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Abstract. To better understand the accuracy of cloud top
heights (CTHs) derived from passive satellite data, ground-
based Ka-band radar measurements from 2016 and 2017
in Beijing are compared with CTH data inferred from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
and the Advanced Himawari Imager (AHI). Relative to the
radar CTHs, the MODIS CTHs are found to be underes-
timated by — 1.10£2.53km on average and 49 % of CTH
differences are within 1.0km. The AHI CTHs are under-
estimated by —1.10 +2.27km and 42 % are within 1.0 km.
Both the MODIS and AHI CTH retrieval accuracy depends
strongly on the cloud depth (CD). Large differences are
mainly due to the retrieval of thin clouds of CD < 1 km, es-
pecially when the cloud base height is higher than 4 km. For
clouds with CD > 1km, the mean CTH difference decreases
to —0.48£1.70km for MODIS and to —0.76 & 1.63km
for AHI. It is found that MODIS CTHs with higher values
(i.e. > 6 km) show smaller discrepancy with radar CTH than
those MODIS CTHs with lower values (i.e. < 4 km). Statis-
tical analysis illustrate that the CTH difference between the
two satellite instruments is lower than the difference between
the satellite instrument and the ground-based Ka-band radar.
The monthly accuracy of both CTH retrieval algorithms is
investigated and it is found that summer has the smallest re-
trieval difference.

1 Introduction

Clouds play important role in the water and energy budgets
in the Earth-atmosphere system (Ramanathan et al., 1989;
Liou, 1992; Cess et al., 1996; Boucher et al., 2013). They
are one of the least understood components, and also one of

the largest uncertainty sources, in general circulation model
(GCM) simulations (Wetherald and Manabe, 1988; Arakawa,
2004). Cloud top height (CTH) is one of the important cloud
parameters that provide information about the vertical struc-
ture of cloud water content (Stubenrauch et al., 1997; Marc-
hand et al., 2010). Cloud vertical distributions determine di-
abatic heating profiles. Comparisons of stratocumulus CTHs
simulated from GCMs with those retrieved from satellites
suggested that either satellite retrievals placed stratocumulus
clouds too high in the atmosphere or GCM cloud tops were
biased too low (Rossow and Schiffer, 1999). Knowledge of
CTH is crucial to understanding the Earth’s radiation budget
and global climate change.

Active and passive instruments have long been used for
monitoring CTHs (Atlas, 1954; Schiffer and Rossow, 1983;
Pavolonis and Heidinger, 2004; Stephens and Kummerow
2007; Huo and Lu 2009; Gorsdorf et al., 2015). Active in-
struments, i.e. cloud radars and lidars, detect CTH directly
through reflectivity from cloud top particles. Passive infrared
(IR) instruments measure the IR brightness temperature of
the cloud to derive CTH based on assumptions, for instance,
that an opaque cloud could be regarded as a black body.
Surface measurements and satellite measurements have in-
dividual strengths and weaknesses. Some active instruments,
i.e. radar, are ideal sensors for accurately detecting the CTH.
Yet, surface instruments are limited in spatial scale. Satellites
measure large-scale cloud systems, but the CTHs retrieved
from passive IR instruments are still subject to large uncer-
tainties. This study assesses the accuracy of the CTHs de-
rived from passive satellites through comparison with surface
active radar data.
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The Moderate Resolution Imaging Spectroradiometer
(MODIS) on board the Aqua and Terra satellites has been
in service since 2000 and its cloud products are being widely
used by the meteorological community (King et al., 1998;
Ackerman, 1998; Rodell and Houser, 2004; Roskovensky
and Liou, 2006; Remer et al., 2008; Pincus et al., 2012). Un-
certainties in the MODIS CTH products have been assessed
using many measurements, i.e. from the ground, aircraft and
satellites (Naud et al., 2002; Weisz et al., 2007; Ham et al.,
2009; Chang et al., 2010; Marchand et al., 2010; Baum et
al., 2012; Marchand, 2013; Xi et al., 2014; Hakansson et
al., 2018; Wang et al., 2019). Naud et al. (2002) showed
that the two sets of averaged CTHs from the Multi-Angle
Imaging Spectroradiometer (MISR) and MODIS were gen-
erally within 2 km of each other over the British Isles. Holz et
al. (2008) found that MODIS underestimated the CTH rela-
tive to the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) by 1.4 +2.9km globally over a 2 month period.
Xi et al. (2014) found that daytime CTH of marine bound-
ary layer cloud retrieved from MODIS was 0.063 km higher
on average than what surface lidar and radar had measured.
Hakansson et al. (2018) used global collection 6 MODIS
cloud top products to compare with CloudSat cloud profil-
ing radar data and reported that the mean difference was
—0.61£2.53 km. Previous global evaluation results might be
different to the specific regions. This study compares the re-
trieved MODIS CTHs with radar measurements in Beijing
over a long period and provides further knowledge about the
uncertainty of MODIS CTH products.

