& emote sensing

Article

Cloud-Top

Height Comparison from Multi-Satellite Sensors

and Ground-Based Cloud Radar over SACOL Site

Xuan Yang

check for

updates
Citation: Yang, X; Ge, J.; Hu, X,;
Wang, M.; Han, Z. Cloud-Top Height
Comparison from Multi-Satellite
Sensors and Ground-Based Cloud
Radar over SACOL Site. Remote Sens.
2021, 13,2715. https://doi.org/
10.3390/rs13142715

Academic Editor: Yolanda Sola

Received: 6 May 2021
Accepted: 1 July 2021
Published: 9 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Jinming Ge ¥, Xiaoyu Hu, Meihua Wang and Zihang Han

Key Laboratory for Semi-Arid Climate Change of the Ministry of Education and College of Atmospheric Sciences,
Lanzhou University, Lanzhou 730000, China; yangx16@lzu.edu.cn (X.Y.); huxy2012@lzu.edu.cn (X.H.);
wangmhl16@lzu.edu.cn (M.W.); hanzh19@lzu.edu.cn (Z.H.)

* Correspondence: gejm@lzu.edu.cn

Abstract: Cloud-top heights (CTH), as one of the representative variables reflecting cloud macro-
physical properties, affect the Earth-atmosphere system through radiation budget, water cycle,
and atmospheric circulation. This study compares the CTH from passive- and active-spaceborne
sensors with ground-based Ka-band zenith radar (KAZR) observations at the Semi-Arid Climate and
Environment Observatory of Lanzhou University (SACOL) site for the period 2013-2019. A series
of fundamental statistics on cloud probability in different limited time and areas at the SACOL site
reveals that there is an optimal agreement for both cloud frequency and fraction derived from space
and surface observations in a 0.5° x 0.5° box area and a 40-min time window. Based on the result,
several facets of cloud fraction (CF), cloud overlapping, seasonal variation, and cloud geometrical
depth (CGD) are investigated to evaluate the CTH retrieval accuracy of different observing sensors.
Analysis shows that the CTH differences between multi-satellite sensors and KAZR decrease with in-
creasing CF and CGD, significantly for passive satellite sensors in non-overlapping clouds. Regarding
passive satellite sensors, e.g., Moderate Resolution Imaging Spectroradiometer (MODIS) on Terra and
Aqua, the Multi-angle Imaging SpectroRadiometer (MISR) on Terra, and the Advanced Himawari
Imager on Himawari-8 (HWS8), a greater CTH frequency difference exists between the upper and
lower altitude range, and they retrieve lower CTH than KAZR on average. The CTH accuracy of
HW8 and MISR are susceptible to inhomogeneous clouds, which can be reduced by controlling the
increase of CF. Besides, the CTH from active satellite sensors, e.g., Cloud Profiling Radar (CPR) on
CloudSat, and Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO), agree well with KAZR and are less
affected by seasonal variation and inhomogeneous clouds. Only CALIPSO CTH is higher than KAZR
CTH, mainly caused by the low-thin clouds, typically in overlapping clouds.

Keywords: cloud-top heights; multi-satellite sensors; Ka-band zenith radar; cloud layer category;
seasonal variation; cloud geometrical depth

1. Introduction

Clouds, covering approximately two-thirds of the globe, play an important role in
radiative energy balance, hydrological cycle, atmospheric circulation, and thus climate
change [1-5]. Clouds can reflect solar radiation to space, inducing a cooling albedo effect
and trapping the terrestrial radiation, causing a warming greenhouse effect [6-8]. Cloud-
top heights (CTH) are the highest altitude of the visible part of cloud, which vary with cloud
type and can largely influence the cloud radiative effects [9-12]. For example, high-level
cirrus clouds usually have positive forcing due to the large temperature difference between
the cloud top and the earth surface that prevents the terrestrial longwave radiation from
escaping to space [13-15]. In contrast, low-altitude clouds with cloud top temperatures
close to the ground environment generally lead to a weak greenhouse effect [16-18]. In
addition, the radiative cooling at the cloud top and the warming at the cloud base may
enlarge the vertical temperature gradient and consequently intensify the turbulence, hence

Remote Sens. 2021, 13, 2715. https:/ /doi.org/10.3390/1s13142715

https:/ /www.mdpi.com/journal/remotesensing


https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-4788-0693
https://doi.org/10.3390/rs13142715
https://doi.org/10.3390/rs13142715
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13142715
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13142715?type=check_update&version=1

Remote Sens. 2021, 13, 2715

2 0f 23

the cloud top does impact the atmospheric stability and can be used to assess the extent of
convection development [19-21]. CTH also reflects the vertical structure of cloud water
content [22], which determines the redistribution of water vapor.

Despite the many related research studies on CTH that have been conducted, ac-
curate representation of CTH in weather and climate models is still one of the great
challenges [22,23]. For example, Wang and Zhang [24] show that the simulated tropical
convective CTH by the Community Atmosphere Model is 2 km lower on average than
satellite measurements. Therefore, the reliable CTH observation is still an essential refer-
ence to evaluate cloud simulation and reduce uncertainties in models, especially for the
arid and semi-arid regions, which are quite sensitive to climate change and have various
cloud types, which in turn may largely affect the climate radiative feedback [25-27]. The
surface over these regions is relatively bright, and the cloud formation and evolution
are also subjected to these complex surface conditions that may affect the accuracy of
cloud height from different satellite sensors and retrieval methods. The Semi-Arid Climate
and Environment Observatory of Lanzhou University (SACOL) site (35.946°N, 104.137°E;
1965.8 m) is located in the Loess Plateau, the largest semi-arid region of China [26]. A
new generation of ground-based Ka-band zenith radar (KAZR, with outstanding cloud
penetration capability [28-33]) has been continuously operated over the SACOL site since
August 2013, which provide a good opportunity to validate and understand the accuracy
of multi-satellite cloud-top detections over this region [32].

