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ABSTRACT

The forcing of northerly low-level jets over the eastward-sloped terrain of the U.S. Great Plains was studied
using a one-dimensional (1D) nonstationary analytical model based on the Boussinesq-approximated
equations of motion and thermal energy. For northerly low-level jets, the forcing from diurnal changes in
surface heating of the sloped terrain (Holton mechanism) is out of phase with the nocturnal inertial oscillation
resulting from the cessation of turbulent mixing at sunset (Blackadar mechanism), which results in weaker
northerly nocturnal low-level jets when compared to southerly nocturnal low-levels jets with the same-
magnitude background pressure gradient forcing. Because of the Blackadar and Holton mechanisms acting
out of phase, nocturnal northerly low-level jets cannot solely explain the northerly low-level jet maximum
over the Great Plains found in climatological studies. It is shown that negative buoyancy values over the
eastward-sloped terrain enhance the low-level northerly geostrophic wind, which can cause low-level jetlike
wind profiles that do not necessarily depend on the diurnal cycle. However, nocturnal northerly low-level jets
primarily caused by an inertial oscillation still occur when daytime mixing is strong and buoyancy is small at
sunset. These conditions are possible when strong capping inversions are present in the daytime convective
boundary layer. The occurrence of both types of northerly low-level jets, those caused by negative buoyancy
values over the sloped terrain and those driven by an inertial oscillation, better explains the findings of
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previous low-level jet climatologies.

1. Introduction

Wind maxima in the lowest levels of the atmosphere
have been an intensively studied meteorological phe-
nomenon. Often referred to in the literature as low-level
jets (LLJs), these wind maxima can occur as low as 90 m
above ground (Banta et al. 2002). Such LLJs can play a
role in pollutant mixing and transport (Zunckel et al.
1996; Banta et al. 1998; Darby et al. 2006; Bao et al. 2008;
Klein et al. 2014) and can affect wind energy production
(Cosack et al. 2007; Storm et al. 2009; Banta et al. 2013).

LLIJs are known to occur all over the globe because
of a variety of forcing mechanisms. At almost any
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location, an LLJ can develop because of transient fea-
tures, such as the ageostrophic circulation of an upper-
level jet streak (Uccellini and Johnson 1979; Uccellini
1980) or, more commonly, a nocturnal inertial oscilla-
tion (Blackadar 1957). A nocturnal inertial oscillation
is a clockwise (in the Northern Hemisphere) turning of
the ageostrophic wind vector, which is caused by the
release of friction constraint (near cessation of turbulent
mixing) during the evening transition. According to
Blackadar (1957), LLIJs created through inertial oscil-
lations reach their peak intensity when the ageostrophic
wind aligns with the geostrophic wind. The wind di-
rection at the time of peak intensity is therefore con-
trolled by the direction of the geostrophic wind. Inertial
oscillations can explain most nocturnal LLJs, but they
cannot explain why some regions have more frequent
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and intense LLJs. In these regions, a local forcing
mechanism is the cause of the frequent LLJs. These LLJ
corridors are often found in coastal regions or east of a
mountain range above sloping terrain (Stensrud 1996).
Coastal LLJs, such as the California LLJ (Parish 2000)
and the Oman LLJ (Ranjha et al. 2015), are driven by
the land-sea temperature contrast. Terrain-induced
LLJs, which are the focus of this paper, are the result
of thermal effects over the vast sloping terrain west of a
mountain range. The most well-known LLJ of this type
is the Great Plains LLJ, but other similar LLJs exist,
such as the South America LLJ (Vera et al. 20006).

In an attempt to explain the cause of slope-induced
LLJs, Holton (1967) suggested that the prevailing oc-
currence of southerly LLJs over the Great Plains was
due to the diurnal heating and cooling of the eastward-
sloping terrain in the presence of a southerly free-
atmosphere geostrophic wind. This diurnal heating
creates a diurnal oscillation in the low-level geostrophic
wind, which results in enhanced southerly winds during
the early overnight hours. The Holton (1967) explana-
tion, however, was not able to produce LLJs of the
correct strength, and the wind maxima occurred too
early. Bonner and Paegle (1970) modeled the combined
effect of inertial oscillations (Blackadar mechanism)
and a diurnally oscillating geostrophic wind (Holton
mechanism) and showed that, together, the effects
produced stronger southerly LLJs. The two mechanisms
are in phase over the eastward-sloped terrain for
southerly LLJs. Numerical weather prediction modeling
studies agree with this finding but suggest that the in-
ertial oscillation is the dominant mechanism (Zhong
et al. 1996). Shapiro and Fedorovich (2009) further ex-
amined the role of the sloped terrain on the Great Plains
LLJ by adding a thermal energy equation to the original
Blackadar consideration and found that LLIJs over
sloped terrain are actually the result of an inertial-
gravity oscillation. Expanding upon this concept,
Shapiro et al. (2016), hereafter referred to as SFR16,
obtained a one-dimensional (1D) analytical solution
for a Great Plains southerly LLJ with parameterized
diurnally varying eddy viscosity and surface buoyancy.
The obtained analytical solutions were able to re-
produce LLJs that were consistent with those observed.

