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[1] The Atmospheric Radiation Measurement Mobile Facility (AMF) was deployed in
Shouxian, Anhui Province, China from 14 May to 28 December 2008. Radiosonde data
obtained during the AMF campaign are used to analyze cloud vertical structure over
this area by taking advantage of the first direct measurements of cloud vertical layers from
the 95 GHz radar. Single-layer, two-layer, and three-layer clouds account for 28.0%,
25.8%, and 13.9% of all cloud configurations, respectively. Low, middle, high and deep
convective clouds account for 20.1%, 19.3%, 59.5%, and 1.1% of all clouds observed
at the site, respectively. The average cloud base height, cloud top height, and cloud
thickness for all clouds are 5912, 7639, and 1727 m, respectively. Maximum cloud top
height and cloud thickness occurred at 1330 local standard time (LST) for single-layer
clouds and the uppermost layer of multiple layers of cloud. For lower layer clouds in
multiple-layer cloud systems, maximum cloud top height and cloud thickness occurred at
1930 LST. Diurnal variations in the thickness of upper level clouds are larger than those
of lower level clouds. Multilayer clouds occurred more frequently in the summer. The
absolute differences in cloud base heights from radiosonde and micropulse lidar/ceilometer
comparisons are less than 500 m for 77.1%/68.4% of the cases analyzed.

Citation: Zhang, J., H. Chen, Z. Li, X. Fan, L. Peng, Y. Yu, and M. Cribb (2010), Analysis of cloud layer structure in Shouxian,
China using RS92 radiosonde aided by 95 GHz cloud radar, J. Geophys. Res., 115, DO0K30, doi:10.1029/2010JD014030.

1. Introduction

[2] Cloud vertical structure and the distribution of multi-
layer clouds within the atmosphere affects atmospheric
dynamics, thermodynamics, and the hydrological cycle, as
well as the larger-scale atmospheric circulation through
radiative heating/cooling and latent heat release [ Webster and
Stephens, 1984; Dong et al., 2005]. Passive satellite sensors
have the advantage of providing global coverage of cloud
amounts and top heights, although their retrieval accuracy
suffers from various limitations [Ou et al., 1998; Marchand
et al., 2001; Chang and Li, 2005a, 2005b]. Ground-based
active sensors, such as cloud radars, lidars, and ceilometers,
can provide cloud measurements with high accuracy and with
continuous temporal coverage [Clothiaux et al., 2000; Dong
et al., 2000; Okamoto et al., 2008; Xi et al., 2010]. However,
these instruments are deployed at few locations around the
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world. The advent of spaceborne cloud radar and lidar now
allows us to see through clouds and to develop cloud vertical
structure on a global scale [Stephens et al., 2002; Mace et al.,
2009]. Radiosondes can also penetrate cloud layers to pro-
vide in situ cloud data. The vertical distributions of tem-
perature, relative humidity (RH) and pressure measured by
radiosondes are fundamental to the study of atmospheric
thermodynamic and dynamic processes.

[3] Radiosondes of high accuracy and vertical resolution
have been widely used to obtain atmospheric parameters. A
global network of radiosonde launching stations exists, and
data from this network are used as reference for other upper
air detection techniques. Methods have been developed to
determine the locations of cloud layers and their boundaries
from radiosonde measurements [Arabey, 1975; AWS, 1979;
Dolgin, 1983]. Poore et al. [1995] (hereafter PWR95) used
rawinsonde observations to determine the locations of cloud
boundaries by testing for dewpoint temperature depressions
below some threshold value. Wang and Rossow [1995]
(hereafter WR95) used radiosonde-measured RH data alone
to obtain cloud vertical structure. The radiosonde measures
relative humidity with respect to water and temperature at all
levels. In WR9S5, for levels with temperatures lower than 0°C,
the RH is computed with respect to ice instead of liquid
water. The cloud base and top locations were identified using
the following criteria: (1) maximum RH is greater than 87%,
(2) minimum RH is greater than 84%, and (3) RH jumps
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Figure 1. The location of Shouxian.

exceeding 3% are present from the cloud base to the under-
lying level and from the cloud top to the level above. A limit
in the height of the cloud base of the lowest cloud layer was
placed and is equal to 500 m. Note that these RH thresholds
were modified from 87% to 93% and from 84% to 90% of
Wang et al.’s [1999] analysis of cloud vertical structure at
Porto Santo Island. Chernykh and Eskridge [1996] (hereafter
CE96) developed a cloud detection method based on the
second-order derivatives of temperature and relative humid-
ity with respect to height. The cloud boundaries are defined
where at least one of the two second-order derivatives is zero.

