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ABSTRACT

The Great Plains (GP) low-level jet (GPLLJ) contributes to GP warm season water resources (pre-
cipitation), wind resources, and severe weather outbreaks. Past research has shown that synoptic and local
mesoscale physical mechanisms (Holton and Blackadar mechanisms) are required to explain GPLLJ vari-
ability. Although soil moisture-PBL interactions are central to local mechanistic theories, the diurnal effect of
regional soil moisture anomalies on GPLLJ speed, northward penetration, and propensity for severe weather
is not well known. In this study, two 31-member WRF-ARW stochastic kinetic energy backscatter scheme
ensembles simulate a typical warm season GPLLJ case under CONUS-wide wet and dry soil moisture sce-
narios. In the GP (24°-48°N, 103°-90°W), ensemble mean differences in sensible heating and PBL height
of 25-150 W m ™2 and 100-700 m, respectively, at 2100 UTC (afternoon) culminate in GPLLJ 850-hPa wind
speed differences of 1-4ms ™' 12 hours later (0900 UTC; early morning). Greater heat accumulation in the
daytime PBL over dry soil impacts the east-west geopotential height gradient in the GP (synoptic condi-
tions and Holton mechanism) resulting in a deeper thermal low in the northern GP, causing increases in
the geostrophic wind. Enhanced daytime turbulent mixing over dry soil impacts the PBL structure (Blackadar
mechanism), leading to increased ageostrophic wind. Overnight geostrophic and ageostrophic winds
constructively interact, leading to a faster nocturnal GPLLJ over dry soil. Ensemble differences in CIN
(~50-150J kg™ ') and CAPE (~500-1000J kg~ ') have implications for severe weather predictability.

1. Introduction

4611

The U.S. Great Plains (GP) is currently well studied
in the hydrological and meteorological communities
for two main reasons: 1) it serves as the corridor of

a prominent low-level jet (LLJ) and 2) it is a “hot

spot” for modeled land-atmospheric coupling strength.
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Both research themes are socially motivated by the need
to better understand and predict precipitation in a re-
gion that is highly susceptible to seasonal droughts,
such as the 2012 ““flash drought” (e.g., Hoerling et al.
2014), and prolonged multiyear droughts, such as the
Dust Bowl of the 1930s (NCEI 2019). The GP’s $92
billion per year crop and livestock industry criti-
cally depends on GP low-level jet (GPLLJ)-related
precipitation (Basara et al. 2013; Melillo et al. 2014).
Furthermore, GPLLJ-related wind events in Texas,
Oklahoma, Kansas, and Nebraska collectively support
up to 45% of the U.S. installed wind energy generation
capacity (AWEA 2018).

First objectively defined by Bonner (1968), the
GPLLJ is characterized by a diurnally oscillating, low-
level wind maximum between 0 and 3 km above ground
level with decreasing winds above (e.g., Helfand and
Schubert 1995; Mitchell et al. 1995; Whiteman et al.
1997) and below (e.g., Walters and Winkler 2001) the
nose of the LLJ. The frequency of GPLLJ occurrence
tends to peak in the warm season due to long-term
seasonal heating of the GP’s gently westward-upward-
sloping terrain that leads to the development of ther-
mal wind forcing conducive to GPLLJ development
(e.g., Parish 2017). Under synoptically quiescent pe-
riods (i.e., lack of quasigeostrophic forcing), the
GPLLJ tends to develop around sunset, veer overnight,
and maximize in intensity between 0600 and 0900 UTC
(early morning) (e.g., Song et al. 2005; Berg et al. 2015).
The GPLLIJ is the primary conveyor of atmospheric
moisture from the Gulf of Mexico northward, from
Texas to southern Manitoba and Saskatchewan, along
an axis which varies between approximately 103° and
90°W. GP warm season precipitation (e.g., Means 1954;
Dirmeyer and Brubaker 1999), severe weather, tor-
nado outbreaks (e.g., Mufioz and Enfield 2011), and
mesoscale convective systems (MCSs) are largely
driven, sustained, and modulated by the GPLLJ (e.g.,
Maddox 1983; Cotton et al. 1989; Coniglio et al. 2010)
through moisture convergence (e.g., Helfand and
Schubert 1995; Higgins et al. 1997, Wang and Chen
2009) and vertical wind shear at the jet’s northern exit
region (e.g., French and Parker 2010).

The GP land-atmosphere coupling “hotspot” termi-
nology was borne out of the GEWEX Global Land
Atmospheric Coupling Experiment (Koster et al. 2004;
Guo et al. 2006; Koster et al. 2006), which demonstrated,
using an ensemble of coarse resolution global circula-
tion models, that realistic soil moisture can improve
predictability of GP 2-m temperature and precipitation
on subseasonal time scales. Later, using atmospheric
reanalysis datasets, the strength of the hotspot was shown
to be largely dependent upon moisture convergence

MONTHLY WEATHER REVIEW

VOLUME 147

associated with the GPLLJ and soil moisture availability
(Song et al. 2016). In the context of GPLLIJ-forced sub-
seasonal to seasonal precipitation variability, which can-
not be fully explained by internal atmospheric variability
(e.g., Yu et al. 2017) or sea surface temperature forced
variability (e.g., Schubert et al. 2004; Song et al. 2005;
Yang et al. 2007; Kam et al. 2014; Krishnamurthy et al.
2015; Yu et al. 2017), an important outstanding question
is: How sensitive is the GPLLJ to regional soil moisture
anomalies and how may this sensitivity be explained
dynamically?

Uccellini (1980) laid the framework for differentiating
GPLLIJs according to the relative strength of their large-
scale synoptic forcing (e.g., ridge or trough-ridge sys-
tems) as compared to local land—atmospheric forcing.
GPLLJ’s may be either 1) coupled to the upper-level jet
stream via a thermally indirect circulation associated
with the upper-level jet exit region (Uccellini and
Johnson 1979) or 2) uncoupled from the upper-level jet
stream and dominated by local land and planetary
boundary layer (PBL) processes. According to Uccellini
(1980), uncoupled GPLLIJs tend to exhibit a clear di-
urnal cycle and occur when there is a large ridge over the
central United States with weak flow aloft over the
southern GP. Uncoupled GPLLJ winds strengthen and
veer overnight, peaking in intensity in the early morning
hours above the nocturnal PBL and within the residual
mixed layer. In contrast, coupled GPLLIJs are influenced
by upper-level jet streaks and have synoptic support.
Coupled GPLLIJs and their supporting upper-level jets
occur when there is an upper-level trough over the
western United States that is propagating toward the GP
and jet streaks are ejecting into the central United States
from the southwest. Coupled GPLLIJs may not always
exhibit as clear a diurnal signal as uncoupled jets be-
cause the physical mechanisms driving coupled GPLLIJs
are only partially explained by diurnally driven local
terrain and PBL processes. In reality, each GPLLJ will
have a unique mix of both local and synoptic support.

