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Abstract


This paper provides an account of the performance of an experimental version of the Hurricane Weather Research and Forecasting system (HWRFX) for 87 cases of Atlantic tropical cyclones during the 2005, 2007, and 2009 hurricane seasons. The HWRFX system was used to study the influence of model grid resolution, initial conditions, and physics. For each case, the model was run to produce 126 hours of forecast with two versions of horizontal resolution, namely, (i) a parent domain at a resolution of about 27 km with a 9 km moving nest (27:9) and (ii) a parent domain at a resolution of 9 km with a 3 km moving nest (9:3). The former was selected to be consistent with the current operational resolution, while the latter is the first step in testing the impact of finer resolutions for future versions of the operational model. The two configurations were run with initial conditions for tropical cyclones obtained from the operational Geophysical Fluid Dynamics Laboratory (GFDL) and HWRF models. Sensitivity experiments were also conducted with the physical parameterization scheme. The study shows that the 9:3 HWRFX system using the GFDL initial conditions and a system of physics similar to the operational version (HWRF) provides the best results in terms of both track and intensity prediction. Use of the HWRF initial conditions in the HWRFX model provides reasonable skill, particularly when used in cases with initially strong storms (hurricane strength). However, initially weak storms (below hurricane strength) posed special challenges for the models. For the weaker storm cases, none of the predictions from the HWRFX runs or the operational GFDL forecasts provided any consistent improvement when compared to the statistical-dynamical intensity model (Decay-SHIPS).

1. Introduction

The past decades have been marked by significant advances in operational weather prediction models such as the National Oceanic and Atmospheric Administration’s (NOAA) Global Forecast System (GFS), the NOAA/Geophysical Fluid Dynamics Laboratory’s (GFDL) regional hurricane forecasting system, the U.S. Navy Operational Global Atmospheric Prediction System (NOGAPS), the European Centre for Medium-Range Weather Forecasts (ECMWF) model, and the United Kingdom Meteorological Office model (UKMET).  Such advances have contributed greatly to a steady improvement in the official tropical cyclone (TC) track forecasts issued by the NOAA/National Weather Service’s (NWS) National Hurricane Center (NHC), resulting in a substantial reduction in track forecast errors. This, in turn, has reduced warning and evacuation areas, thereby saving lives and resources (Rappaport et al. 2009).

Forecasting intensity changes is also extremely important, especially in the case of storms that rapidly intensify or weaken just prior to landfall (e.g., TCs Charley, 2004; Katrina and Wilma, 2005; Humberto, 2007; Karl, 2010). However, forecasting intensity changes in TCs is a complex and challenging multiscale problem. While cloud-resolving numerical models using a horizontal grid resolution of 1-3 km are starting to show some skill in predicting intensity changes in individual cases (e.g., Chen et al. 2011), it is not clear at this time if such high-resolution models can provide intensity guidance with fidelity.  The goal is to produce consistently reliable results in the real-time (operational) venue. Lack of skill in numerical intensity forecasting is often associated with inaccurate initial conditions or limitations in modeling the physical processes within and around hurricanes. There is also debate as to what constitutes a reasonable horizontal resolution for use in forecasting hurricane intensity changes on a day-to-day basis (Gopalakrishnan et al. 2011).

The Weather Research and Forecast (WRF) system for hurricane prediction (HWRF) became operational at the National Centers for Environmental Prediction (NCEP) in 2007. This advanced hurricane prediction system was developed at the NWS/Environmental Modeling Center (EMC) to address the Nation's next generation hurricane forecast problems. In this study, an experimental version of HWRF (HWRFX) is used to explore three important factors (i.e., model grid resolution, initial conditions, and model physics) that may influence the accuracy of track and intensity forecasts and provide guidance for improvements to the operational HWRF system.

2. Background

The GFDL regional hurricane prediction system originated as a research model in the 1970s (Kurihara and Tuelya 1974; Kurihara 1975; Tuleya and Kurihara 1975, 1978, 1982).  In the mid-1980s, the Hurricane Dynamics Group at GFDL began a 10-year effort to transform their research hurricane model into an operational hurricane forecasting tool for NWS. As part of that effort, several years were spent in developing a technique to insert a more realistic and model-consistent vortex into the global analysis. The initialization of hurricanes in the GFDL model, which is unique to this model and is relevant to the discussion later in this study, uses a vortex replacement strategy which consists of three major steps: (1) interpolate the global analysis fields from GFS onto the operational GFDL hurricane model grid; (2) remove the GFS vortex from the global analysis; and (3) add a high-resolution, model-consistent vortex (Kurihara et al. 1995). Since 1995, the GFDL hydrostatic hurricane prediction system has been used operationally by NHC and is regarded by NHC as one of the most skillful and reliable dynamical models for track forecasts. Since 2005, the model has demonstrated improved skill in intensity predictions, especially after the atmosphere-ocean coupled system (Ginis et al. 1999) and increases in vertical and horizontal resolution were implemented (Bender et al. 2007).  A thorough summary of the modeling system and its performance is provided in Bender et al. (2007). 

WRF is a general purpose, multi-institutional mesoscale modeling system. NCEP’s Non-hydrostatic Mesoscale Model (NMM; Janjic et al. 2001; Janjic 2003) is a dynamical core option within the WRF model initiative. A moving nest capability was created within the WRF-NMM system to address the hurricane problem (Gopalakrishnan et al. 2006). This dynamical capability is the backbone of the HWRF system. The high-resolution nest is capable of capturing non-hydrostatic scales of motion within the hurricane inner core and has the potential to provide improved intensity guidance. Another advancement of the HWRF system over the GFDL model is the option to use the previous forecast cycle of the model vortex (when available) as the first guess and to assimilate inner-core observations. This capability was introduced to provide more realistic initial three-dimensional structure and is a critical ingredient towards advancing TC intensity/structure prediction (Liu et al. 2006). To build on the success of the GFDL model, the physics in the initial implementation of HWRF emulated the latest version of the GFDL system (Bender et al. 2007). In addition, the HWRF system, as with the GFDL model, is coupled to a three-dimensional version of the Princeton Ocean Model (POM) modified for hurricane applications over the Atlantic basin. The HWRF system, with 27 km and 9 km parent and movable mesh grid resolutions (27:9; Fig. 1a), respectively, has been used as an operational hurricane forecasting tool at NWS since 2007. Documentation for the HWRF system (Gopalakrishnan et al. 2010) is available at the Development Testbed Center (DTC), National Center for Atmospheric Research (NCAR), in Boulder, Colorado (http://www.dtcenter.org/HurrWRF/users/docs/scientific_documents/HWRF_final_2-2_cm.pdf).
In addition to operational hurricane models, cloud-resolving models are more recently being used as research tools to help understand the hurricane intensity prediction problem. For example, in a series of explicit simulations of Hurricane Andrew (1992) using the fifth generation mesoscale model, MM5, developed by Pennsylvania State University (PSU) and NCAR at a resolution of about 6 km, several interesting features of the modeled hurricane (Liu et al. 1997, 1999; Yau et al. 2004; Zhang et al. 1999, 2000, 2001, 2002) compared well to the observed structure of hurricanes (Marks and Houze 1987; Marks et al. 1992; Willoughby 1979, 1990a, 1990b). As verified against various observations and the post-storm derived “best track” data (positions and intensities) provided by NHC, the PSU/NCAR MM5 simulations reasonably captured many of the features of the inner-core structure of the storm. In particular, the track, explosive deepening rate, minimum surface pressure preceding landfall, and strong surface winds near the shoreline were all well reproduced by these simulations (Yau et al. 2004).

Other recent research suggests that hurricane intensity forecasts could be improved with very high model resolution (grid spacing ≤ 1 km in the horizontal) that adequately simulates hurricane inner-core structures such as the eyewall and rainbands (Davis et al. 2008, 2011; Rotunno et al. 2009). For example, in an effort to demonstrate the value of a high resolution hurricane forecast, Davis et al. (2011) used the Advanced Hurricane WRF (AHW) model with two sets of 69 simulations (covering 10 Atlantic tropical cyclones) with horizontal resolutions of 12 and 1.33 km. Their statistically significant results indicated that higher resolution improved forecasts of both intensity and the hurricane's structural aspects. Using the results of Davis et al. (2011) as the basis, the authors used the AHW model to provide real-time forecasts during the 2009 season. The results were storm specific. While higher resolution improved forecasts of track and intensity, especially for some of the weaker storms like Erica and Danny, the impacts were mixed for other storms. These results raise the question of what controls the overall intensity and track predictions: resolution alone, physics, initial conditions, or all of these factors?

While operational track forecasts show substantial skill (on the order of 30-40% at 72 h) versus the CLImatology and PERsistence (CLIPER) model utilized by NHC (e.g., Gross 1999), the skill in predicting intensity change using a dynamical model has been marginal (DeMaria and Kaplan 1999; Kaplan et al. 2010). To address this lack in intensity prediction skill, with an emphasis on rapid intensification (RI) events, NOAA established the Hurricane Forecast Improvement Project (HFIP) in 2007 (available online at http://www.nrc.noaa.gov/plans_docs/HFIP_Plan_ 073108.pdf).

HWRFX is a version of the HWRF system specifically adopted and developed at the Hurricane Research Division (HRD) of the Atlantic Oceanographic and Meteorological Laboratory (AOML) to study the intensity change problem at cloud-resolving scales (about 1-3 km). This modeling system is supported by HFIP and complements the operational HWRF system. The data acquisition component, designed with Java and shell scripts, runs automatically and in parallel with the triggering mechanism. It continuously retrieves meteorological data sets required to perform the HWRFX forecasts. These data sets include the initial conditions and the 126-hour forecast data of the operational Global Forecast System (GFS), the initial conditions of the operational GFDL hurricane model, and the initial conditions of the operational HWRF model. The HWRFX model can be run with at least two suites of physics options. The first suite mimics the operational HWRF suite of physics (Gopalakrishnan et al. 2010), and the second is a suite of physics that was developed as part of the high-resolution modeling effort at NCAR. The physics options used in this work are discussed in detail later in the text. As in the case of the GFDL model developments, HWRFX can be run in both an idealized research framework (Gopalakrishnan, et al. 2011) and in real-time mode (Zhang et al. 2011). This study provides an account of the performance of HWRFX for 87 cases of Atlantic tropical cyclones from the 2005, 2007, and 2009 hurricane seasons.

3. Overview of Atlantic tropical cyclones used in this study 
The first step in the HFIP effort was to quantify the impact of increasing the horizontal grid resolution in numerical models on intensity forecasting. In early 2009, HFIP established the High Resolution Hurricane (HRH) tests. The plan for these tests was developed jointly by several segments of the community, including specialists in hurricane forecasting, numerical modeling, and forecast verification. Hurricane Specialists at NHC selected 69 cases from 10 hurricanes during the 2005 (Emily, Katrina, Ophelia, Philippe, Rita, and Wilma) and 2007 (Felix, Humberto, Ingrid, and Karen) seasons for the HRH tests. The 69 HRH cases were selected in order to examine a variety of aspects of the models’ performance for areas such as (1) the capability to simulate RI events (e.g., Katrina, Rita, Wilma, Humberto, and Karen; see Table 1 and Fig. 2), (2) the impact of vertical wind shear on intensity evolution (e.g., Katrina, Philippe, Rita, Ingrid, and Karen), (3) the effects of eyewall replacement (e.g., Emily, Rita, Wilma, and Felix), (4) the effects of oceanic heating and cooling (e.g., Ophelia), and (5) the impact of terrain interaction during landfall on track and intensity predictions (e.g., Katrina, Rita, and Wilma).


The 2009 hurricane season was a challenging one for forecasts due, in part, to several weak and/or sheared storms (e.g., Ana, Danny, and Erica). As part of the HFIP real-time Demonstration system, HWRFX was run in real time during the 2009 season. For this study, cases from five 2009 storms (Ana, Bill, Danny, Erica, and Ida) were added to the 2005 and 2007
 HRH storm sample to test the HWRFX system’s sensitivity to resolution, initial conditions, and physics. In all, 87 cases were tested (Table 1; Fig. 2). Although this is a modest number of cases compared to verification samples used for operational purposes, the sample size should be sufficient for the sensitivity tests presented here.  These results will hopefully provide insights that will later be translated into improvements for operational forecasting.  The 87 cases comprised a diverse sample set of initial intensities, strengthening and weakening scenarios (including a number of RI events), and track types (see Table 1 and Fig. 2) in order to better understand the impact of various factors upon model performance. This was also the first time that the sensitivity of a version of the HWRF model to initial conditions and physics, in addition to resolution, was examined for a comprehensive list of cases.
4. Resolution/Configuration, Vortex Initialization, and Model Physics

Figure 1 shows the two model configurations (resolutions) used in this study. The domain of simulation along the horizontal direction was set to about 50 x 50 degrees with a moving nest of about 7 x 7 degrees. There were 40 hybrid levels in the vertical with the top level set to 50 hPa. The simulations reported here were performed with two kinds of horizontal resolution, namely, (i) a parent domain and moving nest with resolutions of about 27 km and 9 km, respectively (27:9 henceforth; Fig. 1a) and (ii) a parent domain and moving nest with resolutions of 9 km and 3 km, respectively (9:3 henceforth; Fig. 1b). While the former was selected to be consistent with the current operational resolution, the latter could become the possible operational resolution in the near future. All results reported in this study used moving nests at 9-km (i.e., 27:9) or 3-km (i.e., 9:3) resolution. The model was run for 126 hours. As mentioned earlier, the HWRFX system has an option to be initialized using either the operational HWRF grib or the GFDL grib products. The WRF pre-processor (WPS) was used to initialize the model with either the HWRF or the GFDL vortex initializations. The GFS forecasts were used to produce boundary conditions for all the cases reported here.


A description of the operational HWRF suite of physics was recently published as a technical document at the DTC, NCAR, in Boulder, Colorado (Gopalakrishnan et al. 2010). The HWRFX physics options used in this study were configured as close as possible to the operational HWRF system. The GFDL surface (Bender et al. 2007) and GFS boundary layer formulations (Hong and Pan 1996) were used to parameterize the flux transport and subsequent mixing in the atmosphere.  The Ferrier scheme (Ferrier et al. 2002) was used to provide latent heating due to the microphysical processes in the atmosphere, and the Simplified Arakawa and Schubert scheme (SAS) was used to parameterize subgrid cumulus-cloud activity. The scheme included a term for momentum mixing (Hong and Pan 1998) that was parameterized as a drag term in the model. Cumulus parameterization in combination with the Ferrier microphysical scheme have been found to have some value in the operational NMM for scales down to about 5 km. However, the contribution to heating from SAS has diminishing returns, i.e., an increase in resolution and the grid volume in the inner core region quickly becomes saturated with the use of an explicit microphysics scheme. Consequently, the SAS convection scheme was switched off at the 3 km resolution (moving mesh) in this work consistent with Zhang et al. (2011). Finally, to keep the radiation option simple, the effect of radiation on the atmosphere was approximated with the NCAR long- and short-wave radiation scheme (Dudhia’s short wave radiation and Rapid Radiative transfer model) available in the WRF framework. Detailed descriptions of the physics options in HWRFX with appropriate references are reported in Yeh et al. (2011).  Although the physics options in HWRFX were kept as close as possible to the operational HWRF physics, apart from the difference in the radiation scheme, there were several subtle but significant changes adopted in this study. It may be worthwhile to contrast these differences at least for the 27:9 version. Table 2 specifies some main differences in physics between the 27:9 forecasts and the operational HWRF physics.

The WRF model provides an option for several combinations of physics packages (http://www.mmm.ucar.edu/wrf/users/tutorial/200707/WRF_Physics_Dudhia.pdf). In the recent past, a number of studies have reported intercomparisons between these packages for the specific case of a hurricane (e.g., Li and Pu 2009; Fierro et al. 2009) or for a range of scale-spanning problems such as warm season regional forecasts (e.g., Gallus and Bresch 2006) and hurricane forecasting (Davis et al. 2011). The “Kain–Fritsch (KF; Kain and Fritsch 1992) convective scheme, Yonsei University (YSU; Noh et al. 2003) planetary-boundary layer (PBL) scheme, and WRF-Single-Moment 5-Class Microphysics scheme (WSM5)” is a well-documented combination for hurricane applications (Davis et al. 2011). In this study, the YSU-WSM5-KF combination was used as the second option for testing.  The effect of solar radiation on the atmosphere was approximated with the NCAR long- and short-wave radiation scheme available in the WRF framework for all the runs. Both physics packages in this study used the NOAH land surface scheme (Ek et al. 2003). Finally, in all the runs, sea surface temperatures (SSTs) were obtained from the GFS and held fixed during the forecasts. Table 3 presents a summary of the sensitivity experiments performed using the 87 cases in this study.

