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Uncertainties in Ice-Sheet Altimetry From a
Spaceborne 1064-nm Single-Channel Lidar

Due to Undetected Thin Clouds
Yuekui Yang, Alexander Marshak, Tamás Várnai, Warren Wiscombe, and Ping Yang

Abstract—In support of the Ice, Cloud, and land Elevation
Satellite (ICESat)-II mission, this paper studies the bias in surface-
elevation measurements caused by undetected thin clouds. The
ICESat-II satellite may only have a 1064-nm single-channel li-
dar onboard. Less sensitive to clouds than the 532-nm channel,
the 1064-nm channel tends to miss thin clouds. Previous studies
have demonstrated that scattering by cloud particles increases the
photon-path length, thus resulting in biases in ice-sheet-elevation
measurements from spaceborne lidars. This effect is referred to as
atmospheric path delay. This paper complements previous studies
in the following ways: First, atmospheric path delay is estimated
over the ice sheets based on cloud statistics from the Geoscience
Laser Altimeter System onboard ICESat and the Moderate Res-
olution Imaging Spectroradiometer (MODIS) onboard Terra and
Aqua. Second, the effect of cloud particle size and shape is studied
with the state-of-the-art phase functions developed for MODIS cir-
rus-cloud microphysical model. Third, the contribution of various
orders of scattering events to the path delay is studied, and an
analytical model of the first-order scattering contribution is de-
veloped. This paper focuses on the path delay as a function of tele-
scope field of view (FOV). The results show that reducing telescope
FOV can significantly reduce the expected path delay. As an ex-
ample, the average path delays for F OV = 167 µrad (a 100-m-
diameter circle on the surface) caused by thin undetected clouds
by the 1064-nm channel over Greenland and East Antarctica are
illustrated.

Index Terms—Atmospheric path delay, Ice, Cloud, and land
Elevation Satellite (ICESat)-II, lidar altimetry, polar cloud, radia-
tive transfer.

I. INTRODUCTION

S PACEBORNE lidars, such as the Geoscience Laser
Altimeter System (GLAS) onboard the Ice, Cloud, and

land Elevation Satellite (ICESat), provide measurements of
ice sheets and sea ice on a global scale. These data are used
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to address important climate questions, such as “how is the
cryosphere responding to the climate change?” and “how is
the change in ice sheets affecting the global sea level?” [1].
To answer these questions, accurate ice-surface-elevation mea-
surements are needed. The ICESat science objectives require
detecting long-term elevation changes with an accuracy of
< 1.5 cm/year over ice-sheet areas of 100 × 100 km2 [1], [2].

Atmospheric factors, e.g., clouds, aerosols, and atmosphere
humidity, may affect the accuracy of the derived ice surface
elevation. Among these factors, clouds probably cause the
most uncertainty due to the large variability in their properties.
Clouds affect lidar measurements through particle forward scat-
tering [3], which increases the photon-path length and makes
the surface appear farther from the satellite. This effect is
referred to as “atmospheric path delay.” Some of the pioneering
studies on this effect were reported by Duda et al. [2] and
Mahesh et al. [4]. These studies demonstrated that the magni-
tude of the atmospheric path delay is a function of cloud height,
cloud optical depth (COD, referred hereinafter as τ ), cloud
particle size and shape, and the telescope field of view (FOV).
It was found that the delay could reach tens of centimeters even
for optically thin clouds with a low cloud base.

The challenge in cloud-induced atmospheric path delay is
twofold. First, if we know that the lidar beam hits a cloud, how
do we correct the retrieved surface elevation? Second, if some
clouds are not detected due to the low signal-to-noise ratio
of the instrument, how large may the bias be in the altimetry
products? Much progress has been made in addressing the first
question [2], [4]. The second question is not a pressing issue
for ICESat, because the GLAS lidar has two channels, one at
1064 nm and one at 532 nm. The 532-nm channel, used as
the primary channel for GLAS atmospheric products, is very
sensitive to the presence of clouds [5], [6]. It has been shown
that cloud layers with an optical thickness as low as 0.01
generally were detectable with a well-functioning 532-nm laser
channel [5]. However, the ICESat-II mission may only have the
1064-nm channel, and undetected clouds will become an im-
portant issue. It is critical to understand the probability that the
1064-nm channel may miss the detection of some clouds, and
how the missed clouds may affect the altimetry measurements.

