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COMPUTER SIMULATION OF AN AIRCRAFT-BASED DIFFERENTIAL

ABSORPTION AND SCATTERING SYSTEM FOR

RETRIEVAL OF SO2 VERTICAL PROFILES

James M. Hoell, Jr.
Langley Research Center

SUMMARY

An analysis of the feasibility of using a differential absorption and scattering (DAS) system
to retrieve vertical SO,, profiles from various aircraft altitudes is presented The analysis
utilizes a computer model which simulates measured return signals for several different atmo-
spheric conditions. From these measured signals the SO,, column content from the platform
down to various altitude levels and the SO- concentration averaged over the vertical resolution
of the system are determined and compared with the respective true values as determined from
the input profile. Particular care is taken to characterize the DAS system with parameters that
can be realized by using commercially available components. The vertical molecular and
aerosol profiles are chosen to simulate types of profiles which might be experienced over a
large city.

Results of the simulated retrieval are presented for five different line pairs, a platform
altitude of 2625 meters, and a resolution length of 500 meters. For each case considered, a
systematic error and a random error are determined. The systematic error is due to an inher-
ent difference in the return signals for the two transmitted wavelengths. The random error
includes effects due to shot noise in the return signal, background noise, detector noise,
and instrument noise. Effects due to scintillation and spatial averaging of the various molecule
and aerosol profiles are avoided by considering only "single-shot" retrievals.

Results from this analysis indicate that the measurement of the vertical distribution of
SO,,, as well as the column content from an aircraft platform, is well within the capability
of the DAS techniques. Moreover, construction of a system capable of such measurement is
well within present day technology.

INTRODUCTION

Differential absorption and scattering (DAS) is an active laser technique for remotely
measuring atmospheric pollution which attempts to combine the high sensitivity of resonance
absorption and the range-resolved capability of hdar systems. The application of the absorption
technique is implemented in a DAS system through use of a pulsed laser operating on and



off of a characteristic molecular absoprtion peak. The use of standard hdar techniques permits
the measurement of the backscattered energy from each transmitted wavelength as a function
of range. The gas concentration is then related to the difference in the backscattered energy
for each wavelength.

The first demonstration of the DAS technique (ref. 1) utilized a temperature-tuned ruby
laser to measure troposphenc water vapor. (Note that an earlier application of the DAS tech-
nique to measure water vapor was reported in ref. 2; however, the light source was a xenon
searchlight rather than a laser.) Results from other ground-based DAS systems have been
reported in reference 3 for the measurement of atmospheric NO,., and in references 4 and 5
for the measurement of NO^, Oo, and SC^ contained in a large calibration chamber. In
addition to these experimental results, a number of analytical studies covering various aspects
of the DAS technique have appeared in the literature. For example, a study comparing the
DAS, Raman, and fluorescence techniques was reported in reference 6. The problem of
uncertainty prediction for DAS has been investigated with varying degrees of sophistication m
references 7, 8, 9, 10, and 11. In general, both the experimental and analytical studies have
indicated that the DAS technique is capable of yielding high sensitivity for concentration
and ranges useful for remote pollution monitoring with measurement errors compatible with
concentration measurement needs. An important mode of operation for a DAS system, par-
ticularly for regional monitoring, is from an aircraft platform. The work reported in refer-
ences 7, 8, and 9 has been oriented toward analysis of ground-based systems; of these
references, measurement of SCK is considered only in reference 8. Measurement of SC^ is
not considered in reference 10. The present study represents the first detailed evaluation of
the DAS scheme for regional monitoring of SC^ from an aircraft-based system.

In particular, the purpose of this study is to evaluate the ability of a given aircraft-
1 based system to "measure" various SO^ vertical profiles. The measured profiles are constructed
from a set of simulated return signals calculated by a computer model which is designed to
reproduce effects of ozone and various aerosol distributions as well as background and system-
generated noise, The effects of systematic errors due to interfering gases and aerosols, as
well as of random errors, on the retrieval of the pollutant profile are considered. In addition,
particular care has been taken in this simulation to use parameters (i.e., laser energy, filter
bandwidth, telescope size, etc.) which can be accommodated on an aircraft platform and, more
importantly, which can be realized with commercially available technology. Furthermore, the
vertical molecular and aerosol profiles which have been used in this study were chosen to
simulate the types of profiles which might be experienced over a large city.

