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Abstract An infrared-based optimal estimation (OE-IR) algorithm for retrieving ice cloud properties
is evaluated. Specifically, the implementation of the algorithm with MODerate resolution Imaging
Spectroradiometer (MODIS) observations is assessed in comparison with the operational retrieval products
from MODIS on the Aqua satellite (MYD06), Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),
and the Imaging Infrared Radiometer (IIR); the latter two instruments fly on the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) satellite in the Afternoon Constellation (A-Train) with
Aqua. The results show that OE-IR cloud optical thickness (τ) and effective radius (reff) retrievals perform
best for ice clouds having 0.5< τ< 7 and reff< 50 μm. For global ice clouds, the averaged retrieval
uncertainties of τ and reff are 19% and 33%, respectively. For optically thick ice clouds with τ larger than 10,
however, the τ and reff retrieval uncertainties can exceed 30% and 50%, respectively. For ice cloud top
height (h), the averaged global uncertainty is 0.48 km. Relatively large h uncertainty (e.g.,> 1 km) occurs for
τ< 0.5. Analysis of 1month of the OE-IR retrievals shows large τ and reff uncertainties in storm track regions
and the southern oceans where convective clouds are frequently observed, as well as in high-latitude
regions where temperature differences between the surface and cloud top are more ambiguous. Generally,
comparisons between the OE-IR and the operational products show consistent τ and h retrievals. However,
obvious differences between the OE-IR and the MODIS Collection 6 reff are found.

1. Introduction

In spite of a significant amount of effort by the atmospheric research community, an appropriate representation
of cloud properties and processes in current climatemodels remains one of the largest sources of uncertainty in
estimating the Earth-atmosphere energy budget and in predicting climate changes (Boucher et al. [2013] IPCC
report). Waliser et al. [2009] reported significant discrepancies of global averaged ice water path and corre-
sponding spatial distributions among climate models; Li et al. [2008] reported large intermodel differences of
global liquid water path. Although satellite sensors have monitored global clouds for decades, observational
constraints from current satellite-based instruments are nevertheless limited [Holl et al., 2013], in part due to
ongoing challenges in collectively using the broad suite of current satellite retrieval products [Eliasson et al.,
2011]. During the past several decades, numerous cloud retrieval algorithms have been developed and imple-
mented with observations made by various satellite instruments [e.g., Smith and Platt, 1978; Nakajima and King,
1990; Parol et al., 1991; Chepfer et al., 1998; Platnick et al., 2003;Menzel et al., 2008; Austin et al., 2009;Minnis et al.,
2011; Garnier et al., 2012, 2013; Kahn et al., 2014; Heidinger et al., 2015]. These retrieval algorithms, developed for
passive or active sensors and relying on different spectral channels, have different strengths and weaknesses in
a wide variety of atmospheric scenarios. For example, passive sensors detect solar (or thermal) radiation
reflected (emitted) by clouds. Algorithms based on solar radiation can be applied to daytime conditions only,
whereas terrestrial infrared (IR)-based algorithms are independent of solar geometry and therefore can be
applied to both daytime and nighttime. Meanwhile, due to the strong absorption by cloud particles in the IR
spectrum, it has been recognized that IR-based algorithms have substantial advantages in retrieving optically
thin cloud properties, whereas solar reflection-based algorithms are more suitable for optically thicker clouds
[Baran and Francis, 2004; Cooper and Garrett, 2010;Wang et al., 2011]. Different from passive sensors, active sen-
sors (e.g., lidar and radar) emit pulses of radiation and measure cloud reflection (or emission) signals. With an
active sensor, it is feasible to obtain vertical profiles of atmospheric columns with desirable resolutions.
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However, observations from active sensors are limited to a fixed viewing angle and are therefore collected only
along a narrow satellite track and may not have inherent radiative property information that can be attributed
directly to passive observations.

In addition to the inherent strengths and weaknesses of the different sensors mentioned above, differences
in the cloud and radiative transfer models used in retrieval algorithms also pose a challenge for combining
and comparing various satellite-based retrieval products. For both passive and active sensors, measurements
vary with cloud microphysical (e.g., cloud particle size and habit distributions) and macrophysical (e.g., cloud
water path, cloud physical thickness, and height) properties. As it is impossible to simultaneously infer all of
these cloud properties from a unique sensor, numerous assumptions have to be made in the retrieval
algorithms. However, different cloud forward model assumptions between different retrievals make it
difficult to compare retrieval products directly. Furthermore, inaccurate assumptions lead to retrieval
uncertainties and biases, which are difficult to estimate. For these reasons, extensive effort has been devoted
to understand retrieval differences among different sensors and algorithms [e.g., Zhang et al., 2009; Eliasson
et al., 2013; Lebsock and Su, 2014]. For example, Zhang et al. [2009] found substantial differences between the
MODerate resolution Imaging Spectroradiometer (MODIS) Collection 5 (C5) and the POLarizaton and
Directionality of the Earth’s Reflectances (POLDER) τ retrievals, even though both products are based on
observations in the visible, near infrared, and shortwave infrared (VNIR/SWIR) channels. One of the major
reasons is that the ice crystal habits assumed in the two retrieval algorithms are different. Wang et al.
[2011] also reported systematic ice cloud τ retrieval differences between the MODIS C5 VNIR/SWIR algorithm
and an IR-based algorithm, although the same ice crystal habits are assumed in each. Thus, retrieval differ-
ences between different algorithms can sometimes be reduced simply by improving the cloud forward
model assumptions. For example, Holz et al. [2015] found that the use of aggregates of solid hexagonal
columns [Yang et al., 2013] with severely roughened surfaces significantly decreased the discrepancy
between τ retrievals from the MODIS VNIR/SWIR algorithm and those from the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) and a MODIS IR-based algorithm for optically thin ice clouds; Cole et al.
[2013] showed that the severely roughened ice crystals provide the best agreement between simulated
and observed polarized reflectance using observations from PARASOL (Polarization and Anisotropy of
Reflectances for Atmospheric Sciences coupled with Observations from a Lidar). These findings led to the
decision to use the severely roughened column aggregate in the latest MODIS Collection 6 (C6) operational
cloud retrieval algorithm (this crystal shape is hereafter referred to as the MODIS C6 habit).

