Remote measurements of
vertical profiles of atmospheric constituents
with a UV-visible ranging spectrometer

K. Strong and R. L. Jones

A study of the feasibility of retrieving vertical profiles of atmospheric constituents with a new UV-visible
ranging spectrometer recently described by R. L. Jones [Optical Methods in Atmospheric Chemistry, U.
Platt and H. L. Schiff, eds., Proc. Soc. Photo-Opt. Instrum. Eng. 1715, 393 (1992)) is presented. This
instrument resembles a lidar, in that pulses of UV-visible radiation are transmitted vertically upward and
backscattered to receiving optics. However, the pulse is a broadband source, and the receiving optics
includes a two-dimensional CCD array that allows a series of absorption spectra to be recorded, each
corresponding to a different altitude. This allows the simultaneous measurement of the vertical profiles
of such atmospheric constituents as Oy, H,0, and NO, in the troposphere and lower stratosphere.
Formal retrieval theory has been used to model the retrieval of vertical profiles with this instrument,
demonstrating that it should be possible Lo obtain profiles at accuracies better than 30% and resolution
better than 3 km up to altitudes of 12-15 km. The way in which the measurement error, flash-lamp

pulse length, CCD recording interval, and mixing-ratio profile each affect the accuracy and the vertical
resolution of the retrieved profile has also been investigated. :
Key words: Atmosphere, lidar, remote sensing, UV-visible spectroscopy, vertical profiles.

1. Introduction

The design of a new instrument that combines the
techniques of UV-visible absorption spectroscopy!
and lidar profiling?? has recently been described by
Jones.? This instrument is a ranging UV-visible
spectrometer that will obtain vertically resolved mea-
surements of backscattered radiation over an ex-
tended spectral region. This will allow the simulta-
neous determination of the vertical profiles of such
species as O3, Hy0, and NO,, as well as aerosol and
clouds, in the troposphere and lower stratosphere.
The ability to obtain spatial resolution along the
line of sight is the major advantage of this measure-
ment technique over current UV-visible absorption
spectroscopy, as the latter provides only limited, if
any, spatial resolution, particularly in the tropo-
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sphere.>¢ Although similar to the lidar technique in
its vertical-resolving capability, the ranging instru-
ment has the added advantage of recording absorp-
tions over a wide spectral band, rather than at a pair
of wavelengths relevant to a single absorber. It is
therefore able to record the absorptions of several
species simultaneously and to increase greatly the
discrimination between constituents. In addition,
the use of differential absorption analysis methods
makes it possible to detect weaker absorbers ( <0.1%
absorption) that are difficult to measure with the
lidar technique.

In this paper the theoretical performance of the
UV-visible ranging spectrometer is described, and
the feasibility of using it to retrieve vertical profiles is
assessed. Of particular interest is how various fac-
tors such as the number of retrieved profile points,
the measurement noise, the width of the flash-lamp
pulse, and the length of the CCD recording interval
affect the accuracy and the vertical resolution of the
retrieved profile.

2. Description of the Instrument

The principal components of the ranging instrument
are a broadband pulsed xenon-arc lamp, transmitting
and receiving telescopes, a grating spectrometer, and
atwo-dimensional CCD array detector. Short pulses
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of UV-visible radiation are transmitted vertically
into the atmosphere in a beam of low divergence.
This radiation is Rayleigh scattered at all altitudes,
with a proportion being backscattered to the receiv-
ing optics and dispersed by the spectrometer onto the
CCD detector. The range (or altitude) of the scatter-
ing can be determined from the time elapsed between
transmission and reception, and the column abun-
dance of a given species in the path can be deduced
from its absorption spectrum. Measurements at
discrete time intervals, which correspond to a series
of altitudes, can thus be used to derive vertical
profiles. This approach differs from the lidar tech-
nique in the use of a pulsed broadband light source
and the method of recording return signals with the
CCD detector array.

The combination of time resolution (hence range
resolution) and spectral resolution, which is central
to this instrument, is provided by the two-dimen-
sional CCD array. In its usual mode of operation, a
CCD is located in the image plane of a spectrometer,
which disperses a spectrum across several rows of
pixels. The incident photons are converted into
charge, which is transferred from one pixel to the
next in a given row, being swept column by column to
the edge of the array for digitization. However, in
the ranging instrument, the CCD is mounted at 90° to
its conventional position, with only a few columns
illuminated. Spectral discrimination is obtained by
dispersing the spectrum across the pixels in a column,
and time discrimination can now be obtained by
shifting charge along the rows into the unilluminated
region of the CCD array. The time resolution de-
pends on the number of columns illuminated and on
the time required for transfer of charge between
columns. An additional advantage of the CCD detec-
tor is that charge can be shifted in both directions
along a row, allowing the exposed columns to be
returned to their original positions to record addi-
tional flash-lamp pulses. Thus a large number of
pulses can be integrated on the CCD before readout to
improve the signal to noise.

