Airborne and spaceborne lidar measurements of water vapor

profiles: a sensitivity analysis

Syed Ismail and Edward V. Browell

This paper presents an evaluation of the random and systematic error sources associated with differential
absorption lidar (DIAL) measurements of tropospheric water vapor (Hy0) profiles from airborne and
spaceborne platforms. The results of this analysis are used in the development and performance evaluation
of the Lidar Atmospheric Sensing Experiment (LASE) H,0 DIAL system presently under development at the
NASA Langley Research Center for operation on a high altitude ER-2 (advanced U-2) aircraft. The analysis
shows that a <10% H;0 profile measurement accuracy is possible for the LASE system with a vertical and
horizontal resolution of 200 m and 10 km, respectively, at night and 300 m and 20 km during the day. Global
measurements of HyO profiles from spaceborne DIAL systems can be made to a similar accuracy with a
vertical resolution of 500 m and a horizontal resolution of 100 km.

l. Introduction

Water vapor (H30) has a strong influence on many
atmospheric processes associated with meteorology,
climate, and the global hydrologic cycle. Measure-
ments of the spatial and temporal variability of water
vapor are important in understanding the hydrologic
cycle, global circulation and dynamics, storm phenom-
ena, dynamics of the atmospheric boundary layer, and
atmospheric radiative transfer. High vertical resolu-
tion (<1 km) measurements over both regional and
global scales are needed in these studies. Sparsely
distributed radiosonde network stations provide the
only sources of global HoO measurements. Passive
remote sensing techniques from space provide global
coverage of Hy0O distribution but do not provide good
vertical resolution.! Lidar remote sensing techniques
can provide high resolution measurements of H,O dis-
tributions. The Raman lidar technique? can provide
high resolution (<100 m) H,O measurements, but this
technique is limited to relatively short (<7 km) verti-
cal ranges. The differential absorption lidar3:+*
(DIAL) method can provide long-range high resolution
measurements of HyO. The DIAL method which has
the potential to provide high resolution measurements
of H0 on a global scale if operated from spaceborne
platforms, is discussed in this paper.
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Although H,0 was first measured in 1966 with the
DIAL technique,® more extensive HyO measurements
have been made possible from ground-based6:7.10-12
and airborne8? platforms due to recent DIAL technol-
ogy developments. As a precursor to the development
of a spaceborne DIAL system for global measurement
of HyO profiles, an advanced autonomous DIAL sys-
tem called the Lidar Atmospheric Sensing Experiment
(LASE)® is being developed at the NASA Langley
Research Center for flight on a high-altitude ER-2, an
extended range U-2, aircraft. In recent years several
studies!418 have also been conducted exploring the
potential for DIAL measurements from space.

In this paper we present a comprehensive sensitivity
analysis for a nadir-viewing DIAL system for range-
resolved measurements of H2O profiles from an air-
craft or space platform. This sensitivity analysis in-
cludes potential error sources related to the detection
of the lidar signals and to the knowledge of the H,0O
absorption cross section. The purpose of this study is
to demonstrate the sensitivity of the DIAL H50 mea-
surement accuracy to atmospheric and instrument pa-
rameters and to show that the DIAL systems described
have the potential to meet the measurement needs of
H,0 in the atmosphere. Any development of a DIAL
system should be based on the knowledge of these
sensitivities to reduce or eliminate such errors. Be-
cause signal errors are dependent on lidar system pa-
rameters and range to the measurement region, exam-
ples of signal error sensitivities for both airborne and
spaceborne platforms are given. For a complete anal-
ysis, we use the parameters for the LASE system.
Parameters for the lidar atmospheric sounder and al-
timeter (LASA) DIAL system,617 envisioned for oper-
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ation from a polar orbiting satellite are used in the
analysis for the measurements of tropospheric Hy0.
Even though H20 absorption lines in the 720-nm band
are used in all calculations, the analysis of the DIAL
measurement accuracy discussed in this paper is appli-
cable to other bands of H2O and to other molecules. In
the following sections, a general description of the
DIAL methodology is presented; the signal detection
and absorption cross section errors are evaluated in
relation to the LASE and LASA systems; and the
combined DIAL measurement errors are discussed.

Il. DIAL Method Principles

The simplified DIAL equation3 for determining the
average gas concentration, n, between ranges R; and Ry
is given by

v

n= 1 In SOD(RI)Soff(Rz)
280(Ry — Ry) Son(RZ)Soff(R]_)

where S, and Syrare the lidar signal amplitudes at the
on and off wavelengths; the lidar wavelengths are se-
lected to be on the peak of the gas absorption line and
in an unabsorbed region off the peak; and Ac is the
differential absorption cross section between the on
and off wavelengths. Eq. (1) assumes that the wave-
length separation between the on and off laser lines is
small (AN < 0.1 nm). In this case, aerosol backscatter
and atmospheric extinction!? errors are considered
negligible, and the laser lines are selected so that there
are negligible interfering gas influences.20

On the basis of Eq. (1) DIAL measurement errors
can be classified into two categories, signal detection
errors and differential absorption cross section related
errors. The signal errors treated in the present analy-
sis are random errors due to uncertainties in the de-
tected signals, background signal noise from solar radi-
ation, and errors resulting from detector dark current
and amplifier noise. Analyses of signal errors for some
representative DIAL systems have been reported in
the literature.®21.22 Additional errors in the signal
detection and processing system for the LASE H,0
DIAL measurements are discussed in the last section
of this paper.

Errors due to uncertainties in the knowledge of the
differential cross section are caused by atmospheric
effects and laser system characteristics. The main
atmospheric effects include temperature sensitivities,
pressure broadening and pressure shifts of H2O ab-
sorption lines, and Doppler broadening (DB) of the
Rayleigh backscattered component of the lidar return.
The laser system parameters that influence DIAL
measurements include the finite width of the laser line
compared to the width of HO absorption line, the
spectral purity of the laser line, and uncertainty in the
knowledge of the laser line position. Because of these
systematic influences it is necessary to evaluate the
differential absorption cross section, Ag, as an effec-
tive absorption cross section, Acess, which can then be
used in the measurement of n using Eq. (1). The
concept of an effective cross section and a method for
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calculating it from the actual HsO absorption cross
section are discussed in a later section.

