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ABSTRACT

Spatiotemporal variability in the convective boundary layer height z; over complex terrain is governed by
numerous factors such as land surface processes, topography, and synoptic conditions. Observational datasets
to evaluate weather forecast models that simulate this variability are sparse. This study aims to investigate the
z; spatial variability (along a total leg length of 1800 km) around and over a steep isolated mountain (Granite
Mountain) of horizontal and vertical dimensions of 8 and 0.9 km, respectively. An airborne Doppler lidar was
deployed on seven flights during the Mountain Terrain Atmospheric Modeling and Observations
(MATERHORN) campaign conducted at Dugway Proving Ground (Utah) from 25 September to 24 October
2012. During the afternoon, an east-west z; gradient over the region with z; that was approximately 200 m
higher on the eastern side than on the western side of Granite Mountain was observed. This gradient illus-
trates the impact of two different land surface properties on z; spatial variability, with a sparsely vegetated
desert steppe region on the east and a dry, bare lake-bed desert with high subsurface soil moisture to the west
of Granite Mountain. Additionally, the z; spatial variability was partly attributed to the impact of Granite
Mountain on the downwind z;. Differences in z; were also observed by the radiosonde measurements in the
afternoon but not in the morning as the z; variability in morning were modulated by the topography. The high-
resolution lidar-derived z; measurements were used to estimate the entrainment zone thickness in the af-

ternoon, with estimates ranging from 100 to 250 m.

1. Introduction

Weather forecasting in mountainous regions is a
challenging research task (e.g., Wulfmeyer et al. 2011;
Chow et al. 2013; Fernando et al. 2015). The poor
simulation of the boundary, entrainment, and residual
layers, including the diurnal development of the con-
vective boundary layer (CBL) height z;, is partially
responsible for the deficiencies in forecasting mountain
weather (e.g., Brown et al. 2006; Demko et al. 2009;
Conrick et al. 2015). An improved representation of
CBL variability in complex terrain is important be-
cause it affects many atmospheric processes including
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the triggering of convection owing to 3D circulations
due to heterogeneous land surfaces (e.g., Kalthoff et al.
2009; Garcia-Carreras et al. 2010, 2011; Taylor et al.
2011; Behrendt et al. 2011a; Rieck et al. 2014), the
overshooting of thermals, entrainment, and the dis-
persion of pollutants (e.g., Kossmann et al. 1998; Steyn
et al. 2013; Garcia-Carreras et al. 2015).

A detailed understanding on the dynamics of the CBL
and relevant z; spatial variability is necessary to improve
our understanding of entrainment that needs to be pa-
rameterized within mesoscale models (e.g., Ayotte et al.
1996). Additionally, some past studies have illustrated
how thermal ridges over the mountains become conver-
gent lines for the horizontal flow (e.g., Lieman and Alpert
1993). Also, elevated mixed layers over ridges help trig-
ger sharp increases in the z; values over lower terrain
downwind (e.g., Rotach and Zardi 2007; De Wekker and
Kossmann 2015; Fernando et al. 2015).
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For a better understanding of the factors driving the
land—atmosphere interactions and the mesoscale (from
tens to hundreds of kilometers) z; variability over com-
plex terrain and entrainment processes, it is important to
collect datasets such as highly spatially resolved z;, its
growth rate, and the entrainment zone thickness (EZT).
These parameters can then be used for the evaluation of
boundary layer parameterizations in meteorological
models (e.g., Chow et al. 2013; Banks et al. 2015) and the
investigation of CBL scaling and entrainment processes
(e.g., Stull 1988; Behrendt et al. 2015).

The spatiotemporal variability in z; over complex ter-
rain is strongly influenced by terrain-forced and thermally
driven flows over a large range of spatial and temporal
scales (Whiteman 2000). Other causes of spatial vari-
ability in z; over mountainous regions may include flow
oscillations, upslope flow convergence at ridgetop, flow
separation, and hydraulic jumps (e.g., Chow et al. 2013;
De Wekker and Kossmann 2015; Fernando et al. 2015).
Additionally, CBL development in mountainous areas
responds to variations in land cover, soil moisture, terrain
height, and other surface characteristics (e.g., Banta 1985;
De Wekker et al. 2004; Behrendt et al. 2011a; De Wekker
and Kossmann 2015).

Previous observations in mountainous terrain show that
the CBL structures tend to be more horizontally homo-
geneous in the afternoon than in the morning (e.g.,
Kalthoff et al. 1998; Kossmann et al. 1998; De Wekker
et al. 2004). The role of soil moisture and land cover type
as important surface forcing in determining the mesoscale
CBL structure over flat terrain has been shown in many
studies (e.g., Reen et al. 2006; Desai et al. 2006). However,
similar studies examining the CBL structure over complex
terrain are sparse. Additionally, surface—atmosphere in-
teractions modulate the z; spatial variability. For instance,
King et al. (2006), while comparing diurnal variability of z;
at two similar sites, attributed the lower z; at one of the
sites to the partitioning of available energy into latent heat
fluxes. Similar results were also reported in Endo et al.
(2008) for z; variability over a humid terrestrial area.
Based on the studies focusing on the soil moisture control
on the exchange of energy in dryland ecosystems (e.g.,
Williams and Albertson 2004), it could be stated that the
role of soil moisture in modulating z; spatial variability is
more dominant for arid and semiarid regions than over
moist and vegetated surface (e.g., Sanchez-Mejia and
Papuga 2014). However, investigations of the effect of soil
moisture and land-atmosphere interactions on z; spatial
variability over arid mountainous regions remain limited
in the literature.

Spatial variability of z; occurs at various scales. At
scales of the CBL height or smaller, the z; variability has
been shown to be proportional to the EZT (e.g.,
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Flamant et al. 1997; Pal et al. 2012). Entrainment pro-
cesses taking place near the z; are of particular interest
for investigating turbulence features within and above
the CBL. Numerous efforts have been made to estimate
the EZT in terms of measurable boundary layer pa-
rameters (e.g., Gryning and Batchvarova 1994). Both
quantitative and qualitative sources of information on
the EZT are important for obtaining a better un-
derstanding of the entrainment velocity and entrain-
ment heat flux since the entrainment zone bottom and
top heights correspond to altitudes where the buoyancy
flux vanishes (e.g., Stull 1988; Davis et al. 1997; Pal
2016). A detailed understanding of EZT variability is
also important for estimating local length scales in the
parameterizations of shear production at the CBL top
(Boers and Eloranta 1986).

Many previous studies made efforts to define the EZT
over flat terrain using z; spatial variability obtained from
airborne lidar measurements (e.g., Flamant et al. 1997;
Davis et al. 1997; Kiemle et al. 1997), as well as temporal z;
variability using ground-based scanning (e.g., Boers and
Eloranta 1986) and vertically pointing lidars (e.g., Cohn
and Angevine 2000). However, such measurements of
EZT over complex terrain remain limited. It is also unclear
whether or not z; spatial variability over complex terrain
can be used to estimate EZT since CBL regimes over
mountainous areas are more complex than over flat ho-
mogenous terrain (e.g., Reen et al. 2006; Pal et al. 2010).

Here, we present a unique airborne lidar-based in-
vestigation of z; spatial variability over an arid moun-
tainous region under variable meteorological and
surface conditions (different surface forcing regimes and
synoptic settings), in a growing morning CBL and quasi-
stationary afternoon CBL, over two contrasting land
cover types (sparsely vegetated and bare soil), and for
two different soil moisture regimes over the plains east
and west of an isolated mountain. Additionally, small-
scale z; fluctuations were utilized to estimate EZT in the
afternoon CBL over the experimental region following
the method discussed in past literature (e.g., Melfi et al.
1985; Flamant et al. 1997; Pal et al. 2010).

Based on the previous studies, we hypothesize that
under quiescent atmospheric conditions with weak wind
(typically <5ms ' at the 700-hPa pressure level) z; spatial
variability is larger than during conditions with stronger
synoptic forcing and that this variability is not only driven
by the buoyant heat transfer from the underlying surface
but also by the underlying topography and lower-
tropospheric stability. In addition to the underlying oro-
graphically structured terrain, the observed mesoscale z;
variability is also expected to result from the heteroge-
neity in the land surface properties that exist in the
experimental area.
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FIG. 1. (a) Satellite image showing the locations of Granite Mountain (GM), Dugway Range (DR), surface
stations with vertical sounding systems [Sagebrush site (SB) and Playa site (PL)], and a typical flight pattern of the
TODWL with the EW and NS legs. Vertically and horizontally aligned gray dashed lines indicate the NS (38 km)
and EW (28 km) extents of the domain considered. (b) Orography of the MATERHORN-X experimental region
showing the TODWL flight tracks in the afternoon (between 1555 and 1730 LT) on 6 Oct 2012 covering an area of
around 500 km? during the MATERHORN-X field phase. The colors along the tracks indicate the local time
(MDT) at which the TODWL was at a certain location. The surface elevation in the contour plot ranges from below
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1290 to above 2000 m MSL. (Source of the satellite image is Google, Inc.)

We used airborne Doppler wind lidar data to esti-
mate z; during the Mountain Terrain Atmospheric
Modeling and Observations (MATERHORN) cam-
paign in 2012 that took place between 23 September
and 24 October 2012 at the U.S. Army’s Dugway
Proving Ground area in Utah. The campaign was
conducted within the experimental component of the
MATERHORN project (henceforth, MATERHORN-
X). In this study, the z; variability around an isolated
mountain peak located near the Great Salt Lake Desert
is investigated for three morning and four afternoon
cases using observations from MATERHORN-X. To
this end, we 1) characterize the z; spatial variability
over and around Granite Mountain during both
morning and afternoon CBL regimes and 2) determine
the roles of both the complex topography and the
changes in the surface forcing owing to the land surface
heterogeneity on the z; spatial variability.

Most of the flight days were chosen for quiescent
conditions during the month-long campaign. In this
paper, we selected the intensive observation periods
(IOPs) when the Twin Otter Doppler Wind Lidar
(TODWL) flights were available to address the gz;
spatial variability during both morning and afternoon.
To the best of our knowledge, these measurements are
the first of their kind of z; spatial variability over a
mountainous area using a state-of-the-art airborne
Doppler lidar technology.

2. Experimental area and MATERHORN-X
perspective

MATERHORN-X took place at the Granite Moun-
tain Atmospheric Sciences Test Bed (GMAST) ap-
proximately 137 km southwest of Salt Lake City, Utah,
in the Great Salt Lake Desert (Fig. 1). A comprehensive
overview of MATERHORN-X is provided in Fernando
et al. (2015). Numerous in situ and remote sensing ob-
servations were made including tower-based micromete-
orological measurements, ground-based remote sensing
measurements, and airborne measurements with in situ
and remote sensing instruments.

The entire field experiment consisted of ten 24-h
IOPs; among them, five were characterized by quies-
cent atmospheric conditions (700-hPa winds < Sms™').
The experimental region is an isolated, arid area with
terrain varying from salt flats to sand dunes and from
isolated hills to rugged interconnected mountains.
Considerable terrain heterogeneity exists in the area
with ground elevation varying from 1100m above mean
sea level (MSL) to 2000 m MSL. The experimental re-
gion is also characterized by sparse vegetation and little
human influence.

There were two major experimental sites west and
east of Granite Mountain. An experimental site was
located about 15km west of Granite Mountain on the
salty-clay playa (henceforth, Playa site: 40.134909°N,
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113.45097°E, 1296 m MSL). This site is extremely flat,
with the elevation varying by less than a few meters over
an extended area. Silt loam and playa are dominant soil
types at Dugway range (Fig. 1). A second experimental
site was located about 13 km east of Granite Mountain
in an area that is mainly covered by sparse desert shrub
vegetation (e.g., greasewood, grasses) that is mostly
less than 50cm tall and highly representative of the
land cover of the area. This site is referred to as the
Sagebrush site (40.12136°N, 113.12907°E, 1316 m MSL).
The ground distance between the Playa and the Sage-
brush sites is ~28 km.

