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Abstract. Using coincident observations of total ozone from 2000; Fishman and Balok, 1999; Thompson et al., 2003).
the Total Ozone Mapping Spectrometer (TOMS) and strato-The primary challenge in each of these studies is the sepa-
spheric ozone profiles from the Solar Backscattered Ultratation of the relatively small tropospheric component, gener-
violet (SBUV) instruments, detailed maps of tropospherically 5 to 15%, from the total column and then validating the
ozone have been derived on a daily basis over a time periodesultant product against existing data sets, usually derived
spanning more than two decades. The resultant climatologfrom ozonesonde measurements. For the most part, only a
ical seasonal depictions of the tropospheric ozone residuatmall fraction of TOMS total ozone measurements are used
(TOR) show much more detail than an earlier analysis thatand the derived measurements have generally shown good
had used coincident TOMS and Stratospheric Aerosol andigreement with available validation data sets.

Gas Experiment (SAGE) ozone profiles, although there are In the current study, we have taken a different approach
many similarities between the TOMS/SAGE TOR and the using as many TOMS measurements as possible to derive a
TOMS/SBUV TOR climatologies. In particular, both TOR tropospheric product. In simplest terms, we construct a daily
seasonal depictions show large enhancements in the soutigtobal distribution of the stratospheric component of the total
ern tropics and subtropics in austral spring and at northerrozone field which should contain only large-scale structure.
temperate latitudes during the summer. The much greateNext, we use gridded TOMS data at a resolution ofét-
detail in this new data set clearly defines the regional aspedtude by 1.25 longitude to examine a tropospheric product
of tropospheric ozone pollution in northeastern India, easterrwith equivalent resolution. The stratospheric column ozone
United States, eastern China, and west and southern AfricdSCO) is derived from measurements from Solar Backscat-
Being able to define monthly climatologies for each year oftered Ultraviolet (SBUV) instruments because they provide
the data record provides enough temporal resolution to illusthe best spatial resolution with enough frequency that rela-
trate significant interannual variability in some of these re-tively good global coverage can be obtained. In the trop-
gions. ics, the subtropics most of the time, and at middle latitudes
during the summer and autumn seasons, the distribution of
ozone in the stratosphere is invariant enough that observa-
tions over five days are generally representative of an average
distribution over that 5-day period. Using this methodology,
Over the past several years, a number of studies have use#e have produced daily tropospheric ozone residual (TOR)
information from the Total Ozone Mapping Spectrometer Maps between 500 and 50S from 1979 to 2000. A gap
(TOMS) instrument to glean insight into the distribution of ©Xists in this dataset as no TOMS satellite operated between
tropospheric 0zone and the processes that influence its budday 1993 and July 1996 and the aerosol index needed for
get (e.g., Fishman et al., 1990; Kim and Newchurch, 1996:0n€ of the corrections we apply is not available between Au-
1998; Hudson and Thompson, 1998; Ziemke et al., 199g9ust 1996 and July 1997.

1 Introduction
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In an earlier study, Fishman et al. (1990) presented theake advantage of the availability of the aerosol index infor-
first climatology of tropospheric ozone derived from the TOR mation that is part of the correction we apply to the mea-
technique using the difference between TOMS total ozonesurements (Torres and Bhartia, 1999). In early 2001, it was
and the SCO by subtracting the SCO determined from SAGHliscovered that the TOMS aboard the Earth Probe satellite
(Stratospheric Aerosol and Gas Experiment) and SAGE llwas experiencing instrument problems and the quality of the
measurements. The relatively infrequent SAGE profiles (nortotal ozone measurements had degraded.
mally ~30 per day) allowed only for the calculation of cli- Known data anomalies in the total ozone measurements
matological seasonal (Fishman et al., 1990) or bimonthlyinclude a significant cross track bias and, unrelated to the in-
(Fishman et al., 1991) distributions. From these studies, enstrument problems, the presence of tropospheric aerosols. A
hanced TOR values were found during the Northern Hemi-Fast Fourier Transform (FFT) routine is applied to the daily
sphere (NH) summers and over the tropical South Atlanticgridded TOMS fields to reduce the cross track bias that ap-
Ocean during austral spring. Although there are many simpears in the data fields as a wave number 14 due to orbital
ilarities between the climatological TOMS/SAGE TOR and equator crossings. The presence of tropospheric aerosols is
the TOMS/SBUV TOR, there are likewise some important determined by the aerosol index data fields and is corrected in
differences that come to the fore because the data set avaithe total ozone measurements using the method described by
able using the current methodology is much richer. SomeTorres and Bhartia (1999). Summaries of the TOMS instru-
of the more interesting regions include northeastern Indiamental and operational characteristics and ozone data prod-
eastern United States, eastern China, and west and southemots can be found in Heath et al. (1975) and McPeters et al.
Africa. (1993; 1996).

As examples of the kinds of studies that can be performed
with this new data set, we show that the high spatial resolu2.2 SBUV Ozone Profiles and the Empirical Correction
tion of the data can provide new insights into the vertical dis-
tribution of ozone over relatively pristine regions where alti- Vertical ozone profiles, as well as total ozone measurements,
tude variations are easily quantified (Jiang and Yung, 1996have been derived from measurements made by the backscat-
Kim and Newchurch, 1998; Newchurch et al., 2001). We tered ultraviolet technique since 1970 when the BUV instru-
also demonstrate how the TOR relates to the observed distriment was launched on Nimbus-4 (Heath et al., 1975). A
bution of ozone at the surface during an air pollution episode modified version of that instrument, the SBUV, was launched
Lastly, we show how these data correlate to the populatiorin October 1978 on the Nimbus-7 spacecraft by NASA and
distribution over densely populated areas in India and Chinawas operational until June 1990 (see http:/nssdc.gsfc.nasa.

