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Abstract

Methanol retrievals from nadir-viewing space-based sensors offer powerful new infor-
mation for quantifying methanol emissions on a global scale. Here we apply an ensem-
ble of aircraft observations over North America to evaluate new methanol measure-
ments from the Tropospheric Emission Spectrometer (TES) on the Aura satellite, and5

combine the TES data with observations from the Infrared Atmospheric Sounding In-
terferometer (IASI) on the MetOp-A satellite to investigate the seasonality of methanol
emissions from northern midlatitude ecosystems. Using the GEOS-Chem chemical
transport model as an intercomparison platform, we find that the TES retrieval per-
forms well when the degrees of freedom for signal (DOFS) are above 0.5, in which case10

the model : TES regressions are generally consistent with the model : aircraft compar-
isons. Including retrievals with DOFS below 0.5 degrades the comparisons, as these
are excessively influenced by the a priori. The comparisons suggest DOFS>0.5 as a
minimum threshold for interpreting retrievals of trace gases with a weak tropospheric
signal. We analyze one full year of satellite observations and find that GEOS-Chem,15

driven with MEGANv2.1 biogenic emissions, underestimates observed methanol con-
centrations throughout the midlatitudes in springtime, with the timing of the seasonal
peak in model emissions 1–2 months too late. We attribute this discrepancy to an un-
derestimate of emissions from new leaves in MEGAN, and apply the satellite data to
better quantify the seasonal change in methanol emissions for midlatitude ecosystems.20

The derived parameters (relative emission factors of 11.0, 1.0, 0.05 and 8.6 for new,
growing, mature, and old leaves, respectively, plus a leaf area index activity factor of
0.75 for expanding canopies with leaf area index<2.0) provide a more realistic simu-
lation of seasonal methanol concentrations in midlatitudes on the basis of IASI, TES,
and ground-based measurements.25
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1 Introduction

Methanol (CH3OH) is the most abundant non-methane volatile organic compound
(VOC) in the atmosphere, with a global burden of 3–4 Tg, and is an important pre-
cursor of CO, HCHO, and O3 (Tie et al., 2003; Millet et al., 2006; Duncan et al., 2007;
Choi et al., 2010; Hu et al., 2011). The major source of atmospheric methanol is ter-5

restrial plants; plants emit methanol primarily during cell growth (Macdonald and Fall,
1993; Nemecek-Marshall et al., 1995; Galbally and Kirstine, 2002; Karl et al., 2003;
Harley et al., 2007) and, to a lesser extent, during decay (Warneke et al., 1999; Karl
et al., 2005). Because long-term observations of atmospheric methanol are limited,
the spatial distribution, strength, and seasonality of these biogenic emissions are not10

currently well constrained. Here we use aircraft measurements and a global chemical
transport model (GEOS-Chem CTM) to evaluate new space-based observations of tro-
pospheric methanol, and interpret the satellite data in terms of their constraints on the
seasonality of biogenic methanol emission fluxes.

Current estimates of the total source of methanol to the atmosphere range from15

122 to 350 Tg yr−1 (Heikes et al., 2002; Tie et al., 2003; Singh et al., 2004; Jacob
et al., 2005; Millet et al., 2008). Along with emissions from terrestrial plants, sources
include atmospheric production via methane oxidation (Tyndall et al., 2001), burning
of biomass and biofuels (Holzinger et al., 1999; Andreae and Merlet, 2001), and ur-
ban/industrial emissions (Holzinger et al., 2001; de Gouw et al., 2005; Hu et al., 2011).20

Gross emissions from marine biota are estimated to be comparable in magnitude to
those from terrestrial plants (Millet et al., 2008); however, oceans are an overall net
sink of atmospheric methanol (Heikes et al., 2002; Carpenter et al., 2004; Williams
et al., 2004; Millet et al., 2008; Stavrakou et al., 2011). The other major removal mech-
anism for methanol is photochemical oxidation by OH, with deposition to land surfaces25

also significant (Jacob et al., 2005; Karl et al., 2010). Estimates of the atmospheric life-
time of methanol range from 5–12 days (Galbally and Kirstine, 2002; Tie et al., 2003;
Jacob et al., 2005).
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Recent modeling studies have found that current emission inventories give rise to
substantial regional biases in predicted versus measured methanol concentrations.
Millet et al. (2008) compared methanol concentrations simulated by GEOS-Chem (us-
ing a net primary production (NPP)-based approach for estimating biogenic emissions)
to available aircraft and ground-based measurements, and found evidence for a ∼50 %5

overestimate of biogenic methanol emissions in the Eastern US and the Amazon from
broadleaf trees and crops. More recently, Stavrakou et al. (2011) employed data from
the Infrared Atmospheric Sounding Interferometer (IASI) satellite sensor to constrain
biogenic and biomass burning emissions of methanol. Using a different biogenic emis-
sion scheme (MEGAN) and the IMAGESv2 CTM, they found a similar overestimate of10

methanol emissions from broadleaf trees in the Eastern US, Amazonia, and Indone-
sia; however, their results also revealed an underestimate of the biogenic source in
more arid regions such as Central Asia (by up to a factor of five) and the Western
US (by a factor of two). Hu et al. (2011) compared methanol measurements from
a tall tower in the US Upper Midwest to predicted concentrations from GEOS-Chem15

driven by MEGAN biogenic emissions. The model-measurement comparisons indi-
cated a modest underestimate (∼ 35 %) of methanol emissions for that region in sum-
mer, but also revealed a significant bias in the seasonality of the modeled biogenic
source. This biased model seasonality led to an underestimate of the photochemical
role for methanol early in the growing season.20

