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Abstract: A cloud property retrieved from multispectral imagers having spectral channels in the
shortwave infrared (SWIR) and/or midwave infrared (MWIR) is the cloud effective particle radius
(CER), a radiatively relevant weighting of the cloud particle size distribution. The physical basis
of the CER retrieval is the dependence of SWIR/MWIR cloud reflectance on the cloud particle
single scattering albedo, which in turn depends on the complex index of refraction of bulk liquid
water (or ice) in addition to the cloud particle size. There is a general consistency in the choice
of the liquid water index of refraction by the cloud remote sensing community, largely due to
the few available independent datasets and compilations. Here we examine the sensitivity of
CER retrievals to the available laboratory index of refraction datasets in the SWIR and MWIR
using the retrieval software package that produces NASA’s standard Moderate Resolution Imaging
Spectroradiometer (MODIS)/Visible Infrared Imaging Radiometer suite (VIIRS) continuity cloud
products. The sensitivity study incorporates two laboratory index of refraction datasets that include
measurements at supercooled water temperatures, one in the SWIR and one in the MWIR. Neither has
been broadly utilized in the cloud remote sensing community. It is shown that these two new
datasets can significantly change CER retrievals (e.g., 1–2 µm) relative to common datasets used by
the community. Further, index of refraction data for a 265 K water temperature gives more consistent
retrievals between the two spectrally distinct 2.2 µm atmospheric window channels on MODIS
and VIIRS. As a result, 265 K values from the SWIR and MWIR index of refraction datasets were
adopted for use in the production version of the continuity cloud product. The results indicate the
need to better understand temperature-dependent bulk water absorption and uncertainties in these
spectral regions.

Keywords: cloud effective radius; cloud retrievals; complex index of refraction; MODIS; VIIRS;
multispectral Imager

1. Introduction

Clouds are the strongest modulator of the Earth’s shortwave and longwave radiative budget
with direct importance to the hydrological cycle. Their feedbacks in response to global warming
are not well understood, either regionally or globally, constituting the largest source of inter-model
uncertainty in climate sensitivity (e.g., [1–3]), in particular for low liquid water marine clouds [4,5].

Remote Sens. 2020, 12, 4165; doi:10.3390/rs12244165 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0003-3964-3567
https://orcid.org/0000-0001-5361-9200
https://orcid.org/0000-0002-1001-3724
https://orcid.org/0000-0001-5443-4953
http://dx.doi.org/10.3390/rs12244165
http://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/2072-4292/12/24/4165?type=check_update&version=5


Remote Sens. 2020, 12, 4165 2 of 21

Further, indirect forcing assessments that couple clouds with aerosol emissions remain highly uncertain,
constituting the largest climatic radiative forcing component uncertainty [6]. Global cloud properties
(extent, height, phase, optical properties and microphysics) and their spatial/temporal variation are
essential for understanding processes, establishing and monitoring climatologies and model evaluation.
In particular, the remote sensing of liquid water cloud effective particle radius (CER) from spaceborne
and airborne multispectral imagers has been a vital tool for studying cloud-aerosol interactions and
associated cloud radiative (e.g., [7]), water content (e.g., [8]), droplet concentration (e.g., [9]; review
by [10]) and precipitation (e.g., [11,12]) sensitivities.

CER, the ratio of the third to second moment of the cloud particle size distribution, is fundamentally
a radiative quantity as retrieved from imager spectral reflectance measurements in the shortwave
infrared (SWIR) 1.6 and 2.2 µm and/or the midwave infrared (MWIR) 3.7 µm atmospheric windows.
Development of liquid cloud CER retrieval algorithms goes back several decades (e.g., [13–17]).
The physical basis is that relative to cloud reflectance in effectively non-absorbing visible (VIS) and
near-infrared (NIR) spectral channels, the SWIR and MWIR cloud reflectance depends strongly on the
non-unity cloud particle single scattering albedo (SSA). In turn, the SSA of a spherical liquid water
droplet depends on both the droplet size and the imaginary index of refraction of bulk liquid water.

While a number of instrument and cloud radiative transfer modeling error sources can impact
SWIR/MWIR CER retrieval uncertainties (summarized for the NASA Moderate Resolution Imaging
Spectroradiometer (MODIS) standard cloud product in [18] and references therein), the more
fundamental source of error investigated here is the accuracy to which the complex index of refraction
is known for liquid water over a useful range of atmospheric temperatures, including supercooled
liquid cloud temperatures that are globally common (e.g., satellite studies of [19,20]). Such a study has
not been reported in the literature.

As discussed in Section 2.2, uncertainties in laboratory index of refraction measurements and
published compilations are difficult to quantify and vary greatly depending on the spectral range and
the laboratory methodology. However, comparisons between independent laboratory measurements
provide a useful constraint.

Within the operational satellite cloud remote sensing community, there is a general consistency
in the choice of index of refraction datasets, largely due to the few available independent laboratory
measurements and compilations to choose from, as well as for consistency with other retrieval teams.
The commonly used datasets go back more than four decades [21–24]. Our study incorporates two
more recent laboratory index of refraction datasets that apparently have not been used to date for
global satellite retrievals (or at least not widely used and documented) and that include measurements
at supercooled water temperatures. These datasets, one in the SWIR [25] and one that includes the
MWIR [26], result in CER retrieval sensitivities of as much as 1–2 µm (Section 3.2), which is significant
in the context of other retrieval error sources as discussed in that section as well as community
requirements (e.g., [27–29]). Only fixed index of refraction datasets have been considered in this
retrieval study, i.e., the use of cloud-top temperature retrievals to interpolate index of refraction datasets
has not yet been investigated.

The study was largely motivated, as further discussed in Section 3.2, by the development of the
NASA Aqua MODIS and Suomi National Polar-orbiting Partnership (SNPP) Visible Infrared Imaging
Radiometer Suite (VIIRS) cloud continuity products (CLDPROP) continuity cloud product and the
challenges encountered in achieving CER retrieval consistency in the spectrally mismatched 2.2 µm
windows (central wavelengths at 2.13 µm for MODIS and 2.25 µm for VIIRS) when using the otherwise
common algorithm and accounting for potential radiometric differences [30,31]. As a result of the
study described here, the CLDPROP algorithms use the index of refraction datasets of [25] at 265 K
for the SWIR channel cloud radiative models and, for consistency in the MWIR, the dataset of [26]
interpolated to 265 K (from available tabulated data at 258 K and 269 K).
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2. Datasets and Methodology

2.1. Overview of Satellite Imager Cloud Retrievals

Here we provide a brief overview of imager spectral cloud property information and CER retrieval
physics, providing background for the complex index of refraction sensitivity study presented in
Section 3.

