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Summary

Two techniques that derive spatially varying wind fields from operational radar measurements have
been evaluated in this study. Based on results, we propose that one technique be implemented
operationally in a phased approach. The other technique would be suitable for operational
implementation only after additional modifications have been made and evaluated. These two techniques
would require additional funding to implement, maintain operational versions of these codes, and perform
additional research to improve their accuracy.

Atmospheric dispersion models (ADMs) are used by emergency-response organizations to address
the consequences of potential airborne releases of harmful materials. The wind fields in ADMs are based
on meteorological measurements and forecasts made by atmospheric models. In the United States,
routine meteorological measurements from surface stations, towers, rawinsondes, and radar wind profilers
are available to drive ADMs. Large metropolitan areas usually have a network of surface stations;
however, the wind-speed and direction measurements from these stations are usually not representative of
conditions above the surface. There are currently relatively few measurements that can characterize the
winds above the surface. One potentially rich, yet untapped, source of meteorological data for routine use
in ADMs is from the Next Generation Weather Radar (NEXRAD) systems with 141 nearly identical
WSR-88D Doppler radar units installed throughout the United States.

The objective of this study is to determine the feasibility that routinely collected data from the
Doppler radars can appropriately be used in ADMs for emergency response. We have evaluated the
computational efficiency and accuracy of two variational mathematical techniques that derive the u- and
v-components of the wind from radial velocities obtained from Doppler radars. A review of the scientific
literature indicated that the techniques employ significantly different approaches in applying the
variational techniques: 2-D Variational (2DVar), developed by the National Oceanic and Atmospheric
Administration’s National Severe Storms Laboratory and Variational Doppler Radar Analysis System
(VDRAS), developed by the National Center for Atmospheric Research. We designed a series of
numerical experiments in which both models employed the same horizontal domain and resolution
encompassing Oklahoma City for a 2-week period during the summer of 2003 so that the computed wind
retrievals could be fairly compared. Both models ran faster than real-time on one typical dual-processor
computer, indicating that they could be used to generate wind retrievals in near real-time. The simpler
approach of 2DVar allowed it to execute ~2.5 faster than VDRAS. The simpler approach of 2DVar
allowed it to execute ~2.5 times faster than VDRAS.

The accuracy of 2DVar and VDRAS is quantified by comparing the derived wind components with
independent, meteorological measurements made by radar wind profilers. Both systems qualitatively
reproduced the observed diurnal and multi-day trends in the wind speeds and direction. The wind speeds
were often within a few meters per second of radar wind-profiler data. While these differences may seem
large, the wind retrievals likely provide useful information when no other observations are available. The
periods in which differences exceeded 5 m s™ were usually relatively short. Both models had the
tendency to over-estimate the wind speeds associated with the nocturnal low-level jet by as much as
~5 m s when the observed winds were ~ 20 m s, Farther aloft from 1 to 2 km above the ground, either
the 2DVar or VDRAS wind retrieval would be closer to the profiler data. Above 2 km, the wind
retrievals and radar wind-profiler data were often very different; therefore, the wind retrievals should not
be used at these altitudes.



The statistical performance (bias, root-mean-square error, index of agreement, and correlation
coefficient) of both systems was similar as well when evaluated against the radar wind-profiler data.
Statistically, 2DVar performed better at certain locations and altitudes while VDRAS performed better at
other locations and altitudes. Thus, neither system out-performed the other. Considering that the
accuracy of radar wind-profiler measurements is from 0.5 to 1 m s™, the statistical measures suggest that
the uncertainties of the wind retrievals are higher than those found in conventional instrumentation. The
simulated spatial variations in wind speed and direction were similar to the measurements from the radar
wind-profiler network during periods with large spatial variability in the observed winds; however, the
observed spatial-velocity differences were usually below the accuracy of the radar wind-profiler
measurements during the sampling period. For emergency-response ADM applications, the wind-
retrieval uncertainties need to be weighed against having no other wind information aloft. For example,
the wind retrievals were shown to often provide better information aloft than simply interpolating
standard rawinsonde information in time.

The effect of the additional wind information aloft on transport and dispersion is examined by
performing a series of sensitivity simulations using a widely used ADM. The results of the dispersion
simulations indicated the wind fields based on wind retrievals from 2DVar and VDRAS, and the radar
wind-profiler data produced similar dispersion patterns. This suggests that the operational NEXRAD data
could provide valuable information for a location that does not have any radar wind-profiler data or other
routine wind-profile measurements aloft, even if it did contain somewhat larger uncertainties than other
remote sensing instruments.

An important consideration for using NEXRAD wind retrievals for ADMs is availability of the data
since the range of the radar depends on the size, number-density, and physical properties of scattering
material in the atmosphere. The availability of radial-velocity data was computed for five radars near
large metropolitan areas, including Los Angeles, Salt Lake City, Oklahoma City, Boston, and Washington
DC. The total amount of data that passed quality-control checks over the total possible number of data
points within ~230 km of the radar was typically from 10 to 40%. The good data were usually located
closest to the radar; therefore, measurements were often available over adjacent urban areas. Even if
wind retrievals were not produced directly over the urban areas, the upper-air information would likely be
representative of the region and provide useful information to better describe the local three-dimensional
wind fields. The availability also varied by season with the highest availability during the summer. Lack
of targets for the radar in clear-air is the main reason for lower availability in winter since insects are less
active during the cold periods.

Finally, we weighed the advantages and disadvantages of both 2DVar and VDRAS based on
guantitative, operational, and system-capability considerations. Despite being a relatively new algorithm,
we recommend that 2DVar be implemented operationally, first to produce routine wind fields associated
with NEXRAD radar data. We based our decision on the fact that the wind retrievals from the technique
in 2DVar can be considered a type of observation that is similar to other types of data (e.g., radar wind
profiler). Its simplicity also makes it easier to implement computationally. VDRAS is a more
sophisticated model and is therefore more computational expensive. Despite the complexity of VDRAS’s
four-dimensional variational approach, the wind retrievals were not significantly better than 2DVar at the
profiler sites. Nevertheless, we recommend that additional research be performed to refine the system
before it is used operationally in the future. VDRAS is more flexible than 2DVar, and the capability of
VDRAS to assimilate a wide range of conventional meteorological information could reduce current
uncertainties associated with the NEXRAD wind retrievals. An updated version of VDRAS has the
potential to produce significantly better wind fields than the present version, but additional research is
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needed so that the model does not require “tuning” for each location. The costs associated with making
NEXRAD wind retrievals available operationally would also be significantly less than deploying
additional standard instrumentation.

A preliminary plan has been developed that describes how the wind-retrieval software should be
implemented so that wind fields derived from NEXRAD data can be used routinely to drive ADM
applications throughout the United States. We propose a phased approach of making NEXRAD wind
retrievals available in real time that is summarized as 1) developing the NEXRAD data center,

2) evaluating an operational beta version of 2DVar, 3) implementing 2DVar operationally, 4) maintaining
operational NEXRAD wind-retrieval products, 5) further developing VDRAS, 6) evaluating an
operational beta version of VDRAS, and 7) implementing VDRAS operationally. Implementing this plan
would depend on future funding by the Department of Homeland Security and other organizations.






Acronyms and Abbreviations

2DVar Two-Dimensional Variational

ADM atmospheric dispersion model

AGL above ground level

ANL Argonne National Laboratory

BWIC Biological Warning and Incident Characterization
CALMET CALifornia METeorological model

CALPUFF CALifornia PUFF model

CPU central processing unit

DTRA Defense Threat Reduction Agency

EPA U.S. Environmental Protection Agency

HPAC hazard prediction and assessment capability

1A index of agreement

IMAAC Interagency Modeling and Atmospheric Assessment Center
JU 2003 Joint Urban 2003 Atmospheric Dispersion Study
LST local standard time

NASA National Aeronautics and Space Administration
NEXRAD next generation weather radar

NCAR National Center for Atmospheric Research
NCDC National Climatic Data Center

NCEP National Center for Environmental Prediction
NOAA National Oceanic and Atmospheric Administration
NSSL National Severe Storms Laboratory

NWS National Weather Service

ou Oklahoma University

OSSE observing system simulation experiment

PNNL Pacific Northwest National Laboratory

QC quality control

R correlation coefficient

RMSE root-mean-square error

RTFDDA real time four dimensional data assimilation
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SCIPUFF
TDWR
uTC
VAD
VCP
VDRAS

Second-order Closure Integrated PUFF
Terminal Doppler Weather Radar
coordinated universal time

velocity azimuth display

volume coverage pattern

Variational Doppler Radar Analysis System
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1.0 Introduction

1.1 Operational Meteorological Measurements

Atmospheric dispersion models (ADMSs) are essential tools that address the consequences of potential
airborne release of harmful materials. These models allow emergency management, law enforcement,
and intelligence personnel to plan for, train for, and respond to potential terrorist attacks and accidental
releases of harmful materials in the atmosphere. To accurately represent the dispersion and fate of
airborne materials in ADMs requires the availability of real-time meteorological observations such as
winds, precipitation, and temperature. Wind fields in and around many major U.S. urban areas (high-
terrorist threat areas) can be complex because of the direct influence of the urban area on the winds, the
influence of their geographic settings leading to mesoscale circulations (e.g., land-sea breezes, terrain-
induced flows), and the interaction of mesoscale circulations and synoptic weather systems.

In the United States, routine meteorological measurements from surface stations, towers,
rawinsondes, and radar wind profilers are available to drive ADMs. Most urban areas have a number of
surface stations that describe the spatial variations in the wind field. However, these observations are not
representative of conditions above the surface, especially within the nighttime stable boundary layer.
Instrumentation deployed on towers obtains information within ~200 meters above the ground, but
relatively few towers are equipped with meteorological instrumentation. Vertical profiles of winds,
temperature, and humidity are usually obtained from rawinsondes launched twice a day at 00 and 12
coordinated universal time (UTC) from ~85 sites across the country. The frequency of these
measurements cannot describe temporal variations in the meteorological conditions near the surface.
Only a fraction of the rawinsonde sites is located adjacent to large urban areas, and meteorological
measurements above many large urban areas are not available. A network of 35 radar wind profilers
provides wind profiles at hourly intervals up to several kilometers above the ground. Most of the
profilers have been deployed in rural areas of the central United States to obtain information needed to
improve model forecasts of severe weather. Radar wind profilers are relatively expensive and therefore
have not been deployed in most urban areas. Nor are data from radar wind profilers typically used by
ADMs for real-time operations.

ADMs employ two approaches to fill gaps in the available meteorological information. The first
approach is to simply interpolate spatially and temporally between available observations using mass-
conservation. The second approach is to supplement the available measurements using gridded output
from a forecast model. Both approaches have advantages and disadvantages. One disadvantage of the
first approach is that interpolation of meteorological data does not accurately represent the state of the
atmosphere, especially for strong wind shears and rapidly changing meteorological conditions.

Additional meteorological instrumentation can be deployed to fill in the gaps so that interpolation
provides a reasonable approximation of the true atmospheric conditions; however, deploying large
amounts of instrumentation is costly. An advantage of the second approach is that governing equations of
the atmosphere can produce realistic wind shears and rapidly changing conditions; however, these models
contain uncertainties in the predicted conditions that can be large at times.
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1.2 NEXRAD Measurements

One potentially rich, yet untapped, source of meteorological data for routine use in ADMs is from the
Next Generation Weather Radar (NEXRAD) systems with 141 nearly identical WSR-88D Doppler radar
units installed throughout the United States as shown in Figure 1.1 (Crum and Alberty 1993; Brown and
Lewis 2005; Crum et al. 1998). The WSR-88D Doppler radar employs an S-band transmitter that
produces output at wavelengths from 10 to 11 cm, with pulse repetition frequencies from 318 to 452 Hz.
The pulse duration is 1.57 us, corresponding to a range resolution of ~250 m. The 3dB beam-width of the
main lobe is ~0.95° (Crum and Alberty 1993). Range-resolved estimates of radial velocity, the flow
towards or away from the radar, are computed by spectral processing of a heterodyne signal that is
obtained by mixing the atmospheric return with a reference signal of known frequency.

The Doppler radars are operated in either a clear-air mode or a precipitation mode. The clear-air
mode is the normal mode of operation and is used when there is no significant precipitation in the area.
When the radar detects significant precipitation, it automatically switches to the precipitation mode. The
major difference between these two modes of operation is in the scan strategies.

Figure 1.1. Locations of the NEXRAD Radar Systems in the Continental United States (dots) and the
Distance from the NEXRAD Sites (~80 km) Where the Lowest Elevation Scan is less than
1 km AGL (open circles). Color shading denotes carbon monoxide emission rates
(red = high, purple = low) that are proportional to human activities, where red indicates large
cities.
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The clear-air mode has the slowest antenna rotation rate, which permits the radar to sample a given
volume of the atmosphere longer, resulting in improved sensitivity. In this mode, the radar performs a
sequence of 360-degree azimuth scans at five elevation angles ranging from 0.5 to 4.5 degrees. In the
precipitation mode, the radar performs a sequence of 360-degree azimuth scans at nine elevation angles
ranging from 0.5 to 19.5 degrees. In clear-air mode, each volume coverage pattern (VCP) takes
10 minutes to complete, whereas in precipitation mode each VCP takes 6 minutes to complete (Brown
et al. 2000). Some radar sites use clear-air mode even if there is light snow in the area. The added
sensitivity of this mode allows the detection of snow showers since snow generally reflects much less
energy than other forms of precipitation.

NEXRAD data from the clear-air mode of operation is desired for deriving winds for ADMs (because
of its better sensitivity); otherwise, winds would be produced only when and where precipitation
occurred. The range of the radar depends on the size, number-density, and physical properties of
scattering material in the atmosphere and varies in time and among NEXRAD sites. For example, the
range is usually shorter during winter than during summer because of the lack of insects and reduced
particulate loading. Another consideration for ADMs is the sampling altitude. The NEXRAD elevation
scans obtain near-surface information close to the radar site, but data are located at increasingly higher
altitudes at farther distances. For example, the 0.5-degree-elevation angle scan becomes ~1 km above
ground level (AGL) at ~80 km from the NEXRAD site. As shown in Figure 1.1, the horizontal extent of
data from the NEXRAD radars within 1 km AGL encompasses most large urban areas, assuming the
presence of sufficient scatterers in the atmosphere. Even though ADM applications often focus on
dispersion within a few hundred meters of the surface, wind data at these altitudes are needed because
winds aloft influence near-surface meteorological conditions.

If the true two-dimensional wind components (east/west and north/south components) can be derived
from the measured radial velocities, then an unprecedented amount of data would be available to drive
ADMs and more accurately predict the transport of atmospheric contaminants.

1.3 Objectives

The primary objective of this study is to determine the feasibility of whether routinely collected data
from the NEXRAD weather radar system can appropriately be used in ADMs for emergency response.
We have therefore evaluated the accuracy and computational efficiency of two variational mathematical
techniques that derive the two-dimensional wind components from NEXRAD radial velocity fields. After
reviewing the scientific literature, we chose to evaluate the variational techniques developed by the
National Center for Atmospheric Research (NCAR) and the National Oceanic and Atmospheric
Administration’s (NOAA’s) National Severe Storms Laboratory (NSSL). The accuracy of the variational
techniques is quantified by comparing the derived wind components with independent, standard
meteorological measurements. The effect of the additional information available on transport and
dispersion is examined by performing a series of sensitivity simulations with a widely used ADM.
Computational speed is also quantified because winds derived from NEXRAD data need to be available
in near-real time for emergency-response applications. A preliminary plan that recommends how to
implement the software so that wind fields derived from NEXRAD data can be used routinely to drive
ADMS for applications throughout the United States has been developed.

After describing our overall objectives in Section 2, a review of the details and previous applications
of the two variational techniques is presented in Section 3. The results of our evaluation of the
NEXRAD-derived wind fields are presented in Section 4, and the effects of the NEXRAD-derived wind
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fields on dispersion are shown in Section 5. Section 6 presents the computational requirements of both
techniques in relation to their proposed real-time operation. The availability of NEXRAD data at select
locations is quantified in Section 7. Section 8 discusses the overall advantages and disadvantages of both
techniques that form the basis of our recommendation of which system should be implemented
operationally. A path forward that describes how NEXRAD-derived wind fields should be developed for
operational use is proposed in Section 9. Finally, Section 10 presents the overall conclusions of this
study.
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2.0 Project Plan
This study consisted of three major tasks that are described in the following sub-sections.

2.1 Applicability of NEXRAD Data to ADMs

The focus of this task was to evaluate the applicability and advantages of using wind fields derived
from NEXRAD data in ADMs used for emergency response. The specific steps required to complete this
task include:

1) identifying what type of software is available that processes NEXRAD data and obtains products
suitable for ADMs

2) assessing the accuracy and robustness of the derivations of the three-dimensional wind fields derived
from radars

3) determining the compatibility of the spatial and temporal resolution of the NEXRAD data with the
spatial and temporal resolutions of ADMs

4) assessing the efforts of implementing NEXRAD products routinely in ADMs versus the benefits of
improved performance of ADMs in using NEXRAD data.

The most promising capabilities were employed for this task with collaboration of scientists at NCAR and
NSSL. The results for Steps 2 to 4 are described in Sections 3 to 6.

Our overall strategy was to compare the NCAR and NSSL variational techniques using similar
domains and the same NEXRAD location so that the derived wind fields could be directly compared with
one another and with independent measurements. To our knowledge, no such study like this has been
performed.

2.2 Evaluation of Data-Center Concepts

The focus of this task was to evaluate the current status and availability of NEXRAD data products
being routinely available in a form for use in emergency-response ADMs. Several organizations within
the United States currently process NEXRAD data and make the data available in various forms
accessible on the Internet or other data feeds. The most promising approach and/or organization for
potentially providing NEXRAD products to emergency-response ADMs will be identified in this task as
described in Sections 7 and 8.

2.3 Feasibility of a NEXRAD ADM Data Center

The focus of this task was to determine the feasibility and procedure for bringing the promising
NEXRAD ADM data center concepts identified in Section 2.2 to a fully operational data feed of
appropriate NEXRAD products to ADM emergency-response centers and users. A path forward for
implementing an ADM data center is described in Section 9. The path forward of implementing and
operating a nationwide data center will include estimating the required computational cost, data storage,
communication speed, and man-power.
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3.0 NEXRAD Wind-Retrieval Techniques

We evaluate two entirely different methods for retrieving three-dimensional fields of horizontal winds
from NEXRAD radar radial-velocity observations. The first method, developed at NCAR, uses a
physical algorithm based on four-dimensional variational data assimilation. The second method,
developed at NSSL, uses a statistical technique based on an analytic formulation of the background error
covariance. Additional details are described in Appendices A and B.

3.1 NCAR’s Approach

The Variational Doppler Radar Analysis System (VDRAS) was developed at NCAR and is used in
this study to retrieve wind fields from NEXRAD data. VDRAS uses four-dimensional variational data
assimilation to retrieve three-dimensional time-varying wind and temperature fields from a sequence of
radar volume scans. At a minimum, the system requires radial velocity data from a single Doppler radar
as well as temperature soundings. The system can also be configured to assimilate radar reflectivity,
surface mesonet data, and data from multiple Doppler radars. The basic concept behind the VDRAS
wind-retrieval scheme is to fit the output of a prognostic model to spatially and temporally resolved
observations. The model’s boundary conditions are prescribed so that the initial conditions uniquely
determine the model solution. Thus, the fit is performed by variational adjustment of the model’s initial
state. The initial conditions are iteratively adjusted to optimize the agreement between the model solution
and the available observations within the computational domain over a given assimilation cycle. The
duration of the assimilation cycle typically includes two or three complete radar volume scans.

