WAF-D-11-00055: Towards Improving High-Resolution Numerical Hurricane Forecasting: Influence of Model Horizontal Grid Resolution, Initialization, and Physics by Gopalakrishnan et al.

Dear Da-Lin and Reviewers A & B:

We wish to thank you and the Reviewers for providing a very positive and encouraging response to our work. As discussed in the manuscript, around 500 retrospective model forecast runs, a majority of them down to 3 km resolution, were conducted (87 cases; 6 sensitivity experiments), analyzed on the basis of known verification metrics as well as the structure prediction to isolate the role of resolution, initial conditions and physics on model forecasts. We are hoping that this kind of extensive analysis should help the future development of the HWRF prediction system as well as the larger community, especially as we progress towards higher resolution forecasts. The Reviewers determined that the original version needed substantial improvements. Thankfully, their encouraging remarks provided us with energy to deal with through the numerous remarks and concerns. 
We believe we have addressed the vast majority of the reviewers’ comments by revisions to the manuscript and the rest are addressed by our responses in this letter. In brief, in addition to numerous other modifications, the following items were added:  (i) Additional explanation on the influence of horizontal diffusion on the statistics (ii) Statistical Significance (iii) Table 4 that may provide basis for future work on RI using the current data sets and (iv) Analysis of the 0 h bias statistics. In addition, to the best of our knowledge, all of the minor comments have been addressed. An extensive summary of changes to the manuscript and point-by-point response to reviewer’s comments is provided here. Of course, we made other minor changes in various places where needed.  Although the basic flow and main findings of the paper are the same, overall there were numerous changes. Because of the large number of revisions, please feel free to get back to us if there are any further concerns that were missed out inadvertently!

Regards,

gopal
Response to the comments and suggestions from Reviewer-A

General Comments: 

Comment 1: This paper discusses recent progress on the HWRFX model, a slight variant of the operational hurricane model, HWRF.  This is a very well-written paper that documents model characteristics and changes, and provides some useful validation compared to operational guidance.  There are enough cases to make the statistics meaningful.  

Response: We thank the Reviewer-A for providing us with positive and encouraging feedback on our manuscript. As discussed in the manuscript in all, around 500 retrospective model forecast runs, majority of them down to 3 km resolution, were conducted (87 cases and 6 sensitivity experiments), analyzed on the basis of known verification metrics as well as the structure prediction to isolate the role of resolution, initial conditions and physics on model forecast. Although this is a modest number of cases compared to verification samples used for operational purposes, we are not aware of such an extensive analysis reported elsewhere for model evaluation purpose. We are hoping that this kind of extensive analysis should help the future development of the HWRF prediction system as well as the larger community, especially as we progress towards higher resolution forecasts. 

We believe we have addressed 100% of your comments. In brief  (i) Additional analysis on the influence of horizontal diffusion on the statistics is provided (ii) Additional table (Table 4) that may provide basis for future work on RI using the current data sets (iii) Conclusion section is substantially revised to provide path forward for improved model physics for higher resolution model. 

Comment 2: The manuscript would be improved, in the sense that it would be more useful for the broad operational hurricane community, if it detailed not only the broad differences from the HWRF (i.e. Table 2), but also the specific "minor" differences alluded to in the introduction and conclusions.  

Response: In an effort to address the reviewer’s comments we explored providing any additional details on the differences between the operational HWRF and HWRFX. On careful exploration we were only able to add one more difference to the WRF version that was used (Table 2). Unfortunately since the computational versions of the two models are different, we are only able to show the scientific differences (e.g. modifications to parameterization schemes) here. Of course there are huge changes between the computational platforms the two systems are run on meaning there are script level differences. Nevertheless, we have tried to be as extensive as possible in Table 2 as well as in section 4. In fact the operational system may not be used with the GFDL initial conditions unless significant changes are imposed. However the research version was created to understand the impacts of initial conditions and higher resolution. The current work is not intended to reproduce the operations, but to provide a scientific basis for improving the operational system. Nevertheless, in the larger interest of the community, in the updated version, we have discussed the merger efforts between the operational and research system and provide some future scope for advancement especially related to physics.