Most of the research on the Great Plains LLJ has fo-
cused on the southerly variety since they occur more
frequently than LLIJs of other directions and also be-
cause of the southerly LLJs’ association with convective
storms (Means 1954; Pitchford and London 1962;
Maddox 1983; Trier and Parsons 1993; French and
Parker 2010). Climatologies of LLIJs over the conti-
nental United States (CONUS), however, have shown
that a local maximum in northerly LLJs is found in the
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Great Plains region as well, although their frequency of
occurrence does not approach that of southerly LLIJs
(Bonner 1968; Walters et al. 2008). This secondary
maximum in LLJ frequency has not garnered the same
research attention as the more common southerly
LLJ. Northerly LLJs occur most often during the cold
season and are more frequent at higher latitudes
(Bonner 1968; Whiteman et al. 1997; Song et al. 2005;
Walters et al. 2008). The dependence of frequency on
latitude becomes stronger in the summer months, as
almost no northerly LLJs occur in the summer at low
latitudes (i.e., over south/central Texas), while in the
winter months, northerly LLJs occur at all latitudes over
the Great Plains (Walters et al. 2008). Overall, northerly
LLJs tend to be weaker than southerly LLIJs (Song et al.
2005), and there appears to be an association between
cold-frontal passages and the development of northerly
LLJs (Whiteman et al. 1997). A case study of a post-
frontal LLJ was conducted by Ostdiek and Blumen
(1997), who determined that deformation frontogenesis
and an inertial oscillation produced the LLJ seen in their
study. Frontal forcing, however, cannot explain the
northerly LLJ maximum since these northerly LLIJs
could occur with cold fronts in other locations.

There has been disagreement in the LLJ climatologies
over the diurnal variation of northerly LLJs. Bonner
(1968) and Walters et al. (2008) used twice-daily radio-
sonde observations to establish their climatologies and
found that northerly LLJs were observed more fre-
quently in the 1200 UTC soundings than in the 0000 UTC
soundings. Whiteman et al. (1997) used more frequent
soundings at the Southern Great Plains Cloud and Radi-
ation Testbed in northern Oklahoma and found that
northerly LLJs did not appear to have a significant diurnal
variation in wind speed or direction, though the occur-
rence of northerly LLJs had a weak daytime maximum. It
is likely that differences in the data frequencies resulted in
the discrepancies between the climatological studies.

The most common explanation for the northerly LLJ
maximum over the Great Plains is a higher frequency of
synoptic-scale features that produce northerly wind
maxima in this region. Walters et al. (2008) mentioned
that the northerly LLJ maximum occurs east of the
typical wintertime anticyclonic track, and wintertime
cyclones also frequent this region. Together, these two
features could result in frequent northerly wind maxima.
While synoptic-scale features likely do play a role in the
occurrence of northerly LLJs, they cannot explain the
diurnal variation in the frequency of northerly LLIJs
found in the Bonner (1968) and Walters et al. (2008)
climatologies. In addition, the Walters et al. (2008) cli-
matology clearly shows the northerly LLJ maximum
over portions of the Great Plains sloping terrain with the
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greatest inclination angles (around 0.15°), which sug-
gests that terrain slope may be a factor. Until now, there
has not been a study to specifically explore the roles of
the sloping terrain and diurnal planetary boundary layer
(PBL) variations in the dynamics of northerly LLIJs over
the Great Plains.

Since the northerly LLJ maximum is located over the
same region as the southerly LLJ maximum, it is rea-
sonable to expect that many of the same processes af-
fecting southerly LLJs also affect northerly LLIJs.
Therefore, it was decided to use the SFR16 analytical
model to study these northerly LLJs. The original
SFR16 study restricted the analysis to southerly LLIJs,
but there is no reason why the model could not be used
for studying northerly LLIJs.

The layout of the paper is as follows: Section 2 sum-
marizes the SFR16 model and describes its application
to reproduce northerly LLJs. In section 3, modeling
results are presented and analyzed, and the effects of the
model parameter variations on the LLJ development
are studied. The discussion of the findings follows in
section 4, and a case study is presented to support the
discussion. Conclusions follow in section 5.

2. Methods

SFR16 described the Great Plains LLJ dynamics using
the following one-dimensional Boussinesq equations of
motion and thermal energy written in a slope-following
coordinate system (see Fig. 1):
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Here, the x axis is directed down the slope, the y axis is
directed across the slope, and the z axis is normal to the
slope. In Fig. 1, x* and z* represent the true horizontal and
vertical coordinates, and « is slope angle, assumed to be
small in all further considerations (on the order of 0.1°; see
SFR16). In (1)-(4), u and v represent the x and y com-
ponents of the wind, and b is the buoyancy defined as
b=g[0 — 6.(z%)]/0y, where 6 is potential temperature,
0.(z*) is environmental potential temperature, and 6 is a
constant reference potential temperature. The normalized
pressure perturbation is defined as I1=[p — P(z*)]/py,
where p is pressure, P(z*) is the environmental pressure
at a fixed x* location, and p, is a constant reference
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FIG. 1. The slope-following coordinate system used for the ana-
lytical solution. Figure is adapted from SFR16 (their Fig. 1).

