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similar to visible wavelengths. In addition, the molecular scattering is a factor 16
less than at 532 nm and 81 less than at 355 nm. Because of these factors we do not
consider 1064 nm further. The doubled frequency at 532 nm avoids the detector
problems since there are low noise detectors available at this wavelength that have
quantum efficiencies up to ~80%. However, the eye safety issue remains, and in
practice this makes 532 nm a difficult system to implement. The tripled frequency
at 355 nm falls in a part of the spectrum that is almost completely eye safe. CCD
detectors at this wavelength still have good response, with values of quantum
efficiency up to 80% (Schaefer et al., 1991). Another consideration is the molecular
scattering, which is by far the largest at this wavelength. Due to these
considerations, only 532 nm and 355 nm are considered further.

The backscatter signal consists of molecular and aerosol components, each with
a difference spectral signature. A system designed to measure winds can use either
of these components; to date all studies of space-borne incoherent lidars have used
the aerosol return. With the same number of photons, Doppler shift measurements
are much more sensitive to aerosol returns because the spectral width is much
smaller that molecular scattering. However, the number of photons are not equal.
There are many locations and times when the aerosol concentration is quite low
(Kent et al., 1983, 1988, 1991; Post and Cupp, 1992; Tratt and Menzies, 1994).
These often occur in the free troposphere, and extremely low concentrations occur
over southern hemisphere oceans where there is the most notable lack of direct
wind observations (radiosondes). Molecular scattering is much more uniform over
the surface, even though it is intrinsically less sensitive to Doppler shifts. An ideal
system would use the aerosol signal whenever it is available and the molecular
signal when it is not. Each of these returns requires a different instrument
configuration, and therefore it is necessary to choose one or the other or a multi-
channel system.

We consider three types of lidar systems: (1) a system that is optimized to use
the aerosol scattering, (2) a system that is optimized to use molecular scattering,
and (3) one the uses both. For each of these we consider a system at 355 nm and a
system at 532 nm. We begin by discussing how the parameters for the etalon
system are determined. There are in practice only two free parameters for the
detection system, the etalon gap and finesse (reflectivity). These parameters are
constrained as described previously. We use our experience to help determine
reasonable values for other system parameters, such as etalon defects and losses.
Table 7 shows some of the more important parameters used in our simulations. A
telescope diameter of one meter was selected because this is the largest size that is
easily accommodated by the current optical fabrication equipment and represents
the ‘knee’ of the cost curve.
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a value that our experience has shown to be a reasonable one. The wind error
decrease monotonically as the thickness is increased. At a gap thickness of 53.25
cm the free spectral range corresponds to a dynamic range of 50 m/s. A gap of 53 cm
is somewhat larger than we have constructed; the largest has been a 30 c¢m etalon
built in the 1980s for RCA (Rosenberg and Sroga, 1985). We therefore define two
systems for further analysis: System A has a gap of 53.25 c¢m, a reflectivity of ~0.90,
and a dynamic range of 50 m/s; System C is the same except the gap is 30 cm.
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Fig. 24. Wind error (m/s) for an aerosol system as a function of
etalon thickness and reflectivity.

4.12. AEROSOL LIDAR - 532 NM

The eye safety issue at 532 complicates the optimization somewhat. The eye
safety requirements dictate that the laser beam divergence must be at least 0.4 mr
(full angle) if we are using the parameters in Table 7. However, the results of this
optimization will change significantly if the satellite altitude, laser power, or the prf
is altered. Because of the large laser divergence angle, a 10 cm diameter etalon
plate could not accept all of the light for a system with a dynamic range of 50 m/s.
To meet all of the requirements this needs to be increased to 330 m/s. This merely
means that for an etalon with a free spectral range of 50 m/s we are placing 6.6
orders on the detector. With the CLIO and CCD system described earlier multiple
orders are readily handled. The etalon gap for a 50 m/s dynamic range at this
wavelength is 79.25 cm. The reflectivity that optimizes is again ~0.9. Once more
we define two systems: System B with a gap of 79 cm, and System D with a gap of
26.5 cm.
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4.1.3. MOLECULAR LIDAR — 355 NM

For the molecular lidars there is an additional consideration besides the etalon
gap and reflectivity. We need to consider the spectral interval to place on the
detector. The aerosol signal is so narrow that the spectral interval is set by the
dynamic range desired in the instrument. The molecular signal is so much wider
that this is no longer applicable. The spectral interval on the detector must be large
enough to sense a significant fraction of the line shape. The 1/e line width of the
molecular line at 355 is ~0.035 cm-!, which is equivalent to a Doppler shift of 186
m/s. We examined dynamic ranges varying from 400 to 1000 m/s. There was
relatively little difference, but a small minima existed between 600 and 800 m/s. In
such a case, a larger dynamic range is preferable since it will allow easier
interpretation of any systematic variations in the spectral signature and we chose to
project 800 m/s on the detector. Once the dynamic range is decided the optimization
follows the same procedure as before. Figure 25 shows the contour plot of errors as
a function of thickness and reflectivity. The optimal etalon thickness is 1.6 ¢cm with
a reflectivity of ~0.70. We define this as System E.
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Fig. 25. Wind error (m/s) for a Rayleigh system as a function of
etalon thickness and reflectivity.

