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Abstract The Advanced Topographic Laser Altimeter System (ATLAS) aboard the Ice, Cloud,

and land Elevation Satellite-2 (ICESat-2) has been making very high resolution measurements of the
Earth’s surface elevation since October 2018. ATLAS uses photomultiplier tubes (PMTs) as detectors

in photon counting mode, so that a single photon reflected back to the receiver triggers a detection
within the ICESat-2 data acquisition system. However, one characteristic of ICESat-2 detected photons

is the possible presence of afterpulses, defined as small amplitude pulses occurring after the primary
signal pulse due to photon arrival. The disadvantage of these afterpulses is that they often confound the
accurate measurements of low level signals following a large amplitude of signal and can degrade energy
resolution and cause errors in pulse counting applications. This paper discusses and summarizes the after-
pulsing effects exhibited by the ATLAS PMTs based on on-orbit measurements over different seasons and
geographic regions. The potential impacts of these after-pulsing effects on altimetry and ocean subsurface
retrievals are discussed.

Plain Language Summary After-pulsing effects occurring in the ICESat-2 Advanced
Topographic Laser Altimeter System (ATLAS) are characterized from the on-orbit measurements acquired
over different surface types. Multiple echoes due to after-pulsing effects in the ATLAS photomultiplier
tubes (PMTs) are clearly seen below the Earth’s surface where the signal should be totally attenuated. The
afterpulses captured from on-orbit measurements are caused by three different reasons: (1) the effects

of the dead-time circuit (~3 ns) due to PMT saturation; (2) the effects of optical reflections within the
ATLAS receiver optical components; (3) PMT afterpulses. The echoes separated by ~0.45 m are attributed
to the effect of the dead-time circuit (~3 ns) due to PMT saturation. The echoes at ~2.3 and ~4.2 m

below the primary surface returns are caused by the optical reflections within the ATLAS receiver optical
components, while the echoes from ~10 to ~45 m away from the primary surface signal are due to the
PMT afterpulses with a longer time delay. The ICESat-2 ATLAS instrument response is derived from

both a measurement of the transmitted laser pulse shape and measured photon events arising from land
surfaces with different surface albedos. The ICESat-2 on-orbit measurements demonstrate that the ATLAS
impulse response during different months and over different surface types is essentially identical.

1. Introduction

ICESat-2 is a follow-on mission to ICESat that provides global altimetry and atmospheric measurements
with particular emphasis on surface elevation changes in the polar regions (Markus et al., 2017). The sole
instrument aboard ICESat-2 is ATLAS, a green (532 nm) wavelength, photon-counting laser altimeter with
a 10 kHz pulse repetition rate, and a footprint diameter of less than 17 m (Magruder et al., 2020; Magruder
& Brunt, 2018; Markus et al., 2017). The ICESat-2 ATLAS measurement scenario is entirely different from
both the full-waveform data collected by the avalanche photodiodes (APDs) used in the original ICESat
mission (Abshire et al., 2005) and the low resolution surface elevation measurements acquired by CALI-
OP (i.e., the Cloud-Aerosol Lidar with Orthogonal Polarization), which uses PMTs in analog model (Hunt
et al., 2009). The single-photon-sensitive detection technique used by ATLAS to measure photon time of
flight provides the very high vertical resolution required to detect small temporal changes in polar ice eleva-
tions (Neumann et al., 2019; Popescu et al., 2018).
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ATLAS uses PMTs as detectors to record the reflected photons. However, under certain conditions PMT
measurements can be affected by various artifacts that can confound the interpretation of the signals and
potentially lead to errors in subsequent analyses. For example, the transient response of the CALIOP PMTs
is nonideal (Hu et al., 2007; Lu et al., 2013, 2014; 2018; Lu, Hu, Vaughan, et al., 2020; McGill et al., 2007).
That is, following a strong backscattering signal, such as from the Earth’s surface or a dense cloud, the
signal initially falls off as expected but at some point begins decaying at a slower rate that is approximately
exponential with respect to time (or distance). The CALIOP PMTs nonideal transient recovery can be seen
over several hundreds of meters after a strong backscattering target (e.g., surface or water clouds), and
thus make it wrongly appear as if the laser can penetrate the land surface to a depth of several hundreds of
meters (Lu, Hu, Vaughan, et al., 2020; McGill et al., 2007). A second common PMT artifact is after pulsing,
which is manifest as discrete, small amplitude signals that appear after onset of the main signal (Hamam-
atsu Photonics, 2006). Unlike the main signal, which is generated by some external light source, afterpulses
are spurious signals generated internally by the PMTs themselves. As with the nonideal transient recovery
of the CALIOP PMTs, PMT after-pulsing effects can yield misleading results when interpreting lidar meas-
urements and thus should be removed whenever possible in order to obtain reliable data products.

