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ABSTRACT: The semiarid climate and rugged terrain in the interior west of the United States do not favour the
development of bow echoes, a type of convective storm associated with intense, damaging winds. However, on 21 April
2011, a bow echo associated with a fast-moving midtropospheric perturbation formed across the Great Salt Lake (GSL)
in Utah, producing damaging winds along its path. Intrigued by the rarity of this bow echo and the inability of the North
American Mesoscale model (NAM) to forecast it, this event was studied by using available observations and conducted
simulations with the Advanced Research Weather Research and Forecasting (WRF) model. Sensitivity to the microphysics
schemes (MPSs), horizontal grid spacing, intensity of moisture content, and a physical lake model in the WRF model were
examined. It was found that: (a) reduction in grid spacing from 12 and 4km to 1km along with improved depiction of
low-level moisture substantially improved the bow echo simulation, (b) the presence of GSL did not impact bow echo
development, and (c) the WRF model appeared to inherit a phase error in the passage of the midtropospheric perturbation
from the NAM initial and lateral boundary conditions. The phase error resulted in a 1-2h delay in the bow echo passage.
These results highlight the difficulties in simulating such a bow echo event, and suggest similar challenges future faced by
subsequent regional climate downscaling studies on future extreme weather in the western United States.
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1. Introduction convective wind events occurred in the western United States
in the period 1998—-2007 (Schoen and Ashley, 2011).

On 21 April 2011 an intense convective line formed over
the Great Salt Lake (GSL) in Utah around 1900 UTC (1200
local time; Figures 1(a) and (b)) associated with a fast-moving
midtropospheric short-wave trough (shown later). Radar images
based on the S-band (2.7-3.0GHz) Weather Surveillance
Radar 1988 Doppler (KMTX WSR 88D) (Crum et al., 1993)
indicated that the convective line began organizing around
1800 UTC (Figure 1(a)) and intensified quickly within an hour
of moving across the GSL (Figure 1(b)). The convective
line then dissipated rapidly after encountering the Wasatch
Mountains east of the GSL. The intensity and curved shape
observed in radar reflectivity imagery, along with the strong

The term ‘bow echo’ describes a type of convective storm
associated with intense, damaging winds and downbursts
(Fujita, 1978). The dynamics, structure and associated synoptic
conditions of the bow echo have been studied extensively
through both observational (Funk et al., 1998; Burke and
Schultz, 2004; Klimowski et al., 2004; Atkins and St. Laurent,
2009a,b) and numerical approaches (Weisman, 1993; Trapp
and Weisman, 2003; Weisman and Trapp, 2003; James et al.,
2006). In the United States, bow echoes occur normally during
spring and summer in the central and eastern plains; they
occur rarely over the semiarid, rugged Intermountain West
between the Cascade-Sierra Range and the Rocky Mountains.
For example, Klimowski et al. (2004) identified only two bow
echo events west of the Rocky Mountains during the period damaging winds reported along the path of this system,
1996-2002, although their study was not designed to be a com-  ar¢ consistent with a bow echo. Radial velocity imagery
prehensive bow echo climatology. Examining the cold season ~(Figures 1(c) and (d)) also suggested that this 21 April case
(October—April), Burke and Schultz (2004) identified only one et clearly some of the criteria of bow echo structure (Fujita,
bow echo event during the 1997-2001 period. Additionally, —1978; Weisman, 1993), such as ascending front to rear inflow

only a very small number of fatalities related to non-tornadic ~ (Businger ez al., 1998). A number of stations along the eastern
shore of the GSL recorded wind gusts exceeding 58 kn with

maximum winds reaching 104 kn (Figure 1(e)). Therefore, this
convective line is referred to as a bow echo hereafter.

Bow echo systems are extremely rare in this region dur-
ing this time of the year. After examining damaging wind
reports compiled by the National Climatic Data Center (NCDC)
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Figure 1. Observed composite reflectivity (dbz) and base velocity (kn) over the Great Salt Lake (GSL), (a) and (c) at 1807 UTC 21 April 2011,
(b) and (d) at 1854 UTC 21 April 2011, respectively; (e) the corresponding severe wind reports from the Storm Prediction Center (SPC) valid
1200—-1200 UTC 21-22 April 2011.

