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Executive Summary  

This technical report describes the activities and results of the Hurricane Forecast Improvement Project 

(HFIP) that occurred in 2018. In general, the 2018 hurricane season was representative of above normal 

activity over the Atlantic. There were fifteen named storms formed, of which eight developed into 

hurricanes, with two major hurricanes, Florence and Michael, reaching Category 3 or higher.1 There were at 

least 20 occurrences of Rapid Intensification (RI)2 events. The majority (15) of the RI cases were from 

Hurricanes Florence and Michael. The other five were from Hurricanes Beryl (1 event), Chris (2), and 

Oscar (1), and Tropical Storm Nadine (1). Some of the RI events, for example, in Tropical Cyclones Beryl, 

Chris, and Oscar, were very brief and difficult to predict.  Meanwhile the East Pacific, with 23 named 

storms, had its fourth-most active season on record.  

This report outlines HFIP, how it is organized, its goals, its models, and results. HFIP is organized around 

two streams: Stream-1: Operational model development and, Stream-2: HFIP experimental models, which 

test and evaluate new techniques and strategies for numerical model forecast guidance, prior to testing for 

possible operational implementation. Stream-2 also tests techniques that cannot be tested on current 

operational computers due to size and time requirements, but can be tested on HFIPôs High Performance 

Computing (HPC) Center located in Boulder, CO (also referred to as Jet). HPC research studies look ahead, 

to possible future operational computational capabilities.  As in the previous year, the major developmental 

focus in 2018 was on Operational Hurricane Weather Research and Forecasting (HWRF) and Operational 

Hurricanes in a Multi-scale Ocean-coupled Non-hydrostatic (HMON) regional models for track and 

intensity predictions.  

The major highlights of 2018 were: 

1. The HWRF model was upgraded to run at a horizontal resolution of 1.5 km near storm region. This 

would make HWRF the highest resolution hurricane model ever implemented for operations in the 

National Weather Service (NWS). Other HWRF upgrades consisted of physics advancements, 

continued improvements to the initialization package, system enhancements, and improved 

products. The HMON was upgraded in 2018 to run with ocean coupling. 

2. In the East Pacific, HWRF was the best dynamical model with the lowest intensity errors. In the 

Atlantic basin, HWRF was the best dynamical model with the lowest intensity errors prior to Day 3. 

During that period, its intensity errors were comparable to those of the official forecasts from the 

National Hurricane Center (NHC). A significant portion of the intensity error from HWRF beyond 

Day 3 in the Atlantic basin was associated with one Tropical Cyclone, namely, Isaac. 

3. HWRF performed well for both of the major landfalling hurricanes, namely, Florence and Michael. 

Some cycles of HWRF forecasts captured the RI of Hurricane Michael at least 4 days in advance. It 

should be noted that the storm developed in a hostile environment of shear exceeding 20-25 knots, 

where RI predictions can be a challenge. 

4. For the first time, during hurricane Lane, P3 aircraft were flown in the Central Pacific, for 

assimilating inner core winds in the HWRF model. Post-analysis of model forecasts indicated an 

average of 20% track improvements, with a maximum of 35% at 96 hours, with the inclusion of the 

tail doppler radar data for initializing the HWRF system. 

5. The HFIP Corrected Consensus Approach (HCCA) model has been a major achievement for the 

HFIP program.  Further improvements to the model were made in 2018, including the migration 

of the code to the NWS operational supercomputing framework, the addition of Central Pacific 

                                                 
1
 https://www.nhc.noaa.gov/text/MIATWSAT.shtml 

2
 RI for a tropical cyclone is defined as an increase in the maximum sustained winds of at least 30 kt in a 24 h period. This goal for HFIP also 

applies to rapid weakening (RW) - a decrease of 25 knots in 24 hours. 

https://www.nhc.noaa.gov/aboutgloss.shtml#TROPCYC
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storms for the Central Pacific Hurricane Center (CPHC) area of responsibility, real-time updates 

to the training dataset, and the evaluation of the HMON as an additional input. 

6. The basin-scale HWRF, a major HFIP investment that was continuously run in parallel under 

Stream 2, showed superior skills for Isaac intensity forecasting and was as successful as the 

operational HWRF for all other Atlantic hurricanes in 2018. Environmental Modeling Center 

(EMC) and Hurricane Research Division (HRD) are working to test the basin-scale HWRF system 

for possible operational implementation in 2020. 

