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Abstract Spaceborne passive instruments are widely used to infer long-term ice cloud properties due to
their large temporal and spatial coverage. Although observations from active instruments demonstrate ice
particle variability in the vertical dimension, a pragmatic assumption made in passive cloud retrieval
algorithms is that the observed scene consists of a plane-parallel cloud. In this study, a theoretical
exploration on how ice cloud vertical heterogeneity (ICVH) influences passive retrievals (i.e., cloud optical
thickness, cloud effective radius, and ice water path, IWP) is implemented at the pixel scale. Specifically,
with an established ice cloud profile database inferred from 1-year Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation/CloudSat, we quantitatively estimate ICVH-induced biases on monthly
averaged cloud macrophysical and radiative properties. Results show an average underestimation (—35%) of
Moderate Resolution Imaging Spectroradiometer (MODIS) monthly IWP due to the ICVH for global ice
clouds over ocean. The ICVH impacts are enhanced at large IWPs (e.g., > 500 g/m?) and solar zenith angles,
resulting in a profound underestimation of MODIS IWP (up to —50%) in deep convective regions and middle
to high-latitude regions in the winter hemisphere. The global-averaged ice cloudy-sky reflected solar
radiation and outgoing longwave radiation derived from MODIS retrievals are slightly overestimated,
suggesting that the ICVH has little impact on cloud radiative properties. Relatively large reflected solar
radiation (0.3 W/m?) and outgoing longwave radiation (0.1 W/m?) flux differences occur at high and low
IWPs, respectively. The largest total flux difference (~2 W/m?), mainly contributed by shortwave part, is
associated with deep convection where the typical IWP is greater than 2,000 g/m>.

1. Introduction

Ice clouds have long been viewed as one of the most important components of the climate system because of
their substantial impacts on the Earth's radiation balance (Stephens et al., 2012; Trenberth et al., 2009) and
global hydrologic cycle (Chahine, 1992; Miilmenstédt et al., 2015; Stubenrauch et al., 2013). Tremendous
efforts have been made to reproduce ice cloud processes in models; however, the representation of ice cloud
microphysical and macrophysical properties in current climate models remains one of the largest sources of
uncertainty in predicting climate variability and changes (Boucher et al., 2013; Houghton et al., 2001;
Randall et al., 2007; Su et al., 2013). Previous studies have shown that the globally averaged annual mean
ice water path (IWP) from the models differ by more than 1 order of magnitude (Eliasson et al., 2011;
Jiang et al., 2012; Taylor et al., 2012; Waliser et al., 2009), which is much larger than other modeled atmo-
spheric variables. Meanwhile, parallel efforts focused on cloud in situ measurements and remote sensing
techniques have been undertaken to understand cloud optical and microphysical properties
(Baumgardner et al., 2017; Deng et al., 2015; Ferraro et al., 2005; Platnick et al., 2017; Rossow & Schiffer,
1999), to improve cloud parameterization schemes in models (Fu & Liou, 1993; Morrison & Mibrandt,
2015), and to provide observational constraints on model evaluations (Stubenrauch et al., 2013; Su et al.,
2013; Vogelmann & Ackerman, 1995). Among a large variety of observations, satellite-based products pro-
vide the most continuous and comprehensive records for global ice clouds. However, comparison of ice
cloud properties from different satellite instruments suggests a considerable diversity (Duncan &
Eriksson, 2018; Eliasson et al., 2011; Eriksson et al., 2008; Horvath & Davies, 2007; Stubenrauch et al.,
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2013; Wu et al., 2009), though typically not as large in magnitude as intermodel differences (e.g., Waliser
et al., 2009), making it more difficult to evaluate climate models (Waliser et al., 2007). Understanding and
decreasing interobservation diversity is therefore a critical component for reducing uncertainties in
climate prediction.

