Atmos. Meas. Tech. Discuss., 4, 6249-6272, 2011 Atmospheric
www.atmos-meas-tech-discuss.net/4/6249/2011/ G Measurement
doi:10.5194/amtd-4-6249-2011 T -
echniques
© Author(s) 2011. CC Attribution 3.0 License. 5 Discussc;ons

Temporal co-registration for TROPOMI
cloud clearing

. Genkova1, J. Robaidekz, R. Roebeling1, M. Sneep1, and P. Veefkind'

TKNMI — Royal Netherlands Meteorological Institute, De Bilt, The Netherlands
2SSEC, University of Wisconsin, Madison, WI, USA

Received: 16 June 2011 — Accepted: 22 September 2011 — Published: 7 October 2011
Correspondence to: I. Genkova (genkova @knmi.nl)

Published by Copernicus Publications on behalf of the European Geosciences Union.

6249

AMTD
4, 62496272, 2011

Temporal
co-registration for
TROPOMI cloud
clearing

I. Genkova et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/6249/2011/amtd-4-6249-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/6249/2011/amtd-4-6249-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

The TROPOspheric Monitoring Instrument (TROPOMI) is planed for launch in 2014
on board of the Sentinel 5 Precursor (S5P) and is anticipated to provide high-quality
and timely information on the global atmospheric composition for climate and air qual-
ity applications. TROPOMI will observe key atmospheric constituents such as ozone,
nitrogen dioxide, sulfur dioxide, carbon monoxide, methane, formaldehyde and aerosol
properties. The retrieval algorithms for the anticipated products require cloud infor-
mation on a pixel basis. Most of them will use the cloud properties derived from
TROPOMI’s own measurements, such as the O, A-band measurements. However,
the methane and the aerosol retrievals require very precise cloud clearing, which is
difficult to achieve at the TROPOMI spatial resolution (7 x 7 km2) and without thermal
IR measurements. The current payload of the Sentinel 5 Precursor (S-5P) does not
include a cloud imager, thus it is planned to fly the S5P mission in a constellation with
another instrument yielding an accurate cloud mask. The cloud imagery data will be
provided by the US NPOESS Preparatory Project (NPP) mission which will have the
Visible Infrared Imager Radiometer Suite (VIIRS) on board (Scalione, 2004). VIIRS will
have 22 bands in the VIS and IR spectral ranges, and will deliver data with two spatial
resolutions: imagery resolution bands with a nominal pixel size of 370 m at nadir, and
moderate resolution bands with nominal pixel size 740 m at nadir. The instrument is
combining fine spatial resolution with high-accuracy calibration similar or superior to
AVHRR.

This paper presents results from investigating the temporal co-registration require-
ments for suitable time differences between the VIIRS measurements of clouds and the
TROPOMI methane and aerosol measurements, so that the former could be used for
cloud clearing. The temporal co-registration is studied using Meteosat Second Gener-
ation (MSG) Spinning Enhanced Visible and Infrared Imager (SEVIRI) data with 15 min
temporal resolution (Veefkind, 2008a), and with data from the Geostationary Opera-
tional Environmental Satellite-10 (GOES-10) having 1 min temporal resolution. The
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aim is to understand and assess the relation between the amount of allowed cloud
contamination and the required time difference between the two satellites’ overflights.
Quantitative analysis shows that a time difference of approximately 5 min is sufficient
(in most conditions) to use the cloud information from the first instrument for cloud
clearing in the retrievals using data from the second instrument. In recent years the A-
train constellation demonstrated the benefit of flying satellites in formation. Therefore
this study’s findings will be useful and applicable for designing future Low Earth Orbit
(LEO) satellite constellations.