An H50 absorption line is broadened in the atmo-
sphere by two processes, pressure broadening and
Doppler broadening, which are represented by the well
known Lorentz and Doppler profiles, respectively. In
the lower atmosphere (<15 km altitude), pressure
broadening is the dominant spectral broadening influ-
ence. The pressure broadened linewidth, v (halfwidth
at halfmaximum HWHM), is given by?23-2

P (T, .
Y =% Po ( T) ’ (2)

where P is the atmospheric pressure and T the atmo-
spheric temperature. The line strength S is given by

cofT\®  [Ehe (1 1
S= so(?) exp[ ! (Fo T)] , ®)
where E” is the energy of the lower state, h is Planck’s

constant, c is the speed of light, and % is Boltzmann’s
constant. The Doppler width, vp, is given by

70 = > QAT Wn2/m)'", @

where v,(cm™!) is the line center position, and m is the
mass of the molecule. For DIAL measurements, the
H,0 absorption line shape can be represented by the
Voigt profile,26 which in its limits goes to the Lorentz
and Doppler profiles. The absorption cross section,
o(v), using the Voigt profile representation, is given by
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lli. DIAL Signal Detection Errors

The lidar signal errors described in this section are
the random errors due to uncertainties in the knowl-
edge of the detected signals, errors due to sunlight or
moonlight background, and errors due to detector dark
current and amplifier noise. For calculating the total
signal detection error, the magnitude of the lidar sig-
nals, background signal, and detector dark current are
computed based upon a set of model atmosphere and
DIAL parameters.

Summertime profiles of molecular density, HoO con-
centration, atmospheric temperature, and pressure for
the mid-latitude region?? are used in these simulations.
The assumed aerosol profile (Fig. 1) is a composite
three layer aerosol model containing a 0-2-km bound-
ary layer with a ground visibility of 23 km,?7 a tropo-
spheric model representing clear conditions from 2-10
km, and a background aerosol model above 10 km.
ture profile, with a temperature uncertainty of £10 K,



15 T T T T
AEROSOL BACKSCATTER
PHASE FUNCTION =0.023 s
10 -
3
-
w
o
p)
=
5
S
5 p
o 1 1 1 1
-3 2 -1 0 1 2

LOG AEROSOL SCATTERING RATIO

Fig. 1. Assumed three layer aerosol model representing back-
ground aerosol conditions with a ground visibility of 23 km. A
constant phase function!® value of 0.023 sr~! is assumed.

The DIAL parameters (Table I) used in these simula-
tions represent parameters of the LASE system.!3
Unless otherwise specified, nominal values of A = 728
nm, Ag, = 20.87 X 1072 cm?, and v = 0.1 cm™! are
assumed in these calculations.

The lidar signal S (photoelectrons) from range R is
calculated using the expression

% exp—2 f " adR ®

where E [J] is the laser pulse energy, A is the effective
area of receiver, n is the quantum efficiency of the

S(R) =

0

Tablel. LASE H,O DIAL Parameters

Transmitter
Energy per pulse 150 mdJ (on & off)
Rep Rate 5 Hz
Wavelength 726.5-732.0 nm
Beam divergence 0.73 mrad
Pulse width 300 ns
Aircraft altitude 16-21 km
Aircraft velocity 200 m/s
Laser spectral width 1.1 pm
Tuning error 0.25 pm (10)
Laser centroid measurement +0.25 pm (10)
uncertainty
Laser spectral measurement <0.5 pm
resolution
Spectral purity >0.99 (0.9995 expected)
Receiver
Area (effective) 0.11 m?
Field of view 1.23 mrad
Filter bandwidth (FWHM) 0.4 nm (day); 1 nm (night)
Optical transmittance (total) 29% (day); 49% (night)
Detector efficiency 80% APD (Si)
Noise eq. power 2 X 10714 W Hz~1/2
Excess noise factor 2.5
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Fig. 2. Lidar signals, detector dark current, and background signal
levels for the LASE system operating from an aircraft altitude of 16
km for ground surface reflectivity values of 0.8, 0.3, and 0.03.

detector, 8 [sr~! km~1] is the total atmospheric volume
backscattering coefficient, @ is the total optical effi-
ciency of the receiver for the signal accumulation time
At, and « is the atmospheric extinction coefficient
including the absorption by H;0. The background
signal B (photoelectrons), assuming a Lambertian sur-
face and zenith sun, is calculated from the expression.

B=—.—. w(ﬂ)z AwQnAt exp(—27), @)
T 2
where L is the solar irradiance?® value (1300 W m?
pm™1) at 728 nm for a nominal two-way optical depth
27 of 0.5, w is the optical filter width (FWHM, Table I),
p is the surface reflectance, and 0 is the receiver field of
view. The dark current D (photoelectrons) is calculat-
ed from the expression

NEP A\?
where NEP is the noise equivalent power.2? The NEP
value used in this study represents the effective noise
output of the detector-amplifier system measured in
the absence of a lidar signal and day background. The
magnitudes of the atmospheric backscattered lidar
signals, the day background, and the dark current
values calculated using the LASE parameters (Table I)
are shown in Fig. 2. The daytime background signals
with zenith sun conditions and three surface reflec-
tance values3? of 0.03, 0.3, and 0.8 for water; vegetation
or soil; and snow or low cloud conditions, respectively,
are shown in this figure. The nighttime background
for the worst case of a full moon condition is a factor of
10-5 lower3! than the values given in Fig. 2.

The detectors used in the LASE system are silicon
avalanche photodiodes (Si:APD). The Si:APD has a
high quantum efficiency, ~80% at 728 nm, and also
high detector noise compared to Photomultiplier
Tubes (PMTs). An analysis32 of the performance of
Si:APDs for the LASE system showed that; in this
case, because of the strong atmospheric signals, the
advantage due to the high quantum efficiency more
than offsets the disadvantages due to their higher
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noise. In addition, Si:APDs?? have shown linear de-
tector response over a wide input signal range (1014~
108 W) and show excellent impulse response charac-
teristics.

