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Abstract. This paper presents the first detailed characterization of seasonal and
interannual variability in tropical tropospheric column ozone (TCO) to delineate
the relative importance of biomass burning and large-scale transport. TCO time
series are derived from 20 years (1979-1998) of total ozone mapping spectrometer
(TOMS) data using the convective cloud differential (CCD) method. Our study
identifies three regions in the tropics with distinctly different characteristics related
to seasonal and interannual variability. These three regions are the eastern Pacific,
Atlantic, and western Pacific. TCO in the Atlantic region peaks at about the
same time (September-October) both north and south of the equator, while the
annual-cycle amplitude in TCO varies from about 3 to 6 Dobson units (DU) from
north to south of the equator. In comparison, annual cycles in both the eastern and
western Pacific are generally weak, with the largest TCO amount occurring around
March-April in the northern hemisphere and September-November in the southern
hemisphere. Interannual variabilities in these three regions are also very different.
The Atlantic region indicates a predominant quasi-biennial oscillation (QBO) in
TCO which is out of phase with the QBO in stratospheric ozone. This behavior
is consistent with a UV modulation of upper tropospheric photochemistry on a
QBO timescale caused by the QBO in stratospheric ozone. However, photochemical
models predict significantly smaller changes, and dynamical effects may be a
critical factor. Interannual variability in TCO in the Atlantic also appears to have
some influence from biomass burning, but our study indicates that it is of lesser
significance. Interannual variability in the eastern and western Pacific is dominated
by El Nino events. During an El Nifio there is anomalously low TCO in the eastern
Pacific and high values in the western Pacific. These signatures indicate combined
effects of convectively driven transport and tropospheric ozone generated by intense
biomass burning in the Indonesian region. Finally, a simplified tropospheric ozone
residual (STOR) method which utilizes the small variability of TCO near the
dateline is proposed in this study to derive high-resolution maps and extended time
series of TCO.

1. Introduction

It is generally recognized that the seasonal maximum
in tropospheric column ozone (TCO) in the tropical
South Atlantic region is related to intense biomass burn-
ing in Africa and Brazil during southern spring [Crutzen
and Andreae, 1990; Fishman et al., 1990, 1991, 1992;
Watson et al., 1990]. A number of papers published in
the special issue of the Journal of Geophysical Research
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le.g., Fishman et al., 1996; Thompson et al., 1996; Kr-
ishnamurti et al., 1996; Jacob et al., 1996], as a part
of the Transport and Atmospheric Chemistry Near the
Equator-Atlantic (TRACE-A) campaign, have provided
a broader understanding of the relationship between
biomass burning and tropospheric ozone in the tropics.
These studies suggested that the presence of biomass
burning in South America and southern Africa is a pri-
mary source of ozone precursors (e.g., CO, NOy, and
hydrocarbons) which may lead to 10-15 Dobson unit
(DU) increases in tropospheric column ozone in this re-
gion. Similar conclusions have also been arrived at by
Wang et al. [1998a] and Brasseur et al. [1998] using
three-dimensional transport models.
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The interpretation of the South Atlantic anomaly in
tropical ozone in terms of biomass burning is compli-
cated by the fact that a number of meteorological pa-
rameters also show a predominant zonal wave 1 struc-
ture similar to TCO, thus raising the possibility that the
anomaly may be of meteorological origin [e.g., Krish-
namurti et al., 1993; Ziemke and Chandra, 1998]. For
example, the transport model used by Krishnamurt: et
al. [1993] for October months showed that tropospheric
subsidence and horizontal transport of air (caused by
persistent planetary-scale circulation) in the South At-
lantic region can produce an ozone peak in this region
even in the absence of biomass burning. In the Indone-
sian region the anomalous increase of 10-20 DU in TCO
during the 1997-1998 El Nifio [Chandra et al., 1998]
clearly highlights the difficulty of delineating the rela-
tive importance of dynamical and biogenic processes.
During this period, there were large-scale fires in the
tropical rain forests of Indonesia. There was also a ma-
jor shift in the atmospheric convection pattern from the
western to the eastern Pacific. As suggested by Chandra
et al. [1998], the increase in TCO and decrease in up-
per tropospheric water vapor in the Indonesian region
during the 1997-1998 El Nifio was caused by a combina-
tion of large-scale circulation processes associated with
the shift in the tropical convection pattern and the sur-
face/boundary layer processes associated with the fires
in this region.

It is apparent that to gain further insight into the
relative role of photochemical and transport processes
in the tropical troposphere one needs to better char-
acterize ozone variability over a longer period in terms
of perturbations associated with biomass burning, con-
vective activity, and changes in column ozone above the
tropopause. The latter affects solar UV radiation en-
tering the troposphere and alters the photochemistry of
tropospheric O3 [e.g, Liu and Trainer, 1988; Madronich,
1993; Fuglestvedt et al., 1994; Haigh, 1996]. Because the
stratosphere is strongly influenced by the solar cycle
and quasi-biennial oscillation (QBO), it may also pro-
duce variability in the troposphere on these timescales
through modulation of UV flux entering the tropo-
sphere. We note that Chandra et al. [1999] found a
solar-cycle signal in TCO (~2-3 DU peak-to-peak) in
the marine tropical troposphere that was out of phase
with the solar cycle in stratospheric column Osz. It
was found that photochemical models could not explain
this phenomenon from UV modulation and that its ori-
gin may involve subtle changes in transport over the
timescale of a solar cycle.

The purpose of this paper is to characterize and
present plausible explanations for observed variabilities
in TCO from 20 years (1979-1998) of total ozone map-
ping spectrometer (TOMS) data using the convective
cloud differential (CCD) method [Ziemke et al., 1998].
TCO time series data represent monthly mean values
binned to a 5° x 5° grid. Tropical convective activity
is inferred from the Southern Oscillation index (SOI)
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and National Oceanic and Atmospheric Administra-
tion (NOAA) outgoing longwave radiation (OLR) data
[Liebmann and Smith, 1996]. Biomass burning events
are identified using TOMS aerosol-smoke index (ASI)
measurements [Hsu et al., 1996; Herman et al., 1997].
Both OLR and ASI data were also binned to a monthly
5° x 5° grid for studying the relative variability of TCO
with respect to these parameters.