Observational discrepancies of ice clouds among various satellite instruments can be largely attributed to
information content differences among different instruments (Stephens & Kummerow, 2007; Wu et al.,
2009), oversimplified ice particle microphysical models (Yang et al., 2013) and forward radiative transfer
models (Fauchez et al., 2015, 2018). Actually, ice cloud properties retrieved from individual instruments suf-
fer from inevitable limitations that are determined by instrument types (e.g., passive or active sensors) and
selected spectral channels. For example, a typical active spaceborne lidar has an upper limit of ice cloud
visible optical thickness ~3 before signals at 532 nm from underlying cloud layers are completely attenuated.
Passive shortwave (SW) and microwave instruments, however, can detect radiation from optically deeper
cloud layers. For example, the current version (C6.1) of MODIS has an upper limit of TWP around
5.5 kg/m?, and microwave instruments (at 157 and 183 GHz) have higher limits up to 10 kg/m? (Gong &
Wu, 2014; Holl et al., 2014). A joint retrieval algorithm that utilizes channels from different instruments is
an effective approach to overcome the limited information content of an individual instrument (Holl et al.,
2014; Sourdeval et al., 2013). Cloud retrieval error sources also include forward model assumptions. For
example, a common assumption made in prevailing passive cloud remote sensing techniques is the Plane-
Paralle] Homogeneous (PPH) approximation (Chang et al., 2017; Garnier et al., 2012, 2013; Heidinger et al.,
2014; Platnick et al., 2017; Wang et al., 2011; Wang, Platnick, Zhang, Meyer, & Yang, 2016; Wang, Platnick,
Zhang, Meyer, Wind, et al., 2016), which assumes that clouds are horizontally and vertically homogeneous.
A less restrictive Independent Pixel Approximation (IPA) can capture cloud particle variations in the vertical
direction. The IPA assumption prohibits radiation transfer from one column (pixel) to contiguous columns
(pixels), allowing the use of a 1D radiative transfer model in the cloud retrieval algorithm. Studies showing
that pixel-level cloud retrievals may be biased using the PPH and/or IPA assumptions have been reported
for liquid water clouds (e.g., Marshak et al., 2006; Platnick, 2000; Varnai & Davies, 1999; Zhang et al., 2012,
2016) and for ice clouds (Fauchez, Davis, et al., 2017; Fauchez, Platnick, et al., 2017). These pixel-level
retrieval biases may impact studies relying on satellite climate records (e.g., Level-3 aggregated cloud
products). Numerous works have quantitatively estimated the impacts from various cloud heterogeneities,
namely, vertical heterogeneity (Platnick, 2000; van Diedenhoven et al., 2016; Zhang et al., 2012), horizontal
and subpixel heterogeneity (Fauchez et al., 2015; Kahn et al., 2015; Zhang et al., 2016), and more general cloud
3D effects (Di Girolamo et al., 2010; Iwabuchi & Hayasaka, 2002; Marshak et al., 2006; Yang & Di Girolamo,
2008) on pixel-level retrievals. Although a few studies showed that how pixel-level biases from liquid water
cloud retrievals impact higher-level products (Grosvenor & Wood, 2014; Horvath et al., 2014; Liang et al.,
2015), very little is known about impacts on global ice clouds. The primary objective of this study is to fill
the knowledge gap between biases on the pixel-level and higher-level ice cloud products.

Operational retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS, Platnick et al.,
2017) are utilized in the present investigation. MODIS is an imager with which visible near-infrared
(VNIR) and shortwave infrared (SWIR)/midwave infrared reflectances are used to infer daytime cloud prop-
erties (e.g., Nakajima & King, 1990; Twomey & Cocks, 1989). For practical reasons, the VNIR/SWIR method
based on the PPH assumption has been widely applied to a large number of satellite-based (Buriez et al.,
2005; Minnis et al., 2011; Roebeling et al., 2006; Rossow & Schiffer, 1999) and airborne imagers (Meyer
et al., 2016). Meanwhile, the MODIS Level-3 products (King et al., 2013; Platnick et al., 2017) are
frequently used in model evaluations (Otkin & Greenwald, 2008), improving model microphysics schemes
(Barahona et al., 2014), and other climate-related studies (Zhou et al., 2013). This study focuses on how
pixel-level retrieval biases from MODIS-like passive satellite imagers due to ice cloud vertical heterogeneity
(ICVH) effects impact the Level-3 products. MODIS ice cloud optical thickness (COT), IWP, and calculations
of broadband reflected shortwave radiation (RSR) and outgoing longwave radiation (OLR) at the top of the
atmosphere (TOA) are used as vertically integrated proxies to estimate the effects quantitatively. Only the
ICVH is investigated in this study for two reasons. First, cloud horizontal heterogeneity effects on scales
larger than a pixel can be well represented in Level-3 products by introducing joint histograms of retrieval
variables rather than only providing basic statistics such as their averages and standard deviations. Indeed,
joint histograms of COT and cloud effective radius (CER), and COT and cloud-top pressure are explicitly
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provided in the MODIS 8-day and monthly 1 x 1° products (Hubanks et al., 2016). Second, biases associated
with cloud 3D effects are mainly dependent on incident-viewing geometries. For example, the sign of retrie-
val bias due to cloud-side illumination changes when the incident-viewing geometry varies from forward
scattering (scattering angle toward 0°) to backward scattering (scattering angle toward 180°). It is therefore
expected that the biases will average out to some extent when a large pixel sample size is used.

The present study first introduces pixel-level ICVH biases in terms of different ice cloud properties due to the
PPH approximation with a theoretical experiment, which is discussed in section 2. This study then shows
how the pixel-level ICVH effects propagate to Level-3 statistics by using cloud retrievals from Collection 6
(C6) Aqua-MODIS, Cloud Profiling Radar on board CloudSat (Stephens et al., 2002), and Cloud-Aerosol
Lidar with Orthogonal Polarization on board Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO, Winker et al., 2013). More details about the method, data, and results are shown in
section 3. Discussion and conclusions are given in sections 4 and 5.

2. Theoretical Analysis

Impacts from the cloud vertical heterogeneity on passive satellite remote sensing have been well studied dur-
ing the past several decades for liquid water clouds (e.g., Chen et al., 2007; Miller et al., 2016; Platnick &
Valero, 1995; Platnick, 2000; Zhang, Platnick, et al., 2010; Zhang, Wang, et al., 2010) and for ice clouds
(e.g., van Diedenhoven et al., 2016). Therefore, a similar theoretical experiment is introduced here to under-
stand how MODIS-like passive ice cloud retrievals are biased with different degrees of the ICVH.

