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Abstract: Cloud properties are essential for the Clouds and the Earth’s Radiant Energy System
(CERES) Project, enabling accurate interpretation of measured broadband radiances, providing a
means to understand global cloud-radiation interactions, and constituting an important climate rec-
ord. Producing consistent cloud retrievals across multiple platforms is critical for generating a mul-
tidecadal cloud and radiation record. Techniques used by CERES for retrievals from measurements
by the MODerate-Resolution Imaging Spectroradiometer (MODIS) on Terra and Aqua platforms
are adapted for application to radiances from the Visible Infrared Imaging Radiometer Suite (VIIRS)
on the Suomi National Polar-orbiting Partnership to continue the CERES record beyond the MODIS
era. The algorithm adjustments account for spectral and channel differences, use revised reflectance
models, and set new thresholds for detecting thin cirrus clouds at night. Cloud amounts from VIIRS
are less than their MODIS counterparts by 0.016 during the day and 0.026 at night, but trend con-
sistently over the 2012-2020 period. VIIRS mean liquid water cloud fraction differs by ~0.01 from the
MODIS amount. Average cloud heights from VIIRS differ from MODIS heights by less than 0.2 km,
except VIIRS daytime ice cloud heights, which are 0.4 km higher. Mean VIIRS nonpolar optical
depths are 17% (1%) larger (smaller) than those from MODIS for liquid and ice clouds, respectively.
VIIRS cloud particle sizes are generally smaller than their MODIS counterparts. Discrepancies be-
tween the MODIS and VIIRS properties stem from spectral and spatial resolution differences, new
tests at night, calibration inconsistencies, and new reflectance models. Many of those differences
will be addressed in future editions.

Keywords: Cloud, Clouds and the Earth’s Radiant Energy System (CERES), cloud amount, cloud
height, cloud phase, cloud optical depth, cloud remote sensing, Visible Infrared Imaging Radiome-
ter Suite (VIIRS), Suomi National Polar-orbiting Partnership, SNPP

1. Introduction

The Clouds and the Earth’s Radiant Energy System (CERES) Project [1] is a long-term
satellite-based effort to monitor the Earth’s radiative energy budget and cloud properties
for climate studies. The primary measurements utilized by CERES are broadband radi-
ances recorded by the CERES scanners [2] and multispectral narrowband radiances taken
by an imaging radiometer on the same orbiting platform. Cloud properties determined
from the latter are key variables used to convert the former into broadband shortwave
and longwave fluxes at the surface, top-of-the atmosphere (TOA), and specified levels
within the atmosphere. Together, the resulting parameters allow the study of radiation-
cloud interactions and their trends at various time and space scales.

The initial CERES measurements began in March 1998 using the Tropical Rainfall
Measuring Mission (TRMM) satellite, which carried two CERES scanners and the 5-
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channel Visible and InfraRed Scanner (VIRS). The TRMM was in a 35°-inclined orbit that
provided complete diurnal coverage between roughly 45°N and 45°S over the course of
45 days. Global coverage commenced in March 2000 with the CERES broadband scanners
on the Terra platform complemented by narrowband radiances measured by the MODer-
ate-resolution Imaging Spectroradiometer (MODIS; see [3]). Terra is in a Sun-synchronous
orbit with a descending node equator crossing time (ECT) of 10:30 local time. It was fol-
lowed in July 2002 by Aqua, which carried the same complement of instruments in a Sun-
synchronous orbit with a 13:30 ascending node ECT. While TRMM and VIRS lasted for
more than 17 years, the TRMM CERES scanner had electronic problems and acquired only
11 months of usable data. As of this writing, the CERES scanners and the MODIS on Terra
and Aqua continue taking measurements, well past their expected lifetimes.

Outgoing radiation and cloud fields can vary systematically over the diurnal cycle
from one region to another (e.g., [4,5]), so that measurements taken at only a few local
times can result in biased means when averaged over a 24-h period (e.g., [6]). To minimize
any potential diurnal bias due to sampling at 4 local times, CERES incorporated nonpolar
(60°N- 60°S) hourly (Edition 4) and 3-hourly (Editions 2 and 3) geostationary satellite nar-
rowband radiances and cloud properties derived therefrom [7]. These are used to help
estimate the corresponding hourly or 3-hourly broadband fluxes between the Sun-syn-
chronous CERES broadband measurements [8]. The narrowband-based broadband flux
estimates are normalized to the CERES scanner broadband fluxes to ensure consistency
among the various geostationary satellites and between narrowband estimates and
CERES measurements [9, 10].

To create a continuous climate record of the Earth’s radiation budget and clouds, the
CERES Project planned to put additional broadband scanners on later satellites carrying
narrowband imagers similar to MODIS in orbits with the same ECTs as Aqua and/or
Terra. To that end, the CERES instruments were launched on the Suomi National Polar-
orbiting Partnership (SNPP) in 2011 and on the first Joint Polar Satellite System satellite,
NOAA-20, in 2018. Both satellites have nominal ECTs at ~13:30 LT, providing diurnal con-
sistency with Aqua, and carry the Visible Infrared Imaging Radiometer Suite (VIIRS; see
[11]), which has many channels similar to those on MODIS. CERES scanners were not
deployed on later satellites with Terra-like orbits. As of this writing, both SNPP and
NOAA-20 are providing data that overlap with those from Aqua. Assuming that the
CERES instruments on Aqua fail first, those on SNPP and/or NOAA-20 will continue
monitoring the cloud and radiation system into the future.

Having similar instruments in nearly the same orbits, however, does not ensure con-
sistency in the retrieved parameters. Any dissimilarities in the calibrations, spectral bands,
spatial resolution, and processing among the sensors also must be understood and miti-
gated to provide a stable continuous record. Szewczyk et al. [12] and Smith et al. [13] ex-
amined the relative calibrations among the CERES broadband scanning radiometers on
Terra, Aqua, and SNPP and determined ways to put all three on the same radiometric
scale. As a first step to minimizing errors due to spatial resolution and model selection
between the SNPP and Aqua broadband fluxes, Su et al. [14] estimated the sensitivity of
the derived fluxes to differences in the SNPP and Aqua scanner field of view sizes and to
differences between the cloud properties retrieved from the VIIRS and MODIS radiances.
Although consistent in ECT to within 5 minutes, the SNPP orbit is 119 km higher than
Aqua’s. Thus, the SNPP CERES scanner field of view is significantly greater than its Aqua
counterpart and covers a wider swath of the Earth. There are also differences between the
imagers on Aqua and SNPP. While many of the MODIS channels are matched with VIIRS
channels to some extent, others are missing. Additionally, the VIIRS pixel resolution is
either 375 m (Ix channels) or 750 m (Mx channels) compared to 1 km for most MODIS
channels. The VIIRS pixel size remains relatively constant with increasing viewing zenith
angle (VZA), while the MODIS pixel size continuously increases as a function of sec(VZA).
These differences can impact the retrieved cloud properties, which constitute an inde-
pendent climate record and help convert the CERES broadband radiances to fluxes.
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The CERES data processing system comprises several sequential subsystems that, for 100
the most part, are downstream of the cloud retrieval subsystem, which ultimately affects 101
the radiative fluxes derived from the observed broadband radiances [15, 16]. Because the 102
instrument calibrations, algorithms, and auxiliary data are continuously examined and 103
improved, timely incorporation of such refinements can introduce anomalies and spuri- 104
ous trends in the long-term record. To avoid such impacts, the CERES processing system 105
was designed to operate with a fixed set of calibrations, algorithms, and auxiliary data 106
until a major change to one of those components occurs in a critical subsystem. When that 107
happens, a new version of the system is employed and all of the satellite data over the 108
entire record are reanalyzed with it. Each version for a given satellite is designated as an 109
Edition and assigned a number. Notable, but less comprehensive changes having minor 110
effects on particular subsystems are identified by adding a lower-case letter or other indi- 111
cator to the Edition number. The data for that Edition are not reprocessed from the begin- 112
ning, but only from the time when the minor change is introduced, on the assumption that 113
the change is not considered detrimental to the long-term record. The current cloud algo- 114
rithms for MODIS, designated as Ed4, are applied to both Terra and Aqua. 115

The CERES MODIS Ed4 cloud mask [17] and retrieval algorithms [16] were adapted 116
for application to the SNPP VIIRS radiances. Those adaptations constitute the CERES 117
SNPP VIIRS Edla cloud retrieval system, CV1S. For brevity, the CERES MODIS Ed4 and 118
SNPP VIIRS Ed1a are referred to as CM4 and CV1S, respectively. An “A” is appended to 119
CM4 when referring to those parameters derived from Aqua MODIS data using the Ed4 120
algorithms. The CV1S retrieval algorithms were applied to VIIRS data taken from 1 Janu- 121
ary 2012 to 30 June 2021, resulting in a record of 9.5 years. 122

This paper summarizes the changes made to the CM4 cloud mask and the retrieval 123
process and their impact. Section 2 provides a review of the input data and the major 124
changes made to CM4 to create CV1S. Some CV1S results and comparisons with their 125
Aqua CM4 (CM4A) counterparts are presented in section 3. Discussion of the CV1Sresults 126
and some comparisons with other data sources are given in section 4, followed by the 127
concluding remarks in section 5. Part II of this paper [18] provides an evaluation of several 128
cloud parameters with cloud properties derived from satellite-borne lidar measurements. 129

2. Materials and Methods 130
2.1 Data 131

The input data consist of VIIRS radiances and an array of ancillary datasets and mod- 132
els used to estimate the expected cloud-free spectral radiances and to simulate cloudy sky 133
radiances for different heights, optical depths, and particle sizes for both ice and liquid 134
water clouds. Other data are used for evaluating the results. 135

2.1.1 VIIRS Radiances 136

For CV1S, CERES ingests a 16-channel subset of the 22-channel SNPP VIIRS Collec- 137
tion-1 Level 1B geo-located and calibrated radiance data. From 2012 through 2015, the 138
data were obtained from the NASA Land Science Investigator-led Processing System 139
(SIPS) product, which employed the nominal calibrations. Beginning in January 2016, the 140
data have been provided by the NASA Land Product Evaluation and Algorithm Testing 141
Element (PEATE). The PEATE VIIRS calibrations from [19] are used for all channels. As 142
indicated in Table 1, the CV1S cloud mask and retrieval algorithms use 10 and 7 VIIRS 143
channels, respectively, compared to 12 and 8 for CM4. For cross-platform consistency and = 144
to facilitate processing, notation, and description, CERES uses a common channel-num- 145
bering system different from those used for either MODIS or VIIRS. For the solar and 146
thermal channels, the radiance parameters are given as reflectance pr and brightness tem- 147
perature Tx, respectively, where the subscript k denotes the CERES channel number. The 148
CERES numbering system is given in Table 1 along with the acronyms used as reference 149

Table 1. Spectral Channels Used in CERES Cloud Retrievals 150
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CERES MODIS VIIRS ~ MODIS Central ~VIIRS Central 'y viRs
Channel Channel Channel Wavelength Wavelength CcM4 cvis Name
# # # (um) (um)
1 1 I1 0.65 0.64 1,2 1,2 VIS
2a 6 I3 1.64 1.61 - 1,2 NIR
2b 7 Mi1 213 2.26 1,2 - NIR
3 20 14 3.78 3.74 1,2 1,2 SIR
4 31 M15 11.0 10.8 1,2 1,2 IRW
5 32 M16 12.0 12.0 1,2 1,2 SPW
6 29 M14 8.55 8.55 1,2 1,2 IRP
7 5 M8 1.24 1.24 1,2 1,2 SNI
8 3 M3 0.47 0.48 1 1
9 26 M9 1.38 1.38 1 1
10 2 M7 0.86 0.86 1 1 VEG
11 27 6.71 N/A 1 N/A wWv
12 33 13.3 N/A 1,2 N/A CcO2

UseKey: 1 -mask  2-retrieval

names, the central wavelengths, and the radiance parameter variable names. Unless oth-
erwise noted, the CERES channel numbers will be used. To achieve pixel-size consistency
among the employed wavebands, 4 I-channel, 375-m resolution radiances nearest the cen-
ter of each 750-m M-channel pixel are averaged to obtain a radiance equivalent to a nom-
inal 750-m resolution pixel. The 750-m VIIRS data are sampled every eighth pixel and
every other scan line to yield a nominal resolution of 6 km x 1.5 km, or ~9 km2.

