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Abstract

Cloud top heights (CTH) were retrieved for the period 1 January 2003 to 7 April 2012
using height-resolved limb spectra measured with the Scanning Imaging Absorption
spectroMeter for Atmospheric CHartographY (SCIAMACHY) on board ENVISAT (EN-
VIronmental SATellite). In this study, we tested the sensitivity of the colour index method
used in the retrieval code SCODA (SCIAMACHY Cloud Detection Algorithm) and the
accuracy of the retrieved CTHs in comparison to other methods. Sensitivity studies
using the radiative transfer model SCIATRAN showed that the method is capable of
generally detecting cloud tops down to about 5 km and very thin cirrus clouds even up
to the tropopause. Volcanic particles can also be detected that occasionally reach the
lower stratosphere. Low clouds at 2-3km can only be retrieved under very clean at-
mospheric conditions, as light scattering of aerosols interferes with the cloud retrieval.
Upper tropospheric ice clouds are detectable for cloud optical depths down to about
T,=0.005, which is in the subvisual range. The detection sensitivity decreases towards
the surface. An optical thickness of roughly 0.1 was the lower detection limit for water
cloud top heights at 5km. This value is much lower than thresholds reported for the
passive cloud detection in nadir viewing direction.

Comparisons with SCIAMACHY nadir cloud top heights, calculated with the Semi-
Analytical CloUd Retrieval Algorithm (SACURA), showed a good agreement in the
global cloud field distribution. But only opaque clouds (7, >5) are detectable with the
nadir passive retrieval technique in the UV-visible and infrared wavelength range. So
due to the frequent occurrence of thin and sub-visual cirrus clouds in the tropics, large
cloud top height deviations were detected between both viewing geometries. Also the
land/sea contrast seen in nadir retrievals was not detected in limb mode. Co-located
cloud top height measurements of the limb viewing Michelson Interferometer for Pas-
sive Atmospheric Sounding (MIPAS) on ENVISAT for the period from January 2008 to
March 2012 were compared, showing good agreement to within 1 km, which is smaller
than the vertical field of view of both instruments.
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Lower stratospheric aerosols from volcanic eruptions occasionally interfered with the
cloud retrieval and inhibited detection of tropospheric clouds. Examples of the impact
of these events are shown for the volcanoes Kasatochi in August 2008, Sarychev Peak
in June 2009, and Nabro in June 2010. Long-lasting aerosol layers were detected after
these events in the Northern Hemisphere down to the tropics. Particle top heights up
to about 22 km were retrieved in 2009, when the enhanced lower stratospheric aerosol
layer persisted for about 7 months. Up to about 82 % of the Northern hemispheric lower
stratosphere between 30° and 70° was covered by scattering particles in August 2009
and nearly half in October 2008.

1 Introduction

Clouds occur in complex shapes at a wide variety of scales in the Earth’s atmosphere.
The physical cloud parameters, e.g. optical thickness, albedo, and bottom/top heights
from near the ground up to the tropopause are highly variable. Clouds cover about 2/3
of the Earth depending on the used optical thickness threshold (Stubenrauch et al.,
2013). They are composed of liquid particles (T >0°C), ice (T ~< —38°C), or a mixed
phase for intermediate temperatures (Boucher et al., 2013).

Clouds also have a large impact on the Earth’s radiative balance and play a major,
yet still relatively uncertain, role in the changing energy budget (IPCC, 2013). Depend-
ing on cloud type and height, they exert a cloud radiative effect which depends on
the balance between cloud albedo and greenhouse forcing. The knowledge of global
cloud characteristics is essential in different fields of numerical analyses, e.g. weather
prediction, circulation, or climate change models.

A high percentage of the incoming visible light is scattered back to space due to the
high albedo of optically thick clouds. The enhancement of the global, annual albedo
is about —50 Wm™. Additionally infra—red (terrestrial) radiation is absorbed by clouds
and then emitted again. This re-emission strongly depends on cloud temperature and
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is annually and globally averaged in the order of 30 Wm™2. The balance between these
effects is also determined by the cloud properties (Boucher et al., 2013).

The light scattering ability of cloud droplets is only weakly wavelength dependent
when compared to light scattered by molecules. Furthermore, light entering the cloud
will encounter enhanced path lengths as it is scattered multiple times at the water or
ice particles inside the cloud. This also enhances light absorption by trace gases in
and above the clouds.

Tropical clouds can reach heights of roughly 17 km. These are either deep convective
clouds or the more common cirrus clouds, which are mainly observed in the tropical
tropopause layer (TTL) above 14 km (Fueglistaler et al., 2009). Cirrus clouds are mainly
formed in the upper troposphere (above 8 km) by condensation nuclei such as mineral
dust and metallic particles via heterogeneous freezing, while larger biological particles
are removed by deposition before reaching these altitudes. They are either produced
by the uplift of humid air or by a convective blow-off from deep convection. Due to
the low temperatures at these heights (< —30 °C), cirrus clouds are made of small ice
crystals (Cziczo et al., 2013).

In 84 % of the measurements of Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) cirrus layers have a vertical extension of less than 1.5km at
heights between 13 and 16 km (Massie et al., 2007). Only 1.5% of the cirrus have
a thickness of more than 3km. Lidar measurements made on the Space Shuttle have
shown that thin cirrus layers near the tropopause can be down to 0.5 km thick and have
a horizontal extent up to a few 1000 km (Winker et al., 1998).

Cirrus clouds are categorized as (a) subvisual, that is optically very thin with cloud
optical depths (COD) 7, <0.03, (b) thin (0.03 < 75, < 0.3), or (c) opaque (7y > 0.3)
(Sassen and Cho, 1992). Subvisual clouds are mainly found in the tropics with higher
occurrence frequencies over oceans and during the night. Thin cirrus clouds are more
frequent at night and are found mainly over equatorial land masses and the western
Pacific. Moreover opaque cirrus clouds are mainly found during the day over oceans
(Sassen et al., 2009). Cirrus cloud occurrence frequencies (or cloud fraction, CF) are
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also coupled to dynamic circulation patterns. Davis et al. (2013) reported that TTL thin
cirrus cloud fractions are partly driven by the quasi-biennial oscillation (QBO) and the
upwelling in the tropical branch of the Brewer-Dobson circulation (BDC). For example,
a reduced BDC upwelling and a warm QBO westerly phase increase the TTL temper-
ature and reduce the relative humidity, which in turn leads to a reduction of the cloud
fraction.

High-altitude, optically thin clouds are nearly transparent for the incoming shortwave
solar radiation, but they partially absorb the outgoing Earth’s longwave radiation. As
the cloud particles are much colder than the surface, they re-emit comparatively little
radiation towards space. The net effect is a warming of the atmosphere below the cloud
(“cloud greenhouse forcing”).

Low clouds (CTH z, < 3km) on the other hand are the main contributor to an en-
hancement of the global albedo. They can also be optically thin (7 < 1). Leahy et
al. (2012) found that nearly half of all clouds over non-polar oceans have low tops of
Zs < 3km. These clouds have an horizontal extent in the order of 2km. Approxima-
tively 45 % of all clouds are high-level (below 440 hPa, above 6.5km), 15 % mid-level,
and 40 % low-level (above 680 hPa, below 3.2 km) clouds (IPCC, 2013).

Different methods exist now to measure cloud properties from space. Nadir viewing,
passive instruments (e.g. GOME, SCIAMACHY) were mainly designed to derive trace
gas columns (Burrows et al., 1995; Bovensmann et al., 1999). But they can also retrieve
cloud top heights using the strongest absorption band of molecular oxygen (i.e. O5-A
band: 755775 nm) (Koelemeijer et al., 2002; Rozanov et al., 2004; Lelli et al., 2012).
The height accuracy of these methods is within a few hundred meters. But retrievals
are restricted to cloud optical depths larger than 5. Based on the International Satellite
Cloud Climatology Project (ISCCP) D2 dataset, a global COD 7, = 3.9+0.3 was found
by Rossow and Schiffer (1999) showing that a lot of clouds types cannot be retrieved.
All forms of cirrus clouds (7 = 2.2) with a 19.6 % global coverage are not detectable
using passive nadir observations.
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A number of satellite missions are specially designed for the detection of cloud prop-
erties. A comparison of these instruments with the ISCCP multi-spectral imager data
has been performed by Stubenrauch et al. (2013). An average global cloud amount of
about 68 % was reported for clouds with optical depths higher than 0.1. This increases
to 73 % when also taking the subvisible cirrus clouds into account (Winker et al., 2009;
Chepfer et al., 2010).