The MODIS C6 (Platnick et al., 2017) ice COT (scaled to the 0.64-um channel) and CER are simultaneously
retrieved using reflectance from a weak absorbing VNIR channel, which is mostly determined by COT, and
reflectance from an absorbing SWIR channel (e.g., 2.1 um for MODIS and 2.25 um for Visible Infrared
Imaging Radiometer Suite, Wang et al., 2018), which generally is a function of both COT and CER. For
ice clouds over open ocean (without sea ice), the MODIS C6 product provides three separate COT and
CER retrievals using the channel pairs 0.86 and 2.1 um, 0.86 and 1.6 pum, and 0.86 and 3.7 um. The
MODIS 3.7-um reflectances are used after removing thermal emission. A cloud macrophysical variable
IWP is defined as the vertical integral of ice mass per unit area,

Cloud—top (Fmax

IWP = picejCloud—base V(r7 Z)N(l", Z)drdZ7 @

F'min
where pic. is the density of ice crystals, V(r, z) and N(r, z) are the total volume of ice mass (e.g., no bubble
and/or hollow cavity) and number density of ice particles with radius r at height z, respectively. IWP can
be expressed as a function of ice COT and CER under the PPH assumption,

IWP = yx0;.c XCOTXCER. )

The parameter y is determined by the vertical profiles of ice particle size distribution (Miller et al., 2016;
Seethala & Horvath, 2010; Wood & Hartmann, 2006). For vertically homogeneous ice cloud, in which
CER is a constant, y is close to 0.67. MODIS also explicitly provides three IWPs using successful (e.g., a valid
COT/CER pair can be found in the solution space) COT and CER retrievals from the three channel pair com-
binations by following equation (2).

In this section, we conduct MODIS-like retrievals for vertically heterogeneous ice clouds using synthetic
reflectances at 0.86, 1.6, 2.1, and 3.7 um that are calculated with the Discrete Ordinates Radiative Transfer
(DISORT) code (Stamnes et al., 1988). Each simulated ice cloud is divided into 11 sublayers to capture
CER vertical variations and coupled with 11 idealized CER profiles. Examples of model simulated ice cloud
Nakajima-King lookup tables, and SW albedo and OLR spectra at the TOA for different CER profiles are
shown in the supporting information (Figures S1 and S2). Consistent with MODIS C6 ice radiative model
assumptions (Platnick et al., 2017; Yang et al., 2013), ice particles are assumed to be column aggregates with
severely roughened surfaces and satisfy a gamma distribution with an effective variance of 0.1. An optimal
estimation-based retrieval method (Rodgers, 2000) is used to infer COT, CER, and the derived IWP using the
PPH assumption. Only column integrated scalars COT and IWP are selected in comparison between the
MODIS-like retrievals and the truth because there is no single definition of a scalar CER for a vertically
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heterogeneous cloud. The 11 idealized CER profiles, as shown in Figure 1,

—— specify profiles that vary linearly with in-cloud optical depth (ICOD). A

Normalized ICOD

Cloud Bottom

CER profile is labeled with I1-I5, D1-D5, or HH if CER increases,
decreases, or remains constant with height (or opposite for ICOD), respec-
tively. A larger (smaller) number associated with a profile label indicates a
larger (smaller) CER variation with ICOD. Although profiles D1-D5 are
more realistic according to CALIPSO/CloudSat observations (see
section 3), investigations of profiles 11-I5 are included in the theoretical
analysis for a complete understanding of ICVH effect. A reference (or col-
umn averaged) CER is defined for vertically heterogeneous ice cloud as

>!! CER,COT; IWP

CER = x ,
Zzlil COT: CcoT

3

0.5 x Reference CER

Reference CER 1.5 x Reference CER

where COT; and CER; are COT and effective radius of the ith sublayer,

Figure 1. Illustration of the 11 idealized CER profiles. CER linearly varies  respectively. With this definition, it is important to emphasize that TWPs

with in-cloud optical depth (ICOD) for each profile. A CER profile is from the 11 CER profiles are identical for the same COT and reference CER.
labeled with Ix (warm color), Dx (cold color), or HH (green) if CER increases,
decreases, or remains constant with height. CER = cloud effective radius. Pixel-level retrieval uncertainties are estimated by assigning a 5% radio-

Table 1

metric uncertainty, a 3% surface albedo uncertainty, and a 15% water
vapor profile uncertainty. The ice cloud is located between 8 and 9 km in a midlatitude summer atmosphere,
and Rayleigh scattering is only considered for the 0.86-um channel. More details about the retrieval config-
uration are listed in Table 1. Figures 2 and 3 show COT and IWP retrievals using the three MODIS channel
combinations, respectively. The MODIS-like retrievals are reliable since the normalized cost functions for all
profiles are small. The solution is expected to be unique because, according to our experience with the
MODIS C6 ice crystal habit, the retrieval solution space is unlikely to overlap (see Figure S1). As expected,
the ICVH (horizontal axes) has little impact on the COT retrieval regardless of channel selection, with COT
retrieval biases near zero across the range of vertical structures and optical thicknesses. The COT retrieval
uncertainties caused by the aforementioned radiometric and model uncertainties are confined in a +20%
range and also show little variation (less than 1%) among the 11 vertical structures. Unlike COT, the IWP
retrieval is more readily influenced by the ICVH. Absorption of ice crystals in SWIR channels means
retrieved CERs are weighted toward cloud top (Platnick, 2000), leading to negative (positive) biases when
cloud top CERs are smaller (larger). The ICVH impact becomes more significant when the cloud is optically
thick (e.g., COT greater than 20) and a severely heterogeneous profile (e.g., D5 or I5) is considered, leading to
an approximately +40% IWP bias. Comparison among the three channel combinations shows that the
3.7-um channel retrieval has the largest IWP bias, due to ice crystals being more absorptive in this channel
(Yang et al., 2013).

