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This work presents a study on the sensitivity of two satellite cloud height retrievals
to cloud vertical distribution. The difference in sensitivity is exploited by relating the
difference in the retrieved cloud heights to cloud vertical extent. The two cloud height
retrievals, performed within the Freie Universität Berlin AATSR MERIS Cloud (FAME-C)
algorithm, are based on independent measurements and different retrieval techniques.
First, cloud top temperature (CTT) is retrieved from Advanced Along Track Scanning
Radiometer (AATSR) measurements in the thermal infrared. Second, cloud top pressure (CTP) is retrieved from Medium Resolution Imaging Spectrometer (MERIS) measurements in the oxygen-A absorption band. Both CTT and CTP are converted to
cloud top height (CTH) using atmospheric profiles from a numerical weather prediction model. A sensitivity study using radiative transfer simulations in the near-infrared
and thermal infrared were performed to demonstrate the larger impact of the assumed
cloud vertical extinction profile on MERIS than on AATSR top-of-atmosphere measurements. The difference in retrieved CTH (∆CTH) from AATSR and MERIS are related
to cloud vertical extent (CVE) as observed by ground-based lidar and radar at three
ARM sites. To increase the impact of the cloud vertical extinction profile on the MERISCTP retrievals, single-layer and geometrically thin clouds are assumed in the forward
model. The results of the comparison to the ground-based observations were separated into single-layer and multi-layer cloud cases. Analogous to previous findings,
the MERIS-CTP retrievals appear to be close to pressure levels in the middle of the
cloud. Assuming a linear relationship, the ∆CTH multiplied by 2.5 gives an estimate
on the CVE for single-layer clouds. The relationship is weaker for multi-layer clouds.
Due to large variations of cloud vertical extinction profiles occurring in nature, a quantitative estimate of the cloud vertical extent is accompanied with large uncertainties.
Yet, estimates of the CVE can contribute to the characterization of a cloudy scene. To
demonstrate the plausibility of the approach, an estimate of the CVE was applied to
a case study. In light of the follow-up mission Sentinel-3 with AATSR and MERIS like
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The vertical distribution of clouds plays an important role in both meteorological and
climatological applications. It can be an indicator of the meteorological conditions,
(thermo-)dynamical and micro-physical processes, in which a cloud forms (e.g. Yin,
2013; Yuan et al., 2011; Luo et al., 2009). Further, the cloud vertical distribution affects
radiative and latent heating fluxes, which in turn, affect the large-scale atmospheric
circulation and precipitation processes (e.g. Wang and Rossow, 1998; Li et al., 2014).
Cloud-climate feedbacks are the main source of uncertainty in climate models (Flato
et al., 2013). Accurate characterization of vertical distributions of different cloud types
are needed to evaluate and improve the modeling of cloud-climate feedbacks and thus
climate change projections. In Jiang et al. (2012) A train observations are used to quantify the performances of models that participate in the Coupled Model Intercomparison
Project (CMIP) in simulating clouds at different vertical levels. The results were submitted to the Intergovermental Panel on Climate Change (IPCC) reports, and improvements in the simulation of ice water path, for example, were found in the comparison
of Phase 5 CMIP model results compared to Phase 3 CMIP3 model results. Largest
differences and spreads between the CMIP5 models and A-train observations of cloud
water content profiles are found at upper tropospheric levels.
Cloud vertical distribution can be described by a set of cloud parameters, such as
cloud top height and cloud base height, and subsequently cloud geometrical thickness,
and the number of distinct cloud layers in an air column. These cloud parameters can
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instruments, Sea and Land Surface Temperature Radiometer (SLSTR) and (Ocean
and Land Colour Instrument) OLCI, respectively, for which the FAME-C algorithm can
be easily adapted, a more accurate estimate of the CVE can be expected. OLCI will
have three channels in the oxygen-A absorption band, thus providing more pieces of
information on the cloud vertical extinction profile.
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be observed by a set of remote-sensing techniques using observations from groundbased or space-born instruments.
From ground-based observations information on cloud vertical distribution can be
derived from, e.g., human observers, lidars, and radars. The first two only observe the
cloud base height, while radar can observe the cloud vertical profile. However, the spatial coverage of these ground-based observations are mainly limited to land areas in the
Northern Hemisphere. Global and accurate observations of cloud vertical distribution
are necessary for an improved understanding of cloud processes, and subsequently
improved representations of these processes in climate models. Satellite observations
can provide this global coverage. In 2005, the active instruments CPR (Cloud Profiling radar) and CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization), on polarorbiting satellites CloudSat (Stephens et al., 2002) and CALIPSO (Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations) (Winker et al., 2003), respectively, as
part of the A-train constellation, were launched. They provided first radar and lidar
measurements on cloud and aerosol vertical profiles on a global scale. Since then
both instruments have given the atmospheric research community many new insights
on clouds and aerosols (e.g. Mace et al., 2007; Sassen et al., 2008) and their observations were extensivly used in many evaluation studies (e.g. Naud et al., 2010;
Weisz et al., 2007). However, they have a poor spatial coverage due to the nadir-only
measurements.
