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Abstract.

Lidar-based measurements of cloud base and top height (CBH and CTH) and cloud geometrical thickness (CGT) with greatly
improved accuracy provide new scientific insights. However, direct observation of the active Cloud Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) cannot penetrate optically thick clouds to their base. A work around for this
problem is developed and validated in this study. This method is based on the 333-m resolution low-level water cloud data
obtained from the Vertical Feature Mask product of CALIPSO. The methodology can effectively minimize the interference of
surface signals, boundary layer aerosols and cloud anvils of CBH retrieval. The methodology overcomes the full attenuation
of the lidar in optically thick clouds by assuming that CBH of boundary layer clouds is similar over an area of several tens of
km. This allows taking the CBH of the neighbouring penetrable shallower cloud as having CBH representative for the entire
cloud field. The retrieved CBH was validated against two surface-based ceilometer measurements in the islands of Barbados
and the Azores, with an error standard deviation of 2100 m. The accurate CBH allow us to obtain CGT, which is an essential
parameter in understanding of the aerosol-cloud interaction. Based on this newly developed methodology, we retrieved the
annual, seasonal and diurnal distributions of global CBH, CTH and CGT for two years, and analysed the variations of CBH
and CTH over the ocean and land.

Some highlights from these first of a kind high-precision cloud geometry observations show for annual mean values that: (1)
The lowest CBH occurs over the eastern margins of the subtropical oceans and increases westward from 300-400 to 700-800
m. The CGT increases from 300 to 1200 m, respectively. In the western part of the tropical oceans CBH is 500-600 m and
CGT is ~1500 m. (2) A narrow band of lower CBH and CGT occurs over the Equator, especially over the eastern parts of the
oceans. (3) CBH and CGT over the Amazon and Congo rain forests are 1200 and 1500 m, respectively. CBH over the drier
tropical lands is 1500-2000 m, with CGT of 800-1000 m. (4) Lowering CBH towards Antarctica in the Southern Oceans, while
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deepening CGT. (5) Seasonally, the mid-latitude global oceans have the lowest CBH (mostly below 500 m) and CGT in
summer seasons, and the highest cloud in winter, while the CBH and CGT distribution reversed over high-latitude Southern
Oceans. (6) There is an obvious diurnal cycle of maximum CTH and CGT over the tropics. Over the ocean, there is no
discernible diurnal cycle in CBH, but during night CTH is higher by ~300 m.

1 Introduction

Satellite retrievals of cloud base height (CBH), cloud top height (CTH) and cloud geometrical thickness (CGT) are essential
for quantifying cloud dynamic and microphysical properties and aerosol-cloud interactions (Fan et al., 2016;Fan et al., 2020).
Atmospheric aerosols act as cloud condensation nuclei (CCN) play a crucial role in the formation of size and concentration of
cloud droplets and regulate the radiation balance of the Earth-atmosphere system (Rosenfeld et al., 2019). Satellite retrieval of
CCN depends on the cloud base updraft (Rosenfeld et al., 2016;Efraim et al., 2020;Zheng, 2019), which is linearly related to
CBH (zZheng and Rosenfeld, 2015;Zheng et al., 2020). The combination of cloud base updraft and CCN determines cloud base
droplet concentration (Ng), which in turn determines the cloud’s albedo for a given liquid water path (Twomey, 1974;Sato and
Suzuki, 2019). However, the current satellite-retrieved Ng requires to assume an adiabatic fraction (fa) of the cloud water,
which is usually taken as f.g =1 (Grosvenor and Wood, 2014). In reality, fa is often much smaller than 1, which leads to a
serious underestimation relative to the in situ measured Ng (Efraim et al., 2020). Therefore, accurate CBH and CGT are
extremely important to reduce the uncertainty of aerosol-cloud interaction.

CTH is crucial to provide the three-dimensional structure information of cloud liquid water content (Huo et al., 2020). Also
CBH has practical significance for the aviation community (Noh et al., 2017). It was shown recently that CGT can isolate the
aerosol-cloud interaction from much of the influence of meteorology (Rosenfeld et al., 2019;Sato and Suzuki, 2019). CBH and
CTH are fundamental cloud properties that are required to be parameterized correctly for improving model simulations of
climate and climate change (Grosvenor et al., 2017;Zhao and Suzuki, 2019;Lenaerts et al., 2020). Therefore, it is necessary to
obtain the accurate CBH and CTH and further retrieve CGT. All these properties are important to understand the complex
cloud microphysical processes and aerosol-cloud interaction (Stephens and Webster, 2010;Dupont et al., 2011;Kyle et al.,
2016).