Comment 3: The reviewer disagrees very strongly with one assertion made in the text that increased horizontal diffusion may aid intensity forecasts.  On the contrary, the real hurricane exhibits extraordinarily strong gradients of many quantities in the eyewall region, and it is very likely that adequate representation of these strong gradients is necessary for more accurate forecasts.  These gradients should be retained, and not overly diffused.  The operational HWRF suffers from an inner core structure that is already overly diffuse, in the opinion of the reviewer.  If model instability results from zero diffusion, that is a signal that more fundamental model problems exist, in the view of the reviewer.  

We understand the fact that we need to look beyond the 3 numbers (latitude, longitude and maximum 10-m-wind) and the subsequent statistics/verifications if we want to improve numerical models. We partly agree with the reviewer’s comment that increased diffusion may not aid forecast
s (beyond the statistics pertaining to these 3 numbers). That is why the tests related to horizontal diffusion are not the baseline but are simply provided under additional sensitivity experiments. We have also clearly mentioned in the original text the basis of why we performed this sensitivity experiment (related to closure of HWRF physics). We wish to reemphasize that only one set of experiments (on the 87 cases) was carried out with increased horizontal diffusion out of a total of over 500 simulations. In fact, even for these 87 cases, based on the reviewer’s comments, we have now performed a major additional analysis on the impacts of increased horizontal diffusion on the structure of the storm which we believe has resulted in further improvement in the presentation. We extended the same analysis on the radius of maximum wind (structure) that was done in figure 7 and compared the runs with YSU-WSM5-KF combination (H3Nhwrf) and runs with changes in the lateral diffusion coefficient in the 3-km domain (H3Chwrf). Those results are reported in the new Figure 9 in the revised version of the manuscript. The baseline from HWRFX (H3hwrf) is also provided for the comparison (as in Fig. 7b).  We have clarified the fact that 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. We have substantially modified the text to reflect both the improvements in statistics and degradations in structure that can be produced by horizontal diffusion. In fact, to further clarify the specific concern of the reviewer the lines in the paragraph describing Figure 8 was modified as follows: 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.

Also the following text has been modified in the conclusion section to further clarify the reviewer’s concern: 

“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.”

Nevertheless, we believe that it is incorrect to set the horizontal diffusion to zero. It should be emphasized this is not a numerical instability constrain because, as a part of initial testing, we have run the model to completion both at 9 and 3 km resolution without any horizontal diffusion. However, some of the observations from aircrafts to be reported in near future (Zhang and Montgomery, 2011; Observational estimates of the horizontal eddy diffusivity and mixing length in the low-level region of intense hurricanes) clearly show the horizontal diffusion is not zero in the real atmosphere and has a functional dependence on wind speed. In fact their studies indicate that at a wind speed of 30-40 m s-1, the horizontal eddy diffusivity can be as high as much as 200-400 m2 s and these values may be comparable with the vertical eddy diffusivities (Zhang et al, 2011 a and b). Consequently the use of lateral diffusion in numerical models may be perfectly justified. It is only their values that need some further evaluation. In fact our more recent research using an idealized framework also shows that the overly diffusive inner core is due to the vertical diffusion in the HWRF system rather than horizontal diffusion (baseline value). These findings have been tested within the idealized paradigm but needs to be evaluated for the cases under consideration. As more observations become available under the HFIP from Zhang and Montgomery (2011) we are also hoping to evaluate the horizontal diffusivity in both idealized as well as real framework. Our subsequent studies will focus on the impact of physics/diffusion at higher resolutions.
Comment 4: In general, it would be good to provide a more explicit path forward on the specific issues raised.  For example, given that the GFDL initial vortex is best for 3km simulations, what are specific next steps to operationalize this finding?  Or, given that weak storms' intensity cannot be skillfully predicted, what incremental step could be taken to attack this?  Or are we helpless with weak storms?  