The random error in the measurement of a signal S is
calculated from Poisson statistics as yS. For an ava-
lanche photodiode (APD) an additional factor called
the excess noise factor?? F must be included to account
for the nonuniform gain multiplication in the diode.
With this factor, the random error for the same signal
isgivenby JSF. Assumingthat: (i) the random errors
can be combined from all sources [see Eq. (1)] accord-
ing to the sum of the squares of individual errors and
(ii) the s signals are not correlated, the relative error in
the DIAL measurement of n is given by

An S;+ B)F +D
o 2A¢m(R2 R) {z Z[ ]} )

i=1 j=1

where i = 1,2 is for the ranges R; and Rz, respectively,
and j = 1,2 is for the on and off signals, respectively.
Equation (9) is a modified form of Eq. (9) of Ref. 22. It
can be used to optimize the lidar parameters, to select
the optimum detector system, and in random error
calculations.

The LASE detector and signal processing system is
being developed to achieve two objectives: 1) to cover
the expected dynamic range >10° from the cloud or
ground off-line signals to the weak on-line signals from
a clean atmosphere and 2) to prevent degradation of
the signal-to-noise ratio (SNR) due to the addition of
the digitization errors by no more than 10%. To
achieve these objectives the signal is divided into a 9:1
ratio and channelled to two Si:APD detectors. The
low signal detector is primarily intended to measure
the strong ground and cloud returns with a 12-bit
digitizer. The primary objective of this is for column
H,;0 measurements. The high signal (90% energy)
detector is intended to measure atmospheric signals.
The output of this detector is amplified and digitized
by two 12-bit digitizers. The signal from one digitizer
A is amplified so that for the weakest atmospheric
signals the SNR is not degraded by >10% by the digi-
tizer random error. The signal amplification for the
second digitizer B is set so that digitizer B, at signal
levels where A is saturated, does not degrade the SNR
by >10%. In our computation of the errors, the ran-
dom errors are multiplied by a factor of 1.1 to take into
account the digitizer error.

The nighttime random error profiles for four HyO
lines with two-way optical depths from 2.2 to 16.2 are
shown in Fig. 8. This figure shows that stronger ab-
sorption lines are more suitable for DIAL measure-
ments at higher altitudes and that at least two lines are
needed to optimally make HyO measurements over the
entire 0-10-km altitude range. Even though the ran-
dom part of the DIAL measurement error (Eq. 9) de-
pends only on the signals and the local optical depth
across the range cell, the minimum error for each of the
four profiles in Fig. 3 was at a one-way optical depth of
~1. This result is consistent with the calculations of
Remsberg and Gordley (1978).22 The relationship of
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Fig. 3. Random error profiles for the LASE H;0 DIAL system

operating with night background conditions. A midlatitude sum-
mer H,0 profile?’ is assumed.
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Fig. 4. Random error profiles for the LASE H;0 DIAL system
operating over various daytime background conditions.

the random error to the horizontal averaging (achieved
by averaging a number of laser shots along horizontal
distance x) and vertical smoothing (along R) can also
be obtained from Eq. (9). By averaging DIAL mea-
surements from N independent shot pairs, where each
shot pair samples the same atmospheric volume and
where the gas profile does not change across the N shot
pairs, the standard error is expected to decrease as
1/yN. (This relation holds for near UV DIAL sys-
tems3 and mid-IR DIAL systems3!). If Ax is the
horizontal distance covered during N shot pair mea-
surements, An/n « J1/Ax. For night background con-
ditions, where S > B, increasing the range cell size
increases the amount of signal received, and therefore
from Eq. (9), An/n « 1/ARL5, Therefore, the com-
bined dependence of the measurement error on hori-
zontal averaging and range cell size is given by
A o (axy oAy, (10)
and for conditions where S <« B (for example when the
day background is unfiltered) An/n < Ax~05 AR-10,
The signal error profiles for the LASE system during
daytime operation are shown in Fig. 4 for the three day
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Fig.5. Random error profiles for aspaceborne HO DIAL system at
an altitude of 700 km. A summer HyO model is assumed.

background conditions identified in Fig. 2. To main-
tain a measurement accuracy for the daytime condi-
tions comparable to those at night, the horizontal aver-
aging (Ax) and the range cell size (AR) are increased to
compensate for the lower optical throughput of the
interference filter and the increased noise due to day-
time background. Over water, except for sun glints,
there is very little influence of solar background (see
Fig. 2),and Eq. (10) is expected to hold over most of the
range. Figure 4 shows that with the LASE system,
daytime measurements of water vapor profiles are pos-
sible even under high background conditions, such as
those over the clouds and snow.

Browell et al.16 have presented simulations which
show the feasibility of making DIAL H0 profile mea-
surements from space. To partially compensate for
the 1/R? loss in the lidar signal, both the laser energy
and collection area need to be increased over those
used in airborne systems. Using a nominal spacecraft
altitude of 700 km, a receiver area of 1.1 m2, a laser
energy of 1 J, and a detector quantum efficiency of 0.2,
it is found that the signals from a spaceborne lidar
system are smaller by a factor of ~115 compared to the
LASE system. This requires a detector system oper-
ating in the photon counting mode for measurement of
the clear atmospheric returns and in the analog mode
for stronger signals from aerosol layers, the ground,
and clouds. Figure 5 shows signal error profiles, calcu-
lated using the lidar parameters from Table II, for a
spaceborne HoO DIAL system. Larger spatial averag-
ing (Az = 500 m; Ax = 100 km) and higher laser pulse
repetition rates (>20 Hz) for spaceborne DIAL Sys-
tems are necessary to reduce measurement errors to a
level adequate for global scale investigations. The
main difference between the random error profiles of
the LASE system (Fig. 3) and spaceborne system (Fig.
5) occurs at high altitudes (>10 km). For example, at
10 km, the random errors of the LASE and the space-
borne systems are ~5% and >20%, respectively. Inthe
case of the LASE system the decrease in the atmo-
spheric backscattering with altitude is more than com-
pensated by the 1/R? increase in the signal. For the
spaceborne system this range dependence is small and

consequently the combination of low atmospheric sig-
nals and low differential optical depths results in large
random errors. Therefore, for high resolution DIAL
H;0 measurements at high altitudes, selection of
stronger Hy0 absorption lines from the 940-nm and
1140-nm bands?® is necessary. Browell et al.16 showed
that spaceborne DIAL H;0 profile measurements in
the daytime are possible using a narrow receiver field-
of-view (0.1 mradian) and a Fabry-Perot interferome-
ter to act as a filter in rejecting background.

