Atmos. Chem. Phys. Disguss., 11, 8003-8025, 2011 . Atmospheric
www.atmos-chem-phys-discuss.net/11/8003/2011/ G Chemistry
doi:10.5194/acpd-11-8003-2011 G and Physics
© Author(s) 2011. CC Attribution 3.0 License. _ Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Evaluation of satellite-derived HCHO
using statistical methods

J. H. Kim', S. M. Kim', K. H. Baek', L. Wang?, T. Kurosu®, I. De Smedt”,
K. Chances, and M. J. Newchurch?

1Department of Atmospheric Science, Pusan National University, Korea
2Department of Atmospheric Science, University of Alabama in Huntsville, USA
®Harvard-Smithsonian Center for Astrophysics, Harvard University, USA
4Belgian Institute for Space Aeronomy (BIRA-IASB), Brussels, Belgium

Received: 21 October 2010 — Accepted: 10 January 2011 — Published: 9 March 2011
Correspondence to: M. J. Newchurch (mike @ nsstc.uah.edu)

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

8003

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 8003-8025, 2011

Evaluation of
satellite-derived
HCHO using
statistical methods

J. H. Kim et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/8003/2011/acpd-11-8003-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/8003/2011/acpd-11-8003-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

Most previous evaluations of satellite performance relied on pair wise comparisons with
limited spatial and temporal coverage of surface-based measurements such as sound-
ings and in-situ measurements. Especially, validation of satellite HCHO measurements
is very difficult because ground-based HCHO measurements are extremely sparse. We
use a new scientific approach, statistical analyses with empirical orthogonal function
(EOF) and singular value decomposition (SVD), to provide three-dimensional results of
comparisons with a global picture over long measurement periods. The EOF and SVD
analyses with GOME, SCIAMACHY and OMI HCHO, and MOPITT CO show dipole
distributions oscillating between northern and southern equatorial Africa with an an-
nual cycle. This feature is exactly coincident with the spatial and temporal pattern of
biomass burning occurring over tropical Africa. The double-peaked maximum seen in
OMI HCHO is only marginally observed in SCIAMACHY and GOME HCHO seasonal-
ity over the northern tropical region during northern biomass-burning season. Spatial
and temporal difference between two datasets may cause this discrepancy, but the
detailed analysis for the cause requires an examination with a chemical model. The
statistical analyses of all data indicate that biomass-burning activity over South Amer-
ica is responsible for the HCHO seasonality over that continent. We have not observed
any evidence to support the influence of biogenic activity on HCHO over these re-
gions; however, we find robust evidence that biomass burning is the strongest source
of HCHO over tropical Africa and South America. We also found that these statistical
tools are a very efficient method for evaluating satellite data.

1 Introduction

Formaldehyde (HCHO) plays an important role in atmospheric chemistry as a tracer
molecule in the production of the HO, family, which is a major oxidizer throughout the
entire atmosphere. HCHO is formed in the atmosphere as a result of atmospheric
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oxidation of VOCs, including methane and isoprene, with loss from photolysis and re-
action with OH. These processes result in HCHO having an extremely short lifetime
(Palmer et al., 2006; Atkinson, 2000; Pfister et al., 2008; Stavrakou et al., 2009a, b;
Dufour et al., 2009a). Atmospheric methane, which has a long lifespan, controls back-
ground levels of HCHO. In urban areas, anthropogenic VOCs are the most significant
source in HCHO production, but biogenic VOCs are dominant elsewhere especially
during the growing season, with the largest contribution coming from isoprene (Palmer
et al., 2003; Millet et al., 2008; Dufour et al., 2009b). In addition, large sources of
formaldehyde are directly emitted from biomass burning (Lee et al., 1997), incomplete
combustion of fuels from mobile sources (de Serves, 1994), process emissions from
oil refineries, and vegetation (Kesselmeier and Staudt, 1999; Lathiere et al., 2006).
As a result of various sources of VOCs, HCHO spatial and temporal distributions vary
significantly across the globe.

