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Net ecosystem fluxes of isoprene over tropical South America
inferred from Global Ozone Monitoring Experiment (GOME)

observations of HCHO columns
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[1] We estimate isoprene emissions over tropical South America during 1997-2001
using column measurements of formaldehyde (HCHO) from the Global Ozone Monitoring
Experiment (GOME) satellite instrument, the GEOS-Chem chemistry transport model,
and the MEGAN (Model of Emissions of Gases and Aerosols from Nature) bottom-up
isoprene inventory. GEOS-Chem is qualitatively consistent with in situ ground-based
and aircraft concentration profiles of isoprene and HCHO, and GOME HCHO column data
(r = 0.41; bias = +35%), but has less skill in reproducing wet season observations.
Observed variability of GOME HCHO columns over South America is determined
largely by isoprene and biomass burning. We find that the column contributions

from other biogenic volatile organic compounds (VOC) are typically smaller

than the column fitting uncertainty. HCHO columns influenced by biomass burning

are removed using Along Track Scanning Radiometer (ATSR) firecounts and GOME NO,
columns. We find that South America can be split into eastern and western regions,

with fires concentrated over the eastern region. A monthly mean linear transfer function,
determined by GEOS-Chem, is used to infer isoprene emissions from observed HCHO
columns. The seasonal variation of GOME isoprene emissions over the western region

is broadly consistent with MEGAN (r = 0.41; bias = —25%), with largest isoprene
emissions during the dry season when the observed variability is consistent with knowledge
of temperature dependence. During the wet season, other unknown factors play

a significant role in determining observed variability.
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1. Introduction

[2] Tropical terrestrial ecosystems are a significant source
of biogenic volatile organic compounds (BVOCs). The
dominant nonmethane BVOC is isoprene (CsHg), which
represents almost half of the global annual nonmethane
VOC flux [Guenther et al., 1995, 2006]. Tropical ecosystems
contribute nearly 75% of the global atmospheric isoprene
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budget [Guenther et al., 2006], reflecting a year-long
growing season, warm temperatures, and high solar insola-
tion. The high VOC loading and favorable atmospheric
conditions (high concentrations of the hydroxyl radical,
OH) ensures that the tropics also exert considerable influ-
ence on global tropospheric photochemistry [Andreae and
Crutzen, 1997]. Isoprene has a strong influence on the
oxidation capacity of the atmospheric boundary layer
[Poisson et al., 2000; Monson and Holland, 2001], and
can contribute to the formation of tropospheric ozone
[Wang and Shallcross, 2000; Sanderson et al., 2003] and
be a precursor of secondary organic aerosol [Claeys et al.,
2004; Henze and Seinfeld, 2006], thereby playing a signif-
icant role in determining Earth’s climate. Isoprene emis-
sions also represent a significant loss of fixed carbon from
the terrestrial biosphere, relative to the net biome produc-
tivity [Kesselmeier et al., 2002a].

[3] Global and regional isoprene emissions, determined
by bottom-up models constrained by sparse in situ data, are
poorly known [Guenther et al., 1995, 2006; Potter et al.,
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Table 1. Estimates and Direct Measurements of Isoprene Fluxes Within the Tropical Amazon Rain Forest

Isoprene Flux

Study (pgm>h") Location Comment
Jacob and Wofsy [1988]* 1580 Duke forest reserve, 10 km north of Manaus, Brazil Average flux (0800—1800 LT)
Davis et al. [1994]* 3630 + 1400 Duke forest reserve, 10 km north of Manaus, Brazil Average flux (0800—1500 LT)
Helmig et al. [1998] 3000—-8200 ~500 km west of Iquitos, Peru Average flux (1000—1800 LT)
Rinne et al. [2002] 2400 Floresta Nacional do Tapajos, Para, Brazil Normalized flux
(T =30°C, PAR = 1100 pgmol m % s~ ")

Greenberg et al. [2004] 5300 Balbina, 150 km north of Manaus, Brazil Maximum flux

9800 Reserva Biologica do Jaru, Rondonia, Brazil

2200 Tapajos Forest, Para, Brazil
Kuhn et al. [2007] 2380 + 1800 K34 tower 60 km NNW of Manaus, Brazil Average flux (1000—1500 LT)
Karl et al. [2007] 7800 + 2300 60 km NNW of Manaus, Brazil Average noon flux

“The Jacob and Wofsy [1988] and Davis et al. [1994] estimates were determined from the same observational data set.