The Advanced Himawari Imager (AHI) on board the
Himawari-8 (HW8) satellite, a geostationary meteorological
satellite, has provided CTHs since July 2015 (Bessho et al.,
2016). Zhou et al. (2019) reported that the CTHs derived
from surface Ka-band radar from December 2016 to Novem-
ber 2017 were 0.82 km higher than the retrieved CTH from
the AHI radiance data using a Fengyun Geostationary Algo-
rithm Testbed-Imager (FYGAT-I) science product algorithm.
Mouri et al. (2016) reported that the mean AHI CTH was
lower than the MODIS and CALIOP CTH over 2 weeks of
measurements. The AHI CTH retrievals are relatively new to
the meteorological community and require further evaluation
before application in meteorological studies.

MODIS and AHI share some common principles and tech-
nologies used for the CTH retrieval. However, the specific
retrieval algorithms are different in terms of the radiative
transfer model, atmospheric profiles, source measurements
and cloud types. A Ka-band (35.075 GHz) radar at the In-
stitute of Atmospheric Physics in Beijing, China (39.96° N,
116.37°E), has been used for cloud measurements since
2012 (Huo et al., 2019). In this study, we compare and evalu-
ate the CTHs retrieved from the passive satellite instruments
on board a polar-orbiting satellite and a geostationary satel-
lite with those measured by a surface active radar in Beijing
over a long period. To our knowledge, this study presents the
first comparison and evaluation of the CTH datasets for Bei-
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jing from MODIS and AHI. This work quantifies the satellite
CTH retrieval accuracy and provides a reference and usage
guidance for the application of the CTH datasets in mete-
orological research, such as climate model simulations for
Beijing and northern China.

2 Description of the MODIS, AHI and Ka-band radar
CTH retrievals

2.1 MODIS CTH retrieval

MODIS measures radiance in 36 spectral bands from 0.42 to
14.24 pm at three spatial resolutions: 250, 500 and 1000 m.
The swath dimensions are 2330km (cross-track) by 10km
(along-track at nadir). MODIS cloud top pressure (height)
is determined by a combination algorithm of CO;-slicing
technology (also known as the radiance ratioing technol-
ogy) and infrared window technology (IRW, using the 11 ym
brightness temperature, Smith and Platt, 1978; Nieman et
al., 1993) in conjunction with the National Center for Envi-
ronmental Prediction Global Data Assimilation System tem-
perature profiles (Menzel et al., 2008; Baum et al., 2012).
Equations (1)—(3) below present the basic theory of the CO5-
slicing technology for which Menzel et al. (2008) presented
thorough descriptions.