4.14. MOLECULAR LIDAR — 532 NM

The 532 nm molecular system is much easier to define than the 532 nm aerosol
system because the increased dynamic range allows a 10 ¢m diameter etalon to
readily collect all of the light. The 1/e width of the molecular signal at this
wavelength is about 0.024 cm-1, which corresponds to the same Doppler shift as at
355 nm. Again, we choose a dynamic range of 800 m/s. The optimization for this
system, System F gives a gap of 2.2 cm and a reflectivity of ~0.70.
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4.1.5. COMBINED SYSTEM

The systems described above examine either the aerosol or molecular return. It
is desirable to have a system that uses both returns; the aerosol system will give an
excellent wind measurement when there are sufficient aerosols to make a
measurement, and a molecular system provides an acceptable measurement in
regions of low aerosols. There are a number of ways to implement a combined
system. One of the most straightforward is a system that contains both an aerosol
and a molecular channel with a scene selector mirror that directs light into one of
the two systems. Which of the two systems is to be used could be determined in a
number of ways. For example, the areas to use either system can be
preprogrammed, e.g. use the molecular system over the ocean areas of the southern
hemisphere and use the aerosol system elsewhere. Another control method would
use an on-board computer to intelligently decide which system to use. The current
return could be analyzed to determine how the next pulse should be analyzed. Yet
another approach is to have both systems operational all the time and use a
beamsplitter to give each a fraction of the light. If a 50/50 beamsplitter is used then
each gets half the light and the error increases by a factor of ~v2 for each. We now
describe another approach which allows a more optimal use of the light. In order to
understand this system we need to digress and discuss some more aspects of the
Fabry-Perot.
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Fig. 26. (a) Transmission and reflection of an etalon. (b) Transmission of molecular etalon
after reflection by aerosol etalon.

The Fabry-Perot is often touted as an efficient user of light, and in some respects
it is (Jacquinot, 1954), but it actually throws away a significant amount of light. If
one order is projected onto a detector a fraction [(1-R)/(1+R)] of the light incident on
the etalon is actually transmitted while the rest is reflected. This reflected light
amounts to a fraction 2R/(1+R). For example, if R=0.90 then 95% of the light is
reflected. Ifless than a full free spectral range is projected, a higher fraction of the
light is transmitted. This is the reason that some studies of incoherent lidar have
projected less than a full free spectral range on the detector (Hays et al., 1984; Rees
and McDermid, 1990). Figure 26(a) shows the reflection and transmission curves
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for the aerosol etalon which were described for System A (gap=30 cm,
reflectivity=0.90). The maximum transmittance is about 50%, which is the result of
the losses and defects assumed for this etalon. The reflectivity is simply 1-T, which
is valid because the absorption losses in etalons with dielectric coatings are very
small and any scattering losses are very narrow angle and do not diverge much from
the specular beam. This points out that even with a system that projects 56% of an
order on the detector, a very large fraction of the light is reflected. If we could use
the reflected light as an input for a molecular etalon then the instrument function
would look like that shown in Fig. 26(b). The spectral width of the molecular etalon
is about 16 times greater than the aerosol etalon. The bite-outs in the transmission
function are due to the light transmitted by the aerosol system. Clearly, though,
the spectral shape still retains its fundamental characteristics, so Doppler shifts can
be determined. If we can arrange the optical system so that the reflected light from
the aerosol etalon can be used as the input to the molecular system, then we have a
system that is very light efficient and can simultaneously use the spectral signature
of the aerosol and molecular scattering.