1 Introduction

Synergistic use of atmospheric measurements has proven to be a successful approach
when measurements from a single instrument are insufficient in retrieving accurately
certain atmospheric state variables. The Atmospheric Radiation Measurements (ARM)
program offers examples of combining ground-based measurements resulting in bet-
ter characterization of the atmosphere. The Active Remotely Sensed Clouds Locations
(ARSCL) product (Clothiaux, 2000) combines data from active remote sensors, a cloud
radar and a Raman lidar, to produce an objective determination of hydrometeor height
distributions and estimates of their radar reflectivities, thus providing fundamental in-
formation for retrieving cloud microphysical properties and assessing the radiative ef-
fects of clouds on climate. The Shortwave Flux Analysis (Long and Ackerman, 2000)
uses hemispheric, broadband total- and diffuse-shortwave irradiance measurements to
identify clear-sky periods using the known characteristics of typical clear-sky irradiance
time series. The “A-train” satellite constellation is the first to illustrate the scientific ben-
efits of near simultaneous observations from space (NASA, 2003). Combining data
from multiple satellite instruments allows scientists to gain a better understanding of
the Earth system. For example, A-Train coordinated measurements from CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation), POLDER (POLar-
ization and Directionality of the Earth’s Reflectances), MODIS (MODerate resolution
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Imaging Spectroradiometer) and OMI (Ozone Monitoring Instrument) help character-
ize better aerosols and their contribution to the Earth Radiation budget. CloudSat’s
CPR (Cloud Profiling Radar) and CALIPSO together provide a global cloud vertical
distribution survey and help answer the question how cloud layering affects the Earth
Radiation Budget.

The launch of the TROPOspheric Monitoring Instrument (TROPOMI) is planed for
2014 on board of the Sentinel 5 Precursor (S5P). It will provide global and high-quality
atmospheric composition information for climate and air quality studies. The Level 2
products retrieval algorithms need cloud information on a pixel basis. For most of
them the cloud properties derived from TROPOMI’s own measurements, such as the
O, A-band measurements, will be sufficient. However, the methane and the aerosol re-
trievals require very precise cloud clearing, which is difficult to achieve at the TROPOMI
spatial resolution (7 x 7 km) and without thermal IR measurements. To be able to mea-
sure methane in the shortwave region with the required accuracy, cloud information is
needed from other wavelength regions. The current payload of the Sentinel 5 precur-
sor (S5P) does not include a cloud imager and information from the UVN (UV-VIS-NIR)
spectrometer is insufficient, thus it is proposed to fly the S5P mission in a constellation
with another mission having an instrument that can be used for accurate cloud-clearing
(Veefkind, 2008a). The cloud imagery data will be obtained by flying S5P/TROPOMI
in constellation with the US NPOESS Preparatory Project (NPP) mission, which will
have the Visible Infrared Imager Radiometer Suite (VIIRS) on board. VIIRS will have
22 bands in the VIS and IR spectral ranges, and will deliver data with two spatial res-
olutions — imagery resolution bands with nominal pixel size 370 m at nadir, and mod-
erate resolution bands with nominal pixel size 740 m at nadir. VIIRS will provide con-
strained pixel growth with scan angle. In the middle of the scan the pixel size will be
~0.7 x 0.7km? and at the edge of the scan the pixel size will be ~1.6 x 1.6 km?. The
instrument is combining fine spatial resolution with high-accuracy calibration similar or
superior to AVHRR.
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In order to derive temporal co-registration requirements, the time difference between
the measurements of the cloud mask and the measurement of methane were first
investigated using MSG SEVIRI data. The temporal resolution of the imagery (15 min)
is a limitation of the study. Thus the study was also performed using a limited data set
of 1 min temporal resolution GOES-10 images, yielding more accurate temporal co-
registration requirements. In this document we present the results and findings from
both data sets.

Section 2 will describe the approach used to derive the co-registration requirements,
and the MSG SEVIRI and GOES-10 data sets used to estimate the time differences
between TROPOMI and an imager instrument. The findings from the data analysis will
be presented and discussed in Sect. 3. Finally, in Sect. 4 we will draw conclusions on
how to apply the found co-registration requirements.

2 Method and dataset

This study simulates collocated observations from two satellite sensors that measure
at different times and investigates the effect of the time difference on the efficiency
of using the measurement from the first satellite for cloud clearing in the retrieval us-
ing the observations from the second satellite. In order to derive the temporal co-
registration requirements for time differences between the measurements of clouds
and the TROPOMI methane and aerosol measurements we need sequences/series of
images equidistant in time. Such are easily derived from geostationary satellites. MSG
SEVIRI data is available every 15 min, and the GOES-10 images we use in this study
are available every 1 min. By selecting images with different lag in their registration
times, and accounting for the field of view of the instruments flying in formation/tandem
it is possible to simulate and study the overflights of two instruments over the same
geographical area.