For the most part, TOMS total ozone data (http:/toms.gov/earth/Nimbus.html). Several subsequent launches of a
gsfc.nasa.gov/ozone/ozone.html) have primarily been usegecond generation SBUV instrument, the SBUV/2, have been
for global- or quasi-hemispheric-scale studies. The primarymade by the National Oceanic and Atmospheric Adminis-
purpose of this paper is to demonstrate the regional utility oftration (NOAA) on the NOAA-9, NOAA-11, and NOAA-14
a new global tropospheric ozone database (http:/asd-wwwgatellites launched in 1984, 1988, and 1994, respectively.
larc.nasa.gov/TOR/data.html) derived from the total ozone The SBUV and SBUV/2 instruments rely on BUV radi-
archive. The examples we present illustrate only a small fracance measurements at 12 wavelengths to derive total ozone
tion of studies that can be conducted in the forthcoming year&nd vertical ozone profiles. The nadir-looking SBUV instru-

by the scientific community as this data set is utilized. ments complete 14 orbits per day, with a revisit time of ap-
proximately 5 days. In this study we use data records from

the 1979 through 1990 SBUV archive and from the 1989

2 Data through 2000 SBUV/2 archive. The ozone profile data are
archived as 12 Umkher layer amounts in Dobson Units (DU)
2.1 TOMS Total Ozone Measurements as seen in Fishman and Balok (1999). The SBUV data were

processed by using the Version 6.0 algorithm; SBUV/2 data
TOMS total ozone measurements have been available frorwere processed with a Version 6.1 algorithm to implement
several satellites since November 1978 (see http://toms.gsf@ calibration correction specific to the NOAA-11 SBUV/2
nasa.gov). Nimbus-7 operated from November 1978 throughnstrument. A description of the Version 6 processing al-
April 1993; the Earth Probe satellite operated at a rela-gorithm can be found in Bhartia et al. (1996). SBUV and
tively low orbit of 540 km and provided higher spatial reso- SBUV/2 data sets are available from the NOAA National
lution from July 1996 through December 1997 and then wasEnvironmental Satellite, Data, and Information Service (see
boosted to a higher orbit of 740 km to obtain complete globalhttp://orbit-net.nesdis.noaa.gov/crad/sit/ozone). For conve-
coverage. For the current study, Nimbus-7 TOMS data (Ver-nience, references made in this study to the SBUV data set
sion 7) from 1979 through 1993 and Earth Probe data fromapply to the combined SBUV and SBUV/2 data sets.
1997 through 2000 have been analyzed. Only data from the The integrated amount of ozone in the stratosphere is de-
Nimbus-7 and Earth Probe have been used in this study téermined from SBUV profiles integrated from the tropopause
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Seasonal Depictions of Climatological Tropospheric Ozone Residual (TOR) 1979-2000

SBUV Tropospheric Ozone Residual (TOR) DJF 1979-2000 SBUV Tropospheric Ozone Residual (TOR) MAM 1979-2000

SBUV Tropospheric Ozone Residual (TOR) JJA 1979-2000 SBUV Tropospheric Ozone Residual (TOR) SON 1979-2000
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Fig. 1. Climatological depiction of tropospheric ozone residual obtained from the empirical correction technique using all available TOMS
and SBUV measurements between 1979 and 2000. The four panels correspond to NH winter (DJF: December-January-February), sprinc
(MAM: March-April-May), summer (JJA: June-July-August), and autumn (SON: September-October-November). Units on the color bar are
Dobson Units (DU).

to the top of the atmosphere. Before integration above thanonth. Thus, eachflatitude by 1.258 longitude pixel shown
tropopause, each SBUV profile is empirically corrected soin each seasonal climatology is an average-@600 points
that the amount of ozone below the tropopause is set equal t6~90 daysx ~18 years). For comparison, the seasonal cli-
the monthly climatological amount determined from the Lo- matologies described in Fishman et al. (1990) and Fishman
gan (1999) analysis. This quantity is then subtracted fromand Brackett (1997) were derived by binning the individual
the SBUV total ozone column to derive the stratosphericTOR values derived from TOMS/SAGE intd¢ atitude by
component (Fishman and Balok, 1999). That value (i.e.,10° longitude boxes over7 years of observations; the result
the integrated ozone amount above the tropopause derivedas~13 data points per each box and each box consisted of
from the SBUV measurement) is then used as input to dean area 40 times the resolution of the present study. From
rive a stratospheric ozone field using other such measuresuch a data density, more than half tieldtitude by 1.25
ments over a five-day period to determine the field for thelongitude boxes would contain no data.

central day. That quantity is then subtracted from the concur-

rent TOMS total ozone amount to calculate the TOR for this

study. Tropopause height information for the current study3 Results

uses gridded (2%latitude by 2.5 longitude) analyses pro-
vided by the National Centers for Environmental Prediction
(NCEP). These analyses are produced every six hours an
the value closest to the time of the SBUV observation is usqu
in the current study (Kalnay et al., 1996).

3.1 Climatological Distribution

considerable effort has been ongoing to ensure consistency
n the use of different satellite instruments to measure ozone
(WMO, 1998). As different versions of satellite data sets
For the discussion presented in the following sections,are released, retrieved total ozone amounts are modified to
we present monthly maps that have been derived from theake into account certain measurement artifacts that may not
TOR distribution calculated daily and then averaged over thehave been identified previously. Depending on what release
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SAGE Tropospheric Ozone Residual (TOR) JJA 1979-91
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Fig. 2. TOR JJA distribution using the SAGE/TOMS technique described in Fishman and Brackett [1997] (top panel) and TOR calculated
using the current technique. Both data sets use available measurements during the same period of time, 1979-1991.

of the satellite data set is used, comparisons with computetiminary Version 8 release of the TOMS archive (see discus-
TOR values have been found to vary by as much-&89U sion in Sect. 2.1; tentative public release date for Version 8 is
(Fishman and Brackett, 1997). Previous studies (e.g., Fish2003).

man et al., 1990; Hudson and Thompson, 1998; Ziemke et As part of the current study, we compared the strato-
al., 1998; 2000; Fishman and Balok, 1999; Thompson et al.spheric column 0zone amounts using SAGE with the empiri-
2003) show good agreement between satellite-derived ozoneally corrected SBUV profiles generated in this study. Using
amounts and integrated ozone derived from ozonesonde me&ersion 7 of the TOMS archive with the SBUV measure-
surements. Globally averaged, the TOR value in this study isnents a globally averaged TOR value of 29.9 DU was de-
31.5DU. For comparison, the average of the TOMS/SAGErived, or~9% higher than the TOR when compared with the
TOR was 32.7DU in Fishman et al. (1990) and 27.5 DU TOMS/SAGE TOR values when identical sets of TOMS data
in Fishman and Brackett (1997), using Version 5 (modifiedwere used.

