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ABSTRACT

The accuracies of three instruments in measuring atmospheric column humidity were assessed during
an upper troposphere and lower stratosphere observation campaign conducted from 7 to 13 August 2009
in Kunming, China. The three instruments are a cryogenic frost-point hygrometer (CFH), a Vaisala RS80
radiosonde (RS80), and a GTS1 radiosonde (GTS1). The accuracy of relative humidity (RH) measurements
made by the CFH, GTS1, and RS80 was similar between the surface and 500 hPa (~5.5 km above sea level).
However, above 500 hPa, the errors in RH measurements made by the RS80, relative to measurements
made by the CFH, are much less than those detected with the GTS1. Three different retrieval methods
for determining cloud boundaries from CFH, RS80, and GTS1 measurements were developed and take into
account the differences in accuracy among the three instruments. The method for the CFH is based on
RH thresholds at all levels, which demands high accuracy. Given that the accuracy of RH measurements
decreases at higher altitudes, the cloud detection methods for RS80 and GTS1 are different for different
altitude ranges. Below 5 km, the methods for the RS80 and the GTS1 are similar to that of the CFH; above
5 km, the methods for the RS80 and the GTS1 are both developed based on the second-order derivatives of
temperature and RH with respect to height, but with different criteria applied. Comparisons of cloud-layer
retrievals derived from the three measurements are also made.

Key words: CFH, GTS1, RS80, cloud vertical structure, detection

Citation: Zhang, J. Q., H. B. Chen, J. C. Bian , Y. J. Xuan, Y. J. Duan, and M. Cribb, 2012: Development
of cloud detection methods using CFH, GTS1, and RS80 radiosondes. Adv. Atmos. Sci., 29(2), 236-248,
doi: 10.1007/s00376-011-0215-4.

Introduction

can provide in-situ measurements of vertical profiles

Cloud vertical structure and the distribution of
multi-layered clouds within the atmosphere affect at-
mospheric dynamics, thermodynamics, and the hydro-
logical cycle, as well as incoming solar and outgoing
thermal radiation (Chahine et al., 2006). Validation of
climate models requires accurate basic cloud informa-
tion, such as cloud-base height, cloud-top height, and
cloud thickness from observational data. Radiosondes
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of temperature, relative humidity (RH), and pressure
inside clouds, which are fundamental to the study of
atmospheric thermodynamic and dynamic processes.
Radiosondes with high vertical resolution have
been widely used to obtain atmospheric parameters,
including those of cloud vertical structure. Methods
have been developed to determine locations of cloud
layers and their boundaries from radiosonde measure-
ments (Arabey, 1975; AWS, 1979; Dolgin, 1983; Wang
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and Sheng, 1991; Xu, 2006). Poore et al. (1995; here-
after PWR95) used rawinsonde observations to deter-
mine the boundaries of cloud layers by testing dew
point temperature depressions below some threshold
values. Wang and Rossow (1995; hereafter WR95)
used RH profiles to obtain cloud vertical structure
with a transformation of RH with respect to ice at
levels where the temperature is below 0°C. In WR95,
the cloud base and top locations were identified using
the following criteria: maximum RH (RHyax)>87%;
minimum RH (RH,i,)>84%; a RH jump (RHjymp) of
>3% from the cloud base or cloud top to the imme-
diate level below or above, respectively. The cloud
base of the lowest layer of cloud was set at 500 m
above ground level (AGL). Note that these RH thresh-
olds were modified from 87% to 93% and from 84% to
90% in the analysis of cloud vertical structure at Porto
Santo Island (Wang et al., 1999). Chernykh and Es-
kridge (1996; hereafter CE96) developed a cloud de-
tection method based on 7”(z) and RH”(z), which
are the second-order derivatives of temperature and
relative humidity with respect to height, respectively.
Criteria for retrieving a cloud layer are 0 < T" (z) and

RH”(z) < 0. Cloud boundaries are defined where at
least one of the two second-order derivatives is zero.
Cloud amount was further predicted in CE96 from a
relationship between cloud amount and dew point de-
pression within the predicted cloud layer and the tem-
perature at that level, and it was divided into four
categories: 0%—-20%, 20%-60%, 60%-80%, and 80%—
100% coverage.

Chernykh et al. (2000) analyzed trends in low and
high cloud boundaries and their associated errors by
using radiosonde data from 795 global stations. Min-
nis et al. (2005) made a comparison between RH and
cloud cover from Vaisala RS80-15LH radiosonde ob-
servations and rapid update cycle (RUC) model sim-
ulations over the Department of Energy (DOE) At-
mospheric Radiation Measurement (ARM) Southern
Great Plains (SGP) Central Facility (SCF) site. They
found that both types of data could be used to es-
timate the occurrence of clouds, although RS80 ra-
diosonde data appeared to be more reliable than the
RUC data. Naud et al. (2003) used lidar and ceilome-
ter data collected at the SCF during November 1996
through October 2000 to assess the retrievals of the
WR95 and the CE96. Cloud boundaries derived from
cloud radar and radiosonde observations agreed bet-
ter for cloud-base heights than for cloud-top heights;
overall, the WR95 method tended to misclassify moist,
cloud-free layers as clouds. Both radiosonde tech-
niques reported higher cloud tops than those from the
cloud radar, a result that is associated with the fol-
lowing factors: (1) sampling difference between the
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radiosonde- and ground-based observations; (2) the ef-
fects of precipitation on ground-based instruments; (3)
the cutoff in range of the radar around 15 km, lead-
ing to a low bias in cloud top height; (4) attenuation
of the radar beam; (5) insufficient radar sensitivity to
detect cloud tops containing small particles; and (6) a
slow recovery time of the radiosonde humidity sensor,
leading to a high bias in cloud-top height.