We are left to show that an optical system can be arranged to do this. Figure
27(a) shows the typical optical layout for either an aerosol or molecular system. The
similarities with the HRDI system are immediately apparent with the fundamental
difference being the optics necessary to perform the circle-to-line conversion and the
CCD instead of an IPD detector. Figure 27(b) shows how a system could be
arranged to accommodate the combined system. The input optics are similar to
before, with an interference filter and two etalons providing the filtering necessary
to reduce the solar background. An imaging lens after the second etalon forms an
image that is located slightly offset from the optical axis. The light reflected from
the aerosol etalon will form an image on the opposite side of the optical axis where
it can be directed into the molecular system. Since the light is no longer symmetric
around the optical axis we must either increase the size of the etalon or increase the
dynamic range. Either is possible, but here we have allowed the etalon size to
increase if possible. This system has been optimized as the other systems. We have
limited the aerosol etalon to a maximum of 30 cm in both cases. The system at 355
nm (System G) can handle a dynamic range of 50 m/s with an etalon diameter of 10
cm. The system at 532 nm (System H) requires that the dynamic range of the
aerosol system be increased to 660 m/s.
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300 Fig. 29. Aerosol spectra as a function of
0 altitude. The aerosol parameters are
2 My =107, M gg=10"°, M 57=2x10"%, Zp; =1
'§ 200 km, Hg1=3 km.
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Simulated spectra as a function of altitude from systems A and E for a moderate
aerosol loading case are shown in Figs. 29 and 30. In these simulations we let
MpL=107, Mpa=10-7, Mst=2 x 109, Zg;,=1 km and Hgr=3 km. In Fig. 29 (system A)
the aerosol signature is narrow and strong in the stratosphere and in the boundary
layer, but is relatively weak in the free troposphere. Figure 30 (system E) shows a
relatively broad signal which is again strong in the stratosphere and boundary
layer. This is because systems designed to use the molecular return will be aided by
any aerosol return since it is so narrow. The converse is not true. Molecular
scattering will appear as a continuum background in an aerosol system and
decrease the signal-to-noise ratio.

Fig. 30. Rayleigh spectra as a
function of altitude. The aerosol
parameters are Mg, = 107, M p; = 1079,
MST =2x 10'(), ZBL =1 km, HST =3
km.
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Fig. 32. Wind errors for system B. See Table 9 for definition of plotting symbols.
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Fig. 33. Wind errors for system C. See Table 9 for definition of plotting symbols.
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Fig. 34. Wind errors for system D. See Table 9 for definition of plotting symbols.
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Fig. 36. Wind errors for system F. See Table 9 for definition of plotting symbols.
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System G wind error

-
4l

Altitude (km)

it
=

LAS s RN AR AL LR AR AR AR LA RRREEE]

Wind error for sunlite atmosphere (m/s)

Fig. 39. Wind error for system G. This is the same as Fig. 37 except the wind

System G wind error

25

—
o

Altitude (km)

—
=

(AR AR RN RAR SRR RN AR AR AL RN RERSLLALE)

1 2
Wind error for dark atmosp,

3

here (1o/s)

4

error is plotted on a linear scale. See Table 9 for definition of plotting

symbols.

June 8, 1994



SKINNER & HAYS: COHERENT & INCOHERENT DOPPLER LIDAR TECHNIQUES PAGE 59

System G (combined aerosol and molecular at 355 nm) provides the best overall
result. Figure 39 shows the wind errors in more detail as a function of altitude for
this system. The boundary layer winds in the worse case are 1 m/s and in most
cases less than 0.5 m/s. The free troposphere winds are typically 0.5-1 m/s but
errors can get as large as 3.5 m/s. In the stratosphere the wind errors decrease
again to less than 1 m/s. We will use this system in a series of sensitivity studies
and as the system to compare with a coherent system.

4.2.1. OBSERVATION ANGLE

We examined the effect of varying the observation angle from 20° to 60° from the
nadir. Smaller angles have less attenuation and therefore more light can penetrate
to lower in the atmosphere. Simultaneously, the component of the horizontal wind
will decrease and reduce the sensitivity to wind shifts. Figure 36 shows the
horizontal wind errors as a function of observation angle for 4 different altitudes
and aerosol loadings. These situations were chosen to represent some extreme
cases. All four cases show a shallow minimum somewhere between 30° and 50°
with the error rising rapidly after 50° and a much less rapid increase going towards

Aerosol case #1 at 0.5 km altitude Aerusol case #2 at 4.6 km altitude
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Fig. 40. Wind errors as a function of viewing angle for selected aerosol loading and altitudes.
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20°. From this it is clear that an incoherent system operating at 355 nm should
observe the atmosphere at an angle of about 40° from the nadir.

422, DARK COUNTS
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exact CCD used. It does show that it is possible to reduce the effect of dark counts
to insignificance by reducing the detector temperature.

4.2.3. READ NOISE

The CCD read noise occurs whenever the signal on the chip is read off. Since our
implementation of the CCD would integrate a significant amount of signal on the
chip, reads are relatively infrequent and the read noise should not be a major source
of noise. We examined the wind error for read noise levels of 0, 2.5, 5, and 10
electrons per read for a detector with 64 spectral channels. We note the current
state of the art for CCDs is less than 5 electrons per read and is approaching 1
electron per read. Table 10 shows the wind errors for selected altitudes and aerosol
loadings. These are the same as used in the discussion of observation angle. The
results clearly show that read noise adds very little to the overall error.

Table 10. Wind errors with read noise.