2001; Purves et al., 2004]. Bottom-up isoprene models
extrapolate in situ point concentration and/or exchange/flux
measurements to regional and continental scales using
forestry inventory data and satellite based land cover. The
extrapolation from point measurements to the observed
spectra of plant species, age and growing conditions is
difficult especially where ecosystem diversity is high, for
example, tropical rainforests. Parameterized variability of
isoprene fluxes due to changing environmental conditions,
such as temperature and photosynthetic active radiation
(PAR), are determined using empirical algorithms that have
been developed largely from greenhouse measurements of
vegetation indigenous to the midlatitudes. Bottom-up emis-
sions are consequently most accurate over temperate
regions (of order 50% uncertainty), where most in situ
measurement campaigns have occurred, and least reliable
over tropical latitudes where data are sparse owing in part
to inaccessibility.

[4] Here we focus on BVOC emissions over tropical
South America, particularly over the Amazon Basin. Over
this region, measured daytime isoprene emission rates
range from 1500 to 9800 ug m> h™' (see Table 1), with
significant unexplained differences between the wet and
dry seasons [Kuhn et al., 2004b]. We loosely define the wet
and dry seasons (on a continental scale) as December—May
and August—November, respectively, while acknowledging
regional and interannual variability [ Liebmann and Marengo,
2001]. Without significant additional sampling of isoprene
fluxes and concentrations over this region (and the tropics
in general) bottom-up isoprene emission inventories will
remain quantitatively unreliable on regional and continental
scales.

[5] In this paper we explore the top-down constraints on
isoprene emissions over tropical South America from
satellite column measurements of formaldehyde (HCHO)
from the Global Ozone Monitoring Experiment (GOME)
[Chance et al., 2000; Palmer et al., 2001, 2003, 2006].
Formaldehyde is a high-yield product of VOC oxidation.
Its atmospheric abundance is determined by the balance
between production from the oxidation of VOCs and losses
from oxidation by OH and photolysis, leading to a lifetime
of a few hours. Formaldehyde columns measured from
space therefore provide constraints on the reactive VOC
emissions. In the remote atmosphere, the oxidation of CHy
provides a relatively uniform concentration of HCHO but
in the continental planetary boundary layer the oxidation of
short-lived VOCs significantly enhance HCHO above the
CH, uniform background. Previous studies using GOME

HCHO data have focused on North America and eastern
Asian and showed that isoprene is largely responsible for
observed variability in HCHO columns during summer-
time [Palmer et al., 2003, 2006; Abbot et al., 2003; Millet
et al., 2006; Fu et al., 2007]. Shim et al. [2005] used the
GEOS-Chem chemistry transport model (CTM) [Bey et al.,
2001] driven by GEOS-STRAT meteorological data
[Schubert et al., 1993] and biogenic emissions from the
Global Emission Inventory Activity (GEIA) database
[Guenther et al., 1995] to conduct a global inversion of
GOME HCHO column data from 1996 to 1997 and showed
that over South America the model HCHO columns corre-
lated reasonably well with the data (r = 0.6); from that
correlation they estimated isoprene emissions of 106 Tg C/a
for that region.