[4] Chernykh et al. [2000] analyzed the trends in low- and
high-cloud boundaries and their errors using radiosonde
data obtained from 795 stations around the world. Minnis
et al. [2005] did a comparison between relative humidity
and cloud cover from Vaisala RS80-15LH radiosonde mea-
surements and Rapid Update Cycle (RUC) data taken over
Atmospheric Radiation Measurement’s (ARM) Southern
Great Plains (SGP) Central Facility (SCF). They found that
both types of data could be used to estimate the occurrence of
clouds, although radiosonde data appear to be more reliable
than RUC data. Naud et al. [2003] used lidar and ceilometer
data collected at the SCF from November 1996 to October
2000 to assess the retrievals of WR95 and CE96. The agree-
ment between cloud radar and radiosonde-derived cloud
boundaries was better for cloud base heights than for cloud
top heights. Overall, WR95 tended to misclassify moist
cloudless atmospheric layers as clouds, and both radiosonde
techniques reported higher cloud tops than those from cloud
radar. By using radiosonde data, Wang et al. [2000] pro-
vided a global picture of cloud vertical structure and found
that the average values for cloud base height, cloud top
height, and cloud layer thickness were 2.4 km above mean
sea level (MSL), 4.0 km MSL, and 1.6 km, respectively.
Wang and Rossow [1995] analyzed radiosonde data at
30 marine sites and reported that, under cloudy conditions,
multilayered clouds occur most frequently (56%) and are
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predominately two layered. However, few works have been
published concerning cloud structure in China based on
radiosonde data. Work that has been done on the subject
involved analyses of a limited number of cases, and the
quality of the results was not examined through comparisons
with observations from other instruments. The mean vertical
resolution of radiosonde data has changed over the years.
Before 1970, the vertical resolution was 50 hPa, and from
1970 to 1980, the vertical resolution was improved to 30 hPa.
The method developed by WR95 used radiosonde data with
low vertical resolution. The Vaisala RS92 radiosonde mea-
sures data every 2 s with an average ascent rate of about
5 m/s, resulting in a much higher vertical resolution (10 m:
5m/s x 25s).

[5] Until the deployment of the Atmospheric Radiation
Measurement Mobile Facility (AMF) in China (referred to
as AMF-China hereafter) 2 years ago, no high-resolution
radiosonde data or cloud radar measurements existed to study
cloud structure in China. This study presents the first attempt
at examining cloud vertical structure in China.

[6] Section 2 describes the data and the method employed
in this study. The characteristics of cloud vertical structure
are discussed in section 3. The diurnal variation and sea-
sonal (summer-autumn) differences are also analyzed. Cloud
structure obtained from radiosonde data are compared to
those detected by the W band ARM cloud radar (WACR),
the micropulse lidar (MPL), and the Vaisala ceilometer, and
results are presented in section 4. Main conclusions are
summarized in section 5.

2. Data and Analysis Method

2.1. Data Description

[7] Sponsored by the DOE’s ARM program, the AMF was
deployed in Shouxian, Anhui Province (32.56°N, 116.78°E,
21 m above sea level) from 14 May to 28 December 2008,
in cooperation with the Institute of Atmospheric Physics of
the Chinese Academy of Sciences, the Meteorological Obser-
vation Center, and the Anhui Meteorological Bureau, China
Meteorological Administration. Shouxian, as shown in Figure 1,
is located approximately 500 km west of Shanghai, in the
Jiang-Huan prairie region between the Huai and Yanzi
rivers. The site is located at the edge of a rural town with a
population of ~50,000 and is largely surrounded by farm-
land. Its weather is influenced by the East Asian monsoon
system. The mobile facility was developed in 2005 to sup-
plement fixed site operations at the SGP, tropical Western
Pacific (TWP), and North Slope of Alaska (NSA) regions
and can be deployed anywhere in the world on a 6 month to
1 year basis.

[8] During the entire study period, Vaisala RS92 radio-
sondes were launched 4 times a day (0530, 1130, 1730, and
2330 UTC) without any major interruption. Eight-hundred
forty-two launches were made in total, of which 96.6% and
73% reached altitudes greater than 10 and 20 km, respec-
tively. The Vaisala RS92 radiosonde, which has a high
interference-resistant ability, accuracy, and temporal resolu-
tion (2 s), collected profiles of temperature, RH, pressure,
wind speed, and direction.

[v] The W Band Atmospheric Radiation Measurement
(ARM) Program Cloud Radar (WACR) is a zenith-pointing
Doppler radar that probes the extent and composition of
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clouds at 95 GHz with a minimum range resolution of 45 m.
WACR can detect cloud boundaries up to 15 km.

[10] The micropulse lidar (MPL) is a ground-based lidar
system of one channel at 532 nm that records backscatter
signals up to 20+ km, with a 30 m resolution. From the
relative backscattering signal, it is possible to determine
cloud boundaries for thin clouds and cloud base for all clouds,
as well as aerosol extinction and backscatter coefficients up
to 18 km every 3 or 4 s with a precision of +15 m.

[11] The Vaisala ceilometer (VCEIL) is a low-energy lidar
at a wavelength of 905 nm designed chiefly for detecting
cloud base heights with some potential for probing acrosols as
well. The product used here are quality-controlled cloud base
with a vertical resolution of 15 m and a temporal resolution
of 15 s. Five detection flags are included: no significant
backscatter (0), one cloud base detected (1), two cloud bases
detected (2), three cloud bases detected (3), full obscuration
determined but no cloud base detected (4), and some obscu-
ration detected but determined to be transparent (5).

[12] Both MPL and VCEIL cannot penetrate thick low-
level clouds to detect any other more layers of clouds aloft.
However, they are excellent for detecting all clouds that
are visible from the ground within their observation ranges
[Clothiaux et al., 2000]. The greatest strength of the WACR
is its ability to penetrate clouds and reveal multiple-layer
clouds but may miss some thin clouds composed of small
hydrometeors. Yet the detection of cloud base heights from
radar is often affected by the presence of large precipitation
particles, as well as insects and bits of vegetation. They are
commonly suspended in the atmospheric boundary layer,
which may be mistakenly regarded as stratus clouds.