While recent advances have been made, further effort is required to improve the current cloud retrieval
algorithms with consistent and rectified models. As discussed above, agreement between cloud retrievals
from different sensors, or from techniques using different spectral information, assuming a consistent ice
crystal model can indicate the validity of the model or the robustness of a retrieval algorithm given that
ice crystal optical properties significantly vary in different spectral regions; note that in some cases, for
instance clouds having vertical ice crystal size distribution heterogeneity, retrieval disagreement may in fact
be expected and therefore can also indicate model or retrieval algorithm validity. Thus, retrieval comparisons
that yield improved models and algorithms, or that enhance our understanding of retrieval differences and
uncertainties, offer an advancement toward the ultimate goal of establishing a consistent multisensor global
cloud record. As part of this effort, we first evaluate an IR-based optimal estimation (OE-IR) ice cloud retrieval
algorithm, introduced in Part 1 of this study, that is designed for MODIS-like multispectral imagers. MODIS,
flying on the NASA Aqua and Terra satellites, has monitored global ice clouds for more than 13 years
[Barnes et al., 1998; King et al., 2013], though the τ and effective particle radius (reff) retrievals are inherently
daytime only since they rely on VNIR/SWIR reflectance measurements. Moreover, the possibility of combining
the OE-IR retrieval, which can be applied in both daytime and nighttime, with the daytime-only MODIS C6
VNIR/SWIR retrieval (MOD06 and MYD06 for Terra and Aqua MODIS, respectively; though both algorithms
are identical, only the MYD06 datafile [Platnick et al., 2015] will be referred to here as all MODIS data
are obtained from Aqua) [Platnick et al., 2003, 2013] is explored; such a combination can provide Sun-
synchronous daytime and nighttime cloud property retrievals for thin cirrus to moderately optically thick
ice clouds. The OE-IR algorithm uses the same spectral channels in both daytime and nighttime and is less
sensitive to the location of the Sun. Based on previous studies [e.g., Holz et al., 2015], we select the same
ice crystal habit model as is used in C6 MYD06 and take ice crystal habit uncertainty into account (discussed
in Part 1). Therefore, it is expected that the C6 MYD06 ice cloud products and the OE-IR retrievals are
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comparable if both VNIR/SWIR and IR signals are sufficiently sensitive to cloud properties and that cloud
spatial heterogeneity does not bias the retrievals in systematically different ways. Such combined cloud
retrievals will improve our understanding of ice cloud radiative models and help validate radiatively
important ice cloud processes in models. While the OE-IR results shown here are exclusively from MODIS,
the algorithm can be also applied to other MODIS-like instruments that have similar IR channels such as
the future GOES-R Advanced Baseline Imager (ABI) [Schmit et al., 2005], the Spinning Enhanced Visible and
Infrared Imager (SEVIRI) [Aminou, 2002] on Meteosat Second Generation satellites, and hyperspectral resolu-
tion sensors such as the Cross-track Infrared Sounder (CrIS) [Han et al., 2013] and Atmospheric Infrared
Sounder (AIRS) [Aumann et al., 2003].

This paper is organized as follows: section 2 discusses the OE-IR retrieval based on synthetic observations
simulated with radiative transfer models that are perturbed with specified uncertainties. In section 3, we eval-
uate the pixel level OE-IR retrievals for a selected case study by comparing with the C6 MYD06 products and
lidar and IR retrievals from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO).
Furthermore, global OE-IR “Level-3” monthly aggregations are produced on a 1° × 1° grid and are compared
with the MODIS products in section 4. Discussion and conclusions are given in section 5.

2. Retrieval Algorithm Evaluation

To evaluate the performance of the OE-IR algorithm, we first implement the retrievals using synthetic MODIS
observations. The simulations couple two rigorous radiative transfer models: the Line-by-Line Radiative
Transfer Model (LBLRTM) [Clough et al., 2005] and the DIScrete Ordinates Radiative Transfer algorithm
(DISORT) [Stamnes et al., 1988]. A set of ice cloud properties (τ, reff, and h) is used as the reference (listed in
Table 1); the physical thickness of the simulated ice cloud is fixed at 1 km. A standard midlatitude summer
profile [McClatchey et al., 1972] is assumed for the atmosphere, and the surface is assumed to be
Lambertian with temperature 294.2 K and emissivity 0.98. Up to 100,000 retrievals are conducted for each
combination of ice cloud properties. Specifically, the “observations” are perturbed 100,000 times by adding
independent Gaussian errors in 10 MODIS IR channels (3.8, 6.8, 7.3, 8.5, 11, 12, 13.3, 13.6, 13.9, and
14.2μm) with standard deviation 0.1 K. Ancillary parameters, such as the air and surface temperatures,
surface emissivity, and water vapor concentrations are also perturbed based on a Gaussian distribution.
Standard deviations of the model parameter errors are listed in Table 1. Uncertainties for different types of
physical variables (e.g., the air temperature and surface emissivity) are assumed to be independent, though
air temperature and water vapor concentration uncertainties on different levels are vertically correlated.
More details about the vertical correlation of the air temperature and water vapor profiles can be found in
Part 1 of this study. Figure 1 shows τ and reff retrievals and corresponding uncertainties at two different alti-
tudes. The intersection of each solid cross indicates the averaged retrieval using the 100,000 perturbed ancil-
lary parameters and observations. The solid horizontal and vertical error bars indicate standard deviations of
the 100,000 τ and reff retrievals, respectively. All four types of uncertainties (measurement uncertainty, fast
radiative transfer model uncertainty, model parameter uncertainty, and ice crystal habit uncertainty) dis-
cussed in Part 1 are included. The dashed horizontal and vertical lines indicate the locations of the reference
ice cloud properties. For a wide range of reference τ (0.3–5), no obvious retrieval bias is found for both τ and
reff. However, τ and reff retrieval biases appear when the reference τ decreases to smaller than 0.3 or increases
to greater than 5. We assume that the cloud physical thickness (1 km) is known without error. Figure 2 shows
the τ and h retrievals and corresponding uncertainties at two reference reff values; here reff is assumed to be