Figure 1. Spectral response functions for CERES channels (a) 1 and (b) 3 used in cloud detection and
retrieval algorithms.

Because of the various sources, there are slightly different calibrations for some of the
VIIRS channels before and after the source switch. According to unpublished
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intercalibration plots developed according to the methods of [20] and found at the NASA 164
SATCORPS Satellite Calibration Page (https://satcorps.larc.nasa.gov/cgi-bin/site/show- 165
doc?mnemonic=SAT CALIB USER), the PEATE VIS gain is 1.5% greater than its SIPS 166
counterpart. The PEATE gain for the 0.48-um channel is 2.6% higher than that for the 167
SIPS data. There is essentially no difference in the radiances between the two datasets for 168
the 1.24-um and 1.61-um channels and for all of the thermal channels. 169

While the channels common to MODIS and VIIRS are similar, there are instrument 170
differences that must be resolved to achieve consistency. For example, Figure 1 shows the 171
spectral response functions (SRF) for the Aqua MODIS (blue) and SNPP VIIRS (red) chan- 172
nels corresponding to CERES channels 1 (Figure 1a) and 3 (Figure 1b), respectively. The 173
VIIRS wavebands are broader than and encompass their MODIS counterparts with cen- 174
ters shifted slightly to shorter wavelengths. 175

In addition to its higher resolution, the VIIRS pixel size varies minimally with in- 176
creasing scan angle (SA) or VZA, unlike MODIS pixels. Combinations of sub-pixels are 177
used to produce the operational pixels recorded by VIIRS. The number of sub-pixels used 178
for each pixel decreases at SA = 32° and again at 43°, so that instead of the pixel area rising 179
monotonically with VZA, it suddenly decreases at SA=32° and again at 43° to the nadir 180
resolution or even higher [21]. Thus, while the MODIS pixel size has increased by a factor 181
of 5 at SA =53°, the VIIRS pixel size has risen by less than 50%. This characteristic is likely =~ 182
to cause some differences between the VIIRS and MODIS cloud property retrievals. 183

2.1.2 Ancillary Input 184

The ancillary data used in the cloud mask and retrievals are the same as those em- 185
ployed for CM4. These include global surface skin temperature, surface wind speed, and 186
atmospheric temperature, ozone, and humidity profiles, as well as total precipitable water 187
vapor taken from the CERES Meteorology, Ozone, and Aerosol (MOA) dataset. Reanal- 188
yses from version 5.4 of the Global Modeling Assimilation Office (GMAQ) Global Earth 189
Observing System Model Version 5.41 (GMAQO-G541), an update of the versions described 190
by [22], provide the MOA with algorithm-consistent estimates of surface skin temperature 191
and vertical profiles of temperature, humidity, and ozone throughout the CV1S record. 192
The native GMAO-G541 vertical profiles are available at a nominal horizontal resolution 193
of 0.5° x 0.625° every 3 hours, while surface skin temperature Ts is provided hourly at the 194
same resolution. Total column water vapor values are taken over ocean from the Special 195
Sensor Microwave Imager product at a 25-km resolution [23]. The CERES MOA interpo- 196
lates all data to hourly resolution and degrades the spatial grid to the 1°x1° CERES nested 197
grid for vertical profiles, while retaining the native GMAO-G541 surface skin temperature 198
time and space resolutions. 199

The ancillary and clear-sky radiance data are, for the most part, the same as those for 200
CM4 [17]. The main exception is for channel 2a (1.60 pm), which is used instead of channel 201
2b, because the cloud optical properties for the VIIRS 2.26-um channel differ significantly 202
from those of the MODIS 2.13-um channel. A set of normalized bidirectional reflectance 203
models was developed for channel 2a using the same approach as [17] for water surfaces, 204
[24] for snow-free land surfaces, and [25] for snow-covered surfaces. A starting clear-sky 205
albedo map with a resolution of 10" was developed for channel 2a using one year of data 206
from Terra MODIS. That map, which provides the clear-sky albedos that are converted to 207
reflectances for any given set of solar zenith, viewing zenith, and relative azimuth angles, 208
is updated with VIIRS measurements using the same procedure employed by [17]. 209

The change in channels and channel filter functions used in the CERES algorithms 210
affect the atmospheric transmission and cloud optical properties, so that each instrument 211
requires different sets of cloud model lookup tables (LUTs) and atmospheric attenuation 212
parameters. Atmospheric absorption is computed in the same manner as in CM4, except 213
new coefficients were computed for each channel using the VIIRS SRFs. Additionally, the 214
technique used to estimate ozone and water vapor absorption in the VIS channel for CM4 215
and Aqua Edition 2 [24] was replaced with a different approach in CV1S. The new method 216
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computes the water vapor and ozone optical depths between the TOA and specified levels 217
in the atmosphere using LUTs of normalized optical depths computed for a given SRF. 218
The inputs include the total column ozone and water vapor amounts. Similarly, the cloud 219
reflectance model LUTs were recomputed for channels 1, 2a, 3, and 7 using the VIIRS 220

SRFs. This change is discussed in Section 3.2. 221
2.2 Changes to the CM4 Algorithms for Application to VIIRS, CV1S 222

The CERES algorithms have two main components: pixel scene identification or 223
cloud mask and cloud and surface property retrievals. 224
2.2.1. Cloud Mask Changes 225

The flow charts describing the CERES CM4 cloud masks can be accessed at 226
https://satcorps.larc.nasa.gov/CERES_algorithms. Due to the reduced number of channels 227
and the use of 1.64 um instead of 2.13 um in CV1S, some of the tests in the cloud mask 228
were altered or eliminated. Those changes to the mask were guided by and adjusted based = 229
on comparisons of the CM4 and initial CV1S scene identification results for matching im- 230
ages with the goal of satellite-to-satellite consistency. For example, in the daytime and 231
twilight cloud detection sequences, tests using 2.1 pm were revised by simply replacing 232
all 2.1-pm parameters with their 1.6-um counterparts. Tests using brightness temperature 233
differences (BTDj, where i and j are channel numbers) between the 11 um and 6.7 and 13.3 234
pum channels were either eliminated altogether or replaced with tests employing BTD4s or 235
the 1.6-um reflectance. Similarly, for nighttime detection, tests using BTDss5, BTDss, BTDss, 236
and the difference between the clear-sky temperature Ts and T4 were developed to replace 237
those using channels 11 and 12. In all cases, new thresholds were developed for the re- 238
vised or eliminated tests by examining imagery. 239

A change was made to reduce overestimates of thin cirrus at night over ocean in 240
moist atmospheres. Alterations were made to a set of thresholds used to determine if a 241
pixel is truly cloud-free after all of the D tests were negative for clouds [17]. For CM4, an 242

otherwise clear pixel is changed to cloudy if 243

Tes—T+>2.5K or BTDss>2.0 K. (1) 244
This test was changed to the following for CV1S. 245

Tes —T+>2.5K or (BTDs >2.5 K and BTDs: > 4.0 K). (2) 246
This test adjustment represents a potential source of inconsistency between CM4 and 247
CViS. 248
2.2.2. Cloud Retrieval Changes 249

The CM4 retrieval algorithms consist primarily of the Visible Infrared Shortwave- 250
infrared Split-window Technique (VISST) for daytime snow-free conditions, the 251
Shortwave-infrared Infrared Near-infrared Technique (SINT) for daytime over snow and 252
ice surfaces, and the Shortwave-infrared Infrared Split-window Technique (SIST) for 253
nighttime and near-terminator conditions. Additional algorithms to provide alternative 254
information and additional secondary parameters are also included. For CV1S, many of 255
the CM4 algorithms were used without any changes. Some of the procedures, however, 256
were altered to account for channel differences and to correct some of the coding errors 257
found in CM4. The latter include indexing errors in the 1.24-um reflectance LUTs for both 258
ice and liquid water clouds; the use of a default surface skin temperature when the MOA 259
and retrieved temperatures differed by more than 10 K (affects extremely high land val- 260
ues); and the overwriting of the CM4 opaque ice cloud top height with the Edition 2 value. 261
New LUTs were developed (see below), eliminating the CM4 1.24-um LUT errors. No 262
default values are used to replace extremely high surface skin temperatures, and the Ed4 263
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opaque ice cloud-top heights are no longer overwritten by a lower value. Other notable 264
changes are described below. 265

3.2.1. Liquid Cloud Reflectance LUTs 266

The CM4 water droplet cloud reflectance LUTs were created using optical properties 267
based on the central wavelength of the SRF. In the central wavelength approach [26], the 268
indices of refraction from [27] and [28] for each wavelength specified in the SRF were 269
convolved with the SRF to obtain an effective index of refraction that corresponds to the 270
effective central wavelength. From this, the bulk scattering properties were computed for 271
each particle size distribution and used to compute the reflectance LUTs using an adding- 272
doubling technique. While this method may work well for relatively uniform SRFs and 273
minimally varying refractive indices, it can introduce some significant errors for more 274
variable wavebands. A more accurate technique, the spectral properties integral (SPI) 275
method, first computes the single-scattering properties: extinction efficiency Q. asym- 276
metry parameter g, and single-scatter albedo wo, for each particle size distribution at every 277
wavelength in the SRF. These are used to compute the bulk scattering properties for the 278
band by integrating over the channel, weighting by the SRF and the incoming solar radi- 279
ance spectrum, to obtain the band-reflected radiance. That is the method used for ice crys- 280
tal reflectance LUTs for both CM4 [29] and for ice crystals and water droplets in CV1S. 281

For CV1S liquid clouds, the optical properties for each particle size and wavelength 282
were computed using Mie scattering calculations with spectral refractive indices from [26] 283
for droplet size distributions having an effective variance of 0.1. To provide a flexible da- 284
tabase of optical properties, the calculations were performed for a total of 2821 wave- 285
lengths and 3000 particle size bins for particle radii between 0 and 300 pm. The discrete 286
ordinates (DISORT) radiative transfer method was utilized with the bulk scattering prop- 287
erties to compute the reflectance for every angle combination, optical depth COD, and 288
droplet effective radius CER. DISORT computations produced reflectance LUTs for chan- 289
nels 1, 2a, 3, and 7 at the same angular, CER, and COD nodes used for CM4. In general, 290
the resulting bulk scattering properties reduce the retrieved water droplet effectiveradius, 291
CERw, by 0.5 - 1.0 um relative to the CM4 values. 292

3.2.2. Infrared Cirrus Cloud Height 293

Two components of the CM4 retrieval code rely on having the CO2 channel, channel 294
12 (13.3 pm), which is not available on VIIRS. In CM4, the modified CO2 absorption tech- 295
nique (MCAT; see [30, 31]) used a pair of 11.0 and 13.3-um radiances along with the MOA 296
sounding and T to retrieve cloud top heights, pressures, temperatures, and optical depths 297
that serve as alternate values to those derived with either the VISST or SIST and as a seed 298
for a multi-layer detection and retrieval algorithm. For CV1S, the MCAT as used in CM4 299
[16] was further modified by replacing the CO2 channel with the SPW channel, CERES 300
channel 5 (12.0 pm). The mechanics of the retrieval using the 11 and 12-pum channels are 301
the same as those of the original MCAT and the output cloud top height CTHwm is used in ~ 302
the same manner as in CM4 to adjust the standard cloud effective height CEH when cer- 303
tain conditions are met [16]. Because the technique relies heavily on BT Dss, it is designated 304
the brightness temperature-difference method (BTM). The BTM is only applied when the 305
surface skin temperature Ts > 263 K, the surface pressure ps > 825 hPa, BTD4s > 0.5 K, and 306
the surface snow cover is zero. The BTM cloud-top pressure must be less than 600 hPa 307
before it is considered valid. 308

3.2.3. Multi-layer Cloud Retrievals 309

When a valid BTM retrieval occurs, the MCAT multilayer retrieval method [32] is 310
applied to the pixel, if there is a significant difference between the MCAT and VISST/SIST 311
optical depths and the former value is no greater than 2.0. For CV1S, the retrieval ap- 312
proach is the same as that used for the MCAT multilayer retrieval method [16], except 313
channel-5 radiances are employed instead of those from channel 12. The multilayer prod- 314
ucts in CM4 and CV1S are experimental and, while included in the standard CERES 315
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Single-Scanner Footprint cloud properties [33], are to be used with caution. Further details 316
about the multilayer products will be discussed in detail in a future publication. 317

