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Abstract

The height of a cloud in the atmospheric column is a key parameter in its character-
ization. Several remote sensing techniques (passive and active, either ground-based
or on space-borne platforms) and in-situ measurements are routinely used in order to
estimate top and base heights of clouds. In this article we present a novel method that5

combines thermal imaging from the ground and sounded wind profile in order to derive
the cloud base height. This method is independent of cloud types, making it efficient for
both low boundary layer and high clouds. In addition, using thermal imaging ensures
extraction of clouds’ features during daytime as well as at nighttime. The proposed
technique was validated by comparison to active sounding by ceilometers (which is a10

standard ground based method), to lifted condensation level (LCL) calculations, and to
MODIS products obtained from space. As all passive remote sensing techniques, the
proposed method extracts only the height of the lowest cloud layer, thus upper cloud
layers are not detected. Nevertheless, the information derived from this method can be
complementary to space-borne cloud top measurements when deep-convective clouds15

are present. Unlike techniques such as LCL, this method is not limited to boundary
layer clouds, and can extract the cloud base height at any level, as long as sufficient
thermal contrast exists between the radiative temperatures of the cloud and its sur-
rounding air parcel. Another advantage of the proposed method is its simplicity and
modest power needs, making it particularly suitable for field measurements and de-20

ployment at remote locations. Our method can be further simplified for use with visible
CCD or CMOS camera (although nighttime clouds will not be observed).

1 Introduction

Parameterization of cloud fields in the atmosphere has crucial importance for at-
mospheric science (Kiehl and Trenberth, 1997) and aviation safety (Schafer et al.,25

2004) applications. Remote cloud sensing techniques can be characterized by the
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observation point – space or ground based measurements, and by the sensing method
– either active (cloud/rain radar, LIDAR) or passive. In addition, cloud boundaries can
be retrieved by in-situ measurements of the atmospheric profile with radiosonde. The
overall cloud effects on the atmosphere and on the Earth’s radiative budget depend on
cloud height, thickness, and its radiative properties (IPCC, 2007). Since complex feed-5

backs are involved, the presence of a cloud layer can either cool the atmosphere and
surface below it by absorption and reflection of the incoming shortwave solar flux, or
warm it by absorption and emission of ground emitted long-wave radiation (Kiehl and
Trenberth, 1997). As a result, shallow clouds which usually reflect significant amount
of the received solar irradiance, have only a minor effect on the total thermal radiation10

emitted by the Earth, since the magnitude of their emitted radiation is comparable with
a cloud free surface. On the other hand, high clouds, such as anvils (Koren et al., 2010)
or cirrus, may have relatively low reflectance in the visible portion of the spectrum, and
might noticeably cause warming of the atmosphere.

Profile-based cloud boundary retrieval techniques, such as LCL (Wang and Rossow,15

1995; Chernykh and Eskridge, 1996), usually calculate the height at which an air parcel
would reach saturation when lifted and cooled adiabatically. These techniques are
considered reliable for convective clouds in well mixed boundary layers, but are less
suitable for clouds forming above rugged terrain (Craven et al., 2002) and not suitable
for clouds outside the boundary layer (Naud et al., 2003).20

Active sensing from space provides information regarding geometric, radiative and
microphysical properties of clouds. These products are based on analyzing the
backscatter signal of either LIDARs (e.g, CALIPSO; Winker et al., 2003) or Radars
(CloudSat and TRMM for example; see Stephens et al., 2002; Kummerow et al., 1998).
Regarding clouds vertical extent, active sensing from space enables the extraction of25

the top and frequently the base heights of clouds (unless very thick, convective clouds
are present). Space-borne passive sounding, on the other hand, enables retrieval
solely of cloud top heights (Platnick et al., 2003), by using multiple pairs of ratios of
the measured radiance within two wavelengths in the vicinity of CO2 absorption bands.
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Active ground observations of clouds are routinely carried out for aviation safety. The
required information in this application is usually cloud layer base heights and fractional
coverage of the sky hemisphere. A common and widely used technique is analysis of
the backscatter signal of a laser beam transmitted vertically from the ground (Pal et al.,
1992). This technique is considered reliable and usually provides the vertical extent5

of the clouds as well, although the commercial instruments for this purpose (ceilome-
ters) are usually limited by range (typically, up to 7 km) due to energy constraints of
the transmitter. Active sensing from the ground can be also used for retrieval of ra-
diative and microphysical properties of clouds as well (Chiu et al., 2007, for example).
Passive ground observations for extraction of cloud features are rare, although it was10

