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ABSTRACT
Boundary layer profiles of mean temperature, velocity, and small-scale turbulence from in situ sensors,
Doppler lidar, sodar, and rawinsondes are intercompared for an urban environment. A new Doppler lidar
algorithm is presented to produce high-resolution profiles of small-scale velocity statistics. The lidar-derived
profiles are robust and accurate even for challenging conditions such as stable boundary layers with a
low-level jet, low turbulence, and low wind speed. Similar results are expected for other locations and
convective conditions.

1. Introduction
The structure of urban and suburban boundary layers
is complicated by the effects of the spatial variability
introduced by flow distortions caused by irregular
boundaries formed by buildings and other anthropogenic structures, and differential heating caused by
varying surface and building heat capacities. These
small-scale effects are superposed on larger mesoscale
structures that may be due to local sea breezes and
other diurnal effects. The resulting atmospheric flows
are highly site specific, and progress in understanding
the structure of the urban boundary layer (UBL) has
been slowed in part by the difficulties in measuring the
relevant complex three-dimensional meteorological parameters, including turbulence, within the urban environment. Yet, because of the high population densities
in urban areas, it is of paramount importance to be able
to monitor and predict transport and diffusion (T&D)
of pollutants and hazardous materials that may be re* The National Center for Atmospheric Research is sponsored
by the National Science Foundation.
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leased either by usual daily human activities or by special events, either from accidental spills or intentional
releases. In this context, turbulence information is critical for accurate T&D calculations (Weil et al. 2004).
The difficulties in measuring the properties of the
UBL and generalizing the results of different measurement campaigns are summarized in Roth (2000). Most
studies involve tower measurements at a few selected
locations, and the measurements are taken over relatively short time periods. In general the height of the
UBL is difficult to quantify with tower measurements
because of their limited height. Turbulence parameters
can be produced from slant-path aircraft flights (Lenschow and Kristensen 1988; Tjernström 1993). However, this method is difficult for urban environments
and shallow boundary layers. In this paper, measurements are presented of spatially averaged UBL profiles
of wind and turbulence from a scanning Doppler lidar
in the Washington, D.C., area and are compared with
high-resolution in situ data. The location of the lidar
and the scanning geometry includes regions of varied
environments such as Arlington Cemetery (on higher
ground, consisting mainly of vegetation), major highways with enhanced mechanical mixing, regions of tall
buildings, Washington National Airport, and parts of
the Potomac River. Thus, the structure of the UBL
depends to some extent on the prevailing wind direction and the upstream surface conditions.

© 2006 American Meteorological Society

Unauthenticated | Downloaded 01/09/23 03:36 AM UTC

JAM2368

822

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

An intense field program was carried out in the
Washington area in April–May of 2004. During the
field program, high-resolution profiles of wind, temperature, velocity, and thermal turbulence were measured by the tethered lifting system (TLS) developed by
the Cooperative Institute for Research in Environmental Sciences at the University of Colorado (Balsley et al.
1998, 2003, 2006) specifically for the stable boundary
layer study at the Cooperative Atmosphere–Surface
Exchange Study (CASES-99) in rural Kansas (Poulos
et al. 2002). The TLS was purposely situated within the
region of lidar scans to allow comparisons with lidarderived profiles (see Fig. 1). Because of daytime height
limitations, TLS activities were generally restricted to
late-nighttime hours.
An important quantity to be measured is the boundary layer height, which is required for boundary layer
turbulence closure schemes and T&D models (Seibert
et al. 2000; Zilitinkevich and Baklanov 2002; Mahrt and
Vickers 2002), as well as for numerical weather and
climate modeling (Joffre et al. 2001). Determination of
this quantity requires a definition that can be routinely
inferred from the lidar measurements yet is robust
enough to be used for stability conditions ranging from
stable to neutral to convective. In terms of available
meteorological parameters, Stull (1993) writes that
“knowledge of the virtual potential temperature profile
is usually sufficient to identify the parts of the boundary
layer.” However, Joffre et al. (2001), based on empirical studies of boundary layer height using radiosondes,
find that in early-evening stable conditions the boundary layer heights determined from temperature profiles
are typically lower than those determined from wind
profiles but that the difference diminishes and may
even reverse as the night progresses and the inversion
ascends while the low-level jet descends. Seibert et al.
(2000) claim that no universal relation exists between
profiles of temperature, humidity, or wind and concurrent turbulence profiles.
An alternative definition of boundary layer height
that is particularly robust for stable boundary layers
(SBL) involves the height at which turbulence intensity
and/or related quantities decreases sharply with height,
that is, the “mixing height” H. The mixing height is
typically defined as that height at which the level of
turbulence drops to a few percent of its surface value
(Stull 1993; Kaimal and Finnigan 1994; Beyrich 1997;
Joffre et al. 2001). Seibert et al. (2000) consider determination of the SBL top using turbulence-related profiles as secondary in importance only to the measurement of concentration profiles of nonreactive tracer
gases. The generally accepted definition of H (see, e.g.,
Beyrich 1997; Seibert et al. 2000, and references cited
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FIG. 1. Schematic of instrument positions for the lidar, sodar
(S), and TLS. The lidar scan processing intervals begin at the first
viable range at 336 m (A) and extend radially to 1344 m (B) for
stable conditions and to 2784 m (C) for convective conditions.