The Global Ozone Monitoring Experiment (GOME) instrument, with a spatial reso-
lution of 40 x 320 km?, provided global coverage of HCHO measurements from space
for the first time in 1996 (Thomas et al., 1998). Due to improved spatial coverage
from SCIAMACHY with 60 x 30 km and from OMI with 13 x 24 km, Chance (2000) and
Kurosu (2008) have identified elevated HCHO concentrations associated with biogenic
isoprene emissions, biomass burning, and urban pollution (Chance et al., 2000; Kurosu
et al.,, 2008 De Smedt et al.,, 2008). These formaldehyde columns measured from
space help to quantify the various VOC emissions used in chemical transport models
(Palmer et al., 2006). In addition, these data reduce uncertainties in the budget of
CO, which play a key role in controlling the abundance of tropospheric ozone and the
hydroxyl radical (De Smedt et al., 2008).

Total-column HCHO, retrieved with the direct fitting of radiances, is based on non-
linear least-squares fitting in the UV-A wavelength band. This algorithm was originally
developed for GOME and adapted for the SCIAMACHY and OMI instruments. The
results from the spectral fitting are HCHO slant columns, which are converted to vertical
columns using a look-up table of air mass factors (AMFs) (Palmer et al., 2001; Kurosu
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et al., 2008). Sources of error in the retrievals of vertical HCHO columns from GOME
include: (1) the slant-column fitting, (2) the diffuser plate correction, and (3) the AMF
calculation (Palmer et al., 2006). The retrieved HCHO measurement errors include
influences from: (1) a latitudinal dependency of the background values that need to be
corrected with a reference-sector method, (2) columns lower than the background level
above desert regions, mainly Sahara and Australia and (3) features above oceans not
predicted by chemical transport models (Wittrock et al., 2007; De Smedt et al., 2008;
Stavrakou et al., 2009a).

Scientists have taken various approaches to validate retrieved data to quantify the
errors and extract physically and chemically meaningful results. Validation techniques
typically use a combination of satellite observations, in situ measurements, and chem-
istry and transport models, which represent the state of the atmosphere in different
ways (Palmer et al., 2003, 2006; Abbot et al., 2003; Martin et al., 2004; Wittrock et
al., 2007; Kurosu et al., 2008; Stavrakou et al., 2009a). However, validation of satellite
HCHO measurements is very difficult because ground-based HCHO measurements
are extremely sparse. This observation paucity hinders the construction of HCHO
benchmarks over the globe for meaningful evaluation of the satellite measurements.
Another difficulty in the evaluation derives from large uncertainties in the HCHO verti-
cal columns, which typically range from 40-105% (Palmer et al., 2006; Kurosu et al.,
2008). Therefore, without a detailed error map with respect to seasons and regions
over the globe, the significant amount of uncertainty will prohibit our attempt to deter-
mine the top-down constraints on isoprene emission inventories, and thereby constrain
our understanding of subsequent VOC-related atmospheric chemistry.

Inter-comparison between the satellite’s HCHO measurements is challenging be-
cause HCHO retrievals from GOME are no longer reliable due to the advanced degra-
dation of the GOME instrument. On the other hand, SCIAMACHY data is strongly influ-
enced by instrument artifacts that render the retrieval of HCHO challenging. In evalu-
ating consistency by comparing HCHO column measurements from the same season
in different years, vertical columns retrieved from OMI over regions with enhanced

8006

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 8003-8025, 2011

Evaluation of
satellite-derived
HCHO using
statistical methods

J. H. Kim et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/8003/2011/acpd-11-8003-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/8003/2011/acpd-11-8003-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

formaldehyde are in reasonable agreement with past observations from GOME and
currently-retrieved SCIAMACHY observations (Kurosu et al., 2008). However, the com-
parisons have shown OMI columns over such hot-spots to be approximately 30% lower
than GOME and SCIAMACHY (Kurosu et al., 2008). OMI HCHO columns over North
America fall 2—14% below the curve defined by the ensemble of the GOME data (Millet
et al., 2008). De Smedt et al. (2007) and Kurosu et al. (2008) indicated that only pre-
liminary results from satellite HCHO inter-comparisons are available; so, a new method
of satellite HCHO evaluation is required.

