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Abstract: Based on the analysis of results of radiative transfer simulation, a method for ground-based infrared remote sensing

of cloud based on height is proposed according to the monotonic relationship between Cloud Base Height (CBH) and the down-

welling infrared radiance. A preliminary comparison experiment is conducted with cloud base height measured by laser ceilom-

eters. The results show high accuracy of CBH of middle and low cloud determined according to the proposed method with an

average error of 107 m.
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1 INTRODUCTION

Clouds are one of the most important moderators of the earth-
atmosphere radiation budget. They affect the earth-atmosphere ra-
diation balance by the reflection and absorption of solar and terres-
trial radiation and are observed by artificial visual for a long time at
weather stations. Satellite cloud imageries have been obtained by
meteorological satellites since 1960’s and they play an important
role on the study of global cloud distribution and change. However,
it can not fully meet the needs of atmospheric research for its poor
capacity of inversion of CBH and detection of lower cloud for
multi-layer clouds. It shows that CBH is important in the study of
the energy budget of Earth’s long-wave radiation. In addition, the
accuracy of satellite remote sensing data needs to be verified by the
ground-based dataset, which makes the ground-based cloud obser-
vation necessary.

Visual observation is the key method of the ground-based cloud
observation, but it cannot provide objective data with high time res-
olution and the same accuracy from day to night. Laser ceilometers
are used to measure CBH for some years. However, they can only
make single-point observation, and cloud amount or some other
cloud characters cannot be retrieved. In addition, laser ceilometers
are strongly influenced by aerosols which restrict their operational
uses. With the development of digital technology, a variety of vis-
ible light digital imaging devices have been developed, such as
the Total Sky Imager(TSI) (Long & DeLuisi, 1998), Whole Sky
Imager(WSI)(Shields, et al., 1998), and All-sky Digital Camera
(Huo & Lv, 2002). Images obtained by some of these devices can-
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not be further analyzed to retrieve cloud amount during the night.
As to some other devices, it hardly achieves the same accuracy of
cloud identification from day to night because of the different cloud
identification algorithms. Over the last decade, with development
of the infrared measurement technology, the thermal infrared tech-
nology for cloud remote sensing has been developed, such as Infra-
red Cloud Analyzer (Genkova, et al., 2004), Infrared Cloud Imager
(Shaw, et al., 2002) and Whole Sky Infrared cloud Measuring
System(WSIRCMS) (Sun, et al., 2008a). Cloud amount and
some other characters such as cloud-base height can be obtained
by such ground-based infrared remote sensing devices during
both day and night.

WSIRCMS is a ground-based cloud detection instrument based
on uncooled infrared focal plane array (UIRFPA). It can quantita-
tively measure the distribution of downwelling infrared radiation
to detect and classify cloud (Sun, et al., 2008b, 2009a, Sun, et al.,
2008). A whole sky image is obtained after calibration and com-
bination (Sun, et al., 2009b, 2009c). In this paper, a method of re-
trieving CBH according to the downwelling infrared radiation from
WSIRCMS is proposed. The accuracy of middle and low CBH
from WSIRCMS is discussed compared with data from a laser

ceilometer and visual observations.

