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ABSTRACT

Observations from three nights of the Plains ElevatedConvection atNight (PECAN) field campaignwere used

in conjunction with Rapid Refresh model forecasts to find the cause of north–south lines of convection, which

initiated away from obvious surface boundaries. Such pristine convection initiation (CI) is relatively common

during thewarm season over theGreat Plains of theUnited States. The observations andmodel forecasts revealed

that all three nights had horizontally heterogeneous and veering-with-height low-level jets (LLJs) of nonuniform

depth. The veering and heterogeneity were associatedwith convergence at the top-eastern edge of theLLJ, where

moisture advection was also occurring. As time progressed, this upper region became saturated and, due to its

placement above the capping inversion, formed moist absolutely unstable layers, from which the convergence

helped initiate elevated convection. The structure of the LLJs on the CI nights was likely influenced by non-

uniform heating across the sloped terrain, which led to the uneven LLJ depth and contributed toward the wind

veering with height through the creation of horizontal buoyancy gradients. These three CI events highlight the

importance of assessing the full three-dimensional structure of the LLJ when forecasting nocturnal convection

over the Great Plains.

1. Introduction

The Great Plains region of the United States has long

been known to have a nocturnal maximum in precipitation

(Kincer 1916; Bleeker and Andre 1951; Wallace 1975;

Easterling and Robinson 1985; Carbone and Tuttle 2008).

This maximum is most pronounced in the months of June,

July, and August, when nighttime precipitation exceeds

daytime precipitation by 25% (Higgins et al. 1997). This

nocturnal precipitation maximum is attributed to fre-

quent nocturnal thunderstorms in the region. The

thunderstorms are often elevated, in the sense that

storm updrafts develop in an elevated region separated

from the surface by a nocturnal stable boundary layer

(Colman 1990; Wilson and Roberts 2006).

One feature associated with the initiation and de-

velopment of these nocturnal thunderstorms is the

Great Plains low-level jet (LLJ) (Pitchford and London

1962; Maddox 1983; Astling et al. 1985; Trier and

Parsons 1993; Trier et al. 2006; Tuttle and Davis 2006).

LLJs are windmaxima that occur in the lowest levels of the

atmosphere, typically within a kilometer of the ground.

Blackadar (1957) showed that nocturnal LLJs can arise

from an inertial oscillation that is triggered by the re-

duction of the friction force in the atmospheric

boundary layer at sunset as thermally generated tur-

bulence decays. The resulting force imbalance causes
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the ageostrophic wind vector to rotate clockwise

around the geostrophic wind vector with time. The

maximum LLJ wind speed occurs when the ageo-

strophic wind vector aligns with the geostrophic wind

vector. The inertial oscillation mechanism can produce

nocturnal LLJs in practically any location, but clima-

tological studies have found that LLJs in the United

States are stronger and more frequent over the Great

Plains (Bonner 1968; Walters et al. 2008). The strength

and frequency of LLJs have been attributed to ther-

mal effects associated with heating and cooling of the

gentle slope (Holton 1967). This thermal forcing com-

bined with the inertial oscillation produces stron-

ger LLJs in this region (Bonner and Paegle 1970;

Shapiro et al. 2016). Shapiro and Fedorovich (2009)

established that thermally induced upslope and down-

slope motions over a shallow slope such as the Great

Plains transform the inertial oscillation of Blackadar

(1957) into an inertial–gravity oscillation. On the other

hand, Parish (2016) suggested that theGreat Plains LLJs

are primarily controlled by the mean heating of the

slope, which enhances the southerly geostrophic wind.

It is likely that the effects described by Holton (1967),

Shapiro and Fedorovich (2009), and Parish (2016) all

contribute to the LLJ intensity and frequency maximum

over the Great Plains.

The LLJ has long been considered to be a key con-

tributor to the nocturnal precipitation maximum over

the Great Plains, although not all mechanisms in-

volved are well understood. A well-defined diurnal

oscillation in moisture flux over the region is associ-

ated with the nocturnal LLJ (Rasmusson 1967; Higgins

et al. 1997). Moist, warm air advected northward by

the LLJ provides thermodynamic support for noctur-

nal elevated convection in the region. In addition to

temperature and moisture advection, areas of con-

vergence caused by the inhomogeneities of the LLJ

can provide the dynamical support for convection.

This support was statistically verified by Pitchford and

London (1962), who found a significant correlation

between convergence regions within the LLJ and

thunderstorm location. Convergence often occurs at

the northern terminus of the LLJ, so this region has

received the bulk of the attention in studies of LLJ

convergence in connection with thunderstorm initia-

tion. The northern terminus of the LLJ has been found

to be associated with heavy rainfall corridors (Astling

et al. 1985; Trier et al. 2006; Tuttle and Davis 2006;

Trier et al. 2014), as the convergence at the northern

terminus of the LLJ provides low-level support for

mesoscale convective systems (MCSs; Maddox 1980,

1983). The intersection between the LLJ and east–

west-oriented atmospheric frontal boundaries can be

another region favorable for thunderstorm develop-

ment (Trier and Parsons 1993).

While the northern terminus is often the region of

strongest convergence within the LLJ, convergence can

also be present in other regions. In an airflow configu-

ration study by Walters and Winkler (2001), half of the

identified LLJs had a wind direction that changed with

height. This suggests that the position of convergence

regions of these LLJs would vary with the orientation of

the vertical shear vector. In fact, Walters and Winkler

(2001) mention that there tends to be additional con-

vection on the eastern side of LLJs associated with the

more westerly wind direction at higher altitudes. In ad-

dition, the convergent regions of the LLJ are non-

stationary. The veering of the LLJ with time can cause

the convergent regions to shift as the night progresses.

This shifting convergence can help to sustain thunder-

storms after they move away from the initiation area,

but it can also have the opposite effect of suppressing

convection if the region of convergence moves away

from the location of the storms and divergence develops

(Bonner 1966). Changes in convergence with time are

most evident on the flanks of the LLJ, with convergence

decreasing on the western side of the LLJ throughout

the night. At the same time, convergence increases on

the eastern side owing to the clockwise turning of the

ageostrophic wind in a horizontally heterogeneous LLJ

(Bonner 1966).