The track and intensity of a storm were determined on the basis of the position of the nest within the parent domain (Fig. 1) which, in turn, is based on the concept of dynamic pressure (Gopalakrishnan et al. 2002). At the end of every time step of the nested domain, the centroid of the dynamic pressure within this moving domain is determined. The minimum dynamic pressure determines the storm center. If the storm center is advected beyond one grid point of the parent domain (three grid points from the center of the nested domain due to the 3:1 parent-to-nest grid ratio), the nested domain is moved to a new position within the parent domain to maintain the storm near the center of the nested domain. The post-processing software reads the history output file from the moving nest, which carries the information of the minimum sea level pressure, maximum wind, radius of maximum wind, and storm location corresponding to the minimum sea level pressure of the nested domain.  As with any numerical model, tracking problems sometimes occurred when the algorithm (or nested grid) lost the storm center, was affected by a storm’s proximity to the boundaries, or the nested grid algorithm jumped to a neighboring low pressure system or other storm.  These cases were typically removed by screening for situations in which the storm center, as determined from the parent domain and the center determined from the nested grid, differed by more than ~200 km.  Once a center position was determined to be suspect, the rest of that forecast (position and intensity) was removed from the sample.  Improvements to the automated tracking algorithm are now being developed but were not available when the data for this study were compiled.
5. Results and Discussions


Given the large amount of high-resolution data, it is not feasible here to discuss our results in terms of individual cases. Therefore, only statistical verification of the runs will be presented. The results are presented in terms of standard metrics such as (i) absolute track errors and (ii) intensity errors (absolute and bias). These measures provide only a partial glimpse of the high-resolution model’s potential to improve track and intensity forecasts. In addition to these standard metrics, this study also examined the radius of maximum wind as a measure of structure prediction. The cumulative distribution function (CDF) of the radius of maximum wind at 10 m above the ground for all the HWRFX forecasts was compared with HRD’s H*WIND analyses (e.g., Powell et al. 1998).

Models based solely on climatology and persistence are created from statistical relationships between storm-specific information such as location, time of year, and the behavior of historical storms. For track forecasts, NHC’s operational CLImatology and PERsistence model is CLIPER5 (Neumann 1972). For intensity forecasts, it is DSHIFOR5
. DSHIFOR5 (Decay-SHIFOR) is the SHIFOR5 (Statistical Hurricane Intensity FORecast) model (Jarvinen and Neumann 1979; Knaff et al. 2003) adjusted for the inland decay rate of Demaria et al. (2006). NHC and others (Aberson 1998; Franklin 2010) routinely use these models as a benchmark for establishing the “skill” of research and operational models, where CLIPER5 and DSHIFOR5 provide a “no-skill” baseline. Variations in the errors from these climatology/persistence models help to provide an indication of whether forecast situations are “easy” or “difficult.” Track forecast results in this study are shown in terms of “skill” versus CLIPER5. However, because the ultimate focus of this project is to improve intensity forecasts for dynamical models, a higher standard for the intensity forecast baseline, DSHIPS, was used. SHIPS (Statistical Hurricane Intensity Prediction Scheme) is a sophisticated statistical-dynamical model that predicts storm intensity utilizing multiple regression relationships with climatological, persistence, and numerical model predictors (DeMaria et al. 2005). DSHIPS (Decay-SHIPS) is SHIPS adjusted for the decay of storms when they move inland, according to Demaria et al. (2006), and is regarded as one of the most reliable intensity forecast models by NHC (Franklin 2010). In this study, CLIPER5 and DSHIPS are used as the basis for comparison of track and intensity predictions, respectively, from HWRFX.

5.1 Track Errors


Figure 3 provides an overview of the track error statistics. The mean track errors for all runs for the two resolutions (i.e., 27:9 and 9:3) and two initial conditions (i.e., GFDL and HWRF) are presented here, where H9hwrf and H9gfdl refer to the 27:9 results with HWRF and GFDL initial conditions, respectively, and H3hwrf and H3gfdl refer to the 9:3 results with HWRF and GFDL initial conditions, respectively (Table 3). The results are also compared with the operational GFDL model. As expected, the number of cases decreases for longer forecast intervals and, consequently, while there are 87 entries for the 12-h forecast, there are only 26 entries for the 120-h forecast. The average track errors for the various models increase almost linearly from near 60 km at 12 h to as low as 436 km (H3gfdl) and as high as 529 km (H9gfdl) at 120 h (Fig. 3a). In general, the large-scale variations that are expected to have a major influence on the TC tracks (Riehl 1954) are well captured by the HWRFX system in all four model versions.  The impacts of the changes to resolution and initial conditions are better seen when the results are normalized with reference to CLIPER5 (Fig. 3b). The operational GFDL model provides the best overall skill.  The H3gfdl version of HWRFX has nearly the same skill level overall as the GFDL model and the differences between the average errors from these two models are not statistically significant
 for all forecast periods.  Consistent with the results shown in Zhang et al. (2011), use of the GFDL initialization in the 9:3 HWRFX version (H3gfdl) produces more skillful results than the use of the GFDL initialization in the 27:9 version (H9gfdl). These differences in average errors are statistically significant at all forecast periods except for 12 h. On the contrary, the HWRFX prediction at 27:9 resolution with the corresponding HWRF initialization (H9hwrf) is more skillful in the mid-forecast intervals compared to the 9:3 version with the HWRF initialization (H3hwrf) though the differences are only statistically significant at 12, 24 and 48 h.  

5.2 Intensity Errors

Figure 4 depicts the intensity error statistics from HWRFX. The intensity forecasts show a large diversity in behavior (Fig. 4a), with H3hwrf as the outlier with the largest errors. At 12 h, the intensity error for this initialization is close to 9 m s-1, whereas the same initialization with the 27:9 resolution (i.e., H9hwrf) produces an intensity error of about 7.4 m s-1. The differences between H3hwrf and all of the other models are statistically significant at all forecast periods, with the exception of DSHIPS from 48 to 84 h.  When the average intensity forecast errors are shown as skill relative to DSHIPS (Fig. 4b), the dynamical models are better from at least about 36-96 h, with the exception of H3hwrf, with some of these improvements (vs. DSHIPS) statistically significant in the 48-96 h range. These are encouraging results (see footnote 4) considering DSHIPS is regarded as one of the most reliable intensity forecast models [DSHIPS shows consistent skill relative to DSHIFOR5 (Franklin 2010)].  For this sample, the intensity forecast error results from the various versions of HWRFX (with the exception of H3hwrf) are comparable or sometimes better than the results from the operational GFDL model for 36-120 h, although very few of the differences between the HWRFX models and GFDL are statistically significant.

Considering the impact of resolution and initial conditions, for this sample there is only a statistically significant improvement at 12, 24, 108, and 120 h using the increased resolution (9:3) with GFDL initial conditions (i.e., H3gfdl, vs. H9gfdl). However, using the GFDL initial conditions, Zhang et al. (2011) found a more consistent improvement in forecasts with improved resolution.  The change in results is likely due to the addition of the sheared and weak cases from 2009, demonstrating the lack of stationarity in verification statistics with these modest sample sizes. On the other hand, runs with the HWRF initial conditions (H9hwrf vs. H3hwrf) perform much better for the lower resolution (27:9, i.e., H9hwrf) and these differences are statistically significant at all forecast periods. This is likely caused by the superfluous use of a bogus vortex and an overly restricted storm structure in the operational HWRF initialization. In the operational HWRF system (used here for the initialization of H9hwrf and H3hwrf), weighted information from the first cycle was used in the subsequent cycles (Liu et al. 2006). In fact, weights from the bogus vortex increase with weaker storms.  Consequently, the subsequent cycles carry information from the bogus vortex that result in the artificial effects being amplified by the increase in resolution.  In summary, the two resolutions provide more or less similar results when using the GFDL initial conditions, at least with the 36-96 hour forecasts, but the HWRF initial conditions appear to be much better suited to the coarser grid.

To further understand model behavior, the sample was stratified based on the initial intensity of each case. Figures 5a and 5b show the results in terms of skill (vs. DSHIPS) for average absolute intensity forecast errors for storms with an initial intensity (maximum sustained surface wind speed) ≥ 33.4 m s-1 (i.e., hurricane strength) and for storms with an initial intensity < 33.4 m s-1 (i.e., less than hurricane intensity), respectively (see Table 1).  Of course, this further reduces the already modest sample size at the 12 h forecast interval to 38 cases for initially stronger storms and 49 cases for initially weaker storms, and the sample size is even smaller for the later forecast intervals. Since the results with DSHIPS for the stratified samples (not shown) demonstrate very little difference for absolute errors between the runs with initially weaker and stronger storms, the baseline used for the skill diagrams is fairly stable.  Therefore, the skill differences discussed here for stratification are primarily the result of differences in the model results rather than the baseline.
A comparison between Figs. 5a and 5b demonstrates that the skill in predicting intensity for initially stronger storms far exceeds that of predicting intensity for the initially weaker storms for the given sample.  In fact, with the exception of the 12- and 24-h forecast intervals for the HWRFX with GFDL initial conditions (i.e., H9gfdl and H3gfdl), the skill level for every dynamical model represented here is generally higher than 20% from 24 to at least 96 h.  With the exception of H3hwrf at 84 and 108 h, all of the skills (compared to DSHIPS) of the HWRFX models and GFDL are statistically significant from 24 to 108 h, with the skills for 27:9 HWRFX models (H9hwrf and H9gfdl) significant through 120 h.  In contrast, the skill for initially weaker storms was negative for every model at every forecast interval with the exception of a few models showing slightly positive skill from 60-84 h.

The comparisons to determine the impacts of increasing the resolution for the stratified samples are mixed. For initially strong storms, the results for runs using the HWRF initialization (H9hwrf and H3hwrf) are fairly close, except for 84 h and beyond when the results with H9hwrf are much better than with H3hwrf and these differences are statistically significant.  None of the differences between these two models (for initially strong storms) are significant at early forecast periods.  However, for initially weak storms, H9hwrf outperforms H3hwrf at all forecast periods and these differences are all statistically significant. These results demonstrate that the extremely poor performance of the overall sample (Figs. 4a and 4b) of the fine grid version of HWRFX using HWRF initial conditions (H3hwrf) is mostly due to large errors from the weak storm sample (see Fig. 5a vs. 5b).  In fact, H3hwrf performs well out to 72-84 h for the initially strong storm cases but extremely poor relative to all of the other models depicted for the weaker cases.  

In cases for initially stronger storms with GFDL initial conditions (H9gfdl and H3gfdl), the finer resolution has better skill until 72 h, and then the coarser resolution yields better results from 84 to 120 h.  These differences are statistically significant at 12, 24, 48 and 108 h. However, the sample size was limited to only 22 at 72 h and decreases to only 9 cases at 120 h. For initially weak storms, the results from H9gfdl and H3gfdl are close and any differences are statistically significant only at 36, 72 and 120 h.  

The comparisons to determine the impacts of the HWRF vs. the GFDL initialization schemes for the stratified samples are also mixed. For stronger storms, the HWRF initialization for the 27:9 km HWRFX modeling system (H9hwrf) generally performed better than the GFDL initialization (H9gfdl) at almost all lead times, though these differences are only statistically significant at the 12-48 and 96 h forecast periods. For weaker storms, the only statistically significant differences between H9hwrf and H9gfdl are at the 12 to 36 h forecast periods when the H9gfdl version performed better, though both versions had very negative skill.  For the 9:3 km HWRFX modeling system, the GFDL initialization (H3gfdl) performed much better than the HWRF initialization (H3hwrf) with initially weaker storms at all forecast periods and all of these differences are statistically significant except at 84 h.  However, for initially stronger storms, H3gfdl and H3hwrf are much closer except at the earlier forecast periods (12 to 24h) when H3hwrf performs better and at the later forecast periods (84 to 120 h) when H3gfdl performs better, with these differences being statistically different at 12, 24, 96 and 108 h.  Overall, one would have to conclude that the GFDL initial conditions (H3gfdl) are better suited (for the cases in this study) when using the 9:3 km version, and the HWRF initial conditions (H9hwrf) are better suited when using the 27:9 km version.

Results for the actual absolute intensity errors for initially strong and weak storms and the full sample of cases (not shown) were also very consistent. The smallest errors are associated with initially strong storms at all forecast intervals and show that these stratified results are not biased by scaling with the DSHIPS predictions. Stratification of the track forecast errors (not shown) also yielded very similar results, with skill much higher for initially stronger storms.

5.3 Intensity Bias

Figure 6 compares the intensity bias of the models (four versions of HWRFX, GFDL, and DSHIPS). Figures 6a, 6b, and 6c show the biases for the complete set of runs (87 cases at 12 h), initially strong storms (38 cases at 12 h), and initially weak storms (49 cases at 12 h), respectively. Several features are worth noting: 

(i) For the complete sample (Fig. 6a), the 27:9 km runs with GFDL initialization (H9gfdl) produced noticeable negative bias at lead times through 84 h.  This negative bias is primarily from the initially strong storm cases (Fig. 6b) through about 60 h and mainly from the weaker cases (Fig. 6c) at 84 h. The results also show a large negative bias for the 9:3 runs with GFDL initialization (H3gfdl) for the initially stronger storms (Fig. 6b) through 24 h and as with H9gfdl, this negative bias is from the initially strong storm cases.  Yeh et al. (2011) used the GFDL initialization for HWRFX at 27:9 and studied the performance of the modeling system for the 2008 season.  The study concluded that the early negative bias of the HWRFX resulted from a dynamical inconsistency due to the use of GFDL initial conditions in the HWRFX system, but the continuing negative bias was probably related to inadequate physical forcing of the given configuration (27:9). (Note that the operational GFDL model does not exhibit a strong negative bias for the initially stronger storms except at 0 h.) The study also suggested the need for model-consistent initial conditions for the HWRFX system. The use of initial conditions from the operational HWRF system is hence justified. In the present study, the use of HWRF initial conditions for the HWRFX runs at the same resolution (i.e., 27:9) produced an improved intensity bias and a better intensity forecast (Fig. 5b). “Downscaling” (i.e., using the operational HWRF initial conditions from the 27:9 version to drive the experimental 9:3 version: H3hwrf) produced noticeable positive bias (Fig. 6a). The positive bias, however, is almost entirely due to errors from the initially weak storm cases (Fig. 6c).

(ii) The large negative intensity biases of H9gfdl and H3gfdl for the initially strong storm cases during the initial forecast periods (Fig. 6b) develop between the initial time (0 h) and 12 h.   This suggests that with the GFDL initial conditions in the 27:9 km HWRFX, a strong initial vortex invariably spins down in the first 12 hours of the forecast. This is confirmed by the fact that for H9gfdl, the negative bias was very consistent in the initially strong storm sample with the intensity errors being negative at the 12 h forecast period for 87% of the cases and several of these errors being from -25 to -35 ms-1. It takes 24-36 hours for the vortex to recover from this spin down, and this is partly reflected in the poor model skill for the same period (Fig. 5a).  Intensity bias (Fig. 6b) for each model is strongly associated (or correlated) with model performance for the initially strong storms (Fig. 5a). The GFDL initialization for the 9:3 km runs (H3gfdl) showed a noticeable spin down that lasted for less than 24 hours (Fig. 6b). Similar to the results from H9gfdl, the intensity errors are negative at the 12 h forecast period for 74% of the cases. The H3gfdl model consequently recovers from the initial shock to produce more skillful guidance than DSHIPS by 24 h (Fig. 5a). There is a systematic improvement (i.e., reduction) in the initial negative bias with resolution for stronger storms at later lead times (Fig. 6b).  
(iii) A careful analysis of the first hour of the simulations (not shown) indicated that the model spin down problem is only marginally affected by the initial intensity errors. For example, the initial (0 h) intensity biases from the cases with initially strong storms (Fig. 6b) for H9gfdl is -4.7 ms-1, H3gfdl is -3.0 ms-1, H9hwrf is –2.2 ms-1, H3hwrf is –2.0 ms-1, DSHIPS
 was 1.7 ms-1 and GFDL is –5.6 ms-1. However, the 12 h (and later) intensity biases for GFDL show that despite a very large 0 h intensity bias the GFDL model recovers rapidly from the initial error and has one of the smallest (negative) biases at 12 h. However, as mentioned earlier, H9gfdl and H3gfdl (and even H9hwrf) spin down in the initially strong storm cases and exhibit relatively large negative intensity biases (-10.7 ms-1 and -6.8 ms-1, respectively) by the 12 h forecast period. Analyses of the forecasts at earlier (before 12 h) forecast periods (not shown) indicate that much of this spin down occurs in the first hour of the model forecasts.  Additional research is needed to examine this vortex initialization problem.                            

(iv) Despite very small initial (0 h) errors, and small initial biases, cases with initially weak storms presented special challenges for intensity prediction in this study (Fig. 6c). The HWRFX runs with HWRF initialization (H9hwrf and H3hwrf) show substantial positive biases even at 12 hours, and the positive biases persisted through 120 h. The worst biases were seen for H3hwrf and are reflected in the very poor intensity forecasts (Fig. 5b). For the cases with initially weak storms at the 12 h forecast period, H3hwrf and H9hwrf forecast errors exhibit a positive bias in 92% and 82% of the cases, respectively, strongly suggesting that these models are cyclogenic in behavior. On the contrary, DSHIPS, which showed negligible bias for the overall and strong case samples (Figs. 6a and 6b, respectively), showed negligible bias for the weak cases through 36 hours but then maintained a negative bias throughout the rest of the forecast period, especially from 60 to 96 h, suggesting that DSHIPS is more conservative than several of the numerical models in intensifying the weaker systems. While improved initial conditions for weak and sheared storms may be of pivotal importance in improving high-resolution model forecasting, it appears that improved physics, especially for longer forecast lead times, may also be an important issue. Some preliminary sensitivity experiments are explored in section 6.

