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ABSTRACT

This paper discusses the uncertainty of ozone differential absorption lidar (DIAL) measurements due to the impact of
background signal. The impact of background signal on ozone concentration profiles is proportional to the background

. . . . . . Z, 4 . .
intensity and the ratio of return signal intensities at “on”” and ““off”” wavelength (u) (hereinafter we call it the

( 1 “roff
return signal intensity ratio). Analysis suggests that an appropriate return signal intensity ratio can make the impact of
background signal very small, negligible. The simulations based on the analysis coincide with the experimental results.
The experimental results show that the impact of background signal is negligible at an appropriate return signal inten-
sity ratio of 0.96 at wavelength pair (280,285 nm). In case of unknown background intensity, we can adjust the laser
pulse energy levels at the two wavelengths to obtain an appropriate return signal intensity ratio on the oscilloscope to

suppress the impact of background signal and ensure the accuracy of night time ozone measurements.
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1. Introduction

Measurements of ozone in troposphere by differential
absorption lidar (DIAL) should be corrected for the im-
pact of aerosol and other species [1-6]. The uncertainty
of ozone DIAL measurements is related to aerosol opti-
cal properties and aerosol loading [7]. The uncertainty
due to impact of other species can be removed by opti-
mizing the wavelength pairs [8]. In order to get rid of
both of the impacts of the aerosol and other species,
multi-wavelength DIAL and Raman DIAL have been
developed [9-10]. The uncertainty due to SO, impact in
UV region is considerable in case of high SO, concentra-
tion from volcanic emission; but it is very small, negligi-
ble, in case of background SO, value, 1 ~ 2 ppb [8].
Although DIAL measurements of ozone in troposph-
ere has been developed and performed for tens years,
how to treat the background intensity is still an open
question. In general, background intensity is very small,
and difficult to ascertain. Usually, the PMT (Photo-mul-
tiplier tube) signal before laser shots is taken as back-
ground intensity. Some researchers also take the signal
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at the most distance as background intensity [11]. The
uncertainty of ozone DIAL measurement is sensitive to
background intensity; and unknown background intensity
can cause huge error. In 0zone measurements the meas-
urement wavelengths is always set as close to 300 nm
(UV region). Wavelength pair (280 nm, 285 nm) is just
an example. In night time ozone measurements, the
background value wavelength dependence is negligible
and the background is caused by dark current of PMT,
or thermal noise. Therefore, investigation on how to
reduce the impact of background signal is valuable.
This paper focuses on discussion of the impact of back-
ground signal on ozone measurement. It includes theo-
retical analysis, simulations, and experiments on this
issue. The aerosol and other species (such as SO,) im-
pact on 0zone measurement are not discussed here.

2. Theoretical Analysis

The results of ozone DIAL measurements are suscepti-
ble to the background intensity. During data processing,
the background intensity should be subtracted from the
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signal. The resulting ozone concentration is very sensi-
tive to the magnitude of the subtracted background int-
ensity. Unknown background intensity can cause larger
measurement error. How to determine the background
intensity precisely is important. The impact of back-
ground signal is analyzed in this section. The focus is
placed on the factors that determine the impact of back-
ground signal and the way to suppress the impact. This
analysis is based on very weak background signal at
night time ozone measurement.

According to lidar equation, ozone concentration can
be calculated by [11]

1P An)
2A71A0,  p(z + Az, A,,)

p(z + Az, A4)
P(Z, Ay )
where, n is the ozone concentration, Az is the range
resolution, Ao, is differential absorption cross-section,
p(z, A) is the return signal intensity. Because we can
consider AzAo, as constant for a given DIAL instru-

ment, ozone concentration only depends on the later part
of the equation, which we define as

)

Z+ Az, A,
Q — In[ p(za ﬂ‘on) ( ff ) (2)
p(Z + AZ, on) p(Z, ﬂ’oﬁ)
Thus, we focus on Q instead of n in the following

analysis.

None of the background value criterion is made. PMT
signal before laser shots can be taken as background in-
tensity; PMT signal at high altitude also can be taken as
background signal, it due to the measurements condition.
Assume ., and Sy as background intensities for the re-
turn signals at “on” and “off” wavelength, so the uncer-
tainty for Q can be explained as
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where Q(g) is the ozone concentration including the

impact of background signal, and € is the real ozone
concentration without the impact of background signals.