Previous research analyzing the CTH comparisons has widely utilized spaceborne
active/passive sensors with quite different CTH retrieval methods. For instance, the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) onboard polar-orbiting satellites
Terra and Aqua combines CO,-slicing and infrared window technologies to determine
CTH [34,35]. The Advanced Himawari Imager (AHI) carried by the Himawari-8 (HW8)
geostationary satellite derives CTH based on the observation in the visible and infrared
bands, thus CTH is only provided during daytime [36-38], while the Multi-angle Imaging
SpectroRadiometer (MISR) on Terra obtains CTH via a geometrical method named stereo-
imaging technique [39,40]. Active instruments such as the Cloud Profiling Radar (CPR)
onboard the CloudSat satellite and Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) satellite directly acquire CTH by measuring the backscattered signal of cloud
particles [22,41-43]. These satellite observations can obtain global CTH distribution; how-
ever, each of them also have some limitations. For example, active spaceborne instruments
normally have narrow observing trajectories [9]; passive satellite sensors are usually sus-
ceptible to multilayer clouds [18,35,44] and usually have larger discrepancies in low-level
clouds than high-level clouds [45,46]. Therefore, using high-quality ground-based obser-
vation to compare with satellite measurements is crucial to understand the discrepancies
of CTH for the different retrieval methods and instrument sensitivities. Ground-based
millimeter-wavelength cloud radar (KAZR) in this study is a powerful instrument that is
sensitive to cloud droplets and can detect cloud vertical structure with a high temporal
and vertical resolution, as well as long-term continuous observations [47].

CTH comparison from different sensors has been conducted over many places around
the world, showing that there may be a significant temporal and spatial influence. Naud
et al. [48-50] compared MODIS and MISR CTH with lidar and radar measurements over
America, England, and France. They found a small difference of 0.1-0.4 km between
lidar and MISR for the thin low-level cloud with no upper cloud, and the differences
between MODIS and ground-based radar are within 1 km for mid-/high- level clouds
and reach nearly 3 km for low-level clouds overlapped with upper clouds. Kim et al. [7]
made intercomparisons of CTH among CALIPSO, CloudSat, and ground lidar in South
Korea, and found CALIPSO CTH agrees well with CloudSat for thick tropospheric clouds
but detects higher CTH for high-level thin clouds, which are more reliable. Firstly, we
systematically investigate the CTH comparison between multiple spaceborne observations
(i.e., Terra/MODIS, Aqua/MODIS, Terra/MISR, CloudSat/CPR, CALIPSO/CALIOP, and
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HWS8/AHI, commonly used in previous studies) and KAZR over SACOL site. This paper is
organized as follows: Section 2 introduces the data product and the methodology. Section 3
presents the results for non-overlapping clouds, overlapping clouds, and all clouds. The
conclusions are summarized in Section 4.

2. Data and Methods
2.1. Data

Nearly 7-year observations of MODIS/Terra, MODIS/Aqua, MISR, and CALIPSO
(August 2013 to December 2019), as well as more than 4-year measurements of HWS (July
2015 to December 2019) and CloudSat (August 2013 to December 2017), are used in this
study. The synchronized ground-based KAZR observations from August 2013 to December
2019 are also involved in the comparison with satellite observations. Data information
is presented in Table 1. The CTH of passive satellite sensors is directly provided from
each dataset, i.e., Level-2 MODIS data (MOD06/MYDO06), MISR Level 2TC Cloud Products
(MIL2TCSP), and Level 2 Cloud Property of HW8 (L2CLP010). The CTH of active satellite
sensors is obtained from the cloud mask Products of Level 2 GEOPROF for CloudSat
(2B_GEOPRROF) and Level 2 Vertical Feature Mask for CALIPSO (VEM). KAZR CTH
is the highest altitude of cloud mask in cloud vertical profiles, and the cloud mask is
derived from an improved hydrometeor detection method [32], with clutter being removed
by a Bayesian classifier [31]. Furthermore, for passive satellite sensors, the MODIS and
HW8 CTH retrieval accuracy depend on the cloud depth, and the lower CTH accuracy
mainly occurs on the retrieval of thin cloud with lower cloud depth [22,51]. The CTH
accuracy of MISR strongly depends on the brightness and contrast of the clouds between
different observing views, and it tends to detect lower thick clouds rather than higher thin
clouds in multi-layer conditions [35,45]. The active sensors, i.e., CloudSat and CALIPSO,
detect CTH by measuring the reflectivity of cloud top particles, and their CTH accuracy
is determined by the size of cloud top particles [52]. In general, the CTH accuracy of
CloudSat is lower for cloud tops with small particles, and that of CALIPSO is lower for
cloud tops with large particles. The CTH provided by MOD06/MYD06, MIL2TCSP, and
L2CLPO010 are with resolutions of 5 x 5 km, 1.1 x 1.1 km, 5 x 5 km, respectively. The
horizontal and vertical resolutions of 2B_GEOPRROF are 1.3 x 1.7 km and 240 m, and
the resolutions are 30 m (60 m) vertically and 333 m (1000 m) horizontally for VFM below
(above) 8.2 km. The KAZR observation is continuous, with a time resolution of 4.27 s and a
vertical resolution of 30 m, thus it is used as an etalon in this study. Specifically, KAZR is a
zenith-pointing radar operating at 35 GHz frequency, with a peak power of 2.2 kW and
two pulse mode of “chirp” and “burst”. KAZR provides the vertical profile from the cloud
detection algorithm proposed by Ge et al. [32], in which a new noise reduction scheme was
developed to enhance the contrast between noise and signal and distinguish more clouds
through the reduction of the noise distribution to a narrow range. To reduce the terrestrial
clutter contaminant on cloud detection and maintain consistency of the satellites—-KAZR
comparison, all CTH used in paper is the altitude of the cloud top above mean sea level,
and only cloud tops above the minimum detection height of KAZR (i.e., 869 m above
ground altitude) are considered.

Table 1. Product information in research.