In addition to the signal induced uncertainties dis-
cussed above, absorption cross section errors also con-
tribute to the total error budget. But unlike the signal
errors, which are range dependent, the cross section
error is independent of the altitude of platform provid-
ed that the platform is above ~20 km because the

‘optical depth above this altitude is <0.01 for the 720-

nm H50 band.

IV. Cross Section Errors

Errors in the DIAL measurement of gas profiles are
also caused by uncertainties in the knowledge of the
gas absorption cross sections at the remote atmospher-
ic scattering volume. This problem is most severe
when narrow absorption lines are used for DIAL mea-
surements, e.g., H:O. In addition to DIAL system
characteristics, atmospheric effects can cause uncer-
tainties in the knowledge of the absorption cross sec-
tions. The following systematic effects can produce
uncertainties in the absorption cross sections used in
the DIAL calculations:

(1) Modification of the laser spectral profile by mo-
lecular absorption,

(2) Doppler broadening of the elastically backscat-
tered signal and other atmospheric spectral broaden-
ing effects,

(3) Pressure shifts of absorption lines,

(4) Temperature sensitivity of absorption lines,

(5) Laser spectral purity,

(6) Laser wavelength uncertainty, and

(7) Knowledge of laser spectral output.

These effects are caused by atmospheric influences
(1)-(4) or DIAL system influences (5)—(7). The spec-
tral widths of the lidar pulses are in general finite
compared to HoO absorption linewidths. With this
condition, it is necessary to calculate the effective val-

Table ll. Parameters of a Spaceborne Water Vapor DIAL System

Transmitter

Pulse energy 1J

Divergence 0.1 mrad

Pulse rep. rate 20 Hz (on and off)
Wavelength 727 nm

Altitude 700 km

Velocity (ground) 7 km/s

Receiver

Effective area 1.1 m?2

Field of view 0.1 mrad

Filter bandwidth (FWHM) 0.01 nm (day); 1.0 nm (night)
Optical transmittance (total)  30% (day); 55% (night) ’
Detector quantum efficiency  20%

Noise eq. power 2 X 10715 W Hz~1/2
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ue of the absorption cross section, oes which is a convo-
lution of the lidar spectrum with the absorption line.
The value of o is then used in place of Ao in calculat-
ing n from Eq. (1). Assuming that the off-line absorp-
tion is negligible, the effective absorption cross section
is given by the equation.

G,2)0,(v,2) d
o) = a1
J Glvz) v

where G(»,2) is an altitude-dependent on-line lidar
spectral intensity profile and o,(r,2) is the Voigt ab-
sorption cross section profile. Equation (11) isnonlin-
ear, and it can be evaluated numerically for any laser
spectral shape. In our evaluation of Eq. (11), we use
200 spectral intervals across the HyO line profile, and
make computations at 1-km altitude intervals. These
calculations are for both the forward propagating and
backscattered beams because the spectral distribution
G is expected to be different for the two cases. To
evaluate the error, we simulate a DIAL measurement
retrieval. First, the lidar return signals are calculated
using a set of lidar parameters and including the effects
of atmospheric influences. The effective absorption
cross section values are computed using the assumed
lidar parameters and estimated atmospheric effects,
which are in error compared to the real values used in
the signal calculations. Using the simulated signals
and the calculated absorption cross sections, we obtain
the retrieved DIAL Ho0 concentration profile. The
error in the DIAL measurement is the difference be-
tween the actual H,O profile used the in signal calcula-
tions and the retrieved profile. For the sensitivity
analysis, each parameter is independently varied while
holding all other parameters constant. However a
complete evaluation must include the coupled effects
between the various parameters. Therefore following
the parametric study an example is discussed which
combines all parameters that are likely to influence the
DIAL H,0 profile measurements.

(1) Modification of Laser Spectral Profile by
Molecular Absorption

As a laser beam is propagated in an absorbing atmo-
sphere, its spectral shape is altered®¢3" due to the
absorption. The effective HoO absorption cross sec-
tion changes due to this effect and leads to an underes-
timation in the DIAL determination of HsO concen-
trations. The error from this effect is a function of
optical depth and laser linewidth. The results of our
analysis of this effect are shown in Fig. 6 for a HoO
absorption cross section of 70.1 X 10724 cm2. The
three profiles show the effect for three laser linewidths
(1, 2 and 4 pm), where the laser line consists of three
equal-amplitude, equally spaced monochromatic
modes across the specified linewidth. Figure 6 shows
the influence of optical depth, which increases towards
lower altitudes, and larger laser linewidths on the
DIAL H,0 density error. Clearly largerlinewidths are
not suitable for DIAL measurements at large optical
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Fig. 6. Influence of laser spectral width causing systematic errors
due to the distortion of the laser profile. An HzO crosssection of 70.1
X 10724 cm? is assumed.

depths. Cahen and Megie3® also evaluated the influ-
ence of laser linewidths on DIAL Hy0 measurements
and showed that if laser linewidths comparable to ab-
sorption Hz0 linewidths are used, DIAL measurement
errors up to 25% can result. In the absence of atmo-
spheric processes that broaden the laser linewidth, the
conclusion would be to use the narrowest laser
linewidth to minimize the DIAL measurement errors.

(2) Doppler Broadening of the Elastically
Backscattered Signal and Other Atmospheric
Spectral Broadening Effects

The spectral distribution of laser energy is modified
in the backscattering processes due to the motion of
atmospheric gases and aerosols. This Doppler broad-
ening (DB) effect on lidar backscatter returns has been
extensively discussed in the literature.37-4 Aerosol
particle velocities in the atmosphere are several orders
of magnitude lower than those of air molecules and
hence the Doppler broadening effect due to aerosols is
expected to be negligible («0.1 pm). For simplicity,
the velocity distribution of molecules can be assumed
to be given by the Maxwellian function. Therefore,
the velocity distribution function, f(v), in a given direc-
tion is represented by

_(m 1/2 _ m_v2
fv)y = (27rkT> e"p( 2kT> ’ (12)
where m is the average mass of the air molecules. The
Doppler shift for the case of the elastically backscat-
tered radiation is given by the equation
A=), 2v

==, 13
" . (19)

where ), is the incident wavelength, and A is the Dopp-
ler shifted wavelength. The wavelength distribution
of the elastically backscattered photons is given for p <