Satellite observations from passive instruments have a larger spatial coverage. However, here the cloud properties are retrieved from information coming mainly from upper
cloud layers, such as cloud top temperature, or they represent an integrated property,
such as cloud water path. A number of satellite remote sensing techniques exist that
retrieve cloud top heights (CTHs) from measurements of passive imagers. For example, cloud top height retrievals from thermal infrared (TIR) measurements have been
performed using the CO2 slicing technique (e.g. Menzel et al., 2008) or with brightness
temperature (BT) measurements in window channels (Hamann et al., 2014) (TBD extent refs). Further, cloud top heights can be obtained from stereo, which is based on
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the parallax effect occuring between cloud observations from different viewing angles
(e.g. Moroney et al., 2002). In Wu et al. (2009) the vertical and latitudinal monthly
mean of the vertically distributed volume cloud occurence frequency were compared
among various passive and active satellite instruments. Here, also a discussion on the
strengths and weaknesses of the various passive CTH retrieval techniques is given.
Also in Naud et al. (2005) intercomparisons were performed for several passive and
active cloud top height retrievals.
In 1961, Yamamoto and Wark (1961) proposed to retrieve cloud top altitude from
space by measuring the absorption of reflected solar radiation in the oxygen-A absorption band located at around 760 nm. In the method the strength of the absorption
of radiation in the oxygen-A band is related to the cloud top pressure, via the mean
photon path length. Later in the 1960s, first satellite retrievals using the oxygen-A absorption band showed that the enhancement of photon path length needs to be taken
into account for accurate cloud top pressure retrievals (Saiedy et al., 1967). The impact of the cloud vertical inhomogeneity on the accuracy of the cloud top pressure
retrievals has also been recognized in a number of theoretical studies (Fischer and
Grassl, 1991; Rozanov and Kokhanovsky, 2004; Preusker and Lindstrot, 2009). Various cloud height retrievals based on measurements in the oxygen-A absorption band
are described in, e.g., Wang et al. (2008); Rozanov and Kokhanovsky (2004); Koelemeijer et al. (2002); Vanbauce et al. (1998). In most of these cloud height retrievals,
multiple scattering inside the cloud layer is neglected or homogegeneous cloud vertical
profiles are assumed. This leads to the retrieval of a so called apparent cloud height
which corresponds to a pressure level somewhere in the middle of the cloud rather
than to the cloud top.
The Freie Universität Berlin AATSR MERIS Cloud (FAME-C) algorithm retrieves
cloud top pressures (CTPs) from radiance measurements of the Medium Resolution
Imaging Spectrometer (MERIS) in the oxygen-A band as well as cloud top temperatures (CTTs) from BT measurements in two TIR channels of the Advanced Along Track
Scanning Radiometer (AATSR). Both instruments are mounted on the polar-orbiting
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Environmental satellite (Envisat). FAME-C is developed within the frame of the ESA
Climate Change Initiative (Hollmann et al., 2013). Within FAME-C, mean cloud vertical
extinction profiles derived from 1 year of data from CPR onboard CloudSat combined
with MODIS data were used in order to account for a more realistic description of the
multiple scattering inside the cloud. The extinction profiles where derived for nine cloud
types taken from the ISCCP cloud classification (Rossow and Schiffer, 1999), which is
based on total cloud optical thickness (COT) and cloud top pressure. For two case studies with vertically extendend clouds it was shown that the choice of the cloud vertical
extinction profile can have a large impact on the retrieved MERIS cloud top pressure.
Comparisons to CPR cloud heights showed that on average the bias was reduced by
a large amount when using the mean CPR profiles in stead of vertically homogeneous
profiles (HOM) (Henken et al., 2013). This can be mainly attributed to lower extinction
values in the upper cloud layers for the CPR profiles than for the HOM profiles, which
appears to be closer to reality for these vertically extended clouds. However, for individual cloud scenes, the CTP retrieval can still have a large bias if the profile assumption
is wrong. The TIR cloud height retrievals are less affected by the profile assumption.
In this study we aim to make use of the difference between the two different cloud
height retrievals, since it obviously carries information on the cloud vertical distribution.