SYMBOLS

A area of receiver, TTT

c speed of light
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h Planck's constant

M^: column content of gas k from Rp down to R:, atm-cm

M^. estimate of M^ .-, atm-cm

Nj = Nj b + Nj j, photons/pulse

Nj b background noise at wavelength Xj, photons/pulse

Nj (j photomultipher dark noise at wavelength Xj, photons/pulse

n^ molecular concentration of gas k, atm-cm-m~

nm atmospheric molecular density, m~^

n^ spatial average of n^, atm-cm-m~'

nj^ estimate of n^, atm-cm-m~

Pj. return signal for \ from altitude R^, photons/pulse

Q electronic amplification

R. altitude of atmospheric cell j, m

AR = Rj+i - RJ, m

Rp platform altitude, m

Sjj = PJ + Nj, photons/pulse

Uj transmitted energy at wavelength \v J

j3j. total volume backscattenng coefficient for Rayleigh and-Mie scattering for wave-
length Xj and atmospheric cell j, (m-sr)~'

/3j. volume backscattering coefficient for Rayleigh scattenng, (m-sr)~



5 uncertainty in the parameter it precedes

T? optical transmission

Xj wavelength, nm

£j total extinction coefficient for Rayleigh and Mie scattering for wavelength Xj, m~

£r extinction coefficient for Rayleigh scattering, m~ *

°k,i molecular absorption coefficient at Xj for gas k, (atm-cm)~

T gate interval, sec

DISCUSSION OF MODEL AND SIMULATION

Figure 1 indicates the major features of a DAS system. The laser transmitter is oper-
ated at two wavelengths, X. and X~, which are chosen to coincide with a maximum and
minimum, respectively, in the absorption spectrum of the particular atmospheric constituent.
Using the range gating techniques that are associated with single-ended hdar systems, the back-
scattered energy from a given atmospheric volume at range Rp - R: is measured for each
transmitted wavelength. The backscattered energy measured at the receiver is given by the
following equation.

icr\ X. AUi / /*Ri
PiJ = *(f KJ hi, '(Rp - Rj

The summation in the exponential function is over all constituents which absorb at the trans-
mitted wavelength.

The backscattered energy is due to Rayleigh and Mie scattering of the transmitted laser
energy within the atmospheric volume under observation. Because of the choice of trans-
mitted wavelengths, the major contribution to the difference in the backscattered energies at
Xj and X- is due to the amount of absorbing gas between the transmitter and scattering
volume. Consequently, a comparison of the return signals P. . and P9 . provides a mea-
sure of the average pollutant concentration (i.e., column content) between the transmitter and
the scattering volume, that is,



M l,j

+ (a2,l - a2,2)n2dr (2)

where

MIj ,dr

In equation (2), the analysis has been explicitly restricted to two absorbing gases with n^
being SO9 and n~ being O-,. By obtaining the column content for successive ranges, the

^ • 2 , - 3
average pollutant concentration between scattering cells can be determined from equation (3a)

or (3b), which are

- . Mu.
n

n, =

AR

1
2AR(a, .

\ ' 'i - al,2)

(3a)

p p
U 2j+l
P P
2/1,j+1

+ In

(3b)

The expressions given for the column content (eq. (2)) and average concentrations (eq. (3a)
or (3b)) are exact and are based on the assumption that all parameters are either known or
can be determined during a given measurement. In practice, this is generally not the case,
since equations (2) and (3b) contain variables associated with the atmosphere (i.e., & .-, £

)
\ 'jj *

which are not adequately known. Further complicating the use of these expressions
is the fact that the signal measured at the receiver S.; is the sum of the laser backscattered'%)
energy Pj. and noise energy N due to solar background and system noise. Consequently,

in an operational system, the exact equations for column content and average concentrations
are replaced by the following equations:

M
1

U
In

(SU - Nl)(U2X2)

( 2)J

(4)

M - M.
_

nl AR (5)
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Note that equations (4) and (5) contain only parameters which can be measured. Moreover,
it should be emphasized that M'. and n! represent an estimate of M. and n., and

i )J i i >J -i
the accuracy of this estimate depends upon the choice of wavelengths as well as the atmo-
spheric conditions during a measurement.