2.2. Analysis Method

[13] The methods presented in WR95 determine cloud
locations from relative humidity profiles and use the same
minimum and maximum RH thresholds of 84% and 87%,
respectively, for all altitudes. These relative humidity pro-
files are sampled at least every 200 m. For levels with tem-
peratures lower than 0°C, the RH is computed with respect to
ice instead of liquid water. The RH profile is examined from
the surface upward to find cloud layers in five steps: (1) the
base of the lowest moist layer is determined as the level that
satisfies the two conditions: (a) minimum RH at least 84%
and (b) RH increases at least 3% from the adjacent lower
level; (2) RH is at least 84% above the base of the moist layer;
(3) the top of the moist layer is identified when RH decreases
by more than 3% and is lower than 84%; (4) the moist layer is
classified as a cloud layer if the maximum RH within this
layer is more than 87%; and (5) minimum cloud height is
set to 500 m above ground level (AGL). Five hundred meters
is chosen as the lowest possible cloud base height, because
according to statistics compiled by ground observers, low
clouds have a mean base height of 512 + 148 m. For “single-
level” clouds having the same level identified as top and base,
cloud layer top is assigned as half the distance to the next level
above and the base is at half the distance to the next level
below.

[14] The method used in WR95 was modified for use in
the analysis of cloud vertical structure over the Shouxian
region. Without knowledge of the transforming formula in
WR95, in our analysis, the RH is computed with respect to
ice instead of liquid water for levels with temperatures lower
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than 0°C following the relation proposed by Alduchov and
Eskridge [1996]. The condition that RH jumps over 3%
at the cloud base and top in WR9S5 can be easily satisfied,
because the method developed in WR95 was based on
radiosonde data with low vertical resolution. As Wang
[1997] stated, minor variations in cloud base-top and cloud
base heights occur when the RH jumps changed from 3% to
0% or from 3% to 6%. The method used in RS92 employed
radiosonde data with much higher vertical resolution (2 s).
The average radiosonde ascent is about 5 m/s. With this
vertical resolution, the distance from the level below to
cloud base and from cloud top to the level above is about 10 m
(5 m/s x 2 s). The RH 3% jump threshold at cloud base and
top is difficult to meet within such a short distance, so this test
is discarded. The limitation on minimum cloud thickness for
low and middle/high clouds was more than 30.5 and 61.0 m
in PWRO95, respectively, but there was no limitation on
cloud thickness in WR95. To reduce the possibility of mis-
classifying thin clear moist layers as clouds, the minimum
thickness limitations described in PWR95 are kept. For the
reason of high vertical resolution data from RS92, the single-
level, defined as in WR95 analysis, is about 10 m in thick-
ness. Thus, in our analysis, the single-level cloud layers are
excluded by the minimum thickness limitations mentioned
above. For a field of scattered cumulus clouds, RH may
be lower when a radiosonde passes through a cloud gap. So
it is possible to misclassify a cloud layer consisting of scat-
tered clouds as multilayer clouds using the minimum RH
thresholds (hereafter min-RH) and maximum RH thresholds
(hereafter max-RH). To reduce this possibility, if the distance
between two contiguous layers is less than 300 m or the min-
imum RH within this distance (hereafter inter-RH) is slightly
less than min-RH, the two layers are considered as one-layer
cloud.

[15] Setting the lowest cloud base at 500 m AGL, as in
WR95, may not be applicable for data from Shouxian,
because this value was based on observations from another
location. A more suitable value was found using ceilometer
data collected at Shouxian. Because of its high resolution,
ceilometer data are generally used to retrieve base heights of
low-altitude clouds. The highest frequency is at about 280 m
for cloud bases lower than 500 m from ceilometer data at
Shouxian. However, the lowest cloud base height from the
MPL preliminary cloud base product is about 450 m. Given
the higher vertical resolution of ceilometer data, the lowest
cloud base height is set at 280 m. Shouxian is located in
southern China, which is humid during the rainy warm sea-
son. Moist layers near the surface are associated with fog,
drizzle, or rain. Given the difficulty in discriminating these
hydrometeors from sounding data, they are discarded in our
statistics. To remove these near-surface moist layers with no
clouds, moist layers with bases lower than 120 m and thick-
nesses less than 400 m are excluded.

[16] The WR95 method is able to detect virtually all low
clouds, but with a large commission error of about 10%.
Five percent of the time, the method classified some cloud-
free moist layers as clouds and missed high and thin clouds
[Wang, 1997]. In order to overcome the problem of false
detection near the surface, Wang et al.’s [1999] method
increased the RH thresholds at the bottom and top of a
potential cloud layer from 84% to 90% and from 87% to 93%,
respectively. Naud et al. [2003] speculated that better cloud
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Table 1. Summary of Height-Resolving RH Thresholds
Height-Resolving RH Thresholds

Altitude Range min-RH max-RH inter-RH
0-2 km 92%-90% 95%-93% 84%-82%
2-6 km 90%—-88% 93%—-90% 80%—78%
6-12 km 88%—75% 90%—-80% 78%—-70%
>12 km 75% 80% 70%

boundaries might result from the WR9S5 study if the RH
thresholds were larger at low altitudes and smaller at high
altitudes. Slingo [1980] defined different thresholds for low-,
mid-, and high-level clouds for a numerical model cloud
parameterization. Analyzing ceilometer and radiosonde RH
data for broken clouds at the ARM SGP site, Han and
Ellingson [2000] found that the RH threshold decreases at
cloud base as the altitude of the cloud increases at least up to
heights of 2.5 km. Chernykh [1999] confirmed that this holds
for all cloud layers. It is thus necessary to take into account the
altitude dependence of RH at cloud bases in order to deter-
mine cloud boundaries more accurately. To this end, the min-
RH, max-RH, and inter-RH are set to decrease linearly with
height, and their values are shown in Table 1.