Calculations of the signal to noise and the detection
limits anticipated for the ranging instrument have
been performed by Jones. The following system
parameters were assumed: a 30-W arc lamp, which
gave a vniform output from 200 to 1000 nm, with
15% of this output directed to within the 0.5-mrad
acceptance angle of the collecting optics; a 400-mm-
diameter collecting telescope; a grating efficiency of
0.5; a detector efliciency of 0.3; and an optical trans-
mission of 0.6. The backscattered signal, in photons
per nanometer per second, assuming Rayleigh scatter-
ing from 1-km vertical layers, was calculated for a
range of altitudes. The results suggest that a signal-
to-noise ratio of 1000, necessary for the detection of
an absorption of 0.1%, will be achievable for ranges
up to at least 11 km for certain combinations of
integration time and wavelength range. For ex-
ample, if a 30-nm wavelength interval were used for
each constituent, information could be retrieved up to
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7km and 11 km by the use of integration times of 3
min and 20 min, respectively. Assuming that this
0.1% absorption can be resolved. the detection limits
for a 1-km vertical path will be approximately 2 parts
in 10” by volume (ppbvi for O,, 150 parts in 10 by
volume (ppmv) for H,0, and 0.6 ppbv for NO,.
These will be sufficient for the detection of O, and
H,0, whose tropospheric mixing ratios are typically
10-100 ppbv and 5-10,000 ppmv but may require
coarser vertical resolution for the detection of NO,,
whose tropospheric mixing ratio under clean condi-
tions is typically 0.1-1 ppbv.

3. Simulating Measurements Made with the Ranging
Spectrometer

In the study described below, formal retrieval theory
is used to simulate and characterize the retrieval of
vertical profiles with the ranging instrument. A
number of methods for the inversion of geophysical
data exist, some of a general nature and some having
more limited applicability (see Twomey~ for a general
review and Rodgers* for a review emphasizing atmo-
spheric applications). These can be divided into
three categories: smoothing or regularization meth-
ods, statistical methods. and iterative methods.?
Some of the first techniques to deal with the problem
of determining the criteria that define the optimal
retrieval consistent with a set of observations were
the smoothing or regularization methods, developed
independently by Twomey!? and Tikhonov.!! These
have been applied to the analysis of conventional
differential absorption lidar measurements!? and used
to generalize lidar theory to multiwavelength, multi-
material lidar.'3!* In this paper, statistical methods
have been used. In particular, the formulation of
Rodgers®!> has been followed, as it is of general
applicability and provides a particularly elegant
method of combining a priori information with mea-
surements and explicitly calculating the error on a
retrieved profile from the errors in these quantities.

The retrieval and characterization of the system
starts with the definition of a forward model F that
relates a vector of m measurements, y, to an atmo-
spheric profile x defined at n levels:

y = F(x, b) + g, (1)

where b is a vector of model parameters and ¢ is the
measurement error. assumed to be normally distrib-
uted about zero with error covariance S,. For a
conventional two-wavelength differential absorption
lidar, this forward model might be represented by the
lidar equation, which can be written as!'6-!7
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where P(Z, A} is the lidar return signal at range Z and
wavelength A, C is the system constant, E is the



energy of the laser pulse, B(Z, \) is the atmospheric
backscattering coefficient, o(A) is the absorption cross
section of the gas of interest, N(z) is the number
density of the gas of interest, a,,(z, \) is the molecu-
lar absorption of all other gases, and Qext(2, A) is the
extinction due to Rayleigh and Mie scattering. In
this case, P(Z, ) would correspond to the measure-
ments y and N(z) would correspond to the profile x,
which is usually derived by applying the lidar equa-
tion at two wavelengths that are differentially ab-
sorbed by the species of interest.

However, in this study, a different approach has
been taken. The signals recorded with the ranging
instrument will be spectra of backscattered radiation
dispersed over a significant spectral region, instead of
being limited to a few discrete wavelengths. A set of
measurements will therefore correspond to a series of
spectra recorded at discrete time intervals. It is
anticipated that these range-resolved measurements
will be converted into vertical column abundances for
more than one species by the use of the conventional
analysis methods of UV-visible absorption spectros-
copy.!8 Although the lidar equation has been gener-
alized for multiwavelength, multimaterial applica-
tions by Warren, 314 and Zhao et al.1”!® have derived a
correction function to deal with long laser pulses, the
purpose of the present paper is not to perform a full
simulation of the lidar return signal, but rather to
determine the feasibility of retrieving vertical profiles
from the derived measurements of column abun-
dance.

A forward model is therefore defined to relate the
column abundance to the vertical profile. If the
CCD recording interval were infinitesimally short
and the flash-lamp pulse were effectively a delta
function, the column abundance at range Z would
simply be

[N(z)dz] + €(2), 3)

where €(Z) is the noise on this measurement.

leading trailing

altitude

However, to account for the smearing of vertical
resolution caused by both the finite CCD recording
interval and the finite length of the flash-lamp pulse,
an additional scaling function, f(Z,z), is needed.
Given an input profile of mixing ratio xi at n discrete
levels of thickness dz, the shape and length dfpyise Of
the pulse, and the length of the recording interval
dt..q, measurement y; is calculated as

Y = 2 [f;dpjxj"‘dz] + €; fori = 1, ce.a,n, (4)
j=1

where p; is the atmospheric density at level J. Here
f..j is the scaling factor that weights the contribution
of x;" to y; as the proportion of the flash-lamp signal
that passes through altitude z; of the profile before
being backscattered.

