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Abstract. A series of attenuated atmospheric backscatter profiles were measured at 1572nm by the CO;
Sounder lidar during the eight flights of the 2017 ASCENDS/ABoVE (Active Sensing of CO, Emission over
Nights, Days, and Seasons, Arctic Boreal Vulnerability Experiment) airborne campaign. In addition to mea-
suring the column average CO; mixing ratio from the laser signals reflected by the ground, the CO, Sounder
lidar also recorded the height-resolved attenuated atmospheric backscatter profiles beneath the aircraft. We have
recently processed these vertical profiles with a 15 m vertical spacing and 1 s integration time along the flight
path (~200m) for all the 2017 flights and have posted the results at NASA Distributed Active Archive Cen-
ter (DAAC) for Biogeochemical Dynamics https://doi.org/10.3334/ORNLDAAC/2051 (Sun et al., 2022). This
paper describes the measurement principles, the data processing technique, and the signal to noise ratios.

1 Introduction

NASA Goddard Space Flight Center (GSFC) developed
the pulsed multi-wavelength CO, Sounder lidar for mea-
suring column average CO; mixing ratio (XCO;) near
1572 nm (Abshire et al., 2018) as an airborne demonstra-
tor for NASA’s planned Active Sensing of CO, Emission
over Nights, Days, and Seasons (ASCENDS) space mission
(Kawa et al., 2018). The airborne CO, Sounder lidar has op-
erated successfully during several campaigns, including in
the 2017 Arctic Boreal Vulnerability Experiment (ABoVE)
airborne campaign onboard the NASA DC-8 aircraft.

The CO, Sounder lidar uses a pulsed laser and rapidly
step-tunes the laser wavelength across the 1572.335 nm CO,
absorption line. The lidar receiver uses a single photon sensi-
tive HgCdTe avalanche photodiode (APD) (Sun et al., 2017)
and an analog-to-digital convertor (ADC) that records the en-
tire atmospheric backscatter profile, as well as the surface
reflected signal. The surface returns are used to retrieve the
XCO; of the atmosphere column traveled by the laser pulse
(Sun et al., 2021). The atmospheric backscatter signals were
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not directly used for XCO, retrieval, except for cloud identi-
fications.

Recently, we have processed the airborne atmospheric
backscatter measurements as a new data product. It con-
sists of the atmospheric backscatter profiles from the airplane
flight altitude to the surface with a 15 m vertical sampling in-
terval for all eight flights of the 2017 campaign. The results
have been posted on the repository for NASA Distributed
Active Archive Center (DAAC) for Biogeochemical Dynam-
ics https://doi.org/10.3334/ORNLDAAC/2051 (Sun et al.,
2022). Although the backscatter profiles are not used di-
rectly in the XCO, retrieval, they provide important context
for interpreting the retrieved XCO; measurements. They can
be used for retrieving partial column XCO; to cloud tops
(Mao et al., 2018). They also enable identifying and profiling
smoke plumes from wildfires to help assess their impact on
XCO;y (Mao et al., 2021).

This paper describes the data processing of the airborne
CO; Sounder lidar’s atmospheric backscatter profiles from
the eight flights of the 2017 airborne campaign. We first give
a brief description of the lidar and its data structure. We then
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describe the details of the Level-0 and Level-1 data process-
ing and the signal to noise ratio (SNR) of the profiles.

2 A brief description of the CO, Sounder lidar
instrument

2.1 The airborne CO> Sounder lidar

The airborne CO, Sounder lidar transmits laser pulses to-
ward nadir from the aircraft and detects and records the
laser signals backscattered from the atmosphere and the
surface. The wavelength of the single frequency laser is
rapidly step-tuned across the CO; absorption line centered
at 1572.335 nm. The transmitted laser pulse energies are also
measured and used to normalize the received signal to cor-
rect for variations in laser power at the different wavelengths.
The lidar receiver digitizes the pulse waveforms from atmo-
spheric backscatter as well as the surface reflection. Figure 1
shows a simplified instrument block diagram. More details
about the airborne CO; Sounder lidar can be found in Ab-
shire et al. (2018).

The laser emits 1 us wide pulses with a nearly rectangular
pulse shape continuously at 10 kHz. The laser wavelength is
step-tuned across the CO, absorption line for 30 pulses, fol-
lowed by two pulses during the period of wavelength rewind.
The wavelengths of the 30 laser pulses during a wavelength
scan are listed in Table 1. The laser wavelengths used by the
lidar are offset-locked to the CO, absorption line in a gas cell
at 40 mbar pressure and 296 K temperature. The absorption
line center is at 1572.335nm according to HITRAN 2012
(Numata et al., 2011, 2012). The offset locking frequency is
changed between pulses to step the laser wavelength across
the CO, absorption line.