Our study begins with a description of data and anal-
ysis (section 2) followed by a general overview of tro-
pospheric O3 (section 3), and then annual cycles (sec-
tion 4), interannual variability (section 5), a simplified
method for deriving TCO (section 6), and finally, a sum-
mary (section 7).

2. Data and Analysis Methods

This study uses column O3 data derived from Nimbus
7 (January 1979 through April 1993) and Earth Probe
(EP) (July 1996 through August 1998) TOMS backscat-
tered ultraviolet measurements. TCO and stratospheric
column ozone (SCO) in the tropics were obtained from
TOMS data using the CCD method [Ziemke et al.,
1998]. In the general CCD method, total (i.e., strato-
spheric plus tropospheric) column O3 is derived from
low-reflectivity (R < 0.2) measurements, and strato-
spheric column O3 follows from nearby column O3 mea-
surements taken above the tops of very high tropopause-
level clouds with high reflectivity (R > 0.9). Reflectiv-
ity R in TOMS data is computed using ultraviolet (UV)
wavelengths 380 nm for Nimbus 7 and 360 nm for EP
TOMS. Because the TOMS instrument measures UV
wavelengths, it cannot detect O3z below cloud tops and
must place a predetermined best guess column amount
of O3 below cloud tops. Typical below-cloud column
amounts for R < 0.2 footprint scenes are at most ~1-2
DU in the version 7 algorithm for either Nimbus 7 or
EP TOMS.

To derive CCD TCO in the tropics, SCO is calculated
in the Pacific region where tropopause-level clouds are
persistent. SCO is derived for every 5°latitude band
over longitudes from 120°E eastward to 120°W. These
values are then assumed to be independent of longi-
tude in a given latitude band. This assumption is based
on the zonal characteristics of tropical SCO as inferred
from Upper Atmosphere Research Satellite (UARS) mi-
crowave limb sounder (MLS) and halogen occultation
experiment (HALOE) data [Ziemke et al., 1998]. With
the averaging invoked over the Pacific there is a suffi-
ciently large number of both R < 0.2 and R > 0.9 foot-
print measurements to enable the construction of com-
plete monthly time series of tropical TCO. The num-
ber of R > 0.9 ozone measurements was indicated by
Ziemke et al. [1998] to average around 300-400 per
month for 5° latitude bands from 120°E eastward to
120°W. Compared to R > 0.9, the number of R < 0.2
footprints significantly exceed R > 0.9 and all other
reflectivity scenes in the tropical Pacific. In conjunc-
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Table 1. Annual Mean Fraction of R < 0.2 Footprints in Percent 7

Latitude 1981 1983 1985 1987 1989 1991
10°N-15°N 73(13) 77(13) 71(12) 75(12) 74(11) 70(14)
5°N-10°N 62(14) 68(16) 62(13) 64(13) 64(13) 60(13)
0°N-5°N 72(12) 72(14) 75(12) 67(13) 76(11) 69(11)
0°S-5°S 76(12) 69(15) 79(11) 72(13) 80(10) 75(11)
5°S-10°S 71(13) 65(15) 74(11) 71(12) 76(11) 73(12)
10°S-15°S 74(14) 74(12) 74(12) 75(12) 77(11) 74(12)

Numbers in parentheses denote one standard deviation in percent. Longitudes are 120°E-240°E.

tion with the averaging done in the Pacific for the CCD
method, Table 1 shows the fraction (in percent) of Nim-
bus 7 R < 0.2 ozone footprint scenes averaged from
120°E eastward to 120°W within 5° latitude bands.
For a typical year not affected by strong El Nifo, the
smallest fraction of R < 0.2 measurements occurs in the
Northern Hemisphere (NH) following the Intertropical
Convergence Zone (ITCZ). This is seen in Table 1 for
the years 1981, 1985, and 1989, where the smallest frac-
tions (62%-64%) lie in the 5°N-10°N latitude band. In
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1983 which was an intense El Nifio year, the smallest
fraction of R < 0.2 footprints instead appears in the
5°S-10°S band.

Measurement uncertainties in TCO from the CCD
method are discussed in detail by Ziemke et al. [1998].
The largest uncertainties are anticipated to lie in the
Atlantic region where the assumption of a zonally in-
variant stratospheric Oz column could produce addi-
tional errors of several DU in TCO. For all TCO time
series shown in this study, 20 measurement uncertainty
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Figure 1. Column ozone (Dobson units) plotted versus longitude for Earth Probe TOMS (dot-
ted) and 0-100 hPa UARS HALOE (solid) during El Nifio (top frames, September 21, 1997 and
October 17, 1997) and non-El Nifio (bottom frames, June 28, 1998 and July 4, 1998) conditions.
Earth Probe TOMS total column values were derived from the averaging of four-point nearest
neighbor 1° x 1.25°ridded level-3 data coincident with HALOE latitude-longitude locations.
(Latitudes for HALOE lie between 10°S and 10°N.) For Earth Probe TOMS total column ozone,
30 Dobson units were subtracted to better visually compare with HALOE column amounts.
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errors are estimated to vary approximately uniformly
from about 3 DU in the Pacific region up to ~5 DU in
the Atlantic.