Figure 4 shows IWP retrievals for a range of solar zenith angles (SZAs).
This experiment demonstrates that, in addition to the degree of the
ICVH that gradually impacts IWP retrievals from the homogeneous cloud

Configuration of the OE-Based COT and CER Retrieval Algorithm (HH) to severely heterogeneous (D5) cloud (panels from left to right), an

Retrieval inputs

oblique incident angle also enhances the ICVH impact by increasing the

Surface albedo

Temperature profile
Water vapor concentration

profile

Reflectances at 0.86, 1.6,

2.1, and 3.7 ym
Viewing zenith angle
Solar zenith angles
Relative azimuthal angle
Ice cloud location

Variables Uncertainty = o
possibility of incident photons absorbed by the upper part of a cloud.
. R 2 . The overall IWP biases due to the ICVH vary from 5% for slightly hetero-
Midlatitude summer 1K
Midlatitude summer 15% geneous clouds (e.g., D1) to 40% for severely heterogeneous clouds (e.g.,
D5). Additional 10% biases are superimposed on IWP retrievals by the sec-
Simulated with DISORT 5% ondary factor SZA.
30° -
0-80° W“h;) 107 interval : 3. Impacts of the ICVH on Global Ice Cloud Records
o e ) From MODIS Retrievals

Note. DISORT = Discrete Ordinates Radiative Transfer; OE = optimal With impacts of the ICVH on pixel-level retrievals in mind, it is still

estimation; COT = cloud optical thickness; CER = cloud effective radius. unclear whether such impacts are significant for specific uses. For exam-
a, . .

Standard midlatitude summer profile (McClatchey et al., 1972). ple, how can the effects associated with the ICVH in satellite Level-3 cloud
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Figure 2. Retrieved COTs (solid curves) and uncertainties (error bars) for different CER profiles. Reference COT and IWP
are given in each panel. Retrievals based on different channel combinations are shown in blue (0.86 and 2.1 um), red
(0.86 and 1.6 um), and yellow (0.86 and 3.7 um), respectively. The two dash lines in each panel indicate +20% COT errors.
Solar zenith angle is 30°. Other configurations are given in Table 1. COT = cloud optical thickness; IWP = ice water path;
CER = cloud effective radius.

aggregation products be estimated? How and to what degree do such effects impact derived cloud radiative
properties? To answer these questions, we link pixel-level biases with MODIS monthly mean cloud products
(e.g., Level-3 MYDO08_M3) by using more realistic ice cloud vertical structures extracted and parameterized
from 1-year joint CALIPSO/CloudSat observations (see section 3.1). The monthly mean Level-3 quantities
assessed in this study include IWP and ice cloud SW and longwave (LW) radiative effects. The impact on
COT is not studies since little impact is found in the theoretical experiment (see section 2).

3.1. Parameterization of Global Ice Cloud Vertical Structure

In contrast to passive satellite sensors that only observe column-integrated or column-weighted cloud prop-
erties, CALIPSO and CloudSat, as part of the A-Train satellite constellation, are equipped with active sensors
that provide a curtain view of global clouds (Stephens et al., 2002; Winker et al., 2013). Using the data set of
Khatri et al. (2018), 1 year of the CALIPSO/CloudSat 2B-GEOPROF-LIDAR (Mace & Zhang, 2014) and
2C-ICE (Deng et al., 2010, 2015) products from 2007 provides statistics of global ice cloud vertical structure
including altitude, 532-nm extinction coefficient profiles, ice water content (IWC), and CER profiles. Details
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Figure 3. Same as Figure 2 except IWP retrieval biases and uncertainties are shown. COT = cloud optical thickness;
IWP = ice water path.

about the development of the ice cloud statistics are given in Khatri et al. (2018). Figure 5 shows IWC and
CER profiles as function of normalized in-cloud geophysical depth. The individual profiles are normalized
to make the largest values in each IWC and CER value equal to 1. The joint CALIPSO/CloudSat
observations show that ice clouds with different IWPs have different vertical structures. For clouds with
IWP less than 10 g/m?, CER is quasi-constant in the vertical direction. However, for clouds with higher
IWPs, larger particles are always found near cloud base. This feature is consistent with previous studies
(Feofilov et al., 2015; Ham et al., 2013). Figure 6a is the same as Figure 5b, but the y axis is converted to
normalized ICOD. It is clear that the CER-ICOD profiles are nonlinear when CloudSat IWPs are larger
than 300 g/m2 (vellow, orange, and red curves in Figure 6a). Actually, Ham et al. (2013) showed that the
nonlinear structures of CloudSat IWC/CER profiles are highly correlated with deep convective clouds.
The relative locations of maximum IWC/CER for deep convective clouds could be higher than other ice
cloud types due to the strong upward motion. However, for deep convective clouds (or larger IWP cases),
the CER/IWC profiles from CloudSat near cloud bases always have larger uncertainties (Deng et al., 2010;
Ham et al., 2013). For this reason, we still use a linear regression to represent the CER-ICOD profiles for
different IWPs for simplification in this study. Once all CER slopes are calculated for different IWPs, a
two-degree polynomial regression is used to fit the IWP-CER slope curve, as shown in Figure 6b:
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Figure 4. Retrieved IWPs (solid curves) and uncertainties (error bars) for different CER profiles and SZAs. Degree of the
ICVH effect increases from the left column (homogeneous clouds) to right columns (D2 and D5). Other configurations are
the same with Figures 2 and 3. IWPs = ice water paths; CER = cloud effective radius; SZAs = solar zenith angles;
ICVH = ice cloud vertical heterogeneity.

slope = ax* + bx + ¢, 4)

where x represents In(IWP), and the three fitting coefficients a, b, and c¢ are 0.06, —0.92, and
4.94, respectively.