to approximate Version 6) and Version 7 of the TOMS data The TOMS/SAGE TOR distribution (Fishman et al., 1990)
archive releases, respectively. The current study uses a prefghlighted a number of significant differences between the
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Inferred Ozone Profile over North Africa Desert Region:
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Fig. 3. A series of panels illustrate the relationship between observed TOR during northern hemisphere winter over Sahara region of north
Africa and elevated terrain. The upper left panel is an enlargement of the DJF climatological distribution shown in Fig. k2ArB&k

(in blue) correspond to the regions on the map indicated by the red arrows where the terrain heRf{i0sn as indicated by the terrain

color scale in the far upper right (from Satellite Atlas of the World, 2001). The lower panel is the same region with enhanced color scale
where areas17 DU (in blue) are indicated by black arrows showing elevatie8400 m. The ozone profile in the lower right depicts the
climatological vertical distribution of 0zone consistent with the three criteria determined from the altitude-ozone deficits.

seasons and between the two hemispheres. One of the masirough 1991 to capture the same period of measurements
important findings was that the NH summer shows extensivedescribed in Fishman and Brackett (1997). Considerable de-
pollution throughout the middle latitudes. The highest re-tail is now seen over northern India, as well as over central
gions appeared to be nonspecific plumes downwind of Northand eastern China, revealing distinct regions of pollution in
America, Europe and Asia. Lowest concentrations were ob-an area that showed only relatively slightly enhanced levels
served over the western tropical Pacific. of TOR in the TOMS/SAGE depiction. In fact, the origi-

In the present TOMS/SBUV seasonal depictions Shownnal TOMS/SAGE TOR over northwest India showed a rela-
in Fig. 1, the regional aspects of these enhancements arfé/e minimum, which was interpreted to be associated with
significantly better resolved than in the analyses derived usthe relatively higher elevations and lack of population in the
ing TOMS and SAGE. In the June-July-August (JJA) NH Tibetan Plateau. The greater detail in the present analysis
summertime depiction, for example, highest TOR values areéshows a better-defined, relatively small region of low ozone
located throughout the eastern United States and througH?Ver the higher elevations. However, just south of that region
out eastern Asia. Prominent high values are also seen enid the Ganges River Valley, extending west of Delhi and east-
anating off the west coast of the United States as well agvard through Bangladesh and northern Burma, much higher
along the Ganges River Valley in northeastern India. Per-values of ozone are observed. High values are now seen
haps the largest difference between the TOMS/SAGE andhroughout central and eastern China.

TOMS/SBUV TOR distributions is what is observed over |n the TOMS/SAGE depiction in Fig. 2, the highest TOR
eastern Asia. values come from the northern reaches of the depiction off

Figure 2 shows for comparison the NH summer distribu-the east coast of Asia, whereas this region now shows less
tion for the two data sets using only observations from 1979f an enhancement although a plume downwind of Asia is

www.atmos-chem-phys.org/acp/3/893/ Atmos. Chem. Phys., 3, 893-907, 2003
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still evident. The present analysis shows higher values oveto see if the GHOST effect exhibits a similar seasonality in
the landmasses of both the eastern United States and eashis region. Determination of how much land-sea difference
ern Asia, whereas the older TOMS/SAGE analysis suggestedbserved in TOMS is caused by tropospheric ozone and how
somewhat larger concentrations downwind of these conti-much is an artifact of the retrieval process needs to be exam-
nents rather than over the pollution source regions. Whereaied in future studies.
the older analysis indicated high values over all of Europe | the SON depiction in Fig. 1, higher values are still seen
(>45DU), the current analysis shows lower values (35 t0gyer the Liberia-to-Nigeria coast and are distinctly separated
45 U) over Europe relative to Asia and the United States.  from the ozone maximum off the Namibian coast. In addi-
During the same season, another interesting enhancion to the broad general maximum observed over the South
ment is found over the south coast of West Africa. In atjantic, relatively higher values are also found over the in-
the TOMS/SAGE depiction, a generally elevated region wasterior of the South American continent and a distinct plume
seen over the Atlantic Ocean. In the current TOMS/SBUV gyen seems to be emanating from the highly urban Sao Paulo-
analysis, this region of enhancement is now much better derjo de Janeiro region. In contrast, there is a well-defined
fined over the coastal landmass of the countries of Liberiageficit of ozone over the Sahara Desert with the highlands of
Ivory Coast, Ghana, Togo, Benin, and Nigeria where pop-the desert (northern Chad and northern Niger/southern Al-
ulation density is relatively high. Just north of these ele- yeria) clearly seen in the SON depiction as well as in the
vated regions, considerably lower concentration24DU)  pecember-January-February (DJF) analysis. The higher ter-
are found over the Sahara Desert. However, the higher langhjn of the southwestern Arabian Peninsula is coincident with
values seen in this area are opposite the land-sea differenggwer TOR values in this region. Another region of interest-
observed over most of northern Africa and the subtropicaling gitference is the very low values of TOR over western
North Atlantic Ocean and the Mediterranean Sea. Over thesgqth America defining in much better detail the location of
ocean areas, the TOR values are higher. Such an artifact hage Andes Mountains. This feature is most noticeable in the
been noted as TOMS “GHOST" (global hidden ozone struc-parch-April-May (MAM) and JJA depictions.
tures from TOMS) values and has been noted by Cuevas et al.

(2001). Some evidence of GHOST is also seen off the WeSEail of the enhancement in the southern subtropics relative

coast of Namibia, a feature clearly observed in the TOMS . T
data shown in Fishman et al. (1990), which used Version 5to what was observed in the TOMS/SAGE depiction, even

of the TOMS archive. Most of this artifact was removed in though both show distinct enhancements over the southern

Version 7 (McPeters et al., 1996) when a better cloud al_Ind|an Ocean stretching to Australia (Fishman et al., 1991).

