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Abstract: Operational analysis of tropical cyclone structure continues to be focused on the radius of maximum winds and the radial extent of winds exceeding various thresholds. Objective analytical methods have been developed but analysis of structure continues to be hampered by a lack of suitable observations, to the extent that it is difficult to even verify the current skill in describing the near surface wind field. There has been limited progress in developing operational forecast guidance for structure change; reflecting the poor observing capability and the poor skill levels of dynamical models.  Improved capability to reliably analyse the near surface wind field is critical to improving forecasts of structural change. 
A number of recent advances in the analysis of intensity are noted and progress has been made in providing more skilful operational guidance on intensity change, though rapid intensification remains an area of poor skill. Statistical models continue to show the greatest skill in forecasting intensity change and both the accuracy and availability of statistical forecast aids has improved in the last four years. Further work is required to ensure that recent developments in the Atlantic and North East Pacific are made available in all tropical cyclone basins. Recent advances in our understanding of inner core processes, and our approaching capacity to achieve model resolutions fine enough to describe those processes holds promise for a breakthrough in dynamical intensity forecasting skill.  An increasing emphasis on employing consensus methods for intensity forecasting is noted. These efforts will need to be maintained to maximise gains in forecast skill as statistical and dynamical forecast aids improve.
1.5.1. Introduction
While skill in forecasting tropical cyclone (TC) motion has steadily improved over the last decade there has been relatively little improvement in intensity forecasting skill over the same period. Skill in forecasting changes in structure has been poorly measured but anecdotal evidence suggests there has been little improvement in this area. In this report we review the current state of operational guidance on structure and intensity change. Forecasting structure and intensity is not possible without prior analysis so we begin by examining current and emerging methods for analysing structure and intensity before looking at the state of the art in forecasting. We attempt to identify opportunities for the transfer of recent research into operations and highlight areas where further research is needed. 
1.5.2 Analysis
Table 1.5.1 lists the data sources and tools that are commonly used in the analysis of intensity and structure. Only the Atlantic basin has routine aerial reconnaissance and even there satellite remote sensing is the primary tool for 70% of analyses (Rappaport et al. 2009). In this report we focus on data and techniques that are either widely available or could be made so without the level of ongoing investment required of aerial reconnaissance. Hence we do not attempt to review the analysis of aircraft flight level data, dropsonde data or Stepped Frequency Microwave Radiometer (SFMR).  It should be noted however that when available, aircraft data are given the most weight in analysis of both intensity and structure.
1.5.2.1 Structure Analysis 

a) Operational process

In operational analyses the description of tropical cyclone structure is focused on estimating the radius of maximum wind (RMW), radius of 34, 48|50 and 64 knot winds (for each quadrant), and the radius and pressure of the outermost closed isobar (ROCI and POCI). Estimates of eye size are also routinely made, both as a part of the Dvorak method and as a means of inferring the RMW. Traditionally analysts have also assessed tropical circulation depth as shallow, medium or deep, but the value of this parameter is limited given that it is common for forecasters to link it directly to intensity (i.e. depression=shallow, tropical storm=medium; hurricane force=deep). 

We begin this section by reviewing subjective methods of structural analysis using satellite data, noting the significant impact that microwave remote sensing in particular has had on the structural analysis of tropical cyclones. We then move on to examine recent developments in objective methods for the analysing the structure of tropical cyclones. Despite several promising developments in objective analysis the operational process remains a predominantly subjective process, as detailed in the following two sections. 

b) IR and VIS satellite imagery 

Surface observations are generally too sparse to characterise the outer wind field, and are more often employed to ground-truth satellite estimates such as scatterometer derived surface winds. Prior to the real-time availability of scatterometer winds gale radii were often inferred from conventional (IR and VIS) satellite imagery by correlating the size and asymmetry of the central dense overcast with the gale force wind field.  Estimates made via this method are likely to have some gross skill in discerning between large and small circulations but they are associated with low confidence and significant uncertainty, and verification has been considered impossible.  By inferring that the radius of maximum wind will occur inside the eye wall conventional satellite imagery can also be used to assign the RMW.

Atmospheric motion vectors (AMVs) derived from IR, VIS and WV (6.7μm) imagery are commonly used to infer vertical wind shear through analyses such as those provided by the CIMSS tropical cyclone web page (http://cimss.ssec.wisc.edu/tropic2/). Low level AMVs can also be used to infer the near surface wind field by making assumptions about the reduction of winds to the surface; however most of the gale wind field is obscured by high cloud making it impossible to determine low level AMVs. 
c) Microwave remote sensing
In the last two decades both active and passive microwave remote sensing have become established as critical operational tools for tropical cyclone analysis. Passive microwave imagery (36-37 and 85-91 GHz) is particularly useful for diagnosing changes in the cyclone’s inner structure, such as the formation of an eye feature and the occurrence of eyewall replacement cycles. In a similar manner to that in which outer wind structure can be inferred from IR and VIS imagery, microwave imagery can also be used to infer information about wind structure. By correlating features in the microwave imagery with the wind field described by a coincident scatterometer pass, analysts can draw inferences regarding the wind field outside the spatial and temporal coverage of scatterometer passes. The earlier appearance of an eye feature in microwave imagery (compared with conventional IR and VIS imagery) also allows the earlier inference of an RMW. Even a partial eye wall is considered useful in assigning RMW.  Prior to the emergence of an eye wall the analyst will generally have little information on which to assign a value to RMW. 

In addition to determining the structure of the wind field, tropical cyclone analysts often need to understand the thermal structure of systems, particularly those that develop from subtropical cyclones and those undergoing extra tropical transition. Since 1998 the Advanced Microwave Sounding Unit (AMSU) has provided direct objective measurement of the thermal structure of tropical cyclones.   