3. Results 318

Consistency with CM4A is a critical goal for CERES as the VIIRS products are ex- 319
pected to completely replace those from MODIS in the future and should be as much like 320
them as possible. 321

In the process of performing comparisons of the two datasets, it was determined that 322
the approach for averaging cloud properties, as in [16,17] causes a VZA-dependent bias 323
in monthly and longer-term means. For CM4A, monthly mean regional cloud amounts 324
and properties were computed by summing the values of a particular parameter for all 325
pixels that correspond to the region for the month, then dividing by the number of pixels. 326
While this approach will produce a valid average, it may not be the most representative 327
value of the monthly mean because of reduced sampling at higher VZAs and the depend- 328
ence of a particular parameter average on VZA. 329

For example, the size of the MODIS footprint and mean cloud amount increases with 330
rising VZA [17]. The increased field of view reduces the number of pixels that fall within 331
a given 1° x 1° region relative to the number at nadir. Thus, the contribution of the high- 332
VZA overpasses to the monthly average will be smaller than the low-VZA overpasses. 333
This would be a random effect if there were no dependence of the parameter on VZA. But 334
for those parameters that vary systematically with VZA, the skewed sampling will intro- 335
duce a low-VZA bias. In the case of MODIS, the mean cloud fraction would be underesti- 336
mated because cloud fraction CF is significantly higher at VZA = 60° than at 30° [16]. For 337
VIIRS, the VZA-sampling dependence is minimized by the relatively constant footprint 338
size, which is actually smaller than that at nadir for some angles beyond 30° [21]. 339

Daily daytime and nighttime means are first computed based on local time for each 340
region in order to properly compare the CV1S and CM4A mean cloud properties and to 341
minimize the biasing due to VZA dependencies. These are used then to compute the 342
monthly, annual, and multiannual averages. The differences between the earlier approach 343
and the method used here are significant for Aqua, but less so for VIIRS. For example, the 344
mean global VIIRS and Aqua daytime cloud amounts determined from the earlier method 345
are essentially the same. As shown in the following subsection, the global mean CM4A 346
cloud fraction exceeds its CV1S counterpart, when the daily averaging technique is em- 347
ployed. 348



Remote Sens. 2022, 14, x FOR PEER REVIEW 9 of 33

349
Figure 2. Mean 2013 cloud fractions from CV1S for (a) day and (b) night with the differences be- 350
tween CV1S and CM4 for (c) day and (d) night. 351
3.1. Cloud amount 352

The distributions of 2013 mean cloud fraction from CV1S, CF(V), and their regional 353
differences with CF from CM4A, CF(M), are plotted in Figure 2. The global CF patterns 354
are very similar during day (Figure 2a) and night (Figure 2b), except in the polar regions. 355
In nonpolar areas, CF generally appears to be greater at night. Overall, the global mean 356
CF(V) increases by 0.02 from day to night, despite the nearly 0.03 drop in polar cloudiness. 357
During the day, CF(V) is generally 0.01 - 0.02 less than CF(M) (Figure 2c), except over some 358
desert areas and some tropical littorals. The non-polar positive differences occur in areas 359
with seasonal dust and smoke outbreaks. The greatest negative differences are in trade 360
cumulus areas and over central Greenland. On average, daytime CF(M) is 0.013 greater 361
than the CV1S cloud fraction. At night (Figure 2d), the differences over tropical ocean and 362
large portions of the permanent sea ice and snow areas are strongly negative, while CEF(V) 363
exceeds CF(M) over many land areas, particularly where desert and tundra prevail. Inthe 364
nocturnal global mean, CF(V) is 0.025 less than CF(M). Over the polar regions, the large 365
negative and positive regional differences cancel to some degree but the mean difference 366
is still significant at -0.020. The wide regional variability and increased negative differ- 367
ences in those cold regions at night are likely due to the lack of CERES channels 11 and 12 368
on the VIIRS and the reduced sensitivity in the VIIRS 14 band at very low temperatures 369
relative to that of the MODIS channel 20. 370

Figure 3 shows the time series of CF from CM4A (blue) and CV1S (green) as 12-month 371
running means between 2012 and 2020. Note the different scales in each plot. During day- 372
time in nonpolar regions (Figure 3a), the average difference between the two datasets is 373
relatively constant around -0.015. The trends for these 9 years are -0.7 and -0.5 %/decade 374
for CV1S and CM4A, respectively. Over polar areas, the CF differences vary between - 375
0.004 to -0.014 (Figure 3b). Here, the CF trends are positive at 1.6 and 1.5%/decade for 376
VIIRS and MODIS, respectively. Over the entire globe (Figure 3c), the daytime time series 377
are very similar to those over nonpolar regions, with the differences averaging around - 378
0.015, and yielding trends in CF(V) and CF(M) of -0.4 and -0.2 %/decade, respectively. As 379
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indicated in Figure 2c, the differences are not uniform across the globe, but vary with
latitude and surface type.

Figure 3. Time series of 12-month running mean cloud amount during daytime (left) and at night
(right) over nonpolar (top), polar areas (middle row), and the globe (bottom) for Aqua Ed4 (blue)
and SNPP Ed1a (green). Note the scale differences among the plots.

At night (Figure 3, right), the differences appear fairly constant with time at all lati-
tudes. Over the nonpolar regions (Figure 3d), CF(V) is 0.025 less than CF(M), while the
V1S and CMA4A trends of -0.9 and -0.7 %/decade reflect a slight divergence with time. The
difference over the polar areas (Figure 3e) begins around 0.018 and ends around 0.025,
resulting in a mean difference of 0.022. Because of the CM4A calibration change, the CF(M)
polar trends are unreliable. Nocturnal cloud detection was unaffected by the 2016 change
in VIIRS data because only its solar channels were altered. For this period, CF trends are
evident day and night with decreasing (rising) cloudiness in the nonpolar (polar) regions.
A decrease is apparent when the whole Earth is considered (Figure 3f).

Table 2 summarizes the mean cloud fractions from Aqua and VIIRS for the period,
2012-2020. During the daytime, the VIIRS averages are 0.016 less than Aqua over all ma-
rine areas and 0.013 less over land regions. Overall, the means differ by -0.015 during the
day. At night, the discrepancies are more substantial, with mean differences of around —
0.041 over oceans. Over land, the nocturnal differences are positive over nonpolar regions
and are essentially zero over polar regimes. For all surfaces over the globe, the nighttime
9-year difference, CF(V) - CF(M), is -0.026.

Table 2. Mean cloud amounts from Aqua Ed4 and SNPP Ed1la for 2012-2020.

Ocean Land Ocean & Land
NP Polar Global NP Polar Global NP Polar Global
Day
Aqua 0.690 0.847 0.703 0.535 0.627 0.551 0.650 0.748 0.660
SNPP 0.674 0.836 0.687 0.521 0.621 0.538 0.634 0.740 0.645
Night
Aqua 0.745 0.846 0.755 0.531 0.583 0.542 0.689 0.727 0.694
SNPP 0.703 0.807 0.714 0.549 0.583 0.556 0.663 0.705 0.668
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403

Figure 4. Mean 2013 global cloud fraction as a function of VZA for Aqua CM4 and CV1S. 404

Since the VIIRS pixel footprint changes little with VZA compared to that of MODIS, it is 405
important to determine the differences, if any, in the properties as a function of VZA. Fig- 406
ure 4 plots the average global cloud fractions from CM4A and CV1S for 2013. Mean CF 407
increases with VZA for both retrievals during the day and night, but less so for CV1S than 408
for CM4A. On average, CF rises by 11% from near nadir to VZA = 65° for CV1S compared 409
to 14% for CM4A. Thus, the nearly constant pixel size appears to have reduced the ten- 410
dency for increasing cloudiness, perhaps by offering views of more clear areas between 411
clouds. However, the increasing cloudiness with VZA cannot be eliminated by simply 412
changing the pixel size, because the vertical extent of clouds blocks views of breaks be- 413
tween clouds when viewed off nadir. 414

3.2. Cloud phase 415

The 2013 mean CV1S liquid cloud amount CFw and differences with CM4A are pre- 416
sented in Figure 5. CFw from CV1S (Figure 5a) is greatest over the marine areas under the 417
subtropical highs, the midlatitudes, and the Arctic. It is least over desert areas including 418
Antarctica. The daytime liquid cloud amount differences, CV1S5-CM4A, in Figure 5creveal = 419
that CV1S generally classifies fewer tropical pixels as water clouds compared to CM4A. 420
Over the midlatitudes and polar regions, the differences flip so that more clouds are clas- 421
sified as liquid by CV1S than by CM4A. As listed in the table in Figure 5, the mean differ- 422
ence in CFw during the day is -0.005 for the globe as a whole, but is 0.034 over polar areas. 423
The daytime CV1S ice cloud amounts CFi over polar regions are 0.052 less than their 424
CM4A counterparts, while the global mean CV1S CFi is 0.014 less than the CM4 average. 425

At night, the CV1S liquid cloud amounts (Figure 5b) are less than the CM4A means 426
over most oceanic areas, with the greatest absolute differences in the trade cumulus realm 427
(Figure 5d). The CV1S liquid clouds exceed the Aqua values over mountainous and arid 428
regions. In polar areas, the differences in liquid cloud amount are -0.015 compared to - 429
0.009 over the entire Earth. The VIIRS ice cloud amounts (table in Figure 5) are less than 430
their Aqua counterparts. These lower amounts for each phase reflect the overall smaller 431
CV1S nocturnal cloud amount. The global liquid fraction relative to the total amount is 432
the same for both datasets: 62% and 53% for day and night, respectively. 433

The time series in Figure 6 reveal that at the beginning of the SNPP period, CV1S 434
liquid cloud fractions are ~0.008 less than those from Aqua during the daytime (Figure 435
6a), but converge to within 0.002 of the CM4A amounts in 2016 and thereafter. At night 436
(Figure 6b), CFw from CV1S rises from ~0.351 in 2012 to ~0.356 in 2014, before slowly de- 437
creasing down to ~0.352 in 2018. The CM4A liquid fraction is ~0.016 greater than its SNPP 438
counterpart, then converges with CV1S and decreases after 2014. That decrease is due, in 439
part, to problems with the Aqua MODIS channel 29 in the Collection 5 dataset. That chan- 440
nel is employed in the nocturnal phase selection algorithm. The MODIS Collection 6.1 441
data were used for CM4 starting in 2016, so the CM4A averages decreased slightly after =~ 442
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443

Figure 5. Mean 2013 liquid cloud amounts from CV1S for (a) day and (b) night and the differences 444
between CV1S and CM4A for (c) day and (d) night. The table lists the average liquid and ice cloud 445
amounts for the globe and polar regions only. 446

2015 and the difference between CV1S and CM4A is relatively constant thereafter at 447
~0.010. Thus, the variation in the nighttime phase differences is due mainly to problems 448
with MODIS than with CV1S. The daytime phase selection also uses the troublesome 449
channel-29 data, but much less frequently than at night, so there is less impact during the 450
day. The ice fraction variations complement the liquid cloud results. The daytime CFi 451
from Ed4 remains fairly steady at ~0.253 with a slight rising trend (Figure 6c). The CV1S 452
CFi is constant at ~0.238 until 2016 when it drops to ~0.235, increasing the difference be- 453
tween CM4A and CV1S. At night (Figure 6d), mean CFi from CV1S decreases slightly in =~ 454
2014 but remains between 0.312 and 0.317 throughout the record. The CM4A jumps from 455
0.328 to 0.334 in 2015 and does not return, again reflecting the impact of the change in 456
MODIS datasets. 457
The liquid phase fraction averages for the whole period are summarized in Table 3. In 458
general, the results in Figure 5 are quite representative of the 9-year means. Over nonpolar 459
ocean, the CV1S mean CFw during daytime is 0.012 less than its CM4A counterpart, while 460
over polar ocean, the CV1S liquid fraction is 0.032 greater than CFw from CM4A. At night, 461
when the VIIRS total cloud fraction is reduced relative to CM4A, the nonpolar ocean dif- 462
ference is -0.023. Globally, the mean land CFw for CV1S is 0.004 and 0.015 greater than 463

464

Figure 6. Global 12-month running mean liquid water and ice cloud fractions of total cloud amount 465
from CM4A (blue) and CV1S (green). 466
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Table 3. Same as Table 2, except for liquid-water cloud amount.