The GP local land conditions favor two primary
mechanisms for uncoupled, or synoptically quiescent
GPLLIJs: 1) inertial oscillations in the PBL due to re-
ductions in nocturnal friction of the low-level flow
(Blackadar 1957, hereafter the Blackadar mechanism)
and 2) diurnal fluctuations in the lower-tropospheric
east-west thermal and geopotential height profiles
across sloping terrain (Holton 1967, hereafter the
Holton mechanism). Idealized numerical modeling
efforts have expanded our understanding of the
Blackadar and Holton mechanisms in the ways that
these two mechanisms force the GPLLIJ, especially during
periods of synoptic quiescence (Shapiro and Fedorovich
2010; Du and Rotunno 2014; Shapiro et al. 2016;
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Fedorovich et al. 2017). Regardless of the mechanism or
combination of mechanisms that are active for a given
GPLLJ event, it is hypothesized that perturbations to
the soil moisture state may lead to modulation, sup-
pression, or enhancement of the GPLLJ through PBL
height (PBLH) adjustments via modified turbulent
eddy fluxes (e.g., Ek and Mahrt 1994; Ek and Holtslag
2004; Santanello et al. 2018) and modifications to the
east—west temperature and geopotential height gradi-
ents across the GP (McCorcle 1988; Fast and McCorcle
1990; Zhong et al. 1996).

It is also important to acknowledge the theorized
impacts of terrain-blocked flow on the GPLLJ as dis-
cussed by Wexler (1961). Wexler largely attributed
GPLLJ formation to the northward turning of the
trade winds due to mechanical blocking by the North
American Cordillera. While it is still widely accepted
that the climatological placement of the Bermuda high
and southerly background flow is important for GPLLJ
formation, studies (e.g., Parish and Oolman 2010) have
highlighted inconsistencies between the GPLLJ and
physical processes associated with other LLIJs that
are purely resultant from terrain-blocked flow (Bell
and Bosart 1988). The current understanding is that
the GPLLJ and terrain are physically linked through
heating of the sloping terrain in the GP that may be
impacted by soil moisture, not through mechanical
blocking of the trade winds and formation of a barrier
jet (i.e., Parish 2017).

In this study, an ensemble modeling approach using
the Advanced Research Weather Research and Fore-
casting (WRF-ARW, hereafter WRF) Model, version
3.9.1.1 (Skamarock et al. 2008), is employed to assess
the impact of regional soil moisture availability on the
GPLLJ and associated weather. Specifically, the di-
urnal impact of extreme wet and dry soil moisture
states on an uncoupled GPLLJ is investigated. It will
be shown that dry soil results in a stronger GPLLJ, by
1-4ms~ ! at 850 hPa, compared to wet soil. Ultimately,
the modeled differences between wet and dry soil en-
semble means are due to increased surface sensible
heating over dry soil compared to wet soil. The dy-
namical impacts of surface sensible heat fluxes are then
discussed in terms of the two primary GPLLJ forma-
tion mechanisms (Blackadar and Holton mechanisms)
and synoptic conditions.

The remainder of the paper is organized as follows.
Section 2 describes the criteria used to select the case study,
the WRF Model configuration, the experimental design,
and significance testing. Section 3 presents a synoptic
overview of the case selected and the effect of soil mois-
ture prescription on the GPLLJ, sensible weather, severe
weather parameters, and the geostrophic/ageostrophic
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components of the wind. Section 4 discusses the dy-
namical drivers of the GPLLJ and concludes the
manuscript.

2. Data and methods
a. Case selection

To investigate the diurnal impacts of soil moisture
on a typical summertime GPLLJ, the criteria set by
Uccellini (1980) to describe a ‘“‘classic”” uncoupled
GPLLJ is employed to select the synoptic environment
for the case used in this experiment. A LLJ criteria,
similar to the one first introduced by Bonner (1968),
and later modified by Walters and Winkler (2001), to
describe the vertical wind shear profile of a LLJ, is also
used. To be considered a LLJ, the wind speed must
increase with height above the surface and ultimately
peak in the lower troposphere before decreasing with
height above the level of maximum winds. More specifi-
cally, the 850-hPa wind speed, which is commonly used to
analyze the GPLLJ, must be at least 4ms ™' greater than
the near-surface and 700-hPa wind speed. The use of
4ms~ ' of vertical wind shear above and below the
GPLLJ is consistent with the vertical wind shear criteria
used by Walters and Winkler (2001). Using ERA-Interim
reanalysis (Dee et al. 2011) and taking into account the
aforementioned LLJ criteria, the uncoupled GPLLJ,
which spans the entire GP, on the morning of 21 July 2017
(Fig. 1) is selected for further analysis.

b. The model

For this experiment, WRF is implemented with a
horizontal resolution of 27km, which is suitable for
GPLLJ studies (e.g., Helfand and Schubert 1995; Zhong
et al. 1996; Doubler et al. 2015), and 50 sigma coordinate
vertical levels between the surface and 50 hPa. A large
domain is modeled to ensure that GPLLJ processes are
contained well within the domain boundaries (Fig. 2).
For example, the domain includes dynamically impor-
tant regions for GPLLJ variability, such as the Gulf of
Mexico, the western North Atlantic, and the Rocky
Mountains. Instead of running various physics parame-
terizations in order to generate an ensemble, WRF is run
with a single physics configuration (see Table 1) and an
ensemble is constructed using the stochastic kinetic en-
ergy backscatter scheme (SKEBS; Shutts 2005) de-
scribed in section 2d. The SKEBS approach constrains
the degrees of freedom in the experiment and supports
statistical significance testing.

c. Experimental design

The initial and boundary conditions for all variables,
except soil moisture, for WRF are provided by the
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FIG. 1. ERA-Interim reanalysis derived synoptic environment at
(a) 0000, (b) 0600, and (c) 1200 UTC 21 Jul 2017. 850-hPa wind
speed (shaded; m sfl), wind vectors (barbs; half barb is 2.5 m s,
full barb is 5m s~ !, and flag is 25 ms '), and 500-hPa geopotential
height (black contours; every 5 dam) are shown. Land is shaded in
gray and oceans are white.