3. Instruments and datasets

A downward-pointing scanning Doppler wind lidar
aboard a Twin Otter aircraft [operated by the Center for
Interdisciplinary Remotely Piloted Aircraft Studies
(CIRPAS)] performed measurements of both vertical
and horizontal wind speeds in addition to the aerosol
backscatter profiles (e.g., Godwin et al. 2012; De
Wekker et al. 2012). The key aim behind the deploy-
ment of the TODWL was to measure winds and z; at
high spatial resolution over horizontal distances of a few
tens of kilometers and to capture the interaction be-
tween mesoscale and synoptic-scale flows over the ex-
perimental area. The TODWL provides vertical cross
sections of aerosol backscatter measured along the flight
tracks (Fig. 1), which we used to estimate spatially re-
solved fields of z; along a total flight leg length of
~1800 km during the selected IOPs of the campaign.

During MATERHORN-X, Twin Otter flights were
conducted during four IOPs between 5 and 18 October
2012; each research flight lasted ~4h. A total of seven
research flights yielded ~3000 quality-controlled wind
profiles between the surface and 3250 m MSL. The full
overlap of the TODWL transceiver is attained at a range
of ~200m from the lidar platform, typically flying at an
altitude of 3500m MSL. The typical north-south-
oriented (NS) flight legs were around 26 km long while
east-west-oriented (EW) legs covered a ground distance
of around 21km, keeping Granite Mountain in the
middle (Fig. 1). All IOPs had similar flight patterns that
consisted of EW and NS transects. Plan-view plots of z;
obtained for four IOPs were analyzed to investigate the
z; spatial variability over the experimental region. For
presentation and discussion of the results, we used local
time [LT = UTC — 6h, often called mountain daylight
time (MDT)].

TODWL provides two-dimensional cross sections of the
absolute wind vector with high accuracy (<0.1ms ! in
three components of wind). For the MATERHORN-X
flights, wind profiles were processed at a vertical resolution
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of 50m and a horizontal resolution of ~1.5km. The
TODWL is equipped with a 2-um Doppler wind lidar
using the coherent detection technique (e.g., Godwin et al.
2012). The laser beam is directed by a two-axis cylindrical
scanner mounted on the aircraft side door. A frequently
used scanner configuration directs the lidar beam off nadir
(angle of 20°) to perform step-stare conical scans below
the aircraft with azimuth steps of 30°. A total of 12 such
stares (steps) with 1-s dwells were performed in about
20-25 s, tracing out a cycloidal pattern over an aircraft flight
distance of ~1-1.2km. Range resolution of TODWL was
set to 45 m during postprocessing. Additionally, TODWL
performs nadir-pointing measurements for 5 s between two
consecutive conical scans.

The major data products of TODWL are three com-
ponents of wind and profiles of signal-to-noise ratio
(SNR) along the line of sight. The SNR serves as a
reasonable representation of aerosol loading, more
specifically, the gradients of aerosol backscatter. In this
paper, we mainly used TODWL-derived profiles of
aerosol backscatter to determine z;. Previously, De
Wekker et al. (2012) addressed the potential of the
TODWL for investigating the spatial structure of to-
pographically driven flows in complex coastal terrain in
southern California.

The flight patterns during the experiment were
designed to study the impact of topography on the mean
and turbulence structure of the CBL and to provide
estimations of the z; spatial variability. The areal cov-
erage (~550km?) provided by the TODWL measure-
ments allowed us to investigate z; spatial variability
with a horizontal resolution of 100 m along the flight legs
since the z; retrieval was based on 2-s-averaged SNR
profiles with an aircraft speed of 50ms ™.

During a typical flight pattern, NS transects were
flown first followed by EW transects. The NS1 (i.e., leg 1
along NS transect) and NS2 are east of Granite Moun-
tain, NS4 and NS5 are west of Granite Mountain, and
NS3 is directly over Granite Mountain. The EW1 (i.e.,
leg 1 along EW transect), EW2, and EW3 legs are south
of Granite Mountain, and EW5 and EW6 are north of
Granite Mountain, while EW4 was mostly over Granite
Mountain. An infrared temperature sensor (pyrometer,
provided by Heitronics KT 19.85) was also mounted on
the aircraft to measure surface temperature along the
track of each flight leg. The interpretation of infrared
temperature measurements is dependent on various
factors that are difficult to characterize, including the
surface material, surface roughness, view angle, and
changes in the surface emissivity. Thus, infrared tem-
perature measurements were only used qualitatively to
obtain a picture of the surface temperature variability,
which helped explain the observed spatial z; variability.
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TABLE 1. Overview of near-surface daytime mean horizontal wind speed and direction (10 m AGL), incoming solar radiation, and
daytime maximum temperature (5m AGL) difference between the two sites (SB minus PL) for each of the six flight days. Note that, for
the 14 October case, meteorological characteristics only during afternoon research flights are provided.

Date 10P Wind speed Wind Incoming solar Temperature difference between Surface moisture
(2012) No. (ms™Y) direction radiation (W m™~?) the two sites (°C) (gkg™h
6 Oct 4 34 NNW 705 1.95 2.02
7 Oct 4 3-5 NNW 700 1.50 128
9 Oct 5 2-3 N 620 1.05 2.04
10 Oct 5 1-2 SSW 600 1.90 2.16
14 Oct 6 2-4 SSwW 590 0.25 5.57
17 Oct 7 8-12 N 620 0.15 2.57

We also used measurements [S m above ground level
(AGL)] from two tower-based eddy covariance sys-
tems deployed at both the Sagebrush and the Playa
sites. Air temperature, humidity, and their associated
fluxes were available at four different levels on a
20-m-tall tower. At both the Playa and Sagebrush sites,
other ground-based instruments (e.g., Campbell Sci-
entific HMP45 temperature—relative humidity probe in
radiation shield, sonic anemometer, and Onset Computer
Corporation HOBO data logger) and radiation sensors
(Kipp and Zonen CMP21 pyranometer and CGR4 pyr-
geometer) were also deployed to obtain near-surface me-
teorological observations (5m AGL), incoming and
outgoing solar radiation, and albedo. Further details on the
experimental sites, instrumentations, and overview on the
different IOPs are reported in Fernando et al. (2015).

4. Meteorological conditions during the selected
I0Ps

In the present paper, special emphasis is given to the z;
spatial variability in a mesoscale domain during four IOPs
with TODWL deployment (viz., IOP 4, 6-7 October; IOP 5,
9-10 October; IOP 6, 14-15 October; and IOP 7, 17 October
2012). Most of the IOPs lasted 24 h, which helped capture
CBL processes taking place during both morning and
evening transitions in the area. IOPs 4-6 took place during
quiescent conditions. IOP 7 took place in more synoptically
forced conditions than the other IOPs. IOPs 6 and 7 took
place after a rainfall event on 12 October 2012.

Using synoptic maps, radiosonde observations, near-
surface meteorological measurements, and TODWL-
derived horizontal wind fields at different heights, we
investigated the prevailing meteorological conditions
during the selected IOPs. An overview of the near-
surface meteorological conditions during the flight days
are shown in Table 1 while surface analysis charts for the
IOPs are shown in Fig. 2. Radiosonde measurements
over both the Sagebrush and Playa sites illustrate the
thermodynamic structure of the boundary layer and the
lower free atmosphere during the selected IOPs (Fig. 3).

During IOP 4, a surface high pressure system was located
in the northeast of Wyoming and a shallow layer of cold
north-northwesterly synoptic flow was present as was evident
with the surface analysis chart (Fig. 2). The CBL over the
Playa site was cooler than that over the Sagebrush site by 2°—
5°C, as was confirmed by the near-surface meteorological
measurements at both sites. This temperature difference
between the two sites existed during IOPs 4 and 5. However,
after the rain event on 12 October, no such significant tem-
perature difference was observed during IOPs 6 and 7.
During IOP 5, a high pressure system was located south of
the study area with a transition from weak west-
northwesterly flow on 9 October to a more moist south-
westerly flow at 700 hPa on 10 October. During the afternoon
TODWL flights on 9 October, northerly mesoscale upvalley
flow prevailed in the CBL while in the upper levels (around
4000 m MSL) southerly flow dominated (not shown here).

IOP 6 was similarly characterized by high pressure lo-
cated in southern Utah with weak synoptic flows from the
south (Fig. 2). However, just 2 days prior to IOP 6, a
precipitation event took place in the experimental area
with total precipitation amounts ranging between 3 and
10 mm around the Sagebrush site area and at the Playassite,
respectively. The CBL moisture content changed from a
mean water vapor mixing ratio of 2-3gkg ' before the
rain event to 4-5gkg ' or even more after the rain event
(Fig. 3). In the photographs taken during the experiment,
changes in the soil and surface properties were evident in
the Playa site near the North Playa site between IOPs 5
and 6, which we attribute primarily to the rain event.

IOP 7 was characterized by stronger synoptic flows
than the other IOPs. The synoptic winds were north-
westerly and peaked at more than 12ms™ ! at 700-hPa
level at the beginning of IOP 7, decreasing throughout
the remainder of the IOP. The TODWL measurements
above 2000 m MSL reported mainly northerly winds.

5. Methods for determining CBL height z;

The Haar wavelet technique has been utilized for
determining z; from many previous airborne lidar
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FI1G. 2. Surface synoptic charts at 1200 UTC (a) 6, (b) 9, (c) 14, and (d) 17 Oct 2012 for the
western United States. The location of the experimental area is marked by a black star, and the
states are labeled in (a). (Figures courtesy of the NOAA Weather Prediction Center; http:/

WWW.WpC.ncep.noaa.gov.)

measurements (e.g., Davis et al. 1997; Kiemle et al.
1997). This method is advantageous over other gradient-
based approaches for being less prone to noise in the
signals and suitable under many meteorological situa-
tions. Additionally, the method is able to deal with

complex situations including multiple aerosol stratifi-
cations and can be applied to high-range-resolved pro-
files of aerosol backscatter (e.g., Davis et al. 1997; Cohn
and Angevine 2000; Wulfmeyer et al. 2010; Pal et al.
2010, 2015; Behrendt et al. 2011a,b). Sensitivity tests


http://www.wpc.ncep.noaa.gov
http://www.wpc.ncep.noaa.gov

SEPTEMBER 2016

PAL ET AL.
4000 Gl &l ——4000
= 6 Oct 1430 LT
g 35001} iy 18 {3500
g 3000 1t 13000
o 25001 1t 12500
.%“ 20001} 1 & {2000
T 1500} & L 11500
4000 ——14000
R 3500 [b] 7 Oct 1300 LT | L1500
S IoP 4
g 3000 : 13000
}.:r 2500 1 12500
oo
g 2000 {2000
T 1500 ] {1500
4000' T T 4000
o [c] )9 Oct 1415 try (]
g 3500' 1OP & i 13500
£ 3000't 1 r 13000
4+ 2500' 1t 12500
K =
% 2000' 1t {2000
T 1500} i1t . /Y 41500
4000 T T 4000
[d] \ooct 110017 |[j]
& 3500 F P5 1t {3500
E 3000 1t 13000
& 2500 | 1t {2500
£
& 2000 1t {2000
Q
T 1500 | 1t {1500
4000 4000
. “140ct 141511 ([K]
Z 3500} P6 - 13500
E 3000 1 1 X 13000
E 2500 | 1t {2500
< 2000} 1t 12000
£ 1500f . it {1500
4000 - - : - 4000
3 f) 170ct1s1sim ([l]
g 350 Or'7 1t 13500
£ 3000 1t {3000
'E:n 2500 1t 12500
‘g 2000 1t 12000
T 1500 . | F K - {1s00
0 2 4 6 290 300 310 320

Mixing ratio, gkg 6, K

FIG. 3. Daytime radiosonde-derived profiles of (a)-(f) water vapor mixing
ratio and (g)—(1) potential temperature 6 over Sagebrush (black solid line) and
Playa (gray solid line) sites during IOPs 4-7.