The ICESat-II mission is recommended by the National
Research Council’s Decadal Survey as one of the top-priority
NASA missions [7]. However, without the 532-nm channel, its
ability to detect clouds will be less than that of the current
ICESat mission. Following [5], Fig. 1 shows this problem.
The figure shows the percentage of the undetected clouds by
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Fig. 1. Probability of a cloud being missed by the 1064-nm channel when
compared to the cloud-detection results of the 532-nm channel as a function
of COD and the cumulative cloud fraction, as detected by the 532-nm channel
for Greenland and East Antarctica. Fraction of cloud with a given optical depth
is defined as the frequency of occurrence of clouds out of the total number
of observations. Data are the 1-Hz product from the GLAS L2A campaign
(September 25 to November 19, 2003).

the 1064-nm channel, compared to the cloud-detection re-
sults by the 532-nm channel. The data are the 1-Hz products
from the GLAS campaign conducted from September 25 to
November 19, 2003 (termed L2A) [5], [6], [8]. As shown in
the figure, 43% of clouds with an optical depth of 0.1 were
undetected by the 1064-nm channel over Greenland and 29%
over East Antarctica. For clouds with an optical depth of 0.2,
27% of clouds over Greenland and 19% over East Antarctica
were undetected. In addition, shown in Fig. 1 is the cumulative
cloud fraction, defined as the frequency of occurrence of clouds
with optical depth smaller than a certain value out of the total
number of observations (cloudy and clear). The cumulative
cloud fraction shows how often clouds within certain optical
depth range occur. For example, the fraction of clouds with op-
tical depth smaller than 0.2 is 17% over Greenland and 9% over
East Antarctica. Calculations show that, during the L2A period,
the total cloud fractions are 60% and 34% over Greenland and
East Antarctica, respectively (not shown). It should be pointed
out that during the L2A campaign, most of the observations
over Greenland and East Antarctica were conducted during
nighttime and daytime, respectively. Over Greenland, there was
less interference from solar background radiances and more
thin clouds were detected than over East Antarctica.

Using cloud properties observed by GLAS and Moderate
Resolution Imaging Spectroradiometer (MODIS), this paper
will address two main questions in support of the ICESat-II
mission: 1) what is the expected delay caused by the undetected
clouds as a function of telescope FOV? and 2) how small the
FOV must be to meet the science requirement? This paper
is organized as follows. Section II gives a review of how
different cloud properties affect atmospheric path delay with
a focus on the cloud particle-phase function. In Section III, we
discuss the contributions of different orders of scattering to the
delay. Section IV conducts a cloud-detectability comparison
between the 532-nm and the 1064-nm channels. Statistics of
the properties of the thin clouds that the 1064-nm channel fails

to detect are presented in Section V. Section VI estimates the
average atmospheric path delay resulting from the undetected
clouds. The conclusions of this paper are discussed in
Section VII. An analytical model for the path delay caused by
single scattering is presented in the Appendix.

II. PARAMETERS AFFECTING ATMOSPHERIC PATH DELAY

In this paper, simulations are conducted with our 3-D
radiative-transfer Monte Carlo model [9] that has been vali-
dated by the International 3-D Radiation Code project [10].
Lidar pulses are assumed to be the Dirac-delta function. The
shape of the lidar pulse does not affect our results, because
atmospheric path delay is calculated as an average value of the
delays experienced by individual photons. It should be pointed
out that the surface-altitude bias is one half of the path delay.
In the simulations, clouds are assumed to be horizontally and
vertically homogenous. Since we focus on thin clouds over
polar ice sheets, the cloud particle phase is presumed to be ice.