From 7 to 13 August 2009, an upper troposphere
and lower stratosphere (UTLS) observation campaign
was conducted in Kunming, China. A cryogenic frost-
point hygrometer (CFH), a Vaisala RS80 radiosonde
(RS80), and a GTS1 radiosonde (GTS1) were deployed
in the experiment. Based on relatively precise mea-
surements from the CFH, Bian et al. (2011) analyzed
the accuracy in RH from measurements made by the
GTS1. Below 500 hPa, the average dry bias of GTS1
was on the order of 10% (similar to that of the Vaisala
RS80); above 500 hPa, the dry bias of GTS1 jumped
to 30% and increased rapidly to 55% at 310 hPa, while
the RS80 showed a slowly dry bias. Temperature ob-
servations from the RS80 and the GTS1 agree well in
the troposphere.

The goal of this study was to determine cloud-base
and cloud-top locations from observations collected by
the aforementioned instruments, based on the methods
of WR95 and CE96. Because the RH accuracy is dif-
ferent for each instrument, cloud determining methods
were modified according to their RH accuracies. Dif-
ferences in cloud-layer locations derived from the three
different instruments are also discussed.

Section 2 describes the instruments and data em-
ployed in this study. Methods for determining cloud
vertical structure and results are presented in section
3. A discussion and summary are given in section 4.

2. Observations and data

The distribution of and long-term changes in wa-
ter vapor within the UTLS plays an important role in
climate change. Water vapor, as the most important
greenhouse gas in the UTLS, not only has strong ra-
diative forcing but also affects the microphysical and
chemical processes within this region of the atmo-
sphere (Chen et al., 2006; Bian, 2009). From 7 to 13
August 2009, an UTLS observation campaign was con-
ducted in Kunming (25.01°N, 102.65°E, 1889 m above
sea level), China. Its goal was to study water vapor
and ozone distribution features in the UTLS during
the Asian summer monsoon season. The water va-
por content in the UTLS is too low to be well de-
tected by routine operational radiosondes. The CFH,
developed by the University of Colorado, is an instru-
ment with high accuracy in detecting water vapor so
it was adopted as the benchmark for such measure-
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Table 1. Summary of the launches.
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Launch time

Burst altitude (km)

Launch No. GTS1 RS80/CFH GTS1 RS80/CFH
1 - 20090807 14:02:05 A - 33.11
2" 20090808 14:11:00 20090808 14:11:00 H 30.49 30.49
3" 20090809 14:02:24 20090809 14:02:24 A 31.15 31.15
4 20090809 19:15:47 20090809 19:04:02 A 33.28 33.72
5* 20090810 14:12:32 20090810 14:12:32 H 31.96 31.96
6 20090810 19:15:13 20090810 19:04:09 A 36.95 34.98
. 20090811 14:06:10 20090811 14:06:10 A 33.15 33.15
8 20090811 19:15:28 20090811 19:02:41 H 37.90 33.82
9" 20090812 14:02:21 20090812 14:02:21 A 31.64 31.64
10* 20090813 13:59:41 20090813 13:59:41 H 32.57 32.57
11 20090813 19:15:17 20090813 19:31:30 A 5.92 31.92

Note: * indicates the same balloon launched with the GTS1 and the RS80/CFH; A and H represent the RS80 Vaisala humicap
sensor type (A-humicap and H-humicap); — means that GTS1 is not available for Launch No. 1.

ments in this study. Notably, the CFH used in the
experiment collected the first ever in-situ observations
of water vapor in the UTLS during the Asian summer
monsoon season. The Electrochemical Concentration
Cell (ECC) ozondesonde (EnSci Co., USA) was used to
measure ozone profiles. Temperature, RH, and pres-
sure profiles were obtained using the RS80. A total of
11 sounding balloons were launched, with an average
burst altitude of 32 km. To assess the performance of
the GTS1, the instrument was also deployed in 10 of
the 11 launches. Operational information about the
launches is summarized in Table 1.