publication Storm Data and obtained from the Storm Prediction
Center (SPC), only five records of wind speed exceeding the
‘severe’ threshold of 50 kn (defined by SPC) were found during
April over the period 1960—2010 and within the 100 mi radius
of the GSL. Past high-wind events in this area have resulted
usually from intense, fast-moving cold fronts similar to those
documented by Shafer and Steenburgh (2008), that is, at a larger
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scale, which often form in a southwesterly large-scale flow
and then intensify as a mobile upper-level trough approaches
from the west. In addition, examination of the radar reflec-
tivity images archived at http://locust. nmm.ucar.edu indicates
that, since 1996, there have not been any squall lines as
intense as this 21 April 2011 event that occurred in the GSL
area (based on reflectivity data as well as Brian Mclnerney
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of the National Weather Service at Salt Lake City, 2011,
personal communication). It is therefore not surprising that
operational mesoscale forecasting models like the North Ameri-
can Mesoscale model (NAM) (Janji¢, 2003) gave no indication
of such an event, even when initialized only 6h prior to the
bow echo’s occurrence (shown later).

Intrigued by the rarity of bow echoes in Utah and motivated
by the inability of current mesoscale forecasting models (i.e.
NAM) to simulate the 21 April case, a decision was made to
study this event using the Advanced Research Weather
Research and Forecasting (WRF) model (herein ARW;
Shamarock et al., 2008). The purpose of this study was to
evaluate the performance of the ARW in simulating this
unique bow echo. Case studies like this are a crucial first
step in achieving reliable regional downscaling information of
climate projections for this region, along with assessment of
future extreme weather events. In this study, all simulations
were conducted at convection-allowing spatial resolution
(i.e. horizontal grid spacing <5km with convective scheme
turned off). Model experiments were designed to examine
precipitation sensitivity to microphysics schemes (MPSs),
horizontal grid spacing, and intensity of moisture content. In
addition, the possible impact of the GSL on the bow echo
development was explored; this was motivated by the apparent
intensification of the bow echo as it passed over the GSL
(Figures 1(a) and (b)). Finally, the impact of different initial
conditions on the bow echo simulations was investigated.

The paper is arranged as follows: Section 2 describes the
data source and the experiment design with the ARW; Section
3 presents the analysis and discussion of results; Section 4
provides concluding remarks.

2. Data and model settings

2.1. Data

Precipitation data used in this study were obtained from the
National Centers for Environmental Prediction (NCEP) stage
IV multi-sensor (radar 4 gauges) precipitation analyses (known
as MPEs; Baldwin and Mitchell, 1997). The 13km analy-
ses from the NCEP Rapid Update Cycle model (RUC; Ben-
jamin et al., 2004a,b) were used for the depiction of hourly
weather conditions. Radar data were obtained from the NCDC
at http://www.ncdc.noaa.gov/. The NAM analyses and forecast
data (12km grid spacing) were obtained from NCDC. The
NAM model runs four times daily and provides 3 h outputs.
In addition, the North American Regional Analysis (NARR;
32km grid spacing) (Mesinger et al., 2006) was used for the
period of 1991-2010 with the 3 h output. Finally, lake surface
temperature was derived from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) data, obtained from NASA
(http://reverb.echo.nasa.gov). The daily product (MYDI11C1)
was used including daytime and night time surface tempera-
ture and configured onto a 0.05°latitude/longitude (~5.6 km)
grid.

2.2.  Simulation design

The ARW version 3.0 used here was coupled with the Com-
munity Land Model version 3.5 (CLM3.5), which includes a
10-layer physical lake scheme (Jin et al., 2010). The GSL con-
tains high salinity in northern arm (25-28% by mass) and in
southern arm (8—15% by mass; Crosman and Horel, 2009),
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which makes the lake unfrozen almost all the time. Thus, in
all experiments, the GSL was configured as an unfrozen lake
to mimic the actual condition. However, other effects of salin-
ity on the physical features of the lake water such as surface
evaporation, heat capacity and thermal conductivity were not
considered in the model for this study. Two sets of simulations
were performed with and without the lake under different atmo-
spheric schemes. This ARW—-CLM3.5 coupled model (herein
ARW for simplicity) allowed us to examine possible lake influ-
ences on the bow echo as it passed over the GSL. Simulations
were conducted first with a single 1000 x 900 km? domain cen-
tred at 41.1°N, 112.9°W (the central GSL) with a 5km grid
spacing (Figure 2(a)) while the convective scheme was turned
off. The 5km model grid spacing was chosen because domi-
nant circulations in midlatitude mesoscale convective systems
(MCSs) have been shown to be depicted adequately near this
resolution or higher (Weisman et al., 1997). The simulations
were initialized at 0600 UTC 21 April.