shown that radiance rationing near an absorption band of CO2 at 15 µm enables the
extraction of cloud base heights using a FTIR interferometer (Mahesh et al., 2001).
Passive ground based techniques are usually used for cloud coverage measurements
with a wide angle lens and a simple CCD camera (such as the Total Sky Imager; Long
et al., 2001). Although this method has great advantages over active sensing in terms15

of cost and flexibility, it cannot provide the cloud base height, furthermore strong solar
radiation scattering complicates the cloud image analysis. Using CCD cameras has an
additional disadvantage: natural illumination is needed to obtain a good sky image for
analysis. Employing LWIR imagers instead of CCD cameras can eliminate the last two
problems and offers high sensitivity due to the thermal contrast between the clear sky20

and the clouds. Therefore it is most likely that IR measurements of the sky will provide
high contrast images even of sparse, thin clouds, throughout the day and night. Until
several years ago, LWIR cameras were expensive, bulky, and required cooling. Signif-
icant progress has been achieved in the manufacturing of low-cost, reliable, uncooled
small microbolometer arrays for thermal imaging. Nevertheless, we suspect the usage25

of this technology for cloud field monitoring will remain limited without a complementary
method to retrieve cloud base height from the sky images.

In this article we introduce a simple method that enhances the utility of ground based
thermal imaging, by combining the data with the atmospheric wind velocity profile,
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enabling derivation of cloud base at any height regardless of their type or time of mea-
surement. Unlike in space-borne remote sensing measurements, the contribution of
the lower, usually hot and humid, atmospheric layers to the radiative temperature of
a cloud is relatively large. Therefore, utilizing a method that is independent of the hu-
midity and temperature profile from the ground to the cloud is of great advantage. More-5

over, there is no need for high accuracy calibration procedures, since the calibrated
radiative temperature is not essential for the method’s performance. This method can
close important gaps in both space-borne and ground-based sounding of clouds. First,
it can be used as a complementary analysis to space-borne remote sensing, especially
where thick clouds are present, where their base heights cannot be assessed. Second,10

this method can be readily incorporated with CCD based sky imagers, which currently
only analyze cloud coverage. This integration will result in a powerful measurement
tool that will provide valuable data about cloud coverage and heights, all day and all
year. Another advantage arises from the fact the proposed method does not require
any preparations and is based on off-the-shelf equipment with modest power consump-15

tion, thus making it particularly suitable for a field measurement campaign or for op-
eration at remote sites. The only required input is information about the atmospheric
wind velocity profile, either measured by in-situ ground launched radio-sounding, or by
future space-borne Doppler wind LIDAR (Tan and Andersson, 2005). Obviously, the
proposed method assumes the wind profile input represents the wind field above the20

sensor. Since one of the parameters that determine the boundary layer height is the
roughness of the surface (Deardorff, 1972), it is possible that utilizing this method in
rugged terrain, and using wind profile retrieved by radiosonde, will cause some errors
in the retrieval of low boundary layer clouds.

In the next section the ensemble of our measurement equipment (mainly multi-25

spectral CCD and IR imager) is introduced as well as other data sources (local radio-
sounding and ceilometers data). A detailed description of the proposed method is
presented in Sect. 3, followed by examples of the method performance in Sect. 4. We
conclude the article by summary and discussion.
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2 Data sources

2.1 On site measurement setup

An on-site measurement assembly of sensors was built in order to provide continuous
multispectral imaging of cloud fields. The CLOUDS SPECTATOR (SPECtral spaTiAl
TempOral Resolution) measurement assembly (Fig. 1) contains the following cameras:5

– D1H (Nikon, USA): RGB (color), 1324×2012 pixels CCD. Field of view (FOV):
25◦ ×37◦.

– SENSICAM (PCO, Germany): 1000×1000 pixels, thermo-electrically cooled EM-
CCD with NIR filter (780–900 nm). FOV: 35◦×35◦.

– A40 (FLIR SYSTEMS, USA): 240×320 pixels, microbolometer, calibrated to ef-10

fective radiant temperature, uncooled IR (7–14 µm) imager. FOV: 18◦ ×24◦.

