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ABSTRACT


One of the most significant impacts of landfalling tropical cyclones is the copious amount of rainfall they often produce.  Drowning from inland flooding in landfalling tropical cyclones has been a leading cause of death from storms affecting the United States in the past 30 years.  Such a significant impact highlights the importance of obtaining accurate forecasts of rainfall from landfalling TCs, and it is the reason that developing and improving guidance for tropical cyclone precipitation has been given a high priority from the forecasting community (TPC-8).   Operational numerical models are a key source of guidance for tropical cyclone precipitation forecasts, but they have historically been run at coarse resolutions and with inadequate physical parameterizations that likely limit their ability to predict tropical cyclone rainfall.  New models that will soon become operational, i.e., the Hurricane Weather Research and Forecasting model (HWRF), will address many of these deficiencies and may thus provide better tropical cyclone rainfall forecasts.  


In the work proposed here, rainfall forecasts from the HWRF and other operational models (NAM, GFDL, and GFS) will be validated against observations using new tropical cyclone rainfall validation methodologies to identify possible biases in the model and target areas for improvement.  Since rainfall forecasts from numerical models likely have a strong dependence on the proper parameterization of microphysical processes, there will also be an evaluation of various microphysics fields from each of these models, using existing databases of observed microphysics fields and new microphysics evaluation methodologies.  In addition, changes to the parameterizations in HWRF based on these microphysics evaluations will be tested and evaluated using the rainfall validation scheme to see if they produce a substantive improvement in the HWRF tropical cyclone rainfall forecasts.  The result of these experiments will be a set of error statistics for the rainfall and microphysics fields from the HWRF, NAM, GFDL, and GFS models, as well as error statistics from modified versions of the HWRF.  These validations will satisfy a key goal stated by EMC (EMC-3). 
STATEMENT OF WORK

a. Proposed duration: 2 years

b. Project description

1) Statement of problem


One of the most significant impacts of landfalling tropical cyclones is the copious amount of rainfall they often produce.  Drowning from inland flooding in landfalling tropical cyclones has been a leading cause of death from storms affecting the United States in the past 30 years.  Such a significant impact highlights the importance of obtaining accurate forecasts of rainfall from landfalling TCs, and it is the reason that developing and improving guidance for tropical cyclone precipitation has been given a high priority from the forecasting community (TPC-8).  


Operational numerical models are a primary source of guidance for tropical cyclone precipitation forecasts.  Most of these models have fairly coarse resolution, however, and they have used simple physical parameterizations, such as microphysical parameterizations, that raise questions about their ability to accurately predict both the magnitude and distribution of rainfall from tropical cyclones.  The next-generation operational hurricane model, the HWRF, will implement many improvements over the current models, including a better vortex initialization, higher horizontal resolution (9 km initially), and improved physical parameterization schemes.  These improvements have the potential of improving tropical cyclone rainfall forecasts.  

Validation of the HWRF, as well as the other operational models, is thus a key step in assessing potential improvements in the forecasts.  These validations need to focus not only on the rain fields from the models, but also on aspects of the modeling system that are likely to be important in governing the rainfall fields.  The parameterization of microphysical processes, e.g., hydrometeor production, conversion among species, and fallout, is likely to be one important model component in determining rainfall amounts and distributions.   As a result of this importance, the evaluation of microphysics fields (e.g., vertical motion, model-derived reflectivity, hydrometeor concentrations) is another key step in assessing a model’s skill in producing accurate rainfall fields.  Such microphysics evaluations can also highlight potential biases in the models and identify areas of improvement in the model.  From these evaluations of rainfall and microphysics fields, error statistics can be calculated and biases can be reduced, potentially leading to improved prediction of tropical cyclone rainfall.