Figure 2 shows the laser wavelengths plotted across a CO,
absorption line shape that was computed from a modeled at-
mosphere. Note that the distribution of laser wavelengths is
slightly offset from the line center of the absorption line due
to the difference in pressure between the CO; in the refer-
ence cell and that of the atmosphere being modeled and mea-
sured. The laser pulse emission times, the wavelength scan,
and the data acquisition are all synchronized to the Coordi-
nated Universal Time (UTC) by the on-board computer. The
lidar receiver employs a photon-sensitive HgCdTe APD de-
tector (Sun et al., 2017). The detector has a linear analog
response and has sufficient sensitivity and linear dynamic
range to record both the time-resolved atmospheric backscat-
ter profiles and the surface reflected signals. The output of
lidar detector is digitized continuously with 16 bit resolution
at a 100 MHz sampling rate.
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Figure 1. A simplified block diagram of the airborne CO;, Sounder
lidar.
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Figure 2. The laser wavelengths of the CO; Sounder lidar overlaid
on a typical CO, absorption line computed for the nadir path using
a modeled atmosphere.

2.2 Data structure of the airborne CO» Sounder lidar

The CO; Sounder lidar operations are synchronized with
the UTC time via a GPS receiver. The measured signals are
stored into data files at the end of every UTC second. The
aircraft housekeeping and the GPS data are also recorded ev-
ery UTC second. Each lidar data file contains nine groups of
30 received backscatter profiles, one profile for each wave-
length averaged over 32 wavelength scans. Therefore, each
group contains 102.4 ms of measurement data (~ 10 Hz sam-
ple rate), and each 1s data file contains measurement data
from 32 x 9 wavelength scans. A DC offset of —1.1V is
added to the received waveforms before the ADC to make
use of its full dynamic range (£1.25 V). At the 10 kHz pulse
rate, the time between transmitted laser pulses is 100 us. At a
100 MHz ADC sampling rate, each waveform segment con-
tains 10 000 ADC sample points. The transmitted laser pulse
waveforms are sampled and averaged by another ADC at the
same sampling rate for 1000 points without adding a DC off-
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Table 1. List of laser wavelengths used in the 2017 airborne campaign for the CO, Sounder lidar. All wavelengths are given as the difference
of the actual wavelength from the center of the 1572.335 nm CO; absorption line in the reference cell.

Laser pulse  Frequency and wavelength difference | Laser pulse Frequency and wavelength difference
number from the line center of the CO, cell number from the line center of the CO, cell
GHz Picometer GHz Picometer
1 12.25 —101.013 16 —0.25 2.062
2 9.50 —78.388 17 —0.50 4.123
3 8.25 —68.031 18 —0.75 6.185
4 6.25 —51.539 19 —1.00 8.247
5 4.25 —35.047 20 —1.25 10.308
6 3.25 —26.801 21 —1.50 12.370
7 2.50 —20.616 22 —1.75 14.432
8 2.00 —16.493 23 —2.00 16.493
9 1.75 —14.431 24 —-2.50 20.617
10 1.50 —12.370 25 —3.25 26.802
11 1.25 —10.308 26 —4.25 35.048
12 1.00 —8.246 27 —6.25 51.542
13 0.75 —6.185 28 —8.25 68.037
14 0.50 —4.123 29 —9.50 78.346
15 0.25 —2.062 30 —12.25 101.026

set. The lidar controller suspends the laser wavelength scan
after all the nine groups of data (a total of 921.6 ms) are
collected. The remaining time before the next whole UTC
second is used to generate the timestamp and combine the
transmitted laser pulse waveforms into the same file. The
pulse waveforms from the 31st and 32nd laser pulses dur-
ing the wavelength rewind are discarded. The transmitted
pulse waveforms are appended to the end of the 30th received
waveform. Figure 3 shows a plot of a sample data file in the
16 bit signed integer format used by the ADCs.

Figure 4 shows a plot of the first 30 individual pulse
waveforms from the first group taken on 8 August 2017 at
23:34:00 (UTC). The first group of pulse waveforms with
relatively low amplitude are from the scatter from the air-
craft’s nadir window. These are used as the time reference
in the laser pulse time-of-flight measurements. The second
group of waveforms about 50 ps after the window returns is
from thin clouds, and the last set of waveforms are from the
ground.