Satellites provide a wide-range of cloud observations from space (Stephens et al., 2019). It is feasible to retrieve CTH based
on satellite data because satellite can observe the cloud top directly (Weisz et al., 2007). Retrieval of CBH is much more
challenging, but necessary for retrieving CGT. There are already many different methods to retrieve the CBH based on different
satellite observation data. The Suomi National Polar-orbiting Partnership (Suomi NPP) Visible Infrared Imaging Radiometer
Suite (VIIRS) is based on the CTH and CGT to retrieve the CBH, and the CGT is calculated using the ratio of the cloud water
path to the cloud water content, which requires to assume fig = 1 (Baker, 2011). To investigate the accuracy of VIIRS CBH
retrieval algorithm, Seaman et al. (2017) compared the CBH from the VIIRS with those from the CloudSat cloud profile radar,

and showed that because the VIIRS retrieval algorithm is insensitive to upper clouds, the CBH error for all clouds in global is
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3.7 km, and even for clouds with accurate CTH, the root-mean-square error (RMSE) of CBH reaches 2.3 km. B&m et al.
(2019) retrieved global CBH data based on multi-angle satellite data, and the validation results based on ground-based
observations showed that the RMSE of CBH obtained by this method was ~400 m. Li et al. (2013) conducted the retrieval of
global marine boundary layer CBH based on boundary layer lapse rate observation from the A-train satellite constellation, and
the standard deviation of the CBH obtained by this retrieval method from the CBH of CloudSat is 540 m. Zhu et al. (2014)
used the imager of the Suomi NPP VIIRS and retrieved cloud base of convective clouds at an accuracy of 200 m, but this
retrieval relied on strong contrast between the cloud and underlying surface brightness, and could not work at night. It can be
seen that these CBH retrieval methods either have low accuracy or do not provide all-day CBH data. Therefore, there is a yet
unfulfilled scientific need to obtain high-precision all-day CGT/CBH based on active satellite observations.

Satellite lidars, such as the Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO), have a good
potential for retrieval of CBH (Winker et al., 2009). However, CALIPSO typically provides only CBHs for thin clouds, because
it can penetrate only clouds with optical thickness of less than 5 (Mace and Zhang, 2014). When the thickness of the cloud is
sufficient to fully attenuate the CALIPSO lidar signal, CALIPSO cannot provide information about the base of these clouds.
MUmenst&lt et al. (2018) attempted to retrieve the global CBH using CALIPSO Vertical Feature Mask (VFM) data and
evaluated the retrieval algorithm based on ground-based ceilometer observation, which provided the basic idea to retrieve the
high-precision CGT, but the overall RMSE of CBH exceeded 500 m. There are many other challenges. For example, strong
surface echoes can affect the identification of cloud bases of CALIPSO observations (Burton et al., 2013). In addition, due to
the influence of the aerosol, which are abundant in the boundary layer, the low-level cloud may be masked by dense aerosol
layers, thereby affecting the determination of the cloud layer (Vaughan et al., 2005). Further, large areas of elevated cloud
layers can also interfere with the CBH retrieved by active CALIPSO observations. These factors lead to a large uncertainty in
the typical CBH obtained directly based on CALIPSO observations.

To solve the above problems, we proposed in this study a new methodology by using the highest resolution of CALIPSO
measurements to retrieve the global CBH, CTH and CGT of low-level clouds and validate against in situ ceilometer
measurement. These low-level clouds reflect most of the incident solar radiation received by the Earth back into space, and
they are of great interest for various applications (such as retrieval of cloud microphysical properties, weather prediction and
so on). Therefore, high-precision CBH and CGT data of low-level clouds are the foundation to the follow-up aerosol-cloud
interaction research. The data used in this study are presented in Section 2 and the retrieval method is given in Section 3. The
CALIPSO-retrieved CBHs were validated against in situ ceilometer measurements in Section 4. Based on the validated-CBH,
CTH and CGT were retrieved globally and used for producing global annual, seasonal and diurnal distributions maps of CBH,
CTH and CGT in Section 5. Several features are further discussed in Section 6 based on this high-precision cloud geometry

information. Conclusions are provided in Section 7.



100

105

110

115

https://doi.org/10.5194/acp-2020-1252 Atmospheric
Preprint. Discussion started: 18 January 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

2 Data
2.1 CALIPSO VFM data

The satellite data we analyzed in this study are from the Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) lidar
on CALIPSO satellite, which can provide two-dimensional (vertically and horizontally along the satellite track) information
of clouds with a global coverage (Winker et al., 2007). The cloud top and base can be obtained from the CALIOP VFM product
(Winker et al., 2009). For each CALIOP attenuated backscattering profile, the VFM product identifies features classified as
clouds, aerosols, stratospheric features, and surfaces; this is known as feature type. Moreover, the VFM also provides the
thermodynamic phase of cloud layers (water cloud, ice cloud) and horizontal resolution that the retrieval was based on. The
CALIORP retrieval algorithm must average over a horizontal distance to collect sufficient signal that allows the identification
of features on the background noise of atmospheric molecules scattering. In this study, we use VFM version 4.10 data for the
full years of 2014 and 2017. The VFM files are available from ASDC (https://eosweb.larc.nasa.gov/).