Table 1. Reference Ice Cloud Properties Used in the Synthetic Retrieval Analysis

Variable Names Notes

Reference ice cloud properties Cloud optical thickness 0.1, 0.3, 0.5, 0.75, 1, 1.5, 2, 3, 5, 10
Effective radius (μm) 5, 7.5, 10, 12.5, 15, 20, 25, 30, 40, 50

Cloud top height (km) 5, 7.5, 10, 12.5, 15

Model parameter (errors) Surface temperature (K) 294.2 (0.5)
Surface emissivity 0.98 (0.01)
Temperature profile Midlatitude profile (1 K)
Water vapor profile Midlatitude profile (15%)
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homogenously distributed in the vertical. For optically thin clouds (τ< 0.3), obvious biases and uncertainties
can be found for both τ and h retrievals. Both retrieval bias and uncertainty of h decrease with the increase of
τ. An interesting feature is that the OE-IR retrieval tends to underestimate (overestimate) cloud top height if
the ice cloud top is higher (lower) than 12 km (7 km). For the lower ice cloud, the h retrieval bias decreases
with the increase of τ. However, a negative bias still exists for the high ice cloud even if τ> 5. Further
investigation is required to understand this bias. Figure 3 shows the corresponding retrieval cost function of
Figure 1. The value of the cost function describes the difference between model simulations using retrieved
cloud properties and the synthetic observations (see definition in Part 1). In the present OE-IR method using
m observations, the retrieval is considered to converge to a reasonable solution if the cost function is
comparable with or smaller than m (see equation (7) in Part 1). In Figures 1–3, we find that most retrievals
have good qualities (cost function< 10) and the differences between the retrieved and reference values
are generally smaller than the corresponding 1σ error bars. However, large cost functions and/or large biases
can be found for a few cases with τ = 10. For example, the red (cost function> 20) and orange dots
(cost function> 10) in Figure 3 result from the large reff discrepancies between the retrievals and references.
Meanwhile, large reff retrieval biases are also found even if the cost function values are small (e.g., cost
function< 3), suggesting that local minimums are found during these retrievals. The sensitivity of IR
observations to reff decreases rapidly if the cloud becomes optically thicker, leading to a larger reff retrieval
uncertainty. Therefore, both the cost function and retrieval uncertainties should be considered when
determining retrieval quality.

3. Case Studies

In this section, we apply the OE-IR ice cloud retrievals to an Aqua MODIS oceanic granule from May 2012 and
compare the results for overcast ice cloud pixels with the C6 MYD06 cloud products [Platnick et al., 2015].
Partly cloudy pixels reported in the C6 MYD06 [Platnick et al., 2015] are not considered in this study.

Figure 1. Averaged ice cloud properties and corresponding uncertainties inferred from synthetic observations simulated
using reference ice cloud properties and 100,000 perturbed midlatitude summer atmospheric profiles. The different colors
indicate different reference reff values. The solid vertical and horizontal bars indicate the averaged reff andτ retrieval uncer-
tainties, respectively. The averaged retrievals are located at the intersections of the solid bars. The reference cloud properties
are located at the intersections of the dashed horizontal and vertical lines. Cloud top height of (a) 7.5 and (b) 10 km.
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Figure 3. Averaged retrieval cost function values derived from the retrievals shown in Figure 1. The location of each dot
indicates the averaged retrieved cloud properties (i.e., the intersection of the solid horizontal and vertical bars shown in
Figure 1), while the color indicates averaged cost function magnitude. Cloud top height of (a) 7.5 and (b) 10 km.

Figure 2. Same as Figure 1 but with different colors indicating different reference cloud top heights. Cloud effective radii of
(a) 15 and (b) 40 μm.
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As previously discussed, MYD06 uses VNIR/SWIR reflectances to derive τ and reff; thus, comparisons of τ
and reff are only available during the daytime (defined as solar zenith angle< 81.4° for MYD06). The C6
MYD06 reports three independent reff retrieved using a typically VNIR channel along with the 1.6 or
2.1 μm SWIR channels or a midwave infrared (MWIR) 3.7 μm channel [Platnick et al., 2015]; in this study,
only the 2.1 μm-derived reff is used for comparison as it is has been reported as the standard reff product
in previous collections. Because C6 MYD06 uses the IR-based CO2 slicing and IR window techniques for
cloud top height retrievals at 1 km resolution [Baum et al., 2012], h comparisons are available for both
daytime and nighttime. In addition to MYD06, collocated lidar and IR retrieval products from CALIPSO
are used for further evaluation. CALIOP [Winker et al., 2010], measuring the nadir-backscattered signal
at 532 and 1064 nm, is sensitive to optically thin scattering media such as cirrus and atmospheric
aerosols and therefore provides a reliable reference for the physical cirrus top height, which may be sub-
stantially higher than the radiative height from IR observations [Kahn et al., 2008; Holz et al., 2008].
However, because the lidar signal is attenuated quickly when the cloud becomes optically thick, the
CALIOP τ has an upper boundary of approximately 3. The Imaging Infrared Radiometer (IIR), which
observes a narrow swath along the CALIPSO track, has three IR window channels located at 8.7, 10.6,
and 12.1 μm, similar to MODIS channels 29, 31, and 32 (8.5, 11.0, and 12.0 μm). The IIR standard products
include cloud absorption optical thickness at 12 μm and effective particle size. A scale factor of 2.25 is
used to convert the IIR absorption optical thickness to the visible extinction optical thickness following
previous studies [Garnier et al., 2012].