Ocean Land All Surfaces
NP Polar Global NP Polar Global NP Polar Global
Day
Aqua 0.441 0.563 0.450 0.305 0.298 0.302 0.405 0.443 0.408
SNPP  0.429 0.595 0.442 0.304 0.328 0.306 0.396 0.475 0.403
Night
Aqua 0.436 0.414 0.434 0.207 0.158 0.197 0.376 0.299 0.366
SNPP  0.413 0.400 0.412 0.228 0.152 0.212 0.365 0.289 0.355

CFw from CM4A, respectively, for day and night. For all surfaces, the respective day and
night differences in global mean liquid cloud fraction are -0.005 and -0.011.

Over nonpolar regions, CFw accounts for 62% of the total cloud cover during the day
for both products. However, the CV1S CFw makes up 64% of the total over the polar areas
compared to 59% for CM4A. Overall, the difference in relative water cloud fraction is -
0.7% during the day. At night, the liquid fraction relative to the whole differs by less than
1% everywhere for the two satellites. Thus, the greatest inconsistency in phase selection
is over the polar regions during daytime.

Globally, CFi accounts for 47.0% and 47.5% of the total nocturnal cloud fraction for
CV1S and CM4A, respectively. During the day, the corresponding percentages are 36.4
and 38.0. The mean daytime nonpolar CFi amounts for the period are 0.244 and 0.233,
respectively, for CM4A and CV1S, while at night, the corresponding averages are 0.314
and 0.298.

3.3. Standard cloud height, pressure, and temperature

In this section, all parameters are related because the cloud effective temperature CET
is used to ascertain cloud effective height CEH and the height, in turn, is used to select the
pressure. Effective cloud height derived from VIIRS should be an altitude somewhere be-
tween the top and base of the cloud. It corresponds to the mean radiating temperature of
the cloud. For water clouds, the level of CET is usually within a few meters to 100 m of
the top. For cirrus clouds, it can be close to the cloud base or near cloud top depending on
the cloud density and physical thickness. For water clouds, the true cloud top height CTH
is estimated based on a small adjustment to the effective height, while for optically thin
ice clouds, it is determined as a function of CET and COD or cloud emissivity [24]. For
CM4, a new parameterization based on [34] was implemented to estimate CTH for opaque
ice clouds. However, a coding error overwrote the results of the new parameterization in
the final version of CM4 and it needs to be applied by the user [16]. That issue was cor-
rected for CV1S. Cloud base height CBH is estimated as the difference between CTH and
cloud thickness CDH, which is estimated from CET, COD, and cloud phase using various
empirical formulae as described by [16]. Cloud base temperature and pressure are found
from the soundings based on CBH. The results here focus primarily on cloud effective
height since it is determined in the same manner for each satellite.

Figure 7 maps the 2013 mean water cloud effective heights for both CM4A and CV1S.
During the day, CV1S (Figure 7a) yields patterns in CEH that are quite similar to those for
CM4A (Figure 7c), although the former heights are, on average, greater than the latter
values by 0.08 km. The most obvious discrepancies are seen over many land areas and
over the equatorial convergence zones. The nocturnal distributions are similar, but again,
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507
Figure 7. Mean 2013 daytime water cloud effective heights from S-NPP Edla during (a) day and (b) 508
night and from CM4A for (c) day and (d) night. 509

CEH from CV1S (Figure 7b) exceeds that from CM4A (Figure 7d) by 0.17 km. The most 510
obvious differences are found over the Southern Ocean. 511

For ice clouds (Figure 8), daytime CEH(V) varies zonally for the most part (Figure 8a) 512
much like CEH(M) (not shown). CEH(V) exceeds CEH(M) everywhere, except over tropi- 513
cal land (Figure 8c). At night (Figure 8b), CEH(V) is significantly less than CEH(M) over 514
all tropical surfaces, but is greater than CEH(M) for most regions poleward of 30° latitude 515
(Figure 8d). On average for 2013, CEH(V) is 0.51 km greater than CEH(M) over all areas 516
during the day, while the two mean heights differ by only -0.05 km at night. 517

The time series of cloud effective heights are given in 12-month running global means 518
in Figure 9. Daytime liquid cloud heights (Figure 9a) from SNPP closely track those from 519

520

Figure 8. Mean 2013 ice cloud effective heights from CV1S during (a) day and (b) night, and the 521
CV1S minus CM4A differences for (c) day and (d) night. 522
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Aqua with an offset of ~0.15 km. Both have a slight downward trend. Similar behavior is
seen at night (Figure 9b) with a starting difference of ~0.11 km ending at ~0.13 km. The
downward trend is also quite evident. During the day, the average ice cloud heights from
CV1S follow their CM4A counterparts very closely with an offset of ~0.50 km (Figure 9c).
Both curves exhibit a slight upward trend. This trend is more apparent at night, when the
two averages increase over the period and differ from ~-0.07 km to -0.01 km over the pe-
riod (Figure 9d). The variable ice cloud differences probably arise from the change in
phase fractions at night due to the Aqua channel issues mentioned above.

Figure 9. Same as Figure 6, except for mean liquid (top) and ice (bottom) cloud effective height for
day (left) and night (right).

Table 4 summarizes the means for the 9-y period. The magnitudes of the liquid-cloud
effective height differences are greater over land than over water during the day and vice
versa during the night. Differences over the polar regions are nearly identical to those
over other areas during the day and somewhat larger at night. The global mean CEH dif-
ference during the day is 0.15 km The CM4A ice clouds are higher (lower), on average,
than their CV1S counterparts during the night (day) consistent with the plots in Figure 9.
Globally, CV1S ice-cloud effective heights are 0.41 km higher than those from CM4A dur-
ing the day, but 0.11 km lower than their Aqua counterparts at night. The sources for these
differences are objects of further discussion.

Table 4. Same as Table 2, except for mean cloud effective height (km).

Ocean Land Ocean & Land
NP Polar Global NP Polar Global NP Polar Global
Day, Water
CM4A 223 1.99 2.20 3.48 242 3.32 2.48 2.13 2.44
CV1Ss 2.35 2.14 2.33 3.75 2.63 3.56 2.63 2.30 2.59
Day, Ice
CM4A 933 5.45 8.98 9.22 5.45 8.38 9.29 5.44 8.79
CV1Ss 9.71 5.83 9.41 9.41 5.92 8.68 9.63 5.87 9.20
Night, Water
CM4A 251 1.74 243 3.86 2.22 3.61 2.70 1.89 2.62
CV1Ss 2.57 1.95 2.51 3.85 2.37 3.65 2.78 2.09 2.71
Night, Ice
CM4A  10.19 5.13 9.50 10.57 5.44 9.27 10.29 5.27 9.43
CV1Ss 9.94 5.57 9.35 10.47 5.83 9.28 10.08 5.68 9.32
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544

545

Figure 10. Mean 2013 daytime cloud (a) CV1S liquid cloud optical depth and (b) difference in the = 546
optical depth, COD(CV1S) — COD(CM4A), for liquid clouds, (c) CV1S ice cloud optical depth and 547
(d) difference in the optical depth for ice clouds. 548

3.4. Standard daytime cloud optical depth, effective particle size based on 3.74-um channel 549

The 2013 global distributions of SNPP Edla daytime mean cloud optical depths are 550
shown in Figure 10 along with their differences relative to the Aqua Ed4 means. Average 551
CV1S liquid water optical depth, CODw(V), is greatest over the midlatitudes and polar 552
regions (Figure 10a), while CODi(V) peaks in the areas of tropical deep convection and in 553
the midlatitude storm tracks (Figure 10c). For liquid clouds, CODw(V) exceeds CODw(M) 554
by 6 or more over much of the polar snow and ice areas (Figure 10b), but differs from 555
CODw(M) by less than 1.5 over most of the nonpolar oceans. Over many land areas, 556
CODw(V) exceeds the CM4A mean. For ice clouds, CODi(V) < CODi(M) over most areas. 557
Positive differences are seen over the Southern Ocean and near the Russian-Mongolian 558
border (Figure 10d). Smaller CODi(V) values over snow and ice are due to replacement of 559
the reflectance LUT used in the 1.24-um CM4A retrievals, calibration differences (see Sec- 560
tion 4.0), and discrepancies in the clouds selected as ice (e.g., Table 3). 561

Figure 11 plots the nonpolar running mean optical depths. Mean CODw(V) is ~1.8 562
greater than CODw(M) before 2016 (Figure 11a), when COD(V) rises by roughly 0.6. The 563
rise is more pronounced for ice clouds (Figure 11b). Both ice and water COD(V) means 564
drop slightly after 2017. The increase in COD(V) after 2015 is due entirely to the calibration 565
change effected by the switch from SIPS to the PEATE data. No increase is observed for 566
COD(V) in the polar regions (not shown). Since the 1.24-um channel data are mostly used 567
to retrieve COD(V), there was no calibration change to drive the post-2015 increase. 568

The mean differences between the two datasets can be quantified from the average 569
optical depths given in Table 5 for the period, 2012-2020. Over non-polar ocean and land, 570
the CODw(V) averages are 1.4 and 3.1 greater than CODw(M). For all nonpolar regions, 571
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Figure 11. Non-polar 12-month running mean daytime cloud optical depth from CM4A and CV1S
for (a) water and (b) ice clouds.

CODw(V) is 1.8 or about 18% greater than the CM4A mean. This can be contrasted
with the nonpolar CODi(V), which is 0.2 less than its CM4A equivalent. The liquid and ice
COD differences over the polar zones are 8.7 and -4.1, respectively. That is, the polar
COD(V) means are 43% greater and 31% less than the respective liquid and ice cloud
CODM) values.

Regional averages of CV1S cloud droplet effective radius CERw for 2013 are plotted
in Figure 12 along with the differences between the VIIRS and Aqua means. Overall, the
relative distribution of VIIRS CERw (Figure 12a) is quite similar to that for Ed4 (not shown,
see Figure 15 of [16]) for example). Yet, the magnitudes are clearly not the same as seen in
Figure 12b. Negative differences of 1.0 um or greater are common over nonpolar ocean
areas, while positive differences are evident over Greenland, Alaska, Siberia, north Africa,
and Antarctica.

Ice crystal effective radius CERi means from CV1S are plotted in Figure 12¢ along
with the regional CERi(V) — CERi(M) differences in Figure 12d. Much like their droplet
counterparts, the VIIRS CERi regional averages are distributed in patterns similar to the
CM4A values with a mostly zonal decrease from the poles to the tropics (Figure 12c). Su-
perimposed on that zonal pattern are deviations resulting from climatological circulation
patterns such as the ITCZ and those induced by the positioning of landmasses. Again, the
magnitudes vary with small differences over ice-free water and large negative differences
over the Arctic Ocean and parts of Antarctica and surrounding ocean (Figure 12d). Over
land equatorward of 45° latitude, CERi(V) exceeds CERi(M) by up to 6 um. The largest
differences occur where ice clouds are sparse.

Table 5. Same as Table 2, except for daytime mean cloud optical depths.

Ocean Land Ocean & Land
NP Polar Global NP Polar Global NP Polar Global
Water Clouds
CM4A 9.15 18.65 10.12 13.75 23.82 15.28 10.05 19.98 11.17
CV1Ss 10.57 26.55 12.35 16.81 34.16 19.75 11.82 28.64 13.91
Ice Clouds
CM4A 13.48 13.73 13.54 15.20 12.82 14.72 13.88 13.43 13.85
CV1Ss 13.50 11.05 13.31 14.45 7.65 12.93 13.71 933 13.18
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Figure 12. Same as Figure 10, except for daytime cloud particle effective radii.

The time series of nonpolar mean CER (not shown) indicate that the differences be-
tween CER(V) and CER(M) are relatively constant at -1.1 um and -0.5 pum throughout the
9 years for water and ice clouds, respectively. For liquid clouds, the mean difference over
polar regions is much smaller than that over the nonpolar regions. A slight upward trend,
evident in CERw(V) and CERw(M), is primarily due to clouds over nonpolar areas (not
shown).