[6] Biomass burning is a significant source of HCHO
over the tropics, and we pay particular attention to
removing this contribution from observed variability of
HCHO columns by using GOME measurements of nitrogen
dioxide (NO,) and firecounts from the Along-Track Scan-
ning Radiometer (ATSR) on board the ERS-2 spacecratft.
Here we present the first interpretation of the seasonal and
interannual variability of HCHO over South America and
use these data to infer BVOC emissions, taking into
account the distinct wet and dry seasons over this region.
Resulting BVOC emissions inferred from GOME represent
net canopy-atmosphere fluxes that are directly applicable to
(1) CTMs that do not include a detailed treatment of within-
canopy chemistry and physics, and (2) flux measurements
made above the forest canopy.

[7] Inthe nextsection we describe the GOME column data
and discuss the approach we adopt to identify and remove the
biomass burning contributions to observed HCHO column
variability. In section 3, we briefly describe the GEOS-Chem
CTM and the MEGAN isoprene emission inventory. In
section 4, we use ground-based and airborne profiles of
isoprene and HCHO over South America to evaluate
MEGAN and GEOS-Chem. In section 5 we detail the method
used to infer isoprene emissions from HCHO columns and
present an error analysis of resulting top-down isoprene
emissions. In section 6 we discuss differences between the
top-down GOME and bottom-up MEGAN isoprene emis-
sions, and conclude the paper in section 7.

2. HCHO Columns From the GOME Instrument
2.1. Retrieval of HCHO Vertical Columns

[s] The GOME instrument, a passive UV-Vis nadir-
viewing spectrometer, measures sunlight scattered by the
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atmosphere and/or reflected from the surface, covering the
spectral range 240—790 nm at moderate spectral resolution
(0.2—-0.4 nm) [Burrows et al., 1999]. It was launched in
April 1995 aboard the ERS-2 spacecraft into a polar Sun-
synchronous orbit (100 min period) crossing the Equator,
on its descending node, at 1030 local time (LT), achieving
global coverage within 3 days. GOME makes three (east-
west) forward scans, each with a spatial resolution of 40 x
320 km?, and a back scan; we do not use the back scan data in
this study. Here, we outline the three-step methodology
adopted to determined vertical columns of HCHO.

[o] 1. Slant columns of HCHO are retrieved by directly
fitting radiances at 336—356 nm [Chance et al., 2000]. The
mean fitting uncertainty is 4 x 10'> molec cm™2, but a
possible +17% bias in the retrieval exists because of errors
in the HCHO absorption cross section [Fu et al., 2007;
Gratien et al., 2007].

[10] 2. Spectral artifacts introduced by the instrument
diffuser plate degrade the quality of the measured solar
irradiance spectra creating a bias in the retrieved slant
columns that varies according the solar reference spectra
used [Richter and Wagner, 2001; Palmer et al., 2003, 2006;
Shim et al., 2005]. This bias is estimated and removed by
attributing it to the difference between observed and model
HCHO columns over the remote Pacific, where HCHO is
determined largely by CH, oxidation and relatively well
understood. We account for the latitudinal and scan angle
dependence of the diffuser plate bias, following Palmer et al.
[2006], and discard orbital data corrupted by poor quality
solar radiance spectra. These data quality steps discard
approximately 30% of GOME retrievals but effectively
removes anomalous features from the observed distributions.

[11] 3. Vertical columns are calculated from slant columns
using air mass factors (AMFs) that account for Rayleigh,
aerosol and cloud scattering, and surface albedo [Palmer et
al., 2001, 2003; Martin et al., 2002]. By including scattering
into the AMF calculation the AMF becomes sensitive to the
vertical distribution of the atmospheric species being studied
(shape factor), which we determine using the GEOS-Chem
CTM. We use the LIDORT radiative transfer model for the
radiative transfer calculations (scattering weights) [Spurr et
al., 2001]. Cloud information for each GOME observation
is retrieved using the GOMECAT algorithm [Kurosu et al.,
1999], which uses the Polarization Measurement Devices
(PMDs) to determine cloud fraction, and O, 4 band
radiances to retrieve cloud top pressure and optical thick-
ness. Scenes that have cloud coverage >40% are excluded.
Using a stricter cloud threshold does not significantly affect
the GOME HCHO column statistics. The UV surface albedo
is taken from a climatological database constructed from
over 5 years of GOME measurements [Koelemeijer et al.,
2003].