therein) is “the height of the layer adjacent to the
ground over which pollutants or any constituents emitted within this layer or entrained into it become vertically dispersed by convection or mechanical turbulence
within a time scale of about an hour.” Under nighttime
conditions, these authors point out that the SBL can
comprise two distinct layers: 1) a lower layer of continuous turbulence and 2) an upper layer of sporadic or
intermittent turbulence that can occasionally extend
down to the surface. They point out that generally used
SBL scaling heights refer to the height of the continuous turbulence layer, although Beyrich (1997) adds that
the turbulence within the SBL does not have to be
uniform and that the mixing height H is not necessarily
synonymous with the inversion height.
Another difficulty associated with turbulent boundary layer measurements is that, because of the inherent
spatial variability or intermittency, accurate measurements of mean profiles require a sufficiently large number of independent samples NI (Mahrt 1989; Lenschow
et al. 1994). Traditional tower measurements can increase NI by increasing the total observation time interval (which requires an assumption of stationarity) or
by employing multiple towers spaced at distances larger
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than the length scale of the variables of interest, which
in turn requires the additional assumption of homogeneity of the field over the total observation domain. As
an alternative, remote sensing devices such as a sodar,
radar profiler, or frequency-modulated continuous
wave (FMCW) radar can be used to sample essentially
a two-dimensional plane of the atmosphere to provide
a mean velocity profile U(z) as a function of height z.
For remotely sensed measurements of turbulence, the
most common remote sensing measurements of the
energy dissipation rate ⑀ include Doppler radar (Cohn
1995; Jacoby-Koaly et al. 2002) and Doppler lidar
(Frehlich 1997; Banakh and Smalikho 1997; Frehlich et
al. 1998; Drobinski et al. 2000; Davies et al. 2004). Estimates of C 2n, which is proportional to C 2T, are produced by sodar (Gossard et al. 1984; Smedman 1988)
and FMCW radar (Richter 1969; Gossard et al. 1984;
Eaton et al. 1995).
However, the most promising technique for providing a large number of independent samples of the velocity field is accomplished by use of a high-resolution
scanning coherent Doppler lidar. When the range resolution is less than the length scale of the velocity field,
computer simulations have shown that accurate estimates of ⑀ can be produced from an analysis of the
structure function of the radial velocity along each
beam when the lidar sensing volume transverse to the
lidar beam ⌬h is small in comparison with the effective
range resolution ⌬R (Frehlich and Cornman 2002). The
estimation algorithm includes a correction for the spatial averaging by the lidar pulse as well as for the estimation error of the radial velocity measurements. Using this technique, profiles of turbulence have been
produced for a typical mixed layer (Frehlich et al. 1998)
and for urban environments (Drobinski et al. 2000;
Davies et al. 2004). One disadvantage of this technique
is poor altitude resolution, especially when the lidar
beam has a large elevation angle. Here, a new Doppler
lidar algorithm for estimation of turbulence parameters
is provided based on evaluation of structure functions
of the radial velocity as a function of azimuth angle for
a fixed elevation angle. The new algorithm permits
higher vertical resolution for improved profiling and
also more sensitivity to scales that are less than the
effective range resolution.
In this paper, a few selected cases of the application
of the new algorithm to Doppler lidar measurements
are analyzed for conditions ranging from high stability,
very light winds, and low turbulence at night to daytime
convective cases. Where available, comparisons are
made with in situ TLS profiles. Other cases are for
different times of the year to provide an opportunity for

an assessment of the UBL structure under a wide variety of meteorological conditions for a potential operational measurement of the mixing height.

2. In situ TLS measurements
In situ measurements of small-scale turbulence are
typically performed with fixed sensors on towers or
on moving platforms such as aircraft. The TLS was developed for a variety of atmospheric measurements
(Balsley et al. 1998, 2003, 2006; Muschinski et al. 2001).
Temperature measurements are produced with a lowfrequency-response solid-state temperature sensor and
a high-frequency-response fine cold-wire sensor. Velocity measurements are made using a three-axis sonic anemometer vaned into the wind and a high-frequencyresponse fine hotwire sensor. The temperature was calibrated to an absolute accuracy of better than 0.5 K, and
the accuracy of the linear calibration constant was better than 2%. The velocity was calibrated to an absolute
accuracy of better than 1 m s⫺1, and the accuracy of the
slope of the calibration curve is better than 5% (Frehlich et al. 2003). The TLS data thus produce well-resolved inertial ranges in both the spectral estimates and
structure function estimates (Frehlich et al. 2003). We
define the small-scale turbulence by the level of the
inertial range, assuming the slope of ⫹2/3 for the structure function and ⫺5/3 for the spectrum. The estimates
of ⑀ and C 2T are produced with a maximum likelihood
estimator in the spectral domain for optimal statistical
accuracy, which is critical for short time intervals and
high spatial resolution (Smalikho 1997; Ruddick et al.
2000; Frehlich et al. 2003). The sampling error of the
estimates for the spectral level in the inertial range (⑀2/3
and C 2T) is typically 15% using 1 s of data, which corresponds to a vertical resolution of approximately 0.5 m.
Because the TLS measurements presented here are
in an urban environment, the TLS was located in the
center of a large parking lot to sample approximately
locally homogeneous turbulence for reliable comparisons with the Doppler lidar. In some cases, the upstream conditions may produce noticeable spatial variations in the turbulence (Schmid and Oke 1990). Because of Federal Aviation Administration restrictions,
high-altitude profiles (up to 1000 m) were obtained
only at night. This is not a major limitation because
many atmospheric phenomena of interest occur in the
nocturnal boundary layer.

3. Doppler lidar measurements
The Doppler lidar used is a 2-m eye-safe WindTracer
lidar manufactured by Coherent Technologies, Inc.
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(CTI; Henderson et al. 1991, 1993). This kind of lidar
transmits a short laser pulse and collects the scattered
field from the illuminated aerosol targets along the path
of the laser beam with elevation angle  and azimuth
angle , measured clockwise from north. Accurate estimates of the radial component (in the direction of the
laser beam) of the velocity are produced as a spatial
average over the sensing volume of the transmitted
pulse. For many solid-state coherent Doppler lidars, the
sensing volume for a single pulse is a narrow pencilshaped volume approximately 10–50 cm wide and 20–
70 m long. For a given observation time TOBS per velocity estimate (Frehlich and Yadlowsky 1994; Frehlich
1997), the size of the range gate ⌬p is defined by the
distance the laser-illuminated aerosol region travels
during TOBS, that is,
共1兲

⌬p ⫽ TOBScⲐ2,

where c is the speed of light.
Solid-state coherent Doppler lidars transmit a nearly
Gaussian pulse with an intensity temporal profile
⬀ exp(⫺t2/2P), where t denotes time and P defines the
pulse length (Frehlich et al. 1994, 1997). The lidar
pulse-range-weighting function for a range gate centered at distance R is given by
In共r兲 ⫽