New methanol retrievals from nadir-viewing space-borne sensors offer key informa-
tion for quantifying biogenic methanol sources to the atmosphere and the correspond-
ing impacts on tropospheric chemistry. In this paper, we use aircraft measurements
from an ensemble of field campaigns (Intercontinental Transport Experiment-Phase B,
INTEX-B; Megacity Initiative: Local and Global Research Observations, MILAGRO; the25

second Texas Air Quality Study, TexAQS-II; Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites, ARCTAS; Aerosol, Radiation, and Cloud Pro-
cesses affecting Arctic Climate, ARCPAC) with the GEOS-Chem CTM to (i) evaluate
atmospheric methanol retrievals from the Tropospheric Emission Spectrometer (TES),
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and (ii) interpret the TES and IASI space-borne observations in terms of the seasonal-
ity of biogenic emissions from major plant functional types in midlatitude ecosystems.

2 Methanol measurements from space

Atmospheric methanol was first detected from space via solar occultation spectra
from the Atmospheric Chemistry Experiment infrared Fourier Transform Spectrometer5

(ACE-FTS), a limb-viewing infrared sounder onboard the SCISAT-1 satellite (Bernath
et al., 2005). Enhanced concentrations of methanol were retrieved in the upper tro-
posphere/lower stratosphere in the vicinity of biomass burning plumes (Dufour et al.,
2006); subsequent analysis of several years of ACE retrievals showed that a majority
of the upper tropospheric methanol burden in the Northern Hemisphere is biogenic in10

origin (Dufour et al., 2007). The ACE measurements provide important data for deter-
mining the influence of surface emissions on upper tropospheric composition, but due
to lack of sensitivity in the lower atmosphere they provide limited information on the
sources themselves.

Two nadir-viewing infrared sounders currently in space provide observations of15

methanol in the lower troposphere: TES, launched onboard the EOS Aura satellite
in July 2004 (Beer et al., 2001), and IASI, launched onboard the MetOp-A satellite in
October 2006 (Clerbaux et al., 2009). We use data from both of these sensors in this
work.

2.1 TES methanol retrieval20

TES, onboard EOS Aura in a polar sun-synchronous orbit (equator overpass 1345 local
standard time), is an infrared Fourier transform spectrometer with a spectral resolution
of 0.06 cm−1 (apodized) and 5×8 km footprint at nadir. Profiles of species such as O3,
CO2, CH4, H2O and HDO are derived from the nadir measurements as standard prod-
ucts. The TES retrieval uses an optimal estimation approach, allowing the averaging25
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kernels and error estimates to be directly determined as a part of the retrieval (Rodgers,
2000). The first observations of methanol from TES were reported in Beer et al. (2008).
These first results showed high concentrations in the Beijing area, and demonstrated
the ability of the sensor to detect localized urban methanol enhancements. Xiao et al.
(2012) also recently demonstrated the ability of TES to detect methanol enhancements5

in Mexico City outflow.
The atmospheric methanol abundance is retrieved based on the spectral residuals

between the TES measurements and a forward radiative transfer model (Clough et al.,
2006) from 1032.32 to 1034.48 cm−1. This spectral range encompasses the ν8 C–O
stretching band, which is the strongest absorption band for methanol. An example TES10

observation over North America is shown in Fig. 1 (top panel). The data have units of
brightness temperature, i.e. the temperature a blackbody would need to achieve to emit
radiation at the observed intensity. The second panel shows the difference between
the observed spectrum and a modeled spectrum computed assuming a methanol-
free atmosphere, while the third panel shows the measurement-model difference after15

three iterations to optimize the methanol profile in the forward model. The difference
between the model spectrum without methanol and that with methanol is shown in the
fourth panel, illustrating the brightness temperature signal (∼ 1 K) for methanol in this
example.

A detailed description of the TES retrieval strategy, initial performance, and sensitivity20

is provided by Cady-Pereira et al. (2012). The a priori methanol profiles in the TES
retrievals are based on simulated profiles for the year 2004 from the GEOS-Chem
CTM (described in Sect. 3). Four a priori profiles are employed, corresponding to
clean marine, enhanced marine, clean continental and enhanced continental scenes.
The clean marine profile was obtained by averaging all simulated marine profiles with25

mixing ratios ≤ 1 ppb below 500 hPa, while the clean continental profile was obtained
by averaging all simulated continental profiles with surface mixing ratios ≤ 2 ppb. The
enhanced marine and continental profiles were derived by averaging the model profiles
that exceeded these respective thresholds.
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The retrieved methanol profile x̂ is related to the true profile x by

x̂=xa−A(x−xa) (1)

where xa is the a priori profile and A is the averaging kernel matrix. The a priori used
in the above example corresponds to an enhanced continental profile, and is shown in
the lower left panel of Fig. 1 along with the retrieved profile.5

