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Abstract—A new method using water vapor pressure (WVP)
from a radiosonde profile to determine the cloud vertical structure
for the tropical region is proposed in this paper. This includes both
the cloud base height and the cloud occurrences at different levels
in the atmosphere. Our study shows that the presence of clouds
depends on the following criterion: the measured WVP is larger
than the critical WVP at the same level. The applicable level is
found to be within the range of 300–12 000 m. The estimated cloud
vertical structure using the proposed method is compared with
the Salonen and Uppala (SU) model, the ceilometer data, and two
kinds of meteorological observation data, namely, SYNOP and
METAR. The proposed model shows a higher accuracy level of
prediction of the cloud vertical structure as compared with the
existing SU model.

Index Terms—Ceilometer, cloud base height (CBH), cloud ver-
tical structure, radiosonde, water vapor pressure (WVP).

I. INTRODUCTION

C LOUD plays a significant role in both the Earth’s climate
system [1], [2] and the ground-to-space radio communi-

cation system [3]. By influencing the hydrological cycle and
the radiation balance [4], [5], it can cause a wide variation in
weather conditions. Cloud can also cause severe impairment to
satellite communications, particularly for low-margin systems
[6] such as the very small aperture terminal operating in the
Ka-band (20/30 GHz) or above. Moreover, absorptionfrom cloud
constituents can affect some sensors working in the visible and
near-infrared range of the electromagnetic spectrum [7]. These
effects are even more severe in the tropical region (e.g., Singapore)
due to the high probability for the occurrence of convective
clouds. Unlike clouds found in other subtropical and temperate
regions, these convective clouds are cumulus, extending over
high vertical altitudes, and are heavy in liquid water content
[8]. Therefore, cloud detection becomes a very important issue
for a wide range of remote-sensing applications.
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Radio-sounding observation data have been widely applied
to model the cloud vertical structure [9]–[12], since it is im-
plemented with various sensors to measure important meteo-
rological variables such as temperature, pressure, and relative
humidity (RH) along a vertical path. To determine the cloud
base height (CBH), ceilometer is sometimes used [13]–[17];
meteorological surface observations are also effective for CBH
and cloud coverage determination [18], [19].

Decker et al. [9] proposed the use of certain RH as a constant
threshold to detect the CBH and cloud thickness in 1978. CBHs
were determined at such level when the RH first exceeded 95%,
and the cloud thickness was determined using the points at
which the RH dropped below 95% along the same cloud layer.
In 1995, after comparing the ceilometer measurements of CBH
with radiosonde humidity profiles, Han and Westwater revised
this constant RH threshold to 90% [10] to make the two types of
existing data have better agreement. In 1995, Wang and Rossow
[11] proposed a method with three RH criteria to identify the
cloud vertical structure: maximum RH in a cloud of at least
87%, minimum RH of at least 84%, and RH jumps exceeding
3% at cloud-layer top and base.

Another typical approach for cloud detection applied by
Salonen and Uppala (SU) [12] in 1991 used apressure-dependent
critical humidity function to detect the presence of cloud. It is
noted that all the existing cloud detection models previously
mentioned are based only on the RH profiles as a threshold.

Water vapor plays an important role for the hydrological
cycle in the Earth [20]. It evaporates from river, lake, or sea
surface and then condenses to form clouds. Blown by the winds,
clouds change their shape and move to other places. Finally,
they will precipitate in the form of rain and/or snow, thus falling
back onto the Earth’s surface. The amount of water vapor sus-
pended in the air and the temperatures of water vapor are the
two key factors contributing to the formation of clouds. Water
vapor pressure (WVP) relying on these key factors should have
some positive correlation with the cloud.

Therefore, in this paper, as a continuation of the work in
[21], we will propose an alternative approach for determining
the cloud vertical structure, using WVP along the path to detect
the presence of cloud.