For the single-domain experiment, sensitivity tests were
conducted using different MPSs in an attempt to reproduce the
bow echo. These subsequent tests are referred to as Kessler, Lin,
WSM 3, WSM 5, WSM 6, Goddard, Thompson and Morrison
MPSs (references listed in Table 1). Other key physics schemes
included the Yonsei University (YSU) planetary boundary layer
(PBL) scheme (Hong et al., 2006), CLM3.5 (Oleson et al.,
2008), and the Dudhia shortwave (Dudhia, 1989) and Rapid
Radiative Transfer Model longwave (Mlawer et al., 1997)
radiation schemes. Six hourly NAM analyses were used for the
initial and lateral boundary conditions. Physics schemes used in
the NAM included the Betts—Miller—Janji¢ (BMJ; Betts, 1986;
Betts and Miller, 1986, 1993; Janji¢, 1994, 2003) cumulus
parameterization, the Ferrier microphysics scheme (Ferrier
et al., 2002), and the Mellor—Yamada—Janji¢ (MYJ; Mellor and
Yamada, 1982; Janji¢, 2002) boundary layer parameterization.
In later analysis, the NCEP Global Forecast System (GFS;
Environmental Modeling Center, 2003) was used as initial and
lateral boundary conditions.

Additional sets of experiments using forecasts initialized at
1800 UTC 21 April, that is, when the bow echo had just devel-
oped west of the GSL (Figure 1(a)), were also conducted. First,
the impact of low-level moisture in the initial boundary con-
ditions (to reflect observations more accurately) was examined
with the S5km grid spacing single-domain experiments. Sec-
ond, simulations were conducted using three nested domains to
examine the impact of enhancing resolution on the bow echo
simulations; this aspect has been studied in the Central Plains
but has not been explored in the Intermountain West. The three
nested domains comprised the outermost domain (12km grid
spacing, horizontal dimension 130 x 120 grid points), the inner
domain (4km, 185 x 173), and the innermost domain (1km,
202 x 181) and are shown in Figure 2(b). For the outermost
domain, the BMJ cumulus parameterization was used. These
three additional experiments used the same physics configura-
tions as the single-domain simulations.

3. Results

3.1.  Synoptic conditions

The bow echo of 21 April occurred during the rapid pas-
sage of a short-wave trough at the 700 hPa level across the
Intermountain West. The short-wave trough was situated over
the Sierra Nevada at 1200 UTC on 21 April (Figure 3(a)).
At 300hPa (not shown), the short-wave trough was located

Meteorol. Appl. 22: 301-313 (2015)
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Figure 2. (a) The Advanced Research Weather Research and Forecasting model (ARW) single domain with 5km grid spacing (DO1) and (b)
three nested domains with 12km (D01), 4 km (D02), and 1 km (D03) grid spacing.

Table 1. MPS sensitivity tests of ARW simulations with 5 km grid spacing, and the corresponding RMSE and CC of domain averaged precipitation
(as shown in Figure 5(a)) between observations and simulations with various MPSs. RMSE (—1h) and CC (—1h) represent a 1h lag for the
simulations compared to the observations.

MPSs RMSE (mmh~") cc RMSE (—1h; mmh") CC (—1h)
Kessler scheme (Kessler, 1969) 0.17 0.47 0.10 0.87
Lin scheme (Lin et al., 1983) 0.10 0.57 0.03 0.95
WSM 3-class simple ice scheme (Hong et al., 2004) 0.14 0.27 0.08 0.73
WSM 5-class scheme (Hong et al., 2004) 0.11 0.47 0.06 0.87
WSM 6-class graupel scheme (Hong and Lim, 2006) 0.11 0.48 0.05 0.91
Goddard scheme (Tao et al., 1989) 0.16 0.37 0.09 0.87
Thompson scheme (Thompson et al., 2008) 0.15 0.30 0.08 0.79
Morrison scheme (Morrison et al., 2009) 0.19 0.45 0.14 0.79

in the West Coast (over the Cascade Mountains) indicating a
strong baroclinic structure (because of its apparent westward
tilt). The short-wave trough travelled across Nevada, Utah and
half of Colorado by 0000 UTC on April 22 (Figure 3(b)). The
larger-scale flow pattern resembles the type III synoptic regime
documented by Maddox et al. (1980), which is conducive to
flash floods in the Intermountain West. This so-called type-III
regime consists of strong synoptic waves with cooler tem-
peratures and strong winds aloft and can cause heavy rains
over large areas. Harnack ef al. (1998) also found that the
700 hPa circulation similar to the type-III pattern produces the
majority of the warm-season rainfall in Utah. However, the
short-wave trough around 21 April (Figures 3(a) and (b)) trav-
elled at a speed faster than the typical cases documented by
Harnack et al. (1998) and was associated with strong, cold
northwesterly winds behind the cold front (Figures 3(c) and (d)
surface maps).

