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ABSTRACT

By using the radiosonde measurements collected at Shouxian, China, we examined the dynamics and thermodynamics
of single- and two-layer clouds formed at low and middle levels. The analyses indicated that the horizontal wind speed above
the cloud layers was higher than those within and below cloudlayers. The maximum balloon ascent speed (5.3 m s−1) was
located in the vicinity of the layer with the maximum cloud occurrence frequency (24.4%), indicating an upward motion (0.1–
0.16 m s−1). The average thickness, magnitude and gradient of the temperature inversion layer above single-layer clouds were
117±94 m, 1.3±1.3◦C and 1.4±1.5◦C (100 m)−1, respectively. The average temperature inversion magnitude was the same
(1.3◦C) for single-low and single-middle clouds; however, a larger gradient [1.7±1.8◦C (100 m)−1] and smaller thickness
(94±67 m) were detected above single-low clouds relative to those above single-middle clouds [0.9±0.7◦C (100 m)−1 and
157±120 m]. For the two-layer cloud, the temperature inversion parameters were 106±59 m, 1.0±0.9◦C and 1.0±1.0◦C
(100 m)−1 above the upper-layer cloud and 82±60 m, 0.6±0.9◦C and 0.7±0.6◦C (100 m)−1 above the low-layer cloud.
Absolute differences between the cloud-base height (cloud-top height) and the lifting condensation level (equilibrium level)
were less than 0.5 km for 66.4% (36.8%) of the cases analyzed in summer.
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1. Introduction

Clouds affect the radiation budget of the Earth’s atmo-
sphere mainly through reflecting the incoming solar radia-
tion, absorbing the upwelling infrared radiation, and then
re-emitting it at local temperatures (Trenberth et al., 2009).
Therefore, the radiative heating/cooling caused by cloud ver-
tical distribution of single- or multi-layered clouds couple
strongly with atmospheric dynamics, thermodynamics and
the hydrological cycle (Del Genio et al., 2005; Kalesse and
Kollias, 2013; Kunnen et al., 2013). Despite their signifi-
cance, representation of clouds in global climate models isfar
from realistic due to inadequate understanding of the underly-
ing dynamic and physical processes (Stephens, 2005; Tao et
al., 2012) and considerable variations in cloud amount in both
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the vertical and horizontal directions (Zhang et al., 2005;Xi
et al., 2010). The cloud feedback effects associated with cli-
mate changes have also been recognized as introducing the
largest uncertainty in using models to project future climate
changes (IPCC, 2007, 2013).

Sherwood et al. (2014) highlighted the importance of low
clouds and the associated feedbacks in affecting climate sen-
sitivity. Compared to low and high clouds, less attention is
paid to mid-level clouds because they do not produce sig-
nificant amounts of rain or snow (Sassen and Wang, 2012).
However, mid-level clouds impact both the energy budget and
vertical profile of heating in the atmosphere. In addition, the
effects of radiative and latent heating of mid-level cloudsare
highly uncertain due to a lack of information about both their
frequency and phase (Riihimaki et al., 2012).

Extensive surface stations, such as those developed by the
Atmospheric Radiation Measurement (ARM) program (e.g.,
Li et al., 2005; Mace and Benson, 2008) and Cloudnet in Eu-
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rope (e.g., Haeffelin et al., 2005; Illingworth et al., 2007),
which are well equipped with ground-based remote sensing
instruments, can provide information on the cloud proper-
ties over the sites (Zhao et al., 2011, 2012). In addition
to ground-based instruments, balloon-mounted radiosondes
can penetrate cloud layers and thus providein situ measure-
ments of clouds, which, together with observational temper-
ature, humidity and pressure profiles, can be used to study
atmospheric thermodynamic and dynamic processes (Man-
zato, 2007; Kollias et al., 2009). Radiosonde data with high
accuracy and vertical resolution have also been widely de-
ployed to determine the locations and boundaries of cloud
layers (e.g., Poore et al., 1995). Wang and Rossow (1995)
used relative humidity (RH) profiles to obtain the cloud ver-
tical structure. Chernykh and Eskridge (1996) developed a
cloud detection method based on the second-order deriva-
tives of temperature and RH with respect to height. Cloud
boundaries are defined if at least one of the two second-order
derivatives is zero. Using radiosonde data, many studies have
analyzed cloud vertical structure (e.g., Chernykh et al., 2000;
Wang et al., 2000; Minnis et al., 2005), but few have been val-
idated due to a lack of trustworthy and/or independent prod-
ucts (e.g., Wang et al., 1999; Naud et al., 2003).