Figure 4 (left) shows the true color RGB (red 640 nm, green 550 nm, and blue 465 nm) of an Aqua MODIS
daytime granule (30 May 2012, 0905UTC) over the Indian Ocean. Figure 4 (right) shows the cloud phase used
in the MYD06 cloud optical retrievals, suggesting that a large fraction of this granule is ice clouds (yellow).
Except for some optically thick ice clouds in the top left corner, most of the ice clouds appear to be cirrus
and have a fibrous appearance. Although we have used the multilayer cloud tests reported in the MYD06
data file (i.e., Cloud_Multi_Layer_Flag and Quality_Assurance_1km) to eliminate multilayer cloud cases
[Wind et al., 2010; Platnick et al., 2015], it can be expected that some liquid cloud pixels exist in the top right
and bottom left corners, and some cirrus pixels are likely multilayer scenes with underlying lower level
liquid clouds.

Figure 5 shows retrieval comparisons between C6 MYD06 and OE-IR. The red line in each panel of Figure 5
indicates the location of the CALIPSO ground track. For cloud optical thickness τ (Figure 5, left column),
the two products have similar patterns. Specifically, the two retrievals are consistent with each other for mod-
erately optically thick ice cloud (0.5< τ< 7). However, the OE-IR τ retrievals are systematically smaller than
MYD06 for optically thin cirrus with τ smaller than 0.5 (e.g., the edge of cirrus). The OE-IR retrieved τ has an
upper limit at 12, while the MYD06 τ has an upper limit at 150, thus the appearance of smaller OE-IR τ when
MYD06 τ is larger than 12. Retrieval uncertainties are shown in the third row. Measurement uncertainties in

Figure 4. (left) A RGB (red: 640 nm; green: 550 nm; blue: 465 nm) image of an Aqua/MODIS daytime granule (30 May 2012,
0905 UTC) over the Indian Ocean. (right) The correspondingMODIS Cloud_Phase_Optical_Properties data set from C6MYD06.
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Figure 5. Retrieval comparisons of (left column) τ, (middle column) reff, and (right column) h between the OE-IR (first row)
and the C6 MYD06 products (second row) for the Aqua MODIS daytime granule of Figure 4. The third and fourth rows show
the corresponding retrieval uncertainties for the OE-IR and C6 MYD06, respectively. The red line in each panel indicates the
CALIPSO ground track.
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brightness temperatures are extracted from the C6MYD021KM product, and ancillary data set uncertainties are
the same as those listed in Table 1 for oceanic cloud retrievals; for ice cloud retrievals over land, we assume a
2.0 K surface temperature uncertainty and a 0.03 surface emissivity uncertainty. The OE-IR τ retrievals have lar-
gest uncertainties for optically thick clouds (τ> 10) and moderately large uncertainties for very thin cirrus
(τ< 0.3). The smallest τ retrieval uncertainty occurs when ice cloud τ is in the range between 1 and 7.
Unlike τ, reff retrieval comparisons are complicated (middle column). The MYD06 reff values are generally
larger than the OE-IR, and the spatial patterns of the MYD06 reff are different from their OE-IR counter-
part. It is important to note that the OE-IR tends to retrieve extremely small reff if τ is large. Some large
reff values are also found in the large τ regions (e.g., reff> 50 μm), suggesting that the OE-IR reff retrievals
may not be stable if τ is too large. This feature is discussed in section 2. Since the OE-IR reff retrieval has
large uncertainty and bias when τ exceeds 10 (see Figures in section 2), we recommend that the size
retrieval should not be used in these cases. The cloud top height retrievals from the two products are
similar (right column). The OE-IR h values are slightly lower than MYD06, which may be caused by the
inclusion of MODIS water vapor channels in the OE-IR retrieval algorithm. The OE-IR h retrieval uncer-
tainty reaches a minimum when the cloud is optically thick; the retrieval becomes more uncertain when
the cloud is optically thin. The C6 MYD06 also provides uncertainties for τ and reff, which are shown in
the bottom panels of Figure 5. The VNIR/SWIR 2.1 μm based retrieval has relatively large τ uncertainties
(~30%) for clouds with τ> 20, and large reff uncertainties for clouds with τ< 1. The C6 MYD06 τ and reff
uncertainties are systematically smaller than the OE-IR. A possible reason is that the ice crystal habit
uncertainty, which is an important component of the OE-IR retrieval (see Part 1) and is expected to be
a large source of uncertainty in solar-based retrievals [e.g., Zhang et al., 2009; Baum et al., 2014;
Heidinger et al., 2015; Holz et al., 2015], is not considered in the C6 MYD06 product. In addition, a small
fraction of ice cloud pixels are over land (upper right corner of this granule). Since larger uncertainties are
given for ancillary data over land, the OE-IR retrieval uncertainties of these cloud pixels are slightly higher
than oceanic cloud pixels with similar cloud properties.