These 3 sensors were mounted on a computerized pan and tilt head, which enables
automatic measurement of cloud fields and clear sky in pre-configured tasks, at various
geometrical setups (azimuth, elevation and relative angle between the observer and
the sun).15

The CLOUDS SPECTATOR operates on a roof of a 6 floor building, and it is in close
proximity to NASA’s AERONET (Holben et al., 1998) sun-photometer station (web-
site: “AERONET Data Display – site: Nes Ziona”). In addition to the SPECTATOR
we conduct continuous measurements with a Net Radiometer (CNR1, Kipp & Zonen,
The Netherlands), which measures radiance of the sky hemisphere in the short-wave20

(305–2800 nm) and in the long-wave (5–50 µm) spectral ranges. Additionally, a meteo-
rological station constantly monitors the wind velocity (USA-1, METEK, Germany), air
temperature, and relative humidity (HMP45C, Campbell Scientific INC, USA). Through-
out this article, the data was obtained by the SPECTATOR in a single measurement
scheme: the sensors were horizontally turned northward using a digital pitch, roll, and25
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yaw meter (3DM, MicroStrain, USA). Afterwards, the SPECTATOR was set to an eleva-
tion angle of 90◦, thus all clouds imaged by the cameras can be analyzed according to
their direction on the compass rose. The sensors were set for continuous acquisition
of sky images every 10 s for the IR and NIR cameras and every 60 s for the true-color
camera. During the months of March–May, 2010, we acquired data of 54 diurnal cy-5

cles, under various environmental and cloudiness conditions: clear skies, low cumulus
clouds fields, and high cirrus clouds.

2.2 External data sources

Radio-sounding: our method uses the wind profile which is measured twice a day at
the Beit-Dagan meteorological station (website: “Atmospheric Sounding”). These mea-10

surements are conducted at 00:00 and 12:00 GMT, and provide information about the
pressure, temperature, humidity, and wind velocity profile. The use of the sounding
measurement serves two purposes: derivation of the cloud base height by compar-
ing the sounded wind velocity with our calculated wind velocity (detailed below), and
validation of the cloud base height by calculating the lifted condensation level (Bolton,15

1980).
Ceilometer: to validate our method’s results for low cumulus clouds we use the hourly

readings of the ceilometers stationed in the Ben-Gurion airport (website: “Station Ob-
servations”), which is located approximately 10 km from our measurement site.

Moderate Resolution Imaging Spectroradiometer (MODIS): to validate our method’s20

results for high cirrus clouds we use the MODIS product (website: “LAADS Web”)
for cloud top pressure. This product is less suitable than active space-borne platforms
(such as CloudSat or CALIPSO), but more available due to MODIS’s large field of view.
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3 Extracting the clouds base heights from the measured data

As stated in the introduction, the proposed method combines analysis of ground based
thermal imaging with an atmospheric wind profile in order to extract the base heights
of passing clouds. As commonly practiced in remote sensing, we assume that, as
a good approximation clouds move at the same speed as the ambient body of air5

(Kambhamettu et al., 1996; Leese et al., 1971).
Clouds form, dissipate and change continuously. In order to determine the cloud

movement we use short time steps, assuming that most of the coherent differences
between two sequential snapshots will be due to the cloud displacement. The cloud
structure is compared for each pair of sequential snapshots, and we search for the10

best displacements by means of maximum correlation. As a first stage, we use the
thermal images to calculate the angular velocity of the clouds. This goal is achieved
by analysis of the regions in the image that pose high local contrast within a series
of 20 successive thermal images (Fig. 2). These high contrast regions are tracked in
the sequential image by finding the displacement which provides the maximal spatial15

correlation value. This procedure enables the extraction of the angular velocity of the
cloud’s regions, which are later used to calculate a representative angular value for the
entire cloud. We use the following scheme:

– Every thermal image acquired at time t, Imgt, is transformed using the following
mathematical operator:20

ImgT t
(i ,j ) =σ(Imgt

((i−1)×40+1:i×40,(j−1)×40+1:j×40)) (1)

Where σ(Img) is defined as the standard deviation of the radiative temperature
values within the image Img. This process divides every image into blocks of
40×40 pixels. Each block is assigned with the value of the standard deviation of
the radiative temperatures of the pixels that contribute to this block (Fig. 3). Thus25

the original 240×320 pixels images are transformed into 6×8 pixels images.
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– Regions with high standard deviation values are indicators for areas with high
spatial variability (usually cloud edges), which are good candidates for temporal
tracking. Then, we select the top 48 blocks (5%), out of the 960 (6×8×20) blocks
computed, with the highest standard deviation values as a selection criterion.