Cloud properties, e.g., height, optical depth, and particle size
and shape, are essential to the determination of atmospheric
path delay [2]. Fig. 2 shows some examples of the effect
that different parameters have on path delay. Fig. 2(a) shows
atmospheric path delay as a function of the cloud base height
for clouds of two different optical depths (0.1 and 0.2) and two
FOVs (475 and 167 μrad). The 475 μrad, which translates to a
285-m-diameter circle on the surface for the 600-km orbital alti-
tude of the satellite, is the FOV of the current ICESat; 167 μrad,
which corresponds to a 100-m-diameter circle on the surface, is
the proposed FOV of ICESat-II [11]. In general, photons scat-
tered by low clouds experience longer paths inside the telescope
FOV than the ones scattered by high clouds; hence, path delay
generally decreases as cloud base height increases. However,
the path delay is not always a monotonic function of cloud
base height. Rather, it is a cumulative result of several factors
(refer to the Appendix), including phase function, maximum
scattering angle, and COD. It should be noted that the effect
of cloud geometrical thickness acts collaboratively with cloud
base height. For clouds with the same base height, the thicker
the cloud, the higher is the equivalent cloud altitude. Obviously,
COD is another important factor in the determination of path
delay. A larger optical depth means higher probability of pho-
tons being scattered, thus causing a larger path delay.

Fig. 2(b) shows the effect of cloud particle-phase functions
and telescope FOV on atmospheric path delay. Simulations
were conducted for a variety of phase functions, including
the phase function adopted by the MODIS ice-cloud property
retrievals (see [12] and [13] for details); the phase functions
associated with nonspherical particle shapes such as hollow
columns, plates, and spheres [13]; and the isotropic phase
function. The results show that particle-phase function is an im-
portant factor, particularly for large FOVs. Moreover, the path
delay is essentially a forward-scattering issue as can be seen
that, for the isotropic phase function, the delay is much smaller
and practically negligible for FOV < 300 μrad as compared
to the results from other phase functions. Additionally, the size
of the telescope FOV is another important factor that affects
path-delay determination. The larger the FOV, the higher is the
probability of multiple scattered photons reaching the sensor;
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Fig. 2. Examples of parameters affecting atmospheric path delay. (a) Path
delay as a function of cloud base height for clouds of two different optical
depths (0.1 and 0.2) and two different FOVs (167 and 475 μrad). Cloud geo-
metrical thickness is 500 m. MODIS ice phase function for re = 20 μm used.
(b) Path delay as a function of the telescope FOV for different particle shapes.
Cloud base height is 500 m; cloud geometrical thickness is 500 m; τ = 0.2;
re = 20 μm. Isotropic phase function is added for illustrative purposes.

hence, reducing the FOV could reduce path delay substantially.
For example, for the current ICESat FOV (475 μrad), a cloud
with an optical depth of 0.2, a base height of 0.5 km, and a
geometrical thickness of 0.5 km will cause a path delay of
about 16 cm (for the MODIS phase function and re = 20 μm).
However, if the FOV is reduced to 167 μrad, the path delay for
the same cloud is reduced to 2.5 cm.

III. CONTRIBUTION OF DIFFERENT

ORDERS OF SCATTERING

To further understand the mechanism of atmospheric path
delay, we separate the results into contributions from different
orders of scattering. Fig. 3 shows these contributions, as a
function of FOV, for CODs of 0.05, 0.1, and 0.2. In the figure,
the scattering number is the accumulated times that a photon
is scattered within a cloud. For example, first-order scattering
means the photon is only scattered once in the cloud, which
can happen either on the downward path to the surface or on
the upward path to the sensor. Obviously, the thicker the cloud,
the more important is multiple scattering. For the case shown
in this paper, if τ = 0.05, the contribution from single-order
scattering is about 95%; if τ = 0.1, the contribution is about
90%; and if τ = 0.2, the contribution is about 80%. Generally,

Fig. 3. Path-delay contributions from different orders of scattering as a
function of FOV: for τ = 0.05, 0.1, and 0.2; cloud at 0.5–1.0 km; re = 20 μm;
MODIS ice phase function used. Blue, red, green, and black lines illustrate
cases when up to first, second, third, and all orders of scattering are taken into
account, respectively.

for thin clouds, results from first-order scattering gives a good
approximation to path delay, particularly for small FOVs.

The path delay resulting from first-order scattering can be
calculated analytically. We present the derivation and validation
of an analytical model for first-order-scattering-induced path
delay in the Appendix. A model that includes second-order
scattering will be presented in a follow-up study.