As part of a major U.S.–China joint field experiment, the
East Asian Study of Tropospheric Aerosols and their Im-
pact on Regional Climate (Fan et al., 2010; Li et al., 2011),
an ARM mobile facility (AMF) was deployed at Shouxian,
China in 2008. Using a modified version of the method de-
scribed by Wang and Rossow (1995), the radiosonde data
obtained from the AMF campaign were used to derive the
vertical cloud distributions (Zhang et al., 2010). Zhang et
al. (2013) further carried out an extensive validation of the
cloud retrieval method against a ground-based remote sens-
ing method at multiple ARM sites located in different climate
regimes. It was found that the cloud layers derived from the

two methods agreed well at the Southern Great Plains (SGP)
site located in the midlatitudes; however, the radiosonde
tended to detect more cloud layers in the upper troposphere
at the tropical western Pacific and north slope of Alaska sites.

As mentioned, many previous studies have focused on
the detection of cloud appearance from radiosonde measure-
ments. However, radiosonde data with high vertical reso-
lution also provide a good opportunity to study the dynam-
ics and thermodynamics of clouds, but very few attempts of
this type have been made. The dynamic and thermodynamic
parameters of clouds can be derived fromin situ measure-
ments by the radiosonde of temperature, RH and wind vector
with high vertical resolution, and its balloon’s speed of as-
cent. More importantly, analysis of the dynamics and ther-
modynamics of clouds can be performed based on the cloud
detection result; therefore, we can explore the potential dif-
ferences in these parameters within, below and above clouds.
This was the aim of the present reported study. This objec-
tive was achieved by analysis of the dynamic and thermody-
namic characteristics within, below and above low and mid-
dle clouds, which were derived from the radiosonde data dur-
ing the AMF-China campaign. A schematic representation of
the analysis procedures is shown in Fig. 1. To achieve this
objective, dynamic features, temperature distributions and
their inversion structures, convective available potential en-
ergy (CAPE), the lifting condensation level (LCL), and equi-
librium level (EL) were calculated from the radiosonde mea-
surements. Although CAPE is not a true measure of instabil-
ity, it is still widely deployed as a predictor of atmospheric
instability (Sobel et al., 2004). The LCL is a critical point
for convection activities because saturation is required to re-
alize the instability; therefore, it is often used to estimate the
cloud-base height (Craven et al., 2002). The EL is gener-
ally taken as an important parameter for forecasting the con-
vection cloud-top height in short-term forecasts. The results
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Fig. 1. Schematic representation of the dynamic and thermodynamicstudy procedures below, within
and above clouds.∆H denotes the thickness of cloud layers shown by the gray rectangular areas, and
∆z is the distance between two-layer clouds.
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should be beneficial for further understanding of the dynam-
ics and thermodynamics of clouds and their neighboring en-
vironment. Potential difference in dynamics and thermody-
namics between the cloud layers and clear regions can also
help to interpret climate model simulations.

The paper is organized as follows: Section 2 describes the
data and algorithms. A detailed investigation of the dynamic
and thermodynamic characteristics within, below and above
clouds over the AMF-China site is presented in section 3. A
discussion and conclusions are provided in section 4.

2. Data and methodology

2.1. Data description

The AMF-China site at Shouxian, Anhui Province
[(32.56◦N, 116.78◦E); 21 m above sea level] was in opera-
tion from 14 May to 28 December 2008. The observation
period can be divided into two parts: (1) the May-to-August
Mei-yu season, which is characterized by high humidity and
frequent precipitation events associated with the East Asian
monsoon system; and (2) the September-to-December dry
season. During the campaign period, Vaisala RS92-SGP ra-
diosondes were launched four times a day at 0130, 0730,
1330 and 1930 LST. Profiles of temperature, RH, pressure,
wind speed and wind direction at heights from the surface to
generally higher than 10 km were measured.

In addition to the radiosonde measurements, ground-
based active remote sensing instruments, such as a Vaisala
ceilometer and a Micropulse Lidar (MPL) were also em-
ployed to detect clouds during the entire campaign period of
AMF-China. Furthermore, a 95 GHz W-band ARM cloud
radar (WACR) that can detect multiple cloud layers was in-
stalled from 15 October to 15 December 2008. By combining
observations from the cloud radar, the MPL and the ceilome-
ter, the Active Remote Sensing of Cloud (ARSCL) value-
added product (VAP) was generated by the ARM scientists
to provide cloud boundaries with the best possible accuracy
(Clothiaux et al., 2000; Kollias et al., 2009). The ARSCL
VAP has a temporal resolution of five seconds and a vertical
resolution of 45 m. Up to 10 cloud-layer boundaries can be
identified in the ARSCL VAP product. Table 1 illustrates the
various datasets and their applications in locating the cloud
layers. In this study, we mainly used the radiosonde data to
derive the cloud layers and then investigated the dynamics
and thermodynamics associated with the cloud layers. The
ARSCL data were employed to aid the radiosonde measure-
ments to locate the cloud layers if they were available.

2.2. Method

2.2.1. Cloud detection and classification using radiosonde
data

We used the radiosonde-based cloud retrieval algorithm
of Zhang et al. (2013), which was modified from Wang and
Rossow (1995), to detect cloud boundaries. The algorithm
employed three height-resolving RH thresholds to determine
cloud layers, i.e., the minimum and maximum RH thresholds
in cloud layers, as well as the minimum RH threshold within
the distance of two neighboring cloud layers. A detailed de-
scription of the algorithm can be found in Zhang et al. (2013).