Examples showing the property of zonal homogene-
ity of tropical SCO are given in Figure 1, which plots
zonal distributions of daily 0-100 hPa SCO derived from
HALOE (solid) and colocated EP TOMS total ozone
(dashed) for four selected days during and after the
recent 1997-1998 El Nifio event. Even in daily mea-
surements, the approximation of zonal invariance of
SCO appears to be qualitatively valid despite robust
changes occurring in tropical convection in the Pacific
between El Nifio year (top two frames) and non-El Nifio
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Figure 2. Monthly mean tropospheric column Os time
series from the CCD method (solid) plotted with co-
incident ground-based ozonesonde measurements (dot-
ted) at Samoa (14°S, 170°W) and Nairobi (1°S, 37°E).
The CCD time at Nairobi used EP TOMS measure-
ments and had 5 DU subtracted relative to Nimbus 7
to account for instrumental bias (discussed in section
3). Uncertainty bars for sonde measurements represent
+10 temporal standard devidations. Measurement un-
certainty bars for the CCD measurements (upper right
in each frame) represent +2¢ standard deviations.
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year (bottom two frames). As shown by Ziemke et al.
[1998], TCO derived from the CCD method agrees well
with available ground-based measurements in the trop-
ics. For example, Figure 2 (not included in Ziemke et
al. [1998]) shows good qualitative agreement between
CCD and ozonesonde TCO time series at both Pacific
Samoa (14°S, 170°W) and Nairobi (-1°S, 37°E) in east
Africa.

A potential source of error in assuming zonal symme-
try of tropical SCO is the temporal and spatial changes
in tropopause height. As shown by Logan [1999] and
also from our own analyses of tropical sonde data, zonal
variability of the tropical tropopause is generally only
a few hundred meters, equivalent to (at most) ~5-10
hPa change in tropopause pressure. According to Gage
and Reid [1987], seasonal variability of the tropopause
height in the tropical Pacific (the region where CCD
SCO data are derived) is generally around 1 km (~10
hPa tropopause change) with interannual variability
smaller at around a few hundred meters. Table 2 shows
seasonally averaged tropopause pressures, tropopause
heights, TCO, and total number of profiles from trop-
ical stations Ascension Island, Natal, Brazzaville, and
Samoa. For clarity, mean standard deviations are not
included in Table 2. (Standard deviations can be shown
to vary for all these tropical stations by ~4-8 hPa
for seasonal tropopause pressures, a few hundred me-
ters for tropopause heights, and ~2-4 DU for TCO).
Ozonesonde profiles at Ascension Island and Brazzav-
ille are from 1990-1992, while data from Samoa en-
compass 1984-1989 and 1995-1996 time periods. The
longest and most continuous sonde record is at Natal
and spans 1979-1992. Results from Table 2 indicate
nearly uniform tropopause pressures (~100 hPa) and
tropopause heights (~17 km) year round in the trop-
ics. As shown by Ziemke and Chandra [1998] and as
inferred from Table 2, fluctuations (up to 10 hPa, or 1
km) of the tropopause in the Pacific at Samoa produce
at most around 2 DU change in TCO. We also note
that TCO amounts given in Table 2 corroborate the
existence of the persistent tropical zonal wave 1 distri-
bution [e.g., Fishman and Larsen, 1987; Ziemke et al.,
1996; Hudson and Thompson, 1998] with high values in
the Atlantic and low values in the Pacific.

3. Three Tropical Regions With
Distinctly Different Characteristics

The variability of TCO in the tropics can be general-
ized by simply examining TCO time series from three
different regions that exhibit distinctly different behav-
ior. Figure 3 shows TCO monthly mean time series
(dark curves) evaluated along the equator in the east-
ern Pacific (left), Atlantic (middle), and western Pacific
(right) for January 1979-December 1992. Also shown
are regression model fits (light curves, discussed below)
incorporated to help quantify the different mechanisms
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Table 2. Seasonally Averaged Tropopause Pressure P, Tropopause Height H, Tropospheric Column Ozone Os,
and Number of Profiles N Derived From Available 1978-1996 Tropical Ozonesonde Measurements

Dec.-Feb. March-May June-Aug. Sept.-Nov.
Station
P, H O N P, H, O, N P, H, O, N P, H, O, N
hPa km DU hPa km DU hPa km DU hPa km DU

Ascension (8°S, 15°W)
Natal (5°S, 35°W)
Brazzaville (4°S, 15°E)
Samoa (14°S, 170°W)

91,174, 41, (17)
94, 16.9, 36, (46)
104, 16.5, 41, (14)
92,17.2, 24, (30)

95,17.0, 31, (16)
95, 16.9, 27, (48)
104, 16.4, 34, (11)
94,172, 21, (31)

106, 16.4, 45, (7)

104, 16.4, 37, (54)
93,17.1,41, (22)
98, 16.8, 25, (45)

95, 17.1, 46, (26)
102, 16.5, 43, (85)
102, 16.6, 43, (34)
100, 16.8, 27, (51)

Total number of profiles averaged per season are shown in parentheses.

likely responsible for monthly to decadal variations. For
plotting, all time series in Figure 3 were smoothed with
a 3-month running average. The time series in this anal-
ysis included only data from Nimbus 7 TOMS. Data
from EP TOMS, which became available in late July
1996, indicate a persistent and uniform offset of around
+5 DU relative to Nimbus 7 in derived TCO in the
tropics. Because of this potential bias, TCO from EP
TOMS cannot be easily combined with data from Nim-
bus 7 TOMS in regression analyses. In this study, 5
DU was subtracted from the EP TOMS TCO database.
This subtraction of a constant number does not alter
the relative variabilities present in the data. We note
that the study by Lambert et al. [1999] compared EP
TOMS total column ozone overpass data with Systeme
d’ Analyse par Observations Zenithales (SAOZ) total
ozone measurements in the tropics, indicating a pos-
sible positive offset (based on SAOZ data at Kiribati
(1°N, 173°E)) of a few percent in EP TOMS total col-
umn ozone. Interestingly, that study also indicated a
positive offset in all southern latitudes (based on five
SAQOZ and two Dobson stations) that was largest for
low-reflectivity scenes.

The cause of this potential offset in EP TOMS TCO
data is not currently understood but is being investi-
gated. It is not caused by instrument calibration be-
cause the CCD method (unlike all other TCO schemes)
subtracts two measurements from the same instrument
to derive TCO (i.e., TOMS total column Oz minus
TOMS SCO). From our preliminary investigation, the
explanation appears to be a subtle secondary effect
involving the TOMS algorithm/instrument and low-
reflectivity scenes.

