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[1] A controversial dispute in space-based tropospheric
ozone remote sensing is the puzzling discrepancy in the
spatiotemporal distribution between residual-based satellite
ozone observations and biomass-burning activity in the
tropics during boreal winter. This study focuses on evaluation
and analyses of two tropospheric ozone products determined
from Earth Probe TOMS measurements: Convective Cloud
Differential measurements (CCD) and Scan Angle
measurements (SAM). Rather than using the typical
station-to-station inter-comparison with ozone sounding
measurements, the evaluation was performed at the global
scale using temporal and spatial patterns derived from
Singular Value Decomposition (SVD) analyses. The
satellite observations of ozone precursors from MOPITT
CO and GOME NO2 serve as markers identifying airmasses
influenced by biomass burning. The SVD analyses reveal
that the SAM tropospheric ozone product is remarkably
consistent (95% significance level) with the two measured
ozone precursors, CO and NO2, in distribution as well as in
seasonality. The analyses provide compelling evidence
that there is no discrepancy between tropospheric ozone
and its precursors during boreal winter. Citation: Kim, J. H.,

S. Na, R. V. Martin, K. H. Seo, and M. J. Newchurch (2008),

Singular value decomposition analyses of tropical tropospheric

ozone determined from TOMS, Geophys. Res. Lett., 35, L15816,

doi:10.1029/2008GL033690.

1. Introduction

[2] Tropospheric ozone plays a key role in atmospheric
oxidation, global warming, and air quality [Finlayson-Pitts
and Pitts, 1997], which creates a great demand for satellite
measurement of tropospheric ozone because of the spatial
and temporal coverage available from space-borne observa-
tions. The tropospheric ozone residual method (TOR)
[Fishman and Larsen, 1987; Hudson and Thompson,
1998; Thompson et al., 2000; Valks et al., 2003; Ziemke
and Chandra, 1998] is an indirect determination of tropo-
spheric ozone by subtracting independent estimates of
stratospheric ozone from the total atmospheric ozone. One
of the striking findings from these TOR methods is the
identification of very large amounts of tropospheric ozone

from South America across the Atlantic to Africa during
austral spring [Fishman et al., 1991]. A series of field
campaigns concluded that biomass-burning is a major cause
for the widespread ozone pollution. However, none of the
residual-based products show a coincident seasonal ozone
enhancement over the Northern tropical Atlantic during the
Northern tropical biomass-burning season in austral summer
and fall that is seen in in-situ [Martin et al., 2002; Sauvage
et al., 2007] and satellite Carbon Monoxide (CO) and fire
count measurements [Edwards et al., 2003, 2006]. This
puzzling discrepancy is known as the ‘‘tropical Atlantic
paradox’’ [Thompson et al., 2000].
[3] There have been considerable efforts to resolve the

discrepancy. However, although various chemical transport
models consider these effects on ozone formation and
distribution in their model, simulations of ozone with global
tropospheric chemistry models [Galanter et al., 2000;
Hauglustaine et al., 1998; Kim et al., 2005; Lelieveld and
Dentener, 2000; Martin et al., 2002] more closely track the
seasonal variation in biomass-burning including enhanced
concentrations over Northern Africa during DJF [Martin et
al., 2002], than they track the ozone seasonality seen in the
residual methods. Direct retrieval of vertically-resolved
tropospheric ozone from TES is one of the few products
that do not exhibit the discrepancy [Jourdain et al., 2007].
Until now, even though there have been many studies
to resolve the discrepancy, none show a satisfactory
reconciliation of it.

2. Methodology

[4] Only some satellite-derived tropospheric ozone
products exhibit the discrepancy, including all products
from the TOR method. In contrast with those residual-based
products, the Scan Angle geometry Method (SAM) yields a
seasonal variation in tropospheric ozone that is consistent
with the seasonal variation in biomass-burning inferred
from fire counts by the Along Track Scanning Radiometer
(ATSR) satellite instrument, from CO by the Measurements
Of Pollution In The Troposphere (MOPITT) satellite instru-
ment, and from global simulations [Kim et al., 2001, 2005].
Tropospheric ozone determined from the Tropospheric
Emission Spectrometer (TES) satellite instrument also
observed a seasonal variation in tropospheric ozone
consistent with biomass-burning [Beer, 2006]. However,
the optimal estimation method applied to data from the
Global Ozone Monitoring Experiment (GOME) satellite
instrument also results in the discrepancy [Liu et al.,
2006]. Furthermore, the TOR between the Ozone Mapping
Instrument (OMI) and MLS stratospheric ozone still
indicates the existence of the discrepancy [Ziemke et al.,
2006]. The spatial coverage of ozonesonde measurements is

GEOPHYSICAL RESEARCH LETTERS, VOL. 35, L15816, doi:10.1029/2008GL033690, 2008
Click
Here

for

Full
Article

1Division of Earth Environmental Systems, Pusan National University,
Pusan, Korea.

