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Statement of the problem studied

Radar wind profilers (RWPs) are the most widely used ground-based remote sensors in
operational meteorology and they are among the most versatile instruments in the atmospheric
sciences (e.g., Doviak and Zrnic 1993). State-of-the-art RWPs are so reliable and accurate that
inconsistencies in the measurements are no longer necessarily the result of instrumental
insufficiencies but often the result of insufficiencies in the theory that is used to retrieve
meteorological information from the radar raw data. In other words, further progress in RWP
technology is no longer limited by insufficiencies in hardware and software technology but by our
inability to fully understand the data. The advent of multi-receiver RWPs like the University of
Massachusetts’ Turbulent Eddy Profiler (TEP) has added a new dimension to this problem.

The main goal of this project was to enhance existing RWP theory such that the RWP
observables (e.qg., the zeroth, first, and second moment of the Doppler spectra) can be rigorously
expressed in terms of (i) radar characteristics and (ii) deterministic and statistical characteristics
of structure and evolution of the clear-air refractive-index field in the RWP’s resolution volume. A
second objective was to discuss the theoretical results in the context of measured data.

Summary of the most important results

Theoretical development:

For more than a decade, it has been known that vertically pointing RWPs often measure time-
averaged Doppler velocities with magnitudes considerably larger than the magnitude of time-
averaged vertical wind velocities. This has led to the consensus in the community that there are
systematic differences between the radial (vertical in the case of a vertically pointing RWP) wind
velocity and the Doppler velocity (the velocity obtained from the first normalized moment of the
Doppler spectrum). Empirical results and simple models for mechanisms that may cause such
systematic differences, or biases, were documented, e.g., by Muschinski (1996) and Worthington
et al. (2001). Muschinski et al. (1999) were the first to use large-eddy simulation (LES) data to
synthesize realistic RWP raw data. They processed these synthetic RWP signals but they found
no biases, suggesting that the biases commonly found in measurements are caused by
phenomena that are not captured by LES.

Along the lines of an earlier theoretical development by Muschinski (1998), Tatarskii and
Muschinski (2001) theoretically investigated the bias caused by a finite Bragg wave vector
component of the spatial quadrature spectrum of the refractive-index and radial-wind velocity
fluctuations.

Recently, Muschinski (2004) has developed a theory that allows, in principle, all higher moments
of a RWP Doppler spectrum to be expressed in terms of the antenna pattern, the pulse and
receiver characteristics, and the deterministic and statistical characteristics of the velocity field
and the refractive-index field in the RWP’s resolution volume. This new theory, which is the main
accomplishment of this project, relaxes a number of (unnecessary and often unrealistic) a-priori
assumptions that were used in earlier theories. These assumptions include



o homogeneity of the velocity and refractive-index characteristics across the RWP’s
resolution volume

e homogeneity of the velocity and refractive-index characteristics during the RWP’s dwell
time

e Gaussian turbulence spectra

o the validity of the Fraunhofer approximation (which implies that the refractive-index
correlation lengths are small compared to the RWP’s resolution volume)

e the traditional (global) version of Taylor’s frozen-turbulence hypothesis.

The most important achievement of the new theory (Muschinski 2004) is that it provides a
rigorous first-principle approach to the higher moments (Doppler shift, spectral width, etc.) of the
RWP Doppler spectra. In the equations for the Doppler shift and for the spectral width, there now
appear a number of new terms that allow observed biases to be interpreted in terms of
meteorological quantities. That is, the new theory provides guidance through what has been
unexplored territory until recently.

Combining the new theory with a number of recent achievements in the mathematical community,
Muschinski et al. (2004c) outline directions of further advancements in RWP theory and RWP
applications in the near future.

Technique development and turbulence studies:

The increased theoretical understanding of the RWP measurement process has led to an
increased awareness of possibilities to enhance RWP capabilities into new directions, particularly
multi-receiver RWP and multi-frequency RWP. During the project duration, the Principle
Investigator was the leader of the CIRES/NOAA-ETL Profiler Development Group (PDG). One of
the main achievements of that group has been the first implementation of Range Imaging (RIM)
at a UHF RWP (Chilson et al. 2003). Independently of that work, the P.l. contributed to the
interpretation of data observed with a new S-band FMCW radar developed by the University of
Massachusetts (Ince et al. 2003).

The understanding of atmospheric turbulence is key to the understanding of RWP signals. One
important aspect of atmospheric turbulence is intermittency. The P.l. took advantage of high-
resolution turbulence measurements obtained during the field experiment CASES-99 and
investigated characteristics of small-scale and large-scale intermittency in the nocturnal boundary
layer and the residual layer (Muschinski et al. 2004b). Dr. Wyngaard, supported through a
subaward of this ARO grant, provided a theoretical analysis of the energy transfer in fully
developed turbulence (Wyngaard 2002). His analysis could be useful in modeling energy transfer
in nonstationary, inhomogeneous flows.

The statistics of radar reflectivities observed simultaneously with the collocated TEP and UMass
S-band FMCW radar in the convective boundary layer have been analyzed (Muschinski et al.
2004a). Both the TEP and S-band reflectivities exhibit lognormal probability densities, as
expected (e.g., Muschinski et al. 2004b). A more systematic study based on a longer, cleaner
dataset, however, is needed to explore this issue in more depth. A follow-up proposal aiming in
that direction was submitted by the P.l. to ARO in October 2003 and is currently under review.
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