The laser is modulated with rectangular pulses but the am-
plitude of the actual laser pulse gradually decreases over the
1 us pulse period. This is caused by the gradual depletion of
energy stored in the fiber laser amplifier during the pulse. The
detector has a slight ringing after the relatively strong ground
return, which is omitted in the subsequent signal processing.
There is also a small baseline offset from the detector in ad-
dition to the —1.1 V DC offset added before the ADC. The
total baseline offset is estimated by averaging the waveform
segment before the transmitter pulses and removed in data
processing. The 30 pulse waveforms reflected by the win-
dow have nearly the same pulse amplitude. The cloud and
ground return pulse waveforms show increasing variation in
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the detected pulse amplitude caused by atmospheric CO, ab-
sorption as the laser wavelengths step through the CO; ab-
sorption line.

The XCO, is retrieved from the received laser pulse en-
ergies reflected by the surface. At each wavelength, the re-
ceived pulse energy is calculated by first subtracting the DC
offset, then integrating the pulse waveforms reflected by the
ground surface and normalizing them by transmitted pulse
energies. The relative atmospheric transmissions for each of
the laser wavelengths are calculated as the normalized re-
ceived pulse energies divided by the square of the range mea-
sured by the lidar. The surface reflectance is assumed con-
stant during the wavelength scan. Changes in the received
pulse energies at different wavelengths are attributed to the
absorption by atmospheric CO;. The XCO, value is retrieved
via an algorithm using a linear least-squares fit of the mod-
eled CO; line shape to the lidar sampled absorption line
shape. Details about the signal processing for the XCO; re-
trieval can be found in Sun et al. (2021).

The signals used to calculate the atmospheric backscat-
ter profile are contained in the same data files and
are obtained by processing the signal waveforms before
the ground returns. Some preliminary backscatter pro-
files in raw ADC units (integers) were reported ear-
lier for this campaign (Allan et al., 2018). We have
since then calibrated the backscatter profiles and released
results on NASA DAAC for Biogeochemical Dynam-
ics https://doi.org/10.3334/ORNLDAAC/2051 (Sun et al.,
2022). Details of the data processing and the estimated SNR
of the profiles are presented in the remainder of this paper.
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Figure 3. Plot of the recorded data file structure for the CO, Sounder lidar. The data were taken on 8 August 2017 at 23:30:00 (UTC) over
the mountains as the aircraft flew toward the Edwards Airforce Base in California at an altitude of 11.2 km. There are nine groups of 30 pulse
waveforms, one for each laser wavelength in the scan. Each is averaged over 32 scans. The corresponding waveforms for the 30 transmitted
laser pulses, which are sampled at the same rate for 1000 points each, are appended to the end of the 30th received pulse waveform.
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Figure 4. Overlay of the 30 received pulse waveforms recorded by the airborne lidar receiver on 8 August 2017 at 23:34:00 UTC.
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3 Data processing of the atmospheric backscatter
profiles from the CO, Sounder lidar

3.1 Level-0 data processing

The Level-0 data processing converts the raw ADC output in
16 bit integers to the atmospheric backscattered signal in the
physical units of the detector output. It also removes all the
known artifacts in the data, such as baseline DC offsets. To
improve the SNR we averaged the backscatter profiles mea-
sured for laser wavelengths 2, 3, 4, 27, 28, 29, and 30 (seven
in total). We did not include the first wavelength of the scans
because occasionally the laser operation was not fully set-
tled after the wavelength rewind. As shown in Fig. 2, these
wavelengths undergo only small CO, absorption, so this av-
erage may be considered as a backscatter measurement at
“off-line” wavelengths.

For each received pulse waveform, the DC offset from the
detector is first subtracted by calculating the average detec-
tor signal for the time interval that occurs immediately before
the return from aircraft window. Since the pre-window-return
region is long after the ground return from the previous laser
pulse but before the next one, it is composed primarily of
detected solar background, the dark noise from the detector,
and the DC offset of the lidar receiver. One component of
the DC offset is a constant offset (—1.1 V) added to the de-
tector output before the ADC. The other component is the
inherent DC offset from the detector, which can drift slowly
over time. It can also change after the detector is overloaded
by excessively strong signals, such as returns from clouds in
close range or returns from specular reflection at the ground.

The transmitted pulse energies are calculated from the
transmitted pulse waveforms by first subtracting the DC off-
set and then integrating the signal over the pulse period. They
are then used to normalize the corresponding received wave-
form. The average transmitted pulse energy over the entire
flight is also recorded in the Level-0 data file. A known time
delay within the lidar electrical and optical system (corre-
sponding to a range of 26.4m) is removed next. Following
this, received pulse waveforms in the 1s data file are av-
eraged together to improve the SNR. Finally, the averaged
pulse waveform is converted into the units of the detector
output (V) by dividing the waveform data by the scale factor
of the ADC.