2Atmospheric Science Department, University of Alabama in Huntsville,
Huntsville, Alabama, USA.

3Department of Physics and Atmospheric Science, Dalhousie University,
Halifax, Nova Scotia, Canada.

4Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachu-
setts, USA.

Copyright 2008 by the American Geophysical Union.
0094-8276/08/2008GL033690$05.00

L15816 1 of 6

http://dx.doi.org/10.1029/2008GL03369


insufficient for evaluation of satellite measurements [Sun,
2003]. Our approach is to examine the existence of the
discrepancy by comparing the two kinds of products with
satellite observations of biomass burning, which is expected
to efficiently produce ozone in the tropics [Crutzen and
Andreae, 1990; Lelieveld et al., 2004]. A promising statis-
tical tool for identifying these coupled relationships with
spatial-temporal pattern between two data sets is analysis
with Singular Value Decomposition (SVD) [Venegas et al.,
1997; Yun and Kwon, 2002]. This method is applied to two
variables (e.g., O3 and CO) in order to detect temporally
synchronous and coupled spatial patterns between the two
variables. This detection is accomplished by finding linear
combinations of the two variables such that the linear
combinations retain maximum possible covariance. In other
words, the SVD provides a useful tool to diagnose the
spatial and temporal coherence of two fields in a global
perspective. These coherences serve to identify parsimoni-
ously the times and locations of phenomena that make
physical sense (see auxiliary material for more detail1).
[5] Four kinds of satellite data products have been used

in this study: MOPITT CO (MCO) from the Terra satellite
(http://web.eos.ucar.edu), GOME NO2 (GOMENO2) from
GOME (http://www.temis.nl), SAM-tropospheric ozone
(SAMTO; http://www.nsstc.uah.edu/atmchem), and convective-
cloud-differential (CCD)-method-tropospheric ozone (CCDTO;
http://toms.gsfc.nasa.gov), which is the most widely used resid-
ual-based product; both SAM and CCD are derived from Earth
Probe TOMS. Monthly averages are calculated for all four data
products over the Earth Probe TOMS period between August
1996 and December 2000. The area of interest for our study is in
the tropics between 15� South and 15� North.

3. Results and Discussion

[6] SVD of the cross-covariance matrix between two
fields such as SAMTO and MCO, CCDTO and MCO,
SAMTO and GOMENO2, or CCDTO and GOMENO2

identifies modes of behavior in which the satellite ozone
and CO (or NO2) variations are strongly coupled. Table 1
displays the fraction variance (labeled Square Covariance
Fraction, SCF, after Venegas et al. [1997]) explained by
each mode and also the correlation coefficient, r, between
expansion coefficients of the SAMTO and MCO, and
CCDTO and MCO, as indicators of the strength of the
coupling. The SVD squared singular values (analogous to

the eigenvalues of univariate analysis) represent the
covariance captured by that singular vector (analogous to
eigenvectors). The expansion coefficients are the projection
of the singular vectors onto the original data field. See
auxiliary material for more details. The first two leading
SVD modes (singular vectors) of the coupled SAMTO and
MCO account for a squared covariance fraction (SCF) of
97% of the total whose first and second modes are 74% and
23%, respectively. The values are almost the same for the
coupled CCDTO and MCO with two leading SVD modes
of 75% and 19%, respectively. Because these results
show that the first mode exhibits the strongest and most
significant coupling between SAMTO and MCO as well as
between CCDTO and MCO, this study focuses only on the
analyses of the first SVD mode.
[7] Figure 1 shows maps of the expansion coefficients,