Horizontal wind error (m/s)

Read noise Aerosol #1  Aerosol #2 Aerosol #7  Aerosol #8
(electrons/read) 0.5 km alt 4.5 km alt 0.5 kmalt 17.5 km alt.
0.0 0.421 3.60 0.170 0.0837
2.5 0.429 3.64 0.178 0.0845
5.0 0.437 3.69 0.186 0.0853
10.0 0.453 3.78 0.198 0.0868

4.24. LASER BANDWIDTH

The laser bandwidth has been varied to get a better estimate of what the laser
bandwidth requirement should be. The laser 1/e width was varied from 0 to 3 x 103
an- (30 MHz). Figure 43 shows the wind error for selected conditions. In all cases
a laser line width of less than 104 cm! has no effect on the wind error. This implies
that the laser has no broadening effect on the signal. In 3 out of the 4 cases shown
the error increases dramatically as the width increases. In these cases the wind
error is largely determined by the aerosol signal. In the fourth case the error does
not change significantly and is due to the fact that the molecular signal dominates
the error. This analysis shows that the laser width is not important as long as it is
less than 104 cm! (9 Mhz).

June 8, 1994



SKINNER & HAYS: COHERENT & INCOHERENT DOPPLER LIDAR TECHNIQUES

PAGE 62
2.00 r . — 4.00 T T T
Aeart:ol mnll)del #1 [ Aerosol model #2 1
t " 4 p 1
1.60 at 05 km altitude - 380 | at 45 km altitude / .
l = f ]
i 1.20 R E 3.60 | .
E B ]
5 s [ ]
B o080 4 B S| -
z z - -
1 i ]
L 4 -
0.40 . 3.20 | .
L 4
91 -
uw 2 g gagal 2 a2 a I 2 2.2 2aaazt 1 a.m e 2 (] e A L 'l _— o h
10° 10° 10+ 10° 102 10° 10° 104 10° 102
Laser 1/e width (¢m-+1) Laser /e width (cm-1)
1.00 — . U — 0.80 — e 5
9 .
Aerosol model #7 1 Aerusol model #8
0.80 E at 0.5 km altitude ] 040 L at 175 km altitude ]
) b : 3 F 4
3 0.60 - 4 E 0.30 | -ﬁ
B
s | 1
2 o040 | 4 T oaf .
= 1 & [
0.20 f, 4 0.10 3
0.00 L L 1 Ao 0.00 s s sl aaaasaal aaassl el aas
10- 104 10 16° 10-2 10% 105 107 10° 102

Laser Ve width (cm-1)

Laser Ve width (cm-1)

Fig. 43. Wind errors as a function of laser bandwidth for various altitudes and aerosol loading.

4.2.5.

CLOUDS

Clouds have two important effects on a lidar system. First, if the clouds are
thick enough then they prevent penetration to altitudes below the cloud layer.
Second, they provide a large return allowing a good estimate of the winds at the
cloud height to be made. Clouds are difficult to model in detail, and we have made
the simplifying assumption that they are a Lambertain surface that can be
characterized by an albedo. Table 11 shows the wind errors for clouds at various
levels assuming the clouds have an albedo of 0.5.

Table 11. Cloud top wind errors (m/s).

A(l:tli(;:;ge Aerosol Model
(km) 1 2 3 4 5 6 7 8
0.0 1.73x102 3.34x102 2.19x102 4.26x102 4.36x101 1.22x10 6.80x10! 2.08x10°
2.5 1.32x102 2.55x102 1.59x102 3.10x102 1.45x102 2.81x102 1.81x102 3.53x10-2
5.0 1.09x102 2.10x102 125x102 242x102 1.09x102 2.11x102 125x102 2.43x102
75 9.43x103 1.81x102 1.04x102 2.01x102 9.43x103 1.81x102 1.04x10° 2.01x102
10.0 8.42x103 159x102 9.01x103 1.70x102 B8.42x10° 1.59x102 9.01x10° 1.70x102
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Except for two cases (models 7 and 8 for surface level clouds), the wind errors are
extremely small. For a lidar system with this much power, the actual wind errors
will most likely be dominated by other noise terms, such as spacecraft pointing
accuracy. Another way to view this data is that reasonable cloud top wind would
require a laser with much less power than used in this baseline. The winds for a
cloud at the surface are equivalent to a ground return and show the uncertainties
that are possible by using the ground as a zero velocity reference source.

4.2.6. WAVELENGTH DEPENDENCE OF BACKSCATTER

We have assumed the backscatter has a quadratic wavelength dependence which
allows us to use measurements of the backscatter at 9-10 microns and estimate the
backscatter in the visible or near UV region. Other studies indicate that a power of
two may be too large. Lawrence (1985) suggests a power of 1.5 for altitudes below
15 km and 2 for altitudes above. Recent work by McKenzie et al. (1994) use data
from lidars operating at wavelengths ranging from 351 to 940 nm and find
exponents ranging from 0.87 to 1.57 depending on altitude. We examine the effect
of wavelength dependence by comparing simulations with a quadradic and linear
dependence. These two cases should bracket the real atmosphere. Figure 44 shows
the wind error for the two cases. There are some significant differences, most
notably the decrease of the wind error in the free troposphere and an increase in the
wind error in the stratosphere when the power is 1 instead of 2. The linear
wavelength coefficient means that the effect of aerosols (in both attenuation and
scattering) is less. In the stratosphere the reduction in scattering is more important
and the error increases. In the troposphere either effect can be dominant, and the
result is not so straightforward. The errors can be better or worse depending on the
aerosol loading. The fundamental point is that in either case useful wind
measurements can be made.
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scatter. The form used is B(A) = B(X(, )SX(,/X)", where n=2 (quadratic) or n=1

(linear). See Table 9 for definition of p

4.2.7. OTHER PARAMETERS

otting symbols.