2 METHODS

CBH can be determined according to the sky infrared
brightness temperature that is calculated from the corrected
atmospheric downwelling infrared radiance. However, there
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are still uncertainties. For example, the accuracy of the cor-
rected downwelling atmospheric infrared radiance is uncer-
tain, and clouds can not been treated as blackbodies at any
conditions. What’s more, the real-time temperature profiles
are difficult to access. Zhang, et al. (2007) studied on the
variations of sky infrared brightness temperatures caused by
different kinds of clouds and different intensities of aerosols
using MODTRAN 4.0 model. It shows that the sky thermal
infrared brightness temperature observed on the ground is very
sensitive to the variations of CBH for low and middle clouds,
therefore as the “clear” sky brightness temperature is known,
it can be used to retrieve of CBH. The limit is that real-time
atmospheric temperature and humidity profiles should be
provided. In order to overcome the shortcoming, Sun, et al.
(2009d) proposed a method according to the monotonic rela-
tionship between CBH and downwelling infrared radiation.
In this paper some simulation results using radative transfer
model SBDART (Ricchiazzi, et al., 1998) were presented.
Fig. 1 shows downwelling infrared radiation of different CBH
and different optical thickness in the 8—14 um band using the mid-
latitude summer and winter atmospheric model. It shows monoton-
ic relationship between CBH and downwelling infrared radiation,
which means for the same optical thickness of cloud, higher cloud-
base height leads to less the downwelling infrared radiation, which
further ensures to retrieve cloud-base height from downwelling
infrared radiation. Furthermore, it seems that, for the same cloud-
base height, the radiation increases with optical thickness. How-
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ever, if the optical thickness is greater than 8, the radiation does not
increase, which suggests that if emissivity cannot be determined
well, there should be a large error for detecting the cloud-base
height for the optical thin layer cloud.

Downwelling infrared radiance is influenced both by CBH
and water vapor content. Fig. 2 shows the 8—14 pm down-
welling infrared radiation varying with PWV in different visibil-
ity and cloud-base height (2.5 km, 6 km, 11 km and clear sky)
modeled based on the average 30-year climate sounding data. It
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Fig. 1 Downwelling infrared radiation of different CBH and different
optical thickness in zenith
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Fig. 2 The relationship between downwelling infrared radiation in zenith and PWV (vis: visibility)
(Symbol “.” represents the simulation value. The upper, middle and lower curves are the fitting curves for cloud-base height of 2.5 km, 6 km and 11 km)
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is indicated that, though the profiles of temperature and humid-
ity vary great within a year, a quadratic function relationship as
the equation (1) exists between downwelling infrared radiation
and PWV. In Fig. 2, the symbol “.” indicates the value of theo-
retical simulation. The upper, middle and lower curves are the
fitting curves as Eq. (1) at the cloud-base height of 2.5 km, 6 km
and 11 km, respectively.

L=axPWV+bxPWV+c )
where L is downwelling infrared radiance in the 8—14 pm band
(W/ (m’-sr)), PWV is the atmospheric precipitable vapor (cm), a,
b and c are fitting coefficients.

For different latitudes, different heights can be chosen as
separation height thresholds of low, middle and high clouds. In
the mid-latitudes, 2.5 km, 6 km and 11 km are chosen as separa-
tion heights. The theoretical downwelling radiance at ground
from the cloud that cloud-base height is 2.5 km, 6 km and 11 km,
which is named respectively as L;, Ly and Ly can be calculated
by Eq. (1) with real-time PWV. The black radiance correspond-
ing to the surface temperature is denoted as Lg. The measured
radiance is denoted as L. There is no cloud at the pixel if L, is
less than L;;. In other conditions, the cloud-base height can be
calculated according to Eq. (2):
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where Ay, hy,and A is 11 km, 6 km and 2.5 km, respectively.

3 RESULTS
3.1 Experiment

A comparison test of cloud-base height between WSIRCMS
and a laser ceilometer is carried out in Beijing Observatory Station
from June 30" to July 8" in 2009. The error of the laser ceilometer
is £ 15 m (when cloud-base height is less than 500 m) or £ 10%
(when cloud-base height is not less than 500 m). Meanwhile, for
comparison, we also estimated cloud-base height using the depres-
sion of the dew point as follows (CMA, 2003).

t—t,
Ya¥:

H =

~124(t-t,) 3)

where H is the cloud-base height, ¢ is the temperature, ¢, is
the dew point, y, is dry air adiabatic lapse rate, which is approxi-
mately 0.98 °C / 100 m, y, is dry adiabatic lapse rate of the dew
point, which is approximately 0.17 °C / 100 m. For various reasons,
cloud-base heights observed by artificial visual are all 1000 m dur-
ing the experiment which were excluded from comparison.