1933



—_
Nel
W
g

1 L 1 1 1 1 1 1
7 200010 WPaf-=-j-=--l=ecbonela oM
E 4 © I0OP5) ] I 1 I
AR (o] | NECEE. SRS S < A .
E 2400_ - 1 T 1 \/lel 1 1
w 1 | I |// I 1 | I r
: 1 1 17 ) I 1 |
g 2000'."”!””:1’/:"’,;;’”:“N=1o I
™ I / 1 .,\\\\ 1 .
S 1800 ---ro-plogul R oo (TR OET
] i ope =1.07
g’ I// 1 1 I I L : ‘
w 1600_ 1 1 1 I I I 1 B
5 ] | : | : | : 1
e e e R a-+
9 1 | 1 | : I 1
N 1200 i u i : i u

T . — T o
1200 1400 1600 1800 2000 2200 2400 2600
z over Playa site, m MSL

FIG. 4. Intercomparison between z; over the PL and SB sites
retrieved from simultaneous radiosondes launched during IOPs 4
(black circles), 5 (gray circles), and 6 (black solid circles). Indicated
are N for the number of radiosonde pairs and r for the linear re-
gression coefficient. The black solid line (1:1 line) indicates a per-
fect agreement between z; over two sites, and the gray solid line
marks the regression line.

were performed to select an appropriate dilation value
(200 m here) following Cohn and Angevine (2000) and
Pal et al. (2010). In this study, we refer to z; relative to
MSL and not relative to ground level.

Additionally, we determined daytime z; using the ra-
diosonde profiles of thermodynamic variables at the
Playa and Sagebrush sites to compare with the lidar-
derived z; and to provide a general overview of the
daytime z; on different IOPs. We also performed a de-
tailed intercomparison between lidar and radiosonde
estimations of z; during both morning and afternoon
flight hours to evaluate the wavelet-based results.

6. Results and discussion

a. Radiosonde-derived z; over the eastern and the
western sites

First, a total of 37 radiosonde profiles [23 over the
western site (Playa) and 14 over the eastern site (Sage-
brush)] obtained on the four IOPs were analyzed to in-
vestigate the differences in daytime z; between the Playa
and the Sagebrush sites. There were 10 occasions where
radiosondes were launched simultaneously from the
Playa and Sagebrush sites. A bulk Richardson number
method was applied to determine z; using the radio-
sonde profiles of temperature, humidity, and horizontal
wind speed (e.g., Seibert et al. 2000). The z; over the
Sagebrush site was higher than z; over the Playa site by
up to 25% (185 m while averaged over the four IOPs)
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with larger absolute differences in z; between the two
sites occurring during the afternoon than during the
morning (Fig. 4). Note that the ground level at the
Sagebrush site is ~20m higher than at the Playa site,
which slightly influences the observed differences.

IOPs 4 and 5 were characterized by the presence of a
deep CBL (with z; between 2200 and 2600m MSL)
transitioning into a deep residual layer during the night.
This deep residual layer facilitated rapid CBL growth
the next morning. This positive feedback cycle was dis-
rupted by the precipitation event on 12 October 2012,
which consequently triggered a significant increase in
the soil moisture content and in the CBL moisture re-
gime (increase of 2-3 gkg ' in the CBL). The amount of
incoming solar radiation was similar at both the Playa
and Sagebrush sites with a larger average daytime al-
bedo measured at the Playa site (0.31 with a range be-
tween 0.24 and 0.35) than at the Sagebrush site (0.27
with a range between 0.18 and 0.29) (Massey et al. 2014).
Furthermore, sensible heat fluxes and z; were lower over
both sites during IOP 6 than during IOPs 4 and 5 (see
section 6¢).

b. Comparison between radiosonde- and
TODW L-derived z;

Previous z; intercomparison studies (lidar versus ra-
diosonde) explain inconsistencies as a result of radio-
sonde drift and application of two different methods to
estimate z;: 1) an aerosol-gradient-based method for the
lidar measurements and 2) a thermodynamic profile-
based approach for radiosonde measurements (e.g.,
Seibert et al. 2000). These inconsistencies were found
both for temporal z; variability using ground-based li-
dars (e.g., Davis et al. 1997; Cohn and Angevine 2000;
Pal et al. 2013) and for z; spatial variability using air-
borne lidars (e.g., Behrendt et al. 2011a; Scarino et al.
2014). Additionally, we recognize that CBL heights
derived from thermodynamic profiles and from aerosol
backscatter profiles may be different over mountainous
areas because of terrain-induced exchange processes
(e.g., De Wekker et al. 2004).

Before discussing the intercomparison between
TODWL- and radiosonde-derived z; results, it should be
noted that the closest NS flight legs available for com-
parison on the eastern (western) side of Granite
Mountain were at a horizontal distance of 5.5km
(2.5km) from the Playa (Sagebrush) radiosonde site. An
intercomparison between TODWL and radiosonde
measurements of z; for both the Playa and Sagebrush
sites during morning and afternoon missions shows that
CBL heights from thermodynamic and from aerosol
backscatter profiles are comparable for the current
dataset (Fig. 5). For the box-and-whisker analyses, we
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considered the TODWL-derived z; values along NS5
(NS1) located over the flat terrain areas close to Playa
(Sagebrush). The z; values obtained with the radiosonde
profiles for the launches from both the Playa and the
Sagebrush sites around the overpass times of TODWL
are also indicated for comparison.

On 6 October, the afternoon TODWL flights took
place around 1500 LT, while radiosonde measurements
at the Playa site were around 1810 LT. There were two
radiosonde launches at 1430 and 1810 LT over the
Sagebrush site, but only the former radiosonde launch
was considered for the TODWL versus radiosonde in-
tercomparison. To take into account the possible effect
of z; evolution over time during the time between the
TODWL overpass and the radiosonde launches, this
time difference 6t is also indicated in Fig. 5.

We found that 6t (radiosonde launch time minus
TODWL overpass time) varies between —1.5 and +2.5h.
Results indicate that for a 6t of less than an hour, the
observed z; differences (radiosonde-derived z; minus
TODWL.-derived z;) lie around =50 m. Also, for cases with
larger 6¢, in particular, for the morning flight hours, a large
difference between TODWL- and radiosonde-derived z;
was found that suggests a larger impact of morning z;
growth on the intercomparison results. The relationship
between &t and the observed z; difference is definitely not
straightforward given the observed heterogeneity in the
spatial z;field over the area, and the relatively small number
of samples (n = 11 here) available for intercomparison.

A linear regression analysis resulted in a correlation
coefficient of 0.88 and a mean absolute difference of
21m based on 11 samples (Fig. 5). For growing CBL
regimes in the morning, local surface heterogeneity
plays a major role in modulating z; spatial variability
over complex terrain (e.g., Steyn et al. 2013). In the case
of a rapidly growing CBL in the morning, the in-
tercomparison becomes challenging from both experi-
mental and statistical points of view largely because of
nonstationarity present in the growing z; over land sur-
faces (e.g., Fedorovich et al. 2004).

The intercomparison results presented here are simi-
lar to previous findings over complex terrain reported by
Behrendt et al. (2011a) and Scarino et al. (2014). For
instance, Scarino et al. (2014) illustrated that the mean
absolute differences between ground-based radiosonde
and ceilometer observations and airborne measure-
ments are only well correlated for relatively short dis-
tances (<30km) in their experimental setup with
underlying topography and land cover, indicating the
challenges involved with capturing the z; spatial vari-
ability by limited ground-based measurements.

Within numerous studies in the past, differences found
between lidar and radiosonde-based z; variabilities were
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used as a measure of uncertainties in the lidar-based z;
estimates (e.g., Seibert et al. 2000; Lammert and
Bosenberg 2006; Haeffelin et al. 2012; Pal et al. 2013).
Thus, results presented in Fig. 5 suggest that an un-
certainty of about 21 m needs to be considered for the
TODWL-derived z; estimates. However, caution needs
to be taken into account for such z; uncertainty estima-
tions using lidar measurements over mountainous areas
like the MATERHORN experimental region, since it
has been clearly shown that the intercomparison results
(Figs. 4 and 5) and z; variability over the experimental
area are largely influenced by topographical features and
local heterogeneity in the surface fluxes. Additionally, the
number of samples (n = 11) considered here is relatively
low when compared with the long-term z; variability
studies (e.g., Pal and Haeffelin 2015). Independent error
estimation in z; based on only lidar-derived profiles of
aerosol backscatter is considered to be an important fu-
ture research task.

Despite the challenges involved in comparing obser-
vations from a sensor launched from a particular place
(radiosonde) with a moving platform (TODWL), we can
conclude that TODWL- and radiosonde-derived z; are
in reasonably good agreement, which confirms that
high-resolution z; estimates using TODWL-derived back-
scatter profiles are appropriate for investigating z; spatial
variability in the experimental region.

c. Spatial variability in z; using TODWL
measurements

In the following, we discuss five different types of z;
variability: 1) z; variability along a leg (e.g., NS3), 2) z;
variability among different legs (e.g., NS1, NS2, NS3,
EWI1, EW2, etc.), 3) the z; gradient in the experimental
domain using z; along NS1 and NS5, 4) z; spatial vari-
ability during morning and afternoon periods, and 5)
differences in the z; spatial variability among four IOPs.
Thus, for brevity and for harmonization among different
situations of z; spatial variability (Figs. 6-8), we used
different color-bar scale limits for the morning (i.e.,
1300-2300m MSL) and for the afternoon z; estimates
(i.e., 1400-2600 m MSL). Additionally, for investigating
z; spatial variability during all of the IOPs, we did not
use the TODWL measurements taken during the times
when the aircraft turned and tilted while moving from
one straight leg to another (e.g., NS1 to NS2; EW1 to
EW?2). During these times, most of the lidar backscatter
profiles were erroneous and z; could not be determined.

1) TIOP 4 (6-7 OCTOBER 2012)

During IOP 4 on 6 October 2012, the TODWL col-
lected data during five NS flight legs in the afternoon
between 1455 and 1530 LT. The plan-view plot of z;
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indicates higher z; west than east of Granite Mountain
(Fig. 6). Additionally, data from a radiosonde launched
at 1430 LT at the Sagebrush site confirmed z; =~ 2250 m
MSL, which agrees well with the TODWL-derived z;
along NS1 around 1500 LT, which was 2175m with a
standard deviation of 158 m. The standard deviation was
estimated using the z; values along the entire flight leg
NSI1. There was no radiosonde launched from the Playa
site around the TODWL flight hours to compare with
the lidar-observed z; variability.

In general, lower z; values were observed for the first
two legs (NS1 and NS2), which occurred east of Granite
Mountain, than for the other two legs (NS4 and NS5),
which occurred west of Granite Mountain. This in-
dicates the presence of processes that act to inhibit CBL
growth east of Granite Mountain in this particular case.
The time-height cross sections of aerosol backscatter
signal intensity along NS1 and NS2 show the presence of
an elevated aerosol layer around the altitudes of 2800—
3000 m MSL in the northern parts of legs NS1 and NS2.
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and (d) EW legs between 1054 and 1137 LT.

The radiosonde profile at the Sagebrush site also
showed layers of enhanced stability and moisture con-
tent above the CBL (see Fig. 3a) that most probably
weakened the upward mixing and reduced the further
growth of z;, The TODWL-observed aerosol layer is
presumably advected from north of Granite Mountain
with potential temperature inversions that acted like a
lid. The TODWL measurements of horizontal wind field
confirmed the prevailing northwesterly winds at 3000 m
MSL. In past studies, it has been suggested that the
presence of such a stable layer with enhanced stability
inhibits boundary layer growth (e.g., Pal et al. 2010;
Barlow et al. 2011; Luo et al. 2014).