In night time ozone measurement; usually background
intensity is much smaller than lidar signal at lower dis-
tance. Therefore, we have

®)

— é‘Oﬂ _ é‘On
P(Z, Ay)  P(Z + AZ, Ay,)
501‘( 5off (4)

+
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Wavelength separation between the “on” and “off”
wavelength is sufficiently small (usually, differential
wavelength between two wavelengths pair is governed as
less than 5nm) so that the background intensities and
receiver optical efficiency at the “on” and “off” wave-
lengths can be considered to be approximately equal,
respectively. Thus, single background intensity can be
adopted in the calculation of the uncertainty. At night
time measurement, the background intensities at two UV
wavelengths with small wavelength separation can be

o . )
assumed as identical ¢, with assumptlong << 1. Us-

ing the value obtained from the PMT signal before laser
shots, Equation (4) is reduced to

O T B
p Z' on Z + Z’ on
1 1 (®)
+ - )
p(Z + AZlﬂoff) p(z1/10ff)
Theoretically, we have _p@A ~ e2#7  where,
p(z + Az, 4)

o is attenuation at A.
In case of Az << z, Equation (5) becomes

=0 1 (1_ eZaDnAz)
P(Z, Zon)
: (®)
_ 5—(1_ eZaoﬁAZ)
P(Z, A1)

We introduce A and B to represent the two terms
1- et and 1-— e | respectively. Usually, dur-
ing the measurement time the variation of atmospheric
temperature is neglected, even although the absorption
cross section dependence on the temperature exists. Con-
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ventional lidar measurements represents the background
value of ozone concentration profile as 45 ~ 60 ppb with
10% measurement error, and as stable over the range
from 1000-4000 km [11,12]. Therefore, the extinction
coefficient is almost constant over the range between
1000 km ~ 4000 km, The ozone measurements are always
carried out in clear fine day, the aerosol loading is very
small, especially in Japan. Most of extinction coefficient is
caused by molecular. In Japan, in lidar measurements, the
range correct signal (I*r®) is always smooth, and decay at
constant ratio, it due to the clear fine weather condition,
aerosol loading is weak and almost homogeneous. If the
return signal not smooth, inhomogeneous aerosol loading
occur, the ozone measurement data is not reliable, it due to
aerosol error. The aerosol error topic is out of the scope of
this paper. The range resolution Az is usually taken as
75 m or 150 m [11,13]. The extinction coefficients de-
pendence on the range is very small than the return signal.
So we treated A and B as constants.
Therefore we have

A 3 B
p(zvﬂ'on) p(z!loff)

It shows that the impact of background signal depends
on background intensity (5), and the quantity in the pa-
rentheses. In order to reduce the impact of background
signal, we can make the background intensity smaller or
make the ratio of return signal intensities at “on” and

b P2 A)
Z’ off
A and B can be calculated with the attenuation «,, and
oo Which are given as [13]

g = ) O

“off” wavelengt close to the value of g .

aon = nO-OS (ﬂon) + am,on + aa,on (8)
Aog = n0'03 (ﬂ’off) + am,off + aa,off (9)

where, nis the ozone number density (concentration),
o003(Aon), 003(Aeff) iS 0zone absorption cross section at
“on” and “off” wavelength, respectively; cmon and om oi
are molecule extinction at “on” and *“off” wavelength,
respectively; o, on and o, are aerosol extinction at “on”
and “off” wavelength, respectively.

According to Equations (6)-(9) with assumption of
homogeneous background value of ozone concentration
over range 1000 ~ 4000 km and homogeneous aerosol
loading, the value of A/B dependence on range is small
(~1%), and negligible.

Combine Equations (1), (2) and (7) we obtain the imp-
act of background signal:

_ o FA\™m 7o/ 10
Ehackground ?_AZAGO M B p(Z, ﬂ’off )) ( )
o
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From Equation (10), it can be seen that the impact of
background signal depends on two factors, one is signal

to noise ratio (%) (or background intensity), the
other is return signal intensity ratio (M). When
p(Z, ﬂ’oﬁ )

the return signal intensity ratio equals A/B, the impact of
background signal tend to be zero, in case of faint the
background intensity. At high backgrounds and low sig-
nal levels the background count rate does matter even if
the above condition is met. The value of A/B vary with
the wavelength pairs, in other words, it is variable at dif-
ferent wavelength pairs (this can be seen in the following
simulation with Table 1 and Figure 1), it is 1 at null pro-
file measurement (A, = A, ) to investigate the system-

atic uncertainties associated with measurements. So we

. . . . Z, 4
can make return signal intensity ratio (M) close

p(Z, ﬂ“off )
to A/B to minimize the impact of background signal,
even though background intensity is not known precisely.
If the signal is much larger than background signal then
the background signal has little impact on the ozone re-
trievals, especially, in the night time measurement.