PMT after-pulsing is not the only artifact that may be present in the ATLAS signals. Internal optical reflec-
tions in the receiver can result in some of the backscattered photons traveling slightly longer optical paths
through the system. This longer path causes these photons to arrive at the detectors later than they other-
wise should (Field et al., 2020). These “late” photons, which always appear some distance below a stronger
initial pulse (e.g., due to land surface), are also called afterpulses in this paper. Based on pre-launch tests
and optical ray trace predictions, Field et al., (2020) have identified the internal reflecting surfaces that gen-
erate optical path afterpulses in the ATLAS.

In this study, the ATLAS after-pulsing effects are characterized using ICESat-2 on-orbit measurements.
Section 2 quantifies the behavior of the ATLAS afterpulses over land, ocean, sea ice, and land ice surfaces
and summarizes the ATLAS detector’s impulse response to date. The potential impacts of these after-puls-
ing effects on altimetry and ocean subsurface optical properties retrievals are discussed in Section 3. Some
concluding remarks are given in Section 4.

2. ICESat-2 ATLAS Afterpulses

The analysis and results presented in this work use ICESat-2 geolocated photon data, contained in the
ATLO03 Release 003 data product, which are segmented into granules that span about 1/14th of an orbit and
are stored as hdf5 files (Neumann et al., 2020). The ATLO3 data provide latitude, longitude, and WGS-84
ellipsoidal height for all photons detected by ATLAS. Heights are corrected for several geophysical phenom-
ena, such as effects of the atmosphere, tides, and solid Earth deformation (Neumann et al., 2018).

2.1. Afterpulses Seen in On-Orbit Measurements

Afterpulses are present in the ATLAS data stream regardless of the surface reflectance, but they are most
easily seen and characterized after the strong signal returns measured from high reflectance surfaces above
which there is minimal atmospheric attenuation. Figure 1 shows ICESat-2 photon heights from (a) land, (b)
ocean, (c) sea ice, and (d) land ice surfaces along selected ICESat-2 ground tracks. The corresponding loca-
tions of these ground tracks are given in Figures S1 and S2. The blue dots in Figure 1 represent all photon
events between likely background photon events and likely signal photon events, and the red dots indicate
those signal photon events having high confidence levels. The high confidence photons are most likely
backscattered from the Earth’s surface.

Under ideal conditions, the lidar backscatter signal from a land surface rises almost instantaneously from a
small value to a very large value and then decays rapidly and monotonically back to zero (Hunt et al., 2009).
However, as shown in Figure 1a, in the ATLAS signals there are secondary echoes occurring down to ~45 m
below the primary land surface return. Photon events at ~2.3 and ~4.2 m below the primary ocean surface
return can be seen in Figure 1b. In Figure 1c, the afterpulses are seen at ~0.45, ~0.9, ~2.3, and ~4.2 m
below the primary sea ice surface return. Figure 1d shows high confidence afterpulses occurring ~0.45 m
below the surface of a melting pond over land ice. Figure S3 shows additional ATLAS measurements with
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Figure 1. Geolocated photon heights (y-axis) along ICESat-2 ground tracks (x-axis) over (a) land, (b) ocean, (c) sea ice, and (d) melting ponds over land ice. The
blue dots are photon events for all confidence levels and the red dots are photon events with high confidence levels. The afterpulses are easily seen beneath the
primary surface returns. The corresponding ICESat-2 tracks are shown in Figures S1 and S2.