Screening is then performed to eliminate any data with the
following abnormalities: the transmitted pulse waveforms are
missing in the data file, the ground return pulse is saturated
with pulse amplitude above 1.1 V after removing the DC oft-
set, or data are taken while the detector is still recovering
from saturation where the estimated detector DC offset falls
below OV or above 0.5V after removing the known 1.1V
offset (nominal DC offset from the detector is 0.1 to 0.2 V).
The mean and standard deviation of the waveform within
the pre-window region for each averaged waveform is then
recorded in the Level-0 data files in case further screening
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is needed. Lidar data that contain cloud returns within 3 km
of the aircraft window are also flagged because within this
distance, the laser beam does not completely overlap the re-
ceiver field of view (Allan et al., 2018). The data within this
range needs to be further calibrated to account for the overlap
factor.

The aircraft’s navigation data are then merged with the li-
dar data. The aircraft flight data are obtained from archived
airborne campaign housekeeping data gathered during the
flight from the on-board GPS receiver and other aircraft in-
struments. The following parameters are extracted from the
archived DC-8 housekeeping data for each second: the UTC
time, latitude, longitude, altitude, pitch and roll angles, and
the DC-8’s radar-measured range to the surface in nadir di-
rection.

The effect of off-nadir pointing is corrected next. The li-
dar is mounted to the aircraft’s deck, and the laser beam is
pointed down perpendicular to the deck. The aircraft flies
slightly pitched up during cruise. It also performs pitch and
roll maneuvers from time to time. When the laser beam is
pointed away from nadir, the laser pulse travels a slant path
(a longer distance) before reaching the ground. This effect,
if not corrected, would result a longer length profile and
a lower ground elevation when plotted with other profiles
taken along nadir direction. To correct this effect, the range
bin size (15m) is first multiplied by the cosine of the com-
bined off-nadir pointing angle. This has the effect of com-
pressing the profile and correcting the elevation of the ground
return. The resultant profile is then re-sampled by interpolat-
ing at 15m intervals in the nadir direction. The attenuated
backscatter coefficients in the corrected range bins should
also be corrected for the additional attenuation by the at-
mosphere above the layer. Under uniform layer structure,
atmospheric transmission from the aircraft to the given alti-
tude equals T (Onadir) = [T (0)]"/€05nadic) | with 6,.4i; the laser
beam pointing angle from nadir. The aircraft pitch angle was
mostly within 5° during cruise. The roll angle was near zero,
except during sharp turns or spiral-downs. The total decrease
in the two-way transmission is <5 % under this condition.
We did not correct this effect in the current data release since
it is a relatively small effect for this dataset. The pitch and
roll angles are included in the released data; the user may
apply this correction if needed.

The surface elevation is calculated as the difference be-
tween the aircraft altitude from the on-board GPS receiver
and the range measured by the lidar after correcting for the
effect of off-nadir pointing angle. Missing points in the sur-
face elevation, such as those obscured by clouds, are inter-
polated linearly between the elevations that border the miss-
ing region. The aircraft’s latitude, longitude, altitude, pitch,
and roll angle are also linearly interpolated during these con-
ditions, if the gaps are small (seconds), and the change in
measured values before and after the gap is small. All data
points in the recorded waveforms above the aircraft altitude
and below the ground return are removed. In the cases where
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there is no discernible ground return, points more than 200 m
below the estimated surface elevation are removed.

Finally, the signal waveforms are vertically smoothed via
a boxcar averaging window with the integration time equal
to the 1 ps laser pulse width. Since the vertical resolution of
the atmospheric backscatter measurements is primarily lim-
ited by the laser pulse width, the boxcar averaging has little
effect on the vertical resolution of the backscatter signal, but
it reduces higher frequency noise generated by the detector
and the electronics.

3.2 Level-1 data processing

The Level-1 data processing converts the waveforms from
the Level-0 data processing to the attenuated atmospheric
backscatter profile in terms of cross section per unit vol-
ume per steradian (m_1 sr_l), also known as the attenuated
backscatter coefficient.
The optical signal power collected by the lidar can be writ-
ten as
L
y@)= Etx/X(f)h(t —n)dr, ey
0

where Ex is the transmitted laser pulse energy in joules, x(t)
is the normalized laser pulse shape, i.e., foer Hdt =1, 1 is
the laser pulse width, and /() is the impulse response of the
atmosphere column, i.e., the normalized receiver response to
an infinitely short laser pulse. Here, we assume the that lidar
detector has a much faster time response than the laser pulse
width, and the detector’s output pulse shape is the same as
that of the received optical signal.