density. The wind and buoyancy fields are considered to
be homogeneous in planes parallel to the slope. The
Coriolis parameter, defined as f = 2() - k, where () is the
angular velocity of Earth’s rotation and k is the unit
vector in the z direction, is considered to be constant; the
small deviation of this f from the true Coriolis param-
eter (component of 2() in the direction of the unit vector
in the z* direction) is neglected. The free-atmosphere
Brunt-Viisilé frequency (also known as buoyancy fre-
quency) N =./(g/6p) db./dz*, where g is gravity accel-
eration, is considered constant; § is a constant radiative
damping parameter that is needed to ensure diurnal
periodicity of solutions (see SFR16); v, is a geostrophic
wind associated with the perturbation pressure gradi-
ent, v, = (1/f)(9Il/ox). The eddy diffusivity K is taken
independent of height and equal for both heat and
momentum.
The boundary conditions at the surface are
u(0,1)=0, v(0,t)=0, and b(0,t)=>b (), (5)
where by(t) is a diurnally periodic function. Far above
the slope, the boundary conditions are

1 /oIl

limv=v :—<—> , and Ilimb=0.
70 8&» f Ix -

7w
(6)
These upper boundary conditions ensure that v, is spa-

tially and temporally constant. Taking d/dx of (3),
reordering the differentiation and dividing by f yields

limu =0,

7—®

avg 0 .
S2=0, )

so at most, v, could be a function of x or z. The upper
boundary conditions, however, indicate that v, cannot
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be a function of x or #; v, must thus equal the free-
atmosphere value v,.. Note that in SFR16, the free-
atmosphere geostrophic wind was designated by v,. In
this study, v is used to designate the free-atmosphere
geostrophic wind to make clear that it refers to the
geostrophic wind far above the slope.

Eddy viscosity K and surface buoyancy b, are di-
urnally periodic and prescribed in the same way as in
SFR16. The eddy viscosity is prescribed through the
piecewise constant function

K, 0=t<t

K(1) = { Kd: set 8)

tset =< t24

where K, and K, are, respectively, constant daytime and
nighttime values of K, ¢ =0 is the time of sunrise, # is
the time of sunset, and f,4 is 24 h. The surface buoyancy
is prescribed through a piecewise linear function:

t
b, +Ab <[—> , 0=t<r__
b (t) = )
t—t
b —Ab<¢>, Lo =<1y,
max t24 i tmax max

where b, is the surface buoyancy minimum, by, is the
surface buoyancy maximum, Ab = byax — bmin, and oy
is the time of the surface buoyancy maximum.

The analytical solution of the governing (1)—(4) for
the prognostic variables u, v, and b with prescribed
boundary conditions [(5) and (6)], and K and b, given by
(8) and (9), respectively, is derived in SFR16. The so-
lution is controlled by 11 adjustable external parameters:
slope angle «, Coriolis parameter f, free-atmosphere
Brunt-Viisidld frequency N, free-atmosphere geo-
strophic wind v,., radiative damping parameter &, day-
time diffusivity K,, nighttime diffusivity K,, maximum
surface buoyancy b,,x, minimum surface buoyancy b,
time of maximum surface buoyancy fy., and time of
sunset f,. As indicated in SFR16, the analytical solution
can represent three different LLJ mechanisms: a pure
Blackadar (B) mechanism when @ =0 and K; > K, a
pure Holton (H) mechanism when K;=K, and
bmax 7# bmin, and the combined Blackadar—Holton (BH)
mechanism when a # 0, K; > K,,, and byax # bmin. Ad-
ditionally, although not explicitly discussed by SFR16, the
analytical solution can also be applied for the case where
the B mechanism acts over heated (or cooled) sloping
terrain without diurnal variations in surface buoyancy
when K; > K,, and by = bmin. The latter scenario cor-
responds to the one considered in Parish (2016).

SFR16 presented individual B, H, and BH solutions
with prescribed values of the controlling parameters and
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then conducted a sensitivity analysis of the BH solution
to the controlling parameter values. A similar analysis is
conducted in our study but with the direction of the free-
atmosphere geostrophic wind taken as northerly, so v
is always negative. The baseline B, H, and BH solutions
were obtained with the default parameter values shown
in Table 1 (with K; = K, =10m?s™! in the H experi-
ment) and were then compared to the corresponding
(with the same magnitude of vg.) southerly solutions
from SFR16. After that, the effects of the individual
parameter variations on the BH solution were in-
vestigated. When the effect of a particular parameter
was not being tested, the parameter was set to the de-
fault value shown in Table 1.

3. Results
a. Northerly LLJ mechanism

The characteristics of the modeled northerly jets as-
sociated with the B, H, and BH mechanisms are shown
in Table 2. As one would expect, the B mechanism with a
northerly free-atmosphere geostrophic wind results in
the same LLJ as the B mechanism with a southerly free-
atmosphere geostrophic wind except for the reversed
wind direction. This is consistent with the Blackadar
(1957) theory, which predicts that geostrophic wind di-
rection should not have an effect on the maximum wind
speed of the LLJ. For the H mechanism, the maximum
magnitude of the v wind and the height of the v-wind
maximum for the northerly LLJ are nearly the same as
for the southerly LLJ (both LLJs are weak). The timing
of the maximum magnitude of v, however, is sub-
stantially different between the two cases. In the
northerly jet case, the peak magnitude of v occurs during
the daytime (6.3 h after sunrise), unlike the southerly jet
case where the peak magnitude of v occurs at night
(17.8 h after sunrise). For the BH mechanism, the max-
imum v magnitude in the northerly jet case is only
slightly larger than the free-atmosphere geostrophic
wind magnitude and occurs at a height far above of that
of typical observed LLJs. The maximum v magnitude is
reached at ~1.5h before sunset. Figure 2 reveals that a
weak jet forms at a lower height at night, but its mag-
nitude does not exceed the maximum magnitude of the
daytime v. In contrast, for the southerly LLJ case, the
maximum magnitude of v is reached ~8.5h after sunset
at an altitude of 480 m, and it is larger than the maximum
magnitude v for the cases with the B or H mechanism
acting alone.