3.2. Estimating the ICVH Effects on MODIS Level-3 IWP

The Aqua-MODIS C6 Level-3 monthly product (MYDO08_M3) provides joint histograms in 12 x 11 COT-CER
bins on 1 X 1° grids (Platnick et al., 2017), in addition to scalar statistics. For consistency, in this study we first
calculate MODIS-like observations at 0.86, 1.6, 2.1, and 3.7 um for vertically heterogeneous ice clouds at the
12 reference COTs and 11 reference CERs (defined in equation (3)) using DISORT. The relationship between
IWP and CER profiles is established on the basis of the aforementioned parameterization scheme (equa-
tion (4)). Three spectral MODIS-like PPH retrievals are obtained from the simulated heterogeneous observa-
tions. Figure 7 shows examples of comparisons among the three simulated retrievals (IWPyop1s) and the
references (IWP g, i.e., unbiased IWP) as a function of IWP. As expected, most IWPy;ops values are under-
estimated as a result of the prevailing CER profile (e.g., small particles near cloud top) suggested by
CALIPSO/CloudSat. The 3.7-um IWPyop1s Values are systematically lower than the other two retrievals,
especially when IWP,.¢ values are between 50 and 500 g/ m?, due to the relatively stronger ice crystal
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Figure 5. IWC (a) and CER (b) profiles as a function of normalized in-cloud geophysical thickness (0 at cloud-bottom and
1 at cloud-top), derived from 1-year joint CALIPSO/CloudSat observations (2B-GEOPROF-LIDAR and 2C-ICE) in 2007.
IWC and CER profiles are normalized to make the highest IWC/CER value in each profile equal to 1. More details about
the profile data sets are discussed in Khatri et al. (2018). CER = cloud effective radius; IWC = ice water content;
CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation.

absorption. The largest negative IWP biases for all three IWPyops retrievals are found at large SZAs.
Another 2° polynomial regression is used to estimate the IWP,from the IWPy\opis:

In(IWPrer) = c1 (o) [ In(TWPyopis)]* + €2 () [ In(TWPyop1s)] + €3 (o), (5)

where p, is the cosine of the SZA; ¢y, ¢, and c; are three fitting coefficients that are calculated at nine differ-
ent SZAs from 0 to 80° with a 10° interval. The fitting is conducted separately for each channel combination,
and the fitting coefficients are provided in the supporting information (Table S1). It is expected that the
monthly SZA has strong meridional and seasonal variations (see Figure S2 in the supporting information)
that should be considered in global estimations of MODIS ITWP biases due to the ICVH. It is important to
emphasize that although viewing zenith angle (VZA) also influences pixel-level IWP retrievals, the monthly
mean VZA (not shown) for a scanning imager cannot have noticeable spatial and/or seasonal variations.
Therefore, a typical VZA of 30° is selected to conduct the theoretical global analyses.

In this study, we conduct IWP comparisons for global ice clouds using monthly mean cloud properties
derived from successful Aqua-MODIS C6 pixel-level retrievals (MYD06_L2). To reduce large surface
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Figure 6. (a) CER profiles as a function of normalized ICOD for 10 different IWPs. CER profiles are normalized to make
the highest CER value in each profile equal to 1. (b) CER-ICOD slopes derived from 10 IWPs (black dots) and a 2° poly-
nomial regression (red curve) to fit the slope-IWP relation. CER = cloud effective radius; IWPs = ice water paths;

ICOD = in-cloud optical depth.
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Figure 7. Comparisons between the MODIS-like retrieved IWPs and the references. Retrievals are based on simulated
observations of heterogeneous ice clouds and the PPH assumption. Comparisons are conducted for different SZAs and
the three channel combinations (a) 0.86 and 1.6 um, (b) 0.86 and 2.1 um, and (c) 0.86 and 3.7 um. MODIS = Moderate
Resolution Imaging Spectroradiometer; IWPs = ice water paths; PPH = Plane-Parallel Homogeneous; SZAs = solar zenith
angles.

reflection uncertainties from land and sea ice, the global analysis is limited to oceanic grids between 60°S
and 60°N. Partly cloudy (PCL) pixels are excluded from this study to mitigate 3-D effects. Global monthly
mean IWPs in January and July 2007 from the C6 MODIS 2.1-um product TWPyop;s) and from the estima-
tion (TWP,) using equation (6) are shown in Figure 8. Their differences in the 2 months are shown in
Figure 9. If the ICVH is the only biasing factor that influences the MODIS pixel-level products, we show that
MODIS underestimates IWP by more than 30% globally except over some regions dominated by the descend-
ing branch of the Hadley cell where ice clouds have very low fractions (5% or less) and IWPs less than
100 g/m?. Large IWP differences are strongly correlated with deep convection and high SZA regions, consis-
tent with the theoretical analysis. Figure 10 shows the zonally averaged IWPs from the three MODIS retrie-
vals and the corresponding references that account for the ICVH. The reference IWPs are systematically
higher than their MODIS counterpart by 30% when MODIS IWPs are less than 200 g/m” or more than
50% when MODIS IWPs are greater than 300 g/m”>.