Table 6 lists the CER averages from Aqua CM4A and CV1S for 2012-2020. Overall,
CERw(V) and CERi(V) means are 1.1 and 0.8 um less than those from Aqua, respectively.
These global differences are mainly driven by clouds over the nonpolar oceans where the
VIIRS CERw and CERi means are 1.2 pm and 0.9 um, respectively, smaller than the CM4A
averages. Over the polar regions, mean CERi(V) is 1.8 um less than CERi(M); it exceeds
CERi(M) by 0.8 um over nonpolar land.

Table 7 shows mean liquid and ice cloud water paths, CWPw and CWPi, respectively,
from CM4A and CV1S for cloudy pixels only over the period 2012-2020. To obtain the
total CWPw or CWPi, the results would need to be multiplied by the cloud fraction. Here,
cloud water path CWP is computed as

CWP =0.67 CER* COD, (3)

Table 6. Same as Table 2, except for daytime mean cloud droplet and ice crystal effective radii (um).

Ocean Land Ocean & Land
NP Polar Global NP Polar Global NP Polar Global
Water Cloud
CM4A 14.5 12.5 14.3 11.6 11.9 11.7 13.9 12.3 13.8
CV1Ss 13.3 12.0 13.2 10.9 12.2 11.1 12.8 12.1 12.7
Ice Cloud
CM4A 26.8 34.0 27.4 26.9 35.1 28.8 26.8 34.5 27.8
CV1Ss 259 31.7 26.3 27.5 33.8 28.9 26.3 32.8 27.0
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under the assumption that the retrieved effective size represents the cloud as a whole.
Alternatively, CWPw can be estimated by multiplying the result of Eq(3) by 0.83 [35] using
the assumption that the retrieved CERw represents only the top layer of the cloud and the
droplet size increases adiabatically with height in the cloud. The adiabatic assumption is
more accurate in many areas (e.g., [36]). Over nonpolar areas, CWPw(V) is ~14% greater
than CWPw(M), but this difference jumps to 81% over the polar regions due to the large
COD differences there. That polar difference yields a global overestimate of ~30% for
CWPw(V) relative to CWPw(M).

Table 7. Same as Table 2, except for daytime mean liquid and ice cloud water-path (gm) over cloudy areas only.

Ocean Land Ocean & Land
NP Polar Global NP Polar Global NP Polar Global
Water Cloud
CM4A 86.6 165.6 94.8 107.3 233.9 126.4 90.6 182.6 101.1
CV1Ss 94.0 291.3 116.1 139.4 434.2 189.2 103.1 329.7 131.5
Ice Cloud
CM4A 237.2 239.3 238.1 259.2 250.4 258.5 242.1 247.2 243.5
CV1Ss 262.9 199.2 257.8 274.4 146.7 2454 265.1 172.0 253.7

Overall, the mean CWPi values are very close, with the greatest absolute difference
in CWPi of -41% over polar land and the smallest discrepancy, 6%, over nonpolar land.
Over oceans, the VIIRS CWPi is ~8% greater than its Aqua counterpart. Globally, CWPi
from CM4A exceeds that from CV1S by 4%.

The mean 2013 microphysical parameters are plotted in Figure 13 as function of VZA
for all surfaces together. Figure 13a plots the mean COD values as a function of VZA for
SNPP and Aqua. Optical depth from VIIRS tends to vary less with VZA than its Aqua
counterparts. For liquid water clouds (solid symbols), the CODw(V) curve drops with in-
creasing VZA until rising again for VZA >55°. The change with VZA is only -7% between
0 and 70° for CV1S mean optical depths over all surfaces, compared to 22% for CM4A. For
ice clouds (open symbols), however, the decrease in CODi(V) is ~13% compared to 22%
for CODi(M). The smaller drop with VZA for VIIRS is likely due to VIIR’s smaller pixel
size at the more oblique angles relative to that from Aqua MODIS, since optical depth

Figure 13. Global mean cloud microphysical properties from CM4A (A) and CV1S (V) for 2013. (a)
cloud optical depth, (b) Cloud particle effective radius, and (c) cloud water path.
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tends to decrease with increasing pixel size (e.g., Table 16 of [37]). Note that the polar and 647
nonpolar results are included in the VZA average and there is only pixel-weighted aver- 648
aging, so the means computed from the curves in Figure 13 are unlikely to match those in 649
Table 5. 650

Mean CER is plotted as a function of VZA in Figure 13b for the 2013 CV1S and CM4A 651
retrievals. Unlike the optical depth variations, the VIIRS CER increases more with VZA 652
than its MODIS counterpart. In this plot, CERw rises by ~12% for VIIRS compared to ~5% 653
for CM4. Likewise, CERi increases by 19% for CV1S, while it changes by +10% for CM4A. 654
This larger change in CERi with VZA from the VIIRS retrievals is surprising given the 655
smaller pixel size. 656

The opposing dependencies of CER and COD on VZA also tend to compensate each 657
other when used to compute CWP. Figure 13c shows the mean 2013 CWPw and CWPi 658
from CV1S and Aqua as functions of VZA. The curve for CWPw(V) is relatively flat with = 659
minimal decrease up to VZA = 55°, but jumps by +11% in the last VZA bin. This bump at 660
the end follows the less dramatic rises in both COD and CER at the same point. Con- 661
versely, the mean CWPw(M) decreases almost monotonically from 0° to 64°, an overall 662
drop of 11%. Mean CWPi(M) falls off more at the higher angles, resulting in a 17% drop 663
relative to nadir. The CWPi(V) curve is very flat, changing by only 4% with a maximum 664
at 35°. Note, the means in Figure 13c may differ from those in Table 7 because of different 665
geographical weighting in calculating the means. 666

3.5. Alternative products 667

The CERES project has a long-term perspective that includes adding new cloud properties 668
to the SSF as they become available. These alternate products are currently not utilized in 669
the operational determination of broadband fluxes in any of the CERES processing sub- 670
systems. However, they are included in the SSF for experimental purposes and further 671
scientific analysis as they become more mature. Some have already been employed in var- 672
ious studies (e.g., [38,39]). As they improve, some or all of these parameters may become 673
part of the standard CERES processing, if they enhance the accuracy of the CERES flux 674
products. 675

676

Figure 14. Mean 2013 cloud-top heights from (a) Aqua CM4 MCAT, (b) CV1S BTM, and (c) CV1S standard retrieval for ice clouds. 677

3.5.1 Alternate cloud top height 678

The BTM, used to provide an alternative estimate of CTH, is applied only when its re- 679
trieved temperature corresponds to a pressure that is less than 600 hPa and, at least, 100 680
hPa less than the pressure from the standard retrieval. Thus, it is mostly applicable to ice 681
clouds. Figure 14 maps the distributions of 2013 daytime mean cloud-top heights from 682
Aqua CM4 MCAT, CV1S BTM, and the CV1S standard retrieval (CTH). Overall, the stand- 683
ard retrieval (Figure 14c) yields the highest cloud tops in the nonpolar regions, 10.8 km, 684
on average, compared to MCAT with 9.5 km (Figure 14a) and BTM with 10.5 km (Figure 685
14b). Over polar regions, the BTM produces the highest cloud tops. Similar results are 686
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found at night (not shown). It should be noted that there are some sampling differences 687
among the methods and the BTM result sometimes substitutes for the standard value. 688
Nevertheless, it is clear that there is a discontinuity between the MODIS and VIIRS alter- 689
native cloud top height product due to changes from switching from the 13.3-pm channel 690
to the 12.0-um channel in the alternate retrieval. The channel differences will need to be 691
resolved in future editions. 692

3.5.2. Alternative cloud particle sizes 693

Figure 15 plots the global distribution of 2013 daytime CER means, CER7 and CER2, 694
derived from the 1.24-um (left) 1.61-um (right) reflectances, respectively. These may be 695
compared with the standard retrievals in Figs. 12a and 12c based on 3.78-um reflectances. 696
The relative distributions of mean liquid water droplet radii at 1.24 pm (Figure 15a) and 697
1.60 um (Figure 15b) are very similar, and, in turn, are not unlike those in Figure 12a, but 698
the magnitudes are quite different. Except for the littoral areas under the subtropical highs 699
or around Antarctica and in the Arctic Ocean, CER7w tends to be less than CER2w. In 700
nearly all cases, CERw from 3.74 pm is smaller than its alternative counterparts. 701

For ice clouds, CER7i in Figure 15c greatly exceeds CER2i in Figure 15d. In turn, the 702
latter is significantly larger than CERi. While the magnitudes are quite different, the pat- 703
terns in Figures 15c and 15d are similar. There are some discrepancies in the patterns 704
between that in Figure 12c and those for CER2i and CER?Yi. For example, the CER2i and 705
CERYi increase westward from the coastal areas under the subtropical highs, while CERi 706

remains relatively constant or even decreases to the west in some areas. 707

708
Figure 15. SNPP VIIRS Edla 2013 mean CER for liquid water clouds at (a) 1.24 um and (b) 1.62 um 709
and for ice clouds at (c) 1.24 um and (d) 1.62 um, 2013. 710

The time series of the alternative values in Figure 16 show discontinuities in 2016 for 711
both liquid (Figure 16a) and ice cloud (Figure 16b) CER7 averages for CV1S. The in- 712
creases after the beginning of 2016 may be attributed to the switch in the VIS calibration, 713
which changed COD(V). The CER7w(V) means are much closer to those from CM4A than 714
their ice counterparts. Similarly, CER2w from VIIRS (Figure 16c) is much closer to CER2w 715
from Aqua after 2016, despite the spectral channel differences. For ice clouds, CER2i(V) 716
shows no increase after 2016 and parallels CER2i(M) through the whole period (not 717
shown). 718

719
720
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721

Figure 16. Same as Figure 11, except for CER retrieved using 1.24-um channel for (a) liquid, CER7w, 722
and (b) ice clouds, CER7i, and (c) 2.1 or 1.6-um for liquid clouds, CER2w. 723

Globally for the 2012-2020 period, CER7w and CER2w are 16.2 um and 18.1 um, re- 724
spectively, compared is 15.6 um and 18.1 um for CM4A. CER7i(V) and CER2i(V) are 43.6 725
pm and 33.7 pum, means that are less than the 46.3 pm and 38.8 um from CM4A. The 726
nonpolar averages are nearly the same as the global means. The global averages of CSV1 727
CER7 (1.24 pum) are 3.5 um and 16.6 um greater than those from the standard retrieval for 728
liquid and ice clouds (Table 6), respectively. The corresponding differences for CER2 are 729
5.4 um and 6.7 um. These differences are substantial and require further analysis. 730

3.5.3. Multilayer cloud fraction and layer properties 731

The multilayer (ML) identification algorithm for ice clouds over water clouds is applied 732
to every cloudy VIIRS pixel and returns a flag indicating the pixel is multilayer cloud, 733
convective or thick cloud, single-layer (SL) cloud, or clear. Detection and retrieval of the 734
ML cloud parameters relies on the BTM for CV1S and is therefore likely to yield different 735
results than the MCAT used for CM4. On average, the CV1S ML cloud fractions are 736
roughly one third of those from CM4A data during daytime and less than half their CM4A 737
counterparts at night (Figure S1, Table S1). The upper layer clouds from CV1Sare 1.3 km 738
and 2.0 km higher than the Aqua results during the day and night, respectively (Figure 739
S2, Table S2). Conversely, mean lower-layer cloud heights from VIIRS are ~0.6 km less 740
than the CM4A means. Multilayer infrared optical depth, cloud effective water droplet 741
and effective ice crystal radius are also retrieved for both lower and upper layers, respec- 742
tively. The multilayer products are considered experimental in both CM4 and CV1S, and 743
are not expected to detect all multilayer clouds, or to be without false detections. Rather, 744
these products serve as an initial database for exploring the quality of the results, for initial 745
studies of the impact of multilayer clouds on the radiation budget, and for development 746
of more refined methods for multilayer cloud diagnosis and retrieval. Since this is a rarely 747
used product, to date, details of the results and a brief discussion of the differences in two 748
of the products can be found in the Supplemental Material. 749