An early prototype of VDRAS was developed and demonstrated by Sun et al. (1991) using simulated
single-Doppler radar data. The technique was later applied to a dry-gust front case using Doppler radar
data (Sun and Crook 1994), and then adapted to study the structure and dynamics of convective storms
(Sun and Crook 1997; Sun and Crook 1998). More recently, various versions of VDRAS have been run
operationally and in real time for demonstration projects, including the 2000 summer Olympics in
Sydney, Australia (Sun and Crook 2001; Crook and Sun 2004), a 2-year period for the Weather Forecast
Office in Sterling, Virginia (Crook and Sun 2004), and the 2004 Pentagon Shield experiment (Warner
2006).

For this study, an operational version of VDRAS is used so that the prognostic model (i.e., the
forward model) simulates dry, shallow incompressible flow. Although a moist version exists (Sun and
Crook 1997), it is computationally too expensive to run in real-time (Crook and Sun 2004). The
coordinate system in VDRAS does not include variations in terrain. Therefore, model physics and
parameterization schemes in the operational version of VDRAS are simpler than those implemented in
most mesoscale models. These simplifications are essential to reduce the complexity of the adjoint code
and the resulting computational expense of the cost-function-minimization algorithm.

3.2 NSSL’s Approach

The wind-field retrieval method implemented by NSSL in this study (Xu et al. 2007) is based on the
statistical interpolation technique (Daley 1991) and can be regarded as an extension of the traditional
Velocity Azimuth Display (VAD) technique (Browning and Wexler 1968). This technique, referred to
here as the 2-D Variational (2DVar) algorithm, uses radial velocity data from a conical radar scan to
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apply an optimal correction to a predefined background field using assumed analytic forms for the error
covariance of the background field. The background field, in this case, is determined from a VAD
analysis of the conical scan data.

The 2DVar algorithm represents years of research at NSSL in developing fast and efficient radar
wind-retrieval methods. Examples of past research include the simple adjoint method (Qiu and Xu 1992;
Xu et al. 1995; Xu et al. 2001a; Xu et al. 2001b). The simple adjoint method retrieves the unobserved
cross-beam winds by tracking, using a system involving the time integration of a two-dimensional
advection equation and its adjoint. However, Xu et al. (2007) points out that this method tends to be
severely impacted by the data voids in the analysis domain, and the computational cost is high (but not as
high as 4DVar).

The 2DVar method is appealing from an operational point of view because of its relative simplicity,
its capability to retrieve velocities on a single conical scan surface, its capability to handle data voids, and
its data requirements. For example, it only needs the radial velocity data from the radar. The 2DVar
algorithm executes much faster than real-time because of its simplicity.

Because the 2DVar technique developed by NSSL is relatively new, it has not been “road tested” to
the extent that VDRAS has. As with VDRAS, the algorithm’s capability to handle processes influenced
by complex terrain has not been developed. Currently, the method assumes that the canonical form of the
background error covariance tensor function is homogeneous and isotropic in the horizontal following a
constant height above the sea level or a flat ground surface. In the presence of complex terrain, the
assumed horizontal homogeneity and isotropy may need modification to follow a constant (or
s-coordinate) height above the terrain (instead of the sea level). The effectiveness of this modification
needs to be tested in future development. Another concern is with the sensitivity of the retrieved wind
fields to changes in the prescribed de-correlation length parameters, although these parameters should and
can be estimated in principle from radar innovation data (Xu et al. 2007).
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4.0 Evaluation of NEXRAD Wind Retrievals

4.1 JU2003 Case Study

The NEXRAD wind retrievals from 2DVar and VDRAS were evaluated using radar wind-profiler
data obtained during the 2003 Joint-Urban (JU2003) field campaign in the vicinity of Oklahoma City
(Allwine et al. 2004). This period was chosen because of the special meteorological instruments that
were deployed (surface meteorological stations, sodars, radar wind profilers, radiosondes, and lidars) to
support a series of SF tracer experiments in the downtown area of Oklahoma City. The closest
NEXRAD to Oklahoma City is KTLX, located ~20 km to the southeast at 35.333° latitude and —97.277°
longitude.

Our evaluation employs data from July 3 to 14, 2003, from the four radar wind profilers shown in
Figure 4.1 and listed in Table 4.1. Pacific Northwest National Laboratory (PNNL), Argonne National
Laboratory (ANL), and the University of Oklahoma (OU) deployed three of the profilers. The ANL
profiler was located about 6 km north of downtown Oklahoma City, and the PNNL profiler was located
just south of downtown. The OU profiler was located in Norman, Oklahoma, in the vicinity of the
National Weather Service (NWS) rawinsonde about 25 km south of downtown Oklahoma City. An
existing radar wind profiler operated by NOAA was located about 50 km south of Oklahoma City. The
PNNL, ANL, and OU profilers measured 30-min average wind speed and direction profiles up to ~4 km
AGL, and the NOAA profiler measured hourly average wind-speed and direction profiles up to ~10 km
AGL. Figure 4.1 also shows the location of surface meteorological stations that obtain routine data in the
region. The locations of the other special instrumentation deployed during JU2003 are not shown since
they are not used in this study.

The 2DVar and VDRAS techniques were set up to compute wind retrievals over an area centered
over KTLX that encompasses Oklahoma City and the surrounding region using a grid spacing of ~2 km.
The extent of the model domains and locations where winds were obtained is shown in Figure 4.1 along
with the meteorological instrumentation sites. The spatial extent of the domains differs slightly because
of the projections. The 2DVar technique has 80 x 80 points over a 160- x 160-km domain, and VDRAS
has 75 x 75 points over a 150- x 150-km domain.
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Figure 4.1. Wind-Retrieval Locations (light blue crosses) from (a) 2DVar and (b) VDRAS Along with
the Locations of Surface Meteorological Stations (red squares), Rawinsonde (green dot),
Radar Wind Profilers (blue dots), and the KTLX NEXRAD (black dot). Gray shading
denotes topography, white shading denotes urban areas, and the modeling domain of the
CALifornia METeorological model/CALifornia PUFF model (CALMET/CALPUFF) is
denoted by the large black square.

Table 4.1. Characteristics of Radar Profilers Used in this Study, Where zn, and zn.x are the Minimum
and Maximum Range Gate Heights, Az is the Distance Between Range Gates, and D is the

Distance Between the Profiler Sites in Kilometers

Profiler

Type Zmin (M) | Zmax (M) Az Danc Denni Dou Dnoaa
ANL 915 MHz 137 2392 55 - 6.7 30.9 59.59
PNNL 915 MHz 302 2777 55 6.7 - 24.6 53.3
ou 915 MHz 124 2213 55 30.9 24.6 - 29.7
NOAA 404 MHz 500 16000 250 59.9 53.3 29.7 -

4.2 Configuration and Execution of 2DVar for JU2003 Case Study

Three steps were performed for each volume of the KTLX radar scans. For Step 1, the NSSL-
National Center for Environmental Prediction (NCEP) quality control (QC) package (Gong et al. 2003;
Liu et al. 2003, 2005; Zhang et al. 2005) was applied to the entire volume of level-Il raw data. For Step
2, the VAD wind produced from the three-step dealiasing algorithm (Gong et al. 2003) in the QC package
was taken as the background field to derive the radial-wind-innovation field (observation minus
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background) at radar observation points. The innovation field was then thinned to the super-innovation
field by using the superobbing (averaging the observations) algorithm. Finally, the 2DVar vector wind-
retrieval algorithm (Xu et al. 2007) was applied to the super-innovation field to obtain the incremental
vector winds on each conical surface of the volume scan as part of Step 3. Steps 1 to 3 were completed
for one volume in about 1 or 2 minutes, so the central processing unit (CPU) time was about 4 times as
fast as the real-time data flow.

For Steps 2 and 3, the retrievals were tested with different superobbing resolutions (2, 3, 6, and
12 km). The retrievals were found to be nearly the same as long as the superobbing resolution of <6 km,
S0 6 km was used. Step 3 in 2DVar differs from that of Xu et al. (2007) by including the vertical
correlation in the background error covariance. The upgraded 2DVar is thus applicable to all the
elevation angles (rather than limited to very low elevation angles as the previous 2DVar). The vertical
correlation was modeled by the Gaussian function with the de-correlation depth setto Lz = 3 km. The
horizontal correlation was the same as Equations (2.4) and (2.5) of Xu et al. (2007). In particular, the
horizontal de-correlation length was set to Ly = 30 km for both the rotational and divergent parts, and the

background error variance was equally partitioned between the rotational and divergent parts (that is,
a=0and b =1 in Equations [2.4] and [2.5] of Xu et al. [2007]). The background error variance was
estimated “real-time” for each tilt by the spatially averaged variance of the super-innovation fields. The
observation-error standard deviation was set to oop =2 m s™.

4.3 Configuration and Execution of VDRAS for JU2003 Case Study

As shown in Figure 4.1, a 2-km horizontal grid spacing was employed over a 150- x 150-km domain.
Fourteen vertical levels, listed in Table 4.2, were used up to 5.06 km. The height of the first level was at
187.5 m, and a grid spacing of 375 m was used for subsequent vertical levels. A time step of 15 s was
employed.

Two QC procedures were performed on the KTLX radar scans obtained from the National Climatic
Data Center (NCDC) archive: one was velocity dealiasing performed during the data ingest, and the other
was a generalized quality check to eliminate remaining noisy and spatially inconsistent data before they
were used in the data assimilation. The generalized quality check was performed using a software
package imbedded in VDRAS and was based on the local standard deviation computed at each grid point
using data from 25 sounding points and a threshold value of 8 m s, Another step in the generalized QC
was to clean any remaining clutter-contaminated data that have a small velocity value. A threshold value
of 0.5 m s™ was used to remove data associated with clutter contamination.

The radar data were interpolated from the two-dimensional polar sampling to the two-dimensional
Cartesian grid along the conic surface before the data were assimilated by VDRAS. Another step in radar
data pre-processing was the extraction of super-observations from the finer-resolution data to match the
model resolution. Data filtering was performed before the extraction to remove high-frequency features
that cannot be represented by a coarser grid, using a local-least-square fitting method.
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Table 4.2. Constant Elevation Levels Employed by VDRAS

Level Height (km AGL)
1 0.1875
2 0.5625
3 0.9375
4 1.3125
5 1.6875
6 2.0625
7 2.4575
8 2.8125
9 3.1875

10 3.5625
11 3.9375
12 4.3125
13 4.6875
14 5.0625

Background wind and potential temperature profiles are necessary to run VDRAS. For each analysis
cycle, a VAD wind profile from the KTLX was computed by an algorithm in VDRAS and used as the
background first-guess wind field. Since the VAD wind profile can only provide winds below ~3 km, the
upper level winds were set to a constant value available from the highest level of the VAD wind profile.

The background potential-temperature profile cannot be obtained directly from the radar data, so an
alternative is required. Historically, a climatological sounding appropriate for the month has been
employed. A nearby rawinsonde could be used to provide the sounding. However, rawinsondes available
only twice a day may not represent the environmental conditions at the radar-analysis times. An
alternative is to use a forecast model sounding, such as those produced by the Real Time Four
Dimensional Data Assimilation (RTFDDA) system that been run in real time at NCAR for a number of
years to provide short-term forecasts for U.S. Army range operations. Since RTFDDA produced hourly
output, VDRAS has been set up to look back for 1 hour to find the sounding closest to the analysis time.

Two experiments were performed to evaluate the performance of VDRAS, including 1) the
assimilation of radar data only and 2) the assimilation of radar data with the addition of standard synoptic
information. For Experiment 1, the VAD wind profile from the radar provided the first guess of winds,
and the climatological potential temperature sounding was used for the first guess of temperatures. For
Experiment 2), the synoptic information included surface-station observations (Oklahoma mesonet, NWS
stations) and hourly upper-air soundings. The background potential temperature was based on potential
temperature soundings from RTFDDA for Experiment 2 when available; otherwise, climatology was used
for 12 to 15 UTC July 2, 8 UTC July 3, 16 to 23 UTC July 4, and 00 to 09 UTC July 5. The time
resolution of radar data (~5 minutes) was much higher than those of conventional data (~a few hours). As
a result, all types of observations are not available at all times. The synoptic data were used to provide
background and first-guess fields for each cycle of the radar data assimilation.

The time window for each analysis cycle was 12 minutes in which two or three volumes of radar data
from KTLX were used. Each radar volume was assumed to be instantaneous at a single time step to
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reduce the computational time. All analysis cycles used the cold-start option so that the previous forecast
was not used as a first guess.

4.4 Available Wind Retrievals

An example of the spatial varying winds from the two types of retrievals at ~1330 UTC July 12,
2003, is shown in Figure 4.2. The 2DVar method computes winds directly on the radar elevation scans
(Figure 4.2a); therefore, vertical wind profiles at five levels extend up to 0.5 km AGL at ~10 km from the
NEXRAD site. The radar beams continue to diverge with distance from the radar so that the five levels
are spaced out between the surface and 5 km AGL at ~60 km from the NEXRAD site.

The exact elevation angles changed slightly during July 2003 so that there were two modes of
operation for the KTLX radar as listed in Table 4.3. In contrast, VDRAS employs a constant elevation
vertical coordinate for the wind retrievals (Figure 4.2b) with 14 levels up to ~5-km AGL.

The winds produced by 2DVar (Figure 4.2c,d) and VDRAS (Figure 4.2e,f) are different because of
their vertical coordinate. Higher wind speeds are often produced by 2DVar farther away from the
NEXRAD site since the beam is sampling air at a higher altitude, and wind speeds aloft are usually higher
than at the ground. Therefore, the 2.5° elevation surface (Figure 4.2d) has higher wind speeds closer to
the NEXRAD site than does the 0.5° elevation surface (Figure 4.2c). In contrast, the winds on the
VDRAS levels show less spatial variability along the constant elevation surfaces. As expected, winds
from VDRAS near the surface (Figure 4.2e) are lower in general than those aloft (Figure 4.2f). A closer
inspection of the wind fields indicates that both retrieval techniques produced westerly winds over
Oklahoma City at this time. The accuracy of these wind fields is quantified later as described in Sections
4.5 and 4.6.

Figure 4.3 shows the periods of wind retrievals obtained from 2DVar and VDRAS. There were
periods of missing data, but this was a small percentage of the total time. The lack of radar scans
produces the gaps in the wind retrievals during the 2-week period. Even though both 2DVar and VDRAS
employ the same radar data, the data gaps are somewhat different, presumably because of the different
guality-assurance techniques that each model employs. For 2DVar, winds are only obtained for those
grid points with valid data. The fraction of valid data points in Figure 4.3a reflects that the range of good
data from the radar varies in time and is a function of the meteorological conditions and amount of
scatterers in the atmosphere. During this 2-week period, the fraction of data availability on the 2DVar
grid ranged from 0.35 to 0.85. Since VDRAS employs 4DVar, it fills in information for all the grid
points when pieces of the radar scans are missing. Therefore, the fraction of valid points for VDRAS is
always 1.0 (Figure 4.3b).
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(a) 2DVAR vertical coordinate 5.5° (b) VDRAS vertical coordinate
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Figure 4.2. East-West Vertical Cross Section Through the KTLX NEXRAD Site Depicting (a) 2DVar
Elevation-Angle and (b) VDRAS Constant-Elevation Surfaces; Example Wind Retrievals at
~1330 UTC July 12, 2003 from 2DVar along the (c) 0.5° and (d) 2.5° Elevation Scans; and
Example Wind Retrievals from VDRAS along the (e) 188 m and (f) 2062 m AGL Surfaces.
Gray shading denotes urban areas, and dashed lines denote distances of 25 km from the
KTLX NEXRAD site (large dot). Every other wind vector and node is shown in (a) to (f).
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Table 4.3. KTLX Elevation Angles for Precipitation and Clear Modes During
July 2003. The five lowest elevation angles were employed by 2DVar.

KTLX PPI Scan Elevation Angles (degrees)
MOde 91 91 94 94 95 95 97 eg 99
Precipitation | 0.5 1.45 2.4 3.35 4.3 6.0 9.9 14.6 195
Clear Air 0.5 15 2.5 35 4.5 - - - -
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Figure 4.3. Fraction of Valid Winds from the (a) 2DVar Wind Retrievals and (b) VDRAS Wind
Retrievals for a 2-Week Period in July During the JU2003 Field Campaign

4.5 Evaluation of Wind Retrievals at Radar Wind-Profiler Sites

The 2DVar and VDRAS wind retrievals were evaluated using measurements obtained from the four
radar wind profilers in the vicinity of Oklahoma City (Figure 4.1). The range gate closest to the wind-
retrieval levels was chosen for the comparisons, rather than vertically interpolating either the wind
retrievals to the profiler range gates or the profiler winds to the wind-retrieval levels. Tables C.1 and C.2
in Appendix C list the range gates closest to each wind-retrieval level for 2DVar and VDRAS,
respectively. For the PNNL, ANL, and OU profilers, the largest difference in the altitude of the wind-
profiler range gates and retrieval levels was 34 m. The difference at the NOAA profiler was as large as
146 and 97 m for 2DVar and VDRAS, respectively, since the range gate spacing for that profiler was
larger. It is important to note that both the radar wind profiler and the radar sample volumes of air, so that
the height differences shown in Tables C.1 and C.2 should not significantly affect the conclusions
regarding the differences between the radar wind profiler and NEXRAD wind retrievals.

While qualitative comparisons were made for all corresponding pairs of radar wind-profiler and wind-
retrieval data, we present only a select set of comparisons. Figure 4.4 shows an example comparison of
the wind retrievals near the surface at the ANL radar wind-profiler measurements. The 2DVar 0.5° level
over the ANL site was closest to the 357-m range gate (Figure 4.4a), and the lowest VDRAS level was
closest to the 192-m range gate (Figure 4.4b). The radar wind-profiler measurements show a diurnal
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variation in wind speed and direction, primarily from the development of a low-level jet nearly every
night. Both wind-retrieval techniques reproduce this feature, although the retrieval nighttime wind speeds
were frequently higher than observed. The daytime values were usually closer to the profiler
measurements, perhaps because of the stronger backscattering during the day. At times, the radar wind-
profiler measurements exhibited strong variations in wind direction when the wind speeds were the
lowest. Neither wind-retrieval technique reproduced this feature.

(a) (b)

Observed Wind Speed at 357-m AGL Range Gate (blue) and 2DVar Wind Retrieval (red) Observed Wind Speed at 192-m AGL Range Gate and VDRAS Wind Retrieval
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Figure 4.4. Time Series of ANL Radar Wind-Profiler Wind Speed and Direction (blue dots) Compared
to Values from (a) 2DVar (red dots) at the 357-m Range Gate and (b) VDRAS (red dots) at
the 192-m Range Gate. Dots denote 30-min averages, and vertical gray lines denote the
range of wind-retrieval values within a 30-min averaging period. Gray shading denotes
night.