afterpulses occurring beneath sea ice surfaces. Compared with rough sea ice surfaces, where the time series
of backscattered photons show no obvious horizontal structure below the ice surface, significant horizontal
subsurface structure due to after-pulsing effects is clearly evident beneath smooth sea ice surfaces, as seen
in Figure S3. The on-orbit measurements indicate that afterpulses are present in the ATLAS data acquired
over land, ocean, sea ice, land ice and melting ponds and occur regardless of the surface type or reflectance.

2.2. Afterpulses Generation Mechanisms

ATLAS afterpulses arise from three distinct sources: ionization effects within the PMTs, internal optical
reflections in the receiver, and detector saturation and dead-time recovery. To illustrate these different man-
ifestations we choose nighttime measurements acquired over the Sahara Desert. These measurements are
ideal for afterpulse studies because (a) nighttime data is not contaminated by solar background noise; (b)
532 nm laser light cannot penetrate the Sahara Desert so there are no subsurface photons in the backs-
cattered signals; and (c) the lack of trees and other vegetation in the desert landscape largely eliminates
delayed photon arrival effects.

We separate saturated and nonsaturated cases by using thresholds of 16 detected photons within 3 ns for
the strong beams and 4 detected photons within 3 ns for the weak beams. For the strong beams, we selected
those cases having between 3 and 8 surface photon counts to avoid relatively low or high surface photon
numbers for nonsaturated cases. Figure S4 shows histograms of surface photon counts, which indicate that
for most land surfaces, backscattered photon counts are less than 10 in nonsaturated cases. For nonsaturat-
ed cases having 3-8 surface photons within 3 ns, we are thus assured that there will be no PMT saturation
effects (e.g., Figure 2a). Figure 2 shows the normalized land surface return over Sahara Desert for (a) non-
saturated and (b) saturated cases.
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Figure 2. ICESat-2 ATLAS normalized land surface return over Sahara Desert (land #4 shown in Figure S1) for (a) nonsaturated cases and (b) saturated cases.
The local surface elevation is set to 0 m, so that altitudes below the surface are expressed as negative values. The cycle numbers track the number of 91-day
periods that have elapsed since ICESat-2 began science operations. The date for each cycle number is given in Table S1.

2.2.1. Effect of PMT Afterpulses

There are two types of PMT afterpulses. One occurs after a very short delay (several nanoseconds to several
tens of nanoseconds) following the primary signal pulse and the other appears with a longer delay ranging
up to several microseconds. Afterpulses with the longer delay time are most likely caused by positive ions,
which are generated by the ionization of residual gases in the photomultiplier tube. These positive ions
return to the photocathode (ion feedback), producing multiple photoelectrons which result in afterpulses.
Longer time delays with respect to the primary signal output pulse range from several hundred nanosec-
onds to over a few microseconds. PMT afterpulses with these longer time delays are typically seen from ~10
to ~45 m below the surface pulse. For example, while the PMT detector is not saturated (i.e., less than 16
returned surface photons for the strong beams), afterpulses can be clearly seen between ~10 and ~45 m be-
low the land surfaces in Figures 1a and 2a. As indicated in Figure 2a, the amplitudes of these afterpulses are
four orders of magnitude less than the amplitudes of the primary land return (Lu et al., 2019). As a result, if
the signal contains subsurface photons (e.g., ocean or sea ice subsurface photons) or solar background noise
during daytime, these afterpulses may not be readily apparent, because the amplitudes of the subsurface
photons or background noise excursions can be higher than the PMT afterpulses. More details about the
causes of PMT after pulsing can be found in the PMT handbook (Hamamatsu Photonics, 2006).