An easy way of passively measuring thin clouds is offered by sensors observing the
atmosphere in limb geometry. For instance, the SAGE instrument detected very thin
clouds (7, > 0.03) and derived a high global cloud amount of 95 %. This is mainly due
to the long light path of about 200 km around the tangent point increasing the number
of cloud measurements (Stubenrauch et al., 2012). The Optical Spectrograph and In-
frared Imaging System (OSIRIS) on-board Odin is a limb viewing instrument that can
accurately measure thin cirrus cloud fractions and top heights using information from
the 1530 nm IR channel (Bourassa et al., 2005) and the optical thickness of subvisual
cirrus clouds at 750 nm (Normand et al., 2013). The High Resolution Dynamics Limb
Sounder (HIRDLS) on-board the AURA spacecraft detects cirrus clouds, deep convec-
tive clouds and PSCs using infrared radiances at 12.1 um (Massie et al., 2007). MI-
PAS on ENVISAT detected similar cloud parameters using bands in the regions MWIR
(Mid Wavelength InfraRed) and TIR (Thermal InfraRed) (Spang et al., 2012; Sembhi
et al., 2012). The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) aboard
the CALIPSO satellite uses laser wavelengths of 532 and 1064 nm to measure e.g.
physical cloud tops with high accuracy of about 60 m in the troposphere (Winker et al.,
2009). Thin clouds with an optical thickness of about 0.01 are still detectable with this
technique.

When retrieving atmospheric trace gas concentrations in the lower strato-
sphere/upper troposphere from limb measurements, clouds in the field of view influ-
ence the retrieval accuracy. It was thus necessary to omit the cloud contaminated part
of the measurement profile in the retrieval algorithm to minimize trace gas errors at the
heights above a cloud (Sonkaew et al., 2009). The SCODA retrieval scheme (SCIA-
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cause of these results. It was added to the SCIAMACHY level 2 operational processor
(version 5.04) (ESA, 2013) to improve the limb trace gas retrievals towards the tro-
posphere. It was also used for scientific profile retrievals of upper tropospheric/lower
stratospheric water vapour and trace gases like nitrogen dioxide, bromine oxide, and
tropospheric ozone (Rozanov et al., 2011; Ebojie et al., 2014). Using SCODA we have
detected optically thin clouds throughout the free troposphere and very thin volcanic
aerosol layer can be detected. Besides cloud top heights we also derived height re-
solved cloud occurrence frequencies to study global cloud field distributions.

In this study we used limb observations from the SCIAMACHY spectrometer to re-
trieve cloud top heights using the colour index ratio approach. We have investigated
(a) the sensitivity of the method to detect clouds in SCIAMACHY limb measurements
for different types of tropospheric clouds using the radiative transfer model SCIATRAN,
(b) studied the latitudinal and seasonal variations of cloud heights, and (c) verified the
method using comparisons to other satellite data and literature.

The paper is structured as follows. Section 2 provides information on the data being
used in this paper. The method employed for the retrieval of cloud top heights from
the limb scattered profiles is described in Sect. 3 and the influence of the limb path
and the instrument’s vertical field of view on the results is analysed in Sect. 3.1. In
Sect. 4 model tests were performed with the radiative transfer model SCIATRAN to
investigate the robustness of the method. Results from SCIAMACHY measurements
are discussed in Sect. 5. The retrieval method is then validated with SCIAMACHY
nadir data and MIPAS limb data in Sect. 6. The influence of aerosols on the retrieval is
explained in Sect. 7 and conclusions are given in Sect. 8.
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2 Data
2.1 SCIAMACHY

The atmospheric science instrument SCIAMACHY on board of ESA’s ENVISAT was
a high resolution 8-channel grating spectrograph (Burrows et al., 1995; Bovensmann
et al., 1999). ENVISAT was launched on 1 March 2002 into a polar, sun-synchronous
orbit. Contact to the satellite was lost on 8 April 2012. The SCIAMACHY instrument
covered a spectral range from the UV-C (214 nm) to the near infrared IR-B (2386 nm),
with a channel dependent spectral resolution between 0.22 and 1.48 nm. Scattered, re-
flected, transmitted, and emitted electromagnetic radiation was observed in solar/lunar
occultation, Nadir-, and Limb-viewing geometry.

2.1.1 Limb data

Figure 1 gives an impression of the atmosphere from a limb viewing satellite perspec-
tive. The picture was taken from the International Space Station (ISS). The cloud pat-
terns known from nadir viewing instruments are not detectable any more. Instead we
see a strong increase in intensity from space towards the ground and a change of
colour near the surface from dark blue to light blue/white, where we expect the influ-
ence of clouds.

The instantaneous field of view of SCIAMACHY at the tangent point was 2.6 km
(VFOV) in vertical and 110km (HFOV) in horizontal direction (across-track) for the
nominal limb-scatter mode. The scanning of each tangent height took 1.5s and four
distinct measurements were normally made across-track. Each scene had a horizontal
resolution of 240 km due to the scanning speed and integration time (Bovensmann et
al., 1999) and the total swath was 960 km. The horizon was scanned in vertical direc-
tion from below the ground to about 92 km tangent height in more than 30 steps that
are 3.3km apart (Gottwald and Bovensmann, 2011). The atmosphere was undersam-
pled with a vertical gap of roughly 0.7 km between two adjacent tangent heights. The
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along track horizontal resolution is approximately 410 km for one VFOV shell, which will
be explained in Sect. 4.1. The full Earth was covered after 6 days at the equator with
better coverage towards the Polar Regions. Figure 2 gives a schematic view of the limb
geometry. The red solid line depicts the instrumental line of sight (LOS) with the field
of view (FOV) as red dotted lines. The blue numbered circles give the tangent heights
of SCIAMACHY.

The main focus of the SCIAMACHY limb observations were daytime measurements
of scattered solar radiation allowing retrievals of stratospheric Oz, NO3, and BrO pro-
files. But also the retrieval of stratospheric aerosol extinction profiles and polar strato-
spheric cloud top heights was possible (von Savigny et al., 2005b). Night-time limb
measurements were used to retrieve mesospheric temperatures (von Savigny et al.,
2012).

We used the SCIAMACHY version 7.04W level 1b spectra. The level 1b data was
calibrated without the polarization correction due to known problems in limb geometry
(Liebing, 2013). The radiometric calibration was omitted as the colour index ratio is
a division of two neighbouring tangent height measurements and thus no absolute
calibration was needed. Height resolved limb-scattered spectra were taken from the
instrument channels 4 (750 nm) and 6a (1090 nm) (von Savigny et al., 2005b).

Figure 3 shows the limb radiance / [photons s 'm2Znm™! sr'1] as a function of wave-
length 1 [nm] in the channels 4 and 6 for tangent heights ranging from 2.3 to 22 km.
Not plotted are radiances measured in channel 5. Higher intensities can be seen in
channel 6 when cloud scattering occurs. A steeper gradient between radiances from
both channels is measured at tangent height 15.4 km compared to the lower height
12.1 km. This means that clouds are in the field of view at tangent height 12.1 km and
scatter more radiance into the line of sight.

Spectral windows with molecular absorption bands, e.g. for ozone, oxygen, and water
vapour, disturb the retrieval because of additional absorption features with a different
height distribution. Radiation at wavelengths below 400 nm is not suitable because the
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atmosphere gets optically thick in the upper troposphere due to Rayleigh scattering
and ozone absorption increases towards the Hartley-Huggins bands.

2.1.2 Tangent height knowledge

The SCIAMACHY tangent heights are not fixed over time and vary up to 400 m along
an orbit. Variations of up to 600 m are possible within a month. During the early phases
of the SCIAMACHY mission the limb tangent height information was erroneous with
differences between the estimated and the real tangent height up to several kilometres
(Kaiser et al., 2004; von Savigny et al., 2005a). The main reasons for the tangent height
differences are satellite attitude knowledge errors and a misalignment between the
SCIAMACHY optical axes and the satellite reference frame, which were later identified
and corrected (Gottwald et al., 2007).

The tangent height knowledge for the operational level 1 data version 7 is accurate
within 50 m and no significant trends were found over mission lifetime (Bramstedt et
al., 2012). Figure 4 shows averaged SCIAMACHY limb tangent heights of profile index
number 3 and the corresponding 2-o standard deviations (blue dashed), that were
calculated from the first measurements of each orbit of one day at the beginning of
each month. Overplotted is the difference between two adjacent tangent heights (red
line). The step width between these two tangent heights is ~ 3.3 km. The intra-annual
variations were largest at the beginning of the mission in 2003 with tangent heights
varying from about 6.8 km in spring to 4.7 km at the end of the year. This was the time
when the limb measurements were fine-tuned. For the period until the end of 2010,
we found an intra-annual cycle with an amplitude of about 150 m with lowest tangent
heights at the beginning of the year.

The orbital height of the ENVISAT satellite has been lowered by about 17.4km in
October 2010 to extent the mission lifetime. As a consequence, each limb state was
shortened by one tangent height step to maintain the limb/nadir matching. The limb
tangent height pattern was modified in January 2011. The effect of these changes can
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also be seen in Fig. 4 when tangent heights were lowered by roughly 100 m and the
step width was slightly reduced (red line).