In this paper, we use a new scientific approach to provide three-dimensional results
of comparisons with a global picture over long measurement periods. The tools used
to evaluate satellite HCHO products are (1) the empirical orthogonal function (EOF)
and (2) singular value decomposition (SVD). The EOF and SVD analysis approaches
differ from the conventional ways of comparing patterns. Instead of using the typical
pair wise station-to-station intercomparison, we perform the evaluation at the global
scale using temporal and spatial patterns derived from the statistical analyses, which
can provide three dimensional results. An additional advantage of these statistical ap-
proaches is that they enable us to evaluate the satellite HCHO measurements based
on morphology and seasonality of HCHO emission sources and chemical process from
various tropospheric constituents. This task can be achieved with these statistical tools
by assessing the homogeneity of the satellite HCHO products derived from different
platforms. In this approach, other satellite measurements linked to the HCHO distri-
bution, such as biomass-burning fire counts, MOPITT (Measurements Of Pollution In
The Troposphere) CO, and others, can be used jointly with the HCHO measurements
to examine the consistency of their spatial and temporal patterns.

2 Method and data

Satellite instruments detect radiances resulting from scattering, reflection, and absorp-
tion/emission by the earth-atmosphere system. The measured radiances contain both
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the desired signal from geophysical variables in the system and some noise. The
signal-to-noise ratio strongly depends on the instrument and geophysical variables.
Sophisticated retrieval algorithms can be used to determine a broad range of geophys-
ical variables with limited signal-to-noise ratio. However, most are ill-posed retrievals
requiring assumptions that must be justified with data. Therefore, there is always a
need to validate the algorithms. Previous evaluations of satellite performance have
relied on comparisons with limited spatial and temporal coverage of surface-based
measurements such as soundings and in-situ measurements. However, the levels of
agreement from these comparisons vary according to location and season, so there
has been no clear superior method among various satellite HCHO products. This am-
biguity motivates the requirement for a better method of evaluating satellite products.

Our approach is to validate the satellite retrievals by analyzing individual satellite
products as well as a combination of two kinds of satellite products linked in both spatial
and temporal domains. EOF analysis is a promising statistical tool for identifying these
coupled relationships with spatial and temporal patterns of individual parameters. SVD
works well when combining the two parameters (Venegas et al., 1997; Yun and Kwon,
2002). The result of these techniques is the extraction of the dominant characteristics
of a parameter’s spatial and temporal patterns with discrimination between the signal
of interest and unrelated processes or noise.

The EOF method analyzes the variability of a single field, finds the spatial patterns of
variability (called the EOFs), its time variation (called the EOF time series or expansion
coefficients), and gives a quantitative measure of the importance of each pattern. The
SVD method examines the coupled variability of two fields. Each pair of singular vec-
tors describes a fraction of the square covariance (SCF) between the two variables.
The first mode describes the largest SCF, and each succeeding pair describes the
maximum remaining SCF that is unexplained by the previous pairs (Venegas et al.,
1997).
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For these analyses, we use GOME, SCIAMACHY (http://www.temis.nl/airpollution/
ch2o.html), and OMI HCHO (http://mirador.gsfc.nasa.gov) along with MOPITT CO
(ftp://14ft101.larc.nasa.gov/MOPITT) measurements for SVD analyses that compare co-
variance with HCHO measurements.