Figure 4 illustrates the 700 hPa winds and relative vorticity
(shading) from 0700 UTC 21 April through 2300 UTC based
on RUC analyses. A subsynoptic-scale, cyclonic perturbation
associated with the short-wave trough developed in the
tri-state region between California, Nevada, and Oregon
around 0700 UTC and then moved toward Idaho. However,
this subsynoptic-scale perturbation moved more slowly than
the larger scale background short-wave trough and dissipated
after encountering the Rocky Mountains. At 1800 UTC, the
bow echo had initiated to the east of this subsynoptic-scale

© 2014 Royal Meteorological Society

perturbation located in the desert area west of the GSL
(Figure 4(e), indicated with a black line).

Midtropospheric perturbations, such as the one associated
with the 21 April bow echo, possess subsynoptic-scale features
previously undocumented in climatological studies (Maddox
et al., 1980; Harnack et al., 1998). These perturbations provide
an essential vorticity source and uplift for storms along its
leading edge, as has been observed in progressive MCSs across
the Great Plains (Bosart and Sanders, 1981; Johns, 1984,
1993). In the Midwest during midsummer, when it is relatively
dry under the prevailing northwesterly upper-level winds, up
to 60% of rainfall and 80% of storm reports are linked to
midtropospheric perturbations (Wang et al., 2011). Wang et al.
(2009a) pointed out that, in the Midwest, the performance of
forecasting models on simulating midtropospheric perturbations
is crucial in capturing the propagation and development of
progressive MCSs including bow echoes; it will be shown in
Section 3.4 that this is also the case for NAM simulations in
the Intermountain West.

3.2. The simulations

3.2.1. Five kilometre grid spacing single-domain

Time series of hourly precipitation averaged over the GSL
domain (Figure 5(a)) are shown in Figure 5(b). The simulations
were conducted with eight different MPSs (Table 1); the Lin
scheme appeared to generate an amount of precipitation that

Meteorol. Appl. 22: 301-313 (2015)
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Figure 3. 700 hPa geopotential height and temperature, (a) at 1200 UTC 21 April 2011 and (b) at 0000 UTC 22 April 2011; surface charts (c) at
1200 UTC 21 April 2011 and (d) at 0000 UTC 22 April 2011. Star represents GSL area. Chart source: http://nomads.ncdc.noaa.gov/ncep/NCEP.

was closest to the observed. However, all these MPSs exhibited
a delay in peak precipitation of 1-2h compared with the
observation, suggesting that the bias in storm propagation is not
directly related to MPSs. Note that the domain over which the
precipitation was averaged was cut off at the eastern edge of
the GSL because ARW and NAM have a tendency to overpre-
dict precipitation on the windward side of the Wasatch Range,
a documented bias (Caldwell e al., 2009; Wang et al., 2009b)
that may distort the depiction of storm precipitation. In order to
quantify the differences between the precipitation simulations
and the observations, their root mean square error (RMSE) and
cross correlation (CC) were shown in Table 1, with the Lin
scheme generating the lowest RMSE (0.03) and the highest CC
(0.95) for precipitation. The RMSE and CC of different MPSs
ranged from 0.10 to 0.19 and from 0.27 to 0.57, respectively,
with the Lin MPS seemingly outperforming other MPSs. How-
ever, these simulations were generally unable to capture the spa-
tial distribution of the precipitation, that is, the bow echo. The
simulated vertical motion at 1900 UTC from different MPSs
(not shown) indicated similar basic patterns over the GSL with
different magnitude: updraft at the upper levels (above 4.7 km)
and downdraft at the lower levels (below 4.7 km), with the Lin
scheme generating the strongest upward motion over the lake.
Using the Lin MPS, Figures 5(c) and (d) illustrate the observed
and simulated precipitation patterns at 1800 UTC, 1900 UTC
and 2000 UTC. While the simultaneous difference is substantial
(Figure 5(c)), the difference with a 1h lag appears smaller
(i.e. comparing the 2000 UTC simulation with the 1900 UTC
observation).