The CFH, whose operation is based on the chilled-
mirror principle, is a balloon-borne hygrometer with
the capability of continuously measuring water vapor
from the surface to the middle stratosphere (Miloshe-
vich et al., 2001; Vomel et al., 2007a). A small mirror
is electrically heated against a cryogenic cold sink to
maintain a constant layer of condensate that is opti-
cally detected. The mirror temperature is equal to
the ambient dew point temperature (Tyq) when the
condensate phase is liquid or the frost-point temper-
ature (Tt) if the condensate is ice. To remove ambi-
guity as to the water phase on the mirror, the liquid
layer is forced to freeze by briefly cooling the mirror to
—40°C when Ty first reaches —15°C, thereby guaran-
teeing that Tt is measured thereafter (Miloshevich et
al., 2009). The water vapor mixing ratio and RH can
be calculated using the Clausius—Clapeyron equation.
The air temperature is measured by an attached RS80
radiosonde, and the saturation water vapor pressure
is calculated using the Hyland and Wexler (1983) for-
mulation which is implicitly employed in the Vaisala
radiosonde calibration procedure. The CFH uses a
Vaisala RS80 radiosonde as the data transmitter. The
measurement uncertainty of RH from the CFH was es-
timated by Vomel et al. (2007a), and ranged from <4%

in the tropical lower troposphere to <10% in the mid-
dle stratosphere at 28 km; the uncertainty was <9%
in the tropopause region.

An L-band (1675 MHz) electronic sounding sys-
tem (Shanghai Changwang Meteorological Science and
Technology Company, China) replaced the old ra-
diosonde system in operation until 2001. The L-
band sounding system, composed of a secondary wind-
finding radar, a GTS1 digital electronic radiosonde,
and a ground-check set was used to measure the tem-
perature, pressure, RH, and wind from the surface to
~30 km (Li, 2006; Li et al., 2009). Compared to the
old radiosonde system (radiosonde 57-701), the GTS1
performs better, but it still has a dry bias in RH mea-
surements (Yao et al., 2008; Li et al., 2009). To be
well shielded from the direct sunlight, the GTS1 car-
bon hygristor is located inside the duct (Bian et al.,
2011). However, the entire air mass passing through
the duct may be heated by the shield. So, the RH
reading would be taken at a warmer temperature than
that shown by the air temperature sensor, resulting in
a lower RH.

The RS80 radiosonde measures temperature with
a small, temperature-sensitive capacitor, consisting of
two electrodes separated by a ceramic dielectric. The
humidity is measured with Humicap technology which
separates two electrodes with a thin polymer film. The
RH detection error of the RS80 increases as the am-
bient temperature decreases (Miloshevich et al., 2001;
Wang et al., 2003; Turner et al., 2003), with high ac-
curacy in the low-to-middle troposphere but a dry bias
in the upper tropospheric region.

3. Cloud detection methods
GTS1 and RS80 observations

using CFH,

Profiles of RH and temperature taken on 8 August
2009 by the three instruments launched on the same
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Fig. 1. Profiles of relative humidity (with respect to wa-
ter and ice) measured by the CFH (in green), the GTS1
(in black), and the RS80 (in blue) and temperature mea-
sured by the GTS1 and the RS80 (in red) on 8 August
2009.

balloon are shown in Fig. 1. RH at all levels with
temperatures below 0°C was transformed to that with
respect to ice following the relation proposed by Aldu-
chov and Eskridge (1996).

The RH profiles measured by the three instruments
were similar below 5 km. Above 5 km, the RS80 can
generally capture changes in RH, but with a notice-
able dry bias; the GTS1 has a much larger dry bias.
The temperature profiles from the GTS1 and the RS80
are in good agreement below 18 km. Above 18 km,
the GTS1 records higher temperatures than the RS80.
Therefore, due to these differences in measurement ac-
curacy, different cloud-detection methods should be
developed for each instrument. Criteria for determin-
ing cloud layers are different in the methods of WR95
and CE96. The WR95 method uses an RH threshold
to retrieve cloud layers, requiring highly accurate RH
observations. The CE96 method retrieves cloud layers
by analyzing the vertical variations of RH and temper-
ature so that the accuracy requirement for this method
is not as high as in the WR95 method. However, to ob-
tain the best results in cloud-boundary retrievals, the
vertical resolution of the data should range between
300 m and 600 m (Chernykh et al., 2000) and should
be >200 m in the free troposphere (Naud et al., 2003).
So, in view of the measurement accuracies of different
instruments and application conditions in the WR95
and CE96 methods, retrievals of cloud boundaries for
the CFH at all altitudes, and for the GTS1 and the
RS80 at altitudes below 5 km (hereafter method-1),
were developed by modifying the WR95 method; the
methods for the GTS1 and the RS80 above 5 km (here-
after method-2) were developed based on the CE96
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method. Only cloud layers with bases lower than 18
km were studied.

Case 2 in Table 1, the first launch when all three
instruments were deployed, illustrates the retrieval
methods developed here. The mean locations of cloud
layers derived from cases 2-11 in Table 1 are also then
presented for comparison.