5.4 Preliminary Evaluation of Structure


The radius of maximum wind (RMW) is defined as the distance between the center of a TC and its band of strongest wind.  It is considered an important parameter in TC dynamics and forecasting. In a recent study using idealized initial conditions, Gopalakrishnan et al. (2011) demonstrated that changing the initial radius of maximum wind significantly altered the structure and intensity of the modeled storms. Yet, RMW is one of the parameters with large measurement uncertainties, except where aircraft reconnaissance data are available. As progress is made towards improving structure and intensity predictions with high-resolution models, the need arises to evaluate RMW from the model outputs. Recently, Zhang et al. (2011) used HRD’s H*WIND analysis to evaluate the predictions from HWRFX. The same analysis procedure is followed here. Figure 7 provides the Cumulative Distribution Function (CDF) of the RMW
 from the HWRFX forecasts with the probability counted in 1-km bins of RMW, compared with those from the H*WIND analysis. Excluding samples in which the storm center was located over land, 230 H*WIND analyses, along with 2653 GFDL and 2966 HWRF initialized and 2704 GFDL and 2865 HWRF initialized low- and high-resolution model samples were used, respectively, to calculate the distribution functions. Figure 7a shows that, according to the H*WIND analysis, 60% (from the 20th to 80th percentile) of the observed RMWs are distributed over 20-64 km. For the high- and low-resolution HWRFX configurations using GFDL initial conditions (H3gfdl vs. H9gfdl; Fig. 7a), 60% of the simulated RMWs are distributed over 34-93 km and over 43-104 km, respectively. This indicates that storm size is better predicted with the high-resolution forecasts than with the low-resolution forecasts. Consistent with earlier results, there is a small degradation with the use of HWRF initial conditions (Fig. 7b). However, when compared to the intensity errors produced at higher resolution using the HWRF initial conditions (H3hwrf vs. H9hwrf), there is a noticeable improvement in predictions of RMW with increased resolution, even with the HWRF initial conditions (H3hwrf).

6. Additional Sensitivity Experiments


The operational HWRF system is likely to be run at about 3 km resolution beginning with the 2012 hurricane season using the advanced, model consistent initialization procedure described in section 4. To complement the HWRF system and provide input for further improvements to that system at 3-km resolution, sensitivity experiments were performed to its high-resolution prototype (HWRFX). Specifically, model sensitivity to the model physics suite and lateral diffusion coefficient were examined.

6.1 Sensitivity to model physics


As mentioned in section 4, while the GFS-FERRIER-SAS combination for surface and boundary layer, microphysics, and cumulus convection parameterization scheme is used in the operational HWRF model, an NCAR suite, YSU-WSM5-KF, is another well-researched combination and is used in the Advanced Research WRF (ARW) model.  However, it remains a great challenge for the research community to reach a consensus on whether the current physics parameterizations in the operational NWP models are suitable for horizontal grid spacing of 3 km or smaller. Using the physics packages reported in Table 2, Gopalakrishnan et al. (2011) performed a series of idealized experiments with HWRFX at the current operational resolution of 9 km and 3 km, a resolution proposed to be used in NOAA operations. They found that the GFS-FERRIER-SAS combination may be extended to a higher resolution and produced realistic intensification of an isolated hurricane vortex at 3-km resolution as well. Nevertheless, Bao et al. (2011; personal communication) more recently performed a series of idealized experiments with HWRFX and found significant sensitivity of the vortex intensification process to the boundary-layer parameterization convective scheme followed by the microphysics scheme. They also found that the GFS boundary-layer scheme produced deeper inflow and larger storms. These studies are complemented here by examining the sensitivity of the TC tracks and intensity statistics for real cases (Table 1) to the model physics. In this case, the 9:3 configuration of HWRFX was run with HWRF initial conditions but with the physics options set to the YSU-WSM5-KF combination.


Figure 8a provides track forecast skill obtained from using the modified NCAR (YSU-WSM5-KF) physics combination (H3Nhwrf). There is only a slight difference in results between the new combination (H3Nhwrf) and the GFS-FERRIER-SAS package (H3hwrf), except at 120 h when there is a 5-7% improvement in skill though that difference is not statistically significant. Nevertheless, YSU-WSM5-KF (H3Nhwrf) produces statistically significant improvements in the overall intensity statistics vs. the 3-km run with HWRF initial conditions and GFS-FERRIER-SAS physics (H3hwrf) (Fig. 8b) at all forecast intervals except for 12, 84 and 96 h. The H3Nhwrf results are even comparable with the 3-km run with GFDL initial conditions (H3gfdl) or the 9-km run with GFDL or HWRF initial conditions (H9gfdl and H9hwrf, respectively) with GFS-FERRIER-SAS physics (see Fig. 4b). In fact, for the intensity errors in this sample, the only forecast periods when the GFDL model performs more skillfully than H3Nhwrf (and the differences are statistically significant) are at the 12 and 84 h forecast periods. When the sample is stratified by initially weak and strong storms (Figs. 8c and 8d), the YSU-WSM5-KF combination in HWRFX (H3Nhwrf) produces modest improvements that are statistically significant vs. H3hwrf for the initially strong vortex cases (Fig. 8c) at 36 and 96 to 120 h. In the case of initially weak storms, the YSU-WSM5-KF combination (H3Nhwrf) produces large and statistically significant improvements to intensity skill vs. the 3-km HWRF runs with the GFS-FERRIER-SAS combination (H3hwrf) at all forecast intervals, except for 12, 84 and 120 h (with skill improvements on the order of 30% between 48-72 h), and the H3Nhwrf results are very close to the GFDL forecasts from 36-72 h. The intensity error bias for H3Nhwrf (not shown) is just as strongly positive (cyclogenic) at 12 h as H3hwrf, but the bias decreases and becomes negative from 84 to 120 h.  A careful re-examination of these results in terms of structure predictions should be performed to better understand the source and nature of the improvements.

6.2 Sensitivity to lateral diffusion


Apart from sensitivity to the modeled physical process discussed above, recent work by Rotunno et al. (2009) illustrates the importance of horizontal diffusion, especially in the eyewall region of hurricanes. Nevertheless, the application of lateral diffusion in atmospheric models in general and hurricane models in particular has always been a subject of debate since it is not clear to what extent one can model horizontal diffusion. At this time, diffusion along the horizontal direction is reduced to a minimum value to alleviate the numerical discretization issue (Janjic 1990). In the HWRF/HWRFX system that uses the NMM core as the basis, lateral diffusion is formulated following the Smagorinsky type non-linear approach (Janjic 1990) where the horizontal diffusion coefficient is defined as K_h=(Smagorinsky constant*minimum grid length*diffusion strength). The Smagorinsky constant is usually set as a tunable parameter. Apart from horizontal deformation, Janjic (1990) included the diffusion strength to be a function of turbulent kinetic energy (TKE). The namelist parameter, known as COAC, is also an input parameter and is defined as 10* (Smagorinsky constant)**2. This coefficient was set to 1.6 in the parent domain and 0.7 in the nested domain in the operational HWRF and in all of the earlier experiments as well (Table 3). However, unlike the NMM system, the HWRF and HWRFX systems are operated with the GFS physics package that does not include an additional equation for the TKE. Consequently, one can expect an effective reduction in lateral diffusion with a different system of physics that does not include a TKE equation for the NMM core. The COAC was increased to 5 in the inner domain but retained at 1.6 in the outer domain (i.e., increased the lateral diffusion by a factor of roughly 3 in comparison with the parent domain which is a third of the resolution of the nested domain), and the 9:3 model configuration was re-run, still using the HWRF initial conditions. The standard option of the GFS-FERRIER-SAS physics package was used in this case.
Figure 8 also provides an overview of the sensitivity of the track and intensity statistics to changes in the lateral diffusion coefficient in the 3-km domain. An increase in lateral diffusion in the moving nest (H3Chwrf) produces small but statistically significant improvements to track predictions compared to the H3hwrf results at all forecast intervals except for 24, 36 and 120 h (Fig. 8a).  Examination of the Frequency of Superior Performance (FSP), a measure (in percent) of how often one model produces a better forecast than another, for the track forecasts from these two models (not shown) also shows these improvements, though small, are fairly consistent.  In addition, the H3Chwrf results demonstrate large improvements to the intensity predictions compared with H3hwrf that are statistically significant at all forecast intervals (Fig. 8b). The intensity forecasts with enhanced diffusion (H3Chwrf) are even very close to the GFDL model predictions and from 24 to 108 h, there is no statistically significant difference between them. Figures 8c and 8d show the skill results (vs. DSHIPS) stratified by initial storm intensity. A comparison between the H3hwrf and H3Chwrf illustrates that the effect of increasing lateral diffusion produces a small but statistically significant improvement at the 48, 72-84, and 108-120 h forecast times for the initially strong storms (i.e., hurricane strength).  However, improvement for the initially weak storms is large and statistically significant at all forecast times, producing results comparable to the GFDL model forecasts at most forecast intervals. The intensity error bias for H3Chwrf (not shown) is still strongly positive (cyclogenic) at 12 h (though not as large as for H3hwrf), but the bias decreases and is minimal from 72 to 120 h. It is very likely that increasing lateral diffusion eases the strong gradient in the eyewall region, especially in the case of initially weak storms and, yet, does not deter the skill on a strong initial vortex (Fig. 8c). This leads to improved skill in the overall intensity predictions with HWRF initial conditions at the 3-km resolution as measured by the current skill metrics.

Figure 9 provides the CDF of the RMW from the HWRFX forecasts with the probability counted in 1-km bins of RMW, compared with those from the H*WIND analysis. Excluding samples in which the storm center was located over land, 230 H*WIND analyses, along with 2966 data points obtained from runs with YSU-WSM5-KF combination (H3Nhwrf) and runs with changes in the lateral diffusion coefficient in the 3-km domain (H3Chwrf) were used. The baseline from HWRFX (H3hwrf) is also provided for comparison (as in Fig. 7b).  Although the increase in lateral diffusion improves the intensity statistics (Fig 8), the structure, which in this study is measured in terms of the radius of maximum wind, is degraded with the GFS-FERRIER-SAS combination.

7. Summary and Conclusions
In this study, the research version of the operational HWRF system, HWRFX, was run for 5 days with 87 TC cases (Table 1) at two horizontal resolutions, namely, (i) a parent domain with a resolution of about 27 km with a 9 km moving nest (i.e., 27:9) and  (ii) a parent domain at a resolution of 9 km with a moving nest at 3 km (i.e., 9:3). Two initial conditions were used for each horizontal resolution, namely, GFDL and operational HWRF initializations. As part of additional sensitivity experiments, an NCAR suite of physics (YSU-WSM5-KF combination) was used with the operational HWRF initial conditions for the fine grid model version (9:3 km). Sensitivity experiments were also performed using the 9:3 km version with HWRF initial conditions by adjusting the diffusion coefficient.  This study has shown that:

1. The 9:3 km runs with the HWRFX system using a system of physics close to the operational version of the HWRF model and the GFDL initial conditions (H3gfdl) provided the best overall skill in terms of both track and intensity predictions. This configuration also produced improved structure predictions, as measured in terms of probability estimates of the radius of maximum wind.
2. The 27:9 km runs with the HWRFX system using a system of physics close to the operational version of the HWRF model and the HWRF initial conditions (H9hwrf) provided reasonable skill in terms of both track and intensity predictions. However, the 9:3 km version with the same configuration (H3hwrf) produced very poor results, showing that the HWRF initial conditions may need adjustment to be consistent with the finer scale version of the model. Work is currently proceeding in this area. 
3. In cases of initially strong storms (hurricane strength), initialization of the hurricane vortex in HWRFX appeared to have a major influence on the intensity bias and errors, at least during the first 36 h of the model run.  In general, the model appeared to rapidly spin down the initial vortex for strong storms in a majority of the cases when using the GFDL initial conditions (i.e., H9gfdl and H3gfdl). Use of HWRF initial conditions for the initially stronger storms reduced model bias and improved skill between 0-24 hours. Nevertheless, the operational GFDL model performed better than any of the other models discussed here for the 12-h intensity forecasts for initially strong storms.

4. Forecasting intensity for initially weak storms poses major problems and requires further study. Other than marginal skill at 72-84 h, none of the models, including GFDL, had any skill relative to DSHIPS for these cases.  The 9:3 km runs using HWRF initialization and to a lesser extent with 27:9 km as well (H3hwrf and H9hwrf, respectively) illustrated a substantial positive bias, indicating the overly cyclogenic behavior of HWRFX for initially weaker storms. This is possibly caused by the superfluous use of a bogus vortex and an overly restricted storm structure in the operational HWRF initialization. In the operational HWRF system (used here for the initialization of H9hwrf and H3hwrf), weighted information from the first cycle was used in the subsequent cycles (Liu et al. 2006). In fact, weights from the bogus increase with weaker storms.  Consequently, the subsequent cycles carry information from the bogus vortex that result in the artificial effects being amplified by the increase in resolution. Increasing the lateral diffusion on the 3-km domain for runs initialized with the HWRF initial conditions (H3Chwrf) substantially improved the intensity skill for the initially weak storm cases, leading to skill that equaled that of the GFDL forecasts. These improvements were still marginal, however, when compared to the DSHIPS predictions. 

5. Increasing lateral diffusion on the 3 km domain runs with the operational GFS-FERRIER-SAS combination for surface and boundary layer, microphysics, and cumulus convection parameterization scheme and HWRF initial conditions (H3Chwrf) had a slight improvement in intensity skill at most forecast times for the initially strong storms (i.e., hurricane strength). Nevertheless, it had nearly the same effect on track and intensity skill as using the NCAR YSU-WSM5-KF physics combination especially for initially weak storms. However, with the increased lateral diffusion, the structure, which in this study is measured in terms of the radius of maximum wind, is slightly degraded with the GFS-FERRIER-SAS combination. A further analysis beyond the standard metrics adopted here will be the subject of a future work.

The use of high resolution numerical models for predicting Rapid Intensification (RI) episodes is in stages of infancy. Unfortunately because of the greatly reduced sample size in this study (see Tables 1 and 4) a statistical analysis of RI events may not be feasible. In addition, track error and landfall timings may further dilute any statistical analysis of such events. Moreover, it is likely that one may have to look beyond the 10-m wind to gain important insights to the modeled RI problem. In recent publications (and perhaps one of the few references to RI using advanced models) Rogers  (2010) and Chen et al (2011) provide some extensive analyses of rapid intensification (RI), respectively, of Hurricanes Dennis and Wilma, 2005. An extensive work of the above sort may be required using the current data sets. Table 4 provides the intensity changes as measured by 10-m wind speed produced by each of the model configurations during the observed RI events for the cases in this study. The information provided in this Table may be useful for further research.
The research version of the system (HWRFX) is not identical to the operational version (HWRF) due to minor differences in the physics, domain size, methods in which the initial conditions are generated, and ocean coupling. The HWRFV3.2 is an ocean-coupled, high-resolution operational and research system currently under development. This system is a merger between HWRFX and the operational HWRF system. The current work provides a basis for further evaluation of this system. However, as the research and operational communities work together under the auspices of NOAA’s HFIP to understand the degree to which tropical cyclone intensity forecasts can be improved by increasing the horizontal grid spacing of operational numerical weather prediction (NWP) models, it remains a greater challenge for these communities to reach a consensus on the vortex initialization scheme and whether the current physics parameterizations in operational NWP models are even suitable for weak and sheared storms. Apart from the initialization problems for weak and sheared systems the current study also illustrates the importance of diffusion and related boundary layer processes especially in the forecast of weaker storms. It should be noted that the HWRF system of parameterization schemes were chosen to be consistent with the other operational models such as the GFDL and the GFS system, and perhaps part of insensitivity on tracks was due to physics best “tuned” for those hydrostatic models. As rightly mentioned by one of the reviewers of this manuscript, it is well known the HWRF system of physics is diffusive. Therefore, increasing the horizontal diffusion, as carried out in the current study, may only clearly provide improvements to intensity skill as measured by the standard metrics used at this time. Also, those improvements may occur at the expense of structure predictions. Nevertheless, thanks largely due to the observations now available in the inner core (Zhang et al. 2010 a and b and 2011), we are in the process of evaluating both the vertical and horizontal diffusivity in the HWRF system. In fact we find that the overly diffusive inner core is due to the vertical diffusion in the HWRF system. These findings have been tested within the idealized paradigm and need to be evaluated for the cases under consideration. As more observations become available under HFIP we are hoping to evaluate the horizontal diffusivity in both an idealized as well as a real framework. Our subsequent studies will focus on the impact of physics on weak storms at higher resolutions.
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Figure 1:  Versions of the two domain configurations used in this study: (a) Parent domain at a resolution of 27 km with a moving nest at 9 km and (b) parent domain at a resolution of 9 km with a moving nest at 3 km. The approximate sizes of the domains are shown as they appear in a rotated latitude-longitude grid system (i.e., without any projection to the actual latitude-longitude grid).
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Figure 2:  Actual tracks and intensities (from NHC best track data) of the 14 tropical cyclones used in this study.  Model initialization times (see Table 2) for the 87 cases are indicated by solid dots.  Best track maximum surface (10 m) wind speeds are color coded (speeds on legend are in knots). Beginning and ending points of observed rapid intensification (RI) events are indicated by triangles and X’s, respectively. 
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Figure 3: Verification of HWRFX track forecasts: (a) Absolute track errors and (b) skill relative to CLIPER. H9hwrf (H9gfdl) refer to results from the nested domain at 9-km resolution with HWRF (GFDL) initial conditions. H3hwrf (H3gfdl) refer to results from the nested domain at 3-km resolution with HWRF (GFDL) initial conditions. 
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Figure 4: Verification of HWRFX intensity errors: (a) Absolute intensity errors and (b) skill relative to DSHIPS. Versions of the HWRFX models are as in Fig. 3.
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Figure 5: Skill relative to DSHIPS for (a) storms with initial intensity (maximum sustained surface wind speed) ≥ 33.4 m s-1 (i.e., hurricane strength) and (b) storms with initial intensity < 33.4 m s-1 (i.e., less than hurricane intensity). See Table 2 for (a) and (b) cases.
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Figure 6: Intensity bias for the models (four versions of HWRFX, GFDL, and DSHIPS). (a), (b) and (c) show biases for all the runs (87 cases at 12 h), initially strong storms (38 cases at 12 h), and initially weak storms (49 cases at 12 h), respectively.