© 2014 Royal Meteorological Society

Next, the simulated reflectivity was examined, which was
computed by adding the equivalent reflectivity factors for
each simulated hydrometeor species (Koch et al.,, 2005). As
shown by the 6h and 12h NAM forecasts in Figures 6(a) (b),
both failed to capture the bow echo development as observed
(Figure 6(c)). It may be argued that the 6 h forecast did capture
the northern arm of the storm, but the line structure is missing in
the simulation. The inability of the NAM to depict the bow echo
is not surprising, given its relatively coarse grid spacing, which
makes it necessary to use a convective scheme. Indeed, simu-
lations with eight different MPSs (Figures 6(d)—(k)) produced
consistently line-convection structures, but with the wrong ori-
entation (i.e. southwest—northeast) and widespread overpredic-
tion south of the GSL over desert areas. The simulations were
not improved either, at the time when the bow echo reached
its maximum intensity (~1900 UTC; not shown), while the
southwest—northeast oriented bands grew even more intense
and covered most of the domain as shown in Figure 6.

Next, by accounting for the temporal bias of about an hour
(indicated in Figure 5(b)), the observed reflectivity valid at
1807 UTC (Figure 7(a)) with the simulated reflectivity at
1915 UTC (initialized at 1800 UTC 21 April) were compared
using the Lin MPS. As is shown in Figure 7(b), it appears that
the bow echo in its initial stage is depicted reasonably with a
consistent maximum reflectivity to the west of the GSL (regard-
less of the delay). Likewise, when comparing the simulated
bow echo pattern at 2000 UTC (Figure 7(f)) with the 1854 UTC
observation (Figure 7(e)), it is clear that the ARW produces
the observed pattern reasonably even though the simulated
reflectivity appears discontinuous and underestimated.

Meteorol. Appl. 22: 301-313 (2015)
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(f) 2300 UTC. Grey line represents geopotential height of 2975 gpm, black line in (e) represents bow echo.

3.2.2.  Enhanced moisture and nested domains

By comparing the mixing ratio (¢) of the Salt Lake City sound-
ing (KSLC) at 1200 UTC 21 April with model simulations, it
was found that the simulated middle-to-lower troposphere was
too dry, with a 13-22% deficit in g throughout the layer of
850—600 hPa (results not shown). It was noted by Wang et al.
(2009a) that NAM has a dry bias in warm-season climatology.
Thus, in the next experiment ¢ was increased artificially by
50% over the desert area west of the GSL (114.3—-112.5°W,
39.5-41.3°N). This exaggerated percent increase in g was to
highlight the sensitivity of bow echo simulations to the mois-
ture content. As shown in Figures 7(c) and (g), the simulated
reflectivity intensified and was closer to the observation after
the moisture increase, but the simulations still did not pro-
duce any apparent bow echo structure. On the other hand, the

© 2014 Royal Meteorological Society

1 km inner domain of the nested simulations (Figure 7(d)) pro-
duced reflectivity as intense as the enhanced-moisture experi-
ment (Figure 7(c)), even though moisture in the 1 km simulation
was not increased. Noteworthy is the 2000 UTC reflectivity of
the 1 km simulation (Figure 7(h)), which reveals a well-defined
bow echo pattern east of the GSL. These finer-scale structure
and more realistic features depicted in the 1km versus the 5 km
simulations are consistent with the comparisons made between
1 and 4 km grid spacing ARW simulations for the Great Plains
(see Clark et al., 2012 and references therein).

3.3. Sensitivity of lake simulations

Because of the difference in moisture and temperature between
the land and lake surface layers during different seasons,
convective systems can be either enhanced or weakened when

Meteorol. Appl. 22: 301-313 (2015)
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Figure 5. (a) Terrain map around Great Salt Lake (GSL), (b) time series of hourly precipitation (mm h") averaged over the GSL domain (i.e. the

domain as (a)) observation compared against simulations with differen
of observed and Lin MPS-simulated precipitation (mm h

they pass over large lakes such as the GSL. During the cold
season, higher lake temperatures may enhance moisture and
instability for convection, but convective systems emanating
directly from lake effects occur rarely (such as thundersnow);
this has been the case for the GSL (Market et al., 2002). In the
warm season, lakes have mixed impacts on convective systems
depending on the environmental conditions of lake breezes
and low-level wind shear, as is the case for the Great Lakes
(Kristovich et al., 2003). As far as is known, the GSL has not
been documented to have any systematic effect on springtime
convective storms passing over it.