[17] The modified cloud detection algorithm is thus
summarized as follows using the height-resolving thresh-
old of max-RH, min-RH, and inter-RH values specified in
Table 1. Before applying any test, RH is first transformed
with respect to ice instead of liquid water for all levels with
temperatures below 0°C, which is then examined to identify
cloud layers in eight steps: (1) the base of the lowest moist
layer is determined as the level when RH exceeds the min-
RH corresponding to this level; (2) above the base of the
moist layer, contiguous levels with RH over the corre-
sponding min-RH are treated as the same layer; (3) the top
of the moist layer is identified when RH decreases to that
below the corresponding min-RH or RH is over the corre-
sponding min-RH but the top of the profile is reached,
(4) moist layers with bases lower than 120 m and thicknesses
less than 400 m are discarded; (5) the moist layer is classified
as a cloud layer if the maximum RH within this layer is greater
than the corresponding max-RH at the base of this moist
layer; (6) the base of cloud layers is set to 280 m AGL, and
cloud layers are discarded if their tops are lower than 280 m;
(7) two contiguous layers are considered as a one-layer cloud
if the distance between these two layers is less than 300 m or
the minimum RH within this distance is more than the max-
imum inter-RH value within this distance; and (8) clouds are
discarded if their thicknesses are less than 30.5 m for low
clouds and 61 m for middle/high clouds.

[18] A summary of the tests used in WR95 and in this
study is given in Table 2.

3. Analysis of Cloud Layers Determined
From Radiosonde Profiles

3.1.

[19] The modified method was applied to data from
radiosonde launches, which had a maximum detection alti-
tude of over 10 km. A total of 1363 cloud layers were iden-
tified in Shouxian during the AMF deployment. The average
RH gradients at the cloud base and top are 1.4% and —3.1%

Vertical Distribution of Cloud Layers
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per 10 m, respectively. The frequency distribution of maxi-
mum observation altitudes is shown in Figure 2a, and the
numbers of occurrence for single-layer and multilayer clouds
are shown in Figure 2b. Cloud-free cases and one to three
cloud layers account for 21.5%, 28.0%, 25.8%, and 13.9% of
all cases, respectively. The rest (about 11%) are cases where
there are more than three cloud layers.

[20] Clouds are classified into four groups: (1) low clouds
with bases lower than 2 km and thicknesses less than 6 km;
(2) middle clouds with bases ranging from 2 to 5 km;
(3) high clouds with bases greater than 5 km [Lazarus et al.,
2000]; and (4) vertically developed clouds (hereafter called
deep convective clouds) with bases less than 2 km and thick-
nesses greater than 6 km. These four types of clouds account
for 20.1%, 19.3%, 59.5%, and 1.1% of all cloudy cases,
respectively. High clouds occurred most frequently.

[21] The mean vertical locations and cloud thicknesses for
the four types of clouds are shown in Figure 3. Except for
the deep convective clouds, the middle clouds are thickest
(~2200 m), and the thicknesses of low and high clouds are
similar.

[22] The average cloud base height, cloud top height, and
cloud thickness for one to three cloud layers are shown in
Figure 4. Note that single-layer clouds are generally located
at altitudes that fall somewhere between the altitudes of
the two- and three-layer cloud configurations. Single-layer
clouds are thicker than the cloud layers forming multi-
layer clouds with a mean difference of —867 m, and upper layer
clouds are thicker than lower layer clouds in multiple-
layer cloud configurations. This may be due to interactions
between the different layers of cloud. This feature might
also be associated with the strong reduction in longwave
radiative (LW) cooling at the top of the lower layer of cloud
in the presence of upper layers of cloud [Wang et al., 1999;
Chen and Cotton, 1987].

[23] Cloud layers with thicknesses less than 2 km occurred
most frequently for all clouds. For single-layer clouds and the
upper layer of two-layer clouds, the majority of cloud bases
range from 5 to 9 km, respectively. The majority of cloud top
heights for single-layer clouds and the upper layer of two-
layer clouds range from 7 to 12 km. In the two-layer cloud
configuration, the thickness of the upper level cloud layer is
larger than that of the lower level cloud. The thicknesses of
upper level clouds are about the same as those of single-layer
clouds. In the three-layer cloud configuration, the base and

Table 2. Summary of the Cloud Determination Method Presented
in WR95 and the Modified Method Used in This Study

Judgments Methods WR95 Modified Method
Height resolution of radiosonde Low High
data
Max-RH, Min-RH The same at As a function of
all altitudes altitude
RH jump at cloud base/top 3% -
Judgment of two contiguous - Judged by the
layers distance or
inter-RH
Lowest cloud base 500 m 280 m
Thickness for low/(middle - 30.5/61 m
and high) clouds
Single layers Kept Discarded
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Figure 2. (a) Frequency distribution of maximum altitudes attained by radiosondes after launch.
(b) Frequency of occurrence and percentage of different cloud layers.

top heights of the lowest layer of cloud are similar to those of
the lowest layer of cloud in a two-layer cloud configuration.