Figure 7: Cumulative Distribution Function (CDF) of the radius of maximum wind at 10 m above the ground for the HWRFX forecasts, compared with the H*WIND analysis using (a) H3gfdl and H9gfdl and (b) H3gfdl and H9gfdl.
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Figure 8: Verification of HWRFX (a) track errors: skill relative to CLIPER and intensity errors: skill relative to DSHIPS for (b) all storms, (c) storms with initial intensity (maximum sustained surface wind speed) ≥ 33.4 m s-1 (i.e., hurricane strength), and (d) storms with initial intensity < 33.4 m s-1 (i.e., less than hurricane intensity). Effect of the “YSU-WSM5-KF” physics package (H3Nhwrf) is shown in pink, and enhanced horizontal diffusion on the 3 km HWRFX runs with HWRF initial conditions (H3Chwrf) is shown in cyan.
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Figure 9: CDF of the RMW as in Fig. 7, except with H3Nhwrf and H3Chwrf. The baseline from H3hwrf is also provided for a comparison (as in Fig. 7b).

	Name
	# Cases
	Dates
	RI Events

	Emily, 2005
	8
	071300,071400, 071500, 071600, 071700, 071800, 071900, 072000
	071306-071512, 071518-071700, 071900-072012

	Katrina, 2005
	6
	082400, 082500, 082600, 082700, 082800, 082900
	082606-082900

	Ophelia, 2005
	9
	090712, 090812, 090912, 091012, 091212, 091312, 091412, 091512, 091612
	

	Philippe, 2005
	6
	091712, 091812, 091912, 092012, 092112, 092212
	

	Rita, 2005
	5
	091900, 092000, 092100, 092300, 092400
	092000-092206

	Wilma, 2005
	7
	101600, 101700, 101800, 101900, 102200, 102300, 102400
	101718-101918

	Humberto, 2007
	2
	091212, 091300
	091206-091312

	Ingrid, 2007
	4
	091212, 091312, 091412, 091512
	

	Karen, 2007
	3
	092500, 092700, 092800
	092512-092618

	Ana, 2009
	2
	081512, 081600
	

	Bill, 2009
	15
	081600, 081612, 081700, 081712, 081800, 081812, 081900, 081912, 082000, 082012, 082100, 082112, 082200, 082212, 082300
	

	Danny, 2009
	5
	082612, 082700, 082712, 082800, 082812
	

	Erika, 2009
	4
	090200, 090212, 090300, 090312
	

	Ida, 2009
	11
	110500, 110512, 110600, 110612, 110700, 110712, 110800, 110812, 110900, 110912, 111000
	110406-110512, 110618-110812


Table 1: Summary of the 87 TC cases used in this study.  Cases in bold are for initial intensity (maximum surface wind speed) ≥33.4 m s-1 (i.e., hurricane strength).  Rapid Intensification (RI) events are defined as ≥ 15.4 m s-1 (i.e., ≥30 kts) increase in maximum surface wind speed in 24 h (Kaplan et al. 2010).  See Figure 2 to view the actual tracks and locations of the model initialization times and RI events.

	
	Convection
	Microphysics
	Boundary and surface layer
	Land Surface &

Ocean Coupling
	Dissipative

heating
	Radiation

	Operational

HWRF

(WRF version 2.0)
	SAS with momentum mixing


	Ferrier
	GFS boundary layer and GFDL hurricane model surface layer scheme (uses modification

to surface

roughness over ocean)
	GFDL slab land surface &

Princeton Ocean model coupling
	Switched on
	GFDL

radiation scheme



	HWRFX

(WRF version 3.1)

(Low resolution forecasts)
	SAS without momentum mixing
	Ferrier
	GFS boundary layer and

GFDL hurricane

model  surface layer scheme

(uses the original Charnock’s approximation for surface roughness over ocean)
	NOAH LSM 

&

Uncoupled/

Initially prescribed SST


	Switched 

off
	NCAR


Table 2: List of differences between operational HWRF and HWRFX physics for the configuration at 27:9.

	No.
	Initial conditions
	Grid configuration
	Physics
	Lateral diffusion coefficient in parent & nest domain
	Specification

	1
	HWRF
	27:9
	HWRFX
	1.6 & 0.7
	H9hwrf

	2
	GFDL
	27:9
	HWRFX
	1.6 & 0.7
	H9gfdl

	3
	HWRF
	9:3
	HWRFX
	1.6 & 0.7
	H3hwrf

	4
	GFDL
	9:3
	HWRFX
	1.6 & 0.7
	H3gfdl

	5
	HWRF
	9:3
	HWRFX
	1.6 & 5.0
	H3Chwrf

	6
	GFDL
	9:3
	NCAR
	1.6 & 0.7
	H3Nhwrf


        Table 3: List of experiments performed, each containing 87 cases.

	Name
	RI Event
	Date/

Cycle
	H9hwrf
	H9gfdl
	H3hwrf
	H3gfdl
	H3Chwrf
	H3Nhwrf

	Emily, 2005
	071306-071512 071518-071700 071900-072012
	1300

1500

1900
	17.85

-7.14

4.08
	22.44

-7.65

11.22
	13.26

-9.18

-0.51
	22.95

0

20.91
	-0.51

-5.1

3.06
	13.26

-16.83

12.24

	Katrina, 2005
	082606-082900
	2600
	25.5
	33.66
	34.68
	38.76
	33.15
	28.56

	Rita, 2005
	092000-092206
	2000
	22.44
	9.18
	27.54
	25.5
	21.93
	26.01

	Wilma, 2005
	101718-101918
	1700
	21.42
	32.64
	23.97
	37.74
	19.38
	24.48

	Humberto, 2007
	091206-091312
	1212
	7.65
	1.02
	12.24
	3.06
	7.65
	13.26

	Karen, 2007
	092512-092618
	2500
	2.55
	10.2
	14.79
	12.75
	7.65
	12.24

	Ida, 2009
	110406-110512 110618-110812
	0500

0600
	6.12

14.28
	4.08

8.16
	11.22

35.7
	9.18

21.93
	9.18

24.48
	9.18

22.95


Table 4: Intensity changes as measured by 10-m wind speed in ms-1 produced by each of the HWRFX model configurations during each of the observed Rapid Intensification (RI) shown in Table 1. These changes were measured when data were available during the closest forecast period to the RI cycle. For example, for RI between 071518-071700 in Emily, the 071400 forecasts were used. 
(a)
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(b)
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� For this study, cases from Felix (2007) could not be included in the homogeneous sample since all of the necessary initial conditions were not available for that storm. 


� The “5” refers to the fact that the original CLIPER (developed in 1972) and SHIFOR (developed in 1979) models only provided forecasts out to 72 h.  These forecasts were extended to 120 h (five days) in 1998 and 2003, respectively.


� These comparisons are not considered completely “fair” judges of the performance of the HWRFX (or GFDL) models in the actual operational environment since the HWRFX and GFDL versions used here are considered “late” models, i.e., they are available late in the operational forecast cycle, whereas the CLIPER5 and DSHIPS are “early” models, in that they are available to the forecasters much sooner (Franklin 2010).


� For the purpose of this study, statistical significance for the differences between average errors (of two models) is determined by using a Student t-test where the sample size has been adjusted for 24 h serial correlation and an a priori threshold of 0.80 is used.  See Aberson and DeMaria (1994) for a more detailed description of this use of the Student t-test and the adjustment for serial correlation.  When discussing skill plots, the statistical significance still refers to differences between the average forecast errors.


� A portion of the initial (0 h) errors for the numerical models can be attributed to the differences between the operational initial intensities and the post-processed best track initial intensities. The initial intensities for DSHIPS runs are the same as the actual operational initial intensities.  Therefore, the initial DSHIPS errors (and biases) are totally attributed to the errors from the operational initial intensity. 


� The model RMWs were obtained from the hourly model output of the azimuthally averaged winds.
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Sheet1