2) Previous work


Work has already been done to develop new techniques for validating both rainfall and microphysics from numerical models.  In a previously-funded JHT project entitled “Improving the Validation and Prediction of Tropical Cyclone Rainfall”, Marchok, Rogers, and Tuleya validated the rainfall fields from the GFDL, GFS, and NAM models against Stage IV observations and compared them with forecasts from the benchmark R-CLIPER model.  New validation metrics were developed that evaluated the ability of the models to match observed rainfall patterns, match the mean and volume of observed rainfall, and measure the ability to produce extreme rainfall amounts (Marchok et al. 2006).  All three of the dynamical models did show skill relative to R-CLIPER, but several notable biases were found, the most prominent of which was the tendency of the GFDL to predict too much heavy rain, especially in the tropical cyclone inner core.  Figure 1a-b shows a plot of the probability distribution function (PDF) of rain flux in the innermost 0-100 km swath surrounding the storm track for 72-h storm total rainfall forecasts of U.S. landfalling tropical cyclones from 1998-2004 for the GFDL, NAM, GFS, R-CLIPER and Stage IV observations (Marchok et al. 2006).    From this figure it can be seen that the GFDL (NAM) model produces too much rain flux at the higher (lower) rain rates compared with the observations, while the GFS and the R-CLIPER do a better job at reproducing the observed rain flux distribution.  The GFDL also shows a distinct high bias in rain flux at the extreme rain rates (i.e., 10-30 inches) compared with the observations.  This high bias in heavy rain near the inner core for the GFDL model is also seen in radial profiles of mean rate rate (Fig. 1c).  Mean rainfall amounts are up to 50% higher than the observations for the GFDL model in the 0-100 km swath surrounding the storm center.
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Figure 1. (a) PDFs of rain flux for all landfalling U.S. tropical cyclones from 1998-2004 within 0-100 km track-relative swath for GFDL, NAM, and Stage IV; (b) As in (a), but for GFS, R-CLIPER, and Stage IV; (c) Radial distribution of mean storm total rainfall (in) for all storms and for all models and observations plotted as a function of across-track distance from the storm.track.

In addition to developing new techniques for validating rainfall from numerical models, Rogers et al. (2006) have developed methodologies for evaluating microphysics fields.  In their work they calculated statistics (e.g., means, modes, distributions, correlations) of various microphysics fields such as vertical motion, radar reflectivity, and hydrometeor concentrations.  They demonstrated their technique in a statistical comparison of these microphysics fields between simulations of two tropical cyclones using a high-resolution version of the MM5 model (Grell et al. 1994) and a database of microphysical probe measurements in one tropical cyclone and airborne Doppler observations in nine different tropical cyclones (Black et al. 1996).  They developed an algorithm for stratifying the data into eyewall, rainband, and stratiform regions for both the simulation and the observational dataset.  An example of their comparisons is shown in Fig. 2.  This figure shows mean profiles of eyewall vertical motion (Fig. 2a) and reflectivity (Fig. 2b) for each dataset.  From these comparisons notable differences are seen between the simulations and the observations.  The magnitude of both mean updrafts and downdrafts are is weaker in the simulation than in the observations.  Also, the magnitude of the mean vertical motion increases with altitude in the observations, while it decreases with altitude in the simulations.  The mean reflectivity profiles (Fig. 2b) show a commonly-seen high bias in reflectivity in the simulations of up to 10 dBZ compared with the observations.  
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Figure 2. (a) Profiles of observed and simulated mean eyewall updrafts and downdrafts (m s-1); (b) Profiles of observed and simulated mean eyewall reflectivity (dBZ).


Another comparison between the observations and the simulations is shown in Fig. 3, which shows contoured frequency by altitude diagrams (CFADs) of eyewall vertical motion and reflectivity for each dataset.  CFADs, first demonstrated by Yuter and Houze (1994), are a powerful tool for examining the distributions (PDFs) of variables and how they vary in the vertical.  Used in this context they can highlight biases in a dataset, such as what is evident in Figs. 3a-b.  These figures compare the CFADs of eyewall vertical motion for the observations and the simulations.  They show that, while the peak values of the distributions (i.e., the modal values) are similar for both the observations and the simulations, the extremes of the distributions are quite different.  Peak upward motions (0.5% of the distribution) exceed 10 m s-1 in the observations above 8 km altitude, while peak values in the simulations never exceed 8 m  s-1.  Furthermore, the distribution broadens with height in the observations but narrows with height in the simulations, indicating that the peak updrafts and downdrafts weaken with height in the simulations, in contrast to the observations.  For the reflectivity CFADs (Figs. 3c-d), the same high bias seen in the simulated mean profiles is seen here.  Modal values of reflectivity are 15 dBZ higher in the simulations in the lowest 3 km, and the peak values of simulated reflectivity in the lowest 3 km approach 60 dBZ but they remain near 45 dBZ in the observations.  Above the melting level (about 5 km), the reflectivity drops off sharply in the observations, but it decreases much more slowly with altitude in the simulations.  