3.2. Diurnal Variations of Cloud Layers

[24] Much research has focused on the diurnal variation of
cloud layers [Wang et al., 1999; Minnis and Harrison, 1984;
Blaskovic et al., 1991; Dong et al., 2006]. Along the same
vein, the diurnal variation of cloud layers at the AMF-China
is also studied and is based on measurements from four
radiosonde launches per day. The average diurnal variations

for one-layer clouds, two-layer clouds, and three-layer
clouds are shown in Figures 5a—5c, respectively.

[25] The most notable variations for single-layer clouds
and the uppermost layer of multiple layers of cloud occur
between 1330 local standard time (LST) and 1930 LST,
with cloud tops and thicknesses reaching a maximum at
1930 LST. The lower layers of cloud in multiple-layer cloud
configurations show the greatest variations between 730 LST
and 1330 LST, with cloud tops and thicknesses reaching a
maximum at 1330 LST. The thickness variations are larger in
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Figure 3. Mean locations and thicknesses of all cloud layers, low cloud layers, middle cloud layers, high
cloud layers, and deep convective clouds. H,, H,, AH (units in m), and N are the mean cloud base height,
mean cloud top height, mean thickness, and number of each type of cloud, respectively.
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Figure 4. Mean locations of one-, two- and three-layer clouds. H}, and H, are the mean cloud base
height and cloud top height for each cloud type, respectively. AH is the mean thickness of one-layer
clouds; g is the difference in thickness between each layer of cloud in a multilayer cloud configuration

and one-layer clouds. Units are in meters.

the uppermost layers of cloud than in the lower layers of cloud
when multiple layers of cloud are present. The following
hypothesis is put forward here in an attempt to explain
the observed phenomenon from the perspective of radiative
energy exchanges that affect the thermodynamic state of
cloud layers. While realizing that dynamics play an important
role in cloud development, we believe that for long-term

mean results presented here, radiative effects are more
dominant. From the viewpoint of thermodynamics, cloud
maintenance and development is also modulated by adiabatic
processes, namely solar heating and longwave (LW) radiative
cooling. The important role of radiative effects in the evolu-
tion of various clouds was investigated by Guan et al. [1997].
Near noontime (~1330 LST), solar heating is so strong that
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Figure 5. Diurnal variations of one-, two-, and three-layer clouds.
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Table 3. Cloud Layer Frequency in Summer and Autumn
Number of Total Number of Number of Number of Number of
Season Radiosonde Launches Cloud Layers Detected One-Layer Clouds Two-Layer Clouds Three-Layer Clouds
Summer 369 741 79 105 61
Autumn 369 485 115 80 40
Summer-Autumn® 0 256 =36 25 21

#Summer-autumn is the difference between summer and autumn observations.

(1) evaporation of cloud drops may occur and (2) atmospheric
stability may increase thus suppressing cloud development.
These damping effects were also demonstrated by Rogers and
Koracin [1992]. So near noontime, the vertical development
of single-layer clouds and the vertical development of the
uppermost layer of multiple layers of cloud are suppressed
due to solar heating. However, for lower layers of cloud in a
multiple-layer cloud configuration, solar heating is greatly
reduced because of the absorption and scattering processes of
the upper layers of cloud. The ground surface is warmer than
any cloud layer so through the exchange of LW radiation, the
cloud base gains more energy. This facilitates cloud devel-
opment and leads to a maximum in cloud altitude and thick-
ness at 1330 LST. As the Sun sets, LW radiative cooling starts
to dominate over shortwave (SW) radiative warming. Cloud
top temperatures begin to lower, which increases atmospheric
instability and fuels the development of single-layer clouds
and the uppermost layer of cloud in multiple-layer cloud
configurations. At sunset, solar heating diminishes and LW
cooling strengthens, which may explain why there is a peak
at 1930 LST in the location of the cloud top of single-layer
clouds and the uppermost layer of multiple layers of cloud.
The resulting stability dampens the development of lower
layers of cloud between 1330 LST and 1930 LST. For multi-
layer clouds, the magnitude of LW energy exchange between
the layers is much smaller than between clouds and the sur-
face, which may explain why low-level cloud top heights
decrease with increasing number of cloud layers, as shown in
Figure 5. The exchange of LW radiation between a cloud base
and a lower level cloud or the surface also helps explain why
there is no peak in cloud top height at night. Continual cooling
of cloud tops due to LW emission would increase atmo-
spheric instability during the nighttime. This effect is weak-
ened by the decreasing gain of LW energy at the cloud base
due to the cooling of the surface or the cloud top of the lower
clouds. Modeling studies may confirm this hypothesis.