R(v) = (1 = NE)R¢;; (v) + NE[Rpeq (v, Pe)] (D
f dB[v, T (p)]
Roca (v, Pe) = Rair (v) f T (v, p) — - dp )
P. P
R(w1) — Repr(v1) _NElfﬁ‘f(vl,p)wdp 3

R(v2) — Reir(v2) NEZI;:% 2, p) %’pﬂm]dp
Here v is the frequency, E is the emissivity of cloud, R(v) is
the measured radiance, R, is the radiance of clear sky and
Rycq is the radiance of black body. N is the cloud coverage
of the field of view in the range of 0 ~ 1, (v, p) is the frac-
tional transmittance of radiation at the wavelength v from
the atmospheric pressure level (p) arriving at the top of the
atmosphere (p = 0), P, is the cloud top pressure, B[v, T (p)]
is the Planck radiance at the wavelength v at the temperature
T (p) and P; is the surface pressure. The CO;-slicing tech-
nology assumes the emissivity of the cloud to be the same at
two close wavelengths, which is nearly correct for ice clouds
but less so for water clouds.

For the CO;-slicing technology, Terra-MODIS CTHs are
retrieved based on the channels 36/35 and 35/33 (corre-
sponding to 14.2/13.94 and 13.94/13.34 um) ratio pairs due
to noise problems at band 34. Aqua-MODIS CTHs are re-
trieved by the following three ratio pairs: channels 36/35,
channels 35/34, channels 34/33 (14.2/13.94, 13.94/13.64,
13.64/13.34 pm). In the collection 5 version algorithm, when
the radiance difference between cloud and clear sky is so
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Figure 1. The Ka-band polarization Doppler radar at the Institute
of Atmospheric Physics, Chinese Academy of Sciences, Beijing,
China (39.967° N, 116.367° E).

small that CO»-slicing technology is unsuitable for CTH re-
trieval, the IRW is applied. Compared with the collection 5
version algorithm, collection 6 differs in terms of the spa-
tial resolution and the radiative transfer model calculation,
for example, using ozone profiles provided in the meteoro-
logical products rather than from climatological values. Fur-
thermore, application of the CO;-slicing method is limited
to only ice cloud in collection 6 (Baum et al., 2012). The
MODIS cloud products used in this study are the collection 6
version cloud datasets (MYD06/MODO06) from both Aqua
and Terra at 1 km spatial resolution.

2.2 AHI CTH retrieval

The HW8 satellite, equipped with the AHI, was launched
on 7 October 2014 at the location of 140.7°E and its op-
eration by the Japanese Meteorological Agency commenced
on 7 July 2015 (Bessho et al., 2016). The AHI is a visible
infrared radiometer that has 16 observation bands, ranging
from 0.47 to 13.3 um (3 for visible, 3 for near-infrared and
10 for infrared). The AHI observes the Japanese area and
some other target or landmark areas every 2.5 min and the
entire full disk every 10 min with a spatial resolution of 0.5—
2.0km. The scan ranges for full disk and the Japanese area
are preliminarily fixed, while those for the target and land-
mark areas are flexible regarding meteorological conditions.
Relative to the imagers on board previous Japanese geosta-
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Table 1. Main technical specifications of the Ka radar at the IAP.

Parameters Technical
specification

Transmitter ~ Frequency 35.075 GHz

Peak power 29kW

Pulse width 0.2 ps

Type Magnetron

Pulse repetition frequency  3.5kHz
Antenna Diameter 1.5m

Gain 54dB

Scanning mode Vertically pointing

Beam width 0.4°
Receiver Noise 5.8dB

Noise power —103dBm

Vertical resolution 30m

tionary satellites, the AHI is improved in terms of its number
of bands, spatial resolution, temporal frequency and radio-
metric calibration.