The basic methodology used to evaluate the performance of a given DAS system con-
sists of comparing a retrieval or measured SO^ profile, containing calculated measurement
errors, and the "true" SCU profile. The true SC^ profile can be determined from equations (2)
and (3) or, directly, by averaging the assumed vertical SCU profile over the vertical resolution
of the DAS system. The measured profiles were calculated from equations (4) and (5). One
type of error considered, the systematic error, is the difference between M^ . and Mj, j and
between nu and n^ for the column content and range-resolved concentration measurements,
respectively. The systematic error is equivalent to the SCU column content or concentration
that would be inferred from a given DAS measurement even if no SCU were in the measure-
ment path. The other type of error considered is due to the random uncertainties in the
measured signal. The random errors were obtained by considering the propagation of errors
through equations (4) and (5). This analysis, described in detail by Thompson (ref. 10), is
similar to that presented by Schotland (ref. 9) The expressions for the uncertainty in M^ :
and n^ are given in equations (6) and (7), respectively, as follows

U - "1,2)

(5S

(s>.' S2,,

1/2

(6)

i ' zk [(6MU)2 + («Mij«)2]
1/2

where the uncertainties in S, • and N: are given by the equationsi >J l

2 =(5SU) = (8)

(9)

and Q has been introduced to represent the electronic amplification which converts received
photons to charges stored by the electronic equipment. By assuming that the standard devia-
tion in the laser backscatter and the noise generated by the background are determined by
Poisson statistics, equation (6) can be put in the following form:



(Ni a + Ni P + 2N . + N\ l,d \Oil*' 1 / * ?J * * )" 1_3 '̂/ i ^>J ^ Z^Q. ^jP,

7p, H\ Ij H N ,d + f 41 b)2 H
H /N l,d + >4 lb ) 2

P1J
/p + M + M \2 + /XT . vr
i r,-* . T^ A^n j "^ "n u. / i ^^^ j ' L^s* ,\ 2j 2,d 2,bJ \ 2,d 2,b/ s ,1Q,

From the form of equation (10) it is apparent that only the contributions due to shot
noise, background and detector noise, and instrument noise have been considered in this analy-
sis. The contributions to SM^ from uncertainties in transmitted energy, range, variation in
backscattenng and extinction coefficients due to scintillation effects, and variation in molecular
or aerosol content within the field of view have been neglected. The errors m absorption
coefficients, laser energy, and range should be small compared to the other sources of uncer-
tainty, whereas the effects of scintillation and variation in backscatter source depend to a
large extent on the mode of operation. For example, the time between measuring the back-
scattered energies from X. and X~ and the amount of spatial averaging performed dunng
a regional measurement will, to a great extent, determine the magnitude of these errors. In
order to avoid considering such operational problems, it has been assumed that the transmitted
wavelengths are either simultaneous or closely spaced in time. (Simultaneous operation would
be desirable but would be difficult to implement in an operational system due to the problem
of separating the return signals which are closely spaced spectrally.)

In order to consider the performance of a given DAS system based on the criteria dis-
cussed, a set of expected backscattered signals for each transmitted wavelength and atmospheric
model was calculated as a function of range by using equation (1). Two atmospheric models
were used during this simulation, each corresponding to a standard 1962 midlatitude atmo-
sphere (ref. 12) containing a constant ozone concentration of 32 ppb at all altitudes, but con-
taminated with the SC>2 and aerosol profiles shown in either figure 2 or figure 3. The shape
of each SO7 profile was modeled after an experimentally measured profile (ref. 13) with the
ground-level concentration for each case being chosen to represent a range of pollution condi-
tions. The SCU profile I (fig. 2(a)) represents a moderately light pollution level with a
ground-level concentration of only 37 ppb. (Note that this concentration is well below the
level at which SC^ can be detected by taste, i.e , 0.3 to 0.5 ppm.) The ground-level SC^



concentration for profile II (fig. 3(a)) is 370 ppb and represents a moderately heavy pollution
level, but one which, for hourly averages, has been frequently observed over large cities
(ref. 14). Because of the strong correlation between the production of sulfate aerosols and
the SCU concentration, an effort was made to choose aerosol profiles representative of ones
that might be associated with the two SC>2 profiles used here. For example, the horizontal
ground-level visibility for aerosol profile I (fig. 2(b)) is approximately 10 km, and represents
conditions which might be associated with the SCU profile of figure 2(a). The ground-level
visibility for aerosol profile II (fig. 3(b)) is approximately 4 km and is one that might be
associated with SC>2 profile II (fig. 3(a)).