ERA-Interim reanalysis dataset. The simulations are
initialized at 0000 UTC 20 July 2017, which is 24 h prior
to the GPLLJ of interest, and end at 1800 UTC 21 July
2017, which is after the cessation of the GPLLIJ of in-
terest. Atmospheric boundary conditions are updated
at the temporal resolution of ERA-Interim, which is
every 6 h.

To test GPLLJ sensitivity to soil moisture, two con-
trasting soil moisture scenarios are prescribed in all four
soil layers upon WREF initialization. The soil moisture
prescriptions are generated using Noah Version 3.6
land surface model (Noah LSM) matched identically to
its configuration in WRF. The Noah LSM is run from
1981 to 2016, with one year of spinup, using the NASA
Land Information System (LIS; Kumar et al. 2006;
Peters-Lidard et al. 2007) software framework in order
to create a daily, model-based warm season (May—
September) climatology of soil moisture at each grid

104°W 96°W 88*W 80°W

120°wW

1] 400 800 1200 1600 2000 2400 2800
meters

FIG. 2. Topography over the WRF Model domain, based on
GTOPO30 (Gesch et al. 1999). Horizontal grid size is 27 km and 50
vertical levels are used between the surface and 50 hPa. Red boxes
outline the northern, central, and southern GP analysis regions.

point over the domain. The LIS-Noah simulation uses
the same model physics, soil and surface vegeta-
tion parameterizations, and grid mesh as the coupled
WRF Model. The hourly meteorological forcing for
the LIS-Noah simulation comes from the Modern-
Era Retrospective Analysis for Research and Applica-
tions, version 2 (MERRA-2; Gelaro et al. 2017; Reichle
et al. 2017) and includes bias-corrected precipitation.
For the WREF simulations, the 95th percentile and Sth
percentiles of 1982-2016 warm-season daily volumetric
soil moisture content at each grid point and for each of
Noah LSM’s four soil layers are prescribed at initiali-
zation. The 95th percentile represents wet soil condi-
tions (Fig. 3a) at each grid point and the Sth percentile
represents dry soil conditions (Fig. 3b) at each grid
point. The differences between the wet and dry soil
moisture prescriptions in each of the four soil layers is
plotted in Figs. 3c—f. The top layer (0-10cm layer) soil
moisture differences in the GP are approximately of
0.05-0.15m>m ™. The 95th and Sth percentiles of cli-
matological warm season soil moisture are used in or-
der to maximize the soil moisture-GPLLJ sensitivity
signal. If 95th-5th percentile differences in regional
soil moisture cannot dynamically generate a GPLLJ
response, it is hypothesized that smaller differences
cannot either.

d. Significance testing

Quantifying model uncertainty with a full WRF
multiphysics ensemble (e.g., Mooney et al. 2017) was
deemed beyond the scope of this study. Instead, a
SKEBS (Berner et al. 2011, 2015) ensemble-based
approach is used to test for statistical significance.
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TABLE. 1. Parameterizations selected for the WRF simulations in

this study.
WRF

parameterizations Reference Selection
Microphysics Thompson et al. (2008) Thompson
Cumulus Kain (2004) Kain—Fritsch
Boundary layer Hong et al. (2006) YSU
Land surface Ek et al. (2003) Noah v3.6
Surface layer Jiménez et al. (2012) Monin-Obukhov

similarity

Longwave radiation Iacono et al. (2008) RRTMG
Shortwave radiation Iacono et al. (2008) RRTMG

Prior studies have demonstrated SKEBS can account
for physical uncertainty associated with subgrid-scale
turbulence (e.g., Berner et al. 2011, 2015; Judt et al.
2016). Following the most common SKEBS approach,
suggested default white noise perturbations are applied
to the potential temperature and rotational wind
component fields continuously, at every model time
step and only within the model domain interior. As
described in the WRF user manual (NCAR 2017),
these default values are tuned for the synoptic-scale
perturbations in middle latitudes, consistent with our
use case. The lateral boundary conditions are not per-
turbed as synoptic uncertainty associated with the
ERA-Interim reanalysis dataset is not the focus of
this study.

One ensemble group consists of members initialized
with wet soil moisture conditions and the other ensem-
ble group consists of members initialized with dry soil
moisture conditions. As a reminder, soil moisture pre-
scription is performed at each grid point and for each of
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the four soil layers. Each ensemble group contains 31
total members: 1 control run without SKEBS pertur-
bations and 30 members generated by setting the ran-
dom number seed in SKEBS from 1 to 30. A difference
of means ¢ test is conducted for each grid point in order
to test if the two ensemble groups are statistically dif-
ferent at the 95% confidence level (i.e., p value less
than or equal to 0.05) for selected meteorological fields.
Using SKEBS to generate ensembles and testing for
statistical significance should help to increase the prob-
ability that apparent differences between the wet and
dry ensembles are the result of physically relevant pro-
cesses and are not due to random chance or model
uncertainty.

The wet and dry soil moisture ensemble mean fields
are compared and contrasted within the GP from ap-
proximately 24°-48°N and 103°-90°W. The primary time
selected for analysis is 0900 UTC 21 July 2017 (simula-
tion hour 33) because GPLLJ wind speed differences
between ensembles are maximized at this time. Addi-
tional analyses are provided for the northern, central,
and southern GP subregions outlined in Fig. 2. These
regional analyses use area-averaged fields.

