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Abstract: The ice cloud detection sensitivity of the millimeter cloud radar (MMCR) and the Ka-band
Zenith radar (KAZR) is investigated using a collocated Raman lidar (RL) at the Atmospheric Radiation
Measurement Program Southern Great Plains site. Only profiles that are transparent to the RL with
ice clouds only are considered in this study. The MMCR underestimates the RL ice cloud optical
depth (COD) by 20%. The MMCR detects no ice clouds in 37% of the profiles. These profiles where
ice cloud goes undetected by the MMCR typically contain very optically thin clouds, with a mean RL
ice COD of 0.03. Higher ice cloud detection sensitivity is found for the KAZR, which underestimates
the RL ice COD by 15%. The decrease in the ice COD bias for the KAZR compared to the MMCR is
largely due to a decrease in the ice COD bias for the situation where the transparent profiles with ice
clouds are detected by both the RL and cloud radar. The climatic net ice cloud radiative effects (CREs)
from the RL at the top of the atmosphere (TOA) and the surface are 3.2 W m−2 and −0.6 W m−2,
respectively. The ice CREs at the TOA and surface are underestimated for the MMCR by 0.7 W m−2

and 0.16 W m−2 (21% and 29%) and underestimated for the KAZR by 0.6 W m−2 and 0.14 W m−2

(17% and 24%). The ice clouds undetected by the cloud radars led to underestimating the climatic net
cloud heating rates below 150 hPa by about 0–0.04 K day−1.

Keywords: ice cloud; Raman lidar; cloud radar; cloud radiative effects; radiative transfer model

1. Introduction

Ice clouds cover 20–30% of the globe and strongly impact the weather and climate
processes through their effects on the global radiative energy budget [1–8]. The ice cloud
radiative effects (CREs) are closely related to ice cloud optical properties [9–12]. Thus,
accurate and long-term measurements of ice cloud detection and optical properties are
important in understanding the impact of ice clouds on the climate [13–15].

Ground-based remote sensing provides near-continuous cloud measurements and has
been widely used to investigate cloud properties and evaluate satellite observations [16–24].
The Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site, located
in Lamont, Oklahoma, is heavily instrumented, including the Raman lidar (RL) [25–27] and
the millimeter cloud radar (MMCR) [28–31] and the Ka-band Zenith radar (KAZR) [32]. The
RL operates at 355 nm and thus can detect all types of hydrometeors when the lidar beam
can penetrate to the locations of hydrometeors. The lidar beam, however, can become fully
attenuated during the period with optically thick clouds, which are not uncommon [27].
On the other hand, the millimeter-wavelength radar can penetrate all cloud types (except
during periods of very heavy rains) but have lower detection sensitivities, thus leaving some
clouds undetected, especially those with small cloud optical depth (COD) [28,29,32,33].
Borg et al. [34] investigated the sensitivity of the MMCR to optically thin single-layer ice
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clouds at the ARM SGP site using three years of collocated RL observations. Borg et al. [34]
found the MMCR only detected about 70% of the ice cloud with cloud optical depth (COD)
smaller than 2, and the missed COD resulted in the longwave (LW) top of atmosphere
(TOA) flux biases as large as −100 W m−2. Note that Borg et al. [34] did not apply the
multiple scattering correction, which may induce low biases for extinction profiles and,
thus, COD derived from the RL.

In this study, we investigate the sensitivity of cloud radars to ice clouds using the RL,
with a longer period from August 2008 to December 2014 than that in Borg et al. [34]. The
RL observations considered are from the feature detection and extinction retrieval (FEX)
value-added product (VAP) developed by Thorsen et al. [35] and Thorsen and Fu [36],
which provides complementary depictions of cloud locations and explicitly considers the
multiple scattering effects via a multiple scattering model in contrast to Borg et al. [34]. The
Active Remote Sensing of Clouds (ARSCL) value-added product (VAP), which combines
data from active remote sensors, has been widely used to investigate cloud properties
as well as to quantify and assess CREs. As the successor to the retired MMCR, KAZR
uses a new digital receiver that provides higher spatial and temporal resolutions than the
MMCR [32]. This study investigates the sensitivity of both MMCR and KAZR ARSCL VAPs
to ice clouds using collocated RL retrievals at the SGP site from August 2008 to December
2014. In addition, a radiative transfer model is used to investigate the impact of ice clouds
that are undetected by the cloud radars on the TOA and surface radiative energy budget
and atmospheric radiative heating rates. We seek to discriminate the differences in ice
cloud properties observed by different instruments with different techniques, which can
help better constrain the observed ice cloud properties and understand the impact of ice
clouds on the weather and climate.