4. Discussion 750

Comparisons of the CV1S results with those from CM4A are valuable for validating 751
the CV1S data because of the desired consistency and because a considerable amount of 752
validation has been performed for the CERES MODIS cloud products as reported in 753
[16,17,40]. Nevertheless, additional comparisons lend more confidence to the quality of 754
the CERES VIIRS cloud properties. Some of these are described below along with a 755
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discussion of sources of some inconsistencies among the various parameters. More in- 756
depth evaluations of selected cloud properties can be found in [18]. 757

4.1  Calibration 758

Calibration variations and errors are often a source of uncertainty in imager-based 759
cloud retrievals. The changes in the VIIRS calibrations in the CSV1 dataset were noted in 760
Section 2.1.1 and their impacts on the cloud retrievals were discussed in section 3. Differ- 761
ences in calibration between the VIIRS channels and their Aqua MODIS counterparts 762
could also affect the consistency between the retrieved cloud parameters. Long after NPP 763
VIIRS Ed1 processing began, scaling factors were developed using nearly simultaneous 764
nadir overpass data from NPP VIIRS and Ed1 following the methods of [20]. The results, 765
found on the SatCORPS Calibration Page, reveal that to match the Aqua C5 reflectances, 766
the VIIRS values must be reduced by 0.3% and 3.2% for the 0.65-pum and 1.24-um channels, 767
respectively. For the Aqua C6.1 reflectances used after 2015, the same VIIRS channel re- 768
flectances need to be decreased by 1.2% and 3.2%, respectively. Solar channels used only 769
for the mask agreed to within 3-4% for the C5 data and within 1% for the C6.1 data. 770

The VIIRS 3.79-um channel tends be colder than its Aqua C5 counterpart by an aver- 771
age of 3.3 K at 220 K and 0.5 K at 290 K during the night. This improves for the Aqua C6.1 772
data with VIIRS being warmer by 1.0 K at 220 K and 0.3 K colder at 290 K. For both da- 773
tasets, the VIIRS brightness temperature is essentially constant at ~212 K for all Aqua tem- 774
peratures less than ~212 K, similar to that seen for Terra C5 data [41]. For the C6.1 data, 775
VIIRS is warmer by 1.1 K and 0.3 K at 220 K and 290 K, respectively, at 11.0 um and is 776
greater than Aqua by 0.4 K and 0.0 K at 12.0 um. The absolute differences are similar or 777
smaller for the C5 data. The absolute differences for the 8.59-um channel are all less than 778
0.3K. 779

4.2 Cloud fraction and phase 780

From the above comparisons, it is clear that the CV1S cloud amounts are mostly con- 781
sistent with their Aqua counterparts, but are slightly smaller during the daytime and more 782
so at night. The differences vary regionally and with surface type (e.g., Figure 2). An ex- 783
amination of the impact of employing Eq(2) in CV1S to reduce over-detection of thin cirrus 784
clouds revealed that the nocturnal VIIRS-MODIS differences over the tropical oceans are 785
mainly due to that added test. The large negative biases over tropical oceans seen in Figure 786
2d were not obvious in the preprocessing testing due to the use of the original averaging 787
method. Changing to the approach employed here revealed the bias resulting from the 788
application of Eq (2). It is clear that other, more cirrus specific tests should replace that test 789
in future Editions. Further alterations of the CERES cloud mask and auxiliary data (e.g., 790
surface emissivity) would need to be made to ameliorate other regional discrepancies to 791
more closely align the VIIRS and MODIS results. The calibration differences also likely 792
contribute to the cloud mask differences, probably more so at night when the 3.79 um 793
channel plays a large role in the mask. A more detailed analysis of the clouds that are 794
missed is provided in [18]. 795

During daytime, the CERES nonpolar VIIRS-MODIS differences are roughly twice 796
the magnitude of their MODIS VIIRS Cloud Mask (MVCM) counterparts [42]. At night, 797
the MVCM nonpolar cloud fractions differ by -0.009, roughly one third that of the CV1S- 798
CM4A differences. This discrepancy in the two approaches is likely due to the MVCM 799
having been designed specifically to achieve intersatellite consistency, while the CV1Sis 800
simply an adaptation of the CM4 cloud mask to account for some of the channel differ- 801
ences and also to reduce known cloud detection uncertainties found in the CM4A valida- 802
tion studies. Again, developing optimal thresholds for each of the common channels is 803
needed and the test represented by Eq (2) should be eliminated. Additional discussion 804
and comparisons to other datasets are provided by [18]. 805

The mean nonpolar retrievals of ice and liquid cloud phase amounts from CV1S are 806
close to those from CM4A, but with less water and ice cloud coverage, primarily due to 807
the clouds missed in the CV1S mask. The breakdown of cloud phase is similar to that 808
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determined from VIIRS by the NASA MODIS and SNPP VIIRS climate data record conti- 809
nuity cloud properties (CLDPROP) algorithms [43]. The mean daytime 2012-2020 nonpo- 810
lar CLDPROP ice and liquid phase cloud amounts from VIIRS are ~0.22 and ~0.41, values 811
that are as close to the corresponding amounts from CV1S as they are to the MODIS 812
CLDPROP averages. The daytime CV1S global total cloud fraction and relative amounts 813
of liquid and ice clouds are near the center of the range in those same parameters from 814
various satellite cloud retrievals [44]. 815

4.3 Cloud heights 816

The CV1S-CM4A liquid water cloud effective height differences in Table 4 are likely 817
due to several factors including pixel resolution, slight discrepancies in phase selection, 818
differences in the clouds that were detected, and possibly calibration. Increasing pixel size 819
tends to yield lower cloud heights [37]. This may be due to a smaller ratio of partly cloudy 820
pixels to overcast pixels at higher resolutions with detection of more of the coldest cloud 821
tops. This appears to be borne out in the change of CEH with VZA (not shown). For CSV1, 822
the 2013 mean daytime CEHw and CEHi rise by 0.07 km and 0.39 km, respectively, from 823
near nadir to the highest angle views. The corresponding increases for CM4A are 0.15km 824
and 0.56 km. The smaller pixels appear to yield higher cloud tops. Clouds that are missed 825
by the scene identification tend to be those presenting the lowest contrast with the surface 826
as viewed by the satellite. Thus, small optical-depth clouds and those lowest in the atmos- 827
phere, particularly at night, will most likely be classified as clear. Since CM4A has fewer 828
nocturnal water clouds classified as clear relative to CV1S [18], the average CV1S water 829
cloud heights should be greater than their MODIS counterparts. This tendency is exacer- 830
bated at night with the application of Eq (2). 831

The average CEHi(V) - CEHi(M) differences are positive during the day and negative 832
at night. Missed percentages of ice clouds are similar for CM4A and CV1S for both day 833
and night [18, 40], so factors other than resolution and detection differences are probably 834
responsible. The lack of the CO2 channel on VIIRS could account for the lower CEHi(V) at 835
night. During the day, the BTM likely worked better to produce greater ice cloud altitudes 836
because the heights from the VISST were available to remove all of the low ones computed 837
with the BTM. Both the CM4 MCAT and CV1S BTM benefitted from the independent in- 838
formation from the VIS channel during the day. At night, the MCAT provides additional 839
information that can be compared with the SIST results, but the SIST and BTM both em- 840
ployed BTDss, so there is actually no truly independent data available to change the SIST 841
heights. Thus, it is possible that the MCAT detects higher clouds in enough pixels to yield 842
higher mean effective heights for ice clouds at night. 843

4.4 Cloud optical depth, effective particle size, and water path 844

The standard COD, CER, and CWP products from CM4 and CERES MODIS Edition 845
2 have all been evaluated against various surface and airborne observations as discussed 846
by [16] and [45], respectively. It is expected that those evaluations are applicable to the 847
CV1S data, when the CV15-CM4A differences are taken into account. For example, since 848
CERw(V) < CERw(M), the biases in CERw(M) found in some comparisons of CM4 retriev- 849
als with other data (e.g., [16,45-49]) will be reduced slightly because of the smaller values 850
retrieved from VIIRS. 851

The mean CV1S-CM4A difference in COD for both liquid and ice clouds is due to 852
several factors. These include calibration disparities, slightly smaller VIIRS cloud frac- 853
tions, discrepancies in the cloud phase selections, and the higher-resolution VIIRS pixels. 854
Changes in the VIIRS data source and calibrations after 2015 produced a ~0.8 rise in non- 855
polar mean cloud t for an average VIS-channel gain rise of 1.5%. The pre-2015 CV1S- 856
CM4A VIS gain difference is ~0.3% compared to a mean COD difference of ~1.1 for all 857
nonpolar clouds. After 2015, the gain difference of ~1.4% is accompanied by a mean non- 858
polar COD difference of ~1.5, This suggests that approximately one third of the optical 859
depth difference is due to unnormalized VIIRS calibrations. The gradual decrease in COD 860
from CV1S after 2018 in Figure 11 results from a slowly decreasing VIIRS VIS gain relative 861
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to that of CM4A. Much greater differences in COD are found for water clouds over polar 862
regions. They are likely to depend more on the larger calibration discrepancies found in 863
the VIIRS and MODIS 1.24-pum channels. This would give rise to larger COD differences, 864
which would be increased further because the mean COD is already large compared to 865
that over nonpolar areas and the surface albedo is quite large. Both of those factors en- 866
hance the change in COD for a given change in reflectance (e.g., [50]). 867

The higher spatial resolution of the VIIRS channels probably results in greater CODs 868
than for MODIS because average COD decreases with rising pixel size, primarily for lig- 869
uid clouds, due to the hetereogeneity of the internal structure and the non-linear relation- 870
ship between 1 and reflectance. For example, [37] found that mean CODw dropped from 871
20.2 for 1-km pixels to 18.9 and 17.6 for 2-km and 4-km MODIS pixels, respectively, while 872
CODi showed negligible changes with decreasing resolution. Thus, a significant fraction 873
of the mean CODw bias could be due to the resolution differences. This effect is evident 874
in Figure 13a, which shows the CV1S and CM4A liquid water curves diverging for VZA 875
>35°. The smaller cloud fractions for liquid water clouds could lead to a higher mean COD 876
if the missing cloudy pixels all had very low optical depths. Finally, discrepancies between 877
the CV1S and CM4A phase selections might depend on COD and, therefore, could result 878
in systematic differences in the average COD. This last possibility is likely a small compo- 879
nent of the overall COD differences between the two datasets. 880

Although [47] found good agreement between surface and CM4A retrievals of CODw 881
over Barrow, Alaska, the optical depths over most snow-covered areas in the polar regions 882
from CM4A are probably too high, especially for thin clouds [17]. This is due mainly to 883
the uncertainty in the 1.24-um clear-sky reflectance over snow, which is relatively high 884
and quite variable. Thus, it is reasonable to conclude that the CV1S COD values, especially 885
those for liquid clouds, over snow/ice are overestimated. Obtaining more realistic values 886
over the full range of COD could be obtained by applying a hybrid retrieval using reflec- 887
tances measured at longer wavelengths for smaller optical depths and the 1.24-pum reflec- 888
tances for optically thicker clouds. 889

In addition to being relatively consistent with the nonpolar CM4A retrievals of COD, 890
on average, the microphysical properties are similar to those from other observations. For 891
example, the CV1S nonpolar mean CODw is ~1.5 less than its CLDPROP counterpart of 892
~13.3, but CV1S CODi is approximately 1.5 greater than the CODi of 12.2 from CLDPROP. 893
These differences could arise for a variety of reasons, including calibration, use of overcast 894
pixels (non-edge pixels) only in the CLDPROP averaging, discrepancies in the ice-cloud 895
model optical properties, and possible differences in the phase selections for particular 896
clouds. 897

The differences between the VIIRS and Aqua retrievals of CER are likely due to a 898
variety of factors. For liquid clouds, the main discrepancy is the use of the new LUTs for 899
VIIRS, which yield smaller values of CERw compared to the old LUTs, which employed 900
the central wavelength of the SIR band to determine the optical properties. Another major 901
source for the discrepancies is the inadvertent use of the smaller Aqua SIR solar constant 902
for VIIRS, which produces a greater reflectance and, hence, yields a lower value of re- 903
trieved CERw. Using the correct VIIRS SIR solar constant accounts for about a third of the 904
difference. The remaining difference is likely due to the LUT changes. For ice clouds, the 905
small VIIRS-MODIS disagreement probably results from differences in ice cloud selection. ~ 906