2.1.3 Nadir data

The Semi-Analytical CloUd Retrieval Algorithm SACURA (Rozanov et al., 2004;
Kokhanovsky et al., 2005) retrieves the effective radius of cloud droplets, the liquid
water path and other parameters like the optical thickness for optically thick clouds
(7 = 5). The cloud top height is determined from spectral measurements in the oxygen
A-band (755-770nm). Lelli et al. (2012, p. 1556, Fig. 1) showed that the total cloud
top height error is about £400 m for most cases. The CTH errors increase with cloud
height and can be up to 1400 m for high clouds with a low optical thickness. It has to be
noted that SACURA takes multiple scattering of light inside and below the clouds into
account. The cloud top height retrieval is therefore more accurate than what can be ex-
pected from retrieval schemes treating clouds as Lambertian reflectors. Stubenrauch
et al. (2012) showed that passive remote sensing techniques tend to detect a “radio-
metric cloud top height”, which can be up to a few kilometres lower than the physical
cloud top height.

2.2 MIPAS

The limb sounder MIPAS retrieved vertical temperature, trace gas profiles, and cloud
distributions. The Fourier transform infrared (FTIR) spectrometer measured emissions
in the mid-infrared ranging from 4150 to 14 600 nm with high spectral resolution (Fis-
cher et al., 2008). While SCIAMACHY scanned the limb in forward flying direction of the
ENVISAT satellite, MIPAS faced backwards. MIPAS had a similar resolution as SCIA-
MACHY in limb mode along the line of sight (LOS) and in vertical direction (3 km), but
the resolution perpendicular to the LOS of 30 km is considerably higher than SCIA-
MACHY (240 km). Due to the specific spectral measurement range MIPAS is able to
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measure day and night and as a pure limb sounder recorded more limb scans per orbit
than SCIAMACHY.

After 2005 the nominal MIPAS mode was chosen as follows: the scan measurement
time was 56.7 s with 27 floating altitude grid points from 7 to 72km. The vertical sam-
pling step size in the UT/LS region was 1.5km. The lowest tangent height was not
constant along an orbit, but changed from 5km at the poles to 12km at the equator
as a function of latitude @ with z,(¢) = 12 - 7-cos(90 — abs(¢)) (Raspollini and Cec-
cherini, 2011). This has an impact on the comparisons as clouds top heights are not
comparable below about 9 km in the tropics and extratropics.

Different methods to detect clouds have been developed for MIPAS (Spang et al.,
2012). A fast detection scheme for the operational level 2 processing has been de-
veloped which is based on a cloud index (Cl) method (Spang et al., 2002) to omit
cloud-contaminated measurements. This method was also used to derive cloud field
characteristics like global cloud top distributions and occurrence frequencies (Spang
et al., 2005; Sembhi et al., 2012). The standard operational Cl approach used two
micro windows from 788.2 to 796.2cm™" and from 832.0 to 834.4cm™" in the MIPAS
CI-A band. Sembhi et al. (2012) presented an optimised cloud and aerosol detection
method for MIPAS in which new seasonal-, latitude- and altitude-dependent cloud de-
tection thresholds were calculated to maximise the sensitivity to cloud/aerosol particles
in the MIPAS field of view. Based on these thresholds, a MIPAS CTH dataset was cal-
culated for the entire MIPAS mission and is used in this study.

3 Determination of colour index ratios and retrieval of cloud top heights

SCIAMACHY provides measurements of the limb scattered light integrated along the
line of sight. When choosing wavelengths where trace gas absorptions and emissions
can be neglected (e.g. around 750 and 1090 nm), the detected radiation of light is dom-
inated by the scattering processes itself. These are Rayleigh scattering by molecules
and Mie scattering by aerosol and cloud particles. Water and ice clouds show simi-
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lar reflection characteristics in this wavelength range but start to differ at wavelengths
larger than 1400 nm (Kokhanovsky et al., 2006).

Dividing the spectrally averaged radiances of two wavelength bands (750-751,
1088-1092 nm) by each other, we can differentiate measurements with particles in the
FOV and those uncontaminated by particles. This is called the colour index approach.
Colour is here defined as the ratio between radiances from two different wavelength
bands of the same viewing LOS or tangent height. This technique was previously ap-
plied to limb measurements for the detection of polar stratospheric clouds from SCIA-
MACHY limb measurements (von Savigny et al., 2005b) and the determination of the
cloud top height of a hurricane cell (Kokhanovsky et al., 2005). This work is a gener-
alisation of these previous studies with respect to global particle (cloud) detection and
the use of SCIAMACHY tangent heights from the Earth’s surface up to 30 km.

The cloud top height z; [km] is determined using radiance profiles in different wave-
length regions. The height-dependent colour index Cl(zy,) is calculated for all tangent
heights z;, [km] from the ratio of two limb scattered radiance intensities / at different
wavelengths A:

_ Iz, An)

) = )

(1)
where “h” denotes the high and “I” the low band. The radiances are spectrally averaged
for the two bands 750-751 nm and 1088—-1092 nm. For SCIAMACHY the maximum
signal-to-noise ratios are of the order of 10000 for both the low and the high band, so
that noise is not an issue in these retrievals. The colour index ratio (CIR) © [-] can then

be defined as:
Cl(zy)
© = —, 2
(Zn) Cl(zy, + Azy,) @)

where Az, is the step width between two adjacent tangent heights zy,; and zy, ;4.
The tangent height grid of SCIAMACHY limb observations, i.e. the spacing between
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adjacent altitude levels, is about 3.3 km wide (see red line in Fig. 4). The function ©(z,)
has a peak at the tangent height where the cloud top z is within the field of view along
the line of sight. If © exceeds the predefined constant threshold of 1.4, the cloud top is
allocated to that tangent height. Due to the use of ratios the radiance calibration was
not necessary as all multiplicative and height-independent calibration errors cancel out.

Figure 5a shows an example of the cloud index ratio profile for one SCIAMACHY
measurement state (29 October 2006 10:16:10.63 UTC) over Europe. Four indepen-
dent profiles situated across-track of the orbit were measured simultaneously. Clouds
are detected, when the CIR © peaks and exceeds the threshold of 1.4 (dashed blue
line). Depending on the atmospheric state, ©(z;,) is an unknown function of the cloud
optical thickness, scattering geometry, albedo, aerosol loading, and the signal-to-noise
ratio of the measurements. The sensitivity of O to the scattering geometry and optical
characteristics will be discussed in Sect. 4. Figure 5b shows the colour index, which is
a prerequisite product.

O(zy,) can peak more than once in a profile, but we only store the highest peak and
store this event in the quality flags accordingly. The double peaks occur in roughly 10 %
of all retrievals, suggesting that two or more distinct cloud layers were detected. This
can happen when a thin cloud is above a low thick cloud. When the highest cloud is
optically thick, it is not possible anymore to separate cloud layers. The limb viewing
geometry is not well suited to deal with layering of clouds as the position of a cloud
along the light path is not known (see also Sect. 4.1).

3.1 Limb optical thickness

The biggest difference between nadir and limb cloud detection is the much larger limb
path length and thus a much coarser horizontal resolution. Long pathways greatly en-
hance the sensitivity of the limb measurements. But looking sideways into a cloud field
leads to information loss on the cloud fraction of the scene at the tangent point. Thus
the retrieved cloud fractions will in general be much higher than what was found from
Nadir measurements. This will be further analysed in Sect. 5.
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The optical thickness 7, of a cloud in limb viewing geometry is much higher than the
vertical optical thickness 7, due to the longer horizontal light path. This path length
depends on the instrument’s vertical field-of-view (VFOV) and the tangent height. For a
cloud at 15 km tangent height that is covering the full VFOV of 1 km an increasing factor
of 226 was calculated for the optical depth. Due to the curvature of the atmosphere, a
cloudy layer will be outside the VFOV at a certain point along the line of sight. When
taking the area made by the shell and the VFOV into account, we calculate an area
weighted factor (AWF) of 151 for the example above. In general, a cloud will not cover
the whole VFQV as a horizontal layer, so that this factor is the maximum increase that
is possible. For SCIAMACHY with a VFOV of 2.6 km, we calculate an AWF of 243. But
as e.g. thin cirrus clouds will not fill the VFOV completely, this factor is generally too
high. Reducing the VFOV to 0.1 km to simulate this effect, we calculate an AWF ~ 47.
This is a more realistic value for the increase of the vertical optical depth due to limb
geometry.

As a result, a subvisual cloud layer with an optical thickness 7, = 0.025 lying within
the field of view of SCIAMACHY will give a limb 7, of about 6 (AWF =243) and about
1.2 for thin clouds (AWF =47). In limb view, clouds are seen against the surrounding
atmosphere and the background space. The contrast between a cloudy and non-cloudy
part of the profile is high as the air mass above a cloud has less air and hence a
lower scattering ability, so it will be darker (see the decrease of brightness towards
outer space in Fig. 1). The nadir cloud detection is partly dependent on the contrast
at the ground, e.g. ice or snow can lead to larger errors in the cloud optical thickness
determination (Lelli et al., 2012; Lelli, 2013).