Platform Instrument Data Set Version Time Period Reference
Terra MODIS MODO06_1.2 Collection 6.1 1 August 2013 to 31 December 2019 [34,53]
Aqua MODIS MYDO06_1.2 Collection 6.1 1 August 2013 to 31 December 2019 [53]
Terra MISR MIL2TCSP V001 1 August 2013 to 31 December 2019 [54]

Himawari-8 AHI L2CLP010 Version 1.0 4 July 2015 to 31 December 2019 [55,56]
CloudSat CPR 2B-GEOPROF P1_R05 1 August 2013 to 5 December 2017 [57]
CALIPSO CALIOP CAL_LID_L2_VEM V4-20 1 August 2013 to 31 December 2019 [58]

SACOL KAZR KAZR11P_L1 V2 1 August 2013 to 31 December 2019 [29]
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2.2. Cloud Layer Category

Cloud layer overlap can interfere with the CTH determination and increase the un-
certainty in the CTH comparisons; thus, it is necessary to classify cloud overlap scenarios
before comparisons. Because all spaceborne sensors involved in this study possess dif-
ferent retrieval methods and operational orbits, we utilize ground observation of KAZR
to characterize cloud vertical structure during each satellite observation. Based on previ-
ous experience, the KAZR vertical profiles with clouds are divided into single-layer and
multi-layer [59,60]. If KAZR detects more than 80% of single-layer profiles within a certain
period, the observed cloud is considered as a non-overlapping cloud (e.g., Figure 1a),
which contains both individual single-layer cloud and separate single-layer clouds without
vertical overlap. The remains are considered as overlapping clouds (e.g., Figure 1b) with
more cloud heterogeneity, and may affect satellite’s accuracy of cloud tops especially for
passive sensors. Figure 1c presents that the percentage of non-overlapping and overlapping
clouds varies slightly when the temporal resolution is within different limited time (from
10 to 120 min with an interval of 10 min). In addition, the autocorrelation of KAZR CTHs
with several time intervals less than 120 min are also calculated, explaining the stable
temporal variability of clouds over the SACOL site. The limited time of KAZR suitable for
all satellite instruments is defined as the window time for CTH comparison, which will be
discussed in the next section.

=~ taping clouds [ Overlapping cloud;

Percentage (%)
E

0 5 10 15 20
Time (hour) Limited Time (min)

Figure 1. Depiction of cloud overlap, (a) non-overlapping cloud, (b) overlapping cloud, and the color
represents reflectivity factor (dBZ). (c) The percentage of non-overlapping and overlapping clouds of
KAZR for the period 2013-2019 at different limited time.

2.3. Time-Space Matching Procedure

Since KAZR detects cloud vertical structure at a single point, while satellites cover
a certain area along the flying track, a proper time interval and a space area for compar-
ison between space- and ground-based observing platforms must be determined. The
fundamental statistics about average cloud fraction (ACF), cloud frequency (CFR), and the
integration of ACF and CFR (i.e., average cloud fraction x cloud frequency, ACFR), which
represent the probability of cloud within a certain time and area [2,61], were conducted
carefully in Figure 2. Here, the satellite cloud fraction (CF) is the proportion of the number
of cloudy sub-satellite pixels to the number of all sub-satellite pixels in a box area central
at the SACOL site (from 0.25° x 0.25° to 1.50° x 1.50°); the KAZR CF is the ratio of the
cloudy profile to all profiles within the window time (from 10 min to 120 min). ACF refers
to the average satellite CF or the average KAZR CFE. CFER represents the cloud frequency
of occurrence, and the occurrence is 0 when CF = 0 and 1 when CF > 0 in each available
observation from satellite or KAZR.
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Figure 2. Variations of satellite (a) average cloud fraction (ACF), (b) cloud frequency (CFR), and (c)
average cloud fraction x cloud frequency (ACFR) over different spatial boxes center at SACOL site
(from 0.25° x 0.25° to 1.5° x 1.5° with an interval of 0.25°); dependence of (d) ACF, (e) CFR, and (f)
ACER on different KAZR observation time intervals; the absolute difference of (g) ACE (h) CFR, and (i)
ACEFR between satellite observations within 0.5° x 0.5° box area and KAZR at different time intervals.

The ACF maximizes at 0.25° x 0.25° for all spaceborne sensors except CALIPSO and
is shown in Figure 2a. The CFR of all passive satellite sensors gradually increases with
the increase in the area in Figure 2b. Note that a bump exists for CALIPSO (Figure 2a—c)
at 1.25° x 1.25°, and this is because there are two additional descending tracks counted
when the area greater than 1.00° x 1.00° in which only one ascending track is involved.
Relative to other sizes, 0.50° x 0.50° implies that the differences in both CF distribution
and occurrence are minimal for most satellite instruments. In particular, the ACF and CFR
of MODIS (Terra and Aqua), HWS, and CALIPSO vary slowly from 0.50° x 0.50°, and the
maximum ACEFR for most satellites also occurs at 0.50° x 0.50°. We analyzed the changes
of KAZR ACF, CFR, and ACFR corresponding to each satellite instrument in different
windows of time to determine the appropriate period (Figure 2d-f). We found that KAZR
ACEFR for CloudSat and CALIPSO significantly increases as the window time does, varying
from 20 min to 70 min. Besides, in Figure 2g,h, the ACF differences are minimized at 20 min
for CALIPSO, 40 min for CloudSat, and 100 min for MODIS Terra. The ACF difference is
smaller than 10% for MODIS (Terra and Aqua), CloudSat, and CALIPSO when the window
time exceeds 40 min. Meanwhile, the minimum difference of CFR between CALIPSO
and KAZR appears at 40 min. Thus, we select 40 min as the optimal window of time for
multi-satellite sensors [61].
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3. Results
3.1. Comparison for Non-Overlapping Clouds

Before directly comparing the CTH from the different instruments, we first examine
the vertical frequency distribution (Figure 3) and the seasonal variations (Figure 4) of
CTH using the original observation samples (marked in the bracket of each panel) within
the selected 0.5° x 0.5° box and 40 min interval for the non-overlapping clouds, which
represent the best inter-comparison scenario by avoiding the complexity of multi-layer
cloud conditions. Figure 3 shows that nearly all instruments capture the bimodal structure
of CTH, peaking close to 10 km and 5 km, except HW8 only has one peak near 9 km. The
CTH obtained from most spaceborne sensors presents better agreement with KAZR for the
high-level cloud top above 6 km than the low-level altitude below 6 km. In Figure 3a—c, the
frequencies of CTH above 6 km from MODIS and MISR are smaller than that from KAZR,
while they are opposite below 6 km. The distribution differences of passive satellite sensors
and KAZR CTH show that KAZR may have better sensitivity to high-level clouds, or low-
level dispersed clouds are easily observed by satellite sensors with broad footprints. Unlike
passive satellite sensors, the CTH curves from active satellite sensors are less smooth due
to the relatively small, matched samples. As shown in Figure 3e,f, the CTH frequencies of
CloudSat and CALIPSO are very consistent with KAZR especially for the cloud top above
9 km. The frequencies of active satellite sensors are underestimated compared with that of
KAZR for the cloud top below 6 km, which is different from the results for passive satellite
sensors in Figure 3a—c. This is not surprising, since the atmosphere-induced attenuation
can lead to a weaker sensitivity of spaceborne sensors than ground-based radar to detect
low-level CTH [62,63].

