	16.4

	72
	268.2
	319.7
	19.2


Table 1. Comparison of track forecast errors of cyclones with rapid changes in tracks with that of all the cyclones during 2003-2013
The error was higher by about 5 to 20% for 12-h to 72-h lead time of forecasts in cases of TCs with rapid track changes as compared to the overall mean errors based on the data from 2003-2013.  Comparing the track forecast errors of cyclones with sudden changes in track direction, rapid movement and slow movement, the error is largest in cases of sudden change in direction followed by rapidly-moving TCs.  
The landfall forecast errors of TC Viyaru over the Bay of Bengal during 10-16 May 2013 (Fig. 2) are shown in Table 2 to illustrate the difficulty in predicting the track of recurving as well as rapidly-moving TCs (RSMC New Delhi, 2014).  
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	Fig. 2. Observed track of TC Viyaru, along with multi-model consensus forecasts.




	Forecast
	Forecast based on 00 UTC

on  14 May 2013 
	Forecast based on 00 UTC on 15 May 2013 

	
	Lead time to landfall: 56 h
	Lead time to landfall: 32 h

	JMA GSM
	137 / +10
	63 / +12

	NCEP GFS 
	289 / -4
	169 / +4

	ECMWF IFS 
	259 / +4
	274 / +12

	Multi-model Consensus 
	63 / +10
	63 / +13

	Official
	89 / +10
	94 / +13


Table 2.  Forecast error of landfall point / landfall time for TC Viyaru from the official forecast of RSMC New Delhi and selected models.  Note: Landfall point errors are expressed in km.  Landfall time errors are expressed in hours, with “+” meaning forecast lagging behind actual and “-“ the opposite.

Viyaru accelerated to a quite amazing speed of 40‑50 km/h during the 12 hours prior to landfall.  It crossed the coast of Bangladesh near 22.80 N and 91.40 E around 0800 UTC of 16 May 2013 with a MSW (maximum sustained wind) of about 85-95 km/h.  Note that although the error in terms of landfall point is relatively small, the error in terms of landfall time is huge which translates to a very significant displacement error of several hundred km at landfall.  Due to the much faster movement than anticipated, the adverse weather due to the storm was relatively less and grossly over-predicted. The significant error in terms of the time of landfall is particularly undesirable, as further evidenced in the next sub-section.  

6.2.1.3    Accurate timing of landfall

The most significant TC to strike the east Queensland coast (Australia) in recent times was Yasi in early 2011 (Fig. 3).  Yasi was assessed as a marginal Australian Category 5 TC both operationally and in the post-analysis stage (i.e. 10-minute mean winds reaching 200 km/h).  Many compared it with a slightly weaker TC Larry which crossed the coast in more or less the same coastal zone in 2006.
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	Fig. 3. Observed track of TC Yasi.  Numbers along the track indicate the estimated intensity category on the Australian Cyclone Scale.




When considering the storm surge profile along the affected coastal zone, this event highlights the importance of being as accurate as possible in not only the location of landfall but also the timing.  A notable storm surge of 5.33 m was officially measured at the nearby City of Cardwell.  If Yasi had made landfall a few hours earlier, the storm surge would have coincided with the astronomical high tide and would have been about 2 m higher with much greater coastal inundation.  On the other hand, if YASI had crossed the coast just to the north of Cairns on the high tide, the impact would have been even more calamitous.  Such a situation is often colloquially referred to as “dodging a bullet”.
Variations in short term motion caused by trochoidal oscillations can also add to the uncertainty of landfall timing.  Twelve hours before landfall, YASI was moving at 19 kt to the west-southwest which would have put it on the coast at the time of high tide.  The official forecast had been based upon a slightly slower speed for a crossing 2-3 hours later.  In the following 6 hours, Yasi steered to the west and slowed before heading back to the west-southwest at 19 kt at landfall.  Hence landfall was delayed those crucial few hours and the peak surge occurred some 4.5 hours after high tide thereby shaving 2 m off the storm tide.  Despite the considerable damage on the coast, it would have been a lot worse with an extra 2 m of water and further highlights the difficulties of landfall timing.
6.2.1.4    Persistent biases in NWP forecasts

Despite the great strides achieved by NWP in TC track prediction in recent years, large errors do still occur from time to time for some unusual cases.  Chen et al. (2013) studied the TC track forecasts for the western North Pacific from six global NWP models from 2010 to 2012 and found that the forecast positions of a major portion of the models deflected systematically to a certain direction, and an increase in this bias occurs with an increase in forecast lead time.
A good example is the case of Typhoon Nanmadol in 2011, which formed at 1200 UTC 23 August 2011 to the northeast of the Philippines. It moved westwards after genesis and developed into a super typhoon.  It then passed over the northeastern most point of Luzon, before successively making landfall over southern Taiwan and the mainland of China.