4 Model simulations

Simulating radiances in cloudy atmospheres is difficult (Kokhanovsky, 2001) because
radiative transfer models like e.g. SCIATRAN (Rozanov et al., 2014) treat clouds only
as two-dimensional layers with a defined vertical extent and general stratified physical
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properties (optical thickness, effective radius of particles, phase function, cloud phase).
This is of course a strong simplification of the complex three dimensional structure of
a cloud.

We have studied the strengths and limitations of the fast and simple retrieval method
to detect cloud top heights from limb measurements using model simulations of SCI-
ATRAN. The software package SCIATRAN version 3.1.28 (Rozanov et al., 2014) was
used to test the sensitivity of the retrieval method for typical atmospheric cloud scenar-
ios. The influence of optical and geometrical cloud parameters (e.g. optical thickness
7, cloud top height, layer thickness) and the geolocation (sun zenith angle, relative az-
imuth angle) on the colour index ratio will be studied in this section. The forward model
including cloud properties was described by Rozanov et al. (2014). A model accuracy
of 5% was found by Kokhanovsky and Rozanov (2003) for cloud optical thicknesses
Ty larger than 5.

SCIATRAN was already used for cloud sensitivity studies of the limb ozone retrieval
(Sonkaew et al., 2009). The authors of the study concluded that the height range used
for the retrieval of ozone profiles has to be limited to tangent heights above the cloud
top in order to reduce retrieval errors. Cloud top heights can best be retrieved by using
the same instrument and measurement mode of the trace gas retrieval. The cloud top
height retrieval model SCODA has already been implemented in the SCIAMACHY level
2 version 5 operational processor in October 2010 (ESA, 2013).

As ENVISAT moves along the orbit on the day side from the north to south, the sun
zenith angle (SZA) and the relative sun azimuth angle (SAA) are varying at the limb
tangent point. The SAA is the angle between the line of sight and the sun beam. Be-
cause ENVISAT flies in a sun-synchronous orbit with a descending node crossing time
of 10.00a.m., only certain combinations of these parameters are possible. Naturally
the highest sun zenith angles occurred near the poles and minima in the tropics (about
26°). The relative azimuth angle was generally lower towards the northern high lati-
tude (about 22°) and largest at the southern high latitudes (about 157°). The Rayleigh
scattering phase function minimum is at 90° and maxima occur in forward and back-
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ward scattering direction. Scattering of light is highest in the north due to stronger
forward scattering by aerosols and clouds at low azimuth angles. The minimum scat-
tering occurs in tropical regions for SAAs larger than 90°. Table 1 shows typical an-
gle combinations of the SCIAMACHY limb measurement geometry for one orbit from
29 October 2006.

The following parameters were chosen to test the sensitivity of the colour index ra-
tio in a cloudy atmosphere. A spherical atmosphere with refraction was modelled with
the radiative transfer model SCIATRAN. The scalar discrete ordinate technique was
used to solve the radiative transfer equation. Absorption of the trace gases O3, NO,,
and SO, was taken into account. The surface was modelled as a Lambertian reflector
with a constant albedo ag = 0.1, which is roughly twice as high as the albedo of wa-
ter surfaces. The tangent heights were chosen from 0 to 30 km with a step width of
3 km. Wavelengths were taken from 750.0 to 751.0 nm with 0.2 nm step width and from
1088.0 to 1092.0 nm with 0.8 nm step width. The SZA was varied between 20 and 85°,
and the SAA between 20 and 160°, which were roughly the maximum values that are
possible for SCIAMACHY limb measurements (see Table 1).

To find the limitations with respect to cloud height and optical thickness, we simulated
limb radiances for cloudy atmospheres. We have used a water cloud layer situated be-
tween 4 and 5km, that has a spectrally dependent optical thickness of 7y ,.=1 at
500 nm, which is considerably lower than the global cloud optical thickness of 3.7. The
radius of the water droplets was assumed to be 10 um, which is in the range of values
from literature (Rossow and Schiffer, 1999). Also a cirrus cloud layer was simulated be-
ing made of hexagonal ice crystals with 100 um height and 50 um side length. The layer
optical thickness of 7, ;; = 0.01 was assumed, which is in the sub-visual range. The
cloud layer was inserted between 14 and 15 km. In general, ice crystals can substan-
tially range in size from 10 to about 2000 pm and exhibit a variety of different shapes
(Liou, 2005).

The influence of aerosol contamination on the cloud retrieval was taken into ac-
count. We used the LOWTRAN aerosol parameterization defining the height depen-
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dent extinction coefficient and single scattering albedo. A total aerosol optical thickness
Tya =0.142at 790 nm and 0.116 at 1090 nm was selected, which is in the range of val-
ues measured over oceans (see e.g. Boucher et al., 2013, Fig. 7.14). Phase functions
were calculated using the single parameter Henyey—Greenstein analytical formula with
an asymmetry factor of 0.772 (0.0—4.0km), 0.669 (4.0-10.0km), and 0.657 (above
10.0 km).

In Fig. 6 calculated colour index ratios are shown as a function of sun azimuth (SAA)
and sun zenith angles (SZA). The step size was 5° in SZA and 10° in SAA direction.
The calculations were made for (a) a low, thick water cloud (4-5km, 7, = 1) and (b) a
high, sub-visible ice cloud (14-15km, 7, ;. = 0.01). Overplotted in black dots are typical
SAA/SZA combinations of the SCIAMACHY Ilimb tangent point along a typical orbit.
Cloud tops were in general detectable for all SZA/SAA pairs, because the modelled
O exceeds the threshold of 1.4. The water cloud CIR was highest for very low SAA
(© > 2.0) and lowest around 90° SAA (O < 1.6), which is in the tropical region. The
reason of this change can be attributed to the form of the phase function of water
droplets peaking in forward direction. Because of the phase function asymmetry we
found the lowest CIR values for water clouds in backward direction of the scattered
light beam (South Polar Regions), where the threshold was not reached (see Table 1).
The phase function of an ice particle is more complex and has a stronger asymmetry.
Thus we retrieved a more pronounced CIR dependence due to SAA changes with
lowest values below 1.8 around 140° S. Moreover even for high SAA/SZA values we
found high CIR.

The modelled CTH can correctly be retrieved for clouds tops of 5 km and higher. But
a CTH at 3km was not detectable in this test case, as the modelled aerosol loading
(optical depth of roughly 0.125 between the ground and 5km at 790 nm) lead to a shift
of the retrieved CTH to the next higher model tangent height and also reduced the CIR.
Most of the aerosols are within the first 5km. But it is possible to retrieve the correct
CTH, when the modelled aerosol loading was reduced to 25 % of the original value
(i.e. Ty 4 = 0.035). The retrieved O for a water cloud (7y . = 1) between 2 and 3km
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was then above the detection threshold between 1.4 and 1.6 for nearly all geometry
combinations. Simulating an ice cloud (here 7, , = 1) at the same height, it was already
possible to retrieve the correct CTH for aerosol loadings of about 40 % of the modelled
aerosol optical thickness (7 , = 0.05). So clouds at the lowest SCIAMACHY tangent
height above the ground at about 2-3km can only be detected for a very low aerosol
loading. These low aerosol optical depths can be found in clean areas over oceans
especially in the Southern Hemisphere.

The influence of CTH changes on the CIR © was also tested. A water cloud
(Tywe = 1.0) of 1km thickness was shifted from 3 to 18km. The retrieved © was
strongly increasing towards higher heights from about 1.6 (5km) to 3.1 (18 km). So the
retrieval sensitivity was sufficient at lower tangent heights and increased with height.
Furthermore, clouds were detectable for an optical thickness of 0.1 at the lowest tan-
gent heights and for 0.005 in the upper troposphere. These values are calculated for
spherical shell cloud layers and can be interpreted as theoretical lower limits which in
reality might not be reached, as a very thin cirrus cloud field has a limited vertical and
horizontal extent.

The tangent heights stored in the SCIAMACHY level 1C data are geometric ones,
where refraction was not taken into account. The refractive effect that lowers the real
tangent height is negligible above 22 km, when differences between geometric and re-
fracted tangent heights are less than 100 m. But at z,,=6 km, the real light path has
a refracted tangent height of about 4.9 km. Furthermore the vertical field of view in-
creased due to the refraction. The lower edge of the geometric VFOV was at 4.7 km
and the upper one at 7.3 km. The corresponding refracted VFOV edges are then at 3.4
and 6.4 km, respectively. This means that the refractive VFOV is about 3 km wide. The
VFOQV at the lowest geometric tangent height of 2.3 km will already include the surface.
So we might be able to detect clouds down to the Earth’s surface with the restriction
that at these heights the colour index ratio is near the threshold and also very sensitive
to aerosol contaminations that increase towards the surface.
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Sub-visible ice clouds in the upper troposphere are clearly detectable. For a tropi-
cal upper tropospheric cloud (SZA = 25°, SAA = 83°, cloud layer 15—-16 km) the cloud
detection threshold was already exceeded for cloud optical thicknesses 7, of about
0.003. Here the influence of aerosols and refractive tangent height changes are negli-
gible. But the cloud retrieval can be obstructed by intrusions of aerosols into the upper
troposphere from volcanic activity, when the optical thickness of cloud and aerosols
has the same order of magnitude.