For any single particle, SSA is the ratio of the scattering cross section to the total extinction
cross section, ranging from unity for conservative scattering to <1 when absorption is present.
For the atmospheric window spectral channels principally used for liquid water cloud optical and
microphysical retrievals (see Table 1), only the SWIR and MWIR channels have significant droplet
absorption for multiple scattering cloud problems (see Section 3.1), with the VIS and NIR multiple
scattering being essentially conservative over typical liquid water cloud optical thickness (COT) ranges.
As mentioned, CER retrievals are predominantly derived from droplet absorption, which is dependent
on droplet size and the imaginary index of refraction of bulk liquid water, though the scattering phase
function and directional scattering parameters (e.g., the asymmetry parameter (g)) also vary with
droplet size. In comparison, conservative scattering in the VIS/NIR, with a dependence only on the real
part of the index of refraction, has a relatively weak dependence on particles size through g and thereby
has strong information content on total cloud layer extinction or COT. Therefore, measurements in
two or more spectral channels taken from a combination of VIS/NIR and/or SWIR/MWIR provide
information content for simultaneously retrieving CER and COT. Detailed descriptions of the physical
basis of such retrievals are given in the Section 1 summary references. While CER and COT are coupled
retrievals (though are mostly orthogonal for optically thick clouds), our interest in this study is in
understanding CER retrieval sensitivity to the imaginary index of refraction. The MODIS standard
and MODIS/VIIRS continuity cloud products provide separate two-channel CER retrievals for various
combinations of VIS/NIR (VNIR) and/or SWIR/MWIR channels. Section 3.2 will discuss the three
CER retrievals that come from the use of a VIS/NIR channel in combination with a 1.6, 2.2 and 3.7 µm
atmospheric window channel.

Table 1. Nominal central wavelength of common spectral channels used in satellite imager
optical and microphysical remote sensing algorithms for liquid water clouds, and their instrument
number designation (in parentheses), for Moderate Resolution Imaging Spectroradiometer (MODIS),
Visible Infrared Imaging Radiometer suite (VIIRS) and Advanced Baseline Imager (ABI). The shortwave
infrared (SWIR) and midwave infrared (MWIR) channels have substantial droplet absorption with
single scattering albedo (SSA) appreciably less than unity.

Spectral Region MODIS VIIRS (M-Bands 1) ABI

VIS 0.66 (1) 0.67 (5) 0.64 (2)
NIR 0.86 (2) 0.87 (7) 0.86 (3)

SWIR 1.24 (5), 1.64 (6),
2.13 (7)

1.24 (8), 1.61 (10),
2.25 (11) 1.61 (5), 2.24 (6)

MWIR 3.75 (20) 3.70 (12) 3.90 (7)
1 Refers to VIIRS moderate spatial resolution (750 m) channels.

While Mie calculations are used for cloud liquid droplet (spherical particles) radiative transfer
problems, analytic approximations are insightful. A simple but reasonably accurate analytic form for
imager cloud remote sensing problems gives, at some wavelength λ, the co-single scattering albedo
1-SSA(λ) ∝ α(λ)*CER, where α(λ) is the bulk path absorption coefficient for liquid water in units
of inverse distance [32]. Using the notation n + ik for the complex index of refraction, the spectral
absorption coefficient can be written in terms of the imaginary index of refraction as α(λ) = 4πk(λ)/λ.
Therefore, to the extent that a retrieved CER at some wavelength is largely determined from the
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measured (inferred) cloud droplet co-albedo divided by k, relative uncertainties in k map directly to
relative uncertainties in the CER retrieval, i.e., ∆CER/CER ≈ −∆k/k.

The CER sensitivity to various index of refraction datasets is examined using optical property
retrievals from the SWIR/MWIR spectral channels available on the Aqua MODIS [33,34] and SNPP
VIIRS [35,36] imaging spectroradiometers. For completeness, Table 1 also includes spectral channels
for the GOES-R series Advanced Baseline Imager (ABI), which encompasses related imagers used by
the international operational community, that was developed to have spectral overlap with VIIRS for
providing cloud properties [37].

This study uses version 1.1 of NASA’s MODIS/VIIRS continuity cloud optical property algorithm
(product filename designation CLDPROP). This algorithm, publicly released in 2019, closely follows
that of the NASA MODIS Collection 6.1 (C6.1) product (filenames MOD06 and MYD06 for MODIS
Terra and Aqua, respectively [18]) but modifies the cloud mask and cloud-top property algorithms to
use only the spectral channels that are common to the two imagers [31,38]. Cloud mask and optical
property retrievals are, at nadir, 750 m for VIIRS (M-bands) and 1 km for MODIS (higher spatial
resolution channels aggregated into a merged 1 km L1B file). CLDPROP Aqua MODIS [39] SNPP
VIIRS files [40] are generated at the NASA Atmosphere Science Investigator-led Processing System
(A-SIPS) at the University of Wisconsin and distributed from the NASA Goddard Space Flight Center
Level-1 and Atmosphere Archive and Distribution System (LAADS) [41]. Standard MOD/MYD06
cloud product files [42,43] are produced at MODAPS, a processing system associated with LAADS.

2.2. Index of Refraction Datasets

We begin with a summary of common index of refraction datasets used for CER retrievals in
operational cloud products, followed by a short description of those and other datasets. The spectral
and laboratory temperature(s) for the key datasets being discussed are given in Table 2.

Table 2. Summary of liquid water complex index of refraction datasets examined in the study.

Dataset Reference Data Source Spectral Range Most
Relevant to This Study 1

Liquid Water
Temperature (K)

Hale and Querry, 1973 [22] compilation review of late
1960s literature VNIR 293, 298 (NIR)

Palmer and Williams, 1974 [23] transmittance measurements SWIR 300

Downing and Williams, 1975 [24] re-analysis of data from the
group’s earlier studies MWIR/IR 300

Kou et al., 1993 [25] transmittance measurements SWIR 265, 295

Wagner et al., 2005 [26] cloud chamber droplet
extinction measurements MWIR/IR 238, 252, 258, 269

Zasetsky et al., 2005 [44] cryogenic flow tube droplet
extinction measurements MWIR/IR 240, 253, 263, 273

1 Refers to portion of the spectrum used in the cloud retrieval sensitivity study.

2.2.1. Index of Refraction Datasets Commonly Used in Cloud Microphysical Retrievals

The SWIR/MWIR wavelength-dependent liquid water complex refractive indices used in the
MODIS standard cloud product algorithm [18] were taken from [23] (Palmer and Williams) for
1.0 < λ < 2.6 µm and [24] (Downing and Williams) for λ > 3.5 µm. The Community Cloud retrieval for
Climate (CC4CL) product [45] uses the same datasets but partitions them differently (Palmer and Williams
in the SWIR up to 2.0 µm and Downing and Williams for λ > 2.0 µm). A separate MODIS cloud product
developed for use by the NASA Clouds and the Earth’s Radiant Energy System (CERES) science team
also uses Downing and Williams for CER retrievals in the 3.7 µm window channel [46]. The Advanced
Very High Resolution Radiometer (AVHRR) imager Pathfinder Atmosphere (PATMOS/PATMOS-x)
product [47,48] uses Palmer and Williams from the NIR to 2.0 µm and then Downing and Williams
for λ > 2.0 µm (personal communication). Other well-known CER satellite data records include the
following, though we were unable to find published documentation for the SWIR/MWIR index of
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refraction datasets used in their production: AVHHR products from [49,50], along-track scanning
radiometers (ATSR-2/AATSR) products [51], AVHRR and Spinning Enhanced Visible and Infrared
Imager (SEVIRI) products from CM-SAF [52].