Another example comparison at a higher altitude is shown in Figure 4.5. The 2DVar 2.0° level over
the ANL site was closest to the 1897-m range gate (Figure 4.5a), and the fifth VDRAS level was closest
to the 1677-m range gate (Figure 4.5b). At this altitude, which is above the nighttime low-level jets, the
radar wind-profiler measurements indicate much smaller diurnal variations in speed and direction. Both
retrieval techniques reproduce the temporal variation in wind speed and direction over the 2-week period.
In contrast to the comparison closer to the surface (Figure 4.4), the retrievals do not overestimate the
nighttime wind speeds. The VDRAS wind speeds were usually somewhat lower than the radar wind-
profiler measurements, and both retrievals differed from the profiler wind directions more frequently than
closer to the ground.

Since VDRAS was run with two types of input data (radar, radar + standard observations), a time
series of both retrievals at the 577-m and 1677-m range gates are shown in Figure 4.6. The retrieval that
includes the additional information from operational surface stations and rawinsondes produced wind
speeds at the 577-m range gate that were lower than both the other retrievals based on radar data only and
the radar wind-profiler measurements. At the 1677-m range gate, both retrievals produced similar wind
speeds. The wind directions for both retrievals were nearly identical at all altitudes. These results
suggest that the weighting in VDRAS for the surface meteorological observations likely extends too far
aloft.

4.8



(@) (b)

Observed Wind Speed at 1897-m AGL Range Gate (blue) and 2DVar Wind Retrieval (red) Observed Wind Speed at 1677-m AGL Range Gate and VDRAS Wind Retrieval
20 A P M L A S AN A A S O AT S S i T
254 254 F
% 204 % 204 § 3
£ £ ! 8. &
< 159 5 159 A& % Axen . ’:‘i . 3
@ o N .
2 104 2 104 5‘. .?T"vr‘.# K :r'*,' s, F
& 3 4 . e p Lo
iy | i e
5 5 ‘3\ 4 g . R % ’ !f % 3
¥ v . ioe 5
0 ¥ e e
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Observed Wind Direction at 1897-m AGL Range Gate (blue) and 2DVar Wind Retrieval (red) Observed Wind Direction at 1677-m AGL Range Gate and VDRAS Wind Retrieval
.............................
360 LRI 5 0
A y t
= 2704 y i Hﬁ il ~
= . =
g b TUAY g
5 180 I s
o o
2 L
S g0 I 5
0
.............................
3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
July (UTC) July (UTC)

Figure 4.5. Time Series of ANL Radar Wind-Profiler Wind Speed and Direction (blue dots) Compared
to Values from (a) 2DVar (red dots) at the 1897-m Range Gate and (b) VDRAS (red dots) at
the 1677-m Range Gate. Dots denote 30-min averages, and vertical gray lines denote the
range of wind-retrieval values within a 30-min averaging period. Gray shading denotes

(a) Observed Wind Speed at 577-m AGL Range Gate (blue) and VDRAS wind retrievals (b) Observed Wind Speed at 1677-m AGL Range Gate (blue) and VDRAS wind retrievals
..........................................................
30 30
254 F 254
ﬁ"; ﬁ"; 20 ..
]
3 - . 5
£ s 15 (3 1& . .
B °
3 8 x@‘ A i #ﬁq Y "j :
8 8 ing . 4 . 3
2 % 104 ‘..-6?{’ '.-“y\'f i'-):“ G U ik o
o8 s 4 2
TS A
sii 2% bl 3 ® id ‘{
b 4 i .. I
L B LA e o e o M MLAEAS B ae as ne a S s
3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18
(c) Observed Wind Directiond at 577-m AGL Range Gate (blue) and VDRAS wind retrievals (d) Observed Wind Directiond at 1677-m AGL Range Gate (blue) and VDRAS wind retrievals
P A A T S A N S S S A S S M A IO S I S A R I B A P R T T S T S S R S S D A AV S S S S S U MV S S S I S
360 H 360 0 *
. $ 5 e .
o LY b S . .
< . p b £ . .
270 02 b 270 /4 3 f‘ i ot
i ' s 1 Y PN Rk A
. . L . . : - | 2
E rpd O B e RG]
§ 180 3 B : °F § 1807 A o & 1 $ . &
< ¢ ¥ < : n AN 22 9N
e | ; ' I A 2
90 4 F 90 4 ]
. . § . {
: o 3
o+t e '+t
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
July (UTC) July (UTC)
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Statistics that quantify the performance of the wind retrievals are listed in Tables C.3 and C.4 in
Appendix C for 2DVar and VDRAS, respectively. The average values, bias, root-mean-square error
(RMSE), index of agreement (1A), and correlation coefficient (R) were computed as defined in
Appendix C. The number of available retrievals to compare with the radar wind-profiler measurements
decreased with height for two reasons. First, radar wind-profiler data are relatively complete near the
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surface but not at the upper range gates. Second, the range of the wind retrievals from 2DVar varies in
time (Figure 4.3a) so that valid data may not extend to the profiler sites at times. Nevertheless, a
sufficient number of comparisons are available aloft to evaluate the performance of the wind retrievals at
altitudes aloft.

As shown in Table C.3, the wind-speed bias for 2DVar at the ANL, PNNL, and OU sites ranged from
-3.810 2.7 ms™, and the RMSE ranged from 2.4 to 4.7 m s™. While the bias at the NOAA profiler was
only 0.7 m s™* near the surface, a bias of ~5 m s and an RMSE of ~8 m s™ was produced above 2800-m
AGL. These altitudes were higher than available from the other radar wind profilers. The wind-direction
bias at all profiler sites ranged from -16 to 7 degrees, and the RMS ranged from 18 to 67 degrees. The IA
and R for both speed and direction that was often greater than 0.8 suggests that the wind retrieval
produced temporal variations that were similar to the radar wind-profiler measurements. In general, IA
and R were lower at the higher altitudes, so that the wind retrieval had more skill near the surface than
aloft. The statistics at the OU profiler (closest to KTLX) were generally good at all altitudes since the
radar elevation angles passed over this site within ~1700 m of the ground. As shown in Table C.4, the
wind-speed bias for VDRAS at all profilers ranged from -0.1 to 3.2 ms™*, and the RMSE ranged from 2.2
to 5.2 ms™. The wind direction bias ranged from -26 to 18 degrees, and the RMS ranged from 15 to
69 degrees. As with 2DVar, the 1A and R for both wind speed and direction was often greater than 0.8,
and the values near the surface were greater than those at higher altitudes.

To directly compare the statistics of 2DVar and VDRAS on the same scale, the biases in the wind
speed and direction are shown in Figure 4.7 for each radar wind profiler. At the OU profiler, the wind
speed and direction bias from 2DVar was closer to zero than from VDRAS. At the PNNL and ANL sites,
both retrievals usually overestimated the wind speeds near the surface and underestimated the wind
speeds from 0.5 to 2 km AGL. Further aloft, both retrievals had higher wind speeds than the profiler
measurements. At the NOAA site, the bias from VDRAS was closer to zero than from 2DVar at all
altitudes. While both retrievals produced wind speeds larger than the profiler measurements above
2.5 km AGL, the bias from 2DVar was much larger than from VDRAS. Both retrievals produced a larger
range in the bias for speed and direction at higher altitudes, indicating a larger uncertainty in wind speeds
and directions aloft.

Figure 4.8 compares the bias as a function of altitude for the two retrieval types from VDRAS. The
bias for wind direction is similar at all altitudes for all profilers. However, the magnitude of the bias in
wind speed for the retrieval that included operational data was greater than the retrieval that included only
the radar data within about 1.5 km of the ground.

The correlation coefficient for wind speeds and direction as a function of altitude shown in Figure 4.9
indicate that both the retrieval techniques produce winds that are similar to the radar wind-profiler data
close to the surface and not as correlated aloft. Wind speed from VDRAS has a value of R greater than
0.7 up to an altitudes ranging from 2.4 to 2.8 km. Wind speed from 2DVar decreases with altitude faster
than from VDRAS so that R became less than 0.7 at altitudes ranging from 1.0 to 1.4 km. The correlation
of wind direction from 2DVar and VDRAS was similar at the OU, PNNL, and ANL sites, but the wind
directions obtained from VDRAS at the NOAA site were closer to the radar-profiler measurements. As
with the bias shown in Figure 4.6, the correlation coefficients from VDRAS that included standard
observation data were poorer than those from the retrieval that was based only on the radar data within
1.5 km of the ground with the largest decrease in performance at the PNNL and ANL sites located in
Oklahoma City.
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Figure 4.7. Mean (dots) and Standard Deviation (lines) of the Bias Obtained from the 2DVar
(red) and VDRAS (blue) Wind Retrievals Using Only the NEXRAD Data

The differences in the performance of the two retrieval techniques can be attributed to the different
approaches employed by 2DVar and VDRAS. In general, the performance of VDRAS was better aloft
because it is based on a three-dimensional mesoscale model. The first guess of the meteorological fields
is based on a VAD wind profile and a potential temperature profile predicted by another operational
model. This permits the dynamic and thermodynamic fields to adjust realistically. The first guess in
2DVar is based solely on the VAD wind profile. Despite the differences in the level of complexity in the
variational techniques between 2DVar and VDRAS, both retrievals produced similar results within 1 to
2 km of the surface. While one model may have performed better than another at a specific place or time,
one model did not out-perform the other in terms of statistical measures.
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4.6 Evaluation of Spatial Variations in the Wind Retrievals

In addition to evaluating the performance of the wind retrievals in reproducing the wind speed and
directions at the radar wind-profiler sites, we also quantified how well the wind retrievals reproduced the
spatial variations in the winds between the different radar wind-profiler sites. As listed in Table 4.1, the
ANL and PNNL profilers are the closest to one another and are separated by ~7 km, and the ANL and
NOAA profilers are the farthest from one another and are separated by ~60 km.

The spatial variation evaluation was computed at three altitudes: 550, 900, and 1400 m. First, the
radar wind-profiler data were interpolated to the three altitudes and to the time of the retrieved wind field.
Then, the retrieved wind profile, nearest to the radar wind profilers (Table 4.4), was interpolated to the
three altitudes. In this way, the radar wind-profiler measurements and the wind retrievals were referenced
to the same times and the same vertical levels. The vertical levels were selected based on constraints
imposed by both the vertical extent of the radar wind-profiler measurements (Table 4.1) and the wind
retrievals (Table 4.5).
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Figure 4.9. Correlation Coefficient of the Wind Speed and Direction Obtained from the 2DVar (red) and
VDRAS (blue) Wind Retrievals. The dashed line indicates results from VDRAS using both
NEXRAD and operational data.

Figure 4.10 shows an example of the difference in the u- and v-components of the wind at the 550-m
level between the PNNL and NOAA sites. In general, the differences in the wind components from the
radar wind profilers were within 3 m s™. The differences from 2DVar and VDRAS usually do not follow
the temporal variations in the wind-profiler differences when the wind-profiler differences are less than
3ms™. There were a few instances in which the radar wind profilers indicated strong horizontal
variations in the winds (e.g., July 10, 12, 13). On July 10, a front moved through the region that produced
differences between the PNNL and NOAA sites as large as 10 m s™. The wind retrievals from 2DVar and
VDRAS both produced larger spatial variations in the winds, although the magnitude and evolution in
time was not exactly the same as the radar wind-profiler measurements. In general, the peak differences
in the wind components were larger than observed, especially after July 10. The 2DVar method produced
larger peak spatial variations in both the u- and v-components than VDRAS.

The correlation coefficients between velocity differences in profiler observations and the
corresponding velocity differences in the retrieved wind fields is listed in Table C.5 in Appendix C. The
results of the velocity-difference correlation analysis depend upon the distance between the various
profiler sites. Generally, the correlations improve slightly with larger separations, i.e., between PNNL
and NOAA or between ANL and NOAA. By contrast, the distance between the PNNL and ANL profilers
is relatively small (~7 km). Velocity differences between these two sites were very noisy and, thus,
velocity differences are poorly correlated. One would expect the velocity differences between the sites to
be small (especially aloft) because of their proximity.
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Table 4.4. Distances Between Radar Profilers and the Nearest Horizontal
Grid Point from the VDRAS and 2DVar Retrievals

Distance to Nearest Horizontal Grid Point (km)
Profiler VDRAS 2DVar
ANL 0.68 0.32
ou 0.20 1.27
PNNL 0.44 131
NOAA 0.58 1.03

Table 4.5. 2DVar Vertical Levels at Grid Points Nearest Each Profiler.
Mode 2 levels are given in parentheses.

2DVar vertical levels (m AGL)

Profiler Z1 Z Z3 Z Zs
ANL 311.9 831.8 | 1300.1(1352.2) | 1821.3(1873.5) | 2291.3 (2395.9)
PNNL 267.9 723.9 | 1134.6(1180.3) | 1591.7 (1637.5) | 2003.9 (2095.7)

ou 185.8 515.7 | 812.9 (846.0) 1143.6 (1176.7) | 1441.9 (1508.2)

NOAA 521.6 | 1319.9 | 2039.1 (2119.1) | 2839.5(2919.6) | 3561.4 (3722.1)
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PNNL and NOAA Radar Wind Profiler Sites for the (a) 2DVar and (b) VDRAS Wind Retrievals
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5.0 Effects on Dispersion

It is clear from the previous section that the winds obtained from 2DVar and VDRAS wind retrievals
differ from radar wind-profiler measurements and from each other at times. If these wind retrievals are
ingested into ADMs, simulated dispersion patterns will differ to some extent. Dispersion will be affected
not only by different wind speeds and directions, but also the amount and distribution of data that are
produced by the retrievals in the vertical. To determine the impact of the wind retrievals on dispersion,
we employed the CALMET/CALPUFF modeling system to examine the sensitivity of the simulated
transport and mixing of a passive scalar in the vicinity of Oklahoma City when the 2DVar and VDRAS
wind retrievals are used as input.

5.1 CALMET and CALPUFF Configuration

CALMET/CALPUFF was chosen because it is an ADM that is widely used in the air-quality
community, and the ingestion of meteorological data and its treatment of dispersion are similar to other
emergency-response models (e.g., HPAC). CALMET (Scire et al. 1997) is a meteorological model that
generates hourly or sub-hourly wind and temperature fields on a three-dimensional grid from standard,
routinely available meteorological observations. CALMET includes a diagnostic wind-field generator
with objective analysis and parameterized treatment of slope flows, kinematic terrain effects, terrain-
blocking effects, a divergence minimization procedure, and a micro-meteorological model for boundary
layers over land and water surfaces. The diagnostic wind-field model within CALMET contains options
that allow wind fields produced from prognostic models to be used as first-guess fields. CALPUFF (Scire
et al. 2000) is a non-steady-state Lagrangian Gaussian puff model that uses meteorological fields
generated by CALMET to transport puffs of material. CALPUFF contains modules for complex terrain
effects, transport over water, coastal-interaction effects, building downwash, wet and dry removal, and
simple chemical transformation.

The domain for the CALMET/CALPUFF computations is shown in Figure 4.1 along with the
locations of the observations in the vicinity of Oklahoma City. The domain is 110 km wide and
encompasses Oklahoma City and the four radar wind-profiler sites. A 2-km horizontal grid spacing was
used so that the spatial resolution was similar to the NEXRAD wind retrievals. However, NEXRAD
retrievals from every other grid point from the 2DVar and VDRAS domains were employed to reduce the
overall computational time required by CALMET as described in Appendix D. Additional details on how
the wind retrievals were incorporated into CALMET are also discussed in Appendix D.

A series of 12-h simulations were performed for each day from July 3 to 17, which started at 03 local
standard time (LST) and ended at 15 LST. CALMET wind fields were created for six cases:

1) StdObs: standard observations (surface station and rawinsonde)

2) StdObs + profiler: standard observations and radar wind-profiler measurements
3) StdObs + 2DVar: standard observations and 2DVar wind retrievals

4) StdObs + VDRAS: standard observations and VDRAS wind retrievals

5) StdObs + profiler + 2DVar:  standard observations, radar wind-profiler measurements, and 2DVar
wind retrievals

6) StdObs + profiler + VDRAS: standard observations, radar wind-profiler measurements, and VDRAS
wind retrievals.
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Case 1) represents the three-dimensional wind fields that would be produced using operational data
that are normally available at most urban areas in the United States. Case 2) represents a situation in
which an urban area happens to have additional meteorological information aloft, such as those produced
by a radar wind profiler. For both Cases 1) and 2), spatial variability in the wind fields is produced by
interpolation between the measurement sites and adjustments to satisfy conservation of mass. Cases 3
and 4 were made to demonstrate how the contribution of the wind retrievals to the overall wind field
could affect the prediction of near-surface dispersion when they are compared to Cases 1 and 2. Cases 5
and 6 include all of the data and were made to determine whether the large amount of data produced by
the wind retrievals overwhelms the influence of the radar wind-profiler data in the diagnostic model
predictions.

5.2 Evaluation of CALMET Winds

Before examining the effect of the six cases on the predicted dispersion, it is useful to quantify the
difference between the observed winds and the winds derived from CALMET. As with any diagnostic
model, adjustment and interpolation techniques will result in wind fields that are similar to, but not
exactly the same as, the input data. Figure 5.1 shows an example of the CALMET wind fields for the six
cases compared to the ANL wind profiler data on July 5. For this comparison, the profiler winds have
been interpolated to the CALMET vertical levels.

For Case 1 (Figure 5.1a), the simulated winds from CALMET were qualitatively similar to the radar
wind profiler on this day because the observed winds did not change significantly during this period.
Therefore, the temporal interpolation of the twice-daily rawinsonde wind profiles was a reasonable
approximation of the observed variation. However, the temporal interpolation did not contain a sufficient
amount of information to properly represent the evolution of the low-level jet. The simulated wind
speeds for the low-level jet during the early morning before 06 LST were lower than observed, and the
wind direction aloft differed by as much as 50 degrees.

For Case 2 (Figure 5.1b), the CALMET winds closely follow the profiler winds as expected since
those winds were employed by CALMET. This indicates that the interpolation and mass adjustment
within CALMET results in a wind field that does not deviate significantly from the observed winds at this
location. For Cases 3 and 4 that employ the wind retrievals (Figure 5.1c,d), the wind speeds and
directions were close to the radar wind-profiler measurements within 2 km AGL and are similar to
Case 2. This suggests that the wind retrievals provided information comparable to the radar wind profiler.
Yet, the wind speeds and directions above 2 km AGL were often very different from the profiler. Cases 5
and 6 (Figure 5.1e,f) produced winds that were very similar to Cases 3 and 4, and the incorporation of
radar wind-profiler data did not reduce the large differences between the observed and simulated winds
above 2 km AGL. The similarity between Cases 5 and 6 with Cases 3 and 4 occurred because CALMET
weights all of the input data equally, and there were far more wind-retrieval profiles near the radar wind-
profiler site.