During the nineties near-surface winds obtained from active microwave remote sensing instruments (scatterometers) became available to tropical cyclone analysts in real-time.  Despite vulnerability to the heavy rain, tight gradients, and very high wind speeds of tropical cyclones, scatterometers provided a unique data source for describing the outer wind structure of tropical cyclones. The launch of Seawinds on QuikSCAT in 1999 saw a quantum improvement in coverage, with 90% coverage of the tropical oceans in a 24 hour period, and QuikSCAT soon became a mainstay of tropical cyclone analysis. With an effective wind speed range from 5 knots to at least 60 knots
 QuikSCAT greatly improved the estimation of gale and storm force wind radii as well as providing a minimum (at least) value of the maximum wind speed. 
Following the demise of QuikSCAT in November 2009, ASCAT continues to provide near surface winds through active microwave sensing albeit with roughly half the coverage and a reduction in effective wind range (Edson cited 2010). On the other hand the lower (C-band) frequencies employed by ASCAT have reduced the sensitivity to heavy rain. 

With the launch of Windsat in 2003 the retrieval of wind vectors (rather than just wind speed) from passive microwave sensors was shown to be possible.  Passive sensors are more susceptible to rain contamination and the effective wind speed range of Windsat (10-40 knots) does not extend to storm force, thus limiting its effectiveness in structural analysis. Hence tropical cyclone analysts continue to favour scatterometer data. However Edson (cited 2010) has shown that integration of ASCAT winds with passive microwave data (Windsat wind vectors as well as 37 and 85 GHz imagery) can help to improve the analysis of outer wind structure.   It is hoped that in the near future data from additional scatterometers (such as the Chinese and Indian instruments) will become available to tropical cyclone forecasters.  In mid 2012, METOP-B will be launched providing a second ASCAT. In 2014 the first of the NPOESS craft carrying the Microwave Image/Sounder instrument will further enhance scatterometer coverage; with an expected wind effective wind speed range up to about 50 knots (Lee et al. 2010).  To reduce the reliance on scatterometery (i.e., ASCAT) and observations of opportunity, JMA plans to implement an algorithm that uses 7- and 10-GHz-band imagery of AMSRE and possibly WindSat data (Shibata, 2006) to improve estimates of 30- and 50-knot radius and intensity estimations based on the study by Saitoh and Shibata (2010).  
d)  MIMIC-TC 

The current constellation of low-Earth-orbiting environmental satellites that can effectively image TCs in the microwave range make only semirandom passes over TC targets, roughly every 3–6 h, but vary from less than 30 min to more than 25 h between passes. These irregular time gaps hamper the ability of analysts/forecasters to easily incorporate these data into a diagnosis of the state of the TC. To address this issue, CIMSS developed a family of algorithms called Morphed Integrated Microwave Imagery at the Cooperative Institute for Meteorological Satellite Studies (MIMIC) to create synthetic “morphed” images that utilize the observed imagery to fill in the time gaps and present time-continuous animations of tropical cyclones and their environment. MIMIC-TC is a product that presents a storm-centered 15-min-resolution animation of microwave imagery in the ice-scattering range (85–91 GHz), which can be interpreted very much like a ground-based radar animation. A second product, MIMIC-IR, animates a tropical cyclone–retrieved precipitation field layered over geostationary infrared imagery. These tools allow forecasters and analysts to use microwave imagery to follow trends in a tropical cyclone's structure more efficiently and effectively, which can result in higher-confidence short-term intensity forecasts.

e) CIMSS ARCHER

The CIMSS Automated Rotational Center Hurricane Eye Retrieval (ARCHER) method estimates TC structure and position information from available passive microwave channels in the 85-92 GHz frequency range (Wimmers 2010).  ARCHER computes two scores that are combined into a final score for estimating current intensity. Each “ring” of cold brightness temperatures (Tb’s) surrounding the centre is evaluated.  The innermost ring that is > 85% complete and has an average Tb more than 20 K colder than the eye is designated the eyewall. The first ARCHER score is based on these two criteria. 
The second component of the ARCHER score is similar to the Dvorak Enhanced Infrared (EIR) method.  The Tb of each pixel in the eyewall is compared to the warmest Tb within the eye.  For each 1 K difference between the eyewall Tb and warmest eye Tb, 1 point is added to the initial ARCHER score.  The final ARCHER score is a sum of the eyewall completeness score and the eyewall intensity score.  
ARCHER also produces an estimate of the eye size. Once the innermost ring is established, the diameter of the ring is computed.  Because the 85-92 GHz ring best represents a level in the middle of the troposphere, 10 km is subtracted from the diameter to get an estimate of the surface diameter (an eyewall slope of 45 degrees is assumed). Example diagnostic output from CIMSS ARCHER is illustrated in Fig. 1.5.1 and Table 1.5.2 below.
ARCHER scores were regressed against maximum sustained wind estimates from the Atlantic Best Track during periods when aircraft reconnaissance data was available.  An ARCHER score of 20-60 represents TC’s with an intensity > 65 knots.  A score > 60 represents an intensity > 85 knots.  Correlation between TC’s with intensities < 65 knots and ARCHER scores < 20 are weak and currently not used.  It should also be noted that correlations are high only in the developing stages of TCs. Work is underway to better define the relationship between the ARCHER scores and all ranges of TC intensity and storm stage.
f) Objective estimation of the 2-D wind field

Using several years of aircraft flight-level data analyses and coincident IR imagery, two complementary methods to estimate tropical cyclone winds using azimuthally averaged IR brightness temperature profiles patterns have been developed.  