The impulse response of the atmospheric column is related
to the volume atmospheric backscatter coefficient profile by
the lidar equation (Measures, 1984; Reagan et al., 1989)

A tel
R2(t )
Here, c is the speed of light, B[R] is the backscatter coeffi-
cient at range R in units of m~! sr~!, T,(R) is the one-way
atmospheric transmission from the lidar to range R, n; is the
lidar receiver optical transmission, A is the collection area
of the receiver telescope, R(t) = ct/2 is the lidar range at
time ¢ after the laser pulse emission, and C is the lidar de-
tector responsivity in VW™,

Substituting Eq. (2) into (1), the lidar signal from the de-
tector can be written as

h(t) = —ﬂ [R()] TR (1)] s 2

Uy

C
s(@)=C E nrAtelEtx/x (r)

0
— 2 -
BIR(t er)]T [RG -7, (3)
(t—1)

If we assume that the atmospheric backscatter coefficient
and the atmospheric transmission are approximately constant
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over the laser pulse interval (1 ps, or 150 m in range), the li-
dar signal from the detector can be written as

BIRMOITA[R(1)]
R2(1)

——(BIRMOITIR(M)]), 4)

C
s()~Cy E NrAtel Etx

Rz()

where Cy = C1nrAtel Erxc/2 is a constant that depends only
on the parameters of the lidar. Therefore, the attenuated at-
mospheric backscatter coefficient as a function of range can
be calculated from the lidar measurement by

1
RWOITAR®)) = | R? —. 5
(BIROITIR) = [R (03 0)] & 5)

The lidar signal term s () in the above equation can be ex-
pressed in terms of lidar range by substituting # = 2R /c. The
attenuated backscatter coefficient can also be expressed as a
function of altitude by subtracting the lidar range from the
flight altitude of the aircraft.

For the CO, Sounder lidar configuration used in the 2017
airborne campaign, the instrument constants are:

1 _
Ci= <TldetGAPD E—hec> Z11AGamplicables (VW ™), (6)
P

(ptel

Cr=C nrAtelEtxg =Cine (- Lobs)Elx (v m3) @)
Here, nget is the detector quantum efficiency, Gapp is the
APD gain, Epp = hc/Apaser 18 the laser photon energy, & is
Planck’s constant, Ajager 1S the laser wavelength, e; is the
electron charge, Zt1a is the gain of the preamplifier (a tran-
simpedance amplifier) in VW™, Gamp is the post amplifier
voltage gain, ncaple 1S the electrical cable transmission, ¢y
is the receiver telescope diameter, and Ly is the fractional
loss of the telescope’s collection area caused by its center
obscuration.

Table 2 lists the values of these parameters for the 2017
CO; Sounder lidar. The resultant detector responsivity is
C; =639 x 108 VW~! for nominal APD gain, and the in-
strument constant is C» = 5.13 x 1010V m3,

The received signal level from the surface varies with li-
dar range. To prevent detector saturation, the gain of the lidar
detector was adjusted manually during the flight to keep the
received signal within the detector linear dynamic range. The
detector gain was changed in steps of 2 by adjusting the bias
voltage of the HgCdTe APD detector. In the data processing,
the detector’s gain value was determined from the pulse am-
plitude of the window returns. After filtering out anomalous
window returns, which generally resulted from the aircraft
flying through clouds, the pulse energies and the centroid of
the window returns are calculated and binned for each 1s
data file for each flight. The window return pulse energies are
divided into groups separated by a factor of 2. The average
value from the bins with the APD biased at 10 V is defined as
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Table 2. CO; Sounder Lidar parameters as used in the 2017 airborne campaign.

Instrument parameters Values
Laser pulse energy, E;x 25
Laser pulse width, 71, 1.0ps
Laser pulse rate 10kHz
Laser wavelengths, Ajger 1572.2 to 1572.5nm
Telescope diameter, ¢re| 0.20m
Telescope center obscuration, L 16 %
Receiver optical transmission, 7y 81.3 %
Receiver field of view, Oroy 500 prad
Receiver optical filter width, AXs 1.4nm
Receiver integration time Is

Detector quantum efficiency, nget
Detector avalanche gain, G App
Detector excess noise factor, Fex
Detector noise equivalent power, NEP

Receiver noise bandwidth for atmospheric backscatter calculations, By

Transimpedance amplifier gain, ZTya
Post amplifier voltage gain, Gamp
Cable transmission, n¢able

Overall receiver responsivity

(detG APD/ h¢/Maser)

ZTIA Gamp Tcable

69.3 %, including the fill factor
190 (at 10 V APD bias)

1.05

1.7fWHz~1/2

0.5 MHz

320kVA~!