3.3. Comparison of Cloud Layers Occurring
in Summer and Autumn

[26] In order to analyze cloud variations in different sea-
sons, cloud layer configurations in summer and autumn are
compared. Summer observations are defined as observations
made during the months of June, July, and August and
autumnal observations are defined as observations made dur-
ing the months of September, October, November, and the
first half of December. An instrument breakdown occurred
during the middle of September so observations made in
December are included in order to cover the same amount of
time as summer observations. The average, maximum, and
minimum temperatures in November are 11.7°C, 25.8°C,
and —3.5°C, respectively, and for the first half of December,
they are 7.6°C, 22.7°C, and —5.2°C, respectively. Given the
small change in temperature during these two periods, it is

reasonable to substitute missing observations in September
with those from the first half of December. Cloud layer fre-
quencies during the two seasons are given in Table 3.

[27] There are a greater number of cloud layers present
during the summer than during the fall, suggesting that the
development of multilayer clouds is favorable under warm
and moist summer atmospheric conditions.

[28] There is little change in the average thickness of all
clouds from summer to autumn. Cloud base and cloud top
heights are higher in summer than in autumn. Cloud base
and cloud top heights of the lowest layers in the two- and
three-layer cloud configurations are closer to the surface in
the summertime. However, the single-layer clouds and higher
layers of the two- and three-layer clouds are located higher
in the atmosphere during the summer.

4. Comparisons of Cloud Detection Using
Different Instruments

[29] Differences in cloud boundaries derived from radio-
sonde and ground remote sensors are identified and compared.

4.1. Comparisons Between Radiosonde and WACR
Cloud Boundaries

[30] The 95 GHz WACR was deployed at AMF-China
from 15 October to 15 December 2008. Cloud statistics
were not compiled from this cloud radar data set because not
enough samples were obtained. However, the instrument’s
superior and more direct observational capability allows
us to evaluate the radiosonde-based product. Even though a
small number of observations were obtained, measurements
from the WACR provided the first ever direct observation of
clouds in China.

[31] ARM-developed cloud value-added products from
the WACR are currently unavailable so contour plots of
the distribution of clouds determined from RH measured
by radiosondes and reflectivity measured by the WACR
are shown in Figure 6. A macroscopic inspection of clouds
detected from radiosonde profiles and by WACR shows
that, although the two methods detect similar clouds, dis-
crepancies emerge at a more detailed level. To latitudes above
12 km, there are several thin clouds in the radiosonde obser-
vations, which are not detected by the WACR. There are three
possible reasons for this difference. First, objects detected
by the radiosonde and WACR may be different because
of radiosonde drift. Second, the method used to determine
clouds from radiosonde observations may misclassify some
clear moist layers as clouds or miss clouds altogether. Third,
the WACR may fail to detect thin cloud layers [Comstock
et al., 2002; Clothiaux et al., 2000].

[32] Figure 7 shows one case where four layers of cloud
were detected by both instruments. A radiosonde was launched
on 18 October at 1727 LST and reached an altitude of 14 km
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Figure 6. Cloud distributions measured by the (a) radiosonde and (b) reflectivity measured by the

WACR.

at 1815 LST; the resulting RH profile is shown in Figure 7
(left). The radar reflectivities measured by the WACR are
shown in Figure 7 (right). The solid red and black lines delin-
eate radiosonde-measured cloud base and cloud top heights,
respectively. The radiosonde classification of four layers of
cloud is in good agreement with the WACR results.

4.2. Comparisons Between Radiosonde
and MPL-Retrieved Cloud Boundaries

[33] The locations of cloud bases from radiosonde obser-
vations and from the MPL preliminary cloud base product

were compared. Two factors were taken into account before
comparing both data sets. First, the MPL may fail to detect
upper cloud layers because of light extinction by lower layers
of cloud so comparisons of data from the two instruments
should not be limited to a particular time, but should be made
during a time range. Second, the length of time a radiosonde
spends taking measurements during its ascent in the atmo-
sphere is about one and a half hours. So taking into account
the two factors stated above and the difference caused by a
drifting balloon and the fixed MPL, cloud base heights lower
than 15 km, as determined by the radiosonde, are used for

14 — ; .
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Figure 7. Detection of four layers of cloud by (left) the radiosonde and (right) the WACR. The solid red
and black lines delineate radiosonde-measured cloud base and cloud top heights, respectively. In Figure 7
(left), the dark green line represents RH with respect to water, the blue line represents RH with respect to
ice for levels with temperatures less than 0°C, and cyan and green lines represent the constant minimum
and maximum RH thresholds of 84% and 87% reported in WR95. Sienna, purple, and pink lines represent
inter-RH, min-RH, and max-RH thresholds as a function of altitude.
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Figure 8. (a) Comparison of radiosonde and MPL cloud base heights. (b) Frequency distribution of

cloud base height differences (Radiosonde-MPL).

comparison with the MPL preliminary cloud base product
taken between 1 h before the balloon launch and 2 h after the
launch. It is difficult to judge whether both instruments are
detecting the same cloud layer or not. To ensure that both
instruments are detecting the same cloud layer during a par-
ticular time period, MPL-derived cloud base results with the
smallest absolute differences from radiosonde cloud base
results are selected.

[34] On the basis of this, 1350 matched cloud layers are
compared, accounting for 99.1% of all samples. The scatter-
plot of MPL cloud base heights as a function of radiosonde
cloud base heights is shown in Figure 8a. Colored dots
represent different radiosonde drift distances (DD). The
frequency distribution of differences between radiosonde-
derived and MPL-derived cloud base heights is shown in
Figure 8b.