This report has focussed on the measurement of Doppler shifts, but it is
worthwhile to point out that other interesting and useful geophysical features can
be determined from this type of data (Fiocco et al., 1971; Abreu, 1980; Curran et al.,
1987b). We note that this type of system has capabilities that are similar to the
LITE experiment (McCormick et al., 1993), and most, if not all, of the parameters
measured by that system can also be determined by an incoherent wind sensor.
Atmospheric temperatures, density, cloud top heights, aerosol backscatter, and
optical depth are a few of the quantities that can be measured. Future work could
examine in detail the ability of an incoherent system to measure these quantities.
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5. Comparison of Incoherent and Coherent Lidar Systems
5.1. Simulations

The two systems have been compared by determining how much laser power is
required to achieve a certain horizontal line-of-sight velocity measurement
accuracy. We perform a comparison of the measurement accuracy and not of the
fundamentally more important observational accuracy (see section 3.1.3.5 for a
discussion of measurement and observation errors). However, using
measurement errors most directly compares the detection techniques since
sampling issues are not involved. The results reveal the required output power of
the laser. Characterizations of the various laser efficiencies are beyond the scope
of this report, although they are certainly extremely important. We use two sets of
requirements for the horizontal line-of-sight wind accuracy in the comparisons:
1) 1 m/s throughout the range of interest (from the surface to 25 km altitude), and
2) 1 m/s below 3 km and 3 m/s above. The first represents the most challenging
requirements of the meteorological community, and the second is roughly
comparable to the accuracy currently achieved by radiosondes. Various system
efficiencies are outlined in Table 12 for the coherent system and in Tables 7 and 8
for the incoherent. The IDL program used to perform the coherent calculations is
given in Appendix V.

Table 12. Coherent lidar simulation parameters.

Parameter Small Satellite
Altitude 350 km
Nadir angle 45 deg
prf 1Hz
Pulse energy 20 Joule
Transmitter efficiency 0.05
Wavelength 9.1 microns
Pulse duration 4.7 U sec
Laser pulse duration 1.0 u sec
Optics diameter 1.0m
Telescope area 0.785 m?
Focal length 2.5m
Receiver efficiency 0.09
Optics 0.4
Detector 0.5
Quantum efficiency 0.45
False alarms 0.01
L (turbulence length) 5.0 km.
Turbulence C,zl 10715 (m-%/3)*
ry coherence radius 0.024
Umax 50 m/s
Usatmos 3.0 m/s
Upw 0.724 m/s

* Smith, 1993.
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Note that we compare systems with the same size receiving telescope (1 meter
diameter). We perform the simulations for various aerosol loadings which
bracket the extreme cases. These are summarized in Table 13.

Table 13. Aerosol model parameters.

Model Mg My Mgr Plotting symbol
1 1x10° 1x 1o 5x 1010 plus sign (+)
2 1x 107 1x 1011 5x 1010 Asterisk (¥)
3 1x 10% 1x10%Y 5x 1010 Period (.)
4 1x 107 1x10¢ 5x 1010 Diamond
5 1x10° 1x 10 1x 109 Triangle
6 1x 107 1x 101t 1x10% Square
7 1x 10° 1x10¢ - 1x10% X
8 1x 107 1x 10* 1x 10* filled circle

The coherent system error has been analyzed using the method outlined in
section 3.2. The output power of the laser is assumed to be 20 J/pulse. Figures 45,
46, and 47 show the required energy for various attenuation models for a 1 m/s
error.

25 am —a T YT T
Attenuation Model # 0 :
20 4 Fig. 45. Coherent lidar energy »
1 requirements, E=20 Joules, 1 m/s error,
5 1 attenuation model #0.
£ s E
o ]
K
H 10 2
< ]
5 3
;
0 X L TN | ]
0 50 100 150 200 250
Energy (Joules)

