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SECTION 1: PROJECT OBJECTIVES AND ACCOMPLISHMENTS

Four primary objectives were addressed in this project: 1) to develop procedures for running,
post-processing, and displaying output from the WRF model in an operational forecasting
environment; 2) to increase forecaster awareness and usage of WRF model output, and to
provide feedback from forecasters to WRF model developers; 3) to perform routine objective
and subjective verification of WRF model output and to develop and refine new object based
mesoscale verification strategies; and 4) to design and execute collaborative exercises involving
both the research and operational communities during each spring’s severe convective weather
season, with an emphasis on quantitative subjective evaluation of numerical forecast guidance.
Specific accomplishments related to these objectives are summarized below.

1.1 Develop procedures for running, post-processing, and displaying output from the WRF
model in an operational forecasting environment

Initial efforts focused on developing procedures to run the WRF model locally and make the
output available to SPC forecasters. During the first year of the project, we began to run the
model daily on an 8 processor SGI Origin Series computer. In addition, we developed
automated procedures to incorporate WRF precipitation forecasts from our local runs and from
WREF forecasts generated at NCAR into precipitation verification database at OU/NSSL. In
consultation with scientists from NCEP and NCAR, this database was used to generate web-
based plots of equitable-threat and bias scores for all models, providing a valuable benchmark
for WRF-beta performance compared to operational forecast models (especially the Eta model).

Although output from these forecasts was available to forecasters on the web and it influenced
forecaster thinking on occasion, its day-to-day utility was limited because output was only
available on the web — not within NAWIPS software (i.e., in GEMPAK format). Moreover, the
WRF model was still at a relatively early stage of development and there were no remarkable
WREF “success stories” that would motivate forecasters to routinely consult WRF output in the



forecast preparation process. We solved the former problem by developing a WRF post-
processing package that converts the model’s native NETCDF output format to GRIB format.
This package enables WRF output to be transformed into a format identical to that of the NCEP
operational models, facilitating direct comparison with NCEP models (i.e., identical grids,
computation of diagnostic quantities, etc.) This was a major step in enabling a side-by-side
comparison of the WRF with operational models. Furthermore, it closed a gap that had
previously precluded incorporation of the WRF (or WRF framework) into the NCEP operational
suite.

During year 2, we leveraged our COMET support for WRF testing to procure funding for a 40-
processor Pentium 4 Beowulf cluster. This cluster greatly increased our resources for realtime
forecasts with WRF and we used it heavily during the 2003 SPC/NSSL Spring Program.
Specifically, during this program, we initialized WRF every day using two different model
configurations. The first used a CONUS domain with 12 km grid spacing and parameterized
convection. The second used a small, re-locatable domain, 1200 km on all sides with 3 km grid
spacing and no parameterized convection. This second domain was centered on the primary
focus area for SPC forecasters every day. Output from both domains was infused into the SPC’s
operational data feed and it was examined closely during the Spring Program. This effort
provided us with valuable experience in running the WRF model at high resolution and it
provided many forecasters and modelers with a first-hand assessment of the capabilities of the
WRF model in a convection-resolving configuration (see Kain et al. 2004a).

The 2003 Spring Program also revealed some deficiencies in our approach to high-resolution
modeling. In particular, it became apparent that many of our high resolution forecasts were
handicapped by problems associated with model “spin-up” and lateral boundary conditions
(exacerbated by the relatively small domain size). In order to overcome these problems, we
formed alliances with other WRF modeling centers for the 2004 Spring Program. In particular,
we collaborated with scientists from NCAR, NCEP, and CAPS to produce relatively large
domain, convection-resolving WRF forecasts for the 2004 program. Each center ran a different
configuration of the WRF model, with all configurations covering at least 2/3 of the CONUS,
using approximately 4 km grid spacing and explicit representation of convective clouds. A
subset of the model-output dataset, centered on daily SPC focus areas, was processed at the
remote centers then transferred to the SPC. This subsetting procedure allowed us to avoid the
complications of transferring and managing the huge datasets that are generated by model runs
with large domains, high resolution, and frequent output times, but still provided us with many
output fields that have particular relevance for severe weather forecasting. Managing output files
will clearly be a major challenge for future operational high-resolution modeling. Additional
details about the SPC/NSSL Spring Program are provided in section 1.4.

1.2 Increase forecaster awareness and usage of WRF model output; provide feedback from
forecasters to WRF model developers

During year 1 and the first part of year 2, daily map discussions provided an effective forum for
increasing awareness of the WRF model among SPC forecasters. Pls on this project frequently
led map discussions and made a concerted effort to display and consider WRF model forecasts in
the context of the day’s forecasting challenges. This approach appeared to be quite effective in



introducing forecasters to the new model. Also, during the first year, a formal seminar on
convective parameterization was presented during semi-annual SPC forecaster training exercises,
focusing on the parameterizations used in the emerging WRF model. Forecaster feedback led
model developers to consider several changes to both the Kain-Fritsch and Betts-Miller-Janjic
convective parameterizations, ultimately leading to improved formulations of these schemes (see
Baldwin et al. 2002; Ferrier 2004; Kain 2004).