3. Simulation

Based on the theoretical analysis, we simulate the impact
of background signal for four different wavelength pairs.
In this simulation, we assume the error due to homogen-
eous aerosol loading, the statistic error due to atmosphe-
ric condition and laser stability, and the instrument syste-
matical error due to beam alignment are all small, neglig-
ible. The simulation parameters are listed in Table 1. The
cross sections were taken from value in the literature [14],
even although the absorption cross sections are tempera-
ture dependent, usual ozone measurements by DIAL re-
gard the variation of atmospheric temperature as negligi-
ble during the measurement time over the range from

1000 km - 4000 km [11,13]. LG} or Signal to Noise

1)
Ratio (SNR) is assumed as 1000 at 1000 m, 500 at 1250 m,

Table 1. Simulation parameter

Wavelength pairs A/B Absorption cross section

280 ~ 285 nm 0.806 280 nm~ 3.96x10%’m?
285 ~ 290 nm 0.835 285 nm~ 2.35x10%2m?
290 ~ 295 nm 0.885 290 nm~ 1.30x10"%m?
295 ~ 300 nm 0.915 295 nm~ 7.01x10%m?
300nm ~ 3.49 x10%m?

Az 150 m

No3 60 ppb

1000 at 1000 m; 500 at 1250 m;

P@A)I5(SNR) 585 4t 1500 m: 100 at 2000 m
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285 at 1500 m, 100 at 2000 m. The value of 1000, 500,
285, 100 decay as the same rate of 0.28, 0.14, 0.08, 0.02
which taken from actual lidar return signal as height se-
quence of 1000 m, 1250 m, 1500 m, 2000 m.

The results are shown in Figure 1(a) and (b). Figure
1(a) present the relation between effects of background
signal ratio at wavelength pair and SNR at different
height. The lines represent the impact of background
signal as a function of the return signal intensity ratio

0.10 —— A/B: 0.806
—— A/B: 0.835
A/B: 0.885
—— A/B: 0.915
SNR 1000
heigh:1000 m

0.05+

zero error

280-285 nm
285-290 nm
290-295 nm
295-300 nm

(P(Z.4n)y and Signal to Noise Ratio (SNR). The differ-
p(Zv ﬂ“off)
ential wavelength between wavelength pair is set as less
than 5 nm, therefore, the aerosol scatter property of the
two wavelengths should be almost same, and the differ-
ential intensity between two return signals is only due to
the differential ozone absorption, the decay ratio of the
return signal intensity at two wavelength dependence
with height should be identical, in this case, the return
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Figure 1. (a) Simulation results: the relation between effects of background signal and return signal intensity ratio at wave-
length pair and Signal to Noise Ratio (SNR) at differential height. Simulation parameter is as follows: SNR 1000, height
1000m; SNR 500, height 1250 m; SNR 285, height 1500 m; SNR 100, height 2000 m; (b) Simulation result corresponding to

Figure 1(a), combination of four panels of Figure 1(a).
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P(Z, At
uld be constant, almost independent of height. Lidar re-
turn signal intensity at two wavelengths is impossible to
be zero. Before ozone measurement, we do beam align-
ment associated with oscilloscope to ensure the laser
beam located in the field of view (FOV) of telescope. If
the lidar return intensity at any wavelength of the DIAL
pair is zero, it means the beam misalignment happens,
the laser beam is out of the FOV of telescope, or the laser
energy drop, in this case the measurement should be
meaningless, the measurement result should be nothing,
it should be stopped and redo the beam alignment until
the optimum lidar return occur on oscilloscope, unequal
to zero. The lines all cross the x axis (y = 0) at A/B. Note
that the definition of y is the impact of background signal,
we call the point (x = A/B) as zero error point. This
means that when the return signal ratio approaches to A/B,
the impact of background signal becomes minimum
(close to zero). The value of A/B is close to 1, equals 1 at
null profile measurements. Therefore, we can adjust laser
power levels at two wavelengths to make the return sig-
nal intensity ratio close to (A/B) to suppress the impact of
background signal. In Figure 1(a) and (b), it is shown
that the background error will become larger when return
signal intensity become very smaller, but in case of very
weak return signal the measurement result should be
nothing (no physical meaning), in this case we talk about
error at none measurement result is meaningless at all.
The simulation result also shows that the impact of
background signal is related to the choice of wavelength
pairs, the value of A/B is changeable at different wave-
length pairs. Figure 1(b) corresponds to Figure 1(a),
combination of four panels of Figure 1(a). The four gr-
oup lines 1, 2, 3 and 4 decay at different slope which vary