Only cloud-base heights near zenith were measured by laser
ceilometer, and 13 groups data were collected, which were mainly
low and middle clouds.

3.2 Analysis

At 10:00 on 2009-07-01, the environmental conditions are be-
low: the visibility is 10 km, temperature is 30.5 °C, and relative
humidity is 25%. The total cloud cover is about 80 percent with
fractocumulus for 60%, and altocumulus translucidus of 20%. Fig.
3 shows the visible light image near the zenith which is dominated
by altocumulus translucidus. Fig. 4 shows the value of downwelling
infrared radiance measured by WSIRCMS in zenith angles from 0 °
to 20 °, and the thresholds for determining CBH according to real-
time weather. It is demonstrated that the radiance varies from 11 W/
(m’-sr) to 33 W/(m’-sr) in zenith angles from 0 ° to 20 °. The mini-
mum radiance is larger than the threshold for clear sky but smaller
than that of 11 km. The maximum radiance is larger than that of
2.5 km. According to the rules mentioned in Section 2, there was clear
sky near the zenith with cloud with base height larger than 2.5 km.

From Table 1, we can see that CBHs retrieved by WSIRCMS
are consistent with that measured by laser ceilometer. The maxi-
mum difference is 465 m, and the minimum is 98 m, the standard
deviation is 259 m. Cloud type is similar with the actual situation
according to visual observations. Cloud heights estimated from the

Fig. 3 Visible light image in zenith at 10:00 on 2009-07-01
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at 10:00 on 2009-07-01
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empirical formula are less accurate, the maximum difference with
laser ceilometer is up to 478 m, the minimum difference is 50 m,
and the standard deviation is 318 m. The average cloud-base height
measured by laser ceilometer is 2806 m, and 2913 m by WSIRC-
MS, respectively. The average difference is around 107 m. The
average cloud-base height estimated from the empirical formula is
up to 3090 m, and the average difference with laser measurement
is 284 m. It seems that CBHs retrieved from WSIRCMS are more
close to the real value than that from empirical formula.

Table1 CBHs determined by laser ceilometer, WSIRCMS and

empiri cal formula /m

Time Laser ceilom- WSIRCMS Empirical

eter formula
2009-06-30 T 14:30 3150 3052 3543
2009-06-30 T 15:00 3309 3676 3787
2009-06-30 T 15:30 3203 2995 3322
2009-06-30 T 16:00 3179 3412 3434
2009-06-30 T 17:30 3208 3523 3660
2009-06-30 T 18:00 3288 3499 3534
2009-07-01 T 10:00 2475 2802 2755
2009-07-01 T 11:00 2471 2936 2853
2009-07-01 T 11:30 2580 2770 2933
2009-07-01 T 12:00 2550 2432 2939
2009-07-01 T 12:30 2697 2498 2849
2009-07-01 T 13:00 2592 2361 2840
2009-07-01 T 13:30 1773 1913 1723

4 CONCLUSIONS

There are many factors which may influence the accuracy of
CBH remote sensing on the use of downwelling infrared radiation.
In this paper, a method for retrieving CBH is proposed according
to the monotonic relationship between CBH and downward infra-
red radiance based on the analysis of results of radiative transfer
simulation. The CBHs retrieved from WSIRCMS were compared
with data measured by laser ceilometer and estimates from empiri-
cal formula. The results show high accuracy of the middle and low
CBH determined according to the proposed method with the aver-
age error of 107 m. The method can both be used to acquire CBH
in zenith and to determine CBH in different elevation angles.

Atmospheric temperature and humidity profiles vary in differ-
ent areas and seasons, which may change the statistical relationship
between CBH and downwelling infrared radiation. It is necessary
to find how the fitting coefficients are depended on locations and
seasons. Experiments on the proposed method for estimation CBH
of high cloud have been carrying out, and a preliminary analysis is
conducted. It can provide more information such as 3D cloud struc-
ture combining CBHs generated by ground infrared detection with
cloud top heights retrieved from satellite.

Acknowledgments: Thanks to Beijing Observatory Station to
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