3.1 Method for the CFH

The WR95 method was modified to determine
cloud vertical structure, using RH profiles from the
CFH which has high vertical resolution. The first step
of this method is to transform RH with respect to ice
for temperatures < 0°C using the formula proposed
by Alduchov and Eskridge (1996). The threshold of
an RHjump > 3% at cloud base and cloud top used in
the WR95 method can be easily satisfied because this
method is based on radiosonde data with low vertical
resolution. As stated in WR95, minor variations in
cloud-base and cloud-top heights are induced when the
RH jump changes from 3% to 0% or from 3% to 6%.
CFH observations have a higher vertical resolution of
~10-15 m. An RH jump of 3% at cloud base and
cloud top is difficult to determine within such a short
distance. The limitation on minimum cloud thickness
for low and middle-to-high clouds in PWR95 were >
30.5 m and >61.0 m, respectively, but these limitations
were abandoned in WR95. To reduce the possibility of
misclassifying thin, clear, moist layers as clouds, the
minimum thickness limitations used in PWR95 were
used in this study. Low, middle, and high clouds were
defined as follows: (1) low clouds were defined as hav-
ing bases < 2 km; middle clouds were defined as having
bases ranging from 2 km to 5 km; and high clouds were
defined as having bases > 5 km. For scattered cumulus
clouds, RH probably decreases when the CFH passes
through a cloud gap; it is possible to misclassify a
cloud layer of scattered clouds as multi-layer clouds us-
ing minimum RH thresholds (hereafter Min-RH) and
maximum RH thresholds (hereafter Max-RH). In this
method, to reduce this possibility, two layers of cloud
are considered as a one-layered cloud if the distance
between the two contiguous layers is < 300 m or the
RH within this distance (hereafter Inter-RH) is slightly
less than Min-RH.

The lowest cloud base limit of 500 m AGL in WR95
was derived for a particular location, which was not
suitable for the Kunming observation site. The Kun-
ming site lies beside Lake Dian, where stratus clouds
with low base heights frequently occur. So, for this
location the lowest cloud base was set to 100 m AGL
in our analysis.

The WR95 method is able to detect virtually all
low clouds, but over-detects low-level clouds by ~10%
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more than the surface weather observations (Wang
and Rossow, 1995; Wang, 1997). It misidentifies some
cloud-free, moist layers as clouds, and it misses high
and thin clouds by 5% (Wang, 1997). To overcome
the problem of false detection near the surface, Wang
et al. (1999) increased the RH thresholds from 84% to
90%, and from 87% to 93%. Naud et al. (2003) sus-
pected that the cloud boundary results from WR95
might perform better if the RH thresholds were larger
at low altitudes and smaller at high altitudes. Slingo
(1980) defined different RH thresholds for low-, mid-
and high-level clouds in a numerical model cloud pa-
rameterization. Chernykh (1999) found a decrease in
RH at cloud base with increasing cloud height for all
cloud layers. By analyzing laser ceilometer data to-
gether with radiosonde RH data at the SCF site un-
der broken cloud field conditions, Han and Ellingson
(2000) confirmed the same phenomenon as Chernykh
(1999), at least up to heights of 2.5 km. To determine
cloud boundaries more accurately, it is thus necessary
to take into account the altitude dependence of RH
at cloud boundaries. By modifying the method pre-
sented in WR95 and using height-resolving RH thresh-
olds, the cloud vertical structures at Shouxian, Anhui
Province, China were obtained from the Vaisala RS92
radiosonde data collected at the ARM mobile facil-
ity (AMF) deployment (AMF-China) from 14 May
to 28 December 2008 (Zhang et al., 2010). The ra-
diosonde cloud detection method was also evaluated
and validated using surface active remote sensing ob-
servations. Results show that cloud layers retrieved
using the two cloud methods agree well at AMF-China
site, and that the RH-threshold-based cloud retrieval
method can capture cloud vertical distributions well.

Radiosonde accuracy varies substantially as a func-
tion of RH, temperature, solar altitude angle, and dif-
ferent radiosonde types have different strengths and
weaknesses in different realms of RH and tempera-
ture spaces (Miloshevich et al., 2006, 2009). Compared
with other types of radiosondes, the detecting accuracy
of the Vaisala RS92 radiosonde is high (Miloshevich et
al., 2006). However, a dry bias in the Vaisala humidity
sensor was also revealed, which was associated with so-
lar radiation, temperature-dependent calibration, and
chemical contamination (Wang et al., 2002; Turner et
al., 2003; Soden et al., 2004, Miloshevich et al., 2004,
2006; Vomel et al., 2007b; Cady-Pereira et al., 2008).
Taking the CFH data as the benchmark, many studies
have evaluated the performance of the RS92 in detect-
ing RH. By analyzing 12 soundings during the AIRS
Water Vapor Experiment in October and November
2003 at SCF, Vomel et al. (2007a) pointed out that
the mean difference in RH between CFH and RS92
was < 3% within the entire troposphere. Miloshevich
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et al. (2009) assessed the RH detecting accuracy of
the RS92, and results during the nighttime showed
that below 500 hPa, the average difference between
the CFH and the RS92 for detecting 48%-99% RH
was < 3% and sometimes close to 0%, and that above
500 hPa, it was generally < 5%. They also found that
the RH detecting bias of the RS92 decreased as the
ambient RH increased.