Mueller et al. (2006) used principal components of the IR brightness temperature, current intensity estimates, latitude and azimuthally average brightness temperatures to estimate the radius of maximum winds and the tangential wind speed at 182 km.  From this information the parameters of a modified Rankine vortex are estimated.  Two dimensional wind fields are then constructed by applying a wavenumber one asymmetry that is a function of motion.  The result is a two dimensional flight level wind analysis.  An example of the Mueller (2006) two-dimensional wind field overlaid on the matching IR image is shown in Fig. 1.5.2. 
Kossin et al. (2007) also used IR data along with information about storm age, intensity and position to estimate the RMW, the significant wind radii and the two dimensional flight level winds.  The principal-component–based radial wind profiles produced by this method are compared to observations in Fig. 1.5.3, demonstrating that the method does a reasonable job of capturing the basic shape of the wind profiles.  Similar motion asymmetries were applied to symmetric wind estimates to create a 2-D wind field.   Both studies provided unique and independent methods that can be used to estimate tropical cyclone structure using commonly available operational information.  Output of the RMW from the Kossin et al. method are part of the history files produced by the CIMSS ADT.   IR scenes where a clear eye is present produce the highest confidence in the RMW estimates therefore only RMW estimates for clear eye scenes are listed in the history file.
The Mueller et al. (2006) methodology has been further utilized in the construction of satellite based surface wind analyses; which is soon to be an NESDIS operational product (Knaff and DeMaria 2006) and can be found at http://www.ssd.noaa.gov/PS/TROP/mtcswa.html.  
1.5.2.1 Intensity Analysis 

Operational warning centres generally focus on wind speed as the primary measure of intensity. This is partly a reflection of their role as warning agencies and the direct impact of wind speed compared with the indirect relationship of minimum pressure to tropical cyclone hazards. The historical dominance of the Dvorak technique has ensured that traditional practice has been to estimate the maximum wind speed
 and then estimate a central pressure via a wind-pressure relationship. Over the decades of application of the Dvorak technique a plethora of pressure wind relationships were developed, and were often cited as being unique to particular basins. This has lead to problems with analysing intensity trends in the historical best track archives via central pressures, particularly so because in there are periods in some best track archives when central pressure was the only recorded intensity parameter.  Harper (2002) questioned the validity of asserting unique wind-pressure relationships. Knaff and Zehr (2007) established a wind-pressure relationship that accounted for the influence of latitude, tropical cyclone size, environmental pressure, and intensification trend and Courtney and Knaff (2009) adapted it for use in operations. The resulting Knaff-Zehr-Courtney (KZC) wind-pressure relationship has now been implemented in the Advanced Dvorak Technique, (ADT), the US National Hurricane Center and Australian Tropical Cyclone Warning Centres (TCWCs) and its implementation in the South West Indian Ocean is being considered.  Over time this will help to establish greater transparency in the best track archives, but the challenge for interpreting the existing archives remains.  
a) Dvorak

The Dvorak technique estimates tropical cyclone intensity by measuring quantifiable features and subjectively analysing patterns in satellite imagery (Dvorak 1972, 1975, 1984, 1995).  It has been a critical analysis and forecasting tool for over three decades and has become the most important input to the best track archives (Velden et al. 2006). The traditional Dvorak technique is an empirical method that relies on subjective decision making by the analyst. It is somewhat remarkable that despite its inherent limitations and the opportunities for mis-application it has demonstrated reliable skill (Brown and Franklin 2002, 2004; Knaff et al. 2010). The ability of the technique to return reliable estimates based solely upon widely available IR satellite imagery has no doubt contributed to its longevity. Zehr (1989) developed an objective satellite based intensity estimation technique in the late 1980s. Zehr’s “Digital Dvorak” method laid the foundation for the development of more advanced algorithms and tropical cyclone analysts now have recourse to a number of objective intensity estimates. In this section we review the available intensity estimates and look at the role of the analyst in synthesising these, together with estimates from the traditional Dvorak technique, into a final “operational best track” intensity estimate.    
b) ADT

The CIMSS Advanced Dvorak Technique (ADT) has its heritage in Dvorak (1984) but has developed beyond the original application and constraints of the Dvorak method.  The most recent version of the ADT (version 8.1.2) addresses one of the traditional areas of difficulty in assessing TC intensity using Dvorak-style techniques that rely solely upon IR and VIS imagery.  Changes in TC structure can occur beneath a blanket of cirrus, leading to changes in intensity occurring without discernible changes in the features measurable in IR and VIS imagery. In Dvorak these scene types are referred to as either Central Dense Overcast (CDO, VIS), or Embedded Centre (EC, IR)
. The cirrus overcast masks changes in the TC structure and intensity, primarily in the development stages of the TC eyewall. The resulting impact on the ADT is that the estimated intensity will plateau during the CDO phase (when IR temperatures change little) until an eye becomes visible in the IR imagery, at which time the ADT logic uses the eye scene to intensify the TC (refer to Fig. 1.5.4). A similar plateau is evident in subjective Dvorak results though it is generally less marked, likely due to the ability of analysts to make subjective adjustments to the estimates based on other data including microwave imagery.    
In order to address this limitation microwave information from ARCHER is passed to the ADT algorithm, and can be employed prior to the emergence of an eye scene in the ADT.  If the ADT has not located an Eye scene in three consecutive satellite estimates and an ARCHER score is > 20, the ADT current intensity is over-ridden and set at 72 knots (T/CI# 4.3).   If the ARCHER score is > 60 the ADT intensity is set to 90 knots (T/CI# 5.0).  Previous ADT estimates (12h prior to the MW input time) are retroactively adjusted in the ADT history file to reflect this change, resulting in a smooth transition of the estimates up to the point of the microwave adjustment.  This intensity is then gradually increased over the next 12 hours to 85kts (based on empirical studies of storm growth subsequent to the first successful MW adjustment), and then held until an eye scene develops after which the original ADT logic for eye scenes is used.  An independent validation of ADT 8.1.2 during the 2008 season showed a significant improvement in skill compared to the previous version (see Table 1.5.3).
Other changes to the ADT in the latest version include implementation of the Knaff-Zehr-Courtney (KZC) pressure-wind relationship and a change in the way shear scenes are handled.  ADT estimates of MSLP will be derived from the ADT MSW estimates using the KZC relationship as implemented at the Bureau of Meteorology (Courtney and Knaff 2009) where the radius of gales is used as the size parameter instead of the tangential wind at 500 km.  During shear scenes the T# from 12 hours prior is used to hold up the CI# instead of using the T# from 6 hours prior.   This latter change addresses a weak bias during the weakening phase resulting from shear on the TC.
c) SATCON