The lake surface temperature using the MODIS daily product
(MYDI11C1) was first examined. Owing to cloud cover on
21 April, the April 20 night time measurement was used for
the lake surface temperature. As shown in Figure 8(a), the

© 2014 Royal Meteorological Society

t microphyics schemes (MPSs), (c) and (d) are hourly spatial distributions
=1 during 1800—2000 UTC on 21 April 2011, respectively.

GSL surface temperature was at the 2—6 °C range, given that
lake temperature does not change much within one day. By
computing the temperature difference between the surface on
20 April 2011 using night time MODIS data and the 700 hPa
level at 1800 UTC on 21 April using RUC data, a 6-10°C
temperature difference (or lapse rate) was observed between the
GSL (elevation ~1300m) and the 700 hPa level (Figure 8(b)).
Such a lapse rate is almost dry-adiabatic and therefore presents
a potential for lake-enhanced convection (Steenburgh et al.,
2000; Zhao et al., 2012). Thus, the impact of the GSL on
the rather rapid development of the bow echo was examined
next.

On the basis of the sensitivity simulations shown in
Figure 5(b), six of the better-performing MPSs (of the original
eight) were chose to repeat the simulations without the GSL

Meteorol. Appl. 22: 301-313 (2015)
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forecasts, and the Advanced Research Weather Research and Forecasting model (ARW) simulations around 1800 UTC 21 April 2011, (a) NAM

6h forecast from 1200 UTC and (b) NAM 12h forecast from 0600 UTC 21 April 2011, respectively, (c) observation at 1807 UTC, simulated

composite reflectivity with microphysics schemes (MPSs) of (d) Kessler, (e) Lin, (f) WSM 3, (g) WSM 5, (h) WSM 6, (i) Goddard, (j) Thompson,
and (k) Morrison, respectively. Black dashed line indicates bow echo.

(i.e. no-lake experiment), which involved substituting the sur-
rounding land-use type of shrubland for the lake. The storm pre-
cipitation was integrated for 1600—0000 UTC averaged within
the domain as in Figure 5(a). The results in Figure 9, however,
do not reveal any consistent difference between the no-lake
and control experiments, that is, precipitation is higher in some
no-lake experiments of certain MPSs (e.g. WSM 6 and Thomp-
son) but lower in other MPSs (e.g. WSM 5 and Goddard). The
magnitude of these precipitation differences is within 5% and
considered insignificant. It appears that the inclusion of the GSL
did not impact the simulation of the MCS. A possible factor
leading to this lack of GSL effect is the rather cold lake surface
(2-6°C) that might increase stability in the lower troposphere.

3.4. Dynamical implications

Examining numerical forecasts of summertime subsynoptic
perturbations in the Upper Midwest, Wang et al. (2009a) found
that NAM consistently underestimated the propagation speed of
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the perturbations, leading to a displacement in the precipitation
patterns associated with the MCS. Such a propagation speed
bias is similar to the delay of the simulated bow echo as
shown in Figure 5. By using the 725hPa geopotential height
and relative vorticity maximum at 1800 UTC 21 April as the
reference point, the position of the simulated midtropospheric
perturbation was compared against that observed (Figure 10(a)).
The vorticity centres (i.e. trough lines) of the NAM 6 h forecast
and two NAM-forced ARW simulations (one at the same
time and the other earlier at 0600 UTC April 20) all fall
behind the observed one, suggesting a speed bias. The bias
in the 1800 UTC simulation (green line) is alarming because it
suggests an initial error of the ARW that is likely to grow over
the integration, as is evidenced by the more pronounced speed
bias in the 0600 UTC simulation (blue line).

Meanwhile, when forced by GFS as initial boundary con-
ditions, the simulated vorticity centres (orange and purple
lines) were very close to the observed, suggesting that the
aforementioned speed bias may only result from the NAM.
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Figure 8. (a) Moderate Resolution Imaging Spectroradiometer (MODIS) lake surface temperature of night time on 20 April 2011 and (b)
temperature difference (lake surface temperature minus 700 hPa temperature) between the MODIS lake surface temperature of night time on 20
April 2011 and 700 hPa temperature of the Rapid Update Cycle model (RUC) at 1800 UTC on 21 April 2011.