Therefore, based upon the above analysis of the
RH detecting differences between the CFH and the
RS92 and the study of Zhang et al. (2010) during
the AMF-China, the RH thresholds used to determine
cloud layers for the CFH were set as follows: (1) from
the surface to 2 km above mean sea level (MSL), the
RH thresholds were set to those of the RS92 at the
surface (used during the AMF-China); (2) from 2 km
MSL to 8 km MSL, they were set to those of the RS92
from 0 km above ground level (AGL) to 6 km AGL
(used during the AMF-China); (3) from 8 km MSL to
14 km MSL, they were set greater than that of the
RS92 from 6 km AGL to 12 km AGL (used during
the AMF-China) (i.e., the difference increases linearly
with height, which is 5% RH larger for the CFH at 14
km MSL than that for the RS92 at 12 km AGL); (4)
above 14 km MSL, the RH threshold was set to that
at 14 km MSL.

Compared to the nighttime bias, the bias of the
RS92 during the daytime was larger and was associ-
ated with solar radiation (Miloshevich et al., 2009).
However, this solar-radiation-related RH bias within
cloud layers accompanied by high RH is not as obvi-
ous as that within clear layers. We assume that the
RH detecting differences of the RS92 and the CFH
in cloud layers during the daytime is approximately
equal to that during the nighttime. Therefore, all RH
thresholds for the CFH during the daytime were set to
the same values as those during the nighttime specified
above. To this end, Min-RH, Max-RH, and Inter-RH
were set to decrease linearly with height; their values
are given in Table 2.

The modified cloud detection algorithm of method
1, using the height-resolving thresholds in Table 2, is

Table 2. Summary of height-resolving RH thresholds for
the CFH.

Altitude range Height-resolving RH thresholds

(above sea level) Min-RH Max-RH Inter-RH
< 2 km 92% 95% 84%
2-8 km 92%88%  95%-90%  84%-78%
84 km 88%-80%  90%85%  T8%75%
> 14 km 80% 85% 75%
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Fig. 2. Cloud layers derived from the RH profile mea-
sured by the CFH. The gray rectangles represent the lo-
cations of cloud layers. The solid and dotted lines show
RH with respect to water and with respect to ice for lev-
els with temperature < 0°C, respectively.

summarized as follows. Before applying any test, RH
is first transformed with respect to ice for all levels
with temperatures below 0°C. Then, RH is examined
from the surface to upper levels to derive cloud lay-
ers in seven steps: (1) the base of the lowest moist
layer is determined as the level with RH exceeding the
Min-RH at this level; (2) above the base of the moist
layer, contiguous levels with RH over the correspond-
ing Min-RH are treated as the same layer; (3) the top
of the moist layer is identified when RH decreases to
a value below the corresponding Min-RH or when RH
is over the corresponding Min-RH, but the top of the
profile is reached; (4) the moist layer is classified as a
cloud layer if the RH,ax within this layer is greater
than the corresponding Max-RH at the base of this
moist layer; (5) the base of cloud layers starting at
the ground is set to 100 m AGL and cloud layers are
discarded if the cloud top is < 100 m; (6) two contigu-
ous layers are considered as a one-layered cloud if the
distance between these two layers is < 300 m or the
RH,,in within this distance is more than the maximum
Inter-RH within this distance; and (7) cloud data are
discarded if their thickness is < 30.5 m for low clouds,
and < 61 m for middle-to-high clouds, and only cloud
layers with bases <18 km are kept. Applying the mod-
ified method specified above, cloud layers derived for
the case of the sounding launch No. 2 are shown in
Fig. 2; two cloud layers were clearly detected.

3.2 Method for the GTS1

Below 5 km, the method of determining cloud lay-
ers from the GTS1 is similar to that for the CFH, and
the RH is transformed with respect to ice for all levels
with temperatures below 0°C. However, the average
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dry bias of the GTS1 is on the order of 10% below 500
hPa (Bian et al., 2011) and therefore Min-RH, Max-
RH, and Inter-RH thresholds for the GTS1 are 10%
RH less than the values used for the CFH. Given the
large dry bias in measuring RH above 5 km, a new
method to identify cloud layers in that part of the at-
mosphere is required. From now on, all the RH data
used in section 3.2 were measured with respect to wa-
ter.