Fig. 4(a) shows how the lidar backscattering and path delay
are distributed among different orders of scattering for two
FOVs: 475 and 167 μrad. Since the cloud is thin (τ = 0.1), the
lidar signal is dominated by the nonscattered photons. In this
case, about 90% of the lidar returned signal is from nonscat-
tered photons and about 10% is from photons being scattered
once within the cloud. As expected, the plot also shows that,
for the larger FOV, multiple scattering contributes more to
both the backscattering signal and the path delay. Fig. 4(b)
shows the probability of photons being scattered up to a given
scattering angle for a variety of particle shapes. As expected
from diffraction theory (e.g., [3]), about 50% of all photons are
scattered into a narrow forward-scattering peak.

For first-order scattering, the maximum scattering angle for
a photon to stay in the FOV can be calculated as (see the
Appendix)

θs = arctan
(
f × 10−6 × h

2z

)
(1)

where h = 6 ∗ 106 m (satellite orbital height), f is the FOV in
microradians, and z is the cloud altitude in meters.

For cloud altitudes between 500 and 6000 m and for
100 μrad ≤ FOV ≤ 500 μrad, the maximum scattering angle
ranges from 0.5◦ to 15◦. The lidar return from zeroth-order
scattering and first-order scattering can be approximately ex-
pressed as follows: (1/1 + τ) × 100% and (τ/1 + τ) × 100%
(see the Appendix for details). For τ = 0.1, calculations show

Authorized licensed use limited to: NASA Goddard Space Flight. Downloaded on December 22, 2009 at 15:30 from IEEE Xplore.  Restrictions apply. 



YANG et al.: UNCERTAINTIES IN ICE-SHEET ALTIMETRY 253

Fig. 4. (a) Monte Carlo simulated results of contributions to both lidar return and path delay from different orders of scattering for two FOVs: 475 and
167 μrad with COD 0.1. Cloud base height is 500 m; cloud geometrical thickness is 1000 m; MODIS phase function used; re = 20 μm. (b) Phase function
integrals of different particle shapes, which give the probability of photons being scattered within the scattering angle. Phase functions of Mie, Hollow Column,
Bullet Rosette, and MODIS are for re = 20 μm. Rayleigh and isotropic phase functions are included for illustrative purposes.

Fig. 5. Path delay as a function of scattering layer altitude and particle shape
for COD of 0.05. FOV = 167 μrad. Calculated with the analytical model
presented in the Appendix.

that photons without any scattering account for 91% of the lidar
returns and photons being scattered once account for 9%. These
numbers match the Monte Carlo results.

The aforementioned simulations apply only to clouds. Blow-
ing snow is another factor that could potentially cause large
path delays over polar ice sheets. Fig. 5 shows path-delay
calculations using the analytical model given in the Appendix.
The optical depth is assumed to be 0.05, so the first-order
scattering approximation is applicable. As shown in the figure,
even a thin layer of blowing snow (τ = 0.05) can ensue a large
path delay (over 10 cm for some particle shapes). However, this
paper will only focus on path delays resulting from clouds. The

effect of blowing snow needs further investigation and will be
addressed in our future studies.

IV. CLOUD DETECTABILITY COMPARISON BETWEEN

THE 532-nm AND THE 1064-nm CHANNELS

As aforementioned in Section I, it is critical for the
ICESat-II mission to understand what fraction of thin clouds
would be missed by a single 1064-nm-channel lidar and what
path delay the undetected clouds would cause. To investigate
the capability differences in detecting thin clouds between the
532- and 1064-nm laser channels, we use the data from the
GLAS campaign L2A. As aforementioned in Section I, L2A,
which is the first GLAS campaign with full on-orbit operation
of the instrument, began on September 25 and lasted until No-
vember 19, 2003. The GLAS cloud retrievals are archived in the
products GLA09, global cloud heights for multilayer clouds,
and GLA11, global thin cloud/aerosol optical-depth data [14].
The data used here are the 1-Hz cloud-property retrievals.