A series of simulated retrievals based on perturbed TES profiles was used to test
the performance of the methanol retrieval algorithm. The results, described in detail by
Cady-Pereira et al. (2012), show that the retrieval has low bias (0.08 ppb at 825 hPa),
with a standard deviation of 0.27 ppb. The sum of the rows of the averaging kernel
matrix (shown for the above example in the lower right panel of Fig. 1) indicates the10

fraction of information coming from the measurement versus the a priori. In the exam-
ple of Fig. 1, we see that peak sensitivity to the atmospheric state occurs at ∼800 hPa.
The TES methanol retrievals most commonly exhibit peak sensitivity between ∼ 700
and 900 hPa; above and below this vertical range, most of the information comes from
the a priori.15

The degrees-of-freedom for signal (DOFS) reflect the information content of the re-
trieval (i.e. the number of independent variables that can be determined from the mea-
surement), and are calculated as the trace of the averaging kernel matrix. Since the
methanol spectral signature in nadir infrared observations is relatively weak (DOFS
generally<1.0), limited information about the true vertical profile can be obtained from20

the TES measurements. Therefore, in the following analyses we transform the retrieved
profile into a single Representative Volume Mixing Ratio, RVMR (Payne et al., 2009;
Shephard et al., 2011). The RVMR, ρ, provides a measure of the methanol amount at
the vertical level(s) where the retrieval is most sensitive.

For methanol, the RVMR is calculated from the retrieved profile as follows:25

ρ=exp

[nlevs∑
i=1

log(wi x̂i )

]
(2)
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where x̂i is the retrieved mixing ratio at level i , and wi is the RVMR weighting function at
level i . The RVMR weighting function is derived from a transformation of the averaging
kernel matrix; when the total amount of retrieved information is limited (DOFS≤ 1.0),
as is the case for methanol, it reduces to a vector. The RVMR applies to the pressure
range spanned by the full width at half-maximum of the averaging kernel peak, and5

for the above retrieval example is 5.6 ppb (Fig. 1). RVMR values typically have an
uncertainty from 10 to 50 %, with the higher relative uncertainties corresponding to
smaller RVMR values.

To compare TES retrievals with GEOS-Chem model output, we sample the model
at the location and time of the satellite overpass, and apply the corresponding TES10

a priori profile and averaging kernel using Eq. (1) to derive a model profile as it would
be detected by TES. We then calculate the model RVMR based on Eq. (2).

2.2 IASI methanol retrieval

IASI, onboard the MetOp-A satellite in a polar sun-synchronous orbit (equator overpass
0930 local standard time), is an infrared Fourier transform spectrometer with a spectral15

resolution of 0.5 cm−1 (apodized) and a 12 km footprint diameter at nadir. Given the
wide swath (2200 km) of the instrument’s scans, IASI achieves global coverage twice
daily, resulting in over 1 000 000 measured spectra each day. IASI spectra were first
used to retrieve methanol in biomass burning plumes (Coheur et al., 2009), and were
found to have sufficient temporal and spatial resolution to track the loss of methanol20

during plume aging.
Retrieval details and global results were recently reported by Razavi et al. (2011).

To make use of the high volume of data provided by IASI, the global methanol re-
trieval uses a fast brightness temperature difference method. In this approach, the
difference in brightness temperature between the methanol absorption band (981.2525

to 1038 cm−1) and baseline channels with minimal methanol absorption is calculated,
and that difference is converted to a total methanol column using a conversion fac-
tor. One oceanic and one continental conversion factor are used; these conversion
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factors were developed using a subset of full optimal estimation retrievals at select lo-
cations around the globe. Average oceanic and continental profiles of methanol from
the IMAGESv2 global CTM (Stavrakou et al., 2009, 2011) provide a priori information
for the retrieval. The uncertainty estimate for the retrieved methanol column is ±50 %.
The mean averaging kernel from the optimal estimation retrievals indicates that IASI’s5

sensitivity to methanol peaks between ∼5 and 10 km elevation over land.

3 GEOS-Chem methanol simulation

We use the GEOS-Chem global 3-D CTM version 8.3.1 (http://www.geos-chem.org)
as an intercomparison platform for evaluating the satellite data against aircraft mea-
surements, and to interpret the TES and IASI data in terms of methanol emission10

processes. GEOS-Chem uses GEOS-5 assimilated meteorological data from the
NASA Goddard Earth Observing System, which have a resolution of 0.5◦ × 0.667◦

with 72 vertical levels. We degrade these to a resolution of 2◦ × 2.5◦ with 47 ver-
tical levels for our simulations, and use a one-year spin-up to remove the effect of
initial conditions. The sources and sinks of atmospheric methanol are modeled us-15

ing an updated version of the simulation described by Millet et al. (2008). Anthro-
pogenic methanol emissions are estimated from those of CO based on a methanol : CO
emission ratio of 0.012 mol mol−1 (Goldan et al., 1995; de Gouw et al., 2005; Millet
et al., 2005; Warneke et al., 2007). Global anthropogenic CO emissions are from the
GEIA inventory (www.geiacenter.org) overwritten with the following regional invento-20

ries: EPA/NEI99 emissions over the US (modified to account for recent CO and NOx
reductions; Hudman et al., 2007, 2008); Streets-2006 over Asia (Zhang et al., 2009);
BRAVO over Mexico (Kuhns et al., 2003); EMEP over Europe (Vestreng and Klein,
2002; Auvray and Bey, 2005); and NPRI over Canada (http://www.ec.gc.ca/inrp-npri/).
Biomass burning emissions are derived from the monthly GFEDv2 database (van der25