Section 2 describes the RL, MMCR, and KAZR data, and radiative transfer model used
in this study. The main results are presented in Section 3, and Section 4 presents a summary
and concluding remarks.

2. Data and Model
2.1. Raman Lidar and Cloud Radars

The ARM RL operates at 355 nm during the nighttime and daytime [25–27]. The FEX
algorithm [17,35,36] is applied to the RL observations for feature masks (i.e., aerosol, liquid
cloud, ice cloud, rain, etc.) and cloud extinction vertical profile retrieval. The RL data
used in this study are at a 10 min temporal resolution and 30 m vertical resolution from
August 2008 to December 2014 at the SGP site (36.61◦N, 97.49◦W). Same as Borg et al. [34],
we only consider the subset of RL profiles where the lidar beam is not fully attenuated.
The RL profiles where the lidar beam is not fully attenuated are referred to as transparent.
Transparent profiles are defined as those where the signal-to-noise ratio is greater than one
at 16 km [35,36]. Those fully attenuated are referred to as opaque cloudy-sky, and other
RL profiles with aerosols only and without hydrometeors (i.e., ice cloud, liquid cloud, and
rain) are referred to as clear-sky.

The MMCR is a zenith-pointing radar that operates at a frequency of 35 GHz [28,29]. It
can provide the detection of hydrometeor reflectivity as low as −50 dBz up to 20 km above
the ground. MMCR has a temporal and vertical resolution of 10 s and 43 m. The KAZR
replaced the MMCR and is equipped with a new digital receiver with higher temporal (4 s)
and vertical (30 m) resolutions than the MMCR [32]. In addition, the spectral artifacts for
the KAZR are reduced substantially, allowing researchers to investigate cloud dynamics
much more closely than with the MMCR.

We use the ARSCL VAP of the MMCR [29] from August 2008 to January 2011 and the
KAZR [32] from January 2011 to December 2014. It should be noted that the top and bottom
heights of hydrometeors used in this study in the ARSCLs VAP of MMCR and KAZR are
based on combined radar and micropulse lidar observations. To compare MMCR/KAZR
with the RL, we consider one vertical observational profile of MMCR/KAZR closest
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to the RL observation time (i.e., the central time of a ± 5 min interval) for each RL
profile considered.

In this study, the feature masks (e.g., ice cloud) and extinction profiles from the RL,
and the top and bottom heights of hydrometeor layers in the ARSCL VAP of the MMCR and
KAZR are used. The top and bottom heights of ice clouds from the RL are obtained from
the RL features masks. The purpose of this study is to evaluate the impact of ice clouds
that are not detected by MMCR/KAZR but by RL. Thus, for the MMCR and KAZR ice
COD, the RL extinction profile is used but only at heights where the cloud radars detected
ice clouds.

2.2. Radiative Transfer Model

This study uses the NASA Langley Fu-Liou radiative transfer (RT) model [9,37–41].
The model is based on the delta-four stream scheme for RT and the correlated k-distribution
method for nongray gaseous, with 18 shortwave (SW) bands and 12 longwave bands.

We follow Wu et al. [42] and Balmes and Fu [43] to set up the RT model inputs. The
temperature and water vapor profiles are from radiosondes, interpolated to the RL-FEX
vertical resolution [35,36]. The water vapor profiles from radiosondes are scaled using
the microwave radiometer (MWR) integrated water vapor measurements [44,45], centered
on the RL observation time for a 2 min interval. We smooth the temperature and water
vapor profiles using a running average of ±300 m (i.e., average 20 vertical bins). The
smoothed temperature and water vapor profiles, which are up to 16 km, are extended to
1 hPa using the ERA-Interim [46] seasonal climatology profiles over the SGP site, following
Yang et al. [47]. In addition, the ERA-Interim ozone seasonal climatology profiles and
National Oceanic and Atmospheric Administration (NOAA) Global Monitoring Laboratory
observations of CO2, N2O, CH4, and CFCs concentrations are used as model input.