		Radius		HWIND		H3D		H3H		H9D		H9H

		0		0.0241		0.0153		0.0092		0.0056		0.0065

		1		0.0279		0.017		0.0102		0.0064		0.0072

		2		0.0322		0.0187		0.0113		0.0072		0.0079

		3		0.0369		0.0207		0.0125		0.008		0.0087

		4		0.0422		0.0227		0.0138		0.009		0.0096

		5		0.048		0.0249		0.0151		0.01		0.0104

		6		0.0544		0.0273		0.0166		0.011		0.0114

		7		0.0613		0.0298		0.0183		0.0122		0.0123

		8		0.0689		0.0325		0.02		0.0134		0.0133

		9		0.0772		0.0354				0.0146		0.0144

		10		0.0861		0.0384		0.024		0.016		0.0155

		11		0.0956		0.0418		0.0263		0.0175		0.0166

		12		0.1058		0.0453		0.0287		0.019		0.0178

		13		0.1166		0.0491		0.0314		0.0207		0.019

		14		0.1281		0.0531		0.0342		0.0225		0.0203

		15		0.1402		0.0574		0.0373		0.0244		0.0217

		16		0.1529		0.0621		0.0406		0.0265		0.0232

		17		0.1662		0.067		0.0442		0.0287		0.0247

		18		0.1801		0.0723		0.0481		0.0311		0.0263

		19		0.1945		0.0779		0.0522		0.0338		0.0281

		20		0.2093		0.0838		0.0567		0.0367		0.03

		21		0.2246		0.0901		0.0614		0.0398		0.032

		22		0.2403		0.0968		0.0665		0.0432		0.0342

		23		0.2563		0.1039		0.0719		0.0469		0.0366

		24		0.2727		0.1114		0.0776		0.0509		0.0391

		25		0.2893		0.1192		0.0837		0.0553		0.0419

		26		0.306		0.1275		0.0901		0.06		0.0449

		27		0.323		0.1361		0.0968		0.0651		0.0481

		28		0.34		0.1451		0.1039		0.0706		0.0516

		29		0.3571		0.1545		0.1113		0.0765		0.0554

		30		0.3742		0.1643		0.119		0.0828		0.0594

		31		0.3913		0.1744		0.127		0.0895		0.0638

		32		0.4083		0.1849		0.1354		0.0967		0.0685

		33		0.4252		0.1957		0.144		0.1042		0.0735

		34		0.442		0.2068		0.1529		0.1122		0.0788

		35		0.4585		0.2183		0.162		0.1207		0.0845

		36		0.4749		0.23		0.1714		0.1295		0.0905

		37		0.4911		0.2421		0.1809		0.1387		0.0968

		38		0.507		0.2543		0.1907		0.1484		0.1035

		39		0.5227		0.2669		0.2007		0.1584		0.1105

		40		0.538		0.2796		0.2108		0.1687		0.1178

		41		0.5531		0.2926		0.2211		0.1795		0.1254

		42		0.5679		0.3057		0.2314		0.1905		0.1334

		43		0.5823		0.319		0.2419		0.2018		0.1416

		44		0.5965		0.3325		0.2525		0.2134		0.1501

		45		0.6103		0.346		0.2631		0.2253		0.1589

		46		0.6237		0.3597		0.2738		0.2374		0.1678

		47		0.6369		0.3734		0.2845		0.2496		0.1771

		48		0.6496		0.3871		0.2952		0.2621		0.1865

		49		0.6621		0.4009		0.306		0.2747		0.1961

		50		0.6741		0.4147		0.3167		0.2874		0.2059

		51		0.6858		0.4284		0.3274		0.3002		0.2158

		52		0.6972		0.4421		0.3381		0.3131		0.2258

		53		0.7081		0.4558		0.3488		0.3261		0.236

		54		0.7187		0.4693		0.3594		0.3391		0.2463

		55		0.729		0.4827		0.37		0.3521		0.2566

		56		0.7388		0.496		0.3806		0.3651		0.267

		57		0.7483		0.5091		0.391		0.378		0.2775

		58		0.7574		0.522		0.4015		0.391		0.288

		59		0.7661		0.5348		0.4118		0.4038		0.2985

		60		0.7745		0.5473		0.4221		0.4166		0.309

		61		0.7825		0.5596		0.4323		0.4293		0.3196

		62		0.7901		0.5717		0.4424		0.4419		0.3301

		63		0.7974		0.5834		0.4525		0.4544		0.3406

		64		0.8043		0.595		0.4625		0.4668		0.3511

		65		0.8108		0.6062		0.4724		0.479		0.3616

		66		0.817		0.6172		0.4822		0.4911		0.372

		67		0.8229		0.6278		0.4919		0.5031		0.3824

		68		0.8285		0.6382		0.5015		0.5149		0.3927

		69		0.8338		0.6482		0.511		0.5265		0.403

		70		0.8388		0.6579		0.5204		0.5379		0.4132

		71		0.8436		0.6674		0.5297		0.5491		0.4234

		72		0.8481		0.6765		0.5389		0.5601		0.4334

		73		0.8524		0.6853		0.548		0.5709		0.4434

		74		0.8564		0.6938		0.557		0.5814		0.4533

		75		0.8603		0.702		0.5659		0.5918		0.4631

		76		0.8639		0.7099		0.5747		0.6019		0.4728

		77		0.8674		0.7175		0.5833		0.6117		0.4825

		78		0.8708		0.7249		0.5919		0.6213		0.492

		79		0.874		0.732		0.6003		0.6307		0.5014

		80		0.8771		0.7388		0.6086		0.6398		0.5107

		81		0.88		0.7453		0.6167		0.6487		0.5199

		82		0.8829		0.7516		0.6248		0.6573		0.529

		83		0.8857		0.7577		0.6327		0.6656		0.538

		84		0.8884		0.7635		0.6405		0.6738		0.5469

		85		0.891		0.7691		0.6481		0.6817		0.5557

		86		0.8936		0.7745		0.6556		0.6893		0.5643

		87		0.8961		0.7797		0.663		0.6968		0.5729

		88		0.8986		0.7847		0.6702		0.704		0.5813

		89		0.901		0.7895		0.6773		0.7111		0.5897

		90		0.9033		0.7941		0.6842		0.7179		0.5979

		91		0.9056		0.7985		0.691		0.7246		0.6061

		92		0.9079		0.8028		0.6976		0.731		0.6141

		93		0.9101		0.8069		0.7041		0.7373		0.622

		94		0.9123		0.8108		0.7104		0.7435		0.6298

		95		0.9145		0.8146		0.7165		0.7495		0.6375

		96		0.9166		0.8182		0.7225		0.7553		0.6451

		97		0.9187		0.8218		0.7284		0.761		0.6526

		98		0.9207		0.8251		0.734		0.7666		0.66

		99		0.9227		0.8284		0.7396		0.772		0.6672

		100		0.9247		0.8315		0.7449		0.7773		0.6744

		101		0.9266		0.8345		0.7501		0.7825		0.6814

		102		0.9286		0.8374		0.7552		0.7876		0.6883

		103		0.9304		0.8402		0.7601		0.7925		0.6951

		104		0.9323		0.8429		0.7649		0.7973		0.7017

		105		0.9341		0.8455		0.7695		0.8021		0.7083

		106		0.9358		0.8481		0.7739		0.8066		0.7147

		107		0.9375		0.8505		0.7783		0.8111		0.7209

		108		0.9392		0.8528		0.7825		0.8155		0.7271

		109		0.9409		0.8551		0.7865		0.8197		0.7331

		110		0.9425		0.8573		0.7904		0.8238		0.739

		111		0.9441		0.8594		0.7942		0.8278		0.7447

		112		0.9457		0.8615		0.7979		0.8317		0.7503

		113		0.9472		0.8635		0.8015		0.8354		0.7558

		114		0.9487		0.8655		0.8049		0.839		0.7612

		115		0.9501		0.8674		0.8083		0.8426		0.7664

		116		0.9515		0.8692		0.8115		0.846		0.7715

		117		0.9529		0.871		0.8147		0.8492		0.7764

		118		0.9542		0.8728		0.8177		0.8524		0.7812

		119		0.9555		0.8745		0.8206		0.8555		0.7859

		120		0.9568		0.8762		0.8235		0.8584		0.7904

		121		0.958		0.8779		0.8263		0.8613		0.7949

		122		0.9592		0.8795		0.829		0.864		0.7991

		123		0.9603		0.8811		0.8316		0.8667		0.8033

		124		0.9614		0.8827		0.8341		0.8692		0.8073

		125		0.9625		0.8842		0.8366		0.8717		0.8112

		126		0.9635		0.8857		0.839		0.8741		0.815

		127		0.9645		0.8873		0.8413		0.8764		0.8186

		128		0.9654		0.8887		0.8436		0.8787		0.8222

		129		0.9663		0.8902		0.8458		0.8808		0.8256

		130		0.9672		0.8917		0.848		0.8829		0.8288

		131		0.968		0.8931		0.85		0.885		0.832

		132		0.9689		0.8945		0.8521		0.8869		0.8351

		133		0.9696		0.8959		0.8541		0.8889		0.838

		134		0.9704		0.8973		0.856		0.8907		0.8408

		135		0.9711		0.8987		0.8579		0.8926		0.8435

		136		0.9718		0.9		0.8597		0.8944		0.8462

		137		0.9724		0.9014		0.8615		0.8961		0.8487

		138		0.9731		0.9027		0.8632		0.8978		0.8511

		139		0.9737		0.904		0.8649		0.8995		0.8534

		140		0.9743		0.9053		0.8666		0.9011		0.8557

		141		0.9748		0.9066		0.8682		0.9028		0.8578

		142		0.9754		0.9078		0.8697		0.9044		0.8599

		143		0.9759		0.909		0.8712		0.9059		0.8619

		144		0.9764		0.9103		0.8727		0.9075		0.8639

		145		0.9769		0.9114		0.8741		0.909		0.8657

		146		0.9773		0.9126		0.8755		0.9105		0.8675

		147		0.9778		0.9137		0.8769		0.9119		0.8693

		148		0.9782		0.9148		0.8782		0.9134		0.871

		149		0.9786		0.9159		0.8795		0.9148		0.8726

		150		0.979		0.917		0.8808		0.9162		0.8742

		151		0.9794		0.918		0.882		0.9176		0.8758

		152		0.9798		0.919		0.8832		0.919		0.8773

		153		0.9801		0.92		0.8843		0.9203		0.8787

		154		0.9805		0.9209		0.8855		0.9217		0.8802

		155		0.9808		0.9218		0.8866		0.923		0.8816

		156		0.9812		0.9227		0.8877		0.9242		0.883

		157		0.9815		0.9236		0.8887		0.9255		0.8843

		158		0.9818		0.9245		0.8897		0.9267		0.8856

		159		0.9821		0.9253		0.8907		0.9279		0.8869

		160		0.9824		0.9261		0.8917		0.9291		0.8882

		161		0.9827		0.9269		0.8927		0.9303		0.8894

		162		0.983		0.9277		0.8936		0.9314		0.8906

		163		0.9833		0.9285		0.8945		0.9325		0.8918

		164		0.9836		0.9292		0.8954		0.9336		0.893

		165		0.9839		0.9299		0.8963		0.9347		0.8942

		166		0.9843		0.9307		0.8972		0.9358		0.8953

		167		0.9846		0.9314		0.898		0.9368		0.8965

		168		0.9849		0.9321		0.8988		0.9378		0.8976

		169		0.9852		0.9328		0.8997		0.9388		0.8987

		170		0.9855		0.9335		0.9005		0.9397		0.8998

		171		0.9858		0.9342		0.9013		0.9406		0.9009

		172		0.9861		0.9349		0.902		0.9416		0.9019

		173		0.9864		0.9356		0.9028		0.9425		0.903

		174		0.9867		0.9363		0.9036		0.9433		0.904

		175		0.987		0.937		0.9043		0.9442		0.9051

		176		0.9873		0.9376		0.9051		0.945		0.9061

		177		0.9876		0.9383		0.9058		0.9458		0.9071

		178		0.9878		0.939		0.9066		0.9466		0.9081

		179		0.9881		0.9397		0.9073		0.9474		0.9091

		180		0.9884		0.9403		0.908		0.9482		0.9101

		181		0.9886		0.941		0.9088		0.949		0.911

		182		0.9889		0.9417		0.9095		0.9497		0.912

		183		0.9891		0.9423		0.9102		0.9504		0.913

		184		0.9893		0.943		0.9109		0.9512		0.9139

		185		0.9895		0.9436		0.9116		0.9519		0.9148

		186		0.9897		0.9443		0.9123		0.9525		0.9158

		187		0.9899		0.9449		0.913		0.9532		0.9167

		188		0.99		0.9456		0.9137		0.9539		0.9176

		189		0.9902		0.9462		0.9144		0.9545		0.9185

		190		0.9903		0.9468		0.9151		0.9551		0.9194

		191		0.9904		0.9474		0.9158		0.9557		0.9203

		192		0.9906		0.9481		0.9165		0.9563		0.9212

		193		0.9907		0.9487		0.9172		0.9569		0.9221

		194		0.9908		0.9493		0.9179		0.9575		0.9229

		195		0.9908		0.9499		0.9186		0.958		0.9238

		196		0.9909		0.9505		0.9193		0.9586		0.9246

		197		0.991		0.951		0.92		0.9591		0.9255

		198		0.991		0.9516		0.9207		0.9596		0.9263

		199		0.9911		0.9522		0.9214		0.9601		0.9271

		200		0.9911		0.9527		0.9221		0.9606		0.928

		201		0.9912		0.9533		0.9228		0.9611		0.9288

		202		0.9912		0.9538		0.9235		0.9615		0.9296

		203		0.9913		0.9544		0.9242		0.962		0.9304

		204		0.9913		0.9549		0.9249		0.9625		0.9312

		205		0.9913		0.9554		0.9256		0.9629		0.9319

		206		0.9914		0.9559		0.9263		0.9633		0.9327

		207		0.9914		0.9564		0.927		0.9638		0.9335

		208		0.9915		0.9569		0.9277		0.9642		0.9342

		209		0.9915		0.9574		0.9284		0.9647		0.935

		210		0.9916		0.9579		0.9291		0.9651		0.9357

		211		0.9916		0.9584		0.9298		0.9655		0.9364

		212		0.9917		0.9589		0.9305		0.966		0.9372

		213		0.9917		0.9594		0.9312		0.9664		0.9379

		214		0.9918		0.9599		0.932		0.9668		0.9386

		215		0.9919		0.9603		0.9327		0.9672		0.9393

		216		0.992		0.9608		0.9334		0.9676		0.94

		217		0.992		0.9613		0.9341		0.9681		0.9406

		218		0.9921		0.9618		0.9348		0.9685		0.9413

		219		0.9922		0.9622		0.9356		0.9689		0.942

		220		0.9923		0.9627		0.9363		0.9693		0.9426

		221		0.9924		0.9632		0.937		0.9697		0.9433

		222		0.9926		0.9636		0.9377		0.9701		0.9439

		223		0.9927		0.9641		0.9385		0.9704		0.9445

		224		0.9928		0.9646		0.9392		0.9708		0.9452

		225		0.993		0.9651		0.94		0.9712		0.9458

		226		0.9931		0.9656		0.9407		0.9716		0.9464

		227		0.9932		0.966		0.9415		0.972		0.947

		228		0.9934		0.9665		0.9422		0.9723		0.9476

		229		0.9935		0.967		0.943		0.9727		0.9482

		230		0.9937		0.9675		0.9437		0.9731		0.9488
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			48			0.6496			0.3871			0.2952			0.2621			0.1865