1

公rP

冋

exp ⫺

共R ⫺ r兲2

r2P

册

,

共2兲

where
rP ⫽ cP Ⲑ2

共3兲

is the 1/e radius or

W共r兲 ⫽

⌬r ⫽ 公ln2cP

is the full width at half maximum of the lidar sensing
volume in range that defines the extent of the illuminated aerosol targets. The effective range resolution
⌬R of the measurement is given by ⌬R ⫽ ⌬r ⫹ ⌬p
(Frehlich and Yadlowsky 1994).
For a measurement using a single laser pulse, the
average radial velocity wgt(R, , ) of the Doppler lidar
estimates for a range gate at a distance R is well approximated by the pulse-weighted velocity, which can
be written as (Banakh and Smalikho 1997; Frehlich
1997)
mwgt共R, , 兲 ⫽

公

冕

冕

⬁

⫺⬁

 共s, , 兲W共R ⫺ s兲 ds,

z

exp共⫺t2兲 dt

共8兲

0

is the standard error function.
In practice, the signal from many lidar pulses is
processed to improve the accuracy of the measurements (Rye and Hardesty 1993a,b; Frehlich and Yadlowsky 1994; Frehlich 1996). Then the average radial
velocity measurements are described by additional
spatial averaging. For a fixed elevation angle  and a
variable azimuth angle  [a velocity azimuth display
(VAD)],

共5兲

where
W共r兲 ⫽

1
⌬p

冕

⌬pⲐ2

⫺⌬pⲐ2

In共r ⫹ s兲 ds

共6兲

is the effective lidar spatial filter and  (r, , ) is the
instantaneous radial velocity as a function of range r.
The pulse-weighted velocity mwgt(R, , ) is a spatial convolution of the radial velocity with an effective
spatial filter W(r) given in terms of the lidar pulseweighting function In(r) and the range-gate length ⌬p.
Therefore, spatial statistics of the wind field can be
recovered by careful deconvolution methods and signal-processing algorithms (Banakh and Smalikho 1997;
Frehlich 1997; Frehlich et al. 1998; Mayor et al. 1997).
For a lidar that transmits a Gaussian pulse [see Eq. (2)],

mwgt共R, , 兲 ⫽
2

共4兲

1
兵Erf 关共r ⫹ ⌬pⲐ2兲Ⲑ共公2rP兲兴 ⫺ Erf 关共r ⫺ ⌬pⲐ2兲Ⲑ共公2rP兲兴 其,
2⌬p

where

Erf共z兲 ⫽
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1
R⌬

冕

⫹⌬Ⲑ2

⫺⌬Ⲑ2

共7兲

冕

⬁

⫺⬁

⫻ W共R ⫺ s兲 ds d⬘,

 共s, ⬘, 兲
共9兲

where ⌬ is the change in azimuth angle during the
total measurement time T.
The lidar parameters of the 2-m WindTracer lidar
(Henderson et al. 1991, 1993) are a pulse width ⌬r ⫽
66.0 m, a range-gate length ⌬p ⫽ 72.0 m, an azimuth
scan rate of 5° s⫺1, and a total measurement time per
radial velocity profile T ⫽ 0.1 s, and therefore the azimuth spacing ⌬ ⫽ 0.5°. For typical operating conditions, the random error of the radial velocity estimates
is less than 0.5 m s⫺1 (Frehlich et al. 1997) and the bias
is less than 0.03 m s⫺1 (Frehlich et al. 1994).
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mains larger than 1 km and averaging times greater
than 5 min. Doppler lidar radial velocity measurements
ˆ for a range gate centered at a distance R are represented as

ˆ 共R, , 兲 ⫽ wgt共R, , 兲 ⫹ e共R, , 兲,

共10兲

where e(R, , ) is uncorrelated estimation error (Frehlich and Yadlowsky 1994; Frehlich 1997, 2001). If the
variance  2e of the estimation error and the variance of
the turbulent fluctuations are constant over a single arc
of the VAD scan, the estimates of the two components
of the horizontal wind vector from N radial velocity
measurements at a fixed range R are given by
U⫽
V⫽

AVC ⫺ BVS

and

共A2 ⫺ BC兲 cos

AVS ⫺ CVC

共11兲

,

共12兲

⫹ k⌬兲 cos共0 ⫹ k⌬兲,

共13兲

共A2 ⫺ BC兲 cos

where
FIG. 2. Lidar scan pattern defined as elevation angle  as a
function of azimuth angle .

a. Lidar scan pattern
With the CTI lidar, both azimuth scanning and elevation scanning are possible. In VAD mode, a variable
azimuth angle  (defined as clockwise from north) for
fixed elevation angle  has been used to produce profiles of the mean wind vector (Browning and Wexler
1968; Eberhard et al. 1989). The range–height indicator
scan pattern (a variable elevation angle for fixed azimuth angle) has been used to investigate waves (e.g.,
Newsom and Banta 2003). A more sophisticated processing called volume velocity processing can also be
applied to multiple VAD scans (Waldteufel and Corbin
1979). Because the focus of this work is extracting accurate turbulence profiles, a stack of 90° azimuth sector
VADs surrounding the TLS measurements was chosen
to maximize the three-dimensional sampling over the
TLS verification data. In addition, a full 360° VAD was
added at an elevation angle of 24° to sample the larger
scales in the region. A schematic of the measurement
systems in relation to the lidar scan coverage is shown
in Fig. 1, and the chosen 3D lidar scan pattern, which
takes about 260 s to complete, is shown in Fig. 2.

b. Doppler lidar measurements of wind profiles
Profiles of the mean wind vector are produced with a
standard mean square error algorithm based on subsections of a VAD scan, assuming the horizontal wind field
is uniform and the average vertical velocity is zero
(Browning and Wexler 1968). For typical conditions,
this should be a good approximation for averaging do-

N⫺1

A⫽

兺 sin共

0

k⫽0

N⫺1

B⫽

兺 cos 共

0

⫹ k⌬兲,

共14兲

0

⫹ k⌬兲,

共15兲

2

k⫽0

N⫺1

C⫽

兺 sin 共
2

k⫽0

N⫺1

VC ⫽

兺 ˆ 共R, 

0

⫹ k⌬, 兲 cos共0 ⫹ k⌬兲,

k⫽0

共16兲
N⫺1

VS ⫽

兺 ˆ 共R, 

0

⫹ k⌬, 兲 sin共0 ⫹ k⌬兲,

k⫽0

共17兲
and 0 denotes the first azimuth angle of the VAD
sector scan. The best-fit radial velocity over the VAD
sector is given by

VAD共R, , 兲 ⫽ U sin cos ⫹ V cos cos.
共18兲
An example of the VAD analysis is shown in Fig. 3.
Note the homogeneous fluctuations of the turbulent
field about the best-fit model. Accurate estimates of
wind speed and direction are possible for subsections as
small as 30° if many length scales of the turbulence are
sampled in the scan.

c. Description of turbulent wind fields
The statistical description of Doppler lidar velocity
estimates requires a statistical description of the radial
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where K1/3(x) is the modified Bessel function of order
1/3, ⌫(z) is the Gamma function, and the outer scale L0
is proportional to the integral length scale—that is,
Li ⫽

公⌫共5Ⲑ6兲
⌫共1Ⲑ3兲

L0 ⫽ 共0.746 834 3兲L0.