3. Results
a. Synoptic setup

The GPLLJ of 21 July 2017 exhibits defining charac-
teristics of a ““classic”” uncoupled GPLLJ (Uccellini
1980). According to the ERA-Interim reanalysis, a large
upper-level ridge at 500 hPa was present over the central
United States at 0600 UTC 21 July 2017 (Fig. 1b).
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FIG. 3. (a) 95th and (b) 5th percentile Noah v3.6 daily warm season (May-September) 0-10cm (top layer)
volumetric soil moisture (m* m~?) and (c) their difference (95th-minus-5th percentile). Fields are calculated from
a 34-yr (1982-2016) NASA-LIS offline simulation with identical surface model physics, (soil and vegetative)
parameters, and grid mesh as the coupled WRF configuration. (d) Asin (c), but for 10-40 cm layer. (e) Asin (c), but
for 40-100 cm layer. (f) As in (c), but for 100-200 cm layer.
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The GPLLJ at 850 hPa was located directly under the
upper-level ridge axis. There was weak flow aloft (not
shown), especially over the central and southern GP,
indicative of a lack of upper-level jet stream support for
GPLLJ formation. Clear sky conditions were present
and warm conditions persisted over much of the region.
Similar analysis at 0000 (Fig. la) and 1200 UTC
(Fig. 1c) 21 July 2017 reveal a nocturnally oscillating
GPLLJ at 850hPa with veering winds overnight and
the GPLLJ first appearing after 0000 UTC. Further-
more, as shown later in the results section, the WRF
simulations conducted for this study similarly re-
produce the GPLLIJ as it appears in the ERA-Interim
reanalysis and confirm the presence of defining char-
acteristics used to classify an uncoupled GPLLIJ.

b. GPLLJ 850-hPa total winds

At2100 UTC 20 July 2017 (simulation hour 21), WRF
simulations depict a broad area of 5-15ms™! southerly
winds over the central GP at 850 hPa (Figs. 4a,b). Con-
currently, an 850-hPa geopotential height field analysis
reveals a ridge centered over the southern Mississippi
River valley and a trough located over the northern GP
resulting in south-southwesterly geostrophic flow over
the central GP. The total winds, which are the sum of the
geostrophic and ageostrophic winds, are southerly over
the GP and there is no evidence of a GPLLJ at 850 hPa.
The vertical wind shear profile over the GP does not
meet the shear requirement for a GPLLJ (not shown)
and the boundary layer is well mixed. Furthermore, the
differences between the wet and dry ensembles’ mean
850-hPa wind speed are small and generally less than
1ms~ ! (Figs. 4c and 6).

At 0000 UTC 21 July 2017, there is no GPLLJ and
850-hPa winds are between 5 and 15ms ™! (Figs. 4d.e).
However, after sunset, between 0000 and 0300 UTC,
the GPLLJ forms as the 850-hPa wind increases by
approximately Sms ™' and the required GPLLIJ vertical
wind shear profile is achieved as the boundary layer
decouples. By 0300 UTC a somewhat discontinuous
southerly GPLLJ is analyzed over the GP (Figs. 4g,h)
with 850-hPa wind speed exceeding 15ms™ ' in two
areas. A southernmost wind maximum is located in
southwestern Texas—northeastern Mexico and a north-
ernmost wind maximum is located at the Kansas—
Nebraska border. During the early evening hours of
0000 and 0300 UTC, differences between wet and dry
ensemble 850-hPa GPLLJ winds (Figs. 4f,i) remain neg-
ligible (less than 1ms~") and the wind veers over time
(characteristic of an inertial oscillation).

At 0600 and 0900 UTC, a well-organized, continuous,
southwesterly GPLLJ at 850 hPa extends from Texas to
Nebraska (Figs. 5a,b,d,e) with the core of the jet located
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over the central GP. GPLLJ winds reach peak intensity
at 0600 UTC when the average GPLLJ wind speed is
maximized over the central GP. Specifically, the wind
speed in the core of the GPLLJ over dry soil exceeds
20ms~ ! over Kansas and Nebraska at this time. At
0900 UTC (simulation hour 33) the GPLLJ becomes
better organized, or more spatially continuous, as
demonstrated by closed 850-hPa wind speed contours of
15ms~! spanning the entire GP. Analysis at 850 hPa
from earlier timesteps reveal gaps in the GPLLIJ’s
15ms™! contours over Texas.

In these early morning hours of 0600 and 0900 UTC,
winds veered from 0300 UTC (indicative of an inertial
oscillation) and both wet and dry soil moisture ensemble
means place the core of the GPLLJ in the same location
evolving similarly over time. The 850-hPa wind direction
between ensembles is also comparable, but wind speed
differences greater than 1ms™' are apparent especially
in the southern and northern GP (Figs. Sc,f and 6). At
0900 UTC, the wet ensemble mean 850-hPa wind speed
is approximately 1-4ms ™' slower relative to the dry
ensemble mean (Fig. 5f). The largest wind speed dif-
ferences occur near the entrance and exit regions of the
GPLLJ. The GPLLIJ location does not appear to be
shifted because the core of the GPLLJ is in the same
location in both ensemble mean fields. GPLLJ 850-hPa
wind speed differences between the ensembles are
also statistically significant at 0600 and 1200 UTC
(Figs. 5c.i), ranging from 1 to 3ms~'. Histograms of
ensemble member 850-hPa wind speed from 0600 to
1200 UTC within the regional subdomains of Fig. 2
reflect a shift of the entire wind speed distribution oc-
curs between ensembles (not shown). Variance and the
overall shape of the histograms remain comparable. At
1500 UTC (post sunrise), after the PBL has already
grown considerably, ensemble mean 850 hPa wind speed
differences diminish to less than 1ms ™' (not shown). It
will be shown in section 3f that the 850-hPa wind evo-
lution and wind speed differences are due to individual
contributions of the geostrophic and ageostrophic wind.

c. Surface fluxes and the PBL

Soil moisture driven differences in surface latent heat
flux, sensible heat flux, and PBL structure (e.g., Fischer
et al. 2007; Case et al. 2011) are apparent. At 2100 UTC
20 July 2017 (around peak heating), there is more
surface latent heat flux and less surface sensible heat
flux over wet soil compared to dry soil over almost all of
the domain (Figs. 7a—f). Differences in sensible and
latent heat flux generally range from 25 to 100 Wm 2,
although isolated areas in the southern GP experience
differences exceeding 100Wm 2. Over wet soil, a
greater fraction of total energy goes toward latent
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(c), but at 0300 UTC 21 Jul 2017. Land is shaded in gray and oceans are white. Values from —1.0 to 1.0ms ™' (small
differences) in the difference plots are not shaded.
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terrain (gray fill) through the northern, central, and southern GP at 2100 UTC 20 Jul 2017 (afternoon) for wet (P95)
and dry (P05) ensembles. (right) Vertical cross sections of wet minus dry (P95-P05) ensemble wind speed differ-
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t test for ensemble wind speed differences are statistically significant (p = 0.05). The vertical axis is pressure (hPa)
and the horizontal axis is longitude (west). Nighttime is 0900 UTC 21 Jul 2017.