4.1 Horizontal Sampling

The along-track horizontal sampling for one atmospheric shell 2x(/, /) is about 410 km,
where / is the index of the tangent height zy,(/) (see Fig.2). But the cloud position
within this shell cannot be resolved with this retrieval technique. So the real length,
where clouds can be sampled, is much longer, as they may also appear in the line of
sight outside the lowest shell given by z,,(/). The tropopause is the upper edge where
clouds exist under normal conditions. This can be as high as 17 km in the tropics.
Using this tropospheric boundary height (index /,), we can calculate the cloud top
height dependent extra path length. For a cloud top at z;, = 6 km in the tropics, we find
a nearly doubled total horizontal sampling length > x(/,/ =/,. .., /) of 790km and for
a 12km cloud top the extra path is 150 km, where clouds can be inside the VFOV. So
when a cloud top of z,, of 3km was detected e.g. over Germany, the cloud could be
anywhere along the countries North/South axis (about 800 km) at altitudes up to the
tropopause.

It should be noted that this horizontal sampling length is in the order of distance be-
tween two consecutive SCIAMACHY limb measurement states. The geographic angle
is about 7° (e.g. the latitude) between two SCIAMACHY states. For most of the cases
the LOS above a cloud top in one state will not reach the area of an adjacent state as
it leave the troposphere before. But if the LOS of a cloud free pixel has a tangent point
close to the surface, the along track horizontal resolution is in the order of 1200 km
corresponding to an angle of roughly 10°.
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To check if these long extra paths are relevant for the cloud detection, we also have to
take the vertical resolution into account. We have calculated the vertical area-of-sight a
[km2], that the line-of-sight crosses in each shell segment because of the instrumental
field of view. The results are independent of the across-track LOS. For example, the
path length ratio x(3,3)/x(3,4) is roughly 2.4 and the corresponding ratio between two
adjacent areas a(3,3)/a(3,4) is only 1.2 (see Fig.2). So the areas differ not very much
and thus the influence from the outer shell areas on cloud detection is not negligible.

In trace gas limb retrievals, number densities are calculated for each shell assuming
a horizontal continuity in each shell. So it is possible to derive a trace gas profile at the
tangent height. This is not possible for discontinuous cloud fields. If e.g. the area a(3,3)
is free of clouds and a(3, 4) not, the retrieved CTH will be higher in this case. These high
clouds outside the along-track FOV or lowest shell can lead to a CTH overestimation
and will also increase the cloud fraction.

5 Results

In this chapter results of the SCODA retrieval are presented. We retrieved annual
means of cloud top heights and fractions for all tropospheric tangent heights. Limb
cloud fractions were calculated by counting the number of cloudy pixels within a grid
cell.

5.1 Annual average cloud top heights and fractions

Figure 7a shows the annual averaged cloud top height [km] of 2006, gridded on a
2° x 2° map. All measurements of that year (roughly 445 000), that exceeded the thresh-
old of © = 1.4, were used to make the mean. Overplotted in Fig. 7a is the size and
distance of three typical SCIAMACHY limb scan cycles (red rectangles). Four simulta-
neous measurements in across-track direction were made. This is illustrated in Fig. 7b,
where a zoom into one rectangle that has the lower left corner at the equator over
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the Gulf of Guinea was shown. A cloud image (Reuter and Pfeifer, 2011) from SEVIRI
(Spinning Enhanced Visible and Infrared Imager) aboard Meteosat is shown to visual-
ize the fine structure of a nadir cloud field within a limb scan. In general, the horizontal
cloud structure is not detectable in limb view, as a large volume is scanned and only
the highest cloud tops contribute to the limb result in that area.

The highest clouds (from about 13—-16 km) were detected in the tropics. These are
deep convective and cirrus clouds. The lowest clouds are found in the Southern Hemi-
sphere west of the continents (about 4 km). Also a stream of relatively high clouds
is detected ranging from the Caribbean Sea over the North Atlantic Ocean towards
Northern Europe. This can be related to extra-tropical storm tracks. Similar features
are found east of Japan and in the South Pacific Ocean towards the west coast of
South America. An interhemispheric CTH difference was also observed, which will be
analysed later.

We also found the interhemispheric difference in the CIR annual average in Fig. 8a.
Especially for latitudes above 60° N/S, the CIR differed roughly by about 0.4. This is
partly due to dependence of the phase function on the viewing geometry, as was shown
in Sect. 4. The SAA ranges from 30° (NH) to 150° (SH) at these latitudes where we also
detected CIR differences from model studies (see Fig. 6a). Low CIR regions were fur-
thermore detected in low cloud top height areas, which is in line with our expectations
from model studies.

Figure 8b shows the limb cloud fraction. All measurements flagged as cloudy were
counted if the cloud top height was above the ground and below 19.9km. You can
see much higher values in comparison to cloud fractions retrieved in nadir geometry.
Because of the long viewing path through the atmosphere more than 90 % of all mea-
surements are marked as cloudy and the difference between both Polar Regions is
rather small. Only at low cloud tops in the Southern Hemisphere, west of the conti-
nental coasts, we also found comparatively low cloud fractions of about 70 %. Because
of the long tropospheric geometric path length of 1200 km, cloud free pixels in SCIA-
MACHY limb measurements were detected only rarely. Spang et al. (2012) called this
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the “limb-smearing effect”, which makes comparisons to nadir measurements compli-
cated. We did not expect a high cloud coverage over desert areas like Australia and
North Africa, but found a significantly higher cloud fraction e.g. over North Africa in
comparison to measurements from high resolution nadir instruments. This can be at-
tributed to measurements of desert dust blown away from these areas at heights up to
6.5km (see Fig. 9a—b) and to cirrus clouds at higher altitudes, that are not detectable
by passive nadir instruments.

5.2 Height resolved cloud fraction

Figure 9 shows the annual mean cloud fraction [%] of 2006 for all SCIAMACHY limb
tangent heights in the tropospheric region. The limb cloud fractions are divided into 6
height regions covering those nearly constant tangent heights (over time and space).
The fractions are calculated by comparing the number of clouds in that layer with the
number of all measurements. Clouds are limited to the troposphere, but polar strato-
spheric clouds (PSC) are generally being found above 18km (von Savigny et al.,
2005b). Furthermore, volcanic eruptions can transport material into the stratosphere
that can be detected with the colour index method, which will be discussed in Sect. 7.

For the layer 1.0-3.75km the highest amount of low clouds was retrieved over
oceanic regions in the Southern Hemisphere westwards of the continents (Fig. 9a).
Slightly more clouds were detected overall between 1.0 and 6.5 km in the South Polar
Regions than in the northern ones. It seems that the method is rather insensitive to low
clouds for low scattering angles at high northern latitudes. The elevated cloud levels
over North Africa might be due to aerosols uplifted by dust storms over the Sahara, as
this region is normally nearly cloud free. High fractions were also detected at the height
range (Fig. 9b). Generoso et al. (2008) measured dust plumes from Africa up to 8 km
altitude over the Atlantic. High CF from the mid-latitudes to the Polar Regions were
also detected by CALIPSO (Chepfer et al., 2010, see e.g. Fig. 3g—h). Larger CF for low
clouds (CTH < 3km, > 680 hPa) were detected in their study mainly over the oceans,
especially near the west coasts of the continents, which is in line with our findings
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in Fig. 9a. But CALIPSO detected no enhancement of cloud fractions over Northern
Africa, which indicates that SCIAMACHY possibly detected an enhanced aerosol layer
in this region.

The layer 6.5—-10.0km in Fig. 9c shows from where the interhemispheric CTH dif-
ferences mainly originate. The cloud fraction in the northern hemisphere at latitudes
higher than 30° is 50 % and more, while in the Southern Hemisphere it is less than
40 %. At the next layer above 10 km cloud tops are found in areas of frequent storm
activities in the extra-tropical zone above 30° N/S (see e.g. Atlas of Extratropical Storm
Tracks, available at: http://data.giss.nasa.gov/stormtracks/). These regions are also de-
tected in CALIPSO high level clouds above 7.2 km (Chepfer et al., 2010, Fig. 3c—d).

The occurrence of clouds above 13.5km is limited to the tropical zone as displayed
in Fig. 9e—f. Largest cloud fractions of about 70 % are detected over the western part
of the Pacific from Indonesia to the East between 90 and 180° longitude. But high
clouds are also detected over Central Africa and Middle America (above 40 %). An-
other feature is the slightly enhanced cloud fraction over Antarctica, which is due to the
measurement of PSC in the southern winter/spring season. The PSC season is limited
to a few months around September. The combination of cloud fraction patterns of all
these layers explain the interhemispheric CTH differences seen in Fig. 7.