Werf et al., 2006) using a methanol : CO emission ratio of 0.018 mol mol−1 (Andreae
and Merlet, 2001). GFEDv2 extends through 2008; biomass burning emissions for
later years are set to the 2008 values.
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Terrestrial biogenic emissions of methanol are computed using the Model of Emis-
sions of Gases and Aerosols from Nature (MEGANv2.1) (Guenther et al., 2006;
Stavrakou et al., 2011). Emissions within a GEOS-Chem grid box are estimated as the
sum of contributions from five plant functional types (PFTs: broadleaf trees, needleleaf
trees, shrubs, grasses, and crops):5

E =γ
5∑

i=1

εiχi (3)

where εi is the canopy emission factor at standard conditions for PFTi , χi is the frac-
tional grid box coverage of PFTi , and γ is an activity factor used to scale the emis-
sions to local environmental conditions. The total activity factor is derived from indi-
vidual activity factors for photosynthetically active radiation (PAR), temperature (T ),10

leaf area index (LAI), and leaf age, each equal to 1.0 under standard conditions
(PAR = 1500 µmol m−2 s−1; T = 303 K; LAI= 5; leaf age fractions of 0 % new leaves,
10 % growing leaves, 80 % mature leaves, 10 % old leaves). The modeled tempera-
ture dependence treats the light-independent fraction (LIF) and light-dependent frac-
tion (LDF) of emissions separately:15

γ =γageγLAI[(1−LDF)γT,LIF+ (LDF)γPARγT,LDF] (4)

with LDF=0.8. Light independent emissions are scaled by γT,LIF = exp(β(T −303)),
where T is surface temperature (K) and β is the temperature response factor (0.08).
For γT,LDF, MEGANv2.1 uses the relationship defined for isoprene (Guenther et al.,
2006) with coefficients as reported in Stavrakou et al. (2011). The PAR and LAI activity20

factors are calculated using the PCEEA algorithm, which is described in Guenther et al.
(2006).

Canopy emission factors εi are set to 800 µg m−2 h−1 for needleleaf trees, shrubs,
crops, and non-tropical broadleaf trees, and 400 µg m−2 h−1 for grasses and tropical
broadleaf trees. The fractional coverage of each PFT is based on MEGAN landcover25

data (PFTv2.0), which is derived from a combination of satellite data, ground survey
3951
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information, and the Olson et al. (2001) ecosystem database. For local LAI data we use
monthly-mean climatological values from MODIS Collection 5 (Yang et al., 2006), which
are partitioned into leaf age classes (new, growing, mature, old) using the method
outlined in Guenther et al. (2006). The fraction of each leaf age class, F , is used to
calculate the activity factor for leaf age as:5

γage = FnewAnew+FgrowingAgrowing+FmatureAmature+FoldAold (5)

where A is the relative methanol emission rate for each leaf age class. MEGANv2.1
uses relative emission rates of 3.0, 2.6, 0.85, and 1.0 for new, growing, mature, and
old leaves, respectively. A key objective of this work will be to derive a more robust
constraint on these parameters using satellite data.10

We performed global simulations for the years 2006–2009 to coincide with periods
of available in situ and satellite observations (see Sect. 4). The total global methanol
source in our simulations is ∼ 200 Tg yr−1; the global terrestrial biogenic methanol
source is approximately ∼ 70 Tg yr−1 with little interannual variability. The biogenic
source is lower than the recent optimized estimates of Stavrakou (2011) and Millet15

(2008) by about 30 %. Stavrakou et al. (2011) employed a different canopy model and
meteorological fields than used here, while Millet et al. (2008) employed an NPP-based
approach (rather than the MEGAN model) to estimate biogenic emissions.

4 Model-observation comparison over North America

We use in situ data from recent North American aircraft campaigns to evaluate the20

space-borne methanol retrievals: MILAGRO (Singh et al., 2009; Kleb et al., 2011) over
Mexico, the Gulf of Mexico, and Southern Texas (March 2006); INTEX-B (Singh et al.,
2009; Kleb et al., 2011) over the Pacific Ocean and Western US (April/May 2006);
ARCPAC (Brock et al., 2011) over the US (transit flight to Alaska, April 2008); ARC-
TAS (Jacob et al., 2010) over Canada and the Western US (June/July 2008, which25

comprised the latter phase of the study); and TexAQS-II (Parrish et al., 2009) over
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the Houston area (September/October 2006). Measurement techniques for each cam-
paign are listed in Table 1, with flight tracks shown in Fig. 2.