heating than in the dry soil cases. At the same time (i.e.,
2100 UTC), PBL height (PBLH) is 100-700 m higher
over dry soil compared to wet soil (Figs. 7g-i). Deeper
PBL growth over dry soil is driven by increased sen-
sible heating compared to wet soil. Interensemble
differences between in the PBLH and surface heat
flux fields are largest during the daytime hours.
Overnight, the differences in these fields are negligi-
ble (not shown) as the PBL collapses and surface heat
fluxes approach zero in both simulations in the

absence of solar heating. The impacts of the daytime
surface heat fluxes ultimately manifest themselves as
dynamical drivers of the nocturnal GPLLJ wind and
sensible weather differences between ensembles.

d. Sensible weather

Surface temperature and dewpoint temperature fields
exhibit robust differences between the wet and dry soil
moisture ensembles over broad regions of the domain at
0900 UTC 21 July 2017 (Figs. 8a—f) due to daytime
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(g) Mean planetary boundary layer height (PBLH) (shaded; m) for the wet ensemble at 2100 UTC 20 Jul 2017.
(h) Asin (g), but for dry ensemble. (i) As in (c), but for PBLH (m). Land is shaded in gray and oceans are white.
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differences in heat flux partitions. The wet ensemble
mean 2m temperature is 0.5°-2.0°C cooler over the GP
relative to the dry ensemble. Simultaneously, 2m dew-
point temperature is 1°-3°C higher over the GP in the
wet ensemble mean field. The tendency for the wet en-
semble to be more moist and cooler at the surface than

the dry ensemble originates during the midmorning
hours around 1500 UTC (not shown) and continues into
the night. During the daytime the 2m temperature
over dry soil increases faster than over wet soil due to
more sensible heat flux over dry soil. Concurrently,
the 2 m dewpoint temperature over dry soil decreases,
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oceans are white. Values from —0.5° to 0.5°C (2-m temperature), —0.5° to 0.5°C (2-m dewpoint temperature), and
—0.5t0 0.5ms™" (10-m wind speed) (small differences) in the difference plots are not shaded.

or increases more slowly, than the 2m dewpoint
temperature over wet soil owing to the increase (de-
crease) in sensible (latent) heat flux owing from the
lower soil water content. Increased entrainment of
dry free-tropospheric air into the deeper daytime PBL
over dry soil compared further contributes to lower
2m dewpoint temperatures compared to wet soil.

Last, differences in 2m temperature and dewpoint
temperature between the two ensembles grow to a
late-day maximum and decrease after sunset. This
suggests that physical processes associated with the
daytime insolation and vertical mixing are essential
for developing the observed interensemble tempera-
ture and dewpoint temperature differences.
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Although the 2m temperature and dewpoint tem-
perature fields exhibit noticeable differences between
ensembles, 10-m wind (near-surface wind), which is
within the PBL during day and night, lacks sensitivity to
soil moisture conditions. The interensemble 10 m wind
speed differences are within =1ms~ ! at all times, in-
cluding 0900 UTC 21 July 2017 (Figs. 8g—i) despite a
slightly stronger pressure gradient over dry soil (not
shown). There is a weak tendency for near-surface winds
to be stronger over the GP during the daytime and
slightly weaker at night over wet soil. However, the
differences between ensemble means are small and the
t-test results (not shown) do not exhibit any clear spatial
patterns of statistically significant results. Surface fric-
tion effects within the PBL may help to explain the lack
of near-surface wind sensitivity to soil moisture.

e. Severe weather parameters

Differences between the ensembles’ sensible weather
and GPLLJ winds lead to potentially important changes
in parameters associated with severe weather occur-
rence. In this section, the thermodynamic profile is
examined using the maximum convective available po-
tential energy (CAPE) and maximum convective in-
hibition (CIN) at each grid point. Maximum CAPE and
CIN are calculated on the parcel with the highest theta-e
in the column within the first 3 km above ground. Parcel
moisture and temperature attributes are then computed
by averaging within =250 m of this layer. The kinematic
environment, which is related to the GPLLJ, is exam-
ined using surface to 1-km (0-1-km) wind shear. For this
calculation, the vector difference between the 10-m
wind and the 1-km above ground level wind is calcu-
lated at each grid point and then the magnitude of the
wind shear vector is computed.

At 0900 UTC 21 July 2017, more CAPE, which is not
directly related to the GPLLJ, is modeled over wet soil
as compared to dry soil (Figs. 9a—c). CAPE over wet soil
is greater by 100-500J kg~ ' over most of the GP. Dif-
ferences between wet and dry ensemble mean CAPE
are largest near and just west of the GPLLJ exit region in
South Dakota, ranging from 500 to 1500 kg~ '. CAPE
increases in the GP over wet soil are largely attributable
to increased lower-tropospheric moisture (Figs. 8d—f).
However, low-level convergence near the northern end
of the GPLLJ (not shown) might also play a role in
enhancing the CAPE differences there. Differences in
the spatial patterns of CIN (magnitude) between the wet
and dry ensembles are less pronounced and the field is
fairly noisy (Figs. 9d—-f). Overall, differences between
ensemble mean CAPE and CIN first develop and peak
during the daytime as heating due to insolation warms
Earth’s surface and creates a surface-based mixed layer.
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Daytime modifications are then carried into the
nighttime hours.

Interensemble differences in 0-1-km wind shear are
noted from 0600 to 1200 UTC 21 July 2017 when GPLLJ
wind speed differences are apparent (not shown). At
0900 UTC (Figs. 9g—i), there is 1-3ms ™' less 0-1-km
wind shear in the GP over wet soil compared to dry soil.
The difference in 0-1-km wind shear is associated
mostly with wind speed differences; the directional
shear differences between ensembles are negligible.
More specifically, GPLLJ wind speed differences cause
the observed interensemble 0-1-km wind shear differ-
ences. At 0900 UTC, the GPLLJ at 850 hPa is 1-4ms™"
slower over wet soil compared to dry soil. However,
near-surface winds are generally the same over wet and
dry soils. Additional analyses (not shown) reveals the
interensemble wind shear differences are limited to the
first two kilometers above ground level during the early
morning hours of 21 July 2017. The upper-level winds
above 2km, along with the near-surface winds, are
comparable under both soil moisture conditions (Fig. 6).

f- Geostrophic and ageostrophic wind components

Meaningful mass field contrasts start to develop be-
tween the wet and dry soil ensembles from 1500 to
2100 UTC (daytime) 20 July 2017 and continue to
strengthen into the night as determined through analysis
of 850-hPa geopotential heights and temperatures (not
shown). The wet ensemble has higher geopotential
heights and lower temperatures than the dry ensemble.
Prior to 0000 UTC 21 July 2017 (simulation hour 24) the
magnitude of the 850-hPa geopotential height differ-
ences between the wet and dry ensembles are limited
and generally less than 0.5 dam (not shown). Mass field
adjustments, while consistent in sign, do not become
statistically significant until approximately 24 h into the
simulation as the mass field differences require time to
grow despite temperature differences forming much
earlier. Moreover, interensemble differences in 850-hPa
geopotential height and temperature fields are confined
to the GP at all times.