CMA over-predicted the northward motion of Nanmadol especially during the early stages.  The official TC track forecasts showed a significant rightward bias, mainly due to an under-estimation of the strength of the subtropical high to the northeast of the storm.  Actually, in many cases, the most difficult forecasting challenges arise from the accurate prediction of the subtropical high/ridge, or the interaction between the subtropical high/ridge and the TC vortex.  The forecasters relied heavily on the guidance from NWP or a consensus of the forecasts, but nearly all the operational models over-predicted the northward motion of Nanmadol (Fig. 4).  
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	Fig. 4. NWP track forecasts for Nanmadol.


Kai-Tak was another case that occurred in August 2012 and displayed significant track forecast errors (Fig. 5).  CMA predicted Kai-Tak would make landfall over the eastern part of Guangdong Province, but Kai-Tak continued to track westward and eventually made landfall over the western-most part of the province.  The 24-, 48-, 72-, 96-, 120-h track forecast errors were 155, 301, 461, 702, 904 km respectively, much larger  than the 2012 average of all TC track forecast errors of 94, 167, 241, 329, 455 km.

Post analysis showed that the intensity of the subtropical high was under-estimated.  It is worth noting that during Kai-Tak’s life span, the subtropical high continued to extend westward and strengthen, resulting in a persistent west-northwestward steering environment for the system.
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	Fig. 5. Observed and forecast tracks of Kai-Tak.




6.2.2   Intensity

While the improvement in TC track forecasting has been prominent, the improvement in TC intensity forecasting in recent years is comparatively minimal.  Mohapatra et al. (2013b) evaluated the TC intensity forecasts in terms of MSW issued by IMD by calculating the MAE (mean absolute error) and forecast skill with respect to persistence.  The MAE was about 11, 14 and 20 kt respectively for 24-, 48- and 72-h forecasts over the NIO during 2009–2011.  The forecast skill was about 44%, 60% and 60% for 24-, 48- and 72-h forecasts respectively during the same period.  However, no significant drop in MAE of the MSW forecasts was noted during 2005–2011. 
Cangialosi and Franklin (2014) verified the official intensity forecasts issued by NHC for the Atlantic basin and found that the mean forecast errors in 2013 ranged from about 5 kt at 12-h to about 13 kt at 120-h.  The errors at 72- and 96-h were nearly 50% smaller than the five-year average.  While there has been a notable decrease in the intensity errors over the past few years, the improvements were attributed to a lack of rapidly intensifying hurricanes, which are typically the source of the largest forecast errors.  Over the long term, there has been virtually no net change in error at the shorter lead times (Fig. 6).
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	Fig. 6. Recent trends in NHC official intensity forecast error.




Intensity forecasting remains a major challenge to forecasters worldwide and some of the relevant issues are discussed below.
6.2.2.1   Uncertainty in TC intensity estimates
Unlike the tracking of TCs, intensity analysis remains an ongoing problem.   As the MSW of a TC is almost never measured operationally, it is generally inferred from satellite using the Dvorak technique (Dvorak 1984), and may be supplemented by other surface wind and MSLP measurements when available.  Signiﬁcant differences in TC intensity have been found among various best-track archives (Knapp and Kruk 2010, Kueh 2012).  Notable differences are also common in the operational warnings issued by different agencies.  The issue of intensity data consistency is more apparent in certain basins where TCs are routinely tracked by a number of agencies.  Apart from the use of different wind averaging periods as the reporting standard, interagency differences in operational analysis practices were claimed to be responsible for the inconsistencies of intensity estimates (Velden et al. 2012).