2.2.2. Discussion of Available Index of Refraction Datasets

While not cited above with respect to the SWIR/MWIR, the compilation of [22] (Hale and Querry)
is well known and does include all spectral regions of interest in cloud remote sensing. It is used,
for example, in the MODIS standard product [18] for VNIR spectral channels up to 1 µm that provide
COT information for synergistic COT and CER retrievals. It is of relevance here because of the reliance
of later SWIR/MWIR index of refraction datasets that made use of, or were compared with, the Hale and
Querry compilation. In addition, it provides an excellent introductory review of the history and state of
laboratory measurements up to that point, including the still cited paper by [21] (Irvine and Pollack,
said to have been itself a compilation of 30 publications in the literature in addition to analysis of
published laboratory near-normal reflectance measurements). The compilation’s optical constant data
in the SWIR spectral region were taken primarily from [53] (Collins), [54] (Curcio and Petty, laboratory
measurements at 20 C) and [55,56] (at 25 C according to Hale and Querry). In the MWIR and through
the thermal IR, Hale and Querry note that the better datasets seemed to be those from [56,57] (Robertson
and Williams).

Palmer and Williams reported on their 27 C laboratory measurements, using spectral reflectance
measurements from a liquid water-air interface to infer the real part of the index of refraction (n) and
transmittance measurements through a range of quartz cell path lengths to determine the absorption
coefficient (α) and the imaginary part of the index of refraction (k). Their measurements covered
the spectral range 0.36–2.67 µm. The representative absorption standard deviation was graphically
included for a couple of spectral regions as a metric for uncertainty. These standard deviations
are difficult to read from the plots but are said to be “fairly small” in the 2 µm spectral region.
By comparison, a plot of their measurements for the water absorption minimum at about 2.2 µm appear
to be up to 20% larger than points taken from Hale and Querry and Irvine and Pollack, though absorption
at spectrally adjacent, and more absorbing, wavelengths look to be in close agreement. Agreement
between the three datasets appears to be within 10% or better for the 1.6 µm absorption minimum,
with Palmer and Williams once again finding larger absorption relative to the earlier two datasets (see
their Figure 3).

Downing and Williams revisited several of the previous water optical constant publications with
the intent of providing recommendations for atmospheric studies. The main datasets examined were
earlier works mostly associated with the same experimenters: Robertson and Williams, [58] and Hale and
Querry. For the imaginary index of refraction in the SWIR and MWIR, Downing and Williams appear
to have relied on the absorption measurements of Robertson and Williams, which is consistent with a
statement given in [59] (Bertie and Lan) in referring to the Downing and Williams dataset. The Robertson
and Williams measurements were, once again, said to be made at approximately 27 ◦C. The uncertainty
in k between various analysis approaches used by Downing and Williams generally appear to be quite
small in the MWIR atmospheric window but are not able to be quantified (see their Figure 1). However,
for comparison, the broad spectral water absorption measurements at 25 ◦C of Bertie and Lan included
the 3.57–4.3 µm spectral region; they state that their measurements in that region are within 4% of
those reported by Downing and Williams.

Both the accuracy of the laboratory spectral SWIR/MWIR absorption measurements (typically
at a fixed temperature) and the temperature-dependence of that absorption are relevant to cloud
retrieval problems where a significant fraction of liquid water cloud observations occur at a range
of temperatures including supercooled temperatures potentially as low as the homogenous water
freezing temperature of about 235 K (e.g., satellite studies of [19,20]). The datasets discussed above
make use of laboratory measurements that were nominally performed at room temperature.
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A number of studies examined the temperature sensitivity of water optical constants at warm
temperatures (>0 ◦C). Curcio and Petty cited the measurements of Collins, noting that, when the
temperature was raised to 95 ◦C, the absorption intensity in the major NIR/SWIR absorbing bands
increased while the band spectral locations shifted to slightly shorter wavelengths. Reference [60]
measured temperature dependencies from 2 µm through the thermal infrared at temperatures of 5 ◦C,
27 ◦C and 70 ◦C; their discussion, focusing on the absorbing bands (as opposed to window bands
used in cloud retrievals), noted various shifts in the absorption band spectral locations as well as
intensity in the infrared. In a similar spectral range, Reference [61] looked at optical constants for
several temperatures from 1–50 ◦C, focusing on the major absorption regions and offering molecular
interpretations for their results (e.g., explanation for decreasing absorption with temperature in the
2.9 µm band). Reference [62] made measurements in similar spectral ranges and temperatures to
parameterize temperature sensitivities to isotopic concentration. More recently, the measurements
of [44] (Zasetsky et al.) confirmed that supercooled (down to 243 K) water droplet extinction and
absorption in the 6000 to 450 cm−1 (about 1.6–22 µm) spectral region was significantly different than at
room temperature, and were able to attribute the cause to the increasing fraction of small low density
molecular clusters at colder temperatures.
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Figure 1. Liquid water spectral imaginary index of refraction (k) from three data sources from the 1.6 through 
2.2 µm SWIR atmospheric windows. The imaginary index of refraction is shown on the left ordinate by the 
thick black line for Kou et al. at laboratory temperatures of (a) 265 K and (b) 295 K. The percent difference 
relative to Kou et al. for the Palmer and Williams (PW) and Downing and Williams (DW) datasets, both for a 
nominal 300 K temperature, are shown on the right ordinate. The nominal half-power bandpasses for the 
relevant MODIS (green shading) and VIIRS (yellow) channels are also shown. The two Kou et al. datasets and 
their relative difference (dashed line) are shown in (c). 

 
Figure 2. Similar to Figure 1 but for the 3.7 µm MWIR atmospheric window and the Wagner et al. 269 K 
dataset. Differences in k relative to Wagner et al. are shown for the datasets of DW at 300 K and Zasetsky et al. 
at 263 K. The nominal half-power bandpasses for the most relevant MODIS (green shading) and VIIRS 
(yellow, [35]) channels are also shown. 