[image: image4]
Figure 3.  (a) Contoured frequency by altitude diagrams (CFADs; shading, %) of Doppler-derived eyewall vertical motion for all storms; (b) As in (a), but for simulated storms; (c) CFADs of observed eyewall reflectivity; (d) As in (c), but for simulated storms.

All of the differences described in the comparisons above indicate biases in the models that can be tied to deficiencies in the models (e.g., inaccurate fall speed parameterizations, overproduction of ice species, inadequate surface flux parameterizations).  These deficiencies can be identified and corrected and subsequent model evaluations can be performed to determine how well the new versions of the models compare with the observations.  This is currently the subject of ongoing work.
3) Proposed work


The work proposed here will extend the rainfall and microphysics evaluations described above to operational forecasts from the HWRF model.  It will also extend the microphysics evaluations to operational forecasts from the NAM, GFDL, and GFS models.  Evaluating the microphysics fields is important because it is believed that the proper parameterization of microphysical properties is critical to obtaining better rainfall forecasts.  To support this contention, the GFDL model was re-run for all U.S. landfalling tropical cyclones in 2005 using a new microphysical parameterization scheme (Ferrier 2005) that predicts four classes of hydrometeors: cloud water, rain water, large ice particles which include snow and graupel, and small ice particles.  Figure 4 shows a comparison of the rain flux PDF for 2005 using the operational version of the GFDL model, which used a much simpler microphysical parameterization that essentially rained out all moisture when the relative humidity exceeded 100%, and the 2006 version of the GFDL model with the more sophisticated microphysical 
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Figure 4. PDFs of rain flux for all landfalling U.S. tropical cyclones from 2005 within 0-100 km track-relative swath for operational GFDL, GFDL with more sophisticated microphysical parameterization scheme, and Stage IV observations.
parameterization scheme described above.  The runs using the 2005 version of the GFDL model continued to produce an erroneous secondary peak in rain flux for the extreme rain amounts, similar to what was seen in Fig. 1a.  The runs using the new microphysical parameterization scheme did not produce this erroneous secondary peak for the extreme amounts, though the peak of the rain flux distribution did remain at higher rain amounts than what was seen in the observations.  This comparison suggests that the use of a more sophisticated microphysical parameterization scheme can produce improvements in the rainfall forecasts.

The work proposed here can be divided into six separate tasks: 1) acquiring the operational forecasts of landfalling tropical cyclones from the HWRF, NAM, GFDL, GFS, and R-CLIPER models, as well as the Stage IV rainfall, for pre- and post-landfalling U.S. tropical cyclones during the 2007 and 2008 hurricane seasons, and airborne Doppler radar, and microphysical probe observations from previous seasons; 2) performing the rainfall validations from each of these forecasts and providing the code to perform these validations to EMC and HPC; 3) performing the evaluation of the microphysics fields from each of these models; 4) identifying biases in the models based on these rainfall and microphysics evaluations and producing error statistics from these evaluations; 5) re-running the HWRF model for select storms with some changes based on identifying biases in the models; and 6) evaluating the rainfall and microphysics fields for the new runs of the HWRF.  The first task is straightforward.  For the rainfall evaluations, we need to access the HWRF, NAM, GFDL, and GFS models for storms at landfall (i.e., less than 12 h before landfall) and after landfall, and the Stage IV rainfall observations -- something which have done from our previous JHT project.  The R-CLIPER model is trivial to run, and we have experience running that from our previous JHT project.  For the microphysics evaluations, the airborne Doppler radar and microphysical probe observational database already exists online and has been evaluated extensively (e.g., Rogers et al. 2006).  While these observations will not be for the same storms as the numerical simulations, the emphasis on the microphysics evaluations will be on the statistical properties of these fields, rather than case-by-case comparisons.  This approach assumes that the statistics of these fields are similar across similar storms, an approach that is reasonable when large enough sample sizes are involved (Rogers et al. 2006).  We will need to access forecasts of tropical cyclones that are at least 12 h before landfall in order to ensure that the storms are over water for reliable comparisons with the storms in our microphysics observations database.