2.2 Ground validation data

The retrieval algorithm is validated by ceilometer observations, which are lidar measurements done looking from the surface
upward towards cloud base. Since much of the low-level cloud occurs over the ocean, we used ceilometer sites on islands at
different latitudes to validate the CALIPSO-retrieved CBH. One site is at low latitude and one at mid latitude. The low latitude
site is Barbados (13.2°N, 59.4<W,; Barbados Cloud Observatory, Germany, https://barbados.mpimet.mpg.de/). The mid
latitude site is the Eastern North Atlantic (ENA) site located at the Azores (39.1° N, 28.0°W; Atmospheric Radiation

Measurement, https://www.arm.gov/data). Figure 1 gives the schematic of data matching between CALIPSO and the

ceilometer site. To obtain the CALIPSO-retrieved CBH that matches the ceilometer-measured CBH, a scene of 1<is selected
(the gray shade area in Figure 1), centered in time on the overpass time and extending 0.5<to the left and right along the
CALIPSO track. The scene is selected if the distance from the CALIPSO center point to the ceilometer site is less than 150
km, and is used for matching the CALIPSO with the ceilometer data.
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Figure 1: Schematic of matching between the CALIPSO and the ceilometer observation site. The blue pentagram indicates the
location of ceilometer site, the blue solid line is the CALIPSO track, the red solid circle represents the CALIPSO central point, the
dashed green line represents the shortest distance from the ceilometer site to the CALIPSO central point, and the grey shade area
is the 1°CALIPSO scene. The blue circle is centered on the ceilometer site and has a radius of 150 km.

The retrieval methodology in this study relies on the assumption of the undisturbed boundary layer with a similar cloud base
height within the scene. The topography of the islands at the Azores has volcanic peaks with heights up to 500 m, and may
violate the homogeneity assumption. To avoid the anomalous uplift of clouds by the topography of these adjacent islands, we
restricted the CALIPSO data according to the terrain and wind directions as showed in Figure Al. If the elevation
corresponding to the CALIPSO data matching the ENA site ceilometer data is higher than 30 m, the CALIPSO data are rejected.
Similarly, to avoid the situation that the clouds traveled above the adjacent islands were perturbed, we rejected the CALIPSO
data with wind direction of southwest/southeast if the CALIPSO track is located at the east/west ocean of ENA site (Figures
Ala and Alb). The wind direction is from the meteorological observation data of ENA site, and the elevation data are from

the CALIPSO VFM product.

3 CALIPSO CGT retrieval algorithm

The objective of CBH retrieval is to retrieve the forming level of the clouds. In the case of a well-mixed boundary layer it is
the lifting condensation level. When clouds are decoupled, that level is usually higher. That formative cloud base level is
similar in areas with similar thermodynamic structure, which is conducive to a nearly constant cloud base height. The retrieval
algorithm relies on this assumption, by adopting the lowest reliably detected cloud height along a CALIPSO track of
approximately 100 km (1<along the track) as the cloud base height.



140

145

150

https://doi.org/10.5194/acp-2020-1252 Atmospheric
Preprint. Discussion started: 18 January 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

3.1 Extraction of 333-m horizontal resolution low-level cloud feature

In this study we retrieve CBH and CGT of CALIPSO VFM scenes that identified low-level water clouds. Low clouds are
defined following the International Satellite Cloud Climatology Project as clouds distributed below 680 hPa (Hahn et al., 2001),
which also complies with the detection range of the ceilometer. Figure 2 displays an example of CALIPSO low-level cloud
feature determination. For each 1°scene along the CALIPSO track, the distribution of the low-level water clouds which had
sufficient signal to be detected with a horizontal resolution of 333-m (light blue areas in Figure 2¢) was obtained. These cloud
features were identified based on the CALIPSO feature type data (Figure 2a) and resolution data (Figure 2b). Then, based on
the low-level cloud information in Figure 2c, we could retrieve the CBH, CTH and CGT of this scene.

Using 333-m resolution cloud feature information allows a better separation between the clouds and boundary layer aerosols,
because the aerosol identification is based mostly on 1-km or lower resolution data, as evident in Figure 2b (Vaughan et al.,
2005). Moreover, CBH obtained from higher resolution VFM data was closer to the CBH that retrieved from MODIS based
on adiabatic hypothesis (Seung-Hee et al., 2017). Also, low horizontal resolution is most likely to lead to false detection of
clouds (Mace and Zhang, 2014). Therefore, it is more reliable to use the water cloud information with a resolution of 333-m
to retrieve the CBH of low-level clouds than other horizontal resolutions. Thus, we chose to use 333-m resolution instead of
other resolutions for CBH and CGT retrieval.
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Figure 2: Schematic of CALIPSO low-level cloud feature determination (CALIPSO VFM data at (UTC) 05:51:17 on 3 January
2017). (a) Latitude-altitude distribution of feature type based on CALIPSO VFM feature type parameter, the light blue areas
represent the water cloud features. (b) Resolution information distribution based on CALIPSO VFM resolution parameter, the light
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3.2 Optically thick clouds

CALIPSO lidar can penetrate fully and detect the cloud base only in clouds with optical thickness < ~5 (Mace and Zhang
(2014). However, we also need to obtain the base height of optically thick clouds, which are widespread in the atmosphere and
important objects for aerosol-cloud interaction research. In this study, we follow a main hypothesis that, within a given area
(1=scene), the cloud forming height, which is the lifting condensation level of coupled clouds, is approximately homogeneous
within an air mass. Thus, CBH retrieved by CALIPSO lidar signal for the thin cloud is a good proxy for the CBH of an entire
cloud field, especially for the optically thicker clouds within the field (optical thickness >5; MUmenst&dt et al. (2018)).