7. Post-analysis of the 2018 season showed that the basin-scale HWRF, not only covers a domain 

encompassing of both Atlantic and East Pacific, but is also capable of tracking simultaneously all 

the hurricanes in the domain at a horizontal resolution of 1.5 km (-vs. operational HWRF that can 

track only one hurricane in a forecast) captured the storm-storm interactions between Hurricanes 

Isaac, Florence and Helene much better (cover page image), demonstrating a viable pathway for 

hurricane moving nest in the Next Generation Global Prediction System (NGGPS). 

8. Although the yearly HWRF upgrades demonstrated further reduction of errors, both on the track 

and intensity predictions, demonstrating the positive impacts of model upgrades since 2012 in 

predicting average and well behaved tropical cyclones, extreme events, namely, brief yet rapid 

intensification of hurricanes Beryl, Chris, and Oscar, and rapid weakening of TC Isaac, continue to 

pose forecasting challenges. Predicting RI of TCs remains the most significant challenge for 

forecasting. Additional, sustained HFIP research is recommended in this area. 

9. Transitions of the multiple-moving-nested HWRF (basin-scale HWRF)  to NOAAôs Finite Volume 

Cubed-Sphere (FV3) based Hurricane Analysis and Forecasting System (HAFS) for tropical 

cyclone (TC) predictions within National Centers for Environmental Prediction (NCEP)ôs Unified 

Forecast System (UFS; NGGPS implementation)3 is underway, and expected to provide further 

improvements to NOAAôs Next Generation hurricane prediction capacity. 

 

  

                                                 
3
 https://www.weather.gov/sti/stimodeling_nggps_implementation 



11 

 

 

1. Introduction  
This report describes the Hurricane Forecast Improvement Project (HFIP), its goals, proposed methods 

for achieving those goals, and recent results from the program, with an emphasis on recent advances in 

the skill of operational hurricane forecast guidance. The first part of this report is very similar to previous 

versions of the annual report, since it basically describes the background of the program. This yearôs 

version focuses upon capturing state-of-the-art HFIP modeling accomplishments during 2018ôs hurricane 

season, progress on the Rapid Intensification (RI) problem, and future plans. For more background 

information, readers are referred to earlier reports available at: http://www.hfip.org/documents/.   

2. The Hurricane Forecast Improvement Project (HFIP) 

Twenty-seven named tropical storms and thirteen hurricanes crossed US coastlines from 2000-2010. The 

Hurricane Forecast Improvement Project (HFIP) was established within NOAA in June 2007, in response 

to particularly damaging hurricanes (e.g., Charley, 2004; Wilma, Katrina, Rita, 2005) in the first half of 

that decade. HFIPôs 5-year (for 2014) and 10-year goals (for 2019) are:  

ǒ Reduce average track errors by 20% in 5 years, and by 50% in 10 years for days 1-5. 

ǒ Reduce average intensity errors by 20% in 5 years, and 50% in 10 years for days 1-5. 

ǒ Increase the probability of detection (POD)4 for RI to 90% at Day 1, decreasing linearly to 60% at 

day 5, and decrease the false alarm ratio (FAR) for rapid intensity change to 10% for day 1, 

increasing linearly to 30% at day 5. [The focus on RI change is the highest-priority forecast 

challenge identified by the National Hurricane Center (NHC)]. 

ǒ Extend the lead-time for hurricane forecasts out to Day 7 (with accuracy equivalent to that of the 

Day 5 forecasts when those were introduced in 2003). 

HFIP provides the unifying organizational infrastructure and funding for NOAA and other agencies to 

coordinate the hurricane research needed to achieve the above goals, improve storm surge forecasts, and 

accelerate the transition of model codes, techniques, and products from research to operations. HFIP 

focuses multi-organizational activities to research, develop, demonstrate, and implement enhanced 

operational modeling capabilities, dramatically improving the numerical forecast guidance made available 

to the NHC. Through the HFIP, NOAA continues to improve the accuracy of hurricane forecasts, with 

applied research using advanced computer models.  