The first measurement at ¢, , from the first overflying satellite instrument, is used for
deriving a cloud mask and the second measurement at ¢, , from the second satellite
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instrument, is for the retrieval of the trace gas. Using this setup we study if the cloud
mask derived at { is still valid in ¢,. Ground pixels are classified in three categories —
clear, cloudy and cloud edge. Trace gas retrievals at ¢, will be performed on all pixels
that are cloud-free in t,. If the cloud has changed in between t, and ¢,, the pixel may
no longer be cloud-free at #;, and in this case cloud contamination will occur in the
trace gas retrieval at f,. The decision tree for determining if the trace gas retrieval will
be successful or contaminated is shown in Fig. 1 (Veefkind, 2008b).

For a pixel to be identified as clear we require the pixel and its neighboring pixels
to be classified as cloud-free. Therefore, a cloud edge test is introduced — it ensures
that the pixels on which trace gas retrieval will be applied do not “suffer” from cloud
edge effects. Different edge constraints could be used in North-South and East-West
directions. In this temporal co-registration study three edge constraints were used
for the cloud mask at #, — for Case A 1 neighbor pixel constraint is required in each
direction, for Case B — 2 neighbor pixels, and for Case C 4 neighbor pixel in longitude
and 2 in latitude are required. One edge pixel constraint is set for the trace gas retrieval
at f; (1 neighbor constraint). This approach is illustrated schematically in Fig. 2.

The first data set we use is 15 min imagery from MSG SEVIRI. The cloud properties
retrievals for this data are developed by the EUMETSAT Climate SAF group (Roebeling
et al., 2006). The MSG SEVIRI instrument provides an image of the full disk every 15
minutes at several wavelengths from the visible to the thermal infrared spectral ranges,
from which cloud information is derived. The spatial resolution of SEVIRI is approxi-
mately 3 x 3km? at sub-satellite point. Over Europe the ground pixels size increases
strongly in the North-South direction due to the curvature of the Earth, which results in
resolution of the order of 3 x 6 km? over the mid-latitudes. In this study we are using
SEVIRI data from 2006 year (6 days from each month), from 11:00 UTC till 15:00 UTC,
in the latitude range between 31°N and 62° N, and from 17° W to 33° E. As part of the
retrieval described in Roebeling et al. (2006), each SEVIRI ground pixel is quantified
as cloud-free, containing water clouds or containing ice clouds. In this study we treat
both the ice and water clouds as cloudy pixels, see Fig. 3a.
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The second data set used to derive TROPOMI co-registration requirement derivation
is one day (24 h) worth of data from GOES-10, 23 August 2006, with 1 min temporal
resolution. The nominal spatial resolution at nadiris 4 x 4 km2, however for the latitudes
the data is available, 24°N to 38°N, 99°W to 84°W, the ground pixel size is about
4 x 5km?. Normally GOES-10 imagery is available every 30 min, however a limited
1 min imagery data was collected by UW-Madison’s Space Science and Engineering
Center during the re-positioning of GOES-10 from its operational western location to
over Latin and South America (23 August—2 October 2006). During the transition the
GOES-10 imager was operated in Super Rapid Scan Operations (SRSO) mode. In
this mode, imagery from the satellite is available at one-minute intervals (http://www.
ssec.wisc.edu/~rabin/goes10/). Geographical region of the data used in the study is
covering Texas, Oklahoma, Tennessee, Arkansas, Louisiana, Mississippi and part of
the Gulf of Mexico. About 2/3 of the images are over land and about 1/3 is over ocean.
The meteorological conditions captured on 23 August 2006 include some anti-cyclonic
activity and convection over Arkansas and Mississippi.

Due to the limited spectral range of GOES-10’s channels, the cloud mask developed
by the EUMETSAT Climate SAF group and used with MSG SEVIRI data was not pos-
sible to apply. Instead, a cloud mask from every image is derived using a bi-spectral
composite threshold (BCT) technique utilizing only a thermal infrared and a shortwave
infrared spectral channels (Jedlovec, 2008). The BCT uses the 11 and 3.9 micron
channels, and two composite images generated from these channels, in a four-step
cloud detection algorithm to produce a binary cloud mask at single pixel resolution.
Using composites of the brightness temperature difference imagery to represent the
spatially and temporally varying clear sky threshold is a novel aspect of this algorithm.
Validation of the algorithm shows it is equally suitable for use during day and night, and
over land and ocean (Jedlovec, 2008). An example of the derived cloud mask is shown
on Fig. 3b.