These preliminary tests indicate that the effects of
buoyancy are largely responsible for the difference be-
tween the northerly and southerly jet solutions. To shed
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TABLE 1. The reference values for the 11 parameters of the
analytical solution. The values are the same used in SFR16 except
the free-atmosphere geostrophic wind is negative. Times are in
hours after sunrise.

Parameter Value
Coriolis parameter (f) 8.6 X 10757 ! (¢ = 36.4°N)
Free-atmosphere geostrophic —10ms!
wind (vg)
Slope angle («) 0.15°
Brunt-Viisild frequency (N) 0.01s7!
Surface buoyancy maximum (bax) 02ms2
Surface buoyancy minimum (bpin) —02ms 2

Time of buoyancy maximum (¢;,x) 9h

Time of sunset (f) 12h
Daytime eddy diffusivity (K,) 100 m*s ™!
Nighttime eddy diffusivity (K},) 1m?s™?
Damping parameter () 0.2day ™!

light on the role of buoyancy, first consider the case
where there is no slope (a = 0). In this case, (1) becomes
*u

u
E——fvgm-i-fv-i-K—

= (10)

Since buoyancy is not present in (10), the geostrophic
wind in the PBL V, is equal to the time- and height-
invariant free-atmosphere geostrophic wind vy, so that

V,=v,,. (11)

Recall that without a slope or inhomogeneous buoyancy
forcing, the nocturnal LLJ forms because of the B mech-
anism only. In this case, the ageostrophic component of the
wind develops during the daytime as a result of the friction
force associated with the diffusion of momentum. When
eddy diffusivity is reduced at sunset, the ageostrophic wind
begins an oscillation around the constant geostrophic wind
vector, which leads to the formation of the LLJ.

Now consider the relation between V, and v in the
presence of an eastward-facing slope with angle «. In
this case, (1) becomes

o*u
972"

u .
—:—fvgx—bsma +fv+ K

o (12)
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The geostrophic wind V, in this case is given by the sum
of the constant free-atmosphere geostrophic wind and a
buoyancy contribution:

V(z.0)=v (13)

e T % bsina.
A similar expression is shown as an approximated
function of z* in appendix A of SFR16. Since buoyancy
is time and height dependent, the geostrophic wind must
also be time and height dependent. For a northerly jet
(vg < 0), the geostrophic wind V, will be at a maximum
magnitude when buoyancy is at a minimum and at a
minimum when buoyancy is at a maximum. The oppo-
site would be true for a southerly LLJ.

Figure 3 shows the magnitude of the geostrophic wind
V, associated with the BH mechanism as a function of
time and height for both the northerly and southerly
LLJs. When the evolution of the geostrophic wind in
Fig. 3 is compared to the corresponding buoyancy dis-
tributions shown in Fig. 4, the association between
buoyancy and the geostrophic wind magnitude implied
by (13) can be clearly seen. Figures 3 and 4 also help to
explain how the eastward-sloping terrain obstructs the
development of a northerly nocturnal LLJ. At sunrise
(t = 0), surface buoyancy is at a minimum, which causes
the magnitude of the northerly geostrophic wind to be
at a maximum. The comparatively large daytime eddy
diffusivity creates a cross-isobaric component of the
wind that is directed down the slope toward low pres-
sure. Equation (4) shows that these downslope winds
will increase buoyancy through advection of the envi-
ronmental potential temperature (represented by the
uN? sine term). In addition, the daytime heating leads to
an increase of surface buoyancy, which is mixed upward
by the enhanced eddy diffusivity. This increase in
buoyancy creates an upslope-directed force that op-
poses the downslope component of the wind created by
the frictional force. This results in the u-wind compo-
nent decreasing during the daytime. The buoyancy
continues to increase until the time of peak surface
buoyancy, and at this time, the magnitude of the
northerly geostrophic wind is at its minimum. At sunset,

TABLE 2. The maximum magnitude of the v component of the wind vpay, the height of the maximum magnitude v component of the wind

Z,,..» and time after sunrise of the maximum magnitude v component of the wind 7, for both a northerly and southerly geostrophic wind
for the B, H, and reference BH solutions. The southerly geostrophic wind data are from SFR16.
Northerly jet Southerly jet
Mechanism Vmax (ms~") Zupes (M) Ty (0) Umax (ms”") ) )
B -16.8 460 21.0 16.8 460 21.0
H —11.1 1020 6.3 11.5 1000 17.8
BH -10.5 3640 10.5 211 480 20.5
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FIG. 2. Wind speed (ms™') as a function of time and height
corresponding to the reference BH solutions for a 10ms ™' mag-

nitude (top) northerly and (bottom) southerly free-atmosphere
geostrophic wind. Times are hours after sunrise.