3.3 CALIPSO initial CBH in 1°scene

For each 1=scene along the CALIPSO track, based on 333-m horizontal resolution low-level cloud information as described
in Section 3.1, we obtained the height distribution of the lowest cloud feature (Hmin) of each water cloud profile under which
the surface is detectable as shown in Figure 3a. Then, based on this Huin data, we sort it from low Hmin to high Hmin, and
obtained the Huin 0f each 10 % of quantiles in this 1 =scene as shown in Figure 3b, which will be used to reduce the interference

of strong surface signals and thick aerosols.
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Figure 3: (a) The same as Figure 2c but with the distribution of Hmin (the red line). (b) Cumulative distribution of the Hmin at any
quantile for the scene in Figure 3a (The black dotted lines represent the Hmin at the 10 %, 20 %, and 50 % quantile, respectively.).

In order to decrease the effect of extremely low Hpmin, caused by mixture of surface signals and cloud features or VFM
misclassified near surface thick aerosols as clouds (Burton et al., 2013;Vaughan et al., 2005), the lowest height of Hmin cannot
be used as the initial CBH of this 1 scene. In order to obtain the optimal quantile of the initial CBH, we carried out a sensitivity
test based on the CALIPSO-retrieved CBH and the ceilometer-measured CBH from two ground observation stations (Barbados
site and ENA site) in 2017 as showed in Figure 4. Taking a 1°scene along the CALIPSO track, which the center point to the
ceilometer observation station within a distance of 150 km, we obtained the CBeceilo, Which refers to the distribution of the base
height of the cloud features observed by ceilometers. Then, the lowest 10 % quantile of the CBceilo within 30 minutes before
and after the CALIPSO overpass time is determined as true CBH. The sensitivity test shows that the application of CALIPSO
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Hmin at 10 % quantile as the initial CBH of this 1=scene greatly reduces the problem that the lowest Hmin retrieved from
CALIPSO is much smaller than the true CBH (RMSE reduced by 22 m).
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Figure 4: (a) Scatter plot of CALIPSO CBH (the minimum CBH for each 1°scene) and ceilometer CBH at two sites in 2017. The
triangle represents the data for the ENA site, and the crosses represent the data for the Barbados site. The color represents the
shortest distance from the CALIPSO ground track to the ceilometer site. (b) Cumulative distribution of the difference between
CALIPSO CBH and Ceilometer CBH at two sites in 2017. (c)/(d) is the same as (a)/(b), but the CALIPSO CBH is at 10 % quantile
of Hmin.

3.4 Determination of CALIPSO CBH, CTH and CGT of 1°scenes

After getting the initial CBH (Hmin at 10 % quantile), there are still many factors affecting the determination of the final CBH
in the cloud scenes that contribute to the uncertainty or add limitations to the CBH retrieval. There are many confounding
factors, including multilayer cloud fraction (Fmuii), cloud cover (Feioua), and detection efficiency of CALIOP lidar (Ejigar). These
difficulties are overcome by the added selection criteria, which are tested against in situ ceilometer measurements as presented
in the following sub-sections:

3.4.1 Multilayer clouds

Multilayer status of features can be detected by CALIPSO vertical profile measurements. In VFM data, for each profile (from
the surface to the altitude of 20 km), if cloud features are continuous, then it is a profile with a single-layer cloud; if there is
more than one cloud segment in that vertical profile, then this profile contains multilayer clouds. In this study, for each 1<
CALIPSO scene, only profiles containing continuous single-layer clouds are used to retrieve CBH, CTH and their thickness,
that is, any profile with multilayer clouds is excluded. This is because the aerosol-cloud interaction studies mainly focus on

single-layer cloud. Therefore, when there are too many multilayer clouds in a 1°scene, in order to guarantee the effectiveness

9
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of CBH retrieval, this scene will be rejected. We use the Fnurii to represent the cloud cover of the multilayer clouds in the scene.

For a given 1°CALIPSO scene, Fnuri is calculated using Eq. (1):

Froutti

= Nmutti/Neotar,

1)

Nmutti is the number of the CALIPSO lidar profiles that contains multilayer clouds, and Nitai is the total number of the CALIPSO

lidar profiles collected in that given 1°CALIPSO scene. In order to obtain the optimal threshold of Frusi, we carried out the

sensitivity test as displayed in Figure 5. We can see that when Fnuii < 40 %, the CALIPSO-retrieved CBH and ceilometer-

measured CBH have the highest consistency (minimum RMSE, optimal linear correlation coefficient (R)). Therefore, when

there are too many multilayer clouds in a scene (Fmuii > 40 %), the scene is rejected.
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3.4.2 Cloud cover

For each 1°scene, cloud cover varies greatly. To ensure the representativeness of cloud information, one should have sufficient
cloud features for the given scene, and therefore, we need to limit the minimum cloud fraction of the scene. We use the Feioud
to represent the cloud cover of a given 1°CALIPSO scene. For that scene, Feoud is calculated using Eq. (2):

Fetoud = Netoud/Notal, (2
Neioua is the number of the CALIPSO lidar profiles that contains clouds (including single-layer clouds and multilayer clouds),
and Niotar is the total number of the CALIPSO lidar profiles collected in that given 1°CALIPSO scene. The sensitivity test
result of Feoug is displayed in Figure 6. We can see that when Feioug > 10 %, the CALIPSO-retrieved CBH and ceilometer-
measured CBH have the highest consistency (minimum RMSE, optimal R). Therefore, when there is too little cloud in a scene

(Feioud < 10 %), in order to guarantee the effectiveness of CBH retrieval, the scene is rejected.
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Figure 6: (a) Scatter plot of CALIPSO CBH (when cloud fraction (Fcioud) 0f one scene is equal to zero, we reject this scene; selection
criteria of multilayer cloud fraction is the same as Figure 5c) and ceilometer CBH at two sites in 2017. The triangle represents the
data for the ENA site, and the crosses represent the data for the Barbados site. The color represents the shortest distance from the
CALIPSO ground track to the ceilometer site. (b) and (c) are the same as (a), but selection criteria of Feioud in (b) is more than 10 %,
(c) is more than 20 %, respectively. (d) Cumulative distribution of the difference between CALIPSO CBH and Ceilometer CBH at
two sites in 2017. Different colored lines represent the cumulative distribution at different selection criteria of Fcioud.