共23兲

The Kolmogorov model is valid for small separation (s
Ⰶ L0) and for isotropic turbulence (Kolmogorov 1941;
Monin and Yaglom 1975, p. 353)
D 共s兲 ⫽ C  ⑀2Ⲑ3s2Ⲑ3,

共24兲

where ⑀ is the energy dissipation rate and the Kolmogorov constant C ⬇ 2. Expanding Eq. (21) for small s
and equating to Eq. (24) produces

⑀⫽
FIG. 3. Radial velocity estimates ˆ (R, , ) vs azimuth angle 
(filled circles) for an elevation angle  ⫽ 0 and range-gate distance
R ⫽ 2064 m. The best-fit VAD sector model Eq. (18) is shown as
a dashed line.

velocity (r, , ). If the fluctuations of the radial velocity are homogeneous and isotropic over the plane
defined by the fixed elevation angle , 1 ⬍  ⬍ 2, and
R1 ⬍ r ⬍ R2, the second-order statistics can be described by the longitudinal structure function
D 共s兲 ⫽ 具[⬘共r, , 兲 ⫺ ⬘共r ⫹ s, , 兲]2典,

共19兲

⬘共r, , 兲 ⫽  共r, , 兲 ⫺ 具 共r, , 兲典

共20兲

where

are the fluctuations from the mean velocity 具 (r, , )典
(Frehlich et al. 1998). A simple model for the structure
function is
D 共s兲 ⫽ 22⌳共sⲐL0兲,

共21兲

where  is the variance of the radial velocity, ⌳(x) is a
universal function, and L0 is the outer scale of turbulence, which is proportional to other length scales such
as the integral length scale Li (defined as the integral of
the normalized correlation of the radial velocity).
For the von Kármán model (Hinze 1959; Lenschow
and Kristensen 1988; Frehlich 2000; Frehlich et al.
2001), the universal function ⌳(x) is defined as

冋公

24Ⲑ3

册

3Ⲑ2

3⌫共1Ⲑ3兲⌫共4Ⲑ3兲C

3
3
⫽ 共0.933 668兲
.
L0
L0
共25兲

d. Doppler lidar longitudinal structure function
estimates of parameters of the turbulent wind
field
Estimates of the turbulence parameters have been
produced from the lidar structure function calculated in
the direction of the lidar beam (longitudinal structure
function) by correcting for the spatial averaging of the
lidar pulse and the contribution from the estimation
error of the velocity estimates. The structure function
of the mean Doppler lidar velocity perturbations is
given by
Dwgt共R1, R2, , 兲 ⫽ 具关m⬘wgt共R1, , 兲 ⫺ m⬘wgt共R2, , 兲兴2典,
共26兲
where
m⬘wgt共R, , 兲 ⫽ mwgt共R, , 兲 ⫺ 具mwgt共R, , 兲典

2

⌳共x兲 ⫽ 1 ⫺

and the local mean value 具mwgt(R, , )典 is usually determined by a time average (Frehlich et al. 1998). If the
turbulence fluctuations are stationary and homogeneous, Dwgt(R1, R2) ⫽ Dwgt(R1 ⫺ R2). For a VAD lidar
scan, the extent of the effective sensing volume transverse to the lidar beam is given by
⌬h ⫽ R sin⌬.

22Ⲑ3 1Ⲑ3
x K1Ⲑ3共x兲
⌫共1Ⲑ3兲

⫽ 1.0 ⫺ 共0.592 548 5兲 x1Ⲑ3K1Ⲑ3共x兲,

共27兲

共22兲

共28兲

If ⌬h Ⰶ ⌬p, the Doppler lidar structure function Dwgt(s)
is related to the radial velocity structure function D (s)
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using Eq. (5). For a Gaussian transmitted lidar pulse
with a von Kármán model for the turbulent wind field
(Frehlich et al. 1998),
Dwgt共s, , L0兲 ⫽ 22G共sⲐ⌬p, , 兲,

F 共x, 兲 ⫽

1
2公

where
G共m, , 兲 ⫽

冕

⬁

⫺⬁

F 共x, 兲关⌳共ⱍm ⫺ xⱍ兲 ⫺ ⌳共ⱍxⱍ兲兴 dx,

共29兲

共30兲

1
2

兵exp关⫺2共x ⫹ 1兲2兴 ⫹ exp关⫺2共x ⫺ 1兲2兴 ⫺ 2 exp共⫺2x2兲其 ⫹ 兵共x ⫹ 1兲Erf 关 共x ⫹ 1兲兴

⫹ 共x ⫺ 1兲Erf 关 共x ⫺ 1兲兴 ⫺ 2 ⫻ Erf 共x兲其,

 ⫽ (2 ln2)1/2⌬p/⌬r, and  ⫽ ⌬p/L0.
When the estimation error e(R, , ) is uncorrelated
with the pulse-weighted velocity mwgt(R, , ), an
unbiased estimate for the velocity structure function
of the mean Doppler lidar velocity estimates at sepa-

N

D̂raw共k⌬s兲 ⫽

T
1
NT 共NR ⫺ k兲 l⫽1

共31兲
ration s ⫽ k⌬s ⫽ R1 ⫺ R2 is given by (Frehlich et al.
1998)
D̂wgt共R1 ⫺ R2兲 ⫽ D̂raw共R1 ⫺ R2兲 ⫺ E共R1 ⫺ R2兲,