The MODIS MCD43C1 Version 6 Bidirectional Reflectance Distribution Function
and Albedo Model Parameters data set [48,49] are used for surface albedo. We linearly
interpolate the monthly mean surface albedo from seven spectral bands to the model
wavelengths; the values of the closest observational wavelengths are used for the model
wavelengths outside the MODIS spectral bands [42,43]. The total sky albedo combines the
black-sky and white-sky albedo weighted by the diffuse ratio. Following Schaaf et al. [49],
the black-sky albedo is calculated as a function of the solar zenith angle. The diffuse ratio is
initially derived from the empirical equation of Roesch et al. [48], which is a function of
the solar zenith angle. The diffuse ratio is derived from the surface SW diffuse and direct
components calculated by the RT model. The RT model is then run again with the updated
diffuse ratio. For reference, with the updated diffuse ratio, the annual mean broadband
total-sky, white-sky, and black-sky albedo at the SGP site from August 2008 to December
2014 are 0.20, 0.21, and 0.19, respectively. The AERONET monthly mean aerosol optical
depth, single scattering albedo, asymmetry factor, and RL scale height at the SGP site
are used.

For each RL transparent profile, the RL extinction profile is inputted. The ice cloud
effective diameter is derived as a function of temperature following Heymsfield et al. [50].
For SW calculations, we run the RT model with the diurnal cycle of solar zenith angle from
sunrise to sunset at an interval of 30 min, following Wu et al. [42] and Balmes and Fu [43].
For LW calculations, only one RT simulation is considered. The same RT simulations but
with the MMCR or KAZR ice clouds are also performed. To simulate the MMCR and KAZR
ice clouds, the RL extinction profile is inputted again but only at heights where the cloud
radars detected ice clouds. We define the downward (upward) fluxes as positive (negative),
and the CREs at the TOA and surface are defined as

CRE =
[

F↓ − F↑
]

cloud
−

[
F↓ − F↑

]
clear−sky

(1)
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The daily-mean SW CRE is calculated as

CRE =
1

tday

∫ sunset

sunrise
CRE(t) dt (2)

where CRE(t) is the instantaneous CRE at a given time t and tday is the time in a day (i.e.,
86,400 s); the LW CRE from the LW RT simulation is then the daily-mean LW CRE. Positive
CRE represents a warming effect, and negative CRE represents a cooling effect.

The average daily-mean CREs weighted by the occurrence fraction of RL transparent
profiles with ice clouds only (see Section 3.1 below) are provided as the climatic CREs of
ice clouds considered in this study. Since the ice clouds could also occur with liquid clouds
in a profile, the climatic ice CREs and the climate impact of the ice clouds undetected by
the MMCR/KAZR from this study are on their conservative sides.

3. Results
3.1. Cloud Occurrence Fraction

Figure 1 shows examples of hydrometeors detected by the RL and the MMCR. On
8 September 2008 (Figure 1a), there were periods of clear-sky before 2 UTC and a period of
opaque cloudy-sky after 12 UTC, related to the RL’s attenuation due to precipitation; trans-
parent profiles occurred before 12 UTC, which corresponded to the outflow of convective
clouds. On 28 October 2009 (Figure 1b), there were periods of opaque cloudy-sky from
15–17 UTC and after 20 UTC; the remaining times were transparent with clouds from 6 to
12 km. Consistent with Borg et al. [34], a significant portion of the ice clouds, especially the
uppermost parts, are missed by the MMCR, whereas the ice clouds are detected by the RL
(blue in Figure 1).

The occurrence fraction of clear-sky and opaque cloudy-sky at the SGP site from the
RL is shown in Figure 2. There are 315,224 total RL profiles from August 2008 to December
2014. The clear-sky and opaque cloudy-sky occurrence fractions are 0.39 and 0.31, which
is in good agreement with Balmes and Fu [43] (see their Figure 2). Note that the small
differences in occurrence fractions in this study compared with Balmes and Fu [43] are
due to difference in the time period considered. Based on the RL feature mask [35,36], we
partition the transparent profiles into those with ice clouds only (pink in Figure 2) and
others (e.g., including both ice and liquid clouds or only liquid clouds, for a given profile)
(green in Figure 2). In this study, we only consider the transparent profiles with ice clouds
only, which have an occurrence fraction of 0.20. The transparent profiles with ice clouds
only are further partitioned into profiles including ice clouds detected by both RL and
cloud radar and profiles detected by the RL only. Hereafter, the ‘transparent profiles’ refer
to the transparent profiles with ice clouds only, unless otherwise indicated.