the coupled spatial patterns (called the heterogeneous
correlation map) [Cherry, 1996], and also the time series
of the expansion coefficients of the first SVD mode of the
coupled variables SAMTO and MCO. The dotted region
represents the area significant at the 95% confidence level
[Wilks, 1995]. Figures 1a and 1b depict the spatial patterns
of SAMTO and MCO with SCF of 74% and Figure 1c
shows the corresponding time series of both SAMTO and
MCO. The spatial pattern of MCO in Figure 1a shows a
seasonal maximum over the northern equatorial region,
especially Northern Africa and Indochina in the February–
March period, and over the southern equatorial region,
especially South America and Southern Africa in the
September–October period. The distribution of fire counts
from ATSR (Figure S1) strongly indicates that the spatial
pattern of MCO in the first SVD mode is likely due to
biomass-burning. The spatial pattern of MCO in Figure 1a
is very similar to that of SAMTO in Figure 1b, especially
over South America, Africa, and South Asia where biomass-
burning signal is apparent. This correspondence suggests
that biomass-burning emissions are responsible for most of
the coupled statiotemporal variability. Figure 1c shows that
the seasonal cycle of both SAMTO and MCO is captured
with a correlation coefficient of 0.97. The period
for maximum MCO in the Northern equatorial region is
February–March; whereas, the period for SAMTO is about
a month prior. Similarly, the period of maximum MCO,
September–October, in the Southern region occurs one
month later than the SAMTO maximum in August–
September. Carbon monoxide has a tropical lifetime of
several weeks, considerably longer than the ozone lifetime
of several days in tropical regions influenced by biomass
burning [Duncan et al., 2007; Jacob et al., 1996].
Therefore, a one-month lag between SAMTO and MCO is
consistent with the difference in the lifetimes between these
two species.
[8] Figures 2a and 2b depict the spatial pattern of

CCDTO and MCO with an SCF of 75%. Strong coherence
in the time series is observed between CCDTO and MCO
from Figure 2c reflecting the biomass-burning influence.
However, the spatial patterns of the two fields are very
different from each other throughout the tropics except for
the limited regions of South America and southern Africa.
This result is consistent with the previous finding that the
discrepancy is not confined to the Northern Atlantic,

1Auxiliary materials are available in the HTML. doi:10.1029/
2008GL033690.

Table 1. Square Covariance Fraction of the Total Covariance and

Coupling Correlation Coefficient Between the Expansion Coeffi-

cients of Scan Angle Method Tropospheric Ozone and MOPITT

CO, and between Convective-Cloud-Differential Tropospheric

Ozone and MCO Corresponding to the Two Leading Singular

Value Decomposition Modes

Mode

SCF r

SAMTO-MCO CCDTO-MCO SAMTO-MCO CCDTO-MCO

1 74% 75% 0.97 0.97
2 23% 19% 0.85 0.94
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but extends over a broad region of the Northern tropics
[Kim et al., 2005; Martin et al., 2002]. Moreover, the
covariability between CCDTO and MCO even over South
America and southern Africa is shown to be weak and is not
statistically significant. Meanwhile, the coherent signal over
these regions between SAMTO and MCO is apparent and
significant at the 95% confidence level [Wilks, 1995].
[9] We assess the statistical robustness of the results

obtained from the above SVD analysis, with a significance

test using a Monte Carlo approach focusing on the square
covariance (SC) rather than the SCF or correlation
coefficient [Venegas et al., 1997]. The SC is a direct
measure of the relationship between SAMTO and MCO;
whereas, the SCF and the correlation coefficient are an
indirect measure of the relationship between the coupled
SVD patterns.
[10] To perform the Monte Carlo test, we randomized the

data by scrambling the 12 monthly means, performing the

Figure 1. The spatial pattern (heterogeneous correlation map of the first SVD mode for (a) MOPITT CO, (b) SAM
tropospheric ozone, and (c) expansion coefficient time series of two variables. Dotted region represents the area significant
at the 95% confidence level.

Table 2. Square Covariance Fraction and Coupling Correlation Coefficient Between the Expansion Coefficients of SAMTO and