Figure 6. Retrieval comparisons of (a) τ, (b) reff, and (c) h along the CALIPSO track within the MODIS granule of Figures 4
and 5. The gray shaded areas in Figures 6a and 6b show the OE-IR τ and reff uncertainties, respectively. The light blue
and gray shaded areas in Figure 6c indicate the CALIOP detected cloud layer boundaries and the locations where cloud are
probably opaque (CALIOP τ> 2.5), respectively.
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Along-track comparisons with the CALIPSO lidar and IR products are shown in Figure 6; the different retrievals
are color coded as indicated in each plot. Only single-layered ice clouds according to the CALIPSO lidar are
used for comparison. The gray shaded areas in Figures 6a and 6b indicate corresponding uncertainties of
the OE-IR retrievals. For ice cloud τ, all four retrievals capture the variation of the ice cloud. The OE-IR, IIR,
and CALIOP τ near the equator (2°S ~ 2°N) have similar values around 0.3–0.5, which are smaller than the
MYD06 C6 τ. All τ retrievals reach their maximum near 3–6° N, where a thicker ice cloud is observed. In this
case, the IIR and CALIOP τ become saturated quickly at roughly 5 and 3, respectively. However, the MYD06
and OE-IR τ increase up to more than 10. Figure 6b shows comparisons of the reff retrievals. The largest dis-
crepancy among the MYD06, IIR, and OE-IR occurs when the cloud is optically thick. Specifically, the OE-IR
retrieved reff values reach the lower limit defined in the retrieval algorithm (5μm), which are expected to have
the largest biases and should not be used. However, the C6 MYD06, IIR, and OE-IR reff retrievals are compar-
able if τ is smaller than 7. The cloud top height comparison is shown in Figure 6c. Also included are the
CALIOP ice cloud bottom boundaries, though it is important to emphasize that the CALIOP-detected lower
boundary may be higher than the real ice cloud bottom if the lidar signal attenuates and cannot penetrate
the whole cloud layer. Both the MYD06 and OE-IR retrieved h are located within the CALIOP ice cloud bound-
aries. Meanwhile, the OE-IR-retrieved h is closer to the CALIOP cloud top for optically thin cirrus and tends to
the limit of CALIOP penetration depth within the (τ ≈ 3) cloud bottom for optically thick clouds. In this study, a
fixed cloud physical thickness (1 km) is used in the OE-IR algorithm regardless of how optically thick the cloud
is. Therefore, the retrieved h, which is an effective radiative cloud top height, is expected to be lower than the
actual radiative cloud top height if the cloud is physically thicker than 1 km.

4. Comparing Global Monthly Statistics

We apply an aggregation strategy to generate daily (not shown) andmonthly Level-3 retrieval products using
the OE-IR pixel level (Level 2) retrievals for May 2012 and compare with a similar aggregation of the C6
MYD06 products; note that the global monthly MYD06 aggregation is not the operational archived global
gridded product (MYD08) but is produced by the same algorithm used for the OE-IR aggregation. Only deep

Figure 7. (a, b) Number of ice cloud pixels and (c, d) corresponding ice cloud fractions, sampled during the daytime
(Figures 7a and 7c) and nighttime (Figures 7b and 7d) for May 2012. The change of cloud properties could be real or be
caused by the different cloud phase products used in the daytime and nighttime.
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Figure 8. (a and b) Successful retrieval τ and reff rates of the C6 MYD06 and the OE-IR algorithms for May 2012 daytime ice
clouds; (c) successful retrieval τ and reff rate of the OE-IR algorithm for nighttime ice clouds; and (d) fraction ice cloud pixels
with comparable τ and reff retrieval subset. Definitions of successful and comparable retrievals are given in Table 2.
Numbers shown in the parentheses are retrieval rates (fractions) for global ice clouds.

Figure 9. Comparisons of monthly daytime τ retrievals between the C6 MYD06 and OE-IR. (a, b) Successful τ retrievals; (c, d)
comparable τ retrievals (see text for definition).
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ocean pixels without sea ice (Land/Sea Mask = 7 in the MYD03 geolocation product and Snow/Ice Mask = 1 in
MODIS cloud mask product) are used in the present aggregations for better comparison. High-latitude
regions (80 ~ 90°N/S) are not included in order to avoid relatively large uncertainties of the VNIR/SWIR- and
MWIR-based retrieval products. Ice cloud pixels are determined using the two cloud phase products available
in C6 MYD06. The first product, reported in Cloud_Phase_Optical_Properties and denoted here as f1, is the
daytime-only phase used in the MYD06 cloud optical retrievals, which for C6 is derived from thresholds on
cloud top temperature and spectral reff, as well as a 1.38μm reflectance test [Marchant et al., 2015]. The
second product, reported in Cloud_Phase_Infrared_1km and denoted here as f2, is a daytime and nighttime
product derived from three IR window channel pairs, namely, 7.3 and 11μm, 8.5 and 11.0μm, and 11.0 and
12.0μm [Baum et al., 2012]. Here ice phase pixels during daytime (i.e., solar zenith angle< 81.4°) are
determined for OE-IR retrievals (and MYD06) by f1; for nighttime pixels, cloud phase is determined only by
f2. Instead of using all available 1 kmpixels for the aggregation, we sample every fifth pixel, which is
consistent with the MYD08 sampling strategy and greatly increases computational speed without affecting
the monthly gridded statistics [Oreopoulos, 2005]. The sampled 1 kmpixels are aggregated globally on a
1° × 1° grid. In order to avoid artificial differences between the daytime and nighttime retrievals, all OE-IR
retrievals exclude the MODIS 3.8μm channel.

Figures 7a and 7b show the spatial distributions of the sampled single-layer ice cloud pixels during the daytime
and nighttime, respectively, for May 2012. Daytime pixels are those having solar zenith angle (SZA) smaller than
81.4°. Figures 7c and 7d show the daytime and nighttime single-layer ice cloud fractions according to the two
cloud phase products mentioned above. The white spots in Figure 7 (and also in Figures 8–12) indicate that
there is no available data in those regions. Figure 8a shows the daytime MODIS τ and reff retrieval rate, defined
as the ratio of the number of single-layer ice cloud pixels with successful MYD06 τ and reff retrievals to the total
number of selected single-layer ice cloud pixels. Since C6 MYD06 always reports h if a pixel is defined as cloud,
the h retrieval rates for C6 MYD06 are 100% for both daytime and nighttime (see Table 2). Figures 8b and 8c
show the OE-IR retrieval rates during the daytime and nighttime, respectively. The OE-IR retrieval rate is the ratio
of the number of single-layer ice cloud pixels for which the OE-IR successfully retrieves all three ice cloud
properties (τ, reff, and h) to the total number of single-layer ice cloud pixels. For the OE-IR algorithm, a successful