A recent example to illustrate the interagency differences in TC intensity estimates is Super Typhoon Rammasun in 2014.  Rammasun formed as a tropical depression over the western North Pacific about 400 km east-southeast of Guam on 11 July 2014.  It intensified gradually into a severe typhoon and hit the Philippines on 15 July.  After weakening over terrain, Rammasun re-organized over the South China Sea and intensified into a super typhoon on 18 July, reaching its peak intensity with an estimated sustained wind of over 110 kt near its centre.  Tracking northwestwards, it made landfall over the northern part of Hainan Island on the afternoon of 18 July and crossed the coast of Guangxi, China the next morning (Fig. 7).
A one-hour drop of almost 70 hPa in MSLP to a lowest value of 899.2 hPa was recorded at Qizhou Island off the eastern coast of Hainan during the passage of Rammasun.  This was one of the lowest pressures ever recorded directly by a barometer.  Rammasun was claimed by CMA to be possibly the strongest typhoon to make landfall over China since meteorological observations began.
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	Fig. 7. Observed track of Super Typhoon Rammasun.



At 06 UTC on 18 July, i.e. about the time Rammasun made landfall over Hainan Island, the MSW as reported by different agency warning centres are as shown in Table 3.  The difference between the highest (from JTWC) and the lowest (from RSMC Tokyo) figures was as much as 50%, or more than twice the 5-year mean forecast errors at 120 h of the NHC official forecasts!  

	RSMC Tokyo
	JTWC
	HKO
	CMA

	90
	135
	115
	120


Table 3. MSW (in kt) of Rammasun at 06 UTC on 18 July 2014 as reported by various warning centres.

With such a significant uncertainty in the intensity estimate even for a TC during its landfall phase, it is highly questionable whether an accurate and robust intensity forecasting method can ever be developed and validated.  With more remote sensing methods for intensity estimation emerging (e.g. microwave imageries) and operational procedures evolving further, it is possible that intensity estimates from different centres will diverge even more so in the future.  Let us trust though that the opposite proves correct.

6.2.2.2
   Rapid intensification and weakening
If a survey was conducted among TC forecasters asking them what the most difficult situation to cope with is, the large majority would probably reply: "an unexpected rapid change in intensity just prior to landfall".  Forecasters are still sometimes at the mercy of abrupt and unexpected outcomes given the general lack of appropriate tools and guidance to address this specific challenge.
During the 2013-2014 TC season, RSMC La Réunion dealt with an example of extremely rapid TC intensity changes. TC Hellen was a short-lived cyclone which developed in late March 2014 in the northern Mozambique Channel.  In the space of three days Hellen’s intensity went through an unprecedented “up and down” cycle which spanned virtually the full spectrum of the Dvorak intensities.  
From 14 UTC on March 29 to 14 UTC the next day, Hellen transitioned from a 55 kt severe tropical storm to a catastrophic 125 kt tropical cyclone (Fig. 8).  By that time the system was located about 185 km to the west-northwest of Mahajanga, the main harbour on the northwestern seaboard of Madagascar with more than 250,000 inhabitants and towards which it was slowly tracking.   Hellen represented an extreme threat for Mahajanga for a potentially dramatic encounter within the next 24 hours. 
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Fig. 8.  Composite colours (RGB) imagery from NOAA-19 at 1053 UTC on March 29 2014 (left) and at 1042 UTC on March 30 2014 (right).

Until then the official forecasts from the RSMC La Reunion had not banked on a landfall but had proposed a sharp recurvature scenario to spare Madagascar.  But as time went on, the "no-landfall" option appeared less and less credible and for the first time, the official forecast from 30 March at 12 UTC predicted a landfall on the northwestern tip of Madagascar.  Yet the uncertainty on this track forecast remained quite large, with a large spread between the different track forecasts offered by the available numerical models.  Hellen eventually made landfall 28 hours later, 30 nm to the west of Mahajanga, but as a mere moderate tropical storm!  Hellen underwent a weakening phase even more dramatic than the earlier intensification phase, with an incredible drop of some 85 kt in 24 hours to about 40 kt.  This was unprecedented breaking the unofficial world record for a weakening rate of a tropical cyclone over sea according to the IBTrACS database. 

The spectacular collapse occurred prior to the landfall, while the storm was still evolving over the waters of the Mozambique Channel.  Microwave imagery (Fig. 9) indicated that the critical stage of the event occurred on the night of 30 March when the inner-core structure of the system was completely dismantled in less than 5 hours and the eyewall structure shattered and replaced by an exposed low-level circulation typical of a strongly sheared pattern. 
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Fig. 9. Express decay of TC Hellen as seen on microwave imagery.  Left: GCOM-W1 37 GHz colour product at 2207 UTC on March 30 2014.  Right: WINDSAT 37 GHz colour product at 0242 UTC on March 31 2014 (courtesy of web site of NRL Monterey).