 

k x
 10

3
(K

ou
 e

t a
l. a

t 2
95

K) relative difference w
ith 

respect to Kou et al. (%
) 

wavelength (µm)

265K, 295K 

1.6 1.8 2.0 2.2 2.4

10
0*

(2
95

K-
26

5K
)/2

65
K

0.1

1.0

x1
0^

3 
Ko

u 
et

.a
l[1

99
3]

 Im
(n

)

265K
295K

-20

0

20

40

60

80

1.6 1.8 2.0 2.2 2.40.0

0.5

1.0

1.5

2.0

     

-20

0

20

40

60

80

Kou et al. 265K Kou et al. 295K(c)

k x
 10

3
(K

ou
 e

t a
l. a

t 2
65

K) relative difference w
ith 

respect to Kou et al. (%
) 

PW DW

wavelength (µm)
1.6 1.8 2.0 2.2 2.40.0

0.5

1.0

1.5

2.0

     

-20

0

20

40

60

80

(a)

k x
 10

3
(K

ou
 e

t a
l. a

t 2
95

K) relative difference w
ith 

respect to Kou et al. (%
) 

wavelength (µm)

     

1.6 1.8 2.0 2.2 2.40.0

0.5

1.0

1.5

2.0

-20

0

20

40

60

80

(b) PW DW

k 
x 1

03
(W

ag
ne

r e
t a

l. 
at

 2
69

K) 100

10

1

relative difference w
ith 

respect to W
agner et al. (%

) 

Zasetsky et al. DW

wavelength (µm)
3.2 3.4 3.6 3.8 4.0

1

10

100
     

-50

0

50

100

150

200

250

Figure 1. Liquid water spectral imaginary index of refraction (k) from three data sources from the 1.6
through 2.2 µm SWIR atmospheric windows. The imaginary index of refraction is shown on the left
ordinate by the thick black line for Kou et al. at laboratory temperatures of (a) 265 K and (b) 295 K.
The percent difference relative to Kou et al. for the Palmer and Williams (PW) and Downing and Williams
(DW) datasets, both for a nominal 300 K temperature, are shown on the right ordinate. The nominal
half-power bandpasses for the relevant MODIS (green shading) and VIIRS (yellow) channels are also
shown. The two Kou et al. datasets and their relative difference (dashed line) are shown in (c).

Using their own laboratory transmittance measurements in the 0.67–2.5 µm spectral range,
Reference [25] (Kou et al.) reported values of the imaginary part of the refractive index at a single
supercooled liquid water temperature of −8 ◦C (an average) as well as at 22 ◦C. They also reported k for
ice at T = −25 ◦C in the 1.45–2.5 µm spectral range. It is worth noting that the main goal of the study
was to reduce the relatively large uncertainty in ice spectral absorption and that, assuming k for the
liquid phase was relatively accurately known from earlier studies, liquid water measurements were
performed as a reference to test their laboratory equipment. Regardless, their supercooled −8 ◦C liquid
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water measurements were unique in the literature. Different transmittance path lengths were used to
obtain spectral absorptance in the 15%–80% range as well as check for consistency. Along with spectral
tables of k, the measurement error in obtaining k, using both the absorptance standard deviation
and the path length uncertainty, was also provided and typically in the 1%–3% range in the SWIR.
Tabular spectral resolution in the SWIR atmospheric windows is about 5–10 nm.

The Kou et al. supercooled liquid water k spectrum is similar to the 22 ◦C spectrum, but with
absorbing features shifted to longer wavelengths by roughly 1–20 nm. Figure 1b shows the Kou
et al. 22 ◦C (295 K) k spectrum to be fairly similar to the 27 ◦C (300 K) values given in Palmer and
Williams and Downing and Williams (shown as differences relative to Kou et al.). As mentioned earlier,
the MODIS standard cloud retrieval algorithm [18] uses the Palmer and Williams dataset for these
channels. Differences in the window regions used for cloud remote sensing problems (shaded regions)
range from about −5% in the 1.64 µm MODIS and VIIRS channels to −10% in the MODIS 2.13 µm
channel, and with very little difference in the 2.25 µm VIIRS channel. Figure 1a shows the same plot but
using the Kou et al. −8 ◦C (265 K) k spectrum; here the differences are more significant, ranging from
about −20% in the 1.64 µm and 2.13 µm channels, to +10% in the 2.25 µm channel. As noted in
Section 2.1, relative differences in k roughly map into relative differences in CER. Note that Bertie and
Lan recommend the Kou et al. dataset for this spectral region, stating that the error in the k values was
unlikely to exceed 4%. Figure 1c shows that a negative spectral shift in the band absorption features at
the warmer temperature is a crucial consequence of the temperature dependence.

With relevance to MWIR cloud retrievals, Zasetsky et al. and [26] (Wagner et al.) both reported
temperature-dependent spectral index of refraction using extinction measurements for a distribution
of water droplets. The Wagner et al. spectral extinction measurements (2.2–9.0 µm) were made in
the Karlsruhe Institute of Technology Aerosol Interaction and Dynamics in the Atmosphere (AIDA)
expansion chamber. At supercooled chamber temperatures of 238, 252, 258 and 269 K, the droplet
spectral index of refraction was adjusted to fit measurements to Mie calculations starting with values
from Bertie and Lan. The iterative Mie methodology includes simultaneously solving for parameters of
an analytic size distribution, as well as iterations on n using the Kramer–Kronig integral transform.
Since chamber extinction measurements are made for a droplet distribution using an inversion that
matches measurements to Mie calculations, the methodology is inherently similar to satellite cloud
retrieval algorithms (Section 3). The Zasetsky et al. droplet extinction measurements (2.5–22 µm) were
made at 240, 253, 263 and 273 K using a cryogenic flow tube, also with an iterative inversion method
based on Mie scattering (also using Bertie and Lan as a first guess, though with a different iterative
approach than that used by Wagner et al.). The technique used to produce these two datasets can be
considered as providing an in situ inference of the index of refraction that is directly applicable to cloud
droplet remote sensing problems; on the other hand, the technique is not independent of theoretical
assumptions and radiative transfer tools used in cloud retrieval algorithms. A comparison of the
results from the two datasets is given in Wagner et al. and, for the scales shown in their comparison
plots, indicated generally good agreement across the spectrum for similar temperatures.