12.6

90 %

6.39x 108 VW~ at 10V APD
bias, decreases by a factor of
two for every 1,V reduction in
APD bias

the nominal. Measurements made with window return pulse
amplitude equal to 1/2 the nominal are assigned to have a
gain correction factor of 2, and their backscatter waveforms
are multiplied by 2. For those with window return pulse am-
plitudes equal to 1/4 their backscatter waveforms are mul-
tiplied by a factor of 4, etc. When the window return pulse
energy is an outlier or too weak to determine, the last known
valid detector gain value is used.

For each second, the attenuated atmosphere backscatter
coefficient is obtained by multiplying the signal waveforms
from Level-1 data processing by the square of the lidar range
and then dividing it by the lidar scaling factor C, according
to Eq. (5). Figure 5 shows the atmosphere backscatter profile
for the flight on 8 August 2017 along the flight path shown
in Fig. 6. Figures 7 and 8 show expanded views of the same
data. During this flight, aircraft flew over mountains, ocean,
desert, etc. (Fig. 6) and performed seven spiral-down maneu-
vers to compare the lidar XCO, measurements with those
from the in situ gas analyzer on board the aircraft. The sur-
face type and reflectance affected the solar background noise
in the atmospheric backscatter measurement. For example,
when the aircraft flew over ocean surface in between Spiral-
Downs #3 and #4, the scattered sunlight was much lower than
that for land surfaces, and the noise in the received data be-
came noticeably lower, as shown in Fig. 5. Figure 9 shows a
line plot of the vertical atmospheric backscatter profile mea-
sured at time 23:34:00 UTC.
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The raw lidar signal is digitized at 10ns (1.5m) inter-
vals by the ADC to enable meter-level calculations of the
lidar range to the surface. However, the vertical resolution
of the computed atmospheric backscatter profiles is much
wider due to the 1 ps (150 m) laser pulse width. To reduce the
data volume, the backscatter profile data are re-sampled with
100 ns (15 m) bin width. This still oversamples the backscat-
ter profile but preserves certain temporal features in the data,
such as the ground returns and cloud boundaries. The hori-
zontal resolution along the aircraft ground track is the dis-
tance traveled by the aircraft in 1s, or about 200 m. These
results from most flights showed the values of attenuated
backscatter coefficients within the boundary layer are com-
parable to those reported by Spinhirne et al. (1997), which
were measured at a nearby (1540 nm) laser wavelength. Sim-
ilar atmospheric backscatter profiles have been measured
with a ground-based 2 um lidar that used the same type of
HgCdTe APD detector (Refaat et al., 2020).

These backscatter profiles also contain the broadened li-
dar returns from the ground expressed in terms of attenuated
backscatter coefficient. With the 1.0 us wide laser pulse and
the 1.0 us wide boxcar smoothing, the smoothed return signal
is usually triangular with a width of 10 range bins at the half
maximum points and 20 range bins at the base. Any changes
in surface elevation during the receiver integration time can
cause additional broadening of the return pulse shape to 15 to
20 range bins (1.5 to 2 ps), as shown in Fig. 9. These ground
return signals at the end of the backscatter profiles can be

Earth Syst. Sci. Data, 14, 3821-3833, 2022
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Figure 5. Time history of the attenuated atmospheric backscatter profiles measured by the CO, Sounder lidar during the flight on 8 August

2017 along with the retrieved values of XCO,.

' o3

e L
ALASKA =

it "

“ NORTHWEST
ATERRITORIES
<

ALBERTA

i P
CA-“FOR.l 1A OLas Vegas

"°5.*%§,:7\""5 ARIZONA

© Google Maps

Figure 6. The flight path of the airborne CO, Sounder lidar on
8 August 2017 (plotted via Google Maps). Each dot indicates a
spiral-down maneuver.

used to calculate the attenuated surface reflectance by sum-
ming the backscatter values over all the range bins containing
the ground return and then multiplying the results by 7 and
the bin width (15 m). Figure 10 shows the attenuated surface
reflectance as the aircraft approached the Edward Air Force
Base on 8 August 2017. Over a mountainous area for the time
period from 23:00:00 to 23:40:00 UTC, the attenuated sur-
face reflectance varied between about 4 % when there were