Most of the guidance available at RSMC La Réunion failed to correctly predict the intensity change of Hellen, although a weakening trend was indicated before its landfall over Madagascar.  The official forecast greatly overestimated Helen’s intensity, calling for a yet intense cyclone making landfall.  While there was an expected increase of the vertical windshear which did occur and obviously played a role in the weakening, it appears that this shear was not overly strong and could not justify by itself the incredible rate of weakening observed.

TC Hellen was a major forecasting bust.  Although Madagascar did experience some adverse impacts linked to the approach of this cyclone in terms of swell and storm surge effects, heavy rains and flooding, it was nothing to compare with the extreme conditions anticipated on 30 March and stressed in the advisory released by the RSMC at 18 UTC: “The RSMC’s tropical cyclone storm surge model has been run and shows phenomenal sea elevations in the area exposed to the northerly winds (east of the forecast track). This threatened area is highly vulnerable because of its bathymetry (continental plateau) and storm surge could reach between 2 m and 4 m in the estuary of the Betsiboka River (near Mahajanga), more than 7 m in the bay of Baly (Soalala region) and between 1 m and 4 m on the shoreline east of Cape Saint-Andre. All preparations for a ‘worst case’ scenario should be underway”. 

In retrospect, these words might sound like a “false alarm”, but the fact is that there was no evidence to anticipate the spectacular collapse of Hellen.  And even if a particular NWP guidance product had been able to predict it (with some 85 kt drop in max winds in 24 hours), considering the state-of-the-science in terms of intensity prediction by the numerical models, would any TC forecaster in the world take a risk and follow it in the official forecast? With such a powerful storm threatening a highly vulnerable coastal area, such a forecast would likely be called “crazy” and probably lead to the forecaster being considered a reckless person rather than a genius.
This special case of Hellen demonstrates that events such as this can and do happen.  At the moment there are strong limitations in terms of intensity prediction so much so that the warning strategies are highly constrained by the current state of the science.  And where there are many people at stake, it is natural for forecasters to remain quite conservative or pessimistic and to tend to overwarn as a result.
Rapid dissipation/weakening of storms over NIO constitute another interesting situation.  It poses a great challenge to a forecaster as it very often leads to overwarning.  Such a phenomenon may happen due to various reasons including colder ocean thermal energy, entrainment of dry and cold continental air into the core of TC and increase in vertical wind shear.  An example of a very severe cyclonic storm, Lehar (23-28 November 2013) over the Bay of Bengal, which rapidly weakened before landfall (Fig. 10) is presented (RSMC New Delhi, 2014).  It rapidly weakened over the sea from a very severe cyclonic storm (MSW of 75 knots) to a depression (25 knots) in just 18 hours and then made landfall near Machillipatnam (Andhra Pradesh).  It did not produce any significantly heavy rainfall over Andhra Pradesh.  The intensity forecast errors were exceptionally high as can be seen from Table 4, resulting in large errors in prediction of rainfall, wind and storm surge.  RSMC New Delhi managed the situation by providing frequent and timely updates of forecasts with the weakening trend shown through synoptic analyses.  There is arguably a pressing need for development of a dynamical statistical model for rapid weakening of TCs over the sea.
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	Fig. 10. Track of very severe cyclonic storm Lehar over the Bay of Bengal.




	Lead Time 

(Hours) 
	Mean Absolute Error 

(Knots) 
	Long-term Average Mean Absolute Error (2008-2012) (Knots) 

	12 
	10.2 
	7.3 

	24 
	18.4 
	10.4 

	36 
	25.5 
	12.7 

	48 
	29.2 
	13.4 

	60 
	32.4 
	13.4 

	72 
	41.0 
	19.0 


Table 4. Intensity forecast errors of RSMC, New Delhi for Lehar during 23-28 November 2013.
6.2.2.3   TC intensity changes due to land effects
There are also cases where a TC almost maintains its intensity after landfall through a very slow decay process. Over the NIO, this sometimes occurs when a TC moves over a plain land surface, especially over the deltaic region and during the post-monsoon season (October-December), when moisture over the land and in the atmosphere is yet abundant.  A statistically-based storm decay model for intensity prediction after landfall has been developed by IMD (Roy Bhowmik et al, 2005).  The MAE of this model ranges from 1 to 5 knots for forecasts up to 24 h.  While the error statistics show that the model performs reasonably well in general, in cases like TC Phailin, the model prediction of the decay of the storm was faster than actually occurred (Fig. 11).   As the model is statistical in nature, it did not take into consideration various dynamical and hydro-dynamical processes governing the decay of Phailin over land.  Forecasting the weakening rate of TCs after landfall is still a sizeable challenge.
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	Fig. 11. IMD’s decay model based forecast and observed MSW after the landfall of TC Phailin on 12 October 2013