5.3 Temporal Evolution of CIR and CTH

The global colour index ratio changed slightly over time as shown in Fig. 10. After
a rather stable period from the start until 2006 with CIR values above 2.0, the CIR
has decreased down to 1.84 at the beginning of 2007 and then remained at values
around 1.9 until the August 2011, where the largest decline down to 1.75 occurred.
Some of these short-time CIR reductions correspond to the major volcanic eruptions
in 2008, 2009, and 2011. This is expected as the lower stratospheric volcanic aerosol
layers are optically very thin and the corresponding CIR is lower than for typical tro-
pospheric clouds. Two other wavelength pairs were tested. The 1551/1090 nm CIR
showed similar features. During the longer decontamination phases of the instrument
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in August/December 2003, June/December 2004, and December 2008 the CIR was
also reduced. The 1685/1551 nm CIR on the other hand was rather stable over time.
This indicates that the ratio is not affected by aerosols as much. A CIR decrease over
time might reduce the sensitivity to both very thin cirrus clouds and low altitude clouds,
because we have used a temporally constant detection threshold of 1.4.

Time series of the SCIAMACHY CTH zonal monthly means are shown in Fig. 11a
for latitudes between £80°. The seasonal cycle and interhemispheric CTH differences
can be identified. Higher CTHs were detected in the summer seasons of each hemi-
sphere. Three volcano eruptions leading to deviations in cloud top height were found
(see Sect. 7). Also the PSC season in the Southern Hemisphere winter was regularly
measured, where the top heights lie in the stratosphere above 12 km. In the northern
Polar Region the PSC season is not as clearly visible in the zonal means except for
the winter season 2010/2011 (Hommel et al., 2014). In Fig. 11b the standard devia-
tion (SD) is shown. Here the northern PSC were also easily traceable in the winters of
2005, 2007, and 2008.

There are other features both in CTH and standard deviation that cannot be attributed
yet and need to be further analysed. A considerable increase in CTH was found starting
at the end of 2007 around 20° N which has a large longitudinal scatter when taking the
standard deviation in Fig. 11b into account. This might be originating from the volcano
Tavurvur (4° S, 152° E) which erupted between August 2006 and January 2007 with
a Volcanic Explosivity Index (VEI) of 4. Sulphur dioxide and ash clouds reached the
tropopause in October 2006 and spread afterwards Northwest and Southeast (Global
Volcanism Program, 2006). The largest CTHs were measured at the end of 2011 in the
latitude band 0-10° N, which was accompanied by a large longitudinal scatter. Mean
CTHs up to 21.3 £ 8.2km were detected in December 2011, while normal values are
in the order of 13 £ 4 km at this location and time of the year. So far the reason for this
phenomenon is unclear. It might be attributed to rising aerosol particles after the Nabro
eruption in June 2011.
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6 Validation with SCIAMACHY nadir and MIPAS limb cloud top heights

The comparison of limb measurements with nadir retrieved cloud parameters is no sim-
ple task due to long light paths as discussed in Sect. 4 and also addressed by Spang
et al. (2012). We first compare cloud top heights retrieved from the two viewing geome-
tries nadir/limb of SCIAMACHY and interpret the differences. In the second subsection
we validate our results with collocated limb CTH from MIPAS.

6.1 Comparison with SCIAMACHY nadir data

A perfect agreement between limb and nadir cloud top measurements cannot be ex-
pected. The two main limiting factors are the low geometrical limb resolution and the
high optical thickness threshold of the nadir retrievals at least for passive instruments
like SCIAMACHY. Figure 12 shows annually averaged cloud top heights [km] from
SCIAMACHY nadir data calculated with SACURA (Lelli et al., 2014), where the cor-
responding 1-o standard deviation of each grid cell has been added. This was done
to minimize differences, as in limb only the highest CTHs are detected in a grid cell.
Only data were used for the following SACURA quality checks: top height convergence
(flag 2), top/bottom height convergence (5), high geometrical thickness (3), and a cloud
optical thickness larger than 30.

Mapping SACURA data in this way, the agreement to limb cloud heights is generally
good and the global cloud patterns are similar. But a higher land/ocean contrast was
found in the nadir data which was blurred in limb data. Very high limb CTHs over South
America and South Africa were only partly seen in nadir data. On the other hand the
high nadir clouds over the Tibetian Plateau and the Andes were not detected in limb
data. Also nadir CTHs over Australia were higher. The nadir standard deviation, which
is not shown here, is in the order of 2—4 km. It was highest over the tropical oceans,
where e.g. a scatter of up to 5 km was found over the Indian Ocean and the western part
of the Pacific Ocean in the tropical belt. Nadir cloud tops were rather low (< 4 km) on
the west coasts of South America, Africa, and Australia with a low scatter of less than
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2 km. Although being at the SCODA detection limit, these low cloud tops are detectable
in the limb retrieval at about 4 km.

Without the added standard deviation, nadir CTHs were systematically and globally
lower. This is due to the fact that (a) the nadir retrieval is restricted to the detection of
water clouds with an optical thickness of 7 > 5 and (b) the limb retrieval is not sensitive
to very low clouds. But as the global optical cloud thickness is approximately 3.7 £ 0.3
(Rossow and Schiffer, 1999), a large amount of thin clouds cannot be detected by nadir
passive sounders, e.g. high altitude cirrus clouds. This will consequently lead to a lower
mean top height in the tropics where most of the cirrus clouds occur. But CALIPSO as
an active nadir viewing instrument is able to detect thin clouds. Sassen et al. (2009)
reported that 56 % of the total cirrus were found at subtropical latitudes of £30°.

The latitudinal differences between limb and nadir CTH are summarized in Fig. 13,
where SCIAMACHY zonal mean cloud top heights averaged over 7 years (2003—-2009)
are shown. The black line and the blue area depict the SACURA nadir results and its
1-0 scatter. The average CTHs are generally below 10km in the tropics and decline
to about 4 km towards the Polar Regions. The difference to the SCODA limb averages
(orange line) is generally high. Limb CTHs were found to be up to 4.5km higher in
the tropics near 10° N. Lower differences of about 2km were seen towards the South
Polar Region. If the scatter is used to find the highest nadir clouds, we still measured
differences of roughly 2km in the tropics and of up to 2km at latitudes above 40° N.
The interhemispheric asymmetry is more pronounced in the limb measurements. If the
years of high volcanic activity 2008 and 2009 were excluded from the limb average
(blue dashed line), the cloud heights in the northern hemisphere were only slightly
reduced by roughly 0.5 km in the latitude band from 20 to 82° N .

6.2 Validation with MIPAS limb data

Better agreement can be achieved with other limb viewing instruments that have a sim-
ilar field of view and sensitivity to thin cirrus clouds and aerosol particles. Co-located
SCIAMACHY and MIPAS limb measurements of cloud/aerosol top heights are com-
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pared for this study. The average displacement of the limb tangent points from both
sensors was in the order of 170km and the temporal displacement was 800s. We
have used a MIPAS verification dataset with measurements from January 2008 to
March 2012. Figure 14 shows a scatter plot of SCIAMACHY versus MIPAS cloud top
height measurements for April 2010. The atmosphere was divided in six latitude bands
spanning the whole globe for the colour coding. Overplotted is the SCIAMACHY ver-
tical resolution of about 3.3km. As MIPAS has a smaller tangent height step size and
the tangent heights are varying continuously over a month, we do not see the gaps in
vertical direction of the SCIAMACHY cloud top heights.

MIPAS detects the cloud tops in general slightly higher than SCIAMACHY. This is
best observable for the SCIAMACHY tangent height at about 9 km. But there is also a
higher percentage of MIPAS top heights that clearly lie outside the vertical field of view
depicted by the dotted line. Most of these CTHs with the largest deviations were found
in the tropics (yellow and green dots). This is the region where the lowest possible
MIPAS tangent heights were at about 10 km, which can partly explain the differences.
On the other hand, MIPAS has a smaller horizontal field of view across track, which
limits the smearing effect to some extent.

Figure 15 summarizes the global CTH differences of SCIAMACHY and MIPAS. Re-
sults were zonally and monthly averaged. The vertical differences are around —1.1 km,
which is in the range of the vertical field of views of both instruments that limits the ver-
tical resolution. This difference can be mainly attributed to the different tangent height
step sizes of 3.3km for SCIAMACHY and 1.5km for MIPAS. The largest differences
and 1-o standard deviations between both datasets are found at times of volcanic in-
trusions into the UT/LS region. Sembhi et al. (2012) compared MIPAS top heights with
HIRDLS (High Resolution Dynamics Limb Sounder) and CALIOP (Cloud-Aerosol Lidar
with Orthogonal Polarization) measurements and found that MIPAS CTHs are in the
range of up to 1 km higher for altitudes between 12 and 20 km, which is in line with our
comparisons.
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Taking a closer look at the height resolved CTH differences, we found the highest
discrepancies at the lowest tangent height used in the comparisons of about 8.7 km. In
April 2010 the vertical displacement was —1.9+1.3km (415 collocations), —-0.7+1.7 km
(1302) at 12km, —1.1 £1.2km (1071) at 15.3km, and +0.8 £ 0.7 km (128) at 18.5km.
Results from the lowest tangent height should be taken with caution, as MIPAS has
latitude dependent tangent height cycle. Higher cloud top heights compared to MI-
PAS were found in general at the highest SCIAMACHY tangent height 18.5km. This
can partially be explained by the coarser tangent height step size of SCIAMACHY, as
the 18.5km height is generally above the tropopause. The largest differences at this
height occurred during periods of volcanic aerosol intrusions. 1.9 + 1.2 km difference
(168 measurements) was calculated in October 2008 and 1.7 + 1.5 km (245 measure-
ments) in July 2009. MIPAS was also sensitive to volcanic aerosol particles at heights
above the tropopause, where both instruments detected particles above 19.5km in
2009, but in this case the difference of 4.0+£3 km was larger than their combined vertical
FOVs. This suggests that the instruments have a different sensitivity to the sulphuric
acid droplets in the lower stratosphere. The number of co-located measurements in
September 2009 at the 18 km height (514) was more than 10 times higher than e.g. in
2010 (64).