共32兲

where

NR⫺k

兺兺

兵ˆ ⬘关R1 ⫹ 共 j ⫺ 1兲⌬s,1 ⫹ 共l ⫺ 1兲⌬, 兴 ⫺ ˆ ⬘关R1 ⫹ 共 j ⫹ k ⫺ 1兲⌬s,1

j⫽1

⫹ 共l ⫺ 1兲⌬, 兴 其2

共33兲

is the raw estimate of the velocity structure function, ⌬s
is the spacing between adjacent Doppler lidar velocity
estimates, NR is the number of range gates for each
azimuth angle, NT is the number of velocity measurements for the given VAD scan, and E(R1 ⫺ R2) is an
unbiased correction (Frehlich and Cornman 2002) for
the contribution from the estimation error e(R, , ) of
the velocity estimates. Here, the Doppler lidar velocity
fluctuations are defined as

ˆ ⬘共R, , 兲 ⫽ ˆ 共R, , 兲 ⫺  共R, , 兲,

共34兲

where  (R, , ) is an estimate of the mean radial velocity, which is usually determined as a time average
(Frehlich et al. 1998) but for the scan pattern of Fig. 1,
 (R, , ) ⫽ VAD(R, , ) produces robust results. The
correction term E(R1 ⫺ R2) in Eq. (32) is calculated
using the covariance method on the radial velocity differences e(R1, R2, l) ⫽ ˆ ⬘(R1, 1 ⫹ l⌬, ) ⫺ ˆ ⬘(R2, 1
⫹ l⌬, ). Then E(R1 ⫺ R2) is given by Eq. (27) of
Frehlich (2001), where Ĉa(T) ⫽ Ĉa(⌬) is the average
covariance of e(R1, R2, l) with respect to index l over
the analysis domain.
The parameters of the wind field  and L0 are determined by minimizing the weighted error 2 between the
structure function estimates D̂wgt(s) and the model predictions Dwgt(s, , L0); that is,

N

2 ⫽

1 S 关D̂wgt共k⌬s兲 ⫺ Dwgt共k⌬s, , L0兲兴2
,
NS k⫽1
关kDwgt共k⌬s, , L0兲兴2

兺

共35兲
where ⌬s is the range separation between adjacent velocity estimates and NS is the number of lags used for
the fit. Because the 2 error surface is well behaved,
Brent’s method (Press et al. 1986) of minimization is
used as a function of L0. The variance of the estimates
D̂wgt(k⌬s) is inversely proportional to the number of
independent samples NI of the velocity difference at
separation k⌬s. Also, NI is proportional to NS⌬s/s ⫽
NS/k, and therefore the denominator of Eq. (35) is approximately proportional to the variance of the estimates D̂wgt(k⌬s) (see Frehlich and Cornman 2002). The
estimate for ⑀ is produced with Eq. (25), assuming isotropic turbulence. Note that  represents the standard
deviation of the radial or longitudinal velocity fluctuations and is usually denoted by u.
The vertical resolution of the turbulence estimates
for a given elevation angle  is given by
⌬zturb ⫽ 共Rmax ⫺ Rmin ⫹ ⌬R兲 sin,

共36兲

where Rmin and Rmax are the minimum and maximum
range-gate distance for the analysis, respectively. Therefore, the vertical resolution is poor if the elevation
angle is large or the analysis domain in range is large.
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e. Doppler lidar azimuth structure function
estimates of the parameters of the turbulent wind
field

Dwgt共R, R1, R2, 兲 ⫽ 具关m⬘wgt共R, 1, 兲 ⫺ m⬘wgt共R, 2, 兲兴2典,

Improved vertical resolution of Doppler lidar estimates of the turbulence parameters is possible using
structure functions of the radial velocity in the azimuth
direction for each range-gate distance R and elevation
angle , analogous to the focused continuous wave lidar
technique (Banakh et al. 1999), under the assumption
that the temporal evolution of the velocity field is small
during the VAD sector scan, that is, Taylor’s frozen
hypothesis (Taylor 1938; Wyngaard and Clifford 1977;
Hill 1996) is valid. The fluctuations are defined as the
deviations of the Doppler lidar estimates from the bestfit VAD model Eq. (18) (see Fig. 3); that is,

where R denotes arc distance. If the fluctuations are
homogeneous along the VAD sector scan,

m⬘wgt共R, , 兲 ⫽ mwgt共R, , 兲 ⫺ VAD共R, , 兲.

共38兲

Dwgt共R, R1, R2, 兲 ⫽ Dwgt关R, R共1 ⫺ 2兲, 兴.
共39兲
The estimation error e(R, , ) is uncorrelated with the
pulse-weighted velocity mwgt(R, , ) because each estimate is produced with different lidar pulses, and
therefore an unbiased estimate for the azimuth velocity
structure function of the mean Doppler lidar velocity
estimates is given by

共37兲

D̂wgt关R, R共1 ⫺ 2兲, 兴 ⫽ D̂raw关R, R共1 ⫺ 2兲, 兴 ⫺ E共R兲,

The structure function of the mean Doppler lidar velocity perturbations in the azimuth direction is then
given by

共40兲

D̂raw共R, kR⌬, 兲 ⫽

1
共NT ⫺ k兲

where

NT⫺k

兺

兵ˆ ⬘关R, 1 ⫹ 共 j ⫺ 1兲⌬, 兴 ⫺ ˆ ⬘关R, 1 ⫹ 共 j ⫹ k ⫺ 1兲⌬, 兴 其2

共41兲

j⫽1

is the raw estimate of the azimuth velocity structure
function,

ˆ ⬘共R, , 兲 ⫽ ˆ 共R, , 兲 ⫺ VAD共R, , 兲

is the transverse coordinate. For homogeneous von
Kármán turbulence over the two-dimensional (r, s)
plane (Hinze 1959),

共42兲

are the Doppler lidar velocity fluctuations, ⌬ is the
azimuth angular spacing between adjacent Doppler lidar velocity estimates, NT is the number of velocity
measurements for the VAD sector scan, and E(R) is an
unbiased correction (Frehlich 2001; Frehlich and Cornman 2002) for the contribution from the velocity estimation error e(R, , ) for the range-gate distance R.
For the analysis presented here, the covariance technique was used to estimate the velocity estimation error
variance 2e (R) [see Eq. (27) of Frehlich (2001), and
 (R) in Eq. (25) of Frehlich (2001) is replaced with
 VAD(R, , ) to define better the turbulent fluctuations] and then E(R) ⫽ 22e (R) because the velocity
estimation error is uncorrelated as a function of the
azimuth angle  for a given range gate.
If the angular separations that fully describe the azimuth structure function are small, that is, if L0/R Ⰶ 1,
the turbulent velocity fluctuations over the two-dimensional plane of the lidar scan can be approximated by a
Cartesian coordinate system in which r denotes the distance along a fixed laser beam axis and s ⫽ R(1 ⫺ 2)