			49			0.6621			0.4009			0.306			0.2747			0.1961


			50			0.6741			0.4147			0.3167			0.2874			0.2059


			51			0.6858			0.4284			0.3274			0.3002			0.2158


			52			0.6972			0.4421			0.3381			0.3131			0.2258


			53			0.7081			0.4558			0.3488			0.3261			0.236


			54			0.7187			0.4693			0.3594			0.3391			0.2463


			55			0.729			0.4827			0.37			0.3521			0.2566


			56			0.7388			0.496			0.3806			0.3651			0.267


			57			0.7483			0.5091			0.391			0.378			0.2775


			58			0.7574			0.522			0.4015			0.391			0.288


			59			0.7661			0.5348			0.4118			0.4038			0.2985


			60			0.7745			0.5473			0.4221			0.4166			0.309


			61			0.7825			0.5596			0.4323			0.4293			0.3196


			62			0.7901			0.5717			0.4424			0.4419			0.3301


			63			0.7974			0.5834			0.4525			0.4544			0.3406


			64			0.8043			0.595			0.4625			0.4668			0.3511


			65			0.8108			0.6062			0.4724			0.479			0.3616


			66			0.817			0.6172			0.4822			0.4911			0.372


			67			0.8229			0.6278			0.4919			0.5031			0.3824


			68			0.8285			0.6382			0.5015			0.5149			0.3927


			69			0.8338			0.6482			0.511			0.5265			0.403


			70			0.8388			0.6579			0.5204			0.5379			0.4132


			71			0.8436			0.6674			0.5297			0.5491			0.4234


			72			0.8481			0.6765			0.5389			0.5601			0.4334


			73			0.8524			0.6853			0.548			0.5709			0.4434


			74			0.8564			0.6938			0.557			0.5814			0.4533


			75			0.8603			0.702			0.5659			0.5918			0.4631


			76			0.8639			0.7099			0.5747			0.6019			0.4728


			77			0.8674			0.7175			0.5833			0.6117			0.4825


			78			0.8708			0.7249			0.5919			0.6213			0.492


			79			0.874			0.732			0.6003			0.6307			0.5014


			80			0.8771			0.7388			0.6086			0.6398			0.5107


			81			0.88			0.7453			0.6167			0.6487			0.5199


			82			0.8829			0.7516			0.6248			0.6573			0.529


			83			0.8857			0.7577			0.6327			0.6656			0.538


			84			0.8884			0.7635			0.6405			0.6738			0.5469


			85			0.891			0.7691			0.6481			0.6817			0.5557


			86			0.8936			0.7745			0.6556			0.6893			0.5643


			87			0.8961			0.7797			0.663			0.6968			0.5729


			88			0.8986			0.7847			0.6702			0.704			0.5813


			89			0.901			0.7895			0.6773			0.7111			0.5897


			90			0.9033			0.7941			0.6842			0.7179			0.5979


			91			0.9056			0.7985			0.691			0.7246			0.6061


			92			0.9079			0.8028			0.6976			0.731			0.6141


			93			0.9101			0.8069			0.7041			0.7373			0.622


			94			0.9123			0.8108			0.7104			0.7435			0.6298


			95			0.9145			0.8146			0.7165			0.7495			0.6375


			96			0.9166			0.8182			0.7225			0.7553			0.6451


			97			0.9187			0.8218			0.7284			0.761			0.6526


			98			0.9207			0.8251			0.734			0.7666			0.66


			99			0.9227			0.8284			0.7396			0.772			0.6672


			100			0.9247			0.8315			0.7449			0.7773			0.6744


			101			0.9266			0.8345			0.7501			0.7825			0.6814


			102			0.9286			0.8374			0.7552			0.7876			0.6883


			103			0.9304			0.8402			0.7601			0.7925			0.6951


			104			0.9323			0.8429			0.7649			0.7973			0.7017


			105			0.9341			0.8455			0.7695			0.8021			0.7083


			106			0.9358			0.8481			0.7739			0.8066			0.7147


			107			0.9375			0.8505			0.7783			0.8111			0.7209


			108			0.9392			0.8528			0.7825			0.8155			0.7271


			109			0.9409			0.8551			0.7865			0.8197			0.7331


			110			0.9425			0.8573			0.7904			0.8238			0.739


			111			0.9441			0.8594			0.7942			0.8278			0.7447


			112			0.9457			0.8615			0.7979			0.8317			0.7503


			113			0.9472			0.8635			0.8015			0.8354			0.7558


			114			0.9487			0.8655			0.8049			0.839			0.7612


			115			0.9501			0.8674			0.8083			0.8426			0.7664


			116			0.9515			0.8692			0.8115			0.846			0.7715


			117			0.9529			0.871			0.8147			0.8492			0.7764


			118			0.9542			0.8728			0.8177			0.8524			0.7812


			119			0.9555			0.8745			0.8206			0.8555			0.7859


			120			0.9568			0.8762			0.8235			0.8584			0.7904


			121			0.958			0.8779			0.8263			0.8613			0.7949


			122			0.9592			0.8795			0.829			0.864			0.7991


			123			0.9603			0.8811			0.8316			0.8667			0.8033


			124			0.9614			0.8827			0.8341			0.8692			0.8073


			125			0.9625			0.8842			0.8366			0.8717			0.8112


			126			0.9635			0.8857			0.839			0.8741			0.815


			127			0.9645			0.8873			0.8413			0.8764			0.8186


			128			0.9654			0.8887			0.8436			0.8787			0.8222


			129			0.9663			0.8902			0.8458			0.8808			0.8256


			130			0.9672			0.8917			0.848			0.8829			0.8288


			131			0.968			0.8931			0.85			0.885			0.832


			132			0.9689			0.8945			0.8521			0.8869			0.8351


			133			0.9696			0.8959			0.8541			0.8889			0.838


			134			0.9704			0.8973			0.856			0.8907			0.8408


			135			0.9711			0.8987			0.8579			0.8926			0.8435


			136			0.9718			0.9			0.8597			0.8944			0.8462


			137			0.9724			0.9014			0.8615			0.8961			0.8487


			138			0.9731			0.9027			0.8632			0.8978			0.8511


			139			0.9737			0.904			0.8649			0.8995			0.8534


			140			0.9743			0.9053			0.8666			0.9011			0.8557


			141			0.9748			0.9066			0.8682			0.9028			0.8578


			142			0.9754			0.9078			0.8697			0.9044			0.8599


			143			0.9759			0.909			0.8712			0.9059			0.8619


			144			0.9764			0.9103			0.8727			0.9075			0.8639


			145			0.9769			0.9114			0.8741			0.909			0.8657


			146			0.9773			0.9126			0.8755			0.9105			0.8675


			147			0.9778			0.9137			0.8769			0.9119			0.8693


			148			0.9782			0.9148			0.8782			0.9134			0.871


			149			0.9786			0.9159			0.8795			0.9148			0.8726


			150			0.979			0.917			0.8808			0.9162			0.8742


			151			0.9794			0.918			0.882			0.9176			0.8758


			152			0.9798			0.919			0.8832			0.919			0.8773


			153			0.9801			0.92			0.8843			0.9203			0.8787


			154			0.9805			0.9209			0.8855			0.9217			0.8802


			155			0.9808			0.9218			0.8866			0.923			0.8816


			156			0.9812			0.9227			0.8877			0.9242			0.883


			157			0.9815			0.9236			0.8887			0.9255			0.8843


			158			0.9818			0.9245			0.8897			0.9267			0.8856


			159			0.9821			0.9253			0.8907			0.9279			0.8869


			160			0.9824			0.9261			0.8917			0.9291			0.8882


			161			0.9827			0.9269			0.8927			0.9303			0.8894


			162			0.983			0.9277			0.8936			0.9314			0.8906


			163			0.9833			0.9285			0.8945			0.9325			0.8918


			164			0.9836			0.9292			0.8954			0.9336			0.893


			165			0.9839			0.9299			0.8963			0.9347			0.8942


			166			0.9843			0.9307			0.8972			0.9358			0.8953


			167			0.9846			0.9314			0.898			0.9368			0.8965


			168			0.9849			0.9321			0.8988			0.9378			0.8976


			169			0.9852			0.9328			0.8997			0.9388			0.8987


			170			0.9855			0.9335			0.9005			0.9397			0.8998


			171			0.9858			0.9342			0.9013			0.9406			0.9009


			172			0.9861			0.9349			0.902			0.9416			0.9019


			173			0.9864			0.9356			0.9028			0.9425			0.903


			174			0.9867			0.9363			0.9036			0.9433			0.904


			175			0.987			0.937			0.9043			0.9442			0.9051


			176			0.9873			0.9376			0.9051			0.945			0.9061


			177			0.9876			0.9383			0.9058			0.9458			0.9071


			178			0.9878			0.939			0.9066			0.9466			0.9081


			179			0.9881			0.9397			0.9073			0.9474			0.9091


			180			0.9884			0.9403			0.908			0.9482			0.9101


			181			0.9886			0.941			0.9088			0.949			0.911


			182			0.9889			0.9417			0.9095			0.9497			0.912


			183			0.9891			0.9423			0.9102			0.9504			0.913


			184			0.9893			0.943			0.9109			0.9512			0.9139


			185			0.9895			0.9436			0.9116			0.9519			0.9148


			186			0.9897			0.9443			0.9123			0.9525			0.9158


			187			0.9899			0.9449			0.913			0.9532			0.9167


			188			0.99			0.9456			0.9137			0.9539			0.9176


			189			0.9902			0.9462			0.9144			0.9545			0.9185


			190			0.9903			0.9468			0.9151			0.9551			0.9194


			191			0.9904			0.9474			0.9158			0.9557			0.9203


			192			0.9906			0.9481			0.9165			0.9563			0.9212


			193			0.9907			0.9487			0.9172			0.9569			0.9221


			194			0.9908			0.9493			0.9179			0.9575			0.9229


			195			0.9908			0.9499			0.9186			0.958			0.9238


			196			0.9909			0.9505			0.9193			0.9586			0.9246


			197			0.991			0.951			0.92			0.9591			0.9255


			198			0.991			0.9516			0.9207			0.9596			0.9263


			199			0.9911			0.9522			0.9214			0.9601			0.9271


			200			0.9911			0.9527			0.9221			0.9606			0.928


			201			0.9912			0.9533			0.9228			0.9611			0.9288


			202			0.9912			0.9538			0.9235			0.9615			0.9296


			203			0.9913			0.9544			0.9242			0.962			0.9304


			204			0.9913			0.9549			0.9249			0.9625			0.9312


			205			0.9913			0.9554			0.9256			0.9629			0.9319


			206			0.9914			0.9559			0.9263			0.9633			0.9327


			207			0.9914			0.9564			0.927			0.9638			0.9335


			208			0.9915			0.9569			0.9277			0.9642			0.9342


			209			0.9915			0.9574			0.9284			0.9647			0.935


			210			0.9916			0.9579			0.9291			0.9651			0.9357


			211			0.9916			0.9584			0.9298			0.9655			0.9364


			212			0.9917			0.9589			0.9305			0.966			0.9372


			213			0.9917			0.9594			0.9312			0.9664			0.9379


			214			0.9918			0.9599			0.932			0.9668			0.9386


			215			0.9919			0.9603			0.9327			0.9672			0.9393


			216			0.992			0.9608			0.9334			0.9676			0.94


			217			0.992			0.9613			0.9341			0.9681			0.9406


			218			0.9921			0.9618			0.9348			0.9685			0.9413


			219			0.9922			0.9622			0.9356			0.9689			0.942


			220			0.9923			0.9627			0.9363			0.9693			0.9426


			221			0.9924			0.9632			0.937			0.9697			0.9433


			222			0.9926			0.9636			0.9377			0.9701			0.9439


			223			0.9927			0.9641			0.9385			0.9704			0.9445


			224			0.9928			0.9646			0.9392			0.9708			0.9452


			225			0.993			0.9651			0.94			0.9712			0.9458


			226			0.9931			0.9656			0.9407			0.9716			0.9464


			227			0.9932			0.966			0.9415			0.972			0.947


			228			0.9934			0.9665			0.9422			0.9723			0.9476


			229			0.9935			0.967			0.943			0.9727			0.9482


			230			0.9937			0.9675			0.9437			0.9731			0.9488


			231			0.9938			0.968			0.9445			0.9734			0.9494


			232			0.994			0.9685			0.9453			0.9738			0.95


			233			0.9941			0.969			0.9461			0.9742			0.9506


			234			0.9943			0.9694			0.9469			0.9745			0.9512


			235			0.9944			0.9699			0.9477			0.9749			0.9518


			236			0.9946			0.9704			0.9486			0.9753			0.9524


			237			0.9947			0.9709			0.9494			0.9756			0.953


			238			0.9948			0.9714			0.9503			0.976			0.9536


			239			0.995			0.9719			0.9511			0.9764			0.9542


			240			0.9951			0.9724			0.952			0.9768			0.9549


			241			0.9953			0.9729			0.9529			0.9772			0.9555


			242			0.9954			0.9734			0.9538			0.9776			0.9562


			243			0.9955			0.9739			0.9548			0.9781			0.9569


			244			0.9957			0.9744			0.9558			0.9785			0.9576


			245			0.9958			0.9749			0.9568			0.979			0.9583


			246			0.9959			0.9754			0.9578			0.9794			0.9591


			247			0.9961			0.9759			0.9588			0.9799			0.9599


			248			0.9962			0.9765			0.9599			0.9804			0.9607


			249			0.9963			0.977			0.961			0.9809			0.9616


			250			0.9965			0.9776			0.9621			0.9815			0.9625


			251			0.9966			0.9782			0.9632			0.982			0.9634


			252			0.9968			0.9788			0.9644			0.9826			0.9644


			253			0.9969			0.9794			0.9656			0.9832			0.9654


			254			0.9971			0.9801			0.9668			0.9838			0.9665


			255			0.9972			0.9807			0.9681			0.9844			0.9676


			256			0.9974			0.9814			0.9693			0.9851			0.9688


			257			0.9975			0.9822			0.9706			0.9857			0.9699


			258			0.9977			0.9829			0.9719			0.9864			0.9711


			259			0.9978			0.9836			0.9732			0.9871			0.9724


			260			0.998			0.9844			0.9745			0.9878			0.9737


			261			0.9981			0.9852			0.9758			0.9885			0.9749


			262			0.9982			0.986			0.9771			0.9892			0.9762


			263			0.9984			0.9868			0.9784			0.9899			0.9776


			264			0.9985			0.9876			0.9797			0.9906			0.9789


			265			0.9986			0.9884			0.981			0.9913			0.9802


			266			0.9988			0.9892			0.9823			0.9919			0.9815


			267			0.9989			0.99			0.9835			0.9926			0.9828


			268			0.999			0.9908			0.9847			0.9932			0.9841


			269			0.9991			0.9915			0.9859			0.9939			0.9853


			270			0.9992			0.9923			0.987			0.9945			0.9865


			271			0.9993			0.993			0.9881			0.995			0.9877


			272			0.9994			0.9936			0.9891			0.9955			0.9888


			273			0.9994			0.9943			0.9901			0.996			0.9898


			274			0.9995			0.9949			0.991			0.9965			0.9908


			275			0.9996			0.9954			0.9919			0.9969			0.9918


			276			0.9996			0.996			0.9927			0.9973			0.9927


			277			0.9997			0.9965			0.9935			0.9977			0.9935


			278			0.9997			0.9969			0.9942			0.998			0.9943


			279			0.9998			0.9973			0.9949			0.9983			0.995


			280			0.9998			0.9977			0.9955			0.9986			0.9956


			281			0.9998			0.998			0.996			0.9988			0.9962


			282			0.9999			0.9983			0.9965			0.999			0.9967


			283			0.9999			0.9986			0.997			0.9992			0.9972


			284			0.9999			0.9988			0.9974			0.9993			0.9976


			285			0.9999			0.999			0.9978			0.9994			0.9979


			286			0.9999			0.9991			0.9981			0.9995			0.9983


			287			0.9999			0.9993			0.9984			0.9996			0.9985


			288			1			0.9994			0.9986			0.9997			0.9988


			289			1			0.9995			0.9988			0.9998			0.999


			290			1			0.9996			0.999			0.9998			0.9992


			291			1			0.9997			0.9992			0.9999			0.9993


			292			1			0.9998			0.9993			0.9999			0.9994


			293			1			0.9998			0.9994			0.9999			0.9995


			294			1			0.9998			0.9995			0.9999			0.9996


			295			1			0.9999			0.9996			1			0.9997


			296			1			0.9999			0.9997			1			0.9998


			297			1			0.9999			0.9998			1			0.9998


			298			1			0.9999			0.9998			1			0.9999


			299			1			1			0.9998			1			0.9999


			300			1			1			0.9999			1			0.9999
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Sheet1