when the inertial oscillation begins, the large buoyancy
is still present, which limits the magnitude of the
northerly geostrophic wind. With the geostrophic wind
magnitude being small, the amplitude of the inertial
oscillation is also small, which results in a weak
LLJ. Figure 4 indicates that large positive buoyancy
remains throughout the night for the northerly LLJ
(except in the growing stable layer adjacent to the sur-
face). Such retention of positive buoyancy is primarily
caused by the flow accelerating down the slope after the
onset of the inertial oscillation. The increase in the
downslope wind coupled with the ineffective mixing of
negative buoyancy by the reduced nighttime eddy dif-
fusivity prevents the northerly geostrophic wind mag-
nitude from increasing substantially at night even
though the surface buoyancy is decreasing. This analysis
shows that for northerly LLIJs over eastward-sloping
terrain, the Blackadar and Holton mechanisms are act-
ing out of phase.

b. Effects of parameter variations

Because of the detrimental effects of positive buoy-
ancy on the northerly LLJ, stronger northerly LLJs
would be expected when buoyancy values are small
around the time of the jet initiation. Therefore, setting
the values of the controlling parameters of the analytical
solution in a manner that decreases buoyancy values
during the afternoon should result in stronger northerly
LLJs. Results of the calculations with varying parameter
values are summarized in Table 3, which contains data
for the maximum wind speed beneath 2000m above
ground level (AGL) after sunset. These time and height
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FIG. 3. As in Fig. 2, but for the geostrophic wind magnitude (ms ).

limitations were imposed on the parameters shown in
Table 3 in order to reflect the effect of parameter vari-
ations on the nocturnal northerly LLJ, not on the ele-
vated daytime wind maxima. Even though maximum
wind speed was used, the contribution from the u-wind
component is only ~1ms ™.

As expected, changing the maximum daytime surface
buoyancy had the greatest effect on the magnitude of
the nocturnal northerly LLJ. If the maximum surface
buoyancy is increased from its default value, then es-
sentially, no LLJ forms at night as the maximum wind
speed (7.6ms ') remains below the free-atmosphere
geostrophic value, but if the surface buoyancy maximum
is decreased, a significant LLJ (17ms~") develops. Re-
ducing the surface buoyancy maximum results in less
surface buoyancy available to be mixed upward during
the day, thereby reducing buoyancy above the surface.
Changing the minimum surface buoyancy at sunrise
does not have as great of an effect as changing the
daytime surface buoyancy maximum. Nevertheless, de-
creasing the surface buoyancy minimum does result in
slightly stronger nocturnal northerly LLJs.

The role of eddy diffusivity and its temporal variation
is more complicated. Daytime and nighttime values of
the eddy diffusivity affect the vertical distribution of
buoyancy through mixing, and the diffusivity change
from the daytime value to the nighttime value triggers
the inertial oscillation. Unlike the southerly jet experi-
ments in SFR16, increasing the difference between the
daytime and nighttime values of K in the northerly jet
case results in only a slightly stronger LLJ (10.9ms ™).
The stronger inertial oscillation effect barely overcomes
the increased buoyancy because of greater mixing. Re-
ducing the daytime eddy diffusivity prevents an LLIJ
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FIG. 4. As in Fig. 2, but for buoyancy (ms™2).

from developing as the maximum wind speed in this case
occurs almost immediately after sunset at a height
(1680 m) above that of other LLJs produced by the an-
alytical solution. The reduced buoyancy caused by the
smaller daytime eddy diffusivity is not able to compen-
sate for the reduced inertial oscillation effect. Varying
the nighttime eddy diffusivity does not substantially
change buoyancy values as the mixing is typically small.
Increasing the nighttime eddy diffusivity, however,
prevents a northerly LLJ from developing (maximum
wind speed of 9.3ms ! is below the free-atmosphere
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geostrophic value) because of the reduced inertial os-
cillation effect, while decreasing the nighttime eddy
diffusivity marginally increases the northerly wind speed
maximum (10.9ms ') and causes the maximum to oc-
cur at a lower height (180 m).

The free-atmosphere geostrophic wind magnitude
significantly impacts the strength of the northerly
LLJ. Increasing the northerly geostrophic wind magni-
tude intensifies the nocturnal northerly LLJ (17.7ms ™).
This result is unsurprising since a stronger free-
atmosphere geostrophic wind represents a stronger
background pressure gradient force. Interestingly, the
LLJ is more supergeostrophic when there is a stronger
free-atmosphere geostrophic wind. When the free-
atmosphere geostrophic wind is decreased to Sms™ ",
the LLJ is actually subgeostrophic.

Another interesting result is related to the effect of
the Coriolis parameter on the solution. Increasing the
Coriolis parameter (i.e., increasing latitude) results in a
slightly stronger northerly LLJ (10.8ms™ '), while de-
creasing the Coriolis parameter slightly reduces the
magnitude of the wind maximum (9.6 ms ). This result
is consistent with the climatological studies of Bonner
(1968) and Walters et al. (2008), which show that
northerly LLJs over the Great Plains occur more fre-
quently at higher latitudes. However, the climatological
differences might reflect latitudinal variations in syn-
optic settings rather than the impact of variations in the
Coriolis parameter on inertial oscillations.