Earth Syst. Sci. Data, 14, 3821-3833, 2022

clouds and 18 % when it was cloud free. The average attenu-
ated surface reflectance from 00:01:00 to 00:11:00 UTC over
desert near the end of the flight was 22 %. If we estimate the
average desert reflectance to be 45 % (Kuze et al., 2011), the
one-way atmospheric transmission would be 70 %, which is
consistent with the sky condition shown on the aerial pho-
tograph (Fig. 11). When the surface reflectance can be esti-
mated by some other means, the lidar profiles may be used
to calculate the extinction to backscatter ratio of thin clouds
and aerosols in the path.

4 Signal to noise ratio calculations

To derive the SNR of the attenuated backscatter profiles we
first express the average detected signal from each laser pulse
given by Eq. (4) in terms of the rate of detected signal pho-
tons as a function of the lidar range, as

Ex T2(R))(B(R
iR~ 5 2 angane R

) ®)

where R is the lidar range.

For each laser pulse, the standard deviation of the rate of
the detected signal photons can be calculated as (Gagliardi
and Karp, 1995)

Onoise(R) =

)‘«laser

hc

2
Fex [(15ig(R)) + (fin) ] + <NEP ) By, )

where Fey is the detector excess noise factor from the ran-
domness of the APD gain, () is the average detected back-
ground photon rate, NEP is the detector noise equivalent
power due to the detector dark noise and the preamplifier
noise, and B, is the noise bandwidth of the lidar receiver
used for the atmospheric backscatter calculations. The noise
bandwidth is equal to 1/2#,0x With fp0x the width of the box-
car averaging window in the signal processing.
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Figure 11. Photograph taken from the aircraft to the Edwards Air
Force Base on 8 August 2017 24:14:00 UTC showing the sky con-
dition for the last segment of data shown in Fig. 10.

For the CO, Sounder lidar, the lidar range R in Egs. (9)
and (10) consists of a discrete set of lidar ranges for a series
of range bins. Although the attenuated atmospheric backscat-
ter profiles are given in the 15 m range bin size, the actual
profiles are averaged over 150 m vertical layers due to the
effect of the laser pulse width and the boxcar smoothing in
the data processing. Therefore, the noise standard deviation
given in Eq. (10) is for the 150 m vertical integration interval.
This noise may be further reduced by averaging data from
adjacent 150 m vertical atmospheric layers.

When the lidar views a sunlit diffuse scattering surface
through a clear sky the average detected background photon
rate is given by

. Orov \* p
(np) = Is Adsmr (T) ; - Atel MM det (10

where I is the solar irradiance at the 1572 nm laser wave-
length, A)s is the receiver optical filter bandwidth, Oroy is
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the receiver field of view diameter, and p is the diffuse re-
flectance of the surface. These and other instrument parame-
ter values are listed in Table 2.

For a single laser pulse, the SNR of the attenuated
backscatter coefficient measurement is the same as the SNR
of the rate of detected signal photons, which is the ratio of
Egs. (9) to (10). Therefore, the SNR of a 150 m vertical bin at
range R when averaged over the number of laser pulse mea-
surements within the 1 s receiver integration time is given by

(flsig(R))
Onoise(R) ,
with Ny the total number of laser pulses measured within
the receiver integration time. For the CO, Sounder lidar with
a 1 s receiver integration time, Naye = 32 x 9 x 7 = 2016.

The SNR is proportional to the attenuated backscatter co-
efficient and inversely proportional to the square of the lidar
range. Hence, for measurements from an airborne lidar, the
SNR is a strong function of the range to the atmospheric lay-
ers being measured. Figure 12 shows the calculated SNR of
the attenuated backscatter coefficient vs. the lidar range for
1070, 1073, and 10~% m~! sr~! backscatter coefficients at lo-
cal noon and night. For example, for a 12 km aircraft altitude
above ground surface and a 1 s receiver integration time, the
averaged SNR is about 65 for clouds with a backscatter co-
efficient of 1073 m~!sr~! that are 7km below the aircraft
(5 km above surface) during daytime at 45° sun angle. There-
fore, these attenuated backscatter profiles can be used to reli-
ably identify mid-altitude clouds. The signals from aerosols
at lower altitudes are much weaker. For example, at 10 km
lidar range in the daytime, the averaged SNR for a 1 s in-
tegration time is about 2.0 for aerosols with a backscatter
coefficient of 1070 m~! s~ !,