The BCT cloud mask is simple to implement and not computationally demanding. It
requires only two spectral channels, thus it is possible to be applied to MSG SEVIRI
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data. However, due to the need of composite images the algorithm is not fit for use with
subsets of image sequences (i.e. gaps in the data are problematic). The MSG SEVIRI
cloud mask is more extensively studied and tested, but it is limited to day time only, and
requires data from more channels, thus not applicable to GOES-10. Both cloud masks
however could be applied to VIIRS data, and the co-registration requirements could be
refined.

3 Results and discussions

The impact of the co-registration time difference on the amount of pixels suitable for
applying a trace gas retrieval is summarized in Table 1 for the MSG SEVIRI and in
Table 2 for the GOES-10 data. The statistics are computed for all pixels in the datasets,
individually for each of the three cases. A pixel that contains valid data can be classified
as: clear, meaning that the trace gas retrieval is assumed valid; cloudy, meaning that no
retrieval gas retrieval is applied because the pixel or its surrounding pixels are flagged
as cloudy; or cloud contaminated, meaning that a retrieval is applied, but the pixel
contains cloud or one of its direct neighbors contains a cloud.

The statistics for Case A, B and C are presented in Tables 1-3 for MSG SEVIRI,
and Tables 4—6 for GOES-10, respectively. It can be seen that for Case A (for both
MSG SEVIRI and GOES-10) approximately 25 % of the pixels in the second image
are classified as clear when the time difference is 15min. This amount of pixels is
higher compared to the study by Krijger et al. (2007). It appears that the cloud mask
from SEVERI may be less stringent than the one produced from MODIS. Therefore the
number produced in this study should be evaluated in a relative way. The amount of
clear pixels for each of the three cases and for both data sets is shown on Fig. 4.

To quantify the effect of the time difference on the number of cloud affected pixels
we express the cloud-contaminated pixels as percentage of the pixels for which a trace
gas retrieval is assumed valid. The percentage of affected retrievals is calculated as:
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Percentage affected pixels = 100 x ([cloud contaminated pixels]/[[clear pixels]
+ [cloud contaminated pixels]]).

The percentage of affected retrievals as a function of the time difference between ¢,
and t, for Case A, B and C is shown in Fig. 5. The curves in this figure are drawn
through the origin, as the number of affected pixels at 0 time difference is per defini-
tion 0. As expected, the percentage of affected pixels increases with increasing time
difference. Also, the percentage decreases with increasing the size of the retrieval
footprint, i.e. from Case A to Case C.

If we apply an arbitrary threshold value for the percentage of affected pixels of 2 %,
the time differences derived from Fig. 5 range from less than 5 min for Case A to 15min
for Case C for MSG SEVIRI. For GOES-10, the time differences are 1 min for Case A
and 10 min for Case C.

For a 1 % threshold the time differences for MSG SEVIRI range from 1 min for Case A
to 7 min for Case C, and for the GOES-10 data set the range is from 0.5 min for Case A
to 5 min for Case C.

Using GOES-10 1 min imagery allows complementing the results from the study us-
ing MSG SEVIRI data by looking into time differences fy—f; smaller than 15min. The
temporal co-registration requirements can be defined more precisely instead of using
linear interpolation between 0 and 15 min, as it was done for the MSG data. How-
ever, we note that the MSG SEVIRI data set is significantly larger, data coverage is
different and it includes a range of meteorological situations. Nevertheless, the limited
GOES-10 data set allows us to study time differences ranging from 0 to 20 min, thus
comparing the results from both data sets for the 15 min time difference.

The constraints for cloud free pixels are stronger for Case B and C as compared to
Case A. Therefore the number of cloud free pixels is lower for Case B and C, as can be
seen in Table 1. The percentage of clear pixels for each case is graphically displayed
in Fig. 3. The figure shows that for the MSG SEVIRI data the percentage of cloud free
pixels decreases with approximately 5 % from Case A to Case C. In a relative way, the
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decrease from Case A to Case C is 24 %. For the GOES-10 data sets the reduction of
cloud free pixels from Case A to Case C is twice as large. Note that for a clear pixel
the area without clouds is 5 times larger for Case C compared to Case A, as can be
seen in Fig. 2. In the MODIS study by Krijger et al. (2007) it was found that going from
pixels with an area 9 x 18 km? to 27 x 30 km? resulted in a decrease of clear pixels of
43 %, which is significantly larger than the 24 % found in this study. It is noted that the
cloud edge test is different from the cloud test performed by Krijger et al. (2007), but
the difference in decrease of clear pixels may also be the result of the different cloud
clearing schemes.