3.3. Radiative Impacts

Influences of the ICVH on assessing the radiation budget are quantitatively estimated in terms of ice cloudy-
sky OLR (10-3,250 cm™ ") and RSR (0.2-5 um). Global OLR and RSR are calculated for the MODIS retrievals
and the estimated reference retrievals that account for the ICVH influences. The instM_3d_asm_Np data set
(3D, monthly mean instantaneous, pressure-level, assimilated meteorological fields, version 5.12.4) from the
Modern-Era Retrospective Analysis for Research and Applications, Version 2 (Gelaro et al., 2017) is utilized
to provide monthly means of atmospheric profiles for the 2 months considered (January and July 2007).
Although the MODIS C6 MYDO08_M3 product provides COT-CER and COT-cloud top temperature joint his-
tograms for ice clouds, in this study, monthly mean daytime cloud-top heights (CTHs), SZAs, and joint COT-
CER and COT-CTH histograms are calculated directly from MODIS non-PCL retrievals (MYD06_L2) at a
horizontal resolution of 1 X 1°. Gas absorption, Rayleigh, and ice crystal scattering are calculated by coupling
a line-by-line radiative transfer model (Clough et al., 2005) and DISORT (Stamnes et al., 1988). A global data
set of surface spectral emissivity (Chen et al., 2014; Huang et al., 2016) is used in the OLR calculation. Note
that in the flux calculations, we also use 11 sublayers in DISORT to capture the vertical variation of ice CER.
To emphasize the ICVH impact, in this study, ice cloudy-sky OLR and RSR are used rather than all-sky
radiations. The averaged ice cloudy-sky OLR and RSR at 1 x 1° grid box index (m, n) are defined as

>i21 %2 OLR (CTH, COT;, CER;) %f (i, )
TS )
- 12 21 RSR(CTH, COT;, CER;, 6y (t, @)) %f (i, )
S TS )

OLR(m,n) = , (6)

RSR(m,n dt, (7
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Figure 8. The monthly mean MODIS 2.1 um (first row) and the estimated reference IWPs (second row) in January (left
column) and July (right column) 2007. MODIS = Moderate Resolution Imaging Spectroradiometer; IWPs = ice water
paths.

where f;; is the all-sky fraction of ice cloud in the ith COT bin and jth CER bin, CTH is the monthly mean
CTH, and 6y is the SZA, which is a function of local time ¢ and latitude ¢. Note that, because we are only
interested in the relative impact of the ICVH on OLR and RSR, equations (6) and (7) use the implicit assump-
tion that the observed ice cloud properties and cloud fractions do not have a diurnal variation. Figure 11 (top
row) shows ice cloudy-sky OLRs derived directly from the MODIS 2.1-um retrievals in January (left) and July
(right) 2007. The ice cloudy-sky OLR differences, defined as the OLRwmopis—OLR ¢, for these 2 months are
shown in the bottom row. Only small OLR differences, within +1 W/m? (or less than +1% relative), are
found despite the large IWP differences shown in Figures 9 and 10. Most high ice cloud fraction regions
are dominated by positive OLR differences except for regions with low Sun angles (above 30°N in
January, below 30°S in July).

Global ice cloudy-sky RSRs from the MODIS 2.1-um retrievals, and their estimated differences from RSRs
calculated from the reference retrievals, are shown in Figure 12. Similar to the OLR comparisons, relatively
small impacts (1 W/m?) from the ICVH are found on global RSR calculations. However, the spatial pat-
terns of the RSR differences are more complicated than the OLR differences. Generally, a positive RSR dif-
ference (RSRyopis—RSRef) is linked to a high TWP value (e.g., IWPo¢ > 500g/m2) and a negligible RSR
difference can be found at a low IWP value (e.g., IWP,s < 100g/m?). A notable negative RSR difference
(—0.5 to — 1W/m?) frequently occurs when the cloud is moderately thick (e.g., 100 g/m?* < IWP,¢; < 500g/
m?). The total flux (OLR + RSR) differences, averaged for ice clouds with different IWPs, are shown in
Figure 13. Interestingly, for IWP less than 500 g/m?, the global negative RSR differences are offset by positive
OLR differences, resulting in small total flux differences; for IWP greater than 500 g/ m?, the RSR difference
is positive and dominates the OLR difference. Total flux differences are positive (up to 0.29 + 0.24 W/m?) for
almost all oceanic ice clouds, with the exception of those having IWP less than 100 g/m>.
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Figure 9. The absolute (first row) and relative (second row) differences of monthly mean IWPs between the MODIS
2.1 um and estimated reference IWPs in January (left column) and July (right column) 2007. MODIS = Moderate

Resolution Imaging Spectroradiometer; IWPs = ice water paths.