During the second year, forecasters became actively involved in examining and evaluating WRF
forecasts during the 2003 Spring Program. They were particularly intrigued by the convective-
cloud-resolving forecasts that were being generated locally, as well as those that were running at
NCAR in support of the BAMEX field program. Specific impressions of SPC forecasters were
conveyed to model developers at NCAR and they significantly influenced qualitative
assessments of WRF forecasts from BAMEX that will soon appear in scientific journals (i.e.,
Done et al. 2004). Furthermore, they provided important preliminary feedback regarding the
potential severe convective weather forecasting utility of WRF model configurations in which
convective clouds are marginally resolved.

During year 3, SPC forecasters became very aware of the evolving WRF model, including the
alternative dynamic cores and the potential utility of high-resolution WRF forecasts. During the
first half of the year, a segment of formal SPC training exercises was devoted to the WRF model.
Specifically, forecasters were provided information about the history of the WRF model, the
motivation for its development, and future plans for the model. Results from the 4-km BAMEX
model runs were discussed in some detail, leading to some lively exchanges and varied opinions
about the potential value of the forecasts. During the 2004 Spring Program, three different high
resolution configurations (5x ~ 4 km) of the WRF model were examined and used to make
severe weather forecasts every day. Selected SPC forecasters were involved at all times, and
many of these forecasters continued to use the high-resolution forecasts when they returned to
operational shifts. Through this process and forecaster testimonials, significant interest in the
WRF model was generated, though not without a modicum of caution. Preliminary results from
the 2004 Spring Program were presented at the 2004 WRF/MM5 workshop (Kain et al. 2004b)
and more complete findings will be shared with WRF model developers. More detailed
information about the 2004 Spring Program is provided in section 1.4.

1.3 Perform routine objective and subjective verification of WRF model output; develop and
refine object based mesoscale verification strategies

As discussed in section 1.1, rainfall forecasts from the WRF model have been incorporated into
Pl Baldwin’s precipitation verification database since the early days of this project. Analysis of
this data was plotted on a web page, in the form of equitable-threat (ET) and bias scores, up until
September 2003, when it was discontinued. These displays provided WRF development teams
with valuable benchmarks for WRF performance compared to operational forecast models
(especially the Eta model). They also revealed some of the shortcomings of ET and bias scores
and motivated numerous investigators to devise alternative methods to verify mesoscale
precipitation fields (e.g., Baldwin and Wandishin 2002; Bullock et al. 2004). Subjective
assessments of WRF performance took place mainly within annual SPC/NSSL Spring Programs
(detailed in section 1.4).



Development of an object oriented verification strategy has been a long-term goal of
collaborative activities related to this project. A major milestone towards this goal has now been
accomplished (Baldwin et al. 2004). Specifically, an automated procedure for classifying
rainfall systems was developed using a national analysis of hourly precipitation estimates from
radar and rain gauge data. The development process followed two main phases, a training phase
and a testing phase. First, forty-eight hand-selected cases were used to create a training data set,
from which a set of attributes related to morphological aspects of rainfall systems were extracted.
A hierarchy of classes for rainfall systems was envisioned, in which rainfall systems are
separated into general convective (heavy rain) and non-convective (light rain) classes. At the next
level of classification hierarchy, convective events are divided into linear and cellular sub-
classes, and non-convective events belong to the stratiform sub-class. Essential attributes of
precipitating systems, related to the rainfall intensity and degree of linear organization, were
determined during the training phase The attributes related to the rainfall intensity were chosen
to be the parameters of the gamma probability distribution fit to observed rainfall amount
frequency distributions using the generalized method of moments. Attributes related to the
degree of linear organization of each rainfall system were obtained via geostatistical measures.
Rainfall systems were categorized using hierarchical cluster analysis experiments with various
combinations of these attributes. The combination of attributes that resulted in the best match
between cluster analysis results and an expert classification were used as the basis for an
automated classification procedure. The development process shifted into the testing phase,
where automated procedures for identifying and classifying rainfall systems were used to analyze
every rainfall system that occurred during 2002 in the contiguous 48 states. To allow for a
feasible validation, a testing data set was extracted from the 2002 data. The testing data set
consisted of 100 randomly selected rainfall systems larger than 40 000 km? as identified by an
automated identification system. This subset was shown to be representative of the full 2002 data
set. Finally, the automated classification procedure classified the testing data set into stratiform,
linear, and cellular classes with 85% accuracy, as compared to an expert classification.