TABLE 3. The maximum wind speed Viay, height of wind speed maximum Zy, , and time of maximum wind speed max T, for
the individual parameter tests for the BH mechanism in northerly LLJs. Winds maxima were limited to those occurring below

2000 m after sunset.

Varied parameter Experiment Parameter value Vimax (M s’l) Zy,.. (m) Ty, (h)
None BH — 10.0 360 212
Domax BH b7, 03ms 2 (Ab=0.5ms ?) 7.6 1980 13.8

BHb,,, 0.0ms™2 (Ab=02ms"?) 17.0 420 20.7
Din BH b}, —03ms % (Ab=0.5ms ?) 10.9 340 21.3
BH b, 0.0ms 2 (Ab=02ms"?) 8.4 420 21.0
Ky BH K 500m?s ™! 10.9 400 21.5
BHK; 20m?s™! 10.4 1680 122
K, BHK,' 5m’s! 9.3 1980 15.7
BHK, 02m*s™! 10.9 180 21.5
Vg BH v, 15ms™! 17.7 400 20.8
BHu,, 5ms ! 4.0 160 24.0
f BH f* 9.7x107%s7! (¢ = 42°N) 10.8 360 20.2
BH f~ 73%1075s7 (9 =30°N) 9.6 1980 15.7
5 BH&" lday ! 11.1 380 21.7
BH & 0.1 day* 9.9 360 21.7
fmax BH ! 11 h (fet — fmax = 1 h) 102 1980 153
BH 1, 7h (tset = tmax = 5 h) 11.5 360 212
fiet BH ¢, 14h (fer — fmax =5 ) 12.1 360 232
BH 11h (fer — fmax = 1 h) 10.7 1980 13.8
N BHN* 0.02s7! 8.1 360 20.2
BH N~ 0.005s7! 10.7 360 215
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As explained in SFR16, the radiative damping param-
eter & in (4) ensures periodicity of the 1D LLJ solution
(more accurately, its omission precludes the existence of
periodic solutions). However, the SFR16 solution was
found to be rather insensitive to the actual parameter
value. The same is generally true for northerly LLJs, but
an increase in the damping parameter does result in
slightly stronger northerly LLJs (11.1ms~'). According
to (4), the damping parameter reduces the magnitude of
the buoyancy. A larger damping parameter would lead
to a greater reduction of buoyancy, which would then
promote northerly LLJ development.

The difference between the time of sunset and the
time of the surface buoyancy maximum also has an ef-
fect on the solution. When this difference was increased
by either making the surface buoyancy maximum occur
earlier or by delaying the sunset, the northerly LLJ
maximum wind speed increased (11.5 and 12.1ms ",
respectively). A smaller time difference between the
two occurrences resulted in slightly weaker (and ele-
vated) wind speed maxima. A larger difference between
tmax and t, combined with the onset of surface cooling
allows the daytime eddy diffusivity to mix out the
buoyancy maximum, which lowers buoyancy before
sunset and creates a stronger northerly LLJ.

The final parameter tested was environmental Brunt—
Viisdld frequency N. Like in SFRI16, decreasing N
increased the strength of the jet. As seen from (4),
N controls the production of buoyancy because of the up-
slope/downslope advection of the environmental potential
temperature uN’sina. Since the daytime x-component
wind for a northerly LLJ is downslope (positive u), and at
sunset, the initial acceleration is also downslope, a reduced
Brunt-Viisild frequency (weaker ambient stratification)
would cause a smaller increase in buoyancy, which results
in a smaller decrease in the magnitude of the geostrophic
wind and thus provides a stronger LLJ.

An additional test was conducted with a free-atmosphere
geostrophic wind of —15ms~', surface buoyancy max-
imum of —0.05ms 2, surface buoyancy minimum
of —0.45ms 2, Coriolis parameter corresponding to
42°N, and Brunt-Viisild frequency of 0.008s '. The
purpose of the test was to model a northerly LLJ where
multiple parameter values that were shown to in-
dividually favor increases in northerly LLJ wind speeds
were acting together. The corresponding solution, il-
lustrated in Fig. 5, predicted an intense nocturnal

northerly LLJ with a maximum wind speed of 28.5ms ™.

4. Discussion

Tests of the analytical solution described in the pre-
vious section provide insights into the conditions
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FIG. 5. (top) Wind speed (m s~ ") and (bottom) buoyancy (m's~2)
as a function of time and height for the BH solution with a north-
erly geostrophic wind of —15ms ™!, surface buoyancy maximum of
—0.05ms 2, surface buoyancy minimum of —0.45ms 2, latitude
of 42°N, and Brunt-Viisili frequency of 0.008 s !, These values all
resulted in an increase in northerly LLJ intensity when tested
individually.

favoring the development of northerly nocturnal LLIJs
over the Great Plains. The ideal setup for a northerly
nocturnal LLJ would include a strong northerly free-
atmosphere geostrophic wind over the northern region
of the Plains. Daytime buoyancy values in the PBL
would be low, and daytime turbulent mixing should be
strong. Not surprisingly, a substantial decrease of the
eddy diffusivity at sunset is needed to create a strong
inertial oscillation. This consideration is consistent with
previous theoretical analyses of nocturnal LLIJs by
Shapiro and Fedorovich (2010) and SFR16.