; . . Downwind of southern Africa (i.e., to the east), the transport
gorithm was used to add column ozone amounts in regions

. Pf pollutants off the coast of South Africa and Madagascar
where stratus clouds were the dominant cloud type presena ears to be better defined. A relatively small plume ap-
The ozone maximum over the South Atlantic off the west PP : y P P

coast of Namibia and Angola was shown to be a result ofP€ars to originate from Australia.
the pollution flowing in the easterlies off of western Africain N the Northern Hemisphere, some intriguing enhance-
combination with the long- range transport from Brazil being Ments are seen that were not previously observed. Over
carried across the Atlantic after convection elevated the prethe southern United States, there is a region of enhance-
cursors to ozone formation from biomass burning (FishmanMent over Texas and Louisiana that did not show up in the
etal., 1996). When viewed from the satellite perspective, thel OMS/SAGE TOR. There also seems to be an enhanced re-
higher values were a result of the addition of the two ozonedion off the California coast, a finding consistent with the
sources being integrated to produce one sustained region grodeling study of Stohl et al. (2002), who calculate highest
elevated ozone. CO concentrations in the eastern Pacific as a result of an-
In their discussion of GHOST effects, Cuevas et al. (2001)thropogenic emissions and subsequent transport from east-
presented only climatological data for the month of July. €M Asia into this region during this time of the year. Higher
Because of the seasonality of regional pollution at northerr@mounts of ozone are seen in the extreme eastern North At-
temperate latitudes, sharp delineation along the Californidantic just south of the Strait of Gibraltar, which is likewise a
coast is a maximum during this time of the year, whereasGHOST region noted by Cuevas et al. (2001).
our TOR analyses show that the land-sea contrast off the In the NH spring months, the most pronounced pollu-
coast of Namibia is most enhanced during the biomass burntion feature is observable over northeastern India and cen-
ing season of September-October. In the Transport and Attral China. A plume of elevated ozone across the North At-
mospheric Chemistry near the EquatorAtlantic (TRACE-A) lantic is also present. At this time of the year an enhance-
field campaign, it was shown that the ozone precursors siment over west central Africa (Congo, Democratic Republic
off the Namibian west coast and photochemically generateof the Congo — formerly Zaire, and Gabon) is apparent. De-
ozone (Fishman et al., 1996), which leads to the Septembempending on the year, somewhat higher values are also seen
October-November (SON) depiction in Fig. 1 but appears toover northern Brazil. The very low values over the Andes are
a lesser extent in the JJA depiction. It would be interestingwell defined in this depiction.

The current TOR for SON shows considerably more de-
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Fig. 4. Distribution of TOR during 2—13 July 1988, and analysis of average daily surface maximum ozone concentration during an air
pollution episode over the eastern United States during the same days.

3.2 Regional Scale Validation ern Africa details the lower values described in the preced-
ing section and compares the location of these lower values
Fishman et al. (1990) performed a detailed comparisonwith an elevation map of this region shown on the right. At
of the TOR with climatological ozonesonde measurementshis time of year, locally generated pollution should be min-
at a number of sites with the conclusion that the satelliteimal and we assume that any regional variations are not a
method captured the absolute amount, seasonality, and intefesult of local sources. Higher elevations where the altitude
hemispheric gradient reasonably well. Subsequent validations -~ 2000 m are shown in a darker shade of brown. The lower
studies comparing against ozonesondes likewise concludeft panel is the same data set in the upper left panel but with
that the monthly or seasonally averaged amount of tropoa much smaller range of colors (10 DU vs. 50 DU) that bring
spheric ozone can be determined to an accuracy of bettesut additional detail. In the lower left panel, TOR values
than 20% (e.g., Kim and Newchurch, 1996; 1998; Fish- <18 DU are shown in dark blue and correspond to the higher
man and Brackett, 1997; Ziemke et al, 1998; Thompsonelevated areas in northern Africa ranging between 3400 and
and Hudson, 1999); such agreement is not surprising be4600m. Thus, if we assume that the ozone concentration is
cause all these studies use the same TOMS measuremeniiform over the Sahara Desert because there are no inherent
as the starting point to derive the tropospheric componentsources of pollution, especially during these photochemically
The data used for comparison in this study use the cominactive months, the following information can be inferred in
bined 16-year Nimbus-7 and NOAA-11 ozone profile datathe lowlands on the fringes of this desert area: A typical TOR
set with nearly 3000 ozonesonde measurements from 1ialue is~25 DU; ~6 DU is below~4000m; and 2 to 3DU
stations. SBUV profiles were required to be within @ 5 is below~2000m. Unfortunately, there are no ozonesonde
latitude by B-longitude box around the station location and measurements in this region, but some measurements at simi-
on the same day as the sounding. The average differencear |atitudes (in India and Hawaii) at the same time of the year
between the empirically corrected TOMS/SBUV TOR and suggest that the inferred profile in the lower right portion of
corresponding tropospheric ozone integral constructed fromhe figure is reasonable. This inferred profile could serve as
ozonesonde measurements is a 4.0 DU bias; X%, again  important validation of how sensitive backscatter techniques
comparable with all the previous studies cited above. capture ozone amounts in the lower parts of the atmosphere
However, the real strength from the technique presenteqNewchurch et al., 2001).
here is its ability to extract meaningful ozone distributions
on a considerably smaller scale than has previously been in- Fishman and Balok (1999) show how the evolution of
vestigated. Kim and Newchurch (1996; 1998) have presentea regional scale air pollution episode can be inferred from
interesting studies over South America and Indonesia exameaily TOR maps used in conjunction with meteorological
ining seasonality and trends over a few specific regions, butind satellite observations. The relationship between surface
the large database presented herein lends itself to regionalzone concentration and TOR is one that requires consider-
studies nearly anywhere in the world. One example of thisably more study, but the data sets shown in Fig. 4 (where the
richness is detailed in the depictions shown in Fig. 3. Theleft panel shows the TOR distribution during the period 2—13
upper left panel is an enlargement of the December-Februaryuly 1988, and the right panel depicts the average daily maxi-
climatology shown in Fig. 1. This enlargement over north- mum ozone concentrations during the same period) definitely
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Fig. 5. Top two panels illustrate the climatological JJA TOR distribution over India and southeast Asia with the distribution of population
density. Bottom two panels illustrate the interannual variability over this region of February 1991 and February 1992.