The second task should also be relatively straightforward.  We have extensive experience running the rainfall validation scheme for the operational NAM, GFDL, and GFS models and comparing them with the R-CLIPER model.  The HWRF forecasts will be something new, but we anticipate that it should not be too difficult to perform the rainfall validations on these output files as well.  Preparing the rainfall validation code in a format that can be provided to the operational centers may take some time initially (less than 1 month), but that is a one-time investment of time that will yield a valuable return in terms of efficiency in running the validations later.  The third task may involve some more effort, because the microphysics evaluation code has to this point only been used to evaluate the MM5 numerical model.  We anticipate, however, that it will not be difficult to obtain the necessary microphysics fields from the operational models in a format that can be evaluated using this code.

The fourth task will be accomplished by analysis of the error statistics of rainfall and microphysics for the various models.  We have experience in analyzing and identifying biases from the rainfall and microphysics error statistics for both operational and research models (Marchok et al. 2006; Rogers et al. 2006).  This will continue for the work presented here.  The fifth task will focus on the HWRF model.  Deficiencies in HWRF that have been identified by analyzing biases during the completion of the fourth task will be targeted during this task for improvement.  We will collaborate with HWRF developers at EMC to access runs of the HWRF that use different physical parameterizations in an attempt to reduce the biases seen in the evaluations.  When necessary, we will also perform new simulations involving changes to the HWRF that have not been already performed.  In order to limit the number of new simulations to be conducted, they will only be for select storms that represent a spectrum of sizes and intensities.  The final task will be a simple evaluation of the rainfall and microphysics fields from these new HWRF runs to assess the possible improvements to the rainfall forecasts from the changes to the model.
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c. Work plan
1) Hardware and software needs

GFDL and HRD will use hardware and software already available.  We request $1000 to purchase and maintain storage media for the rainfall data sets.

2) Testing and evaluation approach


Evaluation of the progress of the work will depend on the successful acquisition and creation of rainfall and microphysics forecasts from the HWRF, NAM, GFDL, GFS, R-CLIPER, and modified HWRF models and Stage IV, airborne Doppler reflectivity and microphysical probe observations.  The evaluation will consist of calculating error statistics and identify biases for the rainfall and microphysics fields based on comparisons of these datasets.
3) Metrics for success


Work from this proposal will be considered successful upon the completion of two major tasks: 1) calculation of error statistics and bias identification for rainfall and microphysics fields for the HWRF, NAM, GFDL, GFS, and modified HWRF forecasts of tropical cyclones for U.S. pre- and post-landfalling tropical cyclones during the 2007 and 2008 hurricane seasons; and 2) the transition of the code for calculating the rainfall validations to EMC and/or HPC.

4) Project deliverables

1. Error statistics and bias identification for rainfall and microphysics fields for operational forecasts using HWRF, NAM, GFDL, GFS, and R-CLIPER models for all pre- and post-landfalling tropical cyclones during the 2007 and 2008 hurricane seasons
2. Rainfall and microphysics error statistics for modified HWRF runs for select storms
3. Code for calculating the rainfall validations to EMC and/or HPC

5) Time line

Year 1 

(a) HRD

· Acquire microphysics (i.e., vertical motion, hydrometeor concentration, model-derived reflectivity) fields from HWRF, NAM, GFDL, and GFS forecasts for U.S. pre-landfalling cases in 2007
· Calculate properties of the statistics (e.g., means, medians, modes, distributions, correlations) for these fields to compare with existing observational database

· Calculate error statistics based on these statistical comparisons
· Identify biases based on these comparisons
(b) GFDL

· Acquire rainfall fields from HWRF, NAM, GFDL, and GFS forecasts and Stage IV observations for U.S. landfalling cases in 2007
· Perform R-CLIPER forecasts for same cases

· Validate rainfall fields and calculate rainfall error statistics 
· Organize rainfall validation code for use by operational centers
During the first year we will be acquiring the necessary fields (rain and microphysics) from the various operational models as well as the Stage IV rainfall data for tropical cyclones during the 2007 season.  We already have an observational database of microphysics data that we will be using for the statistical comparisons with the model microphysics fields.  We are requesting one month’s time for a research associate at HRD to aid in the running of the statistical evaluation code for the microphysics fields from the various models.  We will also be calculating the error statistics and identifying biases in the models for both rainfall and microphysics fields.
Year 2 