Nevertheless, precipitation of the GFS-forced simulation, con-
ducted with the single domain (Figure 2(a)) at 5km grid spac-
ing, was underpredicted severely (Figure 11 grey dashed line)
although the timing is apparently improved in comparison with
Figure 5(b), here for brevity only the simulation that the Lin
MPS used is presented. On the contrary, precipitation simu-
lated from the 1km GFS-forced simulation was overestimated
considerably (Figure 11 grey solid line), but revealed a further
improvement in the timing. Nevertheless, examination of the
simulated reflectivity pattern (not shown) indicated that neither
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the Skm nor the 1km simulation reproduced the bow echo,
although the 1km run generated a rainband that is more con-
sistent with the observation than the Skm run and without
delay.

It is prudent to examine further the speed bias associated
with NAM, as it is the primary regional forecasting model
in operation. Thus, three NAM forecasts (f06, 12, and {24)
were analysed in comparison with the analysis (f00). On the
basis of the approach explained next, three midtropospheric
perturbation cases similar to that on 21 April 2011 were selected

Meteorol. Appl. 22: 301-313 (2015)
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Figure 10. (a) Comparison of 725hPa geopotential height of 2700 gpm among different data (i.e. Rapid Update Cycle model (RUC), North
American Mesoscale model (NAM) forecast, Advanced Research Weather Research and Forecasting model (ARW) simulation, and ARW
initialization) at 1800 UTC 21 April 2011: black line, red line, blue line, green line, purple line dot, and orange line dot represent the geopotential
height of observations (i.e. RUC), NAM f06, ARW initialization forced with NAM at 1800 UTC, ARW simulation forced with NAM initialized
at 0600 UTC21 April 2011, ARW initialization forced with GFS, and ARW simulation forced with GFS initialized at 0600 UTC21 April 2011,
respectively, (b) composite geopotential height of three cases (details in text) similar with the case of 1800 UTC 21 April 2011 based on the
NAM 00, 06, 12, and 24 h forecasts, (c) 725 hPa relative vorticity ratio versus spatial correlation of geopotential height between bow echo (i.e.
1800 UTC 21 April 2011) and the other 3 h interval of NARR data (1991-2010).

for analysis: 20070418 1800 UTC, 20070423 0900 UTC, and
20090415 2100 UTC (i.e. the NAM archive only dates back
to 2007). A composite approach was adopted by aligning the
725hPa trough (vorticity centre) location of each perturbation
based on fOO and then averaging for f06, f12, and f24 with
geopotential height. The composite fO0 geopotential height
contour was averaged between 40 and 41.5°N, centred at
the point of the lowest geopotential height and expanded
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horizontally for 50 grid points (Figure 10(b) black line). It
was then overlaid with the same grids of forecast geopotential
height contours in colour. There is a discernable position shift
(or delay) in the trough location at f12 and further at {24
compared with f00. This result suggests that the speed bias
of midtropospheric perturbations in the NAM, similar to that
documented in Wang et al. (2009a), is also present in the
Intermountain West.
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Figure 11. Time series of domain averaged (i.e. the domain as

Figure 5(a)) precipitation (mmh~'). Black line represents observation,

grey dashed and grey solid lines represent precipitation of Global Fore-

cast System (GES) forced simulations with single domain (Figure 2(a))

and the innermost three nested domains (Figure 2(b)), initialized at
0600 UTC 21 April 2011, respectively.

Given the close correspondence between bow echoes and
subsynoptic perturbations in the midwestern United States
(Trier et al., 2006; Wang et al., 2011), it also appears necessary
to examine the frequency of which strong midtropospheric
perturbations occur in the western United States. Thus, the
frequency of perturbations was first examined at the similar
scale and amplitude as the 21 April 2011 case (cf. Figure 4).
However, because neither the NAM nor RUC provides a
long enough archive of data and because both models have
undergone several upgrades over the years, the NARR 3 h data
was used to trace the occurrence of similar perturbations in
April from 1991 to 2010. Within the domain 125-105°W
and 35-45°N (Figure 10(a)), the 725 hPa geopotential height
‘eddy’ (with the domain zonal mean removed) was compared
against the situation on 1800 UTC 21 April 2011, based on
the analysis of spatial correlation for each 3h interval. Next,
the maximum of the 725hPa relative vorticity was averaged
over the GSL vicinity domain of 116-112°W, 40-44°N;
comparing this value with that of 1800 UTC 21 April obtained
a ratio that represents the vorticity intensity relative to the
21 April case. The spatial correlation of geopotential height
and the vorticity ratio are shown as a scatter diagram in
Figure 10(c).