The following laser line pairs were used in the retrieval of the SCU profile 300.05
and 299.30 nm; 298.00 and 299.30 nm, 300.05 and 301.30 nm; 298.00 and 297.40 nm;
296.25 and 291.40 nm. The first wavelength in each of these pairs is the "on" pulse and
the second is the "off" pulse. Based on the following considerations, this analysis was
restricted to the wavelength region between 296.25 and 301.30 nm. The difference between
the SO-, absorption coefficients for X, and X0 is a maximum. The difference between^ i z
the O-j absorption coefficients for any pair of X. and X,, is, in general, small and at
the same time the attenuation due to O-, absorption is less than for a wavelength lying far-
ther in the ultraviolet. Finally, this spectral region is just under the so-called "ozone
umbrella" so that daylight background presents no measurement problems.

The Mie backscattering and extinction coefficients for each scattering cell were deter-
mined from an array of normalized backscattering and extinction coefficients associated with
a Deirmendjian aerosol haze model M and the assumed vertical distribution of aerosols. The
aerosol size distribution for this model is similar to that found in coastal areas (ref. 15). In
a similar manner, the attenuation due to CK and SCU was determined from an array of
absorption coefficients and the assumed vertical distribution for each gas. The absorption
coefficients for O^ and SC^ were obtained from references 16 and 17, respectively, and are
given in table I for the wavelengths used in this analysis. Rayleigh backscattering and extinc-
tion coefficients were calculated from the following equations (from ref. 18)'

0r = (4.92 X 10-2) (Ha)

$r - (4.11 X 10-20) ( l ib)
Xi

where r^ was determined from the vertical molecular distribution associated with the
standard 1962 midlatitude atmosphere.
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In evaluating the expected return signals from equation (1) it was assumed that the
backscattered signal from a given range cell could be represented by equation (1) when using
backscattenng and extinction coefficients that were averaged over the cell. With this in mind,
it should be noted that the column content is considered to be from the platform down to
the lower edge of the range cell. The average concentration, calculated from the difference
between successive column-content values, is associated with the average altitude level between
the column-content values. The assignment of these parameters to the altitude levels is illus-
trated in figure 1.

Table II lists additional parameters that were used to determine the backscattered energy
plus noise energy. An effort has been made to use parameters that can be realized by using
commercially available technology to characterize a DAS system which could reasonably be
expected to be mounted on an aircraft. In formulating such a system the range of laser and
receiver parameters that can be considered is, to a large extent, limited. The operational
parameters such as platform altitude and range resolution, however, can vary over a large range
of values. Those parameters listed in table II represent a combination which provided a reason-
able vertical resolution (500 m) while maintaining an uncertainty of less than 20 percent in
the retrieval of the column content down to ground level from a single set of laser data.

RESULTS AND DISCUSSION

Results of the retrieval of the SCU column content from the platform down to the
altitude of a particular scattering cell are shown in figures 4 and 5 Note that in figure 4
the profiles shown in figure 2 were used for the aerosol and SO2 vertical distribution, whereas
figure 5 illustrates the retrieval of SO2 column content for the SO.-, and aerosol profiles
shown in figure 3 The circles represent the "true" column content from the platform down
to the scattering cell as calculated from equation (2). The squares in figures 4 and 5 repre-
sent the retrieved column content calculated from the simulated return signal by use of equa-
tion (4). The uncertainty, indicated by the error bars, is based on a single laser firing for
each "on" and "off wavelength. The inner error bars on the measured data represent the
shot noise error, and the outer error bars represent the combination of the shot noise error
plus background and detection noise, and a 2-percent instrument error. The triangles indicate
the column content that would be calculated if there were no SO2 in the measurement path.
This column content represents the systematic error that would be associated with the partic-
ular wavelength pair under consideration.