Remote Sens. 2022, 14, 3466 5 of 15Remote Sens. 2022, 14, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 1. Raman lidar (RL) and millimeter wavelength cloud radar (MMCR) observations on (a) 8 
September 2008 and (b) 28 October 2009 at the Southern Great Plains (SGP) site. The hydrometeors 
detected by the RL and MMCR are shown. The hydrometeors observed by both RL and MMCR (i.e., 
both) are shown in gray, those observed by RL only (i.e., lidar only) are shown in light blue, and 
those observed by MMCR only (i.e., radar only) are shown in black. The periods when the RL was 
fully attenuated are indicated as red “+” along the x-axis. 

 
Figure 2. Clear-sky (cyan) and cloud occurrence fractions for the Raman lidar (RL) over at the South-
ern Great Plains (SGP) site from August 2008 to December 2014. The cloud occurrence fraction is 
partitioned into opaque cloudy-sky (gray) and transparent to the RL. The transparent fraction is 
further partitioned into transparent with ice clouds only (pink) and other transparent (green). The 

(a) 2008-09-08

(b) 2009-10-28

Figure 1. Raman lidar (RL) and millimeter wavelength cloud radar (MMCR) observations on (a) 8
September 2008 and (b) 28 October 2009 at the Southern Great Plains (SGP) site. The hydrometeors
detected by the RL and MMCR are shown. The hydrometeors observed by both RL and MMCR (i.e.,
both) are shown in gray, those observed by RL only (i.e., lidar only) are shown in light blue, and those
observed by MMCR only (i.e., radar only) are shown in black. The periods when the RL was fully
attenuated are indicated as red “+” along the x-axis.
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Figure 2. Clear-sky (cyan) and cloud occurrence fractions for the Raman lidar (RL) over at the
Southern Great Plains (SGP) site from August 2008 to December 2014. The cloud occurrence fraction
is partitioned into opaque cloudy-sky (gray) and transparent to the RL. The transparent fraction
is further partitioned into transparent with ice clouds only (pink) and other transparent (green).
The fraction values are labeled within each bar. The error bars are the corresponding one standard
deviation of annual-mean fraction values from January 2009 to December 2014.
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3.2. Ice COD

Table 1 shows the mean COD and CREs for transparent profiles detected by the
RL, the MMCR and their differences from August 2008 to January 2011. The cumulative
distribution functions (CDFs) of COD from the RL and MMCR are presented in Figure 3.
The transparent profiles are partitioned into profiles including ice clouds detected by both
RL and MMCR (Figure 3b; 63%) and profiles detected by the RL only (Figure 3c; 37%). The
mean COD is 0.30 for the RL, while it is 0.24 for the MMCR, which is smaller than the RL by
20% (Table 1). For the transparent profiles detected by both the RL and MMCR (Figure 3b),
the mean COD is 0.38 for the MMCR, which is smaller than the RL (0.46) by 18%. On the
other hand, profiles where the ice clouds are detected by the RL only contain optically very
thin ice clouds (Figure 3c), with a mean RL ice COD of 0.03.

Table 1. Mean ice cloud optical depth (COD), and average shortwave (SW), longwave (LW), and net
daily-mean cloud radiative effects (CREs, units: W m−2) at the top of atmosphere (TOA) and surface
(SFC) for transparent profiles with ice clouds only that are detected by the Raman lidar (RL) and
millimeter wavelength cloud radar (MMCR) at the Southern Great Plains (SGP) site from August
2008 to January 2011. Absolute and relative differences for COD and CREs between the MMCR and
RL are also shown. The climatic CREs, which are the CREs weighted by the occurrence fraction of RL
transparent profiles with ice clouds only (i.e., 0.20), are given in the parentheses. The transparent
profiles with ice clouds only are further partitioned into those detected by both RL and MMCR
(63.1%) and those detected by RL only (36.9%). The climatic CREs for those detected by both RL and
MMCR and those detected by RL only are also provided, weighted by the fraction of transparent
with ice clouds only (i.e., 0.20) and their corresponding occurrence percentages (63.1% and 36.9%).