The method of combining a cloud height retrieval from measurements in the oxygenA absorption band with an independent cloud height retrieval to retrieve information on
the cloud vertical distribution was suggested by others before (e.g. Vanbauce et al.,
2003; Kokhanovsky and Rozanov, 2005; Lindstrot et al., 2010b). In order to maximize
the impact of the desired parameter, which is the cloud vertical extent (CVE), on the
signal, which is here the difference between the cloud height retrievals, we limit the
correction for in-cloud scattering in the MERIS-CTP retrieval. For this purpose, the
FAME-C algorithm was extended to also retrieve the cloud height assuming a singlelayer cloud with a geometrical thickness of 20 hPa, which can be considered to be close
to a solid reflector for optically thick clouds. Ground-based observations from lidar and
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For cloud particles, the single scattering albedo is close to one in the visible (VIS) and
near-infrared (NIR) part of the spectrum and therefore little absorption of photons by
cloud particles takes place. In the thermal infrared (TIR) part of the spectrum the single
scattering albedo has values clearly less than one, so most photons will be absorbed
by cloud particles after just a few scattering events. Thus in the satellite-based TIR CTH
retrievals the signal mostly stems from the upper part of the clouds, while the VIS/NIR
CTH retrievals are affected by a larger part of the cloudy atmosphere. Therefore, the
assumed cloud vertical extinction profiles in the retrievals are expected to have a larger
impact on the VIS/NIR CTH retrieval than on the TIR CTH retrievals.
To investigate the difference in impact of cloud vertical extinction profile on cloud
top height retrieved with radiances from NIR spectral bands and BTs from a window
TIR spectral band, radiative transfer simulations have been performed using the model
Matrix Operator Model (MOMO). MOMO has been developed at the Freie Universität
Berlin (Fell and Fischer, 2001; Hollstein and Fischer, 2012). Recently, MOMO was extended trough the implementation of thermal essimion of radiation by the surface and
(cloudy) atmospheric layers, allowing for accurate simulations in the thermal infrared
(Doppler et al., 2014a). The spectral response function of the AATSR 10.8 µm channel
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radar at three Atmospheric Radiation Measurement (ARM) program’s site are used to
relate the retrieved cloud height differences to observed cloud vertical extent.
The structure of this paper is as follows. First, a sensitivity study is presented for
which radiative transfer simulations in the near-infrared and thermal infrared part of
the spectrum for clouds with different cloud vertical extinction profiles are performed
and compared. Second, the ground-based and satellite observations are presented.
Next, the method for the comparison of the ground-based data and satellite data is
described. Then, the results are presented and discussed. In addition, the application
of the method is shown in a case study. Last, conclusions are given.
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was used for the simulations in the TIR. The spectral response functions of the MERIS
window channel 10 centered at 753 nm and the oxygen-A absorption channel 11 centered at 761 nm, were used to simulate the ratio of the absorption channel over the
window channel, shown in Fig. 1.
Radiative transfer simulations in a cloudy atmosphere are performed assuming
a plane-parallel atmosphere with a vertical resolution of 20 hPa in the troposphere.
A US Standard Atmosphere was assumed in the simulations (McClatchey et al., 1972).
Furthermore, the surface is modelled as a Lambertian reflector with a surface albedo
of 0.02 and a surface pressure of 1013 hPa. A Rayleigh optical thickness of 0.026 is
taken. To compute the absorption coeffcients of the atmospheric gases, the k distribution method is used (Bennartz and Fischer, 2000; Doppler et al., 2014b), where the
information on the position and width of absorption lines is taken from the HITRAN
database (Rothman et al., 2009).
Two types of cloud vertical extinction profiles are assumed in the simulations. For the
first type, 1 year of data from the combined CPR and MODIS product (2B-TAU, Polonsky et al., 2008) was analyzed. The clouds observed by CPR and MODIS were sorted
with respect to their CTP and COT, resulting in 9 different cloud types, using the ISCCP
cloud type classification (Rossow and Schiffer, 1999). For each cloud type, the average
vertical profile of extinction and the average vertical extent were determined (Henken
et al., 2013). The derived normalized extinction profiles (from here on called CPR profiles/clouds) were then used in the MOMO radiative transfer simulations to generate
LUTs for each of the nine cloud types. The LUTs serve as forward models in the cloud
height retrievals. For the second type, vertically homogeneous extinction profiles are
assumed (from here on called HOM profiles/clouds). As an additional LUT dimension,
each cloud is modeled with varying vertical extents, starting with a cloud geometrical
thickness (CGT) of 20 hPa and ending at the maximum possible geometrical thickness.
For cloud layers below 440 hPa water droplets are assumed with a fixed effective radius of 10 µm, the single-scattering properties were computed using a Mie code (Wiscombe, 1980). For cloud layers above 440 hPa ice crystals are assumed with a fixed
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effective radius of 40 µm, assuming single-scattering properties described in Baum
et al. (2005).