The VIIRS CLDPROP 9-y average nonpolar estimates of CER from the VIIRS 3.74-um 907
channel are ~14.2 um and ~23.0 um for liquid and ice water, respectively. These means 908
can be compared to the corresponding CV1S averages from Table 6: 12.9 um and 26.3 um. 909
The differences may be due to discrepancies in sampling as only 70% of the pixels identi- 910
fied as liquid water by the CLDPROP algorithms had CERw retrievals at 3.74 um. For 911
CER?2, the CLDPROP analysis yields means of ~14.5 um and ~30.3 ym for liquid and ice, 912
respectively, compared to 17.1 um and 33.8 um from CV1S. The larger CERES values may 913
be due to differences in indices of refraction used by the two algorithms, to different sam- 914
pling, and errors in the retrievals as discussed in the next section. Also, for ice particularly, 915
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there are differences in the optical properties of the assumed ice crystal models used for 916
the CV1S and CLDPROP LUTs. The CLDPROP results do not include CER?. 917

Although the calibration of the 1.24-um channel did not vary when the VIIRS data 918
source changed in 2015, CER7 and CER2 both increased after 2015 (Figure 16). This change 919
is most likely due to the jump in COD at the same time. 920

4.5 Particle size estimates from alternate wavelengths 921

Discrepancies in the patterns and, perhaps, the magnitudes of the three distinct VIIRS 922
CER averages in Figures 12 and 15 may be due in part to differences in the cloudy pixels 923
that returned valid particle sizes for each wavelength. For example, over ocean, mean 924
CER7w is based on 64% of pixels having a CERw retrieval. For ice clouds, that fraction 925
reduces to 53%. Likewise, at 1.61 um those amounts are 59% and 77%, respectively. Some 926
of differences in magnitude and pattern could be due to the alternative retrievals being 927
successful for only a certain portion of the total sample. 928

To explore that idea further, histograms of CER were generated from retrievals in all =~ 929
three channels for intervals of increasing COD. Examples of those histograms are pro- 930
vided in Figure S3 for liquid clouds, respectively, over COD ranges of 1 -2 and 16 - 32. For 931
liquid water clouds, it was found that for all optical depths, CERw has an almost log-nor- 932
mal distribution for both land and water scenes, whereas CER7w and CER2w are nearly 933
linearly distributed with maxima near the high end over ocean and near the low end for 934
land surfaces. As COD increases, the maximum CER7w and CER2w gradually decrease, 935
while the probability distributions slowly approach the log-normal shape and the fraction 936
of alternative retrievals relative to the 3.74-um retrievals increases. For COD between 4 937
and 8 and above, the histograms are essentially log-normal. Therefore, the data were plot- 938
ted and averaged for COD < 6 and for COD > 6. 939

940

Figure 17. Probability distributions of CV1S liquid water droplet effective radii from (a, b) 1.24 um, 941
(c,d) 1.60 um, and (e,f) 3.74 pm for optical depth, 1, ranges, left: 0-6 and right: 6-150, April 2013. 942

The resulting histograms in Figure 17 are similar to those in Figure S3. At 1.24 um, 943
the CERw distribution for COD < 6 is relatively flat over water surfaces with a weak peak 944
around 17 um (Figure 20a). For the greater COD range (Figure 17b), the maximum is near 945
11 um and the distribution is nearly log-normal. The CER2w histogram is less flat for the 946
small COD interval with a weak maximum of ~13 um (Figure 17c). This contrasts with the 947
nearly log-normal histogram for the upper COD range (Figure 17d). The probability dis- 948
tributions for CERw are nearly log-normal for the upper (Figure 17f) and lower (Figure 949
17e) ranges. For COD < 6, the respective liquid CER means for the 1.24, 1.60, and 3.74-um 950
channels are 18.8, 17.7, and 12.9 um, compared to 13.8, 14.4, and 12.9 um for the upper 951
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range. The fractions of the CERw retrievals represented by those numbers are, respec- 952
tively, 41 and 36.4% for CER7w and CER2w for the lower COD interval and 90 and 85% 953

for the higher optical depths. 954
955
Figure. 18. Same as Figure 17, except for ice clouds 956

Similar results are found for ice clouds, although more reasonable values of CER2i 957
are found for lower optical depths than for those retrieved at 1.24 um. Histograms of CER 958
for the same range of COD as in Figure S3, but for ice clouds, are presented in Figure S4. 959
At low optical depths, CERi has a mostly log-normal distribution except for a significant 960
bump around 10 um, which is due to using a default value of CERi in order to retrieve 961
COD. As COD increases, the relative magnitude of the default maximum steadily de- 962
creases as the 3-channel retrievals become more successful. The probability distributions 963
for CER7i behave much like those for liquid water, but have more pronounced maxima in 964
the lowest COD ranges. At 1.60 um, however, a more normal or log-normal type of distri- 965
bution is found for some lower COD intervals. Excepting the default maximum in 3.74- 966
pum probability distributions, the histograms for 1.24 pm and 1.61-um CERi retrievals be- 967
come increasingly like their 3.74-um counterparts as COD increases, although some sig- 968
nificant differences remain for 1.24 pm. 969

This is borne out in Figure 18, which shows that the histograms of ice CERi for COD 970
<6 and COD > 6 are somewhat different from those for water clouds, even after omitting 971
the default peak for CERi seen in Figure 18e. Without that peak, the frequency distribution 972
of CERi in Figure 18e would be similar to its CER2i counterpart (Figure 18c) in the low 973
COD range. This similarity does not extend to CER7i in Figure 18a. For the larger COD 974
interval, both the 3.78-um (Figure 18f) and 1.61-um histograms (Figure 18d) tighten up. 975
The mode for the latter is less than that for the former. The CER7i frequency distribution 976
(Figure 18b) takes on a more log-normal form, but has a longer tail than that seen for the 977
other wavelengths. The CER7i means are 47.5 and 36.7 pm, respectively, for the lower and 978
higher COD range, compared to 22.5 and 32.8 um at 3.75 um. The corresponding CER2i 979
averages are 34.8 and 29.3 um. Relative to the number of 3.74-um retrievals (including 980
default values), the fraction retrieved at 1.60 pm rises from 61% for COD < 6 to 97% at the 981
upper COD end, compared to a rise from 41 to 89% for CER7i. 982
These results suggest that the NIR retrievals at low optical depths are subject to significant 983
uncertainties, a result found by [51] for stratiform water clouds. These uncertainties in- 984
clude errors in surface and aerosol reflectances, which are less important as the cloud be- 985
comes opaque. Also critical is the behavior of reflectances at these wavelengths. Reflec- 986
tances p7 at 1.24 um (top) and pz at 1.60 um (bottom) taken from the CSV1 water droplet 987
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988

Figure 19. Model liquid water cloud NIR reflectance versus VIS reflectance from CVISLUTs at SZA 989
= 45.6°, VZA = 31.8° for range of COD and CERw, denoted as t and R, respectively. Top: 1.24-pm 990
reflectances, Bottom: 1.61-um reflectances. Left: RAZ = 45°, Center: RAZ = 85°, Right: 135°. 991

LUTs are plotted against the VIS reflectance in Figure 19 over a range of psand CERw 992
values at SZA = 45.6° and VZA = 31.8°. The plots in each row are for different relative 993
azimuth angles (RAZ) that increase from left to right. A relative azimuth angle of 0°isin 994
the forward scatter direction, while 180° is backscatter. The reflectances p decrease at both 995
wavelengths in a mostly monotonic fashion with CERw for a given value of COD, except 996
at very low values of CERw. In Figures 19a, b, and ¢, the p7 curve for CER =2 um falls 997
below those for larger radii over most of the COD range. Its drop increases as RAZ rises. 998
Coincidentally, separation of the curves for CER = 4-8 um also decreases with rising RAZ 999
increasing the uncertainty in the retrievals for smaller radii. The separation between the 1000
curves for pr for all values of CERw is smaller than that for p2 (Figures 19d,e,f) indicating 1001
that CER2w should be less uncertain than CER7w for a given retrieval. However, for both 1002
wavelengths, the curve separation is minimal for COD < 4, indicating that the retrievals at 1003
those optical depths will be highly uncertain, a conclusion borne out by the observations. 1004
The behavior of the ice cloud curves (Figure 20) is quite similar but the reduced sep- 1005
aration is more extreme at 1.24 um for COD < 8 (Figures 20a, b, c). This would introduce 1006
even greater uncertainty into the ice retrievals, which could help explain the small fraction 1007
of retrieved pixels and larger average values for those pixels that were retrieved. The iter- 1008
ation used to solve for CER and COD simultaneously begins with the largest value of CER 1009
in the LUT. If it finds a solution for a large CER and the error in the reflectance calculated 1010
from the assumed optical depth does not decrease significantly for a smaller CER, then 1011
the iteration stops. When the reflectance curves are very close or the dependence is not 1012
monotonic, the larger CER value is more likely to be selected. For larger optical depths, 1013
the spread in curves is even greater than seen for the water droplet model, especially for 1014
channel 2 (Figures 20d, e, f). This greater range could explain why the CER2i results yield 1015
a more normal histogram (Figure 18c) than that for CER2w (Figure 17c). 1016
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1017

Figure 20. Same as Figure 19, except for ice clouds. 1018

From these analyses, it is clear that the CER can be quite uncertain if the cloud is thin. 1019
A value of COD > 6 is recommended as a conservative threshold for yielding an accurate 1020
retrieval for these alternate wavelengths. The exact COD threshold value at either alter- 1021
native wavelength depends on the phase, the angles, and, likely, the surface characteris- 1022
tics. Retrievals at each wavelength correspond to a certain thickness at the top of cloud. 1023
As the wavelength increases, the representative thickness decreases. Thus, CER at 3.78 pm 1024
may correspond to the top 3-8 optical depth at cloud top. Depending on CER and the 1025
viewing and illumination angles (e.g., [52]), CER2 can represent the true value for optical 1026
depths as great as 40 and 10 - 20 for liquid and ice clouds, respectively. The corresponding 1027
maxima for valid values of CER7 can be up to 64 — 128 and ~100. Thus, CER7 probably 1028
provides little additional information about the effective radius, except when COD ex- 1029
ceeds ~20, the optical depths for which the retrieval is most accurate. Likewise, CER2 does 1030
not provide much additional information about optically thin clouds, which are more 1031
suited for 3.74-pum retrievals. Thus, when carefully used, the three retrievals should be 1032
valuable for gaining understanding about the cloud vertical structure for optically thick 1033
clouds. 1034

5. Conclusions 1035

The goal of CERES is to develop and use cloud and radiation datasets to monitor the 1036
Earth’s radiation budget and its interactions with clouds and aerosols. This climate data 1037
record requires results that are consistent across platforms and instruments. In many re- 1038
spects, the initial cloud properties derived from analysis of the SNPP VIIRS radiances, 1039
referred to here as CSV1, are consistent with their CERES Ed4 Aqua MODIS, or CM4A, 1040
counterparts. The trends in the averages of a given parameter are generally the same ex- 1041
cept for those parameters affected by calibration changes such as the switch from MODIS 1042
Collection 5 to Collection 6.1, which impacted some of the thermal infrared channels, or 1043
the change in the source for the VIIRS data that altered some of the solar channel calibra- 1044
tions. Other differences in mean values can be explained by changes in cloud reflectance 1045
models, resolution differences, and an unrepresentative solar constant value for the VIIRS 1046
3.8-um channel. Still other issues causing differences are the lack of certain channels on 1047
VIIRS that were used by MODIS for phase selection over polar regions. Data users should 1048
be cautious when employing the polar cloud optical depths from both VIIRS and MODIS, 1049
as they are likely overestimated in many cases, particularly for liquid water clouds. It is 1050
not clear how much the current inconsistencies between the two datasets affect the 1051
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radiative fluxes derived from the application of the cloud properties to the process con-
verting the CERES radiances to fluxes.