– Due to its high sensitivity to the object’s shape, rather to its magnitude, we use5

spatial cross correlation (Jahne, 1997) to calculate the temporal displacement of
these blocks: Let R be a 40×40 pixels block in the thermal image Imgt. The cross
correlation matrix CR of this block is calculated with every 40×40 region in the
image Imgt+1:

∀i ,j :Rt+1
(i ,j ) = Imgt+1(i : i +39,j : j +39) (2)10

CR(i ,j )=
1

40×40
×<

R− R̄
σ(R)

> ·<
Rt+1

(i ,j )−Rt+1
(i ,j )

σ
(
Rt+1

(i ,j )

) > (3)

If the maximal value of CR exceeds an empirically predefined threshold, we con-
sider its spatial coordinates (imax,jmax), as the horizontal displacement in the im-
age plane Dh=jmax−j [pixels], and the vertical displacement Dv=imax−i [pixels].
Typical results of this process are illustrated in Fig. 4.15

– Since the time lag (∆t) between the images is constant, and the IFOV (Instanta-
neous Field Of View) of the camera is known, the angular speed of the block (that
corresponds to the cloud edge angular speed) in terms of mrad/sec, is readily
derived:

ωR
h =

Dh× ifov

∆t
; ωR

v =
Dv× ifov

∆t
(4)20
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– In order to eliminate extreme values which originate from local failure to find a cor-
relative block (either because the cloud segment was spatially modified or be-
cause it was no longer present in the field of view), the obtained horizontal and
vertical angular speeds of the clouds (ωh,ωv) are taken to be the median value of
all calculated angular speeds.5

– The planar angular speed is taken as the root of sum of squares of the horizontal
and vertical angular speeds:

ω=
√
ω2

h+ω2
v (5)

– As mentioned above, turning our sensors northward, prior to the image acquisi-
tion, ensures that the wind direction of the air layer in which the cloud propagates10

is simply derived from the horizontal and vertical planar angular speeds.

Since V =hω, where V is the tangential speed and h is the distance between the
observer and the cloud layer (cloud base height), we can derive a possible planar wind
speed profile (ranging from the camera up to 15 km) based on the calculated angular
speed ω. This hypothesized profile is then compared to the radiosonde wind velocity15

profile measured in Beit-Dagan (website: “Atmospheric Sounding”). The heights hp
at which these two lines intersect are considered an estimate of clouds’ base heights
(Fig. 5). Further verification is achieved by comparing the wind direction values at the
possible heights to the calculated wind direction (Fig. 6). If the sounded wind direction
falls within ±15◦ of the calculated value, we consider the height hp(i ) as a valid cloud20

base height. Naturally, there is no guarantee for the utility of the proposed method,
since it depends on the specific wind velocity profile. Therefore, ambiguous results are
occasionally produced, as multiple heights are obtained. As in all retrieval techniques,
the proposed analysis is subject to some possible measurement errors. We assume
the error in deriving clouds motion is not higher than half a pixel in every dimension25

(IFOV/2=0.65 mrad). Naturally, the tangential magnitude of this error depends on the
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distance to the cloud as illustrated by the green error lines in Fig. 5. Another possible
error might arise in determining the direction of the clouds movement, either from im-
perfect position of the SPECTATOR board with regard to the north, or from imperfect
alignment of the IR camera within the body of the SPECTATOR itself. To encapsulate
these errors we allow margins of ±15◦ in the wind direction retrieval.5

4 Method performance

In this section we present examples of our method’s capabilities in extracting clouds
base heights of several different cloud types: low cumulus, free atmosphere and high
cirrus clouds. As validation to the method’s readings we will use several techniques: for
the low cumulus clouds we will compare to Ben-Gurion ceilometer (website: “Station10

Observations”) and to LCL calculation (Bolton, 1980). For the free atmosphere clouds
we will compare to the ceilometer reading, and as for the cirrus clouds, we will use the
MODIS clouds top pressure product (website: “LAADS Web”) since the ceilometer’s
maximum observation is at ∼7.5 km.