OMI flies on NASA’s Aura satellite platform in a sun-synchronous orbit with a 01:45
p.m. equator-crossing time (ascending node). HCHO total columns are retrieved from
reflected sunlight observed in nadir. The retrieval algorithm is based on non-linear
least squares fitting of radiances in the spectral region of 327.5-356.5nm. The spec-
tral fitting provides slant columns, which are converted to vertical columns using air
mass factors computed with a multiple-scattering radiative transfer model (Spurr et al.,
2001) and based on GEOS-Chem seasonal HCHO climatologies (Palmer et al., 2001).
Typical column uncertainties of the operational OMI HCHO product range of 50% to
100%.

The OMI HCHO columns used in this study are taken from the operational (NASA
HCHO), modified for an apparent increase of background values over the OMI lifetime
that was discovered in the process of the current analysis. Figure 1 shows monthly
averages of OMI HCHO over the remote Pacific from September 2004 to September
2009, which clearly exhibit visible positive trend in the data. The reason for this trend
is currently under investigation, but it is very likely connected to a similar increase
in detector dark current observed over the OMI lifetime (Jaross, 2009) HCHO is the
weakest absorber operationally retrieved from OMI and hence the first to show effects
related to instrument degradation. Figure 1 also shows a background parameterization
derived from a 4th order polynomial fit to the time series of monthly average HCHO
data. This parameterization corrected the OMI HCHO data that went into the analysis
presented here. Numerical results quoted in tables and the main texts are based on
the corrected data. Cloud screening was applied to OMI HCHO data, and all ground
pixels with cloud cover greater than 40% were rejected in the averaging.

The data periods range from April 1996 to June 2003 for GOME HCHO; from January
2003 to December 2008 for SCIAMACHY:; from October 2004 to December 2008 for
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OMI HCHO; and from March 2000 to December 2008 for MOPITT. All HCHO data were
rejected for cloud cover greater than 40%.

3 Results

Figure 2 shows the EOF analyses of OMI, GOME, and SCIAMACHY HCHO along with
MOPITT CO data over Africa. The left and right columns in the figure show the maps of
spatial patterns and the coupled time series of the expansion coefficients with squared
covariance fractions in mode one, respectively. The time expansion coefficient (red
dashed line) is the monthly average over the entire period, which repeats every year
for comparison.

The spatial and temporal patterns of MOPITT CO from EOF mode 1 in Fig. 2a show
a well-defined north-south dipole oscillation, with a distinctive annual cycle of the north-
ern maximum between December and April and the southern maximum between Au-
gust and October. These patterns are well-correlated with those from total fire counts
between 2000 and 2009, which were measured by the Along-Track Scanning Radiome-
ter (ATSR) (http://www.atsr.rl.ac.uk/). The dipole distribution of fire is evident between
northern and southern tropical Africa with about the same intensity as MOPITT CO.
The peaks of fire counts and CO occur in January and March—April over the northern
tropics, and in the July and September-October period over southern tropics. The time
lag between the two is likely due to the longer lifetime of CO in the atmosphere. The
location of maximum CO shifts slightly westward from the location of the maximum fire
counts. This shift could originate from the transport of CO with the prevailing easterly
in the tropical region. Therefore, biomass burning is the main driving mechanism for
CO over this region.

The spatial patterns and time series of corrected OMI HCHO data in Fig. 2b have
much in common with MOPITT CO. The background parameterization removed the
unrealistic trend and cloud screening improved the spatial coherence between OMI
HCHO and MOPITT CO. The EOF mode 1 of both datasets explains about 58% and
48% of the total variance, respectively. We observe the same north-south dipole
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oscillation with a distinct annual cycle from both datasets. The locations of maxi-
mum HCHO and CO agree well with the fire counts over south central Africa for the
southern burning season. Maximum burning was observed in July followed by maxi-
mum HCHO in August and maximum CO during the September—October period over
southern Africa. This time sequence agrees with the lifetime between HCHO and CO.
However, some discrepancies between the two species are found in the spatial and
temporal patterns during the northern biomass-burning season. It is expected that
maximum HCHO rather than CO should be observed closer to north central equato-
rial Africa, where more intensive burning takes place, because of a shorter lifetime of
HCHO relative to CO. Conversely, the observations revealed that the maximum HCHO
was found further downwind from where maximum CO was observed. In addition,
the fire counts show that burning is the highest in January during the northern burn-
ing season (http://www.atsr.rl.ac.uk/); whereas, HCHO shows a temporary minimum
in January between two peaks in December and March. These spatial and temporal
patterns are different from those seen over southern tropical Africa during the southern
burning season.