In the following, Section II provides a description of two
popular cloud detection models, which illustrates the different
critical humidity thresholds and criteria for cloud detection.
The meteorological data (radiosonde profiles, surface cloud
observation data, ceilometer data, and hourly surface report)
are introduced in Section III. Section IV presents our proposed
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Fig. 1. Site difference between the NEA Upper Air Observatory and the Changi Airport.

methodology for modeling the cloud vertical structure using
WVP. A performance evaluation of the proposed WVP model
is given in Section V. Finally, conclusions are presented in
Section VI.

II. CLOUD DETECTION MODELS

Two popular cloud detection models are introduced below
with different critical humidity thresholds and criteria for cloud
detection, namely, the SU model and the Decker model.

A. SU Model

The SU model [12] has been adopted in ITU-R P.840-6 [22]
owing to its solid physical basis. It identifies a cloud when the
measured RH from radiosonde exceeds the critical humidity
function RHc as follows:

RHc = 1− ασ(1 − σ) [1 + β(σ − 0.5)] (1)

where σ = P (i)/P (0), and P (i) and P (0) are the respective
pressures (hPa) at the considered ith atmospheric level and at
the ground level. α and β are two empirical parameters where
α = 1.0 and β =

√
3 in [12]. The work in [23] reported that

the SU model is the best model for estimating cloud attenua-
tion over equatorial climate based on their measurements and
analysis and, therefore, will be used for comparison purposes.

B. Decker Model

The Decker model [9] is a direct and simple way for the
identification of clouds from the atmospheric profiles. By com-
paring the RH profile with a constant threshold, the cloud
vertical structure can be determined. The suggested threshold
in the earlier work of Decker was 95% (De95) [9], whereas in
a recent work, the suggested threshold was 90% (De90) [10].
Cloud layers are identified in the profile when the atmospheric
RH exceeds the RH threshold. In the following, both the models
will be compared with our proposed method and the existing
meteorological data sets.

III. METEOROLOGICAL DATA

Four types of meteorological data sets are used for com-
parison on the cloud vertical structure. Radiosonde data are

used to detect the cloud vertical structure based on models.
The ceilometer data and two sets of observation data, namely,
SYNOP and METAR, provide the cloud occurrences at differ-
ent levels and the first-layer CBH for the performance evalua-
tions of the models.

A. Radiosonde Data

Radiosonde data are acquired from an online database pro-
vided by the Department of Atmospheric Science, University
of Wyoming [24].

For the Singapore station, WSSS, the raw experimental data
are collected by the National Environment Agency (NEA) at
the Singapore Upper Air Observatory (1.34◦N, 103.89◦E), Sta-
tion Number 48698 in the World Meteorological Organization
(WMO) network shown in Fig. 1. From our previous work
[25], the online radiosonde data have proved feasible for the
evaluation of cloud attenuation in the tropical region. The
radiosonde observation times are approximately 00:00 UTC
and 10:00 UTC, twice per day.

The RH, temperature, and altitude data from radiosonde are
used to estimate the WVP for cloud detection. The maximum
altitude of the radiosonde data can be up to 50 000 m, which is
limited by the instrument. However, most of the time, RH data
are only available up to around 12 000 m. Therefore, for cloud
detection, the maximum detectable cloud will be up to 12 000 m.
Above this level, the clouds are usually full of ice crystals.

To derive a cloud detection model suitable for the tropical
region, the radiosonde data from nine tropical stations, each
station for the years 2010–2013, i.e., a total of 36 years, are
acquired from the online database. The nine stations are chosen
to be within ±20◦ latitude with high availability of data, which
is approximately 95% availability for the nine stations for the
four years in this study. The nine stations with their correspond-
ing locations are given in Table I.

B. Ceilometer Data

The ceilometer (by the CL31 model) data set is used to
validate the CBH determined by the models. The data set is col-
lected at the Changi Airport office of NEA (1.37◦N, 103.98◦E),
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TABLE I
NINE RADIOSONDE STATIONS SELECTED IN THE TROPICAL REGION

TABLE II
CODE DESCRIPTION FOR CBH IN SYNOP

as shown in Fig. 1. They are continuously recorded at a time
interval of 1 min with a vertical resolution of 5 m. Although
ceilometer can provide CBH information up to three layers, the
available information of the upper two layers is very limited.
Therefore, only the CBHs for the first layer at approximately
00:00 UTC and 10:00 UTC are used.