The derivation of f;,; is a two-step procedure,
illustrated for a square pulse in Fig. 1. Measure-
ment y; begins at time ¢, at which time the leading
edge of the pulse has reached a higher altitude
[Zmax(t;)] than has the trailing edge [Zmin(#;)}  Profile
points at altitudes z; below z.,,(¢;) will all contribute
equally to y;, but the contribution from profile points
between 2,,,(¢;) and z,,,(¢;) is scaled according to the
proportion of the flash-lamp pulse that reaches z;.
This can be expressed as follows:

(1 if2j < Zmin(?)
Tit)
f S(¢’)de’
0 .
f}(t) = mse_— lfzmin(t) <z < zmnx(t))
J. S(¢')d¢’
0
0 if2; > zp,(t)

(5)

where T(t) = 2[z,,(t) — 2;]/c and S(¢') is the flash-
lamp signal as a function of time. Backscattered
radiation continues to be collected for measurement

altitude

{for t(i)+dt(ccd) f for measurement y(i)

f for t(i

altitude edge  edge
zmaxt(i)+dt(ccd)}H-
zmax{t(i)]T
zmin{t(i)+dt(ccd)H~
zmin[t(i)}-4-
tii) 0
‘ Ie) time
dt{pulse) dt(ccd)

1 0 1

intermediate final
scaling factor scaling factor

Fig. 1. Schematic view of the vertical propagation of a square flash-lamp pulse of width dtpuise, recorded over interval diqy,

showing how
the forward-model scaling function is derived for a measurement of column abundance.
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y; for the duration of the CCD recording interval,
ending at time ¢; + df.q. A series of intermediate
scaling factors fj(t) thus exists for all times between ¢;
and ¢; + df..q. The final scaling factor relating profile
points x; to measurement y; is then

ti+dteed
fij= f f;(¢)dt (6)

normalized to a maximum value of unity. In prac-
tice, f;; is evaluated as the summation of a large
number of intermediate scaling factors.

The first simulation of a set of measurements of
column abundance was performed for the following
conditions. The input profile was set to be a con-
stant mixing ratio of unity. A simpie atmospheric
density profile, which assumes a surface temperature
of 290 K and an adiabatic lapse rate of 10 K/km, was
used. The flash-lamp pulse was that shown in Fig.
2, which simulates the rapid rise and slow decay
behavior of a xenon-arc lamp. This puise peaks at 2
us and decays to 0.01% of the maximum signal after
25.5 ps, with a full-width at half-maximum (FWHM)
of approximately 4.9 us. For a backscattered square
pulse, this FWHM would correspond to an uncer-
tainty of 0.73 km in altitude.

The CCD recording interval was set at 5 us,
corresponding to the anticipated illumination of 10
columns of the detector array with a typical charge-
transfer time of 0.5 ps per column. For this ex-
ample, the number of measurements m was 20, giving
a maximum altitude of 15 km for the measurements
(2t0p = 0.5 medteq). The number of profile points n

SIGNAL (arbitrary-units)

0 5 10 15 20 25
TIME (us)

Fig. 2. Time evolution of the simulated flash-lamp pulse, which
peaks at 2 us, has a FWHM of approximately 4.9 us, and decays to
0.01% of the maximum signal after 25.5 us.
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was also set to 20, the maximum possible value,
corresponding to a layer thickness of 0.75 km.
Random measurement error g; was added to each
measurement y;, such that the standard deviation o;
was equal to 1.0% of y;. This was chosen based on
the signal-to-noise calculations discussed in Section
2, as it can be shown that the signal-to-noise for
column abundance is the product of the signal to
noise on a spectrum and the optical depth. A signal-
to-noise ratio of 1000 (0.1% noise) on the spectrum
yields a signal-to-noise ratio of 100 (1% noise) on the
column abundance for a typical optical depth of 0.1
and better values of signal to noise for larger optical
depths.

For a more accurate calculation of the column
abundance, the input profile was linearly interpolated
onto a finer altitude grid, with a layer thickness of
0.075 km, and both f and y were evlauated with this
fine grid profile. Figure 3 shows the functions f
calculated for these conditions. These were used to
generate a set of simulated measurements of column
abundance as a function of the altitude of the back-
scattering layer, with the total column increasing
with the distance traveled by the flash-lamp pulse.