Unfortunately, our current understanding of noctur-

nal convection initiation (CI), including the possible

roles of LLJs, is incomplete. Accordingly, forecasting

such CI over the Great Plains remains a difficult prob-

lem, particularly when the convection initiates away

from a surface boundary or previous convection and

in a region of the LLJ other than the northern terminus

(so-called pristine CI). This latter type of CI, however, is

relatively common for the Great Plains region. Reif and

Bluestein (2017) showed that 24% of CI occurrences

over the Great Plains are not associated with a bound-

ary, and this no-boundary CI tends to occur in a north–

south orientation on the eastern side of the LLJ late in

the night (typically around 0900 UTC). The character-

istics of these no-boundary CI events suggest that east–

west heterogeneity of the LLJ may play a role in CI in

such cases.

In this study, we analyze three episodes of nocturnal

CI observed during the Plains Elevated Convection at

Night (PECAN) field project (Geerts et al. 2017). In

section 2, we discuss the data used in the analyses. The

three cases are described in detail in section 3, and the

cause of the observed LLJ structure and associated CI

are discussed in section 4. Concluding remarks follow in

section 5.
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2. Methods

The PECAN project (Geerts et al. 2017) was designed

to elucidate the processes contributing to the nocturnal

precipitation maximum over the Great Plains. The

PECAN field campaign ran from 1 June through 15 July

2015 and focused on four nocturnal phenomena: MCSs,

CI, bores, and LLJs. The PECAN observing platforms

included six fixed-location PECAN Integrated Sound-

ing Arrays (PISAs), five mobile PISAs, three mobile

radiosonde launch vehicles, multiple mobile mesonets,

one fixed-location radar in addition to the regional

WSR-88Ds, nine mobile radars, and three aircraft.

Each PISA site provided vertical profiles of wind,

temperature, and water vapor using both in situ and

remote sensing observing platforms. During the field

campaign, no-boundary CI with characteristics simi-

lar to those identified by Reif and Bluestein (2017)

occurred on three nights: 1 June, 2 June, and 5 July

2015. On 1 and 2 June 2015, the CI did occur near

previous convection, so it may not have met pristine

CI criteria used by Reif and Bluestein (2017), but the

orientation, position relative to the LLJ, and timing

of the CI is similar to other no-boundary CI events.

These three events were examined in the present

study to determine the role of the LLJ in initiating the

nocturnal CI.

Unfortunately, the three CI events considered in

this study occurred on nights during which there was

either no PECAN intensive operation period (IOP)

or the PECAN IOP was focused on a region away

from the CI. Since the mobile platforms were not

positioned to observe these CI episodes, the best

available observations were provided by the fixed

PISAs (FPs). The coarse spacing of the fixed PISA

sites (Fig. 1), however, was a limiting factor in the

analyses of the selected events. For this reason, we

decided to supplement the observations with numer-

ical weather prediction (NWP) model data. Model

forecasts were used instead of model analyses to avoid

potential problems with discontinuous tendencies at

analysis times.

On 1 and 2 June, NWP models used by the PECAN

forecasters, such as the North American Mesoscale

Forecast System (NAM), Rapid Refresh (RAP), High-

Resolution Rapid Refresh (HRRR), and Colorado

State 4-km WRF, had strong signals for no-boundary

CI on the corresponding nights. Although these

models did struggle with predicting convection on

5 July, they nevertheless produced some signal of CI

in the correct location. One particular numerical

model that showed skill at forecasting these CI events

was the RAP model (Benjamin et al. 2016). The

RAP has 13-km grid spacing and parameterized

convection (Grell and Freitas 2014), so the fact that

the RAP could forecast these no-boundary CI events

was initially surprising. Wilson and Roberts (2006),

FIG. 1. Locations of the FPs (circles) and NWS sounding stations

(triangles) over KS and neighboring states.

FIG. 2. Temperature (8C; shaded) and specific humidity (g kg21;

black contours) for (a) 850 hPa and (b) the surface over the

Great Plains region from the 0000 UTC RAP analysis on 1

Jun 2015.
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however, showed that many of the convergent regions

associated with elevated CI during the International

H2O Project campaign (Weckwerth et al. 2004) over the

southern Great Plains could be resolved on a 10-km

analysis grid. While a 10-km grid spacing is slightly

smaller than the 13-km grid spacing used by the RAP,

this result does suggest that RAP parameterized con-

vection may be used to help indicate the presence of

mesoscale forcing likely to be supportive of the CI.

However, a finer-scale, convection-allowingmodel (e.g.,

HRRR) may be necessary to identify the cloud-scale

processes that potentially contribute to the considered

CI events. Since the focus of this study is on the role of

the LLJ in initiating convection initiation and not the

cloud-scale processes, the RAP forecasts initialized

at 0000UTCon the nights of the CI were used to analyze

these nights.

3. Analysis of CI events

a. 1 June 2015

1) SYNOPTIC AND RADAR OVERVIEW

Upper-air analysis for 0000UTC 1 June 2015 indicates

that the synoptic conditions over the Great Plains were

unremarkable for convection. At 500hPa, winds over

the PECAN domain were northwesterly, with a trough

located over southern Missouri and northern Arkansas

and a ridge axis over the Colorado–Utah border. At

850 hPa, the winds over the western portion of the

FIG. 3. Composite mosaic radar reflectivity on 1 Jun 2015 at (a) 0000, (b) 0330, (c) 0700, and (d) 0900 UTC.

Composite mosaic radar data created by UCAR/NCAR–Earth Observing Laboratory (2016d).
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PECAN domain were southerly, but to the east, the

winds at the 850-hPa surface underneath the 500-hPa

trough were weak and variable (Fig. 2a). There was a

;12-K temperature difference between western and

eastern Kansas at 850 hPa. The winds at 850hPa, how-

ever, do not suggest that a frontal boundary is present.

The westward increase of temperature on the 850-hPa

surface in this region should be expected since the

sloped terrain causes the 850-hPa surface to be much

closer to the ground in western Kansas than eastern

Kansas. There was also a strong moisture gradient at

850 hPa over Kansas, with the specific humidity de-

creasing by 6 g kg21 from west to east across the state.