As a comparison, we calculated the average attenuated
backscatter coefficient profile and the corresponding SNR
from 100 consecutive backscattering profiles starting from
8 August 2017, at 23:55:00 UTC (a small cloud-free seg-
ment shown in Fig. 7). The mean and the ratio of the mean
to standard deviation are plotted in Fig. 13. The ratio of the
mean to standard deviation gives an estimate of the SNR.
It is about 2.4 for attenuated backscattering coefficients of
10°°m~"sr~! at 4.8 km altitude (7.8km lidar range). The
extrapolated SNR at 10km lidar range is 1.5. The SNR es-
timated from the measurement data is expected to be lower
since it also includes the effects of small atmosphere vari-
ation during the measurement period. The SNR can be im-
proved by averaging over more measurements along the
flight path and thicker vertical layer.

SNRay (R) = v/ Nave Y

5 Data availability

The atmospheric backscatter profiles by the CO;
Sounder from the 2017 airborne lidar measure-
ments are available from the NASA Oak Ridge Na-
tional Laboratory (ORNL) Distributed Active Archive

https://doi.org/10.5194/essd-14-3821-2022
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Figure 12. Estimated SNR of the attenuated backscatter coeffi-
cients obtained from the CO;, Sounder lidar in the 2017 airborne
campaign for 1s integration times and 150 m vertical resolution.
The SNR of the backscatter profiles may be further improved by
averaging over a longer time intervals and by using thicker atmo-
spheric layers.

Center (DAAC) for Biogeochemical Dynamics,
https://doi.org/10.3334/ORNLDAAC/2051 (Sun et al,
2022). NASA Earth Science Data are published under an
arrangement equivalent to a CCO license. All data are openly
shared, without restriction, in accordance with the EOS-
DIS Data Use Policy posted at https://earthdata.nasa.gov/
earth-observation-data/data-use-policy?_ga=2.94803679.
255626558.1646145252-1577112238.1614541217 (last
access: 19 August 2022).

6 Code availability

The software codes used for the data processing of the
atmospheric backscatter profiles described in this paper
are posted on the same data depository website as the
data, https://doi.org/10.3334/ORNLDAAC/2051 (Sun et al.,
52022).

7 Conclusions

In addition to measuring the column average CO, mixing ra-
tio (XCO;), the NASA GSFC CO; Sounder lidar measures
the attenuated atmospheric backscatter profiles in the laser
beam’s path. We have recently processed the atmospheric
backscatter profiles from the 2017 ASCENDS/ABoVE (Ac-
tive Sensing of CO, Emission over Nights, Days, and Sea-
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Figure 13. Average attenuated backscatter coefficients and the ratio
of the mean to standard deviation calculated from 100 consecutive
backscattering profiles starting on 8 August 2017 at 23:55:00 UTC.

sons /Arctic Boreal Vulnerability Experiment) airborne cam-
paign and produced a new dataset of range-resolved atten-
uated atmospheric backscatter coefficients at 1572 nm laser
wavelength measured for each of the eight flights. The anal-
ysis shows that the signal to noise ratios of the CO, Sounder
lidar backscatter profiles are sufficient to identify clouds and
estimate the height of aerosol layers. This new dataset also
provides additional information to help interpret the retrieved
XCO;. These same types of measurements may be obtained
in the future from a space-based lidar that uses the same mea-
surement technique and scaled for a similar power-aperture
product.
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Appendix A

The following is the flowchart of the data process-
ing software, which was developed using Matlab. The
software consists of a main program ‘“backscatterPro-
cessing.m” and a set of functions indicated in blue
text. The software code is available at the same web-
site, where the atmospheric backscatter profiles are
archived (https://doi.org/10.3334/ORNLDAAC/2051, Sun et
al., 2022).

Matlab script “backscatterProcessing.m”
and subroutines (functions)

readRtn.m

ﬁz::‘c;::: Read archived XCO, and aircraft Read user-defined parameters
housekeeping data backScatteringParameters.m

Linearly interpolate missing
data
ictHskpDatalnterpolation.m

]

Time alignment &
data screening
rtnDataCheck.m

l

DC offsets removal
& signal normalization with respect to
the transmitted laser pulse energies
rtnDataToGroundPulses.m

|

Signal averagingand
Peak detection
peakDetection.m

l

Detector gain calculation
& normalization
gainFromWindowReturn.m

Calculation ofthe attenuated
backscattering cross section

Plotting of the results
(optional)
PlottingBackscatterData.m

Figure A1. Flowchart of the software used to process the data described in this paper.
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