On the basis of the threshold of spatial correlation greater
than 0.8 (an arbitrary value) and vorticity ratio greater than
1, only seven such perturbations were found: 1 April 1999
1500 UTC, 20 April 2005 0600 UTC, 20 April 2005 2100 UTC,
6 April 2006 0600 UTC, 18 April 2007 1800 UTC, 23 April
2007 0900 UTC, 1 April 2009 0000 UTC, and 15 April 2009
2100 UTC), three of which are the cases used for Figure 10(b).
It appears that strong perturbations as intense as the case of 21
April 2011 have occurred more frequently during recent years
(after 2005), although none of those perturbations generated a
bow echo. This result highlights the need for further research
in assessing extreme weather under the warming climate of this
region (Gillies et al., 2012).
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4. Conclusions

In April 2011, a rare bow echo occurred in the desert region
of the Salt Flats and the Great Salt Lake (GSL) in Utah. This
bow echo produced high, damaging winds in residential areas
along the Wasatch Range east of the GSL. The operational
North American Mesoscale (NAM) model, developed from
the WRF non-hydrostatic model, failed to forecast this event
even when initialized just 6h earlier. In order to assess the
possibility of this type of extreme weather occurring in the
future under regional climate warming and increasing storm
intensity (Gillies et al., 2012), a model evaluation study was
carried out for this bow echo event using the Advanced
Research Weather Research and Forecasting (WRF) model
(ARW). The model’s performance in simulating this bow
echo and associated weather system is documented here.
This provides important information for ARW to be used
in subsequent regional downscaling studies over this region,
including the study initiated by this team (Jin et al., 2011) as
well as by others (Shem et al., 2012; Yoon et al., 2012).

The results of the ARW simulations for this springtime bow
echo are summarized as follows:

(1) Finer resolution is necessary to produce bow echoes: com-
paring the 5 and 1 km simulations, the 1 km run produced
the fine-scale convective features of line convection that
are more realistic than those produced by the 5km run.
This result is in agreement with many previous studies
that focused on mesoscale convective systems simulations
in the central and southern United States.

(2) Storm formation is sensitive to moisture content: the
atmospheric moisture content, which exhibits a dry bias
in NAM over the arid GSL area, affects the bow echo
simulation at the 5 km grid spacing (but not at 1km grid).
Enhancing the moisture content to match better the reality
subsequently intensified and improved the precipitation
simulation at this grid spacing, but did not improve the
simulation of bow echo formation (which only appeared in
the 1km run).

(3) Lake effect is minimal: although this bow echo appeared to
have intensified rapidly over the GSL, comparison of no-
lake simulation with control simulation suggested that the
lake appears to suppress convection because of increased
stability provided by the cool lake surface. However, this
result is not consistent among the simulations using differ-
ent microphysics schemes, and the precipitation differences
were small.

(4) Important forcing source of the midtropospheric perturba-
tion: while the NAM exhibited a bias in the propagation
of the perturbation that accompanied the bow echo, ARW
inherited this speed bias causing the displacement of the
perturbation. This in turn resulted in the 1-2h ‘delay’ of
storm formation over the GSL. A simple remedy for this
error is to force ARW with the NCEP Global Forecast
System (GFS), a global model, rather than with a regional
model such as the NAM. This finding highlights a potential
risk of regional climate downscaling from regional model
outputs, an approach that has been used increasingly for
the Intermountain West (Gutmann et al., 2012; Salzmann
and Mearns, 2012).

Finally, as the bow echo of 21 April 2011 and the associated
midtropospheric perturbation is uncommon in the rugged,
semiarid Intermountain West, there is a greater need to assess
the extent of which similar bow echoes could occur in the
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future under the warming climate. Given the above analysis,
there lies at least two challenges for modelling weather and
climate in this region: (a) in terms of forecasting, the bias of
NAM in simulating the propagation of bow echo-producing
midtropospheric perturbations is likely to be a significant
obstacle; (b) in terms of regional climate downscaling, any
future climate projection of extreme convective storms in this
region should apply adequate model resolution and accurate
moisture content, as well as adopt the use of global models as
initial boundary conditions.
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