Attonuation Model ¥ 2

Fig. 46. Coherent lidar energy require-
ments, E=20 Joules, 1 m/s error, attenuation
model #2.
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The energy requirements for the incoherent system were found by varying the
number of laser shots until the wind error matched the desired value. For the
system we have used in the simulations the error very closely goes as the inverse
square root of the power (i.e. four times the power reduces the error by a factor of
two). Figure 49 shows the energy requirements for a 1 m/s error everywhere. The
largest energy requirements for the incoherent system occur in the free
troposphere when the tropospheric aerosol loading is small and the stratospheric
aerosol loading is large. Under the worst conditions, several hundred Joules
would be required to achieve a 1 m/s wind error. With more aerosols the energy
requirements drop to 20-50 J. The boundary layer can make a good measurement
with much less than 10 J for large loadings in the boundary layer and low loading
in the free troposphere and stratosphere. The stratosphere has fairly low energy
requirements (<50 J) at all altitudes up to 25 km. With high aerosol loadings the
energy requirement can be as low as 2 J. Figure 50 shows the energy necessary
for errors of 1 m/s below 3 km and 3 m/s above. The absolute maximum energy is
now reduced to slightly more than 200 J and most situations require less than 100
J to meet the requirement. This maximum value is almost the same as required
by the coherent system. The stratosphere now requires less than 10 J everywhere
and the free troposphere is typically less than 50 J.

Fig. 49. Incoherent lidar energy require-
ments 1 m/s error.
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Fig. 50. Incoherent lidar energy require-
ments, 1 m/s error, z<3 km; 3 m/s, z>3 km.
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The overall impression one gets from an examination of these plots is that the
basic characteristics of each system are the same. Both can do extremely well in
the boundary layer and stratosphere with a small amount of energy and both
increase significantly under certain situations in the free troposphere. The
necessary power for each system is comparable. This differs from previous
studies (Menzies, 1986) which showed the coherent system to have significant
advantages. The improvement of the incoherent system relative to the coherent is
the result of two factors that were not considered in previous studies: 1) the CCD
increases the detection efficiency by more than a factor of 10; and 2) the use of the
molecular scattering in addition to aerosol in an efficient manner permits a more
effective use of the scattered light. An important characteristic of the incoherent
system is that it does not matter how the total amount of energy is obtained; 1
pulse at 10 Joules will give the same accuracy as 10 pulses at 1 Joule. All pulses
will contribute to the total signal. Thus, several shots can be used and each can be
aimed at a different location in a measurement volume. The averaging process
then reduces observation error as well as measurement error. Both of these
systems are clearly scalable. The incoherent system scaling is extremely
straightforward. More photons will always decrease the uncertainty and except
at very low photon flux rates (when detector noise and background may be
significant) the uncertainty for a given system decreases as the inverse square
root of the number of photons collected. The effect of changing any instrument
parameter (telescope size, laser power, detector efficiency, etc.) can be readily

~determined once the error is determined for a standard instrument

configuration. The scaling arguments are not so simple for the coherent system,
primarily because of the effects of speckle. The methods described in this report
can be used to perform the necessary calculations.

5.2. Summary and Conclusions

This report has described in detail some of the issues concerning an
incoherent lidar system and compared the performance of an incoherent system
with a coherent one. The incoherent system is much more competitive than
previously believed (Menzies, 1985, 1986) primarily because of two factors. First,
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the CCD provides a factor of 10 increase in detector sensitivity, which lowers the
time required to obtain a given measurement by the same amount. Second, the
detection system has been optimized to use both the molecular and aerosol returns
in such a way that the collected signal is used most efficiently.

This was not meant to be an engineering report, and some important questions
in this area need further study. We have outlined several of the requirements for
a laser but have not considered the state of the art of lasers operating in our
desired wavelength region. This issue was examined in 1989 (Abreu et al.) as
part of a study for a small lidar wind measuring system, and should be updated.

The CCD, which is assumed to be the detector in this study, has not been
demonstrated to operate in the manner required. The circle-to-line system has
been demonstrated to operate as theory indicates, but the shifting of the pixels as
required in this application has not. This is the only technical component in the
detector system that has no space heritage or has not been demonstrated in the
laboratory. Although no technical reason exists indicating that this should be a
problem, it should be verified with actual hardware.

Questions remain concerning the backscatter at various wavelengths. We
have demonstrated that between extreme limits of the wavelength dependence of
the backscatter coefficient, an incoherent system will perform very well.
However, more measurements at difference wavelengths at difference locations,
presented in a manner that aids comparison, would be useful.
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Appendix I. Chapman Aerosol Model

; This routine calculates the aerosol distributions for

; the hays/skinner model with inputed values of the

; mixing ratios.