A second example, shown in Figure 5.2, compares the winds from the six cases and the ANL wind-
profiler measurements on July 10 when the observed winds were stronger and a front moved through the
region so that the westerly winds during the morning shifted to northeasterly by the afternoon. In contrast
to Figure 5.1a, the CALMET and observed winds aloft were very different for Case 1 (Figure 5.2b)
because the temporal interpolation did not work well for the rapidly changing meteorological conditions
associated with the front. The simulated winds were in better agreement with the profiler data close to the
surface since CALMET employed the hourly surface observations. As expected, a reasonable agreement
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between the observed and simulated winds was produced for Case 2 (Figure 5.2b). The CALMET fields
that employed the wind retrievals for Cases 3 and 4 (Figure 5.2c,d) were better than those from Case 1,
but relatively large errors in both speed and direction still occurred at the time of the frontal passage. On
this day, VDRAS produced better winds above 2 km AGL than 2DVar. Cases 5 and 6 (Figure 5.2e.f)
were again nearly identical to those produced by Cases 3 and 4, respectively.
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Figure 5.1. Observed (blue) and Simulated (red) Wind Profiles over the ANL Site on July 5, 2003, from
Six CALMET Simulations that Employed the Following Meteorological Fields: (a) Standard
Observations, (b) Standard Observations and Radar Wind Profilers, (¢) Standard
Observations and 2DVar Retrievals, (d) Standard Observations and VDRAS Retrievals,

(e) Standard Observations, 2DVar Retrievals, and Radar Wind Profilers, and (f) Standard
Observations, VDRAS Retrievals, and Radar Wind Profilers
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Figure 5.2. Same as Figure 5.1, Except for July 10, 2003

The third example of the CALMET wind fields is shown in Figure 5.3 for July 12 when a stationary
front was located north of Oklahoma City. The behavior of the six CALMET wind fields was similar to
the July 10 period shown in Figure 5.2. While the observed upper-air directions remained westerly
throughout the period, the wind speeds decreased so that the temporal interpolation between the twice-
daily rawinsonde profiles did not work well. The cases that employed the NEXRAD wind retrievals were
better than Case 1, but not as good as Case 2.

Table C.6 lists statistics that summarize the performance of the CALMET wind fields for the six
cases and the 11 simulation periods when compared with the PNNL and ANL radar wind-profiler data.
As with the graphical depictions shown in Figure 5.1b, Figure 5.2b, and Figure 5.3b, Case 2, which
employs the radar wind-profiler data, has the best performance, as expected. The index of agreement and
correlation coefficient was usually close to 1, and biases and root-mean-square errors were usually less
than a few tenths of a meter per second within 2 km of the ground. For Case 1, which employed only the
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standard observations, the bias, RMSE, 1A, and R range from -1.5t0 0.99, 1.38 to 3.91, 0.76 to 0.91, and
0.66 to 0.88, respectively. The statistics for Cases 3 to 6 that include the NEXRAD wind retrievals were
better than from Case 1. The differences in the statistics between Cases 3 and 5 and between Cases 4 and
6 were small, but the statistics for Cases 5 and 6, which included the radar wind profiler data, were
slightly better. This indicates that the inclusion of the radar wind-profiler data does affect the CALMET
fields despite the large volume of NEXRAD wind retrievals. These differences are usually too small to
detect graphically.
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Figure 5.3. Same as Figure 5.1, Except for July 12, 2003
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Because of the different vertical coordinates employed by 2DVar and VDRAS, it is difficult to
directly compare the horizontally-varying wind fields as was shown previously in Figure 4.2. We have
used CALMET to examine the qualitative differences in the spatial wind fields, and examples are shown
in Figure 5.4 and Figure 5.5. The wind fields from 2DVar and VDRAS were usually similar, except that
wind fields derived from 2DVar exhibited more spatial variations over the 110-km-wide CALMET
domain than did wind fields derived from VDRAS.
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Figure 5.4. Wind Fields from Two CALMET Simulations at Two Altitudes on 04 LST (10 UTC) July 5,
2003. Color of arrow denotes wind speed where purple = <3, blue = 3-4, light blue = 4-5,
green = 5-6, light green = 6-7, orange = 7-8, red = 8-9, pink = 9-10, and black >10 m s™.

An example of when the wind fields derived from 2DVar varied more spatially than VDRAS is
shown in Figure 5.4 at 04 LST (10 UTC) on July 5. Both models produced higher wind speeds at 450 m
AGL (Figure 5.4a,b) than aloft at 2600 m AGL (Figure 5.4c,d) as a result of the nocturnal low-level jet.
Wind speeds over the domain at 450 m AGL ranged from 3 to 10 m s™ from 2DVar and 7 to 10 m s for
VDRAS. The locations of the peak wind speeds were different as well; however, the wind speed and
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direction at the profiler sites were quite similar. The wind fields further aloft at 2600 m AGL were
qualitatively similar, except that the wind speeds derived from VDRAS were 1 to 2 m s™ higher than from
2DVar.
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Figure 5.5. Same as Figure 5.4, except at 10 LST (16 UTC) July 5, 2003

Figure 5.5 shows the winds 6 h later at 10 LST (16 UTC) on July 5. At this time, the winds at 450-m
AGL (Figure 5.5a,b) between 2DVar and VDRAS were quite similar. In contrast with Figure 5.4, spatial
variations from 2DVar were only ~1 m s™ greater than from the VDRAS at this time. The shift from
large to small spatial wind-speed variations between 04 and 10 LST was also evident at the ANL profiler
for the time series shown in Figure 4.10. The quasi-symmetrical perturbation pattern in the wind speed
and direction at 2600 m AGL (Figure 5.5¢) is an example of an artifact produced by 2DVar that was
usually produced only at high altitudes. This artifact also explains the larger errors in the wind speeds
and directions when compared with the radar wind-profiler data above 2 km AGL (e.g., Table C.3,
Figure 4.7). The 2DVar wind field at this time was unrealistic because there were no sudden shifts in the
ambient synoptic conditions, and one would expect horizontally homogenous winds aloft like the wind
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field produced from VDRAS (Figure 5.5d). A rapid decrease in the available data occurred between 04
and 10 LST, July 5, as shown in Figure 4.3; therefore, the variational approach in 2DVar may produce
unrealistic results when relatively few NEXRAD radial-velocity data points are available.

5.3 CALPUFF Sensitivity Simulations

CALPUFF simulations were performed that employed the six CALMET wind-field cases. A constant
release rate (10 g s™) of material between 03 and 15 LST was made close to the QU profiler site
(Figure 4.1) from a stack. The release height, exit velocity, and temperature were 40-m AGL, 5 m s*, and
355 K, respectively. This release site was chosen because the southerly to southwesterly winds usually
observed during the 2-week period would transport the plume through a large fraction of the modeling
domain. In this way, the impact of differences in the simulated wind field would accumulate over time.

We compute a time-integrated concentration, or exposure, defined as the time integral of the
concentration at a point on the surface, to demonstrate the differences in dispersion among the cases.
Figure 5.6 shows the 12-h accumulated concentration of the predicted plumes on July 5 for the six cases.
The plume for Case 1 was transported to the northeast during the 12-h period.

When the radar wind-profiler data were included in CALMET, the plume was transported further to
the east, and the footprint’s bifurcation indicates a wind shift during the period that transported material
towards the north for a short period of time. The northward transport occurred between 1130 and 1230
when winds from Case 1 were southwesterly (Figure 5.1a), and the observed winds and winds from
Case 2 were southerly (Figure 5.1b). The wind retrievals in CALMET resulted in bifurcations in the
footprints for Cases 3 and 4 (Figure 5.6¢,d) that were qualitatively similar to the footprint from Case 2.
The shapes of the downwind plume from 2DVar and VDRAS differ somewhat, but the results suggest
that the choice of wind retrieval would not significantly affect the predicted dispersion. The plume
footprint from Cases 5 and 6 (Figure 5.6e,f) were similar to Cases 3 and 4 since the wind fields in
CALMET were also very similar.

The dispersion of the downwind plume during the frontal passage on July 10 is shown in Figure 5.7. The
footprint of the plume from Case 1 (Figure 5.7a) shows that the variable winds transported the tracer over
a wide region towards the east and south during the 12-h period. Before 09 LST, the simulated winds
were southwesterly so that the plume was transported towards the northeast. As the front moved through
the region, new material as well as previously released material over the northeastern portion of the
domain were transported to the south and southwest. The footprint from Case 2 (Figure 5.7b) was
remarkably similar to Case 1, even though there were large differences in the wind fields as shown in
Figure 5.2a,b. The results suggest that transport was governed more by the winds within a few hundred
meters of the surface than the winds aloft. After a frontal passage, the air would likely be more stable and
would result in less coupling with the wind aloft. The simulated winds from 09 to 15 LST from Case 2
better represented the northeasterly near-surface winds and transported more material further to the
southwest than from Case 1. Cases 3 and 4 produced footprints (Figure 5.7c,d) that were qualitatively
similar to both Case 1 and 2; however, the 2DVar wind fields in Case 3 produced some transport to the
north that was not seen in Cases 1, 2, and 4. The plume footprint from Cases 5 and 6 (Figure 5.7¢,f) were
similar to Cases 3 and 4 for the same reason as on July 5.
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Figure 5.6. 12-h Integrated Concentration on July 5, 2003, from Six CALPUFF Simulations with the
Following Meteorology: (a) Standard Observations, (b) Standard Observations + Profiler,
(c) Standard Observations + 2DVar Retrievals, (d) Standard Observations + VDRAS
Retrievals, (e) Standard Observations + 2DVar Retrievals + Profiler, and (f) Standard
Observations + VDRAS Retrievals + Profiler

Figure 5.8 shows the footprint of the downwind plume predicted on July 12 for the six cases. The
stronger and near-constant wind directions in the CALMET fields using the standard observations in
Case 1 (Figure 5.8a) produced a downwind plume that was straight and narrow. The footprint produced
by Case 2 (Figure 5.8b) was wider as a result of transport to the east from 7 to 12 LST (Figure 5.3b).
While Cases 3 and 4 also produced downwind transport towards the northeast (Figure 5.8c,d), both cases
had more meandering of the plume and a distinct bifurcation in the plume with the smaller branch
transported to the east. On this day, the plume footprint using the NEXRAD wind retrievals was
significantly different than Case 2, which employed the radar wind-profiler data. Cases 3 and 4 were
more similar to one another than to Case 2. As with the previous two periods, the plume footprint from
Cases 5 and 6 (Figure 5.8¢e,f) were similar to Cases 3 and 4.
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Figure 5.7. Same as Figure 5.6, Except for July 10, 2003

We have also quantified the differences in the dispersion predictions by computing the plume
centerline direction and plume width among the various cases. Figure 5.9 shows examples of these
guantities as a function of downwind distance for July 5, 10, and 12. For July 5 (Figure 5.9a), the plume
centerline direction for Cases 3 and 4 included the wind retrievals that were very similar to each other,
and Case 2 included the radar wind-profiler data. Cases 2, 3, and 4 differ from Case 1, which included
only the standard observations, by as much as 10 degrees. The differences in the plume width among the
cases were small and became as large as 2 km at 50 km downwind of the release site (Figure 5.9b). For
July 10 during the frontal passage (Figure 5.9c), the plume centerline from Cases 3 and 4 with the wind
retrievals was located further to the south than Cases 1 and 2, especially near the release site. In contrast
to July 5, the plume width on July 10 was much larger (Figure 5.9d), and larger differences in the plume
width among the cases were produced. Differences in the plume width between Cases 1 and 4 were as
much as 8 km at 22 km downwind of the release site. The centerline of the plume predicted by Cases 3
and 4 were again further south of Cases 1 and 2 on July 12 (Figure 5.9¢). On this day, the plume width
from Case 1 was narrow and only 3 km wide and 50 km downwind of the release site. However, the
plume widths from the other cases were much larger.
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Figure 5.8. Same as Figure 5.6, Except for July 12, 2003

680 700

For all of the CALPUFF simulations, the plume widths from Case 1 were narrower than those from
Case 2, which included radar wind profiler data in addition to the standard observations. The inclusion of
hourly wind profiles introduced more temporal variability into the CALMET wind fields that spread out
the plume. The plume widths were even wider for Cases 3 and 4, demonstrating that the additional spatial
variations in the winds derived from the NEXRAD data resulted in increased dispersion downwind of the
release site that was not produced by inclusion of the radar wind-profiler data alone in CALMET.

The way in which the NEXRAD retrievals increase the downwind dispersion of a plume is

reasonable, but would need a tracer experiment to adequately quantify the improvement in the
representation of dispersion. The SFg tracer experiment conducted during JU2003 made measurements
only up to 5 km downwind of the downtown release site. The spatial extent of this experiment was not

large enough to examine how the spatial variations in the NEXRAD wind retrievals would affect
dispersion.
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Figure 5.9. Direction of the Plume Produced by CALMET/CALPUFF Simulations Using Either
Standard Observations (blue), Standard Observations + Profiler (light blue), Standard
Observations + 2DVar Wind Retrievals (red), and Standard Observations + VDRAS Wind
Retrievals (dashed red) for (a) July 5, (c) July 10, and (e) July 12. Plume widths for July 5,
10, and 12 are shown in (b), (d), and (f), respectively.
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5.4 Comparison of CALPUFF and SCIPUFF

CALMET and CALPUFF are U.S. Environmental Protection Agency (EPA)-approved models that
have been used for a wide range of regulations and research related to atmospheric dispersion. To assess
whether the conclusions regarding the effect of the NEXRAD wind retrievals on the overall dispersion
presented in Section 5.3 were specific to CALPUFF, we also performed a series of simulations using the
Second-order Closure Integrated PUFF (SCIPUFF) model (Sykes et al. 1993, 2004). The SCIPUFF
model performs the dispersion predictions as part of the Defense Threat Reduction Agency’s (DTRA’S)
Hazard Prediction and Assessment Capability (HPAC) used by the U.S. Department of Defense (DTRA
2001; Warner et al. 2004; Chang et al. 2003, 2005). CALMET and SCIPUFF are also being used to
represent dispersion for the Biological Warning and Incident Characterization (BWIC) system currently
being developed by DHS.

We used the same meteorological fields on July 5, 10, and 12 to drive both CALPUFF and SCIPUFF
to assess differences in the simulated concentration fields that result from differences in the treatment of
transport and diffusion. This was achieved by converting the CALMET files into a format that could be
used by SCIPUFF (Rishel et al. 2007). It was also necessary to modify the source-term parameters from
those used previously because of differences in the way the source terms are handled between the two
models. For this comparison, material was released at the surface with the exit velocity and buoyancy set
to zero; therefore, the exposure produced by CALPUFF is somewhat different than in Figure 5.6 to
Figure 5.8. Simulations were performed for Case 1 (standard observations), Case 3 (standard
observations with 2DVar wind retrievals), and Case 4 (standard observations with VDRAS wind
retrievals) as described in Section 5.1.

The resulting exposures from SCIPUFF and CALPUFF for Case 3, which used the 2DVar wind
retrievals, are shown in Figure 5.10. The direction of the downwind plume predicted by SCIPUFF and
CALPUFF was similar because of the identical mean wind fields; however, the footprint of the plumes
differed somewhat. The SCIPUFF results exhibited a bit more fine-scale spatial variability, especially for
the cases that employed the NEXRAD wind retrievals. Table C.7 quantifies the differences in the
predicted surface exposures produced by CALPUFF and SCIPUFF. The maximum exposures predicted
by CALPUFF were higher in nearly every simulation. In most cases, the CALPUFF exposure values
were 2 to 4 times larger than those predicted by SCIPUFF. This is consistent with Figure 5.10, which
showed that regions of maximum exposure tended to be more concentrated in the CALPUFF plume.

A similar comparison of the resulting exposures from SCIPUFF and CALPUFF for Case 4, which
used the VDRAS wind retrievals, is shown in Figure 5.11. As with the CALPUFF predictions shown
previously in Figure 5.6 to Figure 5.8, the SCIPUFF predictions between Cases 3 and 4 were more similar
to each other than to the SCIPUFF prediction from Case 1 (not shown). Therefore, most of the
differences between the exposure patterns between CALPUFF and SCIPUFF resulted from the different
treatments of diffusion.
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Figure 5.10. Comparison of CALPUFF and SCIPUFF Exposures for (a) July 5, (b) July 10,
and (c) July 12 Using StdObs + 2DVar CALMET Wind Fields

5.5 Effect of Temporal Resolution of Meteorology

To be consistent with most operational dispersion model simulations, CALMET wind fields were
produced at hourly intervals, and wind retrievals were averaged over each 1-hour period for the six cases
listed in Section 5.1. CALPUFF subsequently linearly interpolated the wind fields in time to the time step
employed by the dispersion calculations. As will be discussed in Section 6, the NEXRAD wind retrievals
can be computed in near real-time; therefore, it is possible to obtain wind retrievals at a rate of
approximately once every 10 minutes. Dispersion models should be configured to take advantage of this
higher temporal resolution.

To examine the effects of the time-varying NEXRAD wind retrievals on the simulated dispersion
patterns, the CALPUFF simulations were repeated for July 5, 10, and 12, which were based on CALMET
wind fields at 15-min intervals. Either a single wind retrieval was used or two wind retrievals were
averaged over the 15-min period. The resulting CALPUFF simulations were compared to those produced
by hourly averaged wind fields.
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Figure 5.11. Comparison of CALPUFF and SCIPUFF Exposures for (a) July 5, (b) July 10,
and (c) July 12 Using StdObs + VDRAS CALMET Wind Fields

The spatial distribution and magnitude of the predicted surface concentrations and exposure that
employed the 15-min wind fields were very similar to the 1-h wind fields. Table C.8 summarizes the
differences in the predicted exposure resulting from wind fields at 15-min or 1-h intervals. The difference
in the maximum exposure was less than ~6%. The similar dispersion patterns are consistent with
Figure 4.4 and Figure 4.5, which show gradual changes in wind speed and direction from both 2DVar and
VDRAS wind retrievals. The number of periods with rapidly changing winds over sub-hourly intervals
was relatively few. This indicates that the sub-hourly variations in winds had a small effect on the overall
downwind dispersion for the present cases. However, there are likely to be meteorological conditions in
which sub-hourly wind fields would significantly improve the transport and mixing of atmospheric
contaminants. The current time period in Oklahoma was too short to fully evaluate the utility of sub-
hourly wind fields in dispersion calculations.

5.6 Dispersion Discussion

The ambient daytime winds observed during JU2003 were rather simple, except on a few days.
Therefore, interpolation of standard meteorological conditions in space and in time may be adequate for
emergency-response dispersion calculations. At night, the formation of a low-level jet results in strong
vertical wind shears that cannot be adequately represented by standard observations. If atmospheric
contaminants are lofted into this jet, they could be transported large distances in a relatively short period
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of time. Measurements from either radar wind profilers or the NEXRAD wind retrievals are needed to
obtain this information.

The simple meteorological conditions during the daytime resulted in dispersion patterns that were
similar for wind fields based on the standard observations and those that included the NEXRAD wind
retrievals. However, there were still subtle differences in the surface concentration magnitude and the
plume footprint that would affect decisions regarding the actions taken by emergency responders. To get
a better picture on how the NEXRAD wind retrievals would affect ADM predictions, additional tests are
needed over a wider range of meteorological conditions. During periods with large spatial and time
variations of the winds, such as those observed in regions of complex terrain and during rapidly
propagating synoptic systems, the effect of including the NEXRAD wind retrievals on dispersion could
be much larger than demonstrated in this study.
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6.0 Computational Time

An important consideration in determining whether NEXRAD wind retrievals should be computed
routinely for emergency-response applications is the computational time needed to obtain the wind
retrievals from the raw NEXRAD radial velocities. The information needs to be generated in near-real
time for use in ADMs.