Figure 10. Comparisons of monthly daytime reff retrievals between the C6MYD06 and OE-IR. (a, b) Successful reff retrievals;
(c, d) comparable reff retrievals.
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retrieval indicates that the retrieved cost function is smaller than 20 (see Table 2). For the month shown here,
84.8% of the total ice cloud pixels during the daytime have successful MYD06 τ and reff retrievals, which is larger
than the daytime OE-IR rate of 71.6%. From Figure 8a, it is evident that the MYD06 retrieval rate decreases in
regions where ice clouds have quite low fractions, in particular off the west coast of the North and South
America, and southern Africa. Figures 9a and 9b show that ice clouds are optically thin in these regions, suggest-
ing that the VNIR/SWIR retrieval is more likely to be influenced by the surface reflection and lower level clouds
and aerosols, which are frequently observed in these regions. The MYD06 retrieval rate also decreases in high-
latitude regions because the τ� reff pairsmore frequently lie outside of the precomputed lookup table (LUT) solu-
tion space when clouds are optically thin (e.g., near ice cloud edges) and the SZAs are large (the plane-parallel
approximation is no longer appropriate [Varnai and Davies, 1999]). Meanwhile, the accuracy of the cloud phase
determination algorithms near the polar region may also decrease due to the low surface-cloud temperature
contrast and the decreased phase sensitivity of the spectral reff tests. The retrieval rate of the daytime OE-IR algo-
rithm is higher than that of C6MYD06 in these special regions since the IR signal is less sensitive to the location of
the cloud and the solar geometry. However, the overall OE-IR retrieval rate (71%) is lower than C6MYD06 because
of large retrieval cost functions. Large cost functions occur for multiple reasons, such as the breakdown of the
plane-parallel and single-layer cloud approximation, mixed phase clouds, and large cloud optical thicknesses.

Figure 11. Comparisons of monthly h retrievals between the C6 MYD06 and OE-IR. (a, b) Comparable daytime h retrievals;
(c, d) comparable nighttime h retrievals.

Figure 12. Monthly OE-IR retrieval uncertainties for (a) τ, (b) reff, and (c) h derived from successful OE-IR retrievals.
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For these cases, the OE-IR retrievals
may have large uncertainties/biases
from the cloud, surface, and other
atmospheric components.

To facilitate a more appropriate
retrieval comparison, constraints are
applied to both the OE-IR and C6
MYD06 retrievals. Because investigat-
ing the possibility of combining the
VNIR/SWIR and OE-IR retrievals is
an important objective of this work,
it is important to limit the retrieval
comparison to portions of the τ and
reff solution space in which both the
OE-IR and C6 MYD06 algorithms have

sufficient sensitivity. We therefore consider an ice cloud pixel appropriate for OE-MODIS τ and reff comparison
if (1) both the C6MYD06 and OE-IR retrievals are successful and (2) the OE-IR and C6MYD06 τ are both smaller
than 10. These constraints, and the global retrieval rates for the comparable pixel subset, are summarized in
Table 2. The gridded fractions of daytime ice cloud pixels for which the OE-IR and C6 MYD06 have
comparable τ and reff retrievals are shown in Figure 8d. Less than half (45.0%) of the daytime ice cloud pixels
are suitable for OE-IR/MYD06 τ and reff comparison. For cloud top height, comparable retrievals are defined as
those for which both OE-IR and C6 MYD06 have successful h retrievals. Since the C6 MYD06 has 100%
retrieval rate of h, the fraction of comparable h retrieval is identical with the OE-IR retrieval rate as shown
in Figures 8b and 8bc. The C6 MYD06 and OE-IR have the same retrieval populations if the comparable
retrieval constraint is applied.

Figures 9a and 9b show the monthly daytime ice cloud τ from C6 MYD06 and the OE-IR. Similar to the granule
comparisons discussed in section 3, the monthly ice cloud τ distribution patterns from the two products are
highly consistent. The largest discrepancy between the two occurs for optically thick cloud regions where the
mean τ of C6 MYD06 is larger than 10, while the OE-IR τ is approximately 5. It is important to emphasize again
that the two products are averaged here over different ice cloud populations. Optically thick ice clouds are
included in themean τ of C6MYD06monthly retrievals, while the OE-IRmethod removes some of these samples
with large cost functions (larger than 20) for better quality. Figures 9c and 9d show themonthlymean τ of the C6
MYD06 andOE-IR for the comparable retrieval subset described above. Obviously, the discrepancies observed in
Figures 9a and 9b significantly decrease since optically thick clouds are removed from both products. Similar
comparisons of reff between the two retrievals are shown in Figure 10. In contrast to the τ comparison, there
is no obvious correlation between the two products. Furthermore, the C6 MYD06 reff are systematically larger
than those of OE-IR. The OE-IR reff values are around 20μm, while the C6MYD06 reff values are generally located
between 30 and 40μm. Further discussion about reff comparison is given at the end of this section. Figure 11
shows h comparisons for the comparable retrieval subset. The two retrievals are consistent with each other.
During the daytime (Figures 11a and 11b), the C6MYD06 h is slightly higher thanOE-IR in the tropics and is lower
than OE-IR in high-latitude regions. As discussed before, the OE-IR retrieval includes two water vapor channels
(6.7 and 7.3μm) in addition to the channels used in the C6 MYD06 algorithm. During the nighttime, the C6
MYD06 h decreases by 1–2 km in the tropics, possibly due to less deep convective clouds. However, very low
ice cloud top heights (e.g., lower than 2 km) are found in the stratocumulus region off thewest coast of southern
Africa. It is quite possible that the C6 MYD06 IR phase algorithm incorrectly classifies lower level water or mixed
phase clouds as ice clouds, whereas the daytime cloud optical retrieval phase performs better with the
additional information content provided by SWIR observations.