Fig. 6 shows the results for Greenland and East Antarc-
tica. East Antarctica and West Antarctica are divided along
the traditional boundary, the Transantarctic Mountains [15].
Similar to [5, Fig. 4], Fig. 6 shows the frequency distribution of
GLAS CODs retrieved using the 532-nm-channel observations
together with the frequency that the1064-nm channel flagged
as cloudy for the corresponding optical depths. In addition,
Fig. 6 shows the cumulative distribution of thin clouds missed
by the 1064-nm channel, defined as the frequency of missed
clouds out of all the transparent clouds detected by the 532-nm
channel. Transparent clouds are clouds thin enough for GLAS
to have ground return. We see that about 31% of all the trans-
parent clouds were not detected by the 1064-nm channel over
Greenland [Fig. 6(a)] and 22% over East Antarctica [Fig. 6(b)].
Undetected clouds are primarily thin clouds with τ < 0.2. It
is shown in Fig. 7 that, for clouds with τ < 0.2 [Fig. 7(a)],
the difference between cloud-detection results of the 1064-nm
channel and the 532-nm channel is significant; yet for clouds
with τ > 1.0, both channels give similar results [Fig. 7(b)].
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Fig. 6. Frequency of COD retrieved from (black line) the GLAS 532-nm
channel together with clouds detected by (gray line) the 1064-nm channel; the
dotted line is the cumulative distribution of thin clouds missed by the 1064-nm
channel, defined as the frequency of missed clouds out of all transparent clouds
detected by the 532-nm channel. Transparent clouds are clouds thin enough for
GLAS to have ground return. Based on the 1-Hz data of GLAS L2A campaign
for (a) Greenland and (b) East Antarctica (compare with [5, Fig. 4]).

It should be noted that the ability of the 1064-nm channel to
detect thin clouds is a function of a variety of factors, such as at-
mospheric conditions, laser power, and algorithm. In this paper,
we used the laser onboard the current ICESat as a benchmark.

V. PROPERTIES OF THIN CLOUDS OBSERVED BY

ICESat AND MODIS OVER ICE SHEETS

As discussed in Section II, the atmospheric path delay
strongly depends on cloud geometrical, optical, and micro-
physical properties [2]. To achieve a realistic estimate of the
magnitude of delays caused by clouds missed by the 1064-nm
channel, the following parameters are needed as input to our
radiative-transfer model: cloud base height, cloud geometrical
thickness, COD, and cloud particle size and shape. Studies,
such as [16]–[18], have been conducted with ground-based
measurements and in situ measurements. In situ and ground-
based measurements are desirable in understanding polar-cloud
microphysics, but they are rare in the polar regions, particularly
in Antarctica. Spaceborne lidars such as GLAS [14] and Cloud-
Aerosol Lidar with Orthogonal Polarization [19] provide a
unique collection of data, and studies with these data have
provided new insight into polar-cloud properties (e.g., [5], [8],
and [20]).

Fig. 7. Frequency of cloud base height retrieved from (black line) the GLAS
532-nm channel and (gray line) the 1064-nm channel. Based on the GLAS L2A
campaign for East Antarctica for clouds with (a) τ ≤0.2 and (b) 1.0≤τ ≤2.0.

In this paper, the distributions of cloud base height and COD
are derived from the GLAS L2A campaign data set. Because
cloud geometrical thickness acts collaboratively with cloud
base height, it is not treated as an independent variable. In the
following calculations, we assume that clouds are 500 m thick.
Cloud thickness distributions (not shown) calculated from
GLAS L2A peak at around 500 m. Fig. 8(a) shows the 2-D
histogram of cloud base height versus COD for τ ≤ 0.2. These
clouds are the focus of this paper, because they are the ones that
the 1064-nm channel tends to miss.

In addition to COD, cloud base height, and cloud geometrical
thickness, path-delay simulations require the phase function of
the cloud particles, or equivalently, particle size and shape.
Ice cloud particles are a mixture of different habits, and the
determination of their phase functions is a complicated task
[24]. Based on the ground-based observations around South
Pole, Lawson et al. [18] reported that, of the all crystals ob-
served, 30% were rosette shapes (mixed-habit rosettes, platelike
polycrystals, and rosette shapes with side planes), 45% were
diamond dust shapes (columns, thick plates, and plates), and
25% were irregular shapes. However, phase functions based
on these observations are not readily available. In this paper,
we adopt the MODIS cirrus-cloud microphysical model [12].
When the effective radius re is small (re < 35 μm), the habit
mixture is prescribed as 50% bullet rosettes, 25% hexagonal
plates, and 25% hollow columns. When re ≥ 35 μm, the habit
mixture is 30% aggregates, 30% bullet rosettes, 20% hexagonal
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Fig. 8. Two-dimensional histograms for (a) GLAS COD versus cloud base
height for clouds with τ ≤ 0.2 over East Antarctica. Data are from the GLAS
L2A campaign. (b) MODIS cloud top temperature versus ice particle effective
radius over East Antarctica. Data are from MODIS Aqua and Terra for the fall
of 2003 (the time period as for the GLAS L2A campaign).