Computational requirements for the JU2003 simulations were recorded by NSSL and NCAR
investigators, based on their respective computers. NSSL reported that 2DVar required 1 to 2 minutes to
obtain one wind retrieval so that the total computational time was about 4 times as fast as the real-time
data flow. NCAR reported that VDRAS required ~5 minutes to obtain one wind retrieval so that the total
computational time was slightly faster than the real-time data flow. Differences in computer hardware
and software would affect how those numbers should be compared. Therefore, PNNL obtained 2DVar
and VDRAS so that the codes could be run using the same hardware and software.

The 2DVar and VDRAS codes were ported to a Redhat Linux cluster at PNNL that consisted of
2.4 GHz dual P4 processors with Myrinet interconnect and 3 Gb of memory per node. The 2DVar
method was compiled with version 6.0 of the Portland compiler (pgf90), and VDRAS was compiled using
Version 9.0 of the Intel compiler (ifort). We encountered problems when VDRAS was compiled with
pgf90; but we expect differences in computer time not to be affected significantly by the different
compilers. NEXRAD radial velocities from the KTLX radar for a 1-hour period between 23 UTC July 4
and 00 UTC July 5 were selected to compare the computational times. Table 6.1 shows the wall-clock
times, the total time required to run the codes.

On average, a single wind retrieval from 2DVar was completed in a little over 2 minutes while a
single wind retrieval from VDRAS was completed a little over 5 minutes. The variation in computational
time for both systems did not vary significantly among the wind retrievals during this time period. The
difference in computational times is a direct result of the different variational approaches employed by the
systems as described in Section 3. The combination of 2DVar’s simpler approach and computing wind
retrievals only along the elevation scans results in less computer time than VDRAS.
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Table 6.1. Computational Time Required to Execute 2DVAR and VDRAS for the
JU2003 Configuration for a One Hour Period Staring at 2300 UTC July 4

KTLX Scan Time

Wall-Clock Time for

KTLX Scan Time

Wall-Clock Time for

(hours, minutes, 2DVar (hours, minutes, VDRAS
seconds) (seconds) seconds) (seconds)
230254 128.67 2302 48® -
230841 127.78 2308 35 299.98
231429 131.82 231423 310.48
232016 125.11 232010 298.96
232603 122.76 232558 308.57
233151 121.45 233145 299.49
233739 120.39 233733 310.83
2343 46 119.03 234320 299.62
234913 118.23 234908 310.06
235501 116.72 235455 299.30
Average 123.20 Average 304.14

(&) Times not computed since 2 to 3 volumes needed to obtain retrieval.
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7.0 NEXRAD Data Availability

An important consideration for using NEXRAD wind retrievals for ADMs is availability of the data.
As described in Section 1.2, the range of the radar depends on the size, number-density, and physical
properties of scattering material in the atmosphere. Therefore, the amount of radial-velocity data varies in
time and among NEXRAD sites. We computed radial-velocity data availability at five WSR-88D radars
near large metropolitan areas (that also represent different geophysical areas), including KSOX near Los
Angeles, KMTX near Salt Lake City, KTLX near Oklahoma City, KBOX near Boston, and KLWX near
Washington DC. Measurements from each of these radars over a 1-week period during each season
(Table 7.1) have been sampled to check temporal variability of the data.

NSSL’s QC package was applied to filter out the bad Doppler velocity measurements that include
migrating bird contamination, aliasing problems, noisy data, etc. Then, the coverage (valid data/total
possible observation) is estimated at the lowest five elevation angles for each volume scan. The number
of possible observations is 331,200 (360 beams x 920 range gates) along each elevation angle. Each
range gate extends ~250 m so that the maximum distance from the radar is ~230 km. Therefore a 30%
coverage implies valid data that extend as far as ~70 km from the radar. In most cases, the lowest five
elevation angles are 0.5°%, 1.5° 2.5° 3.5° and 4.5° and depend on different volume-coverage patterns.
Sometimes the elevation angles were 0.5° 1.5° 2.4°, 3.4°, and 4.3° or 0.5°, 0.9°, 1.3° 1.8° and 2.4°.

Table 7.1. Sampling Period of NEXRAD Data to Compute Available Coverage from Five Radars

Winter Spring Summer Fall
Location 2006 2005 2006 2006
KBOX Boston Jan. 1-7 May 20-26 Aug. 20-26 Oct. 20-26
41°57°,-71°8’
KLWX Washington DC Jan. 1-7 May 20-26 Aug. 20-26 Oct. 20-26
38°58’, -77° 28’
KMTX Salt Lake City Jan. 1-7 May 20-26 Aug. 20-26 Oct. 20-26
41°15°,-112° 26’
KTLX Oklahoma City Jan. 1-7 May 20-26 Aug. 20-26 Oct. 20-26
35°19’, -97° 16’
KSOX Los Angeles Jan. 1-7 May 20-26 Aug. 20-26 Oct. 20-26
33°49°, -117° 38’

Table 7.2 lists two types of data availability defined as Asime and Agpace. Atime IS the percentage of
volume scans that contain valid radial velocities passing QC checks, and Agpc. is the percentage of the
total possible 331,200 points along the lowest elevation angle with valid radial velocities. In general, the
temporal availability of valid observations (Asme) averaged over the 1-week-long sampling periods was
relatively high in spring, summer, and fall, but relatively low in winter. The KTLX radar (Oklahoma
City) had the highest value of Agme 0f 73.9%, representing 1325 of the 1792 volume scans containing
valid radial velocities that passed the QC check during the summer sampling period. Agpace ranged from
11.2 to 36.3%. The KSOX radar (Los Angeles) had the lowest values of Asime and Agpace among the five
radars, except during the winter period.
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Table 7.2. Availability of NEXRAD Data Expressed as Percentage of the Volume Scans Containing
Valid Radial Velocities that Pass QC Checks During each Sampling Period (Asime) and
Average Percentage of the Lowest Elevation Scan Containing Valid Radial Velocities During
each Sampling Period (Aspace)

Winter Spring Summer Fall

Agpace Lowest Lowest Lowest

Lowest Elevation Elevation Elevation

Atime Elevation | Volume Angle Volume Angle Volume Angle

Volume | Angle | Coverage | Coverage | Coverage | Coverage | Coverage | Coverage

(%) (%) (%) (%) (%) (%) (%) (%)

KBOX 39.3 40.3 61.8 27.9 36.3 24.8 23.5 33.6
KLWX 21.0 30.0 50.0 35.1 36.5 17.7 15.9 36.3
KMTX 37.3 32.9 51.9 20.4 67.0 20.5 27.2 21.3
KTLX 5.9 11.2 56.7 26.4 73.9 33.3 36.4 29.6
KSOX 26.1 19.8 55.2 16.2 23.3 14.7 10.5 15.0

The spatial data availability for each elevation angle among the five radars is shown in Figure 7.1 to
Figure 7.3 to illustrate their variations during the day. In these figures, the average, maximum, and
minimum values for all the scans during each hour are shown. The KBOX radar (Boston) has the highest
availability among the five sites, with hourly-averaged values from 5 to 25% for most hours. On some
days, the availability was as high as 60%. All stations had zero availability for at least one scan during
each hour during the 1-week sampling period. In general, the availability was highest at the lowest
elevation angle and lowest at the highest elevation angle. The data from the lowest elevation angle is
most useful for emergency response.

Lack of targets for the radar in clear-air is the main reason for lower availability in winter because
insects are less active during the cold periods (Zhang et al. 2006). Observations at night during the spring
and fall are more likely to be contaminated by bird migrations that produce strong echoes in the Doppler
velocity coverage; therefore, the radial velocities for these cases cannot be used to retrieve air motion.

For example, bird contamination is the reason for the low availability during the night at KTLX during
spring and fall (Figure 7.2). The highest data coverage usually occurred in the presence of stratiform rain.
This is one reason that KBOX had the highest available data.
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8.0 Recommendations

In this section, we describe the rationale for the operational implementation of NEXRAD wind
retrievals for use by ADMs, which is based on the advantages and disadvantages of the two available
variational models. Our recommendation is based on the accuracy of the wind retrievals, computational
requirements, and capabilities of each system. We also examine the costs of deploying additional
instrumentation in urban areas to obtain spatial and temporal coverage of data that would be similar to the
NEXRAD wind retrievals.

8.1 Quantitative Considerations

The most important question for evaluating 2DVAR and VDRAS is whether the wind retrievals
provide data that are accurate enough to be used by ADMs. The Office of the Federal Coordinator for
Meteorology defines standards for the accuracies of various operational meteorological measurements
based on realistic instrument-performance expectations. The standards for the accuracy of wind-speed
measurements are +1.5 m s™* for radiosondes (FCM-H3-1997 1997), and +0.5 m s™ for surface stations
(FCM-H1-2005 2005). The accuracy of wind speeds measured by radar wind profilers is difficult to pin
down because the profiler essentially measures a spatial average at a given height, and estimates of the
accuracy vary widely, depending on the type of radar wind profiler and atmospheric conditions.
Nevertheless, it is reasonable to assume an accuracy of about 1 m s™ for wind-speed measurements from a
radar profiler (FCM-R14-1998 1998). The accuracy of the wind-profiler measurements, including their
height dependence, must be taken into account in the evaluation of the 2DVar and VDRAS wind
retrievals presented in Sections 4.5 and 4.6.

With this consideration, it is evident from Figure 4.4 and Figure 4.5 that the wind speeds from both
2DVar and VDRAS were often within a few meters per second of the radar wind-profiler data. Both
systems reproduced the observed diurnal and multi-day trends in the wind speeds and direction. The
periods in which large differences were produced (> 5 m s™) were usually relatively short. Within a few
hundred meters of the surface, both algorithms had the tendency to over-estimate the wind speeds
associated with the nocturnal low-level jet. Farther aloft from 1 to 2 km AGL, either the 2DVar or
VDRAS wind retrieval would be closer to the profiler data. The statistical performance of both systems,
listed in Tables C.3 and C.4, were similar as well. Statistically, 2DVar performed better at certain
locations and altitudes, while VDRAS performed better at other locations and altitudes. Thus, neither
system out-performed the other. The statistical measures suggest that the wind retrievals are less accurate
than conventional instrumentation.

The results of the CALPUFF simulations indicated that the wind fields based on wind retrievals from
2DVar and VDRAS and the radar wind profiler data produced similar dispersion patterns. This suggests
that the operational NEXRAD data could provide valuable information for a location that does not have
any radar wind-profiler data or other routine wind-profile measurements aloft, even if it did contain
somewhat larger uncertainties than other remote-sensing instruments.

For emergency-response applications, the uncertainties in the wind retrievals need to be weighed
against having no other wind information aloft. Clearly, in most situations, the wind retrievals would
provide better information aloft than simply interpolating standard rawinsonde information in time.
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8.2 Operational Considerations

As with any modeling system, the computational requirements of 2DVar and VDRAS depend on how
they are configured. For this study, both systems were run with a 2-km grid spacing and approximately
the same number of horizontal grid points. The 2DVar technique executed significantly faster than
VDRAS for two reasons. First, the variational approach employed in 2DVAR is simpler than VDRAS.
Second, VDRAS computations were performed on 14 vertical levels while 2DVar computations were
performed along the five NEXRAD elevation scan angles.

For the grid configuration used in this study, both models could be run to produce output in near-real
time using a single computer with a dual-processor. The number of grid points could be increased by a
factor of three, and 2DVar could still be run in real-time. However, increasing the number of grid points
would not be possible for VDRAS without also employing additional computational resources. The
problem is compounded by the fact that VDRAS uses a prognostic model. Thus, a reduction in the grid
spacing may also require a decrease in the time step to maintain numerical stability. This is not an issue
with 2DVar.

The number of grid points employed in this study may be more than needed for regional dispersion
applications. As described in Appendix D, we found that the CALMET and CALPUFF results were not
significantly affected by decreasing the horizontal grid resolution of the NEXRAD wind retrievals. Thus,
2DVar could be executed even faster without having a significant negative impact on the dispersion
predictions. It may also be possible to reduce the execution time of VDRAS by degrading the grid
resolution; however, this could increase the influence of the boundary conditions in the interior of the
domain (Chai et al. 2004). This is not an issue with 2DVar. In situations where the meteorology is more
variable, such as for cities located along the coast or in areas of complex terrain, and when the synoptic
and mesoscale conditions vary rapidly in time, it may be necessary to retain the full horizontal resolution.

The 2DVar method is basically a stand-alone system that only requires input from the NEXRAD
radar. In contrast, VDRAS requires additional input to generate the wind retrievals, and the output is a
combination of NEXRAD data and model predictions. For example, VDRAS depends upon vertical
temperature profiles from another operational model. The code has been configured to employ default
values if the external operational model output is unavailable. The VDRAS code has evolved over many
years and has been used operationally for several applications; however, running the code operationally
requires some effort to configure the model for a specific location. From an operational standpoint, the
simplicity and computational efficiency in 2DVar is more desirable than VDRAS because it requires no
such configuration for each location. On the other hand, 2DVar is a new code that has not been run
operationally like VDRAS.

8.3 System-Capability Considerations

ADMs currently ingest meteorological measurements from surface monitoring stations,
meteorological towers, rawinsondes, and radar wind profilers. The amount of meteorological information
above the surface is limited at most locations. For example, rawinsondes are only available twice per day,
and radar wind profilers are usually not located near urban areas. Gridded prognostic model output is
often used to supplement the available meteorological measurements aloft; however, model predictions
contain uncertainties. The operational production of NEXRAD wind retrievals would significantly
increase the amount of upper-air information on winds over the United States, potentially decreasing the
uncertainty in transport and mixing of atmospheric contaminants made by emergency-response ADMs.
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However, the output from 2DVar and VDRAS does not neatly fit the “measurement” (i.e., data at points)
or “model” (i.e., data on a three-dimensional grid) input category types employed by ADMs.

While the output of 2DVar is produced on a regular horizontal grid, the vertical grid varies spatially
as a result of the NEXRAD scans. Thus, the wind retrievals cannot be employed as a “model” input
category by an ADM. Nor can they be considered as a large number of rawinsondes because other
meteorological quantities (temperature, pressure, humidity) are not available. The 2DVar wind retrievals
most closely resemble information that is produced by radar wind profilers. As we found with CALMET,
the default number of profiles in ADMs are probably set to a relatively low number. ADMs would need
to increase the default number of profiles to a few thousand. As shown in Appendix D, the significantly
larger number of “measurement” wind profiles can increase the computational time needed to generate
the diagnostic three-dimensional wind fields needed as input by dispersion models. Emergency-response
personnel would need to decide what is an acceptable number of wind profiles to be employed or modify
their codes to be more computationally efficient so that all the available information can be used.

Since VDRAS is based on a prognostic meteorological model, its output is similar to other
meteorological models that drive ADMs. Therefore, it could be used directly by ADMs as a “model”
input category type after the ADM has been configured to recognize the coordinate system and variables
employed by VDRAS. A disadvantage of this approach is that users will likely wish to drive their ADM
with the prognostic model output that they are currently using. But then users would not be able to take
advantage of winds derived from NEXRAD radar data. Another disadvantage of this approach is that
VDRAS could potentially produce large errors in the near-surface winds over regions of complex
topography (much of the western United States) that is taken into account by existing prognostic models.
Therefore, VDRAS output should be treated as a “measurement” input category as a large number of
wind profiles, like 2DVAR output.

For these reasons, some modifications to existing ADMs are likely needed to accommodate
NEXRAD wind retrievals. Because the wind retrievals contain more uncertainties than standard
meteorological measurements, it would be prudent for ADMs to assign a weighting of the wind-retrieval
data (either 2DVar or VDRAS) to be less than standard meteorological measurements. In addition, wind
retrievals above 2 km AGL should not be used because the uncertainties are currently too high.

8.4 Future Model Development

Additional research could lead to improvements in 2DVar and VDRAS that would reduce the
uncertainties in the wind retrievals. An area of research that needs to be addressed by both models is the
capability to handle complex terrain applications. The 2DVar method makes assumptions regarding
horizontal homogeneity and isotropy that would not be valid for regions where the terrain affects the near-
surface meteorology, such as in Los Angeles, San Francisco, Denver, and Phoenix. A number of
assumptions in the four-dimensional variational technique in VDRAS, including the lack of topography,
have been made in VDRAS so that it can be executed in near-real time. VDRAS, in its current form, is
unlikely to produce realistic near-surface wind fields in areas of complex terrain without significant
modifications. Either the governing equations need to be changed, or some sort of terrain-masking is
needed.

One of the strengths of VDRAS is its capability to assimilate observations from a diverse array of
instrumentation in a dynamically consistent manner, including the capability of assimilating observations
from two or more Doppler radars. However, tests with VDRAS that also assimilated standard surface and
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rawinsonde measurements actually produced results that were worse near the surface than the version of
VDRAS that employed only the NEXRAD radar data. Thus, additional research is needed how to best
assimilate other operational measurements into the model to produce the best wind fields. By adding
terrain and land-use variations, VDRAS could then be used to drive the “model” input category for
ADMs.

The performance of 2DVar and VDRAS in this study was based on a limited number of upper-air
observation sites, located primarily to the northwest of the KTLX radar; therefore, a more extensive study
would be useful to evaluate the spatial variations in the wind retrievals surrounding a radar site. Larger
spatial variations in the winds are expected over metropolitan areas located in complex terrain or along
oceans or large lakes. This would require finding a location with a sufficient number of upper-air
observations that are not available operationally. Other field campaigns that employ a large number of
radar wind profilers may be suitable candidates for evaluating NEXRAD wind retrievals. Another
approach is to perform an Observing System Simulation Experiment (OSSE) (e.g., Xue et al. 2006) in
which a mesoscale model is used to generate a “true” atmosphere that varies in space and time. Radial
velocities can then be extracted from the mesoscale model output to drive the retrieval schemes, and the
OSSE framework would permit a full quantification of the skill of the retrieval schemes.

It would be also useful to test 2DVar and VDRAS using Terminal Doppler Weather Radar (TDWR).
TDWR’s are deployed at 44 airports across the country to provide wind-shear detection and precipitation
information to air traffic controllers and supervisors. The range of this type of radar is less than the
NEXRAD radar; however, the lower elevation angles permit wind retrievals at altitudes closer to the
surface and more relevant for ADM applications. Therefore, operational versions of 2DVar and VDRAS
in the future should employ both NEXRAD and TDWR data.

8.5 Wind Retrieval Versus Additional Instrumentation Considerations

Another consideration of whether to develop NEXRAD wind retrievals operationally is the cost
associated with deploying additional meteorological instrumentation. Radar wind profilers or sodars
could be deployed in urban areas or other areas of interest to provide the needed wind information aloft.
Radar wind profilers cost ~$200,000 to $250,000; therefore, deploying at least one in every major
metropolitan area in the United States with a population greater than one million (~50) would cost
between $7.5 and $10 million. Additional funding would be required to cover costs associated with
maintaining the radar wind-profiler network and an archive of data.