However, Figure 2 shows the Wagner et al. 269 K k spectrum compared with Downing and
Williams used by the MODIS standard cloud retrieval algorithm [18] as well as the Zasetsky et al.
263 K dataset (both shown as differences relative to Wagner et al.). In the MODIS and VIIRS channels
(green and yellow shading, respectively), Downing and Williams is about 10% larger than Wagner et al.
while Zasetsky et al. is well outside either of the other two in the window region (e.g., over 200%
larger than Wagner et al. at 3.8 µm). While the Wagner et al. data do not sufficiently cover the 2.2 µm
atmospheric window to be useful for cloud retrievals, it should be noted that their reported k values
match well with Kou et al. at 2.2 µm yet are twice as large as Kou et al. at 2.3 µm.
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Figure 1. Liquid water spectral imaginary index of refraction (k) from three data sources from the 1.6 through 
2.2 µm SWIR atmospheric windows. The imaginary index of refraction is shown on the left ordinate by the 
thick black line for Kou et al. at laboratory temperatures of (a) 265 K and (b) 295 K. The percent difference 
relative to Kou et al. for the Palmer and Williams (PW) and Downing and Williams (DW) datasets, both for a 
nominal 300 K temperature, are shown on the right ordinate. The nominal half-power bandpasses for the 
relevant MODIS (green shading) and VIIRS (yellow) channels are also shown. The two Kou et al. datasets and 
their relative difference (dashed line) are shown in (c). 

 
Figure 2. Similar to Figure 1 but for the 3.7 µm MWIR atmospheric window and the Wagner et al. 269 K 
dataset. Differences in k relative to Wagner et al. are shown for the datasets of DW at 300 K and Zasetsky et al. 
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Figure 2. Similar to Figure 1 but for the 3.7 µm MWIR atmospheric window and the Wagner et al.
269 K dataset. Differences in k relative to Wagner et al. are shown for the datasets of DW at 300 K
and Zasetsky et al. at 263 K. The nominal half-power bandpasses for the most relevant MODIS (green
shading) and VIIRS (yellow, [35]) channels are also shown.

While, to our knowledge, operational CER imager retrievals have not made use of these relatively
recent datasets, there has been some radiative and retrieval work done with them. Using the
measurements of Zasetsky et al. and Wagner et al. [63] examined the impact on longwave radiative
flux calculations of the complex index of refraction of liquid water at supercooled temperatures
relative to the Downing and Williams dataset, as well as the impact on downwelling longwave ice cloud
retrieval errors from supercooled water. Moreover, with an emphasis on radiative flux calculations, [64]
compiled a temperature-dependent complex index of refraction dataset using sources discussed in
this section for wavelengths up to about 22 µm. Reference [65] used the Kou et al. dataset for cloud
thermodynamic phase detection from Hyperion, a hyperspectral imaging spectrometer that flew on
NASA’s EO-1 satellite.

3. Results

As previously discussed, CER retrievals for cloud multiple scattering problems are predominantly
derived from particle size distribution absorption information and, to a lesser extent, the asymmetry
parameter. Both quantities spectrally vary with droplet size and the imaginary index of refraction of
bulk water. Here we show the sensitivity of liquid water scattering properties in the relevant MODIS
and VIIRS effective radius retrieval channels to the candidate index of refraction datasets discussed in
Section 2, along with the resulting temporally/spatially gridded cloud droplet retrieval sensitivities for
both sensors.

3.1. Cloud Droplet Single Scattering Properties

Mie calculations of droplet single scattering co-albedo (1-SSA) as a function of CER are shown
in Figure 3. Calculations at each CER are made using a modified gamma droplet size distribution
with an effective variance of 0.10, consistent with the forward modeling assumption in the NASA
MODIS and VIIRS cloud algorithms [18,31]. The dashed lines in each panel represent the index of
refraction dataset used in the MODIS standard cloud product algorithm, while the two solid lines
indicate candidate datasets examined in detail in this study. The thick solid lines are the supercooled
(265 K) temperature datasets adopted for the MODIS/VIIRS cloud continuity optical property algorithm
as shown in Section 3.2 [31], with the exception that the MWIR scattering properties are shown for
the 269 K laboratory measurements (for comparison with Figure 2) instead of a 265 K interpolated
value. While the plots provide a CER lower limit of 2 µm, the retrieval algorithms of Section 3 (and all
CLDPROP and MYD06 production code) reject droplet retrievals less than 4 µm.
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Figure 3. MODIS (left column) and VIIRS (right column) SWIR and MWIR channels droplet co-albedo
(1-SSA) versus effective radius for the index of refraction datasets used in the retrieval sensitivity studies
of Section 3.2. PW and DW represent the datasets of Palmer and Williams and Downing and Williams,
respectively, used in the MODIS standard cloud optical product. The thick solid line represents the
dataset adopted for the MODIS/VIIRS cloud continuity product.

As an example, the figure shows that the MODIS 2.13 µm channel co-albedo for a 10 µm droplet
CER varies from 0.024 (Palmer and Williams) to 0.028 (Kou et al. at 265 K) which is significant, especially
for multiple scattering cloud problems. To appreciate this significance graphically, if the optical
thickness is known from a VIS/NIR spectral channel, the CER retrieval from a SWIR/MWIR reflectance
measurement is primarily a retrieval of droplet absorption in the channel. Therefore, if a 10 µm CER is
retrieved from the MODIS 2.13 µm channel using the Palmer and Williams dataset—as is done in the
MODIS standard cloud product—Figure 3 indicates that the Kou et al. 265 K dataset would give a CER
almost 2 µm smaller (i.e., the CER corresponding to the location where a co-albedo of 0.24 intersects
the thick Kou et al. line). This graphical result is consistent with ∆CER/CER ≈ −∆(1− SSA)/(1− SSA)

(see Section 2.1) which gives a CER reduction of 1.7 µm. However, the opposite sensitivity occurs for
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the VIIRS 2.25 µm channel, where the Kou et al. 265 K dataset would result in a CER about 1 µm larger
then when using the Palmer and Williams dataset. As will be shown in Section 3.2, the large MODIS
liquid water CER bias relative to VIIRS in these 2.2 µm window channels when using the Palmer and
Williams dataset is greatly reduced with Kou et al. at 265 K. With the exception of the MODIS 2.13 µm
channel, the Palmer and Williams 300 K SWIR dataset gives co-albedos reasonably consistent with the
Kou et al. 295 K dataset which is closest in temperature.

Because of the closer spectral correspondence between MODIS and VIIRS in the 1.6 and 3.7
µm channels, in addition to the relatively small gradient in k in these spectral regions (Figures 1
and 2), changes in the MODIS and VIIRS CER for Kou et al. or Wagner et al. compared with the
MODIS standard algorithm datasets are all of the same sign and act to decrease (increase) CER
retrievals in the 1.6 µm (3.7 µm) channels. As a result, CER retrieval differences between the sensors
in each of these two window channels will be similar regardless of which of the two datasets is
used. However, resulting intra-sensor channel-to-channel CER changes can be substantial between
the datasets. Note that other radiative modeling error sources that can contribute to spectral CER
differences are discussed in [31] (see Section 4), including sensor radiometric calibration biases and
cloud microphysical vertical heterogeneity.