4. Retrieval of Vertical Profiles

Having generated a set of pseudo measurements of
column abundance, the mixing-ratio profile X and its
covariance S can be retrieved with the optimal estima-

15 e ' T T T T T T T T

ALTITUDE (km)

FUNCTION f
Fig. 3. Forward-model scaling functions (the rows of f) calculated
for the flash-lamp pulse of Fig. 2 and a CCD recording interval of 5
ps. The solid curve with circles shows the function corresponding
to the tenth measurement,



tion equations in the form derived by Rodgers?:
% =% + SK"(KSK" + 8,)7'(y -~ Kxo), (7)
S = S, — S,K"(KSK” + S,)-'KS,. (8)

Here x, is the a priori estimate of the true profile x
with error covariance S, and K is the weighting-
function matrix. These equations combine the vir-
tual measurement obtained from the a priori informa-
tion with the real measurements to give the best
estimate of the profile and its covariance. In prac-
tice, these equations are solved sequentially, using
each scalar measurement y; in turn to improve the
estimate of X from the initial guess through m
intermediate values to the final solution.

The weighting-function matrix used in the optimal
estimation equations is defined as

K=-—> (9)

where F is the forward model. Each row of K is a
weighting function, which shows how a given mea-
surement is sensitive to changes in each of the profile
values. Kwas derived by perturbing each element of
x" in turn and calculating the resulting perturba-
tions in each element of y. Again, for improved
accuracy, the interpolated fine grid profile was used in
this calculation, with the 10 fine grid points in a layer
of xi being perturbed together in a top-hat arrange-
ment and the perturbed y being calculated with the
perturbed fine grid profile. Figure 4 shows the

15 N T N T T T T

ALTITUDE (km)

0 200 400 600 800

1000

WEIGHTING FUNCTION
Fig. 4. Weightirig functions (the rows of K) calculated for the
retrieval described in the text by perturbing xi» and calculating the
resulting perturbation in y. The solid curve with circles shows
the weighting function corresponding to the tenth measurement.
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weighting functions derived from the data above,
illustrating the region of the profile that is repre-
sented by each measurement and giving a general
idea of the information content of the set of measure-
ments. In this case, they are equivalent to the
functions f, scaled by the spacing dz of the profile
points and by the atmospheric density.

The initial estimate of the profile, x,, was chosen to
be 0 at all 20 levels and was assigned an error
covariance S, of 1 for all diagonal elements and 0 for
all off-diagonal elements, giving the initial guess little
weight in the retrieval. The measurement noise
covariance S, has diagonal elements ¢;2 and was also
assumed to have no interchannel correlation. The
vertical profile retrieved with sequential estimation is
plotted in Fig. 5, along with two curves showing % +
Gy, where &,? is the retrieved variance. Clearly, the
vertical profile is retrievable but has a significant
uncertainty; methods of improving the accuracy of
the retrieved profile are addressed below.

An alternative method of performing the retrieval
is to use a set of orthogonalized weighting functions.
It can be shownS® that the eigenvectors of KTK are the
basis vectors r; (j = 1 to n) identifying that part of
the profile space that is represented by the weighting
functions. The profile x can be regarded as a linear
combination of these eigenvectors:

X = 2 ayr; = Ra, - (10)
j=1
where r; are the columns of matrix R and a; are the

T

—_
o

ALTITUDE (km)

O PR 1 1 i il Y 1
05 00 0.5 1.0 1.5 2.0 2.5
MIXING RATIO (arbitrary units)

Fig. 5. Vertical profile of the mixing ratio retrieved from the
simulated measurements (solid curve with circles), and the uncer-

tainties in this profile defined by % + &, (dashed lines), where a.lis
the retrieved variance.
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coefficients that determine the relative contribution

of each r; to x. The eigenvectors of KK are plotted
in Fig. 6, in which they can be seen to represent
different frequency scales of the profile, in a similar
manner to a Fourier series.

Having derived matrix R, it is possible to calculate
the vector of coefficients, ai», that corresponds to xin
and the initial covariance matrix S, = RIS (RT)-1,
Then, by perturbing ain, and calculating the resulting
perturbed x, and hence the perturbed measure-
ments y, a new weighting-function matrix, 9F/a,, can
be generated and used in the optimal estimation
equations to retrieve 4, and hence &. With this
method, the number of coefficients to be retrieved can
be varied from 1 to r, allowing frequency components
that are known to be negligible in the profile to be
omitted from the retrieval. Figure 7 shows the
profiles of mixing ratio retrieved by the use of this
method for an increasing number of retrieved coeffi-
cients, clearly showing how the profile is built up asa
linear combination of the eigenvectors in Fig.6. The
final profile in this series, retrieved with all 20
coefficients, is similar to that in Fig. 5; however, it is
not identical because the perturbation of xi» by the
two methods was very different.