The NEXRAD wind retrievals have the potential of providing horizontally varying wind fields that
also contain vertical wind profiles comparable to radar wind profilers. The cost of obtaining the wind
retrievals would include dedicating computing resources, maintaining the software, and managing a data
archive. For a grid configuration employed by this study, the number of computers needed would be ~47
and ~141 for 2DVar and VDRAS, respectively. Assuming that each computer costs ~$2,000, the total
computational resources needed for a nation-wide network would be approximately $94,000 to $282,000.
Additional funding would be required for maintaining the computer cluster and an archive of data. These
costs are significantly lower than deploying additional meteorological measurements. The costs are also
relatively low considering the potential benefit of providing meteorological information needed to more
accurately predict the transport and diffusion of atmospheric contaminates during an emergency. It may
also be prudent to deploy radar wind profilers for a small number of cities and/or where there are critical
gaps in NEXRAD coverage over a metropolitan area.
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8.6 Recommended Implementation

Despite being a relatively new algorithm, we propose that 2DVar be implemented operationally to
produce routine wind fields associated with NEXRAD radar data. We base our decision on the fact that
the wind retrievals from the technique in 2DVar can be considered a type of observation that is similar to
other types of data (e.g., radar wind profiler). The derived winds are produced at the same locations as
the radial velocities observed along the NEXRAD elevation scans. This form of the wind retrieval
complements the other data sources available to ADM users. Its simplicity also makes it potentially
easier to implement computationally.

VDRAS is a more sophisticated model and is therefore more computationally expensive. Despite the
complexity of the four-dimensional variational approach, the wind retrievals were not significantly
different than 2DVar. Some effort would also be required to set up VDRAS for each location. Its
complexity also requires a careful consideration on how it is configured so that it can be run in real time.
Nevertheless, we recommend that additional research be performed to refine the system so that it can be
used several years in the future. VDRAS could potentially provide more accurate wind retrievals by
tuning the model parameters, accounting for terrain variations, and ingesting other types of
meteorological data.

The following section describes the steps that should be taken next to develop an operational
NEXRAD wind-retrieval capability designed for ADMs.
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9.0 Path Forward

We propose a phased approach of making NEXRAD wind retrievals available in real time for ADMs
that is summarized as:

Phase 1: Development of the NEXRAD data center

1) identify organization responsible for managing the NEXRAD data center
2) obtain dedicated computer cluster to produce NEXRAD wind retrievals
3) establish links to real-time NEXRAD radial-velocity products

4) develop a detailed budget

Phase 2: Evaluation of an operational beta version of 2DVar

1) run 2Dvar operationally for select radars and archive the wind retrievals

2) evaluate 2DVar over longer period of time

3) consult with ADM developers on the type of wind-retrieval products and their format
4) develop updated versions of 2DVar and compare performance with previous versions

Phase 3: Implementation of 2DVar operationally

1) run 2DVar operationally for all NEXRAD radars

2) make wind retrievals available in real-time as part of the standard measurement network
3) archive NEXRAD wind-retrieval products

Phase 4: Maintenance of operational NEXRAD wind-retrieval products
1) monitor wind-retrieval products to verify their availability in near real-time
2) ongoing development of 2DVar and implementation of updated versions if needed

Phase 5: Further development of VDRAS
1) incorporate effects of complex terrain into VDRAS
2) evaluate VDRAS with terrain effects

Phase 6: Evaluation of an operational beta version of VDRAS

1) run VDRAS operationally for select radars and archive the wind retrievals

2) evaluate VDRAS over longer period of time

3) adapt VDRAS output to be consistent with 2DVar wind-retrieval products

4) develop updated versions of VDRAS and compare performance with previous versions

Phase 7: Implementation of VDRAS operationally

1) run VDRAS operationally for all NEXRAD radars

2) make wind retrievals available in real-time as part of the standard measurement network
3) archive NEXRAD wind-retrieval products

These steps are described in more detail in the following sections. Phases 1 to 4 are needed at a
minimum to develop NEXRAD wind retrieval products, whereas Phases 5 to 7 are optional. Since 2DVar
and VDRAS are complementary approaches, we strongly recommend that Phases 5 to 7 be implemented
to have a more robust NEXRAD data center for long-term use. Phases 5 to 7 could be performed in
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parallel to Phases 1 to 4; however, we recommend that 2DVar be run operationally for some time before
VDRAS is implemented operationally.

9.1 Phase 1: Development of the NEXRAD Data Center

The NEXRAD Data Center would consist of a dedicated Linux computer cluster that has access to
real-time radar velocity data, which are required to generate wind retrievals using either 2DVar or
VDRAS. One approach in designing the computer cluster is to obtain the minimum amount of computer
resources needed to produce wind retrievals in near real-time. In this approach, one processor could
handle three to four radar sites for 2DVAR and one radar site for VDRAS. A minimum of 48 processors
for 2DVar and 160 processors for VDRAS would be needed; however, this is an upper estimate since
processor speeds continue to increase. This estimate includes a few extra processors that are desired in an
operational environment to replace processors that fail temporarily. Another approach is to dedicate a
single processor for each radar so that ~160 processors would be needed for either 2DVar or VDRAS.
Although this approach increases the one-time hardware cost, dedicating a processor for each radar site
would minimize potential computational bottlenecks so that problems with one radar site would not
interfere with obtaining wind retrievals from other radar sites.

Software needed to create the wind retrievals would reside on the NEXRAD Data Center computer
cluster. License agreements, or other arrangements, with NSSL and NCAR would have to be arranged
for permission to use the code on this cluster. Code-management software would be necessary to identify
which versions of the code are being used and document any updates to the code. Other necessary
software would include one or more Fortran compilers. Execution scripts would need to be developed to
execute 2DVar and VDRAS operationally.

The amount of storage needed to archive the wind retrievals on the NEXRAD Data Center computer
cluster would be determined during this phase of development. The amount of storage would depend on
the needs of ADM users. For emergency-response applications, storage would only be needed for recent
wind retrievals (up to a week-long period). Older wind retrievals could be archived in a long-term storage
facility, such as NOAA’s NCDC. The capability to store a large quantity of meteorological data is
another reason NOAA would be the ideal partner in developing operational NEXRAD wind-retrieval
products. The costs associated with storage would likely be much smaller than the rest of the hardware
costs associated with the computer cluster.

An organization that would be responsible for managing the NEXRAD Data Center would be
identified during this phase. Since NOAA also provides a wide variety of meteorological products
(including other NEXRAD products) available in real time, NOAA would be the logical choice for
leading the effort to make NEXRAD wind retrievals routinely available. NOAA is part of the
Interagency Modeling and Atmospheric Assessment Center (IMAAC) consortium; therefore, it should
have an interest in contributing to the development of meteorological products needed by homeland
security applications. During Phase 1, NOAA program directors need to be informed about the need of
NEXRAD wind retrievals for emergency-response ADMs. The relative role of DHS and NOAA in
funding the implementation of the NEXRAD Data Center, as well as other phases proposed here, would
need to be worked out.
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9.2 Phase 2: Evaluation of an Operational Beta Version of 2DVar

In this study, we have evaluated wind retrievals produced by 2DVar for one NEXRAD radar over a
2-week period. Before wind retrievals are produced operationally for the nationwide NEXRAD radar
network, it would be desirable to run 2DVar operationally for a subset of radars (~20) over a relatively
long period of time (~months). In this way, its performance for a wider range of meteorological
conditions and locations would be determined, and any problems associated with ingesting NEXRAD
radial velocities and executing 2DVar operationally would be resolved before going into full production.

As 2DVar is run operationally for a limited number of radars, it would be useful for NSSL developers
to refine the code. An example of research that could lead to an improved code includes modifications to
the background error covariance to account for inhomogeneity and anisotropy of the velocity statistics
due to terrain. Another example of needed research is testing the method of successive corrections that
may enhance the computational efficiency and increase the flexibility of the variational approach to
produce three-dimensional winds easily on any grid system. Assumptions associated with filtering out
data above 2 km AGL also need to be revisited. Additional evaluations that employ previous field
campaign data could be performed at this time.

During this phase, updated versions of 2DVar could be evaluated by comparing their performance
with the preliminary operational version. We propose that updates to the code be implemented in a
manner similar to National Aeronautics and Space Administration (NASA) satellite products and named
as v0, v1, v2, etc. When NASA develops retrievals from its satellite measurements, some degree of
uncertainty is expected. As research is conducted that compares the satellite measurements with other
independent data sources, newer products are developed with smaller uncertainties that are also better
understood.

ADM developers need to be advised of the new wind-retrieval products that will become available
operationally. Current ADMs may not be set up to easily ingest and utilize NEXRAD wind-retrieval
products; therefore, ADM codes may need to be modified to fully utilize the wind retrievals. The output
format of 2DVar and VDRAS will be decided based on the needs of the ADM developers. We also
recommend that a series of products be produced, including wind retrievals for each volume scan at
approximately every 6 min (as in this study) as well as wind retrievals that are based on 15-min and 1-h
averages of several volume scans. The 15-min and 1-h averages would be more consistent with other
types of meteorological measurements currently ingested by ADMs. Another parameter to be defined in
consultation with ADM developers is a relative weight applied to the NEXRAD wind retrievals versus
data obtained from traditional instrumentation. The specific products will depend on the needs of the
ADM developers.

The products will be put in the operational meteorological data stream so that ADM developers will
have time to test and evaluate the wind retrievals in their models during the beta operational system for
Phase 2. Feedback from the ADM developers will be used to refine the NEXRAD wind-retrieval
products for the fully operational version in the next phase.

9.3 Phase 3: Implementation of 2DVar Operationally

After 2DVar has been run operationally for a small number of radars, and additional evaluations of its
performance have been completed, a fully-operationally version will be defined. The operational scripts
that execute 2DVar on the Data Center computer cluster will be modified to produce wind-retrieval
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products from all of the NEXRAD radars across the United States. These products will be made available
as part of the standard meteorological data stream.

The additional number of radars will increase the computational requirements by fully utilizing the
processors on the computer cluster. Therefore, a short period of time will be needed at the beginning of
the fully operational capability to make sure that the system runs smoothly. The need for additional
computer resources will be determined at this time. The additional number of radar wind-retrieval
products will also increase the local storage needed for real-time use as well as the remote storage
associated with long-term archival of the wind-retrieval products.

9.4 Phase 4: Maintenance of Operational NEXRAD Wind-Retrieval
Products

After the wind-retrieval products have become fully operational, some monitoring will be necessary
to verify availability of the data for all sites. We expect this to consist of computer-support personnel for
hardware and software issues associated with the NEXRAD Data Center. The organization that manages
the NEXRAD Data Center also needs personnel that become familiar with all aspects of the 2DVar code.
Both computational and scientific support for the wind retrievals is needed; however, these duties would
likely only be part-time activities. One approach for the scientific support is to provide the original
developers support for long-term issues associated with 2DVar.

Since computer clusters become obsolete over time, newer hardware and software will be needed
after ~5 years to replace the original computer cluster in the NEXRAD Data Center and enable long-term
use of the wind-retrieval products. During this phase, the contributors to the NEXRAD Data Center will
need to decide whether additional research support is needed to improve the performance of 2DVar.

9.5 Phase 5: Further Development of VDRAS

The relatively simple variational approach employed by 2DVAR results in output that can be
considered to be a derived-data product. In contrast, VDRAS is a prognostic mesoscale model that
employs a more complex four-dimensional variational approach so that the forecasts are constrained by
the meteorological measurements. For this reason, it is probably more appropriate to use 2DVar wind
retrievals as a “measurement” source that drives ADMs and to use VDRAS output as a three-dimensional
“model” source that drives ADMs.

The performance of VDRAS in the present study was similar to 2DVar; therefore, it is not apparent
that the increased numerical complexity, higher computational cost, and additional effort associated with
setting up the code for specific locations is warranted. However, the capabilities of the code make it more
flexible than 2DVar and suggests that it could provide more accurate wind fields and a wider range of
products in the future. Additional research is desirable to improve the performance of VDRAS before it
is implemented within the framework of the NEXRAD Data Center to operationally produce three-
dimensional wind fields for all of the NEXRAD radars sites. Areas of research that are needed include
1) terrain effects, 2) treatment of surface observations, 3) multiple radars, and 4) down-scaling of
mesoscale wind fields to urban scales.

Two of the assumptions employed by VDRAS to make the code run quickly are the flat lower
boundary and uniform surface characteristics. However, many large metropolitan areas are located in
regions of complex terrain (e.g., Salt Lake City, Phoenix) or adjacent to the ocean (e.g., New York,
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Houston) or both (e.g., Los Angeles, San Francisco). The dynamic and thermodynamic effects of terrain
produce slope flows, valley circulations, mountain waves, and other types of circulations that complicate
the near-surface wind fields. Sea/land breeze circulations are produced as a result of differential heating
of the land and water surfaces. All of these effects are currently neglected in the prognostic model of
VDRAS, but they can be included to some extent if there are sufficient meteorological measurements that
can be assimilated. Some research is needed to determine whether variable terrain and land-use can be
added to the model without significantly increasing the overall computational time. As with 2DVAR,
other assumptions specific to the treatment of NEXRAD radial velocities also needs to be examined.

Assimilating surface measurements is especially important for emergency-response ADM
applications because the attitude of the NEXRAD elevation scans becomes higher above the surface
farther away from the radar. VDRAS has the potential to provide near-surface winds that cannot be
provided by 2DVar, except very close to the radar site. VDRAS runs that included surface
measurements, however, significantly increased the errors in the wind fields aloft. Additional work is
needed to properly constrain the model with winds both at the surface and aloft.

Because of the simple variational approach employed by 2DVar, it only uses radial velocities from
one NEXRAD radar site. NEXRAD scans from multiple radars often overlap. VDRAS has the capability
to ingest data from multiple radars so that extra information could lead to more accurate three-
dimensional wind fields. However, as indicated in Figure 1.1, the lowest elevation scans do not begin to
overlap with one another until ~100 km from the radar at some locations. At this distance, the elevation
scan is above 1 km AGL. Despite the altitude of the overlapping scans, the improvement in the upper-
level winds may indirectly improve the near-surface winds.

Obtaining high-resolution wind fields within the urban canopy at street level is needed by some ADM
applications. The winds produced by VDRAS can be considered roof-top winds that may not be the most
useful for ADM calculations at street level. One area of research is to use the three-dimensional VDRAS
wind fields to drive the QUICUrb model (Gowardhan et al. 2006) that computes building-aware winds.
The operational Pentagon Shield system (Warner 2006) employs QUICUrb and its associated ADM,
QUICPIume, in this way. Coupling VDRAS and QUICUTrb could provide more complete three-
dimensional wind fields both at street level and above the urban canopy so that tracking the dispersion of
atmospheric contaminates from their source to downwind locations would be treated more realistically
and more accurately. A preliminary demonstration of such a coupling has already been done for
Pentagon Shield. The computational requirements as well as the performance of such a coupling of
models for more generic urban settings still need to be evaluated.

9.6 Phase 6: Evaluation of an Operational Beta Version of VDRAS

The tasks associated with this phase would be very similar to Phase 2, except for VDRAS. It should
be performed only after Phase 2 has been completed. The updated version of VDRAS produced during
Phase 5 should be run for the same period and by radars employed by 2DVAR during Phase 2 so that the
performance of 2DVar and VDRAS can be directly compared again. Since VDRAS is more sophisticated
and requires more computational resources that 2DVar, the benefits of its use need to be demonstrated.
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9.7 Phase 7: Implementation of VDRAS Operationally

The tasks associated with this phase would be very similar to Phase 3, except for VDRAS. We
anticipate that this version may not be made available operationally a year or more after 2DVar has been
running operationally.
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Appendix A: Additional Description of VDRAS

The most salient features of the forward model include the basic advection, diffusion, pressure
gradient, and buoyancy forcing terms. The pressure Poisson equation is solved using the Harlow-Welch
scheme to suppress divergence. Diffusion terms use prescribed constants for the coefficients of eddy
viscosity and heat diffusivity. The forward model is integrated using a second-order Adams-Bashforth
scheme on a staggered Cartesian grid. At the top and bottom of the domain, the vertical velocity and the
vertical derivatives of the horizontal velocities are set to zero. The perturbation potential temperature
gradient is set to zero at the top and bottom of the domain. The lower boundary of the domain is assumed
to be flat. Thus, terrain effects are not incorporated into VDRAS.

The optimal fit between the output of the forward model and the observations is achieved by
minimizing a cost function using a conjugate gradient algorithm. When using only radial velocity
information from a single Doppler radar, the cost function takes the following form:

(8- u™)
J=) 2+, +d,. (A1)
(o2

The first term of Eq. (A.1) represents the misfit between the observed radial velocities from the radar,

u, °, and the radial component of the velocity field produced by the forward model, u,. The summation
is carried out over the model domain and the assimilation time. The observational error is denoted by o .
The background term, Jp, provides a measure of the misfit between the model output and the prescribed
background fields. Background fields are typically horizontally homogeneous profiles of the mean
potential temperature and the mean winds. In this study, the background fields are also used as the first
guess. The penalty term, J,, is used to control the degree of spatial and temporal smoothness in the model
output.

The crux of the wind-retrieval method in VDRAS involves minimizing the cost function (Eq. A.1),
subject to the constraint that the retrieved velocity field be a solution to the forward model. This
minimization process is computationally intensive. For example, for a modestly sized simulation using
50 x 50 x 10 grid points, there will be approximately 4 x 50 x 50 x 10 = 100,000 control variables to
adjust, corresponding to the initial temperature and velocity at each node of the grid. VDRAS uses the
full adjoint of the forward model to efficiently compute the gradient of the cost function with respect to
the initial state of the forward model.

The adjoint is a powerful tool that can be used to determine the sensitivity of a model’s output to
changes in its input parameters (Talagrand and Courtier 1987; Talagrand 1997; Thacker 1988; Errico
1997). In the current version of VDRAS, the adjoint of the forward is used to determine the change in the
cost function, which depends on the model output, with respect to changes in the initial state of the
forward model. The adjoint can be represented by a system of equations that are obtained by converting
the constrained minimization problem into an unconstrained problem through the use of the Lagrange
function. The Lagrangian, L, is constructed by appending the model equations to the cost function. The
minimum of J is found by determining the stationary points of L with respect to the forward model’s
prognostic and diagnostic variables.

The minimization of the cost function requires first integrating the forward model over the
assimilation time. The adjoint equations are then integrated backwards in time from the end to the start of

Al



the assimilation time. The result of the adjoint integration is used to determine the gradient of the cost
function with respect to every velocity and temperature variable at the initial time at each grid point in the
domain. This gradient information and a conjugate gradient algorithm are used to determine a “down-
gradient” search direction. The conjugate gradient algorithm adds the appropriate perturbations to each of
the initial velocity and temperature variables, and the whole process repeats until the change in cost
function, from one iteration to the next, falls below some preset tolerance.

VDRAS was run at NCAR on a dual processor (Intel 3.06GHz Xeon) Linux workstation running
Debian/Sarge with 4 Gb of RAM. Typical execution time for a VDRAS retrieval was 5 minutes;
however, the execution time varied by as much as 2 minutes in different cycles based on the amount of
input data. The addition of synoptic information resulted in negligible increases in execution time.
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Appendix B: Additional Description of 2DVar

Unlike 4DVar, the 2DVar technique does not assume a specific deterministic model for the flow.
Instead, the 2DVar method uses estimates of the background error covariance functions for the radial and
azimuthal components of the velocity field, relative to the radar. In particular, the background error
covariance is formulated first as a 2 x 2 tensor function for the horizontal vector velocity in the Cartesian
coordinates. This tensor function is assumed to be locally homogeneous and isotropic in the horizontal,
so its canonical form is diagonal and depends only on the horizontal distance between the two correlated
points. The two diagonal terms of the canonical form are modeled by Gaussian functions (Xu and Gong
2003). The above covariance tensor function is then transformed into (non-isotropic) background error
covariance functions for the radial and azimuthal components of the velocity field in the polar coordinates
on each conical surface of the radar scans. These transformed covariance functions can be readily used
by the 2DVar.