As there are few TES observations that coincide precisely in space and time with an
aircraft measurement for the campaigns used in this study, we use GEOS-Chem as
a transfer standard for comparing the TES retrievals with the aircraft data. We employ5

TES retrievals that correspond spatially with the aircraft flight tracks and within the
timeframe of the various campaigns shown in Fig. 2, and average together all qualifying
retrievals within a model grid box for a given hour. We then sample the model at the
specific time and location of each retrieval, and apply the corresponding TES RVMR
weighting function, a priori profile and averaging kernel matrix to obtain a model RVMR10

(Eqs. 1 and 2) for direct comparison with TES. We consider only retrievals with a quality
flag equal to 1, corresponding to a converged retrieval with DOFS>0.1. Later we
specifically evaluate the importance of DOFS in interpreting the satellite data.

To compare the model output with the aircraft data, we sample the model at the
time, location, and pressure of each flight observation, and aggregate the results to the15

GEOS-Chem model resolution. We restrict the TES : model and aircraft : model com-
parisons to gridboxes containing at least one aircraft and one TES observation. The
aircraft data include vertical information along the track, resulting in more total data-
points for the latter comparisons. The TES : model comparisons then provide a mea-
sure of the TES data reliability based on the extent to which they are consistent with20

the corresponding aircraft : model regressions. Figure 2 illustrates the spatial sampling
of the TES measurements and flight data employed in these comparisons, along with
the GEOS-Chem grid resolution.

We also include IASI column retrievals in the comparison, though the IASI data are
from 2009, so they do not correspond directly to the time period of the in situ obser-25

vations. In this case, we apply the IASI land and ocean averaging kernels and a priori
profiles to the GEOS-Chem output for 2009 at the time of the IASI observations (Eq. 1).
Currently, only a monthly-mean product from IASI is available, so we average the model
output over the same time period. We aggregate the IASI data to the GEOS-Chem
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resolution and restrict the IASI : model comparisons to the same gridboxes that were
retained for the TES : model and aircraft : model comparisons.

Results of the satellite-model-aircraft cross-comparisons are shown in Fig. 3 for TES
retrievals with DOFS>0.5. Initial analyses revealed that the TES data contain two pop-
ulations split by a DOFS threshold of ∼ 0.5. Retrievals with DOFS below 0.5 tend to5

agree well with the simulated values from GEOS-Chem, falling around the 1 : 1 line in
the comparisons (Fig. S1). Retrievals with DOFS>0.5, on the other hand, though still
well-correlated with the model, tend to be higher and with a different slope compared
to the model output (Figs. 3, S1). This bimodal distribution in the TES observations
reflects the fact that TES methanol retrievals with DOFS less than 0.5 tend to be sig-10

nificantly influenced by the a priori (and thus fall close to the 1 : 1 line since the a priori
is generated using GEOS-Chem). This result was also found for the TES ammonia
retrieval (Shephard et al., 2011), and suggests a general threshold for information con-
tent in retrievals of trace gases with a weak tropospheric signal. Cady-Pereira et al.
(2012) discuss this point in greater detail. The IASI data show evidence of a similar bi-15

modal distribution compared to the model (e.g., in the INTEX-B comparisons in Figs. 3
and S1). However, the IASI methanol data do not provide a way to remove this ef-
fect, since the brightness temperature retrieval approach does not enable computation
of the DOFS for each scene. The fact that TES methanol retrievals with DOFS>0.5
are generally higher than the simulated values from GEOS-Chem suggests a source20

underestimate for the spatial-temporal domain of these comparisons.
For the INTEX-B comparisons in Fig. 3, the TES retrievals are consistent with both

the C-130 and DC-8 airborne measurements. In both cases, the TES : model slope
is statistically indistinguishable from the corresponding aircraft : model slope, and the
correlation coefficients are also very similar. In the case of MILAGRO, the C-130 data25

contain a pronounced urban influence as sampling was focused over Mexico City; TES
exhibits lower concentrations (and a higher correlation with the model) because its
orbit did not track directly over Mexico City (Fig. 2). For the DC-8 flight tracks during
MILAGRO, neither the TES nor the IASI data are correlated with the model. This
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campaign focused on sampling Mexico City outflow during transport over the Gulf of
Mexico; it may be that the satellite measurements include some plumes that are not
captured at the 2◦×2.5◦ resolution of GEOS-Chem.

The ARCPAC data are the only instance with an aircraft : model slope near 1, al-
though a 1–2 ppb offset exists between the observations and the model. As this was5

a transit flight for the campaign with little vertical profiling, the influence of near-field
emissions is lower than in the other campaigns. For ARCPAC, most of the TES RVMR
values fall in the same range as the aircraft observations, but a few high retrieved con-
centrations lead to an overall low correlation with the model. Two of these high TES
values occurred over the Colorado Front Range near Colorado Springs and Pueblo,10

and may include urban boundary-layer pollution that was not sampled by the aircraft.
The other two occurred over Central/Eastern Oklahoma and may be influenced by large
wildfires that were burning in Central Oklahoma during the campaign. For the ARCTAS
campaign, the TES : model slope is very similar to the aircraft : model slope, and with
a similar degree of correlation. The TES data are low compared to the aircraft data15

during TexAQS-II, probably because there were few TES observations directly over the
urban core during this campaign (Figs. 2, 3).