‘The linear regression model used in this study, similar
to those described by Stolarski et al. [1991], Randel and
Cobb [1994], and Ziemke et al. [1997], is as follows:

TCO(t) = a(t)+B(t) t+v(t) QBO(t)+4(t) solar(t)
+e(t) ENSO(t) + R(t). (1)

In (1), t represents the month index (t=1,2,...,168, cor-
responding to January 1979 through December 1992),
and @, 3,7, d, and € are time-dependent regression coef-
ficients given (at most) by a constant plus 12-month,
6-month, and 4-month cosine and sine harmonic se-
ries. The seasonal-cycle coefficient a was modeled by
the seven-term expansion ¢y + Z?:l [¢; cos (2mjt/12) +
s;sin (2mjt/12)], where ¢; and s; are constants. Each
of the other coefficients in (1) were all modeled us-
ing a smaller five-term harmonic expansion given by
co + 35_, [cj cos (2mjt/12) + s sin (27jt/12)]. The er-
ror in (1) is the residual series R(t), and the decadal
linear trend is given by the coefficient 5. Solar(t) in
(1) represents the solar proxy (10.7-cm solar flux se-
ries), and ENSO(¢) is given by the Tahiti minus Darwin
sea level pressure time series. QBO(t) in (1) represents
the quasi-biennial oscillation (QBO) proxy derived from
Singapore (1°N, 140°E) zonal winds using the empiri-
cal orthogonal function (EOF) approach of Randel et al.
[1995] (described previously by Wallace et al. [1993]).
For TCO a 3-month lag was applied to QBO(¢); this
time lag was found to provide maximum anticorrelation
between TCO and SCO in the tropics, a scenario indi-
cating a possible UV modulation effect on tropospheric
O3 photochemistry caused by QBO-induced changes in
SCO. This 3-month lag is comparable to e-folding de-
cay timescales for O3z in the upper troposphere [e.g.,
Jacob et al., 1996]. Error analysis for the regression co-
efficients involved a multivariate method with an addi-
tional modulation of coefficient errors using the seasonal
cycles present in residual time series. This multivariate
approach showed nearly identical monthly coefficient
critical values and critical regions when tested against
the more extensive Monte Carlo results of Ziemke et al.
[1997] that included additional errors (~2-5%) for all
proxy terms in (1).

Because the focus of our study is the characterization
of seasonal and interannual changes in tropical TCO, we
do not discuss in detail the solar cycle and linear trend
terms in (1). We instead refer the reader to the previous
study by Chandra et al. [1999] regarding decadal vari-
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abilities in tropical TCO which showed a statistically
significant solar cycle (anticorrelated with F10.7) and
essentially zero trends in the tropics. Chandra et al.
[1999] indicated that the solar signal in TCO (~2-3 DU
peak-to-peak) could not be explained from photochem-
istry alone and is possibly related to subtle changes in
transport over a solar cycle.

Figure 3 indicates consistently high values in the At-
lantic compared to the Pacific, where even minimum
values of TCO in the Atlantic region are generally
greater than the largest values in the Pacific. This iden-
tifies what several previous studies have referred to as a
primarily zonal wavenumber 1 pattern in tropical TCO
first identified by Fishman and Larsen [1987].

Table 3 shows the variances explained by each of the
regression terms in (1) for the three time series plotted
in Figure 3. These results indicate that the dominant
variability (~40-50%) in the Pacific is interannual and
appears to be related to El Nifo and La Nifia events,
whereas in the Atlantic the leading source is the an-
nual cycle that explains ~50% of total variance. In the
Atlantic there is also evidence of an interannual vari-
ability (~9%) associated with the QBO. In the follow-
ing sections we will attempt to quantify these detected
variabilities in TCO beginning with the annual cycle.

4. Annual Cycles

Figure 4 shows 1979-1992 mean annual cycles («af(t)
in (1)) for six northern hemisphere (NH) and southern
hemisphere (SH) gridpoints coinciding with the same
three longitudes in Figure 3. As Ziemke et al. [1998]
showed, and as also seen in Figure 4, TCO in the SH
is largest around SH springtime. Seasonal variability
and TCO amount are both smallest in the SH western
Pacific. Figure 4 indicates that NH TCO maximizes
around NH springtime in both the eastern and west-
ern Pacific and in autumn in the central Atlantic. A
remarkable result from Figure 4 is a large difference be-
tween hemispheres in the seasonal variability of SCO.
SCO in the NH shows a large annual cycle change (~30
DU peak-to-peak), implying that seasonal variability in
total column ozone in the NH tropics is driven mostly
by changes in stratospheric O3z. In comparison, seasonal
variability in SH total column O3 appears largely driven
by tropospheric Os.

Ziemke et al. [1998] previously compared CCD and
ozonesonde TCO measurements at Samoa, Natal, Braz-
zaville, and Ascension Island in the SH tropics. Unfor-
tunately, extensive comparisons are not possible in the
NH tropics because of lack of sufficient ozonesonde data.
Although located at a more northerly latitude, Hilo
(20°N, 155°W) is one station that has enough sonde
data to derive a seasonal climatology for TCO. Despite
a reduced number of high-reflectivity cloud scenes at
20°N compared to the lower latitudes, the CCD method
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Table 3. Variance Explained by Individual Terms in (1)
Location Q(t) a(t) Bt ~ QBO(t) d solar(t) e ENSO(t) R(¢)
Equator, 112.5°E  7.53(100)  1.92(25.5)  0.31(410)  0.16(2.06)  0.15(2.00)  3.04(40.4)  2.48(32.9)
Equator, 0°E 9.41(100)  4.10(46.8)  0.20(2.08)  0.82(8.75)  0.56(5.99)  0.68(7.23)  3.43(36.4)
Equator, 147.5°W  6.33(100)  0.32(4.98)  0.22(3.40)  0.27(4.21)  0.78(12.3)  3.05(48.2)  2.25(35.6)

Values in parentheses are in units of percent of total variance. All other values are in DU%

still yields enough data to provide a seasonal climatol-
ogy of TCO for comparison. These two climatologies
are plotted together in Figure 5. Both time series show
a similar seasonal cycle with largest values in spring.
The model results of Wang et al. [1998b] indicated that
this springtime maxima observed at nearby Mauna Loa
Observatory could be explained mostly from the trans-
port of pollution from Asia.