(2) ®)

—— MODIS(Terra) (51,374)
----------- KAZR (605,700) - 15

——— MODIS¢Aqua) (54,612)
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Figure 3. Frequency histogram of CTH (per 500 m interval) above the mean sea level for non-
overlapping clouds. The number of cloudy samples from the satellite subpixels and associated KAZR
profiles are also presented. These subplots are for different satellite-KAZR pairs, (a) MODIS(Terra),
(b) MODIS(Aqua), (c) MISR, (d) HWS, (e) CloudSat, and (f) CALIPSO.
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Figure 4. Seasonal frequency histogram of CTH for non-overlapping clouds for different satellite-KAZR pairs, MODIS
(Terra, (row a)), MODIS (Aqua, (row b)), MISR (row c¢), HW8 (row d), CloudSat (row e), and CALIPSO (row f), dur-
ing different seasons, spring (March/April/May, column 1), summer (June/July/August, column 2), autumn (Septem-
ber/October/November, column 3), and winter (December/January/February, column 4).
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The seasonal distributions of CTH in Figure 4 depict that the differences between
passive satellite sensors and KAZR-derived CTH are comparatively larger than that of
active satellite sensors. For example, in winter, a MODIS-derived CTH higher than 6 km
accounts for 56% of the total cloud samples, while this proportion for KAZR is about 82%,
suggesting that the distribution differences in Figure 3a,b are dominated by clouds in
winter. The vertical CTH distribution of HWS is also quite different from that of KAZR
in winter (Figure 4(d4)). Previous studies have shown that high-latitude cirrus clouds
occur more often during the cold season over the SACOL site [30,33]. These cirrus clouds
may not be well identified by the CO,-slicing technology used by MODIS and HWS,
which is susceptible to the albedo of snow and ice surface [22,46,64]. The CTH frequency
distribution from MISR exhibits a good consistency with KAZR observation in winter
and autumn, but significant differences appear in summer (in Figure 4(c2)) when MISR
CTH distributes at a lower altitude than KAZR, primarily from the high and thin clouds
caused by the high surface temperature [46,50,65]. Active satellite sensors show good
agreement with KAZR especially for high clouds in all seasons. The underestimations of
CTH occurrence for CloudSat and CALIPSO compared with KAZR in Figure 3e,f mainly
occur in summer and winter, which may be related to the strong attenuation by thick
clouds or precipitation during these seasons.

To quantify the CTH difference for space- and ground-based observations, we calculate
the average CTH retrieved by satellites and from their respective matched KAZR detections
for each cloudy case as shown in Figure 5. It is clear that the CTH deviation is more obvious
for passive satellite sensors (Figure 5a—d), and their CTH mainly distributes below the
1:1 line, whereas the CTH from active satellite sensors concentrates near the 1:1 line. For
passive satellite sensors, satellites underestimate the CTH compared to KAZR for most
cases, with 78-86% of differences less than 3 km. The mean CTH difference between
MODIS Terra and KAZR (—0.95 km) is smaller than that between MODIS Aqua and KAZR
(—1.31 km), because thin, high clouds appear more frequently in Aqua’s field of view,
which is caused by the afternoon convection [1,46]. MISR and HW8 CTH are, on average,
lower than KAZR CTH by 1.76 km and 1.48 km, respectively. These large differences are
mainly from the cases where the cloud tops above 9 km derived from KAZR are identified
as cloud tops below 6 km by satellites (Figure 5c¢,d), which may probably be attributed
to cloud inhomogeneity and surface condition [65]. For active satellite sensors, the CTH
difference between CloudSat and KAZR is ranging from —1.24 km to 0.77 km, with a mean
value of —0.24 km. The CTH differences for all CALIPSO-KAZR cases are from —0.49 km
to 1.89 km, and the average value is 0.43 km, meaning that CALIPSO-retrieved CTH is
higher than KAZR. This is normal because CALIPSO is more sensitive to the small particles
at the cloud top than microwave radar [52,66]. In addition, the correlation coefficients of
CTH between active satellite sensors and KAZR are significantly larger than that between
passive satellite sensors and KAZR, implying that active satellite sensors may obtain the
cloud top more accurately.