HFIP is organized along two lines of activities: Stream-1 and Stream-2. While Stream-1 works within 

presumed operational computing resource limitations, Stream-2 activities assume that resources will be 

provided to increase the available computer capability in operational settings, above the one that is 

already planned for the next five years. The purpose of Stream-2 is to demonstrate that the application of 

advanced science, technology, and increased computing will lead to the desired increase in accuracy, and 

other improvements in forecast performance. Because the level of computing necessary to perform such a 

demonstration is larger than can be accommodated by current operational computing resources, HFIP 

developed its own computing system at NOAAôs Earth System Research Laboratory (ESRL) in Boulder, 

Colorado. 

A major component of Stream-2 is an Experimental Forecast System (EFS) that HFIP runs each hurricane 

season. The purpose of the EFS (also known as the Demonstration Project) is to evaluate the strengths 

and weaknesses of promising new approaches that are testable only with enhanced computing 

capabilities. The progress of Stream-2 work is evaluated after each season, to identify techniques that 

                                                 
4
POD is equal to the total number of correct RI forecasts divided by the total number of forecasts that should have indicated RI: number of 

correctly forecasted ÷ (correctly forecasted RI+ did not but should have forecasted RI). False Alarm Ratio (FAR) is equal to the total number of 
incorrect forecasts of RI divided by the total number of RI forecasts: forecasted RI that did not occur ÷ (forecasted RI that did occur + forecasted 

RI that did not occur). 

http://www.hfip.org/documents/
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appear particularly promising to operational forecasters and/or modelers. These potential advances can be 

blended into operational implementation plans through subsequent Stream-1 activities, or further 

developed outside of operations within Stream-2. Stream-2 models represent cutting-edge approaches that 

have little or no track record and, therefore, are not used by NHC forecasters to prepare their operational 

forecasts or warnings. Nevertheless, most of the operational HWRF advancements, including the high-

resolution nests, appropriate physics, and data assimilation (DA) upgrades originated from Stream-2 

work. 

The new HFIP Strategic Plan detailing the specific research, development, and technology transfer 

activities necessary to sustain HFIP in response to Section 104 of the Weather Research Forecasting 

Innovation Act, was approved by NOAA and awaits Congressional approval. The major goals of the act 

will be addressed through the development of a multi-scale, multi-model system called Hurricane 

Analysis and Forecasting System (HAFS). The HAFS is NOAAôs next-generation, multi-scale numerical 

model and data assimilation package, which will provide an operational analysis and forecast out to seven 

days. This will provide reliable and skillful guidance on Tropical Cyclone (TC) track and intensity 

(including RI), storm size, genesis, storm surge, rainfall, and tornadoes associated with TCs, all within the 

framework of the Unified Forecast System (UFS) and its rolling three-year Strategic Implementation Plan 

(SIP). Central to the development of HAFS will be the FV3 dynamical core, with embedded moving nest 

capable of tracking the inner core region of a hurricane at 1-2 km resolution. Section 13 discusses the 

future of HFIP. 

3. The HFIP Baseline for measuring progress 

To measure progress towards the above-defined HFIP goals, a baseline level of accuracy was established.  

The HFIP goals were to reduce track and intensity errors by 20% in 5 years and 50% within 10 years. A 

set of baseline track and intensity errors were developed by NHC, where the baseline is the consensus 

(average) from an ensemble of top-performing operational models evaluated over the period of 2006-

2008 for the Atlantic basin. For track, the ensemble members were the operational aids GFSI, GFDI, 

UKMI, NGPI, GFNI, and EMXI, while for intensity the members were GFDI, DSHP, and LGEM5 

(Cangialosi, June 2018). Results from HFIP model guidance are then compared with the baseline to 

assess progress. Fig. 1 shows the mean absolute errors of the consensus over the period 2006-2008 for the 

Atlantic basin.  A separate set of baseline errors (not shown) was computed for the eastern North Pacific 

basin (Franklin, 2009, 2010). 

To provide a more representative, longer-term perspective, the progress of HFIP models is also evaluated 

in terms of forecast skill. Because a sample of cases from a season might have a different inherent level of 

difficulty from the baseline sample of 2006-2008 (for example, because it had an unusually high or low 

number of rapidly intensifying storms), it is helpful to evaluate the progress of the HFIP models in terms 

of forecast skill as well as error.  Here, that evaluation is determined with the percent improvement, 

relative to a statistical model for the same cases.  A statistical model is one where a number of predictors 

are combined, using weights that are determined by correlation with past data and, consequently, 

performs better in relatively ñeasy-to-predictò seasons, and worse in relatively ñdifficult-to-predictò 

seasons.  Fig. 1 also shows the skill of the baseline, baseline errors, and the 5- and 10-year goals - 

represented in blue and labeled on the right side of the graph. The goals are presented as the percentage 

improvement over the Decay-(Statistical Hurricane Intensity Forecast) SHIFOR5 and (Climatology and 

Persistence) CLIPER5 forecasts, for the same cases that were used to determine the mean absolute 

baseline error.  