5. Vertical Resolution of the Retrieved Profiles

For the purposes of characterizing the retrieval sys-
tem, two additional sets of functions can be calculated:
contribution functions and averaging kernels. The
matrix of contribution functions is defined as

D of (11
= —
ay )
16 T L LI B A A |
—— n=1
" n=5
- n=10
n=15
10 - n=20
f~ h
W
o
=
=
e
|
<
5 i
o J L S L
-0.50 -0.25 0.00 0.25 0.50

WEIGHTING FUNCTION
Fig. 6. Eigenvectors of KTK for the retrieval described in the
text. For clarity, only five are plotted.
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ALTITUDE (km)
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00 05 1.0

MIXING RATIO (arbitrary units)

Fig. 7. Vertical profile of the mixing ratio retrieved with the
eigenvector method with 1, 2, 5, 10, 15, and 20 coefficients
retrieved, as indicated.

where I(y, b, c) is the inverse model that defines the
retrieved profile % as a function of y, with ¢ being a
vector of parameters that are used in the retrieval but
not in the forward model. Each column of D repre-
sents the contribution to the solution that is due to a
unit change in the corresponding element of y. D
can be calculated with the matrix equation8

D = SoKT(KSOKT + Sy)—l. (12)

The contribution functions derived for the retrieval
of Fig. 5 are shown in Fig. 8. These functions
indicate the complexity of the way in which each
measurement contributes to the final profile, illustrat-
ing how an error in y; will lead to a compensating
series of errors in X.

The matrix of averaging kernels is defined as

aT

A=5;7 (13)

where T = I(F) is the transfer function relating the
retrieved profile to the real profile. A can be calcu-
lated simply as the product of D and K. The value of
the retrieved profile at a given altitude is equal to the
average of the real profile weighted by the correspond-
ing row of A. The averating kernels calculated for
the above retrieval are plotted in Fig. 9. The width
of the primary peak of each of these curves is a



10 -
3
<
w
Q
2
E
5
<
5+
o PO | K al FE—"
002  -0.01 0.00 0.01 0.02
CONTRIBUTION FUNCTION

Fig. 8. Contribution functions (the columns of D) calculated for
the retrieval of Fig. 5. The solid curve with circles shows the
contribution function corresponding to the tenth profile point.

qualitative measure of the resolution of the retrieval
system. Figure 9 shows that there is a gradual
decrease in resolution with altitude, with the FWHM
increasing from approximately 0.75 to 1.5 km over

15 M T T T T T M T T L

-
[=]
T

ALTITUDE (km})

0 > N " L
02 00 02 04 06 08 1.0

AVERAGING KERNEL

Fig. 9. Averaging kernels (the rows of A) calculated for the
retrieval of Fig. 5. The solid curve with circles shows the averag-
ing kernel corresponding to the tenth retrieved profile point.

the range of the profile. This is due to the increase
in measurement noise with altitude. The incom-
plete averaging kernels at the highest altitudes, and
hence the poorer retrievals above 12 km in Fig. 5, are
because the measurements have been limited to an
altitude of 15 km. More accurate retrievals could be
obtained above 12 km if measurements correspond-
ing to altitudes above 15 km were included in the
retrieval.

A more quantitative measure of the vertical resolu-
tion is the width of the averaging kernels as defined
by the Backus-Gilbert spread!5.20;

12 [
s(z) = f (z — 2')%A(z, 2')%dz2’, (14)

a2 J,

where a(z) is the area of the averaging kernel for
height z, required if A(z) is not normalized, and the
factor 12 makes the spread equal to the width for a
boxcar averaging kernel. This integration is approxi-
mated by linearly interpolating each row of A onto a
finer grid (again 10 points per 0.75-km layer) and
calculating the spread by the use of these interpolated
averaging kernels. As shown by the curve labeled
n = 20 in Fig. 12, below, the spread for the simulated
retrieval discussed above lies between 0.6 and 1.4 km
and increases with altitude, consistent with the
gradual broadening of the averaging kernels with
altitude, as shown in Fig. 9.

This spread is partly determined by the number
and spacing of the retrieved profile points, which, in
Rodgers’ method, must be chosen before performing
the retrieval. However, in general, the retrieval of a
vertical profile can be optimized to minimize either
this spread or the retrieved noise, or some linear
combination of the two. The technique for relating
the vertical resolution of the retrieved profile to its
sensitivity to random noise on the measurements was
developed by Backus and Gilbert2?® for remote sound-
ing of the structure of the solid Earth and was
subsequently applied to atmospheric remote sound-
ing by Conrath.?!

Following the formulation outlined by Conrathy,?2!
the change in measurement y; caused by a change Ax
in the atmospheric profile at altitude z is

Ay; = Jw Ki(z)Ax(z)dz, (15)

where Kj(z) is the weighting function for the ith
measurement. The change in the retrieved profile
can be expressed as a linear combination of Ay;:

Ad(z) = 2, bz)Ay, (16)

i=1

where the coefficients b,(z) depend on the method of
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inversion.
gives

Substitution of Eq. (15) into Eq. (16)

Af(z) = J.m [i bi(Z)Ki(z')]Ax(Z')dZ'
o Li=1

= fmA(z,z')Ax(z’)dz’, (17)

0

where A(z, z') is again the averaging kernel.