C. Human Observations

The human observation data set is obtained from the SYNOP
report also collected by the NEA Upper Air Observatory in
Singapore, at the same time and location as the radiosonde data.
SYNOP is a numerical code (called FM-12 by WMO) used
for reporting weather observations made by weather stations.
The data include cloud coverage, first-layer CBH, and types of
clouds at different levels. The data for cloud type at the low
level, middle level, and high level are processed for indicating
the cloud occurrences at each level. The first-layer CBH is used
to verify the accuracy of the models. The data are encoded as
a code figure, as shown in Table II. It is noted that the per-
formance of ceilometer [26] has been also checked against the
human observations by the manufacturer.

D. Hourly Surface Report

Hourly surface reports (i.e., METAR report in this study) can
be also obtained from the database provided by the University

of Wyoming [24]. The raw data are collected at the Changi
Airport office of NEA (same as ceilometer). Raw data include
cloud coverage and cloud height information at different levels
with an interval of half an hour for Singapore. The cloud data
are also processed so as to allow for the comparison of cloud
occurrence at low, middle, and high levels.

IV. METHODOLOGY

Since the condensation of water vapor is a source of cloud
formation, the correlation of the WVP (affecting the conden-
sation and evaporation of water vapor) with the cloud vertical
structure should be very obvious. Thereby, WVP can be a good
parameter for cloud detection.

To determine the WVP at different atmospheric levels, RH
and temperature data from radiosonde vertical profiles are used
for calculating the spatial pressure of water vapor [27], [28], i.e.,

e = RH×exp(−37.2465 + 0.213166T−2.56908× 10−4T 2)
(2)

where e stands for the WVP in hectopascals, and T is the
absolute temperature in degrees Kelvin.

An example of WVP at different levels is shown in Fig. 2(a).
It can be easily observed that WVP has a negative exponential
relationship with altitude. To properly and accurately estimate
the exponential relationship, 36 years of radiosonde data (a
total of 891 710 data points) collected at nine different locations
in the tropical region have been processed using a regression
technique. Fig. 2(b) presents the variation of WVP versus
altitude. It can be observed that below around 12 000 m, the
WVPs have large variations. This variation is due to the change
in RH and temperature on different days, which could indicate
the appearance of cloud.

A critical WVP function [red solid line in Fig. 2(b)] for cloud
detection is determined by applying the exponential curve-
fitting technique on the dependent variable (WVP) and the
independent variable (altitude) in the form of

ec = a · exp(b · Alt) (3)

where Alt is the altitude in meters, and ec is the critical WVP
threshold in hectopascals in this study. Through the least squares
regression technique, empirical values for the two parameters a
and b are derived to be 28.81 and −0.0004363.

The criterion of cloud detection proposed in this study is: if
the measured WVP is larger than the critical WVP threshold
given in (3) at the same level, this level is assumed to be in
cloud.

Wang and Rossow [11] have reported that if the detected
cloud base is lower than 500 m above the ground level, the
cloud layer shall be discarded. However, for the tropical region,
the seasonal low-level CBHs are found to vary from 356 to
820 m, as reported in [29]. Therefore, the baseline of 500 m
as reported in [11] may be too high and will be adjusted to
about 300 m for our cloud detection model. Furthermore, since
most of WVP variations are below around 12 000 m, an upper
applicable range of 12 000 m is assumed.
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Fig. 2. WVP at different altitude levels. (a) One data set. (b) 36 years of
radiosonde data collected from nine locations in the tropical region with curve
fitting.

In the next section, our proposed cloud detection model given
in (3) will be compared and verified with existing models and
meteorological data sets.

V. PERFORMANCE EVALUATION

To evaluate the performance of the proposed cloud detection
method, comparisons with the SU model, the De90 model,
human observations, ceilometer measurements, and the hourly
surface report are carried out.