Since the upper temperature reported by Wagner et al. was limited to 269 K, it is not clear whether
the methodology at room temperature would have yielded results consistent with Downing and Williams.
Note that the Zasetsky et al. dataset gives co-albedos in the 3.7 µm spectral region that are much larger
than both Wagner et al. or Downing and Williams (about a factor of two larger over much of the CER
space). Being such a significant outlier, the dataset was not further investigated for use in this study.

Changes in asymmetry parameter with index of refraction dataset will also affect the cloud
reflectance and therefore, if significant, would need to be considered in the above interpretation.
However, g differences were found to be insignificant in the MODIS 1.64 and 2.13 µm channels (changes
of about 0.04% and 0.1%, respectively, for a 10 µm CER). Even in the 3.7 µm spectral region (Figure 4),
the g sensitivity to index of refraction is quite small (0.5% for a 10 µm CER, though as large as about
1.6% at 4 µm). Regardless, the slight decrease in g for the Wagner et al. dataset shown in Figure 4
acts to increase reflectance in the MWIR channels, as does the decrease in absorption (bottom row of
Figure 3), with both sensitivities acting together to increase CER retrievals relative to the standard
product’s Downing and Williams dataset.
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3.2. Cloud Effective Radius Retrievals

All VIIRS retrievals discussed below include the SWIR relative radiometric adjustments discussed
in [30]. However, the impact of the adjustments in those channels (2%–3%) were found to be relatively
small compared with the index of refraction dataset choices discussed in this section. The VIIRS and
MODIS continuity algorithm sensitivity runs for the results of this section, both pixel-level (Level-2)
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and 1◦ gridded monthly aggregations (Level-3) [66], were generated at the A-SIPS to ensure consistency
with production code. That consistency includes Level-3 VIIRS aggregations being limited to the
narrower MODIS view geometry swath and the restoral of VIIRS onboard bow-tie pixel deletion to
provide similar pixel sampling. Since the MODIS and VIIRS 2.2 µm atmospheric window spectral
locations are distinctly different, collectively they are referred to below as the 2.x µm channels when
useful for simplifying the narrative.

The cloud optical retrieval algorithm makes use of pre-computed lookup tables (LUTs) of cloud
bidirectional reflectance and, for the MWIR, emissivity for various surfaces and solar/view geometries
across the CER and COT solution space. To simplify the cloud retrieval sensitivity discussion,
the following terminology is used to differentiate the SWIR and MWIR index of refraction datasets
examined: 265 K LUTs (calculations using the datasets of Kou et al. at 265 K and Wagner et al.
interpolated to 265 K, respectively) and 300 K LUTs (calculations using the datasets of Palmer and
Williams and Downing and Williams, respectively). As a reminder, while the 300 K LUTs are used in the
MODIS standard product (MYD06), the 265 K LUTs were chosen for the publicly available VIIRS and
MODIS CLDPROP. This choice will be discussed in Section 4.

While the Wagner et al. MWIR dataset does include the full complex index of refraction, the real
part of the index of refraction is not reported in the SWIR measurements of Kou et al. Therefore,
we defaulted to using n(λ) from Palmer and Williams in the results that follow. Published values of n
given in Palmer and Williams, Downing and Williams and Wagner et al. for the imager SWIR channels
indicate that absolute differences are no greater than about 0.005 (maximum in the VIIRS 2.25 µm
channel for Wagner et al. interpolated to 265 K versus Palmer and Williams at 300 K). Sensitivity tests
using a difference in n of 0.005 for that 2.25 µm channel show that the impact on co-albedo is minimal
(<1% for CER>5 µm and <0.5% for CER > 10 µm) compared to changes in k between the evaluated
datasets in Figure 3 (middle, right hand panel). Though larger impacts from defaulting to n from
Palmer and Williams cannot be ruled out, it is highly likely that this assumption has no effect on the
overall results or conclusions from this study.

Without consideration of which index of refraction dataset is most correct for a given spectral
channel and cloud temperature, it is useful first to examine LUT retrieval sensitivities and how they
compare to other CER retrieval error sources. Figure 5 shows gridded CER retrieval sensitivities for
February 2014. Retrievals for northern polar latitudes are not available since these microphysical
cloud algorithms are daytime only. The left column is the retrieved CER for the VIIRS v1.1 continuity
cloud product production version (265 K LUTs) minus the CER from the same VIIRS algorithm but
using LUTs consistent with the MODIS standard product (300 K LUTs). The right column is the same
sensitivity test but for MODIS, i.e., MODIS v1.1 CER (265 K LUTs) minus MODIS v1.1 CER (300 K LUTs).
The corresponding ±60◦ latitude area-weighted means and their differences are shown in Figure 6 for
land and ocean scenes separately since liquid water cloud properties vary between the two regimes
(e.g., [67]). As expected from Figure 3, changes in the 2.x µm channel CER retrievals for VIIRS and
MODIS continuity algorithms are in opposite directions since the two sensors have their channel located
on different sides of the k sensitivity curves (Figure 1a). The 265 K LUTS reduce the overall difference in
the VIIRS and MODIS CER means to 0.25 µm (land) and 0.02 µm (ocean), respectively. Some regional
dependences are seen, especially for tropical 3.7 µm differences. This demonstrates, along with the
right column images of Figures 7 and 8 (discussed later), the critical need for having common radiative
transfer model assumptions when endeavoring to achieve inter-sensor product continuity.
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Figure 5. Differences in gridded cloud effective particle radius (CER) for February 2014. Left column is
VIIRS v1.1 cloud continuity algorithm CERs, with lookup tables (LUTs) computed from the 265 K index
of refraction datasets, minus CER from the VIIRS v1.1 algorithm using the 300 K LUTs. Right column
is MODIS v1.1 CERs using the 265 K LUTS minus MODIS v1.1 using 300 K LUTS.
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Figure 6. Calculated ±60◦ latitude mean CER from Figure 5 for the 265 K (blue) and 300 K (red) LUTs,
and differences (gray shading with value labels). Means for VIIRS (dark red/blue shading) and MODIS
(light shading) are given for each SWIR/MWIR retrieval categorized by land and ocean scenes.

Cloud optical property retrieval uncertainties for several error sources (measurement and model)
are calculated as part of the retrieval code as discussed in [18]. MYD06 liquid water cloud CER daily
aggregated uncertainties (assuming unity correlation for error sources within a 1◦ grid) are typically in
the 5%–15% (or about 1–2 µm) range for low clouds during February [68], though there are strong
dependencies on other cloud properties, solar and view angle geometry, surface type, etc. Generally
speaking, index of refraction differences map into retrieval uncertainties that are of the same magnitude
as other collective error sources currently considered in the MODIS and VIIRS products.