TC Laurence which developed over the Arafura Sea (between Australia and Indonesian New Guinea) in late 2009 is another notable case.  Laurence emerged as a small Category 1 storm on the Australian cyclone scale off the north Kimberley, Australia and was forecast to move west or southwest in a favourable environment for intensification.  The 48 h forecast track took it very close to land (left panel, Fig. 12).  The operational forecast stated that  it would intensify to Category 2 at 24 h and maintain that intensity till landfall at round 48 h, but there would have been some uncertainty in the mind of the forecaster if it was going to make landfall or not.
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	Fig. 12. Predicted (left) and observed track (right) of TC Laurence.  Number in the circles indicate the predicted and observe intensity category.


In actual case, Laurence did move along the Kimberley coast as forecast but did not directly feel the effects of land as it was seen to develop a pinhole eye.  In fact, it intensified from Category 1 to Category 4 in 24 hours!   After reaching Category 5, Laurence weakened and dissipated rapidly over land by 72 h (right panel, Fig. 12).
The fact that Laurence was not affected by land as anticipated highlights the point that the scale of the environment affecting the intensity of the TC is smaller than for larger storms.  It presents difficult forecasting issues.  In actual fact the original forecast may be quite reasonable given the possibility of an early landfall, but what is important is to recognise the possibilities and adequately communicate this to the community using statements such as: “If it were to remain off the coast, the cyclone should intensify more strongly than indicated.”
6.2.3
Structure
In addition to position and intensity in terms of MSW and minimum central pressure, other parameters that define the structure of a TC are also routinely analysed by operational centres, mostly aimed for data assimilation to NWP or as inputs to impact assessment tools like the storm surge models.  The parameters commonly include RMW, wind radii for various thresholds (such as 34, 50 and 64 kt) in each of the four quadrants surrounding the storm, the radius and pressure of the outermost closed isobar, etc. (Cangialosi and Franklin, 2014; RSMC New Delhi, 2014).  
Constrained by the limited skills and difficulties in analysing and predicting the TC structure as described in the following sub-sections, not many operational centres are equipped to provide TC structure analysis or prediction to the public.  However, such information is considered to be almost as important as the position and intensity of a TC as it is quite essential for assessing the range of possible impacts of a landfalling TC.  For example, the onset of gale-force winds on the coast is critical information required by emergency managers to make evacuation decisions and whether this is best actioned at night or during the day.  Closure of schools and the like should be done prior to the arrival of gales and preferable during daylight hours.

6.2.3.1   Limitation in skill improvement in TC intensity and structure forecasting 
Intensity itself is the first fundamental parameter which defines the structure of a TC.  It is obvious that the structure of a TC could only be described as being as accurate as the intensity of the TC.  For example, any errors in the intensity estimate or prediction would negatively affect the wind radii forecasts.  The challenges being faced by forecasters in intensity forecasting also apply to the problem of TC structure forecasting.
6.2.3.2 Lack of reliable analysis on TC structure 

In the absence of in-situ observations such as routine aircraft reconnaissance, the detailed structural characteristics of TCs over most basins are not yet known.  The primary methods for TC wind field estimation involve surface observations, satellite-based scatterometer estimates, cloud motion vectors, water vapour based wind vectors, wind estimates from brightness temperatures, estimates from RADAR products and NWP model analyses, persistence and climatology products.  Available in real time, the automated multi-platform satellite-based surface wind analysis as developed by CIRA (Knaff et al. 2011) and based on 00, 06, 12 and 18 UTC observations are also utilized.  In prediction, the forecasters mainly rely on NWP outputs along with synoptic and climatological guidance to forecast the surface wind radii in the four quadrants.  However, the reliability of the analysis or forecast made based on the above process remains largely unknown. 
It is interesting to note that, even with routine aircraft surveillance, NHC still considers there is a general lack of ground truth to facilitate an accurate analysis of the profile of a tropical cyclone’s wind field.  As a result, post-storm best track wind radii are likely to have errors so large as to render a verification of official radii forecasts unreliable and potentially misleading, and no verification results of the forecast wind radii have been included in the annual verification report from NHC (Cangialosi and Franklin, 2014).  
6.2.3.3
 TCs evolved from monsoon depressions/gyres