The background error covariances are used in a cost function, and the cost function is minimized with
respect to perturbations (from the background) in the radial and azimuthal components of the velocity
field. The analysis is performed on the conical surfaces of the radar scans. Minimizing the cost function
results in the following optimal solutions for the radial, u,, and azimuthal, u,, velocity components:

N
U, (r)=u,(r)+>.C.(r,r,)z, (B.1)
n=1
and
N
U, (N=u,(r)+>.C,(rr,)z, (B.2)
n=1
where Ur, = background radial component

ug = the background azimuthal component
Cy(r,rn) = covariance between radial velocities at points r and ry
Cu(r,ry) = covariance between radial and azimuthal velocities at points r and .

Specific expressions for C,(r,r,) and C4(r,r,) are given in (Xu et al. 2007). The radial and azimuthal
components of the background field (ur, ug) are determined from a VAD analysis. The summations in
Equations (B.1) and (B.2) are carried out over all the observations in the scan (N observations). The
vector z is given by the solution to the following linear system:

C+olll=d (B.3)
(C+oitk

where g, = radial velocity observational error
I = identity matrix
d = so-called observation innovation vector
C = NxN matrix whose elements are given by Cpn=C(rm,rn).
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The observation innovation vector represents the difference between the observed radial velocity and the

radial component of the background velocity field. The radial velocity errors are assumed to be normally
distributed, unbiased, and spatially uncorrelated. Equations (1) and (2), together with Eq. (3) are used to

construct optimal estimates of the radial and azimuthal velocity components over the surface of the radar
conical scan.
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Appendix C: Statistical Measures

The bias, the root-mean-square difference, RMSE, index of agreement, 1A, and correlation coefficient,
R, employed by this study are defined as:

bias=%z p‘O_O‘ (C.1)
i=1 i
N /2
RMSE :[%Z(F)i _oi)szl (C.2)
i=1
Z(pi _Oi)2
IA=— (C.3)
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where p is a predicted value, and o is an observed value. The index of agreement is a relative measure of
the difference between the observed and predicted values (Willmott 1982). It is bounded such that

0 < IA <1, where IA=1 indicates perfect agreement. We should point out that these statistical metrics
were also used to compare two “predicted” values—in which case it is a bit misleading to use the term
“observed” value to describe o.

A percent difference, D, was also used when comparing CALPUFF and SCIPUFF predictions such
that

D =100 K ESCipuff > o < ECaIpuff >‘
0.5({ Escipur )+ ( Ecapu))

where the brackets indicate an average over the surface of the simulation domain. D is also used to
compare exposures from different time resolutions.

(C.5)

The subsequent tables quantify the performance of the NEXRAD wind retrievals using Egs. (C.1) to
(C.5), and the results are described in the text.
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Table C.1. Radar Wind-Profiler Range Gates and Model Levels

Used to Evaluate 2DVar NEXRAD Wind Retrievals

ANL Profiler ANL Profiler 2DVar Model Model Height Height
Range Gate Height (m AGL) Level (m AGL) Difference (m)
6 357 1 327 -30
15 852 2 847 -5
24 1347 3 1367 20
34 1897 4 1888 -9
43 2392 5 2411 19

PNNL Profiler PNNL Profiler 2DVar Model Model Height Height
Range Gate Height (m AGL) Level (m AGL) Difference (m)
5 302 1 285 -17
13 742 2 754 12
22 1237 3 1224 -13
30 1677 4 1694 17
39 2172 5 2165 -7

OU Profiler OU Profiler 2DVar Model Model Height Height
Range Gate Height (m AGL) Level (m AGL) Difference (m)
4 247 1 239 -8
11 632 2 611 -21
17 962 3 983 24
24 1347 4 1356 9
31 1732 5 1729 -4
NOAA Profiler | NOAA Profiler 2DVar Model Model Height Height
Range Gate Height (m AGL) Level (m AGL) Difference (m)
2 500 1 547 47
5 1250 2 1329 78
8 2000 3 2111 111
11 2750 4 2896 146
15 3750 5 3682 -68
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Table C.2. Radar Wind-Profiler Range Gates and Model Levels

Used to Evaluate VDRAS NEXRAD Wind Retrievals

ANL Profiler ANL Profiler Model Height Height
Range Gate Height (m AGL) Model Level (m AGL) Difference (m)
3 192 1 188 -4
10 577 2 563 -14
16 907 3 938 31
23 1292 4 1313 21
30 1677 5 1688 11
37 2062 6 2063 1
44 2447 7 2438 -9
50 2777 9 2813 36
PNNL Profiler PNNL Profiler Model Height Height
Range Gate Height (m AGL) Model Level (m AGL) Difference (m)
5* 302 1 192 -110
10 577 2 567 -10
17 962 3 942 -20
23 1292 4 1317 25
30 1677 5 1692 15
37 2062 6 2067 5
44 2447 7 2442 -5
50 2777 9 2817 40
OU Profiler OU Profiler Model Height Height
Range Gate Height (m AGL) Model Level (m AGL) Difference (m)

3 192 1 191 -1

10 577 2 566 -11

16 907 3 941 34

23 1292 4 1316 24

30 1677 5 1690 13

37 2062 6 2067 5

44 2447 7 2441 6

50 2777 9 2816 39
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Table C.2 (Contd)

NOAA Profiler | NOAA Profiler Model Height Height
Range Gate Height (m AGL) Model Level (m AGL) Difference (m)
- - 1 222 -
2 500 2 597 97
4 1000 3 972 -28
5 1250 4 1347 97
7 1750 5 1721 -29
8 2000 6 2097 97
10 2500 7 2472 -28
11 2750 8 2847 97
13 3250 9 3222 -8
14 3500 10 3597 97
16 4000 11 3972 -28
17 4250 12 4347 97
19 4750 13 4722 -28

Table C.3. Statistics that Quantify the Performance of the 2DVar Wind
Retrievals Using Radar Wind-Profiler Measurements

Wind Speed: 2DVar versus ANL profiler

Level Number | Aveobs | Ave mdl bias RMSE 1A R
1 633 10.97 13.56 2.59 4.32 0.83 0.80
2 628 11.16 9.94 -1.21 3.07 0.84 0.76
3 593 9.65 8.26 -1.38 3.86 0.69 0.49
4 417 8.18 8.24 0.06 3.99 0.71 0.50
5 203 6.67 8.56 1.89 4.68 0.55 0.29

Wind direction: 2DVar versus ANL profiler

Level Number | Aveobs | Ave mdl bias RMSE 1A R
1 633 194.4 194.2 -1.3 23.7 0.91 0.80
2 628 200.8 194.6 -8.5 23.6 0.93 0.69
3 593 202.7 204.5 -2.5 32.7 0.92 0.71
4 417 198.5 199.3 0.7 52.8 0.90 0.61
5 203 172.0 171.9 -10.8 64.4 0.91 0.67

Wind Speed: 2DVar versus PNNL profiler

Level Number | Aveobs | Ave mdl bias RMSE IA R
1 641 10.32 12.96 2.65 3.89 0.84 0.84
2 641 11.23 9.91 -1.32 2.71 0.88 0.82
3 641 0.88 8.96 -0.91 2.88 0.82 0.69
4 598 8.80 8.50 -0.31 3.66 0.75 0.58
5 497 7.78 8.92 1.15 4.35 0.66 0.46
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Table C.3 (Contd)

Wind direction: 2DVar versus PNNL profiler

Level Number | Aveobs | Ave mdl bias RMSE 1A R
1 641 191.5 191.5 -0.5 17.6 0.95 0.84
2 641 198.4 195.9 -3.8 17.5 0.96 0.88
3 641 203.2 206.1 1.8 23.3 0.95 0.87
4 598 202.2 210.9 6.9 40.9 0.91 0.76
5 497 194.7 198.1 0.5 60.4 0.89 0.77

Wind speed: 2DVar versus OU profiler

Level Number | Aveobs | Ave mdl bias RMSE 1A R
1 639 9.6 9.3 -0.2 2.4 0.89 0.80
2 582 11.1 11.7 0.6 2.4 0.94 0.91
3 415 10.1 10.9 0.8 3.1 0.87 0.82
4 340 9.0 9.7 0.7 3.1 0.81 0.71
5 170 9.3 9.8 0.5 3.1 0.78 0.61

Wind direction: 2DVar versus OU profiler

Level Number | Aveobs | Ave mdl bias RMSE 1A R
1 639 195.9 1188.2 -9.3 23.2 0.91 0.75
2 582 202.4 202.4 -3.1 175 0.95 0.73
3 415 201.0 198.8 -3.9 20.3 0.96 0.87
4 340 195.0 194.8 -1.2 22.8 0.96 0.86
5 170 179.1 174.7 -2.2 25.1 0.98 0.94

Wind speed: 2DVar versus NOAA profiler

Level Number | Aveobs | Ave mdl bias RMSE 1A R
1 323 10.86 1151 0.65 3.10 0.89 0.81
2 325 8.94 10.13 1.19 3.01 0.83 0.73
3 275 7.23 8.27 1.04 4.35 0.66 0.44
4 195 6.15 11.42 5.27 8.12 0.36 0.07
5 137 9.50 14.75 5.24 8.53 0.52 0.45

Wind direction: 2DVar versus NOAA profiler

Level Number | Aveobs | Ave mdl bias RMSE 1A R
1 323 195.9 199.3 1.2 23.0 0.91 0.68
2 325 198.6 203.6 -1.7 21.7 0.95 0.53
3 275 191.8 182.4 -16.0 525 0.91 0.57
4 195 165.9 107.5 -14.2 66.8 0.92 0.50
5 137 103.3 70.0 -7.0 35.9 0.94 0.27
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Table C.4. Statistics that Quantify the Performance of the VDRAS Wind

Retrievals Using Radar Wind-Profiler Measurements

Wind speed: VDRAS (NEXRAD data only) versus ANL profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 574 8.23 10.64 241 3.81 0.71 0.67
2 571 11.84 9.79 2.05 3.53 0.82 0.83
3 561 11.07 9.14 -1.93 3.27 0.77 0.75
4 538 9.56 8.63 -1.60 2.96 0.82 0.75
5 474 9.13 8.10 -1.03 291 0.84 0.74
6 320 8.50 7.84 -0.66 3.07 0.84 0.71
7 246 6.86 7.38 0.53 2.80 0.81 0.69
8 204 6.50 7.25 0.76 2.92 0.78 0.63

Wind direction: VDRAS (NEXRAD data only) versus ANL profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 574 187.7 188.6 -1.0 27.7 0.88 0.68
2 571 196.8 191.7 -6.4 22.1 0.94 0.84
3 561 202.6 195.5 -8.4 21.7 0.95 0.83
4 538 203.5 196.6 -10.9 26.0 0.95 0.80
5 474 201.3 197.1 -10.3 29.1 0.96 0.75
6 320 189.7 188.3 -11.5 36.6 0.96 0.75
7 246 188.4 182.0 -16.7 42.4 0.95 0.83
8 204 191.0 187.5 -21.1 55.5 0.91 0.63

Wind speed: 2DVAR (NEXRAD data + standard observations) versus ANL profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 574 8.23 8.89 0.66 2.99 0.68 0.46
2 571 11.84 8.62 -3.22 5.09 0.62 0.61
3 561 11.07 8.39 -2.68 4.16 0.66 0.60
4 538 9.56 7.94 -2.02 3.34 0.77 0.71
5 474 9.13 8.23 -0.90 291 0.84 0.74
6 320 8.50 7.96 -0.54 3.02 0.84 0.72
7 246 6.86 7.47 0.62 2.79 0.82 0.70
8 204 6.50 7.31 0.82 2.95 0.77 0.63
Wind direction: 2DVAR (NEXRAD data + standard observations) versus ANL profiler

Level Number | Ave NEX | Ave PRO bias RMSE 1A R
1 574 187.7 185.9 -1.8 27.4 0.88 0.72
2 571 196.8 191.3 -6.7 22.3 0.94 0.84
3 561 202.6 195.2 -8.7 22.1 0.95 0.83
4 538 203.5 195.3 -11.6 26.3 0.95 0.83
5 474 201.3 197.6 -9.0 27.9 0.96 0.74
6 320 189.7 189.7 -10.1 36.6 0.95 0.75
7 246 188.4 185.5 -14.5 42,5 0.94 0.80
8 204 191.0 178.3 -20.5 54.2 0.91 0.64
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Table C.4 (Contd)

Wind speed: VDRAS (NEXRAD data only) versus PNNL profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 587 10.33 10.49 0.15 2.26 0.92 0.86
2 587 11.50 9.75 -1.74 2.98 0.87 0.85
3 587 10.63 9.05 -1.58 2.68 0.85 0.80
4 587 9.88 8.38 -1.50 2.71 0.85 0.79
5 587 9.10 7.95 -1.14 2.71 0.86 0.78
6 587 8.43 7.98 -.0.46 2.48 0.87 0.78
7 587 7.65 7.92 0.28 2.56 0.83 0.72
8 587 7.15 8.03 0.88 2.97 0.78 0.64

Wind direction: VDRAS (NEXRAD data only) versus PNNL profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 587 191.8 190.6 -1.8 18.5 0.94 0.84
2 587 198.1 194.6 -2.9 17.7 0.96 0.87
3 587 200.8 198.3 -4.3 18.5 0.96 0.82
4 587 204.6 198.9 -7.0 21.1 0.96 0.90
5 587 203.8 200.1 -6.8 30.8 0.94 0.82
6 587 203.6 198.8 -3.5 39.8 0.93 0.84
7 587 200.8 198.0 -22.8 44.5 0.93 0.79
8 587 201.0 197.4 0.1 49.1 0.92 0.78

Wind speed: 2DVAR (NEXRAD data + standard observations) versus PNNL profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 587 10.33 8.70 -1.63 4.25 0.62 0.46
2 587 11.50 8.56 -2.94 4.63 0.65 0.62
3 587 10.63 8.63 -2.27 3.45 0.74 0.69
4 587 9.88 8.01 -1.82 2.95 0.82 0.77
5 587 9.10 8.18 -0.92 2.67 0.86 0.78
6 587 8.43 8.14 -0.30 2.49 0.87 0.78
7 587 7.65 8.00 0.36 2.58 0.83 0.73
8 587 7.15 8.07 0.92 3.00 0.78 0.65
Wind direction: 2DVAR (NEXRAD data + standard observations) versus PNNL profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 587 191.8 189.2 -1.4 18.5 0.95 0.80
2 587 198.1 194.9 -2.9 18.0 0.96 0.88
3 587 200.8 198.2 -3.8 18.4 0.96 0.87
4 587 204.6 199.1 -6.8 22.0 0.96 0.89
5 587 203.8 201.3 -5.6 27.6 0.95 0.83
6 587 203.6 201.1 -2.5 39.1 0.93 0.85
7 587 200.8 200.4 -2.9 43.5 0.93 0.78
8 587 201.0 197.2 0.4 47.2 0.92 0.77

C.7




Table C.4 (Contd)

Wind speed: VDRAS (NEXRAD data only) versus OU profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 575 8.89 9.77 0.87 2.69 0.85 0.77
2 535 11.17 9.60 -1.57 2.80 0.89 0.88
3 389 10.37 9.25 -1.12 241 0.89 0.84
4 305 9.54 8.55 -0.99 2.26 0.89 0.83
5 178 9.62 8.08 -1.54 2.80 0.83 0.77
6 63 9.62 8.11 -1.51 2.58 0.84 0.79
7 30 7.55 6.13 -1.41 2.85 0.78 0.69
8 14 7.75 7.63 -0.12 4.02 0.72 0.57

Wind direction: VDRAS (NEXRAD data only) versus OU profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 575 193.2 184.2 -10.2 23.6 0.91 0.76
2 535 203.2 191.2 -10.0 214 0.94 0.77
3 389 200.2 191.8 -9.3 23.8 0.95 0.84
4 305 197.3 192.7 -7.1 28.4 0.95 0.76
5 178 177.3 168.5 -12.9 25.9 0.97 0.86
6 63 198.2 188.9 -6.4 26.8 0.96 0.94
7 30 163.4 155.1 -8.3 42.0 0.96 0.93
8 14 219.4 237.9 18.4 85.0 0.79 0.75

Wind speed: 2DVAR (NEXRAD data + standard observations) versus OU profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 575 8.89 8.99 0.10 2.74 0.80 0.64
2 535 11.17 9.24 -1.93 3.16 0.86 0.86
3 389 10.37 9.15 -1.22 2.33 0.90 0.85
4 305 9.54 8.47 -1.08 2.15 0.90 0.86
5 178 9.62 8.16 -1.46 2.76 0.84 0.78
6 63 9.62 8.19 -1.44 2.43 0.86 0.81
7 30 7.55 6.14 -1.41 2.84 0.77 0.69
8 14 7.75 7.30 -0.45 4.08 0.69 0.55

Wind direction: 2

DVAR (NEXRAD data + standard ob

servations) versus OU profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 575 193.2 187.8 -6.0 20.76 0.93 0.81
2 535 203.2 193.6 -8.3 21.9 0.94 0.76
3 389 200.2 192.6 -8.4 23.7 0.95 0.87
4 305 197.3 192.8 -7.1 26.3 0.95 0.77
5 178 177.3 171.2 -12.2 26.2 0.97 0.81
6 63 198.2 188.4 -6.8 25.9 0.97 0.94
7 30 163.4 153.3 -10.1 40.6 0.96 0.93
8 14 219.4 237.2 17.8 84.6 0.79 0.75
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Table C.4 (Contd)

Wind speed: VDRAS (NEXRAD data only) versus NOAA profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R

1 - - - - - - -
2 299 10.83 10.24 -0.60 2.37 0.92 0.86
3 301 9.54 9.45 -0.10 2.30 0.90 0.82
4 301 9.03 8.68 -0.36 2.29 0.88 0.78
5 299 8.14 7.78 -0.27 2.21 0.89 0.79
6 301 7.55 7.63 0.78 2.43 0.87 0.77
7 301 6.83 7.73 0.90 3.01 0.80 0.66
8 300 6.49 8.11 1.62 3.45 0.74 0.60
9 299 6.90 8.38 1.48 4.13 0.63 0.40
10 301 7.32 8.65 1.33 4.77 0.56 0.28
11 301 8.19 8.86 0.68 511 0.50 0.17
12 300 8.91 9.05 0.14 5.22 0.47 0.08
13 301 10.06 9.13 -0.94 5.23 0.37 -0.02

Wind direction: VDRAS (NEXRAD data only) versus NOAA profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R

1 - - - - - - -
2 299 196.2 194.7 -1.5 18.7 0.94 0.89
3 301 198.7 196.1 -3.8 15.3 0.97 0.86
4 301 199.6 198.8 -3.1 22.2 0.95 0.78
5 299 198.6 199.3 -5.2 36.3 0.91 0.75
6 301 197.1 197.2 -8.2 35.5 0.94 0.74
7 301 187.5 196.0 -11.8 44.5 0.94 0.62
8 300 183.5 187.4 -14.2 52.9 0.93 0.65
9 299 168.8 187.7 -25.6 56.4 0.93 0.51
10 301 161.5 185.7 -18.9 57.9 0.93 0.52
11 301 146.8 184.3 -9.2 62.4 0.92 0.50
12 300 142.9 190.4 -8.9 65.7 0.91 0.38
13 301 131.8 190.1 -9.7 69.0 0.89 0.29
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Table C.4 (Contd)

Wind speed: 2DVAR (NEXRAD data + standard operations) versus NOAA profiler

Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 - - - - - - -
2 299 10.83 9.80 -1.03 243 0.91 0.88
3 301 9.54 9.38 -0.17 2.21 0.91 0.84
4 301 9.03 8.59 -0.44 2.23 0.88 0.80
5 299 8.14 8.12 -0.03 2.20 0.89 0.80
6 301 7.55 7.69 0.14 2.36 0.88 0.79
7 301 6.83 7.76 0.93 2.99 0.80 0.66
8 300 6.49 8.19 1.69 3.44 0.74 0.61
9 299 6.90 8.76 1.56 4.10 0.63 0.40
10 301 7.32 8.71 1.39 4.75 0.57 0.28
11 301 8.19 8.92 0.73 5.10 0.50 0.17
12 300 8.91 9.09 0.18 5.21 0.44 0.08
13 301 10.06 9.16 -0.90 5.20 0.36 -0.03
Wind direction: 2DVAR (NEXRAD data + standard operations) versus NOAA profiler
Level Number | Ave PRO | Ave NEX bias RMSE 1A R
1 - - - - - - -
2 299 196.2 192.1 -2.9 19.9 0.93 0.77
3 301 198.7 194.3 -5.6 16.4 0.97 0.85
4 301 199.6 198.1 -5.0 22.5 0.95 0.73
5 299 198.6 199.1 3.1 36.1 0.91 0.77
6 301 197.1 197.2 -8.3 35.1 0.95 0.74
7 301 187.5 196.0 -11.8 449 0.94 0.61
8 300 183.5 189.1 -14.9 52.7 0.93 0.63
9 299 168.8 188.2 -25.1 55.9 0.93 0.51
10 301 161.5 182.6 -18.4 57.4 0.93 0.56
11 301 146.8 183.5 -8.8 62.0 0.92 0.51
12 300 142.9 188.2 -8.7 65.4 0.91 0.40
13 301 131.8 190.2 -8.6 68.5 0.90 0.29
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Table C.5. Correlation Coefficients Between Time Series of Velocity Differences at Locations of the
NOAA-Purcel and PNNL Profilers. The second (third) column displays the correlation
between the difference in u (v) measured at the profiler locations and the difference in u (v)
from the VDRAS retrieval at the same locations. The fourth (fifth) column displays the

correlation between the difference in u (v) measured at the profiler locations and the
difference in u (v) from the 2DVar retrieval at the same locations.