signal intensity ratio at wavelength pair sho-
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2000 3000 4000
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Ll
0 1000 5000

with SNR at different height.
4. Experimental Result

The DIAL system incorporates two tunable dye lasers
pumped by two Nd: YAG lasers and a 50-cm —diam
Newtonian telescope. The Nd: YAG lasers operate at a
repetition rate of 10 Hz, and each dye laser can emit two
wavelengths (4,, 4,) on alternate pulses, tunable within

oscillation range of the dye. For ozone measurement, the
wavelengths 280 nm and 285 nm were used for the on
and off wavelengths, respectively. Each measurement
consisted of a sequence of five profiles, each with a 2-
min integration time for a measurement time of 10 min.
The measurement was carried out at Komae Research
Laboratory, Central Research Institute of Electric Power
Industry, in Komae City, Japan (35° 38°N, 139°, 35’E),
selected from 24hours measurements data in November
2000.

The range-resolved ozone concentration profile was
obtained by Equation (1). The absorption cross section of
ozone was taken to be 3.96 x 10% m? at 280 nm and 2.35
x 10 m? at 285 nm, s0 Ao = 1.16 x 1022m2 [14] The
obtained return signal are processed as followings:(1) the
background intensity, which was obtained from the PMT
signal before laser shots, was subtracted, (2) all signals
were averaged over 20 time bhins corresponding to a
range resolution of Az =150m, and (3) the concentra-
tion was calculated by Equation (1).

Figure 2 is the return signal for ozone measurement at
A, =280nm and 4 =285nm. In Figure 2(a), the

intensities of return signals at on and off wavelengths
almost equal. Corresponding to Figure 2(a) and Figure
2(b) is enlarged over the range from 1000m to 2000 m.
In Figure 2(b) the peak return signal intensity ratio

0.4
~——— 280 nm (on)
=+« 285 nm (off)
=
<)
.20
é 0.2
2
0.0 T
1000 1500 2000

vertical range (m)

(b)

Figure 2. Return signals of on and off wavelengths at 280nm and 285nm. (a) Return signal intensity ratio is 0.96; (b) Corre-
sponds to (a), enlarged during the range from 1000m to 2000m. (This measurement was carried out at Komae Research
Laboratory, Central Research Institute of Electric Power Industry, in Komae City, Japan (35°, 38’N, 139°, 35’E), selected
from 24hours measurements data in November 2000.)
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(———== P Ay) ) is 0.96. The background intensity is uncer-
p( ' loff )
tain. We tried to take different value as background in-
tensity for data processing. For example, the PMT signal
before laser shots or the signal at the most distance have
been used as the background intensity. In Figure 2(a)
and (b), the intensities of the PMT signal before the laser
shots were almost same as 0.009 mV, and the signal at
the most distance (5 km) were about 0.0093 mV. Thus,
based on Figure 2(a) and (b), we take 0.009 mV,
0.00915 mV, 0.0093 mV as background intensity. Figure
3 is the ozone concentration profiles calculated by the
Equation (1) corresponding to Figure 2(a) and (b). The
right panel of the Figure 3 corresponds to the left one,
and is enlarged over the range from 1000 m to 2000 m.
In Figure 3, the ozone concentration profiles represented
by symbols (a), (b) and (c) correspond to background
intensity at 0.009 mv, 0.00915 mv, and 0.0093 mv, res-
pectively. And the profile shown by symbol (d) was ob-
tained without subtraction of background intensity. Pro-
files (a), (b), (c), (d) is colored differently for easy to
distinguish. From the right panel of Figure 3, we can see
the four profiles represented by symbol (a), (b), (c), and
(d) are almost identical. They overlap over the range
from 1000 m to 2000 m. It means that in case of an ap-

propriate return signal ratio (———= P(z, A , 0.96) the impact
p( ' off)
of background signal is small, negligible. An appropriate
return signal intensity ratio makes the impact of back-
ground signal on ozone concentration profiling small,
and negligible, even if background intensity in unknown.
In other words, an appropriate return signal intensity ra-
tio ensures the accuracy of the ozone measurements. We
adjust the laser energy to make the return signal ratio at
wavelength pair (280, 285) close to 0.96 by oscilloscope;
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w o o |
e o