Figure 12 shows the OE-IR retrieval uncertainties. On average, the OE-IR uncertainties in τ, reff, and h are 19%,
33%, and 0.48 km, respectively. The spatial distributions of τ and reff uncertainties are similar. Specifically,
three large τ and reff retrieval uncertainty regions are found: (1) the storm track region and the southern
oceans where convective clouds with large ice cloud optical thicknesses are frequently observed, (2) high-
latitude regions where the contrast between the surface and cloud top temperatures is small, and (3) off

Table 2. Retrieval Rates of the OE-IR and the C6 MYD06 Algorithmsa

Successful Retrievalb Comparable Retrievalc

Retrieval Product τ and reff h τ and reff h

OE-IR Day 71.6% 71.6% 45.0% 71.6%
Night 70.8% 70.8% - 70.8%
Total 71.1% 71.1% 15.8% 71.1%

C6 MYD06 Day 84.8% 100.0% 45.0% 71.6%
Night - 100.0% - 70.8%
Total 29.8% 100.0% 15.8% 71.1%

aPartly cloudy and multilayered cloudy pixels are not considered.
bSuccessful retrieval: OE-IR: Retrieval cost function< 20. C6 MYD06:

Simultaneously retrieves τ and reff (or h).cComparable retrieval: for τ and reff: Both OE-IR and C6 MYD06 suc-
cessfully retrieve τ and reff, and retrieved τ < 10; for h: both C6 MYD06
and OE-IR successfully retrieve h.
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the west coast of South America and Africa where only a few samples are collected and retrievals may be
influenced by the persistently present marine boundary layer stratocumulus [Baum et al., 2012; King et al.,
2013]. Large h uncertainty regions coincide with small τ regions. In large τ regions, the cloud top temperature
is closer to the brightness temperatures in the MODIS IR window bands.

Figure 13 shows zonal mean comparisons between the C6 MYD06 and OE-IR. As expected, the MYD06 τ is
approximately 3–5 times larger than the OE-IR if only independently successful retrieval filtering is used
(see the red and black dashed curves in Figure 13a). However, for the comparable retrieval population, the
two products are much closer to each other (solid curves in Figure 13a). From the OE-IR retrieval, the
averaged daytime ice cloud τ is slightly larger than the nighttime, in particular in the tropics (see the black
dashed and dotted curves in Figure 13). This day-night τ difference exists even when using the same cloud
phase product, i.e., Cloud_Phase_Infrared_1km, to determine the ice cloud pixel population during both
the daytime and nighttime (the result is not shown here). Comparisons of reff products are given in
Figure 13b. It shows that the C6 MYD06 reff is systematically larger than the OE-IR retrievals. By applying
the comparable retrieval filtering, the OE-IR reff increases slightly, and the variation pattern becomes similar
to the C6 MYD06, especially in the Southern Hemisphere. It is also found that, on average, the OE-IR daytime
reff is approximately 1–2μm larger than the nighttime reff. Cloud top height comparisons are shown in
Figure 13c. The curves of comparable retrievals for both C6 MYD06 and OE-IR are not shown here since they
are identical to the successful retrieval curves. The averaged h difference between the two products is less
than 1 km during the daytime, and the C6 MYD06 h is slightly larger than the OE-IR. During the nighttime,

Figure 13. Comparisons of zonal mean ice cloud properties from the OE-IR (black) and C6 MYD06 (red). Solid curves indicate
retrievals for comparable pixel populations (see text for details). Dashed and dotted curves indicate successful retrievals
(without concern about matching pixel populations) during the daytime and nighttime, respectively. Gray and yellow shadows
indicate averaged retrieval uncertainties of the OE-IR and C6 MYD06 comparable retrievals, respectively. (c) For cloud top
height retrieval, solid curve is not shown because comparable h retrievals are almost identical with successful h retrievals.
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both the C6 MYD06 and OE-IR have lower cloud top height retrievals. It is found that the C6 MYD06 nighttime
h is 1 or 2 km lower than the OE-IR in high-latitude regions (e.g., 60–80°N/S). The OE-IR and C6MYD06 retrieval
uncertainties for comparable retrievals are also shown in Figure 13 (gray and yellow shadows).

Figure 14 shows pixel level comparisons between the C6 MYD06 and OE-IR using the 1month compar-
able retrieval subset. For τ and h retrievals, the C6 MYD06 is highly correlated with OE-IR (correlation
coefficients are 0.81 and 0.77, respectively), and the highest density regions (red) lie on the 1-to-1 lines.
About 18% of the C6 MYD06 h retrievals are lower than 4 km and are systematically lower than the OE-IR h.
From Figure 11, it is evident that these low-level clouds frequently occur in high-latitude regions. The
large h discrepancies are possibly due to the presence of sea ice that is not identified by the
Snow/Ice Mask (from the C6 MYD06 Cloud_Mask_1km data set). Figure 15 evaluates the OE-IR and C6
MYD06 h retrievals using CALIOP in high-latitude regions (latitude> 60°N/S). To supplement the
Snow/Ice Mask, the daily Near-Real-Time Ice and Snow Extent (NISE) 25 km product [Nolin et al., 1998]
of the National Snow and Ice Data Center (NSIDC) is used to further screen for ice-covered surfaces.

Figure 14. (left column) Scatterplots of the pixel level comparisons between the C6 MYD06 and OE-IR comparable
retrievals. (right column) The probability density functions of the C6 MYD06 and OE-IR retrieved cloud properties.
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Comparisons without using the NISE sea ice coverage filter are shown in Figure 15a and 15b. It is inter-
esting to find that, without the NISE sea ice coverage filter, a fraction of OE-IR (or C6 MYD06) retrievals
has higher (or lower) h than CALIOP. The OE-IR always uses nine MODIS IR bands (bands 27–36, except
band 30), but the C6 MYD06 uses only the 11 μm band to derive h for clouds with cloud top pressure
greater than 600 hPa or when the CO2-slicing algorithm is unable to produce reasonable retrievals
[Baum et al., 2012]. This implies that the use of different channels may bias the two retrievals in different
directions. Comparisons with the NISE sea ice coverage filter (i.e., pixels with ice coverage< 20%) are
shown in Figures 15c and 15d. The biased retrievals from both OE-IR and C6 MYD06 are generally
removed, suggesting that the large h biases may be caused by the presence of underlying sea ice.

