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[1] Understanding of the possible response of severe convective precipitating storms to
elevated greenhouse gas concentrations remains elusive. To address this problem,
telescoping, multimodel approaches are proposed, which allow representation of a broad
range of processes that could regulate convective storm behavior. In the global-cloud
approach (G-C), the NCEP-NCAR Reanalysis Project (NNRP) global data set provides
initial and boundary conditions for short-term integrations of a mesoscale model and
nested convective-cloud-permitting domain. In the global-regional-cloud approach
(G-R-C), the NNRP data set provides initial and boundary conditions for long-term
integrations of a regional climate model, which in turn forces short-term integrations of a
mesoscale model and nested convective-cloud-permitting domain. Upon applying these
approaches to historical extreme convective storm events, it was found that the
global-scale data could be dynamically downscaled to produce realistic convective-scale
solutions. In particular, tornado proxies computed from the model-simulated winds
were shown to compare well in relative numbers to those of tornado observations on many
of the days considered. This supports the telescoping modeling concept as a viable
means to address effects of elevated greenhouse gas concentrations on convective-scale
phenomena. In an evaluation of the two approaches, it was also found that simulations
of the historical events by the G-C were superior to those by the G-R-C. Sensitivity of the
convective-scale processes to details in the downscaled synoptic-scale flow, and to the
placement of the mesoscale model domain within the regional climate model,

reduced the effectiveness of the G-R-C.
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1. Introduction

[2] Climate models consistently project increases in the
frequency of annual, seasonal, and daily precipitation
extremes, particularly over North America, in response to
anthropogenic increases in greenhouse gas concentrations
[e.g., Diffenbaugh et al., 2005; Meehl et al., 2005; Tebaldi
et al., 2006; see also Intergovernmental Panel on Climate
Change, 2001]. However, conclusions on whether, and/or
how, the projected precipitation will manifest as changes in
locally intense, convective precipitating storms (CPSs) with
several-hour timescales remain elusive. In addition to
torrential rainfall, CPSs are capable of producing destruc-
tive surface winds, hail, lightning, and tornadoes. The
societal and economic impacts of these local-scale hazard-
ous weather phenomena can be significant [e.g., NOAA,
2005], and hence increases in their occurrence could have
substantial implications.
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[3] The potential response of convective storms and
associated phenomena to increases in greenhouse gas con-
centrations remains unconstrained, largely because of an
incomplete understanding of how global-scale changes in
radiative forcing are realized at local scales (and in turn how
the local-scale changes feed back to the global scale). Any
viable means to address this problem must account for the
fact that the organization of cumulus clouds into intense
storms is governed in part by larger- (synoptic) scale or
ambient distributions of temperature, moisture, and winds.

[4] Consider an adaptation of the approach taken by
weather forecasters, who assess the likelihood of intense
convective storms on a given day by examining parameters
such as the convective available potential energy (CAPE),
and the vertical change or shear of the ambient horizontal
wind vector (0V / 9z). For example, it is generally accepted
that when the ambient CAPE and the ambient vertical wind
shear over a surface to ~4—7 km layer jointly exceed
approximate threshold values, severe, rotating cumulonimbi
can develop [Weisman and Klemp, 1982; Johns et al.,
1993]. These so-called supercell thunderstorms [Browning,
1964] can have durations of several hours, and are almost
always associated with some form of hazardous weather,
including tornadoes and large hail. When ambient vertical
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Figure 1.

Schematic of a telescoping, multimodel approach using a global climate model, a regional

climate model, and a cloud-resolving or convection-permitting model.

wind shear is large over a shallower layer (surface to ~2—
3 km), the predominant convective organization is often
linear-shaped thunderstorm systems, or squall lines, whose
main threat is damaging winds and heavy rainfall, although
hail and tornadoes are possible [e.g., Trapp et al., 2005a].

[5] The forecasting procedure can be extended to climate
applications by similarly examining these parameters of
CAPE, shear, etc., as derived from (global and regional)
climate model output. Brooks [2006] has begun such an
effort for the modern climate, using the National Center for
Environmental Prediction (NCEP) and National Center for
Atmospheric Research (NCAR) Reanalysis Project (NNRP)
global data set [Kalnay et al., 1996]. He has found, for
example, that the NNRP data reveal a global maximum in
tornadic storm environment conditions over the central
United States that corresponds very well with the observed
maximum in tornado reports. We are, in a separate study,
also applying this procedure, using the Diffenbaugh et al.
[2005] simulations of current and future United States
regional climate (R. Trapp, et al., Changes in severe
thunderstorm frequency during the 21st century due to
anthropogenically enhanced global radiative forcing, sub-
mitted to Proceedings of the National Academy of Sciences
of the United States of America, 2007).