The AHI CTH retrieval algorithm uses radiative trans-
fer codes (Eyre, 1991) developed by EUMETSAT and nu-
merical weather prediction temperature and humidity pro-
file data to calculate the radiance of four infrared bands
(wavelengths 6.2, 7.3, 11.2 and 13.3 um). It involves the in-
terpolation method, the CO;-slicing method and the inter-
cept method. The selection of method depends on the cloud
type from AHI cloud type product (Neiman et al., 1993;
Schmetz et al., 1993; Mouri et al., 2016). The interpolation
method is similar to the IRW. The vertical profile of radi-
ance at 11.2 um is calculated using radiative transfer codes
and compared with the radiance observed by AHI. Cloud
top height is then determined from the interpolation ratio
of radiance between two levels sandwiching the observed
radiance. The interpolation method is adopted for opaque
and fractional cloud. The intercept method uses three scat-
ter plots of observed radiances (containing 33 x 33 pixels
around the target pixel) at two band pairs (11.2/6.2,11.2/7.3
and 11.2/13.3 um) and the calculated black body radiance
curve to determine cloud top height (which has the mini-
mum pressure) from the intersection. The intercept method is
used for semi-transparent cloud. In the retrieval process for
optically thin (or semi-transparent) clouds, if the intercept
method does not produce suitable results, the CO;-slicing
method is applied. If this also fails to produce suitable re-
sults, the interpolation method is utilized. The AHI cloud
products used in this study are the Himawari-8 Cloud Prop-
erty data released through the JAXA’s P-Tree System (https:
/Iwww.eorc.jaxa.jp/ptree/index.html, last access: 16 Septem-
ber 2019).
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2.3 Ka-band radar

The Ka-band polarization Doppler radar using a wave-
length of 8.55mm (Ka radar), situated at the Institute of
Atmospheric Physics (IAP, 39.967° N, 116.367° E), Beijing,
China, was set up in 2010 (Fig. 1). The technical specifica-
tions of the Ka-band radar are given in Table 1. The Ka radar
works 24hd~! in a vertically pointing mode, except during
special events, such as heavy rain or short-term collabora-
tive observations with other instruments, when the mode is
changed.

A data quality control approach using a combination of the
threshold and median filter methods has been implemented to
reduce the effects of clutter and noise on the radar reflectiv-
ity (Xiao et al., 2018). It is considered to be cloudy if the
reflectivity profile contains more than three bins of radar re-
flectivity data higher than —45 dBZ. Zhou et al. (2019) used a
threshold of —40dBZ for cloud determination because their
Ka radar was equipped with an all-solid transmitter that was
different to our Ka radar. A higher threshold might miss some
clouds with weak returns.

For a cloudy profile, the CTH is determined as the height
of the cloudy bin at the highest level. In order to compare
with passive satellite data, for clouds detected in a period
(i.e. within 10 min), the radar CTH is calculated as the mean
CTH of all cloudy profiles but not upper-level cloud if there
are multilayer clouds. Note that the radar CTH differs when
the upper-level cloud partially but not completely covers low-
level cloud (see Fig. 2). For a cloudy profile, the cloud base
height (CBH) is determined by the lowest cloudy radar bin.
The cloud depth (CD) is equal to the CTH minus the CBH.
The final CBH (or CD) is the average value of all CBHs (or
CDs).

3 Comparison scheme

A MODIS or AHI CTH pixel covers a larger area than a sin-
gle profile of radar. The data repetition frequency also dif-
fers. Temporal and spatial collocation of the radar, MODIS
and AHI data is critical to facilitate effective comparison and
evaluation.

3.1 Collocation of the MODIS and Ka radar

A MODIS CTH pixel at sub-satellite point covers an area
of about 1 km?; vertically pointed radar takes about 1.7 min
to scan a 1 km path and about 8§ min for a 5km path if the
moving speed of cloud is 10m x s~!. If the moving speed
becomes higher (or lower), the required time scanning the
same path will decrease (or increase). To compensate for the
temporal and spatial differences in satellite data and ground-
based data, Naud and Muller (2002) used MODIS CTH data
averaged over a £0.1 latitude—longitude box for comparison
with surface radar data. Dong et al. (2008) used the surface
data (on the southern Great Plains, SGP, USA, atmospheric
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Figure 2. When multilayer clouds exist, the radar CTH is the mean
CTH of all cloudy profiles but not upper-level cloud if (a) upper-
level cloud and low-level cloud is situated separately or if (b) upper-
level cloud covers part of the low-level cloud. The CTH of the grey
“covered” part of low-level cloud is not considered.

observatory established by the Atmospheric Radiation Mea-
surement, ARM) averaged over a 1 h interval and the satellite
data averaged within a 30 km x 30km area for the surface—
satellite comparison. In Holz et al. (2008), the 5 km averaged
CALIOP data were collocated with the 1 km MODIS data.
These collocation methods are designed to satisfy different
instrument and observation conditions.