 

                                                 
5
 See appendix A for details on operational aids (GFSI, GFDI, UKMI, NGPI, GFNI, EMXI,GFDI, DSHP, LGEM) 
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Figure 1: HFIP (a) Track and (b) Intensity Error Baseline and Goals, where the forecast errors are represented by black 

lines labeled on the left side of the graph, and the forecast skill is represented by blue lines labeled on the right side of the 

graph. Solid black lines represent baseline forecast errors, while solid blue lines represent baseline forecast skill. The 5 

and 10 years goals are represented by dashed black lines for errors, and dashed blue lines for skill.  

The skill baseline and goals for intensity at all lead times are roughly constant, with the baseline 

representing a 10% improvement over Decay-SHIFOR5, and the 5- and 10-year goals representing 30% 

and 55% improvements, respectively. Itôs important to remember, however, that normalization by 

CLIPER or (especially) Decay-SHIFOR5 can fail to adequately account for forecast difficulty in some 

circumstances. A hurricane season that features extremely hostile environmental conditions will lead to 

very high Decay-SHIFOR intensity forecast errors (as climatology will be a poor forecast in such years), 

but relatively low errors in dynamical models and NHC official forecasts (as few storms will intensify 

rapidly, making it less challenging for both models and forecasters). This combination of baseline and 

model errors yields an unrealistic skill estimate. Hence, both skill and absolute errors are used to measure 

HFIP model improvements. 

It is also important to note that HFIP performance baselines were determined from a class of operational 

aids known as ñearlyò models. Early models are those that are available to forecasters early enough to 

meet forecast deadlines for the synoptic cycle. Nearly all the dynamical models currently used at tropical 

cyclone forecast centers, such as the Global Forecast System (GFS) and HWRF models, are considered 

ñlateò models because their results arrive too late to be used in the forecast for the current synoptic cycle. 

For example, the HWRF run for 12:00 Coordinated Universal Time or Zulu Time Zone (Z) does not 

become available to forecasters until around 16:00Z, whereas the NHC official forecast based on the 

12:00Z initialization must be issued by 15:00Z, one hour before the HWRF forecast can be viewed. Itôs 

actually the older, 06:00Z run of the HWRF model that would be used as input for the 15:00Z official 

NHC forecast, through a procedure developed to adjust the 06:00Z model run, to match the actual storm 

location and intensity at 12:00Z. This procedure also adjusts the forecast position and intensity at some of 

the forecast times as well, and then applies smoothing to the adjusted forecast. This adjustment, called an 

ñinterpolationò procedure, creates the 12:00Z ñearlyò aid HWRF with 6-hour interpolation (HWFI) that 

can be used for the 15:00Z NHC forecast. Model results so adjusted are denoted with an ñIò (e.g., HWFI). 

The distinction between early and late models is important in assessments of model performance provided 

in subsequent sections, since late models have an advantage of more recent observations/analysis than 

their early counterparts. 
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4. The HFIP Model Systems 

Accurate TC forecasts beyond a few days require a global domain, because influences on a forecast at a 

particular location can come from weather systems elsewhere, far from the particular location. Fig. 2a 

shows the steep-step improvements to track predictions since the 60ôs. Those advancements have come 

through developing improved dynamical global models (e.g., GFS), further improving resolution and 

physics in those models, and through advancing data DA techniques. Most of the GFS developments have 

been at National Center for Environmental Prediction (NCEP). Nevertheless, one of the first efforts in 

HFIP was to improve the existing operational global models. Early in the program, it was shown that 

forecasts were improved, particularly in the tropics, by using a more advanced DA scheme than the one 

employed operationally at that time. A version of this advanced DA went operational in the GFS model in 

May, 2012. However, TCs like Sandy (2012), Joaquin (2015), and early forecast cycles of Florence 

(2017) continue to pose challenges to track prediction. Sustained HFIP research and development may be 

necessary for further improvements in track prediction of these outlier events. 
 