This classification strategy provides the fundamental elements of a generalized method for
classification of rainfall systems. Further refinement of specific procedures may result in a
variety of improvements. Moreover, this method could be used for purposes other than
verification, such as predictability and climatology studies.

1.4 Design and execute collaborative exercises involving both the research and operational
communities during each spring’s severe convective weather season, with an emphasis on
guantitative subjective evaluation of numerical forecast guidance

The SPC/NSSL Spring Program was held annually during peak severe convective weather
season. The popularity of this program has grown each year, no doubt because of the interesting
and relevant scientific issues that have been investigated. However, feedback from participants
indicates that there is another equally compelling attraction - the rare opportunity for direct and
interdependent interactions between operational forecasters and research scientists that this
program provides (see Kain et al. 2003). COMET support has been critically important to the
development and growth of this program.



The scientific objectives of the 2002 Spring Program were dictated by the IHOP field program.
Forecasting for IHOP was the primary responsibility for participants. Mesoscale configurations
of the WRF model were used to generate experimental forecasts, but output was available only
on the web and subjective evaluation of the forecasts was limited. Nonetheless, numerous SPC
Lead Forecasters participated in the program and interactions between the operational and
research communities were quite rewarding.

The 2003 Spring Program had a dual focus. The primary emphasis was on the Day 2 convective
forecast problem and the application of output from short-range ensembles therein. However, a
second component involved the systematic subjective evaluation of deterministic models for the
Day 1 time frame (See Kain et al. 2004a). Included in the group of deterministic models were
two locally run WRF forecasts, one over a CONUS domain with parameterized convection and
12 km grid spacing, and one over a much smaller re-locatable domain, with a 3 km grid length
and explicit representation of deep convective clouds. Subjective verification statistics suggested
that the mesoscale configuration of WRF performed comparably to the operational models (i.e.,
Eta and RUC) in forecasting convective initiation and evolution. The convection resolving
version received significantly lower ratings on average, an assessment that was ultimately
attributed to very coarse initial conditions and lateral boundary effects exacerbated by the small
domain size (1200 km?). In spite of some obvious problems, the high-resolution forecasts
generated a great deal of interest, particularly among forecasters. These forecasts occasionally
produced very realistic-looking structures and viable indications of convective mode, especially
during the historic tornado outbreaks in the first half of May 2003. These results provided
motivation, enthusiasm, and focus for the next Spring Program.

The 2003 Spring Program had 37 participants, from the United States, Canada, and the United
Kingdom, including numerous NOAA agencies/ forecast offices, 5 different universities, and
other government agencies.

The 2004 Spring Program was the culmination of our WRF evaluation under this project. The
primary objective of this program was to assess whether WRF configurations that marginally
resolve deep convective clouds (i.e., configurations with grid spacing ~ 4 km) can help SPC
forecasters make better predictions of severe convective weather. The program had an
experimental forecasting component and a model evaluation component. Results from both
elements suggested that severe weather forecasters benefit from the high-resolution guidance.
For example, when forecasts prepared with and without examination of high-resolution output
were evaluated separately the next day using a scale from 1 to 10, the former received a higher
overall rating for 52% of the forecast periods, and a lower rating only 14% of the time. When
the same type of rating procedure was used to evaluate model predictions of convective
initiation, evolution, and mode, the high-resolution models were not significantly better or worse
than the operational Eta model for initiation and evolution, but they were rated much better for
convective mode. This is important because in recent years it has become evident that the type
of severe weather that occurs (tornadoes, hail, or damaging winds) is often closely related to the
convective mode (or morphology) that storms exhibit, such as forming in discrete cells, squall
lines (or quasi-linear convective systems (QLCS)), and multicellular convective systems. In
addition, some severe storms develop as dynamically unique classes of thunderstorms such as
supercells and bow echoes, which are believed to produce a disproportionate number of tornado




and widespread straight-line wind damage events, respectively. Thus, accurate severe weather
forecasts are dependent on forecasters being able to properly predict not only where and when
severe thunderstorms will develop and how they will evolve over the next 4 — 7 hours, but also
the convective mode(s) that are most likely to occur.

The 2004 Spring Program had 54 participants from the United States, Canada, and Finland
representing numerous NOAA agencies/ forecast offices, 12 different universities, and other
government agencies. Three high-resolution model forecasts were produced daily, one from
CAPS (WRF mass core), another from EMC (WRF NMM core), and the third from NCAR
(WRF mass core). Results from this program are in a preliminary stage of evaluation and will be
discussed and summarized in a forthcoming paper. Additional details about this Spring Program
can be found here.
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SECTION 2: SUMMARY OF UNIVERSITY/NWS EXCHANGES

This project has directly or indirectly supported numerous activities that have cultivated a strong
working relationship between the university community and the NWS. Some examples:

- Annual research/forecast experiments. Collaborative experimental research and
forecasting programs (i.e., the NSSL/SPC Spring Program) have been conducted each
spring in association with this project. They have involved a core group of forecasters
and scientists from the University of Oklahoma (OU), SPC, and NSSL, with recent
visiting scientists/forecasters from AFWA, COMET, NCEP/EMC, NCEP/HPC, NCAR,
NOAAV/FSL, NWS/OUN, NWS/DTX, NWS/NIFC, NWS/USWRP, UK Met. Office,
Met. Services of Canada, Finnish Met. Institute, and over a dozen universities. Year by
year lists of participants can be found here: 2002, 2003, 2004.