          The SATellite CONsensus (SATCON) algorithm developed at CIMSS objectively combines TC intensity estimates analysed from satellite infrared and microwave-based methods to produce a consensus estimate which is more skilful than the individual members. Current members of SATCON include the CIMSS ADT along with the CIMSS and CIRA AMSU algorithms.  SATCON provides the TC forecaster with the ability to quickly reconcile differences in objective intensity methods thus decreasing the amount of time spent on the analysis of current intensity.  Real-time SATCON estimates became available to interested TC analysis and forecast centres in 2008.

          Each member of SATCON has strengths and weaknesses.  For example, the ADT method tends to perform best when there is a clear eye present in the IR imagery.  However, the performance can be degraded when the TC encounters strong wind shear.  Both of the AMSU-based methods suffer from varying degrees of sub-sampling and perform best when the TC eye is greater than 50 km in diameter.  SATCON makes use of this information to optimally combine the estimates into a single estimate that maximizes the strengths while minimizing the weaknesses. The actual weights used in the SATCON algorithm are derived from the RMSE errors for the individual members in a given situation.   Figures 1.5.5 and 1.5.6 show examples of RMSE errors for different scenarios for the three members.  

Each SATCON member contains parametric information that can be used by the other members.  For example, the ADT produces estimates of TC eye size when a clear eye is present.  Because both AMSU methods suffer from sub-sampling issues when the TC eye is less than 50 km, the ADT eye size can be used to adjust the AMSU estimates.  The CIMSS AMSU method uses AMSU-B information to determine TC position offset and this can be used to adjust the CIRA AMSU estimates.  CIRA AMSU outputs estimates of cloud liquid water and max Tb anomaly that can be used to adjust the ADT.  Estimates of TC eye size from ARCHER can be used by both AMSU methods to account for sub-sampling (in the absence of IR eye information). Additional sources of input to SATCON include environmental pressure (from operational centres) as well as storm motion.  ADT and CIRA estimates are adjusted using 50% of the deviation of the storm’s motion from the climatological average of 11 knots.  After each estimate is adjusted the estimates are combined into a single SATCON estimate using the appropriate weights.  Separate weights are used for MSLP and MSW.

Tables 1.5.4 and 1.5.5 show SATCON performance compared to the individual members (Table 1.5.4) and the subjective Dvorak technique (Table 1.5.5).  A homogenous sample of cases including all three members from 1999-2009 makes up a dataset with a sample size of 460.  Validation was performed using reconnaissance measured MSLP and Best Track MSW coincident with reconnaissance.  It can be seen in Table 1.5.4 that SATCON outperforms the individual members.  Another measure of skill is that SATCON must perform better than a simple average of the three members.  Table 1.5.6 shows this statistic.  This is an important result because it indicates the importance of the weights on the performance.  
In 2008, the TPARC/TCS-08 field project conducted in the western North Pacific permitted the opportunity to validate satellite-based TC intensity methods in a basin other than the Atlantic.  Aircraft reconnaissance was flown into three TCs during the study for the purposes of getting intensity estimates using flight level winds, SFMR and dropsondes.  One component of the experiment was to verify the subjective Dvorak technique in a double blind experiment where the Dvorak experts were blind to the aircraft data.  This also allowed an unbiased comparison with the objective intensity methods including SATCON.  While the number of cases is small, the TC intensities sampled during the experiment spanned the range of 35 -140 knots.  Table 1.5.7 reveals the results of this experiment and shows a similar trend to the Atlantic verification where SATCON is comparable in skill and perhaps more skilful on average than the operational Dvorak method. Figure 1.5.7 shows an example plot of SATCON MSW estimates against the component members, subjective Dvorak estimates available in real-time and the best track estimates. 
d) Operational process. 
In the past the Dvorak technique dominated intensity estimation, at times being the sole method for determining intensity. Although subjective Dvorak estimates continue to be an important consideration in intensity analysis, the current state of the art in operational centres is to take a consensus approach: subjectively weighting all available guidance to determine the final intensity estimate. The intensity of broad, weak systems may be strongly influenced by scatterometer winds, subjective Dvorak estimates may be given greater weight than ADT estimates for systems below hurricane intensity, and AMSU intensity estimates may be discounted for very small systems. The trend toward an increasing number of objective aids with skill comparable to subjective methods is encouraging. However data platforms and intensity estimation methods often give conflicting information and despite the increasing skill of objective consensus methods such as SATCON, the analyst often has to rely on a thorough knowledge of the strengths and weaknesses of each technique and data platform to arrive at an official intensity estimate. 
1.5.3. Forecasting
1.5.3.1 Structure forecasting