Response: We agree with the reviewer’s concern. In the light of the reviewer’s earlier comments and the current one we have substantially modified the conclusion section so that it is more directly related to the future directions. The last paragraphs of the updated conclusion reads:

“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 scores 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 evaluation of 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.”

Response to the use of GFDL vortex at 3 km resolution: In our opinion this may not be a futuristic approach because, as mentioned in the  “Background section” GFDL bogus scheme was developed in the mid 80s and this was a 10 year effort. The technique indeed proved a great value at a time when there was a limitation in inner-core observations. However, such a method imposes a very strong constraint on the future data assimilation efforts especially for the use in high resolution, non-hydrostatic models. The initialization of the hurricane vortex and its environment using advanced data assimilation techniques may be the key to improve the accuracy of hurricane forecasts. Particularly, assimilation of the data in the vortex region for weak storms needs more scientific research and technical development. The HWRF modeling system uses an evolutionary and operationally viable vortex assimilation and cycling approach which is expected to take advantage of reconnaissance data (especially the P-3 airborne Doppler radar data) to give a more realistic depiction of the hurricane wind and thermodynamic structure for model initialization (Liu et al., 2006: Hurricane Initialization in HWRF Model. Preprints, 27th Conference on Hurricanes and Tropical Meteorology, Monterey, CA.). Also this technique will be consistent with the model. The current set of results from the HWRF initialization scheme is expected to form the basis for future improvements of that scheme. In fact this is an on-going work between NOAA’s Hurricane Research Division and Environmental Modeling Center.

Specific Comments:

1. Page 3, Line 7-11: final two sentences need references: Reference has been added (Rappaport et al. 2009).
2. Page 3, Line 17: reference for skill assertion: Two references (Chen at al. 2011 at that place and Gopalakrishnan et al. 2011 at end of paragraph) were added.

3. Page 8, Line 15: capitalize "specialists”: Done

4. Page 10, Line 19: remove "(more than 5 days)": Done

5. Page 11, Line 3: "as close as possible" - why not exactly the same?  

One of the major goals of this study is to test and compare GFDL –vs- HWRF initial conditions at 9 km (operational resolution) and 3 km (possible resolution for transition). While the HWRFX has advanced in terms of resolution and options for testing various initializations (GFDL –vs- HWRF), the operational HWRF model has advanced in terms vortex assimilation technique. Unfortunately the operational version does not have the flexibilities of using various options for initial conditions. Consequently an exact version used in operations cannot be used within the context of the current work. Also, the last paragraph in the Summary and Conclusions section provides the challenges in reproducing operations in a research system. Nevertheless, as explained in that section, under the auspicious of HWRF the research and operational version of the HWRF is being merged within the HWRFV3.2. Development of 3 km physics has been our current challenge. Clearly the current work with HWRFX provides a basis for further evaluation of the merger system.

6. Page 11, Line 17: Which NCAR radiation schemes?  Aren't there several, e.g. Dudhia? Yes! Accepted; We have added clarification: “(Dudhia’s short wave radiation and Rapid Radiative transfer model) available within the WRF framework.”

7. Page 12, Line 8: Remove "so called". Done.

8. Page 12, Line 6: "scale spanning" could be "scale-spanning": Done.

9. Page 15, Line 16: very interesting that GFDL provides best skill. Could you include some discussion on why the HWRF may still lag behind GFDL? Please see the response to general comment 4.  

10. Page 15, Line 19: "skillful with the" should be "skillful than the". Sentence reworded.

11. Page 17, discussion on GFDL initialization: Rather than simply using the GFDL vortex, which is GFDL-consistent, is it possible to emulate the GFDL method to create an HWRF-consistent initial vortex?  The GFDL may be better, so it seems to make sense to emulate their method as close as possible:. Please see the response to general comment 4.  