The IASI data in Fig. 3 are not strictly analogous to the instantaneous values from
the aircraft and TES, since they are total column monthly-average values, but they do
provide a picture that is generally consistent with the TES : model comparisons. For20

those campaigns with a significant IASI-model correlation (r > 0.25), the slopes are all
above 1.0, supporting a source underestimate in the GEOS-Chem methanol simulation
for the domain of these comparisons.

In summary, the satellite : model comparisons appear broadly consistent with the
information provided by the aircraft data. The satellite instruments demonstrate fidelity25

in resolving methanol variability in the atmosphere: correlation coefficients between
the satellite and model are for the most part similar to the aircraft : model values, with
certain exceptions discussed above. TES : model regression slopes are similar to the
aircraft : model slopes, so there is no indication of a persistent bias in the TES data
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with respect to the aircraft measurements. The IASI data exhibit consistently lower
slopes than the TES : model and aircraft : model comparisons; this may be because
the IASI sensitivity to methanol peaks higher in the atmosphere than does that of TES
(Beer et al., 2008; Razavi et al., 2011), but it may also be partly due to the influence of
retrievals with low DOFS that are by necessity retained in the comparison.5

5 Seasonality of biogenic methanol emissions

Recent work by Hu et al. (2011) showed that MEGAN biogenic emissions, implemented
in GEOS-Chem, lead to predicted methanol concentrations that are phase-shifted sea-
sonally relative to observations in the US Upper Midwest. The result is an underesti-
mate of the pronounced photochemical role for methanol early in the growing season,10

a time of year when methanol emissions and concentrations are high, but isoprene
emissions are still relatively low. With the exception of TexAQS-II, all aircraft campaign
data used in this study were taken during the spring and early summer months over
North America, so the apparent model underestimate discussed above may be at least
partly attributable to this seasonality bias. In this section we apply the TES and IASI15

space-borne observations to address this issue, and derive new top-down information
on the seasonality of biogenic methanol emissions.

5.1 Methanol emissions as a function of leaf age and plant functional type

A limited number of laboratory enclosure studies and above-canopy measurements
have been conducted to examine methanol emissions from different plant species at20

different stages of leaf growth. It is currently understood that plants produce methanol
via dimethylation of pectin during cell wall expansion (Galbally and Kirstine, 2002) and
thus emit more methanol during their growing period. Hüve et al. (2007) found that
emissions were 4× higher for young versus mature leaves of eastern cottonwood, while
Nemecek-Marshall et al. (1995) found that emission rates decreased by nearly a factor25
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of 20 between the youngest and oldest leaves of the same species. MacDonald and
Fall (1993) found that emission rates from fully expanded leaves dropped by ∼ 2–10×
from the rates of young leaves. Harley et al. (2007) reported that emissions from young
leaves can be at least an order of magnitude higher than those from mature leaves of
the same plant. A recent study by Bracho-Nunez et al. (2011) showed that methanol5

emission rates from young leaves of several Mediterranean plant species were 25–
90 % higher than those from the mature leaves. Karl et al. (2003) measured springtime
fluxes of methanol that were 1.7× higher in spring than in fall over a hardwood forest
in Northern Michigan, and Custer and Schade (2005) found that methanol emissions
from a sugar beet field were an order of magnitude higher in the early part of the10

growing season than in mid-to-late summer. Taken together, these studies provide
clear evidence of enhanced methanol emissions in younger versus older leaves, but
the observed variability raises a challenge in terms of implementing the phenomenon
in a robust way in global emission models.

5.2 Application of space- based observations to constrain seasonal emissions15

To better quantify the seasonality of methanol emissions, we compare total column
amounts simulated by MEGANv2.1 and GEOS-Chem to those measured by IASI over
selected temperate regions of the globe. We use IASI for this comparison because
of the sampling statistics provided by its high spatial and temporal resolution, which
minimize any influence from random error. We will then employ the TES data, with20

its higher spectral resolution, as an independent test of the results. We focus our
analysis on midlatitude regions of the Northern Hemisphere without significant biomass
burning influence. Regions were defined as shown in Fig. S2: Western US, Eastern
US, Southern Canada, Europe, and Southern Siberia. The fractional coverage for each
of the MEGAN PFTs in these regions is listed in Table 2.25

Figure 4 shows timelines of methanol abundance as measured by IASI and TES, and
simulated by GEOS-Chem, averaged over the midlatitude regions of Fig. S2 for 2009.
As above, we sample the model to account for the vertical sensitivity of the satellite
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sensors and to minimize any influence from the a priori on the comparisons. Both
the TES and IASI ensembles exhibit the same seasonal offset compared to the model
as was observed by Hu et al. (2011) over the US Upper Midwest, with the observed
seasonal peak occurring one month earlier than in the simulation. Both datasets also
show the largest discrepancy with respect to the model during springtime. Figure 55

shows methanol column timelines for 2009 as measured by IASI and simulated by
GEOS-Chem for the five regions that made up the ensemble mean in Fig. 4. The
figures also include the individual model contributions from biogenic and other sources.
As we see, the biogenic source clearly drives the seasonality of the simulated methanol
column in all of these regions, serving as the major source of atmospheric methanol10

during spring, summer and fall.
The comparisons in Fig. 5 show that the methanol source underestimate in

MEGAN+GEOS-Chem occurs predominantly during springtime. It is also especially
pronounced in the Western US; the GEOS-Chem column amounts would need to be in-
creased by nearly 2× over this region to match those observed from IASI. Our compar-15

isons above with North American aircraft observations are consistent with these find-
ings; the results point to a misrepresentation of the seasonality of biogenic methanol
emissions, as well as a potential missing source in the Western US.