Occurrences of such elevated layers are particularly
common in the atmosphere over mountainous terrain

governed by multiple temperature inversions. The pol-
lutants above the CBL are trapped between two stable
layers and become decoupled from the surface as they
are not affected by turbulent transport processes as
opposed to the CBL, where this transport is mainly en-
sured by CBL thermals (Stull 1988). In some other
studies discussing aircraft-based measurements, these
layers were associated with venting processes (e.g.,
Blumenthal et al. 1978; Wakimoto and McElroy 1986;
De Wekker et al. 2004). These stratified layers are in
general associated with stronger backscatter than the
well-mixed CBL aerosol structures, and remain sepa-
rated from the boundary layer inversion, in particular,
over mountainous areas (e.g., Blumenthal et al. 1978,;
Bradley et al. 2015). The high SNR in the
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both days, unlike in the previous figures.

TODWL-derived backscatter profiles on the eastern
side of Granite Mountain allowed for the detection of
the sharp gradient of aerosol backscattering near the
CBL top below the elevated aerosol layer. In contrast,
no such elevated aerosol layer was observed along the
legs on the western side of Granite Mountain.
Additionally, along NS3, NS4, and NS5, z; estimates
are considerably larger to the south than to the north of
Granite Mountain (see Fig. 6a). On this day, the
TODWL measurements of horizontal wind profiles and
the surface meteorological observations confirmed the
presence of a weak northerly upper-level flow (<5ms~')
and weak north-northwesterly surface winds (<5ms ).
It is possible that these prevailing northerly winds
advected higher z; downwind of the mountain when

compared with the northern sector. Previously, McElroy
and Smith (1991) and Arritt et al. (1992) also found that
deep CBLs that formed over mountainous terrain can be
advected downwind over low terrain and consequently
affect the dispersion of air pollutants.

The EW legs confirmed a similar quasi-stationary and
spatially variable z; (i.e., west—east z; gradient), as was
found from the NS legs. However, some growth in z; was
observed during more than 1 h of TODWL observations
based on the higher z;in the EW transects than in the NS
transects. In particular, over the southeast side of
Granite Mountain a considerable region of z; growth
was observed (~200-300m). The EW legs also show
lower z; to the northeast sector of Granite Mountain
than to the northwest sector.
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TODWL performed five NS flight legs and six EW
flight legs during the morning transition period on
7 October 2012 (Figs. 6¢ and 6d). Especially along NS3
and EW4, which cross directly over Granite Mountain,
z,; follows the terrain closely at a height of ~400m AGL.
Previous studies also illustrated the fact that when the
heating starts during the morning transition period, z;
nearly follows the underlying topography (e.g., Lieman
and Alpert 1993; Kalthoff et al. 1998; De Wekker and
Kossmann 2015). Over the flat area east of Granite
Mountain, z; is ~110m higher than west of the moun-
tain. There was considerable z; spatial variability during
the morning transition period on this day along the NS
and the EW legs. The observed z; spatial variability is
attributed to the rapidly growing CBL during the
morning transition period. In such situations, local dif-
ferences in surface characteristics can result in z; spatial
variability over relatively small spatial scales (e.g.,
Lenschow and Stankov 1986; Steyn et al. 2013).

2) IOP 5 (9-10 OCTOBER 2012)

During the afternoon TODWL flights on 9 October
2012, the CBL was well developed over the experi-
mental region. The value of z; was up to 300 m higher
along the eastern side and over Granite Mountain (NS1
and NS2) than over the western side of Granite Moun-
tain (NS4 and NS5) (Fig. 7a). No terrain-following z;
was detected over Granite Mountain along NS3.
Radiosonde-derived thermodynamic profiles over the
Playa and the Sagebrush sites also confirmed the pres-
ence of well-mixed CBL features during this time. These
measurements confirm that z; does not follow the height
of the underlying topography in the presence of a deep
well-mixed CBL, which is similar to the findings re-
ported in some previous studies (e.g., Kalthoff et al.
1998; Kossmann et al. 1998; De Wekker et al. 2004;
Behrendt et al. 2011a). Under these conditions when the
largest turbulent eddy size, scaled to z;, exceeds the
vertical scale of the topography (here, ~1km), z; is not
influenced by underlying topography (e.g., Panofsky
etal. 1977; Banta 1985; Choi et al. 2011). However, there
exists a clear east-west difference (i.e., higher z; over the
eastern site than over the western site) of up to 300m,
which was caused by differences in land surface type and
soil moisture between these two regions of the experi-
mental area (see sections 6d and 6e for further
discussion).

Additionally, TODWL-derived horizontal wind pro-
files (not shown here) confirmed the presence of west-
southwesterly flow with wind speeds of around 5-7ms ™!,
while tower measurements indicated the near-surface
winds to be light (2-3 ms ') south-southwesterly. Thus,
during such prevailing synoptic settings, a deeper CBL
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could be expected over the Sagebrush site downwind of
Granite Mountain. In general, if a deeper CBL forming
over the mountain is advected downstream, it enhances
the z; on the downwind side of the mountain (e.g.,
Lieman and Alpert 1993; Demko et al. 2009; Demko and
Geerts 2010).

Values of z; obtained from the EW flight legs between
1645 and 1715 LT on 9 October 2012 also confirm the
higher z; over the eastern side than over the western side
of Granite Mountain (Fig. 7b). Additionally, no signifi-
cant increase was observed in z; between flight legs that
sampled the same location 30 min apart, confirming that
there was no further CBL growth during this time. For
instance, z; was around 2300 m MSL over the Sagebrush
area and around 2000 m MSL over the Playa site area for
both the NS and EW transects.

On the morning of 10 October 2012, five NS and seven
EW legs were flown (Figs. 7c and 7d). The lidar system
encountered some instrumental malfunctions while fly-
ing west of Granite Mountain. Thus, z; measurements
were missing on the western part of leg EWS.
Additionally, a few white dots along the tracks mark the
locations where z; retrieval was not possible because of
erroneous lidar profiles. A shallow CBL (approximately
300m deep) was present over the area except along
flight leg NS3 over Granite Mountain, where orographic
enhancement of the CBL is clearly present near the
ridgetop. Ground-based ceilometer measurements near
the western slope of Granite Mountain indicated a
rapidly growing CBL during this period (growth rate of
120mh ™). Consequently, z; increases during the time
that the NS flight legs and the EW flight legs were flown.
For instance, z; increased by about 100 m in half an hour
(i.e., growth rate of 200mh ') over the Sagebrush area
and over the Playa area, which is different than over the
western slope of Granite Mountain. The aircraft-derived
z; growth rate involves more areal coverage, unlike the
ground-based ceilometer observations over a particular
place, which are just like ‘“‘needle’” measurements over a
particular location. Additionally, as mentioned earlier,
land surface heterogeneity in the experimental domain
is a crucial factor in determining z; variability and
growth rates.

3) IOP 6 (14 OCTOBER 2012)

IOP 6 on 14 October 2012 took place after the rainfall
event on 12 October 2012 so that a decrease in both
near-surface temperature (by 5°C) and diurnal temper-
ature range (~by 5°C) was observed when compared
with the IOPs before the rainfall event. On this IOP, the
TODWL performed both morning and afternoon mea-
surements. Unlike other IOPs, it was not possible to
obtain a symmetric grid for the flight tracks covering the
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entire experimental domain because of some unavail-
able TODWL measurements on this day. Consequently,
flight legs were truncated at various places. A terrain-
following z; over Granite Mountain was observed for the
NS3 flight leg and for the EW4 flight leg during the
morning mission (not shown here).

In the afternoon a well-developed CBL regime with z;
of around 2230 m MSL was observed along flight legs
NS1 and NS2 (Fig. 8a). Along flight legs EW2, EW3, and
EW4, z; in the eastern part was about 200 m larger than
in the western part while differences along southern-
most leg EW1 were small (Fig. 8b). Because of un-
available NS flight legs over the western side of Granite
Mountain (i.e., NS4 and NSS5) during the afternoon, it
was not possible to investigate further the east-west z;
gradient.

In the afternoon, a heterogeneous z; is observed along
leg EWS5 with a mean z; of 2175 m MSL with a standard
deviation of about 82m. For brevity, we computed the
mean z; for two different sectors along EWS5, which
yielded a mean z; of 2207 m with a standard deviation of
70m (along the EWS sector between 113.12° and
113.30°W) and 2102 = 76 m MSL (along the EWS5 sector
between 113.31° and 113.44°W) east and west of the
Playa border, respectively, confirming an east-west
gradient in the z; field on the northern side of the ex-
perimental area. Such z; variability was consistent with
heterogeneous land surface characteristics (e.g., the
border between the northern Sagebrush area and
northern Playa area) along the flight track.

4) TOP 7 (17 OCTOBER 2012)

Data collected during IOP 7 provide us with an op-
portunity to investigate the afternoon CBL during syn-
optically forced situations. IOP 7 was characterized by
postfrontal strong north-northwesterly winds in the up-
per level (>10ms ') and in the CBL (~5ms '), as was
confirmed by the radiosonde and TODWL observations
at 1400 LT. Thus, the prevailing synoptic flow patterns
dominated the boundary layer evolution on this day.
Near-surface meteorological measurements also in-
dicated northerly winds of 5ms~ ! at both the Playa and
the Sagebrush sites. Also, the daytime maximum sensi-
ble heat flux at the Playa site was lower (~80 Wm™?)
than during other IOPs (~120 W m ™~ ?). The estimated z;
results were lower (around 2200-2400m MSL) than
those for the other afternoons, with notable z; spatial
variability near Granite Mountain (Figs. 8c and 8d).

Unlike on other 10Ps, there was no clearly visible
east-to-west gradient in the z; along NS transects for the
well-mixed CBL regime in the afternoon. However, z;in
the southern and southeastern regions of Granite
Mountain was highly variable and was higher (by more

PAL ET AL.

1941

than 200 m) than in the northern and northwestern re-
gions. As mentioned, the TODWL-derived horizontal
wind field showed the presence of north-northeasterly
winds in the CBL so that higher z; might have advected
downwind of Granite Mountain (i.e., in the southeastern
region of Granite Mountain).

It should be mentioned that the absence of an east—
west z; gradient could be most probably attributed to the
prevailing synoptic conditions so that the CBL during
the afternoon on 17 October 2012 was affected by CBL
wind speed. Banta and White (2003), using a sample of
15 dry days from the Southern Oxidants Study, clearly
illustrated that the presence of strong wind can even
cancel the impact of surface forcing on z; spatial vari-
ability. Following Taylor’s frozen turbulence hypothe-
sis, one can consider that the turbulent length scale of
the CBL eddies is closely related to the wind speed
(Taylor 1938) so that the impact of increasing boundary
layer wind speed is to enlarge the length (distance) scale
required for the CBL to respond to the surface forcing
(Lenschow and Stankov 1986). Thus, one can expect
that with increasing wind speeds, the CBL is less
heterogeneous.

Other researchers have also shown that even for a
situation with more than light synoptic winds, advec-
tion rather than surface forcing can play an important
role in modulating the z; spatial variability in moun-
tainous areas (e.g., Kiemle et al. 1997; Behrendt et al.
2011a, Steyn et al. 2013). Our findings on the z; spatial
variability on 17 October qualitatively agree with the
results reported in the aforementioned studies. Nev-
ertheless, further observational and modeling efforts
would be required to draw a robust conclusion on the
relative importance of advection and surface buoy-
ancy flux on the observed z; spatial variability over
inhomogeneous terrain like the MATERHORN ex-
perimental area, and this work is the first step in that
direction.

d. Statistical overview on the z; spatial variability

The z; variability observed during different IOPs is
described using box-and-whisker analyses of z; along the
NS flight legs (Fig. 9) and the EW flight legs (Fig. 10).
The analysis for the NS and EW flight legs provides an
indication of the z; variability across Granite Mountain
in a direction from west to east in Fig. 9 and from south
to north in Fig. 10, respectively. Lower values of z; are
generally encountered on the western side of Granite
Mountain. However, on 6 October, z; was lower on the
eastern side, which coincided with the presence of a
stable layer and relevant thick aerosol layer above the
CBL on the eastern side of Granite Mountain along NS1
and NS2, as discussed before.
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FIG. 10. As in Fig. 9, but for EW flight legs during three IOPs: (a)—(c) morning and (d)—(g) afternoon missions.
Moving from left to right along the horizontal axis is equivalent to going from north to south. Two different y-axis
scales are kept for morning and afternoon measurements to compare different morning and afternoon CBL regimes
during different IOPs.