Compared with track, and even intensity forecasting, much less guidance is available for forecasting structural changes in the tropical cyclone wind field. Consequently the forecast process is very subjective, and varies more strongly between operational centres and even between forecasters. The general approach is to use a combination of persistence and climatological values modified by factors known to influence size. For example, some growth in the wind field with increasing latitude will generally be assumed, or a forecast increase in wind shear may be used to infer increasing asymmetry in the wind field. 
Using flight-level wind analyses Maclay et al. (2008) examined the processes that were associated with increases in size and kinetic energy.  Her findings established that TCs generally either intensify without growth or weaken/maintain intensity with growth.  Her findings also show that two processes: eyewall replacement cycles, and interaction with synoptic environmental features such as warm air advection and vertical wind shear, result in tropical cyclone growth.  One of the most significant environmental factors is vertical shear. Under light shear, TCs tend to intensify but do not grow; under moderate shear, they tend to intensify less but grow more; under very high shear, they neither intensify nor grow.   
In the cyclic routine of tropical cyclone forecasting the structure forecast usually follows the track and intensity forecast. The estimation of future structure is therefore often performed under increasing time pressure as the issue time for warnings approaches. Forecasts of tropical cyclone structure are rarely verified in the same way that track and intensity forecasts routinely are, largely due to the limitations of current observational systems. Rappaport et al. (2009) note that due to limited surface observations, a typical best track hurricane-force radius estimate of 30 n mi could easily be in error by 50% or more.  Together with the paucity of available guidance these factors have tended to establish structure as the “poor cousin” of track and intensity. However the critical dependence of storm surge on structure creates a strong imperative for improvement and there is clearly a need to improve the quality of both observing systems and guidance in this area. 
Knaff et al. (2007) have pioneered quantitative guidance for forecasting structure based on a formalisation of the subjective techniques generally used by forecasters. The variation of significant wind radii based on climatological factors (translational speed, intensity, latitude) and persistence (i.e. initial condition) has been quantified for three tropical cyclone basins in Knaff et al. (2007).  Given the initial wind radii (34-,50-, and 64-kt), and forecasts of intensity and track, this model returns a forecast of wind radii as shown in Fig. 1.5.8. Note how the wind field expands as the storm moves poleward and weakens. The model has been incorporated into the operational Automated Tropical Cyclone Forecast System (ATCF, Sampson and Schrader 2000) at NHC and JTWC.  The Atlantic climatology has also been re-applied/adapted to make forecasts in the Southern Hemisphere.   These forecasts form the control forecast for tropical cyclone structure at NHC and JTWC.  The climatological algorithm within this model has also been incorporated in Monte Carlo Wind speed probabilities that are based on NHC/JTWC’s official track and intensity forecasts (DeMaria et al. 2010).
Hart (2003) provided a means of assessing the thermal structure of systems depicted in NWP guidance.   By examining the current thermal structure as depicted by AMSU instruments and comparing it with the current and future evolution of thermal structure in NWP models forecasters are able to more  confidently assess the likelihood that a sub-tropical system will become fully warm cored, or that a tropical system will undergo extra-tropical transition
1.5.3.2 Intensity forecasting

a.) Operational process
The operational intensity forecast process starts by examining the current and forecast large-scale environments.  This is followed by checking the consistency of the intensity guidance with those environments. In track forecasting dynamical forecast aids surpassed statistical aids around 15 to 20 years ago.  Although an increasing number of NWP models are showing promise with intensity forecasting the greatest objective skill remains with statistical and statistical-dynamical models. Hence operational centres continue to place greatest emphasis on guidance such as the Statistical Hurricane Intensity Prediction Scheme (SHIPS), the Statistical Typhoon Intensity Prediction Scheme (STIPS) and the Logistic Growth Equation Model LGEM (discussed in greater detail below). Guidance from these forecast aids are combined with a subjective assessment of potential environmental influences on intensity change, including upper-level outflow, vertical wind shear, mid-level moisture, and ocean heat content relative to predicted track. These factors are among those incorporated into statistical prediction schemes such as STIPS, and hence both statistical schemes and subjective forecasting techniques are heavily reliant upon large-scale environmental factors as predictors of tropical cyclone intensity change (Knaff et al., 2005; Sampson et al., 2008). Although given less weighting due to their lower skill, forecasters also note intensity forecasts from dynamical models, taking particular note of trends rather than absolute values. As with all forecaster assessments of NWP guidance, consistent trends across different models, and across successive runs of the same model, will lend greater confidence to the forecast. In general, NWP forecasts of tropical cyclone intensity are explainable in terms of their prediction of large-scale environmental factors and so assessment of NWP intensity forecasts usually reinforces the diagnosis of the predicted large scale environment.   
Both statistical-dynamical schemes and subjective intensity forecast processes are sensitive to tropical cyclone intensity analysis errors so sound tropical cyclone intensity analyses are vital to short and medium- range intensity forecasts (Knaff et al., 2005). 
The final intensity estimate is based on a subjectively weighted assessment of available guidance taking account of the synoptic situation, the TC structure and the available guidance. A combination of synoptic assessment and persistence is usually weighted most heavily for the short term (to +24 h), after which increasing weight is given to statistical techniques with proven skill and consistent trends in dynamical models.

Operational centres are increasingly applying consensus techniques to intensity forecasting. Sampson et al. (2008) showed results indicating that relatively simple intensity consensus methods outperformed their individual members and that the relative independence of the ensemble members is an important determinant of potential improvement of the consensus forecast.  Since that time, NHC has adopted the consensus approach using variable member and fixed member intensity consensus aids.  JTWC has also adopted intensity consensus techniques for their operations. However the number of intensity consensus members offering baseline skill together with a degree of independence from other members remains low compared with track forecasting.  The Joint Typhoon Warning Center (JTWC) reports that the only dynamical model that has been verified to add skill to the intensity baseline is GFDN (the U.S. Navy equivalent of the NCEP GFDL model) (Mayers J., 2010, pers. comm., 10 August). Sampson and co-workers tested a suite of models and their effect on consensus aids for the Atlantic and North Eastern Pacific basins over the 2008 and 2009 seasons. The consensus aids outperformed individual members as expected, but in the Atlantic basin the GFDN failed to add skill and in the North Eastern Pacific the HWRF model did not improve skill. However both of these were upgraded and performed better in 2009 than in 2008.  The relative independence of dynamical models suggests that as increasing numbers of dynamical models reach the baseline level of skill needed to enhance consensus aids further improvements in intensity forecasting will be obtainable through the adoption of consensus methods, akin to what has happened in track forecasting. 