The qualitative behavior of the random errors considered is, in general, as expected.
For example, the shot noise error (inner error bars) increases significantly as the distance
from the platform increases. This is due to a decrease in the return signal at the lower
altitudes. Consequently, the measurement accuracy tends to be dominated by the shot noise
error at the lower altitudes, whereas the instrument error becomes the limiting factor at the



higher altitudes. In figures 5(a) and 5(b) where aerosol profile II and SO9 profile II are used,
the measurement sensitivity is dominated by the shot noise error. For this case there is so
little difference between the total and shot noise uncertainty that only one set of error bars
can be distinguished. Notice also that in figures 5(a) and 5(b) there is a large increase in the
uncertainty between the column-content measurement down to the 625-meter level and the
125-meter level. This uncertainty is due to a relatively large increase in the aerosol concen-
tration at the 1000-meter level which reduces the return signal from levels below 1000 meters.

The measurement accuracy increases as the aerosol concentration decreases and, up to a
point, the accuracy improves as the column content increases. This improvement is illustrated
in figures 6(a) and 6(b), where the signal-to-noise ratio associated with a measurement of the
column content from the aircraft at 2625 m down to the 125-m level is plotted as a function
of column content for three line pairs. The signal-to-noise ratio shown in these figures is cal-
culated from a single set of return signals. Aerosol profile I was assumed for figure 6(a), and
aerosol profile II was assumed for figure 6(b). The signal-to-noise ratio for all line pairs is
higher by a factor of approximately 2 when the aerosol profile I is used. It is interesting to
note that the presence of aerosols produces competing effects in that the aerosols cause a
stronger backscattered signal while at the same time producing a stronger attenuation. For
this reason a signal-to-noise ratio approaching 10 can be achieved even in the presence of aero-
sol profile II. The pronounced maximum in the signal-to-noise-ratio curves in figures 6(a)
and 6(b) is caused by the small difference in the on and off return signal at low column-
content values, and a low return in the on signal at the higher column-content values. From
figures 6(a) and 6(b) it is also apparent that a slightly higher signal-to-noise ratio occurs for
the wavelength pair (i.e., 300.05 and 299.3 nm) having the largest difference in absorption
coefficients. As will be shown, this line pair also exhibits a smaller systematic error.

The behavior of the systematic error associated with the column-content measurements
for the five wavelength pairs considered is also illustrated by the triangles in figures 4 and 5.
This error is due to a difference in the backscattering and attenuation at the two transmitted
wavelengths even in the absence of SC^. The magnitude of this error for the atmospheric
conditions assumed for these figures can be as large as the random uncertainty in the measure-
ments. For example, at ground level the systematic correction in figures 4(c) and 4(e) is
approximately 1& percent of the true value as compared with a random uncertainty of approxi-
mately 17 percent. This comparison is based on a "single shot" retrieval. Signal averaging
would tend to reduce the random uncertainty while leaving the systematic correction unchanged
and, consequently, would tend to increase the relative importance of the systematic error, par-
ticularly for the low SC>2 concentration levels. The wavelength pair having the lowest system-
atic error is 300.05 and 299.3 nm, and as mentioned previously, this wavelength pair also
exhibited the largest signal-to-noise ratio. The lower systematic error for this pair appears to
be fortuitous rather than associated with the factors which contributed to the higher signal-to-
noise ratio. The major factors contributing to the low systematic error are the relatively small
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wavelength separation between the two transmitted wavelengths (i.e., 0.75-nm separation), which
reduces the difference in Rayleigh and Mie backscatter and attenuation coefficients, and the
relatively small difference in ozone absorption coefficients, which reduces the difference in
attenuation due to ozone.

As the SC>2 level increases, the relative significance of the systematic error tends to
decrease; this can be seen by comparing figures 4(a) and 5(a). The systematic correction shown
in figure 5(a) has been reduced to about 2 percent from the 18 percent in figure 4(a) Note,
however, that the ozone profile has not changed, and an increase in the ozone level for the
higher 862 levels would tend to increase the systematic correction.