In general, z; spatial variability was larger during the
morning flights than during the afternoon flights. In
particular, during the morning transition periods of IOP
4 (7 October) and IOP 6 (14 October), a moderate

south-north z; gradient (with ~150m higher z; in the
south than in the north) was observed (Fig. 10), while on
other mornings such a gradient was not observed. The
TODWL-derived horizontal wind field suggested
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prevailing north-northwesterly flow at 3000m MSL
during morning hours on 7 October so that enhanced z;
to the southeast of Granite Mountain illustrated the
possible role of advection from higher z; over the
mountain to downwind areas. A similar conclusion
cannot be made for the 14 October morning TODWL
flights as the data coverage was not sufficient (e.g., un-
available NS1 and NS2 legs) and the observed hori-
zontal wind speed and direction were highly variable
with altitude.

We performed statistical analyses on all of the mea-
surements of z; obtained along NS legs during different
IOPs (Table 2). We did not perform similar analyses for
investigating z; variability along the EW flight legs
since a major portion of those flight legs were over the
two mountain ranges (Dugway range and Granite Peak),
making it difficult to sample statistically significant z;
datasets for comparing east-west gradient in the z;.

To quantify further the observed z; spatial variability,
we mainly focus here on the histogram of z; along dif-
ferent NS legs and discuss the results using the standard
deviation of z; (o;), illustrating small-scale z; fluctua-
tions (see Table 2). The o, results along different legs
most probably indicate the presence of vigorous ther-
mals and terrain-following CBLs during the mornings of
7,10, and 14 October (see NS3 in Figs. 6 and 7).

In general, the CBL consists of highly fluctuating and
irregular structures and eddies; consequently, z; vari-
ability necessarily carries this information by its irregu-
larity in space and time (e.g., Beyrich and Gryning 1998;
Flamant et al. 1997). Thus, the daytime thermal updrafts
and downdraft signatures embedded in z; fluctuations
are found in o;. However, o; results along NS3 during
the afternoons of 6 October (88m) and 9 October
(117 m) are smaller when compared with o; along the
other legs confirming no significant impact of Gran-
ite Mountain (i.e., underlying orography-induced en-
hancement) on z;. While comparing o; along different
NS flight legs (NS1-NS5), larger o,; was mostly ob-
served along NS3 (i.e., NS flight leg over Granite
Mountain) than over the other legs in the morning. This
contrast could mainly be attributed to the effects of
the underlying topography during the morning transition
period.

In previous studies over flat and homogeneous terrain,
the standard deviation of the quasi-stationary z; over
both temporal and spatial domains was defined as the
EZT (e.g., Melfi et al. 1985; Flamant et al. 1997; Pal et al.
2010). However, such estimations were not performed in
the past for z; spatial variability over mountainous areas,
in particular, using airborne lidar observations. En-
trainment processes near z; involve interactions be-
tween CBL plumes and free-atmospheric air, which
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TABLE 2. Overview of the observed z; spatial variability along
TODWL NS legs during afternoon and morning flight missions of
four IOPs over the experimental area.

Date 10P Leg No. and Mean z; [

(2012) No. Time (LT) orientation (mMSL) (m)
6 Oct 4 1455-1542 NS1 2175 158
NS2 2109 237

NS3 2445 117

NS4 2404 131

NS5 2287 112

7 Oct 4 1018-1101 NS1 1915 85
NS2 1892 96

NS3 2045 193

NS4 1809 89

NS5 1809 93

9 Oct 5 1602-1643 NS1 2104 168
NS2 2141 110

NS3 2163 88

NS4 2063 240

NS5 1778 167

10 Oct 5 1012-1052 NS1 1558 180
NS2 1757 123

NS3 1701 223

NS4 1455 135

NS5 1375 100

14 Oct 6 1005-1027 NS1 1970 211
NS2 1763 123

NS3 1728 104

1509-1522 NS1 2136 109

NS2 2150 98

17 Oct 7 1530-1605 NS1 1730 111
NS2 1682 163

NS4 1597 120

NS5 1670 101

leads to high-amplitude z; fluctuations. Thus, we con-
sider that z; spatial variability along different legs (i.e.,
0;) during afternoon flight missions over the experi-
mental area could be used to help estimate EZT. The z;
spatial variability observed with TODWL measure-
ments is most likely indicative of alternating regions of
rising thermals and downdrafts superimposed on
smaller-scale turbulence, as was found in previous air-
borne lidar-based studies of z; variability.

However, for terrain-following z;, as was observed in
the morning period on different IOPs, o,; was due to the
combined effects of terrain-induced and surface het-
erogeneity forced fluctuations in z; and, thus, was not
necessarily a measure of EZT. Additionally, the method
based on a standard deviation approach strictly con-
siders quasi-stationary time series of well-mixed CBL
height and, thus, is inappropriate for morning time z;, as
growth rate is an issue during this time of the day. Thus,
we suggest that temporal/spatial fluctuations in z; during
the morning over mountainous areas do not carry in-
formation about the EZT. Nevertheless, o,; measure-
ments reported here could serve as a good basis for
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FI1G. 11. The z; spatial variability along NS legs passing over Granite Mountain during morning flights on (a) 10 and (c) 14 Oct and during
afternoon flights on (b) 6 and (d) 9 Oct 2012. The underlying orography (m MSL) along the flight tracks is shown in grayscale.

comparison with z; spatial variability in high-resolution
numerical models.

e. Further discussion on the z; spatial variability

During MATERHORN-X in 2012, key features that
were observed in the z; spatial variability are 1) an east—
west gradient in z; during the afternoon with higher z;
over the eastern side than over the western side of
Granite Mountain on 9 and 14 October and with lower z;
over the eastern side than over the western side of
Granite Mountain on 6 and 17 October, 2) terrain-
following z; features during the morning transition
period with higher z; above ridgetop than over the sur-
rounding valley, and 3) relatively less terrain-following
z; spatial variability during the well-mixed CBL regime
in the late afternoon than in the morning. For instance,
z; variability along the NS legs passing over Granite
Mountain (i.e., NS3) during morning flights on 10 and
14 October and during afternoon flights on 6 and 9 Oc-
tober indicates the relatively larger impacts of the un-
derlying topography on the z; variability during the
morning than during the afternoon on all days (Fig. 11).
Additionally, the overview of the z; spatial variability
along NS3 (Table 2) also shows that o,; along NS3 is
always smaller in the afternoon than in the morning.

Previously, Kalthoff et al. (1998) found that the im-
pact of orography on z; is more pronounced for morning

CBL regimes than for afternoon quasi-stationary CBLs.
However, the measurements selected in their case
studies were also affected by fog in the valleys so that the
spatial differences were also attributed to the fog in
various areas in their experimental domain. In our study,
the key findings on the investigation of the z; spatial
variability and the impact of orography on z; are based
on 1) multiple morning and afternoon CBL regimes
along similar north—south- and east-west-oriented flight
tracks, 2) mostly clear-sky conditions without any oc-
currence of fog, and 3) an experiment over and around
an isolated mountain with well-defined land surface
characteristics in the adjacent areas.

In this section, we also discuss differences between z;
over the plains east and west of Granite Mountain (i.e.,
the Sagebrush and Playa sites) and the characteristics of
both the growing CBL in the morning and the quasi-
stationary CBL in the afternoon on different TODWL
flight days. Another factor for inducing z; spatial vari-
ability into the experimental area is the land surface
heterogeneity resulting in the spatial variability of the
near-surface sensible heat flux. Differences in the sen-
sible heat flux could also be attributed to the different
soil thermal properties at the Playa and Sagebrush sites.
Dry soil conditions help maintain high sensible heat
fluxes, which can explain the larger boundary layer de-
velopment east rather than west of Granite Mountain.
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FIG. 12. The diurnal course of near-surface (5 m AGL) sensible heat flux (W m™2) at both the
PL (gray solid line) and SB (black solid line) sites from days 280 to 291. The horizontally
aligned arrows indicate the time periods of the four IOPs discussed in the text.

We therefore analyzed tower-based sensible heat flux
measurements at both the Sagebrush and the Playa sites
(Fig. 12). Daytime sensible heat flux is larger (25%-
30%) at the eastern site than at the western site, which
also triggered the higher daytime temperature at the
Sagebrush site than at the Playa site. Previously, Rife
et al. (2002) found similar differences between the Playa
site and the surrounding desert and reported that the
Playa site has a higher albedo, less vegetation, and a
higher soil thermal conductivity than the surrounding
desert. A significant increase in the surface moisture
occurred as a result of the precipitation event on
12 October that had a large impact on the z; spatial
variability. The precipitation event triggered an increase
in the near-surface humidity and CBL moisture content.
Consequently, this event played an important role in
determining the partitioning between sensible and la-
tent heat fluxes and resulted in a reduced sensible heat
flux and lower z;.

In lieu of micrometeorological measurements at high
spatial and temporal resolutions, numerous past studies
elucidated the relationship between near-surface tem-
perature and z; variability to understand the features in
the surface forcing on z; evolution during different times
of the day and found that near-surface meteorological
variables could serve as potential indicators for z; driving
factors (e.g., Seidel et al. 2012; Zhang et al. 2013; Pal et al.
2014, 2015). Therefore, we performed two different an-
alyses: 1) determination of the differences in the near-
surface (5m AGL) air temperature and relative humidity
at both the eastern and the western sites (Fig. 13) to il-
lustrate the east-west gradient in the z; spatial variability
and 2) analyzing the IR-sensor measured temperature
field along the flight legs to understand the impact of
surface forcing on z; variability along different legs.

In general, a higher daytime temperature was ob-
served at the eastern site than at the western site. Also
visible is an increasing trend in the near-surface tem-
perature from 6 to 11 October, which was disrupted
because of the precipitation event on 12 October
(Fig. 13). This pattern is consistent with the radiosonde-
derived thermodynamic profiles and TODWL z; mea-
surements. Additionally, two different trends were
observed for relative humidity: a decreasing trend from
6 to 9 October and then an increasing trend from 9 to
12 October at both sites. While considering the daytime
mean afternoon temperature, we also found that the
eastern site was warmer than the western site by more
than 5°C; while for nocturnal mean temperature, the
eastern site was cooler by around 4°C. Consequently, the
diurnal temperature range at the Sagebrush site was
larger than the diurnal temperature range at the Playa
site by more than 10°C.

For most of the day on 6 October, the sensible heat flux
at the Playa site was lower than at the Sagebrush site. For
instance, the daytime maximum sensible heat fluxes at
the Playa and Sagebrush sites were 175 and 208 Wm ™2,
respectively. This difference once again confirms that the
difference in the surface forcing between the Playa and
Sagebrush sites was similar during the IOPs that took
place before the rain event on 12 October. After the
rainfall event, the daytime near-surface temperatures at
those two sites were not significantly different from those
during the IOPs before the rainfall event (Fig. 13). Ad-
ditionally, IOP 7 (a postfrontal case) was characterized
by high northwesterly synoptic winds (10-15ms~")
with low CBL moisture (<2.5gkg ') with moderate
CBL wind (~5ms™ ') with less dependence of z; spatial
variability on the surface temperature than on the qui-
escent IOPs (4 and 5).
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of the four selected IOPs.

Using the simultaneous near-surface meteorological
measurements at the Sagebrush and Playa sites, we could
explain the east-west gradient observed in z; over the
experimental area. However, it is not feasible to attribute
the observed z; along the different TODWL legs to the
meteorological measurements at two fixed locations.
Previous studies on the combined meteorological and z;
measurements (e.g., Reen et al. 2006; Seidel et al. 2012;
Pal et al. 2013) motivated us to investigate further the

spatial variability in surface temperature along the flight
track obtained by the infrared temperature sensor on
board the Twin Otter aircraft.