GOMENO2 and Between CCDTO and GOMENO2 Corresponding to the Two Leading SVD Modes

Mode

SCF r

SAMTO-GOMENO2 CCDTO-GOMENO2 SAMTO-GOMENO2 CCDTO-GOMENO2

1 87% 76% 0.98 0.89
2 11% 19% 0.19 0.90
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SVD analysis on the scrambled datasets, and repeating
the same procedure 500 times. An SC value from the
original datasets is statistically significant at the 95% level
[(1–7/500)*100 = 98.6%, which we report, conservatively,
as 95%] if it is not exceeded by more than five values of
the corresponding SC from the random datasets [Venegas et
al., 1997]. The results of the 500 scrambled SVD analyses
appear in Figure S2, together with the results of the original
SVD. The observed SC of the first mode is highly
significant at greater than the 95% level, confirming that
the spatiotemporal pattern between SAMTO and MCO is
extremely robust.
[11] Similar SVD random-test analyses between SAMTO

and GOMENO2 as well as CCDTO and GOMENO2 pro-
duce Table 2 results of the SCF and correlation coefficient
of two coupled fields: SAMTO and GOMENO2; CCDTO
and GOMENO2. The first SVD mode of coupled SAMTO
and GOMENO2 accounts for SCF of 87% of TSC. The first
SVD mode of coupled CCDTO and GOMENO2 accounts
for 76%.

[12] Figure 3 shows the coupled spatial and temporal
pattern of the first SVD mode between SAMTO and
GOMENO2. Figures 3a and 3b depict the spatial pattern
of SAMTO and GOMENO2 with SCF of 87%. Here, we
focus on only the first SVD mode for this coupled field
because of its significance. The north–south gradient of the
GOMENO2 spatial pattern over the Pacific Ocean is not as
significant as that of SAMTO in Figure 3c. Nonetheless,
based on the coincidence in spatial pattern and time series
between ATSR fire counts (Figure S1) and Figure 3, the
spatial pattern of GOMENO2 in the first SVD mode occurs
likely due to biomass burning. The time series of ozone in
Figure 3c coincides with NO2, where about a month lag
occurs in the time series between ozone and CO. The
lifetime of NOx (NO+NO2) [Jaeglé et al., 1998; Wenig et
al., 2003] is typically within several days of the ozone
lifetime in regions influenced by biomass burning,
supporting the coherence in time series of ozone and NO2

in Figure 3c. Using the Monte Carlo test, the observed SC
of the first mode is highly significant at greater than the
95% level; and thereby, the coherence between SAMTO
and GOMENO2 is robust.

Figure 2. The spatial pattern (heterogeneous correlation map of the first SVD mode for (a) MOPITT CO, (b) CCD
tropospheric ozone, and (c) expansion coefficient time series of two variables. Dotted region represents the area significant
at the 95% confidence level.
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[13] The spatial and temporal pattern of the first
SVD mode between CCDTO and GOMENO2 appears in
Figure S3. As with the pattern between CCDTO and MCO
in Figure 2, little coherence exists between CCDTO and
GOMENO2 in the northern tropics.

4. Conclusion

[14] This study focused on evaluation and analyses of
two tropospheric ozone products determined from Earth
Probe TOMS measurements: CCD and SAM. Instead of
using the typical station-to-station inter-comparison with
ozonesounding measurements, the evaluation adopted a
global perspective of temporal and spatial patterns derived
from Singular Value Decomposition (SVD) analyses. The
ozone precursors, which are CO from MOPITT and NO2

from GOME, serve as markers of identifying airmasses
influenced by biomass burning.
[15] The SVD analyses provide conclusive evidence

that the SAM tropospheric ozone product is remarkably
consistent with the two measured ozone precursors, CO and

NO2, observed from MOPITT and GOME sensors, in
distribution as well as in seasonality and is consistent with
chemical theory and in-situ measurements [Martin et al.,
2002; Moxim and Levy, 2000; Sauvage et al., 2007]. TES
retrievals of tropospheric ozone also indicate a seasonal
enhancement in tropospheric ozone over the northern
tropical Atlantic that supports our conclusions [Jourdain
et al., 2007]. The residual-based ozone products, however,
are not consistent with the spatial distribution of a major
ozone source, biomass burning, and its temporal variation.
The Monte Carlo test demonstrates that the evidence from
the SVD analyses is statistically robust. The agreement in
the first SVD mode between SAM tropospheric ozone and
MOPITT CO as well as GOME NO2 suggests that biomass-
burning is an important driving mechanism for tropospheric
ozone production in the northern tropics. These analyses
provide compelling evidence that there is no discrepancy
between tropospheric ozone and its precursors during boreal
winter.

[16] Acknowledgments. This work was supported by NASA and
Ministry of Environment as the Korea Eco-technopia 21.

Figure 3. The spatial pattern (heterogeneous correlation map of the first SVD mode for (a) GOME NO2, (b) SAM
tropospheric ozone, and (c) expansion coefficient time series of two variables. Dotted region represents the area significant
at the 95% confidence level.
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