plates, and 20% hollow columns. As shown in Fig. 8(b), the
MODIS-retrieved particle effective radii vary from 10 to 50 μm.
MODIS retrievals over the polar regions have certain limita-
tions. Due to the strong shortwave reflectance and the low ther-
mal brightness temperature of the surface, it is more difficult
for passive remote-sensing techniques to separate cloudy and
cloud-free areas (e.g., [25] and [26]). Hence, the retrievals of
COD and particle effective radius over these regions may have
large uncertainties [21].

VI. ESTIMATED PATH DELAY OVER ICE SHEETS

Based on the statistics presented in Sections IV and V, we are
able to estimate the path delay resulting from the clouds missed
by the 1064-nm-channel analysis as a function of telescope

FOV. To do this, we calculate the average path delay as an
integral

I(Δψ) =
∫∫∫

pmissed(τ)p(τ, hb, re)

× L(τ, hb, re;Δψ)dτdhbdre (2)

where Δψ is the telescope FOV; pmissed(τ) is the probability
density function (pdf) of clouds with optical depth τ being
missed by the 1064-nm channel due to the lower signal-to-noise
ratio; p(τ, hb, re) is the pdf of clouds with optical depth τ , base
height hb (relative to surface elevation), and particle effective
radius re; and L(τ, hb, re;Δψ) is the Monte Carlo calculated
path delay as a function of Δψ for each combination of τ , re,
and hb.

Even though there is a known correlation between ice particle
size and cloud temperature [22], our analysis of thin polar
clouds observed by GLAS and MODIS does not show any
pronounced correlation between cloud base height, COD, and
cloud particle effective radius (Fig. 8). As a first approximation,
we can consider these three variables independent from each
other. Thus, (2) can be rewritten as

I(Δψ) =
∫∫∫

p1(τ)p2(hb)p3(re)L(τ, hb, re;Δψ) dτdhbdre

(3)

where p1(τ) = pmissed(τ)p(τ) is the pdf of the clouds with
optical depth τ undetected by the 1064-nm channel, p2(hb) is
the pdf of cloud base height hb, and p3(re) is the pdf of particle
effective radius re.

The values of the distributions of COD, cloud effective ra-
dius, and cloud base height over Greenland and East Antarctica
used in the calculation of average path delays are shown in
Table I. The results on the expected path delay caused by the
missed clouds as a function of telescope FOV is shown in
Fig. 9. The error bars give the standard deviation of the path-
delay calculations for different cloud base heights, CODs, and
cloud particle effective radii. If the FOV is kept the same as
the current ICESat, then over Greenland and East Antarctica,
the bias would be 4.7 ± 4.0 and 4.3 ± 3.9 cm, respectively.
Reducing the telescope FOV can significantly reduce the bias. If
the FOV is reduced to 167 μrad, path delay will be around 0.9 ±
0.7 cm over Greenland and 0.8 ± 0.7 cm over East Antarctica.

We emphasize in this paper four important points: 1) the
above values of path delay are not weighted with the total
number of surface-elevation retrievals; 2) the fractions of unde-
tected clouds are calculated based on the GLAS COD product,
which is 1 Hz, while surface-elevation retrievals are on a
40-Hz basis; 3) blowing snow is not accounted; and 4) finally,
to investigate the impact of undetected clouds on the long-term
trend of ice-sheet elevation, we need to take into account the
annual variability of the properties of the these clouds.