D共r, s兲 ⫽ 22关⌳共qⲐL0兲 ⫹ ⌳D共qⲐL0兲共1 ⫺ r2Ⲑq2兲兴,
共43兲
where q ⫽ (r2 ⫹ s2)1/2 and
⌳D共x兲 ⫽

x4Ⲑ3
21Ⲑ3⌫共1Ⲑ3兲

K2Ⲑ3共x兲 ⫽ 共0.296 274 26兲x4Ⲑ3K2Ⲑ3共x兲.
共44兲

If the transverse dimension ⌬h of the lidar sensing volume for each radial velocity estimate is much less than
the effective range resolution ⌬R, the mean velocity
wgt can be approximated by Eq. (5). The Doppler lidar
azimuth structure function then becomes [substitute
Eqs. (5) and (37) into Eq. (38) and simplify using Eq.
(43)]
Dwgt共s, , L0兲 ⫽ 22G共sⲐ⌬p, , 兲,

共45兲

where s ⫽ R(1 ⫺ 2) and
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冕

⬁

0

F 共x, 兲关⌳共公m2 ⫹ x2兲 ⫺ ⌳共x兲 ⫹ ⌳D共公m2 ⫹ x2兲m2Ⲑ共m2 ⫹ x2兲兴 dx.

The parameters of the wind field  and L0 are determined by minimizing the 2 between the structure function estimates D̂ wgt (s) and the model predictions
Dwgt(s, , L0); that is,
N

1 T 关D̂wgt共k⌬s兲 ⫺ Dwgt共k⌬s, , L0兲兴2
 ⫽
,
2
NT k⫽1
Dwgt
共k⌬s, , L0兲
2
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兺

共47兲
where ⌬s is the azimuth separation between adjacent
velocity estimates and NT is the number of lags used for
the fit. The number of independent samples NI of the
velocity difference in azimuth is approximately proportional to ⌬s/⌬p, and therefore the denominator of Eq.
(47) is set to the traditional chi-square weighting of
D2wgt(k⌬s, , L0). Once the best fit of  and L0 is obtained, ⑀ is estimated from Eq. (25). Because the spacing of the raw lidar velocity estimates is typically small
(⌬s ⫽ R sin⌬ ⫽ 8.72 m for R ⫽ 1 km and ⌬ ⫽ 0.5°)
and varies with R, the noise-corrected structure function estimates, Eq. (40), are collected into fixed azimuth separation bins and vertical intervals before minimizing the chi-square error using Brent’s method (Press
et al. 1986). Note that  represents the standard deviation of the transverse velocity fluctuations assuming
isotropic turbulence and is usually denoted by .
The vertical resolution of these turbulence estimates
for a given elevation angle  is given by
⌬zturb ⫽ ⌬R sin,

共46兲

An example comparison of the two different turbulence estimation techniques given in sections 3d and 3e
for an early-morning convective case [0703–0725 LT
(1103–1125 UTC), using five lidar volume scans] on 29
August 2004 is shown in Fig. 4. Both the longitudinal
(radial) and transverse (azimuth) structure functions
and the corresponding estimates of the turbulence parameters and best-fit models are shown for a zero elevation angle over a small urban domain, and the covariance technique was used for the noise correction
term E in Eqs. (32) and (40) (Frehlich and Cornman
2002). All of the turbulence parameters are in good
agreement, indicating that the two estimation techniques are robust and that the turbulence field is described well by the homogeneous and isotropic von
Kármán model; that is, the standard deviations of the
longitudinal and transverse velocity components are
equal. This is consistent with previous measurements in
convective boundary layers (Panofsky et al. 1977;
Caughey and Palmer 1979; Lenschow and Kristensen

共48兲

which is much less than the vertical resolution of Eq.
(36), and therefore the turbulence estimates from the
azimuth structure method have higher vertical resolution.

f. Comparison of the two Doppler lidar estimates of
parameters of the turbulent wind field
Accurate estimates of turbulence using the radial velocity structure function technique have been demonstrated with computer simulations and various algorithms for the noise correction term E(R1 ⫺ R2) (Frehlich and Cornman 2002). However, many independent
samples of the turbulent field are required to produce
accurate estimates of L0, which in turn requires a large
spatial average (large observation domain) or a long
time average (multiple lidar scan volumes). Therefore,
this technique is best suited for small elevation angles
or convective conditions in which the turbulence does
not change quickly with altitude.

FIG. 4. Structure function estimates of turbulence [0703–0725
LT (1103–1125 UTC), using five VAD lidar volume scans on 29
Aug 2004 at an elevation angle  ⫽ 0°, range-gate distance from
984 to 2064 m, and azimuth angle from 32° to 82°] with (a) the
longitudinal structure function technique and (b) the azimuth
structure function technique. The average Doppler lidar structure
functions are circles [Eqs. (32) and (40)], the best-fit theoretical
models for the lidar structure functions are lines [Eqs. (29) and
(45)], and the corresponding best-fit von Kármán model are
dashed lines for (a) D(s) Eq. (21) and (b) D(0, s) Eq. (43).
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FIG. 5. Comparison of TLS measurements (solid line), lidar-derived measurements (filled circles), and sodar (open circles) for the
period of 0234–0306 LT (0634–0706 UTC) 11 May 2004 vs normalized height z/H, where H is the mixing height defined by the maximum
gradient in the profile of energy dissipation rate ⑀. The small-scale velocity statistics are described by the energy dissipation rate ⑀, the
small-scale temperature turbulence is defined by C 2T, and the potential temperature ⌰, wind speed WS, and wind direction are also
shown. The lidar scanned from azimuth angle 32° to 92°, and range gates were processed from 336 to 1344 m (arc A to B in Fig. 1) using
65 lags.