A. Cloud Vertical Structure Comparison

The detected cloud vertical structure is compared among the
SU model, the De90 model, and our proposed model using the
radiosonde data at same time. Fig. 3 shows an example of cloud
detection at 10:00 UTC on October 22, 2013. As shown in
Fig. 3(a), if the measured WVP is above the WVP threshold
given by (3), it indicates that a cloud is present. The red squares

Fig. 3. Cloud vertical structure detection and comparison by the (a) WVP
model, the (b) De90 model, the SU model, and the WVP model at 10:00 UTC
on October 22, 2013.

represent the cloud detected by the WVP model. One thick
layer of cloud can be observed in Fig. 3(a), and the cloud is
from around 500 to 8000 m. Fig. 3(b) shows the cloud detected
by the SU model and the De90 model. The cloud detected by
the proposed WVP model as shown in Fig. 3(a) is also indicated
by red squares in Fig. 3(b) for ease of comparison. For the
De90 model, if the measured RH is above 90%, it indicates
that a cloud is present. As shown in Fig. 3(b), the De90 model
could only detect one thin layer of cloud at around 5500 m. As
stated in [8], the De90 model is found to be highly inaccurate
for the detection of clouds and is seldom used for the tropical
region. For the SU model, if the measured RH is above the SU
threshold, it indicates that a cloud is present. The cloud detected
by the SU model is shown by the green dots in Fig. 3(b), i.e.,
low-level clouds from 1000 to 1900 m and middle-level clouds
from 2000 to 7500 m. Comparing both the proposed model
and the SU model, both models indicate the existence of thick
clouds stretching from the low level up to the high level.
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Fig. 4. Cloud image takenby the whole-sky imagerat 10:00 UTC on October 22,
2013 at NTU.

However, the SU model has split the thick clouds into two
layers, whereas the proposed WVP model has detected one
thick layer. In addition, the CBHs and cloud top heights are
also slightly different.

To further compare the performance of the three cloud detec-
tion models, cloud images taken by a whole-sky imager [30] at
Nanyang Technological University (NTU) are shown in Fig. 4.
It is observed that the sky is overcast with dark thick low-level
cloud around the same time as the cloud detection in Fig. 3.
Although there is a site difference between the radiosonde
observation site and the NTU whole-sky imager site, due to the
small size of the tropical country of Singapore, this heavy low-
level cloud is covering the whole island. Therefore, the image
can be used to show the existence of a thick low-level cloud
as estimated by the empirical models of the SU model and our
proposed WVP models.

B. Cloud Occurrence Comparison

Cloud occurrence is classified into three categories according
to the CBH above ground level. They are typically low-level
cloud with CBH from 0 to 2000 m, middle-level cloud with
CBH from 2000 to 5000 m, and high-level cloud with CBH
above 5000 m (referred to the METAR report). The occurrences
of cloud determined by the SU and WVP models are classi-
fied into the three corresponding levels previously stated for
comparison purposes. For the SYNOP and METAR reports, the
cloud data have already been categorized into the three different
levels.

Table III shows a comparison of the percentage of cloud
occurrence detected by the SYNOP and METAR reports. It
should be noted that the SYNOP data are collected at the NEA
Upper Air Observatory site, whereas METAR data are collected
at a different location at the Changi Airport site, which are
12 km apart. It can be observed that for low-level clouds, the
detection is consistent, with more than 97% of the time with
clouds detected by both the SYNOP and METAR reports. This
is due to the large coverage area of low-level clouds. However,

TABLE III
COMPARISON OF CLOUD OCCURRENCE BETWEEN

METAR REPORT AND SYNOP REPORT ∗

TABLE IV
COMPARISON OF CLOUD OCCURRENCE FROM MODELS (SU AND WVP)

AND OBSERVATION REPORTS (SYNOP AND METAR)∗

for middle- and high-level clouds, around 40% and 39% of the
time, respectively, both reports detected clouds. This is due to
the different geographical locations of the two observation sites.
METAR reports being collected at the east coast of Singapore
tend to experience less cloud and rain events, as reported in [31].