SET_PLOT,'TEK'

1P.MULTI=[0,0,0,0]

MZ=31

Z=indgen(MZ)

START: I=I+1

PRINT, 'Enter Mixing ratio, Boundary, Background, stratosphere’

read, MBL, MBG,MST

HS=8.0

TAU=1.0

ZBL=1.0

Z25T7=20.0

DZST=3.0

JBL=FIX(ZBL+0.5)

RHO=Z

RHO=EXP(-(Z/HS))

BETA=RHO

BETA=RHO*(MBG+MBL*107(-0.75*(Z-ZBL)))$
+MST*EXP(-((Z-ZST)/DZST))*EXP(-TAU*EXP(-((Z-ZST)/(2.*DZST))))

BETA(0:JBL)=MBL*RHO((:JBL)

IFI1 EQ 1) THEN BEGIN

PLOT_OLBETA,Z, XRANGE=[1.0E-11,1.0E-6],YRANGE=[().0,30.0]

ENDIF

IFI NE 1) THEN BEGIN

OPLOT,BETA,Z

ENDIF

GOTO, START

END
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Appendix IL. Double Fabry-Perot Characterization

This appendix considers the equations necessary to calculate the response of
the multiple etalon systems G and H described in chapter 4. The transmittance
function of the aerosol system (directly transmitted by the aerosol etalon) is the
same as described in chapter 3 and need not be repeated. The molecular system
(reflected by the aerosol etalon and transmitted by the molecular etalon) will be
described here. The transmission of this part of the system is the product of the
transmittance of the molecular etalon (index 1) and the reflectance of the aerosol
etalon (index 2) :

T.(Av,8) =T, (Av,6)p,(Av,6), (A1)

where T; is the transmission and p, is the reflection of the etalons and Ty, is the
combined transmission. This is not completely valid in some systems as there
can be interactions between the two etalons (McNutt et al.,, 1963). These
interactions should be small for the configuration considered here. It is accurate
enough for our purposes to assume the etalon reflectivity is given by:

p,(AV,8) = 1~T,(Av,8). (A2)
As before we make a definition to allow a more compact description of the Airy

function. Let _
= ( 2R ) forn=0
1+R

n

(A3)

- —2( = R)Rne-uznsz forn>1
1+R

Note that we have assumed the losses from this etalon to be negligible. This
allows the etalon reflectivity to be written in a form that has the same
characteristic as the transmission:

< Av v, ©*
(Av,0)= ) B, cos 21tn( -4 —) (A4)
P 2 Vesp  AVpsg 2

n={

As with a single etalon we must integrate over the angle. In this case there is a
magnification of the angle the light passing through the molecular etalon relative
to the aerosol etalon. This magnification factor is called y and is given simply by

where Up and U, are the dynamic range in velocity units of the aerosol and
molecular systems, respectively. For example, if Uy equals 50 m/s and Uy, equals
800 m/s, then vis 0.25. The equation for the transmission through the molecular
etalon is
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Appendix IV. Coherent Lidar Signal Calculation

This is a basic Mathcad document to develop the predicted output from a coherent Lidar
system. The calculation is based on my study of several references described below.

Constants:
2
Do (= 1.0-m - D0" _ . 2
Ao .—T n Ao = 0.785° length Alt 3= 800.0' 10° m
no =04 ndi=0.5 ¢=3.0108 2 All 12350010 m
o
Qe :=045 h 1=6.6260755- 10" 3% joule-sec A =9.1-10 %'m
- c E ‘—h'
My TRV B = 2184710 2% mass length2 “time 2
pi=ioitl_ =10 joule T =(4.7°10 ©) sec
m- rad '
Alt
1=45.0-deg Riz— 3
¢ e cos( §) R = 495710 “length f 1= 100-R
eff ==nondQe eft = 0.09
Speckle Distribution
i =0..90 Psi =md( 1) ) 0'
S; = ln(—')
Py
Signal to Noise Calculation
AoJ no . . -
So iz AclnondQPet o oo Sa =i 1070 4 1 =1
2-h-v- R?
So = So'+ > 10 > >
Do Ao R So = 0.9
1o+ +(=) (1—-=
2 rtho, R\ f

SNR = So'S  SNRa :=mean( SNR) SNRa = 0.895 Sa; = Su;" SNRa

ifl ==2 pfl = 101 Pb, ‘=md( 1)

- ;=[o_5-(1+erf(m' /TpLﬂ)))]
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+MST*EXP(-((Z-ZST)/DZST))*EXP(-TAU*EXP(-((Z-ZST)/(2.*DZST))))
BETA(0:JBL)=MBL*RHO(0:JBL)
BETA=BETA*((9.1E-6/LAMDA)"2)

SBG=STRING(MBG,'(E10.2)")
SST=STRING(MST,(E10.2)")
SBL=STRING(MBL,'(e10.2)")
SPFL=STRING(pfl,'(t5.3)")
SMN=STRING(mn,'(i2)")

water=z

ILINETYPE=0
water=atten(mn,*)
pi=3.14159

Ao=1.0

etao=0.4

etad=0.5

Qe=0.45

c=3.0e8

h=6.626e-34

Joul=10.0

lamda=9.1e-6

tau=1.e-6

alt=350.0e+3

zeta=45.0

Vmax=50.0

Vatmos=3.0
Vbw=0.724
W=sqrt(Vbw”2+Vatmos"2)/Vmax
nu=c/lamda

E=h*nu
R=alt/cos(zeta/57.29578)
So=Ao*Joul*etao*etad*Qe*c*taw/(2.0*E*R42)
;print,'So=",So