Low clouds were defined by their bases being lower than
2 km and their thicknesses less than 6 km. Clouds with their
bases ranging from 2 to 5 km were defined to be middle
clouds. Only single- and two-layered low and middle clouds
are discussed in this paper. The cloud-free layers above and
below clouds were defined as follows: For the single-layer
cloud, the cloud-free layer above the cloud layer was deter-
mined as the layer ranging from the cloud top upwards to half
of the cloud thickness (∆H) level (Fig. 1). Below the cloud
layer it was defined in a similar way but ranging from the
cloud base downwards to the∆H/2 level. If the distance be-
tween the cloud base level to the surface was less than∆H/2,
it was determined to be from the cloud base downwards to the
surface. For cases with two-layer clouds, the cloud-free layer
below the higher cloud layer was set to be the upper half of
the cloud-free layers between the two-layer clouds (∆z). The
cloud-free layer above the lower cloud layer was determined
to be the lower half of the cloud-free layer between the two-
layer clouds. The determination of the cloud-free layer above
the higher cloud layer and below the lower cloud layer was
the same as that for the single-layer cloud.

2.2.2. Dynamic and thermodynamic characteristics

Dynamic features of the atmosphere were derived from
the horizontal wind speed and the balloon speed of ascent.
The temperature structures, including the temperature inver-
sion layers associated with the cloud layers were also investi-
gated. In addition, three convective parameters (CAPE, LCL
and EL) are discussed in this paper.

CAPE is a vertically integrated index and measures the
cumulative buoyant energy in the free convective layer (FCL)
ranging from the level of free convection (LFC) to the EL.
The LFC is the level at which the parcel temperature exceeds
the ambient temperature and parcels are unstable relative to
their environment. The EL is the level at which the ambient
temperature exceeds the parcel temperature and parcels are
stable relative to their environment. The formal definitionof

Table 1. Information on the datasets used in this study and their applications.

Dataset Date range Temporal resolution Applications

Radiosonde 14 May to 28 December 2008 4 times per day Cloud layer retrievals; dynamics and thermodynamics associ-
ated with cloud layers

ARSCL 15 October to 15 December 2008 5 s Cloud structure retrievals; as complementary data to the ra-
diosonde data for cases studies of temperature structures
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CAPE, adopted from Doswell III and Rasmussen (1994), is
expressed as

CAPE= g
∫ ZEL

ZLFC

(

Tvp−Tve

Tve

)

dz, (1)

whereTvp is the virtual temperature of the parcel (units: K);
Tve is the virtual temperature of the environment (units: K);
ZEL is the EL height (units: m), which is generally obtained
from aT-lnp diagram;ZLFC is the LFC height (units: m);Tve

(units: K) is the mean potential temperature in the FCL; and
g is the gravitational acceleration (units: N kg−1).

The widely used Espy’s equation (Espy, 1841), for the
relationship between the LCL and dew-point temperature, is
deployed to compute the LCL and is given by

ZLCL = 125(T −Td) , (2)

whereZLCL is the LCL height (units: m),T is the temperature
(units: ◦C), andTd is the dew-point temperature (units:◦C).

There are likely several temperature inversion layers that
are separated above the cloud top. To ensure that the tem-
perature inversion is related to the cloud as far as possible,
only the first temperature inversion layer above the cloud
top is discussed in this paper. The method used to obtain
the temperature inversion layer is the first-order derivative
of the temperature profile with respect to height. The con-
tiguous levels with the first-order derivative larger than zero
are treated as the temperature inversion layer. Taking into
account the complex structures of radiosonde-based temper-
ature profiles, there may be very thin layers not determined
as temperature inversion layers located between two temper-
ature inversion layers separated by a very short distance. To
obtain reliable results, two neighboring temperature inversion
layers are considered as one layer if the distance between

these two layers is less than 50 m. The Vaisala RS92 ra-
diosonde measures data every 2 s, with an average speed of
ascent of about 5 m s−1, resulting in a vertical resolution of
about 10 m (5 m s−1

×2 s). The thickness of the temperature
inversion layer needs to be larger than 15 m by considering
that the temperature inversion layer should be larger than the
vertical resolution of the radiosonde. In order to derive the
temperature inversion layer that is close to the cloud top and
thereby related to the cloud processes, the distance between
the base of the temperature inversion layer and the cloud-top
height should be properly considered. The occurrence fre-
quency of the temperature inversion above the single-layer
top height was 66%, 68%, 71% and 71% if the distance was
set to be 50 m, 100 m, 200 m and 300 m, respectively. Al-
though the occurrence frequency varied little, the thickness
of the temperature inversion layer changed to some extent.
Based on visual inspection, we found that reliable results
were obtained by setting the distance as 200 m, and so this
distance was used in the study.