1 atm by
—_ 2
FO)=A exp(— g}e—i) ()\ = >‘°) , (14)

where A is a normalizing constant. The DB halfwidth




v is the distance from line center to the position where
the intensity drops to A/2. Therefore, from Eq. (14)

we get
L= [2kT 2 15)
c m

The value of y for A = 727 nm at 300 K is ~1.7 pm, and
the altitude variation of the DB full linewidth (2v) for
the given model temperature profile is shown in Fig. 7.
This figure also shows the altitude variation of the HyO
absorption linewidth, assuming a Voigt line depen-
dence. From Fig. 7 it is clear that the DB effect has a
significant influence on the effective absorption cross
section and that this influence is considerable at high
altitudes (>5 km) because of the combination of small-
er Hy0 linewidths and the decrease of aerosol scatter-
ing. The altitude variation of the systematic underes-
timation of the water vapor number densities resulting
from no corrections for the DB effect is shown in Fig. 8
(solid line). Asexpected, the DB has alarger influence
at high altitudes, and the error also depends upon the
aerosol-to-molecular backscatter ratio at all altitudes.
The influence of the three layer aerosol model (Fig. 1)
can be seenin Fig. 8. While the influence of DB can be
large (~12% DIAL measurement error at 15-km alti-
tude), it can be corrected to first order with some
knowledge of the aerosol-to-molecular backscatter ra-
tio and the temperature profile. Figure 8 (dotted line)
shows the residual error due to Doppler broadening
effects when the influence of DB is calculated using a
50% error in the estimated aerosol-to-molecular back-
scatter ratio?® (with a minimum 20% error in the
knowledge of the total scattering ratio) and a 3% (£10
K) temperature error. These are combined together
to produce the worst case undercorrected error. It is
assumed that the aerosol-to-molecular backscatter ra-
tio can be derived from the off-line return signal, and a
climatological model temperature profile can be used
for the temperature profile. These calculations (Fig.
8) show that the residual DB effect, after being partial-
ly corrected, causes ~1.5% error below 10 km altitude
in the absence of large aerosol gradients.4! It has been
shown by Ismail and Browell*3 that Doppler broaden-
ing reduces the sensitivity of DIAL measurement er-
rors to other lidar and atmospheric parameters. This
effect is discussed in detail later in this paper.

While Doppler broadening can cause a large system-
atic error, other spectral broadening mechanisms like
Brillouin scattering (BS) and Raman scattering (RS)
have smaller influences on DIAL measurements. The
BS effect produces two additional peaks in the elasti-
cally backscattered signal. Their separation depends
upon the velocity of sound, and their intensity depends
upon the atmospheric pressure.46 The BS effect is
most pronounced at high pressures (>1 atm). For
simplicity it can be modeled as additional broadening
of the Doppler profile. For Hy0O DIAL systems the BS
effect has negligible influence at high altitudes (>10
km) due to low pressures and in the boundary layer due
to increased aerosol scattering and a larger H,0
linewidth. The BS effect has its maximum influence
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Fig.7. Comparison of the altitude dependence of the HyO absorp-
tion linewidth and the Doppler-broadened Rayleigh backscattered
linewidth.
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Fig. 8. Systematic error due to Doppler broadening of molecular
backscatter in the atmosphere. Also shown is the reduced error
profile when Doppler broadening effect is estimated.

in the free troposphere above the boundary layer. An
estimate of the magnitude of the BS on the Doppler
profile was made from the data obtained by a high
spectral resolution lidar system.4® This measurement
indicates that the maximum spectral broadening of the
Doppler profile due to BS is <20% at ~1 km. We
found that in our model calculations the BS increased
the DIAL error by <0.5% which is much smaller than
the random error or the DB error at this altitude.
Thus, the BS error is negligible compared to other
error sources in DIAL Hs0 concentration measure-
ments.

The Raman scattering (RS) effect generates shifted
wavelengths resulting from rotational and vibrational
induced transitions. The vibrational Raman spec-
trum is low intensity (10~3 of the unshifted backscat-
tered energy?”) and is shifted by >50 nm at 727 nm. It
can be easily removed by broadband (20 nm) optical
filters. The rotational Raman backscatter has an in-
tensity ~8.5% of the elastically backscattered energy??
from atmospheric molecules. The nearest Raman
component is within ~0.65 nm of the incident wave-

1 September 1989 / Vol. 28, No. 17 / APPLIED OPTICS 3609



length, and this effect can influence the DIAL mea-
surements using optical filters with bandwidths larger
than 1 nm. The systematic error due to RS increases
with optical depth and decreases with increased aero-
sol backscattering. In a purely molecular atmosphere
at large one-way optical depths (r > 2) with filter
widths >20 nm, systematic errors >10% are expected.
For H,0 DIAL systems operating at 727 nm it is pref-
erable to filter the rotational RS using an optical filter
with <1 nm bandwidth. For such systems the error is
negligible (<0.5%) for optical depthsupto4. A gener-
al discussion of the influence of the rotational Raman
effect on DIAL measurements will be presented in a
separate paper.

(3) Pressure Shift

In addition to spectral broadening effects (Eq. 2),
changes in atmospheric pressure cause small shifts (~1
pm/atm at 727 nm) in the center position of Hs0
absorption lines. Bosenberg®® has measured shifts for
numerous HyO absorption lines in the 727-nm region,
which exhibit an average shift of 0.7 pm/atm. Recent-
ly Mandin et al.® have published the complete low
pressure (nearly vacuum conditions) absorption spec-
tra of HoO lines in the 725-nm band. Approximate
pressure shift values of these lines can be obtained by
comparing the line positions determined by Mandin et
al.® with the ground atmospheric pressure HyO line
positions from the AFGL compilation. A compari-
son of these line shifts with Bosenberg’s measurements
show general agreement to within ~20%. If not prop-
erly compensated for, these pressure shifts can cause
significant errors in DIAL H20 measurements. The
pressure shifts for given altitude, cause the same effect
as detuning the laser wavelength off the absorption
line center which is discussed later. But unlike the
detuning error, the pressure shift error is altitude de-
pendent. If the pressure shift is accurately measured,
the DIAL measurement error from it can be fully cor-
rected. Figure 9 shows altitude profiles of the errors
caused by a pressure shift of 1.0 pm/atm when the laser
line is adjusted to coincide with the peak of HyO line at
ambient pressures equivalent to altitudes of 0, 4, and
920 km. The worst uncorrected error occurs when the
laser line is tuned to the peak of the H0 line at ground
pressure and the lidar measurements are made at high
altitudes (an error of >16% will result above 14 km
altitude). Zuev et al.?® show that for the 694.38-nm
H,0 absorption line (pressure shift 0.91 pm/atm), a
DIAL concentration measurement error of 32% will
result at 20 km if the laser is tuned to the ground
pressure line position. Their results agree with the
results shown in Fig. 9. However these calculations
are overestimates of the error because the DB influ-
ence was ignored. Ismail and Browell*® show that
errors due to pressure shift effects are overestimated
by up to 45% when the DB influence is omitted. When
the laser line coincides with the peak of the HoO ab-
sorption line at an intermediate altitude of 4 km, the
results (Fig. 9) show that very low pressure shift errors
(<1%) result over the 0-10 km altitude range of the
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Fig. 9. Systematic errors caused by tuning the laser to HyO line
center at an altitude of 0, 4, and 20 km. A pressure shift of 1.0 pm/
atm is assumed.