The average ascending rate is ~5 m s~! for the
GTS1 which takes measurements every 1-2 s, result-
ing in a high resolution of < 10 m (i.e., 5 m s™! x 2
s). As mentioned previously, CE96 stated that the
best cloud layer retrievals were obtained from obser-
vation data with low vertical resolution. So the data
frequency from the GTSI is reduced by first identi-
fying four sets of heights from which subsets of data
will be chosen: (1) from the surface upwards, at 600-
m intervals; (2) at standard levels: 700, 500, 400, 300,
250, 200, 150, 100, 70, 50, 40, 20, 15 hPa, and at or
near the thermodynamic first tropopause; and (3) the
altitudes where extremes in RH or temperature (local
minima or maxima) occur. Corresponding values of
RH and temperature are selected at these various al-
titudes and then sorted according to ascending height
from the surface. After processing, the average verti-
cal resolution for cases 2-10 in Table 1 were 376 m, 268
m, 318 m, 264 m, 289 m, 315 m, 386 m, 330 m, and
281 m, respectively. The fitting curve was obtained
by interpolating the selected data onto the altitudes
of the original data.

The second-order derivatives of RH and tempera-
ture, RH”(z) and T"(z), are shown in Fig. 3a. To
clearly see the changes around the zero point of the
z-axis, the z-axis in the figure ranges from —2 to 2.
The corresponding results of cloud layers derived from
the CE96 method are shown in Fig. 3b. Accurate RH
measurements from the CFH are also shown in the
figure.

Below 18 km, a total of 22 cloud layers were de-
rived. Naud et al. (2003) used 4 years of radar, lidar
and ceilometer data collected at the SCF site from
November 1996 through October 2000 to assess the
cloud-layer retrievals from the CE96 algorithm. They
showed that some cloud layers with cloud amounts
ranging from 60% to 100% derived from the CE96 were
misidentified and were actually moist, cloudless layers.
So it seems that the CE96 method identifies too many
very thin cloud layers. There are two possible reasons
for this: (1) many cloud-free layers with low RH were
misidentified as cloud layers, and (2) one cloud layer
was misclassified as multiple layers of cloud. More cri-
teria must be applied to the measurements to avoid
these kinds of misclassifications.
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Fig. 3. The second-order derivatives of temperature and RH with respect to (a)
height and (b) the cloud layers derived from CE96. The blue line represents RH with
respect to water in GTS1 measurements; the green and cyan lines denote RH with
respect to water and with respect to ice for levels with temperature < 0°C from CFH
measurements; the red solid and black dotted lines illustrate the cloud base height

and top height, respectively.

3.2.1

A preliminary scrutiny of the initial vertical distri-
bution of cloud layers for each case is performed before
applying further tests. Starting from the surface and
working upwards, the distance between each consecu-
tive pair of layers is assessed. If the distance between
the layers is < 300 m, the layers are considered as one
cloud layer and a check is made next of the distance
between this new layer with the layer above, if it ex-
ists. This test proceeds up the atmospheric column
until the topmost layer of cloud is reached.

Once this preliminary step is completed, further
refinement in identifying contiguous cloud layers is
made. The distance between two contiguous cloud lay-
ers is now defined as D, and the RH values within D
are defined as RH;, The smaller of the values of RH at
the base or the top of the lower layer of cloud is defined
as RHy, and the larger one is defined as RHy. Because
there is a decrease in RH at the cloud base as the
cloud height increases, and if D is not too large, RHj,
is compared to RH;. If the percentage of RH;, values
greater than or equal to RH; (hereafter, P) is large
enough, two contiguous cloud layers are considered as
one layer. The maximum value of D is set at 2.2 km.
Because the dry bias in RH increases with rising alti-
tude, P is set as a function of altitude: (1) Below 12
km, P is set at 70% because RH measurements can
generally capture the varying trends. Two contiguous

Two contiguous cloud layers

clouds with bases lower than 12 km, and satisfying the
conditions that both D < 2.2 km and P > 70%, are
classified as one layer. (2) From 12 km to 15 km, there
are large biases in RH, and sometimes there is little
vertical variation of RH within this altitude range. P
is set to 90% in this part of the atmospheric column.
There is a distinct drop in RH from cloud layers into
clear layers, so if the difference between RHy and the
maximum RH within D (hereafter, ARH) is > 1%,
there was a transition from a cloud layer to a clear
layer. If two contiguous cloud layers with bases falling
between 12 km to 15 km satisfy the conditions D < 2.2
km, P > 90%, and ARH < 1, they are classified as one
layer of cloud. (3) Above 15 km, there is less variation
in RH, so ARH is set to < 1%. Two contiguous layers
with bases higher than 15 km and satisfying the con-
ditions that D < 2.2 km, P > 90%, and ARH < 1,
are classified as one layer. A summary of the criteria
for determining whether two contiguous layers can be
classified as one layer is given in Table 3.

Table 3. Thresholds for combining two contiguous layers
into one.

Altitude range Criteria

5-12 km D <22km and P > 70%
12-15 km D <22km, P> 90%, and ARH < 1
> 15 km D <22 km, P> 90%, and ARH < 1
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Fig. 4. Cloud layers derived from GTS1 measurements
after application of additional criteria. All lines are the
same as in Fig. 3b.

3.2.2 Identification of other cloud layers from GTS1
measurements

Below 7 km, RH measurements are relatively accu-
rate. So for cloud layers with bases lower than 7 km,
the RHp,, within the layers must be >50%. Cloud
layers with bases >18 km are discarded because these
cloud types rarely occur. Middle and high clouds with
thicknesses <61 m are also excluded.

