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Lidar analysis
Optimal estimation (OE) retrieval, a form of non-
linear regression, has been successfully applied to
the analysis of radiometer, radar, and other obser-
vations but has not seen substantial use within the
lidar community. Two applications to Raman lidar
are outlined here — estimation of the overlap func-
tion from routine observations [1] and the simultan-
eous retrieval of aerosol extinction, backscatter, and
lidar ratio [2].

These retrievals consider the full profile at once, mak-
ing optimal use of the information available. The re-
trieval (in effect) chooses the most appropriate vertical
resolution for the results while fully characterising the
uncertainty due to measurement noise, model error,
and other assumptions.

Optimal estimation retrieval

Fig. 1: Schematic of algorithm.

As outlined in [3],
OE solves the in-
verse problem,

y = F(x,b) + ε,

where y contains
the lidar profiles
(with noise ε). The
forward model
F(x,b) translates
a state of the at-
mosphere into a
simulated meas-
urement. The state
is specified by un-
known parameters
x and known
parameters b.

The probability
that the system has
a state x given the
measurement y can be written as,

[y−F(x,b)]TS−1
y [y−F(x,b)] + [x−xa]TS−1

a [x−xa],

where the covariance matrix Sy summarises the un-
certainty in both the measurement and parameters
while xa is the a priori state with covariance Sa. It
can be shown that the iteration,

xi+1 = xi + [(1 + Γi)S
−1
a + KT

i S
−1
y Ki]

−1

{KT
i S

−1
y [y − F(xi,b)]− S−1

a (xi − xa)},

converges to the most probable state x̂, where the
Ki = ∇xiF(xi,b) and Γi is a scaling constant.

Instrumentation
The results presented here are simulated for or col-
lected by the Robust And Compact Hybrid Environ-
mental Lidar (RACHEL), developed by Hovemere,
Ltd. It is a 355 nm coaxial Raman lidar system de-
signed for unattended operation in the field. Con-
structed from off-the-shelf components, the instru-
ment provides a low-cost platform for pollution mon-
itoring. The prototype suffered significant technical
difficulties, severely limiting the quality of the data.
As such, we are eager to collaborate with any groups
interested in applying these techniques to a research-
grade Raman lidar .

Estimation of the overlap function
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Fig. 2: Error in retrieved overlap function for the
OE retrieval (black), traditional Raman technique
(green), the same with noise reduced by a factor
103, and a simple, analytic technique (blue).

The overlap function of a lidar is the primary source of uncer-
tainty in (roughly) the first kilometre of a lidar profile [4]. Nu-
merous techniques exist to estimate it, but these either require
an independent measurement of the aerosol profile or reason to
believe it is homogeneous. We developed an OE retrieval of the
overlap function [1] from the Raman profile using the traditional
lidar equation as a forward model. This fit an analytic formula-
tion of the overlap function outlined in [5] and an error function
modelling the aerosol profile. Due to numerous local minima of
the cost function and minimal a priori knowledge, the retrieval is
annealed (repeated using a random selection of first guesses) to
find the optimal solution.

Fig. 2 shows the difference between a variety of simulated overlap
functions and that retrieved by this technique, the Raman tech-
nique of [6], and a simple analytic inversion assuming a clean
atmosphere. The OE retrieval is usually substantially more ac-
curate, even when the noise on the measurements is artificially
decreased for the Raman technique. Further, because it retrieves
an analytic overlap function, the result is a smooth function, elim-
inating the artefacts produced by traditional overlap corrections.
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Fig. 3: Retrievals from six simulations (dashed) when re-
trieving backscatter and extinction (green) or log backscat-
ter and lidar ratio (red at 33 m resolution; blue at 16 m).

Knowing the overlap function, backscatter (β) and
either extinction (α) or lidar ratio (B) can be retrieved
from paired elastic and Raman profiles [2]. Both con-
figurations successfully reproduce simulated data in a
variety of circumstances, including complicated layer-
ing as shown in Fig. 3. The last two cases shown have
decreased SNR, producing noisier results. The re-
trieval compares favourably to traditional techniques
in Fig. 4

The lidar ratio is conceptually easier to constrain with
an a priori but is sensitive to both profiles, increas-
ing its reliance on those assumptions. Extinction can
be more weakly constrained, but has difficulty with
cloud as the backscatter greatly exceeds any useful
prescribed range. The resolution of these products can
be estimated from the width of the rows of the av-
eraging kernel, A = (K̂TS−1

y K̂ + S−1
a )−1 K̂TS−1

y K̂.
Though the backscatter kernels are virtually delta
functions (∼ 30 m resolution), the extinction and lidar
ratio kernels have widths of ∼ 300 m, which increases
in the free troposphere (due to the decreased SNR).

Comparison to existing techniques
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Fig. 4: Total backscatter (top) and two-way extinction (bot-
tom) determined by this retrieval (green), the Fernald-Klett
elastic inversion [7] (blue), and the Ansmann Raman tech-
nique [8] (red) for six profiles observed during March 2010.
The attenuated backscatter coefficient reported by an inde-
pendent lidar is shown (diamonds) for comparison. The
scattering from a clear atmosphere is shown in black, high-
lighting negative α returned by the traditional techniques.

Retrieval of ash properties
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Fig. 5: Observations of the Eyjafjallajökull plume over the
UK on 19 April 2010. (a) Depolarization ratio highlighting
a layer of ash; (b) Vertical velocity; (c–d) Retrieved backs-
catter and lidar ratio; (e–f) Uncertainties on (c–d).
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