DIAL measurements. Even these small errors can be
removed if the pressure shift is known and accounted
for in the DIAL data reduction. Figure 9 also shows
that moderate DIAL errors (3%) are caused at ground
level when the laser is tuned to the Hy0 line peak at an
atmospheric pressure representative of 20-km alti-
tude. To minimize the pressure shift error over a
broad altitude range, the laser should be tuned to-
wards a lower pressure absorption line center position.
This analysis suggests that knowledge of the pressure
shift for the HysO absorption line used in the DIAL
measurement is necessary to reduce this systematic
error effect to a negligible level (<0.5% from 0-10 km
altitude). For the LASE H,0 DIAL system a spectro-
scopic measurement experiment> will measure the
pressure shifts to an accuracy of <0.05 pm/atm.

(4) Temperature Sensitivity of HsO Lines

For DIAL measurements the H2O lines are selected
so that the center line cross section, o,, has a small
temperature dependence (Ac, < 1% for a +£10-K
change in temperature). Usually the temperature
sensitivity of the line center absorption cross section is
calculated because most DIAL systems operate with
narrow laser lines near the peak of HyO absorption
lines. Previously, temperature sensitivity calcula-
tions have been made for HoO concentration? and
mixing ratio” measurements. Using the Lorentz pro-
file, it can be shown that the condition for temperature
insensitive lines for HoO concentration measurements
is given by

E”he
Tn =088k’ (16)
and for mixing ratio calculations by
E’hc
Tn=Tgsr’ an

where T is the temperature at which there is no
temperature sensitivity for lines having a ground state
energy level of E” (cm™). These simplified relation-
ships are approximately valid only near ground atmo-
spheric conditions. For more accurate results a Voigt



model for the HyO absorption line is necessary. Nu-
merical calculations using the Voigt profile model for
DIAL Hy0 concentration and mixing ratio measure-
ments and using the most recent Hy0 line parameters
are reported by Browell et al. (1989).5! These calcula-
tions show that for a midlatitude summer atmospheric
temperature model and for DIAL measurements near
ground the temperature insensitive absorption lines
have E” values in the range 100-250 cm~! for Hy0
concentration measurements and E” in the range 250
450 cm™! for Hy0 mixing ratio measurements. These
lines cause an error of <1% over a 10 K temperature
uncertainty. More details on optimum H,O line selec-
tions in the 720-nm region and their altitude depen-
dence are given in Ref. 51.

(5) Spectral Purity of Lasers

In the DIAL method, the on-line laser energy is
assumed to be absorbed by Hy0 molecules, and the
H30 concentration is retrieved on the basis of a calcu-
lated effective absorption cross section. Many, if not
most, laser systems produce small amounts of energy
outside desirable spectral limits. The spectral purity
is defined, here, as the ratio of the energy within the
acceptable spectral limits to the total energy transmit-
ted. Inour analysis we assume that the spectral impu-
rity is a component of the laser spectral output that is
unabsorbed by H,O. Insome lasers this output results
from a broadband emission arising from a process like
amplified spontaneous emission (ASE).

Since the spectral impurity is an unabsorbed compo-
nent of laser energy, the effective absorption cross
section is lowered by its presence. The magnitude of
the unabsorbed component of laser energy compared
to the total energy left in the beam depends on the
spectral purity, «, of the transmitted beam and the
optical depth for the absorbed portion of the laser
output to the range of interest. The unabsorbed ener-
gy is treated like off-line energy, and therefore, the on-
line signal return from an optical depth (due to HO
absorption) is given by

Son = Sol(1 — @) + ae™], (18)

where it is assumed that the on- and off-line laser
energies are equal initially. For the evaluation of the
systematic errors due to spectral purity, the effective
cross sections are calculated with and without the
spectral purity, and the calculated uncorrected errors
that result for spectral purity values of 0.95, 0.99, and
0.9995 are shown in Fig. 10. Small amounts of spectral
impurity can produce large systematic errors. For
most DIAL applications, lasers with spectral purity
>0.99 are necessary if no knowledge of the actual
amount of spectral impurity can be obtained. Recent-
ly developed Alexandrite lasers, which are being incor-
porated into various DIAL systems!35253 have been
demonstrated to have high spectral purity (0.9999).53
If the spectral purity of a laser system is known or if it
can be calibrated from in situ measurements, DIAL
measurements are still possible if the spectral purity is
lower than 0.99.9
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Fig.10. Influence of spectral purity (caused by ASE) on H,0 DIAL
measurements.