The spatial inhomogeneity of cloud properties can affect the CTH comparisons [67].
In previous studies, cloud inhomogeneity can be assumed by the CF variation in observa-
tions [60,68]. Here, to understand its effects on the comparisons, we analyze the variations
of three main factors (i.e., case frequency, correlation coefficient, and mean CTH difference)
as a function of CF in Figure 6. Overall, passive satellite sensors are more susceptive to CF
variation than active satellite sensors, and dramatic influences exist, especially for MISR
and HW8. As CF increases, the cases of MISR and HW8 decrease more intensely than other
instruments, and there are obvious improvements in the correlation coefficient and the
CTH differences. When the CF increases from 0% to 100%, the CTH correlation coefficient
between MISR (HW8) and KAZR increases from 0.62 to 1.00 (from 0.45 to 0.74). The mean
CTH difference between MISR (HW8) and KAZR varies over a large range. The minimal
difference is 0 km (—0.69 km) when CF is at about 85% (95%). These results demonstrate
that cloud inhomogeneity can induce large CTH differences for MISR and HWS (presented
in Figure 4). Furthermore, as CF increases, the CTH correlation coefficient between MODIS
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and KAZR barely varies, which is similar to that from active satellite sensors. However,
the mean CTH difference between MODIS and KAZR decreases slightly, and the minimal
difference for Terra and Aqua is —0.35 km and —0.87 km, respectively, when CF is 100%.
Comparing this with passive satellite sensors, active satellite sensors are less influenced by
CF changes. In particular, the correlation coefficient and the mean CTH differences remain
almost constant, which is similar to the results illustrated in Figure 5e f. This indicates
that the inversion capability of CloudSat and CALIPSO on cloud tops is less influenced by
inhomogeneity clouds.
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Figure 5. Density scatters of average CTH for non-overlapping clouds. Each colored panel represents
the frequency of mean CTH measured by satellites and KAZR over a 500 m interval. The black line
represents a standard reference line with a slope of 1. The number of cases, the correlation coefficient
(r), and the mean difference provided at the 95% significance level (y, satellite CTH minus KAZR
CTH) are marked above the subplot. These subplots are for different satellite-KAZR pairs, (a) MODIS
(Terra), (b) MODIS (Aqua), (c) MISR, (d) HWS, (e) CloudSat, and (f) CALIPSO.
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Figure 6. The line diagram of (a) the case frequency with cloud occurrence, (b) the correlation
coefficient between satellite and KAZR, and (c) the mean CTH difference (the average of the difference
that satellite CTH minus KAZR CTH for all cases), vary with KAZR cloud fraction greater than a
certain threshold (i.e., an interval of 5% increases from 0% to 100%) for non-overlapping clouds. The
number of initial cases marked in subplot (a) is the same as the number of cases in Figure 5, and
the dotted line in subplot (c) represents the confidence interval of the mean difference at the 95%
significance level.

3.2. Comparison for Overlapping Clouds

Similar to the CTH comparisons for non-overlapping clouds that reduce the influ-
ence of complex cloud structure on cloud top detections, in this section, we begin with
illustrating the vertical distributions of CTH derived from different sensors for overlap-
ping clouds as presented in Figure 7. The occurrence frequency of KAZR CTH shows a
unimodal structure converging to about 10 km, which differs from the bimodal structure
of non-overlapping clouds. Compared to non-overlapping clouds, the difference in CTH
distribution between satellite and KAZR is particularly apparent below 6 km, especially for
passive satellite sensors. This demonstrates that the complexity of the overlapping clouds
strongly affects the ability of cloud top detection for passive satellite sensors. In detail,
MODIS onboard Terra and Aqua capture the peak frequency of CTH at high altitudes, but
the occurrence frequency of CTH at altitude below 6 km is significantly larger than KAZR.
In addition to the reasons mentioned in Section 3.1, when multi-layer clouds simultane-
ously occur in the same location, the height of upper-level semi-transparent clouds cannot
be accurately retrieved by the CO, method of MODIS [46]. Besides, the location of the
strongest infrared emissivity (generally below the upper boundaries of the highest cloud
layer) is more likely to be identified by MODIS and HWS as cloud tops [48,60], which also
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leads to more low cloud top detections. In Figure 7d, HWS also has a unimodal distribution,
but with a peak of 6-8 km that is lower than the peak of 9 km for non-overlapping clouds
(Figure 3d). Furthermore, although MISR and KAZR-derived CTH have good agreement
without cloud overlap (Figure 3c), Figure 7c shows that the MISR CTH distributes below
6 km and peaks at around 4 km, which is significantly lower than the peak height of KAZR
CTH. Ordinarily, the geometric stereo-imaging technique of MISR is sensitive to the thick
clouds with larger contrast between two view directions [45,69]; therefore, the underlying
thick clouds are more easily identified as the cloud top than the upper thin clouds. Contrary
to the results of passive satellite sensors, Figure 7e,f shows that there are good consistencies
in CTH frequency between active satellite sensors and KAZR, though the small number
of samples produces obvious sharp curves in the vertical direction. Note that the highest
CTH observed by KAZR is higher than CloudSat, but lower than CALIPSO, which again
demonstrates that the cloud tops composed of small particles can be more easily detected
by CALIPSO, while KAZR has better sensitivity to small cloud droplets than CloudSat.
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Figure 7. Same as Figure 3 but for overlapping clouds.

The seasonal variations of CTH frequency for overlapping clouds are shown in
Figure 8. Compared with the distribution of KAZR CTH, the significant differences occur
in winter for MODIS and HWS, and summer for MISR, which are similar to the results
in Figure 4a—d. However, the height differences of CTH peak frequency between passive
satellite sensors and KAZR in overlapping clouds have a seasonal variation. The peak
height of CTH for high clouds from MODIS is slightly lower than that from the KAZR,
and their distance is about 3 km (Figure 8(a2,b2)). The HW8-retrieved CTH concentrates at
the altitude of 6-9 km, which is lower than the peak frequency height of KAZR-retrieved
CTH, and the distance reaches up to 6 km (Figure 8(d2)). The peak frequency height of
MISR CTH is around 4 km, which is significantly lower than that of KAZR CTH by 9 km
(Figure 8(c2)). Therefore, high surface temperature and strong convection in summer have
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the largest impact on MISR, which follows previous results (Figure 4(c2)). Moreover, for
active satellite sensors, the highest CTH above CloudSat and below CALIPSO observed
by KAZR presented in Figure 7c—f only occurs in summer (Figure 8(e2,f2)), which also
implies that some small cloud particles appear at a high altitude in summer. The vertical
distribution of CTH frequency for active satellite sensors is quite similar to that for KAZR
in all seasons except winter, when KAZR does not observe the cloud top around 3 km as
CloudSat, possibly caused by the broken clouds. Overall, the seasonal difference in vertical
CTH frequency between active satellite sensors and KAZR is smaller than that between
passive satellite sensors and KAZR.