3. Results

3.1. Cloud vertical distributions over the Shouxian site

Figure 2a shows the cloud-top height frequencies (CTFs)
for all cloud samples derived from the radiosonde during the
whole campaign period, in the wet season and the dry sea-
son, as well as the CTFs derived from ARSCL data in the dry
season. There were three peaks of CTFs for the radiosonde
retrievals during the whole period, which were located at 1,
9.5 and 12.5 km, respectively. The cloud-top heights in the
wet season were generally higher than those in the dry sea-
son. The pattern of CTFs was similar between the ARSCL
data and the radiosonde data collected during the dry sea-
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Fig. 2. (a) Frequency distributions of cloud-top heights derived from the radiosonde observations during the
entire AMF-China period (black solid line), in wet season (blue solid line), in dry season (red solid line); and
frequency distributions obtained from the ARSCL data (red dashed line). (b) As in (a) but for cloud-top heights
obtained from the subset of the radiosonde and ARSCL datasetgenerated at their simultaneously observed time.
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son. However, the magnitude of cloud frequencies detected
by ARSCL was significantly lower than those detected by
radiosonde, which was likely due to the following three fac-
tors: (1) the difference of the objects detected by two instru-
ments caused by the balloon’s drift and fixed ground-based
observation (Zhang et al., 2013); (2) the incomplete overlap-
ping observational period associated with the diurnal cycle of
the cloud occurrence (e.g., Zhang and Klein, 2010); and (3)
the different observation temporal intervals between the two
cloud products (Zhang et al., 2014). Figure 2b presents the
CTF distributions obtained from the radiosonde and ARSCL
at concurrent observation time, in which a large decrease of
the differences in the CTFs between the two cloud products
is revealed, as compared with Fig. 2a. It has been proven that
the calculated cloud occurrence frequency will increase asthe
sample temporal intervals increase (Xi et al., 2010). The sam-
ple temporal interval of ARSCL data used in this study was 5
s. However, a radiosonde generally spends∼90 min in the at-
mosphere to collect data during one launch, which will result
in higher cloud occurrence frequency calculated than the AR-
SCL measurements. Differences in the CTFs at the low and
high atmospheric column levels were larger than those in the
middle troposphere. The radiosonde cloud retrievals tended
to be larger than the ARSCL detections at the layer above 4
km, with a maximum difference of∼7%. Besides the three
reasons mentioned above, the deficiency of high-level clouds
in the ARSCL cloud products was also likely caused by the
attenuation effect of thick lower-level clouds and/or fog in
the cloud detection of the ground-based remote sensing in-
struments (Protat et al., 2014).

The number (percentage) of occurrences for the ra-
diosonde detecting at least one cloud layer and non-cloud
layer was 652 (80.2%) and 161 (19.8%), respectively. By
using 10 years of data collected over the ARM SGP site, we
found that the radiosonde-based cloud occurrence frequency
was 65% (Zhang et al., 2014). The radiosonde-based cloud
occurrence at the AMF-China site was about 15% larger than
that at Taihu Lake (65%), which was about 500 km away
from AMF-China (Zhao et al., 2014). The frequency of ra-
diosonde measurements determining single- and two-layered
low- and middle-cloud is presented in Table 2. The number
(frequency) for the radiosonde detecting one-layer cloud was
92 (11.3%), of which 51 and 41 were single-low and single-
middle clouds, respectively. There were 39 (4.8%) two-layer
clouds, of which 4 and 8 were two-layer-low and two-layer-
middle clouds, respectively. The total number of low/middle
cloud layers analyzed in this study was 86/84. To present
the potential differences of the dynamic and thermodynamic
properties between the low and middle clouds, a few com-
parisons were conducted at times between single-layered low
and middle clouds, excluding the two-layered low and middle
clouds due to their small numbers mentioned above (4 and 8).

The probability density function (PDF) of cloud-base
height and cloud-top height of single-layer clouds and the
layers below and above the two-layer clouds is shown in
Fig. 3. The greatest PDF (∼0.3) occurred for cloud-base
heights of<0.5 km and cloud-top heights of>5 km for the

Table 2. The occurrence number (frequency) of radiosonde-
retrieved single- and two-layered low and middle clouds, and their
percentage occurrences at four launch times (LST).

Number Percentage

(Frequency) 0730 1330 1930 0130

Single-layer clouds 92 (11.3%) 26.1 32.6 19.6 21.7
Two-layer clouds 39 (4.8%) 30.8 30.8 18.0 20.5

single-layer clouds (Fig. 3a). With regard to the layer be-
low two-layer clouds, their base/top heights were lower than
0.5/2 km for 41%/35% of the cases analyzed (Fig. 3b). The
largest PDF of both cloud-base height and cloud-top height
was located at∼5 km for the layer above two-layer clouds
(Fig. 3c). The radiosonde launches were further divided into
four groups based on measurements from four radiosonde
launches per day to recognize the cloud distributions at 0130,
0730, 1330 and 1930 LST. The percentages of single-layer
cloud occurrences were 26.1%, 32.6%, 19.6% and 21.7% at
the four launch times, respectively (Table 2). The two-layer
clouds occurred most frequently in the morning (0730 LST)
and at noon (1330 LST). In general, clouds occurred most of-
ten at noontime or in the early afternoon (1330 LST). This
finding was consistent with previous results obtained over
West Africa (e.g., Rickenbach et al., 2009; Bouniol et al.,
2012), which might be associated with locally generated con-
vection during this time.