Figure 7 shows global gridded mean spectral CER retrievals and differences for February 2014
using 300 K LUTs for the VIIRS and MODIS continuity algorithm (version 1.1) as well as for the
archived C6.1 MYD06 product. This quantifies the ability to provide continuity between the sensors if
the standard MODIS cloud product index of refraction datasets had continued to be used. The most
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substantial VIIRS minus MODIS CER differences (middle and right column images) occur for the
2.x µm channels (i.e., 2.13 and 2.25 µm for MODIS and VIIRS, respectively) with differences typically
about −2 to −3 µm. It was this discrepancy that provided the impetus for investigating alternate index
of refraction datasets, i.e., it was readily apparent (e.g., Figure 3) that use of the 265 K Kou et al. data for
forward radiative cloud calculations in this spectral region would increase VIIRS CER retrievals (due to
larger droplet absorption) while reducing the MODIS retrievals (smaller absorption), thereby reducing
the strong VIIRS minus MODIS bias. The lesson learned is that forward model deficiencies are
brought into stark relief when pressed into the service of providing retrieval closure/consistency over
wavelengths where scattering/absorption properties change significantly. The 1.6 and 3.7 µm channel
retrieval differences are also significant but to a lesser extent. Since the same index of refraction
datasets are used for all retrievals, similar differences seen between VIIRS and both MODIS algorithms
indicate that the differences are not dominated by algorithm implementation discrepancies between
the sensor codes.

 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Comparison of February 2014 gridded (1◦) mean spectral CER retrievals from Aqua MODIS
and Suomi National Polar-orbiting Partnership (SNPP) VIIRS using the same SWIR and MWIR index
of refractions datasets as in the MODIS standard cloud optical property algorithm for all images (i.e.,
300 K LUTs, see text for details). Mean CER for the VIIRS continuity algorithm (equivalent to version
1.1 other than index of refraction dataset choices) are shown in the left column. CER differences are
shown between VIIRS and the corresponding MODIS continuity means (middle), and between VIIRS
and the standard MODIS C6.1 Level-3 product MYD08 (right).

To filter for higher quality retrievals, the pixel aggregations of Figure 7 and subsequent results do
not include successful retrievals for pixels that are identified as partly cloudy (PCL) by the algorithm’s
clear sky restoral module [18]. Note that the MYD06 algorithm uses a 250 m cloud mask test as part
of the PCL determination over maritime scenes in addition to cloud edge detection that is the only
test used in the continuity algorithms [31]. As a result, the pixel population in MYD06 is slightly
smaller than for either the MODIS or VIIRS continuity population. In addition, cloud masking and
related cloud edge detection is dependent on sensor pixel field-of-view which can be substantially
different between VIIRS M-band and MODIS as sensor view angle increases [35,69]. Despite the
somewhat different pixel populations, in practice the results of Figure 7 and subsequent figures were
not noticeably sensitive to PCL filtering, e.g., VIIRS minus MODIS continuity CER differences are only
slightly larger over some ocean regions when including the PCL population.
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Figure 8 shows the same set of images as Figure 7 but using 265 K LUTs for the v1.1 continuity
algorithms only (identical to files publicly available in the LAADS archive). As expected, the Kou et
al. dataset results in a significant decrease in the MODIS 2.13 µm CER retrieval along with a smaller
increase in the VIIRS 2.25 µm channel, thereby reducing the differences seen in Figure 7 for both
the MODIS continuity and standard algorithm. Changes in the CER differences in the 1.6 µm and
3.7 µm channels for the associated middle images are small relative to Figure 7 because the changes in
k between the index of refraction datasets in the two figures are similar (both sign and magnitude),
though differences between VIIRS and MYD06 (right column) are now more substantial. Overall,
these alternate index of refraction datasets provide better CER agreement (middle column) across
the two sensors compared with the datasets used in the MODIS standard algorithm (middle column,
Figure 7). The area-weighted means over ±60◦ latitude calculated from the gridded results of Figure 8
are shown in Table 3. 
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Figure 8. Same as Figure 7 but for the Kou et al. and Wagner et al. index of refraction datasets used in
the publicly released version 1.1. VIIRS and MODIS continuity property algorithm. Note the smaller
middle panel differences for the SWIR retrievals.

Table 3. Area-weighted ±60◦ latitude mean CER and differences in means for the panels of Figure 8,
separated by land and ocean scenes.

CER Spectral Channel VIIRS v1.1 VIIRS v1.1–MODIS v1.1 VIIRS 1.1–MYD06

1.6 µm
land 13.63 −0.70 −1.52

ocean 14.50 −0.47 −1.23
2.x µm

land 12.89 −0.25 −1.90
ocean 15.13 0.01 −1.45
3.7 µm

land 12.62 −0.55 0.70
ocean 14.65 −1.22 0.24
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4. Discussion

As seen in Figure 3, the Palmer and Williams 300 K dataset used for the MODIS standard algorithm
SWIR channels gives co-albedos very close to that of Kou et al. 295 K (closest in temperature)
for the 1.6 µm channels and the VIIRS 2.25 µm channel. However, the MODIS 2.13 µm channel
co-albedo is significantly larger at 295 K compared with Palmer and Williams, but not enough to reduce
the overall global CER difference achieved from the Kou et al. 265 K dataset that results in even
larger co-albedos [31]. Recognizing the CER retrieval sensitivity to temperature, and based on the
improvements shown (Figure 8 and Table 3) and the results in Figure 9 below, the 265 K datasets were
chosen for use in the continuity algorithm SWIR retrievals. While not all liquid water radiative cloud
tops are at 265 K, it is a reasonable global choice (e.g., Figure 9 and [20]) and much more defensible
than using index of refraction datasets from room temperature measurements.

For temperature consistency with the SWIR, the Wagner et al. dataset interpolated to 265 K was also
chosen for the MWIR 3.7 µm retrievals instead of the room temperature Downing and Williams dataset.
However, as already mentioned, there is no means for assessing differences between Wagner et al.
and Downing and Williams at a common measurement temperature. Though this is therefore a riskier
dataset choice, no reasonable alternatives are available for consideration.

Separating the dependence of CER on index of refraction from measurement (radiometric
calibration) and other model error sources is difficult. If the Kou et al. index of refraction dataset
at 265 K chosen for use in the 2.x µm CER algorithm is physically correct, then it is reasonable to
expect that the VIIRS minus MODIS CER difference would be dependent on cloud-top temperature
(CTT). This was investigated by binning monthly global liquid water CER retrievals as a function of
CTT. Since the analysis requires comparison of pixel-to-pixel retrievals from two platforms (Aqua,
Suomi NPP), match files were created using the spatial co-location methodology of [70] (further details
in Section 2.2.4 of [30]). Liquid water cloud VIIRS minus MODIS CER differences (∆CER) are shown in
Figure 9 for February and August 2014. The distributions are calculated from all latitudes and surface
types during those months, with VIIRS and MODIS co-locations required to be within 10 min of each
other and both sensor’s view zenith and solar scattering angles matching to within 5◦. The ∆CER
distribution in each CTT bin in Figure 9 is self-normalized by the maximum value in each CTT bin for
better clarity of the distribution. As with previous gridded aggregations, the retrieval population does
not include pixels flagged as partly cloudy.