In recent years, the outputs of Ensemble Prediction System (EPS) from major NWP centres have been made available.  From the TC intensity forecasts of EPS, ensemble mean and probabilistic forecasts of TC category can be generated.  Post-processing of EPS products, such as use of an artificial neural network (ANN) to calibrate the simple ensemble mean of EPS forecasts (Chen and Chan, 2010) can improve the accuracy of TC intensity forecasts and the reliability of the probability forecasts thus produced. Hong Kong Observatory have applied a calibration procedure of this kind to the ensemble mean forecasts of the JMA EPS since 2007 (Chen and Chan, 2010), producing intensity forecasts with useful operational value out to 120 hours.   
An important component of the short term forecasting picture is the moisture environment in and around the TC.  The MIMIC-TPW product (Wimmers and Velden, 2010) developed at CIMSS provides a tool to forecasters for assessing the changes in the moisture environment.  MIMIC-TPW uses retrieved total precipitable water values based on an algorithm developed by Alishouse et al. (1990), which derives these values from a linear function of 19, 22 and 37 GHz brightness temperatures available from passive microwave sensors aboard several polar orbiting satellite platforms.  
To represent TPW at times several hours away from the retrieval time, TPW is treated as a purely conservative tracer advected by a lower-tropospheric mean layer wind using fields from the GFS global model.  In the MIMIC-TPW algorithm, the TPW swath is advected backward and forward in time using the mean layer wind field in order to create synthetic hourly data corresponding to the original swath.  The mean layer wind field is commensurate in depth with the majority of columnar moisture over the tropical oceans (between 600 hPa and the surface).   Because the MIMIC-TPW product is real-time, forecast wind fields as well as analysis winds are used. However, over time the "older" advections in the dataset are recomputed as analysis winds come in to replace forecast winds.  
Currently, CIMSS generates this synthetic hourly data for all times on the hour between +/- 16 hours from observation time of each swath. Thus for a given hour, a domain such as the North Atlantic basin has 20-30 synthetic swaths of data from which the algorithm can create a nearly complete composite image.  The final product is a simple composite of many advected TPW swaths over a selected domain.  The resulting animations of TPW provide a clearer picture of moisture changes including entraiment of dry Saharan Air Layer (SAL) and mid-latitude air.  In cases of TC genesis the product can be used along with water vapor imagery to determine if moisture may be an inhibiting factor in genesis as well as wave breaking associated with propagating tropical waves.
b) Recent advances in statistical forecast guidance

Since IWTC-VI the skill and availability of statistical-dynamical forecast aids has been progressed through both new methods and new datasets.  Using the Statistical Hurricane Prediction Scheme (SHIPS, DeMaria et al. 2005) Mainelli et al. (2008) examined the utility of oceanic heat content (OHC) information in SHIPS for the most intense Atlantic tropical cyclones.  Findings showed that OHC input improved the average intensity errors of the SHIPS forecasts by up to 5% for all cases from the category 5 storms, and up to 20% for individual storms, with the maximum improvement for the 72–96-h forecasts.  Results also suggest that OHC only becomes important when it has values much larger than that required to support a tropical cyclone.
The utility of lightning information for improving tropical cyclone intensity forecasts has been investigated (Knaff et al. 2010b, DeMaria and DeMaria 2009).  Results suggest that increased rainband lightning (200-400 km from centre) often accompanies intensification and that inner core lightning indicates vertical wind shear and peak intensity and often precedes weakening. 

One important limitation of statistical intensity prediction is its inherent difficulty in identifying rapid intensification due to its character as a statistical outlier. In the majority of basins an objective forecast aid for rapid intensification is unavailable at present and as a consequence rapid intensification events are generally poorly forecast. Kaplan et al. (2010a) discussed the development and performance of an operational rapid intensification index (RII) in the Atlantic and Eastern North Pacific.  The RII is based on large-scale predictors. The most important predictors are upper-level divergence, vertical wind shear and previous 12-h intensity change for the Atlantic basin, and previous 12-h intensity change, symmetry of inner core convection, and difference between a system’s current and maximum potential intensity in the eastern North Pacific basin. One of the more important findings showed that the RII forecasts had greater skill (in terms of false alarm rate and probability of detection) in discriminating rapid intensification events than the operational suite of numerical weather predictions (Fig. 1.5.9).   Even with this aid forecasters generally seriously underestimate the amount of intensification, as happened during Eastern Pacific Hurricane Rick (Cangialosi and Avila, cited 2010). Future improvements to RII were discussed in Kaplan et al. (2010b). They concluded that additional increase in rapid intensity change forecast skill might demand the inclusion of inner-core predictors. Sampson et al. (2010) used the RII to develop a deterministic rapid intensification forecasting aid and then investigated its impact on a consensus intensity forecasting aid.  They found that inclusion of rapid intensity guidance in consensus aids can improve mean errors and negative biases.
Two other forecasting aids attached to the SHIPS model have been developed for the Atlantic and North Eastern Pacific. The Annular Hurricane Index (Schumacher et al. 2007) shows when the TC is composed primarily of an eyewall surrounding a large eye with few outer bands.  The knowledge of this structure can aid in forecasting the subsequent intensity and evolution.