[35] Overall, cloud base heights detected by the two
instruments agree very well, as indicated by the cluster of
points along the 1:1 line; the correlation coefficient is 0.90.
The outlier data near the 280 m point of the x axis corre-
sponds to near-surface moist layers misclassified as cloud
by the radiosonde. The absolute differences in cloud base
heights from radiosonde and MPL data are less than 500 m
for 77.1% of the cases analyzed. Of these cases, the average
absolute difference is 90 m; the radiosonde tends to detect
lower cloud bases. If the data cluster near the 280 m line is
removed, the average absolute difference and bias between
radiosonde and MPL cloud base heights are 503 and —226 m,
respectively, and the correlation coefficient is now 0.93.
The agreement between radiosonde-measured and MPL-
retrieved cloud base heights is much better when the data
cluster near the 280 m line is removed.

[36] There are still some cases where the cloud base
heights derived from radiosonde and MPL measurements
have large differences. Aside from errors in the radiosonde
cloud detection method, there are three major factors that

may explain these discrepancies. One factor involves bal-
loon drift. Most balloon drift distances are more than 20 km
with a maximum of about 200 km; drift distances between
20 and 200 km account for 70.6% of all cases. For greater
than the 10 km point of the x axis in Figure 8a, there are
several points with large differences. Radiosonde drift dis-
tances represented by these points are generally more than
30 km, which will affect the agreement between clouds
results derived from the two instruments. Another factor
involves the macro- and microphysical nature of lower level
cloud layers. If the lower cloud layers are optically thick,
upper layer clouds cannot be detected due to light extinction
[McGill et al., 2004]. The third factor is the dry bias at high
altitudes that exists in RH measurements made by RS92
radiosondes [Miloshevich et al., 2009]. Cloud layers at these
altitudes might be missed by the radiosonde cloud deter-
mining method because of this dry bias.

4.3. Comparisons Between Radiosonde and Ceilometer
Cloud Bases

[37] The ceilometer installed in the AMF can detect cloud
bases lower than 8 km and can simultaneously detect up to
three cloud layers. Radiosonde-measured cloud configura-
tions with no more than three layers and with bases located
below 7 km or the lowest three layers of multilayered clouds
with bases located below 7 km were selected for compari-
son with ceilometer measurements. Five-hundred sixty-four
matched cloud layer cases were identified from radiosonde/
ceilometer observations. Figure 9 shows the scatterplot
of ceilometer-measured cloud base height as a function of
radiosonde-measured cloud base height and the frequency
distribution of the differences between radiosonde-measured
and ceilometer-measured cloud base heights. There is less
agreement between cloud base heights measured by radio-
sonde and ceilometer than was seen in the comparisons
between radiosonde and MPL measurements; the correlation
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Figure 9. (a) Comparison of radiosonde and ceilometer cloud base heights. (b) Frequency distribution of
cloud base height differences (Radiosonde-Ceilometer).

coefficient is 0.67. Radiosonde-detected cloud base heights
appear systematically higher than those detected by the
ceilometer. The average absolute difference between radio-
sonde and ceilometer measurements of cloud base heights
is 990 m. The bias of 810 m indicates that the cloud base
heights determined by radiosondes are higher than those mea-
sured by the ceilometer. Comparing Figure 9a with Figure 8a,
there appears to be better agreement between radiosonde and
ceilometer near-surface cloud detection. About 68.4% of the
cases have absolute differences in cloud base heights within
500 m, which is less than the percentage of similar cases
seen in comparisons between radiosonde and MPL data. Of

these cases, the average absolute difference in cloud base
heights is 97 m, and the bias is =58 m.

[38] Most of the scatter in Figure 9a corresponds to cases
where radiosonde-measured cloud bases are higher than
those measured by the ceilometer. The following two factors
may explain the large discrepancies: (1) the presence of
thick lower level clouds and fog, which affects the detection
of upper level clouds by the ceilometer [Clothiaux et al.,
2000], and (2) balloon drift. The frequency distribution
of differences between radiosonde and ceilometer cloud
base locations is shown in Figure 10. Figure 10a represents
single-layer clouds and the lowest layers from two- and
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(a)lst M
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40 1 L
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[ ===

]

0
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Figure 10. Frequency distribution of differences between radiosonde and ceilometer results for (a) first-

layer, (b) second-layer, and (c) third-layer cloud.
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three-layer cloud configurations and Figure 10b represents
the highest layer from a two-layer cloud configuration and
the middle layer of cloud in a three-layer cloud configu-
ration. Figure 10c represents the highest layer of cloud in
a three-layer cloud configuration. The frequency of differ-
ences within £500 m for the first, second, and third layers
of cloud is 89.4%, 36.0%, and 27.5%, respectively. Balloon
drift distributions are shown in Figure 11, where the solid
line represents balloon drift for cases where the absolute
difference between the radiosonde and ceilometer cloud base
heights is at most 500 m (AH < 500 m) and the dashed line
represents balloon drift for cases where the absolute differ-
ence is larger than 500 m (AH > 500 m). It is clearly seen that
the absolute difference between the radiosonde and ceilom-
eter cloud base heights increases as the balloon drifts further
(solid line to dashed line).