Table IV summarizes the percentages of matched and un-
matched cloud occurrences from the two models and from the
SYNOP and METAR data for the year 2013 in Singapore. The
total number of observations is 698 instead of 730 due to some
missing radiosonde data. The data in Table IV are discussed as
follows.

i) M1 represents the percentage of the cases in which nei-
ther the models nor the SYNOP/METAR report data in-
dicate the cloud occurrence simultaneously. For example,
for 0.43% of the time, both the SU model and SYNOP
data did not detect any low-level clouds, whereas for
0.29% of the time, both the SU model and the METAR
data did not detect any low-level clouds. Similarly, both
the proposed WVP model and the SYNOP data did
not detect any low-level clouds for 0.43% of the time,
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Fig. 5. Percentage of the matched cloud occurrence cases of the SU/WVP
models comparing with SYNOP/METAR data.

whereas both the WVP model and METAR data did not
detect any low-level clouds for 0.14% of the time.

ii) S is the percentage of the cases in which the model does
not detect any cloud while the SYNOP/METAR report
data indicate a cloud.

iii) R is the percentage of the cases in which the models
detect a cloud while the SYNOP/METAR report data
indicate no cloud.

iv) M2 represents the percentage of the cases in which both
the models and the SYNOP/METAR report data indicate
cloud occurrence.

For the total matched cases, the percentage is the summation of
M1 and M2; whereas for the unmatched cases, the percentage
is the summation of S and R.

As observed from Table IV, for low-level cloud occurrence,
the WVP model has more than 90% correct detection. To
illustrate, the correct detection of the WVP model compared
with the SYNOP data is 95.99%+ 0.43% = 96.42%;, and
the correct detection of the WVP model compared with the
METAR data is 96.70%+ 0.14% = 96.84%. However, the cor-
rect detection of the SU model for low-level cloud occurrence,
compared with the data of the two reports, is only around
80%. This is 16% less accurate than our proposed WVP model,
although both models are relatively accurate for low-level cloud
detection. For middle-level cloud occurrence, the two models
match the SYNOP report data well, and both have more than
90% matched cases. For high-level cloud occurrence, the two
models match the SYNOP report data at about 75% for the
SU model and 94% for the WVP model. The proposed WVP
model has a higher accuracy level for cloud detection at the high
level. However, for the METAR report data, there are fewer
cases of matching between both models and METAR data as
compared with the SYNOP data, as shown in Fig. 5. This is
due to the difference in location between the two measurement
sites (see Fig. 1). The radiosonde data used in the SU and WVP

Fig. 6. Histogram of CBHs from the SU model, the WVP model, ceilometers,
and human observations in 2013 in Singapore.

models and the SYNOP report data both are collected at the
same NEA Upper Air Observatory site, whereas the METAR
data are collected at the Changi Airport site (12 km away).

The conclusion can be summarized in Fig. 5. As shown, the
proposed WVP model almost always compares better with the
SYNOP data. This shows a higher accuracy level for cloud
structure determination as compared with the existingSU model.
Another conclusion is that the SYNOP data always compare
better with the two models as compared with the METAR data.
This is due to the geographical location of the measurement
sites, which can be also observed from Table III. Note that
the low-level cloud detection by both the SU model and the
WVP model compared with both SYNOP and METAR data is
relatively better as compared with middle- and high-level cloud
detection. This might be due to the likelihood of a low-level
cloud having a larger horizontal extension as compared with
middle- and high-level clouds.

C. CBH Comparison

CBHs are taken as the lowest heights estimated by the two
models (the SU and WVP models), comparing with the results
from the human observation and first-layer CBH from ceilome-
ter measurements at the same time.

Fig. 6 shows one-year (2013) comparison of ceilometer
measurements and human observation data, with the results es-
timated by the SU and WVP models in Singapore. The numbers
0–9 (same as Table II) represent different ranges according to
the SYNOP human observation criteria. It is obvious that for
bin 4 (300–600 m), the detected CBHs by the SU model signif-
icantly deviate from the CBHs detected/observed by the WVP
model, ceilometers, and SYNOP report data. The latter three
methods have very similar performance as observed. Further-
more, it can be observed that our proposed WVP have a very
good agreement with the ceilometer and SYNOP report data in
the range between 4 and 5 where the low-level CBHs exist most
of the time.
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Fig. 7. Scatterplot of CBH measured by CL31 with (a) CBH estimated by the
SU model and (b) CBH estimated by the WVP model.