Therefore, we performed similar box-and-whisker
analyses of surface temperature as was done for z;
(Fig. 14). Measurements during morning periods show a
heterogeneous temperature distribution, as was found
for z; over the area (see Figs. 14a,c.e for 7, 10, and
14 October, respectively), which could be attributed



1948 JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY VOLUME 55

30 1 i i . i i _ 45 L = L = 1. 1 = L
7 October 2012 1[b 6 Oct 2012
»s [a] [10:18 to 11:01 | 40 [b] 14:55 t0 15:42 LT [
o 7 _ 35 ~ I
gt % ] % x
5 204 >< I 30 ézrl L
= 1 x
i x P d L
8 154 - | 25. &
g L * | — 204 8 L
= * 1
8 104 - - 15+ r
lg X X 4 X
& . X 107 ]
5- L ] w
5_. -
X ]
0 T T T T T 0 T T T T T
NS5 NS4 NS3 NS2 NS1 NS5 NS4 NS3 NS2 NS1
30 1 1 1 1 M 1 45 Y . T .
10 October 2012 9 October 2012
[C] 7 10:12to 10:52 40| [d] 16:02 to 16:43
o 25 _ x =] — !
e 35| 4
s o % X
2 20+ ] =5 X} 30 | i
g %:
g 25} i
5 15 -
2 20 | % -
o X ps
g 104 X s X F 151 4
£ ® .
» 5 10 -
st i
0 T T T T T 0 1 1 1 L 1
NS5 NS4 NS3 NS2  Nsi NS5 NS4  NS3 Ns2  NS1
30 - - —_———— 45 — . a - L . L
[ & ! " [14 October 2012 | ’ 14 October 2012
[e] 10:31 to 11:19 01 [f] [16:061016:46 |
o 25t : 4
g 35 L
£ 20} - 30 % = . -
g % 1 % - %
& A B
5 15} _ 1 il
= | ET‘E, % v | 20+ % F
g X i s
£ 10t . = 2 - 15 L
=] X 4
w § - = 10 - -
5} X 4 X
5 L
ol— . L L ! 0l . v . .
NS5 NS4  NS3  NS2 NS1 NS5 NS4  NS3  NS2 NS1
45 . - —
' ) ' | 17 October
w}[g] 1 16:10 to 16:55
o . .
= 35 ]
e
% 30 _ = % 4
e %
g 25f % % — |=TI=| ]
£ % % * %
2 20} 5 el |
” %
8 15t .
£
@ 10F -
5+ X d
0 1 1 1 1 1

NS5 NS4 NS3  NS2 NS1
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partly to the shadows cast by Granite Mountain. How-
ever, both z; and surface temperature variability along
the NS legs along the eastern and western sides of
Granite Mountain show similar tendencies (higher z;
and higher temperature on the eastern side than on the
western side of Granite Mountain) for the afternoon
measurements (see Figs. 14d,f for 9 and 14 October,
respectively). Although a similar east-west gradient was
observed for the surface temperature on 6 and 17 Octo-
ber (Figs. 14b,g, respectively), the z; gradient was dif-
ferent on these days as a result of the presence of an
aerosol layer above the CBL top on 6 October and be-
cause of strong advection on 17 October, as explained
before. In general, the results suggest that the geo-
graphical distribution of surface temperature corre-
sponds well with the expected distribution based on
patterns of z; spatial variability.

7. Summary and conclusions

In this paper, we analyzed CBL heights during seven
research flights conducted during four IOPs as part of
the MATERHORN-X Fall experiment in 2012. High-
resolution measurements obtained with an airborne
Doppler lidar were used to characterize the z; spatial
variability over and around an isolated mountain lo-
cated in an arid environment. The spatial resolution
observed here has rarely been possible previously and
has been limited only to occasional field programs such
as this one. Furthermore, while the present study strictly
provides key observational aspects of z; spatial vari-
ability and some key factors governing them, the dataset
is highly valuable for future research involving numeri-
cal simulations on boundary layer process studies in
mountainous areas. Additionally, radiosonde observa-
tions were also used to study z; over the western and
eastern sides of Utah’s Granite Mountain with signifi-
cantly different surface characteristics (e.g., land cover,
surface type).

A detailed intercomparison between lidar and radio-
sonde observations was performed with an emphasis on
the impact of &¢ (radiosonde launch time minus
TODWL overpass time) to discriminate possible dif-
ferences in z; that may be due to z; evolution over time.
We found larger impacts of &t on the observed differ-
ences in z; during the morning than during the afternoon
periods as a result of morning CBL growth. For instance,
for 6t of less than an hour, the observed z; differences
(radiosonde-derived z; minus TODWL-derived z;) were
reported to be *50m. Overall, z; estimates using
TODWL and radiosonde data agree well given the dif-
ficulty and uncertainty associated with comparing data
from an airborne sensor with data from radiosondes
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launched from the ground. Radiosonde-based observa-
tions also confirm the z; spatial variability (east-west
gradient).

A unique aspect of this study is the investigation of the
daytime z; spatial variability over a mountainous area
using airborne Doppler lidar measurements. We found
that while the CBL structure in the morning is highly
inhomogeneous and terrain following, the afternoon
CBL structure tends to be less dependent on the un-
derlying terrain inhomogeneity than in the morning, as
was found in previous studies (e.g., Kalthoff et al. 1998).
In particular, using the TODWL-derived spatial z; maps,
it was possible to illustrate the distinct roles of 1) an
isolated mountain peak in modulating the z; spatial
variability, in particular during the morning transition
period; 2) an isolated mountain in enhancing z; on the
downwind side, in particular during the afternoon; 3) a
stable layer above the CBL and the related presence of
an aerosol layer in altering the z; spatial variability
pattern (here along the east-west gradient) existing in
the experimental region; 4) different surface types east
and west of the isolated mountain; and 5) a precipitation
event in between two IOPs in changing near-surface and
CBL humidity regimes and, consequently, z; variability.
All of these factors acted together to shape the overall z;
spatial variability during the campaign.

Among all of the case studies presented for a quasi-
stationary CBL regime during the afternoon period
when winds were light (i.e., wind speed ~ 5ms™!), the
z; gradient (east-west or north—south) was further en-
hanced because of a deeper CBL on the downwind side
of the mountain than on the upwind side (e.g., 6 Octo-
ber with prevailing west-northwesterly flow, 9 October
with southerly flow, and 14 October with westerly
flow). Downwind advection of a deep CBL over the
mountain likely plays a role in these cases. Similar z;
enhancement southeast of Granite Mountain was ob-
served during the morning on 7 October. However, the
roles of both surface heterogeneity and the variable z;
growth rates during morning transition period cannot
be ignored.

Two different near-surface meteorological conditions
prevailed east and west of Granite Mountain with higher
temperatures, a larger diurnal temperature range, and
larger sensible heat fluxes east than west of the moun-
tain. This difference played an important role in gov-
erning the observed east—west gradient in the z; spatial
variability, though qualitative, infrared temperature
sensor (aboard Twin Otter flights) measurements of
surface temperature fields helped explain similar ten-
dencies to results observed for z; over the experimental
area. However, the east-west gradient was not found on
6 and 17 October because of the presence of 1) an
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elevated aerosol layer associated with a stable layer and
2) an advection-dominated CBL, respectively.

The EZT estimation method assumes quasi-stationary
and quasi-homogeneous CBL regimes, which were not
observed during the morning over the experimental area.
Rather, the z; spatial variability during the morning was
modulated by the combined impacts of the underlying
orography and the entrainment processes near the z;.
Consequently, estimation of EZT remains challenging.
Additionally, detailed analyses of the spectral spread of
the TODWL returns in future research efforts could offer
another estimate of turbulence within each illuminated
volume. This approach can potentially provide more
direct estimates of turbulence and EZT than the sta-
tistical analyses considered here (e.g., Frehlich and
Cornman 1999).

The z; estimates and observed variability discussed in
this work can be used for many future research activities
including the investigation of CBL turbulence and the
evaluation of numerical models. Results presented
clearly suggest that z; spatial variability over moun-
tainous terrain both during morning and afternoon
hours reveals complexities mainly due to the combined
effects of heterogeneous land surface forcing and the
underlying orography that may require improved pa-
rameterizations in present-day numerical models.

Acknowledgments. This research was funded by Office
of Naval Research Award N00014-11-1-0709 and by NSF
Grant ATM-1151445. Additional support for the
TODWL measurements was provided by the Environ-
mental Sciences Group at the Army Research Office. The
Twin Otter aircraft was provided by the U.S. Navy’s
Center for Interdisciplinary Remotely Piloted Aircraft
Studies (CIRPAS) based in Marina, California. We ac-
knowledge the support of the Dugway Proving Ground
administration, which allowed smooth conduct of the ex-
periment in a high-security setting and MATERHORN
project partners for providing ground-based measure-
ments used in this study. The synoptic maps used for this
research were obtained from NOAA’s Weather Pre-
diction Center. We also thank three anonymous referees
for their careful review, objective assessments, and in-
sightful suggestions, which helped improve the scientific
and technical content of the article.

REFERENCES

Arritt, R. W., J. M. Wilczak, and G. S. Young, 1992: Observations
and numerical modeling of an elevated mixed layer. Mon. Wea.
Rev., 120, 2869-2880, doi:10.1175/1520-0493(1992)120<2869:
OANMOA>2.0.CO;2.

Ayotte, K. W., and Coauthors, 1996: An evaluation of neutral
and convective planetary boundary layer parameterizations

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 55

relative to large eddy simulations. Bound.-Layer Meteor.,
79, 131-175, doi:10.1007/BF00120078.

Banks, R. F., J. Tiana-Alsina, F. Rocadenbosch, and J. M.
Baldasano, 2015: Performance evaluation of the boundary-
layer height from lidar and the Weather Research and Fore-
casting Model at an urban coastal site in the north-east Iberian
Peninsula. Bound.-Layer Meteor., 157, 265-292, doi:10.1007/
510546-015-0056-2.

Banta, R. M., 1985: Late-morning jump in TKE in the mixed layer
over a mountain basin. J. Atmos. Sci., 42,407-411, doi:10.1175/
1520-0469(1985)042<0407:LMJITI>2.0.CO;2.

——, and A. B. White, 2003: Mixing-height differences between
land use types: Dependence on wind speed. J. Geophys. Res.,
108, 4321, doi:10.1029/2002JD002748.

Barlow, J. F., T. M. Dunbar, E. G. Nemitz, C. R. Wood, M. W.
Gallagher, F. Davies, E. O’Connor, and R. M. Harrison, 2011:
Boundary layer dynamics over London, UK, as observed using
Doppler lidar during REPARTEE-II. Atmos. Chem. Phys.,
11, 2111-2125, doi:10.5194/acp-11-2111-2011.

Behrendt, A., and Coauthors, 2011a: Observation of convection
initiation processes with a suite of state-of-the-art research
instruments during COPS IOP 8b. Quart. J. Roy. Meteor. Soc.,
137 (S1), 81-100, doi:10.1002/qj.758.

——, S. Pal, V. Wulfmeyer, A. M. Valdebenito, and G. Lammel,
2011b: A novel approach for the characterization of transport
and optical properties of aerosol particles near sources Part I:
Measurement of particle backscatter coefficient maps with a
scanning UV lidar. Atmos. Environ., 45, 2795-2802, doi:10.1016/
j.atmosenv.2011.02.061.

——, V. Wulfmeyer, E. Hammann, S. Muppa, and S. Pal, 2015:
Profiles of second- to fourth-order moments of turbulent
temperature fluctuations in the convective boundary layer:
First measurements with rotational Raman lidar. Atmos.
Chem. Phys., 15, 5485-5500, doi:10.5194/acp-15-5485-2015.