It is the choice of the coefficients b,(z) that deter-
mines how the measurements are weighted to obtain
the profile, and hence how a linear combination of the
vertical resolution and the noise on the retrieved
profile is minimized. This is achieved as follows.
The vertical resolution is represented by the spread
[Eq. (14)], and the noise is defined by the variance on
the retrieved profile

6.%(z) = bT(z)S,b(z), (18)

where b(z) is a vector of the inversion coefficients and
S, is the measurement-error covariance matrix. A
linear combination of the spread and the retrieved
variance is given by

Q(2) = gs(2) + (1 - q)ré, (2). (19)

The parameter r is simply a scaling factor that gives
both terms the same physical dimensions, and the
parameter q determines the relative minimization of
the spread and the variance. By varying the value of
g between 0 and 1, one can construct a trade-off curve
of vertical resolution versus accuracy. Conrath?!
outlines the additional steps required to calculate the
inversion coefficients for a given value of ¢ at a given
altitude 2, which then allows the curves of s(z; q)
versus G,(2; ) to be generated. It is also possible to
use these coefficients to perform a retrieval, but in
practice the method of sequential estimation is pre-
ferred for this purpose; the trade-off curves are most
useful for demonstrating the intrinsic vertical resolu-
tion of a system and for choosing the vertical spacing
to be used in the retrieval that will give an acceptable
level of noise.

Trade-off curves were thus calculated for each
altitude of the retrieved profile in the simulation
described above by the use of the previously defined
matrices K and S,. The results are plotted for
selected altitudes in Fig. 10. These trade-off curves
are encouraging, as they show that reasonable accu-
racy can be achieved with good vertical resolution.
If, for example, the error is 0.1 in mixing ratio
(equivalent to 10% for the profile under consider-
ation), the resolution of the retrieved profile will be
less than 1 km near the ground and will increase with
altitude to 2.5 km resolution at 12.0 km altitude and
to5kmat 12.75km. Ifan error of 0.2 (equivalent to
20%) is acceptable, the vertical resolution will be less
than 2 km for all levels up to 12.75 km. The
degradation in resolution with altitude is due to the
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Fig. 10. Backus-Gilbert trade-off curves of spread versus the
standard deviation of % as a result of random measurement errors
given by 8,, calculated for each level of the retrieved profile. For
clarity, some of the curves below 11.25 km have been omitted from
this plot.

broadening of the averaging kernels, and the poorer
resolution for the two highest layers is due to the
truncation of the weighting function above 15 km.
These trade-off curves clearly show that perform-
ing the retrieval on a grid with a vertical spacing of
0.75 km, and thereby forcing the measurements to
give a spread close to 1.0 km, will result in large
errors in the retrieved profile, as was the case for the
retrieval shown in Fig. 5. To reduce these errors,
the retrieval was repeated with a coarser grid spacing,
corresponding to a poorer vertical resolution. The
profiles retrieved by the use of 10 points at 1.5-km
intervals and 5 points at 3-km intervals are compared
in Fig. 11. As expected, the curves of % + &, show a
significant improvement in error, at the expense of
the vertical resolution. This is confirmed by Figs. 12
and 13. In the former, the spread can be seen to
increase to approximately 1.2 and 2.4 km, respec-
tively, for the retrievals of 10 and 5 profile points.
Similarly, although not plotted, the FWHM’s of the
peaks of the averaging kernels also increase to approxi-
mately 1.5 and 3 km for these two cases. Con-

. versely, in Fig. 13, the error on the profile can be seen

to decrease as fewer points are retrieved, being less
than 0.1 for n = 5. From these results, it can be
concluded that the ranging instrument will be ca-
pable of reasonable accuracy (o less than 30%) at
moderate vertical resolution (spread less than 3 km),
with some flexibility in the choice of which parameter
to optimize in the retrieval process.



15 YT T T LIRSS A AN AR AL (LR Rt S A W A &
n=10
N ,
r N -
AN n=
\ 1 1
i 1
1 !
\ ]
1 I
\ I
10 AT
—_— \ !
E 141
x i
L i
S I
E I
2 4
Wi
5} | 8
1
F ll
1
]
o n i P 1 1 b | U i n
0.5 0.0 0.5 1.0 1.5 2.0 25

MIXING RATIO (arbitrary units)
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Fig. 12. Backus-Gilbert spread for the retrieval of 20, 10, and 5
profile points with the set of 20 measurements discussed in the
text. The first and last points have been omitted from the plot

because the incomplete averaging kernels for these points distort
the value of the spread.
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10- and 5-point retrievals.

6. Additional Retrievals with Different Input Parameters

For comparison with the retrieval of Fig. 5, a series of
additional retrievals were performed to investigate
how the input parameters of measurement error,
flash-lamp pulse length, CCD recording interval, and
mixing-ratio profile each affect the accuracy and the
vertical resolution of the retrieved profile. In all
cases an initial estimate of 0 was used for Xy, with §,
equal to the unit matrix. Unless otherwise stated,
the input parameters were the same as those for the
initial example, given in Section 3: the flash-lamp
pulse was that of Fig. 2; the input profile was
constant, with 20 profile points and a layer thickness
of 0.75 km; the CCD recording interval was 5 us; and
the number of measurements was 20.