3.4.3 Penetration efficiency of CALIOP

When the clouds are sufficiently thick, CALIOP lidar beam cannot penetrate them and reach the surface. Although we can use
the cloud base information of thin clouds as a proxy for the cloud base of optically thicker clouds within the field, we still need
to consider the penetration efficiency of CALIPSO to thick clouds. The fraction of cloudy pixels in which the lidar penetrate
the clouds all the way to their base is defined as lidar penetration efficiency (Eiidar). Eiigar Was used to determine what extent

the lowest penetration efficiency can still provide real cloud base information in this study, which is calculated using Eq. (3):
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Nsurface_333 refers to the number of CALIPSO lidar profiles that both have 333-m horizontal resolution clouds and the detectable

surface, Niotal_333 IS the total number of CALIPSO lidar profiles that detected the 333-m horizontal resolution clouds. The

sensitivity test result of Ejigar is displayed in Figure 7. We can see that the higher Ejigar the better cloud base height retrieval we

can get, but when Ejisar approaches 1 we lose the ability of detecting CBH of optically thick clouds. Therefore, an optimal Ejigar

of 50 % was chosen. That is, when the Ejigar < 50 % in a scene, in order to guarantee the effectiveness of CBH retrieval, the

scene is rejected.
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Figure 7: (a) Scatter plot of CALIPSO CBH (when penetration efficiency of 333-m horizontal resolution cloud features (Eiidar) 0f one
scene is larger than 30 %, we select this scene; selection criteria of multilayer cloud fraction and cloud fraction is the same as Figure
6b) and ceilometer CBH at two sites in 2017. The triangle represents the data for the ENA site, and the crosses represent the data
for the Barbados site. The color represents the shortest distance from the CALIPSO ground track to the ceilometer site. (b), (c), (d)
and (e) are the same as (a), but selection criteria of Eiigar in (b) is larger than 40 %, (c) is larger than 50 %, (d) is larger than 60 %,
(e) is larger than 70 %, respectively. (f) Cumulative distribution of the difference between CALIPSO CBH and Ceilometer CBH at
two sites in 2017. Different colored lines represent the cumulative distribution at different selection criteria of Eiigar.

Therefore, after we obtained the initial CBH (Hmin at 10 % quantile), we reject a 1°CALIPSO scene when:

@

The multilayer cloud fraction of this scene is greater than 40 % (Fmuii >40 %);
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(b) Cloud fraction of this scene is less than 10 % (Fcioud <10 %);
(© Penetration efficiency of CALIOP lidar of 333-m horizontal resolution cloud features is less than 50 % (Ejigar <50 %).
(d) If the minimum CBH of the scene is obtained at an unpenetrated cloud profile, that lowest Hmin is updated as the final
CBH of that scene.
After the above processing, we obtained the final CBH of that CALIPSO 1°scene. Then 333-m resolution cloud information
as described in Section 3.1 was applied to retrieve the CTH of this scene. For all water cloud layers with a resolution of 333-
m, when the CBH of low-level clouds is retrieved, we obtain the cloud top height of all 333-m cloud profiles (Hmax) in this
scene, and take the mean height of the highest 10 percentile of Hmax as the CTH of that scene according to the definition in
Zhu et al. (2018). Finally, the CGT of this 1°scene is the difference between CTH and CBH (Scheirer and Macke, 2003).

4 Evaluation of CALIPSO-retrieved CBH

In this study, we used ceilometer-measured CBH data from two ground observation stations at oceanic sites in low and mid
latitude (Barbados site and ENA site) in 2017 to obtain sufficient data for the validation experiment of CALIPSO CBH retrieval.
Finally, 72 sets of matching cases were obtained in 2017, including 22 matching cases for ENA site and 50 for Barbados site.
The statistical analysis of these matching cases (Figure 8a) shows that, the CALIPSO-retrieved CBH has a good consistency
with the CBH observed by the ceilometers at these two observation stations. The R is 0.87, the RMSE is only 101.6 m and the
standard deviation (STD) is 102.2 m. Due to the restrictions of terrain and wind directions for CALIPSO scenes in ENA site
as described in Section 2.2, the ENA site matches fewer cases than the Barbados site in 2017. The cumulative distribution of
the CBH difference between CALIPSO and ceilometer in Figure 8b indicates that ~70 % of the matching cases have a deviation
of less than 100 m.
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Figure 8: (a) Scatter plot of CALIPSO CBH and ceilometer CBH at two sites in 2017. The triangle represents the data for the ENA
site, and the crosses represent the data for the Barbados site. The color represents the shortest distance from the CALIPSO ground
track to the ceilometer site. (b) Cumulative distribution of the difference between CALIPSO CBH and Ceilometer CBH at two sites
in 2017.
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5 Global distributions
5.1 Overall distributions