The Secondary Eyewall Formation (SEF) index (Kossin and Sitkowski 2009), is an experimental aid which forecasts the probability of an outer eyewall forming within 48 h.  Secondary eyewall formation has a significant impact on TC intensity and structure, and this tool could help improve forecasts of these events. The three guidance tools discussed in the preceding paragraphs are currently only available in the Atlantic and North East Pacific, but it is hoped that further work will extend their availability to other basins. 
 A new method that makes use of a logistic growth equation (cf. a multiple regression equation as used in SHIPS) to forecast intensity change was documented in DeMaria (2009) and is in use at the National Hurricane Center.  The LGEM model, unlike SHIPS, has the ability to react to changing environmental conditions and has been shown to be both somewhat independent and slightly more skilful than SHIPS.  LGEM proved the most skilful intensity guidance model in the Atlantic in both 2008 and 2009 (Franklin 2009). The LGEM model can also make use of an adjoint model, which allows the model to know the past storm history, though this capability is not utilized in operations.  LGEM has potential to produce a genesis and intensity forecast by coupling with a global model. The model could also be run along an ensemble of tracks, and with predictors from a variety of global model forecast fields. Since LGEM is computationally efficient, the ensemble size could be made very large (De Maria 2009).
Knaff and Sampson (2009a; 2009b) and Sampson and Knaff (2009) discussed the suite of statistical and statistical-dynamical models and ensemble methods used at JTWC for intensity forecasts in the Southern Hemisphere.  They found that there were small gains in skill out to 48 h using a consensus of statistical-dynamical model (STIPS) ensemble members and the GFDN model (Rennick, 1999, Bender et al. 2007
). STIPS output is now routinely used by operational centres in the southern hemisphere. Improved operational access to NWP models through a data repository such as the THORPEX Interactive Grand Global Ensemble (TIGGE) data archive would help to facilitate improvements in intensity forecasts. The TIGGE data archive could also serve as a repository and distribution method for other intensity forecast aids such as STIPS. 
Knaff (2009) also revisited climatological relationships related to recurvature and maximum intensity.  Results reveal that tropical cyclones are less likely to experience peak intensity within ±12 h and ±24 h of recurvature than has been previously reported in the western North Pacific. Furthermore, it is shown that tropical cyclones that become most intense (i.e. intensities greater than 100 knots (52 ms−1)) have a greater tendency to reach peak intensity before recurvature than weaker storms save for in the South Pacific where the most intense storms have a slightly greater probability of reaching their maximum intensity following recurvature.
Since the last IWTC, an operational product that produces probabilities of winds of at least 34, 50, and 64 kt, and incorporates uncertainties in the track, intensity, and wind structure forecasts was documented in DeMaria et al. (2009).  These probabilities extend to 120 h for all tropical cyclones in the Atlantic and eastern, central, and western North Pacific to 100°E. Because of the interdependence of the track, intensity, and structure forecasts, a Monte Carlo method is used to generate 1000 realizations by randomly sampling from the operational forecast centre track and intensity forecast error distributions from the past 5 yr.  The extents of the 34-, 50-, and 64-kt winds for the realizations are obtained from a simple wind radii model and its underlying error.  An example of the 120-h cumulative 34-kt wind probabilities associated with Hurricane Alex is shown in Fig. 1.5.10.   The output of this product is now being used for a number of mitigation and risk reduction activities, including watch and warning guidance (Schumacher et al. 2010).  In 2010, the wind probability algorithm was model modified to use a track error distribution based on track consensus spread from GPCE (Goerss, 2007).  Efforts are underway to develop similar capabilities for Australian TCWCs. 
c) Advances in dynamical forecast guidance

The relative lack of skill in dynamical NWP models has often been attributed to a lack of resolution and description of inner-core processes important to tropical cyclone intensity change (e.g. Rappaport et al. 2009).  Mesoscale tropical cyclone models are being run at resolutions of around 8-9 km (e.g. HWRF, GFDL (Krishnamurtii et al. cited 2010) and Aladin-Réunion (Faure G. 2010 pers. comm. 13 July)) but these resolutions are still insufficient to describe inner core processes. Using the Advanced Hurricane Weather Research and Forecasting Model (AHW) Davis et al (2008) found that modelling of Katrina’s inner core structure, particularly the size of the eye, was sensitive to both resolution and surface momentum exchange. They found that hindcasts of rapid intensification and the structure of Katrina’s convective bands were not significantly improved until the grid spacing approached 1 km. At this resolution the model was able to resolve the structure of convective bands and the dependency on cumulus parameterization was eliminated. 

Nguyen et al. (2008) investigated internal structure changes during the rapid intensification of Hurricane Katrina using the TCLAPS model. They found two distinct phases. In the symmetric phase the eyewall was defined by a nearly circular, symmetric updraught. In the asymmetric phase the eyewall updraught was dominated by three intense updraught cores resulting from convective bursts. The transition from the symmetric phase to the asymmetric phase was associated with a reduction in the intensification rate of the mean circulation. The transition back to the symmetric phase saw a significant increase in the mean intensification rate. Further experiments are planned that will help to confirm whether there is an opportunity for nowcasting the rate of intensification based on observed changes in the symmetry of eyewall convection. Nguyen at al. (2008) also highlight the need for enhancements to 4D-VAR to account for the development of asymmetries during initialisation.
Faure et al. (2010) found that tropical cyclone intensity and structural changes modelled by Aladin-Réunion were sensitive to microphysics parameterization at both 8 and 10 km horizontal resolution.  These results are consistent with Jin et al. (cited 2010), who found that ice concentration at upper levels had a strong impact on TC intensification. These results indicate the importance of accompanying improvements in resolution with improved description of relevant microphysical processes.
At the other end of the scale, Davidson et al. (2008) highlighted the need to extend the understanding of the dynamical influence of Planetary Rossby Waves (PRW) at upper levels on rapid intensification. They showed that Hurricane Opal underwent rapid intensification as a PRW passed overhead creating a favourable environment. Future work will attempt to couple the environmental changes with the response of the vortex. Their work has potential not only to improve dynamical prediction but also to enhance conceptual models employed by forecasters to relate synoptic environments to intensity and structure change. 
Air-sea interactions, including enthalpy fluxes and surface momentum exchanges are believed to be fundamental in explaining hurricane intensification. Significant advancements in the measurement and understanding of air-sea interactions in tropical cyclones have been made with the CBLAST experiment (Black et al. 2007). CBLAST results have helped develop surface exchange parameterizations for fully coupled models (e.g., Chen et al. 2007). Davis et al (2008) found that coupling AHW to a simplified 1-D mixed layer ocean model eliminated much of the erroneous intensification of Katrina just prior to landfall that was noted in the real-time forecast. Meteo-France plans to begin testing of a 2.5 km resolution non-hydrostatic model (AROME) coupled to this ocean mixed layer model in the next few years, with plans to bring it into operations by 2014 (Faure G. 2010 pers. comm. 13 July ). 