The transformation of large monsoon depressions (or monsoon gyres) into giant TCs is not an uncommon phenomenon especially over the western Pacific region.  Such monsoon gyres usually have very large circulation (diameter usually exceeding 10 degrees latitude), with the strongest winds located in the outer circulation and with relative light winds and lack of deep convection near the centre.  Due to the special structure of such systems, the Dvorak technique usually cannot be applied or gives intensity estimates that are way too low.  It has been difficult for the operational centres to cope with such systems despite the associated gales or even higher winds, as such systems do not seem to fit neatly into the textbook description of a TC.
One recent example is Severe Tropical Storm Nakri which developed over the western North Pacific in July 2014.  It emerged from a monsoon gyre that existed for over a week, with gale or near-gale force winds covering an area as large as the Continental US.  RSMC Tokyo named the system a tropical depression and issued a warning for it at 18 UTC on 28 July 2014.  At the same time, JTWC simply called the system a monsoon depression and did not issue any warning.  The system was subsequently named Nakri by RSMC Tokyo and upgraded to a severe tropical storm at 18 UTC on 31 July 2014 when Nakri was passing through the Ryukyu Islands.  A sustained wind of 55 kt was recorded at the airport on Amami Island (Fig. 13).  JTWC subsequently initiated warning advisories for Nakri at 06 UTC on 2 August 2014, i.e. 4 days after RSMC Tokyo did.
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	Fig. 13. Left: Visible imagery of STS Nakri from MTSAT at 00 UTC on 1 August 2014 (adapted from the web site of NRL Monterey, courtesy of Mark Lander).  Right: ASCAT observations round 13 UTC on 31 July 2014 (courtesy of NOAA/NESDIS Ocean Surface Winds webpage).


In the absence of a robust technique to accurately assess the intensity and structure of these types of systems, it is a great challenge for forecasters to properly assess their impacts in terms of wind, sea and rain, and to issue the most appropriate warnings needed for alerting the public.
6.2.3.4   Secondary eye walls and eye wall replacement cycles

The importance of the inner core and convective processes within a TC in forecasting rapid change phenomena is now widely recognised.  For example, stronger TCs may organise a secondary eyewall at some distance around the primary eyewall.  These events have been associated with marked changes in the intensity and structure of the inner core, such as large and rapid deviations of the maximum wind and significant broadening of the surface wind field.  While the consequences of rapidly fluctuating peak wind speeds are of great importance, the broadening of the overall wind field also has particularly dangerous consequences in terms of increased storm surge and wind damage during landfall events.  

Sometimes the secondary eyewall will replace the inner eyewall known as an eyewall replacement cycle (ERC).  Unfortunately, conventional Dvorak estimates may indicate contradictory intensity trends than that suggested from the understanding of ERCs.  In April 2014, Severe TC ITA crossed the far north Queensland coast and was later estimated to have weakened somewhat close to landfall as a secondary (outer) eyewall formed (Fig. 14).  Warnings issued by the Brisbane TCWC sufficiently overestimated the landfall intensity to attract pockets of criticism from people in the warning zone.
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	Fig. 14.  85 GHz Microwave series on 9‑11 April 2014 showing ITA’s secondary eyewall.



6.2.3.5   Shifting of convection and wind maxima during the landfall phase
Another challenge comes from factors associated with TC structure change at landfall including frictional and topographic effects.  This can lead to the distortion of wind radii resulting in the shifting of convection and associated wind maxima during the landfall of TCs.  There are cases when similarly-tracked TCs could produce totally different rainfall and wind damage patterns.  For example, normally, when a TC makes landfall over eastern China, torrential rain would occur on the right flank and around the TC route, but sometimes, the intense rainfall is seen on the left flank of the TC.  The prediction of precipitation and associated high wind gusts might then be considered a failure.