Based on the above retrieval methodology, we further obtained the global geographic distribution of annual mean CBH, CTH
and CGT on a 2°x2“latitude—longitude grids in 2014 and 2017 (Figure 9). To ensure the validity of the retrieval results, we
only use the data at a 2-degree grid when there are more than 20 valid scenes on this grid, among which the valid scenes
indicates that we have retrieved the CBH, CTH and CGT based on the 333-m resolution cloud data. Therefore, CALIPSO data
in 2014 were also applied in this study to ensure most the grids have sufficient valid scenes to produce the global distribution.
The blanks in the geographic distribution are mainly due to the lack of valid scenes for a given grid. This is more frequent over
land than over ocean, because there are more scenes with lots of optical thicker clouds and multilayer clouds over land.

The CBH distribution (Figure 9a) shows most CBHs above surface in the land area are higher than over ocean. In the oceanic
area, the cloud bases are higher in the mid-latitudes than at the equatorial regions and at high latitudes, which are in well
agreement with MUmenst&dt et al. (2018). In addition, in the mid-latitudes, the lowest cloud bases are mostly concentrated in
offshore areas (B&hm et al., 2019), which are mainly less than 400 m. The clouds with large CTHs are mainly distributed in
the ocean area at low and high latitudes and the land area, mainly over 2,000 m, which are consistent with the result of Sun-
Mack et al. (2014). Similar to the distribution of the CBH, the smallest CTHs are also concentrated in offshore areas and the
equatorial regions of the western hemisphere, which are mainly ~1,000 m, in agreement with Zuidema et al. (2009). Thus,
shallow clouds with small CGTs (<800 m) mainly distributed at the mid latitude oceanic area and offshore areas with a
percentage of ~10 %. These areas mainly include the west coast areas of South America, Africa, the United States, and
Australia, and are equally high-incidence areas of stratocumulus clouds (Wood, 2012). That will be helpful to future studies
of marine stratocumulus microphysics and aerosol-cloud interaction. Moreover, thick clouds with large CGTs are mainly

located in the tropics and in the mountainous regions, such as the western Pacific and the Rocky Mountains of western Canada.
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Figure 9: Geographic distributions of annual mean CBH, CTH and CGT on a 2°x2“latitude—longitude grid in 2014 and 2017. The
heights are in m above ground level.

310 In addition, we obtained the geographic distribution of CTH and CGT by taking the maximum value of Hmax as the CTH of
each 1°CALIPSO scene (as showed in Figure A2). The spatial distribution of CTH/CGT in Figures A2a and A2c is similar to
the distribution of CTH/CGT by using the mean height of the highest 10 percentile of Hmax as the CTH (Figures 9b and 9c).

However, the cumulative distribution of the difference (Figure A2d) indicates that the CGT based on the maximum value of
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Hmax is larger than that based on the mean height of the highest 10 percentile of Hmax, ~66 % of cases have difference less than
315 100 m. The maximum difference reached 300 m, with ~3 % greater than 200 m. Those areas with high differences are

concentrated in the oceans at low latitudes, which are mainly convective clouds.

5.2 Seasonal distributions

The seasonally averaged geographic distributions of CBH, CTH and CGT (Figures 10, 11 and 12) are generally consistent

with the distributions of the annual averaged results (Figure 9), but are influenced by the variation of convective intensity in
320 different seasons, and also exhibit some unique seasonal characteristics. The CBH and CTH over land in the mid-latitude

Northern Hemisphere are much greater in June-July-August (JJA) than other seasons and lowest in December-January-

February (DJF). The mid-latitude global oceans have the lowest CBH (mostly below 500 m), CTH and CGT in summer seasons,

and the highest cloud top height in winter, while the CBH, CTH and CGT distribution reversed over high-latitude Southern

Oceans. Previous study also shown the same seasonal pattern of CBH and CTH distributions (B&m et al., 2019), but with
325 minimum discernible CBH > ~700 m.
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Figure 10: Geographic distributions of seasonal averaged CBH on a 2°x2<latitude-longitude grid in 2014 and 2017. (a) March,
April and May; (b) June, July and August; (c) September, October, and November; (d) December, January, and February. The
heights are in m above ground level. Each grid has at least 5 valid scenes.
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To further investigate the spatial variation of the cloud geometry information over land and ocean with different seasons, we
335 plotted the mean meridional distribution maps (Figure 13). Regional variations in CBH and CTH are more pronounced over

land than over the ocean during all seasons. The CTH follows CBH, especially over land. The seasonal variations are smaller
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Figure 13: Mean meridian CBH and CTH annual and seasonal distributions. Straight lines indicate CTH, and dotted lines indicate
CBH (ocean in blue, land in red). (a) Annual; (b) March, April and May; (c) June, July and August; (d) September, October, and
November; and (d) December, January, and February.