12. Page 19-21: Discussion of intensity bias is too descriptive of the figures and speculative.  With all of the discussion on spin-up, spin-down, it would be very useful to show errors at 0h, as opposed to starting with 12h. Agreed. We added 0 h bias plots and modified the discussions. Please see the response to the Major Comment 3 by the Reviewer-B.

13. RMW, Page 21-22:  This is very interesting part of paper.  Figure 7 suggests that going from 9km to 3km resolution provides only marginally better RMW.  What resolution will be necessary to match HWIND?  I would have expected a much larger jump toward HWIND.  I feel that there may be some other issue that may keep the RMW too large.  Also, would be nice to know where the GFDL stands on this RMW plot: 
The radius of maximum wind and what determines the size of a storm has always been an issue of scientific debate and to the best of our knowledge this is an unsolved research problem and cannot be adequately addressed within the scope of the current evaluation study. Nevertheless, apart from resolution, we believe that both the initial size of the vortex as well as internal dynamics and physics may have a role to play in the determination of the size (i.e., radius of maximum winds) of the storm. From a scientific viewpoint we have used the idealized case to isolate one parameter that may be important. We find that apart from the resolution, the vertical diffusion has some significant impact on the structure of the storm (Gopalakrishnan et al, 2011: A Study of the Impacts of Vertical Diffusion on the Structure and Intensity of the Tropical Cyclones Using the High Resolution HWRF system. To be submitted). However such scientific findings may need to be evaluated within the context of real cases discussed here. That may be an independent and extensive study in itself. Also our focus here is on the HWRF system and it may require a huge effort to use the same analysis for another modeling system. Nevertheless, we will be more than happy to share the same HWIND data bases with the GFDL modelers to evaluate their model for the same cases much the same way we have carried out the current study.
14.  Page 24, Line 3: could combine first two sentences: First sentence has been removed.

Figures:

1. Fig. 1: No need for color backgrounds: Background color was removed. 
2. Figs. 1, 3-8: Individual panels should be labeled with (a), (b), etc.: Done

3. Fig. 2: are these intensities observed or modeled?  Similarly with RI periods: All track/intensity data in Figure 2 are from best track (observed/post processed). The legend has been modified to clarify this.

4. Fig. 3 caption: Final four sentences could be condensed into two with use of "H3hwrf(H3gfdl)" syntax: Done

5. Fig. 4 caption: could condense with use of "as in Fig. 3": Done
6. Fig. 6 caption: "5a, 5b, and 5c" should refer to "6a, 6b, and 6c": Thanks for catching the mistake; Corrected.

7. Fig. 6: would like to see 00h bias:  0 h bias has been added to the figure and is now discussed in the text.

8. Fig. 7 caption: no need to re-define experiments; H9gfdl is sufficient: Done

9. Table 1: How did HWRFX do with the RI cases?  Did it capture any/all of the observed events?: A new table was added (Table 4) specifically to address the modeled RI issue. Please also see the response to the Major Comments 2 from the Reviewer-2 regarding this issue.

10. Table 2: I understand you can't itemize every change, but it would be good to know a few more details of the differences in physics: Minor addition done. Please refer to our response to Major Comment 2 above.

Response to the comments and suggestions from Reviewer-B

Comment 1: This paper provides an introduction into multi-case sensitivity studies for high resolution TC modeling. With the increasing distribution of HWRF to the community and with programs such as HFIP to fund this type of work, such studies are likely to become increasingly prevalent, so it’s important that this work be published. The paper is well written, however there are several issues that need to be addressed before I can recommend it for publication.