Figure 6 shows horizontal cross sections of annual
means and annual amplitudes in TCO derived from
a(t) in (1). In Figure 6 (top), the largest TCO values
greater than 36 DU occur in the south Atlantic, with
the smallest values (less than 22 DU) in the Pacific near
the dateline. Mean amplitudes of the annual component
(Figure 6, bottom) indicate values up to 7 DU over east-
ern Brazil and 5-6 DU over southern Africa. The 5-7
DU annual amplitudes (i.e., 10-15 DU peak-to-peak sea-
sonal changes) in Figure 6 (bottom) over these regions
provide a mean upper bound to seasonal variability in
TCO.

Some of the features in the seasonal cycles observed in
this study are well simulated in the 3-D photochemical
transport model results of Hauglustaine et al. [1998]
and Wang et al. [1998b]. We note that these mod-
els included many sources of O3 production such as
biomass burning, burning of fossil fuels, lightning, and
soil emissions. In the next section we examine interan-
nual variabilities of TCO in the tropical Atlantic and
Pacific regions and establish plausible explanations for
those changes.

5. Interannual Variability

A new and important result from this study is the
characterization of interannual variabilities in tropi-
cal TCO. The comparison of interannual variabilities
present in TCO and other geophysical parameters of-
fers insight that cannot be gained by examining only
seasonal cycles.

Interannual variabilities in TCO associated with both
QBO and ENSO are shown in Figure 7. Given are an-
nual averages of v and ¢ from (1) with shading indi-
cating regions where these coefficients are not different
from zero at the 2o level. Figure 7 (top) plots the QBO
coefficients which appear statistically significant in the
Atlantic region. The signature for ENSO (Figure 7,
bottom) shows a dipole pattern centered just west of

" the dateline. We note that this Pacific dipole pattern

and inflection region for ENSO near 165°-170°E is also
present in similar 1979-1992 regression analyses of both
NOAA OLR and Goddard GEOS-1 surface temperature
data (figures not shown).

Amplitudes (in DU) in TCO attributed to QBO and
ENSO can be estimated by multiplying the mean co-
efficient values in Figure 7 with QBO(¢) and ENSO(t)
used in (1). Given £35 m s~! extremes present in the
EOF QBO wind time series QBO(t), coefficient values
of -0.3 to -0.4 seen in Figure 7 (top) in the Atlantic
region translate to ~2-3 DU peak-to-peak changes in
TCO. (For comparison, we note that the QBO variabil-
ity in SCO was shown by Ziemke et al. - [1998] to be
~15-20 DU peak-to-peak.) For ENSO, TCO changes
during an El Nifo or La Nifia event are comparable
but slightly larger in amount than QBO. Given 2 hPa
extremes present in time series ENSO(t) during either
an El Nifio or La Nina event, coefficient amplitudes of
around 1.5 to 2.0 seen in Figure 7 (bottom) in the west-
ern and eastern Pacific region translate to ~3-4 DU
anomalies in TCO.

Figure 7 indicates that while interannual variability
in the Pacific is dominated by ENSO, variability in the
Atlantic region appears to be associated instead with
the QBO. The negative sign of v(t) suggests that the
QBO in TCO is out of phase with the QBO in SCO
with a 3-month phase lag. This is readily seen in Fig-
ure 8, which compares the interannual changes in SCO
and TCO at 2.5°S centered around 0° longitude (re-
gion of largest QBO signal in TCO seen in Figure 7).
The time series in Figure 8 were deseasonalized and
extended through August 1998 to include more recent
EP TOMS data. For EP TOMS TCO, 5 DU column
amount was subtracted to account for the possible bias
(discussed in section 3). In addition, the TCO time
series was lagged by 3 months for maximum anticorre-
lation with SCO (also discussed in section 3).

Figure 8 suggests an out of phase relationship be-
tween SCO and TCO on a QBO timescale over most
of 1979-1998 except for a short duration from 1989 to
1991. The out of phase relation suggests that inter-
annual changes in tropospheric O3z in the tropical At-
lantic region may be controlled by photochemical pro-
cesses which are influenced by the UV flux entering
the troposphere. The latter is inversely proportional to
stratospheric O3 which is modulated by the QBO. The
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Figure 5. Mean seasonal cycles (in Dobson units) in
TCO at Hilo (20°N, 155°W) for ozonesonde (dotted)
and CCD (solid) measurements. Sonde and CCD TCO
climatologies were derived using all available data be-
tween 1982 and 1992. The sonde data included 375
ozone and temperature profiles. Vertical bars represent
+10 temporal standard deviations.

O N D

3-month phase shift is characteristic of a photochemi-
cal time constant for O3 in the upper troposphere. A
UV modulation of upper tropospheric photochemistry
in the Atlantic seems to be consistent with a polluted
environment compared to the Pacific region. However,
even with the higher values of NOy observed in this
region, the UV modulation effect on tropospheric O3
is generally weak and difficult to explain quantitatively
[Chandra et al., 1999).

Tropospheric O3 Annual Average (DU)

21,433

Another source of interannual variability in TCO in
the tropical Atlantic region may be the ozone precursors
(CO, NOy, hydrocarbons) produced by biomass burn-
ing. Our study suggests that this is probably a weak
source as indicated in Figure 9, which compares TCO
and ASI time series in the tropical Atlantic region. The
source for the ASI variability is primarily smoke parti-
cles lying above the boundary layer (~1-2 km altitude)
generated by biomass burning. As shown by Herman
et al. [1997] from Nimbus 7 TOMS ASI data, most
aerosols detected by TOMS south of the equator in the
Atlantic will be smoke particles rather than dust. In
the SH, intense biomass burning over Africa and South
America begins around June-July and extends through
perhaps October. Dust in northern Africa from the Sa-
hara and Sahel desert regions (spanning latitudes 10°N
to 28°N) remains primarily north of the equator for any
given month, drifting westward across the Atlantic to-
ward Central and North America. Figure 9 suggests a
generally good positive correlative relationship between
ASI and TCO for the years 1985 through 1990. How-
ever, the behavior between TCO and ASI for the en-
tire period of observation (1979-1998) is not well corre-
lated. A similar conclusion can be shown between TCO
and OLR data (figure not shown), indicating that local
changes in convection also have a relatively weak im-
pact in interannual changes in TCO. It is possible that
the QBO signal observed in TCO in the Atlantic may
have a dynamical origin unrelated to ENSO or these
other factors.