Chan (2012) suggests that differences in surface roughness and moisture availability as well as topography could cause asymmetries in convection.  Vertical wind shear can also modify the convection distribution. Whether maximum convection occurs in the onshore or offshore sector over the ocean and land will depend on all these factors.  To enable better predictions, more observational and theoretical studies need to be conducted to provide better understanding of the interaction between land and TC under different circumstances.
6.2.4
Discussion and conclusions
The major challenges being faced in forecasting the track, intensity and structure changes of TCs at landfall have been presented.  For TC track forecasting, while significant improvements have been achieved by NWP models over the years, it is not generally considered a solved problem.  Uncertainty in the impacts of TCs could still be substantial in the midget TC scenario or TCs undergoing rapid changes in the motion direction and/or speed before making landfall.  Besides, systematic biases sometimes develop in NWP forecast tracks for certain TC cases under particular environmental conditions.  The forecasters will naturally look to the researchers and modellers to work on enhancements to the NWP models to purposely address the above deficiencies.  Nevertheless, no matter how accurate the objective guidance is, the forecasters will still have to cope with forecasts or warnings bearing different degrees of uncertainty. Such uncertainties should be properly communicated as and when appropriate, in order to help communities assess the threats they are facing and respond by taking the most appropriate safety and preventive measures.
Comparatively speaking, the limitation in the current state-of-the-science in predicting TC intensity and structure changes at landfall is much larger than track, partly due to a lack of adequate ground truth to support the production of a trustworthy analysis of these characteristics.  Development of robust and reliable methods to facilitate the monitoring and analysis of TC intensity and structure is greatly needed for warning operations.  To help with this endeavour, international or regional efforts to collect new and more in-situ observations of TCs, say, via aircraft reconnaissance or offshore platforms should be encouraged.  Such efforts will aid to advance the understanding of different dynamic and thermodynamic mechanisms relating to the forecast issues and for the development of new techniques and calibration of existing techniques to improve the analysis and prediction of TCs.  In this regard, the ongoing forecast demonstration project on landfalling TCs over the Bay of Bengal (Mohapatra et al. 2013a) and EXOTICA, a field experiment to be carried out in the western North Pacific (ESCAP/WMO Typhoon Committee 2014) are relevant examples which demonstrate the efforts being made in  that direction. 
Rapid intensification and weakening of TCs prior to landfall are among the biggest challenges experienced by forecasters worldwide, as the NWP models are still unable to capture such events on most occasions and reliable and accurate objective guidance are generally lacking in many basins.  The situation could become even more difficult when the TC traverses over waters close to the coast and hence under the possible influence of the land friction and topography for an extended period of time.   Forecasters are much in need of some effective guidance tools that can indicate at least the chances of rapid intensification/weakening occurring and the range of possible intensities that can be feasibly achieved by the TC for conducting risk assessment and formulating warning strategies.
As regards communication prior to TC landfall, a rather complex issue is whether or not to provide the degree of forecast uncertainty.  If one just sticks with the true scientific message, the warning content will include words such as: "The current track forecast implies a direct impact with rapid worsening towards extreme and potentially catastrophic weather conditions, but we cannot exclude at this stage a shift of some dozens of kilometres of the final track that may result in the storm eventually sparing us with little influence felt during its nearest passage".  Such a message is likely to be confusing and misinterpreted by the community under threat, resulting in the postponement of any preventive action/measures.  

Communicating the forecast uncertainty in such cases could become counterproductive in terms of disaster preparation and management.  Generally speaking, putting too much emphasis on the uncertainty may not always be a good tactic.  If one wishes to get the best and strongest response from communities, the most efficient approach is to stick to the main message.  The risk of course is to overwarn but there are situations where one might have no option.  That is the case when one has to deal with an "all-or-nothing" situation, like the midget TC scenario described earlier on.

We have seen some great improvements in recent years in terms of communicating forecast uncertainty.  Thanks to the deployment of EPS during the past decade, many operational meteorological services now benefit from a tool which enables them to derive an objective assessment of the degree of uncertainty for each meteorological situation.  This has led to downstream improvements in the ability to communicate the forecast uncertainty.  For instance, during briefings to the emergency management authorities, the meteorological services can transmit messages such as: "Here is our track forecast and there is rather little uncertainty about the track forecast scenario" or conversely "This is our official track forecast, but beware, the meteorological situation is rather complex and tricky.  There is a lot of uncertainty, so much so that almost anything within reason may happen.  Therefore the degree of confidence in our track forecast is rather low." 
Other ways to better communicate the track forecast uncertainty have since been developed.  The most obvious one is a classical graphical product known as the “cone of uncertainty” displayed on internet websites.  In this regard, RSMC La Reunion has been towards the forefront of recent developments and has endeavoured to make this product more informative.  It followed the research work undertaken by Dupont et al. (2011), which demonstrated that the spread of the track forecasts members of ECMWF EPS as a proxy of forecast uncertainty had skill comparable or even superior to climatology.  
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	Fig. 15. Probabilistic EPS-based cone for TC Giovanna issued at 00 UTC on 10 February 2012 (top: RSMC forecast track in blue and the observed track in black), compared to a simple climatological uncertainty cone issued at 12 UTC on 9 February 2012 (bottom).