3.2. Dynamic features

The frequency distributions of horizontal wind direction
and speed within, below and above clouds are shown in Fig.
4. For the single-layer cloud, the wind direction was gen-
erally spread over all directions below the cloud; however,
the prevailing wind direction was west within and above the
cloud. The occurrence frequencies of air advection with wind
speed less than 10 m s−1 were 70%, 34% and 17% below,
within and above the cloud, respectively. The horizontal wind
speed was seldom greater than 30 m s−1 below cloud; how-
ever, their percentages were 21% and 47% within and above
cloud. In general, the horizontal wind speed was higher
above the cloud layers than within and below the cloud. With
regard to single-low clouds, their wind distributed throughout
all directions, with most speeds less than 10 m s−1 (84%);
the major wind direction was west, with about half of wind
speeds larger than 20 m s−1 (52%) within the single-middle
clouds (figure not shown). For two-layer clouds, the hori-
zontal wind speeds were generally less than 20 m s−1 be-
low, within and above cloud for the low-layer cloud. Higher
wind speed was observed in the upper-layer clouds than in the
lower-layer clouds. The wind dispersed in many directions in
the lower layer, but the prevailing wind direction was west
for the upper layer. Meanwhile, the pattern was similar for
wind direction distributions within and above cloud obtained
from the upper-layer clouds and the single-layer clouds.

Figure 5 shows the frequency distributions of the bal-
loon’s speed of ascent below, within and above the cloud. For
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Fig. 4. The occurrence frequency of horizontal wind direction and speed below (left panels), within (middle
panels) and above (right panels) clouds. Top, middle and bottom plots denote single-layer cloud, and the lower
and upper cloud of two-layer clouds, respectively.

the single-layer cloud (Fig. 5a), there were large frequency
distributions between 4 and 6 m s−1 for the balloon’s speed of
ascent within (72%) and below (84%) cloud. The frequency

was 65% for the balloon’s speed of ascent ranging from 3
to 5 m s−1 above the cloud. The maximum frequencies of
ascent speed were 5.6, 5.2 and 4.1 m s−1 within, below and
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above the cloud. In general, the largest balloon ascent speed
was observed within the cloud layers, followed by below
the cloud, and finally above the cloud, which suggested the
strongest upward flow occurred in the cloud. The balloon’s
ascent speeds were less than 6 m s−1 for 80%/77% within
single-low/middle clouds (figure not shown). The occur-
rence frequencies of large ascent speed episodes (>8 m s−1)
were 1% within single-low clouds—two times larger than
within single-middle clouds. For two-layer clouds (Fig. 5b),
the balloon ascent speeds derived from the lower-level cloud
were generally larger than those from the upper-layer clouds,
partly implying that the uplifted movement was stronger in
the lower atmosphere than at higher levels. It should also
be noted that the smaller balloon ascent speed above the
upper-layer cloud was due in part to an increase of balloon–
radiosonde weight caused by liquid water wetting.

The profiles of average balloon ascent speed and
radiosonde-based vertical cloud occurrence frequency at a
vertical resolution of 200 m from the surface to 4 km are
shown in Fig. 6. The vertical cloud occurrence frequency
was defined as the number of radiosonde samples detecting a
cloud or portion of cloud anywhere within a specified 200 m
bin divided by the total number of radiosonde samples dur-
ing the AMF campaign period. It can be seen that the cloud
occurrence frequency ranged between 17% and 25%. The
cloud occurrence frequency increased from 0.2 to 0.7 km and
reached a maximum (24.4%) at 0.7 km. Similarly, Zhao et
al. (2014) also found maximum cloud occurrence over Taihu
Lake at a height close to 1 km. The balloon’s speed of as-
cent decreased from the surface upwards to 0.3 km, and then
an obvious increase occurred before reaching a maximum
(5.3 m s−1) at 0.6 km. The maximum balloon ascent speed
was located in the vicinity of the maximum cloud occurrence
frequency. This was likely due to the occurrence of distinct
upward motions typically ranging from 0.10 to 0.16 m s−1
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within the clouds, which was consistent with the results pre-
sented by Cotton and Anthes (1989).