4. Discussion
4.1. IWP, RSR, and OLR Differences

Global analysis of the ICVH impacts shows that MODIS-like ice cloud products, based on the PPH retrievals,
have lower IWPs in comparison to reference IWPs using parameterized CER vertical variations. As discussed
with regard to the theoretical calculations, IWPs from MODIS-like retrievals (IWPyop1s) are always lower
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Figure 10. Zonal mean IWPs from the three MODIS retrievals (solid curves) and corresponding estimated references
(dashed curves) in January (a) and July (b) 2007. Retrievals and corresponding estimated references are shown in differ-
ent colors: Red (0.86 and 2.1 um), black (0.86 and 1.6 um), and yellow (0.86 and 3.7 um). MODIS = Moderate Resolution

Imaging Spectroradiometer; IWPs = ice water paths.
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Figure 11. Ice cloudy-sky OLRs calculated using the MODIS (2.1 um) cloud retrievals (first row) and OLRs differences
between the MODIS (2.1 um) and the reference OLRs (second row) in January (left column) and July (right column)
2007. MODIS = Moderate Resolution Imaging Spectroradiometer; OLRs = outgoing longwave radiations.

than the reference IWPs (IWP,.), largely because the CER retrieved from passive sensors is more or less
weighted toward the upper parts of ice clouds. The expected IWP bias (i.e., IWPyop1s — IWP,¢) is approxi-
mately proportional to the magnitude of IWP,.¢. This results from larger IWPs having a higher likelihood of
large CER vertical gradients as indicated by joint CALIPSO/CloudSat observations. In addition to CER ver-
tical structure, SZA plays a secondary role in biasing MODIS-like IWP retrievals. The combined effects result
in large negative IWP differences, especially in deep convection, and middle to high-latitude regions in the
winter hemisphere. The ICVH effect, albeit incomplete, may partly explain retrieval diversity between pas-
sive and active retrievals and other estimates of IWP (see Figure 1 in Duncan & Eriksson, 2018).

The sign of the RSR difference changes from negative (optically thin clouds) to positive (optically thick
clouds) as shown in Figures 13b and 13d. This feature is illustrated more clearly in Figure 14, which shows
instantaneous SW flux differences at the 12 X 11 COT-CER bins assuming a SZA of 60°. Small negative RSR
differences are found for ice clouds with MODIS COT less than 15, while large positive RSR differences occur
when MODIS COT is larger than 50. The sign and magnitude of the RSR differences are determined by two
competing factors: the COT spectrum and IWP (or column-averaged CER). For optically thin ice clouds, the
IWP differences between the MODIS and reference values are small, and therefore, COT differences in 0.4-
to 0.6-um spectral range contribute most to the RSR differences. Figure 15 shows that, although COTs at
0.64 um in the two RSR calculations are the same since the ICVH has little impact on MODIS COT retrievals
(COT ratios, defined as the reference COT to MODIS-like COT, are 1 at 0.64 um), the reference COTs are
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Figure 12. Same as Figure 11 except RSRs and corresponding RSR differences are shown. RSRs = reflected shortwave
radiations; SW = shortwave; TOA = top of the atmosphere.

larger than the MODIS COTs from 0.2 to 0.6 um due to the change of CER profiles. The resulting larger
reference COTSs yield a larger SW albedo between 0.2 and 0.6 um. However, for optically thick clouds with
COT larger than 30, the RSR spectrum (0.2 to 0.6 um) is no longer sensitive to COT due to the saturation
of VNIR reflection. Under this condition, the different IWPs contribute most to the RSR differences in the
NIR through the SWIR spectral region. Larger reference IWPs make clouds dimmer (lower RSR) in the
NIR through the SWIR region due to cloud absorption. The OLR differences are largely caused by COT
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Figure 13. Estimated impacts of the ICVH on IWP retrievals (gray), and further derived ice cloudy-sky RSRs (blue), OLRs (yellow), and total fluxes at the top of the
atmosphere (RSR + OLR, red) for (a) all ice clouds, (b) ice cloud with IWP,..¢ < 100 g/mz, (c) 100 < TWP,ef < 500 g/mz, and (d) IWPer > 500 g/mz. RSR = reflected
shortwave radiation; ICVH = ice cloud vertical heterogeneity; OLR = outgoing longwave radiation; IWP = ice water path.
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differences in the IR window region (e.g., 10-12 um). Figure 15b shows
the COT ratios are greater than 1 in the IR window region, with the result
being that the MODIS-retrieved clouds seem to be warmer than the
reference clouds.

4.2. Limitations of This Study

Based on 1-year CloudSat/CALIPSO observation, this study estimates the
ICVH effects on MODIS monthly mean ice cloud products in terms of
IWP and ice cloudy-sky RSR and OLR. One limitation however is that
only vertical variation of CER is considered. Indeed, a wide variety of non-

spherical ice particle shapes are observed in cloud chambers (Bailey &

0 05 102550 75 10 15 20 30 50 100 150 Hallett, 2002, 2004) and field studies (Baker & Lawson, 2006; Schmitt &

-10

Figure 14. Instantaneous SW flux difference between the RSR from the

MODIS COT studie , 6; Sc

SW Flux Difference (W/m?) Heymsfield, 2010). However, it is still extremely difficult to infer ice crys-

i ‘ _ . tal habits and/or habit profiles remotely. Actually, ice crystals with fixed
- 0 8 4 10 habit fractions are used in the CloudSat/CALIPSO 2C-ICE product

(Deng et al., 2010). Furthermore, the 1-year CloudSat/CALIPSO observa-

MODIS (2.1 um) and corresponding reference at the 12 x 11 COT-CER tion is used as a reference throughout this study, although the two active
bins with SZA at 60°. MODIS = Moderate Resolution Imaging sensors also have large uncertainties in determining cloud ice profiles
Spectroradiometer; SW = shortwave; SZA = solar zenith angle; CER = cloud near the base of optically thick clouds (Deng et al., 2010; Ham et al.,

effective radius; COT = cloud optical thickness.