[12] Clouds are the main source of uncertainty in the
AMF calculation, estimated to create errors of 20-30%
[Martin et al., 2002; Millet et al., 2006]. AMF errors from
uncertainties in the HCHO shape factor, albedo and aerosols
are smaller (<10%), unless the aerosol loading is very high,
for example, biomass burning scenes [Palmer et al., 2006;
Millet et al., 2006]. Under such conditions the AMF
becomes much more sensitive to the relative vertical
distributions of the aerosols and the HCHO [Fu et al.,

BARKLEY ET AL.: TROPICAL SOUTH AMERICA BVOC EMISSIONS

D20304

2007]. The total error on the HCHO AMF is estimated to
be ~30% [Palmer et al., 2006].

[13] Previous studies have calculated monthly mean
AMFs from a single model year and applied them to the
entirc GOME data set [e.g., Abbot et al., 2003; Palmer et
al., 2006; Fu et al, 2007]. In this analysis, we compute
AMFs for each individual GOME scene (1997-2001)
using GEOS-Chem (daily) HCHO and (monthly) aerosols
fields simulated for the nominal year 2000 (see section 4.2).
The variation in the calculated monthly mean AMFs over
tropical South America during 1997-2001 is small (not
shown), varying between 0.92—1.12. Interannual variability
is negligible.

2.2. Separation of Biogenic and Pyrogenic HCHO

[14] Figure 1 shows the monthly mean GOME HCHO
slant column distributions over tropical South America for
1997-2001, averaged on to the GEOS-Chem 2° x 2.5°
horizontal grid. The HCHO distributions exhibit a seasonal
cycle with observed columns highest (>3 x 10'® molec/cm™?)
during August—October over central Brazil, reflecting sea-
sonal burning during the dry season; outside this period the
HCHO columns are much lower. In addition, the columns
are particularly noisy over southeastern Brazil, compared
with other regions, as they are affected by the South Atlantic
Anomaly (SAA) [Heirtzler, 2002]. The SAA is an anoma-
lous weak area of the Earth’s geomagnetic field where
trapped energetic charged particles cause damage to satellite
components [Stassinopoulos and Raymond, 1988]. The
SAA degrades all GOME trace gas retrievals throughout
the year, with HCHO slant column uncertainties on average
60% greater than elsewhere.

[15] HCHO is released into the atmosphere by incomplete
combustion, directly from emissions from fuel combustion
and indirectly from the oxidation of coemitted VOCs [Lee et
al., 1998; Andreae and Merlet, 2001]; the magnitude of both
primary and secondary HCHO sources are extremely un-
certain and are not the subject of this study. Here, we aim to
identify and subsequently remove the burning contribution
to observed HCHO columns. Figure 2 demonstrates the
strong spatial correlation between GOME HCHO and active
fires detected by the ATSR instrument aboard the ERS-2
spacecraft with GOME. We also show GOME vertical
columns of NO, [Martin et al., 2002] that are largely
determined by biomass burning over South America [Martin
et al., 2003; Jaeglé et al., 2005]. The information used to
calculate NO, AMFs is consistent with that used for HCHO
in this paper. Estimated monthly mean NO, vertical column
uncertainties over land are 5—8 x 10" molec cm ™2 [Martin
et al., 2002, 2003]. There is a good correspondence between
NO,; columns and the firecounts, despite ATSR and GOME
measurements being taken at different times, providing
confidence in our approach of using these data to identify
HCHO from biomass burning. Spatial distributions of
HCHO, NO, and active firecounts show two distinct
regions: an eastern region where biomass burning events
are widespread (especially during the dry season), and a
western area where fires are much less frequent. The SAA
also compromises quantitatively interpretation of HCHO
columns over the eastern most South America. For the
purpose of this paper we concentrate our study over the
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