(6) Laser Wavelength Uncertainty and Tuning
Error

For the operation of most DIAL systems, the on-line
laser must be tuned near the center of a gas absorption
line. The DIAL measurement error depends upon the
uncertainty in the knowledge of the laser position. In
addition, the magnitude of this error also depends
upon the detuning of the laser from the H50 line cen-
ter. Figures 11(a) to 11(c) show the DIAL measure-
ment errors associated with laser line position uncer-
tainty and laser tuning errors with respect to the center
of the absorptionline. InFigure 11(a) the tuning error
is assumed to be zero. Because of the symmetry of the
H,0 line, the concentration measurement error de-
pends on the magnitude of the laser line position un-
certainty and not on its sign. Figure 11(b) shows that
for a tuning error of +0.25 pm the concentration mea-
surement error depends upon both the magnitude as
well as the direction of the position measurement er-
ror. For a laser detuning of +0.25 pm, because of the
symmetry of the HyO line, a zero concentration mea-
surement error is reached for either a 0 or —0.5 pm
position measurement error. On the other hand, for
the position measurement errors of +0.25 pm and
—0.25 pm, the magnitude and direction of the DIAL
errors are different. Figure 11(c) shows that as the
tuning error increases to 0.5 pm, the DIAL system
becomes more sensitive to position measurement un-
certainty. Since the laser line position uncertainty
cannot be made zero, a combination of a low tuning
error and a low position measurement error is needed
to minimize the DIAL measurement error. For the
LASE system the tuning error and the position mea-
surement error are both specified to be <0.25 pm (10).

(7) Wavemeter Resolution

Measurement of the laser spectral profile is needed
both in the tuning of the laser system to maintain it
within specified spectral position limits and also for
calculating the effective cross section in Eq. (11). In
the LASE system the laser spectral profile is measured
by a wavemeter which samples a small fraction of the
laser output. The centroid of the laser spectral profile
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Fig.11. H;0 DIAL measurement error caused by an uncertainty in
the knowledge of laser spectral position (a) no detuning error (b) 0.25
pm detuning error and (c) 0.5 pm detuning error.

measured by the wavemeter is assumed to be the posi-
tion of the laser. The DIAL error resulting from un-
certainties in the laser position measurement have
already been discussed in the earlier section. In addi-
tion to the position measurement error, the laser spec-
tral profile is broadened due the finite spectral resolu-
tion of the wavemeter prior to recording. This
spectral broadening makes the calculated effective
cross section lower than its actual value, causing the
DIAL measurements to be overestimated. Figure 12
shows the results of systematic overestimates in the
DIAL concentration measurements for wavemeter res-
olutions of 0.5 and 1.0 pm. The influence of wave-

3612 APPLIED OPTICS / Vol. 28, No. 17 / 1 September 1989

1e T L T LI
. \
N \
. \
12— \ \‘ —
. \
. |
" N \
g o \ =
= N
oL
A
hd o A= 728 nm \- -‘+—
e =20.9X10*cm?  RESOLUTION \ \
-+ + + 0.5 pm . +
o —— — 1.0 pm \ .\.
v\
) | 1 ! 1 -

8 L3 < 2
NUMBER DENSITY ERROR (72
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meter resolution increases with altitude because of the
decrease in the Hy0 absorption linewidth. In contrast
to other systematic effects like the DB effect, spectral
purity, and laser linewidth (which cause an underesti-
mate of DIAL measurements), a wavemeter resolution
of 0.5 pm (for the LASE system) causes only a slight
overestimate of the density measurement. When oth-
er systematic influences are not completely corrected,
the residual influence of the wavemeter resolution par-
tially compensates for the other systematic effects.
However, if a correction for the other systematic ef-
fects is made to achieve a high accuracy (<5% error)
H,0 measurement, then a wavemeter resolution <0.5
pm is required, or the wavemeter data must be decon-
volved to reconstruct the laser spectral information for
each laser pulse.

V. Combined DIAL Measurement Error

The combined DIAL measurement error is the sum
of the absolute values of the total random error and the
net systematic error. In the signal detection error we
include the influence of the detector system, amplifier
and digitizer effects, and background signals. In the
treatment of systematic effects, we chose to evaluate
the influence of each parameter separately; however,
in general the selection of any parameter influences
the DIAL system’s sensitivity to other parameters. In
the example of the combined DIAL errors in Fig. 13,
the random errors (LASE nighttime case with Ao val-
ues of 18.7 X 1024 cm?2 and 90.6 X 10~2¢ cm?2) are added
to the combined systematic error arising from laser
line distortion due to H2O absorption, the residual
error due to DB, laser detuning of +0.25 pm, laser
centroid measurement error of +0.25 pm, and a spec-
tral purity of 0.99. The errors have been combined in
such a way that the worst case error is estimated. The
wavemeter resolution error is not included because it
reduces other systematic errors, and it is assumed that
the pressure shift error is fully corrected. The tem-
perature sensitivity error is not included because it is
expected to be small. Using the parameters of the
H-,0 absorption lines at 727.8078 nm and at 726.5594
nm in air at STP,%5 and using a climatological tempera-



the DIAL H,0 errors due to temperature effects for the
two lines are <0.4% in the 0-5 km altitude region and
<0.5% in the 5-10 km region, respectively. To analyze
DIAL H,0 data it is necessary to correct for the DB
effect. This is because the DB effect can cause large
errors (up to 10% below 10 km) even in clean atmo-
spheric regions, and this effect can easily be corrected
tofirst order. For the LASE system spectral purity is
expected to be high (>0.9995), and the improvement in
the combined error for this spectral purity is repre-
sented by the broken line profiles in Fig. 13. This
figure shows that by using two H;0 absorption lines
with complementary measurement regions in the low
and mid-troposphere a total error of <10% over the
range 0-10 km can be achieved by the LASE H,0
DIAL system with horizontal and vertical resolutions
of 10 km and 200 m, respectively, during nighttime.
This result also applies to daytime measurements with
horizontal and vertical resolutions of 20 km and 300 m,
respectively.

For spaceborne H;0 DIAL measurements in the
720-nm region, the additional optical depth between
20 km and space is expected to be negligible (<0.01).
Hence all systematic errors discussed in this paper are
also applicable to spaceborne measurements.” For
space use further refinements in DIAL technology can
reduce systematic errors in the DIAL H,0 measure-
ments. In the low altitude region (0-2 km), the ran-
dom errors of the spaceborne system (Fig. 5) are com-
parable with the random errors of the LASE system
(Fig. 3). Consequently, for low altitude regions, spa-
ceborne measurements of HyO profiles with a vertical
resolution of 500 m and a horizontal resolution of 100
km can be achieved with <10% error during nighttime.
Similar measurement accuracies can be made during
daytime with resolutions of 500 m and 250 km, respec-
tively. At higher altitudes (2-10 km) further averag-
ing is necessary to achieve a <10% combined error.