[6] This approach of using environmental parameters as
proxies for convective storms and associated phenomena is
not without its limitations, however. Indeed, one must make
the tenuous assumption that storms have or will initiate in
these environments. In an attempt to avoid this limitation,
we pursue herein an alternative yet complementary ap-
proach in which convective storms are treated explicitly.
By design, we require that the processes that could regulate
convective storm behavior in response to changes in global
radiative forcing be captured over a broad range of spatial
and temporal scales. Accordingly, we propose a telescoping
approach that culminates in 3D, convection-permitting
model simulations (Figure 1).

[7] Given a number of possible ways to implement this
approach, the objective of the current study is to develop a
telescoping model strategy that is accurate in terms of the
antecedent conditions on the synoptic and mesoscale, the
organizational mode of the CPSs, and the representation of
severe weather associated with these storms. Two specific

strategies, the global-cloud (G-C) and the global-regional-
cloud (G-R-C), are described and evaluated on the basis of
simulations of historical convective storm events. The latter
of the two is motivated by the fact that regional climate
model applications have been shown to improve the simu-
lation of regional-scale extreme event frequencies over that
of the driving GCM [Bell et al., 2004].

2. Telescoping Modeling
2.1. Components

[8] The basic components of the telescoping modeling
technique are a global climate model or global data set, a
regional climate model, and a convection-permitting model.
2.1.1. Global Data

[v] Global data from the NNRP currently serve as the
primary source of initialization and boundary information
for the limited area models in both modeling approaches.
NNRP data are available from 1948 to present on a 2.5 x
2.5 degree latitude/longitude grid at 6-hour intervals.
2.1.2. Regional Climate Model

[10] For the G-R-C we utilize the Abdus Salam Institute
for Theoretical Physics Regional Climate Model, version 3
(RegCM3) [Pal et al., 2007]. RegCM3 is a hydrostatic,
compressible, finite difference model that uses vertical
sigma coordinates [e.g., Giorgi et al., 1993; Giorgi and
Mearns, 1999; Pal et al., 2000]. RegCM3 is based on earlier
versions of RegCM developed at NCAR from the NCAR-
Pennsylvania State University mesoscale model, version 4.

[11] For the current study, RegCM3 is applied on a
domain centered at 37.581°N, 95°W (Figure 2). The
RegCM3 grid and parameterizations follow Pal et al.
[2000]. The horizontal grid consists of 128 (80) points in
longitude (latitude), with a 55.6-km grid point spacing; the
vertical grid has 18 sigma levels. In this configuration,
RegCM3 is able to capture the seasonal and spatial structure
of temperature and precipitation in the continental United
States [Diffenbaugh et al., 2006]. Given the NNRP data as
initial and boundary conditions, the model is continuously
integrated in time for the full model year prior to the year of
each event, specifically, 1 January 1973 to 5 April 1974,
and 1 January 2000 to 10 May 2001. The longer-term
integrations of the regional climate model allow the mod-
eled land surface processes to be well equilibrated with the
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Figure 2. Computational domain for RegCM3.

overlying atmosphere, during the time periods of interest
[e.g., Giorgi and Mearns, 1999]. Greenhouse gas concen-
trations are taken from Schlesinger and Malyshev [2001].
2.1.3. Convection-Permitting Model

[12] The advanced research version of the Weather Re-
search and Forecasting (WRF) model Version 2.1.2, a fully
compressible, nonhydrostatic model [Michalakes et al.,
2001; Skamarock et al., 2005], is used here as a mesoscale
model and (two-way nested) convection-permitting model.
Table 1 provides specific details of our application of the
WRF model in the G-C and G-R-C configurations. Param-
eterizations of physical processes follow those used in
experimental, high-resolution, WRF-model predictions of
convective storms in the United States [e.g., Weisman et al.,
2004; Kain et al., 2006]. With “cold-start™ initial conditions
as well as boundary conditions supplied by a regional
forecast model (the operational Eta model), these 24 to
36 hour time integrations were performed over computa-
tional domains that spanned more than two thirds of the
continental United States. These initial and boundary con-
ditions are presumed to sufficiently resolve the mechanisms,
fronts and other heterogeneities in the synoptic-scale and
mesoscale fields, that help initiate and force CPS events. In
turn, the WRF grids with horizontal grid points spaced
< 4 km are presumed to sufficiently resolve the evolution
and basic structure of CPSs, and hence obviate the need for
convective parameterization [Weisman et al., 1997]. Evalu-
ated subjectively in terms of CPS initiation, evolution, and
morphology or organizational mode, the predictions have
compared well to observations on many (though certainly
not all) days [Kain et al., 2006], and are considered to have
some skill.