Close to the surface, the wind was southeasterly over

western Kansas, but became weaker and turned to

easterly over eastern Kansas. Horizontal gradients of

temperature and moisture were also present at the

surface, but they were less pronounced than at the

850-hPa level (Fig. 2b).

At 0000 UTC, scattered storms were present in east-

ern Colorado and northwestern Kansas (Fig. 3a). By

0330 UTC, the convection had consolidated into a

northeast–southwest-oriented line of thunderstorms along

the Colorado–Kansas border moving toward the south-

southeast (Fig. 3b). Around 0700 UTC, convection

began to develop in a north–south zone extending from

central Kansas into south-central Nebraska (Fig. 3c).

New convection continued to develop in this zone until

0900 UTC. After 0900 UTC, the convection drifted

slowly toward the southeast and began to dissipate. The

convergence at the top-eastern edge of the LLJ also

moves eastward with time, and by 1200 UTC, the

convergence region is near 988W (Fig. 5d).

2) RAP FORECAST

The RAP forecast initialized at 0000 UTC for this night

shows an elongated north–south zone of precipitation in

FIG. 4. Simulated composite reflectivity (dBZ) from the

0000 UTC 1 Jun 2015 RAP forecast valid for 1200 UTC. The

black line indicates where the cross sections were taken. The red

circle marks the location of the model soundings.

FIG. 5. Vertical cross sections of the 0000 UTC 1 Jun 2015 RAP forecast through the line indicated in Fig. 4 valid

for (a) 0000, (b) 0400, (c) 0800, and (d) 1200 UTC. Potential temperature (K) is contoured. Specific humidity (g kg21)

greater than 6 g kg21 is shaded in green. Wind speeds are in kt. A full barb is 10 kt, and a half barb is 5 kt. In (b)–(d),

positive vertical velocity is contoured in blue, where light blue is 1 cm s21, medium blue is 3 cm s21, and dark blue is

5 cm s21. All heights are km MSL. The vertical black line shows the location of the model soundings.
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the same area as the observed CI (Fig. 4). However, the

north–south line of precipitation produced by the model

lasts longer and has amore extensive spatial coverage than

what was observed. Since the north–south orientation of

the convection on these nights suggests that east–west

heterogeneity of the LLJ might be important, east–west

cross-sections of the RAP forecast were analyzed. At

0000 UTC, the isentropes show a convective boundary

layer with a deep mixed layer above the slope (Fig. 5a).

The mixed layer generally tilts with the terrain but be-

comes deeper toward the west. By 0400 UTC in the

forecast, a narrow, veering-with-height LLJ has developed.

Associated with this veering is eastward advection of the

moisture field at the top of the LLJ (Fig. 5b). In addition to

the moisture advection, convergence of the u-wind field

and rising motion is occurring at the top-eastern edge of

FIG. 6. Soundings from the RAP forecast initialized at 0000 UTC 1 Jun 2015 valid for (a) 0000, (b) 0400, (c) 0800,

and (d) 1200UTC at the location shown in Fig. 4. The black curve represents the ascent of themost unstable parcel.
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the LLJ around 998–1008W longitude. The moisture ad-

vection continues throughout the night and results in the

higher values of moisture, which were originally confined

to western Kansas, to extend eastward above a stable layer

in centralKansas. This location iswhere themodel predicts

the north–south line of precipitation (Fig. 5d).

RAP forecast soundings from the location where the

model predicted the onset of the precipitation (as lo-

cated by the red dot in Fig. 4) were examined to identify

how the thermodynamic profile of the CI region was

forecast to change throughout the night (Fig. 6). At

0000 UTC, the forecast profile is extremely stable with

no convective available potential energy (CAPE), but

by 0400 UTC, temperature and moisture advection oc-

curring at the 800-hPa level have begun to change the

profile. The moisture in this layer continues to increase

through 0800 UTC, and at 1200 UTC in the forecast, the

775-hPa level is saturated with no convective inhibition

(CIN). This layer could be classified as a moist abso-

lutely unstable layer (MAUL; Bryan and Fritsch 2000).

Trier et al. (2017) did not study the CI on this night but

did show MAULs occurring on other nights during

PECAN. These MAULs formed in areas of warm ad-

vection with mesoscale ascent.

The MAUL seen in this model sounding is likely

embedded in a deeper layer that is being lifted by the

mesoscale updraft created by the convergence at the

eastern edge of the LLJ. Without the mesoscale lifting,

small-scale turbulence would likely cause the growth of

small thermals from the MAUL due to the absolutely

unstable condition. The mesoscale updraft, however,

would help to support the growth of these localized

updrafts. A combination of cloud-scale lift associated

with the instability of the MAUL and lift from the

mesoscale updraft created by the convergence associ-

ated with the LLJ likely caused the convection on

these nights.

3) PECAN OBSERVATIONS

There were few PECAN observations available for

1 June 2015, as this was the first official night of the field

campaign, and not all of the fixed PISA instruments

were fully operating. Moreover, there was no IOP on

this night, and thus, no coordinated soundings were

conducted at the FP sites. Also, due to the limited east–

west extent of the LLJ region on this night, only three of

the fixed PISAs were located beneath the LLJ (and only

two of these sites had an operational wind profiling in-

strument). Despite the lack of observational data, the

upper-air wind data from two fixed PISA locations (FP-5

and FP-3) provided a glimpse of the LLJ structure and

CI mechanism.

The LLJ was observed at FP-5 by a 915-MHz wind pro-

filer (UCAR/NCAR–Earth Observing Laboratory 2016b)

FIG. 7. (a) Time–height wind profile from the 915-MHz wind profiler at FP-5. The filled

contours are wind speed (m s21), and the black arrows are the horizontal wind direction. (b) As

in (a), but for the Doppler lidar at FP-3. The black dashed line highlights the diagonal striation

in wind speed. (c) The U component of the wind (m s21) from the Doppler lidar at FP-3.