Beyrich, F., and S. E. Gryning, 1998: Estimation of the entrain-
ment zone depth in a shallow convective boundary layer
from sodar data. J. Appl. Meteor., 37, 255-268, doi:10.1175/
1520-0450(1998)037<0255:EOTEZD>2.0.CO;2.

Blumenthal, D. L., W. H. White, and T. B. Smith, 1978: Anatomy
of a Los Angeles smog episode: Pollutant transport in the
daytime sea breeze regime. Atmos. Environ., 12, 893-907,
doi:10.1016/0004-6981(78)90028-8.

Boers, R., and E. W. Eloranta, 1986: Lidar measurements of the
atmospheric entrainment zone and the potential temperature
jump across the top of the mixed layer. Bound.-Layer Meteor.,
34, 357-375, doi:10.1007/BF00120988.

Bradley, S., A. Strehz, and S. Emeis, 2015: Remote sensing winds in
complex terrain—A review. Meteor. Z.,24, 547-555, doi:10.1127/
metz/2015/0640.

Brown, A. R., A. C. M. Beljaars, and H. Hersbach, 2006: Errors in
parameterizations of convective boundary layer turbulent
moment mixing. Quart. J. Roy. Meteor. Soc., 132, 1859-1876,
doi:10.1256/qj.05.182.

Choi, W., I. C. Faloona, M. McKay, A. H. Goldstein, and B. Baker,
2011: Estimating the atmospheric boundary layer height over
sloped, forested terrain from surface spectral analysis during
BEARPEX. Atmos. Chem. Phys., 11, 6837-6853, doi:10.5194/
acp-11-6837-2011.

Chow, F. K., S. F. J. De Wekker, and B. Snyder, Eds., 2013: Mountain
Weather Research and Forecasting: Recent Progress and Current
Challenges. Springer, 750 pp., doi:10.1007/978-94-007-4098-3.

Cohn, S. A., and W. M. Angevine, 2000: Boundary layer height
and entrainment zone thickness measured by lidars and


http://dx.doi.org/10.1175/1520-0493(1992)120<2869:OANMOA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1992)120<2869:OANMOA>2.0.CO;2
http://dx.doi.org/10.1007/BF00120078
http://dx.doi.org/10.1007/s10546-015-0056-2
http://dx.doi.org/10.1007/s10546-015-0056-2
http://dx.doi.org/10.1175/1520-0469(1985)042<0407:LMJITI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1985)042<0407:LMJITI>2.0.CO;2
http://dx.doi.org/10.1029/2002JD002748
http://dx.doi.org/10.5194/acp-11-2111-2011
http://dx.doi.org/10.1002/qj.758
http://dx.doi.org/10.1016/j.atmosenv.2011.02.061
http://dx.doi.org/10.1016/j.atmosenv.2011.02.061
http://dx.doi.org/10.5194/acp-15-5485-2015
http://dx.doi.org/10.1175/1520-0450(1998)037<0255:EOTEZD>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1998)037<0255:EOTEZD>2.0.CO;2
http://dx.doi.org/10.1016/0004-6981(78)90028-8
http://dx.doi.org/10.1007/BF00120988
http://dx.doi.org/10.1127/metz/2015/0640
http://dx.doi.org/10.1127/metz/2015/0640
http://dx.doi.org/10.1256/qj.05.182
http://dx.doi.org/10.5194/acp-11-6837-2011
http://dx.doi.org/10.5194/acp-11-6837-2011
http://dx.doi.org/10.1007/978-94-007-4098-3

SEPTEMBER 2016

wind-profiling radars. J. Appl. Meteor., 39, 1233-1247,
doi:10.1175/1520-0450(2000)039<1233:BLHAEZ>2.0.CO;2.

Conrick, R., H. D. Reeves, and S. Zhong, 2015: The dependence of
QPF on the choice of boundary- and surface-layer parame-
terization for a lake-effect snowstorm. J. Appl. Meteor. Cli-
matol., 54, 1177-1190, doi:10.1175/JAMC-D-14-0291.1.

Davis, K. J., D. H. Lenschow, S. P. Oncley, C. Kiemle, G. Ehret,
A. Giez, and J. Mann, 1997: Role of entrainment in surface-
atmosphere interactions over the boreal forest. J. Geophys.
Res., 102, 29 219-29 230, doi:10.1029/97JD02236.

De Wekker, S. F. J., and M. Kossmann, 2015: Convective
boundary layer heights over mountainous terrain—A re-
view of concepts. Front. Earth Sci., 3, 77, doi:10.3389/
feart.2015.00077.

——, D. G. Steyn, and S. Nyeki, 2004: A comparison of aerosol
layer- and convective boundary layer structure over a moun-
tain range during STAAARTE ’97. Bound.-Layer Meteor.,
113, 249-271, doi:10.1023/B:BOUN.0000039371.41823.37.

—— K. S. Godwin, G. D. Emmitt, and S. Greco, 2012: Airborne
Doppler lidar measurements of valley flows in complex coastal
terrain. J. Appl. Meteor. Climatol., 51, 1558-1574, d0i:10.1175/
JAMC-D-10-05034.1.

Demko, J. C., and B. Geerts, 2010: A numerical study of the
evolving convective boundary layer and orographic circula-
tion around the Santa Catalina Mountains in Arizona. Part II:
Interaction with deep convection. Mon. Wea. Rev., 138, 3603—
3622, doi:10.1175/20010MWR3318.1.

——, ——, Q. Miao, and J. A. Zehnder, 2009: Boundary layer
energy transport and cumulus development over a heated
mountain: An observational study. Mon. Wea. Rev., 137, 447—
468, doi:10.1175/2008MWR2467.1.

Desai, A. R., K. J. Davis, C. J. Senff, S. Ismail, E. V. Browell, D. R.
Stauffer, and B. P. Reen, 2006: A case study on the effects of
heterogeneous soil moisture on mesoscale boundary-layer
structure in the southern Great Plains, U.S.A. Part I: Simple
prognostic model. Bound.-Layer Meteor., 119, 195-228,
doi:10.1007/510546-005-9024-6.

Endo, S., T. Shinoda, T. Hiyama, H. Uyeda, K. Nakamura,
H. Tanaka, and K. Tsuboki, 2008: Characteristics of vertical
circulation in the convective boundary layer over the Huaihe
River basin in China in the early summer of 2004. J. Appl. Me-
teor. Climatol., 47,2911-2928, doi:10.1175/2008TAMC1769.1.

Fedorovich, E., R. Conzemius, and A. Shapiro, 2004: Non-
stationarity of convective boundary layer growth in a
heterogeneous stratified shear-free atmosphere. Preprints,
16th Symp. on Boundary Layers and Turbulence, Portland,
ME, Amer. Meteor. Soc., 7.9. [Available online at https://
ams.confex.com/ams/pdfpapers/78683.pdf.]

Fernando, H. J. S., and Coauthors, 2015: The MATERHORN:
Unraveling the intricacies of mountain weather. Bull. Amer.
Meteor. Soc., 96, 1945-1967, doi:10.1175/BAMS-D-13-00131.1.

Flamant, C., J. Pelon, P. H. Flamant, and P. Durand, 1997: Lidar
determination of the entrainment zone thickness at the top of
the unstable marine boundary layer. Bound.-Layer Meteor.,
83, 247-284, doi:10.1023/A:1000258318944.

Frehlich, R., and L. Cornman, 1999: Coherent Doppler lidar signal
spectrum with wind turbulence. Appl. Opt., 38, 7456-7466,
doi:10.1364/A0.38.007456.

Garcia-Carreras, L., D. J. Parker, C. M. Taylor, C. E. Reeves, and
J. G. Murphy, 2010: Impact of mesoscale vegetation hetero-
geneities on the dynamical and thermodynamic properties of
the planetary boundary layer. J. Geophys. Res., 115, D03102,
doi:10.1029/2009JD012811.

PAL ET AL.

1951

—— ——, and J. H. Marsham, 2011: What is the mechanism for the
modification of convective cloud distributions by land surface—
induced flows? J. Atmos. Sci., 68, 619-634, doi:10.1175/
2010JAS3604.1.

——, and Coauthors, 2015: The turbulent structure and diurnal
growth of the Saharan atmospheric boundary layer. J. Atmos.
Sci., 72, 693-713, doi:10.1175/JAS-D-13-0384.1.

Godwin, K. S., S. F. J. De Wekker, and G. D. Emmitt, 2012: Re-
trieving winds in the surface layer over land using an airborne
Doppler lidar. J. Atmos. Oceanic Technol., 29, 487-499,
doi:10.1175/JTECH-D-11-00139.1.

Gryning, S.-E., and E. Batchvarova, 1994: Parametrization of the depth
of the entrainment zone above the daytime mixed layer. Quart.
J. Roy. Meteor. Soc., 120, 47-58, doi:10.1002/qj.49712051505.

Haeffelin, M., and Coauthors, 2012: Evaluation of mixing-height
retrievals from automated profiling lidars and ceilometers in
view of future integrated networks in Europe. Bound.-Layer
Meteor., 143, 49-75, doi:10.1007/s10546-011-9643-z.

Kalthoff, N., H.-J. Binder, M. Kossmann, R. V. Ogtlin,
U. Corsmeier, F. Fiedler, and H. Schlager, 1998: Temporal
evolution and spatial variation of the boundary layer over
complex terrain. Atmos. Environ., 32,1179-1194, doi:10.1016/
$1352-2310(97)00193-3.

——, and Coauthors, 2009: The impact of convergence zones on
the initiation of deep convection: A case study from COPS.
Atmos. Res., 93, 680694, doi:10.1016/j.atmosres.2009.02.010.

Kiemle, C., G. Ehret, A. Giez, K. J. Davis, D. H. Lenschow, and S. P.
Oncley, 1997: Estimation of boundary layer humidity fluxes and
statistics from Airborne Differential Absorption Lidar (DIAL).
J. Geophys. Res., 102, 29189-29203, doi:10.1029/97JD01112.

King, J. C., S. A. Argentini, and P. S. Anderson, 2006: Contrasts
between the summertime surface energy balance and bound-
ary layer structure at Dome C and Halley stations, Antarctica.
J. Geophys. Res., 111, D02105, doi:10.1029/2005JD006130.

Kossmann, M., R. Vogtlin, U. Corsmeier, B. Vogel, F. Fiedler, H.-J.
Binder, N. Kalthoff, and F. Beyrich, 1998: Aspects of the con-
vective boundary layer structure over complex terrain. Atmos.
Environ., 32, 1323-1348, doi:10.1016/S1352-2310(97)00271-9.

Lammert, A., and J. Bosenberg, 2006: Determination of the con-
vective boundary layer height with laser remote sensing. Bound.-
Layer Meteor., 119, 159-170, doi:10.1007/s10546-005-9020-x.

Lenschow, D. H., and B. B. Stankov, 1986: Length scales in the
convective boundary layer. J. Atmos. Sci., 43, 1198-1209,
doi:10.1175/1520-0469(1986)043<1198:LSITCB>2.0.CO;2.

Lieman, R., and P. Alpert, 1993: Investigation of the planetary
boundary layer height variations over complex terrain.
Bound.-Layer Meteor., 62, 129-142, doi:10.1007/BF00705550.

Luo, T., R. Yuan, and Z. Wang, 2014: Lidar-based remote sensing
of atmospheric boundary layer height over land and ocean.
Atmos. Meas. Tech., 7, 173-182, doi:10.5194/amt-7-173-2014.

Massey, J. D., W.J. Steenburgh, S. W. Hoch, and J. C. Knievel, 2014:
Sensitivity of near-surface temperature forecasts to soil prop-
erties over a sparsely vegetated dryland region. J. Appl. Meteor.
Climatol., 53, 1976-1995, doi:10.1175/JAMC-D-13-0362.1.

McElroy, J. L., and T. B. Smith, 1991: Lidar descriptions of mixing-
layer thickness characteristics in a complex terrain/coastal
environment. J. Appl. Meteor., 30, 585-597, doi:10.1175/
1520-0450(1991)030<0585:LDOMLT>2.0.CO;2.