2.2. Two Approaches

[13] In all experiments, the G-C utilizes the NNRP global
data set as initial and boundary conditions for the WRF
model; the NNRP soil moisture and soil temperature are

also used to initialize the WRF land surface model (LSM).
The WRF model is then time-integrated over 30 hours; for
the multiday event considered, the WRF is reinitialized each
day and then time-integrated over 30 hours. The G-C
employs three nested domains (hereinafter, d01, d02, d03)
with 27 km, 9 km, and 3 km horizontal grid point spacing,
respectively (Figure 3); the stretched vertical grid has 31
levels. Hence the WRF is used as a traditional mesoscale
model that is then nested down to a convection-permitting
domain (d03). Neither this domain nor d02 make use of a
cumulus parameterization scheme; on the dO1 domain,
however, the Kain-Fritsch cumulus parameterization
scheme [Kain, 2004] is implemented. Two-way interaction
between d03 and d02 is afforded, as it is between d02 and
dO01l. The domains are judiciously placed according to the
location of each event (Figure 3).

[14] The G-R-C uses the NNRP global data set to drive
the RegCM3 model. The RegCM3 is run continuously over
the domain shown in Figure 2, for the time periods
described above. The RegCM3 output is then used as initial
and boundary conditions for the WRF model, which is
again time-integrated for 30 hours. (For consistency with
the G-C, the NNRP soil moisture and soil temperature are
used to initialize the WRF LSM. Initial experiments show
little sensitivity of the G-R-C solutions presented herein to

Table 1. WRF Model Physics Parameterization Schemes®

Parameterization Scheme
Microphysics LFO
Radiation (SW/LW) Dudhia/RRTM
Land surface model Noah
Planetary boundary layer YSU

Convective clouds and precipitation Kain-Fritsch

ALFO, Lin et al. [1983]; Dudhia, Dudhia [1989]; RRTM, Rapid Radiative
Transfer Model [Mlawer et al., 1997; lacono et al., 2000]; Noah, Chen and
Dudhia [2001]; YSU, Yonsei University [Noh et al., 2003]; Kain-Fritsch,
Kain [2004].

30of 13



D20109

TRAPP ET AL.: TELESCOPING MODELING OF CONVECTION

D20109

Figure 3. Computational domains for the WRF model used in the (a) 3—4 April 1974 simulations and
(b) 2—8 May 2001 simulations. Domain 1 (d01) has a horizontal grid point spacing of 27 km, domain 2
(d02) has a spacing of 9 km, and domain 3 (d03) has a spacing of 3 km.

the LSM initialization data, however.) The three nested
WRF domains are the same in the G-R-C as in the G-C,
and two-way interaction between d03 (d02) and d02 (d01)
is again afforded. So, in the G-R-C, the regional climate
model drives the mesoscale model (dO1), which is then
nested down to a convection-permitting domain (d03).

[15] Although investigations of the response to 21st
century climate forcing will require atmosphere-ocean gen-
eral circulation model-simulated fields as part of both
configurations, here we investigate the modeling approach
performance given “perfect boundary conditions.” Use of
the global reanalysis data set in the both configurations
allows us to provide a most favorable constraint on their
performance.

[16] It is important to mention here that the interaction
between the RegCM3 and WRF is one-way, as obviously
are the interactions between the NNRP and RegCM3, and
the NNRP and WRF. This lack of two-way coupling is
acknowledged as a limitation. Efforts such as those at
NCAR to develop a two-way nested regional climate model
using the WRF and the Community Climate System Model
(CCSM) will eventually remove this limitation; see: http://
www.mmm.ucar.edu/modeling/nrcm/index.php.

3. G-C and G-R-C Testing
3.1. Case Studies

[17] Two case studies of extreme CPS events are used to
test the telescoping modeling approaches. The first is the
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Figure 4. Telescoping model simulation of the 3—4 April 1974 event. (a—d) Radar reflectivity (at 0.5-
km altitude; dBZ) and S from the G-C at 2100 UTC, 3 April 1974, and 0000 UTC, 4 April 1974; (e—g)
radar reflectivity and S from the G-R-C at 2100 UTC, 3 April 1974, and 0000 UTC, 4 April 1974. All

fields are shown on domain d03.

Tornado Super Outbreak of 3—4 April 1974, considered to
be one of the most devastating tornado outbreaks of the 20th
century [Hoxit and Chappell, 1975; Brooks and Doswell,
2001]. The second case consists of the sequence of severe
convective storms observed throughout the southern Great
Plains during the period 2—8 May 2001. Well within the
climatologically favored time for tornadoes and severe
storms in Oklahoma and Texas [e.g., Brooks et al., 2003],
this case is chosen to represent a “typical” occurrence of
extreme CPSs.