For selected CTP and COT combinations, the simulated results (MERIS radiance
ratio and AATSR BT) at the top of the atmosphere (TOA) using CPR profiles were compared to the simulated results using HOM profiles with varying CGT. Figure 2 shows
the combinations of CTP and CGT of HOM clouds resulting in the smallest deviaiton
in the simulated signal from the case of a CPR cloud with CTP of 600 hPa, for both
AATSR and MERIS. In general, the difference between the effective HOM-CTP and
CPR-CTP is smaller for AATSR than MERIS, especially for optically thick clouds. The
largest difference between the effective HOM-CTP and the CPR-CTP is found for geometrically thin clouds with COT = 10 for MERIS, while for AATSR the largest difference
is found for optically thin clouds. The higher CTPs of the HOM clouds can be explained
by the fact that for clouds with the CPR profiles, the extinction of the upper cloud layers
is lower than the extinction of the upper cloud layers for clouds with a HOM profile.
In order to get the same TOA signal as the CPR-cloud, the HOM-cloud needs to be
placed at a lower altitude. Alternatively, the CGT of the HOM-cloud can be increased.
For both MERIS and AATSR, the HOM-CTP approaches the CPR-CTP for increasing
CGT, and even underestimates the CTP for clouds extending down to the surface. Note
that for the very optically thick clouds (COT = 100), the HOM-CTP does not reach the
CPR-CTP, even for vertically extended clouds. Missing points relate to CPR simulations
results that did not fall within the range of HOM-CTP results for the assumed CGT. For
optically thick clouds, the dependence of the HOM-CTP on the CGT is much weaker
for AATSR than for MERIS, due to the fact that in the TIR the contribution from lower
cloud layers to the TOA signal is weaker, and thus the shape of the entire cloud vertical
extinction profile plays a less important role in the TIR than in the NIR.
The sensitivity of the effective HOM-CTP to the CGT, i.e., the change in the effective
HOM-CTP for an increase of the CGT with 50 hPa, is summarized in Fig. 3 for various
cloud types. The sensitivity was computed by simply applying a linear fit to each line
that corresponds to a fixed COT and varying CGT (as can be seen in Fig. 2). This was
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done for a low (800 hpa), mid-level (600 hPa), and high (300 hPa) cloud and a range of
COTs. For MERIS, the sensitivity is largest for clouds with COT = 10. This can be explained as follows. For optically thin clouds, a large part of the radiation ariving at TOA
has traversed the cloud without interaction with cloud particles, thus not affected by the
vertical extinction profile of the cloud at all. For optically very thick clouds, the contribution from upper cloud layers will dominate the TOA signal even for geometrically thicker
clouds, thus the influence of the entire vertical extinction profile is smaller. For optically
moderate thick clouds, the full vertical extinction profile has an impact on the TOA signal, while the contribution of the earth surface and the lower atmosphere is suppressed.
For AATSR, the sensitivity decreases for increasing COT, indicating that the assumed
shape of the extinction profile is of less importance for optically thick clouds due to
contributions to the TOA signal arising mainly from upper cloud layers. In summary, the
MERIS sensitivity is always higher than the AATSR sensitivity for COT > 5.
Figure 4 shows the AATSR sensitivity of the effective HOM-CTP to the CGT for which
the physical CTPs are substituted by radiometric CTPs. For each cloud type, the CTP
is taken at the pressure level for which COT = 1. This is the radiometric cloud top,
when assuming no scattering and a linear dependency of the Planck function on the
COT. Again linear fits were applied. Now, the sensitivity is largest for clouds with COTs
around 5. For optically thinner clouds, the CPR and HOM radiometric cloud heights are
located more closely to each other than the physical cloud heights. Note, considering
scattering and contribution to the TOA signal from lower cloud layers, the actual radiometric cloud top will be located at more than one COT into the cloud (Sherwood et al.,
2004).
This excercise confirms that one can expect cloud height retrievals from MERIS to
be more affected by the cloud vertical extinction profiles than the AATSR cloud height
retrievals, at least for optically thick clouds.
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Within FAME-C two independent cloud top height products are retrieved on a pixelbasis: AATSR cloud top temperature and MERIS cloud top pressure. AATSR and
MERIS are two passive imagers mounted on the polar-orbiting satellite Envisat,
launched in March 2002 and operational until April 2012. Envisat flies in a sunsynchronous orbit with an equator crossing time of 10:00 LT, descending node.