In contrast to the Atlantic, both the eastern and west-
ern Pacific regions are strongly influenced by tropical
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Figure 6. Latitude versus longitude annual means (top) and annual amplitudes (bottom) of
1979-1992 CCD TCO derived from «(t) in (1). Column amounts are in Dobson units.
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Figure 7. Latitude versus longitude tropospheric column O3 QBO coefficients (top, in Dobson
units per 10 m s~!) and ENSO coefficients (bottom, in Dobson units per unit of ENSO(t)) for
the same regression model as in Figure 6. Shading indicates regions where coefficients are not

different from zero at the 20 level.

convection as seen earlier in Figure 7 (lower panel) and
as further illustrated in Figure 10. Figure 10 shows de-
seasonalized time series of TCO along the equator in
the western Pacific (top) and eastern Pacific (bottom).
TCO derived from EP TOMS measurements again in-
cludes a subtraction of 5 DU with respect to Nimbus
7. There is evidence of an interannual signal in the
eastern and western Pacific associated with the 1982-
1983, 1987, 1991-1992, and 1997-1998 El Nifio events.
Recovery of the 1997-1998 El Nifio in TCO and OLR
is seen near the end of the record shown, around the
months of May and June 1998. Months following June

1998 indicate a chift toward a La Nifia condition with a
larger than average amount of convection in the western
Pacific region.

The observed positive anomalies in TCO in the west-
ern Pacific during El Nifio in Figure 10 are consistent
with suppressed convection and less reduction of TCO
from vertically transported low boundary layer O3 and
O3-destroying agents (including H5O), while negative
anomalies in the eastern Pacific are consistent with en-
hanced convection and opposite effects as discussed by
Chandra et al. [1998]. As indicated by Hauglustaine
et al. [1998], low Oz over the Pacific coincides with
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Figure 8. Time series of CCD monthly mean tropospheric column O3 (solid) plotted versus
stratospheric column O3 (dotted) at 2.5°S averaged between 5° W and 5° E. Stratospheric column
O3 was multiplied by the factor 0.5. The tropospheric column O3 time series was shifted 3 months
backward in time for maximum anticorrelation with stratospheric column O3 (discussed in section
3). A 3-month running average was applied to both time series for plotting.
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Figure 9. Time series of CCD monthly mean tropospheric column Oj (solid) plotted with TOMS
aerosol-smoke index data (dashed). Aerosol index time series have been rescaled (indicated) for
plotting. Both time series include a 3-month running average for plotting.

the rising branch of the Walker circulation and is effi-
ciently transported upward from the marine boundary
layer to the upper troposphere. (This is consistent with
low O3 observed in the upper troposphere by Kley et
al. [1996]).

Plate 1 compares tropical TCO between October
1996 (top) and October 1997 (bottom). The October
1996 plot indicates a normal non-El Nifio condition with
largest TCO in the Atlantic and lowest TCO in the
western Pacific. In October 1997 this pattern changed

dramatically during El Nifo, with smallest TCO in the
eastern Pacific and largest TCO in the western Pa-
cific over Indonesia. The sizeable ~40-45 DU values
of TCO observed over Indonesia in October 1997 are
similar to typical amounts present in the tropical At-
lantic, which is an oceanic region with biomass burning
effects and suppressed convection (including consider-
able subsidence of air mass) year round.

One can attempt a comparison of the relative im-
pact of convection effects versus biomass burning in
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Figure 10. (top) Time series of CCD monthly mean tropospheric column Os (solid) plotted
versus concurrent NOAA OLR (dotted) along the equator in the western Pacific at longitude
117.5°E. (bottom) Time series of CCD monthly mean tropospheric column Oz (solid) plotted
versus concurrent NOAA OLR (dotted) along the equator in the eastern Pacific at longitude
147.5°W. All time series include a 3-month running average for plotting.
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Figure 11. (top) Time series of CCD monthly mean tropospheric column Oz (solid) plotted
versus concurrent NOAA OLR (dotted) averaged over 10°S-10°N and 90°E-150°E. (bottom) The
same time series of CCD monthly mean tropospheric column O3 (solid) plotted versus concurrent
TOMS aerosol-smoke index data (dotted). Both OLR and aerosol index time series have been
rescaled (indicated) in each case. All time series include a 3-month running average for plotting.

the western Pacific region by examining coincident mea-
surements of both NOAA OLR and TOMS ASI. Figure

. 11 compares time series of deseasonalized TCO, OLR,
and ASI averaged over the western Pacific from Jan-
uary 1979 through August 1998. Again, 5 DU was sub-
tracted from original TCO data from EP TOMS rel-
ative to Nimbus 7. Although TCO and OLR (Figure
11, top) are coherent over this long time record, the
same can be said for TCO and ASI (Figure 11, bot-
tom) particularly during the 1982-1983, 1991-1992, and
1997-1998 El Nino events. It is not possible to distin-
guish from Figure 11 whether dynamical transport and
induced changes in O3 photochemistry dominate gener-
ation of TCO over that of biomass burning during El
Nifo events because OLR and ASI anomalies are by na-
ture generally positively correlated in this region. Dur-
ing El Nifo, OLR in the western Pacific is large because
of suppressed convection, and the ensuing dryness re-
sults in increased amounts of uncontrolled wildfires and
high ASI.

