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1 Introduction

Boundary layer radars (BLRs) are widely and
successfully used to study and monitor the low-
est reaches of the atmosphere. The term BLR
is generally used to describe a class of pulsed
Doppler radar that transmits radio waves ver-
tically or near vertically and receives backscat-
tered signals from the refractive-index fluctua-
tion of the optically clear atmosphere. Profiles
of the wind vector directly above the instrument
are obtained using the Doppler beam swinging
(DBS) method [Balsley and Gage, 1982]. Since
they typically operate at a frequency near 1 GHz,
BLRs are also sensitive to Rayleigh scatter from
hydrometeors and are also used to study clouds
and precipitation [Gage et al., 1994; Ecklund
et al., 1995]. That is, the BLR can be used to
study the boundary layer under a wide variety
of meteorological conditions [e.g., Rogers et al.,
1993; Angevine et al., 1994; Wilczak et al., 1996;
Dabberdt et al., 2004].

By way of example, one important applica-
tion of BLRs is for the study of the evolu-
tion of the convective boundary layer (CBL).
BLRs have been widely used to estimate the
depth of the CBL and thickness of the entrain-
ment layer [e.g., Angevine et al., 1994; Angevine,
1999; Cohn and Angevine, 2000; Grimsdell and
Angevine, 2002]. Enhanced refractive index vari-
ations are often associated with the entrainment
zone just above the CBL, which can be de-
tected by clear-air radar. Unfortunately, BLRs
must operate within stringent frequency man-
agement constraints, which limit their range res-
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olution. A typical range resolution for BLR mea-
surements of the atmospheric boundary layer is
about 100 m, which is too coarse to adequately
reproduce the spatial structure embedded within
the entrainment zone. Range imaging (RIM) has
been recently developed as a means of improving
range resolution [Palmer et al., 1999] and has fur-
thermore been shown to be effective for measure-
ments within the boundary layer at UHF [Chil-
son et al., 2003].

2 Range Imaging

In order to overcome range resolution limitations
imposed on wind profiling radars, a frequency
hopping technique known as RIM has been de-
veloped [Palmer et al., 1999]. In this tech-
nique, several closely spaced carrier frequencies
are transmitted and received, and a constrained
optimization method is used to generate high-
resolution maps of the reflectivity field in range.
The fundamentals of RIM are analogous to the
principles of beam forming used in coherent
radar imaging (CRI) [Woodman, 1997; Palmer
et al., 1998; Hysell, 1996; Chau and Woodman,
2001; Yu and Palmer, 2001]. Whereas CRI uses
radar signals from multiple receive antennas to
image in angle, in RIM different radar frequen-
cies are used to image in range.

The Doppler radar signal from N radar frequen-
cies are represented as sn(t), where t is time and
n = 1 . . . N . As described in Palmer et al. [1999],
a composite (or synthesized) Doppler radar sig-
nal is created using the weighted sums of the
original data through the equation

s̃j(t) =
N∑

n=1

wjnsn(t), (1)

Typically, one creates a set of evenly spaced val-



ues in a range for which the weighting vector,
w, should be calculated. The values wjn are ex-
pressed collectively as w. And the collective set
of range values is referred to as subgates. These
are indexed by j in (1). The expression s̃j(t) is
referred to as the synthesized Doppler radar sig-
nal. Note that w must be calculated for each
time step t.

The task of finding a weighting matrix such that
the sensitivity of the radar is focused at a specific
range is one of a mathematical inversion prob-
lem. Essentially, it is desired to adjust the phase
and/or amplitude of the Doppler radar signals in
such a way as to produce constructive interfer-
ence at the desired location in space. Many al-
gorithms have been proposed in order to achieve
this task [Palmer et al., 1999; Luce et al., 2001;
Yu and Palmer, 2001; Smäıni et al., 2002]. It has
recently been shown that RIM can be success-
fully applied at UHF for studies of the bound-
ary layer [Chilson et al., 2003]. In addition to
measurements of the reflectivity, RIM can also
be used to improve the range resolution of radar
wind measurements [Chilson, 2004].

Once the synthesized Doppler radar signal as
given in (1) has been found, the Doppler mo-
ments are found in the usual way by calculating
the Doppler spectra. That is, it is possible to ob-
tain the backscattered power (zeroth moment),
the radial velocity (first moment), and the spec-
tral width (second central moment). However,
these moments can now be calculated for each of
the chosen subgates (subset of the nominal range
resolution).

3 Experiment

A RIM validation experiment was conducted
during June of 2002 at the Boulder Atmospheric
Observatory (BAO) in Erie, Colorado. For
the experiment, comparative measurements were
collected using two vertically pointing, collo-
cated radars. One was a UHF BLR that had
been configured to operate in a RIM mode. The
other was an S-Band frequency-modulated con-
tinuous wave (FMCW) radar.

Four frequencies were selected for the RIM mea-
surements using the BLR. These were 914.0,
914.33, 915.33, and 916.0 MHz. The motivation
for using a logarithmic frequency spacing as op-
posed to a linear spacing is discussed in Chilson
et al. [2003]. The four frequencies were gener-
ated by mixing a switchable local oscillator (LO)
with a 60 MHz signal from a coherent oscillator
(COHO). The radar configuration was similar to
that shown in Figure 1 of Chilson [2004]. The
transmitted pulse width was 1.4 µs, which corre-
sponds to a nominal range resolution of 210 m.
The returned signal was sampled at 700 ns, that
is, every 105 m in range.

The FMCW radar used for the validation exper-
iment has a center frequency of 2.9 GHz and a
bandwidth up to 200 MHz. It is capable of prob-
ing the boundary layer with a range resolution
on the order of 1 m. For this particular exper-
iment, a 2-m range resolution was selected and
data were collected up to 2 km above ground
level (AGL). Unfortunately, the radar is not ca-
pable of making Doppler wind measurements. A
description of the radar can be found in Eaton
et al. [1995].