In the MERIS-CTP retrieval the transmission within the oxygen-A band is estimated
from the ratio of channel 11 and window channel 10. In the AATSR cloud top temperature retrieval, brightness temperature measurements at 10.8 and 12 µm are used to
retrieve cloud top temperature. Atmospheric profiles from a numerical weather model
(NWP) reanalysis are used to convert cloud top temperature and cloud top pressure
to cloud top height. The cloud top temperature is compared to the temperature profile
and the minimum height at which the cloud top temperature equals the atmospheric
temperature is assumed to be the cloud top height. For optically thick clouds, CTT
will be similar to the measured 10.8 µm brightness temperature, corrected for the atmosphere. For optically thin clouds, the cloud emissivity is taken into account, which
will result in a CTT that is lower than the measured 10.8 µm brightness temperature.
More information on the two independent cloud top height retrievals can be found in
Carbajal Henken et al. (2014).
For this study, the FAME-C algorithm was extended to also provide retrieved cloud
top temperature from AATSR, cloud top pressure from MERIS, and accompanying
cloud top heights, assuming a single-layer and vertically homogeneous cloud with a geometrical thickness of 20 hPa. For optically thick clouds, this comes close to a solid
reflector. Further adjustments in the FAME-C algorithm include the use of a new cloud
masking method (Hollstein et al., 2014), which is in first order aimed to reproduce the
former cloud masking method but with higher computational efficiency. Before applying
the cloud mask, the AATSR and MERIS measurements are collocated using the BEAM
2633
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The active remote sensing of clouds (ARSCL) product from ground-based observations performed at the Atmospheric Radiation Measuremetn (ARM) program’s site in
the Southern Great Plains (SGP), three sites in the Tropical Western Pacific (TWP),
and North Slope Alaska (NSA) is used. It provides cloud boundary heights, i.e., cloud
base height and cloud top height, for up to 10 cloud layers (Clothiaux et al., 2000).
The cloud boundary heights are determined from a combination of measurments from
the Micropulse Lidar (MPL) and Millimeter Cloud Radar (MMCR) and are provided at
a vertical resolution of 45 m and a temporal resolution of 10 s.
With the radar, vertically extended and multiple cloud layers can be penetrated and
observed, while the laser beam of the lidar is attenuated quite fast and thus can not
penetrate much further beyond the lowest cloud base in case of optically thick clouds.
The radar is less sensitive to small cloud particles and optically thin clouds, often occuring at great heights. These clouds can be observed well with the lidar system. Furthermore, radar observations of cloud base heights are often hampered in the presence of
large non-hydrometeor particles, such as insects. They might be observed as low-level
clouds. For large concentrations of non-hydrometeors, also the lidar observations of
cloud base become problematic. In case of heavy precipitation both radar and lidar
observations are not useful (Clothiaux et al., 2000).
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toolbox (Fomferra and Brockmann, 2005; ESA, 2015). In addition, the 3rd reprocessing for AATSR data were used and an empirical nonlinear correction was applied to
the 12 µm channel (Smith, 2014). Further, a straylight correction was performed for the
MERIS measurements (Lindstrot et al., 2010a). Last, a pixel-based multi-layer cloud
detection, i.e., thin cirrus over low-level water clouds, based on Pavolonis and Heidinger (2004) is implemented. Note, no distinct retrievals for multi-layer cloud cases
are performed, the pixels are simply flagged as multi-layer cloud or not.
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To study the relationship between the difference in the two FAME-C cloud height retrievals and the cloud vertical extent as observed by ground-based lidar and radar instruments, the satellite and ground-based observations of clouds need to be matched
accordingly.
For each ARM site the satellite orbit segments of all Envisat overpasses with available FAME-C level-2 cloud properties for the years 2003–2011 are collected. The
ground-based observations and satellite observations occur on different spatial scales,
thus temporal averaging for the ARSCL products and spatial averaging for the FAME-C
products is performed. From the ARSCL data, the height of the top height of the highest cloud layer and the base height of the lowest cloud layer are collected for a 5 min
time period centered at the time of overflight of Envisat. The CVE is derived from the
difference between the two extreme cloud boundaries. In addition, also the number of
cloud layers and the distance between the cloud layers is extracted from the ARSCL
data. From the FAME-C data, a 9 by 9 pixel box centered at the center pixel was taken
to compute mean vertical cloud top heights. The pixel with the minimum distance to
the location of the radar was selected as the center pixel. Using the ARSCL cloud top
height and the satellite instrument viewing geometry, parallax correction is applied to
adjust the center pixel. This was performed separately for AATRS-CTT and MERISCTP.
In the evaluation, only cases with enough successfully retrieved cloud height products within the satellite pixel box (> 80 %) and within the 5 min time period (> 80 %)
are selected. More precisely, only pixels for which the FAME-C cloud top heights that
converged succesfully with a cost < 20 are considered. For the ARSCL products at
least 80 % of the time steps need to have a cloud base height determined by the lidar
and a cloud top height either determined by radar or lidar. In addition, the temporal and
spatial variability should not be too large, i.e., the SD of the selected cloud top heights
should be < 1 km. The selection criteria were chosen in such a way that the study is
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Figure 5 shows the results presented separately for single-layer and multi-layer clouds.