Since the ceilometer data have been widely used to verify
the CBH [13]–[17], we compare the CBHs estimated by the SU
model and the WVP model with ceilometer-determined CBHs.
Fig. 7 shows the scatterplots of CL31 data versus the estimated
CBHs for the year 2013. The upper limit of CBH is set to 2000 m
since most of the CBHs (99.14% for Singapore for 2013) fall
into this range. As indicated in [16], if the difference in CBH
between the ceilometer data and the models is within ±200 m,
the empirical models are assumed to have a correct detection.

Two red slant lines representing the detection accuracy are
plotted in Fig. 7 for a clear illustration. If the CBH data fall
within the range of the two lines, it is a correct detection.
Fig. 7(a) shows the correlation between the results of the SU
model and those of the CL31 model. It can be observed that
around one-fourth of the total data is within the lines and can
be regarded as correct detection. It is also observed that the SU
model tends to overestimate the CBH. This is shown by the
large portion of data below the lower-limit slant line. For our
proposed WVP model in Fig. 7(b), it is obvious that most of

Fig. 8. Histograms of the difference between the CBHs detected by the
ceilometer and the heights estimated using the SU and WVP models.

the CBH data are concentrated in the range of ±200 m, within
the two lines. Although there are still some falling beyond the
limits, the proposed WVP model clearly has higher detection
accuracy as compared with the SU model for the tropical region.

The outliers in the detection results may be due to the
slight time difference of the ceilometer data and the radiosonde
data. The balloon of the radiosonde needs some rising time
to hit the cloud base, and this period is relatively uncertain
depending on the rising velocity of the balloon, wind speed,
and wind direction. Furthermore, the exact releasing time for
the radiosonde is not fixed, which also leads to additional error.

Another reason might be due to the site difference (less than
12 km) between the radiosonde observation site and the ceilome-
ter detection site, as shown in Fig. 1. If the cloud does not extend
widely in the horizontal direction, detection errors will exist.

Fig. 8 shows the histograms of the actual difference between
the ceilometer data and the results estimated using the two
models. The bin size is set as 400 m so that the bin at zero
represents a correct detection where the difference is within
±200 m. It can be observed in 2013 that the SU model has less
than half a correct detection as compared with the WVP model.

To further verify our proposed WVP model, radiosonde data
from other tropical regions are processed using the same proce-
dures. Two locations in Central America, Mexico (MMAA) and
Dominican Republic (MDSD) are used in this study. For these
two sites, the CBHs estimated by the SU model and the WVP
model are compared with the METAR CBH data for low-level
clouds.

The statistical information for the correct detection of CBH
(within ±200 m) by the two models is summarized in Table V.
From Table V, it is found that the WVP model has more
than 60% correct CBH detection, whereas the SU model has
less than 30% correct CBH detection. Therefore, it can be
concluded that the proposed WVP model has better detection
capability than the traditional SU model and is more suitable
for CBH detection within the tropical region.
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TABLE V
CORRECT DETECTION RATE OF CBH FROM COMPARING SU

AND WVP MODELS WITH CEILOMETER/METAR DATA

VI. CONCLUSION

A new method for the detection of the cloud vertical struc-
ture has been proposed in this paper. The method is based
on a critical WVP model estimated from 36 sets of vertical
radiosonde profiles collected from nine different locations in
tropical regions over a period of four years. This model is
used as a detection threshold. It applies the WVP, which is a
function of both temperature and RH, instead of only the RH as
is traditionally done.

The estimated results of the cloud vertical structure using
our proposed WVP model are compared with the results from
the SU model, ceilometer data, and two types of observation
data (SYNOP and METAR). Analysis shows that the proposed
WVP model is able to detect the cloud vertical structure better
than the existing SU model. Through a comparison of the
WVP model and the SU model on CBH estimation for other
tropical countries, it is concluded that the proposed WVP
model is better suited for the detection of CBH for the tropical
region.
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