4000+ =

3000 | =@ e

3

2000

—
(=3
S
(=}

Vertical range (m)
g
!O

45 50 55 6
Concentration (ppb)

‘[\
{L rlunpast

the impact of background signal is suppressed. It is
showed in Figure 3. The background error is negligible
(the measurements result almost has nothing to do with
background value) at appropriate return ratio, therefore,
in Figure 3 the ozone profiles are almost same whether
background is subtracted or not.

5. Discussion and Implementation
Methodology

The impact of background signal on ozone concentration
profiling depends on the background intensity and return

signal intensity ratio (M) The impact of back-
Z, off
ground signal is related to the choice of the wavelengths
pair, we can suppress the impact of background signal
according to the value of A/ B associated with the wa-
velengths pair. The small wavelengths separation minim-
izes the impact of hard to characterize aerosols and a jud-
icious wavelength pair minimizes the impact of SO2 [12].
Usually, the wavelength separation is governed as less
than 5 nm, and the background of SO2 concentration is
about 1~2 ppb [8], very weak, in this case the SO2 im-
pact on ozone measurement can be neglected. If in day
time ozone measurement, as wavelength drops below
~300 nm the solar background rapidly falls off which has
a major impact of background. This issue is not dis-
cussed in this paper and will be considered in future re-
search. In night time ozone measurements, the back-
ground intensity is weak and also the dependence on
wavelengths is negligible. Therefore, the background
intensities at two wavelengths are assumed as identical.
Using an appropriate return signal intensity ratio, the
impact of background signal on ozone concentration pro-
filing is small, and negligible.

2000 v
—o—(a) ki

—o—(b)

(©)

—=—(d)|

ertical range (m)
P
W
S
S

¥
50 55 60
Concentration (ppb)

N
W

Figure 3. Effect of background signal for ozone concentration profiles at appropriate return signal intensity ratio corre-
sponding to Figure 2(a) and (b). (The ozone concentration profiles represented by symbols (a), (b), and (c) correspond to
background intensity at 0.009 mv, 0.00915 mv, and 0.0093 mv, respectively. And the profile shown by symbol (d) was ob-
tained without subtraction of background intensity. Profiles (a), (b), (c) and (d) is colored differently for easy to distinguish.)
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In real lidar operation, firstly fine beam alignment ma-
kes the return signals at two identical wavelengths over-
lap completely on the oscilloscope, it does the null profile
measurement to calibrate the lidar system, then change
one wavelength according to the DIAL pair by computer
setup, and adjust the laser pulse energy levels at the two
wavelengths to obtain appropriate return signal intensity
ratio on the oscilloscope close to A/B to suppress the im-
pact of background signal and ensure the accuracy of
0zone measurements. The return signal intensity ratio on
the oscilloscope includes the weak background signal &,
Pz Ap) + 6
Pz, Aoy ) + 6

P2 An) + 0 P(Z, Ay)

p(zlﬁ“off) +0 p(z!ﬂ’oﬁ)
nal intensity ratio on the oscilloscope represents the re-
turn signal ratio in the above analysis.

The practical criterion of work is the night time ozone
profile in the lower troposphere is homogeneous and stable
at background value. Conventional ozone measurements
present the background value of ozone 45 ~ 60 ppb with
10% measurement error, except the case of volcanic
emission and high concentration air pollution. Calcula-
tion by Equations (8) and (9) shows the differential value
of A/B at the variation of ozone concentration from 45
ppb to 60 ppb is about 1%. Therefore, we can adjust the
laser pulse energy levels at two wavelengths to obtain
appropriate return signal ratio close to A/B, and suppress
the background error. In case of inhomogeneous ozone
profile, this methodology should be modified in future
research.

Except background impact, the real measurement error
also includes aerosol and other species impact, instru-
ment error due to null profile measurement, and statisti-
cal error due to atmospheric conditions variation, these
error have been discussed in references [8,11-14].

and it is It p(z,4,,) > 0, p(z, A4) > 5,

exist. Actually, the return sig-
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