Single-layer cloud cases are defined as cases where at least 80 % of the pixels in the
satellite pixel box have not been identified as multi-layer clouds according to the multilayer test implemented in FAME-C. Multi-layer cloud cases are defined as cases where
at least 80 % of the pixels in the pixel box have been identified as multi-layer clouds.
One can immediately see that on average the difference in AATSR and MERIS CTHs
(∆CTH) increases with increasing CVE as observed by the radar and lidar. This is true
for both single-layer and multi-layer clouds, though the correlation is higher for singlelayer clouds. Most obvious outliers mainly represent cases where the mean COT < 10.
As one would expect from the climatic regimes, the most vertically extended clouds are
found at the TWP sites, followed by the SGP site. The dependence of the ∆CTH on the
CVE is strongest for the SGP site for optically thick clouds. There are several cases with
optically thin clouds for which the MERIS-CTH is higher than the AATSR-CTH. This is
an indication of incorrect AATSR-CTT retrievals and might partly be related to wrong
assumptions in the forward model which are related to estimates of the cloud emissivity and ignoring multiple scattering. For single-layer low-level clouds, the derivation
of the AATSR-CTH might be ambiguous or missed if the temperature profile does not
represent a temperature inversion accurately enough. This leads to a positive ∆CTH
for clouds with observed small vertical extents.
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directed towards mainly overcast cloudy scenes with spatially and temporally uniform
cloud top heights, but still a large enough number of cases remain available. It results in
a total of 153 selected cases, which is less than 6 % of all Envisat overflights for which
the AATSR swath passes over one of the ARM sites within the years 2003–2011. Note,
both the ARSCL products, depending on the ARM site, and FAME-C products do not
cover the full time period of the years 2003–2011. There were X , Y and Z valid cases
found for the SGP, TWP and NSA ARM sites, respectively.
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A linear fit was computed for the cases with COT > 10, also shown as the black solid
line in the figures. Variability around the fittet lines present an indication of the variability
of cloud vertical profiles/distributions that occur in nature. However, incorrect matching
of the observations (not observing the same cloud volume) might also have an impact
on the results. For single-layer clouds a factor of 2.5 is found between ∆CTH and CVE.
Knowing that on average the retrieved AATSR cloud top temperature is close to, but just
below the cloud top, the difference between the AATSR-CTH and MERIS-CTH is about
half of the vertical extent of the cloud. This corresponds well to the findings of Ferlay
et al. (2010) were it was found that the POLDER (Polarization and Directionality of the
Earth’s Reflectances) cloud oxygen pressure is on average close to the pressure level
at the geometrical middle of the cloud. The multi-layer cloud cases show a weaker
dependence of the ∆CTH on the CVE, which can be explained by considering that
for these cloud cases also a large part of the vertical column consists of cloud-free
atmosphere. Here, the mean photon path length in the NIR is not increased due to incloud scattering. Thus, the effect of the cloud vertical distribution is surpressed relative
to vertically extended single-layer clouds.
To demonstrate the difference in retrieved cloud top height products assuming CPR
cloud vertical profiles and HOM cloud vertical profiles they were compared to the radarbased CTHs. Indeed, AATSR-CTH shows a negative bias. As expected, the difference
in biases between CPR and HOM, and also between single-layer and multi-layer clouds
are small, since AATSR tends to see the upper cloud layers and therefore is less dependent on the cloud vertical extinction profile and vertical extent. For MERIS-CTH,
the difference in biases between CPR and HOM is large, with a small negative bias for
CPR and a large negative bias for HOM. When only including cases where the mean
COT > 5, the absolute biases decreases slightly for all except MERIS-CTH HOM. For
AATSR-CTH the root mean square deviation (RMSD) of HOM and CPR show similar
values and are smallest for single-layer clouds with COT > 5. The RMSD of MERISCTH HOM is larger than for MERIS-CTH CPR, and overall largest for multi-layer clouds.
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The estimate of CVE from the relationship found in the former section has been applied to Envisat observations of Hurricane Dean, which moved across the Caribbean
Sea in August 2007. Hurricanes are dynamical cloud systems which consist of parts
with dense and vertically extended clouds in the main part of the system, multi-layer
clouds, optically thick and thin cirrus clouds, and single-layer low-level clouds at the
outer regions of the system.