The first parameter to be investigated was the
measurement error. Backus-Gilbert trade-off curves
were calculated and retrievals were performed for two
cases: a reduction in the measurement error by a
factor of 10, such that the standard deviation o; was
equal to 0.1% of measurement y;, and an increase by a
factor of 5, such that o, was equal to 5.0% of y;,. A
change in S, leads directly to a change in the error on
the retrieved profile, as can be seen in Eqgs. (8) and
(18). The effect on the trade-off curves is shown in
Fig. 14, in which the curves for measurement errors
of 0.1%, 1.0%, and 5.0% at the intermediate altitude
of 9 km are compared. Similar results are obtained
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Fig. 14. Backus—Gilbert trade-off curves of spread versus the
standard deviation of % for the 9-km layer, calculated for measure-
ment error o; equal to 5.0%, 1.0% and 0.1% of measurement y;.

at other altitudes. As expected, these results demon-
strate that the smaller the measurement error, the
smaller the error (or the better the vertical resolu-
tion) that can be achieved for the retrieved profile.
For the 9-km layer, if an error of 0.1 in mixing ratio is
desired, the resolution of the retrieved profile will be
less than 0.6 km, 1.5 km, and 4.5 km, respectively, for
measurement errors of 0.1%, 1.0%, and 5.0%. Con-
versely, if the profile is retrieved on a grid with a
vertical spacing of 0.75 km, i.e., that used in Fig. 5,
the profile errors will be large but will decrease with
decreasing measurement error, as illustrated by the
retrievals in Fig. 15. Clearly, to optimize the re-
trieval of vertical profiles with the ranging instru-
ment, the signal to noise of the measurements should
be maximized; in practice, it should be possible to
improve this signal to noise by integrating a series of
pulses of the flash lamp on the CCD before readout.
The next input parameter to be studied was the
flash-lamp pulse. Trade-off curves were calculated
for three additional pulses, peaking at 0.5, 4, and 8 ps
(compared with 2 ps for the pulse in Fig. 2) and with
total pulse energy correspondingly scaled by one-
quarter, two, and four times that of the pulse in Fig.
2. The FWHM'’s of these four pulses are 1.2, 4.9,
9.8, and 19.6 ps, which correspond to uncertainties of
0.18, 0.73, 1.5, and 2.9 km in altitude, respectively.
The trade-off curves for all four pulses at 9 km are
compared in Fig. 16, from which two conclusions can
be drawn. First, decreasing the pulse width below a
FWHM of 4.9 ps has little effect, which follows from
the fact that the uncertainty in altitude of 0.73 km
that is associated with this FWHM is almost the same
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ALTITUDE (km)
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Fig. 15. Vertical profile of the mixing ratio (solid curve with
circles) and % + G, (dashed curves) retrieved for measurement error
o; equal to 5.0% and 0.1% of measurement y;. For clarity, the
profiles for 0.1% error have been offset by 3 mixing-ratio units.

as the 0.75-km grid spacing of the profile. Second,
increasing the pulse width above a FWHM of 4.9 ps
does influence the trade-off curves, causing either
poorer vertical resolution or large errors on the
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Fig. 16. Backus—Gilbert trade-off curves of spread versus the
standard deviation of X for the 9-km layer, calculated for the four
flash-lamp pulses discussed in the text.



retrieved profile. Increasing the pulse width in-
creases the extent of the region through which the
signal partially passes, thereby smearing out the
forward-model scaling functions over a larger altitude
range (see Fig. 1) and hence smearing out the weight-
ing functions. The resulting averaging kernels are
broader, and the vertical resolution is therefore worse.
Thus the optimum flash-lamp pulse for the ranging
instrument will have an equivalent width in altitude
equal to or less than the grid spacing of the profile, as
there is little advantage to having a smaller width and
a degradation in performance if the width is larger.
The third parameter to be varied was the CCD
recording interval. For comparison with the base-
line case of 5 s, retrievals were performed for both a
shorter interval of 2 us and a longer interval of 10 ps.
These correspond to the illumination of 4 and 50
columns, respectively, of a CCD array having a typical
charge-transfer time of 0.5 ws per column. Decreas-
ing the recording interval has two effects: it reduces
the region of partial transmission of the pulse (see
Fig. 1 again) and it increases the number of measure-
ments, m = 2z,,,/cdt..q, so that more profile points
can be retrieved at higher vertical resolution for a
given maximum altitude. Trade-off curves and re-
trievals were therefore calculated for both the maxi-
mum possible number of profile points n = m, giving
50, 20, and 10 points for the intervals of 2, 5, and 10
s, and also for n = 10 for the 2- and 5-us intervals.
To illustrate how dtq and the value of n influence the
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Fig. 17. Backus-Gilbert spread for the retrieval of 10 and 50
points for a CCD recording interval of 2 s, 10 and 20 points for an
interval of 5 ps, and 10 points for an interval of 10 ws. The first
and last points have been omitted from the plot because the

incomplete averaging kernels for these points distort the value of
the spread.
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Fig. 18. Standard deviation on the profile retrieved at 10 and 50
points for a CCD recording interval of 2 s, 10 and 20 points for an
interval of 5 us, and 10 points for an interval of 10 ps.