Heights are in km AGL.
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and at FP-3 by a Doppler wind lidar (Hanesiak and

Turner 2016). The evolution of the LLJ at the two sites

was very different. At FP-5, the LLJ developed quickly

and had wind speeds exceeding 15m s21 extending up

to ;1 km (Fig. 7a). The winds within this LLJ had the

same veering-with-height structure that was seen in the

RAP forecast. After 0300 UTC, the LLJ at FP-5 weak-

ened and became shallower. It should be noted that

storms directly south of FP-5 around this time may have

interfered with the LLJ at this site. In contrast, the LLJ

at FP-3 developed very slowly and remained shallow

until 0800 UTC, when a diagonal striation (second wind

maximum) appeared in the time–height wind profile

around 1 km (Figs. 7b,c). A similar double wind maxi-

mum was also observed in the RAP forecast at the

eastern edge of the LLJ (Fig. 8), which suggests that FP-

3 was on the eastern edge of the LLJ. This second wind

maximum was likely due to advection of the LLJ winds.

In a veering-with-height LLJ, the top of the LLJ is ad-

vected eastward with time due to the westerly winds at

that height. Therefore, locations on the eastern edge of

such LLJs would observe a double wind maximum as

LLJ winds that originate west of the location are ad-

vected over the location. As the night progressed, the

middle levels of the LLJ acquired an increased westerly

component, likely due to the inertial oscillation. This

resulted in the relative minimum in the wind speed

profile on the eastern edge being eroded as the middle

portion of the LLJ was advected eastward later on in

the night.

A rough estimate of the east–west distance traveled

by an air parcel at the top of the LLJ was calculated to

determine if advection in a Lagrangian sense is a plau-

sible explanation for the double wind maximum ob-

served at FP-3. For an average u velocity of 5m s21 over

8 h, a parcel would travel 144 km to the east. This esti-

mated distance traveled is close to the distance between

FP-5 and FP-3. While this estimate is an upper bound to

the distance traveled by an air parcel at the top of the

LLJ, it does suggest that advection could create the

observed double wind maximum.

This secondary wind maximum can also be used to

identify convergence. Since the secondary wind maxi-

mum is associated with the eastern edge of the LLJ, one

can infer that the convergence associated with the top-

eastern edge of the LLJ must have been east of FP-3 by

0800UTC. The time of theCI near FP-3 (;0700UTC) is

slightly before the time when the strong second wind

maximum appeared at FP-3, but the convergence from

this secondary wind maximum likely contributed to the

upscale growth in the convection seen in Fig. 3d. Both

the RAP model forecast and the observations from the

FIG. 8. Wind profiles at the edge of the LLJ located on the line shown in Fig. 4 at 0300 (blue), 0400 (orange), 0500

(green), and 0600 (red) UTC. Wind speed is in m s21, and height is km MSL.
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fixed PISAs suggest that convergence on the top-eastern

edge of the LLJ contributed to the development of

the north–south line of convection that occurred on

1 June 2015.

b. 2 June 2015

1) SYNOPTIC AND RADAR OVERVIEW

The synoptic conditions on 2 June 2015 were analo-

gous to those on 1 June 2015. In the PECAN domain,

there was northwesterly flow at the 500-hPa surface, as

the domain was situated between a ridge to the west

and a trough to the east. On the 850-hPa surface, the

winds over the western portion of the PECAN domain

were southerly, but farther to the east, they were weak

and variable. There was a ;6-K temperature decrease

eastward across the region and a strong moisture gra-

dient in eastern Kansas near the location of the CI

(Fig. 9a). At the surface, the winds over far western

Kansas were southeasterly with speeds around 15 kt

(1 kt 5 0.5144m s21), while over eastern Kansas, the

winds were easterly with speeds of only 5 kt (Fig. 9b).

Moisture values at the surface were higher than the

previously described case, but as on 1 June 2015, there

were no obvious synoptic-scale vertical motions on

this night.

At 0000 UTC, scattered weak showers and thunder-

storms were occurring in eastern Colorado, and a small

MCS was present in the southern Nebraska panhandle

(Fig. 10a). This storm moved toward the east-southeast

and acquired the characteristics of a medium-to-large

MCS by 0400 UTC (Fig. 10b). After this time, however,

the storm weakened rapidly, and by 0800 UTC, only a

stratiform region of precipitation remained. The MCS

was a prolific producer of outflow boundaries, but for the

most part, these boundaries did not initiate convection.

A small north–south-oriented line of convection de-

veloped ahead of the stratiform region of precipitation

around 1000UTC (Fig. 10c). It appeared that the CI was

occurring ahead of a southwest–northeast-oriented

outflow boundary. The angle between the line of CI and

the outflow boundary suggests that there was additional

forcing, other than the outflow boundary, for CI in that

north–south orientation. The main line of CI of interest

for this study began to develop around 1100 UTC in a

region well ahead of any radar-identified boundaries.

This line also had a general north–south orientation and

extended from southern Nebraska to southern Kansas

(Fig. 10d).

2) RAP FORECAST

As on 1 June 2015, the 0000 UTC RAP forecast for

2 June has a strong signal for CI in eastern Kansas at the

correct time (Fig. 11). Interestingly, the MCS that de-

veloped along the Kansas–Nebraska border was not

present in the RAP forecast. Since the RAP was pre-

dicting CI without the presence of the MCS, it is likely

that the boundaries created by the MCS on that night

were not the primary initiator of the north–south line of

CI in eastern Kansas. The lack of prior convection in the

RAP forecast made this model run particularly useful

for identifying the cause of this no-boundary CI event.

East–west cross-sections of the modeled LLJ on

2 June 2015 were also examined. At 0000 UTC, the

isentropes show the developed mixed layer. This layer is

deeper and moister in western Kansas (Fig. 12a). By

0400 UTC, a veering-with-height LLJ develops over the

western half of Kansas (Fig. 12b). This LLJ is broader

than the LLJ on 1 June 2015, but both jets are similar in

terms of their vertical structure. As on 1 June 2015, the

veering of the LLJ with height is causing eastward

moisture advection at the top of the LLJ. There is

again a convergent region at the top-eastern edge of the

LLJ, which initially is near 978W longitude and moves

eastward until 0800 UTC. The maximum convergence

and moisture advection are occurring above a stable

FIG. 9. As in Fig. 2, but for 2 Jun 2015.
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layer, in a region where these two features are more

likely to cause CI. The thickness of the LLJ is variable

across the state, with the LLJ being deeper in western

Kansas. This variability is creating additional conver-

gent regions within the LLJ (for instance, around 988W;

Fig. 12c). Finally, the RAP forecast for 1200 UTC shows

that the peak moisture values that were initially in

western Kansas moved eastward to the longitude of the

model-predicted CI. Here, the convergence associated

with the eastern edge of the LLJ is a likely trigger for the

convection (Fig. 12d).