At the IAP site, a collocation scheme is determined ac-
cording to the local conditions. The moving speed and direc-
tion of cloud is always changing, resulting in variable radar
scanning length. The MODIS 1 km spatial resolution is suit-
able for pixels around the sub-satellite point, but those pixels
around the IAP site have flexible spatial resolutions due to
the viewing geometry of the individual satellite overpasses
(see Fig. 3).

In this study, the ground-based CTH measurements from
radar are averaged within 10 min of the MODIS overpass
(MODIS observation time =£5 min). All the MODIS CTHs
within Skm to the IAP site are extracted and averaged
to compare with surface radar measurements. A detailed
description of the investigation of the optimal collocation
scheme, including comparison between collocations using
4 years of MODIS and radar data averaged over different
times and areas, will take place in an additional analysis
but is briefly discussed here. Figure 4 presents the statisti-
cal results from four collocation methods: radar data aver-
aged within 5 min vs. nearest MODIS (Dpy0_;5), radar within
5min vs. MODIS averaged over a 5km radius (Dp5-15),
radar within 5 min vs. MODIS within 30 km (Dy,5-30) and
radar within 30 min vs. MODIS within 30 km (Dy30_130). It
is found that the D55 is close to the average of four collo-
cation methods.

3.2 Collocation of the AHI and Ka radar
Due to the Himawari-8 viewing geometry, an AHI CTH
pixel has a fixed 5km x 5km spatial resolution and 10 min

temporal resolution over the IAP site (Fig. 5). Since the
AHI presents data every 10min, the Ka radar data within
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Figure 3. Locations of the Terra MODIS CTHs (circles) and the Ka radar (solid black squares). The three panels exhibit three spatial
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Figure 4. Distributions of the probability density of the CTH dif-
ference (MODIS - radar) from four collocation methods. Dy0—_;5:
radar data averaged within 5min vs. nearest MODIS; Dy,5_.5:
radar Smin vs. MODIS averaged within 5km; Dy,5_,30: radar
S min vs. MODIS 30 km; and Dpy,30—r30: radar 30 min vs. MODIS
30km.

10 min of the AHI observation time are extracted and aver-
aged (£5min). The AHI CTHs nearest to the IAP site are
used for comparison.

4 Comparison results

In this study, the CTH difference (Dp,) between the radar
and MODIS data, the CTH difference (D,;) between the
radar and AHI data, and the CTH difference (D,n) between
the AHI and MODIS data are defined as follows:
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Dmr == Hm - Hra (4)
Dy = H, — H,, (5)
am = Hay — Hp, (6)

where H; is the radar CTH, H,, is the MODIS CTH and H,
is the AHI CTH.

This study uses the radar and satellite data observed from 1
January 2016 to 31 December 2017 for comparison purposes.

4.1 Comparison between MODIS and Ka radar

After discarding clear-sky data, Ka radar and MODIS have
963 valid CTH comparison pairs from 1 January 2016 to
31 December 2017 (Fig. 6a). The correlation coefficient
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Figure 7. The relationship between (a) the Dy, and cloud depth
and (b) the Dy and the cloud base height (CBH) in cases of cloud
depths <= 1km (blue) and >=4km.