Figure 9 shows the scatter plot of the CTH difference between satellite and KAZR
observations. As shown in Figure 9a-d, the frequency density of satellites is mostly
distributed below the 1:1 line, and the high-frequency value is located at high altitudes,
demonstrating that overall, passive satellite sensors retrieved CTH lower than KAZR. The
CTH derived from MODIS Terra (Aqua) has a negative difference of 1.49 km (1.74 km) on
average than that from KAZR, and HWS8-retrieved CTH is lower than KAZR CTH by a
mean of 1.94 km. The mean CTH difference between MISR and KAZR is —2.46 km, and
the high-frequency location of MISR is lower than that of MODIS and HWS8. Comparing
Figure 9a—d with Figure 3a—d, a significant systematic underestimation of the cloud top
for passive satellite sensors appears in the presence of multi-layer clouds. Aside from
these explanations proposed for non-overlapping clouds, there are two other possible
reasons. One is that the radiative contribution of each cloud layer may influence the
CTH comparison, and the low-level clouds-reflected radiation penetrates the upper thin
clouds, leading to a higher brightness temperature than the actual cloud top temperature
observed by MODIS and HWS [9]. Another is that the MISR stereo method more easily
detects underlying thick clouds with distinct cloud features between different viewing
angles, which are frequently found in a low-level altitude [70]. In addition, for active
satellite sensors, it can be seen that the CTH detected by CALIPSO and KAZR agrees
well (Figure 9e), as the correlation coefficient is 0.87 and the mean CTH difference is also
positive (0.26 km), which is similar as that for non-overlapping clouds, suggesting that
CALIPSO is susceptible to the cloud tops composed of smaller particles. However, there is
less agreement between CTH measured by CloudSat and KAZR than the comparison in
non-overlapping cloud (Figure 5e). In Figure 9e, the outlier data with a CTH difference
greater than 6 km account for approximately 6% of CloudSat cases, and CALIPSO does not
detect them; therefore, it is probably caused by broken clouds. If these cases are removed,
the mean CTH difference between CloudSat and KAZR decreases to —1.04 km, and the
correlation coefficient increases to 0.91.

Figure 10 shows the variation of the three factors with CF. In Figure 10a, the available
analysis cases corresponding to different satellite observations decrease evenly with in-
creasing CF, and the decline is more significant for MISR and HWS. In Figure 10b,c, the
agreement between satellites- and KAZR-retrieved CTH is weaker than that from that
for non-overlapping clouds (Figure 6b,c), and it is possibly because of the more complex
cloud structure and more inhomogeneous clouds in overlapping clouds. When CF in-
creases from 0% to 100%, the correlation coefficient for MODIS Terra (Aqua) varies within
0.68-0.71 (0.73-0.77), and the mean CTH difference between MODIS Terra (Aqua) and
KAZR gradually decreases from —1.53 km to —0.88 km (—1.88 km to —1.58 km). The
CTH derived from HW8 and KAZR also shows the best agreement at 100% CF, where
the correlation coefficient is 0.57 and the mean CTH difference is —1.70 km. However,
significant fluctuations are found for MISR, particularly as the correlation coefficient is at
maximum (0.55) when CF is greater than 40%, and the mean CTH difference is at minimum
(—1.72 km) when CF is greater than 90%. For active satellite sensors, CALIPSO CTH agrees
well with KAZR observation. The correlation coefficient ranges from 0.86 and 0.94, and the
mean CTH difference is between —0.06 kmm and 0.26 km, which is close to the results for
non-overlapping clouds (Figure 6). Nevertheless, the difference in CTH between CloudSat
and KAZR is significantly larger for overlapping clouds, with a relatively smaller correla-
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tion of 0.75 and a larger difference of —1.11 km. This is most likely due to the presence of
stronger convection in multi-layered clouds compared to single-layer clouds; consequently,
the small cloud particles more easily ascend than larger cloud particles. In this case, the
sensitivity of CloudSat to the cloud top is weaker than KAZR.
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Figure 8. Same as Figure 4 but for overlapping clouds.
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Figure 9. Same as Figure 5 but for overlapping clouds.

3.3. Comparison for All Clouds

The vertical frequency distributions of KAZR CTH matched with different spaceborne
sensors and the frequency difference between satellite and KAZR at each altitude bin are
provided in Figure 11a,b for all clouds, including non-overlapping and overlapping clouds.
Overall, in Figure 11a, the distributions of KAZR CTH exhibit a unimodal structure, and
the obvious crest concentrates slightly above 9 km, which is closer to the distribution
of KAZR in overlapping clouds (Figure 7). In Figure 11b, lower frequency differences
appear at around 9 km implying better agreement of CTH between satellites and KAZR
at this altitude. In particular, the occurrence frequency of CTH from passive satellite
sensors is systematically less (more) than that from KAZR at high (low) altitude above
(below) approximately 9 km, with a maximum difference of 6%. In comparison, the vertical
distribution of CTH frequency differences between active satellite sensors and KAZR
exhibit multi-crest structures with smaller amplitudes of about less than 6%. Thus, it
demonstrates a better agreement on CTH between active satellite sensors and KAZR. Then,
we introduce another important factor, cloud geometrical depth (CGD), which impacts
the accuracy of satellite-retrieved CTH, especially for passive satellite sensors. In this
section, CGD is the vertical depth of the uppermost cloud layer determined from the KAZR
observations matched with each satellite sensor. As illustrated in Figure 11c, the thick
clouds with a mean CGD greater than 2 km are mainly distributed at an altitude with
CTH higher than 9 km. The maximum peak of the CTH-CGD distribution occurs in the
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CTH range of 12-13 km for each satellite, with the maximum mean CGD approximately
4 km. This indicates that the thick clouds over the SACOL site frequently exist around
the altitude range, possibly as a result of strong convective development. Most satellite
sensors can measure thinner clouds in the upper troposphere above 13 km; however, those
clouds are rarely detected by CloudSat. Consequently, the negative difference between
CloudSat and KAZR CTH is greater in overlapping clouds, probably due to the presence
of high-thin clouds with smaller particles. In addition, the average CGD of passive satellite
sensors is slightly greater than the median value, and the distribution of active satellite
sensors fluctuates more significantly, which can be attributed to the difference in sample
amount between passive and active satellite sensors.
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Figure 10. Same as Figure 6 but for overlapping clouds.