RAP model forecast soundings from the CI region on

2 June 2015 point to a similar thermodynamic profile

evolution as on 1 June 2015 (Fig. 13). Initially, the profile

is statically stable, but by 0400 UTC, significant mois-

ture advection is occurring at the 800-hPa level. This

moisture advection continues throughout the night,

and by 1200 UTC, a MAUL develops at 800–780 hPa.

The convergence at the top-eastern edge of the LLJ

could be a source of mesoscale lifting that helped ini-

tiates convection from this MAUL.

3) PECAN OBSERVATIONS

The IOP on 2 June 2015 was of short duration (it

ended by 0500 UTC) and was merely a dry run for

testing the mobile platforms’ equipment. However,

soundings were launched at all of the fixed PISA sites at

0300 UTC (Holdridge and Turner 2015; Vermeesch

2015; Clark 2016; UCAR/NCAR–Earth Observing

Laboratory 2016c). These soundings allow the hetero-

geneity of the early-stage LLJ to be examined and

provide an opportunity to check the accuracy of the

FIG. 10. Composite mosaic radar reflectivity on 2 Jun 2015 at (a) 0000, (b) 0500, (c) 0954, and (d) 1200 UTC.
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RAP forecast. Most instruments at the fixed PISA sites

were also operating on this night.

The 0300 UTC soundings show spatial variability

across Kansas, particularly between the western FP sites

(FP-5, FP-3, and FP-2) and FP-6 (Fig. 14). The strength

of the LLJ decreased toward the east, and at all loca-

tions, the LLJ wind direction veered with height. There

were also higher moisture values in western Kansas.

The soundings also show that the capping inversions

strengthened toward the east. The FP-6 moisture profile

suggests that an elevated moist layer was beginning to

develop near the CI area at 0300 UTC. Unfortunately,

since PECAN soundings were only taken once on this

night, the temporal evolution of the LLJ heterogeneity

and development of the elevated moisture layer was not

captured at the fixed PISA sites. The 0000 and 1200UTC

National Weather Service soundings from Topeka,

Kansas, however, were useful in this regard. Topeka was

located just to the east of the CI on this night and was

also located slightly east of the RAP-forecast CI (see

Fig. 11). The Topeka soundings provide the best repre-

sentation of the thermodynamic profile of the CI region

and can be used to identify how the environment was

changing throughout the night. At 0000 UTC, the To-

peka sounding was very stable, with a strong capping

inversion at 850hPa (Fig. 15). Above the capping in-

version, an extremely dry layer extended up to 700hPa.

By 1200 UTC, the formerly dry layer was nearly sat-

urated at 800 hPa, and the thermodynamic profile ac-

quired a similar appearance to the RAP-forecast profile

for the CI region. While there is no CAPE in this

sounding, it is reasonable to assume that toward the

west, the environment may have been more favorable

for convection due to stronger mesoscale lifting in the

region of eastward moisture transport. Notice, as at

0000UTC, there was a capping inversion at 1200UTC at

850 hPa, which indicates that the processes that formed

the saturated layer occurred above 850 hPa. This is

consistent with the RAP forecast showing eastward

moisture advection occurring above the stable layer in

eastern Kansas.

The fixed PISAs were not able to observe the eastern

edge of this night’s LLJ since the jet was east of the

PISAs, but remote sensing observations at FP-5 and

FP-3 provide insights into the smaller north–south line

of convection that developed to the east of the remnants

from the MCS around 1000 UTC in the core of the

FIG. 11. As in Fig. 4, but for 2 Jun 2015. Additional orange triangle

shows the location of the Topeka, KS, soundings on this night.

FIG. 12. As in Fig. 5, but for 2 Jun 2015. The times are (a) 0000, (b) 0400, (c) 0800, and (d) 1200 UTC.
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LLJ. Up until 0600 UTC, the LLJs at FP-5 and FP-3

had a similar evolution, with the LLJ at FP-5 slightly

deeper and stronger than the LLJ at FP-3 (Fig. 16).

After 0600UTC, the wind profiler at FP-5 shows the LLJ

became shallower and weakened before an apparent

bore passed over the site around 0800 UTC (Fig. 16a).

The Doppler lidar time–height profile at FP-3 shows a

diagonal striation in wind speed that began around

0600 UTC (Fig. 16b). Associated with this striation was

also a slight change to a more westerly wind direction

(Fig. 16c). The striation, while not as pronounced as the

one seen on 1 June 2015 (Fig. 7), suggests that a region

of elevated convergence passed over FP-3 around

0600 UTC. This convergence region is separate from

FIG. 13. Soundings from theRAP forecast initialized at 0000UTC 2 Jun 2015 valid for (a) 0000, (b) 0400, (c) 0800,

and (d) 1200 UTC at the locations shown in Fig. 11. The black curve represents the ascent of the most

unstable parcel.
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the convergence zone at the eastern edge of the

LLJ. The convergence region near FP-3 appears to be

the result of the nonuniform LLJ depth. For a veering-

with-height LLJ, a deeper LLJ to the west would

create convergence in the westerly winds at the top of

the LLJ at the eastern edge of the deeper portion of

the LLJ. A similar feature was seen in the RAP forecast.