between MODIS CTHs and radar CTHs is 0.72, which
show a good agreement with each other. Relative to the Ka
radar, MODIS tends to underestimate the CTHs, by —1.10£
2.53km (mean =+ standard deviation, STD, of the Dy,) on
average. Among all comparisons, about 14 % of differences
are within £0.25 km, 27 % are within 0.5 km and 49 % are
within £1.0km. The statistical result is very close to the
global results reported by Hékansson et al. (2018). Figure 6b
presents the probability density distribution of the Dy, but
the peak is not centred at zero. Most previous comparison
studies used the mean bias to describe the CTH difference
(Naud et al., 2002; Holz et al., 2008; Chang et al., 2010; Xi et
al., 2014). Hakansson et al. (2018) discussed which statistical
method was appropriate for describing a non-Gaussian dis-
tribution of CTH difference and found the median was better
than the mean to describe the tendency. Here, in Fig. 6b, the
peak is at —0.30 km (termed “peak” difference) and the me-
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dianis at —0.57 km with 2.18 km IQR (interquartile range). It
is clear that the median difference is closer to the peak differ-
ence than the mean difference. In this paper, both mean and
median differences are used to describe the CTH difference.

From Fig. 6a, it can be seen that most large-
underestimated matches have lower MODIS CTHs, i.e. lower
than 4 km. Among all MODIS CTHs, 62 % are greater than
6 km, of which the mean Dy, is 0.0026 £ 1.43 km; yet, the
mean Dy, is —3.55 £+ 2.99 km when the MODIS CTHs are
less than 4 km. When compared with lower MODIS CTHs,
MODIS CTHs greater than 6 km show better agreement with
the Ka radar data. That is, a MODIS CTH greater than 6 km
is more likely to be close to radar CTH than a MODIS CTH
less than 4km. Comparisons between day and night show
that the mean Dy, values during the day and night are close
to each other (Fig. 6¢, d). Terra MODIS and Aqua MODIS
show similar accuracy in the CTH retrieval over Beijing.

Uncertainties in the MODIS CTH retrieval depend
strongly on cloud depth (Fig. 7a). When cloud becomes
thicker, the range of Dy, narrows gradually toward zero. Fur-
thermore, the absolute Dy, decreases with increasing CD
(Table 2). Large differences are mainly due to thin clouds
(CD < 1km). For clouds with CD > 1km, the mean Dy, is
—0.48 £ 1.70km and the median (IQR) is —0.32 (1.42) km;
the mean Dy, is —0.294-1.43 km and median (IQR) is —0.29
(0.32)km for CD > 2km. Figure 7b shows that the Dy,
changes within small range as the CBH increases when the
CD is greater than 4km. It means that there is no obvious
relationship between Dy, and CBH for thick clouds. How-
ever, for thin clouds of CD < 1 km, MODIS tends to greatly
underestimate the CTH of high-level clouds, especially for
the clouds with CBH > 4 km. Clouds with CBH > 4 km and
CD < 1 km account for 37 % of all comparisons, and the
mean Dy, is —2.16 £ 3.17 km. Clouds of CBH < 4 km and
CD < 1km account for 10 % of all cases, and the mean Dy,
is —0.3742.07 km. Here it is found that the MODIS retrieval
algorithm shows large uncertainties for high and thin clouds;
i.e. CBHis > 4kmand CD is < 1 km.
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Table 2. The median (IQR), mean and standard deviation of Dy, with different CDs (mean & STD) (unit: km).

CD €(0,1) e(1,2) €(23) €(34) € 4.)5) >5
Median (IQR) —1.14(3.79) —-0.45(1.70) —0.45(1.38) —0.28(1.23) —0.06(1.02) —0.24(1.43)
Mean £ STD —1.74+£3.04 —-091+£2.17 -0.60+1.61 —0.18+1.45 —0.24+1.00 0.01£1.30

Among all 963 comparisons, 753 comparisons have only
one cloud layer. For single-layer clouds, the mean Dy, is
—1.06 £2.39 km and the median (IQR) is —0.55 (1.99) km,
while the mean Dy, is —1.23£2.98km and the median
(IQR) is —0.70 (2.72) km for multilayer clouds. Cloud oc-
currence frequency (COF) is equal to the number of radar
cloudy profiles divided by the total number of radar profiles.
It is found that the mean Dy, declines to —0.39 +1.57 km
for the comparisons when the CD was > 1km and the COF
is > 0.5. Here, the MODIS retrieval algorithm shows higher
accuracy for continuous clouds than for broken clouds.