COD SW TOA CRE LW TOA CRE Net TOA CRE SW SFC CRE LW SFC CRE Net SFC CRE
(W m−2) (W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

Transparent with ice clouds only

RL 0.30 −6.72 (−1.35) 22.27 (4.47) 15.54 (3.12) −7.04 (−1.41) 4.24 (0.85) −2.8 (−0.56)
MMCR 0.24 −5.22 (−1.05) 17.45 (3.5) 12.23 (2.45) −5.6 (−1.12) 3.6 (0.72) −2 (−0.4)

MMCR-RL −0.06 1.51 (0.3) −4.82 (−0.97) −3.31 (−0.66) 1.43 (0.29) −0.63 (−0.13) 0.8 (0.16)
(MMCR–RL)/RL −20.3% −22.4% −21.6% −21.3% −20.4% −15% −28.6%

Transparent with ice clouds only and detected by both RL and MMCR (63.1%)

RL 0.46 −10.00 (−1.27) 33.48 (4.24) 23.48 (2.97) −10.67 (−1.35) 6.51 (0.82) −4.17 (−0.53)
MMCR 0.38 −8.26 (−1.05) 27.64 (3.5) 19.38 (2.45) −8.87 (−1.12) 5.71 (0.72) −3.17 (−0.4)

MMCR-RL −0.08 1.73 (0.22) −5.84 (−0.74) −4.11 (−0.52) 1.8 (0.23) −0.8 (−0.1) 1 (0.13)
(MMCR–RL)/RL −17.7% −17.4% −17.5% −17.5% −16.9% −12.3% −24%

Transparent with ice clouds only and detected by RL only (36.9%)

RL 0.03 −1.12 (−0.08) 3.06 (0.23) 1.94 (0.14) −0.81 (−0.06) 0.35 (0.03) −0.46 (−0.03)
MMCR 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

MMCR-RL −0.03 1.12 (0.08) −3.06 (−0.23) −1.94 (−0.14) 0.81 (0.06) −0.35 (−0.03) 0.46 (0.03)
(MMCR–RL)/RL — — — — — — —
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Figure 3. Cumulative distribution functions (CDFs) of ice cloud optical depth from the Raman lidar
(RL; red) and millimeter wavelength cloud radar (MMCR; blue) observations at the Southern Great
Plains (SGP) site from August 2008 to January 2011. The observations are shown for profiles that are
(a) transparent with ice clouds only, (b) transparent with ice clouds only and detected by both RL
and MMCR, and (c) transparent with ice clouds only and detected by RL only. In (c), no ice clouds
are detected by MMCR, and thus only the RL result is shown here.

Table 2 is the same as Table 1, but for the RL and KAZR from January 2011 to December
2014. The CDFs of ice COD for the KAZR compared to the CDFs for RL ice COD (Figure S1)
are quite similar to the MMCR and RL ice COD comparison (Figure 3). The mean RL



Remote Sens. 2022, 14, 3466 8 of 15

ice COD from January 2011 to December 2014 is 0.31, which is almost identical to the RL
mean value from August 2008 to January 2014 (i.e., 0.30 in Table 1). KAZR underestimates
the mean RL ice COD by 15%, which is a decrease in the bias as compared to the MMCR
(Table 1). Interestingly, the decrease in the bias is largely due to a decrease in the ice COD
bias for the situation where the ice clouds are detected by both RL and cloud radar, as
the mean RL ice COD was underestimated by 11% for KAZR (Table 2) compared to an
underestimation of 18% for MMCR (Table 1). Such improvement in ice cloud detections for
the KAZR versus the MMCR may be related to the KAZR’s better detection sensitivity [32].
On the other hand, the percentage of ice cloud profiles undetected by KAZR is 37% (Table 2),
which is almost identical to the percentage of ice clouds undetected by MMCR (36.9%;
Table 1).

Table 2. Same as Table 1, but for the Raman lidar (RL) and Ka-band ARM Zenith Radar (KAZR)
observations at the Southern Great Plains (SGP) site from January 2011 to December 2014.