The water vapor profile at FP-3 from the water vapor

differential absorption lidar (DIAL; Spuler et al. 2015;

UCAR/NCAR–Earth Observing Laboratory 2016a) also

indirectly suggests that a convergent region within the

core of the LLJ was present (Fig. 17). A bulge in the

depth of the moisture occurred around the same time as

the secondary wind speed maximum observed on the li-

dar time–height profile (Fig. 17). This moisture bulge

likely developed from the lift associated with the con-

vergence. The two areas of extinguished signal around

0600 UTC suggest the formation of clouds, which is also

FIG. 14. Profiles of u, y, potential temperature, and specific humidity from the 0300 UTC 2 Jun 2015 soundings at FP-5 (blue), FP-2 (red),

FP-3 (black), and FP-6 (magenta). The vertical coordinate is km AGL.

FIG. 15. The 0000 and 1200 UTC soundings for 2 Jun 2015 at Topeka, KS. The black line represents the most

unstable parcel.
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consistent with convergence and rising motion occurring

at this time. After 0600 UTC, the convergence region of

the LLJ would have been east of FP-3, which aligns with

timing and location of the small north–south line of CI.

We hypothesize that the north–south line of CI closer to

the MCS was due to the overlapping of the convergence

region of the LLJ with the area of lift provided by the

boundaries propagating from the decaying MCS.

c. 5 July 2015

1) SYNOPTIC AND RADAR OVERVIEW

The 5 July 2015 CI event has been discussed by Reif

and Bluestein (2017) and Trier et al. (2017). Our present

analysis suggests that the CI features reported in both

papers were likely caused by a heterogeneous LLJ. On

5 July 2015, the synoptic pattern over the Great Plains

was similar to the patterns observed on the two pre-

viously discussed nights. A ridge was located west of the

region, while a trough was centered over the Mississippi

Valley. Additionally, on this night, a small short-wave

trough moved southeastward over eastern Kansas. Be-

hind this trough, the synoptic forcing for convection

was not particularly strong. Winds at 500 hPa were

northwesterly over western Kansas and westerly over

eastern Kansas. At 850 hPa, the winds were southerly

over most of Kansas, with the strongest winds over

western Kansas. Therewas againmoremoisture inwestern

Kansas, and the horizontal temperature gradient at 850hPa

was stronger over westernKansas (Fig. 18a). At the surface,

the RAP analysis shows horizontally heterogeneous tem-

perature and moisture fields, with both moisture and tem-

perature generally increasing toward the west (Fig. 18b).

The 5 July 2015 night was noteworthy because of the

three north–south lines of CI occurring away from a

boundary. The first line of convection emerged around

0400 UTC, with a second line showing up slightly

northeast of the first line ;3 h later (Figs. 19b,c). The

first two lines of CI were discussed byReif and Bluestein

(2017) and Trier et al. (2017). Around sunrise, a third,

less vigorous and sparser north–south line of convection

initiated in southeastern Kansas and northern Okla-

homa (Fig. 19d). The separate north–south lines of con-

vection initiated on this night suggest that the LLJ

structure on this night was more complicated, with mul-

tiple convergence regions developing inside the LLJ.

2) RAP FORECAST

The 0000 UTC RAP did not forecast these CI epi-

sodes as well as the CI episodes on the previously pre-

sented nights (Fig. 20). There is only a small hint of the

first line of convection in western Kansas in the forecast,

the second line of convection occurs too far to the east,

and the third line of convection is not forecast. However,

since the 0000 UTC RAP does indicate some signals for

CI, it was still used to examine the structure of the

forecast LLJ to see if key features of the LLJ were

similar to those of LLJs on the other two nights. At

0000 UTC, the RAP shows a strong (;20 kt) decrease

in wind speed eastward, but only a slight east–west

FIG. 16. As in Fig. 7, but for 2 Jun 2015.
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gradient in moisture (Fig. 21a). The late afternoon

(0000 UTC) boundary layer is much deeper over west-

ern Kansas than over eastern Kansas. The LLJ depth at

0400 UTC varies across Kansas tremendously to a

maximum of ;2 km in western Kansas (Fig. 21b). This

nonuniformly deep and strongly veering-with-height

LLJ creates a region of convergence near 1008W longi-

tude, which is approximately the location of the first line

of the observed CI. Trier et al. (2017) also show con-

vergence in the u-wind field at the location of the CI at

0600 UTC in their numerical simulation. By 0800 UTC

(Fig. 21c), the LLJ depth is still uneven, but the disparity

is not as prominent as at 0400 UTC. Eastward moisture

advection occurs along the top of the LLJ in western

Kansas, but it is not as significant as the other two nights

due to the small moisture gradient. The convergence

region and mesoscale updraft is now located from 988 to
998W, which is where the model was predicting the

second line of convection. At 1200 UTC, the edge of the

nonuniform LLJ is located near 988W longitude (Fig. 21d).

Eastward moisture advection has contributed to the rela-

tively deeper moisture region at this location.

Model soundings from the second line of CI were

examined to identify if the thermodynamic profile evo-

lution at the CI region was similar to the other two cases.

At 0000 UTC, the profile is initially quite unstable with

little CIN (Fig. 22a). The mixed layer extends up to the

750-hPa level, which is nearly saturated. At 0400 UTC,

the environment has begun to stabilize, and the 750-hPa

moisture has decreased (Fig. 22b). Significant moisture

advection occurs at the 650-hPa level by 0800 UTC

(Fig. 22c). While higher than what might be typically

expected, this moisture advection is due to the LLJ.

The 650-hPa level is typically around 3.5 km MSL.

The model cross-section showed that the well-mixed

boundary layer in western Kansas extended up to 3.5 km

MSL, and the LLJ was shown to develop up to this

height as well. The wind profile also indicates that a

second wind maximum is present at the 650-hPa level.

All of these features are consistent with the other two CI

cases presented. Finally, at 1200 UTC, the level closest

to saturation has decreased in height to 700 hPa, and this

level still has very little CIN (Fig. 22d).

3) PECAN OBSERVATIONS

The 5 July 2015 LLJ was the most well-observed

LLJ of the three PECAN cases discussed in this paper.

The IOP on this night was focused on bores in central

Nebraska, so the mobile platforms were not in good

positions to observe the LLJ and CI, but all of the wind-

profiling instruments at the FP sites were operational.