4.1 Low cumulus clouds at daytime15

Figures 7 and 8 present the analysis of thermal images that were acquired by the
SPECTATOR on 4 March 2010 at 11:05 GMT. Intersecting wind speeds clearly indi-
cate the cloud base is at 934 m (Fig. 7), corresponding to a high humidity layer. The
estimated cloud base height is further verified by the wind direction analysis (Fig. 8);
this indicates westerly wind of 280◦ according to our FOV analysis while the measured20

wind direction at this height is 282◦, well within our predefined error margins. The mea-
sured height deviates 9.8% from the ceilometer reading (1036 m) and 5.9% from the
LCL calculation (993 m).
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4.2 High cirrus clouds at daytime

Figures 9 and 10 present the analysis of thermal images that were acquired by the
SPECTATOR on 9 March 2010 at 11:25 GMT. Intersecting wind speeds indicate 2 pos-
sible cloud base heights: 3600 m and 10 020 m (Fig. 9), both corresponding to a high
relative humidity layer. Using the wind direction profile, the lower layer is ruled out5

(Fig. 10), since the wind direction at this height is outside the wind direction limits.
Therefore the only valid base height is 10 020 m as verified by the wind direction pro-
file. Since high cirrus clouds exceed the range of ceilometers, we can validate our
method only by using MODIS products (Fig. 11). The retrieved data indicates cloud
top pressure of 210 hPa with a measurement error of ±50 hPa (Platnick et al., 2003).10

Comparing these values to the atmospheric profile (Fig. 12) at the time of the mea-
surement, we find that, according to MODIS, the cloud top height is in the range of
10 460–13 470 m.

4.3 Free atmosphere clouds at nighttime

Figure 13 presents the analysis of thermal images that were acquired by the SPEC-15

TATOR on 16 April 2010 at 00:50 GMT. Intersecting wind speeds indicates 4 possible
cloud base heights: 950, 5310, 8350, and 10 300 m. Analyzing the wind direction rules
out all possible heights but 5310 m, while according to the ceilometer sounding, at the
time of the analysis the cloud base height was 5182 m (2.5% deviation).

Figure 14 presents the analysis of thermal images that were acquired by the SPEC-20

TATOR on 27 April 2010 at 20:50 GMT. Intersecting wind speeds indicate 3 possible
cloud base heights: 962, 1045, and 4720 m. Analyzing the wind direction rules out all
possible heights but 4720 m, while according to the ceilometer sounding, at the time of
the analysis the cloud base height was 4267 m (10.6% deviation).
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5 Conclusions and discussion

We have presented a novel technique for deriving cloud base heights using thermal
imaging from the ground combined with wind profile data. The method is based on cal-
culating the angular velocity of the clouds and producing a hypothesized vertical wind
profile. This profile is compared with the true (sounded) wind profile in the atmosphere,5

in order to derive the possible cloud base height. The method’s main drawback is its
need for updated wind profile, which can be obtained either by nearby radiosonde or
by wind LIDAR. Another disadvantage is the theoretical possibility of retrieving ambigu-
ous results where multiple cloud base heights might be produced. In spite the above,
we have demonstrated the method’s utility for low cumulus, free atmosphere, and high10

cirrus clouds, independent of cloud type or measurement hour. Our obtained results
were validated by using active sounding from the ground, atmospheric thermodynamic
calculations (LCL), and passive space borne sounding. Since it is common to refer to
active ceilometers readings as the “true” cloud base height (Craven et al., 2002), we
suggest two possible explanations for the method’s deviation from the ceilometer read-15

ings: (1) small spatial variations in the wind profile might result with different cloud base
height. (2) The ceilometer reports the average value of all clouds passing over (usu-
ally within 0.5 h time period), while our method explores the height of a single cloud.
The examples in the previous section demonstrate the method’s efficiency in extracting
clouds base height, with the usage of wind profile solely, while thermodynamic param-20

eters such as LCL calculations are not relevant (clouds outside the boundary layer), or
when standard ceilometers fail to detect them (high clouds). Further validation of this
method should be made by quantitative performance analysis for different cloud types
and measurement regions. Nevertheless, we believe this technique can be exploited
as complementary analysis to space-borne passive remote sensing, or integrated with25