Furthermore, to explore the dependence of CTH accuracy on CGD for different satel-
lites, we perform the scatterplot of satellite-derived CTH as a function of KAZR-derived
CTH, sorted by the average CGD for each case in Figure 12. For the high-frequency CTH
with good agreement along with the 1:1 line in non-overlapping (Figure 5) and overlapping
clouds (Figure 9), most are the clouds with CGD > 2 km, again showing that satellites
and KAZR-derived CTH are better for thick clouds. For the clouds with CGD < 2 km,
the distributions exhibit larger deviation from the 1:1 line, implying that the larger CTH
difference between satellites (except CALIPSO) and KAZR for overlapping clouds than
that for non-overlapping clouds is due to the presence of thin upper clouds. Quantitatively,
the correlation coefficient on CTH between MODIS Terra (Aqua) and KAZR is 0.70 (0.75)
for all cases, which varies from 0.74 (0.79) for thick clouds to 0.61 (0.65) for thin clouds.
For MISR and KAZR CTH, the correlation coefficient for thick clouds (0.47) is also higher
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than that for thin clouds (0.37). In addition, CTH detected by active satellite sensors and
KAZR agree well, and the correlation coefficient when CGD > 2 km (i.e., 0.92 for CloudSat
and 0.93 for CALIPSO) is significantly larger than that when CGD < 2 km (i.e., 0.77 for
CloudSat and 0.88 for CALIPSO). However, the agreement between HW8 and KAZR CTH
does not become better as CGD thickens, possibly correlating with the inhomogeneous
clouds and the surface condition in HW8's view angle proposed previously.
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Figure 11. The line graph of (a) the difference (satellites minus KAZR) in CTH frequency at each
vertical height bin, (b) the actual vertical frequency of KAZR CTH corresponding to different
spaceborne sensors, and (c1-c6) the relationship between CTH and CGD corresponding to different
satellite-KAZR pair, (c1) MODIS(Terra), (c2) MODIS(Aqua), (c3) MISR, (c4) HWS, (¢5) CloudSat, and
(c6) CALIPSO. The number of cloudy samples from satellite subpixels and KAZR profiles are also
presented. The solid and dotted lines indicate the mean and medium of cloud geometrical depth,
respectively. The light shade represents the interquartile range (IQR) of CGD.

Figure 13 shows the frequency distribution of the CTH differences between satellites
and KAZR for different CGD and when KAZR CTH is above and below 9 km. Overall,
except for the CALIPSO-KAZR, most distributions appear negatively skewed, suggesting
that the satellite-retrieved CTH is commonly lower than KAZR. In general, the magnitude
of the mean CTH difference between satellites and KAZR for thick clouds is smaller than
that for thin clouds; nevertheless, the same situation does not occur for MISR and HW8
when CTH is below 9 km, implying a greater influence caused by low-level inhomogeneous
clouds. Moreover, for thin clouds, the absolute mean differences between satellites (except
CALIPSO) and KAZR-retrieved CTH above 9 km become significantly larger than those
below 9 km. Thus, this demonstrates that the large CTH differences between satellites
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and KAZR are mainly caused by the upper high-thin clouds, as well as the fact that
the differences for thick clouds are smaller, which are similar to the findings of Mitra
et al. [35]. Specifically, the mean CTH differences between MODIS Terra (Aqua) and KAZR
are negative, with the smallest difference of —0.48 km (—0.75 km) for thick clouds when
CTH is below 9 km. For CTH below 9 km with different CGD, the CTH derived from MISR
and HWS8 also have smaller differences than that from KAZR, and the mean difference is
—0.88 km and 0.12 km, respectively. Relative to the distribution of passive satellite sensors,
the maximum crests of active satellite sensors show narrower width, wherein the mean
CTH difference between CloudSat and KAZR is smaller for thick clouds, —0.49 km for
CTH above 9 km, and —0.39 km for CTH below 9 km. Besides, compared with KAZR CTH
above (below) 9 km, CALIPSO CTH is slightly lower (significantly higher). CALIPSO- and
KAZR-retrieved CTH show good agreement when CTH is above 9 km, with the smallest
difference of —0.03 km for thick clouds.

(2) (b)
18 . . . ! . 18 .
Cases = 3,296 o Cases = 3,349
_1s{ m=131£0.08km . Y .:_: A |45 #=160+0.06km i o]
§, r=0.70 s .-,{-.'q-‘u < " E r=0.75 . s Bl
= Lo r ol gy g o
1 ¢ o X 5 12 3 -
= . o o0 = we
& . e . = 5 s o
= 9 . &5 Z o wERET
] ¥ . < 4 ; v
% . St eI = o & o, A
. » =} .t * 3 i
el sak SRR Z 6 TR R
= 2 - e o = e
= 3 - = .f::. .
o v, " © s .
3 . 3 & .
0 0 :
0 3 6 9 12 15 18 0 3 6 9 12 15
(c) CTH KAZR (km) (d) CTH KAZR (km)
18 ; § i ; ; 18 . ; /
Cases =270 Cases = 46,820
15| B=224£033km | 151 p=714§€0i0.03 km NI T .
r=0.50 r=03H.0u ¢ 5 \_‘_}:‘;‘ . e
= # = s VEo PR v,
ERCE 4 £ 12 e 60 {a »
2 ool = o ies BTt ds o)
% i e b B oo é
e, . - »
=’ el =’ oy ; 8
= e e s £ En 7 u]
5 o s S e 4~
A3 T, 5
H . .
3 p 5. (i : ‘. :-: -?..: % ISE ,‘
0 T T T T T 0 T T T r T
0 3 6 9 12 15 18 0 3 6 9 12 15
(e) CTH KAZR (km) @ CTH KAZR (km)
13 3 ; : 18 ; 5
Cases =46 Cases = 83
.
1510 =-1.01 £ 0.45 km L 15 n= 0.32 £ 0.29 km
r=10.82 . r=0.90
E E
= 124 £ 12
= o]
5 4
(72} 4 &
T 9 i E 9 4 F LES
= % =
: J G
= 6 - E 6 :.
v 3]
o
34 3
0 . | | | ; 0 | | | : |
0 3 6 9 12 15 18 0 3 6 9 12 15 18

CTHKAZR (km) CTHKAZR (km)