confirm the strong influence of one upon the other. Fishmarover the eastern U.S. in Fig. 4) and average concentrations of
et al. (1990) show that both 500 hPa ozone concentrations-85 ppbv that become well mixed throughout a considerable
and TOR values peak during the summer over Wallops Isportion of the lower troposphere would be consistent with
land with values of-70 ppb and 45 DU, respectively. Obvi- the relationship found in the Wallops Island ozonesonde data
ously, the shape of the ozone profile is critical for determin-base. Analogously, examining the difference between the ar-
ing how much integrated ozone is in the tropospheric col-eas on either side of the Appalachians with the integrated
umn, but TOR amounts of55DU (as generally observed amount of ozone in the mountains, a deficit-e8 DU is
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observed. With an altitude difference of 1 km between theEl Nifio/Southern Oscillation (ENSO) and ozone abundance
mountains and the surrounding terrain, an average concerever this and other regions of the world is part of an ongo-
tration of ~90 ppbv would be calculated, again consistenting study (Creilson et al., 2002; Fishman et al., 2002), but
with the observed maximum concentrations measured at thpreliminary analysis suggests that there is a significant rela-
surface. tionship between the efficiency of in situ ozone production
Both highest surface and TOR values extend along theand the phase of the ENSO cycle. The meteorological con-
northern Midwestern industrial states from lllinois to west- ditions brought on by the existence of a strong EitNmay
ern Pennsylvaniain the east. The TOR is also elevated off thédave been conducive to much more ozone production in 1992
east coast where there are no surface observations; Fishmaman in other years.
and Balok (1999) determined that this offshore reservoir of
ozone was likely responsible for the subsequent episode that
formed over the southern U.S. It should be noted that the sur4 Summary and Conclusions
face depiction shown in this analysis was derived from data
from more than 500 EPA monitoring stations in the easternWe have presented a new data set describing the distribu-
United States. Nowhere else in the world does there existion of tropospheric ozone using TOMS and SBUV mea-
such a dense ozone monitoring network over such a largsurements obtained from 1979 through 2000. Because of the
area. Without such a dense data network on this scale, valilarge number of data going into the TOR calculations com-
dation studies at only a few sites may incorrectly be assumegbared with the earlier amount of data obtained using SAGE
to be representative of a larger region, when, in fact, suckand TOMS, smaller scale climatological features are evi-
sites can also be controlled by local features, such as localent that had not been previously noted. Among these fea-
circulation effects and the proximity of nearby sources thattures, enhanced ozone distributions over the eastern United
result in local measurements being highly dependent on preStates, China, India, and western Africa are observable dur-
vailing wind direction. ing NH summer. The previous enhancement observed over
Figure 5 shows for comparison the summertime TOR withthe tropical South Atlantic Ocean is distinguishable as sepa-
population density maps (Oxford Atlas of the World, 2000) rate plumes from southern Africa and South America during
over India, China, and southeast Asia. The similarity be-the biomass burning season of September and October. Al-
tween these two distributions is obvious and illustrates howthough this study has focused on seasonal and monthly av-
the climatologically high pollution values due to anthro- erage distributions, daily TOR maps are available between
pogenic activity are captured by the technique described irl979 and 2000 excluding the period from May 1993 through
the current study. Higher TOR values are observed in evenduly 1997, primarily because satellites carrying TOMS in-
season in these regions and for every year in which data exisgtruments were not operating. Derivation of daily maps in-
Unlike the surface measurements shown in Fig. 4, there argorporates a five-day average of SBUV measurements to sep-
only a handful of monitoring sites in India (Lal et al., 1998; arate the stratospheric component, a feature not desirable
2000) and the spatial density is much too sparse to derive anwhen the stratospheric ozone distribution is highly variable
reasonable pattern of the type depicted in Fig. 4. on a day-to-day basis. However, the summaries presented in
The much greater data density offered in the current techthis study have only described one-month averages or longer.
nique allows for accurate depictions of smaller areas of theOn these time scales, the errors potentially caused by daily
world to be examined on shorter temporal scales. Whereastratospheric variability (generally not a problem in the trop-
Fishman et al. (1990) concentrated on the climatology ofics and subtropics) cancel each other out because of the high
TOR and Fishman and Balok (1999) examined a specificnumber of measurements that comprise these monthly aver-
case study using daily maps, the data presented in this studgges.
highlights the seasonal distribution of specific regions us- The planned launch of the Ozone Monitoring Instrument
ing monthly averages; from such depictions, interannual(OMI) aboard NASA Earth Observing System’s Aura in
variability of the TOR fields over a 21-year period (with 2004 (see http://eos-chem.gsfc.nasa.gov/) will provide a total
some data missing between 1993 and 1997) can be disszone data product similar to TOMS, but with a horizontal
cussed. As an example of such interannual variability,footprint as small as 13 km by 24 km at nadirtd 00 km at
Fig. 5 also shows how ozone abundance over northeastertine extreme off-nadir portion of the orbital track. This capa-
India changed between two consecutive Februarys: 1991 anblility will allow for much higher resolution information to be
1992. The average amount of ozone in this regior3$% obtained. With the stratospheric measurement capabilities
greater in 1992 than in 1991 (33 DU vs. 25DU). The pres-of other Aura instruments taking measurements at the same
ence of a strong EI Nio from 1991 to 1993 resulted in the time (HIRDLS: High Resolution Dynamic Limb Sounder;
formation of an extensive ridge in the mean tropospheric flowand MLS: Microwave Limb Sounder), the concurrent SCO
over northern India in January and February 1992 and a reldistribution should be much better than the current SBUV
atively high average surface pressure during February 199five-day average used in the present study. Thus, the ability
relative to most other years. The relationship between thdo resolve regional information from satellite measurements
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Calculation of TOMS/SBUV Tropospheric Ozone Residual
Part I: Calculate Stratospheric Column Ozone (SCO)

SBUV Profile Integrated layer amounts Correction ratios Output for TOR
Layers 1,2,3 for determining correction ratio Layers 1,2,3 Calculation
63 hPa 75 =7 + AZ 63 hPa
T | AZ = (A+BHC)-(X+Y+2)
_Logan
ol A N B R3=Z*/(X+Y+Z*)| = | C*
Z —_— Z —_—
126 hPa ------ 125 hPa 125 hPa
B Y - Y 7 | R2=Y/(X+Y+Z*) | = | B*
253 hPa ------ 250 hPa 250 hPa
A X X —— | R1=X/(X+Y+2Z%) |=> | A*
1000 hPa 1000 hPa l 1000 hPa T
A 4
Input Measurements Modify through Output for SCO Calculation:
* SBUV Total 03 “Empirical C*=R3x (A + B+ C)
« X(A+B+C) = Correction” - B*=R2x (A + B +C) }
* Logan Climatology: X,Y,Z A*=R1x(A+B+C)
Part Il: Calculate TOR from TOMS Total O, and SCO

(2a) SCO = SBUV Total O, —yC* - 3B* - A* <
(2b) TOR = TOMS Total O, - SCO

Note: y and (3 are values between 0 and 1 and are
determined by NCEP/NCAR Reanalysis tropopause height

Fig. 6. Schematic diagram showing how the TOR data are calculated from TOMS and SBUV measurements using the empirical correction
technique. See text for explanation.

should be improved considerably due to the availability of the quality of the data will improve as we understand the
these future capabilities. The data set described in this studgperational deficiencies of the current instruments, but most
(http://asd-www.larc.nasa.gov/TOR/data.html) will ideally importantly, as new capabilities become a reality with the
serve as a prototype of the type of information that will be launch of future satellites.

available as the above new instruments become operational.