The intense biomass burning over the western Pa-
cific during El Nifo events likely generates a consider-
able amount of Oz precursors but may be limited to
the lower troposphere because of suppressed convection

present over this broad region. Independent of biomass
burning, a change in convection in the tropical west-
ern Pacific can alter in situ Oz photochemistry in the
troposphere. Conceivably, suppressed convection dur-
ing El Nifo in the western Pacific oceanic region results
in an increase in TCO because of reduced transport of
both low-value boundary layer O3 and Os-destroying
agents (including H,0), and the downward motion of
Os-producing air mass in the middle and upper tro-
posphere [Chandra et al., 1998]. It would be a useful
effort (beyond the scope of this study) to try to repro-
duce these interannual variabilities detected in tropical
TCO using 3-D photochemical transport models.

6. A Simplified Method for Deriving
Tropical Tropospheric Column Ozone

An important result from this study was identifying
the western Pacific near the dateline as a region with
small seasonal variability (see Figure 6) and little or no
ENSO or QBO interannual signals in TCO (see Figure
7). Because of small variability of TCO in this region, a
simplified method is proposed to estimate the tropical
TCO distribution from only total column ozone gridded
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measurements. This technique is discussed in detail in
the appendix. We call this the simplified tropospheric
ozone residual (STOR) method, to distinguish it from
the CCD method. The direct CCD method in compar-
ison requires high-resolution footprint measurements of
reflectivity and total ozone, and also the presence of
tropopause-level clouds.
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‘Figure 12 compares 1979-1998 TCO time series be-
tween the CCD and simplified method at 10°S in the
eastern Pacific, Atlantic, and western Pacific regions.
Also included in these time series are NOAA 11 so-
lar backscatter ultraviolet/2 (SBUV2) total column Oj
measurements for May 1993 through November 1994 to
help bridge the gap of missing data between the Nim-
bus 7 and EP TOMS time periods. Absolute value dif-
ferences are plotted along the bottom of each frame.
Despite simplicity of the STOR technique, Figure 12
shows good agreement with CCD measurements (mean
absolute differences ~2-4 DU).

The STOR method is primarily useful for studying
interannual and shorter timescales and can produce
higher horizontal resolution than the 5° x 5° gridding
used in this investigation. This method can be easily
applied to SBUV and BUV total column ozone mea-
surements to help fill the gap between Nimbus 7 and
EP TOMS time periods and to provide a merged (304
years) TCO database extending backward in time to
April 1970 (the beginning of the 1970-1977 BUV total
ozone data set).

7. Summary

The variability of Oz in the tropical troposphere can
be generalized by simply examining time series from
three different regions: the western Pacific, the cen-
tral Atlantic, and the eastern Pacific. Away from
the Atlantic region, seasonal variability in NH tropical
TCO derived from the CCD method indicates maxi-
mum amounts around NH spring months; in contrast,
the greatest amounts in SH TCO occur-around SH
spring months. Throughout the central Atlantic there
was shown to be a dominant annual cycle with maxi-
mum TCO around SH spring. An interesting result was
that seasonal variability in NH total column Og appears
dominated by seasonal changes in stratospheric Ogs, in
contrast to the SH in which seasonal cycles are driven

Figure 12. Tropospheric column O3 time series at 10°S
from the CCD method (heavy) and simplified method
(light; see appendix): (left) 10°S, 145°W-150°W in the
eastern Pacific, (middle) 10° S, 5°W-5°E in the cen-
tral Atlantic, (right) 10°S, 110°E-115°E in the western
Pacific. These time series along 10°S were generated
by averaging data at 12.5°S and 7.5°S. The simplified
method includes total ozone data from NOAA SBUV2
for May 1993-December 1994 to help fill in data between
the demise of Nimbus 7 TOMS and the beginning of
Earth Probe TOMS. Plotted along the bottom of each
frame are absolute value differences between CCD and
the simplified method. The 1979-1998 mean RMS dif-
ference between CCD and the simplified method is 2.7
DU for these data at 10°S. Mean RMS differences for
data at orginal latitudes 12.5°S, 7.5°S, 2.5°S, 2.5°N,
7.5°N, and 12.5°N are 3.8, 3.6, 3.3, 2.9, 3.6, and 3.6
DU, respectively.
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Figure 13. Nimbus 7 TOMS 1979-1992 CCD seasonal fit a(t) (in Dobson units) along longitude
167.5°E (see section 2). Contour interval is 1 Dobson unit.

largely by tropospheric Os. These regional differences
in TCO seasonal-cycles were validated from ozonesonde
data in this study and from results of previous investi-
gations.

A new result from this study was a characterization of
interannual variabilities in tropical TCO. By comparing
interannual variabilities in TCO and other geophysical
parameters (e.g., OLR, ASI), we have gained a better
insight of this relationship than by examining only sea-
sonal cycles. Previous studies have established a strong
link between biomass burning and tropospheric O3 in
the tropical Atlantic based on the seasonal characteris-
tics of TCO. Our study finds that interannual variability
of TCO in the Atlantic exhibits a QBO-varying signal
that is out of phase with the QBO present in SCO. The
QBO in TCO in this region represent changes (peak-
to-peak) of around 2-3 DU compared to around 15-20
DU in SCO. This QBO behavior in TCO seems to be
consistent with UV modulation of upper tropospheric

photochemistry on a QBO timescale caused by the QBO
in stratospheric ozone. However, photochemical models
tend to underpredict these changes in TCO. The inter-
annual variability seen in TCO in the Atlantic appears
to have influence from biomass burning, but this may
have a lesser impact. It is also possible that dynamics
is a critical factor in producing the detected QBO in
TCO. '

Examination of TCO time series in the Pacific indi-
cates that during El Nifio events there exists low values
of TCO in the eastern Pacific and high values in the
western Pacific. These anomalies represent around 3-4
DU interannual changes in TCO. This behavior is con-
sistent with enhanced and suppressed convection effects
in the eastern and western Pacific region, respectively,
as discussed by Chandra et al. [1999]. Interannual
variabilities in these regions appear to be associated
with convectively driven upward transport of low-value
boundary layer Os (reducing TCO) and Os-destroying