NOAA-Purcel and PNNL difference

R(AU profiler Au Retrieval ) R(Avprofiler ’ AVRetrievaI )
Elevation (m) VDRAS 2DVar VDRAS 2DVar
550 0.26 0.24 0.17 0.03
900 0.21 0.06 0.28 0.10
1400 0.31 0.11 0.23 0.02

NOAA-Purcel and ANL difference

R(AU profiler AU Retrieval )

R(Avprofiler ' AVRetrievaI )

Elevation (m) VDRAS 2DVar VDRAS 2DVar
550 0.06 0.10 0.27 -0.07
900 0.11 -0.08 0.37 0.10
1400 0.33 -0.09 0.32 0.05

PNNL and ANL difference
R(AU profiler Au Retrieval ) I:\)(Avprofiler ’ AVRetrievaI )

Elevation (m) VDRAS 2DVar VDRAS 2DVar
550 -0.16 -0.21 -0.02 0.08
900 -0.08 -0.30 0.07 0.13
1400 0.05 -0.11 0.03 0.06
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Table C.6. Statistics that Quantify the Performance of the CALMET Wind Fields for the Six
Cases Using Radar Wind-Profiler Measurements at the PNNL and ANL sites

PNNL radar wind profiler versus StdObs (case 1)

CALMET Level

u-Component

v-Component

Height Bias | RMSE Bias | RMSE
# (m) (msh | (msh | 1A R (msh | (msh | 1A R
6 450 0.42 2.63 0.86 0.79 0.29 3.91 0.81 0.75
7 800 0.23 | 257 0.91 0.85 0.45 3.26 0.88 0.82
8 1250 0.1 3.18 0.89 0.82 0.03 3.04 0.9 0.87
9 1850 0.05 | 2.72 0.91 0.85 | -0.75 3.42 0.89 0.86
10 2600 -0.35 | 3.15 0.8 0.66 | -1.5 4.3 0.81 0.71
PNNL radar wind profiler versus StdObs + profiler (case 2)
CALMET Level u-Component v-Component
Height Bias | RMSE bias | RMSE
# (m) (msh | (msh | 1A R (msh | (msh | 1A R
6 450 -0.13 0.39 1 1 -0.11 0.47 1 1
7 800 -0.05 0.41 1 1 -0.03 0.43 1 1
8 1250 -0.02 0.47 1 1 -0.02 0.43 1 1
9 1850 0.02 0.59 1 099 | -0.13 0.69 1 0.99
10 2600 0.03 0.61 0.99 099 | -0.31 0.92 0.99 0.99
ANL radar wind profiler versus StdObs (case 1)
CALMET level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (msh | (msh | 1A R (msh | (msh | 1A R
4 120 0.41 1.38 0.85 0.77 0.22 2.34 0.79 0.67
5 230 0.7 2.15 0.79 0.68 | -0.07 3.13 0.76 0.66
6 450 0.49 3.14 0.8 0.7 0.24 4 0.81 0.74
7 800 0.19 2.85 0.89 0.81 0.56 3.45 0.87 0.81
8 1250 0.38 3.47 0.86 0.77 0.25 3.51 0.88 0.85
9 1850 0.16 2.96 0.9 0.82 0.34 3.57 0.89 0.88
10 2600 0.99 2.92 0.81 0.71 0.29 2.87 0.93 0.88
ANL radar wind profiler versus StdObs + profiler (case 2)
CALMET Level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (ms?) | (msh) | 1A R (ms?) | (msh) | 1A R
4 120 -0.05 0.33 0.99 0.99 0.02 0.54 0.99 0.99
5 230 0.05 0.39 0.99 099 | -0.11 0.54 1 0.99
6 450 -0.11 0.68 0.99 099 | -0.11 0.73 1 0.99
7 800 -0.09 0.88 0.99 0.98 0.09 1.01 0.99 0.99
8 1250 0.2 1.39 0.98 0.97 0.1 1.32 0.99 0.98
9 1850 0.01 0.91 0.99 0.98 0.41 1.69 0.98 0.97
10 2600 0.82 2 0.93 0.89 0.39 1.92 0.97 0.95
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Table C.6 (Contd)

PNNL radar wind profiler versus StdObs + 2DVar (case 3)

CALMET Level

u-Component

v-Component

Height Bias | RMSE RMSE
# (m) (ms™) | (msh) | 1A R bias | (ms?) | IA R
6 450 | -0.29 1.23 0.98 0.96 0.15 1.97 0.97 0.94
7 800 | -0.42 1.56 0.98 0.96 | -0.69 2.04 0.96 0.94
8 1250 | -0.14 1.82 0.97 095 | -0.63 2.6 0.94 0.9
9 1850 0.07 2.26 0.95 091 | -1.03 3.33 0.91 0.86
10 2600 0.11 2.86 0.89 0.82 | -1.69 4.35 0.84 0.75
PNNL radar wind profiler versus StdObs + profiler + 2DVar (case 5)
CALMET Level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (ms™) | (ms™) | 1A R (ms™) | (msh) | 1A R
6 450 -0.27 11 0.98 | 0.97 0.12 1.74 0.97 0.96
7 800 -0.38 1.37 098 | 097 | -0.61 1.8 0.97 0.96
8 1250 -0.12 1.6 098 | 096 | -0.55 2.29 0.95 0.93
9 1850 0.06 1.99 096 | 093 | -091 2.94 0.93 0.89
10 2600 0.1 2.52 091 | 085 | -15 3.85 0.88 0.8
ANL radar wind profiler versus StdObs + 2DVar (case 3)
CALMET Level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (ms™) | (ms™ IA R (ms?) | (msh) | 1A R
4 120 0.2 1.28 0.89 0.8 0.44 2.27 0.84 0.72
5 230 1.02 2.1 0.87 0.83 0.88 2.63 0.89 0.82
6 450 0.17 2.12 0.94 0.88 0.43 2.39 0.95 0.92
7 800 -0.65 2.19 0.95 091 | -0.33 2.24 0.95 0.93
8 1250 -0.07 291 0.92 0.85 | -0.39 291 0.93 0.89
9 1850 0.16 3.15 0.91 0.83 | -0.06 3.42 0.92 0.86
10 2600 1.24 4.31 0.74 0.62 | -0.26 3.29 0.92 0.86
ANL radar wind profiler versus StdObs + profiler + 2DVar (case 5)
CALMET Level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (msh | (msh) | IA R (ms?) | (ms™) 1A R
4 120 0.17 1.12 092 | 0.85 0.38 1.99 0.87 0.79
5 230 0.88 1.83 0.9 0.86 0.76 2.29 0.92 0.86
6 450 0.14 1.87 095 | 091 0.37 2.11 0.96 0.94
7 800 -0.57 1.92 096 | 0.93 | -0.27 2.02 0.96 0.94
8 1250 -0.04 2.6 094 | 0.88 | -0.33 2.61 0.94 0.92
9 1850 0.13 2.77 0.93 | 0.86 0 3.03 0.94 0.89
10 2600 1.18 3.9 0.77 | 0.66 | -0.19 2.9 0.94 0.89
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Table C.6 (Contd)

PNNL radar wind profiler versus StdObs + VDRAS (case 4)

CALMET Level

u-Component

v-Component

Height Bias | RMSE Bias | RMSE
# (m) (ms™) | (msh) | 1A R (ms™) | (msh) | 1A R
6 450 -0.66 1.92 0.94 091 | -0.93 2.96 0.91 0.89
7 800 -1.1 2.17 0.95 092 | -1.14 2.86 0.92 0.88
8 1250 -0.46 2.08 0.96 093 | -0.78 2.69 0.94 0.9
9 1850 0.2 2.07 0.96 092 | -0.56 2.72 0.95 0.9
10 2600 0.53 291 0.89 0.83 | -0.48 3.91 0.89 0.81
PNNL radar wind profiler versus StdObs + profiler + VDRAS (case 6)
CALMET Level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (ms™) | (ms™) | 1A R (ms™) | (msh) | 1A R
6 450 -0.6 1.68 096 | 093 | -0.82 | 259 0.93 0.92
7 800 -0.96 1.9 096 | 094 | -099 | 25 0.94 0.91
8 1250 -0.4 1.82 097 | 095 | -0.68 | 2.35 0.95 0.92
9 1850 0.18 1.82 097 | 094 | -049 | 238 0.96 0.93
10 2600 0.47 2.55 092 | 086 | -044 | 344 0.92 0.85
ANL radar wind profiler versus StdObs + VDRAS (case 4)
CALMET Level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (ms™) | (msh) | 1A R (ms™) | (msh) | 1A R
4 120 0.76 1.85 0.82 0.73 0.87 2.28 0.86 0.77
5 230 1.27 2.6 0.82 0.78 0.75 2.54 0.91 0.84
6 450 -0.63 2.54 0.9 0.83 | -0.89 2.94 0.91 0.89
7 800 -1.25 2.55 0.92 0.89 | -094 2.9 0.92 0.88
8 1250 -0.24 2.59 0.93 0.88 | -0.52 2.97 0.93 0.88
9 1850 0.43 2.66 0.93 0.87 0.45 3.16 0.94 0.88
10 2600 1.58 3.98 0.78 0.72 0.76 3.26 0.93 0.89
ANL radar wind profiler versus StdObs + profiler + VDRAS (case 4)
CALMET Level u-Component v-Component
Height Bias | RMSE Bias | RMSE
# (m) (ms™h | (ms™ 1A R (ms?) | (ms™ 1A R
4 120 0.65 1.61 0.85 0.78 0.75 1.99 0.89 0.82
5 230 1.1 2.26 0.86 0.82 0.64 2.21 0.93 0.87
6 450 -0.56 2.24 0.92 0.87 | -0.78 2.59 0.94 0.92
7 800 -1.09 2.24 0.94 092 | -0.8 2.57 0.94 0.91
8 1250 -0.18 2.34 0.95 0.9 -0.44 2.65 0.94 0.91
9 1850 0.37 2.36 0.94 0.9 0.44 2.84 0.95 0.91
10 2600 1.47 3.63 0.81 0.75 0.7 2.89 0.95 0.91
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Table C.7. Comparisons of the Maximum Surface Exposure Between SCIPUFF and CALPUFF During
the Final Hour of Simulation as Well as the Percent Difference (D), Root Mean Squared
Difference (RMSD), Index of Agreement (1A), and Correlation (R) Between the SCIPUFF
and CALPUFF Results

SCIPUFF CALPUFF
Max. Exposure | Max. Exposure D RMSD

Run Type | Date (gsm?) (gsm?) (%) | (gsm?®) | 1A R
Case 1 5 July 0.205 0.659 0.7 0.013 0.74 0.66
(StdObs) 10 July 0.586 1.02 18.2 0.020 0.55 0.40
12 July 0.323 0.261 30.3 0.005 0.86 0.77
Case 3 5 July 0.176 0.657 0.7 0.012 0.71 0.64
(StdObs + | 10 July 0.580 0.982 23.4 0.019 0.56 0.41
2DVar) 12 July 0.150 0.292 36.7 0.005 0.71 0.61
Case 4 5 July 0.192 0.659 6.3 0.013 0.70 0.61
(StdObs + | 10 July 0.542 1.06 16.0 0.020 0.58 0.45
VDRAS) 12 July 0.247 0.262 25.3 0.005 0.83 0.70

Table C.8. Comparisons of the Maximum Surface Exposure During the Final Hour of Simulation
Between the CALPUFF Simulations that Employ Wind Fields at Either the 15-min or 1-h
Intervals as Well as the Percent Difference (D), Root Mean Squared Difference (RMSD),
Index of Agreement (1A), and Correlation (R) Between the Two CALPUFF Simulations

Max. Exposure | Max. Exposure
(gsm?) (gsm?) D RMSD
Run type Date 1-h winds 15-min winds (%) | (gsm™) 1A R

Case 1 5 July 0.358 0.352 3.05 0.85 1.00 0.99
(StdObs) 10 July 0.196 0.184 6.12 1.35 0.98 0.96

Case 3 5 July 0.416 0.407 5.13 1.20 0.99 0.99
(StdObs + | 10 July 0.134 0.152 5.22 0.89 0.98 0.97

2DVar)

Case 4 5 July 0.482 0.491 4.85 1.82 0.99 0.98
(StdObs + | 10 July 0.125 0.153 5.19 1.09 0.97 0.95
VDRAS)

Reference

Willmott CJ. 1982. “Some comments on the evaluation of model performance.” Bull. Amer. Meteorol.
Soc. 63:1309-1313.
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Appendix D: CALMET Configuration

There are potentially two methods to configure CALMET to ingest the NEXRAD wind retrievals.
The first method involves treating the retrievals as model output. In this approach, the model data are
only used as a first guess and not used in subsequent processing. To apply this option, it is necessary for
the model data to contain no missing values and to be defined on a Cartesian grid over the entire
CALMET domain. Although the VDRAS data fulfill this requirement, the 2DVar data do not. The
second option for data ingest involves treating the NEXRAD retrievals as observational upper-air data.
This is, in fact, the option that was chosen for this study because it allowed us to evaluate VDRAS and
2DVar on an equal footing. However, this option also presented some practical difficulties.

The upper-air data used by CALMET are read from a series of ASCI| files, corresponding to each
upper-air station used in the simulation. Each file consists of a series of data records containing vertical
profiles of wind speed, wind direction, temperature, pressure, and height above sea level. Each record in
the file corresponds to a different sounding time. By contrast, the wind retrievals from both VDRAS and
2DVar are stored as three-dimensional arrays in multiple NetCDF files. Each NetCDF file contains the
retrieval for a particular assimilation time.

To prepare the retrievals for ingest into CALMET, it was necessary to treat each horizontal grid point
in the retrieval as a separate upper-air station. This required parsing the three-dimensional data stored
within multiple NetCDF files into a time series of one-dimensional profiles and then reformatting that
information into a series of ASCII files, i.e., one file for every horizontal grid point in the retrieval. With
this approach, it would be necessary to create more than 3000 upper-air station files at the full horizontal
resolution of the NEXRAD retrievals.

It is clear from inspecting the CALMET source code that the developers had not envisioned
applications involving more than 99 upper-air stations. As a result, initial attempts at running CALMET
with a large number of upper air stations failed. The problem was corrected by making some slight
modifications to the code. These modifications involved redefining maximum array dimensions and
changes to a few format statements.

Performing a large number CALMET simulations using the full horizontal resolution of the
NEXRAD retrievals was not practical. Tests were conducted to access the impact on the CALMET
output by decreasing the number of NEXRAD upper-air stations and thus reducing the execution time.
This was done to determine a good trade-off between the density of NEXRAD data and CALMET run
time. The original 2- x 2-km 2DVar grid was decimated to produce grids with nominal horizontal
resolutions of 4 x 4, 8 x 8 and 10 x 10 km, containing 785, 197, and 122 upper air stations, respectively.
The run times for each of these resolutions performed on a Dell Precision 380 PC with a 3.2 GHz
Pentium DCPU, and 3.5 Gb of RAM, under Windows XP are shown in Table D.1.

In this comparison, the simulation period was from 0300 to 1500 LST on 5 July 2003. The CALMET
runs were performed using the hourly input option, and the CALGRID option was set to false to disable
the output of the vertical velocity and temperature fields. The full resolution run (2 x 2 km resolution)
took nearly 6 hours to complete, while the 10- x 10-km run ran in 85 s. The relationship between
execution time and data density is clearly nonlinear. To determine a good trade off between data density
and run time, we computed the root-mean-square difference (RMSD) by comparing the 2- x 2-km run and
the decimated runs. The 4- x 4-km run resulted in a relatively small RMSD and executed in a reasonable
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period of time (~25 min). For this reason, all simulations used in this study are based on the effective
4- x 4-km resolution.

We also evaluated run times for CALMET executables produced with two different Fortran
compilers. CALMET was largely developed using the Lahey (LF95) compiler, but the source code can
be compiled using the Digital Fortran (DF) compiler. The DF executable ran nearly three times faster
than the LF95 executable. The resulting u- and v-components of the wind produced by the two
executables differed by only a single precision round-off error of the computer. Thus, a substantial saving
in computational time is achieved by using the DF compiled version of CALMET, without sacrificing

accuracy.
Table D.1. Execution Times of CALMET for Different Compilers,
Resolution, and Number of Input Observations
# of Upper Air Effective RMSD | Execution Time | Execution Time
Compiler Stations Resolution (ms™) Seconds HH:MM:SS

LF95 3136 2Xx2 0 20874 05:47:54
LF95 785 4x4 0.049 1443 00:24:03
LF95 197 8x8 0.252 149 00:02:29
LF95 122 10x10 0.462 85 00:01:25
DF 785 4x4 - 597 00:09:57
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