2.2.2. Effect of Optical Reflections Within the ATLAS Receiver Optical Components

Within ATLAS receiver, there are two fibers transmitting ground return photons from the telescope to the
detector (Martino et al., 2019). Fiber 1 has effective optical path length (EOPL) of ~4.2 m and fiber 2 has
EOPL of ~2.25 m. Figure 2 in Field et al. (2020) shows the multiple paths within the ATLAS receiver that
the returned photons can travel through in creating the surface return (first pulse) and several afterpulses.
For clarity, Table 1 lists the afterpulses found in Figure 2a (dashed lines) from on-orbit measurements,
which are due to effect of optical reflections within the ATLAS receiver optical components. These af-
terpulses captured from the flight data shown in Table 1 agree well with those obtained from pre-launch
measurements (Field et al., 2020).

Afterpulses due to multiple reflections within ATLAS can be clearly seen at ~2.25, ~4.2, ~6.45, and ~8.4 m
below land surfaces, as shown in Figure 2a. Summarizing the exposition in Field et al. (2020), the after-
pulses at ~2.25, ~4.2, and ~6.45 m are caused by double reflections within the ATLAS receiver optical
components and afterpulses at ~8.4 m are caused by quadruple reflections. Because 532 nm laser light can
penetrate into lakes, oceans, sea ice, and land ice, subsurface backscatter will often obscure the afterpulses
occurring at ~6.45 and ~8.4 m in measurements acquired over these surface types. Figure 1b shows photon
events over ocean surface, where only the afterpulses at ~2.25 and ~4.2 m are visible. Moreover, daytime
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Table 1
Afterpulses Found From On-Orbit Measurements and Ordered by Depth

Afterpulses due to PMT saturation

Afterpulses (AP) Distance from land surface to afterpulses Ratio of afterpulse to surface Reasons

AP 1s ~0.45 m ~2e-2 PMT saturation
AP 2s ~0.9 m ~4e-3 PMT saturation
AP 3s ~1.35m ~1.9e-3 PMT saturation
AP 4s ~1.8 m ~le-3 PMT saturation

Afterpulses due to multiple reflections within ATLAS system

Ratio of afterpulse to Reason: Photons traveled extra times through the
Afterpulses (AP) # Distance from land surface to afterpulses surface fibers due to reflections
AP1 2.25 m (="EOPL of fiber 2) ~1.5e-3 Photons traveled through fiber 2 a total of 3 times
AP2 4.2 m ()EOPL of fiber 1) ~7.2e-4 Photons traveled through fiber 1 a total of 3 times
AP3 6.45 m (~)EOPL of fiber 1+ EOPL of fiber 2) ~3e-5-4e-5 Photons traveled through both fibers a total of 3 times
AP 4 8.4 m (~ 2 x EOPL of fiber 1) ~1.7e-5 Photons traveled through fiber 1 a total of 5 times.
Afterpulses caused by PMT ionization effects
AP ~10-45 m ~ 1.3e-5-1e-4 Caused by PMT ionization effects

“EOPL: Effective Optical Path Length; fiber 1: EOPL ~ 4.2 m, fiber 2: EOPL ~ 2.25 m.

solar background noise can also be substantially higher than the afterpulses at ~6.45 and ~8.4 m. Conse-
quently, afterpulses at ~6.45 and ~8.4 m below the surface are rarely, if ever, observed in daytime data.

2.2.3. Effect of the Dead-Time Circuit due to PMT Saturation

Figure 2b shows the saturated cases having surface photon counts greater than 16 for strong beam 1. The
afterpulses appearing from ~0.45 to ~1.8 m after the first return peak are caused by effect of the dead-time
circuit due to PMT saturation. Dead time is the recovery time required after an initial photon detection
during which no new input photons can be counted. An illustration of dead-time effects is seen in the gap
between the surface and subsurface photon events shown in Figures 1c and 1d. More specifically, ATLAS
has a separate circuit for each PMT to generate a predictable and repeatable dead time of ~3 ns (Palm
et al., 2018), corresponding to a distance of ~0.45 m between the primary and secondary echoes.