COD SW TOA CRE LW TOA CRE Net TOA CRE SW SFC CRE LW SFC CRE Net SFC CRE
(W m−2) (W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

Transparent with ice clouds only

RL 0.31 −6.92 (−1.39) 23.17 (4.65) 16.24 (3.26) −7.39 (−1.48) 4.48 (0.9) −2.93 (−0.59)
KAZR 0.26 −5.66 (−1.14) 19.09 (3.83) 13.42 (2.69) −6.2 (−1.24) 3.99 (0.8) −2.22 (−0.45)

KAZR-RL −0.05 1.26 (0.25) −4.09 (−0.82) −2.82 (−0.57) 1.19 (0.24) −0.48 (−0.1) 0.71 (0.14)
(KAZR–RL)/RL −14.9% −18.3% −17.6% −17.4% −16.1% −10.8% −24.2%

Transparent with ice clouds only and detected by both RL and KAZR (63.0%)

RL 0.47 −10.15 (−1.28) 34.28 (4.33) 24.12 (3.05) −11.07 (−1.4) 6.85 (0.87) −4.23 (−0.53)
KAZR 0.42 −8.98 (−1.14) 30.22 (3.82) 21.24 (2.69) −9.84 (−1.24) 6.32 (0.8) −3.51 (−0.44)

KAZR-RL −0.05 1.18 (0.15) −4.06 (−0.51) −2.88 (−0.36) 1.24 (0.16) −0.52 (−0.07) 0.71 (0.09)
(KAZR–RL)/RL −11.2% −11.6% −11.8% −11.9% −11.2% −7.6% −16.9%

Transparent with ice clouds only and detected by RL only (37.0%)

RL 0.04 −1.41 (−0.1) 4.13 (0.31) 2.71 (0.2) −1.12 (−0.08) 0.42 (0.03) −0.7 (−0.05)
KAZR 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

KAZR-RL −0.04 1.41 (0.1) −4.13 (−0.31) −2.71 (−0.2) 1.12 (0.08) −0.42 (−0.03) 0.7 (0.05)
(KAZR–RL)/RL — — — — — — —

The CDFs of ice cloud base height, cloud top height, and cloud geometric depth from
the RL and MMCR are shown in Figure 4. For the transparent profiles including ice clouds
detected by both the RL and MMCR (Figure 4a–c), the mean ice cloud base and cloud top
heights from the RL (MMCR) are 8.51 (9.02) and 11.21 (10.48) km, respectively, and the
mean cloud geometric depth from the RL (MMCR) is 2.70 (1.46) km. Thus, the MMCR
ice cloud geometric depth is 46% smaller than the RL ice cloud geometric depth. For the
profiles where the ice clouds are detected by the RL only (Figure 4d–f), the mean ice cloud
base height, cloud top height, and cloud geometric depth are 10.03, 11.15, and 1.11 km,
which are thinner with higher cloud base as compared to those detected by both RL and
MMCR. The CDFs of ice cloud base height, cloud top height, and cloud geometric depth
from the RL and KAZR are shown in Figure S2. In line with the decrease in ice COD bias
for the KAZR compared to the MMCR, the mean ice cloud geometric depth in the RL is
underestimated in KAZR by 38% versus 46% in MMCR.
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Figure 4. (a–c) Cumulative distribution functions (CDFs) of ice cloud base height (left), cloud top
height (middle), and cloud geometric depth (right) (units: km) for transparent profiles with ice clouds
only and detected by both Raman lidar (RL; red) and millimeter wavelength cloud radar (MMCR;
blue) at the Southern Great Plains (SGP) site from August 2008 to January 2011. (d–f) CDFs for
transparent profiles with ice clouds only that are detected by RL only; thus, only the RL results are
shown here.