(a) HRD

· Continue acquisition of microphysics fields from models for 2008 pre-landfalling cases

· Continue calculation of statistical properties and calculation of error statistics for these cases

· Acquire and/or create new HWRF simulations for select cases in 2007 and 2008 that address microphysics biases identified previously

· Calculate microphysics error statistics for these new HWRF simulations

 (b) GFDL

· Continue acquisition and generation (for R-CLIPER) of rainfall fields from models and observations for 2008 landfalling cases
· Validate rainfall fields and calculate rainfall error statistics for these forecasts
· Validate rainfall fields and calculate error statistics for modified HWRF simulations
· Transition rainfall validation code to operational centers
During the second year we will continue gathering rainfall and microphysics forecast fields and rainfall observations to use in continued evaluations for tropical cyclones in the 2008 season.  We request one month’s time for a research associate at HRD to continue assisting in the running of the microphysics evaluation code.  During this time we will also be collaborating with EMC HWRF developers who will provide access to runs of the HWRF model using alternate physical parameterizations.  In addition, if necessary, we will complete additional runs of HWRF for select cases that vary specific attributes of a physical parameterization.  Such variations will be implemented based on the evaluation of biases and identification of possible model deficiencies during the first year.  The rainfall and microphysics fields from these supplemental runs (both those provided by the EMC HWRF developers and runs performed by us) will be evaluated and the resulting error statistics calculated to determine if any improvements in the forecasts were realized.  We will also be transitioning the rainfall validation code to EMC and/or HPC, as desired.
6) Real-time operational data needed as input

The project will require access to operational HWRF, NAM, GFDL, and GFS forecast fields of rain and microphysics variables for error calculations. 
7) Plan to port necessary codes to operational environment

Code to run the rainfall validations will be ported to EMC and/or HPC (as desired) upon completion of the project.  

d. Time line for delivering scientific and technical documentation and training materials

A description of the code necessary for running the rainfall validation will be provided at the end of the second year.

e  Travel schedule and needs

Rogers plans two trips each year: one to EMC to collaborate on model (i.e., HWRF, NAM, GFS) testing/evaluation plans and one to the IHC.  Marchok plans two trips each year: one to EMC to collaborate on model (i.e., HWRF, NAM, GFS) testing/evaluation plans and one to the IHC.

f. JHT staff and computational requirements
The home institutions will provide the necessary computing equipment for the completion of the HWRF simulations, development of the validation techniques, and calculation of error statistics.  Deployment to EMC and/or HPC will require access to a Unix workstation for running the rainfall validations during the hurricane season.
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· 2003-present: Research Meteorologist, NOAA/GFDL, Princeton, NJ

· 1998-2003:  Research Meteorologist, SAIC at NOAA/GFDL, Princeton, NJ

· 1994-1998: Research Meteorologist, SAIC at NCEP/EMC, Camp Springs, MD

SELECTED RECENT PUBLICATIONS AND PRESENTATIONS

Marchok, T., R. Rogers, and R. Tuleya, 2006: Validation schemes for tropical cyclone quantitative precipitation forecasts: Evaluation of operational models for U.S. landfalling cases.  Wea. Forecast. (in review).
Lonfat, M., R. Rogers, T. Marchok, F.D. Marks, Jr., 2006: A parametric model for predicting hurricane rainfall.  Mon. Wea. Rev. (in review).
Knaff, J.A., C.R. Sampson, M. DeMaria, T.P. Marchok, J.M. Gross, and C.J. McAdie, 2006: Statistical Tropical Cyclone Wind Radii Prediction Using Climatology and Persistence.  Wea. Forecast. (in press)
Marchok, T., R. Rogers, R. Tuleya, 2006. New methods for evaluating rainfall forecasts from operational models for landfalling tropical cyclones. Preprints, 27th Conference on Hurricanes and Tropical Meteorology, AMS, Monterey, CA.
Marchok, T. P., Z. Toth and Q. Liu, 2002. Use of the NCEP global ensemble for tropical cyclone track forecasting.  Preprints, 25th Conference on Hurricanes and Tropical Meteorology.  AMS, San Diego, CA, 176-177.