In the second half of 2011 both instruments detected unusually high cloud/aerosol
layer heights in the tropics (see Fig. 11). While in September 2011 the top heights
around 18 km nicely agree (0.6+0.8 km), the disagreement at the lowest tangent height
was very large (-5.3 £ 2.6 km). The Nabro volcano injected large amounts of sulphur
dioxide into the upper troposphere starting in June 2011 which was comparable to the
Sarychev peak eruption 2009. It has to be noted that the very high CTHs at the end of
2011 were only detected with SCIAMACHY. But also MIPAS measured higher clouds
on average during this period.

Furthermore we have compared zonal mean CTH for clouds between 6 and 28 km
for three month averages in March-April-May and September-October-November 2003
with literature results from Spang et al. (2012, Fig. 12). The agreement was also good
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with maximum differences of about 1.5km. Moreover, not taking SCIAMACHY cloud
top heights below 6 km into account, the interhemispheric CTH differences in the SCIA-
MACHY data had disappeared.

7 Particle detection due to volcano events

The influence of aerosols on the colour index ratio © has already been studied by
von Savigny et al. (2005b). It was shown that high aerosol loading in the upper tropo-
sphere/lower stratosphere can lead to false polar stratospheric cloud detection. This is
also true for the general retrieval of cloud top heights throughout the troposphere.

The lower the cloud top height, the more an aerosol layer can disturb the retrieval as
the CIR O is strongly height dependent. Because of the lower values of © towards the
surface the extra scattering due to aerosols have a high impact. Nevertheless, we de-
tect CTH at the lowest tangent heights mainly in oceanic areas and to a higher percent-
age towards the South Polar Regions (see Fig. 9a). But as shown in the cloud fraction
distributions, aerosols were influencing the detection over desert regions. Furthermore
the intrusion of aerosol particles into the stratosphere is easily detectable even for a
very low aerosol optical thickness. The same thresholds of 7, apply to aerosols as
were found for sub-visual cirrus.

There were three main events during the life cycle of SCIAMACHY, where volca-
noes in the Northern hemisphere ejected a moderate amount of material into the
lower stratosphere. These were falsely detected as clouds in the lower stratosphere
for several months on a semi-global scale. Those were the eruptions from Kasatochi
(52.1°N, 175.3.2° W) starting on 7 August 2008, Sarychev Peak (Matua Island: 48.1° N,
153.2° E) on 12 June 2009, and Nabro (Eritrea: 13.4° N, 41.7° E) on 13 June 2011.

The volcanoes emitted sulphur dioxide into the troposphere which was then trans-
ported towards the UT/LS region. Over time it was oxidized together with water to
sulphuric acid and then condensed into larger droplets. This mechanism is slow and
takes weeks for the transformation. The sulphuric acid droplets were then advected
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around the globe. Due to the increasing particle diameter they were detectable with
the SCODA method, as the optical depth was high in the UT/LS region. The EAR-
LINET lidar site found aerosol optical depths at 532 nm between 0.004 and 0.025 in
2008 for heights above 5km (Mattis et al., 2010) and up to 0.07 in 2009 (Kravitz et
al., 2011). Mateshvili et al. (2013) measured optical depths up to 0.008 in July 2011
at a wavelength of 780nm and a top height of the aerosol layer at 19 km was found.
OSIRIS measured similar values and the aerosol layer was still detectable in the middle
of September 2011 (Bourassa et al., 2012).

The main components in the Kasatochi and Sarychev ejections were sulphate (more
than 50%) and carbonaceous material (less than 43 %) (Andersson et al., 2013).
These percentages changed over time in the UT/LS region. A residence time of
45 + 22 days was estimated for both volcanoes from their measurements. Residence
times in the UT/LS region are the longest for aerosols with particle diameters around
1 um. But a large spread of residence times from 9 to 62 days was reported in other
studies (Andersson et al., 2013).

The influence of stratospheric particles on the CTH detection was already seen in
Fig. 11. Here we take a closer look at the impact of the three big eruptions and their
temporal evolution on the CTH retrieval results. The measurements were sometimes
dominated by aerosol particles in the lower stratosphere as was displayed by the red
dots in Fig. 11 giving the latitude and estimated start of the breakout from the three
volcanoes described above.

Figure 16 shows how high aerosols were transported into the lower stratosphere
at latitudes between 30 and 70°N. For this latitude band the lowest layer of 12.5—
15.5km (red line) is situated in the UT/LS region. For latitudes near 30° N the layer
is at the upper edge of the troposphere and towards 70° N in the stratosphere. Under
normal conditions the highest occurrence frequencies occurred in summer seasons
with maxima of nearly 5% in the lowest layer. The year 2010 was an example of such
an undisturbed year in contrast to the other years. So only a small amount of clouds
were detected in the lowest layer and the two layers above were completely free of
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particles for most of the year. Particles above 18.8 km were also found in the winter
time PSC season.

Most of the particles were detected in the lowest layer between 12.5 and 15.5km
during the volcanic eruptions. In October 2008 up to 30 % of the area was covered
with aerosols. In September 2009 the maximum coverage was about 48 and 17 % in
August/September 2011. The second peak detected in September 2009 might be due
to sedimentation of particles from the layer 15.5-18.8 km, which had the peak occur-
rence rate already in August (29 %). But still a considerable amount of aerosols were
detected in the intermediate layer with maxima of 19 % in September 2008, 29 % in
August 2009, and 23 % in August 2011. A pronounced occurrence frequency maxi-
mum of the layer 18.8—-22.2 km was only found in September 2009 (10 %) with lower
frequencies in the months before and after September. Overall about 45 % of all mea-
surements in the lower stratosphere were made in October 2008, 82 % in August 2009,
and 40 % in July 2011.

The duration of elevated aerosol levels was about 4 months in 2008, 7 months
2009, and 5 months 2011. The measured time spans of the aerosol layer detection in
2008/2009 is in line with measurements from IASI of H,SO, (Clarisse et al., 2013) and
OSIRIS for both volcanoes (Bourassa et al., 2010; Haywood et al., 2010). ACE-FTS
measurements of SO, and sulphate aerosols gave a lifetime of the Sarychev particles
of about 7 months (Doeringer et al., 2012). They detected the plume between 8.5 and
17.5 km with a maximum around 12 km at higher latitudes (55-70° N).

While the volcanoes Kasatochi and Sarychev Peak are at similar latitudes in the
Northern hemisphere, the Nabro volcano is in the tropics and the particles had to be
advected into the Northern region over time. This might explain why we found higher
amounts (23 %) of particles in the layer 15.5-18.8 km (August 2011) than in the layer
below, as the particles were already vertically transported into the lower tropical strato-
sphere and then have been moved northwards, where they descended again.
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8 Conclusions

SCIAMACHY limb measurements were used to investigate the global cloud top height
and occurrence distributions for the lifetime of the instrument. This was done using
a colour ratio method, which was already successfully applied to nadir retrievals and
the detection of PSCs in limb view. Although the use of only one threshold for all at-
mospheric situations is simplistic in nature, it was shown that it was sufficient for the
majority of cases, except for the lowest clouds. For low tangent heights between 2 and
5 km the influence of aerosols and viewing geometry is not negligible and can lead to
wrong results because the retrieved cloud top height could be shifted towards the next
tangent height. But in clean areas mainly over southern oceans we were able to detect
low clouds at heights between 2 and 5km. This was supported by comparisons with
nadir measurements of SCIAMACHY.

SCIATRAN model studies have shown that the method is very sensitive for a wide
range of cloud optical properties and cloud top heights. But due to coarse spatial res-
olution, the vertical accuracy of the CTH retrieval is limited to the tangent height step
size of about 3.3km. The wide horizontal field of view of about 800 km along-track
and 240 km across-track also promoted smearing effects with respect to the location
of the cloud field. But comparisons of four years of co-located MIPAS data, which has
a narrow 30km across-track FOV and a tangent height step of 1.5km, have shown
good agreement. SCIAMACHY CTHs were generally lower by about 1 km, which can
be explained by differences in the tangent height steps.