The wind profiler at FP-5 shows that the LLJ in western

Kansas reached a depth of almost 2 km (Fig. 23a). What

is most interesting, however, is that a diagonal striation

in wind speed was observed around 0400 UTC. Analo-

gous diagonal striations were also seen in lidar data at

FP-3 on the other two nights presented. This diagonal

striation began around the same time as the CI to the

east of FP-5. As previously discussed for a veering-with-

height LLJ, a diagonal striation in a time–height wind

profile suggests that LLJ winds from the west were ad-

vected over the profiling site, with convergence appar-

ent at the eastern edge of the stronger wind region. This

striation agrees with the timing and location of the first

FIG. 17. Water vapor profile time series for 2 Jun 2015 from the

water vapor DIAL located at FP-3. Values are g m23. The dashed

black curve highlights the moisture bulge.

FIG. 18. As in Fig. 2, but for 5 Jul 2015.
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line of CI on this night. Farther to the east, at FP-3, the

LLJ was initially much shallower and weaker (Figs. 23b,c).

This is in agreement with theRAP forecast, which predicted

the LLJ to be stronger and deeper in western Kansas. Var-

iability of the LLJ depth between FP-5 and FP-3 also sug-

gests that there was a north–south convergence zone

betweenFP-5 andFP-3 associatedwith thewesterlywinds at

the top of the thicker LLJ in western Kansas.

The Doppler lidar at FP-6 in eastern Kansas shows an

even shallower and weaker LLJ than at FP-3 (Fig. 24). A

weak diagonal striation in the LLJ wind speed is evident

at;1100 UTC. The LLJ acquired a more westerly wind

direction when the diagonal striation appeared. The

timing and location of this diagonal striation agrees with

the timing and location of the weaker line of convection

that initiated to the east of FP-6. It is unlikely that this

is the same convergence region that produced the first

line of CI. It is more probable that there was a sepa-

rate weaker convergence region inside this strongly

heterogeneous LLJ.

4. Discussion

a. Factors affecting the low-level jet

The CI cases considered in our paper were all as-

sociated with a veering-with-height LLJ, which had

spatially nonuniform depth and wind speed. These

horizontal and vertical variations resulted in con-

vergence and differential moisture advection, which

helped to initiate the convection. How did the LLJ

acquire these features on the CI nights? One common

feature noted on the RAP forecasts is a nonuniform

FIG. 19. Composite mosaic radar reflectivity on 5 Jul 2015 at (a) 0000, (b) 0430, (c) 0730, and (d) 1230 UTC.
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mixed-layer depth across Kansas at 0000 UTC. The

daytime mixed-layer depth can control the depth

of the nocturnal LLJ. A deeper mixed layer subjects

a deeper layer to a daytime frictional force due to more

active turbulent transport of momentum, and therefore,

a deeper layer would experience an inertial oscillation

initiated by the decay of thermally generated turbulence

around sunset. A deeper layer experiencing an inertial

oscillation would produce a deeper LLJ.

The cause of the nonuniform mixed-layer depth re-

quires more investigation. Since mixed-layer growth

depends on thermally generated turbulence resulting

from surface heating, the nonuniform mixed layer

may have been caused by nonuniform surface heating.

Without surface flux measurements, nonuniform heat-

ing cannot be proven with certainty; however, 2-m

temperature data at FP-5 and FP-6 indicate that non-

uniform heating may have occurred on all 3 days prior

to the CI nights, as the diurnal potential temperature

increase at FP-5 is larger than that at FP-6 (Fig. 25). We

hypothesize that uneven heating across Kansas con-

tributed toward the nonuniform mixed-layer depth and,

therefore, the nonuniform LLJ depth.

Nonuniform heating can also create the horizontally

heterogeneous and veering winds in these LLJs. Multi-

ple studies have suggested that the LLJ strength over the

Great Plains is partially dependent on buoyancy values

over the slope (Holton 1967; Shapiro and Fedorovich

2009; Shapiro et al. 2016; Gebauer et al. 2017). The

nonuniform heating is indicative of these buoyancy

values varying across the slope. The surface buoyancy

gradients between FP-5 and FP-6 were calculated to

quantify the buoyancy variation across the slope. To

estimate the buoyancy gradient, one must work in a

slope-following coordinate system where the x axis

points down the slope, the y axis points northward, and

the z axis points in the slope-normal direction, offset

from the true vertical z* by the slope angle a. Buoyancy

is defined as

b5
g

u
0

(u2 u) , (1)

where u is potential temperature, u is the environmental

potential temperature, g is gravity acceleration, and u0
is a reference value of potential temperature chosen as

300K. The environmental potential temperature is de-

scribed by

u5 const1
u
0

g
N2z*, (2)

where N is the Brunt–Väisälä frequency (also known as

buoyancy frequency), which we assume to be constant

and define as N5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(g/u0)(›u/›z*)

p
. Taking ›/›x of (1)

and using (2) for u (noting that ›z*/›x52sina) then

yields the downslope buoyancy gradient:

›b

›x
5

g

u
0

›u

›x
1N2 sina . (3)

Previous studies have found that a typical tropospheric

value ofN tends to be around 0.01 s21 (Tsuda et al. 1991;

Revathy et al. 1996), so this value was used in our esti-

mates. Figure 26 shows that the surface buoyancy gra-

dient was negative on all three nights presented in this

paper, with the magnitudes of the gradients weakening

throughout the nights. Because of the LLJ’s dependence

on buoyancy, a negative buoyancy gradient would tend to

produce LLJs that increased in intensity toward the west,

which was a feature of the LLJs on the three CI nights.

The presence of a negative buoyancy gradient also

explains the veering-with-height structure of these LLJs.

FIG. 20. Simulated composite reflectivity (dBZ) from the

0000 UTC 5 Jul 2015 RAP forecast valid for (a) 0400 and

(b) 1000 UTC. The black line indicates where the cross sections

were taken. The red circle marks the location of the model

soundings.
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While an inertial oscillation of an Ekman profile

produces a veering-with-height structure (Shapiro

and Fedorovich 2010; see their Fig. 2), the veering

seen on these nights exceeds that seen in the analyt-

ical studies. The negative buoyancy gradient present

on these nights would generate positive horizontal

vorticity in the y direction (vorticity vector points

toward the north). Because of the vorticity generated

by the buoyancy gradient, westerly shear would de-

velop over the slope, which would contribute toward

the veering with height of the LLJs.