3.3. Thermodynamic features

The frequency distributions of radiosonde-based temper-
ature gradient within, below and above the cloud are shown in
Fig. 7. The temperature gradient every 1000 m was defined
as(Ti+1−Ti)÷ (Di+1−Di)× 1000, whereDi is the detect-
ing altitude of a certain level andTi is the temperature of this
level. Results for single- and two-layer clouds are shown in
Figs. 7a and b, respectively. The largest frequency was ob-
served for the temperature gradient less than 5◦C km−1 for
single- and two-layer clouds. For single-layer cloud, the tem-
perature inversion structures (>0◦C km−1) occurred most of-
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Fig. 7. As in Fig. 5 but for the temperature gradient.

ten above the cloud layer, followed by below the cloud, and
a minimum within the cloud. For two-layer cloud configu-
rations, the frequency distributions were similar betweenthe
two layers. The temperature inversion structures below and
within the cloud layer occurred less frequently for the upper
layer than the lower layer. However, the temperature inver-
sion occurrence frequency above the cloud was larger for up-
per cloud (16%) than for lower cloud (14%), which demon-
strated that there were stronger temperature inversion struc-
tures for upper clouds.

Figure 8 displays two radiosonde-retrieved cloud cases
and the temperature inversion structures above the cloud top.
Gray areas in Figs. 8a and c represent radiosonde-derived
cloud layers, and rectangles outlined with red dashes de-
note temperature inversion locations. Figure 8a presents
the single-layer cloud for the radiosonde launched at 0128
LST 15 November 2008 and Fig. 8c shows the two-layer
clouds obtained from the radiosonde launched at 0724 LST
8 November 2008. Figures 8b and d show the cloud mask de-
rived from the ARSCL around the radiosonde launch time in
Figs. 8a and c. Although there was larger temporal variation
for cloud locations and cloud thickness in the ARSCL data,
the cloud layer structures obtained from the two distinctly
different approaches agreed well. An obvious temperature
inversion layer was determined above the single-layer cloud
(Fig. 8a). The temperature inversion layer thickness (Tt), tem-
perature inversion magnitude (Tm) (defined as the tempera-
ture difference collected at the top height and base height
of the temperature inversion layer), and the temperature in-
version gradient every 100 m (defined asTm/Tt ×100) were
415.1 m, 3.1◦C and 0.7◦C (100 m)−1, respectively. There was
no noticeable temperature inversion layer for the lower-level
cloud in two-layer clouds (Fig. 8c). One thin temperature in-
version layer was detected above the upper cloud top. The
thickness, temperature inversion magnitude and temperature

inversion gradient were 90.1 m, 3.3◦C and 3.6◦C (100 m)−1,
respectively. It was evident that the temperature inversion
structures were well derived by using the algorithm specified
in section 2.

In terms of the radiosonde-based temperature inversion
retrievals located above the single-layer cloud-top height,
most of their thicknesses were less than 200 m, with a per-
centage of 85% and maximum thickness of∼415 m. The
inversion magnitude was generally less than 2◦C and the
maximum magnitude was 6.6◦C. The occurrence frequencies
were 57% and 20% for gradients less than 1◦C (100 m)−1

and ranging from 1 to 2◦C (100 m)−1, respectively. The
average temperature inversion layer thickness, magnitude
and gradient for all single-layer (low and middle) clouds
were 117± 94 m, 1.3± 1.3◦C and 1.4± 1.5◦C (100 m)−1,
respectively (Table 3). The occurrence frequency of the tem-
perature inversion was 71% above all single-layer clouds,
which was 80% (59%) above the single-low (middle) clouds.
The average temperature inversion magnitude was the same
(1.3◦C) for single-low and single-middle clouds; however, a
larger gradient [1.7±1.8◦C (100 m)−1] and smaller thickness
(94± 67 m) were detected above single-low clouds relative
to those above single-middle clouds (Table 3). In terms of
two-layer clouds, the temperature inversion layer occurrence
number (frequency) above the upper cloud-top height was 21
(54%), which was larger than 14 (36%) obtained above the
lower cloud-top height. Meanwhile, the temperature inver-
sion layer thickness, magnitude and gradient were also larger
when presented by the upper layer [106±59 m, 1.0±0.9◦C
and 1.0±1.0◦C (100 m)−1] than by the lower clouds [82±60
m, 0.6±0.9◦C and 0.7±0.6◦C (100 m)−1]. In general, the
temperature inversion structures above the cloud-top heights
were stronger when presented by one layer than two; and as
for two-layer clouds, they were more strongly derived from
the upper layer than the lower layer. This may be explained
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Fig. 8. Radiosonde-retrieved temperature inversion structures above the cloud-top heights for cases of (a) single- and
(c) two-layer clouds. Radiosonde vertical profiles of RH with respect to water, RH with respect to ice when temper-
atures were less than 0◦C, and temperature are shown by the solid black line, the dashed black line, and the red line,
respectively. Gray areas represent radiosonde-derived cloud layer boundaries, and rectangles outlined by red dashes
denote temperature inversion locations. Panels (b) and (d)show the cloud mask obtained from the ARSCL around the
radiosonde launch time corresponding to panels (a) and (c),respectively.

Table 3. The occurrence frequency, average temperature inversion layer thickness, magnitude and gradient for all single-layer clouds (All),
single-low clouds only (Low), single-middle clouds only (Middle), lower-layer (Lower) and upper-layer (Upper) of two-layer clouds.