Figure 6 shows the true color image of the hurricane, as well as the multi-layer flag,
cloud top height retrieved from AATSR and the estimate of the vertical extent of the system. In the inner area no successful retrievals were performed within FAME-C partly
due to no convergence and partly due to saturation occuring in the AATSR IR channels. This is also the area where the hurricane eye is located. The estimated CVE
along the black line can be qualitatively compared to observations from CPR. The
cross-section as well as the CPR radar reflecitivities are shown in Fig. 6. The Envisat
cross-sections slightly “touches” the main part of the system. Note that the CloudSat
overpass is about three hours later than Envisat. The cloud system will have moved
mostly towards the west as well as rotated. Therefore, no pixel-based comparison is
possible. The overpass of CloudSat is shown in the upper left panel of Fig. 6 with the
dotted red line. Further, CPR observations of low-level water clouds near the surface
can be problematic due to ground clutter.
The vertical extent is estimated to be up to 15 km for the main part of the hurricane,
which agrees well with the maximum height as observed by CPR. The maximum estimated vertical extent near the main part of the system (between latitude 14 and 16◦ )
appears to be underestimated when comparing to CPR observations. At around lati◦
◦
tude 14 and longitude 63 there is an area for which the estimated extent is smaller
(about 6 km), while for this area still a height of up to 15 km is retrieved. This might
be the dense part of the cirrus shield where the hurricane does not extend down to
the surface anymore. The area south of the main part of the hurricane appears to be
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This study presents the evaluation of differences between two cloud height retrievals
that are based on independent techniques, and relating the differences to cloud vertical
extend as observed by ground-based active instruments. The cloud vertical extent is
an additional parameter to the cloud top height, both parameters describing the cloud
vertical distribution. As suggested by others before, the combined use of the cloud
pressure retrieval in the oxygen-A absorption band with an independent cloud height
retrieval, here the cloud top temperature from thermal infrared measurements, could
potentially be used to characterize the vertical distribution of observed clouds. Measurements from the passive imagers AATSR and MERIS onboard the polar-orbiting
satellite Envisat were used in the FAME-C algorithm. Cloud top temperature is retrieved
using brightness temperature measurents from two AATSR thermal infrared channels,
while cloud top pressure is retrieved with the use of the ratio of the MERIS channel in
the oxygen-A absorption band and a near-by window channel.
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dominated by low-level clouds with some thin cirrus aloft. Here, the estimated CVE is
mostly small (< 5 km). Directly north of the main part of the hurricane, where the spiral
outflow of thin cirrus is located, the CVE is also low (< 3 km). In general, the estimated
vertical extent is within several kilometers of the cloud top height for the main part of
the system as well as for optically thick clouds (the very bright areas in the true color
image). Further, the variablity in the estimated CVE is much larger than the variability
in the retrieved cloud top height. This is in agreement with the fact that the main part of
a hurricane consists of vertically extended clouds (from the tropopause to the surface),
while areas directly surrounding this main part consist of a very dense cirrus shield with
bands of clouds below. There is an indication that in case of thin cirrus above low-level
clouds, occuring in the outer regions of the system, the estimated CVE is well below
the distance between the two cloud layers.
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Due to larger mean in-cloud photon penetration depths for shortwave radiation than
for longwave radiation, the sensitivity of the latter retrieval (in the NIR) to the cloud vertical extinction profile is larger than for the former retrieval (in the TIR). This was shown in
a sensitivity study were simulations results from the radiative transfer model MOMO for
homogeneous and inhomogeneous cloud vertical extinction profiles are compared, for
both simulations using MERIS and AATSR spectral response functions. The inhomogeneous profiles are derived from combined CPR and MODIS data. The effective cloud
top pressure of the homogeneous clouds with predefined cloud geometrical thickness
was derived by comparing the simulated TOA signals of both cloud types. The results
confirm that in general, the MERIS effective HOM-CTP is more sensitive to a change
in the CGT than AATSR. For both AATSR and MERIS simulations, this sensitivity decreases for increasing COT.
The differences between the MERIS-CTP and AATSR-CTT, both converted to CTH
using atmospheric profiles from a numerical weather prediction model, were compared
to the cloud vertical extent. In the MERIS-CTP retrieval a single-layer, vertically homogeneous and geometrically thin cloud was assumed to surpress the correction for
multi-scattering in the cloud. This was done to increase the impact of the cloud vertical
extent on the CTH difference. The extent is defined as the distance between the top
height of the highest cloud layer and the base height of the lowest cloud layer. These
cloud boundaries are extracted from the ARSCL cloud product based on ground-based
radar and lidar observations. A comparison strategy was developed whereby spatial
averaging is applied to the satellite products and temporal averaging to the ARSCL
products. Only cases with a high cloud cover and limited spatial and temporal variability in the cloud height products are selected. Comparisons were performed at three
ARM sites covering different climate regimes, surface conditions and sun-satellite viewing geometry. Results were separated into single-layer and multi-layer cloud cases. It
was shown that the difference in CTHs increases with increasing cloud vertical extent for both single-layer and multi-layer clouds, though the relation appears stronger
for single-layer clouds. Applying a linear fit to the results with COT > 10 indicates that
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a rough estimate of the cloud vertical extent can be obtained by multiplying the CTH
difference by a factor of 2.5. If we assume that AATSR-CTH is close to but a bit lower
than the physical cloud top (this was indicated by a small negative bias compared to
radar CTH), than the MERIS-CTH is close to the geometrical center of the cloud top.