Response: We thank the Reviewer-B for providing us with positive and encouraging feedback on our manuscript. As discussed in the manuscript in all, around 500 retrospective model forecast runs, majority of them down to 3 km resolution, were conducted (87 cases and 6 sensitivity experiments), analyzed on the basis of known verification metrics as well as the structure prediction to isolate the role of resolution, initial conditions and physics on model forecast. We are hoping such a study with the experimental  HWRF system may well provide a basis for not only improving the 3 km version of the HWRF system but also a basis for evaluation for high resolution numerical models for hurricane predictions. However, we realize that the original version needed substantial improvements. We believe we have addressed 100% of your comments. In brief  (i) Statistical Significance testing is added (ii) Additional table (4) that may provide basis for future work on RI using the current data sets (iii) 0th hour analysis of the bias statistics that should provide additional clarity (iv) Conclusion section is substantially revised to provide path forward for improved model physics for higher resolution model.

Major Comments 1: You have stated at the beginning of Section 5 that individual cases will not be discussed. Rather, the paper presents only statistical verifications. This is fine, except for the fact that there is no testing for statistical significance that is done at any point in the paper. There are numerous error and skill diagrams in the paper and numerous references to one model’s skill being slightly better or worse than another, but it’s impossible to infer whether these differences are statistically meaningful or not. This becomes an even bigger issue when you stratify the samples by initial intensity, further reducing the respective sample sizes. If you had presented other analyses or plots that described the performance of the model and had the error & skill diagrams only as supporting material, then I could understand leaving out the significance testing. But these error & skill diagrams are presented as your primary plots and should have significance testing included with them.

Response: We appreciate the reviewer’s concern on not including the significance testing in the original version. We believe this is a very valid point. We carried out an extensive analysis of the results by adding the students-T test and also as a measure of significance we have included the paired Frequency of Superior Performance (FSP) tests in the latest version of the manuscript. We have made a comparison between all the 6 configurations (each of 87 cases at the initial time) and reported our finding by simply providing additional statements in the text. Because these are extensive set of data and figures we have provided stored those results at our web site (ftp://ftp.aoml.noaa.gov/hrd/pub/gopal/WAF_SS/) only reporting the important results from these findings in the text.

We have also extended our analysis on the structure in terms of radius of maximum winds for the sensitivity experiments as well, now providing a complete analysis of the performance beyond the verification in terms of the 3 numbers alone. Also some analysis on RI as produced by different configurations of the model is presented. In brief we believe that we have provided a more complete analysis, yet keeping the statistical nature of the subject intact. We hope we have addressed the reviewer’s concern in the process.

Major Comments 2: You have gone to the trouble of detailing in Table 1 which cases included RI episodes, and this is great, because the ability to capture/represent RI is something our community is very interested in, and is one of the main foci of the HFIP program. You need to take this to completion and present an analysis of how the different model resolutions & configurations handled the RI episodes. This is well within the scope of this paper and would be a natural complement to the work that you have already done on intensity verification for these cases. In keeping with the flow of the current version of this paper, some simple statistical analyses are all that would be needed. Perhaps you could follow some of the work that was done in this regard for the HFIP HRH Final Report in 2009.