As seen in Figures 1c, 1d, and 2b, subsurface echoes separated by ~0.45 m are introduced by the dead-time
circuit in response to PMT saturation. This occurs because smooth sea ice surfaces (e.g., Figures 1c or S3),
flat water surfaces (e.g., Figure 1d) and desert surfaces (e.g., Figure 2b) have high reflectances that efficient-
ly backscatter a large fraction of the incident light, so that photons are returned to the receiver at intervals
much shorter than the 3 ns detector dead time. The ATLAS PMTs cannot correctly count all of the returning
photons from these highly reflective surfaces; instead, the PMTs record returning photons spaced by integer
multiples of the dead time, corresponding to the horizontal subsurface structures appearing at ~0.45, ~0.9,
~1.35, and ~1.8 m as seen in Figure 2b.

However, if the PMT does not saturate, dead time afterpulses will not appear. As seen in the nonsaturated
cases shown in Figure 2a, there are no afterpulses from ~0.45 to ~1.8 m below land surface. But when meas-
uring very strong signals, as indicated in Figures 1c, S3, 2b, the PMTs can be saturated multiple times. On
the other hand, if there are subsurface photons or significant contributions from solar background noise,
it can be difficult to correctly identify any dead time afterpulses that might normally appear at ~1.35 and
~1.8 m. This ambiguity arises because the signal magnitudes from subsurface photons or solar background
noise can be greater than the magnitudes of the afterpulses at ~1.35 and ~1.8 m (e.g., see the results shown
in Section 2.3).
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Figure 3. The shape of the TEP pulses as a function of time/distance from laser fire (Distance = light speed X time/2).
The onset of the primary TEP pulse occurs at ~2.7 m while second large pulse is the TEP echo (Palm et al., 2018)
generated by a reflection off the other end of the optical fiber. Data from beam 1 is shown in green. Data from beam 3 is

shown in red.

2.3. ICESat-2 ATLAS Instrument Impulse Response

There are two ways to characterize the ATLAS detector’s impulse response, which is defined as the aggre-
gate temporal response of the ATLAS receiver optics and electronics to the backscattered photon arrival rate
(Neuman et al., 2018). An estimate of the impulse response is derived from photon events recorded from the
transmitter echo path (TEP). The ATLAS TEP is an optical path designed to allow some measure of timing
and radiometric self-calibration on-orbit (Martino et al., 2018). The TEP takes a small fraction (~1 photon
of every 10 to 20 laser shots) of the transmitted laser beam from the laser sampling assembly and feeds the
light via fiber optics into an optical filter module. In this way, photons detected via the TEP traverse part of
the transmit optical path, part of the receive optical path, and all of the receiver electronics that all other
signal photons traverse (Neumann et al., 2018). Figure 3 shows the temporal distribution of transmitted
photons via the TEP (referred to as the TEP pulse) as a function of laser transmit time from ATLAS beam 1
(green) and beam 3 (red). The primary TEP pulse arrives at ~2.7 m and the secondary TEP pulse (i.e., the
TEP echo) arrives at ~6.8 m. The TEP echo is generated by a reflection off the other end of the optical fiber
(Field et al., 2020). The afterpulses at ~2.3 and ~4.2 m after the TEP echo agree well with the afterpulses

found in the measured photon events shown in Figures 1 and 2a.

The second method to characterize the ATLAS detector’s impulse response is from the photons measured
over land surfaces. More quantitatively, these photons are summed within 15 cm vertical bins over 10 con-
secutive laser pulses. Figure 4 shows the normalized signal intensity as a function of distance relative to the
surface, where the surface altitudes are uniformly reindexed to zero meters. The black, blue, red, and pink
curves are ATLAS detector’s response during nighttime from land, ocean, rough sea ice and snow surfaces,
respectively. For comparison, the ATLAS TEP echo pulse is shown in green in Figure 4. Moreover, Figure 4b
also shows the ATLAS instrument responses for strong returns from smooth surfaces such as smooth sea ice
(shown in red) during daytime and flat oceans (shown in blue) where the returns are due to specular reflec-
tion. The afterpulses in Figure 4b are easily seen at ~0.45, ~0.9, ~2.25, ~4.2, and 6.45 m. It can be seen from
Figure 4 that the afterpulses from the measured photon events due to multiple reflections within ATLAS
(~2.25 and ~4.2 m) completely agree with afterpulses from the TEP echo (green). As shown in Figure 4, the
signals due to multiple reflections within ATLAS (e.g., at ~2.3 and ~4.2 m) are smaller than the primary
surface return by more than two orders of magnitude, while the signal due to the PMT afterpulses with
longer time delays (e.g., ~10-~45 m) is smaller than the primary surface return by ~4 orders of magnitude.
Compared with the land surface response in black, the signal decay after the other surfaces is much slower.
This is because 532 nm laser light can penetrate into ocean, sea ice and snow surfaces and hence there are
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while panel (b) also shows the instrument responses from strong smooth surfaces such as smooth sea ice (red) during daytime and flat oceans (blue). The
surface elevation is set to 0 m, so that altitudes below the surface are given as negative values.