The EOF mode 1 of SCIAMACHY and GOME HCHO explains only little more than
20% of the total variance shown in Fig. 2c and 2d. The HCHO signals are the strongest
in the west where maximum fire counts occur downwind. However, maximum OMI
HCHO is observed further downwind where maximum SCIA and GOME HCHO are
found during the northern biomass-burning season.

A significant difference between SCIAMACHY, GOME and OMI HCHO comes from
the seasonality observed in the northern tropical region during the northern biomass-
burning season. The double-peak feature seen in OMI HCHO seasonality is marginally
observed in SCIAMACHY and GOME HCHO seasonality. The difference in HCHO sea-
sonality between datasets could be caused by the difference in spatial and temporal
resolution between the instruments. However, this explanation does not seem to be the
likely cause because the difference in seasonality is observed over a large area and
for many years. Analyzing climatological wind and precipitation over this region reveals
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that the wind is northeasterly and the ITCZ is located in south of the equator during
the boreal winter. No special weather pattern was observed over northern tropical
Africa in January (http://iridl.Ideo.columbia.edu/maproom/.Regional/.Africa). Another
possibility for the cause could be the difference in equator crossing time between
OMI (01:45p.m.), and SCIAMACHY (10:00a.m.). (http://www.knmi.nl; http://envisat.
esa.int). The diurnal cycle of biomass-burning activity and HCHO-related chemistry
may be the cause of the difference (Benning and Wahner, 1998; Palmer et al., 2007;
Stavrakou et al., 2009a), but a detailed chemical analysis is beyond the scope of this
study.

Because sufficient amounts of isoprene, which will eventually turn to HCHO through
the photochemical oxidation process, are released from biogenic activity in the African
rainforest, it would be interesting to analyze how biogenic activity influences HCHO
seasonality over Africa. The African rainforest is located over the west equatorial re-
gion 7°N-7°S and 10°-30° E, and shows a clear semi-annual cycle with peaks during
the rainy seasons (October—-December and March—May) and minima during the dry
seasons (June—-September, January—February), although rainfall is clearly substantial
in all seasons (Todd et al., 2003; Sultan and Janicot, 2000). This shift of the rainy sea-
son over the rainforest is basically associated with the north/south movement of the
ITCZ across equatorial tropical Africa. If biogenic activity is comparable with biomass
burning, we should be able to observe a noticeable signal over the rainforest region in
west equatorial Africa from the spatial distribution of EOF mode 1 in Fig. 2. However, a
meaningful signal was not detected over the rainforest region. Rather, the spatial and
temporal patterns are consistent with those of biomass burning deduced from CO.

For further evaluation, we performed SVD analysis to examine the detailed relation-
ship of coupled variables between HCHO and CO. For this analysis, SCIMACHY HCHO
was selected because it has a similar measurement period to OMI HCHO. Figure 3a
shows the first mode of the SVD between OMI HCHO and MOPITT CO. The spatial
correlation map shows remarkable agreement between the two gases. This mode ex-
plains 63% of the total square covariance with a correlation coefficient of 0.82. Even
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though a slight local minimum is observed in January from OMI HCHO, overall, the time
series shows a well-defined annual cycle that is consistent with the biomass-burning
cycle shown in the EOF analysis. These good spatial and temporal correlations along
with EOF and SVD analyses suggest that biomass burning is the major driving source
of HCHO and CO over Africa as of analyses of EOF and SVD.