Response: We believe that the reviewer has a valid point in the sense that when we discuss about the intensity changes we may also wish to add, for the sake of completion, some details on model performances during the episodes provided in Table 1. In the best interests of the size of this manuscript we have simply added a table and made a brief mention of that in the conclusion section. Table 4 provides Intensity changes as measured by 10-m wind speed produced by each of the model configurations during the observed Rapid Intensification (RI) events. We believe that this addition may be useful for the future and on-going work on RI with the available data sets from these runs (Robert Rogers and Paul Reasor, Personal communication). Nevertheless, the study of RI episodes using numerical models is in stages of infancy. We are aware of the SHIPS model producing such statistics. The reliability of SHIPS statistics which forms the basis for RI measurements are based on several seasons of forecast (Kaplan et al., 2010). Given the number of samples here in this study (10 Ri episodes), we do not believe that we have a statistically significant sample size to assess the model performance. In addition track errors and landfall timings may have misleading influence on our understanding from simply the statistical view point. In high resolution numerical models, we  believe that we certainly have to look beyond the 10-m wind to gain any insights to the modeled RI problem. In recent publications (two amongst the very few reference to RI using advanced models) Rogers, 2010 in “Convective-scale structure and evolution during a high-resolving simulation of tropical cyclone rapid intensification” (JAS) and  Chen et al, 2011 discuss “On the Rapid Intensification of Hurricane Wilma (2005). Part I: Model Prediction and Structural Changes” (early online release in Weather and Forecasting). We strongly believe that an extensive work of the above sort may be required for understanding what RI in models actually mean before we start assessing RI statistics from numerical models.  That requires a thorough analysis of individual cases (both the above works are based on individual cases). In fact as a parallel on-going HFIP efforts the data set used in the current study is being used to look at the structure and modeled RI processes in the HWRF model (Robert Rogers and Paul Reasor, Personal communication). Clearly discussions on individual cases is beyond the scope of this work (please see our addition to comments 1 from the reviewer). Nevertheless, we believe that the addition of the Table 4 on RI should help to provide some basis for other works in progress.
Major Comments 3: Somewhat related to the previous 2 remarks, you need to re-create your intensity error and skill diagrams to include 00 h. One of the three main elements that you are investigating in this paper is the impact of initialization, and so it is critical to see how your various model permutations perform at 00 h. This is pertinent throughout the whole paper, but becomes particularly important during your discussion on P. 20 under subsection (ii) where you state that Fig. 6b "suggests that a strong initial vortex invariably spins down in the first 12 hours of the forecast". Is that really the case that there was initially a strong vortex, or is it that the vortex was initialized too weak? Without the 00h verification results, the reader has no way of knowing. It would be very hard to believe that your 4 HWRFX model runs had no intensity errors or biases at 00 h. I know that is not the case with the operational GFDL.

Response: Few of the authors in the list, including the lead author is actively involved in research related to inner core data assimilation and vortex assimilation for the HWRF system. On careful analysis of the modeling system we realize that the vortex assimilation errors in mesoscale models are not much dependent on the 0 hour errors and bias but rather dependent on initial model adjustments with the environment. In that case both model dynamics and physics become important. Based on the current research as well as an extensive analysis of the model we found that very strong vortex invariably spins down in the first 12 hours (in fact as shown in the new Figure 6, the bias is negligible for weaker storms). We also found that the spin down problem is not due to initial weaker vortex but related to some aspects of physics which is under investigation and will reported in a future study. We accept the reviewer’s comment that we need to add the 00 h statistics to clarify this issue. As the reviewer has rightly pointed out, the 0 hour errors are more pertinent to the model bias discussed in Figure 6. We have added them in Figure 6. In the discussions leading to this figure (section 5.3), we have added a note on the  00 h bias (see the new bullet 2):

“(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.”

Major comment 4: Some reorganization of the Sections of this paper is necessary to help the reader to follow along better, in particular for the first few Sections of the paper. For example, as it is now, there is an Introduction section, a Background section, and then a section titled, "HFIP High-Resolution Test Plan". To someone glancing through this paper, it is unclear why that HFIP section would be in there with its own heading, and there is no "road map" given at the end of Section 1 that explicitly outlines how the rest of the paper is going to be presented and why. Please include such a description / outline at the end of Section 1, and also consider combining Section 2 (Background) with Section 3 (HFIP?). Perhaps leave it as calling Section 2 "Background", and then have a first sub-section devoted to the description of the models, and then the second sub-section devoted to the HFIP hi-res test plan.

Response: We accept the reviewer’s suggestion. We have reorganized the section.