While at first, the outlined conditions seem reason-
able, the manner in which a low-buoyancy requirement
can be realized is not obvious. For example, low buoy-
ancy can be achieved by reducing daytime surface
heating. Under real conditions, however, surface heat-
ing and eddy diffusivity are physically connected. Re-
ducing daytime surface heating would result in less
turbulent mixing. If turbulent mixing is reduced, then
the inertial effect created by the reduction in turbulence
at sunset would be smaller and would limit the strength
of the LLJ. This situation could be replicated in the
analytical solution by lowering the surface buoyancy
maximum and also lowering the daytime eddy diffusiv-
ity. This scenario, however, is not favorable for LLJ
development, and therefore, reduced daytime surface
heating is not likely a key factor in northerly LLIJ
development.

There is a second scenario that could lead to small
buoyancy values over the sloping terrain. Consider a
well-mixed tilted PBL over the sloping terrain as
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described in Shapiro and Fedorovich (2009). In this well-
mixed PBL, the potential temperature is independent of
z*, but the buoyancy varies with height according to

b(h*) = —%‘0 + N*(h* + Ah*),

0

(14)

where A6 is the potential temperature change across the
capping inversion, 6, is a constant reference potential
temperature, £* is an arbitrary distance below the base
of the capping inversion in the true vertical direction z*,
and AA* is the depth of the capping inversion in the true
vertical direction (see Fig. 6). This equation shows that
buoyancy depends on the strength of the capping in-
version and the free-atmosphere stratification repre-
sented by N. If the capping inversion is strong, and the
free-atmosphere stratification is weak, then daytime
heating can produce a well-mixed PBL associated with a
negative near-surface buoyancy. For example, an N of
0.008s ! and a capping inversion strength of A = 4K
would result in a surface buoyancy value of about
—0.06ms 2. In this case, the PBL would be set up for a
strong nocturnal LLJ. Our analytical solution, however,
does not directly account for the capping inversion. The
effect of a strong capping inversion and weak free-
atmosphere stratification would be best represented
within our model framework by decreasing both the
buoyancy minimum and the buoyancy maximum by the
same value. Therefore, it would still be possible to keep
the eddy diffusivities at their typical values in a diurnal
cycle of strong daytime mixing and reduced mixing at
sunset. The buoyancy maximum and minimum values
used to create the strong northerly LLJ shown in Fig. 5
are an example of how this effect could be represented
in the analytical model.

A strong northerly LLJ (peak winds of ~18ms ™)
with similar 1D characteristics as those described in the
previous paragraph was observed on 29 September 2016
by the Doppler lidar from the Collaborative Lower
Atmospheric Mobile Profiling System 2 (CLAMPS-2) at
Norman, Oklahoma (Fig. 7). Before the LLJ developed,
the 0000 UTC sounding from Norman, Oklahoma
(OUN), showed a well-mixed PBL capped by a 2-km-
deep layer of strong static stability (Fig. 8). Above this
layer was a region with a more uniform free-atmosphere
potential temperature profile. The wind at that time was
~2.6ms~ ! from the north-northeast near the surface
and increasing in speed to ~15.4ms”! from the north-
northwest at the top of the strong stability layer. The
surface buoyancy was ~—0.14ms ™2 This value was ob-
tained by extrapolating the free-atmosphere potential
temperature profile down to the surface and then sub-
tracting the extrapolated free-atmosphere potential
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temperature from the observed surface potential tem-
perature. Vertical velocities from the CLAMPS-2
Doppler lidar (Fig. 7) and the presence of a well-mixed
PBL on the 0000 UTC sounding show that significant
mixing was occurring during the day leading up to the
northerly LLJ despite the presence of negative surface
buoyancy. The combination of negative surface buoyancy
and strong mixing near the time of sunset facilitated the
development of the northerly LLJ on this night.

Thus far, our discussion of northerly LLJs does not
indicate that diurnal PBL processes alone can result in
the maximum in occurrence of northerly LLJs over the
Great Plains. Since diurnal heating of eastward-sloped
terrain is inimical to the development of northerly
nocturnal LLJs, one might think that nocturnal north-
erly LLJs should be at a minimum frequency over the
region. The above example does suggest, however, that
the sloping terrain is likely contributing to the devel-
opment of northerly LLJ and may affect their frequency
over the Great Plains.