We apply the IASI data to derive optimal relative emission rates for the different leaf
age categories in terms of reproducing observed seasonal patterns in atmospheric20

methanol. Four simulations were performed in which the relative emission rates for
new, growing, mature, and old leaves were individually increased by 10 %. The re-
sulting fractional increases in the simulated methanol column (sampled according to
the IASI sensitivity) are shown in Fig. 6 for the five midlatitude regions considered. In-
creases in the relative emission rates of new and growing leaves manifest as increases25

in atmospheric methanol during spring, while increases for mature and old leaves are
strongest during late summer and fall, respectively. Using these sensitivities, we derive
a best-guess set of optimized relative emission factors by fitting to an area-weighted
mean of the IASI observations over the five regions of interest. As our focus here is
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on the seasonality of emissions rather than the absolute amount, we consider the IASI
column normalized by its annual mean.

Despite the fact that emissions from new and growing leaves peak during spring
(Fig. 6), our initial optimization efforts were unable to close the satellite : model discrep-
ancy at that time of year. Increasing Anew has only a marginal effect on springtime5

emissions because the increase is damped by low values of γLAI. One reason for the
large model bias at this time of year could thus be an underestimate in the MODIS LAI
product for new and expanding canopies. It is also possible that additional sources of
methanol (e.g., leaf buds, soil emissions, or snowmelt), not currently represented in
MEGAN, are responsible for the early season discrepancy. To address this issue, we10

set γLAI =0.75 (corresponding to an LAI of ∼2) when the leaf canopy is expanding, and
use the standard PCEEA formulation (Guenther et al., 2006) when the canopy is static
or declining.

We then find that revised parameters of Anew = 11.0, Agrowing = 1.0, Amature = 0.05,
and Aold = 8.6 are able to capture the seasonality observed in the IASI midlatitude15

methanol measurements. These optimized parameters represent a ∼ 10× difference
in emissions between new and growing leaves, and a ∼ 20× difference in emissions
between growing and mature leaves. As discussed above, methanol emissions have
been observed to decrease by an order of magnitude or more between new and ma-
ture leaves, so these satellite-derived parameters have some consistency with in situ20

observations. They do represent a larger decrease than some in situ studies suggest
but, as is later shown, these new relative emission factors provide a much more re-
alistic simulation of atmospheric methanol seasonality across midlatitude ecosystems.
Emissions from old leaves are increased to match observed column amounts in the fall
(and to satisfy the condition that γage = 1.0 at standard conditions). This likely reflects25

larger emissions from dead and decaying plant material than currently assumed.
Updated simulation results using the revised leaf age emission factors (and set-

ting γLAI = 0.75 when canopies are expanding) are compared to IASI data in Fig. 7.
These modifications shift and broaden the seasonal peak in the simulated methanol
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column, so that it is more consistent with the observational constraints. As a result,
the simulated and observed (normalized) columns agree well from April to September,
though observations still indicate an earlier onset in spring emissions than predicted
by MEGAN+GEOS-Chem.

Figure 8 shows methanol column amounts (normalized by the annual mean) for5

the optimized simulation, standard simulation, and IASI for each of the five regions
that compose the midlatitude ensemble. The optimized simulation demonstrates much
better fidelity in capturing the observed seasonal pattern over each of these regions.
We also examined the effect of the optimized relative emission factors on simulated
methanol amounts in the tropics; overall emissions were slightly reduced, and in some10

areas the seasonal amplitude is now larger than observed. Our revised leaf age emis-
sion parameters are therefore recommended for temperate but not for tropical ecosys-
tems.

For some of the cases in Fig. 8, the simulated seasonal amplitude is weaker (e.g.,
Europe) or stronger (e.g., Southern Siberia) than observed, though the phase is accu-15

rate. Such discrepancies indicate a need for improved estimates of absolute methanol
emission rates (rather than their seasonal timing) for different plant functional types in
the midlatitudes, or possibly for improved estimates of other, non-biogenic, sources of
methanol.

Comparisons with independent data from TES provide support for our revised leaf20

age emission factors. Figure 9 shows TES global survey retrievals for 2009 over the
same five midlatitude regions used above. Only retrievals with DOFS>0.5 are in-
cluded. As with IASI, the TES retrievals reveal a late spring/early summer peak in
atmospheric methanol over midlatitude ecosystems, which is much better captured
by the optimized simulation. Over all five regions the TES observations exhibit weaker25

seasonality than MEGAN+GEOS-Chem or IASI. This may partly reflect retrieval uncer-
tainty and reduced sampling statistics during months when methanol concentrations
are low.