Minor Comments:

1. Abstract, line 4: For clarity, change from "The model was run" to "For each case, the model was run.": Done.
2. Abstract, last sentence: When I first read this, I thought you were referring to the HWRFX forecasts run with GFDL initial conditions. Only later did I realize that you were instead referring to the operational GFDL forecasts. Please include "operational" in there for the GFDL to avoid confusion: Done
3. Abstract, last line: In the Abstract, you should use "Decay-SHIPS" instead of the undefined "DSHIP" acronym":  Done
4. Page 3, lines 10-11: You need a reference for the "substantial reduction in track errors" as well as a reference for the "reduced warning and evacuation areas, thereby saving lives and resources": Done. New reference, Rappaport  et al. 2009, added.

5. Page 4, line 5: Please change "explore all three factors" to be "explore three critical factors" since those 3 that you list are not the only 3 factors that influence the accuracy of track and intensity forecasts: Changed to “explore three important factors.”
6. Page 5, line 11: For clarity, please change "the previous cycle" to be "the previous forecast cycle" Done
7. Page 5, line 12: The assimilation of inner-core observations is not yet being done operationally, correct? As is, this misleads the reader into believing that it is in fact currently being done: Observed/estimated Pressure/wind from the ATCF file is assimilated after the relocation. That is called readjustment process. Since this is a general usage and may not be confused with any specific 3D observations such as ones from Doppler radar, we feel it is appropriate to retain the original statement.  

8. Page 7, line 4: Should be "CLImatology and PERsistence (CLIPER) model" (no "s" at the end of model, and add the "and" in there): Done
9. Page 8, line 14: Change "including specialists in hurricanes" to be "including specialists in hurricane forecasting":  Done
10. Page 8, lines 17-18: The HRH cases happened, they were not designed. Please change to be "69 HRH cases were selected in order to examine". On line 18, change "models" to "models": – Done
11. Page 9, first paragraph: This paragraph is weak and it rambles on without much focus. Please re-write and be more concise with what you are trying to highlight with this discussion of Zhang’s paper. On line 11, you say that the biases "appear to be much better balanced" Balanced how? Please use language that is more specific and descriptive. Also, on line 15, you say "also demonstrate general improvement over" That is a weak statement; can you provide something more concrete: We agree with the Reviewer’s comment. Considering the additional discussions that were mainly driven by the reviews we think that this paragraph may not be important for this work. In any case we have made a reference to this published work later on. We have removed this paragraph to provide more clarity to the manuscript. 
12. "latter" vs. "later": There are several points in the paper where you use "latter" or "larger" when instead you should use "later": P. 9, line 13; P. 24, line 7; P. 24, line 20: Done in these and other places where needed. 

13. P. 9, line 19: Nobody outside of HFIP is going to know what the "HFIP real-time Demo system" is. At the very least, please expand "Demo" to be "Demonstration", and perhaps re-word the sentence to make it more obvious what this is:  “Demo” changed to “Demonstration”. Reviewers’ minor comment 9 was adopted and incorporated. We believe with the pair of changes (9 and 13), the current version is clearer. 
14. P. 10, line 12: Change "levels along the vertical" to "levels in the vertical": Done