VI. Discussion and Conclusions

In the absence of large systematic errors in the DIAL
measurement Ho0, the random errors from the lidar
signal determine the optimum altitude region for
DIAL measurements, and these errors prescribe the
amount of horizontal and vertical averaging needed to
obtain accurate DIAL measurements. The altitude
dependence of the random errors depends upon sever-
al factors including detector type, atmospheric back-
ground level, atmospheric aerosol distribution, ab-
sorption line strength, and the distribution of
atmospheric HyO.

Detector systems with a combination of high quan-
tum efficiency, low excess noise factor, and low noise
equivalent power values are desired for H,O DIAL
measurements. Generally for airborne applications,
signals are strong (103-104 photoelectrons/us) and de-
tectors with high quantum efficiency like Si:APD ap-
pear to be optimum3? in these conditions because their
higher quantum efficiency values (0.8-0.9) compared
with that of the PMT’s (0.04-0.18) more than offset
the higher noise of the ADPs. For spaceborne applica-
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Fig. 13. Combined errors from random and systematic effects in

the LASE H,0 DIAL system for two absorption lines. Total DIAL
measurement errors are shown for two levels of spectral purity.

tions the signals are expected to be much weaker and
low noise detectors with simultaneous analog and pho-
ton counting techniques will be necessary. In our
analysis of the LASE system we include the total noise
from the APD-detector-amplifier system.

We have not considered the influence of signal over-
load effects in the detector—-amplifier system due to
clouds. For the LASE system the presence of cirrus
clouds can cause significant signal levels 5-60 times%
the off-line atmospheric signal levels to be expected
from low altitudes (<1 km). In addition, atmospheric
returns from the near-field can also cause signal over-
load effects. (Even though the full beam overlap be-
tween the transmitter and receiver is expected at a
range of >6 km, the signal profile calculation shows
that the strongest near-field signal received will be
from ~0.5 km range). The LASE system is being
designed to be insensitive to the influence of these high
signal conditions, and it is expected that the time
differences between the near-field region where satu-
ration can occur (10-16 km) and the DIAL measure-
ment region (<10 km) permits sufficient recovery
time. However, in the case of the strongest cirrus
clouds some degradation of the DIAL measurement is
expected. In the case of spaceborne DIAL measure-
ments, no near-field signal effects are expected and the
influence of the cirrus clouds has less impact due to the
lower signal levels due to the greater ranges involved.
Narrow band (FWHM < 0.4 nm) interference filters
and receiver field-of-view values of <1 mrad are need-
ed to suppress day background for LASE application
and Fabry-Perot interferometer filters along with nar-
row field-of-view (~0.1 mrad) receivers will be re-
quired for daytime DIAL measurements from space.

Generally, H0 lines with cross section of ~20 X
10724 cm? are suitable for DIAL measurement in the
low troposphere (<5 km). For an optimum choice of
an absorption line, the distribution of H;0 in the re-
gion of measurement must be considered as discussed
by Browell et al. (1985).16 Stronger H,0 lines are
needed for DIAL measurements at higher altitudes.
While H;0O lines in the 720-nm band are adequate for
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DIAL measurements in the 0-10 km altitude region for
airborne systems, stronger lines like those in the 940-
nm and 1140-nm bands3® are needed for high resolu-
tion spaceborne measurements at >10 km altitude.

Systematic errors in DIAL measurements arise due
to uncertainties in the knowledge of the differential
absorption cross section between the DIAL wave-
lengths. These uncertainties are caused by either in-
strumental or atmospheric effects. The instrumental
effects related to the laser spectral width, spectral
purity, tuning error, and uncertainties in the knowl-
edge of spectral profiles are discussed in this paper.
These parameters can be controlled during the devel-
opment of a DIAL system. DIAL measurement errors
resulting from the modification of the laser spectral
profile due to absorption from H50 in the atmosphere
can be evaluated and corrected if necessary during
data analysis. Pressure shift errors can be minimized
by tuning the laser to coincide with the H,O line posi-
tion at the desired altitude or a slightly higher altitude
(lower pressure). Temperature sensitivity of HyO
lines can be minimized by selecting the suitable tem-
perature insensitive HyO lines. The secondary errors
introduced by the residual pressure shift and tempera-
ture effects can be corrected during data analysis pro-
vided that the pressure shift characteristics of the line
are known and an estimate of temperature profile can
be made.

Doppler broadening plays a significant role in influ-
encing DIAL H50 measurements, and this effect must
be accounted for in the data analysis. In the clean
atmosphere it can be removed to first order and in
extreme cases of a turbid aerosol layer, it can be ig-
nored. In regions of large vertical inhomogeneity in
the aerosol structure the ability to correct the DB
effect depends upon the knowledge of the amount of
aerosol scattering that can be derived from either the
off-line signal* or by an independent measurement of
aerosol scattering (which may not be practical in all
cases). Another aspect of the DB effect which be-
comes significant? at high altitudes (>10 km), is that
it reduces the DIAL measurement sensitivity to pres-
sure shifts, changes in the spectral profile in the atmo-
sphere, and laser detuning effects. Another spectral
broadening mechanism that can affect DIAL measure-
ments is the rotational Raman scattering by air mole-
cules. The influence of this effect on DIAL measure-
ments of HyO in the 720-nm region can be made
negligible by selecting narrow band (FWHM < 3 nm)
optical filters.

This analysis of random and systematic influences
in DIAL H30 measurements has been used in the
development of the LASE system operating in the 728-
nm region and in the analysis of spaceborne DIAL H,0
measurements. The results of this study can be used
in testing of DIAL systems, field selection of DIAL
parameters, planning data analysis procedures, and in
the interpretation and validation of DIAL Hy0 mea-
surements. The method discussed in this paper can
be easily extended to DIAL H,0 measurements in the
940-nm region, suitable for HyO measurement at high-

er altitudes (>10 km). The approach is also applica-
ble to the DIAL measurement of other atmospheric
gases. We show that a <10% HsO profile measure-
ment accuracy is possible for LASE with a vertical and
horizontal spatial resolution of 200 m and 10 km, re-
spectively, during nighttime and 300 m and 20 km,
respectively, during daytime. Global measurements
of H50 profiles from spaceborne DIAL systems can be
achieved with similar accuracy with spatial resolutions
of 500 m in the vertical and 100 km in the horizontal.
We show that the H,O DIAL systems considered in
this analysis can meet the measurement needs for H,O
in the troposphere on regional and global scales.
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