Finally, the commonality of the synoptic pattern

on these nights suggests that this pattern plays a role

in these CI events. Notice that on all three nights, a

500-hPa trough was located to the east of the PECAN

domain, and an amplifying 500-hPa ridge was to the

west. As previously discussed, this synoptic pattern is

not conducive to synoptic-scale vertical motions over

the CI region. Instead, this synoptic pattern likely

helped to enhance the buoyancy gradients over the

slope, and as discussed above, LLJs that develop in the

presence of a buoyancy gradient veer with height and

are horizontally heterogeneous. In these cases, the

PECAN domain was in a transition zone between

cooler temperatures associated with the trough to the

east and warm southerly return flow associated with

the amplifying ridge to the west. This transition zone

created an east–west buoyancy gradient across the

slope. Figure 26 shows that a negative buoyancy gra-

dient was present on 1 June and 4 July even before

diurnal heating, which is a sign that synoptic pattern

was likely contributing to the buoyancy gradients on

these days.

b. MAUL formation

One aspect of the considered CI cases that our study

did not fully address is the formation of the MAULs on

the nights with convection. Horizontal moisture ad-

vection alone is not sufficient to cause the CI area to

become saturated since temperature advection also

occurs simultaneously, and therefore the dewpoint

depression would remain unchanged. Lift would be

needed to adiabatically cool the air parcels as they were

advected eastward. While the convergence zone at the

top-eastern edge of the LLJ provides once source of lift

near the CI region, it is possible that broad subtle lift

was also occurring to the west within the core of the

LLJs. The Trier et al. (2017) analysis of the 5 July CI

event shows that persistent lift was occurring as parcels

moved into the CI region, and the 1 June 2015 RAP

forecast also showed persistent lift in the core of the

LLJ. Reif and Bluestein (2017) suggest that warm air

advection was the cause of the persistent vertical mo-

tion on 5 July 2015 due to its association with quasi-

geostrophic ascent. There is no doubt that warm air

advection was occurring within the LLJ on 5 July (and

1 and 2 June), but using warm air advection to diagnose

vertical motion in highly ageostrophic flows such as

LLJs appears questionable. More recently, Shapiro

et al. (2018) presented a theory for gentle ascent in an

FIG. 21. As in Fig. 5, but for 5 Jul 2015. The times are (a) 0000, (b) 0400, (c) 0800, and (d) 1200 UTC.

The dashed black line is the location of the first line of CI, and the solid black line is the location of the

model soundings.
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LLJ as an inertia–gravity wave response to the shut-

down of daytimemixing when a warm tongue is present

in the convective boundary layer. Some semblance of a

warm tongue was present on all three nights (westward

increasing buoyancy); thus, Shapiro et al. (2018) ap-

plied their analytical model to LLJs on 2 June and

5 July. The model produced weak but persistent ascent

rates of ;4 cm s21 for these nights, which resulted in

displacements exceeding 500 m. The vertical ascent

rates produced by the Shapiro et al. (2018) mechanism

are consistent with the MAUL formation on these

nights. However, only the RAP forecast for 1 June

2015 indicates that persistent vertical motions were

occurring in the core of the LLJ. A more detailed

FIG. 22. Soundings from the RAP forecast initialized at 0000UTC 5 Jul 2015 valid for (a) 0000, (b) 0400, (c) 0800,

and (d) 1200 UTC at the locations shown in Fig. 20. The black curve represents the ascent of the parcel with the

lowest amount of CIN.
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analysis of this subtle, albeit persistent, lift inside the

LLJ is needed, as this may be a crucial process leading

up to the initiation of convection in the presence of

inhomogeneous LLJs.

5. Conclusions

One goal of the PECAN project was to better

understand the role that nocturnal LLJs play in

elevated CI over the Great Plains. In this study,

the LLJ was assessed as a potential contributor to

CI in regions not associated with surface bound-

aries. Three such CI cases from PECAN were ex-

amined: 1 June, 2 June, and 5 July 2015. On all three

nights, a horizontally heterogeneous, veering-with-

height LLJ was present across the study area. Dif-

ferential heating of the slope during the day and the

resulting buoyancy gradients likely contributed to

FIG. 23. As in Fig. 7, but for 5 Jul 2015. The dashed black line shows the diagonal striation in

wind speed observed by the FP-5 wind profiler.

FIG. 24. (a) Time–height wind profile from the Doppler lidar at FP-6. The filled contours

are wind speed (m s21), and the black arrows are the horizontal wind direction. The dashed

black line highlights the diagonal striation in wind speed. (b) The U component of the wind

(m s21) from the Doppler lidar at FP-6. Heights are in km AGL.
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the observed structure of the LLJs on these nights.

The LLJs were deeper and stronger in western

Kansas, with the depth and intensity of the jets de-

creasing toward the east. As the LLJs evolved, the

wind veering with height caused differential mois-

ture advection across the LLJ axis. This moisture

advection was a significant contributor to saturation

at the top-eastern edge of the LLJ. The saturated

region was located above the capping inversion in a

layer with lower stability. In addition to the moisture

advection, the heterogeneity in LLJ flow resulted in

convergence of the u-wind field along the top-

eastern edge of the LLJ. This convergence pro-

vided the lift that assisted in the initiation of the

convection.

The commonality of the CI mechanisms in these

cases shows the importance of evaluating the com-

plete 3D structure of the LLJ when forecasting noc-

turnal convection over the Great Plains. In a highly

ageostrophic flow such as the LLJ, horizontal and/or

vertical variations of the LLJ winds can be critical for

initiating vertical motions and ultimately triggering

convection. Unfortunately, observing 3D variations

in the LLJ flow fields is often difficult, and there is

still much to learn about the Great Plains LLJ

structure. For example, it is not known if the LLJ

structural features and effect on the CI found on

these three nights are typical for the Great Plains. If

they are, what distinguishes the LLJs that cause the

no-boundary CI from LLJs that do not? Un-

derstanding these and other features of the LLJ as-

sociated with CI could benefit from further studies

that use observations in conjunction with numerical

modeling.
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