Melfi, S. H., J. D. Spinhirne, S. H. Chou, and S. P. Palm, 1985:
Lidar observations of vertically organized convection in the
planetary boundary layer over the ocean. J. Climate Appl.
Meteor., 24, 806-821, doi:10.1175/1520-0450(1985)024<0806:
LOOVOC>2.0.CO:2.


http://dx.doi.org/10.1175/1520-0450(2000)039<1233:BLHAEZ>2.0.CO;2
http://dx.doi.org/10.1175/JAMC-D-14-0291.1
http://dx.doi.org/10.1029/97JD02236
http://dx.doi.org/10.3389/feart.2015.00077
http://dx.doi.org/10.3389/feart.2015.00077
http://dx.doi.org/10.1023/B:BOUN.0000039371.41823.37
http://dx.doi.org/10.1175/JAMC-D-10-05034.1
http://dx.doi.org/10.1175/JAMC-D-10-05034.1
http://dx.doi.org/10.1175/2010MWR3318.1
http://dx.doi.org/10.1175/2008MWR2467.1
http://dx.doi.org/10.1007/s10546-005-9024-6
http://dx.doi.org/10.1175/2008JAMC1769.1
https://ams.confex.com/ams/pdfpapers/78683.pdf
https://ams.confex.com/ams/pdfpapers/78683.pdf
http://dx.doi.org/10.1175/BAMS-D-13-00131.1
http://dx.doi.org/10.1023/A:1000258318944
http://dx.doi.org/10.1364/AO.38.007456
http://dx.doi.org/10.1029/2009JD012811
http://dx.doi.org/10.1175/2010JAS3604.1
http://dx.doi.org/10.1175/2010JAS3604.1
http://dx.doi.org/10.1175/JAS-D-13-0384.1
http://dx.doi.org/10.1175/JTECH-D-11-00139.1
http://dx.doi.org/10.1002/qj.49712051505
http://dx.doi.org/10.1007/s10546-011-9643-z
http://dx.doi.org/10.1016/S1352-2310(97)00193-3
http://dx.doi.org/10.1016/S1352-2310(97)00193-3
http://dx.doi.org/10.1016/j.atmosres.2009.02.010
http://dx.doi.org/10.1029/97JD01112
http://dx.doi.org/10.1029/2005JD006130
http://dx.doi.org/10.1016/S1352-2310(97)00271-9
http://dx.doi.org/10.1007/s10546-005-9020-x
http://dx.doi.org/10.1175/1520-0469(1986)043<1198:LSITCB>2.0.CO;2
http://dx.doi.org/10.1007/BF00705550
http://dx.doi.org/10.5194/amt-7-173-2014
http://dx.doi.org/10.1175/JAMC-D-13-0362.1
http://dx.doi.org/10.1175/1520-0450(1991)030<0585:LDOMLT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1991)030<0585:LDOMLT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1985)024<0806:LOOVOC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1985)024<0806:LOOVOC>2.0.CO;2

1952

Pal, S., 2016: On the factors governing water vapor turbulence
profiles in the convective boundary layer over land: Concept
and data analyses methodology using ground-based lidar
measurements. Sci. Total Environ., 554-555, 17-25,
doi:10.1016/j.scitotenv.2016.02.147.

——, and M. Haeftelin, 2015: Forcing mechanisms governing di-
urnal, seasonal, and interannual variability in the boundary
layer depths: Five years of continuous lidar observations
over a suburban site near Paris. J. Geophys. Res. Atmos., 120,
11 936-11 956, doi:10.1002/2015JD023268.

——, A. Behrendt, and V. Wulfmeyer, 2010: Elastic-backscatter-
lidar-based characterization of the convective boundary layer
and investigation of related statistics. Ann. Geophys., 28, 825—
847, doi:10.5194/ange0-28-825-2010.

——, and Coauthors, 2012: Spatio-temporal variability of the atmo-
spheric boundary layer depth over the Paris agglomeration: An
assessment of the impact of the urban heat island intensity. At-
mos. Environ., 63,261-275, doi:10.1016/j.atmosenv.2012.09.046.

——, M. Haeffelin, and E. Batchvarova, 2013: Exploring a geo-
physical process-based attribution technique for the de-
termination of the atmospheric boundary layer depth using
aerosol lidar and near-surface meteorological measurements.
J. Geophys. Res. Atmos., 118, 9277-9295, doi:10.1002/jgrd.50710.

—— T.R. Lee, S. Phelps, and S. F. J. De Wekker, 2014: Impact of
atmospheric boundary layer depth variability and wind re-
versal on the diurnal variability of aerosol concentration at a
valley site. Sci. Total Environ., 496, 424-434, doi:10.1016/
j.scitotenv.2014.07.067.

——, M. Lopez, M. Schmidt, M. Ramonet, F. Gibert, I. Xueref-Remy,
and P. Ciais, 2015: Investigation of the atmospheric boundary
layer depth variability and its impact on the *?Rn concentration
at a rural site in France: Evaluation of a year-long measurement.
J. Geophys. Res., 120, 623-643, doi:10.1002/2014JD022322.

Panofsky, H. A., H. Tennekes, D. H. Lenschow, and J. C.
Wyngaard, 1977: The characteristics of turbulent velocity
components in the surface layer under convective conditions.
Bound.-Layer Meteor., 11, 355-361, doi:10.1007/BF(02186086.

Reen, B. P., D. R. Stauffer, K. J. Davis, and A. Desai, 2006: A case
study on the effects of heterogeneous soil moisture on meso-
scale boundary layer structure in the southern Great Plains,
U.S.A. Part II: Mesoscale modeling. Bound.-Layer Meteor.,
120, 275-314, doi:10.1007/s10546-006-9056-6.

Rieck, M., C. Hohenegger, and C. van Heerwaarden, 2014: The
influence of land surface heterogeneities on cloud size de-
velopment. Mon. Wea. Rev., 142, 3830-3846, doi:10.1175/
MWR-D-13-00354.1.

Rife, D. L., T. T. Warner, F. Chen, and E. G. Astling, 2002: Mech-
anisms for diurnal boundary layer circulations in the Great
Basin Desert. Mon. Wea. Rev., 130, 921-938, doi:10.1175/
1520-0493(2002)130<0921:MFDBLC>2.0.CO;2.

Rotach, M. W., and D. Zardi, 2007: On the boundary-layer struc-
ture over highly complex terrain: Key findings from MAP.
Quart. J. Roy. Meteor. Soc., 133, 937-948, doi:10.1002/qj.71.

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 55

Sanchez-Mejia, Z. M., and S. A. Papuga, 2014: Observations of a
two-layer soil moisture influence on surface energy dynamics
and planetary boundary layer characteristics in a semiarid
shrubland. Water Resour. Res., 50, 306-317, doi:10.1002/
2013WR014135.

Scarino, A. J., and Coauthors, 2014: Comparison of mixed layer
heights from airborne high spectral resolution lidar, ground-
based measurements, and the WRF-Chem model during
CalNex and CARES. Atmos. Chem. Phys., 14, 5547-5560,
doi:10.5194/acp-14-5547-2014.

Seibert, P., F. Beyrich, S. E. Gryning, S. Joffre, A. Rasmussen, and
P. Tercier, 2000: Review and intercomparison of operational
methods for the determination of mixing height. Atmos. En-
viron., 34, 1001-1027, doi:10.1016/S1352-2310(99)00349-0.

Seidel, D. J., Y. Zhang, A. Beljaars, J.-C. Golaz, A. R. Jacobson,
and B. Medeiros, 2012: Climatology of the planetary boundary
layer over the continental United States and Europe.
J. Geophys. Res., 117, D17106, doi:10.1029/2012JD018143.

Steyn, D. G,, S. F. J. De Wekker, M. Kossmann, and A. Martilli,
2013: Boundary layers and air quality in mountainous terrain.
Mountain Weather Research and Forecasting: Recent Progress
and Current Challenges, F. K. Chow, S. F. J. De Wekker, and
B. Snyder, Eds., Springer, 261-290.

Stull, R., 1988: An Introduction to Boundary Layer Meteorology.
Atmospheric and Oceanographic Sciences Library, Vol. 13,
Kluwer Academic, 670 pp., doi:10.1007/978-94-009-3027-8.

Taylor, C. M., A. Gounou, F. Guichard, P. P. Harris, R. J. Ellis,
F. Couvreux, and M. De Kauwe, 2011: Frequency of Sahelian
storm initiation enhanced over mesoscale soil-moisture pat-
terns. Nat. Geosci., 4, 430433, doi:10.1038/ngeo1173.

Taylor, G. 1., 1938: The spectrum of turbulence. Proc. Roy. Soc.
London, 67, 16-20, doi:10.1098/rspa.1938.0032.

Wakimoto, R. M., and J. L. McElroy, 1986: Lidar observation of
elevated pollution layers over Los Angeles. J. Climate Appl.
Meteor., 25, 1583-1599, doi:10.1175/1520-0450(1986)025<1583:
LOOEPL>2.0.CO;2.

Whiteman, C. D., 2000: Mountain Meteorology: Fundamentals and
Applications. Oxford University Press, 355 pp.

Williams, C. A., and J. D. Albertson, 2004: Soil moisture con-
trols on canopy-scale water and carbon fluxes in an African
savanna. Water Resour. Res., 40, W09302, doi:10.1029/
2004WR003208.

Wulfmeyer, V., S. Pal, D. D. Turner, and E. Wagner, 2010: Can the
water vapor Raman lidar resolve profiles of turbulent vari-
ables in the convective boundary layer? Bound.-Layer Me-
teor., 136, 253-284, doi:10.1007/510546-010-9494-z.

——, and Coauthors, 2011: The Convective and Orographically-
induced Precipitation Study (COPS): The scientific strategy,
the field phase, and research highlights. Quart. J. Roy. Meteor.
Soc., 137, 3-30, doi:10.1002/qj.752.

Zhang, Y., D. J. Seidel, and S. Zhang, 2013: Trends in planetary
boundary layer height over Europe. J. Climate, 26, 10071-
10076, doi:10.1175/JCLI-D-13-00108.1.


http://dx.doi.org/10.1016/j.scitotenv.2016.02.147
http://dx.doi.org/10.1002/2015JD023268
http://dx.doi.org/10.5194/angeo-28-825-2010
http://dx.doi.org/10.1016/j.atmosenv.2012.09.046
http://dx.doi.org/10.1002/jgrd.50710
http://dx.doi.org/10.1016/j.scitotenv.2014.07.067
http://dx.doi.org/10.1016/j.scitotenv.2014.07.067
http://dx.doi.org/10.1002/2014JD022322
http://dx.doi.org/10.1007/BF02186086
http://dx.doi.org/10.1007/s10546-006-9056-6
http://dx.doi.org/10.1175/MWR-D-13-00354.1
http://dx.doi.org/10.1175/MWR-D-13-00354.1
http://dx.doi.org/10.1175/1520-0493(2002)130<0921:MFDBLC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2002)130<0921:MFDBLC>2.0.CO;2
http://dx.doi.org/10.1002/qj.71
http://dx.doi.org/10.1002/2013WR014135
http://dx.doi.org/10.1002/2013WR014135
http://dx.doi.org/10.5194/acp-14-5547-2014
http://dx.doi.org/10.1016/S1352-2310(99)00349-0
http://dx.doi.org/10.1029/2012JD018143
http://dx.doi.org/10.1007/978-94-009-3027-8
http://dx.doi.org/10.1038/ngeo1173
http://dx.doi.org/10.1098/rspa.1938.0032
http://dx.doi.org/10.1175/1520-0450(1986)025<1583:LOOEPL>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1986)025<1583:LOOEPL>2.0.CO;2
http://dx.doi.org/10.1029/2004WR003208
http://dx.doi.org/10.1029/2004WR003208
http://dx.doi.org/10.1007/s10546-010-9494-z
http://dx.doi.org/10.1002/qj.752
http://dx.doi.org/10.1175/JCLI-D-13-00108.1