4.2 Comparison between AHI and Ka radar

Figure 8 shows CTHs from the Ka radar and AHI over
10h on 9 May 2016. Relative to the comparisons between
MODIS and Ka radar, the number of comparisons between
the Ka radar and AHI increases due to the increase in tem-
poral resolution of the data. From 1 January 2016 to 31 De-
cember 2017, 6719 valid comparisons are found for the CTH
comparison.

It can be seen from Fig. 8 that most AHI CTHs are lower
than the radar CTHs. All of the 6719 CTH comparisons are
shown in Fig. 9a.
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Figure 10. Scatter plot illustrating the relationship of (a) the D,y
and the COTs and (b) the Dy and the CD.

Statistically, the mean D, is —1.1042.27 km, the median
Dy, is —0.85 km with an IQR of 2.32 km, and the peak is at
—0.70km (Fig. 9b). About 11 % of the differences are less
than 0.25km, 22 % are within 0.5km and 42 % are within
1.0km. The mean Dy, is close to the mean Dy,,. The standard
deviation is lower due to more comparisons being available.
However, the median D, and “peak” Dy, is lower than the
median Dy, and peak Dy, respectively.
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Table 3. Statistical results of the distribution of Dy, Dar and Dam
(unit: km).

Mean Median Peak STD IQR
Dy —1.1 —0.57 —-0.3 253 218
Dy —1.1 —0.85 -0.7 227 232
Danm  —0.64 —0.43 —-0.18 236 193

Cloud depth is also a critical factor impacting the accuracy
of the AHI retrieval algorithm (Fig. 9c, d). The mean D, de-
creases as the CD increases, i.e. the mean D, is —1.524+2.84
for CD < 1 km while the D, declines to —0.76+1.63 km for
CD > 1 km. The AHI CTHs illustrate great variation for thin
clouds (CD < 1km). The mean bias is larger than the median
bias when CD < 2 km. The relationship between the D, and
the cloud optical thickness (COT) is compared with that be-
tween the D, and CD (Fig. 10). All COTs are from AHI
cloud products. The range of the D, narrows as the COT in-
creases, but the distribution is much more scattered than that
for CD, which might be due to the COT retrieval errors.

Among all comparisons, 79 % have only one cloud layer.
For single-layer clouds, the mean Dy is —1.12 +2.25km
and the median D, is —0.88 km with an IQR of 2.25. For
multilayer clouds, the mean D, is —0.99 +2.40 km and the
median Dy, is —0.73 km with an IQR of 2.69. The impact
of COF on the retrieval accuracy cannot be determined be-
cause most of the comparisons with CD > 1 km also have
COF greater than 0.5.

4.3 Comparison between MODIS and AHI

As just addressed, MODIS and AHI CTH data have different
spatial and temporal resolutions. This section compares the
MODIS CTHs, averaged using data within 2.5 and 5 km from
the IAP site, with the nearest AHI CTHs, respectively. Obser-
vation time interval of comparisons is limited within 5 min.
More than 600 valid comparisons are matched and are shown
in Fig. 11. The mean Dy, is —0.70 4=2.49 km for the 2.5 km
collocation and —0.64 +2.36 km for the 5km collocation.
The median (IQR) D,y is —0.45 (2.18) km for the 2.5 km
collocation and —0.43 (1.93) km for the 5km collocation.
The peak Dy, is at —0.17 km and —0.18 km, respectively.
Statistically, the 5 km collocation method shows larger CTH
bias than the 2.5 km collocation. These results are close to the
results from Kouki et al. (2016), who reported that the mean
AHI CTH was smaller than the MODIS CTH by —0.54 km
based on measurements over 13 d in August. Also, the CTH
difference shows an obvious relationship with COT.