2013). Therefore, we utilize a linear regression to represent CER profile
for simplification. The current method may be improved in the future
by utilizing different parameterization schemes for different cloud types.
Another limitation of this study is that the only considered radiative impact due to the ICVH is OLR and
RSR at the TOA. Further studies are needed to understand if the ICVH has a profound impact on SW and
LW radiation at the surface and/or heating rate profile.

Among the three MODIS MYDO06 C6 IWP products, it is evident in Figure 10 that the 3.7-um IWPs are sys-
tematically lower than the other two spectral retrievals by up to 50%, partly due to the ICVH effects.
However, obvious discrepancies are found among the three reference IWPs (see dashed curves in
Figure 10) that account for the ICVH effect, suggesting that vertical heterogeneity is not the only cause of
retrieval differences. For example, quality of the daytime 3.7-um retrievals yields the accuracy of emission
removal. How the ICVH impacts thermal emission at cloud top is still unclear. Mixed-phase clouds
and/or supercooled liquid layer topped clouds, which are frequently observed in the intertropical conver-
gence zone and stratiform clouds in the Southern Hemisphere from CALIPSO/CloudSat (Zhang, Platnick,
et al., 2010; Zhang, Wang, et al., 2010), impact passive retrievals using different channel combinations
(Miller et al., 2014). Further studies are necessary to investigate if the 3.7- to 2.1-um IWP difference can
be used as an indicator to detect mixed-phase clouds using passive sensors.
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Figure 15. COTt0-COTyop1s ratio as a function of wavelength in (a) the SW, and (b) LW spectral regions. The ratio is
1 at 0.64 um since the ICVH has little impact on MODIS-retrieved COT at this wavelength. Normalized solar irradiance
and the Planck function at 240 K are shown in the SW and LW panels (gray dashed curves), respectively.

MODIS = Moderate Resolution Imaging Spectroradiometer; SW = shortwave; COT = cloud optical thickness;

LW = longwave; ICVH = ice cloud vertical heterogeneity.
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5. Conclusions

In order to understand how imager pixel-level PPH retrieval biases impact higher-level cloud data records,
this study estimates the ICVH effects on MODIS monthly mean ice cloud products in terms of IWP, and ice
cloudy-sky RSR and OLR. Cloud vertical CER profiles for ice clouds with different IWPs are parameterized
using existing 1-year CloudSat/CALIPSO observations. Generally speaking, the ICVH has a substantial
impact on the estimation of global IWP from passive satellite remote sensing. We show that the reference
IWPs are systematically higher than their MODIS counterpart by 37% for global oceanic ice clouds (60°S
and 60°N). The ICVH impact on MODIS-like IWP retrievals gradually increases with the increase of
reference IWP. A large negative IWP bias (~ —50%) is found for ice clouds with large IWP,¢ values
(~ 500 g/m? or larger).

The present study also shows that cloud radiative properties in terms of RSR and OLR are different with different
cloud vertical structures. Outgoing ice cloudy-sky fluxes in the SW (0.2-5 um) and LW (10-3,250 cm™") spectral
regions derived from the MODIS 2.1-um retrievals and the corresponding reference with adjusted CER
profiles are compared. Although obvious differences exist in terms of column-integrated cloud ice water,
the line-by-line radiative transfer model + DISORT calculations show less than 1% flux differences, as long
as flux calculations using the MODIS retrievals make assumptions identical to the retrievals themselves
regarding, for example, the PPH approximation and the ice cloud radiative model (ice crystal habit, etc.) used
in the retrieval forward radiative transfer calculations. Figure 13a shows that the MODIS-derived ice
cloudy-sky RSR and OLR are slightly higher than calculations with reference ice cloud properties by 0.05
and 0.08 W/m? for a global average of ice clouds, suggesting that the ICVH has little impact on cloudy-sky
radiation, in comparison with its large impact on IWP (37% lower globally, see gray bar in Figure 13a).
The largest RSR difference (~ 2 W/m?) is largely associated with deep convective regions where typical
IWP is larger than 2,000 g/m* (see Figure 12). Overall, the RSR comparison shows a slight negative RSR
difference (—0.11 + 0.05 W/m?) for ice clouds with WP, less than 100 g/m2 and a positive RSR difference
(027 + 030 W/m?) for ice clouds with TWP,. greater than 500 g/mz. This impact is rather trivial in
comparison with other artificial effects that bias cloud radiative properties. For example, ignoring LW
scattering can introduce a 2-3 W/m? bias in estimating global cloud OLR (Costa & Shine, 2006; Kuo et al.,
2017). Selecting different ice crystal models may introduce a larger SW flux difference (e.g, 20 W/m?> or
greater) according to previous studies (Yang et al., 2007; Yi et al., 2017; Zhang et al., 2009).
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