Occurrence frequency Thickness (m) Magnitude (◦C) Gradient [◦C (100 m)−1]

Single-layer clouds All 71% 117±94 1.3±1.3 1.4±1.5
Low 80% 94±67 1.3±1.5 1.7±1.8

Middle 59% 157±120 1.3±1.0 0.9±0.7
Two-layer clouds Lower 36% 82±60 0.6±0.9 0.7±0.6

Upper 54% 106±59 1.0±0.9 1.0±1.0

by the radiative energy exchanges that affect the thermo-
dynamic state of cloud layers, as well as the interactions
between the two layers of cloud. The emission of infrared
radiation at the top of a cloud will act to produce marked
cooling around the top of the cloud layer (Chernykh and
Eskridge, 1996), which results in the temperature inversion
structures above the cloud-top heights of single-layer andthe
upper layer of two-layered clouds. However, this longwave
radiative cooling effect is strongly reduced at the top of the

lower layer of cloud in the presence of upper layers of cloud
(Chen and Cotton, 1987; Wang et al., 1999). The diurnal
variation of temperature inversion structures above the cloud
top at the AMF-China site (shown in Fig. 9) was investi-
gated based on measurements collected from four radiosonde
launches per day. Temperature inversion structures occurred
most frequently at 1330 LST (32%) and least at 1930 LST
(18%) for single-layer cloud. The patterns were similar
for frequency distributions obtained from the upper-level
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Fig. 9. The proportion of temperature inversion structures lo-
cated above the cloud-top heights occurring at four radiosonde
launch times. The single-layer cloud, and the lower layer and
upper layer of two-layer clouds are shown by the blue bars,
green bars and red bars, respectively.

cloud of two-layer clouds and the single-layer cloud, but
the percentage was larger for the former (43%) than the lat-
ter (32%) at noontime (1330 LST). More temperature in-
version structures occurred at noontime and in the evening
(1930 LST) for the lower-level cloud of two-layer clouds,
and least in the morning (8%). Overall, the temperature in-
version structures above the cloud top tended to occur most
frequently at noontime for both single- and two-layer clouds.

The mean temperature profiles under cloudy and cloud-
free conditions at noontime (1330 LST) and nighttime (0130
LST) were also examined (figure not shown). About 50%
of the cloudy skies occurred during the warm months (June,
July and August); meanwhile, most of the clear skies (∼51%)
occurred during the cold months (November and December).
Because of the heterogeneous distributions of sky conditions,
the mean temperature was higher in cloudy skies than in clear
skies from the surface to about 12 km with a maximum dif-
ference at 10.5 km.

Figure 10 shows the mean monthly variations of temper-
ature at cloud-base height, cloud-top height, and cloud cen-
ter level and their distance from the 0◦C height level for the
single- and two-cloud layers. The temperature was generally
higher than 0◦C before October for single-layer cloud, and a
similar pattern was revealed at cloud-base height, top-height,
and cloud center level (Fig. 10a). The structure of distance
from the 0◦C height level (Fig. 10b) mirrored that of temper-
ature. For the lower layer of two-cloud layers (Figs. 10c and
d), the temperature (the distance from the 0◦C height level)
generally reached maximum (minimum) in August (Novem-
ber) for cloud-base height, top-height and cloud center level.
The temperature of the upper layer (Fig. 10e) was lower than
0◦C at the cloud center and top levels during most seasons,
which was higher than 0◦C for the cloud base from May to

October (Figs. 10e and f).

3.4. CAPE, LCL and EL

The CAPEs derived from the AMF radiosonde data col-
lected in Shouxian were mostly greater in the wet season
than the dry season. It was found that 99.5% of the CAPEs
were smaller than 500 J kg−1 in the dry season and 62%
in wet months. The radiosonde-based lowest cloud bound-
aries were compared with the LCL and EL calculated from
the radiosonde measurements during the entire AMF-China
period. The cloud-base heights were generally located higher
than the LCL, accounting for 68.5%. This should be mainly
because the adiabatic assumption of air mass in calculating
the LCL was not strictly satisfied during the vertical motion
of stratiform layers. The correlation coefficient between the
detected cloud-base heights and calculated LCL was 0.39.
The relationship between the cloud-top heights and EL was
also not high. Absolute differences between the cloud-base
heights and LCL were less than 0.5 km for 51.6% of the cases
analyzed, which were less than 0.5 km for 33.8% between the
cloud-top heights and the EL. In general, no clear relationship
was found between the cloud-base height (cloud-top height)
and LCL (EL). This was likely because there were very few
cases of intense convection, which did not allow us to de-
rive a clear relationship between the observational data and
calculated convective parameters. The above comparisons
were further conducted for the radiosonde samples collected
in summer months (June, July and August) when convective
clouds often occurred. Relative to the entire AMF-China pe-
riod, their agreement was much better in summer with the ab-
solute differences less than 500 m between cloud-base height
(cloud-top height) and LCL (EL) for 66.4% (36.8%) of the
cases analyzed. The AMF campaigns at Shouxian lasted less
than one year, so the above results associated with the con-
vective parameters were acquired from a relatively short-term
period and thereby their representativeness needs to be thor-
oughly discussed in the future. Further study using long-term
data collected at the ARM fixed stations is required.