Based on the analysis in Sect. 4.1-4.3, an overview of
the statistical results is presented in Table 3. Statistically,
MODIS CTHs and AHI CTHs are lower than radar CTHs;
the median differences are closer to the peak differences than
the mean differences due to the non-Gaussian distribution of
difference. Note that the comparisons between MODIS and
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Ka band, between AHI and Ka band, and between MODIS
and AHI are based on different comparison samples. There-
fore, due to lower median and peak D,;, AHI CTHs are lower
on average than MODIS CTHs, though the mean Dy, and
mean D, are close to each other. It also can be found that
the CTH difference between the two satellite instruments is
smaller than the difference between the satellite instrument
and the ground-based radar.

4.4 Seasonal variation

The monthly mean and median Dy, and Dy, are calculated
and presented in Fig. 12 as a reference for the meteorological
application of the CTH datasets.

Beijing is in northern China and has a typical continen-
tal monsoon climate. It is located in the subtropical mon-
soon zone, with southwest and southeast monsoons prevail-
ing in summer and the northwest monsoon prevailing in win-
ter. Rainfall is greater in summer, with less rain but more
snow occurring in winter. The cloud distribution also shows
strong seasonal variations. As shown in Fig. 12, the monthly
variation in mean Dy, is greater than mean D, and shows
seasonal characteristics. It is clear that the AHI CTH retrieval
algorithm has lower uncertainty in summer (June—August),
while it has the largest uncertainty in winter. The MODIS
CTH retrieval algorithm also shows better performance in
summer than in the other seasons. It is likely due to the sea-
sonal characteristics of cloud distribution that summer has
more thick clouds.

5 Summaries and discussions

The accuracy of the CTH retrieval algorithm of MODIS and
AHI is associated with the instrument, such as the radiance
calibration, signal-noise ratio, the spectral response function,
and so on. It is also associated with the calculation accuracy
of the radiative transfer model and the uncertainty caused
by the theoretical assumptions. In an effort to better under-
stand the performance of satellite CTH retrieval algorithms
for Beijing, this study evaluates the accuracy of the MODIS
and AHI CTH datasets with ground-based radar data based
on 2 years of measurements.

Overall, the CTHs retrieved from the two passive sensors
on board satellites (Aqua/Terra and HWS) are lower on av-
erage than the surface radar data. Furthermore, the retrieval
accuracy strongly depends on cloud depth. As the retrieval
algorithms determine that the retrieved CTH mostly repre-
sents the position of the radiation centre of the clouds, it is
reasonable that most CTHs retrieved by MODIS and AHI are
lower than the radar CTHs. The CTH difference between two
satellite instruments is smaller than the difference between
satellite instrument and ground-based radar.

It is found that retrieved MODIS CTHs greater than
6km are closer to radar CTH than those lower than 4 km.
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The large differences are mainly from high and thin clouds
(CD < 1km). In particular, retrieval differences are enlarged
when the CBH is greater than 4 km. The mean Dy, for clouds
with CD > 1 km is —0.48 £1.70km and —0.29 4 1.43km
for clouds with CD > 2 km. For the AHI, the mean D,; de-
creases as CD increases, i.e. the mean D, is —1.52 +2.84
for CD < 1 km, while the D,; declines to —0.76 £ 1.63 km
for CD > 1 km. The median differences and IQR are also cal-
culated to investigate the CTH difference, and it is found that
those median CTH biases are smaller than the mean biases
due to the non-Gaussian distribution of difference.
Statistical analysis shows that the mean AHI CTHs are
lower than the MODIS CTHs over Beijing. On the basis of
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2 years of data, the seasonal changes in the CTH retrieval
bias for both sensors is also studied. Both MODIS and AHI
retrieval algorithm have the lowest bias in summer.

This study shows the CTH retrieval accuracy of MODIS
and AHI and provides a reference for a better understand-
ing of the climatological trends of clouds based on satellite
datasets and to enhance their application in GCM models.
However, this study does not consider the causes of the re-
trieval uncertainties. By combining the results of this study
with an analysis of the raw radiance data and source retrieval
codes, more insights into improvement of the retrieval algo-
rithms can be obtained in the future.

Data availability. The MODIS product data were obtained from
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