The influence of aerosols was not only problematic at low tangent heights in pol-
luted areas but also after large intrusions of sulphuric acid droplets and ash particles
from volcano eruptions into the UT/LS region. We detected large aerosol contaminated
areas for long periods of several months mainly in the northern hemisphere. In 2009 af-
ter the Sarychev volcano eruption the northern stratosphere was loaded with particles
from the poles down to the extra tropics for nearly 7 months. Particles were detected
up to heights of about 22 km.
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We analysed monthly-sampled cloud top altitudes measured by SCIAMACHY for the
two different observational geometries limb/nadir. It was shown that the height differ-
ences can partly be attributed to the different sensitivities of the viewing geometries.
To this end, a Limb-Nadir matching technique would prove to be advantageous in fill-
ing the gaps of representation of specific cloud types/regimes which can be seen in
only a viewing geometry and not in the other. Unfortunately, SCIAMACHY was the only
instrument so far that was capable of making use of the two viewing geometries.

The cloud top height detection method was first used to detect PSCs and later up-
dated into the algorithm SCODA to improve the operational limb trace gas retrievals
towards the tropopause. It has now also proved its validity for cloud and aerosol stud-
ies. The use other wavelength pairs in the near IR, which is not discussed here, enables
to distinguish between clouds and aerosols. Although both SCIAMACHY and MIPAS
have proven to be of great value for studies in the UT/LS region because of their high
sensitivities, instruments with limb viewing capabilities for replacement are not foreseen
at the moment.
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Figure 1. The Earth’s limb as seen from the International Space Station on 16 June 2010.
The ISS Nadir point was in the Aegean Sea at 36.8° N latitude and 27.1° E longitude. Image
courtesy of the Image Science & Analysis Laboratory, NASA Johnson Space Center, Mission-
Roll-Frame 1SS024-E-6137 (http://eol.jsc.nasa.gov).
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Figure 2. Geometry of a limb measurement. The shells are numbered from the surface to the
tropopause (1-6). The field-of-view (FOV), the tangent height step width z,,, and cloud top
height z are overplotted. Examples of shell path lengths x as blue lines and areas a (grey
shaded) are also shown. The limb path is a combination of the paths through each shell, here
e.g. starting in shell 3, we have the sub-paths x(3,3), x(3,4), and x(3,5) (blue line) depicted.
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Figure 3. SCIAMACHY limb radiances from channels 4 (700-789 nm) and 6 (1000—1300 nm)
at tangent heights (TH) from 2.3 (violet) to 22.0 km (orange). One measurement sequence from
29 October 2006 of the orbit 24 382 (measurement start time 10:16:10.62 UTC) at 46.8° latitude
(LAT), 1.9° longitude (LON), and 62.8° sun zenith angle (SZA) from operational Level 1¢ data
version 7.04 (calibration parameters 0-5) has been used. The wavelength bands around 750
and 1090 nm that are used for the cloud retrieval are shown as vertical dashed black lines. The
vertical grey lines depict the channel borders.
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Figure 4. Time series covering the SCIAMACHY mission lifetime of one limb tangent height
[km]. TH(3) is e.g. the tangent height with index number 3. Daily means are plotted, taken from
one day per month (usually the first day) and made from the first state of 10 orbits of that day.
The dashed blue lines depict the corresponding 2-0 standard deviation. The red line shows the
difference between 2 adjacent tangent heights.
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Figure 6. Simulated maximum colour index ratios as a function of sun zenith angle and sun
azimuth angle. The radiances were calculated using the SCIATRAN forward model. (a) A water
cloud with an optical thickness 7, of 1 between 4 and 5km altitude is simulated. (b) A sub-
visual ice cloud with an optical thickness of 0.01 between 14 and 15km altitude is simulated.
The aerosol optical thickness 7, is taken to be 1.4 at 790 nm. The black and white dots show
SCIAMACHY pairs of zenith and azimuth angles along an example orbit. Low azimuth angles
are typical for the Northern hemisphere and large angles in the Southern hemisphere.
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(a) SCIAMACHY Cloud Top Height [km] 2006
i im0

S

Figure 7. Global distribution of (a) gridded annual averaged cloud top heights [km] of 2006
using 2° latitude by 2° longitude grid boxes. The overplotted red rectangles gives an estimate of
the size of three consecutive SCIAMACHY limb scans. A picture from SEVIRI on board MSG
(Meteosat Second Generation, EUMETSAT) shows part of the African continent (b) to illustrate
the limb coverage of a cloud field. The overplotted red rectangles give the sizes of the 4 limb
measurements of one SCIAMACHY limb scan at the tangent point. The arrow indicates the
viewing direction. The MSG picture was contributed by M. Reuter (IUP Bremen) and has been
adapted.
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Figure 9. Global annual mean of the SCIAMACHY cloud fraction [%] 2006 for tangent heights
between: (a) 1.0-3.75km, (b) 3.75-6.5km, (c) 6.5-10.0 km, (d) 10-13.5km, (e) 13.5-16.5 km,

and (f) 16.5-19.9 km.
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Figure 10. Global monthly averages of the SCIAMACHY colour index ratio CIR for the 8 _ —
1090/750 nm wavelength pair and its 1o standard deviation. Also plotted are two different CIRs
using the ratios of 1551/1090 nm (blue dashed line) and 1685/1551 nm (red dashed line). =

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnasiq

8346


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/8295/2015/amtd-8-8295-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/8295/2015/amtd-8-8295-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD

(a) SCODA V1.9 monthly zonal mean cloud top heights [km]

Jaded uoissnosiq

76n [ JIN AT TN AL O T s { T 8, 8295-8352, 2015
H‘v‘\\‘?‘ \f“ 1)/1 ’“"l»' Ir\l;”\'ﬂ w""‘\'
i M W oty REAS
B N0 T IR O AN N WA
SON Y MR R I LY s Y
{ Ay N S G 1AB .
LU TS DI A ST Cloud top height
LA R AR N R T RS
> VN \\J/ B\ W V.87 &5 W /)/ 83 . .
3 AR A S Ala A A o retrieval using
= . T y 9 ]
) o M. Fa Feo“" oty Vo m o g .
g O W N of v//ﬂ/ ;‘y/ L A A M A /S SCIAMACHY limb
= ' W W WAV W, U, W,
3 AN AN A 75 A TN A AN A 9
3 st AN TR P00 434 @ spectra
) (it V., / o)
' O %k & § 9 W " .f‘l /9} c
\ | e S W w '8 | @ .
508 o e | 7 K.-U. Eichmann et al.
!f: “Ex ’? | %“\\ E | o
753‘ .4. 8 12 15-.2(). .@ l\ .\\\ =
(e BN AP B -U
1.9 cloud top
b) SCODA V1.9 cloud top h %
75N 1 LW N T v @ Title Page
50N £ — Abstract Introduction
a g
10, YA Vi Vo
_ A SR, by W SR .
5 25N g g L‘vk;ﬁgﬁ By ) Conclusions [l References
el 2N VAP INVIR VA &
§ OELE /J/: N et < i
E ¥y WW Yy W 7 Tables Figures
'g . A A o ~ ﬁ/\ e 9
3 255@ Q\\///\_j\///\ N W e SR e}
3 P S ©F 3 B . =
Ry
)
S
: IR
@
2003 2004 2005 2006 200; 2008 2009 2010 2011 2012 — Back Close
ear

Full Screen / Esc

Figure 11. SCIAMACHY/SCODA cloud top height (a) and (b) 10 standard deviation [km] for
the time period January 2003 to April 2012. Zonal monthly means between 80°S and 80° N
were calculated. The red dots depict the start date and latitude of 3 major volcanic eruptions
from Kasatochi, Sarychev Peak, and Nabro.
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Figure 12. Modified annual mean of the SCIAMACHY/SACURA nadir cloud top height [km]
above sea mean level for the period January 2006 to December 2006. The 10 standard devia-
tion has been added for each grid cell.
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Figure 13. SCODA CTH zonal means averaged over 5 (2003—-2007, purple dotted line) and
7 (2003-2009, orange line) years. Also shown are the corresponding SACURA nadir zonal
means and the 1-¢ intervals. The gap in the northern hemisphere between orange-solid and
purple-dotted curves shows the influence of volcanic eruptions in 2008 and 2009.
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Figure 14. Comparison of co-located cloud top heights from SCIAMACHY and MIPAS mea- % _ —
rements for April 2010. Th tter plot show lor- m rement pairs divided into
surements for Ap 010 e scatter plot shows colo co_ded easureme ea_sd de .
six latitude bands (North/South polar, midlatitude and tropical bands, each 30° wide).
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Figure 15. Zonal monthly means of co-located cloud top height differences [%] between MIPAS
and SCIAMACHY (grey line, black diamonds) and the corresponding 10 standard deviation
(dashed grey) for the time period between 2008 until the end of mission in 2012. Overplotted
are the differences for all SCIAMACHY tangent heights (TH) between 8 and 20 km.
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