 

Figure 2: Official NHC (a) Track errors (1960-2017) and (b) Intensity errors (1970-2017) in the AL basin. 

While significant track improvements have been achieved since the 60ôs, Fig. 2b illustrates little or no 

improvement in the accuracy of NHCôs official intensity forecast, until the onset of HFIP in 2009. Part of 

the problem was inadequate model-grid resolution. It is generally assumed that the hurricane inner core 

(i.e., the eye-wall region) must be resolved, to see consistently accurate hurricane intensity forecasts 

(NOAA SAB, 2006). It is believed that the best approach to improve hurricane track and intensity 

forecasts involves the use of high-resolution global models, with at least some being run as ensembles. 

However, global models and their ensembles are likely to be limited by computing capability, for at least 

the next five years, to a horizontal resolution no finer than about 8-10 km, which is inadequate to resolve 

the inner core of a hurricane. Maximizing improvements in hurricane intensity forecasts will, therefore, 

require high-resolution regional models, or global models with moveable high-resolution nests, perhaps 

also run as an ensemble. During the last 10 years, the focus has been on improving intensity forecast, 

which for decades has significantly lagged behind track forecast. For that purpose, regional models with 

(two-way interactive) moving nests capable of resolving the inner core structure of hurricanes are usually 

used for intensity predictions. The domains of the hurricane regional models are usually larger than their 

CONUS counterparts. The HWRF and HMON that were developed during HFIP are prime examples. 

Track predictions from these regional models, especially HWRF, have been shown to improve, the larger 

they are (Zhang et. al., 2016; and Alaka et. al., 2017). The Basin-Scale HWRF shown in the cover picture 

has demonstrated the usefulness of expanding the regional domain for TC predictions. Nevertheless, the 

operational TC regional models, both HWRF and HMON, are configured to be smaller than the Basin-
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Scale HWRF, but larger than typical CONUS regional domains. These TC regional models are further 

(one-way) nested within the global models, to provide seamless track and intensity predictions.  

5.  Operational HWRF and HMON systems (Stream 1) 

a. HWRF System  

One of the major accomplishments of HFIP is the development of the storm-following, double-nested, 

high-resolution, HWRF model, and its transition to operations. A joint development between NOAA 

research and operations, with significant support from the Developmental Testbed Center (DTC), UCAR, 

and the community, HWRF is now one of the top-performing track prediction models, and is now paving 

the way to improve operational intensity forecasts all over the globe. The HWRF model is based on the 

Non-Hydrostatic Mesoscale Model on an E-grid (NMME) dynamic core, and is a part of the WRF 

infrastructure (Biswas et al., 2018, Tallapragada et. al., 2014). Improvements to model nesting, resolution 

(3 km in 2012, 2 km in 2015, and 1.5 km in 2018), physics, and initial conditions enhanced with aircraft 

observations - all coordinated under HFIP - have led to progress in improved numerical guidance. 

 
Figure 3: HWRF intensity skill relative to Decay-SHIFOR for the 2011-2018 Atlantic seasons. 

Fig. 3 portrays the progress of HWRF in forecasting intensity, measured in terms of skill relative to 

Decay-SHIFOR. Through 2011, HWRF was operating with a single 9 km-resolution moving nest that 

could automatically track hurricanes (Gopalakrishnan et. al., 2006). In the next seven years (2012-2018), 

the HWRF system was upgraded considerably under HFIP year after year.   

ǒ In 2012, for the first time, the doubly-nested, cloud-resolving version of HWRF was run at 3 km 

horizontal resolution (27/9/3 km version) with improved physics based on observations 

(Gopalakrishnan et. al., 2011; Gopalakrishnan et. al., 2012; Gopalakrishnan et. al., 2013; 

Goldenberg et. al., 2015).  

ǒ In 2013, upgraded physics and vortex initialization were adopted.  

ǒ In 2014, HWRF was run in real-time in all global basins beyond the North Atlantic.  

ǒ In 2015, HWRF implementation consisted of increased horizontal resolution from 27/9/3 km to 

18/6/2 km across all domains, continued improvement of the Nest-Tracking-Algorithm, advanced 

vortex initialization, and improved products.  
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ǒ 2016 was the watermark year for 5-year improvements. New SAS and GFS-EDMF physics suites 

were implemented during this year. 