Figure 9 shows the ∆CER versus CTT distribution for 2.x µm to have a positive correlation, with an
increase in ∆CER of approximately 1.2 µm between 265 K and 290 K for both months. This positive
correlation is consistent with the results of Figure 3. However, the CTT distribution (gray line) shows
that the frequency of 290 K radiative cloud tops is much less than for 265 K for both months. In contrast,
∆CER for the 1.6 and 3.7 µm retrievals are flat to within a couple of tenths of a micrometer over
the same temperature range, which is physically consistent with those channels showing co-albedo
changes with temperature of the same sign for the chosen index of refraction datasets (Figure 3).

The 2.x µm CER temperature dependence also suggests that the results seen in Figures 7 and 8 are
unrelated to solar reflectance calibration adjustments which would not be expected to have a scene
temperature dependence in these channels. While systematic biases in spectral atmospheric corrections
associated with differences in cloud-top pressure cannot be completely ruled out [71], these might be
expected to bias both 2.x µm channels in the same direction. We conclude that the LUT temperature
dependence is the most likely error source candidate.
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Figure 9. Monthly distribution of cloud continuity products (CLDPROP) v1.1 liquid water spectral
CER VIIRS minus MODIS differences for February 2014 (left column) and August 2014 (right).
Each cloud-top temperature (CTT) bin is normalized to its maximum count. The 265 K temperature
corresponding the index of refraction datasets used in the CLDPROP algorithms are shown as a
reference. The CTT distribution (solid gray line) is taken from the MODIS standard product (MYD06)
which was available in the merged files used for the analysis (see text for details).

The results shown in the middle row Figure 9 suggest that temperature-interpolated LUTs
consistent with cloud-top temperature retrievals may be warranted for a 2.x µm CER algorithm when
CTTs are greater than 265 K (the available range of Kou et al. laboratory temperatures). However,
these laboratory data are limited to just two discrete temperature measurements (265 K and 295 K) and,
thus, too sparse to resolve likely k non-linearities between those temperatures. Further, supercooled
liquid water cloud temperatures are frequently less than 265 K [19,20]. Nevertheless, it would be
valuable to study the impact of LUT temperature interpolation for this restricted subset of liquid water
cloud temperatures.
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5. Conclusions

Passive liquid water cloud effective particle radius retrievals from satellite or airborne multispectral
imager SWIR and MWIR observations fundamentally depend on the complex index of refraction used
in the forward radiative transfer modeling (i.e., bidirectional reflectance calculations in all SWIR/MWIR
spectral channels along with emissivity calculations in the MWIR). More specifically, the relative
uncertainty in the CER retrieval for a spherical liquid droplet is approximately inversely proportional
to the relative uncertainty in the imaginary index of refraction used in the calculations (see Sections 2.1
and 3.1). Despite this proportional dependence, the impact of k uncertainties on liquid water CER
retrievals has not been adequately explored in SWIR/MWIR retrieval studies. This largely has been
due to the lack of independent laboratory complex index of refraction datasets and compilations in the
relevant spectral bands. For this reason, there has been general consistency in the choice of the liquid
water index of refraction by the cloud remote sensing community, with those datasets being based on
publications in the 1960s and 1970s (though measurements reported in one popular compilation traces
back to the 1930s).

This study investigated several more modern (1990s and 2000s) laboratory liquid water index
of refraction datasets that have not been broadly utilized in the imager retrieval community (bottom
three rows of Table 2). In particular, global CER retrieval sensitivity studies were performed using the
relatively recent index of refraction datasets of [25] (Kou et al.) in the SWIR and [26] (Wagner et al.)
in the MWIR, compared with earlier datasets used in the production of the MODIS standard cloud
product (MOD06/MYD06) ([23] (Palmer and Williams) and [24] (Downing and Williams)). Being more
recent does not bestow inherently more accuracy, however the newer datasets examined did have the
advantage of reporting measurements at supercooled water temperatures that are often more relevant
to atmospheric conditions; the earlier datasets were reported at room temperature conditions. Thus,
the retrieval sensitivity studies could examine a range of k temperature dependencies. While Kou et al.
used bulk water transmittance measurements similar to previous work, Wagner et al. used a cloud
chamber to measure droplet extinction that is, in principle, more consistent with the remote sensing
problem though also utilizing similar assumptions and scattering theory.

The two new datasets were found to affect CER retrievals significantly (e.g., 1–2 µm) relative to
the earlier datasets commonly used by the community. The sensitivity is also significant with respect
to community requirements, e.g., Global Observing System for Climate (GCOS) essential climate
variable (ECV) requirements (desired CER uncertainty specified as 1 µm with a stability of 1 µm/decade,
Table 23 in [27]), the NASA Plankton Aerosol Cloud and ocean Ecosystem (PACE) mission [28] that
is currently in development and specifies the liquid CER retrieval uncertainty requirement as 25%
(e.g., 2.5 µm for a common liquid CER of 10 µm), and the NOAA Joint Polar Satellite System (JPSS)
program’s liquid water CER uncertainty objective of 10% (1 µm for a common liquid CER of 10 µm) [29].
Further, the differences varied in magnitude and sign depending on the spectral channel used for
the CER retrieval. The sensitivity of the 1.6 and 3.7 µm window CER retrievals were similar in
magnitude and sign for both MODIS and VIIRS due to the similar bandpass locations (see Figure 5).
For the 2.2 µm atmospheric window, it was found that k for a 265 K water temperature (Kou et al.)
resulted in more consistent CER retrievals between the two spectrally distinct channels on MODIS
and VIIRS by decreasing MODIS retrievals and increasing VIIRS retrievals (Figures 5 and 6). As a
result, the 265 K measurements from the SWIR and MWIR index of refraction datasets were adopted
for use in the production version of the NASA MODIS/VIIRS continuity cloud product. While it is
hard to uniquely separate out other error sources that may underlie the 2 µm retrieval sensitivity
results (e.g., radiometric calibration), the temperature-dependent CER results shown in Figure 9
lend credence to an index of refraction mechanism. Regardless, there remains a clear need to better
understand temperature-dependent bulk water absorption and uncertainties in the SWIR and MWIR
spectral regions.

Finally, note that a non-negligible temperature-dependent imaginary index of refraction also
has been found for ice cloud particle scattering [72]. Though the impacts are greatest in the infrared,
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a study on the impact on cloud microphysical retrieval sensitivity to ice index of refraction in the
SWIR/MWIR is also warranted.
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