1988). Note that the effects of the spatial filtering by the
lidar pulse are much less pronounced for the azimuth
structure function technique.
The assumption of homogeneous isotropic turbulence is obviously not valid for all conditions (Roth
2000). Because the azimuth structure functions are
more sensitive to the transverse velocity than the radial
velocity, especially at small lags, the functional form of
the structure function in the transverse dimension is
more important than the functional form in the radial
direction, and the errors introduced by anisotropy
should be small. For small elevation angles, the contribution from vertical velocity is negligible and a general
anisotropic turbulence model (e.g., Kristensen et al.
1989) for the horizontal velocity field could be included
in the theoretical structure function models Eqs. (29)
and (45) to estimate all of the turbulent parameters
simultaneously. With these straightforward modifications, the isotropic assumption could be relaxed in the

retrieval algorithm. However, a valid anisotropic turbulence model is required.

4. Boundary layer profiles
Measurements of boundary layer profiles were produced over an essentially building free urban region
consisting of freeways, roads, and parks. Various averaging regions were selected based on the atmospheric
conditions. Lidar-derived profiles are compared with
the TLS profiles and sodar data in Fig. 5 for a nighttime
case [0234–0306 LT (0634–0706 UTC)] during 11 May
2004. To reduce the statistical fluctuations from the intermittency of turbulence (Frehlich et al. 2004), the
TLS data have been averaged over 10-m intervals (approximately 25 data points). The mixing height H is
defined by the altitude of the maximum gradient in the
TLS profile of ⑀ that is in rough agreement with the
TLS-measured maximum gradient in both ⑀ and C 2T.
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FIG. 6. For the same conditions as Fig. 5, comparison of TLS measurements (solid lines) of Richardson number Ri and potential
temperature ⌰ and the lidar-derived measurements (filled circles) of wind speed WS, energy dissipation rate ⑀, standard deviation of
transverse velocity fluctuations , and outer scale L0 as a function of normalized height z/H, where H is the mixing height.

The mixed layer is stably stratified, as indicated by the
positive gradient of the potential temperature ⌰. There
is good agreement in all three wind speed and direction
estimates, with more variability at the low altitudes that
are most affected by the urban conditions. The mixing
height H is slightly higher for the TLS measurement,
which probably reflects the difference between the spatially averaged lidar estimates and the in situ TLS profile. To investigate the dynamic stability for this case,
gradient Richardson number profiles Ri derived from
the TLS data and lidar-derived velocity turbulence profiles of  and L0 are shown in Fig. 6. The region of
low Ri is consistent with the shear-generated turbulence
throughout the mixed layer. However, the mixing
height is below the peak in the low-level jet, in agreement with previous studies (Balsley et al. 2003, 2006).
These results are also in qualitative agreement with the
stable LES profiles of Saiki et al. (2000). The outer
scale L0 is approximately constant in the mixed layer
and becomes larger at and above the mixing height
H, reflecting the variability in the entrainment zone.
The lidar-derived turbulence estimates ⑀ and  are
very low in the residual layer above the mixing height
H. An example of the azimuth structure function and
best-fit models for this region are shown in Fig. 7 to

FIG. 7. Estimates of turbulence at z/H ⫽ 1.24 of Figs. 5 and 6
using the azimuth structure function technique. The average
Doppler lidar structure function Eq. (40) is shown as circles, the
best-fit theoretical model Eq. (45) is indicated as a solid line, and
the corresponding best-fit von Kármán model D(0, s) from Eq.
(43) is shown as a dashed line.
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FIG. 8. Comparison of TLS measurements (solid line), lidar-derived measurements (filled circles), and sodar (open circles) over the
period of 0310–0338 LT (0710–0738 UTC) 11 May 2004 vs normalized height z/H, where H is the mixing height defined by the maximum
gradient in the profile of energy dissipation rate ⑀. The potential temperature ⌰ indicates stable stratification. Small-scale temperature
turbulence is defined by C2T. The lidar scanned from azimuth angle 32° to 92°, and range gates were processed from 336 to 1344 m (arc
A to B in Fig. 1) using 65 lags.

demonstrate the sensitivity of the lidar measurements.
Careful signal processing is required to extract the atmospheric signal from the estimation error of the velocity measurements (Frehlich 2001; Frehlich and
Cornman 2002).
Figure 8 shows an unusual condition observed from
0310 to 0338 LT (0710–0738 UTC) 11 May 2004. The
TLS profiles have been averaged to 10-m resolution
everywhere except around the mixing height H where
the raw 0.4-m resolution is preserved. Note the very
sharp drop in small-scale turbulence ⑀ and C 2T and
the narrow sheet of colder air at the mixing height,
which is 25% below a large temperature inversion.
These very sharp turbulence interfaces have been observed in the CASES-99 campaign (Balsley et al. 2003)
and require very high resolution measurements. The
lidar-derived profile of ⑀ is smoother because of the
spatial averaging of the lidar scan pattern. Figure 9
shows that the mixed layer is dynamically unstable with

a Richardson number profile similar to the earlier time
shown in Fig. 6 but with more variability in the residual
layer above the mixed layer. The outer scale has the
same behavior as in Fig. 6, that is, approximately constant in the mixed layer and larger above the mixed
layer.
An example of a cloud-free convective boundary
layer is shown in Fig. 10. The wind speed and direction
profiles from the lidar and sodar agree very well. The
rawinsonde has noticeable errors in wind speed and
direction at low levels because of some difficulties in
locking onto the GPS signals; however, the rawinsonde
agrees with the other observations at higher altitudes.
The mixed layer and the free atmosphere above the
mixed layer have neutral stratification (constant ⌰).
Note the well-defined mixing height in the two lidarderived turbulence profiles of ⑀ and  as well as the
enhanced turbulence near the surface produced by the
urban canopy, that is, the buildings upstream of the
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FIG. 9. For the same conditions as Fig. 8, comparison of TLS measurements (solid lines) of Richardson number Ri and potential
temperature ⌰ and lidar-derived measurements (filled circles) of wind speed WS, energy dissipation rate ⑀, standard deviation of
transverse velocity fluctuations , and outer scale L0 as a function of normalized height z/H, where H is the mixing height.

wind. The height of the temperature inversion is about
20% below the mixing height, which may be a reflection
of the random variations of the entrainment zone (Sullivan et al. 1998) during the ascent of the rawinsonde.
The outer scale L0 is larger than the previous nighttime
cases, increases with altitude, and becomes very large
or essentially infinite in the free atmosphere above the
mixing height, which is consistent with aircraft measurements (Nastrom and Gage 1985; Lindborg 1999).
Note that in the free atmosphere the estimates of ⑀
are still well defined and robust but  cannot be defined.
A final example of lidar-derived profiles for a low
wind speed and low turbulence case is shown in Fig. 11.
Even with these very low wind speeds, the lidar measurements show enhanced turbulence near the surface
and a well-defined mixing height that coincides with a
region of strong directional shear. The outer scale L0 is
larger near the surface, reflecting the large-scale flow
distortion from the surface and buildings, and slowly
increases with altitude up to the mixing height. In the
residual layer, the turbulence is very low and L0 is approximately constant; however, there is larger statistical
scatter because the error in the noise-correction term
E(R) in Eq. (40) is becoming important (Frehlich and
Cornman 2002).