4.4. Comparisons Between MPL-Retrieved
and the Ceilometer-Measured Cloud Bases

[39] Data are collected from both instruments at a high
temporal resolution so only a portion of the data was selected
in this analysis. Ceilometer-derived and MPL-derived cloud
base results obtained during a 1 h period from the time of
each radiosonde launch are selected. About 82.2% of the
cases have absolute differences in cloud base heights within
500 m. Reasonable agreement is existed for much of the data,
although there appears to be a systematic bias. A notice-
able feature is that the MPL tends to retrieve higher cloud
base heights than does the ceilometer. The ceilometer may
fail to detect cloud layers higher in the atmosphere because
the instrument uses a low energy beam that fades out much
quicker than the MPL. Also moist layers near the surface
are more often classified as clouds by the ceilometer than by
the radiosonde or MPL. Algorithm differences can also yield
biases in reported cloud base heights. One algorithm may
identify a particular atmospheric structure as being a cloud
layer, while another algorithm may not. The MPL uses a
threshold variation method to identify the cloud bottom, and
the ceilometer uses a calculated vertical visibility threshold of

100 m. This means that the ceilometer will not classify thin
cloud regions that the MPL would identify.

[40] Different measurements of the cloud base heights of
the cloud layers shown in Figure 7 are summarized in Table 4.
The bias in cloud base height is largest between radiosonde
and ceilometer measurements in this particular cloud case.
Cloud boundaries determined by the radiosonde are more
accurate if cloud layers are thicker.

5. Conclusions

[41] Knowledge of cloud vertical distribution is key for
meteorological and climate studies. Direct observation of
cloud vertical structure on a global scale has been inferred
from CloudSat but the amount of information gleaned from
this spaceborne platform is scanty because of its nadir view.
Taking advantage of extensive measurements acquired dur-
ing the AMF deployment at Shouxian, Anhui province from
May to December of 2008, statistics regarding cloud vertical
distribution at this site are presented. This is the first time in
China that cloud boundaries derived from high temporal and
vertical resolution radiosonde data have been compared to
those derived from a suite of ground-based active sensors
including cloud radar, micropulse lidar, and cloud ceilometer.
Such rich information regarding cloud vertical distribution is
unprecedented in the region.

Table 4. Cloud Base Heights Measured by Radiosonde, Ceilometer,
and MPL Instruments®

Cloud Layer Base Radiosonde MPL Ceilometer R-M R-C M-C

Lowest layer base 186 555 1036 -369 -850 —481
Second layer base 4552 4707 5304 -155 =752 =597
Third layer base 7111 7180 -69

Highest layer base 10414 10388 26

“R-M, R-C, and M-C are the differences between the radiosonde and
MPL measurements, radiosonde and ceilometer measurements, and MPL
and ceilometer measurements, respectively. Units are in meters. R-M
average = —141; R-C average = —801; M-C average = —539.
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[42] The cloud detection method used in this study is based
on the works of PWR95 and WR95 with some modification
for application to data collected at Shouxian. The detection
algorithm begins with the transformation of RH with respect
to ice instead of liquid water for all levels with temperatures
below 0°C. The RH profile is then examined to identify cloud
layers following a series of tests based on both previous
studies as well as modifications made in this study by virtue
of active remote sensing data acquired at the site.

[43] Applying the detection method to 842 individual
radiosonde atmospheric profiles, we derived the first com-
prehensive cloud vertical structure data set in China. The
main findings are summarized as follows:

[44] 1. There were 1363 individual cloud layers identified
from 14 May to 28 December 2008. One-, two-, and three-
layer cloud configurations account for 28.0%, 25.8%, and
13.9% of the total samples, respectively. The percentage of
low, middle, high, and deep convective clouds are 20.1%,
19.3%, 59.5%, and 1.1%, respectively, with high cloud layers
being most prevalent.

[45] 2. Concerning all clouds, low clouds, middle clouds,
and high clouds, their average cloud base heights are 5912,
714, 3558, and 8528 m, respectively. The mean cloud top
heights are 7639, 2146, 5770, and 10042 m, respectively. The
mean cloud thicknesses are 1727, 1432, 2212, and 1514 m,
respectively.

[46] 3. The thicknesses of lower layers of clouds in a
multilayer cloud are all smaller than the thicknesses of single-
layer clouds with a mean difference of —867 m.

[47] 4. Maximum values of cloud top height and cloud
thickness occurred at 1930 LST for single-layer clouds and
for the uppermost layer of cloud in multiple-layer cloud
configurations and at 1330 LST for the lowest layer of cloud
in multiple-layer cloud configurations. The diurnal variations
of the thickness of upper level clouds are larger than those of
lower levels of clouds when multilayer clouds are present.

[48] 5. In general, the thickness of cloud layers does
not change from summer to autumn. However, multilayer
clouds are more frequent in the summer and cloud base and
top heights are larger during the summertime than during the
fall season.

[49] 6. Cloud detection based on radiosonde measure-
ments compares very favorably with WACR image data
except for a few cases where the WACR failed to detect thin
clouds. The absolute differences in cloud base heights from
radiosonde and MPL/ceilometer comparisons are less than
500 m for 77.1%/68.4% of the cases analyzed. The ceilometer
fails to detect upper cloud layers due to the fast light extinc-
tion at lower altitudes.
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