Figure 12. Scatterplots of average cloud-top heights derived from KAZR and satellite observations
for all clouds. The colored dots indicate the mean CGD of the upper cloud measured by KAZR.
The mark in subplot is same as that in Figure 5 but for all clouds. These subplots are for different
satellite-KAZR pairs, (a) MODIS(Terra), (b) MODIS(Aqua), (c) MISR, (d) HWS, (e) CloudSat, and
(f) CALIPSO.
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Figure 13. Frequency line graph of the difference between satellite and KAZR cloud-top heights for
all cases under different conditions of cloud-top heights and cloud geometrical depth. p represents
the mean CTH difference at the 95% significance level. These subplots are for different satellite-KAZR
pairs, (a) MODIS(Terra), (b) MODIS(Aqua), (c) MISR, (d) HWS, (e) CloudSat, and (f) CALIPSO.
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4. Discussion and Conclusions

The main objective of this paper is to compare the cloud-top heights (CTH) retrieval
capabilities of the currently most widely used passive and active satellite sensors with
the ground-based cloud radar (KAZR) located at the SACOL site in the semi-arid region
of northwest China. The spatial area of 0.5° x 0.5° centered on the SACOL site and the
window time of 40 min centered on the satellite’s passing moment are determined with the
possibility of cloud occurrence and cloud fraction variation. To quantify the CTH retrieval
accuracy of spaceborne sensors, we investigate the influence of cloud fraction (CF), cloud
overlapping, seasonal variation, and cloud geometrical depth (CGD) in CTH comparison.

For the vertical frequency distribution of non-overlapping clouds CTH occurrence,
the distributions of satellites (except HW8) and their matched KAZR observations are
bimodal structures with peaks at around 5 km and 10 km, respectively. However, for
multilayer clouds, the distributions of KAZR CTH corresponding to different satellites
are unimodal structures with a peak of around 10 km. Although only smaller numbers of
samples for active satellite sensors are selected, they agree well with KAZR-retrieved CTH.
Moreover, this phenomenon, where the CTH frequency of satellite is more (less) than that
of KAZR at low (high) altitude, is more apparent for passive satellite sensors. There are
three possible reasons: (1) Passive satellite sensors cannot easily retrieve the actual heights
of semi-transparent clouds appearing in the upper segment of multi-layer clouds; (2) the
infrared radiation from each cloud layer penetrating the upper thin clouds leads MODIS
and HWS to observe cloud top with higher brightness temperature; and (3) the underlying
thick clouds appearing below the thin clouds are easily observed by MISR. Overall, this
suggests that cloud overlap has a greater impact on the passive satellite sensors to detect
accurate cloud tops, possibly resulting in cloud tops lower than actual altitude.

Furthermore, for passive sensors, we found that the largest CTH errors exist in sum-
mer for MISR and in winter for MODIS and HWS, which are possibly caused by convective
clouds and the complex surface albedo conditions, respectively. For active satellite sen-
sors, the seasonal differences are smaller. The highest cloud top observed by CloudSat
(CALIPSO) is lower (higher) than that observed by KAZR in summer, which illustrates that
CloudSat (CALIPSO) has a weaker (stronger) sensitivity to detect cloud tops with large
(small) particles than KAZR.

We quantified the effects of cloud inhomogeneity on the comparison of different
platforms through the CF control, which has not been well considered before. In general,
there is a smaller difference and a better agreement between satellites and KAZR when
the CF is larger. Specifically, the mean CTH difference between passive satellite sensors
and KAZR decreases as CF increases, while that between active satellite sensors and KAZR
changes less with increasing CF. In general, for non-overlapping (overlapping) clouds with
CF greater than 80%, the minimum mean CTH differences between passive satellite sensors
and KAZR are —0.35 km (—0.88 km) for MODIS Terra, —0.87 km (—1.58 km) for MODIS
Aqua, —0.69 km (—1.70 km) for HWS, and 0 km (—1.72 km) for MISR, respectively. In
addition, CloudSat CTH is lower than KAZR CTH by 0.24 km (1.11 km), and CALIPSO
CTH is higher than KAZR CTH by 0.43 km (0.26 km), on average. Overall, the CTH
difference between satellite sensors and ground-based observations is strongly related to
cloud inhomogeneity, which can be reduced by CF increase. The inhomogeneous cloud for
non-overlapping clouds is less than that for overlapping clouds, due to the uniform cloud
top and simple vertical structure.

Most of satellite-retrieved CTH (except CALIPSO) is lower than KAZR, and the CTH
underestimation in overlapping clouds is significantly larger than that in non-overlapping
clouds. In particular, the larger CTH error of MODIS Aqua than that of MODIS Terra
is mainly from the high-thin clouds caused by strong convection in the local afternoon.
Besides, the CTH correlation between active satellite sensors and KAZR is much better
than that between passive satellite sensors and KAZR. Compared with KAZR CTH, the
CTH overestimation (underestimation) of CALIPSO (CloudSat) in non-overlapping clouds
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is slightly smaller (significantly larger) than that in overlapping clouds, possibly because
of the uppermost high-thin clouds with smaller particles.

To explore the dependence of CTH on cloud thickness, we analyze CGD of the upper-
most cloud layer. For all clouds, when CTH is below (above) 13 km, the CGD gradually
becomes thicker (thinner) as CTH increases, with the maximum mean CGD of 4 km. In
general, CALIPSO detects higher cloud tops than KAZR due to its high sensitivity to small
cloud particles, and here we found that the CTH difference is larger for low-thin clouds,
which has not been well recognized before. Except for CALIPSO, the mean CTH differences
between satellites and KAZR when CTH is below 9 km is smaller than that above 9 km,
and the agreement for the thick clouds is better than that for the thin clouds. Therefore,
the large differences between satellites (except CALIPSO) and KAZR CTH detections are
mainly from the high-thin clouds. Overall, for all satellite sensors, the CGD effect on CTH
accuracy is more significant above 9 km than below 9 km, which reflects that the CTH
uncertainty of satellite is greater for high-altitude clouds than for low-altitude clouds. This
is probably because thicker clouds often coincide with higher cloud tops, while lower cloud
tops tend to be accompanied by thinner clouds.
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