5. Summary and discussion
Profiles of mean and turbulent quantities derived
from a scanning Doppler lidar, in situ sensors, sodar,
and rawinsondes were compared for various boundary
layer conditions in an urban environment. A new algorithm for extracting high-resolution turbulence information from Doppler lidar data was presented and was
shown to have excellent performance for convective,
neutral, and stable boundary layer conditions. For low
elevation angles, accurate simultaneous estimates of
the standard deviation u of the longitudinal velocity
and the standard deviation  of the transverse velocity
are possible (see Fig. 4). More sophisticated analysis
could include an anisotropic model for the horizontal
velocity field (Kristensen et al. 1989).
The new lidar-derived estimates of the turbulence
statistics are based on the fluctuations of the radial
velocity as a function of the azimuth scan angle  (see
Fig. 3) and are valid provided that the von Kármán
turbulence model is correct, that the extent ⌬h of the
lidar sensing volume transverse to the beam is much
less than the lidar pulse range resolution ⌬R ⫽ 138 m,
that the atmosphere is approximately frozen over the
time it takes the lidar beam to scan an azimuth arc
distance equal to the outer length scale L0, and that the
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FIG. 10. Profiles of wind speed WS, wind direction, potential temperature ⌰, energy dissipation rate ⑀, standard deviation of the
transverse velocity fluctuations , and outer scale L0 for a convective boundary layer over the period of 0950–1027 LT (1350–1427
UTC) 1 May 2004 with rawinsonde (open squares), lidar-derived (filled circles), and sodar (open circles) measurements vs normalized
height z/H, where H is the mixing height defined by the maximum gradient in the profile of energy dissipation rate ⑀. The lidar scanned
from azimuth angle 35° to 105°, and range gates were processed from 336 to 2784 m (arc A to C in Fig. 1) using 135 lags.

radial velocity of the turbulent field can be approximated as a Cartesian coordinate system (L0/R Ⰶ 1).
For the data presented here, ⌬h ⬍ 18 m, which is much
less than ⌬R ⫽ 138 m. If ⌬h becomes comparable to
⌬R, the theoretical model of the lidar structure function
can include the added spatial smoothing of the turbulent field defined by Eq. (9) and better corrections for
the estimation error can be used (e.g., Frehlich 2001;
Frelich and Cornman 2002). For the azimuth scan rate
of 5° s⫺1 and a range-gate distance of R ⫽ 2000 m,
the lidar beam will move an arc distance L0 ⫽ 100 m in
0.57 s, which satisfies Taylor’s frozen hypothesis. For
a typical length scale of L0 ⫽ 100 m and a range gate
larger than R ⫽ 1000 m, L0/R ⬍ 0.2, which satisfies
the criterion for the Cartesian approximation of the
theoretical model Eq. (45). We believe that the results
from the new Doppler lidar–processing algorithm are
robust, and future work is required to improve the estimates.
For the Doppler lidar profiles in weak turbulence
conditions, the dimensions of the lidar scanning volume
were restricted to a maximum range of 2.8 km and an
azimuth angle extent of 60° to sample statistically simi-

lar conditions away from large structures west of the
lidar. Well-defined mixing heights were determined
from the large drop in small-scale turbulence at the top
of the boundary layer, which was especially obvious in
the high-resolution in situ data. The lidar-derived mixing height represents a larger spatial average and therefore may have higher statistical accuracy. The profiles
of turbulence show enhanced turbulence near the surface from the effects of the nearby structures and also
show very low turbulence conditions above the mixing
height and in low wind speed conditions near the surface. At night and during early-morning hours, the
outer scale L0 is approximately constant in the mixed
layer and increases above the mixing height. In the free
atmosphere above the daytime convective boundary
layer, L0 becomes essentially infinite; however, the energy dissipation rate is still well defined, and robust
Doppler lidar estimates can be produced (see Fig. 10).
The TLS in situ measurements provide higher spatial
resolution, which is critical to resolve the rapid decrease in turbulence at the mixing height and the sharp
features in the potential temperature profiles (see Fig.
10 and Balsley et al. 2003, 2006). The lidar-derived pro-

Unauthenticated | Downloaded 01/09/23 03:36 AM UTC

JUNE 2006

835

FREHLICH ET AL.

FIG. 11. Example of a low-turbulence boundary layer for the period of 0651–0725 LT (1151–1225 UTC) 25 Mar 2005 from lidarderived measurements (filled circles) of wind speed WS, wind direction, energy dissipation rate ⑀, standard deviation of the transverse
velocity fluctuations , and outer scale L0 vs normalized height z/H, where H is the mixing height defined by the maximum gradient
in the profile of energy dissipation rate ⑀. The lidar scanned from azimuth angle 32° to 62°, and range gates were processed from 336
to 2784 m (arc A to C in Fig. 1) using 58 lags.

files contain more spatial averaging and therefore provide a better ensemble average of the intermittent turbulent structure (Frehlich et al. 2004), especially in
stable boundary layers. Because the lidar-derived profiles of turbulence provide relatively high resolution information for both stable and convective conditions,
automatic algorithms should be feasible for an operational mixing-height determination, which has traditionally been a challenge (Beyrich 1997). Performance
in the very low turbulence regions can be improved
using more accurate estimates for the velocity estimation error term E [see Eqs. (32) and (40) and Frehlich
2001]. Based on a few months of data, there were large
variations in turbulence conditions, with more lowturbulence situations than expected for an urban environment. One of the more interesting outcomes of this
urban-environment study has been the large number of
occurrences of low-turbulence conditions, probably associated with statically stable environments.
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