While many of the discrepancies are understood, further improvement of the con-
sistency between the MODIS and VIIRS retrievals will require additional research and
analysis that should lead to changes in the analysis algorithms and input data for the de-
tection and retrieval systems for both instruments. Normalization of the calibrations is a
crucial first step. Improvement of the VIIRS scene identification scheme to detect more
clouds, especially at night, is also a key component of any revision. To improve the re-
trieval of cloud optical depth over snow and ice, a near-infrared channel other than 1.24
pm is recommended for clouds that are not optically thick. The 1.24-pum snow reflectances
are highly variable and much greater than those at the 2.13 and 1.61-pm wavelengths and
thus the retrievals more susceptible to uncertainties in the clear-sky albedos. Better phase
detection could be accomplished if multilayer clouds could be confidently detected. Lig-
uid water phase is often determined for optically thin ice clouds over lower water clouds.
The current multilayer methods employed experimentally in CERES have not yet been
proven reliable. Retrievals of cloud effective particle sizes using near-infrared channels
should be limited to optical depth ranges that yield singular solutions and have sensitivity
of particle size to non-negligible changes in reflectance. These suggested improvements
and others should enhance the consistency and accuracy of future CERES cloud datasets.
In the meantime, the CERES SNPP VIIRS Ed1la cloud properties should be quite useful for
cloud and radiation analyses, particularly when the differences relative to the MODIS da-
tasets are known and taken into account.

Validation of the CERES products is a continuing effort. The comparisons presented
here comprise only a partial assessment of the results. More comprehensive and quanti-
tative analyses using active sensor data as “cloud truth” are presented in Part II [18]. That
study and others should lead to improvements in future editions of CERES cloud proper-
ties. Those future editions will extend the CERES SNPP record beyond June 2021.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
Figure S1. Mean 2013 daytime multilayer cloud fraction from CERES SNPP VIIRS (left) and Aqua
(right) retrievals for day (top) and night (bottom). Figure S2: Same as Figure S1, except for daytime
multilayer cloud top height for upper and lower layers. Figure S3: Probability distributions of CSV1
liquid water droplet effective radii from (a, b) 1.24 pm, (c,d) 1.60 um, and (e,f) 3.74 um for optical
depth ranges, left: 1 — 2 and right: 16-32, April 2013. Figure S4: Same as Figure S3, except for ice
clouds. Table S1: Mean multilayer cloud fraction from Aqua Ed4 and SNPP Edla, 2013. Table S2:
Mean multilayer cloud top height (km) for upper and lower layers. Aqua Ed4 and SNPP Ed1a, 2013.
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Supplemental Material

Figure S1. Mean 2013 daytime multilayer cloud fraction from CERES SNPP VIIRS (left) and Aqua (right)

retrievals for day (top) and night (bottom).

S1.1 Multilayer cloud fraction and layer properties

Figure S1 shows the distribution of mean multilayered (ML) cloud fraction from CV1S andCM4A
for 2013. While the daytime CV1S patterns (Figure Sla) are similar to those for Aqua CM4 MCAT
retrievals (Figure S1b), the MCAT detects more ML clouds than the BTM. At night, the differences
between the VIIRS (Figure S1c) and MODIS (Figure S1d) retrievals deepen as the CV1S BTM results
drop dramatically while maintaining the same patterns. The CM4A ML fraction only drops slightly

from its daytime values.

Overall, the global daytime ML means from CV1S are 37% less than those from CM4A (Table S1).
The discrepancies between the CV1S and CM4A mean ML fractions are greatest over the polar zones.
At night, the BTM detects 57% fewer ML clouds than the MCAT. Over polar regions, the SNPP ML

fraction is only 23% of that from CM4A. Thus, the BTM is not very efficient in detecting ML clouds.

Table S1. Mean multilayer cloud fraction from Aqua Ed4 and SNPP Ed1a, 2013.

Ocean Land Ocean & Land

NP Polar Global NP Polar Global NP Polar Global
Day
CM4A 0.136 0.164 0.139 0.103 0.046 0.091 0.127 0.110 0.125
CV1S 0.106 0.065 0.101 0.074 0.028 0.064 0.097 0.048 0.091
Night
CM4A 0.119 0.157 0.123 0.114 0.069 0.105 0.117 0.117 0.117
CV1S  0.054 0.033 0.052 0.051 0.013 0.043 0.054 0.024 0.050




Figure S2. Same as Figure S1, except for daytime multilayer cloud top height for upper and lower layers.

Retrievals of upper and lower-layer cloud top heights and microphysical properties are performed
for each pixel identified as multilayered. Figure S2 maps the mean 2013 upper and lower-layer cloud-
top heights for CM4A (left) and CV1S (right). The CV1S upper cloud heights (Figure S2b) exceed the
CM4A means (Figure S2a) everywhere. Conversely, the SNPP lower-layer clouds (Figure S2d) are
lower than their CM4A counterparts (Figure S2c). This is not surprising since, for a given observed
brightness temperature, a higher upper cloud will yield a lower low cloud in the height retrievals.
Overall, for day and night, the global, polar and nonpolar averages (Table S2) of the upper cloud
heights from CV1S are significantly greater than the corresponding CM4A means. The opposite holds
true for the lower cloud heights. The global daytime differences in the upper and lower cloud heights
are 1.3 km and -0.5 km, respectively. The corresponding nocturnal differences are 1.8 km and -0.6 km.
In general, the mean upper cloud heights from both satellites are higher than the ice cloud heights in
Table 4. Since Table 4 includes retrievals of ice cloud heights for all ice clouds, single- and multilayered,
interpreted as single-layer clouds, the single-layer mean will be depressed because ML cloud-top
heights retrieved as single layers will be lower than the actual ice cloud height. The lower-layer heights,
especially for CV1S, are generally below the Table 4 water cloud altitudes. It should be noted that the
results in Table 4 are for all clouds and will include multilayered clouds that should cause the water
cloud heights to be too high and the ice cloud heights to be too low. Additionally, there are some
sampling population differences that can contribute to the differences.

Table 52. Mean multilayer cloud top height (km) for upper and lower layers. Aqua Ed4 and SNPP Ed1la, 2013.
Up denotes upper cloud; lo denotes lower cloud.
Ocean Land Ocean & Land
Satellite NP Polar  Global NP Polar  Global NP Polar  Global
Day
Aqua-up 9.87 7.40 9.57 10.63 791 10.35 10.03 7.50 9.73
SNPP-up 11.22 8.29 11.03 11.32 8.94 11.10 11.24 8.46 11.05
Aqua-lo 2.35 1.54 2.25 2.86 2.01 2.77 2.46 1.63 2.36
SNPP-lo 1.80 1.50 1.78 1.93 1.63 1.91 1.83 1.54 1.81
Night

Aqua-up 8.95 727 8.73 9.93 7.77 9.63 9.20 7.40 8.96
SNPP-up 10.77 7.62 10.57 11.68 8.36 11.48 11.00 7.80 10.80
Aqua-lo 2.28 1.58 2.19 2.83 1.84 2.69 242 1.65 2.32
SNPP-lo 1.72 1.46 1.70 1.81 1.33 1.78 1.74 1.43 1.72




$2.0 Alternative cloud particle size retrievals

Histograms of CER were generated from retrievals in all three channels. Examples of those
histograms are provided in Figures S3 and 54 for liquid and ice clouds, respectively, two COD ranges:
1-2and 16 - 32.

Fig. S3. Probability distributions of CSV1 liquid water droplet effective radii from (a, b) 1.24 um, (c,d) 1.60
pum, and (e,f) 3.74 um for optical depth ranges, left: 1 — 2 and right: 16-32, April 2013.

Figure S4. Same as Figure S3, except for ice clouds.
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Supplemental Material

Figure S1. Mean 2013 daytime multilayer cloud fraction from CERES SNPP VIIRS (left) and Aqua (right)
retrievals for day (top) and night (bottom).

S1.1 Multilayer cloud fraction and layer properties

Figure S1 shows the distribution of mean multilayered (ML) cloud fraction from CV1S andCM4A
for 2013. While the daytime CV1S patterns (Figure Sla) are similar to those for Aqua CM4 MCAT
retrievals (Figure S1b), the MCAT detects more ML clouds than the BTM. At night, the differences
between the VIIRS (Figure S1c) and MODIS (Figure S1d) retrievals deepen as the CV1S BTM results
drop dramatically while maintaining the same patterns. The CM4A ML fraction only drops slightly
from its daytime values.

Overall, the global daytime ML means from CV1S are 37% less than those from CM4A (Table S1).
The discrepancies between the CV1S and CM4A mean ML fractions are greatest over the polar zones.
At night, the BTM detects 57% fewer ML clouds than the MCAT. Over polar regions, the SNPP ML
fraction is only 23% of that from CM4A. Thus, the BTM is not very efficient in detecting ML clouds.

Table S1. Mean multilayer cloud fraction from Aqua Ed4 and SNPP Ed1a, 2013.
Ocean Land Ocean & Land

NP Polar Global NP Polar Global NP Polar Global

CM4A 0.136 0.164 0.139 0.103 0.046 0.091 0.127 0.110 0.125
CV1s 0.106 0.065 0.101 0.074 0.028 0.064 0.097 0.048 0.091

Night

CM4A 0.119 0.157 0.123 0.114 0.069 0.105 0.117 0.117 0.117
CV1s  0.054 0.033 0.052 0.051 0.013 0.043 0.054 0.024 0.050
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Figure S2. Same as Figure S1, except for daytime multilayer cloud top height for upper and lower layers.

Retrievals of upper and lower-layer cloud top heights and microphysical properties are performed
for each pixel identified as multilayered. Figure S2 maps the mean 2013 upper and lower-layer cloud-
top heights for CM4A (left) and CV1S (right). The CV1S upper cloud heights (Figure S2b) exceed the
CM4A means (Figure S2a) everywhere. Conversely, the SNPP lower-layer clouds (Figure 52d) are
lower than their CM4A counterparts (Figure S2c). This is not surprising since, for a given observed
brightness temperature, a higher upper cloud will yield a lower low cloud in the height retrievals.
Overall, for day and night, the global, polar and nonpolar averages (Table S2) of the upper cloud
heights from CV1S are significantly greater than the corresponding CM4A means. The opposite holds
true for the lower cloud heights. The global daytime differences in the upper and lower cloud heights
are 1.3 km and -0.5 km, respectively. The corresponding nocturnal differences are 1.8 km and -0.6 km.
In general, the mean upper cloud heights from both satellites are higher than the ice cloud heights in
Table 4. Since Table 4 includes retrievals of ice cloud heights for all ice clouds, single- and multilayered,
interpreted as single-layer clouds, the single-layer mean will be depressed because ML cloud-top
heights retrieved as single layers will be lower than the actual ice cloud height. The lower-layer heights,
especially for CV1S, are generally below the Table 4 water cloud altitudes. It should be noted that the
results in Table 4 are for all clouds and will include multilayered clouds that should cause the water
cloud heights to be too high and the ice cloud heights to be too low. Additionally, there are some
sampling population differences that can contribute to the differences.

Table 52. Mean multilayer cloud top height (km) for upper and lower layers. Aqua Ed4 and SNPP Edla, 2013.
Up denotes upper cloud; lo denotes lower cloud.
Ocean Land Ocean & Land
Satellite NP Polar  Global NP Polar  Global NP Polar  Global
Day
Aqua-up 9.87 7.40 9.57 10.63 791 10.35 10.03 7.50 9.73
SNPP-up 11.22 8.29 11.03 11.32 8.94 11.10 11.24 8.46 11.05
Aqua-lo 2.35 1.54 2.25 2.86 2.01 2.77 2.46 1.63 2.36
SNPP-lo 1.80 1.50 1.78 1.93 1.63 1.91 1.83 1.54 1.81
Night

Aqua-up 8.95 7.27 8.73 9.93 7.77 9.63 9.20 7.40 8.96
SNPP-up 10.77 7.62 10.57 11.68 8.36 11.48 11.00 7.80 10.80
Aqua-lo 2.28 1.58 2.19 2.83 1.84 2.69 242 1.65 2.32
SNPP-lo 1.72 1.46 1.70 1.81 1.33 1.78 1.74 1.43 1.72






$2.0 Alternative cloud particle size retrievals

Histograms of CER were generated from retrievals in all three channels. Examples of those
histograms are provided in Figures S3 and 54 for liquid and ice clouds, respectively, two COD ranges:
1-2and 16 - 32.
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Fig. S3. Probability distributions of CSV1 liquid water droplet effective radii from (a, b) 1.24 um, (c,d) 1.60
pum, and (e,f) 3.74 um for optical depth ranges, left: 1 — 2 and right: 16-32, April 2013.
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Figure S4. Same as Figure S3, except for ice clouds.