- Daily map discussions. These daily gatherings have become a focal point for informal
exchanges between research scientists and forecasters and a breeding ground for
collaborative research. They are organized by Pls Kain and Weiss and are frequently
attended by personnel from OU, SPC, NSSL, and the Norman WFO.

- Seminars. SPC training seminars were conducted in years 1 and 3, as discussed in
section 1.2 above. Bill Skamarock, a leading developer of the WRF model, presented a
seminar on WRF in year 2. Most external visitors to the Spring Program presented
SPC/NSSL seminars on their work.

- COMET Symposia. Pls Baldwin, Carr, and Kain have presented numerous talks at
COMET symposia and workshops in Boulder, CO.

- Verification web page. The web pages created as part of this project (see section 1.3)
provided a valuable resource for students. At OU, students frequently accessed this page
as one way of assessing the reliability of various forecast models and it was used as a
resource in the graduate level “Forecast Verification” course at OU.

- Collaborative papers. COMET funding has been a catalyst for collaborative research at
SPC/CIMMS/NSSL. In addition to the studies highlighted in the list of papers in the next
section, numerous unlisted collaborative projects have been inspired and promoted by the
interactive environment that this funding has allowed us to create in Norman, OK.

SECTION 3: PRESENTATIONS AND PUBLICATIONS
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SECTION 4: SUMMARY OF BENEFITS AND PROBLEMS ENCOUNTERED

4.1 University of Oklahoma

a)

b)

Benefits - Through this project, the University has demonstrated its commitment to active
involvement in WRF development and collaboration with the operational community.
This is beneficial to students, helping them to appreciate the challenges involved with
developing a new forecast model in a multi-agency collaboration. It also provides
students with exposure to operational forecast problems, such as data overload,
timeliness, reliability and stability of models, and visualization of model output. This
exposure has helped students to understand model development procedures and
interactions between research and operations, providing them with a perspective that will
be useful for either operational or research careers.

It is also important to note that educational benefits from this project spread
beyond the University of Oklahoma. For example, several external participants in the
2004 Spring Program indicated that their experience in the program would have a direct
impact on the content of courses that they teach at other major universities. The Spring
Program provides participants with first-hand knowledge about operational forecasting of
severe convective weather and research that is relevant to this challenge. In addition, it
exposes them to implementation and testing strategies that facilitate the transition of
science and technology from research to operations. This kind of experience is not
available elsewhere and it inspires a potentially valuable addition to the traditional
meteorological curriculum.

Problems Encountered — Computer resources were somewhat of a problem. A 40-
processor Beowulf cluster was purchased specifically for realtime model forecasts early
in the second year of the project. However, this cluster was handicapped by recurring
instability and was not as dependable as we had hoped. We were able to minimize the
impact of this problem by forging agreements with other modeling centers to produce
high resolution WRF forecasts during the 2004 Spring Program. In particular, scientists
from CAPS, EMC, and NCAR all agreed to run high-resolution configurations of WRF
and provide us with the output on a daily basis. In retrospect, this was a very desirable
solution since it provided us with much more model data than we could have hoped to
produce locally and it strengthened our working relationships with these different
modeling/research centers.

4.2 Storm Prediction Center
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The initial WRF model experimental implementation is part of a continuing program that
furthers SPC/NSSL interactions and collaboration. This critical process will help ensure that
WRF model development will be partially guided by operational forecasting interests and
requirements. This collaborative effort provides a direct benefit to SPC staff since they are
among the first group of forecasters to have direct access to cutting edge WRF research and
prediction.

This project has invigorated ongoing SPC/CIMMS/NSSL interactions and collaboration.
Previous interactions between these organizations, partially funded by COMET, helped to form
the foundation for a solid working relationship between operations and research at the Oklahoma
Weather Center and this project has been critical for stimulating the collaboration. Many
forecasters at the SPC have become very adept at interpreting numerical model output, due
largely to this project and previous COMET support. These acquired skills have enabled SPC
forecasters to provide valuable insight and guidance for WFOs and better forecasts for the
public. Furthermore, SPC forecasters have provided valuable feedback to WRF model
developers, from their unique and important perspective. This feedback has had a significant
impact on development and implementation trends of the WRF model.
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