N.B.: The probability circles used to design the probabilistic cone are constructed on a 75% probability for the future position of the cyclone to be within the circle at each forecast lead time.

	[image: image23.png]09-20112012

[B METEO FRANCE

Toblous un tampe G warce



 
	


As an operational application, probabilistic cones of uncertainty were designed and implemented operationally by RSMC La Reunion at the beginning of the southern hemisphere TC season 2011-2012.  Compared to a basic cone of uncertainty based on the average track forecast error climatology, the advantage of this approach is the more realistic representation of the degree of uncertainty of each individual TC. 

Fig. 15 illustrates a case from 2012 with the track predictability much above average (i.e. little uncertainty).   As soon as the first EPS run became available, the dynamical probabilistic cone of uncertainty for TC Giovanna was generated, which showed a significant reduction compared to the climatological cone, enabling RSMC La Reunion to clearly target the likely landfall area of this cyclone on the east coast of Madagascar.

Australian warning centres employ a cone of uncertainty based upon the 70th percentile of the five year position accuracy climatology, then modified according to the spread in the ECMWF ensemble, the spread in the model consensus members and forecaster’s view of the synoptic pattern. The uncertainty cone captures 85 per cent of the actual positions at +48 and +72 hour time-steps and like RSMC La Reunion is a more realistic representation of the uncertainty for each forecast.

Considering the much lesser skill in intensity and structure forecasting at TC landfall, assessment of forecast uncertainty should not only focus on the positioning of TC but also on the timing of landfall, intensity and structure of the TC.  For the products to the public, the meteorological services should endeavour to extend from the existing usage of the cones of uncertainty to other graphical products to communicate the uncertainty of a range of TC characteristics.  This would help the public, governments and economic sectors better understand how an approaching TC will impact their lives, livelihoods and properties, thereby triggering appropriate actions.  In other words, the meteorological services should progressively move from conventional weather forecasting to weather-impact forecasting and risk-based warning to highlight the impacts and the risk of the hazards.  To this end, a full grasp of the various characteristics of the TC and their uncertainty would be indispensable.  The Tropical Cyclone Surface Wind Speed Probability Graphic product by NHC (Fig. 16) is one step towards this goal.  
More research and development needs to be done in the future by taking advantage of the continual advancement in scientific knowledge and gain in technical capabilities.
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	Fig. 16. An example of Hurricane Force Wind Speed Probabilities product issued by NHC for Hurricane Sandy on 28 October 2012.




Acronyms used in the report:
	CMA
	China Meteorological Administration

	ECMWF
	European Centre for Medium-Range Weather Forecasts

	EXOTICA
	Experiment on Typhoon Intensity Change in Coastal Area

	EPS
	Ensemble prediction system

	ERC
	Eyewall replacement cycle 

	ESCAP
	The United Nations Economic and Social Commission for Asia and the Pacific

	GFS
	Global Forecast System

	GSM
	Global Spectral Model

	IBTrACS
	International Best Track Archive for Climate Stewardship

	IFS
	Integrated Forecast system

	IMD
	India Meteorological Department

	IWTCLP-II
	The Second International Workshop on Tropical Cyclone Landfall Processes

	JMA
	Japan Meteorological Agency

	JTWC
	Joint Typhoon Warning Center

	MAE
	Mean absolute error

	MSLP
	Mean sea level pressure

	MSW
	Maximum sustained wind

	NESDIS
	National Environmental Satellite, Data, and information Service

	NCEP
	National Centers for Environmental Prediction

	NHC
	National Hurricane Center of NOAA

	NIO
	North Indian Ocean

	NOAA
	National Oceanic and Atmospheric Administration

	NWP
	Numerical Weather Prediction

	RMW
	Radius of maximum wind

	RSMC
	Regional Specialized Meteorological Centre

	WMO
	World Meteorological Organization
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