contributions from subsurface scattering, which are useful for investigating subsurface vertical structure
using ICESat-2 measurements (Lu, Hu, Yang, et al., 2020).

Because the 532 nm laser pulse cannot penetrate the land surfaces (Hunt et al., 2009), the instrument re-
sponse from land surface (black in Figure 4) accurately represents the ATLAS detector’s impulse response
(i.e., there are no photon contributions from subsurface scattering). The impulse responses from different
land regions for six beams during different times are given in Figures 5 and 6. These data indicate that the
ATLAS impulse response remains essentially constant, even when measured during different months and
over varying land surface types having different surface albedos. Based on available ATLO03 data to date, we
do not expect significant changes in the ATLAS impulse response as a result of changes in transmitted pulse
energy and/or land surface albedos.

3. Impact of ATLAS Afterpulses
3.1. After-Pulsing Effects on Altimetry

When plotted, the impact of ICESat-2 ATLAS afterpulses is usually visual, in that sequences of multiple
echoes appear to occur at regular intervals below primary surface returns, as shown in Figure 1. Occasion-
ally, photons due to after-pulsing effects can be mislabeled as surface photons, which can potentially affect
the altimetry studies. Examples of these mislabeled photons are shown in Figures 1a and 1d, where some
photons labeled as high confidence surface returns (red dots) are actually due to afterpulses. These misla-
beled photons can be seen ~10 m below the land surface in Figure 1a. To mitigate this issue, several of the
higher-level data products (e.g., ATLO7 sea ice height) use a deconvolution approach to further refine the
selection of surface photons and reject those photons that are most likely due to afterpulses or solar back-
ground during day time (Neumann et al., 2018). Characterizing the occurrence frequency and subsequent
effects of these renegade photons is beyond the scope of this study. However, effective implementation of
deconvolution algorithms requires accurate knowledge of the ATLAS instrument impulse response, which
can be obtained from bare land surface returns (as shown in Figures 5 and 6) and TEP pulses (e.g., Figure 3).

3.2. After-Pulsing Effects on Ocean Subsurface

Compared with the land surface return (black line in Figure 4), the slower signal decay of the blue curve
in Figure 4 indicates the prominent contributions from ocean subsurface signals. However, the ocean sub-
surface signal is contaminated by the afterpulses, which can be the same order of magnitude as the ocean
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Figure 5. The ICESat-2 ATLAS impulse response from land surfaces for three strong and three weak beams over (a) land region 2 and (c) land region 4, and for
different cycle numbers (b and d) corresponding to different dates as shown in Table S1. The studied land regions are shown in Figure S1.

subsurface signals, as indicated in Figures 4 and 7. Therefore, the ICESat-2 ATLAS after-pulsing effects
must first be removed in order to obtain a reliable ocean subsurface profile. A deconvolution method de-
scribed in (Lu et al., 2014; Lu, Hu, Vaughan, et al., 2020; Lu, Hu, Yang, et al., 2020) can be used to remove
the ICESat-2 ATLAS afterpulses. As an illustration of the effectiveness of this deconvolution technique in
removing ATLAS after-pulsing effects, Figure 7 shows an example of the ICESat-2 measured ocean subsur-
face signal (black) and its corresponding deconvolution (red). The prominent after pulsing artifacts seen in
the measured signal have been completely eliminated in the deconvolved profile. A complete description of
the approach can be found in Lu et al (2020).