commercial whole sky imagers to analyze both the fractional cloud coverage and base
height as well. The proposed method can expand the capability of cloud field sounding
both in space and time. In addition, it might be particularly useful at field campaigns or
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at remote locations due to its simplicity and low power consumption needs. The equip-
ment needed for this method is simple and relatively inexpensive and can be further
simplified by using a visible camera instead of a thermal imager (although nighttime
clouds would then not be observable).
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Fig. 1. CLOUDS SPECTATOR measurement assembly. It enables spatial, temporal, and multi
spectral sky measurements.
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Fig. 2. A series of 20 successive IR images starting at 16 March 2010 11:31:19 UTC. Time lag
between images is 10 s and the color-bar scale is between −35◦C (blue) to 0◦C (red).
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Fig. 3. Time series images of 40×40 pixels blocks of standard deviation corresponding to the
thermal images shown in Fig. 2. Images are scaled between 0◦C (blue) and 10◦C (red).
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Fig. 4. Automatic detection of cloud patches movement. 40×40 pixels blocks with high stan-
dard deviation values on the left image are tracked using spatial correlation on the right image.
Blocks with matching colors represent the same region. Since our sensors were turned north-
ward prior to the image acquisition, we can mark directions on the images. This will be used
later to calculate the wind direction of the air layer in which these clouds are found.
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Fig. 5. Intersecting theoretical possible wind speed profile derived from FOV (field of view)
analysis (red line wrapped with green error limits), with wind speed profile measured by a ra-
diosonde in a nearby station at Beit-Dagan (blue line). The heights at which these two lines
intersect mark the possible heights of the clouds layer. Left: profile range 0–15 km. Right:
zooming on 1250–1400 m. The black line is the relative humidity profile (notice how the lower
crossing point at 1356 m corresponds to a sharp increase in the RH). The magenta line is the
LCL height (1294 m) as derived by the radiosonde data (Bolton, 1980). The cyan line is the
cloud base height (1311 m) extracted by a nearby ceilometer (website: “Station Observations”).
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Fig. 6. Comparing measured wind direction profile (blue line) with the wind direction extracted
from our FOV analysis (red line with black error values of ±15◦). Notice that for the lower
intersection point of the wind speed profile in Fig. 5, the wind direction is within the error limit of
the ground measurement, but for the higher intersection point the wind direction deviates from
our calculated value, therefore the only valid cloud base height is the lower point at 1356 m.

4252

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4231/2010/amtd-3-4231-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4231/2010/amtd-3-4231-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 4231–4260, 2010

A novel technique for
extracting clouds

base height

E. Hirsch et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 7. Intersecting theoretical possible wind speed profile derived from FOV (field of view)
analysis (red line wrapped with green error limits), with wind speed profile measured by a ra-
diosonde in a nearby station at Beit-Dagan (blue line). The heights at which these two lines
intersect mark the possible heights of the clouds layer. Left: profile range 0–15 km. Right:
zooming on 900–1050 m. The black line is the relative humidity profile (notice how the inter-
section point at 934 m corresponds to a sharp increase in the RH). the magenta line is the LCL
height (993 m) as derived by the radiosonde data (Bolton, 1980). The cyan line is the cloud
base height (1036 m) extracted by a nearby ceilometer (website: “Station Observations”).
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Fig. 8. Wind direction profile as measured by a radiosonde. The calculated wind direction in
the cloud layer according to the FOV analysis is 280◦±15◦.
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Fig. 9. Left: crossing measured wind velocity (blue line) with hypothesized possible wind veloc-
ities from FOV analysis (red line with green error lines). Notice the crossing points correspond
to a high humidity layer (black line). Right: Enlargement on the top crossing point.
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Fig. 10. Wind direction profile as measured by a radiosonde. The calculated wind direction in
the cloud layer is 236±15◦.
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Fig. 11. MODIS cloud top pressure (210 hPa) and temperature (−59.05 ◦C) products. The
SPECTATOR location is marked with a black circle at (34.79◦ E, 31.92◦ N).

4257

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4231/2010/amtd-3-4231-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4231/2010/amtd-3-4231-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 4231–4260, 2010

A novel technique for
extracting clouds

base height

E. Hirsch et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 12. The rasiosonde measured atmospheric temperature and pressure profile at the time
of the FOV analysis.
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Fig. 13. Left: crossing measured wind velocity (blue line) with hypothesized possible wind
velocities from FOV analysis (red line with green error lines). Notice the crossing points corre-
spond to a high humidity layer (black line). Right: zooming in on the 5310 m crossing point. The
cyan line is the cloud base height (5182 m) extracted by a nearby ceilometer (website: “Station
Observations”).
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Fig. 14. Left: crossing measured wind velocity (blue line) with hypothesized possible wind
velocities from FOV analysis (red line with green error lines). Right: zooming in on the 4720 m
crossing point. The cyan line is the cloud base height (4267 m) extracted by a nearby ceilometer
(website: “Station Observations”).
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