retrieved profiles, the resulting spreads are presented
in Fig. 17, and the errors on the retrieval are pre-
sented in Fig. 18. These results indicate that mak-
ingn = m for a given recording interval forces higher
vertical resolution for smaller dl.eq, thus making the
error larger and the spread smaller as dt..q decreases.
Making n = m is equivalent to minimizing the spread
and maximizing the noise on the grade-off curves.
(However, for n = 50, this minimum spread is also
limited by the width of the flash-lamp pulse, which
gives an FWHM uncertainty of 0.73 km in altitude in
this example; when this is reduced to make dt,, the
controlling factor, the spread for n = 50 becomes a
smooth curve varing from 0.25 km at the ground to
0.6at14km.) In contrast, if n is limited to 10 points
while m is unchanged, the averaging kernels, and
hence the spreads, are forced to become similar for all
three values of dt,q. The retrieved error then de-
creases as df..q decreases, as there are more measure-
ments to constrain the retrieval of a fixed number of
points. From these results, the optimum CCD re-
cording interval will be as short as possible to improve
the vertical resolution by reducing the slope of the
forward-model scaling functions and to maximize the
number of measurements, and fewer profile points
will be retrieved than there are measurements, giving
better constraints on the retrieval.

The last set of retrievals was performed for differ-
ent mixing-ratio profiles. In Fig. 19, an input profile
of a Gaussian layer centered at 7.5 km with a FWHM
of 4.7 km (0 =20 km) was used, with all other
parameters identical to those for the retrieval of Fig.
5. Both the input profile and the retrieved profile for
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Fig. 19. Input Gaussian profile of the mixing ratio, along with the
corresponding retrieved profile and £ * 6.

the maximum number of profile points, n = m = 20,
are shown. At this point spacing, the averaging
kernels are similar to those for the constant mixing
ratio below 7.5 km, giving a spread of approximately
0.6 km, but broaden above this altitude, leading to an
increase in the spread with altitude to approximately
3-km resolution at 13 km. The error on the re-
trieved profile also increases significantly with alti-
tude above the peak of the profile, because the
measured column abundances, and hence the mea-
surement errors, become quite large when they in-
clude the peak values of the mixing ratio. However,
the good agreement between the input and retrieved
profiles in Fig. 19 demonstrates that it should be
possible to use the ranging instrument to retrieve
more complex atmospheric structures than just the
simple profile of constant mixing ratio.

7. Conclusions

In this paper, the principles of retrieval theory have
been used to model the performance of a recently
conceived ranging instrument that combines the ad-
vantages of UV—visible absorption spectroscopy with
those of lidar profiling. The use of a broadband
source and a two-dimensional CCD array detector
allows individual spectra to be measured at a series of
discrete time intervals, from which column abun-
dances can be simultaneously derived for different
atmospheric constitutents. This modeling study has
demonstrated the feasibility of using the ranging
instrument to retrieve vertical profiles of these con-
stituents in the troposphere and lower stratosphere.
Retrievals of both constant and structured mixing-
ratio profiles have been performed, the latter demon-
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strating that it should be possible to resolve vertical
structure in the atmosphere with the ranging instru-
ment.

Backus—Gilbert curves have been used to demon-
strate the trade-off between minimizing the vertical
resolution and minimizing the error on the retrieved
profile for a series of different input parameters.
Retrieving fewer profile points improves the error at
the expense of coarser vertical resolution. Depend-
ing on whether accuracy or resolution is optimized in
the retrieval, it should be possible to retrieve profiles
with the ranging instrument at accuracies better
than 30% and resolution better than 3 km up to
altitudes of 12-15 km.

Various factors influencing the quality of the re-
trievals that will be achievable with the ranging
instrument have also been investigated. First, the
noise on the measurements significantly affects the
quality, with larger measurement noise limiting the
accuracy and vertical resolution that can be obtained.
This suggests that a large number of measurements
should be integrated on the CCD to improve the
signal to noise as much as possible. Second, the
duration of the flash-lamp pulse also affects the
trade-off curves, as it determines the region through
which the pulse is partially transmitted and therefore
the slope of the weighting functions. The optimum
pulse will have a FWHM (in altitude) equal to or less
than the grid spacing of the profile, as there is a
degradation in performance for larger widths and
little advantage to a smaller width. Third, the length
of the CCD recording interval defines the number of
measurements and therefore the maximum number
of profile points that can be retrieved and also contrib-
utes to the region of partial transmission of the
flash-lamp pulse. The optimum CCD recording inter-
val will be as short as possible to reduce the slope of
the weighting functions and to maximize the number
of measurements, and fewer profile points will be
retrieved than there are measurements, giving better
constraints on the retrieval.
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