ǒ Supported by HFIP, a dramatically improved DA system was implemented in operational HWRF 

in 2017 (shown in Fig. 3).  

ǒ In 2018, the HWRF implementation incorporated a further increment of the horizontal resolution, 

from 18/6/2 km, to 13.5/4.5/1.5 km, as well as continued improvement of the Nest-Tracking-

Algorithm, and advanced vortex initialization.  

Clearly, steep-step progress is being made under the HFIP with every yearly upgrade. HWRF has 

improved by about 40-60% since 2011 (Fig. 3). Consistent with Fig. 3, HWRF is the driving dynamical 

model of the Real-Time HFIP Corrected Consensus Approach (HCCA) for TC Intensity Guidance at 

NHC (Simon et. al., 2018), and has become the flagship intensity prediction tool for hurricane forecasting 

at NWS. HWRF has been the most reliable intensity prediction tool in other global basins as well (Atlas 

et. al., 2015) (see details in section 5d). 

 

Figure 4: HWRF Track skill relative to CLIPER5 for 2011 -2018 Atlantic seasons. 

Fig. 4 illustrates the improvements to track forecasts from the HWRF system since 2011, as measured in 

terms of skill relative to CLIPER. As mentioned earlier, HWRF was initially developed for improving 

intensity guidance. However, because global models continue to lack the resolution to capture the inner 

core structure required to produce intensity forecasts, HWRF has also been used to provide some reliable 

track guidance, together with GFS and other models. Clearly, HWRF has improved track guidance by 30-

40% since 2011. Nevertheless, it should be noted that HWRF is a regional model that uses boundary 

conditions from GFS. Thus, any improvements to the GFS would positively impact the HWRF system. 

b. HMON System 

Hurricanes in a Multi-scale Ocean-coupled Non- hydrostatic model (HMON) was developed to provide 

higher-resolution intensity forecast guidance to NHC, along with HWRF. HMON replaced the legacy 

(hydrostatic) Geophysical Fluid Dynamics Laboratory (GFDL) hurricane model, which was used as the 

second dynamical model along with HWRF for intensity guidance until 2016. The HMON model is based 

on the Non-Hydrostatic Mesoscale Model on a B grid (NMMB) dynamic core, which is currently being 

used in other NCEP operational systems - the North American Mesoscale (NAM) Model and the Short 

Range Ensemble Forecast (SREF) model. The HMON was built using shared infrastructure with unified 

model development within the NOAA Environmental Modeling System (NEMS), and could also be 
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coupled with other (ocean, wave, land, surge, inundation, etc.) models, within the NEMS infrastructure. 

Use of NEMS also paves the way for future use of physics packages like CCPP (Common Community 

Physics Package). HMON has been in operations for two hurricane seasons, and has demonstrated 

forecast consensus improvement. 

c. HWRF/HMON Results from the 2018 Season 

 
Figure 5: Verification results for (a) track and (b) intensity forecasts in the North Atlantic Basin for 2018. 

For the 2018 Hurricane season, NCEP dynamical models performed well (Fig. 5). As expected, GFS was 

the best-performing model for track prediction, followed by HWRF and HMON (Fig. 5a). GFS was 

comparable to the official forecasts from NHC up to 72 hours. For intensity (Fig. 5b), HWRF had the 

lowest intensity errors and was comparable to the official forecasts from NHC (in black) up to 72 hours, 

but the skill of HWRF dropped sharply after that. Surprisingly, at longer lead times, GFS was the most 

skillful in terms of mean intensity error as well.  

 

Figure 6: 5-day Track (top) and Intensity (bottom) forecast verification for (left) Hurricane Florence and (right) and 

Hurricane Michael. 

HWRF performed well for both of the major landfalling hurricanes in the Atlantic basin, namely, 

Florence and Michael (Fig. 6). GFS performed the best for tracks in either storms. HWRF and HMON 

(a) (b) 

(a) (b) 

(c) (d) 
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were very similar to GFS in track error up to 72 hours.  HWRF had the best intensity forecast 

performance, even outperforming NHC official forecasts for some of the forecast intervals (not shown). 

Some cycles of HWRF forecasts captured the RI of Hurricane Michael at least 4 days in advance (Fig. 