4. Conclusions

We characterize the ICESat-2 ATLAS afterpulses and instrument impulse response using the on-orbit meas-
urements. The afterpulses are typically present in the ICESat-2 measured photon events after almost any
surface return, but are most easily seen beneath strong surface returns from highly reflective surfaces such
as smooth sea ice. Three different types of afterpulses are found from on-orbit measurements: (a) afterpuls-
es arising from ionization effects occurring within the ATLAS photomultiplier tubes (PMTs); (b) afterpulses
caused by the detector dead-time circuit in response to PMT saturation; and (c) afterpulses caused by inter-
nal reflections within the optical components of the ATLAS receiver.

Afterpulses caused by PMT ionization effects can occur between ~10 to ~45 m below land surfaces. Howev-
er, the presence of these PMT afterpulses may not be readily apparent when there is significant subsurface
scattering or daytime solar background noise, because signal magnitudes from these sources can be greater
than the afterpulse intensities. For example, in Figure 7 there are no obvious afterpulses visible at ~10 m
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Figure 6. The ICESat-2 ATLAS impulse response for strong beam 1 over four studied land regions, with the different
colors corresponding to the ground tracks shown in Figure S1. The cyan curve is the ICESat-2 impulse response from

ATLO3 directly. The land elevation is set to 0 m so that the altitudes below the land surface are all negative values. The
wide pulse shown in yellow is due to vegetation effects.

below ocean surface because the subsurface signals are larger than the PMT afterpulses. As indicated in
Figures 2a, 5 and 6, PMT afterpulses are ~4 orders of magnitude less than the peak surface signals.

Afterpulses caused by the dead-time circuit in response to PMT saturation can appear from ~0.45 to ~1.8 m
following the first signal return peak. These dead-time afterpulses only occur when the detector has been
saturated by an excess of backscattered photons. In this work we define saturation as photon arrival rates
that are greater than ~16 within 3 ns for the strong beams or ~4 within 3 ns for the weak beams. As is the
case with PMT afterpulses, the weaker dead-time afterpulses occurring at ~1.35 and ~1.8 m after an initial
PMT saturation may not be visible when subsurface scattering or solar background noise is present (e.g., see
the blue and red curves shown in Figure 4b).

Afterpulses caused by the effect of optical reflections within the ATLAS
receiver optical components can be visible at ~2.25, ~4.2, ~6.45, and
~8.4 m below land surfaces. Afterpulses at ~2.25, ~4.2, and ~6.45 m are
caused by dual optical reflections within the optical components of the

—~Ocean signal

-
(=]
[=]

—— deconvolution result ATLAS receiver. The afterpulse at ~8.4 m is caused by quadruple reflec-

tions. The afterpulses at ~6.45 and ~8.4 m can be obscured by subsurface

After pulses backscatter that can occur when 532 nm laser light penetrates into lakes,

1072 AP 1 ] oceans, sea ice, or land ice surfaces. Figure 7 shows examples of ocean

AP 2 surface and subsurface signals, which indicates only the afterpulses at
~2.25 and ~4.2 m are visible. Moreover, during daytime, the solar back-
ground noise can also be higher than the optical reflections afterpulses at
~6.45 and ~8.4 m, and thus render them effectively invisible.

—_
S
E

The ICESat-2 on-orbit measurements demonstrate that the ATLAS in-
strument impulse response remain essentially identical when evaluated

Normalized ocean surface return
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0 5 -10 15 20 for different months and over different surface types. An accurate char-

Altitude (m) acterization of the ICESat-2 ATLAS impulse response can be obtained by
aggregating land surface returns, as shown in Figures 5 and 6. An accu-
rate representation of the impulse response is essential for subsequent
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Figure 7. Vertical profiles of peak normalized ocean subsurface signals
before (black) and after (red) application of the deconvolution method.
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