Table 4. CCD 1979-1992 Seasonal Fit Tropospheric Column O3 at 167.5°E

Latitude  Jan. Feb. March  April May June July Aug. Sept. Oct. Nov. Dec.
17.5° 16.7 174 22.7 28.4 30.0 27.3 23.8 23.5 26.1 28.0 26.1 20.9
12.5° 19.9 21.7 26.9 31.2 30.9 26.2 21.2 20.0 22.6 25.6 25.3 22.2
7.5° 21.6 23.0 25.7 27.3 25.9 22.3 19.2 18.7 20.6 22.8 23.2 22.2
2.5° 21.7 22,6 23.1 22.4 20.8 190 - 181 18.1 18.9 19.7 20.2 20.8
-2.5° 22.1 21.7 21.0 20.3 19.9 19.7 19.8 20.0 20.3 20.9 21.5 22.0
-7.5° 23.8 22.6 21.8 21.6 21.7 21.7 21.6 21.9 22.7 24.0 24.9 24.8

-12.5° 25.6 23.2 22.3 23.0 23.9 241 23.7 24.0 25.7 27.9 29.1 28.1
-17.5° 27.5 25.1 24.9 25.5 24.6 21.8 19.5 20.4 24.8 29.9 324 31.0

Values are in Dobson units.
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Table 5. CCD 1979-1992 Seasonal Fit Tropospheric Column O3 20 at 167.5°E

Latitude Jan. Feb. March  April May June July Aug Sept. Oct Nov Dec
17.5° 34 4.4 4.6 5.4 34 2.5 1.8 1.2 1.3 1.6 2.3 3.7
12.5° 2.6 3.1 2.9 2.5 2.0 14 1.1 1.0 1.3 1.6 1.7 2.0
7.5° 1.2 2.2 14 1.6 1.6 1.1 0.9 0.9 1.1 1.5 1.1 1.6
2.5° 0.8 1.3 1.4 1.5 1.3 0.7 0.7 1.3 1.6 1.1 1.2 0.9
-2.5° 1.1 1.7 1.3 1.4 09 0.8 0.9 1.5 1.7 0.9 1.6 1.0
-7.5° 1.2 1.5 1.7 1.0 1.4 1.0 1.2 1.4 14 1.8 1.9 1.2

-12.5° 0.8 1.0 1.4 1.1 1.1 1.5 1.3 2.4 1.7 2.5 2.1 1.8
-17.5° 1.3 1.4 1.7 1.2 2.0 2.2 2.2 4.2 3.0 2.7 2.1 2.0

Values are in Dobson units.

precursors. Low boundary layer O3 over the Pacific oc-
curs in the rising branch of the Walker circulation and is
transported upward to the upper troposphere. The ob-
served increase of 10-20 DU in TCO in the western Pa-
cific during the recent 1997-1998 El Nifio appears to be
a manifestation of reduced convection (which changes
the photochemistry of O3 in the troposphere) and ozone
generated from biomass burning.

Lastly, a simplified technique (denoted STOR) is in-
troduced in this study for deriving maps of TCO in
the tropics. This promising approach requires only to-
tal column Ogj gridded measurements and utilizes the
small variability in TCO near the dateline. Monthly
mean TCO computed from this technique was shown
to differ on average (over 1979-1998) by only 2-4 DU
from direct CCD-derived TCO. This simplified tech-
nique compliments the CCD method in the absence of
high-reflecting clouds and is useful for studying interan-
nual and shorter timescales and also smaller horizontal
scales than the 5° x 5° gridding used in this study. In
addition, the STOR approach can be applied to SBUV
and BUV total column O3 measurements to help fill
the temporal gap between Nimbus 7 and EP TOMS
and also to extend the analysis of TCO backward in
time to include the 1970-1977 BUV time period.

Appendix: Simplified Tropospheric
Ozone Residual Method

The simplified tropospheric ozone residual (STOR)
method makes use of weak interannual variability in
TCO at a chosen reference longitude near the dateline.
This reference longitude is chosen to be 167.5°E, which
lies near the center of the observed inflection region in
ENSO variability (see Figure 7, bottom). We note that
the QBO-related variability in this region (Figure 7,
top) is also small (~1 DU). With these assumptions,
TCO in (1) can be represented by only the seasonal
component a(t) provided that the solar cycle and lin-
ear trend terms can also be neglected. As shown by
Chandra et al. [1999], linear trends in TCO are not sta-
tistically significant anywhere in the low-latitude trop-
ics, with small changes of at most ~1 DU per decade.

In addition, changes in TCO related to the solar cycle
were shown to be about 2-3 DU and may also be ne-
glected for studying interannual and shorter timescales.
In the STOR method, SCO is first derived at the refer-
ence longitude Ao by subtracting a(t) in (1) from total
column ozone :

SCO(A07¢7 t) = Q()‘Oa ¢at) - a()‘07 ¢7 t) (Al)

In (A1), X is the longitude (Ao is reference longitude),
¢ is latitude, and ¢ represents the month.

We next assume to first approximation (as with the
CCD method) that SCO is zonally invariant and hence
the same at all longitudes A. Tropospheric column O3
(T'CO) at each grid point is then derived by subtracting
zonally invariant SCO in (A1) from coinciding gridded
measurements of Q(A, ¢, t):

TCOA, ¢,t) = QN ¢,t) — Q(Xo, &, ) + a(Xo, 9, 1).
(42)

Figure 13 shows values of a(t) at reference longitude
167.5°E, with meridional coverage extended to £17.5°.
Tables 4 and 5 list the values plotted in Figure 13 and
their 20 uncertainties. Hence, given only total ozone
gridded measurements in the tropics, TCO can be esti-
mated by simply combining (A2) with the values shown
in Table 4 for a(t). Values in Table 4 may be interpo-
lated to generate ozone maps for time averages shorter
than 1 month used in this study.

In conclusion, we mention that differences between
TCO derived from the CCD and STOR approaches are
independent of longitude. This follows because strato-
spheric column amounts for both methods are assumed
to be zonally invariant. The absolute-value differences
plotted in Figure 12 for 10°S must therefore be equiva-
lent for all three time series shown.
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