Figure 5 illustrates the amount of Affected Pixels as a function of the time lag be-
tween the cloud mask and the trace gas retrieval, i.e. the time difference between ¢,
and t4 from the MSG SEVIRI and GOES-10 studies. The percentage of affected pixels
increases with the increasing time difference for all cases. Also, the percentage de-
creases from Case A to Case C. The same trends were observed in the study using
MSG SEVIRI data.

The more restrictive co-registration requirements may be explained with more sen-
sitive GOES-10 Cloud Mask and because of the differences in the cloud scenes and
spatial coverage from the MSG SEVIRI study and the linear approximation connecting
the 0 and 15 min time difference for the MSG curves on Fig. 5.

Figure 5 also shows largest differences between the MSG SEVIRI and GOES-10
results are observed for Case A. Case A has 1 neighbor pixel constraint and not
much smoothing effects could take place. For Cases B and C, the larger the area,
the higher the chance of change in cloud presence and morphology, thus the results
from MSG SEVIRI and GOES-10 are more similar.
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4 Conclusions and perspectives

This paper presents the results from a study assessing the cloud contamination as a
function of the time difference between the cloud mask measurement and the trace gas
measurement using MSG SEVIRI and GOES-10 data. It has been performed for the
TROPOMI/Sentinel 5 Precursor measurements of methane, for which cloud informa-
tion from another satellite may be used. However, the approach could be adapted with
success for other LEO satellite constellation missions, when synergistic use of data is
anticipated.

The analysis of MSG SEVIRI and GOES-10 data shows that if only 2% of the re-
trievals are allowed to contain cloud contamination, the derived time difference between
the satellites (for Case A) should be from less than 15 min to less than 5 min, depend-
ing on the data set respectively. If only 1% cloud contamination is allowed the time
difference ranges from 7 to 1 min. The reported range is determined by the use of
two data sets, analyzed with different cloud mask, and with varying constraints for the
detection of cloud edges. When the constraints are stronger, the number of affected
pixels decreases and the allowed time difference becomes larger. However, stronger
constraints also result in less pixels passing the cloud tests and possibly marking clear
pixels as cloudy. From the weakest to the strongest constraints used in this study, the
number of clear pixels decreased by 20 %. A recent study using MODIS data reported
a 43 % decrease with increasing region of interest (Krijger, 2007). This difference is
rather large and could be further investigated.

The results in this study are limited to MSG SEVIRI data over Europe and GOES-10
data over parts of USA, which have a typical spatial resolution of 3 by 6 km and 4 by
5km, respectively. The Sentinel 5 Precursor SWIR measurements are expected to
have a spatial resolution of better than 10 by 10 km at nadir, and the cloud mask from
for example VIIRS on NPOESS less than 1 by 1 km.

As studies in the past have shown (Genkova, 2007; Zhao, 2007; Menzel, 2008)
the cloud properties retrievals and climatologies are strongly dependent on the spatial
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resolution of the sensor. The improved spatial resolution of the cloud mask will strongly
increase the amount of information on clouds. It is expected that this information can be
used to optimize the cloud clearing procedure, thus reducing the cloud contamination.
Despite the recommended time differences resulting from this investigation, it would
be valuable to adapt and apply the here presented approach to VIIRS data when it
becomes available and before the TROPOMI launch. Such new results could be used
to assess the amount of pixels for which a trace gas retrieval will be impacted due to
temporal co-registration limitation.
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reading the paper.
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Fig. 2. Schematic of the neighbouring ground pixels included in the edge test. Sizes for the
blue areas are given for the MSG SEVIRI data. The pixel that is tested is the centre pixel
in each figure. Left figure shows a test with 1 neighbour included in all directions (Case A).
The middle figure shows a test with 2 neighbours included in each direction (Case B). The right
figure shows a constraint with 4 neighbours in the East-West direction and 2 in the North- South
direction (Case C).
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Fig. 3. Example of the cloud classification by: (a) the CM-SAF algorithm and (b) the GOES-10
algorithm. Black pixels are classified as cloud-free and white as clouds. Printer-friendly Version
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Fig. 4. Percentage of cloud free pixels for Case A, B, and C.
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Fig. 5. Percentage of affected trace gas retrievals as function of the time difference between
t, and ¢, for Case A (blue), B (red) and C (green) for the study using 15 min MSG SEVRI data
(marked with filled circles) and for the study using 1Tmin GOES-10 data (marked with black
crosses)
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