CURRENT AND PENDING SUPPORT

Project Title:  “Tropical cyclone lifecycle observations to improve intensity forecasts”   (Current)

Funding agency: NOAA/OAR
Duration and time committed to project 7/1/06-6/30/07;  1.5 months/year

Award Amount:  $18,620
Project Title:  “Development of parametric models for improved real-time prediction of U.S. hurricane precipitation” (Pending)
Funding agency: NOAA JHT
Duration and time proposed to be committed to the project: 2/1/07-1/31/09; 3 months/year

Award Amount (or amount requested): $34,259 per year
BUDGET

Rainfall and Microphysics Evaluations of Operational Numerical Model Forecasts of Tropical Cyclones
PI: Robert Rogers

NOAA/AOML Hurricane Research Division, Miami FL

[image: image6.emf]Budget Year 1 Budget Year 2

JHT JHT

Requested Requested

mm Amount mm Amount

Personnel

AOML Rogers 3.0 21,870 $       3.0 23,182 $  

AOML Scientific support 0.5 4,012 $         0.5 4,253 $    

CIMAS Scientific support 2.0 6,128 $         2.0 6,496 $    

Subtotal 32,010 $       33,931 $  

Fringe Benefits NOAA 6,988 $         7,407 $    

CIMAS 1,753 $         1,858 $    

Total Salaries and Fringe Benefits 40,751 $       43,196 $  

Indirect Costs NOAA 14,134 $       15,331 $  

CIMAS 2,049 $         2,172 $    

Total Labor Costs 56,934 $       60,698 $  

Equipment - $                 - $            

Supplies 1,000 $         1,000 $    

Travel Meetings 5,000 $         5,000 $    

Other - $                 - $            

Total 62,934 $       66,698 $  

Salaries 56,934 $       60,698 $  

Equipment - $                 - $            

Supplies 1,000 $         1,000 $    

Travel 5,000 $         5,000 $    

Other - $                 - $            

Total 62,934 $       66,698 $  


Labor: Rogers requires 3 months/year to acquire forecasts and observations, adapt code for performing microphysics evaluations, calculate error statistics on microphysics fields, identify model biases, obtain supplemental HWRF runs and perform new HWRF runs as needed.  We request 2 months/year for a CIMAS scientist to assist in the acquisition of model forecasts and observations and the adaptation and running of the microphysics evaluation code. We also request 0.5 months/year for AOML scientific computing support.    

Travel: PI plans two trips each year: one to EMC to collaborate on HWRF testing and evaluation and one to the IHC to present results.  
Data storage costs:  Costs of obtaining, storing, and maintaining model and observations is $1000/year.
BUDGET

Rainfall and Microphysics Evaluations of Operational Numerical Model Forecasts of Tropical Cyclones
Co-PI: Timothy Marchok, Geophysical Fluid Dynamics Laboratory

GFDL, NOAA, Princeton, NJ
[image: image7.emf]Budget Year 1 Budget Year 2

JHT JHT

Requested Requested

mm Amount mm Amount

Personnel

GFDL Marchok 1.5 9,716 $         1.0 6,871 $    

Subtotal 9,716 $         6,871 $    

Benefits (23%) NOAA 2,235 $         1,580 $    

Total Salaries and Benefits 11,950 $       8,451 $    

Overhead (35.3%) NOAA 3,430 $         2,425 $    

Total Labor Costs 15,380 $       10,877 $  

Equipment - $                 - $            

Supplies - $                 - $            

Travel Meetings 3,500 $         3,500 $    

Other - $                 - $            

Total 18,880 $       14,377 $  

Salaries 15,380 $       10,877 $  

Equipment - $                 - $            

Supplies - $                 - $            

Travel 3,500 $         3,500 $    

Other - $                 - $            

Total 18,880 $       14,377 $  


Labor: Marchok requires 1.5 months for the first year to acquire model rainfall forecasts and observations, perform rainfall validations, and refine rainfall validation code for transition to operational centers.  He requires 1 month for the second year to continue the rainfall forecast validations, including validations of supplemental HWRF runs as needed.
Travel:  PI plans two trips each year: one to EMC to collaborate on model testing and evaluation and one to the IHC to present results.
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