The skill of the AHW model was further enhanced by using more sophisticated initialization procedures. Torn and Hakim (2009) developed an Ensemble Kalman Filter initialization for AHW which led to forecasts with 50% less track and intensity errors than GFS and official NHC forecasts. Several authors reported forecast improvements when assimilating airborne Doppler radar (Xiao et al. 2009; Pu and Li, 2009; Zhang et al. 2009). These results point to the importance of exploring initialization techniques different than those used in operational models such as GFS, GFDL and HWRF that are based on a bogus vortex, or a cycled vortex that conforms to a pre-determined structure (Hsiao et al.  2010). 
The Australian Bureau of Meteorology (ABoM) is implementing a new TC model (ACCESS-TC) in time for the 2010-2011 southern hemisphere TC season. ACCESS-TC, will provide opportunities to make further improvements to initialization and prediction of both the large scale environment and the evolving structure of TCs via the application of 4D-VAR and non-hydrostatic dynamics. Running at a resolution of ~12km (0.11°) the forecasts will utilise (i) a vortex specification designed to fit estimated vortex structure parameters, and (ii) application of 4DVAR in 5-cycles over a 24-hour period to initialize the primary and secondary circulations of the TC.

Finally, it is worth noting the work of Zhang and Sippel (2009), because they put into relief inherent uncertainties in TC intensity forecasting. In particular they show that unobservable differences in initial conditions can lead to significant differences in the development of a tropical storm. Both intra- and intermodal ensembles have proved useful for track prediction, and it is likely that the way forward for intensity and structure forecasting will involve mesoscale ensembles, when we can afford them operationally, in order to quantify the uncertainty inherent in forecasting small scale processes.  
4. Summary and Recommendations.

a) Summary

Operational analysis of tropical cyclone structure continues to be focused on the radius of maximum winds and the radial extent of winds exceeding various thresholds. Objective analytical methods have been developed but structure analysis continues to be hampered by a lack of suitable observations, to the extent that it is difficult to even verify the current skill in describing the near surface wind field. There has been limited progress in developing operational forecast guidance for structure change; reflecting the poor observing capability and the poor skill levels of dynamical models.  Consequently the operational process for forecasting change in tropical cyclone structure is overwhelmingly subjective and undoubtedly this is an area where significant improvement can be made. Improved capability to reliably analyse the near surface wind field will be critical to improving forecasts of structure change. 

The operational process for forecasting intensity change is more advanced than that of forecasting the outer wind structure. There have been a number of recent advances in the objective analysis of intensity and progress has been made in providing more skilful operational guidance on intensity change, though rapid intensification remains an area of poor skill. Statistical models continue to show the greatest skill in forecasting intensity change and both the accuracy and availability of statistical forecast aids has improved in the last four years. Further work is required to ensure that recent developments in the Atlantic and North East Pacific are made available in all tropical cyclone basins. 
Recent advances in our understanding of inner core processes, and our approaching capacity to achieve model resolutions fine enough to describe those processes holds promise for a breakthrough in dynamical intensity forecasting skill.  
An increasing emphasis on employing consensus methods for intensity forecasting is noted. These efforts will need to be maintained to maximise gains in forecast skill as statistical and dynamical forecast aids improve.

b) Recommendations

Having reviewed the state of operational guidance on structure and intensity change, several recommendations can be made.  
1. There is an operational need to increase the coverage and frequency of both passive and active microwave remote sensing, particularly of scatterometers. 
2. Continuing work on consensus intensity forecast aids is required, utilising both intra- and inter-model ensembles.
3. Structure and intensity forecasting aids recently developed for the Atlantic and North East Pacific basins should be extended to other basins.

4. The continued development of high resolution models needs to be accompanied by improved specification of initial conditions and modelling of inner core processes and air-sea interactions. 
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� The Geophysical Model Function had a design limit of 30ms-1 but post processing allowed analysts to place some confidence in wind speeds as high as 80 knots (Sharma & D’Sa 2008; Edson 2010). 


� We avoid discussion of precisely what is meant by “maximum wind speed” but the interested reader is referred to: Guidelines for Converting Between Wind Averaging Periods in Tropical Cyclone Conditions, World Meteorological Organization, Geneva, 2004/09, for a discussion of this issue.  Available from http://www.wmo.int/pages/prog/www/tcp/Meetings/HC31/documents/Doc.3.part2.pdf


� It is symptomatic of the extent to which ADT has developed beyond the original Dvorak technique that the term CDO is used in ADT to reference the IR cirrus-covered scene that in the original Dvorak is referred to as Embedded Centre. Manual Dvorak analysts need to be aware that the terms used to describe scene types in ADT have separate meanings, and involve different analysis techniques, to those in the manual technique.  





� Add sentence along the lines of (not sure about La Reunion though):


The STIPS output is now used routinely  by NMS in the SH.
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