		Radius		HWIND		H3D		H3H		H9D		H9H

		0		0.0241		0.0153		0.0092		0.0056		0.0065

		1		0.0279		0.017		0.0102		0.0064		0.0072

		2		0.0322		0.0187		0.0113		0.0072		0.0079

		3		0.0369		0.0207		0.0125		0.008		0.0087

		4		0.0422		0.0227		0.0138		0.009		0.0096

		5		0.048		0.0249		0.0151		0.01		0.0104

		6		0.0544		0.0273		0.0166		0.011		0.0114

		7		0.0613		0.0298		0.0183		0.0122		0.0123

		8		0.0689		0.0325		0.02		0.0134		0.0133

		9		0.0772		0.0354				0.0146		0.0144

		10		0.0861		0.0384		0.024		0.016		0.0155

		11		0.0956		0.0418		0.0263		0.0175		0.0166

		12		0.1058		0.0453		0.0287		0.019		0.0178

		13		0.1166		0.0491		0.0314		0.0207		0.019

		14		0.1281		0.0531		0.0342		0.0225		0.0203

		15		0.1402		0.0574		0.0373		0.0244		0.0217

		16		0.1529		0.0621		0.0406		0.0265		0.0232

		17		0.1662		0.067		0.0442		0.0287		0.0247

		18		0.1801		0.0723		0.0481		0.0311		0.0263

		19		0.1945		0.0779		0.0522		0.0338		0.0281

		20		0.2093		0.0838		0.0567		0.0367		0.03

		21		0.2246		0.0901		0.0614		0.0398		0.032

		22		0.2403		0.0968		0.0665		0.0432		0.0342

		23		0.2563		0.1039		0.0719		0.0469		0.0366

		24		0.2727		0.1114		0.0776		0.0509		0.0391

		25		0.2893		0.1192		0.0837		0.0553		0.0419

		26		0.306		0.1275		0.0901		0.06		0.0449

		27		0.323		0.1361		0.0968		0.0651		0.0481

		28		0.34		0.1451		0.1039		0.0706		0.0516

		29		0.3571		0.1545		0.1113		0.0765		0.0554

		30		0.3742		0.1643		0.119		0.0828		0.0594

		31		0.3913		0.1744		0.127		0.0895		0.0638

		32		0.4083		0.1849		0.1354		0.0967		0.0685

		33		0.4252		0.1957		0.144		0.1042		0.0735

		34		0.442		0.2068		0.1529		0.1122		0.0788

		35		0.4585		0.2183		0.162		0.1207		0.0845

		36		0.4749		0.23		0.1714		0.1295		0.0905

		37		0.4911		0.2421		0.1809		0.1387		0.0968

		38		0.507		0.2543		0.1907		0.1484		0.1035

		39		0.5227		0.2669		0.2007		0.1584		0.1105

		40		0.538		0.2796		0.2108		0.1687		0.1178

		41		0.5531		0.2926		0.2211		0.1795		0.1254

		42		0.5679		0.3057		0.2314		0.1905		0.1334

		43		0.5823		0.319		0.2419		0.2018		0.1416

		44		0.5965		0.3325		0.2525		0.2134		0.1501

		45		0.6103		0.346		0.2631		0.2253		0.1589

		46		0.6237		0.3597		0.2738		0.2374		0.1678

		47		0.6369		0.3734		0.2845		0.2496		0.1771

		48		0.6496		0.3871		0.2952		0.2621		0.1865

		49		0.6621		0.4009		0.306		0.2747		0.1961

		50		0.6741		0.4147		0.3167		0.2874		0.2059

		51		0.6858		0.4284		0.3274		0.3002		0.2158

		52		0.6972		0.4421		0.3381		0.3131		0.2258

		53		0.7081		0.4558		0.3488		0.3261		0.236

		54		0.7187		0.4693		0.3594		0.3391		0.2463

		55		0.729		0.4827		0.37		0.3521		0.2566

		56		0.7388		0.496		0.3806		0.3651		0.267

		57		0.7483		0.5091		0.391		0.378		0.2775

		58		0.7574		0.522		0.4015		0.391		0.288

		59		0.7661		0.5348		0.4118		0.4038		0.2985

		60		0.7745		0.5473		0.4221		0.4166		0.309

		61		0.7825		0.5596		0.4323		0.4293		0.3196

		62		0.7901		0.5717		0.4424		0.4419		0.3301

		63		0.7974		0.5834		0.4525		0.4544		0.3406

		64		0.8043		0.595		0.4625		0.4668		0.3511

		65		0.8108		0.6062		0.4724		0.479		0.3616

		66		0.817		0.6172		0.4822		0.4911		0.372

		67		0.8229		0.6278		0.4919		0.5031		0.3824

		68		0.8285		0.6382		0.5015		0.5149		0.3927

		69		0.8338		0.6482		0.511		0.5265		0.403

		70		0.8388		0.6579		0.5204		0.5379		0.4132

		71		0.8436		0.6674		0.5297		0.5491		0.4234

		72		0.8481		0.6765		0.5389		0.5601		0.4334

		73		0.8524		0.6853		0.548		0.5709		0.4434

		74		0.8564		0.6938		0.557		0.5814		0.4533

		75		0.8603		0.702		0.5659		0.5918		0.4631

		76		0.8639		0.7099		0.5747		0.6019		0.4728

		77		0.8674		0.7175		0.5833		0.6117		0.4825

		78		0.8708		0.7249		0.5919		0.6213		0.492

		79		0.874		0.732		0.6003		0.6307		0.5014

		80		0.8771		0.7388		0.6086		0.6398		0.5107

		81		0.88		0.7453		0.6167		0.6487		0.5199

		82		0.8829		0.7516		0.6248		0.6573		0.529

		83		0.8857		0.7577		0.6327		0.6656		0.538

		84		0.8884		0.7635		0.6405		0.6738		0.5469

		85		0.891		0.7691		0.6481		0.6817		0.5557

		86		0.8936		0.7745		0.6556		0.6893		0.5643

		87		0.8961		0.7797		0.663		0.6968		0.5729

		88		0.8986		0.7847		0.6702		0.704		0.5813

		89		0.901		0.7895		0.6773		0.7111		0.5897

		90		0.9033		0.7941		0.6842		0.7179		0.5979

		91		0.9056		0.7985		0.691		0.7246		0.6061

		92		0.9079		0.8028		0.6976		0.731		0.6141

		93		0.9101		0.8069		0.7041		0.7373		0.622

		94		0.9123		0.8108		0.7104		0.7435		0.6298

		95		0.9145		0.8146		0.7165		0.7495		0.6375

		96		0.9166		0.8182		0.7225		0.7553		0.6451

		97		0.9187		0.8218		0.7284		0.761		0.6526

		98		0.9207		0.8251		0.734		0.7666		0.66

		99		0.9227		0.8284		0.7396		0.772		0.6672

		100		0.9247		0.8315		0.7449		0.7773		0.6744

		101		0.9266		0.8345		0.7501		0.7825		0.6814

		102		0.9286		0.8374		0.7552		0.7876		0.6883

		103		0.9304		0.8402		0.7601		0.7925		0.6951

		104		0.9323		0.8429		0.7649		0.7973		0.7017

		105		0.9341		0.8455		0.7695		0.8021		0.7083

		106		0.9358		0.8481		0.7739		0.8066		0.7147

		107		0.9375		0.8505		0.7783		0.8111		0.7209

		108		0.9392		0.8528		0.7825		0.8155		0.7271

		109		0.9409		0.8551		0.7865		0.8197		0.7331

		110		0.9425		0.8573		0.7904		0.8238		0.739

		111		0.9441		0.8594		0.7942		0.8278		0.7447

		112		0.9457		0.8615		0.7979		0.8317		0.7503

		113		0.9472		0.8635		0.8015		0.8354		0.7558

		114		0.9487		0.8655		0.8049		0.839		0.7612

		115		0.9501		0.8674		0.8083		0.8426		0.7664

		116		0.9515		0.8692		0.8115		0.846		0.7715

		117		0.9529		0.871		0.8147		0.8492		0.7764

		118		0.9542		0.8728		0.8177		0.8524		0.7812

		119		0.9555		0.8745		0.8206		0.8555		0.7859

		120		0.9568		0.8762		0.8235		0.8584		0.7904

		121		0.958		0.8779		0.8263		0.8613		0.7949

		122		0.9592		0.8795		0.829		0.864		0.7991

		123		0.9603		0.8811		0.8316		0.8667		0.8033

		124		0.9614		0.8827		0.8341		0.8692		0.8073

		125		0.9625		0.8842		0.8366		0.8717		0.8112

		126		0.9635		0.8857		0.839		0.8741		0.815

		127		0.9645		0.8873		0.8413		0.8764		0.8186

		128		0.9654		0.8887		0.8436		0.8787		0.8222

		129		0.9663		0.8902		0.8458		0.8808		0.8256

		130		0.9672		0.8917		0.848		0.8829		0.8288

		131		0.968		0.8931		0.85		0.885		0.832

		132		0.9689		0.8945		0.8521		0.8869		0.8351

		133		0.9696		0.8959		0.8541		0.8889		0.838

		134		0.9704		0.8973		0.856		0.8907		0.8408

		135		0.9711		0.8987		0.8579		0.8926		0.8435

		136		0.9718		0.9		0.8597		0.8944		0.8462

		137		0.9724		0.9014		0.8615		0.8961		0.8487

		138		0.9731		0.9027		0.8632		0.8978		0.8511

		139		0.9737		0.904		0.8649		0.8995		0.8534

		140		0.9743		0.9053		0.8666		0.9011		0.8557

		141		0.9748		0.9066		0.8682		0.9028		0.8578

		142		0.9754		0.9078		0.8697		0.9044		0.8599

		143		0.9759		0.909		0.8712		0.9059		0.8619

		144		0.9764		0.9103		0.8727		0.9075		0.8639

		145		0.9769		0.9114		0.8741		0.909		0.8657

		146		0.9773		0.9126		0.8755		0.9105		0.8675

		147		0.9778		0.9137		0.8769		0.9119		0.8693

		148		0.9782		0.9148		0.8782		0.9134		0.871

		149		0.9786		0.9159		0.8795		0.9148		0.8726

		150		0.979		0.917		0.8808		0.9162		0.8742

		151		0.9794		0.918		0.882		0.9176		0.8758

		152		0.9798		0.919		0.8832		0.919		0.8773

		153		0.9801		0.92		0.8843		0.9203		0.8787

		154		0.9805		0.9209		0.8855		0.9217		0.8802

		155		0.9808		0.9218		0.8866		0.923		0.8816

		156		0.9812		0.9227		0.8877		0.9242		0.883

		157		0.9815		0.9236		0.8887		0.9255		0.8843

		158		0.9818		0.9245		0.8897		0.9267		0.8856

		159		0.9821		0.9253		0.8907		0.9279		0.8869

		160		0.9824		0.9261		0.8917		0.9291		0.8882

		161		0.9827		0.9269		0.8927		0.9303		0.8894

		162		0.983		0.9277		0.8936		0.9314		0.8906

		163		0.9833		0.9285		0.8945		0.9325		0.8918

		164		0.9836		0.9292		0.8954		0.9336		0.893

		165		0.9839		0.9299		0.8963		0.9347		0.8942

		166		0.9843		0.9307		0.8972		0.9358		0.8953

		167		0.9846		0.9314		0.898		0.9368		0.8965

		168		0.9849		0.9321		0.8988		0.9378		0.8976

		169		0.9852		0.9328		0.8997		0.9388		0.8987

		170		0.9855		0.9335		0.9005		0.9397		0.8998

		171		0.9858		0.9342		0.9013		0.9406		0.9009

		172		0.9861		0.9349		0.902		0.9416		0.9019

		173		0.9864		0.9356		0.9028		0.9425		0.903

		174		0.9867		0.9363		0.9036		0.9433		0.904

		175		0.987		0.937		0.9043		0.9442		0.9051

		176		0.9873		0.9376		0.9051		0.945		0.9061

		177		0.9876		0.9383		0.9058		0.9458		0.9071

		178		0.9878		0.939		0.9066		0.9466		0.9081

		179		0.9881		0.9397		0.9073		0.9474		0.9091

		180		0.9884		0.9403		0.908		0.9482		0.9101

		181		0.9886		0.941		0.9088		0.949		0.911

		182		0.9889		0.9417		0.9095		0.9497		0.912

		183		0.9891		0.9423		0.9102		0.9504		0.913

		184		0.9893		0.943		0.9109		0.9512		0.9139

		185		0.9895		0.9436		0.9116		0.9519		0.9148

		186		0.9897		0.9443		0.9123		0.9525		0.9158

		187		0.9899		0.9449		0.913		0.9532		0.9167

		188		0.99		0.9456		0.9137		0.9539		0.9176

		189		0.9902		0.9462		0.9144		0.9545		0.9185

		190		0.9903		0.9468		0.9151		0.9551		0.9194

		191		0.9904		0.9474		0.9158		0.9557		0.9203

		192		0.9906		0.9481		0.9165		0.9563		0.9212

		193		0.9907		0.9487		0.9172		0.9569		0.9221

		194		0.9908		0.9493		0.9179		0.9575		0.9229

		195		0.9908		0.9499		0.9186		0.958		0.9238

		196		0.9909		0.9505		0.9193		0.9586		0.9246

		197		0.991		0.951		0.92		0.9591		0.9255

		198		0.991		0.9516		0.9207		0.9596		0.9263

		199		0.9911		0.9522		0.9214		0.9601		0.9271

		200		0.9911		0.9527		0.9221		0.9606		0.928

		201		0.9912		0.9533		0.9228		0.9611		0.9288

		202		0.9912		0.9538		0.9235		0.9615		0.9296

		203		0.9913		0.9544		0.9242		0.962		0.9304

		204		0.9913		0.9549		0.9249		0.9625		0.9312

		205		0.9913		0.9554		0.9256		0.9629		0.9319

		206		0.9914		0.9559		0.9263		0.9633		0.9327

		207		0.9914		0.9564		0.927		0.9638		0.9335

		208		0.9915		0.9569		0.9277		0.9642		0.9342

		209		0.9915		0.9574		0.9284		0.9647		0.935

		210		0.9916		0.9579		0.9291		0.9651		0.9357

		211		0.9916		0.9584		0.9298		0.9655		0.9364

		212		0.9917		0.9589		0.9305		0.966		0.9372

		213		0.9917		0.9594		0.9312		0.9664		0.9379

		214		0.9918		0.9599		0.932		0.9668		0.9386

		215		0.9919		0.9603		0.9327		0.9672		0.9393

		216		0.992		0.9608		0.9334		0.9676		0.94

		217		0.992		0.9613		0.9341		0.9681		0.9406

		218		0.9921		0.9618		0.9348		0.9685		0.9413

		219		0.9922		0.9622		0.9356		0.9689		0.942

		220		0.9923		0.9627		0.9363		0.9693		0.9426

		221		0.9924		0.9632		0.937		0.9697		0.9433

		222		0.9926		0.9636		0.9377		0.9701		0.9439

		223		0.9927		0.9641		0.9385		0.9704		0.9445

		224		0.9928		0.9646		0.9392		0.9708		0.9452

		225		0.993		0.9651		0.94		0.9712		0.9458

		226		0.9931		0.9656		0.9407		0.9716		0.9464

		227		0.9932		0.966		0.9415		0.972		0.947

		228		0.9934		0.9665		0.9422		0.9723		0.9476

		229		0.9935		0.967		0.943		0.9727		0.9482

		230		0.9937		0.9675		0.9437		0.9731		0.9488

		231		0.9938		0.968		0.9445		0.9734		0.9494

		232		0.994		0.9685		0.9453		0.9738		0.95

		233		0.9941		0.969		0.9461		0.9742		0.9506

		234		0.9943		0.9694		0.9469		0.9745		0.9512

		235		0.9944		0.9699		0.9477		0.9749		0.9518

		236		0.9946		0.9704		0.9486		0.9753		0.9524

		237		0.9947		0.9709		0.9494		0.9756		0.953

		238		0.9948		0.9714		0.9503		0.976		0.9536

		239		0.995		0.9719		0.9511		0.9764		0.9542

		240		0.9951		0.9724		0.952		0.9768		0.9549

		241		0.9953		0.9729		0.9529		0.9772		0.9555

		242		0.9954		0.9734		0.9538		0.9776		0.9562

		243		0.9955		0.9739		0.9548		0.9781		0.9569

		244		0.9957		0.9744		0.9558		0.9785		0.9576

		245		0.9958		0.9749		0.9568		0.979		0.9583

		246		0.9959		0.9754		0.9578		0.9794		0.9591

		247		0.9961		0.9759		0.9588		0.9799		0.9599

		248		0.9962		0.9765		0.9599		0.9804		0.9607

		249		0.9963		0.977		0.961		0.9809		0.9616

		250		0.9965		0.9776		0.9621		0.9815		0.9625

		251		0.9966		0.9782		0.9632		0.982		0.9634

		252		0.9968		0.9788		0.9644		0.9826		0.9644

		253		0.9969		0.9794		0.9656		0.9832		0.9654

		254		0.9971		0.9801		0.9668		0.9838		0.9665

		255		0.9972		0.9807		0.9681		0.9844		0.9676

		256		0.9974		0.9814		0.9693		0.9851		0.9688

		257		0.9975		0.9822		0.9706		0.9857		0.9699

		258		0.9977		0.9829		0.9719		0.9864		0.9711

		259		0.9978		0.9836		0.9732		0.9871		0.9724

		260		0.998		0.9844		0.9745		0.9878		0.9737

		261		0.9981		0.9852		0.9758		0.9885		0.9749

		262		0.9982		0.986		0.9771		0.9892		0.9762

		263		0.9984		0.9868		0.9784		0.9899		0.9776

		264		0.9985		0.9876		0.9797		0.9906		0.9789

		265		0.9986		0.9884		0.981		0.9913		0.9802

		266		0.9988		0.9892		0.9823		0.9919		0.9815

		267		0.9989		0.99		0.9835		0.9926		0.9828

		268		0.999		0.9908		0.9847		0.9932		0.9841

		269		0.9991		0.9915		0.9859		0.9939		0.9853

		270		0.9992		0.9923		0.987		0.9945		0.9865

		271		0.9993		0.993		0.9881		0.995		0.9877

		272		0.9994		0.9936		0.9891		0.9955		0.9888

		273		0.9994		0.9943		0.9901		0.996		0.9898

		274		0.9995		0.9949		0.991		0.9965		0.9908

		275		0.9996		0.9954		0.9919		0.9969		0.9918

		276		0.9996		0.996		0.9927		0.9973		0.9927

		277		0.9997		0.9965		0.9935		0.9977		0.9935

		278		0.9997		0.9969		0.9942		0.998		0.9943

		279		0.9998		0.9973		0.9949		0.9983		0.995

		280		0.9998		0.9977		0.9955		0.9986		0.9956

		281		0.9998		0.998		0.996		0.9988		0.9962

		282		0.9999		0.9983		0.9965		0.999		0.9967

		283		0.9999		0.9986		0.997		0.9992		0.9972

		284		0.9999		0.9988		0.9974		0.9993		0.9976

		285		0.9999		0.999		0.9978		0.9994		0.9979

		286		0.9999		0.9991		0.9981		0.9995		0.9983

		287		0.9999		0.9993		0.9984		0.9996		0.9985

		288		1		0.9994		0.9986		0.9997		0.9988

		289		1		0.9995		0.9988		0.9998		0.999

		290		1		0.9996		0.999		0.9998		0.9992

		291		1		0.9997		0.9992		0.9999		0.9993

		292		1		0.9998		0.9993		0.9999		0.9994

		293		1		0.9998		0.9994		0.9999		0.9995

		294		1		0.9998		0.9995		0.9999		0.9996

		295		1		0.9999		0.9996		1		0.9997

		296		1		0.9999		0.9997		1		0.9998

		297		1		0.9999		0.9998		1		0.9998

		298		1		0.9999		0.9998		1		0.9999

		299		1		1		0.9998		1		0.9999

		300		1		1		0.9999		1		0.9999
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0.9976

0.9976

1

0.9988

0.998

0.9979

1

0.999

0.9982

0.9982

1

0.9992

0.9985

0.9984

1

0.9993

0.9987

0.9986

1

0.9994

0.9989

0.9988

1

0.9995

0.9991

0.999

1

0.9996

0.9992

0.9991

1

0.9997

0.9993

0.9993

1

0.9998

0.9994

0.9994

1

0.9998

0.9995

0.9995

1

0.9998

0.9996

0.9996

1

0.9999

0.9997

0.9996



Sheet1

		Radius		HWIND		HWRFx 09:03km GFDL		HWRFx 09:03km HWRF		HWRFx 09:03km HWRF and COAC=5.0		HWRFx 09:03km HWRF and NCAR Physics		HWRFx 27:09km GFDL		HWRFx 27:09km HWRF