4. Discussion and conclusions

The U.S. Department of Energy (DOE) ARM-AMF was
deployed at Shouxian, Anhui Province, China for more than
seven months from 14 May to 28 December 2008. During
the AMF campaign, Vaisala RS92 radiosondes were launched
four times a day. The cloud vertical structures were de-
rived from the radiosonde measurements (Zhang et al., 2013).
The present study focused on the dynamic and thermody-
namic characteristics, including horizontal wind speed, the
balloon’s speed of ascent and the temperature structures, for
single- and two-layered low and middle clouds. These dy-
namic and thermodynamic parameters within-, below- and
above-cloud were compared. Meanwhile, a few compar-
isons were also conducted between the single-low and single-
middle clouds to discuss the potential dynamic and thermo-
dynamic differences in low and middle clouds. Highlights of
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the study’s findings are summarized as follows:
(1) The horizontal wind speeds were larger above the

cloud layers than those observed within and below the cloud
for single-layer cloud. The frequency was 84% (52%) for
wind speeds of<10 (>20) m s−1 in single-low (middle)
clouds. For two-layer clouds, the horizontal wind speeds
of the upper-layer cloud were generally higher than those
of lower-layer retrievals. The prevailing wind direction was
west within and above the cloud obtained from upper- and
single-layer clouds.

(2) The largest balloon ascent speed was derived within
the cloud layers, followed by the rate below the cloud and
above the cloud. More large ascent speed episodes (> 8
m s−1) were observed in single-low clouds than in single-
middle clouds. The maximum balloon ascent speed was 5.3
m s−1, located in the vicinity of the layer with maximum
cloud occurrence frequency (24.4%), suggesting upward mo-
tions (typically of 0.10–0.16 m s−1) occurred within cloud
layers.

(3) The average temperature inversion layer thickness,
magnitude and gradient above all single-layer (low and mid-
dle) clouds were 117± 94 m, 1.3± 1.3◦C and 1.4± 1.5◦C

(100 m)−1, respectively. The average temperature inver-
sion magnitude was the same (1.3◦C) for single-low and
single-middle clouds; however, a larger gradient [1.7±1.8◦C
(100 m)−1] and smaller thickness (94±67 m) were detected
above single-low clouds relative to those above single-middle
clouds [0.9±0.7◦C (100 m)−1 and 157±120 m]. For two-
layer clouds, the temperature inversion parameters of the up-
per layer were 106± 59 m, 1.0± 0.9◦C and 1.0± 1.0◦C
(100 m)−1, respectively, which were larger than those of the
lower-clouds [82± 60 m, 0.6± 0.9◦C and 0.7± 0.6◦C (100
m)−1]. In general, the temperature inversion structures above
the cloud-top heights of one-layer clouds were stronger than
those of two-layer clouds; for two-layer clouds, stronger tem-
perature inversions were observed for the upper layer clouds
as compared with the lower layer clouds. This feature should
be associated with the radiative energy exchanges that af-
fected the thermodynamic state of cloud layers, as well as the
interactions between the two layers of cloud. Temperature
inversions occurred most frequently at noontime.

(4) The CAPE was greater during the wet season than
the dry season. Absolute differences between the cloud-base
height (cloud-top height) and LCL (EL) were less than 0.5
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km for 66.4% (36.8%) of the cases analyzed in summer.
The dynamic and thermodynamic characteristics associ-

ated with the low and middle clouds were discussed in this
study. However, the 2008 AMF campaigns at Shouxian lasted
less than one year, so the results presented in this study were
acquired from a relatively short-term period and thereby their
representativeness needs to be thoroughly discussed in thefu-
ture. In addition to the mobile facility, intensive and long-
term (more than 10 years) measurements of surface and at-
mospheric quantities have been carried out at the fixed ARM
sites, such as the U.S. SGP, northern slope of Alaska, and
tropical western Pacific sites. Furthermore, as shown in pre-
vious studies (e.g., Protat et al., 2014; Zhang et al., 2014), the
cloud retrievals from radiosonde, space-borne and ground-
based remote sensing instruments have different merits and
limitations. As the next step, the long-term data (radiosonde
and ground-based measurements) collected from these fixed
stations will be used together with space-borne remote sens-
ing measurements over these sites to comprehensively ana-
lyze the dynamic and thermodynamic characteristics asso-
ciated with cloud layers to reveal their differences between
cloud-free and cloudy sky conditions, especially their phys-
ical mechanisms, feedbacks, turbulence features and ther-
modynamic structures. Finally, model simulations with de-
tailed aerosol–cloud microphysical interactions are necessary
to improve cloud parameterizations in climate models and
to understand the cloud formation process and life cycle of
clouds, as well as their mixing with the environment.
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