By 0900 UTC 21 July 2017 (Figs. 10a—f), temperature
and geopotential height fields at 850 hPa depict cooler
temperatures (~0.5°-2°C) and higher geopotential
heights (~0.2-0.5 dam) in the GP over wet soil as com-
pared to dry soil. The 850-hPa mass fields of both en-
sembles show a relative minimum in geopotential height
(~146-148 dam) corresponding to a relative maximum in
850-hPa temperature (~26°-28°C) (Figs. 10a—f) under an
upper-level ridge (not shown) in the northern GP, in-
dicating that a thermal low is present. The thermal low
initially forms in the northwestern GP during the day-
time and strengthens until early morning, increasing the
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FIG. 9. (a) WRF-derived mean CAPE (shaded; J kg~ ') for the wet ensemble at 0900 UTC 21 Jul 2017. (b) As in
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outline denotes regions where difference of means ¢ test for CAPE is statistically significant (p =< 0.05). (d) WRF-
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geopotential height gradient in the GP, as the low drifts
eastward (not shown). The thermal low deepens
more quickly over dry soil as more heat accumulates
throughout the daytime in the PBL and the residual
boundary layer remains warmer overnight.

To quantify the impact of the thermal low on the
GPLLJ total wind, the geostrophic wind is calculated on

the 850-hPa pressure level for each individual ensemble
member and averaged across 31 members for each en-
semble mean. These calculations reveal that the south-
westerly 850-hPa geostrophic wind can explain most of
the southwesterly GPLLJ total wind as the wind barbs
and location of the total winds closely resemble the
geostrophic wind field over the course of the simulation
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FI1G. 10. (a) WRF-derived mean 850-hPa temperature (shaded; °C) for the wet ensemble at 0900 UTC 21 Jul 2017.
(b) As in (a), but for dry ensemble. (c) Difference between wet and dry ensemble mean 850-hPa temperature
(shaded; °C). Solid green outline denotes regions where difference of means ¢ test for ensemble 850-hPa temper-
ature is statistically significant (p = 0.05). (d) Mean 850-hPa geopotential height (shaded; dam) for the wet en-
semble at 0900 UTC 21 Jul 2017. (e) Asin (d), but for dry ensemble) (f) Asin (c), but for geopotential height (dam).
Land is shaded in gray and oceans are white. Values from —0.5° to 0.5°C (850-hPa temperature) and —0.2 to 0.2 dam
(850-hPa geopotential height) (small differences) in the difference plots are not shaded.

(Figs. 5d,e, 11a,b, and 12). The total wind speed evolu-
tion is also similar to the geostrophic wind speed evo-
lution as both increase as the thermal low deepens (not
shown). However, the geostrophic wind does not veer
significantly overnight, indicating that the nocturnal
veering of the GPLLJ total winds are not associated
with the geostrophic wind (Fig. 12). Additionally, the
increase of the GPLLJ total wind from 0000 to
0600 UTC cannot be fully attributed to the geostrophic
wind because the geostrophic wind does not accelerate
as rapidly as the total wind.

Geostrophic wind speed difference analysis between
ensembles at 850-hPa reveals enhancement of the
southwesterly geostrophic wind over dry soil compared
to wet soil by approximately 0-2ms ! from 1800 UTC
20 July 2017 onward. It is important to note inter-
ensemble geostrophic wind speed differences form 12 h
prior to widespread total GPLLJ wind speed differences
appearing. At night (0900 UTC 21 July 2017), when the

interensemble GPLLJ total wind speed differences are
largest, the greatest 850-hPa geostrophic wind speed
differences occur in the northern GP, on the western
end of the GPLLJ exit region (Figs. 5d,e). In this same
region, the 850hPa total wind speed differences are
approximately 1-4ms~ ! (Fig. 5f). The deeper thermal
low in the dry soil ensemble is serving to maintain a
wider, longer, and more pronounced GPLLJ, as evi-
denced by an expanded area of geostrophic wind ex-
ceeding 15ms~' over Kansas, Nebraska, and South
Dakota (Figs. 11a—c). There is some evidence of en-
hancement in the geostrophic wind across the rest of
the GP over dry soil at 0900 UTC but the interensemble
differences in GPLLJ total winds, particularly in the
southern GP, cannot be adequately explained by the
geostrophic wind/mass fields. The ageostrophic wind
must also be considered.

The ageostrophic wind component, which we use
as a rough proxy to describe the inertial oscillation
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(barbs; ms~ '), and geopotential height (dashed contours; every 2 dam) for the wet ensemble at 0900 UTC 21 Jul
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difference of means  test for ensemble 850-hPa geostrophic wind speed is statistically significant (p = 0.05). (d) As
in (a), but for ageostrophic wind. (e) As in (b), but for ageostrophic wind. (f) As in (c), but for ageostrophic wind
(ms™'). Land is shaded in gray and oceans are white. Values from —0.5 to 0.5ms ™' (small differences) in the

difference plots are not shaded.