		0		0.0241		0.0153		0.0092		0.0122		0.0256		0.0056		0.0065

		1		0.0279		0.017		0.0102		0.0132		0.0277		0.0064		0.0072

		2		0.0322		0.0187		0.0113		0.0142		0.03		0.0072		0.0079

		3		0.0369		0.0207		0.0125		0.0152		0.0324		0.008		0.0087

		4		0.0422		0.0227		0.0138		0.0163		0.0349		0.009		0.0096

		5		0.048		0.0249		0.0151		0.0175		0.0376		0.01		0.0104

		6		0.0544		0.0273		0.0166		0.0187		0.0404		0.011		0.0114

		7		0.0613		0.0298		0.0183		0.0199		0.0433		0.0122		0.0123

		8		0.0689		0.0325		0.02		0.0213		0.0464		0.0134		0.0133

		9		0.0772		0.0354		0.022		0.0227		0.0497		0.0146		0.0144

		10		0.0861		0.0384		0.024		0.0242		0.0531		0.016		0.0155

		11		0.0956		0.0418		0.0263		0.0258		0.0568		0.0175		0.0166

		12		0.1058		0.0453		0.0287		0.0274		0.0606		0.019		0.0178

		13		0.1166		0.0491		0.0314		0.0292		0.0646		0.0207		0.019

		14		0.1281		0.0531		0.0342		0.0311		0.0688		0.0225		0.0203

		15		0.1402		0.0574		0.0373		0.0332		0.0732		0.0244		0.0217

		16		0.1529		0.0621		0.0406		0.0353		0.0778		0.0265		0.0232

		17		0.1662		0.067		0.0442		0.0377		0.0827		0.0287		0.0247

		18		0.1801		0.0723		0.0481		0.0401		0.0878		0.0311		0.0263

		19		0.1945		0.0779		0.0522		0.0428		0.0931		0.0338		0.0281

		20		0.2093		0.0838		0.0567		0.0457		0.0986		0.0367		0.03

		21		0.2246		0.0901		0.0614		0.0487		0.1045		0.0398		0.032

		22		0.2403		0.0968		0.0665		0.052		0.1106		0.0432		0.0342

		23		0.2563		0.1039		0.0719		0.0555		0.1169		0.0469		0.0366

		24		0.2727		0.1114		0.0776		0.0593		0.1235		0.0509		0.0391

		25		0.2893		0.1192		0.0837		0.0633		0.1304		0.0553		0.0419

		26		0.306		0.1275		0.0901		0.0676		0.1375		0.06		0.0449

		27		0.323		0.1361		0.0968		0.0721		0.1449		0.0651		0.0481

		28		0.34		0.1451		0.1039		0.0769		0.1526		0.0706		0.0516

		29		0.3571		0.1545		0.1113		0.082		0.1606		0.0765		0.0554

		30		0.3742		0.1643		0.119		0.0874		0.1688		0.0828		0.0594

		31		0.3913		0.1744		0.127		0.0932		0.1773		0.0895		0.0638

		32		0.4083		0.1849		0.1354		0.0992		0.186		0.0967		0.0685

		33		0.4252		0.1957		0.144		0.1055		0.195		0.1042		0.0735

		34		0.442		0.2068		0.1529		0.1121		0.2042		0.1122		0.0788

		35		0.4585		0.2183		0.162		0.119		0.2137		0.1207		0.0845

		36		0.4749		0.23		0.1714		0.1262		0.2234		0.1295		0.0905

		37		0.4911		0.2421		0.1809		0.1337		0.2333		0.1387		0.0968

		38		0.507		0.2543		0.1907		0.1415		0.2433		0.1484		0.1035

		39		0.5227		0.2669		0.2007		0.1495		0.2536		0.1584		0.1105

		40		0.538		0.2796		0.2108		0.1578		0.2641		0.1687		0.1178

		41		0.5531		0.2926		0.2211		0.1664		0.2747		0.1795		0.1254

		42		0.5679		0.3057		0.2314		0.1752		0.2855		0.1905		0.1334

		43		0.5823		0.319		0.2419		0.1842		0.2964		0.2018		0.1416

		44		0.5965		0.3325		0.2525		0.1934		0.3074		0.2134		0.1501

		45		0.6103		0.346		0.2631		0.2029		0.3185		0.2253		0.1589

		46		0.6237		0.3597		0.2738		0.2125		0.3298		0.2374		0.1678

		47		0.6369		0.3734		0.2845		0.2223		0.3411		0.2496		0.1771

		48		0.6496		0.3871		0.2952		0.2322		0.3524		0.2621		0.1865

		49		0.6621		0.4009		0.306		0.2423		0.3638		0.2747		0.1961

		50		0.6741		0.4147		0.3167		0.2524		0.3752		0.2874		0.2059

		51		0.6858		0.4284		0.3274		0.2627		0.3866		0.3002		0.2158

		52		0.6972		0.4421		0.3381		0.2731		0.398		0.3131		0.2258

		53		0.7081		0.4558		0.3488		0.2835		0.4094		0.3261		0.236

		54		0.7187		0.4693		0.3594		0.294		0.4207		0.3391		0.2463

		55		0.729		0.4827		0.37		0.3046		0.432		0.3521		0.2566

		56		0.7388		0.496		0.3806		0.3151		0.4432		0.3651		0.267

		57		0.7483		0.5091		0.391		0.3257		0.4543		0.378		0.2775

		58		0.7574		0.522		0.4015		0.3363		0.4653		0.391		0.288

		59		0.7661		0.5348		0.4118		0.3468		0.4762		0.4038		0.2985

		60		0.7745		0.5473		0.4221		0.3574		0.487		0.4166		0.309

		61		0.7825		0.5596		0.4323		0.3679		0.4977		0.4293		0.3196

		62		0.7901		0.5717		0.4424		0.3784		0.5082		0.4419		0.3301

		63		0.7974		0.5834		0.4525		0.3888		0.5186		0.4544		0.3406

		64		0.8043		0.595		0.4625		0.3992		0.5288		0.4668		0.3511

		65		0.8108		0.6062		0.4724		0.4095		0.5388		0.479		0.3616

		66		0.817		0.6172		0.4822		0.4197		0.5487		0.4911		0.372

		67		0.8229		0.6278		0.4919		0.4299		0.5584		0.5031		0.3824

		68		0.8285		0.6382		0.5015		0.4399		0.568		0.5149		0.3927

		69		0.8338		0.6482		0.511		0.4499		0.5773		0.5265		0.403

		70		0.8388		0.6579		0.5204		0.4598		0.5865		0.5379		0.4132

		71		0.8436		0.6674		0.5297		0.4695		0.5954		0.5491		0.4234

		72		0.8481		0.6765		0.5389		0.4792		0.6042		0.5601		0.4334

		73		0.8524		0.6853		0.548		0.4888		0.6128		0.5709		0.4434

		74		0.8564		0.6938		0.557		0.4982		0.6212		0.5814		0.4533

		75		0.8603		0.702		0.5659		0.5076		0.6294		0.5918		0.4631

		76		0.8639		0.7099		0.5747		0.5168		0.6375		0.6019		0.4728

		77		0.8674		0.7175		0.5833		0.5259		0.6453		0.6117		0.4825

		78		0.8708		0.7249		0.5919		0.5349		0.653		0.6213		0.492

		79		0.874		0.732		0.6003		0.5438		0.6604		0.6307		0.5014

		80		0.8771		0.7388		0.6086		0.5525		0.6677		0.6398		0.5107

		81		0.88		0.7453		0.6167		0.5611		0.6749		0.6487		0.5199

		82		0.8829		0.7516		0.6248		0.5697		0.6818		0.6573		0.529

		83		0.8857		0.7577		0.6327		0.5781		0.6886		0.6656		0.538

		84		0.8884		0.7635		0.6405		0.5863		0.6952		0.6738		0.5469

		85		0.891		0.7691		0.6481		0.5945		0.7016		0.6817		0.5557

		86		0.8936		0.7745		0.6556		0.6025		0.7079		0.6893		0.5643

		87		0.8961		0.7797		0.663		0.6104		0.7139		0.6968		0.5729

		88		0.8986		0.7847		0.6702		0.6182		0.7199		0.704		0.5813

		89		0.901		0.7895		0.6773		0.6259		0.7257		0.7111		0.5897

		90		0.9033		0.7941		0.6842		0.6335		0.7313		0.7179		0.5979

		91		0.9056		0.7985		0.691		0.6409		0.7367		0.7246		0.6061

		92		0.9079		0.8028		0.6976		0.6482		0.7421		0.731		0.6141

		93		0.9101		0.8069		0.7041		0.6554		0.7472		0.7373		0.622

		94		0.9123		0.8108		0.7104		0.6625		0.7522		0.7435		0.6298

		95		0.9145		0.8146		0.7165		0.6695		0.7571		0.7495		0.6375

		96		0.9166		0.8182		0.7225		0.6763		0.7618		0.7553		0.6451

		97		0.9187		0.8218		0.7284		0.6831		0.7664		0.761		0.6526

		98		0.9207		0.8251		0.734		0.6897		0.7709		0.7666		0.66

		99		0.9227		0.8284		0.7396		0.6961		0.7752		0.772		0.6672

		100		0.9247		0.8315		0.7449		0.7025		0.7794		0.7773		0.6744

		101		0.9266		0.8345		0.7501		0.7087		0.7835		0.7825		0.6814

		102		0.9286		0.8374		0.7552		0.7148		0.7874		0.7876		0.6883

		103		0.9304		0.8402		0.7601		0.7208		0.7912		0.7925		0.6951

		104		0.9323		0.8429		0.7649		0.7267		0.7949		0.7973		0.7017

		105		0.9341		0.8455		0.7695		0.7324		0.7985		0.8021		0.7083

		106		0.9358		0.8481		0.7739		0.738		0.8019		0.8066		0.7147

		107		0.9375		0.8505		0.7783		0.7435		0.8053		0.8111		0.7209

		108		0.9392		0.8528		0.7825		0.7488		0.8085		0.8155		0.7271

		109		0.9409		0.8551		0.7865		0.754		0.8117		0.8197		0.7331

		110		0.9425		0.8573		0.7904		0.7591		0.8147		0.8238		0.739

		111		0.9441		0.8594		0.7942		0.7641		0.8176		0.8278		0.7447

		112		0.9457		0.8615		0.7979		0.7689		0.8205		0.8317		0.7503

		113		0.9472		0.8635		0.8015		0.7736		0.8232		0.8354		0.7558

		114		0.9487		0.8655		0.8049		0.7781		0.8259		0.839		0.7612

		115		0.9501		0.8674		0.8083		0.7826		0.8285		0.8426		0.7664

		116		0.9515		0.8692		0.8115		0.7869		0.831		0.846		0.7715

		117		0.9529		0.871		0.8147		0.791		0.8334		0.8492		0.7764

		118		0.9542		0.8728		0.8177		0.7951		0.8358		0.8524		0.7812

		119		0.9555		0.8745		0.8206		0.799		0.8381		0.8555		0.7859

		120		0.9568		0.8762		0.8235		0.8028		0.8403		0.8584		0.7904

		121		0.958		0.8779		0.8263		0.8065		0.8424		0.8613		0.7949

		122		0.9592		0.8795		0.829		0.8101		0.8445		0.864		0.7991

		123		0.9603		0.8811		0.8316		0.8135		0.8465		0.8667		0.8033

		124		0.9614		0.8827		0.8341		0.8169		0.8485		0.8692		0.8073

		125		0.9625		0.8842		0.8366		0.8201		0.8504		0.8717		0.8112

		126		0.9635		0.8857		0.839		0.8232		0.8523		0.8741		0.815

		127		0.9645		0.8873		0.8413		0.8263		0.8541		0.8764		0.8186

		128		0.9654		0.8887		0.8436		0.8292		0.8559		0.8787		0.8222

		129		0.9663		0.8902		0.8458		0.832		0.8576		0.8808		0.8256

		130		0.9672		0.8917		0.848		0.8348		0.8593		0.8829		0.8288

		131		0.968		0.8931		0.85		0.8374		0.8609		0.885		0.832

		132		0.9689		0.8945		0.8521		0.84		0.8626		0.8869		0.8351

		133		0.9696		0.8959		0.8541		0.8425		0.8641		0.8889		0.838

		134		0.9704		0.8973		0.856		0.8449		0.8657		0.8907		0.8408

		135		0.9711		0.8987		0.8579		0.8472		0.8672		0.8926		0.8435

		136		0.9718		0.9		0.8597		0.8495		0.8687		0.8944		0.8462

		137		0.9724		0.9014		0.8615		0.8517		0.8702		0.8961		0.8487

		138		0.9731		0.9027		0.8632		0.8539		0.8716		0.8978		0.8511

		139		0.9737		0.904		0.8649		0.8559		0.873		0.8995		0.8534

		140		0.9743		0.9053		0.8666		0.8579		0.8744		0.9011		0.8557

		141		0.9748		0.9066		0.8682		0.8599		0.8758		0.9028		0.8578

		142		0.9754		0.9078		0.8697		0.8618		0.8771		0.9044		0.8599

		143		0.9759		0.909		0.8712		0.8637		0.8784		0.9059		0.8619

		144		0.9764		0.9103		0.8727		0.8655		0.8797		0.9075		0.8639

		145		0.9769		0.9114		0.8741		0.8672		0.881		0.909		0.8657

		146		0.9773		0.9126		0.8755		0.8689		0.8822		0.9105		0.8675

		147		0.9778		0.9137		0.8769		0.8706		0.8835		0.9119		0.8693

		148		0.9782		0.9148		0.8782		0.8722		0.8847		0.9134		0.871

		149		0.9786		0.9159		0.8795		0.8738		0.8859		0.9148		0.8726

		150		0.979		0.917		0.8808		0.8753		0.8871		0.9162		0.8742

		151		0.9794		0.918		0.882		0.8768		0.8882		0.9176		0.8758

		152		0.9798		0.919		0.8832		0.8783		0.8894		0.919		0.8773

		153		0.9801		0.92		0.8843		0.8797		0.8905		0.9203		0.8787

		154		0.9805		0.9209		0.8855		0.8811		0.8916		0.9217		0.8802

		155		0.9808		0.9218		0.8866		0.8825		0.8927		0.923		0.8816

		156		0.9812		0.9227		0.8877		0.8838		0.8937		0.9242		0.883

		157		0.9815		0.9236		0.8887		0.8851		0.8947		0.9255		0.8843

		158		0.9818		0.9245		0.8897		0.8864		0.8958		0.9267		0.8856

		159		0.9821		0.9253		0.8907		0.8876		0.8967		0.9279		0.8869

		160		0.9824		0.9261		0.8917		0.8888		0.8977		0.9291		0.8882

		161		0.9827		0.9269		0.8927		0.89		0.8987		0.9303		0.8894

		162		0.983		0.9277		0.8936		0.8912		0.8996		0.9314		0.8906

		163		0.9833		0.9285		0.8945		0.8923		0.9005		0.9325		0.8918

		164		0.9836		0.9292		0.8954		0.8934		0.9014		0.9336		0.893

		165		0.9839		0.9299		0.8963		0.8945		0.9023		0.9347		0.8942

		166		0.9843		0.9307		0.8972		0.8956		0.9031		0.9358		0.8953

		167		0.9846		0.9314		0.898		0.8966		0.9039		0.9368		0.8965

		168		0.9849		0.9321		0.8988		0.8977		0.9047		0.9378		0.8976

		169		0.9852		0.9328		0.8997		0.8987		0.9055		0.9388		0.8987

		170		0.9855		0.9335		0.9005		0.8997		0.9063		0.9397		0.8998

		171		0.9858		0.9342		0.9013		0.9007		0.9071		0.9406		0.9009

		172		0.9861		0.9349		0.902		0.9017		0.9079		0.9416		0.9019

		173		0.9864		0.9356		0.9028		0.9027		0.9086		0.9425		0.903

		174		0.9867		0.9363		0.9036		0.9036		0.9093		0.9433		0.904

		175		0.987		0.937		0.9043		0.9046		0.9101		0.9442		0.9051

		176		0.9873		0.9376		0.9051		0.9055		0.9108		0.945		0.9061

		177		0.9876		0.9383		0.9058		0.9064		0.9115		0.9458		0.9071

		178		0.9878		0.939		0.9066		0.9073		0.9122		0.9466		0.9081

		179		0.9881		0.9397		0.9073		0.9082		0.9129		0.9474		0.9091

		180		0.9884		0.9403		0.908		0.9091		0.9136		0.9482		0.9101

		181		0.9886		0.941		0.9088		0.91		0.9143		0.949		0.911

		182		0.9889		0.9417		0.9095		0.9109		0.915		0.9497		0.912

		183		0.9891		0.9423		0.9102		0.9117		0.9157		0.9504		0.913

		184		0.9893		0.943		0.9109		0.9126		0.9164		0.9512		0.9139

		185		0.9895		0.9436		0.9116		0.9134		0.9171		0.9519		0.9148

		186		0.9897		0.9443		0.9123		0.9142		0.9178		0.9525		0.9158

		187		0.9899		0.9449		0.913		0.915		0.9185		0.9532		0.9167

		188		0.99		0.9456		0.9137		0.9159		0.9192		0.9539		0.9176

		189		0.9902		0.9462		0.9144		0.9167		0.92		0.9545		0.9185

		190		0.9903		0.9468		0.9151		0.9174		0.9207		0.9551		0.9194

		191		0.9904		0.9474		0.9158		0.9182		0.9214		0.9557		0.9203

		192		0.9906		0.9481		0.9165		0.919		0.9221		0.9563		0.9212

		193		0.9907		0.9487		0.9172		0.9198		0.9229		0.9569		0.9221

		194		0.9908		0.9493		0.9179		0.9205		0.9236		0.9575		0.9229

		195		0.9908		0.9499		0.9186		0.9213		0.9244		0.958		0.9238

		196		0.9909		0.9505		0.9193		0.922		0.9251		0.9586		0.9246

		197		0.991		0.951		0.92		0.9227		0.9258		0.9591		0.9255

		198		0.991		0.9516		0.9207		0.9235		0.9266		0.9596		0.9263

		199		0.9911		0.9522		0.9214		0.9242		0.9273		0.9601		0.9271

		200		0.9911		0.9527		0.9221		0.9249		0.9281		0.9606		0.928

		201		0.9912		0.9533		0.9228		0.9256		0.9288		0.9611		0.9288

		202		0.9912		0.9538		0.9235		0.9263		0.9296		0.9615		0.9296

		203		0.9913		0.9544		0.9242		0.927		0.9304		0.962		0.9304

		204		0.9913		0.9549		0.9249		0.9277		0.9311		0.9625		0.9312

		205		0.9913		0.9554		0.9256		0.9284		0.9319		0.9629		0.9319

		206		0.9914		0.9559		0.9263		0.929		0.9326		0.9633		0.9327

		207		0.9914		0.9564		0.927		0.9297		0.9334		0.9638		0.9335

		208		0.9915		0.9569		0.9277		0.9304		0.9341		0.9642		0.9342

		209		0.9915		0.9574		0.9284		0.931		0.9349		0.9647		0.935

		210		0.9916		0.9579		0.9291		0.9317		0.9356		0.9651		0.9357

		211		0.9916		0.9584		0.9298		0.9323		0.9363		0.9655		0.9364

		212		0.9917		0.9589		0.9305		0.933		0.9371		0.966		0.9372

		213		0.9917		0.9594		0.9312		0.9336		0.9378		0.9664		0.9379

		214		0.9918		0.9599		0.932		0.9343		0.9385		0.9668		0.9386

		215		0.9919		0.9603		0.9327		0.9349		0.9393		0.9672		0.9393

		216		0.992		0.9608		0.9334		0.9355		0.94		0.9676		0.94

		217		0.992		0.9613		0.9341		0.9361		0.9407		0.9681		0.9406

		218		0.9921		0.9618		0.9348		0.9368		0.9414		0.9685		0.9413

		219		0.9922		0.9622		0.9356		0.9374		0.9421		0.9689		0.942

		220		0.9923		0.9627		0.9363		0.938		0.9428		0.9693		0.9426

		221		0.9924		0.9632		0.937		0.9386		0.9435		0.9697		0.9433

		222		0.9926		0.9636		0.9377		0.9392		0.9442		0.9701		0.9439

		223		0.9927		0.9641		0.9385		0.9398		0.9449		0.9704		0.9445

		224		0.9928		0.9646		0.9392		0.9404		0.9456		0.9708		0.9452

		225		0.993		0.9651		0.94		0.941		0.9463		0.9712		0.9458

		226		0.9931		0.9656		0.9407		0.9417		0.9469		0.9716		0.9464

		227		0.9932		0.966		0.9415		0.9423		0.9476		0.972		0.947

		228		0.9934		0.9665		0.9422		0.9429		0.9483		0.9723		0.9476

		229		0.9935		0.967		0.943		0.9435		0.9489		0.9727		0.9482

		230		0.9937		0.9675		0.9437		0.9441		0.9496		0.9731		0.9488

		231		0.9938		0.968		0.9445		0.9447		0.9503		0.9734		0.9494

		232		0.994		0.9685		0.9453		0.9453		0.9509		0.9738		0.95

		233		0.9941		0.969		0.9461		0.946		0.9516		0.9742		0.9506

		234		0.9943		0.9694		0.9469		0.9466		0.9523		0.9745		0.9512

		235		0.9944		0.9699		0.9477		0.9473		0.9529		0.9749		0.9518

		236		0.9946		0.9704		0.9486		0.948		0.9536		0.9753		0.9524

		237		0.9947		0.9709		0.9494		0.9486		0.9543		0.9756		0.953

		238		0.9948		0.9714		0.9503		0.9493		0.955		0.976		0.9536

		239		0.995		0.9719		0.9511		0.9501		0.9557		0.9764		0.9542

		240		0.9951		0.9724		0.952		0.9508		0.9564		0.9768		0.9549

		241		0.9953		0.9729		0.9529		0.9516		0.9571		0.9772		0.9555

		242		0.9954		0.9734		0.9538		0.9524		0.9579		0.9776		0.9562

		243		0.9955		0.9739		0.9548		0.9532		0.9586		0.9781		0.9569

		244		0.9957		0.9744		0.9558		0.954		0.9594		0.9785		0.9576

		245		0.9958		0.9749		0.9568		0.9549		0.9602		0.979		0.9583

		246		0.9959		0.9754		0.9578		0.9558		0.961		0.9794		0.9591

		247		0.9961		0.9759		0.9588		0.9567		0.9618		0.9799		0.9599

		248		0.9962		0.9765		0.9599		0.9577		0.9627		0.9804		0.9607

		249		0.9963		0.977		0.961		0.9587		0.9635		0.9809		0.9616

		250		0.9965		0.9776		0.9621		0.9597		0.9644		0.9815		0.9625

		251		0.9966		0.9782		0.9632		0.9608		0.9654		0.982		0.9634

		252		0.9968		0.9788		0.9644		0.9619		0.9663		0.9826		0.9644

		253		0.9969		0.9794		0.9656		0.963		0.9673		0.9832		0.9654

		254		0.9971		0.9801		0.9668		0.9641		0.9683		0.9838		0.9665

		255		0.9972		0.9807		0.9681		0.9653		0.9693		0.9844		0.9676

		256		0.9974		0.9814		0.9693		0.9665		0.9703		0.9851		0.9688

		257		0.9975		0.9822		0.9706		0.9678		0.9714		0.9857		0.9699

		258		0.9977		0.9829		0.9719		0.969		0.9725		0.9864		0.9711

		259		0.9978		0.9836		0.9732		0.9703		0.9735		0.9871		0.9724

		260		0.998		0.9844		0.9745		0.9716		0.9746		0.9878		0.9737

		261		0.9981		0.9852		0.9758		0.9729		0.9758		0.9885		0.9749

		262		0.9982		0.986		0.9771		0.9742		0.9769		0.9892		0.9762

		263		0.9984		0.9868		0.9784		0.9755		0.978		0.9899		0.9776

		264		0.9985		0.9876		0.9797		0.9768		0.9791		0.9906		0.9789

		265		0.9986		0.9884		0.981		0.9781		0.9802		0.9913		0.9802

		266		0.9988		0.9892		0.9823		0.9794		0.9813		0.9919		0.9815

		267		0.9989		0.99		0.9835		0.9806		0.9824		0.9926		0.9828

		268		0.999		0.9908		0.9847		0.9819		0.9835		0.9932		0.9841

		269		0.9991		0.9915		0.9859		0.9831		0.9845		0.9939		0.9853

		270		0.9992		0.9923		0.987		0.9842		0.9855		0.9945		0.9865

		271		0.9993		0.993		0.9881		0.9854		0.9865		0.995		0.9877

		272		0.9994		0.9936		0.9891		0.9865		0.9875		0.9955		0.9888

		273		0.9994		0.9943		0.9901		0.9876		0.9884		0.996		0.9898

		274		0.9995		0.9949		0.991		0.9886		0.9893		0.9965		0.9908

		275		0.9996		0.9954		0.9919		0.9895		0.9902		0.9969		0.9918

		276		0.9996		0.996		0.9927		0.9905		0.991		0.9973		0.9927

		277		0.9997		0.9965		0.9935		0.9913		0.9918		0.9977		0.9935

		278		0.9997		0.9969		0.9942		0.9922		0.9925		0.998		0.9943

		279		0.9998		0.9973		0.9949		0.9929		0.9932		0.9983		0.995

		280		0.9998		0.9977		0.9955		0.9936		0.9939		0.9986		0.9956

		281		0.9998		0.998		0.996		0.9943		0.9945		0.9988		0.9962

		282		0.9999		0.9983		0.9965		0.9949		0.9951		0.999		0.9967

		283		0.9999		0.9986		0.997		0.9955		0.9956		0.9992		0.9972

		284		0.9999		0.9988		0.9974		0.996		0.9961		0.9993		0.9976

		285		0.9999		0.999		0.9978		0.9965		0.9965		0.9994		0.9979

		286		0.9999		0.9991		0.9981		0.9969		0.9969		0.9995		0.9983

		287		0.9999		0.9993		0.9984		0.9973		0.9973		0.9996		0.9985

		288		1		0.9994		0.9986		0.9976		0.9976		0.9997		0.9988

		289		1		0.9995		0.9988		0.998		0.9979		0.9998		0.999

		290		1		0.9996		0.999		0.9982		0.9982		0.9998		0.9992

		291		1		0.9997		0.9992		0.9985		0.9984		0.9999		0.9993

		292		1		0.9998		0.9993		0.9987		0.9986		0.9999		0.9994

		293		1		0.9998		0.9994		0.9989		0.9988		0.9999		0.9995

		294		1		0.9998		0.9995		0.9991		0.999		0.9999		0.9996

		295		1		0.9999		0.9996		0.9992		0.9991		1		0.9997

		296		1		0.9999		0.9997		0.9993		0.9993		1		0.9998

		297		1		0.9999		0.9998		0.9994		0.9994		1		0.9998

		298		1		0.9999		0.9998		0.9995		0.9995		1		0.9999

		299		1		1		0.9998		0.9996		0.9996		1		0.9999

		300		1		1		0.9999		0.9997		0.9996		1		0.9999
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