Let us briefly discuss the first two points. For simplicity, we
assume that the total number of surface-elevation retrievals is
equal to the total number of clear pixels as determined by the
1064-nm channel. Then, we can estimate the fraction of cloudy
pixels misclassified as clear. Our calculations show that during
the L2A campaign, the clear-sky fractions over Greenland were
40% and 46% and over East Antarctica were 66% and 72%,
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TABLE I
PDF OF CLOUDS POTENTIALLY MISSED BY THE 1064-nm CHANNEL USED IN ESTIMATING AVERAGE PATH DELAYS OVER GREENLAND AND

ANTARCTICA. IN THE TABLE, EA STANDS FOR EAST ANTARCTICA AND GL STANDS FOR GREENLAND

Fig. 9. Estimated average path delay resulting from clouds missed by the
1064-nm channel for 1-Hz data. Blowing snow is not included. (a) Greenland.
(b) East Antarctica. Insets are the zoomed-in version for smaller FOVs.

for the 532- and 1064-nm channels, respectively. Hence, the
fraction of misclassified clouds is (46−40)/46=13% over
Greenland and (72−66)/72=8% over East Antarctica. Calcu-
lations show similar results for smaller Antarctic regions, e.g.,
Pine Island, Lake Vostok, and Interior West Antarctica. To sum-
marize, roughly 10% of all laser shots identified by the 1064-nm
channel as clear are actually misclassified cloudy shots that
result in range delay. Thus, our estimated average path delay
due to undetected clouds has to be reduced by a factor of ten.

It is important to note that the earlier results are for the
1-Hz data. Since the 40-Hz data are used for surface-elevation
retrievals, we need to understand the 40-Hz range delay as
well. In general, it is not a straightforward problem because
the 532-nm channel does not provide retrievals of COD at
40 Hz. However, with some simplified assumptions, range
delay for 40 Hz can be estimated based on the 1-Hz estimates.
If we assume constant signal, then averaging over 40 (inde-
pendent) data points will increase the signal-to-noise ratio by
a factor of

√
40 = 6.3. If we further assume that for optically

thin clouds the backscatter signal is proportional to COD, then
the optically thicker clouds will be undetected at 40 Hz as likely
as their 6.3 times thinner counterparts at 1 Hz. Next, since, for
thin clouds, the photon path delay and COD is approximately
linearly related (see Fig. 3), then the average path delay would
be also 6.3 times larger.

VII. SUMMARY AND DISCUSSION

Duda et al. [2] showed that atmospheric path delay is sen-
sitive to cloud height, COD, ice particle-phase functions, and
the telescope FOV. This paper complements [2] in three ways:
1) Atmospheric path delay due to thin clouds missed by the
1064-nm channel is determined using cloud observations by
GLAS and MODIS; 2) the state-of-the-art models of scattering
phase functions were used, and the effect of cloud particle
size and shape on atmospheric path delay has been studied;
3) contributions to the path delay from different orders of
scattering have been estimated. For very thin clouds missed
by the 1064-nm channel, the single-scattering approximation
is found to be accurate enough, and an analytical path-delay
model has been developed for this case. The major findings of
this paper can be summarized as follows.
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Fig. 10. Schematic picture of path delay caused by forward scattering. Solid
arrow lines represent the path of scattered photons. Dashed arrow line repre-
sents the path of nonscattered photons. θ is the scattering angle, and θs is the
largest possible scattering angle for a photon to stay in the FOV.

Path delay is strongly affected by the forward-scattering peak
of the cloud particle-phase function or, equivalently, the size
and shape of the particles. However, the phase-function effect
substantially decreases with a reduction in the telescope FOV.

As a first-order approximation, atmospheric path delay can
be calculated from a simple analytical formula. This formula,
accounting for the delay caused by first-order scattering pho-
tons, provides an efficient way to estimate the delay resulting
from very thin clouds.

The 1064-nm channel alone tends to miss very thin clouds.
According to the 1-Hz GLAS products, this channel fails to
record about 20%–30% of the transparent clouds. The majority
of the undetected clouds have τ ≤ 0.2.

Calculations of the expected path delay resulting from un-
detected clouds (so-called the residual bias) using GLAS and
MODIS data show that reducing telescope FOV from 475
(current ICESat) to 167 μrad (proposed for ICESat-II) will sub-
stantially mitigate the problem. The expected mean path delay
due to undetected clouds for 167-μrad FOV and the 40-Hz data
found to be smaller than 1 cm. However, since the ICESat-II
orbit will follow a 91-day repeat cycle that provides only four
measurements at a given point each year, the low rate of sam-
pling requires accounting not only for the expected average bias
but also for the maximum possible errors. In addition, the effect
of blowing snow, which could potentially cause larger delay, is
not considered in this paper and will be reported separately.