Using the results from the analytical model as a guide,
we propose the following theory for the cause of the
northerly LLJ maximum. As previously mentioned, a
strong capping inversion leads to lower buoyancy values
over the slope. Because of the dependence of the geo-
strophic wind on buoyancy, northerly low-level geo-
strophic winds over the slope would be enhanced when
outbreaks of cold air with strong inversions occur over
the sloping terrain. The stronger northerly geostrophic
winds would tend to increase the actual low-level winds,
which would create jetlike wind profiles. Under the as-
sumption that buoyancy is horizontally uniform along
the surface, this same type of cold-air outbreak over flat
terrain would not result in the same jet profile, as
buoyancy would not factor into the geostrophic wind.
Because of the enhancement of the northerly geo-
strophic wind during cold-air outbreaks over the Great
Plains, the spatial climatologies would detect more
northerly LLJs over the region. Bonner (1968, p. 837)
mentioned that northerly LLJs were often associated
with “‘shallow cold highs” with “weak southerly flow
aloft.” This observation would support the idea that the
climatological frequency maximum over the Great
Plains is due to the enhancement of the low-level
northerly geostrophic wind during cold-air outbreaks.
This mechanism would also explain the association be-
tween northerly LLJs and cold fronts south of the LLJ
locations (Bonner 1968; Whiteman et al. 1997). The
environment behind cold fronts would typically be as-
sociated with negative buoyancy over the slope, and this
negative buoyancy would enhance the postfrontal LLIJs
described by Ostdiek and Blumen (1997). Obviously,
since cold-frontal passages and associated cold-air
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outbreaks do not depend on the diurnal cycle, there
would be no clear preferred time of occurrence for these
LLJs. The Bonner (1968) and Walters et al. (2008)
climatologies did show an early morning maximum
in occurrence, however. This is due to the northerly
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FIG. 6. A schematic cross section of a well-mixed tilted PBL over a slope [adapted from
Shapiro and Fedorovich (2009)]. The dashed line is the bottom of the capping inversion while
the diagonal line passing through B is the top of the capping inversion. Point A is any location in
the mixed layer, point B is directly above point A in the true vertical direction at the capping
inversion top, point C is in the free atmosphere at the same elevation as B, and point D is in the
free atmosphere at the same elevation as A and directly below C. Line BC is an environmental
isentrope. Buoyancy at point A is b(h*) = (g/600)(64 — 0p).
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FIG. 7. Observations from the CLAMPS-2 Doppler lidar from 1200 UTC 28 Sep to 1200 UTC 29
Sep 2016. The (top) wind speed (ms ™), (middle) wind direction (degrees), and (bottom) vertical
velocities (ms ™) were obtained with a 60° velocity—azimuth display (VAD) scanning technique.
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nocturnal LLJs that are primarily driven by the inertial
oscillation mechanism. Even though our study suggests
that northerly nocturnal LLJs resulting from diurnal
boundary layer processes should be at a minimum over
the Great Plains because of the negative effect of the
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FIG. 8. Profiles of (left) u (ms™'), (center) v (ms™!), and (right) potential temperature (K) from the 0000 UTC 29
Sep 2016 sounding at OUN.

Holton mechanism, they still do occur (see Fig. 7) and
would cause twice-daily sounding climatologies to show
an early morning maximum in northerly LLJ occurrence.

The analysis in this study is limited by the 1D nature of
our model, as along-slope variations in buoyancy are
ignored. However, 2D effects likely do play a role in
northerly LLJ development through enhancing or op-
posing 1D effects. Therefore, the mechanisms described
in this paper may not explain all northerly LLJ occur-
rences. For example, a thermal wind resulting from
horizontal synoptic-scale temperature gradients (not to
be confused with thermal wind resulting from uniform
buoyancy over the slope) is not included in our analyt-
ical consideration. Depending on the direction of the
temperature gradient, the geostrophic wind in the PBL
can either be enhanced or reduced and could lead to an
LLJ-like wind profile. More work is required to un-
derstand how horizontal heterogeneity affects the
northerly LLJ.

5. Conclusions

Previous studies of the Great Plains LLJs identified a
maximum frequency in northerly LLJs over the northern
Great Plains, but no studies have examined the forcing
behind this phenomenon. Application of the analytical

model developed by SFR16 to the PBL flow driven by a
northerly free-atmosphere geostrophic wind revealed
that nocturnal northerly LLJs are stronger when buoy-
ancy values in the boundary layer are small at sunset.
Changing values of almost all controlling parameters of
the solution (except for the eddy diffusivity) in a manner
that would decrease buoyancy at sunset resulted in a
stronger northerly nocturnal LLJ. A large decrease of
eddy diffusivity from day to night was required for
the development of a significant northerly nocturnal
LLJ. Such a decrease was found to produce a strong in-
ertial effect that was able to partially overcome the neg-
ative effect of positive buoyancy. The process of diurnal
heating/cooling variation alone, however, cannot explain
the northerly LLJ maximum over the Great Plains.
In fact, nocturnal northerly LLJs resulting from diurnal
PBL processes alone should occur less frequently over
the Great Plains since the diurnal change in buoyancy
over the slope (Holton mechanism) is unfavorable for
these LLJs.

The northerly LLJ climatological maximum is likely
the result of the enhancement of the lower-atmospheric
northerly geostrophic wind by negative buoyancy over
the eastward-sloping terrain. When a strong capping
inversion and weak free-atmosphere stratification are
present, negative buoyancy values may occur in the PBL.
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above the slope. Since the geostrophic wind over the
sloping terrain is dependent on buoyancy, the northerly
geostrophic wind magnitude would be increased by this
negative buoyancy. The enhancement of the northerly
geostrophic wind can result in LLJ-like profiles, which
would be detected in the LLJ climatologies. Such condi-
tions would tend to occur after frontal passages and
would enhance postfrontal LLJs. Northerly LLJs that are
created by this mechanism explain the weaker diurnal
dependence of these LLJs found in climatologies and the
association between the LLJs and cold-frontal passages.
Future research should attempt to seek more observa-
tional evidence about northerly LLJs and improve the
understanding of the 2D effects in the LLJ formation.
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