The ability of the DAS system assumed here to retrieve SC>2 profiles-1 and II from a
single pair of return signals is illustrated in figures 7 and 8. The measured profile was obtained
from the column-content measurements shown in figures 4(a) and 5(a). The uncertainty, as
illustrated by the error bars, is related to the uncertainty in the column-content measurements
obtained from equation (7). In figure 7 the salient feature to note is that the error in retriev-
ing the vertical distribution of SC>2 is quite large at all altitude levels, whereas in figure 8 the
uncertainty becomes unacceptably large only at the lowest altitude. The large error at the low-
est level is due in part to the smaller resolution length used in an attempt to get closer to
ground level. The large uncertainties in measuring the vertical distribution of SC>2 indicate that,
although measurement of the column content to an accuracy of 20 percent or better may be
possible on a single shot basis, range-resolved measurements, using the DAS system formulated
here, will require averaging over a number of shots. Neglecting the problems associated with
averaging a nonhomogeneous horizontal SC>2 distribution and a horizontally varying backscatter-
ing source, the uncertainty in an average measurement is inversely proportional to the square
root of the number of shots or profiles to be averaged. Figures 9 and 10 illustrate the results
of averaging 100 of the profiles shown in figures 7 and 8, respectively, and figure 11 illustrates
the results of averaging 100 profiles derived from the column-content data shown in figure 4(c).
Note that for a system capable of operating at 30 pulses/sec with simultaneous wavelengths,
this would represent a total measurement time of less than 4 seconds. In figures 9 and 11,
where SC>2 profile I has been assumed, systematic errors tend to limit the fidelity of the
retrieval process. This is particularly true in figure 11, where, except for the lowest altitude
level, the difference between the retrieval profile and the true profile is approximately
5 X 10 atm-cm/m or 5 ppb. Note that the largest systematic error occurs at the lowest level,
which is related to assuming that the ground reflectivity is equal at the two transmitted wave-
lengths. The magnitude of the systematic error at the lowest level in figure 11 is approxi-
mately 2 X 10 atm-cm/m or 20 ppb. In figure 9 the corresponding systematic errors are
about 9 ppb at the lowest altitude level and about 2 ppb above this level. In figure 10,
where SC^ profile II has been assumed, the relative importance of the systematic error is
small and consequently the random error tends to limit the accuracy of the retrieval process
to about 10 ppb at the 375-m level and about 84 ppb at the lowest level

11



CONCLUDING REMARKS

In the preceding analysis, the ability of a differential absorption and scattering (DAS)
system to retrieve vertical SC>2 profiles from aircraft altitudes has been studied. The analysis
utilized a computer model which simulated "measured" return signals for several different atmo-
spheric conditions. From these measured signals the 862 column content from the platform
down to various altitude levels and the SC>2 concentration averaged over the vertical resolution
of the system were determined and compared to the respective true values as determined from
the input profile. Particular care was taken to characterize the DAS system with parameters
which could be realized by using commercially available components. Also, the vertical molecu-
lar and aerosol profiles which were used to characterize the atmospheric model were chosen to
simulate the types of profiles that might be experienced over a large city.

Results of the simulated retrieval were presented for five different line pairs in the spec-
tral region from 296.25 nm to 301.30 nm, an aircraft altitude of 2625 m, and a vertical reso-
lution of 500 m. The fidelity of the retrieval process was determined by considering the
systematic and random errors associated with each measurement. The systematic error is due
to an inherent difference in the return signals for the two transmitted wavelengths, whereas
the random error is due to shot noise in the return signal, background i and detector noise,
and instrument noise.

Results from this analysis indicate that measurement of SC^ column content, as well as
the vertical distribution of SCL, from an aircraft platform is well within the capability of the
DAS technique. However, it was shown that for a measurement of both the column content
and range-resolved concentration, care must be taken in selecting the operating wavelengths to
avoid systematic errors larger than the random uncertainty. This was particularly true when
low 862 levels were to be measured. For moderately high pollution levels, the random uncer-
tainty in the range-resolved concentration measurements tended to limit the fidelity of the
retrieval process.