Preliminary classification of cloud layers using the
criteria introduced above are shown in Fig. 4. Agree-
ment between the location of cloud layers from GTS1
and CFH measurements is better than that seen in
Fig. 3b. However, at high altitudes, there are still dis-
crepancies due to inaccurate RH measurements from
the GTS1. If D<2.2 km, P>90%, and ARH<1%for
two contiguous layers with bases located between 12
km and 16 km, these layers are classified as one layer
of cloud. Above 16 km, RH measurements are not ac-
curate, so cloud layers with thicknesses <200 m are
discarded.

3.3 Method for the RS80

First, the RH in this method is transformed with
respect to ice for all levels with temperatures < 0°C.
Below 5 km, method 1 is used to determine cloud
layer boundaries from RS80 measurements (the same
as those used for GTS1). Above 5 km, method 2, with
some modifications particular to the RS80, was used
to identify cloud boundaries.

The procedures for selecting original data and de-
riving cloud layers using RH”(z) and T"(z) are the
same as those used with GTS1 measurements. Fur-
ther criteria that differ from those used with GTS1
measurements are introduced in the following subsec-
tions.
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3.3.1

The variables D, RH;,, P, RHy, and RH,,,,« are the
same as those defined in subsection 3.2. The RHax
at the top of lower cloud layer and the base of higher
cloud layer of two contiguous cloud layers is defined as
RHs.

The maximum value of D is set at 2.2 km. In the
first condition, if P > 70%, two contiguous cloud lay-
ers are classified as one layer. In the second condition,
if P < 70%, the maximum value of RHj, is compared
to RH;. If their difference (hereafter, dgyi) is much
greater than zero, then the layer with the larger RH
is most likely a cloud layer. Therefore, provided that
dru1 = 12% and P > 45%, two contiguous cloud lay-
ers are classified as one layer of cloud. In summary, if
D < 2.2 km, and either the first or second condition
is satisfied, two contiguous cloud layers are identified
as one cloud layer.

Because measurements of RH from the RS80 be-
come less accurate with increasing altitude, further
criteria that are a function of altitude are required to
assess contiguous cloud layers.

Below 14 km, RH measurements are relatively ac-
curate. For two contiguous cloud layers with bases
located below 14 km, the maximum value of D is set
at 2.2 km. In the first condition, if P > 70%, RHj is
compared to the minimum value of RH;,. If their dif-
ference (hereafter, dry,) is large, then the RH within
D is small, so the layer is clear. Otherwise, there is
little difference in the magnitude of RH within D and
the two contiguous cloud layers, so D is thus consid-
ered as a cloud layer. The maximum value of dgp, is
set at 12%. If dgrpu, < 12%, two contiguous cloud lay-
ers are classified as one layer of cloud. In the second
condition, the difference between the maximum value
of RH;, and RHj3 is defined as dgp,. A large value
for dry, signifies that compared to the two contiguous
cloud layers, there are large values of RH within D.
Values for dgrp, are set to > 8%. If dgu, > 8%, two
contiguous cloud layers are classified as one layer. In
summary, for cloud layers with bases below 14 km, if
D < 2.2 km, and either condition (1) or (2) is satisfied,
two contiguous cloud layers are identified as one cloud
layer.

Above 14 km, the dry bias becomes larger. The
maximum value of D is also set at 2.2 km. Two
contiguous cloud layers are considered as one layer if
P 2 70% or 6RH1 2 12%

Two contiguous cloud layers

3.3.2 Identification of other cloud layers from RS80
measurements

For cloud layers with bases below 11 km, RHpax
must be > 60%, and for cloud layers with bases be-
tween 11 km and 12 km, RH,,, must be > 50%. Two
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Fig. 5. Flowchart describing the steps in method-2 for determining cloud layer boundaries from GTS1

and RS80 measurements.

contiguous cloud layers with bases located between 16
km and 18 km are considered as one layer if the dis-
tance between them is < 800 m. Cloud layers with
bases higher than 18 km are discarded. The thick-
nesses of middle and high clouds must be > 61 m.
Figure 5 shows the flowchart summarizing the steps
in method 2 that were used to determine cloud layer
boundaries from GTS1 and RS80 measurements.