In addition, future instruments (e.g., the Tropospheric Appendix A

Emission Spectrometer, TES, http://eos-chem.gsfc.nasa.

gov/instruments/tes/introduction.html on the Aura satellite Description of empirically corrected modified resid-
and the Infrared Atmospheric Sounding Interferometer,ual method

IASI, http://www.esa.int/export/esaME/iasi.ntml on the

operational meteorological European satellite) will provide The derivation of the TOR is a two-step process (see
direct measurements of tropospheric ozone against whiclirig. 6). First, the empirically corrected stratospheric column
the technique described here can be validated. Finally, as iszone (SCO) is calculated using three inputs:

the case with all satellite data sets, ongoing efforts are being

carried oqt to ensure this data set's accuracy and utility. 1 Total @ column from SBUV:

Metadata is being developed so that the user is made aware

of the caveats for specific observations when screening

criteria are invoked (see Fishman et al., 1990). Certainly, 2. The integral of ozone layer amounts in three lowest lay-
ers,> [A+B+C], from SBUV; and
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Fig. 7. Comparison of integrated tropospheric ozone from the surface to 250 hPa derived from Logan (1999) during July (top panel) with the
July TOR climatology using the present technique.

3. the Logan (1999) climatological tropospheric ozone does not lie fall within Layers B and C, the SCO is not calcu-
distribution between the surface and 100hPa (parti-lated. If the height of the tropopauserg) is above 126 hPa
tioned into sub-layers X, Y, and Z). (i.e., within Layer C), then all of Layer B is in the tropo-

sphere and the fractional coefficiert, is one; if zp is

.The initial part of this procedure is exter?dm'g the Logan within Layer B, then Layer C is entirely stratospheric and
climatology to a pressure level of 63 hPa which is done by as- equals zero

suming that the sum of the ozone in the three layers from the’
SBUV measurements is correct (Fishman and Balok, 1999); The SCO can now be computed (Eg. 2a) and then sub-
this extension yields the new integrated layer values X, Y,tracted from the TOMS total ozone value to derive the TOR
and Z. The next step is to generate a new ratio for each(Eq. 2b). Thus, the only measurement information from
of the three layers A, B, and C to the sum of the three lay-SBUV is ) [A+B+C] and the total column from SBUV.
ers O_[A+B+C]). These three ratios, R1, R2, and R3, are The original archived values of the three lowest levels (A,
derived from a knowledge of the Logan climatology. The B, and C) are never used to derive the TOR. Because the
product of the two numbers results in the new quantititgs A data density of SBUV is relatively sparse (compared with
B* and C, which are then used in the calculation of SCO. TOMS), five days of SCO values are used to derive the SCO
To calculate the SCO, we must also know the heightfield for the central day of that 5-day period. The SCO field
of the tropopause, which is obtained from the archivedis still relatively smooth and the spatial density of the TOR
NCEP/NCAR reanalysis, and the fraction of either layer B field is determined from the data density of the TOMS data
or C that is defined as tropospheric. If the tropopause heightised for that day. The measurements are never constrained
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Fig. 8. The distribution of surface ozone (left panel) and the TOR (right panel) for 8 August 1980 are shown. High surface ozone and
TOR values are evident over much of the southern U.S. on this date. For the error analysis, the assumption is made that the stratospherit
component of the total ozone field is fixed at 248 DU along\Bttitude line.

by the Logan climatology and there is no reason to assumen available data sets. Fishman et al. (1987) first described
that Logan’s product and the TOR fields we produce are thehe possibility that a pollution episode could be seen in the
same. This finding is borne out by the data product displayedfOMS total ozone data (see Fig. 8). We use that 1980
in Fig. 7 where the SBUV/TOMS TOR is compared with the case study to examine the accuracy of the empirical correc-
Logan July 1000 hPa—250 hPa integrated ozone climatologytion since it is one of the few data sets that have surface
The ozone distribution at middle latitudes in the Northern and aircraft measurement to confirm that enhanced levels of
Hemisphere is nearly zonal in the Logan depiction and nonesatellite-derived TOR are consistent with these other types of
of the regional enhancements highlighted and discussed idata sets.

the current study are present. The essence of this error analysis is to examine how ac-
] curately the regional variability of our technique is captured.
Appendix B Using the formulation described in Appendix A, we set up

a scenario for our error analysis using data based on the 8

Error analysis of empirical correction method August 1980, ozone pollution episode over the southern and

eastern United States. This widespread pollution event is
In this section, we present a discussion that providesseen in the surface EPA observations in the southern U.S. and
insight into the accuracy of the technique discussed on theyn enhancement over western Pennsylvania has been cap-
preceding pages. The TOR data described in this study argyred by aircraft measurements as part of the PEPE/NEROS
quantities that are difficult to compare since comparablepersistent Elevated Pollution Episode/Northeast Regional
measurements must be derived from other techniques, sucxidant Study) field campaign (Fishman et al., 1985).
as from ozonesonde or aircraft profile measurements or from To assess the error introduced by the empirical method on

l('(Tj(a;ror)nﬁ,?surr;;ntehr}tsuthr?;uc:fﬁgeegtﬁgotfghg;'ChZ?Lu",lg s;zgsm calculated TOR, some assumptions must be postulated
9 9 Posp ' hat are not rigorously true, but are nonetheless reasonable

in the main part of the paper, cll_ma_ltologlcal ozonesondein this case so that the errors in the methodology can be
comparisons show agreement to withii3%.

quantified. First, we assume that the stratospheric column
However, the primary breakthrough and focus in this studyozone integral (SCO) and the height of the tropopause do
is the assertion that the empirical correction method hasiot change longitudinally (i.e., in the east-west direction) for
yielded a wealth of information that, for the first time, shows ~5000 km (41 gridded TOMS data points). Thus, for our
the regional aspect of air pollution from satellite data prod-ground truth, we assume that the only change in the amount
ucts. This Appendix will focus on the accuracy of this of ozone in the total column as a function of longitude is the
method by comparing it to an idealized case study base@mount of change of ozone in the troposphere. Working from
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Fig. 9. The TOMS and SBUYV total ozone values as a function of data point (1 to 41) along tNepz&allel are plotted as the heavy blue

lines and thin red lines in the upper part of the graph. The dashed blue line is the calculated stratospheric column ozone (SCO) calculated
using the empirical correction described in Appendix A. For reference, the 248-DU line is also shown in this figure and represents the
assumed SCO for this example.