6d). The major intensity errors from Michael were mostly associated with early landfall, consistent with 

the small but noticeable tracks errors in Fig. 6.  

 

Figure 7: 5-day Intensity forecast verification for Hurricane Lane. 

For the first time, during hurricane Lane, a P3 aircraft was flown over the Central Pacific for assimilating 

inner-core winds into the HWRF model. Both HWRF and GFS performed well for Hurricane Lane in the 

East Pacific basin (Fig. 7). Intensity forecast performance for Hurricane Lane was again the best for 

operational HWRF, showing lower errors compared to NHC official forecasts for most of the lead times. 

    
Figure 8: (a) Max 10 m wind from different models, for one of the cycles from Isaac (2018091500) and (b) intensity 

forecast verifications for TC Isaac.  

The most challenging outlier event for HWRF in the 2018 season was TC Isaac. While Isaac rapidly 

weakened as a tropical storm after crossing the Lesser Antilles, HWRF continued to strengthen the storm 

to a major hurricane (Fig. 8a). This led to large intensity errors beyond 48 hours (Fig. 8b). Post-analysis 

of the season illustrated that almost all the larger errors beyond 72 hours, when compared to the official 

forecasts, may be attributed to this false alarm from HWRF (Section 7c). The basin scale HWRF, which is 

the same version of HWRF but for larger domain and multiple moving nest; and capable of tracking any 

number of TCs in the domain, was continuously running in parallel under Stream 2 (Section 8a). The 

(a) (b) 
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results from basin scale HWRF showed superior skills for Isaac intensity forecast, and was as good as the 

operational HWRF for all other Atlantic hurricanes in 2018. Post-analysis showed that the multiple 

moving nest, which provided higher resolution, not only around Isaac but also nearby storms, Hurricanes 

Florence and Helene, captured storm-storm interactions better, illustrating the need for hurricane moving 

nests in Next Generation Global Prediction System (NGGPS). 

d. HWRF Performance in other Global Basins  

During the 2018 season in the western North Pacific basin, the Joint Typhoon Warning Center (JTWC) 

official track forecast proved to be the most skillful for virtually all forecast periods (Fig. 9a).  Among the 

guidance models, HWRF and GFS continued to be top performers.  The COAMPS-TC/GFS track skill 

was competitive with the HWRF and GFS from 12-48 h, after which it began to trail the other models.   

 

 

Figure 9: Western North Pacific (a) track forecast skill, and (b) intensity forecast skill. 

For intensity in the western North Pacific (Fig. 9b), the JTWC produced the most skillful forecasts for 

nearly all forecast cycles, and these forecasts were especially skillful at the shortest and longest lead 

times. Operational HWRF came closest to JTWC in terms of intensity relative skill, and was consistently 

better than COAMPS-TC/NVGM and COAMPS-TC/GFS at all lead times.  

e. Prediction of Rapid Intensification  

Predicting the RI of TCs is a complex, challenging, and important forecast problem. In general, apart 

from the well-documented impacts of the upper ocean on intensity changes, environmental factors such as 

wind shear, moisture in the low to mid troposphere, and inner-core processes - ranging from convective to 

mesoscale - all have been known to influence the RI of TCs. All these factors interact in a nonlinear 

fashion, making the RI problem a complex forecasting challenge (Chen and Gopalakrishnan, 2015).  

RI in hurricanes is defined as an increase in sustained 1-minute, 10 m wind speed of  Ó30 knots in a 24-

hour period. In order to understand how model wind distributions correspond to reality, probability 

distribution functions (PDFs) for HWRF and HMON intensity changes were compared to best-track data 

in all three basins. Fig. 10 (top row) demonstrates that the PDFs for 24-h intensity change are similar 

among Best Track (black), HWRF (magenta), and HMON (green). The mean intensity change of all three 

is very similar. It should be noted that RI and RW lies in the 95th and 5th percentile, respectively of the 

PDF. High resolution models like HWRF and HMON may be able to reproduce intensity changes at these 

extreme ends of the spectrum. The model climatology is close to the Best Track estimates. Stratifying the 

mean intensity error statistics across all three basins, by including all 2018 TCs that experienced at least 

one RI event (Fig. 10d, 10e & 10f), makes clear that HWRF produced the lowest intensity error for such 

TCs. 

(a) (b) 






















