;Begin the random sample loop
ps=fltarr(100)
Speckle=fltarr(100)
SNR=fltarr(MZ,100)
Pd=fltarr(100)

Pb=fltarr(100)
Det=fltarr(MZ,100)

for j=0,MZ-1 do begin
be=beta(j)
So=Ao*Joul*etao*etad*Qe*be*c*tau/(2.0*E*¥R"2)
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;print,So,be

ran=indgen(100)

ps=randomu(seed, 100)

Speckle=alog(1.0/ps)

SNR(,*)=So*Speckle*water(j)

SNN=SNR

SNR(J,*)=SNRJ,*)*SQRT(2.0*PI)*W

Pd=0.5*(1.0+errorf(sqrt(0.5+SNN(,*))-sqrt(alog(1. ()/pt'l))))

Pb=randomu(seed, 100)

id=where(pb le pd)

;print,n_elements(id)

Det(j,id)=1

im=where(pb gt pd)

;print,n_elements(im)

if(n_elements(im) It 2) then goto, next

Det(j,im)=0

next:

endfor

it=where(det eq 1)

snm=2.*total(SNR(it))/n_elements(it)

Det=transpose(det)

SNR=transpose(SNR)

SET_PLOT,X'

IMTITLE="!18Coherent Lidar Signal to Noise'

'YTITLE='Altitude’

IXTITLE=Random Sample Number'

'P.MULTI=[0,0,2,0}

IMTITLE="Detection'

;color_plot,det

;print,'enter 1 to continue'

;read,iq

;snm=max(snr)*(.6

IMTITLE='SNR, pfl ='+Spfl+' Beta() ='+SBL+ MBG ='+SBG+' MST ='+SST

color_plot,SNR,ran,z,zrange=[().,snm]

DVb=(0.25/pi)*sqrt(lamda*Vmax/tau)*sqrt(2*pi* 1 .5*W+$
16.0*pi2*W~"2/SNR+1.0/SNR”2)

DVb=DVb*(10.0-9.0*DET)

;print,'enter 1 to continue'

;read,iq

IMTITLE="Coherent Lidar, VELOCITY ERROR, Attenuation Model ='+SMN

color_plot,DVb,ran,z,ZRANGE=[(.,5.]

print,'enter 0 to exit,1 continue, 2 for postscript file'
read,iq

if (g eq 1) then goto, start

if (iq eq 0) then goto, finish
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Appendix VI. Coherent Lidar Power Required
with Realistic Aerosol Profiles

Code for Coherent.pro IDL routine
;This routine calculates a matrix of coherent lidar returns as a function
;of altitude and a random set of observations along the track for a set of

;aerosol profiles that encompass the observations.

;Set System parameters here

MTR=500 ;number of trials with given aerosol profile
MZ=26 ;number of altitudes

lamda=9.1e-6 ;wavelength of lidar

pi=3.14159 ;constant pi

Ao=Pl/4.0 ;area of main telescope

etao=0.4 ;optical system efficiency

etad=0.5 ;detector efticiency

Qe=0.45 ;quantum etficiency

c=3.0e8 ;speed of light

h=6.626e-34 ;planks constnt

tau=4.7e-6 ;pulse duration sec

alt=350.0c+3 ;satellite altitude

zeta=45.0 ;zenith angle of lidar

nu=c/lamda ;frequency

Vmax=50.0 ;dynamic range of detector system m/s
Vatmos=3.0 ;random distribution of atmosphere return, m/s
Vbw=lamda/(4.0*pi*tau) ;bandwidth of lidar m/s
W=sqrt(Vbw”2+Vatmos”2)/Vmax

E=h*nu ;photon energy
R=alt/cos(zeta/57.29578) ;range,m

Z=indgen(MZ) ;altitde km

AVER=Z

model=fltarr(5)

model=[10.,6.,3.5,1.,0.5]  ;absorption model parameters
print,'enter O for tek, 1 for postscript file'

read,iq

;setup the plotting environment and set device
SET_PLOT, TEK'

SET_VIEWPORT, ().15,0.85,0.25,0.85
Ix.thick=4

ly.thick=4

!p.thick=2

IF(iq eq 0) then goto,pltek

SET_PLOT,PS'

!p.font=0
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IF(IS EQ 1) THEN PLOT,POWER,Z, XRANGE=[0.,25().],yrange=[0.,25.], XSTYLE=1$%
,PSYM=-IPSM,SYMSIZE=1.0,LINESTYLE=ILIN

IF(IS NE 1) THEN OPLOT,POWER<25().,Z<30,PSYM=-IPSM,SYMSIZE=1.0%
,LINESTYLE=ILIN

ENDFOR

ENDFOR

ENDFOR

xyouts,150,22,'Attuation Model #'+smn,charsize=(.75
'COLOR=1

end
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