80 Next, for this specific analysis, we assume that we have
75 an independent SBUV measurement eve®250 km (every
10th TOMS data point) giving us independent information
about the total ozone column and the sum of the lowest three
layers (A+B+C in Fig. 6). In this particular example, the five
SBUV total ozone amounts are 297.0, 313.5, 309.2, 314.9,
——TC0 and 322.2DU (see Fig. 9) and the integrals in the lowest
three layers are 74.0, 90.5, 86.2, 92.0, and 99.2 DU; after the
empirical correction, the calculated SCO values are 245.0,

Ozone (DU)
o
o

133
=}
L

401 249.3, 247.2, 249.9, and 251.0 DU and the SCO values at the
35 intermittent gridded TOMS locations are simply linearly in-
S —— terpolated between these five values. Recalling that we have

13 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41
Data Point Along Latitude

assumed that the SCO is ideally fixed (for this example) at
248 DU, then the error in the SCO column is 3DU or less
Fig. 10. Calculated TOR (blue line) using the empirical correction at any_ of the f'Ye locations.  This error then translates di-
is compared with idealized TCO values depicted as the red line.  Fectly into the difference between the calculated TOR and
our “assumed-to-be correct” TCO quantity. These two quan-
tities are plotted as function of longitude (matrix data point)
in Fig. 10 and the differences between them are what we call
west to east (point 1 to point 41 in our TOMS matrix; see the “error” in this analysis.
Fig. 9), we assume that the westernmost point is characteris- Examination of Fig. 10 shows that, the shorter scale vari-
tic of the climatological amount of ozone between the surfaceability of the TOMS total ozone is preserved in the TOR
and 113 hPa, 49 DU, at this time of the year at this latitudecalculations using the empirical correction technique. The
(Logan, 1999). The tropopause is fixed at 113 hPa (corredifference between the two quantities is less than 3DU at
sponding toy = 0.21; refer to Appendix A) and the SCO every point and the gradient in the TOR is muted relative
is assumed constant at 248 DU (since the TOMS value ato the gradient in the actual TCO. For this idealized situa-
that same location is 297 DU). In actuality, the stratospheriction, the difference between the highest and lowest TCO is
ozone from SBUV above 63 hPa exhibited a range of 8 DU29.3 DU whereas the empirical correction shows a difference
from 223 DU to 231 DU over the 3-day period 7-9 August of 24.2DU, or in other words;~83% of the enhancement
whereas the TOMS total ozone along thel85arallel ex-  during this pollution episode is observed. This analysis is in-
hibited a range of 30 DU from a low value of 293 DU to a dependent of how efficiently TOMS captures the amount of
high value of 323 DU over the same longitude range on 8ozone in the lowest part of the troposphere. If there existed an
August. actual set of measurements that compared the TOR with the
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of the troposphere, the 83% value would represent an uppéfishman, J., Creilson, J. K., and Balok, A. E.: Interannual vari-

limit on the accuracy of the empirical correction methodol- ~ ability of regional enhancements of tropospheric ozone deter-
ogy to observe tropospheric ozone. Nonetheless, we believe Mined from two decades of satellite observations, to be pre-
that this analysis is a fair assessment that demonstrates this SeNted at 34th Scientific Assembly, Committee on Space Re-

techni 's ability t t . | features. even if we search (COSPAR), Houston, TX, 2002.
echnique's ability to capture regiona ures, even It wi Heath, D. F., Krueger, A. J., Roeder, H. A., and Henderson, B. D.:

must also conclude that the magnitude of regional episodes The solar backscatter ultraviolet and total ozone spectrometer

will be underestimated. (TOMS/SBUV) for Nimbus G, Opt. Eng., 14, 323-331, 1975.
Hudson, R. D. and Thompson, A. M.: Tropical tropospheric ozone
AcknowledgementsiVe thank Brad Pierce of NASA Langley for ~ from total ozone mapping spectrometer by a modified residual

his comments on an earlier version of this manuscript; we also ap- Method, J. Geophys. Res., 103, 22129-22 145, 1998.

preciate the Interactive Comments of those who participated in theliang, Y. and Yung, Y. L.: Concentrations of tropospheric ozone
ACPD portion of this paper. Collectively, these suggestions resulted from 1979 to 1992 over tropical Pacific South America from
in a considerably improved article. This work has been supported TOMS data, Science, 272, 745-748, 1996.

through NASAs Atmospheric Chemistry Modeling and Analysis Kalnay, E., et al.. The NCEP/NCAR 40-year reanalysis project,
Program. Bull. Amer. Met. Soc., 77, 437-472, 1996.

Kim, J. H. and Newchurch, M. J.: Climatology and trends of tro-
pospheric ozone over the eastern Pacific Ocean: The influences
of biomass burning and tropospheric dynamics, Geophys. Res.

References Lett., 23, 3723—-3726, 1996.

Kim, J. H. and Newchurch, M. J.: Biomass-burning influence on

Bhartia, P. K., McPeters, R. D., Mateer, C. L., Flynn, L. E., and  tropospheric ozone over New Guinea and South America, J. Geo-
Wellemeyer, C.: Algorithm for the estimation of vertical ozone  phys. Res., 103, 1455-1461, 1998.
profiles from the backscattered ultraviolet technique, J. GeophysLal, S., Naja, M., and Jayaraman, A.: Ozone in the marine bound-
Res., 101, 18 793-18 806, 1996. ary layer over the tropical Indian Ocean, J. Geophys. Res., 103,

Creilson, J. K., Fishman, J., and Balok, A. E.: Intercontinental 18907-18917, 1998.
transport of tropospheric ozone: A study of its seasonal transport al, S., Naja, M., and Subbaraya, B. H.: Seasonal variations in sur-
and variability across the North Atlantic utilizing tropospheric face ozone and its precursors over an urban site in India, Atmos.
ozone residuals, presented at IGAC/CACGP Scientific Confer- Env., 34, 2713-2724, 2000.
ence, Crete, Greece, 2002. Logan, J. A.: An analysis of ozonesonde data for the troposphere:

Cuevas, E., Gill, M., Rodriguez, J., Navarro, M., and Hoinka, K. P.. ' Recommendations for testing 3-D models, and development of
Sea-land total ozone differences from TOMS: GHOST effect, J.  a gridded climatology for tropospheric ozone, J. Geophys. Res.,
Geophys. Res., 106, 27 645-27 755, 2001. 104, 16 115-16 149, 1999.