3.2. Evaluation

[18] In addition to a qualitative assessment of the model
solutions, we seek an objective or quantitative means to
compare model output to observations, and hence to eval-
uate the modeling approaches. Besides rain gauge and
weather radar data, the only relevant severe convective
storm observations are eyewitness reports of tornadoes,
severe winds, and hail, which incidentally form the current
basis for the climate statistics of these phenomena. Here,
tornado reports are chosen, since these reports are, in many
ways, more reliable than those of hail and wind [e.g., Trapp
et al., 2006]. Tornado-scale motions are not explicitly
simulated by our modeling methodology, however, and so
a model-based proxy of a tornado is required.

[19] Consider the use of a horizontal spatial correlation
between the vertical components of velocity and vorticity.

This quantifies the propensity of a convective storm to be
tornadic when it possesses a deep, rotating updraft or
mesocyclone [e.g., Weisman and Klemp, 1984; Davies-
Jones, 1984; Lilly, 1986; Droegemeier et al., 1993]. A form
of this correlation (see Attachment H, written by L. Wicker,
J. Kain, S. Weiss, and D. Bright, in the 2005 SPC/NSSL
Spring Program Overview and Operations Plan document
by Weiss et al. [2005]) was used in 2005 during the NOAA
Storm Prediction Center (SPC)/National Severe Storms
Laboratory (NSSL) Spring Program [e.g., Kain et al.,
2006] to locate possible supercells in high-resolution ex-
perimental forecasts. We have adapted it for our study,
defining a parameter S at each grid point within domain
do3 as

s=_ "

(w2?)'?

where w is vertical velocity, ¢ is vertical vorticity, and the
overbar indicates a vertical average, over each grid column,
from the lowest model level to approximately 5 km. To
eliminate insignificant and/or spurious values, the w and ¢
are required to exceed 5 m s ' and 0.001 s~ thresholds,
respectively, at each grid level involved in the calculation.

[20] On the basis of previous research and recent appli-
cations, we assume here that S > 0.6 indicates a rotating
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Figure 5. Tracks of all tornadoes that occurred during the period 1200 UTC, 3 April 1974, to 1200

UTC, 4 April 1974.

convective storm and potential tornado. Specifically, each
maxima (with §> 0.6) in the 2D field of S is used as a proxy
for a tornado-producing CPS (e.g., see Figure 4), with the
understanding that not all supercells or mesocyclonic storms
spawn tornadoes [e.g., Trapp et al., 2005b]. (Trapp et al.
[2005b] considered the percentage of tornadic mesocy-
clones as a function of mesocyclone “base.” When the
height of this base was at or below 1000 m, ~40% of the
mesocyclones considered were associated with a tornado.)
Counts of maxima are determined over 1.5-hour intervals,
and then summed to arrive at a total number of assumed
independent “tornado” detections over a 12-hour period,
within domain d03. (Our experimentation shows that eval-
uation of S maxima over 1.5-hour intervals should reveal
independent supercells and thus tornado detections. This is
consistent with the study by Burgess et al. [1982] who
determined the core evolution of a mesocyclone to be 60 to
90 min.) The tornado detections are then compared to the
number of tornado reports over the same period and
geographical domain.

4. Results

[21] The 30-hour WRF simulations in both approaches
and for both cases commence at 0000 UTC, which is
roughly 12—15 hours prior to convection initiation within
d03. This initial ~12 hours of simulation time is considered
primarily to be the interval over which the model generates

or “spins-up” the mesoscale portion of the atmospheric
kinetic energy spectrum. Our discussion therefore focuses
on the remaining time in the integration, specifically on the
evolution of the salient convective storm-scale features
within d03. To be clear, we do not expect that specific
storms of a given case will be simulated. Hence, in the
assessments, errors in time and (especially) space are
acceptable as long as the simulations generate storms that
are comparable in number, intensity, and morphology.

4.1. G-C: 3-4 April 1974

[22] Weakly precipitating storms are found in domain d03
of the G-C solution by 1500 UTC on 3 April 1974
(hereinafter, the day and time are expressed following the
convention 3/1500). As suggested in the radar summary
charts presented by Hoxit and Chappell [1975] (not shown),
this early evolution in the G-C solution lags that of the
observations by several hours. However, intense CPSs with
deep, rotating updrafts (and S > 0.6) are located in Indiana
and Ohio by 3/2100 (Figures 4a and 4b), consistent with the
tornado observations on this day (Figure 5). Such CPSs are
most numerous at ~4/0000 (Figures 4c and 4d), but
continue to be identified in eastern Illinois, Indiana, Ohio,
and Kentucky through 4/0600.

[23] As summarized in Table 2, 64 tornado proxies or
detections are determined from the G-C simulation over the
period 3/1800 to 4/0600, and within domain d03. This
number of detections compares favorably with the actual
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