15. P. 11, line 2: Change Gopalakrishnan reference from 2011 to 2010, since the 2010 reference is the DTC technical document: Correct -- Done
16. "so-called": on both P. 11 line 4 and P. 12 line 8 remove "so-called". That’s too informal and it becomes obvious from the references what you’re referring to:. Done
17. P. 11, line 18: typo - change "HWFX" to "HWRFX": Corrected
18. P. 13, line 16: Change "may not be feasible" to "is not feasible" since you have made the decision already:. Done
19. P. 14, lines 9-12: This description of CLIPER and DSHIFOR needs a little sharpening. Suggest something like, "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-based models also provide an indication of whether forecast situations are ‘easy’ or ‘difficult’.": We made several appropriate changes to sharpen this paragraph.  
20. P. 14, lines12-14: For clarity and brevity, suggest combining these two sentences into: "Track (intensity) forecast results in this study are shown in terms of' ‘skil’ versus CLIPER5 (DSHIFOR5)":  We are using CLIPER and DSHIPS. As explained in the text, we chose to raise the bar on the evaluation of intensity guidance by using DSHIPS (see for example section 5.2.
21. P. 15, line 15: Grammar - should be "The impact ‘is better seen when’.": The sentence was made plural to be consistent.
22. P. 15, line 19: Change "with" to "than": Has been changed as per comment #10 from Reviewer 1.
23. P. 16, lines 10-12: Remember the caveat that you are comparing late models with early DSHIPS guidance: Please see footnote 4 where we have mentioned about the caveat related to early and late models. Nevertheless we believe that using DSHIPS guidance should help the inter comparisons between various configurations of the HWRF system and eventually help to provide inputs for model improvements.
24. P. 17, line 11: Should be “initial intensity of each case.”: Agreed; Changes incorporated.
25. P. 18, lines 5-9 and Fig. 5: This statement does not correspond with your results as shown in Fig. 5, which shows that it’s the runs with GFDL initialization (H9gfdl and H3gfdl) that are fairly close. The H9 and H3 hwrf runs are far apart at all lead times for weak storms and also far apart after 72h for hurricanes. For clarity in lines 8-9, you should include "the finer resolution has better skill until 72 h for stronger storms." Finally, on line 9, the number 17 is incorrect; for that subsample of stronger storms, the sample size was 22 at 72h: Thank you for catching this error.  1) on line 6 – that should have been “initially strong storms”. 2) As for other comments, this results section has been rewritten to include statistical significance and the statements about the results have been (hopefully) clarified and sharpened. 
26. P. 19, line 1: Change "lack in skill" to "lack of skill": Agreed. But now many statements in this section have been changed.
27. P. 19, line 7: Change "lowest errors" to "smallest errors":  Done
28. BIAS -- P. 20, lines 18-20: Please re-phrase this sentence, as it is unclear what you mean in the latter part of this sentence when you say “and with the other models as well." I don’t know what you’re referring to with that phrase: Done (Note – Additional clarifications and results have been added to the bias section.)
29. BIAS P. 21, line 2: For clarity, please include: “ with resolution for stronger storms (Fig. 6b) at later lead times.": Done
30. P. 22, line 18: For clarity, please add: "in predictions of RMW with increased resolution": Done
31. P. 24, line 5: For clarity, please add: "a slight difference in results between the new’":  Done.
32. P. 24, line 9: "skill score" implies something else. Please just leave it as "The skill significantly improves": Done
33. P. 25, lines 3-4: It is not clear why this conclusion on improved initialization techniques follows from what you’ve just written about in this paragraph. Please elaborate: The statement has been removed.
34. P. 26, line 12: For clarity, please include something like, "at some forecast intervals (Fig. 8a), as compared to the H3hwrf run." so that the reader easily knows what the improvements are over: Paragraph rewritten and this is now clear.
35. P. 28, line 9: For clarity, please change/add from "Forecasting initially weak storms" to "Intensity forecasting for initially weak storms": Done; also added word “intensity” 2 lines above this for additional clarification.

36. P. 29, line 12: Change "tropical storm intensity" to "tropical cyclone intensity".: Done
37. Figure 1: The arrows indicating the extent of the 50o coverage should point outward from the middle, not the other way around as you have them. You should also include 7o labels for the inner nests. The grammar for the last sentence in the caption is not parallel. It should either be "The approximate sizes of the domains are shown as they appear" or it should be "The approximate size of the domain is shown as it appears" – ARROWS & 7o labels: Thank you! We have modified the figure based on the comments from both the reviewers.
38. Figure 3 caption: It should be "Verification of HWRFX track forecasts" The errors are the product of that verification. Same applies for Figure 4 caption:  Done
39. Figure 4 caption: To save space and the reader time, can you say something like, "Model configurations are same as in Fig. 3": Done (Both reviewers suggested this change.)

40. Including (a), (b), etc, labels on your figures would help save the reviewers and readers some time: Done

� 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. 