(e.g., Blackadar 1957), is calculated by subtracting the
geostrophic wind from the total wind field at 850 hPa for
each ensemble member and then averaged across en-
semble members accordingly. Ageostrophic wind speed
difference analysis between ensembles at 850-hPa re-
veals that ageostrophic wind speed differences appear
around the same time as geostrophic wind speed dif-
ferences. By 1800 UTC 20 July 2017 (not shown), the
ageostrophic wind magnitude is 1-2ms ™' smaller over
wet soil compared to dry soil in the GP. Ageostrophic
wind speed differences between ensembles remain
similar in magnitude throughout the afternoon and
nighttime as the total wind speed differences grow
from 0000 to 0900 UTC. When total GPLLJ wind speed
differences are largest at 0900 UTC, the 850-hPa
ageostrophic wind is 1-2ms~! faster over dry soil
compared to wet soil in the GPLLJ entrance region and
western end of the GPLLJ exit region in the north-
ern GP (Figs. 11d-f). While not statistically significant

everywhere, the ageostrophic wind over dry soil is
generally greater in magnitude than over wet soil in the
vicinity of the GPLLIJ and helps contribute to the faster
southeasterly GPLLIJ over dry soil during the nighttime
hours due to the direction of the ageostrophic wind.
Figure 12 provides a diurnal hodograph analysis of the
total, geostrophic, and ageostrophic winds at the exit,
core, and entrance regions of the GPLLJ. The hodo-
graphs show the daytime 850-hPa ageostrophic wind,
which is influenced by friction in the convective
PBL, has northerly and easterly components in the
GP that are opposing the geostrophic wind, lead-
ing to subgeostrophic total winds. Over the course of
the day, the ageostrophic wind rotates clockwise,
strengthens around sunset, and develops southerly
and westerly components overnight as the ageostrophic
causes the total winds to veer. During the night, the
ageostrophic wind roughly aligns with the geostrophic
wind from 0600 to 1200 UTC 21 July 2017 leading to
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supergeostrophic total winds (Fig. 12). For example,
at 0900 UTC, the southerly/westerly ageostrophic
winds contribute ~5-10ms ™! to the total wind over
the southern GP. Elsewhere, such as near the core of
the GPLLJ in the central GP, the ageostrophic con-
tribution to the GPLLJ total wind is between 0 and
5ms~ ! (Figs. 11d—f). Furthermore, the ageostrophic
wind rotates ~180° clockwise over 12h overnight.
This is characteristic of an inertial oscillation which
has a period of 24 h at 30°N. The veering in the total
wind field closely matches that of the ageostrophic
wind field (Fig. 12).

It may seem counterintuitive that the GPLLJ 850-hPa
total wind speed differences are only apparent from
0600 to 1200 UTC 21 July 2017 despite the geostrophic
and ageostrophic wind magnitudes being greater
over dry soil compared to wet soil by 1800 UTC 20 July
2017 (not shown). To understand the temporal evo-
lution of the total wind speed, the directions of the
geostrophic and ageostrophic winds, in addition to
their magnitudes, must be considered. During the af-
ternoon (~2100 UTC), the southwesterly geostrophic
winds are faster over dry soil. At the same time, the
easterly/northeasterly ageostrophic wind, which op-
poses the geostrophic wind, is also faster over dry
soil. When computing the total wind, which is sub-
geostrophic during the day, any gain to the total wind
speed over dry soil from the faster southwesterly geo-
strophic wind is offset by increased northeasterly
ageostrophic wind opposing the geostrophic wind. The
result is interensemble 850-hPa total wind speeds

remaining comparable in the afternoon. However, the
ageostrophic wind veers as the afternoon and evening
progresses (total wind field also veers). By 0900 UTC
(nighttime), the ageostrophic wind is southerly/westerly,
which is the same direction as the southwesterly geo-
strophic wind (Fig. 12) leading to supergeostrophic
winds. Addition of the higher magnitude, similar di-
rection, geostrophic and ageostrophic winds over dry
soil results in faster southwesterly 850-hPa total wind
compared to wet soil. When the geostrophic and
ageostrophic wind directions are less than 90° apart
from 0600 to 1200 UTC 21 July 2017 (Fig. 12), the inter-
ensemble wind speed differences in the geostrophic and
ageostrophic winds are in the same direction leading
to the largest GPLLJ total wind speed differences.
During the day, geostrophic and ageostrophic wind di-
rections or more than 90° apart, which causes wind com-
ponent differences to cancel out.

4. Discussion and conclusions
a. Ageostrophic wind dynamics

The increase in the 850-hPa ageostrophic wind over
dry soil compared to wet soil is dynamically important.
According to Shapiro and Fedorovich (2010), increased
diurnal differences in turbulent exchange is dynamically
linked to stronger GPLLJs. Markowski and Richardson
(2010) similarly demonstrate the magnitude of the
nocturnal inertial oscillation associated with the GPLLJ
is related to the magnitude of the ageostrophic wind
during the daytime before inertial oscillation formation.



DECEMBER 2019

It is hypothesized that the dynamical linkage between
the nocturnal 850-hPa ageostrophic wind differences
over wet and dry soil is driven by larger diurnal re-
ductions in turbulent exchange, or equivalently, in-
creased daytime ageostrophic wind, over dry soil
compared to wet soil.

To support this claim, we attempt to physically relate
turbulent exchange to surface heat fluxes and PBL
structure. Daytime PBL structure, as represented by
PBLH, is related to surface heat fluxes. Sensible heating
in particular, which is influenced by soil moisture, can be
important in determining the PBLH (e.g., Ek and Mahrt
1994). Greater sensible heating occurs over dry soil in
GP (~25-150 Wm ™ ?). Greater sensible heating leads to
deeper and more rapid increases in PBLH during the
day over dry soil compared to wet soil. The increased
rate of PBL growth over dry soil is likely due to deeper
and stronger turbulent eddies (i.e., turbulent exchange)
resulting from increased convective turbulence over the
warmer dry soil surface during the daytime. At night,
surface fluxes in both ensembles approach zero in the
absence of insolation and turbulent mixing weakens.
The PBL collapses after sunset, as evidenced by PBLH
values decreasing (not shown). Since surface fluxes and
PBLH at night are nearly identical in both ensemble
groups, it is hypothesized that nighttime turbulent ex-
change in each ensemble is comparable as well. Thus,
maximum daytime values, rather than minimum night-
time values, of turbulent exchange determine the di-
urnal range of turbulent exchange.