Similar findings were found in other studies related to cloud pressure retrievals using
measurements in the oxygen-A absorption band. The large variability in cloud vertical extinction profiles occurring in nature and the use of only one measurement in the
oxygen-A absorption band limits the accuracy of cloud vertical extent estimates. However, by using a simple linear relationship a rough estimate of the cloud vertical extent
can be made allowing for at least a qualitative interpretation of a cloudy scene. An estimate of cloud vertical extent is automatically an estimate of the cloud base height of
the lower cloud layer. As a demonstration of the plausability of the approach, estimates
of the cloud vertical extent for a cloudy scene were performed within a case study.
A limited number of cases was exploited mainly due to filtering out observations of
inhomogeneous cloud fields in space and time. Comparisons to observations of cloud
vertical extent from CPR on CloudSat and CALIOP on CALIPSO can be performed
next. However, matching overpasses of Envisat and A-train only occurred at high latitudes for which CTH retrievals are complicated due to snow/ice surfaces and large
solar zenith angles. Moreover, the different satellite viewing geometries in the presence of inhomogeneous cloud fields complicate the matching of Envisat and A-train
observations.
The impact of future improvements/updates in the FAME-C algorithm on the cloud
height retrievals will be investigated. Such changes will include an updated version of
RTTOV (and coefficient files) as well as an improved cloud phase detection and a new
cloud masking method.
Follow-up mission Sentinel-3, planned to be launched in 2015, will carry the AATSR
and MERIS like instruments, Sea and Land Surface Temperature Radiometer (SLSTR)
and the Ocean and Land Colour Instrument (OLCI), respectively. Thus making FAME-C
applicable to those measurements as well. Three channels in the oxygen-A absorption
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band are planned for OLCI. Several channels can help to separate signals coming from
different parts of the cloudy atmosphere or from the surface, potentially allowing for
retrieving more information on the cloud vertical distribution compared to one channel.
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Table 1. Resulting biases and root mean square deviation (RMSD) from the comparison between the FAME-C cloud top heights and radar/lidar derived cloud top heights. Presented separately for single-layer clouds (Single) and multi-layer clouds (Multi) as well as for FAME-C cloud
top heights retrieved using 1 homogeneous cloud layer (HOM) and the CPR vertical cloud
profiles (CPR).
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Figure 1. Spectral response functions for MERIS window channel 10 (blue) and MERIS channel 11 in the oxygen-A absorption band (red). Black lines: oxygen absorption lines.
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Figure 2. The effective HOM-CTP for varying CGT and COT. Settings in the radiative transfer
simulations: satellite viewing angle = 0◦ , solar viewing angle = 35◦ , relative azimuth angle = 0◦ ,
surface albedo = 0.02 and MERIS central wavelength = 762 nm.
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Figure 3. The sensitivity of the effective MERIS and AATSR HOM-CTP to an increase of
CGT by 50 hPa. Cloud top pressure of low cloud = 800 hPa, middle cloud = 600 hPa, and high
cloud = 300 hPa.
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Figure 4. The sensitivity of the effective AATSR HOM-CTP to an increase of CGT by 50 hPa.
The pressure at 1 COT into the cloud is taken as corrected CTP. Cloud top pressure of low
cloud = 800 hPa, middle cloud = 600 hPa, and high cloud = 300 hPa.
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Figure 5. Results of the comparison of mean cloud vertical extent derived from radar and lidar
observations to the difference in mean cloud top height retrieved with AATSR and MERIS.
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Figure 6. View on hurricane Dean on 17 August 2007. Top left: RGB image. Top right: FAME-C
multi-layer cloud flag. Bottom left: retrieved AATSR cloud top height. Bottom right: estimated
cloud vertical extent. The solid black line and the dotted red line show the AATSR-MERIS
and CloudSat cross-section, respectively, as presented in Fig. 7. Note, the CloudSat overpass
occurred about 3 h later than the AATSR-MERIS observations presented here.
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Figure 7. Cross-section of hurricane Dean (17 August 2007). Top: estimated cloud vertical
extent from FAME-C cloud heights. Bottom: radar reflecitivity from CPR on CloudSat. The blue
dots show the height of the most upper layer idendified as cloud by the CPR cloud mask (> 30).
Note, cross-sections from the Envisat and CloudSat overpasses did not collocate in space and
time.
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