3.3. Ice CREs

In this subsection, we investigate the ice CREs. The SW, LW, and net CREs at the TOA
and surface for transparent profiles detected by the RL with ice clouds only are shown in
Table 1. The CDFs of CREs at the TOA (surface) are provided in Figure 5 (Figure 6). Results
of the CREs for the RL compared to KAZR are given in Table 2; the CDFs for the KAZR and
RL comparison are shown in Figures S3 and S4, which are very similar to the MMCR and
RL comparison (Figures 5 and 6). The climatic CREs, which are the CREs weighted by the
occurrence fraction of RL transparent profiles with ice clouds only (i.e., 0.20 in Figure 2),
are also provided in Tables 1 and 2. The climatic CREs for those detected by both the RL
and MMCR (KAZR) and those detected by RL only are provided, weighted by the fraction
of transparent profiles with ice clouds only (i.e., 0.20) multiplied by their corresponding
occurrence percentages, i.e., 63.1% and 36.9% (63.0% and 37.0%) in Table 1 (Table 2).
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Figure 5. (a–c) Cumulative distribution functions (CDFs) of shortwave (SW) (left), longwave (LW)
(middle), and net (right) daily-mean cloud radiative effects (CREs, units: W m−2) at the top of
atmosphere (TOA) for transparent profiles with ice clouds only that are detected by the Raman lidar
(RL; red) and millimeter wavelength cloud radar (MMCR; blue) at the Southern Great Plains (SGP)
site from August 2008 to January 2011. (d–f) CDFs for transparent profiles with ice clouds only and
detected by both RL and MMCR. (g–i) CDFs for transparent profiles with ice clouds only that are
detected by RL only; thus, only the RL results are shown here.
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Figure 6. Same as Figure 5, but for the daily-mean cloud radiative effects (CREs) at the surface (SFC).
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As mentioned before, for MMCR and KAZR, the RL extinction profile is used but
only at heights where the cloud radars detected ice clouds; the ice cloud effective diameter
for both the MMCR/KAZR and RL profiles are derived following Heymsfield et al. [50]
by considering the radiosonde temperature profile. Therefore, the differences in ice CREs
at the TOA and surface and radiative heating rates for the MMCR/KAZR versus RL, as
will be shown later, are solely due to the ice clouds undetected by the cloud radar (i.e.,
Sections 3.1 and 3.2).

Consistent with previous studies, e.g., [3,9,51], ice clouds have negative SW CREs by
reflecting more SW radiation back to space (Figures 5a,d,g and 6a,d,g) and positive LW
CREs by reducing the outgoing LW radiation (Figures 5b,e,h and 6b,e,h) at both the TOA
and surface. Interesting to note that the net CRE at the TOA is dominated by the LW CRE
(Figure 5c,f,i), while the SW CRE dominates the net CRE at the surface (Figure 6c,f,i).

For the climatic values from August 2008 to January 2011 (Table 1), the SW, LW,
and net CREs at the TOA (surface) from the RL are −1.4, 4.5, and 3.1 W m−2 (−1.4, 0.9,
and −0.6 W m−2), respectively. The differences of SW, LW, and net CREs at the TOA
(surface) for the MMCR compared to the RL are 0.3, −1.0, and −0.7 W m−2 (0.3, −0.1, and
0.2 W m−2), respectively. As compared to the CREs from the RL, the magnitudes of SW,
LW, and net CREs from the MMCR are underestimated by 21–23% (15–29%) at the TOA
(surface), which is a similar magnitude of the ice COD underestimation for the MMCR
compared to the RL (i.e., 20%). Interestingly, 73–81% of the MMCR’s CRE underestimation
is due to the undetected ice clouds in profiles where ice clouds are detected by both the RL
and MMCR. The remaining 19–27% of the MMCR’s CRE underestimations are due to the
profiles with optically very thin ice clouds only detected by the RL (Table 1).

The SW, LW, and net CREs at the TOA (surface) are underestimated by 17–18%
(11–24%) for the KAZR compared to those from the RL (Table 2), which are all smaller as
compared to the underestimation of MMCR (Table 1). As noted above, compared to the
MMCR, the decrease in the underestimation of the ice COD for KAZR compared to the RL
is due to the undetected ice clouds in profiles where ice clouds are detected by both the RL
and radar. Here, we find 60–70% of the CRE underestimations for the KAZR compared to
the RL is due to the undetected ice clouds in profiles where ice clouds are detected by both
the RL and KAZR, and 30–40% is due to the profiles with optically very thin ice clouds
detected by the RL only.

Figure 7 shows the profiles of SW, LW, and net cloud heating rates for transparent
profiles with ice clouds only based on RL and MMCR observations and their differences.
Again, the results for the KAZR compared to the RL are quite similar (see Figure S5 versus
Figure 7). The SW cloud heating rates are positive between 150–400 hPa, with a peak of
about 0.2 K day−1 at around 250 hPa. The SW cloud heating rates are negative, with values
around −0.05 K day−1 below 400 hPa (Figure 7a). The LW cloud heating rates are positive
below 150 hPa, with peaks of about 0.2–0.4 K day−1 around 250 hPa, and are negative with
a magnitude of around 0.1 K day−1 above 150 hPa (Figure 7b). The shapes of the net cloud
heating rates are similar to the LW cloud heating rates, with peaks of about 0.6 K day−1

around 250 hPa (Figure 7c). The undetected ice clouds by MMCR lead to SW, LW, and net
cloud heating underestimations of 0–0.2 K day−1 below 150 hPa (0–0.04 K day−1 in the
climatic sense), with peaks around 200–250 hPa. Above 150 hPa, the underestimation of
LW and net cloud cooling is about 0.02 K day−1.
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4. Discussion and Conclusions

This study investigated ice clouds observed by cloud radars (i.e., MMCR and KAZR)
and the collocated RL and their differences at the ARM SGP site between August 2008 and
December 2014. Profiles that are transparent to the RL with ice clouds only are considered.