Over dry soil, the turbulent exchange during the
daytime is larger than over wet soil, as evidenced by
larger magnitudes of northeasterly/easterly ageostrophic
wind vectors, which are opposing the geostrophic wind
due to friction, at 2100 and 0000 UTC (not shown).
Consequentially, the diurnal difference in turbulent
exchange is larger over dry soil and the daytime de-
parture from geostrophy, which controls the amplitude
of the inertial oscillation, is larger over dry soil com-
pared to wet soil. The result is a stronger nocturnal
southwesterly ageostrophic component (associated with
the inertial oscillation) to the flow over dry soil in the GP
at 850 hPa, especially in the western GP where 850-hPa
pressure level is closer to the ground and most impacted
by surface friction during the day.

b. GPLLJ formation mechanisms

The Blackadar (1957) mechanism for GPLLJ forma-
tion is clearly impacted by altered PBL structure over
wet and dry soil. Dry soil simulations exhibit more
sensible heating in the GP compared to wet soil during
the daytime leading to warmer lower-tropospheric
conditions and stronger turbulent eddies associated
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with a deeper PBL. Upon nightfall, the PBL, along with
turbulent exchange, collapses in both simulations al-
lowing the inertial oscillation to form as evidenced by
accelerating and veering ageostrophic winds at night.
Larger differences in diurnal turbulent exchange occur
over dry soil, along with increased ageostrophic winds
at the time of the PBL collapse, support the stronger
850-hPa ageostrophic response over dry soil, or a
stronger inertial oscillation, to first order.

It is arguable to what extent the classic Holton mecha-
nism (1967) is applicable in this case since the geopotential
height gradient, and the corresponding geostrophic wind
field, in the GP is strongest at approximately 0900 UTC.
Parish and Oolman (2010) demonstrate that the geo-
potential height gradient, and geostrophic wind, associ-
ated with the classic Holton mechanism should instead
peak around sunset (~0000 UTC). The geopotential
height evolution in this case study differs from the classic
Holton mechanism primarily due to the thermal low in the
northern GP. Geostrophic winds and geopotential height
gradients strengthen well after sunset and are maximized at
night when thermal low is deepest, not necessarily when
temperature gradients are maximized. Increased heating in
the GP over dry soil results in faster geostrophic winds due
to the thermal low deepening more rapidly over dry soil
compared to wet soil.

Despite the thermal low leading to differences in the
temporal evolution of the geopotential height gradients
from the Holton mechanism presented by Parish and
Oolman (2010), some evidence exists that the Holton
mechanism is contributing to the diurnal evolution of
the wind field. Cross sections from the afternoon and
nighttime reveal lower-tropospheric east-west temper-
ature gradients are impacted by soil moisture as the wet
soil simulation has cooler near-surface temperatures
than the dry soil simulation. The east-west temperature
gradient reverses from day to night in the lower tropo-
sphere within approximately 1km above the ground
which can help provide thermal wind forcing for GPLLJ
development considering the GPLLJ resides west of
the lower-tropospheric temperature maximum (Fig. 6).
Based on the results of this case study, it is proposed that
the operable physical mechanisms necessary to fully
understand the observed soil moisture-driven GPLLIJ
differences are in decreasing order of importance: 1)
Blackadar mechanism, 2) synoptic-scale circulations
associated with the structure and evolution of the GP
thermal low, and 3) diurnally varying circulations asso-
ciated with the Holton mechanism.

c. Conclusions

This study indicates that the GPLLJ can be impacted
by regional soil moisture conditions. The GPLLJ sensitivity
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to soil moisture is tested by initializing WRF with two
distinct soil moisture anomaly profiles. The 95th per-
centile of soil moisture values from the modeled 1982—
2016 daily warm season climatology represents wet soil
conditions, while the 5th percentile represents dry soil
conditions. Between 0600 and 1200 UTC 21 July 2017,
GPLLJ 850-hPa winds are modeled to be 1-4ms™ "
faster in the entrance and exit regions of the GPLLJ
over dry soil when compared to wet soil, leading to a
wider and longer GPLLJ. Wind speed differences at
850hPa prior to 0600 UTC 21 July 2017, and after
1200 UTC, are not statistically different and are less
than 1ms~'. The lower-tropospheric wind speed was
only impacted by soil moisture between tens of meters
to 2km above ground level.

The dynamical drivers of the two distinct GPLLJ re-
sponses over wet and dry soil are daytime surface sen-
sible and latent heat fluxes. Greater sensible heat flux
ranging from 25-150 Wm 2, along with less latent heat
flux, is modeled over dry soil compared to wet soil in the
GP. Itis hypothesized that deeper and stronger turbulent
eddies form over dry soil in response to greater sensible
heat flux compared to wet soil. A warmer, drier, and
deeper PBL results. Consequentially, warmer lower-
tropospheric conditions over dry soil lead to enhanced
thermal low development overnight in the northern
GP. The mass-field response increases 850-hPa south-
westerly geostrophic wind over dry soil compared to
wet soil by 0-2ms ™! from ~1800 UTC 20-1200 UTC
21 July 2017. Diurnally dependent ageostrophic flow
(northerly/easterly during day; westerly/southerly
during night) at 850 hPa is also enhanced by 0-2ms ™!
over dry soil due to increased friction during the day
and a stronger inertial oscillation at night. The in-
creased geostrophic and ageostrophic wind align
closely at night ultimately leading to a stronger GPLLJ
over dry soil from 0600 to 1200 UTC 21 July 2017.
During the day, the geostrophic and ageostrophic wind
directions appose each other which helps to reduce
850-hPa wind differences below 1ms™'.

Surface heat fluxes and the GPLLJ also drive changes
in the thermodynamic and kinematic fields that are often
analyzed when forecasting severe weather. CAPE values
are larger in the GP in the wet soil ensemble at all times
by 500-1000J kg~ *. The 0-1-km wind shear between 0600
and 1200 UTC 21 July 2017 is 1-3ms ™' greater over dry
soil due to a stronger GPLLJ over dry soil. While it is
difficult to determine whether dry or wet soil conditions
more favor severe storms, shifts in the CAPE and wind
shear profiles can occur. Changes in CAPE and shear
could have important impacts on the degree of convective
organization and strength of storms between dry and wet
soil simulations (e.g., Rotunno et al. 1988).
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Future work can leverage the experimental design
used in this study to investigate sensitivity of the GPLLJ
to less extreme soil moisture scenarios, different vege-
tative growth states, and to isolate source regions of soil
moisture-GPLLJ sensitivity. The role of the different
model physics parameterizations (incl., PBL and land
surface), land data assimilation, and horizontal model
resolution can also be investigated. Additionally, the
impact of the strength of land-atmospheric coupling
relative to the strength of the GPLLIJ-upper-level jet
stream coupling on wet and dry soil moisture scenarios
could be investigated. A long-term objective dynamic
classification of GPLLJ upper-level coupling for the
twentieth century developed by Burrows et al. (2019)
could be helpful in this regard.
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