For the cloud reff comparison shown in Figure 14 (middle row), the correlation coefficient (0.18) of the C6
MYD06 and OE-IR reff products is small. The C6 MYD06 reff has a Gaussian-like distribution with a mode at
32μm and a wider standard deviation of approximately 10μm. The OE-IR reff distribution, however, has
two modes at 7 and 19μm. It is possible that the mode at small reff is caused by the limitation of the OE-IR
retrieval that reff becomes unstable if τ is large. Figure 14b shows that the 7μm mode disappears if cloud
pixels with C6 MYD06 and OE-IR retrieved τ< 7 are used for comparison. Ultimately, it is difficult to explain
the reff differences between the two retrievals. It should be noted that Heidinger et al. [2015] derived an
empirical ice crystal model from MODIS IR observations, defined at pixel level as the ice crystal habit that
provides the best spectral consistency between reff retrieved from 11–12μm and 11–8.5μm β ratios, that
reduces the reff inconsistency between the IR and VNIR/SWIR/MWIR methods. Another possible reason is that

Figure 15. Scatterplots of the pixel level comparisons (a, c) between the OE-IR h and CALIOP h and (b, d) between the C6
MYD06 h and CALIOP h for comparable retrievals along the CALIPSO track. Figures 15a and 15b show comparisons without
applying the Near-Real-Time Ice and Snow Extent (NISE) ice coverage filter; Figures 15c and 15d show comparisons with the
NISE ice coverage < 20% filter.
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the C6 MYD06 cloud particle size information shown here is inferred from the 2.1μm reflectance, which may
contain signal reflected by lower parts of a cloud [Zhang et al., 2009]. The IR signal, on the other hand, may
only include emission from the uppermost part of the cloud. Therefore, a large reff difference could be found
if the ice cloud is vertically inhomogeneous [Zhang et al., 2010]. Zhang et al. [2010] also showed that the dif-
ference varies with ice cloud optical thickness and vertical distributions of cloud particle size. Meanwhile,
multilayered clouds and cloud 3-D effects can also introduce large uncertainties. Further investigation is
required to understand the large reff retrieval differences.

5. Summary and Conclusion

The MODIS imagers onboard the Terra and Aqua satellites, with moderate spatial resolution and wide
spectral coverage, have collectively monitored global ice clouds for more than 13 years. However, the
operational cloud optical and microphysical property retrievals from MODIS (MYD06 for Aqua MODIS) are
only available during the daytime since the retrieval algorithm is based on VNIR/SWIR/MWIR observations.
Such approaches that rely on solar window channels are known to have decreased sensitivity to optically thin
clouds, and the retrievals of these clouds can have large uncertainties. In order to supplement the current
MYD06 cloud optical andmicrophysical property retrievals of optically thin ice clouds, and to help fill the data
gap during nighttime, we have developed an infrared optimal estimation (OE-IR)-based ice cloud retrieval
algorithm (Part 1) and conducted comprehensive comparisons here between the OE-IR and Collection 6
(C6) MYD06 retrievals. The OE-IR algorithm provides quantitative pixel level retrieval error estimation
including contributions from measurement uncertainty, forward model uncertainty, atmospheric profile
parameter uncertainty, and preassumed ice crystal habit uncertainty. With the exception of the last error
source, a similar uncertainty analysis is given in C6 MYD06 product.

Different from the C6 MYD06 algorithm, the OE-IR retrieval uses infrared observations in multiple spectral
channels from 6.7 to 15μm to simultaneously infer ice cloud optical thickness (τ), effective radius (reff), and
cloud top height (h). The inherent advantage of the OE-IR retrieval is that it is independent of solar geometry
and less dependent on satellite viewing angles. Using forward model simulations, it is shown that the OE-IR
retrieval performs best when ice cloud τ is between 0.5 and 7. We compare the two retrievals using both case
studies and monthly statistics (May 2012). It is found that the OE-IR retrieved τ values are closer to the lidar in
optically thin ice cloud regions (e.g., τ< 1), compared with the MYD06 retrieval that has a high failure rate in
regions where clouds are optically thin. For moderately optically thick ice clouds (e.g., 1< τ< 7), the MYD06
retrieved τ are highly consistent with the OE-IR, while MYD06 τ becomes systematically larger than OE-IR for
optically thick clouds (τ> 7). Generally, the OE-IR and MYD06 retrievals are comparable and consistent, in
particular for τ and h. Relatively large h differences occur in high-latitude regions, due in part to sea ice
contamination. The correlation coefficient of τ and h from the two retrievals is 0.81 and 0.77, respectively,
when τ< 10. For reff, while a weak positive correlation coefficient (0.18) is found between the two retrievals,
large differences are observed. This large reff retrieval discrepancy may be caused by ice cloud vertical or
horizontal inhomogeneity, multilayer clouds, or cloud 3-D effects [Iwabuchi and Hayasaka, 2002; Marshak
et al., 2006; Fauchez et al., 2014, 2015; Cornet et al., 2005], all of whichmay reduce retrieval accuracy since both
retrievals assume simplified one-dimensional single-layer ice clouds. Further investigation is needed to fully
understand the differences between the IR and VNIR/SWIR reff retrievals and to improve retrieval algorithms
in the future.

While the OE-IR retrieval results shown here are only from Aqua MODIS, the algorithm can be applied to any
sensor having the necessary IR channels, including narrow-band geosynchronous imagers such as ABI and
SEVIRI, as well as hyperspectral polar orbiting sensors such as CrIS, IASI (Infrared Atmospheric Sounding
Interferometer) [Blumstein et al., 2004], and AIRS. Consistent daytime and nighttime retrievals allow for
samples of the diurnal cycle of global ice clouds. As the MODIS IR observations are sensitive to the optical
properties of thin cirrus, the present OE-IR-based τ and h products are complementary to the widely used
VNIR/SWIR/MWIR τ and CO2 slicing h retrieval algorithms. Furthermore, improving the radiative transfer
and ice crystal habit models may reduce the large reff discrepancies between the C6 MYD06 and OE-IR
products. By combining the OE-IR and VNIR/SWIR retrievals, a more complete ice cloud property retrieval
product can be created, providing better observations for understanding cloud properties and constraining
dynamical models.
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