Langley Research Center
National Aeronautics and Space Administration
Hampton, Va. 23665
November 28, 1975
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TABLE I- SO2 AND O3 ABSORPTION COEFFICIENTS AT THE

WAVELENGTHS USED IN COMPUTER SIMULATION

Wavelength, nm

301.30

300.05

299.30
298.00

297.40

296.25

Absorption coefficient,
(atm-cm)~l, for —

SO2

6.7

327

7.4

27.1

8.0

28.1

' °3
8 7

10.0

10.9
13.0

14.3

16.6
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TABLE II.- PERTINENT PARAMETERS CHARACTERIZING THE COMPUTER

SIMULATION OF AN AIRCRAFT-BASED DAS SYSTEM

Platform altitude, m 2625
Cell length, m 500

^Telescope area (40.64-cm (16-in.) telescope), mz 0.129
Transmitted energy, mJ at 0.2 A bandwidth 0.4
Optical efficiency 0.1
Filter bandwidth, A 22
Detector noise, counts/sec 20
Background, W/m2-sr-A 10~6

Ground reflectivity . 01
System error, percent 2

16



LASER
TRANSMITTER

ATMOSPHERIC
CELL j

ATMOSPHERIC
CELL j+1

TRANSMITTED A

RECEIVER
TELESCOPE

BACKSCATTERED
SIGNAL P. .1 »J

ALTITUDE LEVEL -
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Figure 1.- Illustration of a DAS system, the altitude assignment
to the column content, and average gas concentration.

17



o
-|8

o
o
ID

o
o

O
o
c\j

ir> o
CVJ CM

o
on
O

CO
Q.
Q_

W
i—I
O
co
o
SH
O)
ri

co

8 .2

rt

£ §
« -S

(_>
z
o

CO
o
oo

f-(
-M
CQ
FH

T3

"rt

0)

'rt

<D

O

o
a

"5 fS"
,Q "oJ

-S so M
S o

3 rt
"t< 0
<u ±5

CO CO

O --J

B «m W
CD .̂ H
rt >

rt
)

«H 9
o o
fi
O bfl

13

18



O
O
o
00

O '
O f>
in i

O
O
o

<D

CD

i io •<->
CO 3

2 S

S O0) 0,

O
4->

o
O
tn

8
o
<J~I
o

- _
CO

•S
"rt
o

^_>
tn
O)

i—i tr>
h-

O

C\J
o
LT>

M

a

at
Q)
f,

.
rt -!-, C
cu ^
T3
O ^

- i
•

to

i*g 2
S >
<l) "ni

rt ^•s •?
rt TJ

-w o"!
OT g

i!O
N

o
IT)

i-. ID

S ~
C3

C\J

3 Na -a
*H O

CO
•^
T3

13
O

* t:
S <u

I
CO

0)

19



GT33852

2500

2250

2000

1750

5 1500

a 1250
ID
h-

HlOOO

cr
750

500

250

0

0 COLUMN CONTENT CflLCULflTED
FROM S02 PROFILE I

n COLUMN CONTENT CflLCULflTED FROM
SlffJLflTED RETURN SIGNALS

i &QB— —A
' ' & SYSTEMflTIC UNCERTfllNTY

IN COLUMN CONTENT

ON HflVELENGTH=300.05NN

OFF HflVELENGTH=233.30NH
AL IJBI 1

- SHOT
NOISE
ERROR

L. . \. -i

TOTAL ERRORA i_ i mi i

,1 1 1 1 1 1 , , nl n, . 1
- 1 0 1 2 3 4 5 6

COLUMN CONTENT (RTM-CM)
(a) Wavelengths 300.05 and 299.30 nm were used in model.

7 X ID'3

Figure 4.- Simulated measurement of SC^ column content from an aircraft platform
at 2625 m. Aerosol profile I and SG>2 profile I were used in the atmospheric
model.
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(b) Wavelengths 300.05 and 301.30 nm were used in model.

Figure 4.- Continued.
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(c) Wavelengths 298.00 and 299.30 nm were used in model.

Figure 4.- Continued.
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(e) Wavelengths 296.25 and 297.40 nm were used in model.

Figure 4.- Concluded.
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Figure 5.- Simulated measurement of SO0 column content from an aircraft platform
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at 2625 m. Aerosol profile U and SO^ profile II were used in the atmospheric
model.
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Figure 7.- Retrieval of SOo profile I in the presence of aerosol profile I using the
wavelength pair 300.05 and 299.30 nm from a platform altitude at 2625 m. The
error associated with the measurement at an altitude of 62 m has been scaled
in magnitude by a factor of 10.
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