Fishman, J. and Balok, A. E.: Calculation of daily tropospheric McPeters, R. D., Krueger, A. J., Bhartia, P. K., Herman, J. R.,
ozone residuals using TOMS and empirically improved SBUV ~ Qakes, A., Ahmad, Z., Cebula, R. P., Schlesinger, B. M.,
measurements: Application to an ozone pollution episode over Swissler, T., Taylor, S. L., Torres, O., and Wellemeyer, C. G.:
the eastern United States, J. Geophys. Res., 104, 30 319-30 340, Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) data
1999. products user's guide, NASA RP-1323, Natl. Aeronaut. and

Fishman, J. and Brackett, V. G.: The climatological distribution  Space Admin., Greenbelt, Md., 85 pp., 1993.
of tropospheric ozone derived from satellite measurements usMcPeters, R. D., Bhartia, P. K., Krueger, A. J., Herman, J. R.,
ing Version 7 TOMS and SAGE data sets, J. Geophys. Res, 102, Schlesinger, B. M., Wellemeyer, C. G., Seftor, C. J., Jaross, G.,
19275-19278, 1997. Taylor, S. L., Swissler, T., Torres, O., Labow, G., Byerly, W.,

Fishman, J., Vukovich, F. M., and Browell, E. V.. The photo-  and Cebula, R. P.: Nimbus 7 Total Ozone Mapping Spectrom-
chemistry of synoptic-scale ozone synthesis: Implications forthe eter (TOMS) data products user’s guide, NASA RP-1384, Natl.
global tropospheric ozone budget, J. Atmos. Chem., 3, 299-320, Aeronaut. and Space Admin., Greenbelt, Md., 67 pp., 1996.
1985. Newchurch, M. J., Liu, X., and Kim, J. H.: Lower-tropospheric

Fishman, J., Vukovich, F. M., Cahoon, D. R., and Shipham, M. C..  ozone (LTO) derived from TOMS near mountainous regions, J.
The characterization of an air pollution episode using satellite  Geophys. Res, 106, 20403—-20412, 2001.
total ozone measurements, J. Clim. Appl. Meteorol., 26, 1638-Oxford Atlas of the World (8th Edition), Oxford University Press,
1654, 1987. New York, 304 pp., 2000.

Fishman, J., Watson, C. E., Larsen, J. C., and Logan, J. A.: DisSatellite Atlas of the World, Helicon Publ., Oxford, U.K., 224 pp.,
tribution of tropospheric ozone determined from satellite data, J. 2001.

Geophys. Res, 95, 3599-3617, 1990. Stohl, A., Eckhardt, S., Forster, C., James, P., and Spichtinger,

Fishman, J., Fakhruzzaman, K., Cros, B, and Nganga, D.: Identi- N.: On the pathways and timescales of intercontinental
fication of widespread pollution in the southern hemisphere de- air pollution transport, J. Geophys. Res., 107(D23), 4684,
duced from satellite analyses, Science, 252, 1693-1696, 1991.  d0i:10.1029/2001JD001396, 2002.

Fishman, J., Hoell Jr., J. M., Bendura, R. D., McNeal, R. J.,
and Kirchhoff, V. W. J. H.: NASA GTE TRACE-A experiment

Atmos. Chem. Phys., 3, 893-907, 2003 www.atmos-chem-phys.org/acp/3/893/



J. Fishman et al.: Global distribution of tropospheric ozone 907

Thompson, A. M. and Hudson, R. D.: Tropical tropospheric ozoneWMO (World Meteorological Organization): SPARC/IOC/GAW
(TTO) maps from Nimbus 7 and Earth Probe TOMS by the Assessment of Trends in the Vertical Distribution of Ozone, N.
modified-residual method: Evaluation with sondes, ENSO sig- Harris, R. Hudson, and C. Phillips (Eds), SPARC Report no. 1,
nals, and trends from Atlantic regional time series, J. Geophys. World Meteorological Organization Global Ozone Research and

Res., 104, 26 961-26 975, 1999. Monitoring ProjectReport No. 43, Geneva, 1998.

Thompson, A. M., Witte, J. C., McPeters, R. D., Oltmans, Ziemke, J. R., Chandra, S., and Bhartia, P. K.: Two new methods for
S. J., Schmidlin, F. J., Logan, J. A., Fujiwara, M., Kirch- deriving tropospheric column ozone from TOMS measurements:
hoff, V. W. J. H., Posny, F., Coetzee, G. J. R., Hoegger, Assimilated UARS MLS/HALOE and convective-cloud differ-
B., Kawakami, S., Ogawa, T., Johnson, B. J.onwel, H., ential methods, J. Geophys. Res., 103, 22 115-22 127, 1998.

and Labow, G.: Southern Hemisphere Additional Ozoneson-Ziemke, J. R., Chandra, S., and Bhartia, P. K.: A new NASA data
des (SHADOZ) 1998-2000 tropical ozone climatology 1. Com-  product: Tropospheric and stratospheric column ozone in the
parison with Total Ozone Mapping Spectrometer (TOMS) and tropics derived from TOMS measurements, Bull. Amer. Mete-
ground-based measurements, J. Geophys. Res., Vol. 108, 8238, orol. Soc., 81, 580-583, 2000.
doi: 10.1029/2001JD000967, 2003.

Torres, O. and Bhartia, P. K.: Impact of tropospheric aerosol ab-
sorption on ozone retrieval from backscattered ultraviolet mea-
surements, J. Geophys. Res., 104, 21 569-21 577, 1999.

www.atmos-chem-phys.org/acp/3/893/ Atmos. Chem. Phys., 3, 893-907, 2003