5.3 Diurnal distributions

For the comparison of day-time and night-time distributions, we further obtained the diurnal geographical and mean meridional
distributions of CBH and CTH in Figure 14. More boundary layer clouds occur over land during the day-time than at night-
time at middle and low latitudes, as evident by the sparse coverage on the geographic distribution maps. This means that either
there are less clouds during night, or the clouds become multilayer or obscured by deep or high clouds. The opposite is true
for the Southern Oceans region. Overall, the CTHs over land are much higher during the day-time than at night-time, while
over ocean they are opposite, night-time has slightly higher CTH than day-time by ~300 m as shown by the meridional mean
distributions. The CBH over land is greater during day-time than at night-time, but over ocean the CBH is consistent both day-
time and night-time. The difference of CTH and CBH between land and ocean is greater during day-time than at night-time,
especially the CTH.
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Figure 14: (a) Geographic distributions of annual mean CBH on a 2°x2<latitude-longitude grid in 2014 and 2017 for CALIPSO

355 day-time; (b) is the same as (a), but for night-time; (c) is the same as (a), but for CTH; (d) is the same as (c), but for night-time. The
heights are in m above ground level. Each grid has at least 10 valid scenes. (¢) Mean meridian CBH and CTH over land and the
ocean for CALIPSO day-time. Straight lines indicate CTH, and dotted lines indicate CBH (ocean in blue, land in red). () is the same
as (e), but for night-time.

6 Discussion

360 The CBH retrieval methodology in this study has been greatly improved compared to other current satellite CBH retrieval
algorithms. According to the geographic distribution maps (Figure 9) generated from the high-accuracy CBH, CTH and CGT
data in this study, we find the following features that can be further discussed:
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The effect of SST on CBH and CGT. The patterns show the obviously higher CBH over land compared to ocean,
especially over the arid areas. Shallow and thin clouds prevail over cool sea surface temperatures (SST) to the west of
subtropical coastlines, and thicken gradually westward. The CBH increases faster than CGT with the distance from land
in these regions. The thickest clouds occur over the regions with highest SST, such as the tropical west Pacific. A
conspicuous narrow strip of clouds with low CBH and CGT is noted over the Equator, most notably over the eastern half
of the Pacific Ocean. This feature is the manifestation of the equatorial ocean upwelling and cooling in response to the

poleward flow of surface water in response to the easterly stress by the winds (Adam, 2020).

. High base and thick clouds over tropical basins. CBH is lowest near the shores of South America, Namibia, Western

Australia and southern North America, because of the flow of warm continental air over the cold sea surface, which
creates a strong inversion above it. This, in fact, leads to formation of low cloud decks near the sea surface. This effect is
weakening with distance from the shore. Therefore, these coastal regions are dominated by stratocumulus clouds, with
CBH mainly below ~400 m and increasing up to ~900 m far from the continent (the detailed distribution of CBH of the
Southeast Atlantic is shown in Figure 15a). In contrast, B&m et al. (2019) could only derive a minimum CBH of ~700
m and therefore could not resolve cloud base information of marine stratocumulus clouds. Moreover, over the tropical
basins, such as the Amazon Basin and the Congo Basin, clouds developed high and thick with CBH larger than 1000 m
and CGT larger than 1500 m (the detailed distribution of CBH of the Congo Basin is shown in Figure 15b), which
responds to strong convective motion in the tropics (Sun-Mack et al., 2014). In contrast, the CGT and CBH in this region
was only about 500 and 700 m, respectively, in the study of B&m et al. (2019), which are similar to their retrieval of the
marine stratocumulus region as described above.

Large CGT and small CBH over the Southern Oceans. CBH is quite low over the low SST of the Southern Oceans,
but CGT is much larger there than over the eastern margins of the subtropical oceans. The lowering of CBH towards
Antarctica in the Southern Oceans is caused by the more frequent and stronger thermal inversions at high latitudes (Li et
al., 2013), with CBH largely below 500 m. This is much lower than the ~800 m CBH in the Southern Oceans inferred in
previous studies (Bcm et al., 2019).

Low and thick clouds over the Maritime Continent. CBH increases rapidly over inland of tropical Africa, America
and Australia, while keeping CGT little changed. The CBH increases much less over the Maritime Continent. Convection
develops vigorously over those land areas, resulted in large CGT mainly greater than 1500 m, whereas the surrounding
ocean area CGT<1500 m (the detailed distribution of CGT of the Maritime Continent is shown in Figure 15c).
Orographic clouds. Mountain ranges in Western Canada, Mexico, the southern Himalayas, and central New Guinea
have a low cloud base, but significantly larger CGT than the surrounding areas. It is primarily caused by orographic
lifting of the air masses, resulting in adiabatic cooling and condensation to form cloud droplets (Miller et al., 2018), which
increase the CTH over these mountainous regions, which results in large CGT (the detailed distribution of CGT of the

southern Himalayas is shown in Figure 15d).
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Figure 15: Geographic distributions on a 2°x 2 “latitude—longitude grid in 2014 and 2017. (a) CBH over the Southeast Atlantic; (b)
CBH over the Congo Basin; (c) CGT over the Maritime Continent; (d) CGT over the southern Himalayas. The heights are in m

above ground level. The dark blue boxes represent the location of the regions of interest.