4 Results

An example of the results from the comparison
are given in Figure 1. The middle and upper
panels depict range-time-intensity (RTI) plots of
the range corrected signal-to-noise ratio (SNR)
calculated from the wind profiler data with and
without RIM processing, respectively. That is,
the same radar observations are shown in both
panels; however, the SNR data in upper panels
were calculated using “conventional” radar sig-
nal processing, whereas the SNR data in lower
panels were calculated RIM (see Chilson et al.
[2003] for more details). The lower panel shows
the RTI plots of C2

n obtained from the FMCW
radar.

The quantity C2
n shown in Figure 1 is the refrac-

tive index structure parameter. It is related to
the radar volume reflectivity through the equa-
tion

η = 0.38C2

nλ−1/3, (2)



Figure 1: .Results from a recent range imaging validation experiment. The middle and upper panels
show RTI plots of the range corrected signal-to-noise ratio (SNR) calculated from BLR data with

and without RIM processing, respectively. The lower panel shows the RTI plots of C2
n obtained

from the FMCW radar. See text for details.

where λ is the radar wavelength [e.g., Röttger
and Larsen, 1990, pg 240]. Furthermore, as-
suming that the signal noise is constant with
height, then the the range corrected power is di-
rectly proportional to η. Therefore, C2

n should
be directly proportional to the range corrected
backscattered power.

Clearly the RIM processed data shown in Fig-
ure 1 reveal much more detail than would have
been observed using conventional signal pro-
cessing. The small scale features are com-
pletely obscured in the conventionally processed
data. Certain differences between the BLR
and FMCW data are expected since the oper-

ating frequencies are not the same (915 MHz
and 2.9 GHz), the instruments are separated by
roughly 100 m, and the FMCW radar has a res-
olution of 2 m (compared to the nominal reso-
lution of 210 m for the wind profiler). Bearing
these differences in mind, the agreement between
the RIM processed data and the FMCW results
is very good and indicate that RIM experiments
are well suited for BLR measurements of the at-
mospheric boundary layer.

Figure 2 has been produced in order to better
illustrate the ability of RIM to probe inside of
the radar sampling volume. This figure presents
the same results as given in Figure 1, except



Figure 2: The same as Figure 1 except that only heights ranging from 400 m to 600 m AGL are
shown..

that only heights ranging from 400 m to 600 m
above ground level are shown. The height range
of 200 m roughly spans two sampling volumes
as defined by the 700 ns sample spacings. The
temporal evolution (height and thickness) of the
layer of enhanced echo power (C2

n) as revealed
in the FMCW radar data are well reproduced
in the middle panel of Figure 2. Note that the
speckles in the FMCW radar data are echos from
migrating miller moths.

The data presented so far not only illustrate the
effectiveness of RIM, but also the complexity
of the dynamic structures present in the day-
time convective boundary layer (CBL). As a sec-
ond example, the subsequent 2-h data interval
is shown in Figure 3. Here the CBL is becom-

ing more well developed and the structures more
complex. For this 2-h interval, the vertical wind
measurements from both the conventional and
RIM radar signal processing are also shown in
4. Note that here no comparative data from
the FMCW radar exist. It can be seen however,
that the RIM-generated wind data are similar to
those from the conventional processing, but with
more structured and detailed.

5 Discussion

Many structures exist in the atmospheric bound-
ary layer that have spatial scales that are too
small to be adequately resolved using conven-
tional profiling radars. However, the ability to
accurately measure and monitor these structures



Figure 3: The same as Figure 1 except that the time window extends from 16:00 to 18:00 UT.

can be extremely important. For example, the
convective boundary layer (CBL) is topped by
the entrainment zone, where stable stratification
inhibits vertical mixing, and vertical gradients
of averaged meteorological fields become com-
paratively large. The entrainment zone is often
identified as the interfacial layer. In many CBL
cases, the entrainment zone is collocated with
the region of maximum gradients in the poten-
tial temperature profile – the so-called capping
inversion layer, the height of which is denoted by
zi.

Profiles of many quantities within the CBL can
be scaled with inversion height zi [Deardorff,
1970], which is often taken as a measure of the
CBL depth. These include mean flow parameters
(mean wind speed, potential temperature, and

specific humidity), turbulent fluxes of momen-
tum, heat, and moisture, and variances of the
velocity components and passive scalars. Con-
sequently, an accurate knowledge of zi is highly
relevant for any study of the convective bound-
ary layer structure. RIM can be effectively used
to measure such quantities as the CBL depth and
the entrainment zone thickness.

The validation of RIM is difficult using in-situ
measurements such as rawinsondes or instru-
mented towers. Given the complex structure of
the boundary layer, it is impossible to know if a
layer detected by the rawinsonde has the same
height as seen by the radar. Also, the rawinsonde
may have been carried far away from the radar
sampling volume by the time it obtains an alti-
tude that can be detected by the radar. Meteo-



Figure 4: Vertical velocities calculated for the data corresponding to those shown in Figure 3.

rological towers are seen as clutter targets if they
are too near to the radar. Also, most meteoro-
logical towers are well below the lowest sampling
volume of the radar. Therefore, in this study, the
RIM echo power has been compared against data
obtained with an FMCW radar. Considering the
differences in sampling volumes and radar fre-
quencies, the range corrected RIM echo powers
from the BLR agree remarkably well with the
values of C2

n measured with the FMCW radar.
The FMCW radar used for the comparison was
not capable of making Doppler measurements, so
it was not possible to validate the RIM velocities.
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