APPENDIX

SIMPLE ANALYTICAL MODEL FOR ATMOSPHERIC PATH

DELAY CAUSED BY SINGLE SCATTERING IN CLOUDS

In this section, we derive a simple analytical model for atmo-
spheric path delay caused by first-order scattering. This model
provides an efficient way to estimate path delays due to very
thin clouds. A more complicated model that includes second-
order scattering will be investigated in a follow-up study.

From Fig. 10, for photons scattered at angle θ, the path delay
can be calculated as [2]

Δ(z, θ) =
z

cos(θ)
z. (A1)

Let us only consider the range delay caused by photons
experiencing single scattering, which could happen either on
the downward path to surface or on the upward path to
the sensor. The probability of photons being scattered once
within a cloud of optical depth τ can be written as (see, e.g.,
[23, p. 219])

p1 = τe−τ . (A2)

Assuming a Lambertian surface with albedo αs, the total
delay resulting from photons scattered once on the down/up
path and unscattered on the up/down path is⎡
⎣τe−τ

⎛
⎝1

2

θs∫
0

Δ(z, θ)P (θ) sin(θ)dθ

⎞
⎠
⎤
⎦αse

−τ

= αsτe
−2τ

⎛
⎝1

2

θs∫
0

Δ(z, θ)P (θ) sin(θ)dθ

⎞
⎠ (A3)

where θs is the largest possible scattering angle for a photon
to stay in the FOV and P (θ) is the scattering phase function
normalized as

1
2

π∫
0

P (θ) sin(θ)dθ = 1. (A4)

Given satellite orbital altitude h (in meters), cloud height z
(in meters), and telescope FOV f (in microradians), θs can be
calculated as follows:

θs = arctan
(
f × 10−6 × h

2z

)
. (A5)

The probability of photons reaching the sensor without being
scattered within the cloud is

S0 = αse
−2τ . (A6)

The probability of photons reaching the sensor being scat-
tered once within the cloud is

S1 = 2αsτe
−2τ

⎛
⎝1

2

θs∫
0

P (θ) sin(θ)dθ

⎞
⎠ . (A7)

Hence, the average delay caused by the photons being scat-
tered once can be calculated as

Δ =

2αsτe
−2τ

(
1
2

θs∫
0

Δ(z, θ)P (θ) sin(θ)dθ

)

αse−2τ + 2αsτe−2τ

(
1
2

θs∫
0

P (θ) sin(θ)dθ

)

=

τ

(
θs∫
0

Δ(z, θ)P (θ) sin(θ)dθ

)

1 + τ

(
θs∫
0

P (θ) sin(θ)dθ

) . (A8)
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Fig. 11. Comparison of results from the analytical model and the Monte
Carlo model with only single scattering. Clouds at 500–1000 m. MODIS phase
function for re = 20 μm used.

If only zeroth- and first-order scatterings are considered, then
the contribution of zeroth-order scattering to lidar return is

ps0 =
αse

−2τ

αse−2τ + 2αsτe−2τ

(
1
2

θs∫
0

P (θ) sin(θ)dθ

)

=
1

1 + 2τ

(
1
2

θs∫
0

P (θ) sin(θ)dθ

) . (A9)

As shown in Fig. 4(a), the probability of photons be-
ing scattered into the forward-scattering angle range [0, θs],
(1/2)

∫ θs

0 P (θ) sin(θ)dθ, is about 50% for a variety of particle
sizes and shapes. Approximately, the contribution of zeroth-
order scattering can be written as

ps0 ≈ 1
1 + τ

× 100%. (A10)

Similarly, the contribution of the first-order scattering can be
written as

ps1 =
(

1 − 1
1 + τ

)
× 100% =

τ

1 + τ
× 100%. (A11)

Fig. 11 shows the comparison between the results of this
analytical model and our 3-D Monte Carlo model when only
single scattering is taken into account. As shown in the figure,
these results are essentially identical.
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