7 Conclusions

Based on the highest resolution VFM data of CALIPSO lidar observations, a new methodology for retrieving the CBH, CTH
and CGT of low-level clouds is proposed. This methodology uses the 333-m resolution water cloud distribution of VFM data
to retrieve CBH with superior performance. The methodology can effectively reduce the interference to CBH retrieval due to
surface signal, multilayer cloud and boundary layer aerosols. Moreover, even when the thickness of the cloud is sufficient to
fully attenuate the CALIPSO lidar signal, the method provides an accurate CBH by taking the CBH of the surrounding thinner
cloud as representative of the entire cloud field. At the same time, the retrieval of CBH, CTH and CGT within 1scenes along
the CALIPSO track as the statistical range reduces the influence of the cloud anvils on the retrieval of CBH. The methodology
was tested and validated based on two in situ ceilometer measurements in 2017. The linear correlation coefficient is 0.87, and
an error standard deviation is #100 m. This high-precision CBH retrieval methodology developed in this study is a great
improvement over other current satellite CBH retrieval methods with RMSE of several hundred meters or even several km.

Based on this methodology, we obtained the annual, seasonal and diurnal distributions of global CBH, CTH and CGT for two

years. The lowest cloud base/top heights are both concentrated in eastern margins of the oceans in the subtropical latitudes. A

21



415

420

425

430

https://doi.org/10.5194/acp-2020-1252 Atmospheric
Preprint. Discussion started: 18 January 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

narrow band of lower clouds occurs along the Equator. Seasonal analysis showed that differences in CBH and CTH were more
pronounced over land than over the ocean. The seasonal variation of CBH and CTH is greater in the Northern Hemisphere
than in the Southern Hemisphere, both over land and over the ocean. The diurnal distribution suggests that CTH is much higher
over land during the daytime than at night-time, while this phenomenon is mirrored and much weaker over ocean. This high-
precision cloud geometry information also shows several interesting features: (1) there are noticeable differences in cloud
geometry characteristics between the eastern and western parts of the Pacific Ocean; (2) high base and thick clouds occur over
tropical basins; (3) the lowering of CBH towards Antarctica in the Southern Oceans, while deepening CGT; (4) low and thick
clouds occur over the Maritime Continent; (5) increased CGT over mountains.

Accurate CBH information is of great significance for evaluating the cloud coupling state and its relevance to the effects of
aerosols on cloud cover (Goren et al., 2018). The result in this study can also be applied to understanding the cloud
microphysical processes and improve the accuracy of cloud radiation feedback in the numerical model (Hartmann, 2009;Jian
etal., 2006;Merk et al., 2016;Vilez-Mora et al., 2015). However, we can only retrieve CGT by leaving out the high multilayer
cloud fraction and low penetration efficiency of CALIPSO VFM data. Therefore, the current method cannot deal with

CALIPSO scenes with a large amounts of multilayer clouds and non-penetration optical thick clouds.

Appendix A

@ \
CALIPSO

,-—T central point

&
S&o Jorge island
Faial |s\a% Terceira island
Pico island CALIPSO track
(b)
\ ENA site
250 LU etagnt 6

-

- ‘ orge island
==~ qgpe Faigljsland
CALIPSO 90 tfﬁ a\ Tercewa island
central pomt 14,/\

"Q'm,s Pico island

\ CALIPSO track

Figure Al: Schematic of matching between the CALIPSO and the ENA observation site. The blue pentagram indicates the location
of ceilometer site, the blue line is the CALIPSO track, the red circle represents the CALIPSO central point, the dashed green line
represents the shortest distance from the site to the CALIPSO central point, the grey shade area is the 1°CALIPSO scene, and the
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red arrow represents the wind direction of the CALIPSO data. (a): CALIPSO track is located at the east ocean of ENA site. Wind
directions of rejected CALIPSO data: 180-270< (b): CALIPSO track is located at the west ocean of ENA site. Wind directions of
rejected CALIPSO data: 90-180<

(a) Cloud Top Height

90 A
N L =
e 2308

Cumulative Frequency
)
'S

e
N

45" S N\

0l
500 1000 1500 2000 2500 3000 3500 (m) 0 50 100 150 200 250300 (m)

. (c) Cloud Geometric Thickness 1 : - x :
90, - ~

= R

Cumulative Frequency
e e e
s o &

o
N

! o . . " "
0 500 1000 1500 2000 2500 (m) 0 50 100 150 200 250300 (m)

Figure A2: (a) Geographic distribution of CTH based on the maximum value of Hmax 0n a 2 <2 “latitude—longitude grid in 2014 and
2017. (b) Cumulative distribution of the difference between the CTH based on the maximum value of Hmax and CTH based on the
mean height of the highest 10 percentile of Hmax in 2014 and 2017. (c)/(d) is the same as (a)/(b), but for CGT. The heights are in m
above ground level.

Data availability: The CALIPSO VFM data used in this study can be downloaded from
https://search.earthdata.nasa.gov/search/granules?p=C1556717896-LARC_ASDC&tl=1578270083!4 (last access: October
2020),  Atmospheric Radiation Measurement ~ ceilometer ~ observation  data are  obtained  from

https://adc.arm.gov/discovery/#/results/site _code::ena/meas_category code::cloud/meas_subcategory detail::cloud.macro

(last access: October 2020) and Barbados Cloud Observatory data are available at https://www.mpimet.mpg.de/en/science/the-

atmosphere-in-the-earth-system/working-groups/tropical-cloud-observation/barbadosstation1/instrumentation-and-data/ (last
access: October 2020).
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