Figure 3b shows the first mode of the SVD between SCIAMACHY HCHO and MO-
PITT CO. This mode explains 47% of the total square covariance with correlation coef-
ficient of 0.86. The spatial and temporal coherence between two gases are very similar
with those results shown in Fig. 3a. These analyses suggest that the source of HCHO
is strongly linked to biomass burning.

Figure 4 shows the EOF mode 1 of the satellite measurements over South America.
The spatial pattern shows a unique maximum over southern equatorial South America
with a peak in September. The first mode of CO and OMI HCHO explains most of the
total variance, but GOME and SCIAMACHY HCHO explain less than 20% due to spatial
and temporal resolution lower than OMI. Even though fire activity is observed over
northern equatorial South America, the strength and coverage is far less than those
from the southern equatorial South American fire counts. The spatial and temporal
patterns of all measurements are very consistent with the fire counts shown in (http:
/lwww.atsr.rl.ac.uk/).

As for chemical source evaluation in Africa, we examined the role of biogenic activity
over the Amazon rainforest. If CO and HCHO from biogenic activity played a compa-
rable role relative to biomass-burning activity, we should be able to observe the signal
over the Amazon rainforest in the area of 5°N-5°S from the EOF spatial pattern in
Fig. 4. However, we have not observed any noticeable signal from the Amazon rain-
forest region that could cause any impact on EOF of CO and HCHO. This result is
consistent with Williams et al. (2001) who showed that CO production from oxidation of
isoprene from the rainforest is much less than the observed CO. They concluded that
observed CO over the Amazon rainforest was transported primarily with the prevailing
easterly from savanna fires in South America.
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The first mode of the CO and HCHO from the SVD analyses explains most of the
total square variance shown in Fig. 5. The spatial and temporal coherences between
CO and HCHO show the robust evidence that biomass burning is the main driving
mechanism for HCHO over South America as we have seen over Africa.

4 Conclusions

Most previous evaluations of satellite performance relied on pair wise comparisons
with limited spatial and temporal coverage of surface-based measurements such as
soundings and in-situ measurements. When individual satellite HCHO measurements
contain significant amounts of error, it poses additional challenges during evaluation
due to the intrinsic errors already associated with differences in location and season.
In order to overcome this problem, we suggest a new way of satellite data evaluation
with statistical tools such as empirical orthogonal functions and singular value decom-
position analysis.

The EOF and SVD analyses with GOME, SCIAMACHY and OMI HCHO, and MO-
PITT CO show dipole distributions oscillating between northern and southern equato-
rial Africa with an annual cycle. This feature is exactly coincident with the spatial and
temporal pattern of biomass burning occurring over tropical Africa. The double-peaked
maximum seen in OMI HCHO is only marginally observed in SCIA and GOME HCHO
seasonality over the northern tropical region during northern biomass-burning season.
Spatial and temporal difference between two datasets may cause this discrepancy, but
the detailed analysis for the cause requires an examination with a chemical model.
The statistical analyses of all data indicate that biomass-burning activity over South
America is responsible for the HCHO seasonality over that continent.

We have not observed any evidence to support the influence of biogenic activity on
HCHO over these regions; however, we find robust evidence that biomass burning is
the strongest source of HCHO over tropical Africa and South America. We also found
that these statistical tools are a very efficient method for evaluating satellite data.
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Fig. 1. Monthly averages of OMI HCHO background values (green line) from September 2004
through September 2009 over the remote Pacific (50° N-50° S, 165° W—165°" E), and a parame-
terization (red line) using a 4th order polynomial fit to the monthly averages.
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Fig. 3a. The first mode of the SVD between OMI HCHO and MOPITT CO. The dark color repre-
sents MOPITT CO and light color represents OMI HCHO. The blue and black dots correspond

to the month of January and July, respectively.
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Fig. 3b. The first mode of the SVD between SCIAMACHY HCHO and MOPITT CO. The dark
color represents MOPITT CO and light color represents SCIAMACHY HCHO. The blue and
black dots correspond to the month of January and July, respectively.
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