3.4 Comparison of cloud detection results

Cloud layers retrieved using the methods described
above applied to measurements made by the CFH, the
GTS1, and the RS80 on 8 August 2009 at 1411 LST,
case 2 described in Table 1, are shown in Fig. 6a.
The numbers of cloud layers obtained by the CFH, the
GTS1, and the RS80 are two, four, and four, respec-

tively. The second highest cloud layer obtained from
GTS1 and RS80 measurements is classified as two lay-
ers using CFH measurements. The lowest, third, and
fourth cloud layers retrieved from the GTS1 and the
RS80 are classified as cloud-free layers by the CFH;
however, they generally correspond to moist layers
with high RH in CFH observations. The second layer
of cloud from the surface retrieved from RS80 mea-
surements is thicker than that obtained by the GTS1,
and the third layer of cloud is lower and much thinner
than the third layer of cloud retrieved from GTS1 mea-
surements. Overall, although differences exist for this
particular case, all three instruments can provide rea-
sonable information about the location of cloud layers
or moist layers. Cloud layers retrieved from another
launch, case 3 in Table 1 followed the above case 2,
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Fig. 6. Cloud layers derived from CFH, GTS1, and RS80 measurements made on (a) 8 August
2009 at 1411 LST, and (b) 9 August 2009 at 1402 LST. The solid lines represent RH with respect
to water, and the dashed lines represent RH with respect to ice (temperatures < 0°C).

launched on 9 August 2009 at 1402 LST, are shown
in Fig. 6b. Agreement among the locations of cloud
layers retrieved from the three instruments is better
than that seen in Fig. 6a. A total of six, five, and
five cloud layers are derived from CFH, GTSI1, and
RS80 measurements, respectively. Cloud distributions
obtained by the three instruments are very similar, al-
though there are some differences in the thickness of
the fourth layer.

Figure 7 shows mean cloud base and/or cloud-top
heights and thicknesses in different altitude ranges for
cases 2-11 (Table 1). The gray area represents the
location of cloud layers derived from the radiosonde.
Below 5 km, mean cloud information derived from
measurements taken by all three instruments are close
in magnitude because RH measurements are highly
accurate in this region of the atmosphere, and the
method used to determine cloud layers is similar for

all instruments. From 5 km to 10 km, more differ-
ences are seen among the set of three cloud layer re-
trievals. The number of cloud layers retrieved from
GTS1 and RS80 measurements is slightly larger than
that from CFH measurements, and the mean location
of the CFH-derived cloud layer is generally located at
an altitude that falls somewhere between the altitudes
of the cloud layers derived from GTS1 and RS80 mea-
surements. The mean cloud-layer thickness is greatest
from RS80 retrievals (1687 m) and smallest from CFH
retrievals (759 m). Above 10 km, cloud layer informa-
tion from CFH and RS80 retrievals are similar. The
mean thickness (1531 m) and total number of cloud
layers (i.e., 27) is largest from GTS1 retrievals. Figure
7d shows that although the agreement among the three
instrument retrievals may not be good when consid-
ering different cloud base altitude ranges, they agree
reasonably well when all cloud layers are considered
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Fig. 7. Mean locations and thicknesses of cloud layers with (a) bases lower than 5 km, (b) bases
ranging from 5 km to 10 km, (c) bases higher than 10 km, and (d) all cloud layers. Hy, Hy, and
AH are the mean cloud-base height, mean cloud-top height, and mean thickness (units in m), re-
spectively. N denotes the number of cloud layers. The gray area represents the location of cloud

layers from the radiosonde.
together.
4. Discussion and summary

Based on radiosonde measurements made at Kun-
ming in Yunnan province from 7 to 13 August 2009,
we developed methods to determine the location of
cloud layers from CFH, GTS1, and RS80 measure-
ments. The accuracies of CFH, GTS1, and RS80 mea-
surements changed with increase in altitude. Below
5 km, RH measurements from the three instruments
had similar accuracies; above 5 km, the CFH made the
most accurate measurements. Temperature measure-
ments from the GTS1 and the RS80 were very close
below 18 km; above 18 km, the temperatures from the
GTS1 were higher than those from the RS80.

Taking into account the different sounding accura-
cies, methods for determining cloud layers were devel-
oped for each instrument, based on the methodologies
of WR95 and CE96. The method for the CFH used
height-resolving RH thresholds, which requires very
accurate measurements of RH. Below 5 km, the meth-
ods for the GTS1 and the RS80 were similar to that of
the CFH; above 5 km, the methodology of CE96 was
followed using different criteria for RH thresholds.

Comparisons of cloud-layer retrievals derived from
measurements made by the three instruments illus-
trated that they were able to provide reasonable in-
formation about the distribution of cloud layers in the
atmospheric column. Below 10 km, cloud distribu-
tions derived from the three instruments were sim-

ilar. Above 10 km, cloud layers derived from mea-
surements made by the CFH were generally detected
by the GTS1/RS80; however, cloud layers from the
GTS1/RS80 occurred more frequently than those from
the CFH. The average cloud layer locations obtained
from the three cloud layer retrievals were similar, al-
though discrepancies emerged at a detailed level.
Knowledge of cloud vertical distribution is vital for
meteorological and climate studies. Such information
is unavailable for most parts of the world, including
the large territory of China. Although CloudSat can
provide cloud vertical distribution information, its nar-
row nadir view limits its global sampling. The GTS1 is
the operational radiosonde routinely deployed at many
stations in China. Therefore, cloud vertical distribu-
tions obtained during the past ten years could be inves-
tigated by using GTS1 observations. A future study
will focus on validating methods and results presented
here using ground-based observations of cloud layers
from remote sensing instruments.
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