The mean RL ice COD for transparent profiles between August 2008 and January 2011
is 0.30, which is underestimated by the MMCR by 20%. The underestimation of ice COD for
the MMCR versus the RL here is smaller than the MMCR underestimation (~30%) shown
in Borg et al. [34]. Such discrepancy may be because we use ARSCLs VAP of MMCR in
this study, i.e., the hydrometeors’ top and bottom heights are based on combined radar
and micropulse lidar observations. We find that the MMCR can only detect ice clouds
in about 63% of the RL transparent profiles. The remaining profiles (37%) are comprised
of optically very thin ice clouds that go undetected by the MMCR, with a mean RL ice
COD of 0.03. A decrease in the underestimation of ice COD is found for the KAZR, which
underestimates the RL ice COD by 15%. The decrease in the ice COD underestimation for
KAZR compared to that from MMCR is largely due to a decrease in the ice COD bias for
the situation where ice clouds are detected by both the RL and cloud radar. We also find a
smaller underestimation of ice cloud depth for the KAZR, which underestimates the RL ice
cloud depth (i.e., 2.7 km) by 38% instead of 46% by the MMCR, for the situation where the
ice clouds are detected by both the RL and cloud radar.

We investigate the impacts of ice clouds on the TOA and surface radiative budget
and radiative heating rate profiles using the NASA Langley Fu-Liou RT model. From
August 2008 to January 2011, the climatic LW CRE from the RL at the TOA is 4.5 W m−2,
partly compensated by the negative SW CRE of −1.4 W m−2, which overall leads to a
positive net CRE of 3.1 W m−2. On the other hand, the climatic SW CRE at the surface
from the RL is −1.4 W m−2, which is compensated by a positive LW CRE of 0.9 W m−2,
and ultimately yields a net CRE of −0.6 W m−2. Compared to the RL, the CREs from
the MMCR are underestimated by 21–23% at the TOA and 15–29% at the surface. About
73–81% of the CREs underestimation is due to cases detected by both the RL and MMCR,
and those optically very thin ice clouds detected by RL only contribute 19–27% of the CREs
underestimation by the MMCR.

The CRE underestimation is smaller for the KAZR: 17–18% at the TOA and 11–24%
at the surface. The decrease in the CRE bias is due to a decrease in the ice COD bias. It is
also interesting to note that the optically very thin ice clouds in profiles where the KAZR
does not detect any clouds contribute 30–40% of the CREs underestimation for the KAZR
compared to the RL, and 60–70% is due to the undetected ice clouds in profiles where ice
clouds are detected by both RL and KAZR.

We find positive SW cloud radiative heating rates around 150–400 hPa, with a peak
of 0.2 K day−1 at 250 hPa. Negative SW cloud radiative heating rates are found below
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400 hPa. The LW cloud heating rates are positive below 150 hPa, with peaks of about
0.2–0.4 K day−1 at 250 hPa, and negative heating rates above 150 hPa. The net cloud
heating rates are similar to the LW cloud heating rates, with peaks of 0.6 K day−1 at
250 hPa. The ice clouds undetected by the cloud radars lead to underestimating the SW,
LW, and net cloud heating of about 0–0.2 K day−1 below 150 hPa, which is 0–0.04 K day−1

in the climatic sense.
This study presents the differences in ice cloud properties observed by different

instruments with different techniques (i.e., RL and cloud radar), and their impacts on CREs
at the TOA and surface and radiative heating rate profile. The sensitivity of the KAZR in
terms of ice COD and its impact on CREs are also established in this study. To constrain
ice cloud properties and better understand the impact of ice clouds on the weather and
climate, it is of great significance to utilize various observations, including the cloud radar,
lidar, and other equivalent observation platforms [52].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs14143466/s1, which shows the results for KAZR versus the RL.
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