3960

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/3941/2012/acpd-12-3941-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/3941/2012/acpd-12-3941-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 3941–3982, 2012

Tropospheric
methanol

observations from
space

K. C. Wells et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Available surface observations are also consistent with the optimized model season-
ality. Figure 10 shows in situ measurements (normalized by the annual mean) from
Thompson Farm in New Hampshire (43.11◦ N, 70.95◦ W, 24 m a.s.l.) (Jordan et al.,
2009), the Blodgett Forest Research Station in California (38.90◦ N, 120.63◦ W, 1315 m
a.s.l.) (Schade and Goldstein, 2006), and the KCMP tall tower in Minnesota (44.69◦ N,5

93.07◦ W, 534 m a.s.l.) (Hu et al., 2011). The optimized simulation gives a better rep-
resentation of the timing of the seasonal peak in each case. Normalized methanol
abundance during springtime appears to be somewhat too high in the model at the
KCMP tall tower and at Thompson Farm; this is in part because the model underesti-
mates winter methanol concentrations at both sites, so the seasonal amplitude is overly10

pronounced.
Although the optimized simulation yields a seasonal cycle for atmospheric methanol

that is more accurate based on midlatitude observations, key discrepancies still ex-
ist in terms of the absolute concentrations. Over the Western US, simulated column
amounts are still a factor of two lower than the IASI observations (Fig. S3). At Blodgett,15

absolute surface concentrations in the model are 4–10× lower than observed. This
discrepancy could be due to the fact that this particular measurement site is located in
an area of complex terrain, but it is also consistent with a missing regional source in
the model.

6 Summary and conclusions20

We evaluated new retrievals of tropospheric methanol from the Tropospheric Emission
Spectrometer (TES) and the Infrared Atmospheric Sounding Interferometer (IASI), and
used them in conjunction with the GEOS-Chem CTM (driven with MEGAN emissions)
to better quantify the seasonality of methanol emissions from terrestrial plants in tem-
perate ecosystems. The TES retrievals show good agreement with aircraft observa-25

tions for retrievals with DOFS>0.5. The TES data exhibit a higher slope compared to
the model than do the IASI data, which may reflect differing vertical sensitivity for the
two sensors or the inclusion of retrievals with low DOFS in the IASI data.
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A full year of IASI and TES retrievals over midlatitude regions of the Northern Hemi-
sphere revealed a clear seasonal offset in the timing of model emissions, with peak
concentrations occurring 1–2 months too late in the model. We applied the satellite
data to derive a more robust global constraint on the change in methanol emission rate
as a function of leaf age in midlatitude ecosystems. We find that the seasonality in at-5

mospheric methanol as measured by IASI over key midlatitude regions is well-captured
using revised relative emissions factors of 11.0, 1.0, 0.05, and 8.6 for new, growing,
mature, and old leaves, respectively. These parameters represent an increase in emis-
sions for new and old leaves, and a decrease for growing and mature leaves compared
to the standard model. Implementing these optimized emission factors in the model,10

and employing a leaf area index activity factor of 0.75 for expanding canopies, leads to
a seasonal cycle in atmospheric methanol that is more consistent with the IASI mea-
surements, as well as with independent data from TES and ground stations. These
relative emission factors for the different leaf age classes were derived with respect to
midlatitude observations and are not necessarily applicable to the tropics.15

While our findings here should enable more accurate simulations of atmospheric
methanol in temperate regions of the world, some key issues remain to be resolved.
For example, large underestimates in the overall source magnitude still exist in areas
such as the Western US, pointing to a missing regional source in the model. Based on
observations by Geron et al. (2006), it is possible that emissions from desert shrubs20

are currently underestimated in MEGAN, but this requires further investigation. The
new global datasets from TES and IASI should provide powerful new constraints for
improving present understanding of methanol emissions for different plant functional
types.

Supplementary material related to this article is available online at:25

http://www.atmos-chem-phys-discuss.net/12/3941/2012/
acpd-12-3941-2012-supplement.pdf.
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Table 1. Aircraft measurements of methanol used for evaluation of TES and IASI space-based
retrievals∗.

Experiment Dates Method and reference

MILAGRO C130 Mar 2006 In-situ GC (Apel et al., 2003)
MILAGRO DC8 Mar 2006 In-situ GC (Singh et al., 2001)
INTEX-B C130 Apr/May 2006 In-situ GC (Apel et al., 2003)
INTEX-B DC8 Apr/May 2006 In-situ GC (Singh et al., 2001)
ARCPAC Apr 2008 PTR-MS (de Gouw and Warneke, 2007)
ARCTAS (phase 2) Jun/Jul 2008 In-situ GC (Apel et al., 2003)
TexAQS-II Sep/Oct 2006 PTR-MS (de Gouw and Warneke, 2007)

∗ Flight tracks shown in Fig. 2.
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Table 2. Percent coverage of plant functional types in the MEGAN landcover database for
selected midlatitude regions∗.

Region % Broadleaf % Needleleaf % Shrubs % Grasses % Crops
trees trees

Western US 1.6 11.1 14.5 29.6 11.5
Eastern US 20.1 18.2 8.3 11.7 29.4
Southern Canada 1.6 37.4 24.9 12.0 6.9
Europe 8.5 20.1 9.7 12.1 37.0
Southern Siberia 2.4 36.8 26.8 16.0 5.2

∗ Region boundaries are shown in Fig. S2.
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Fig. 1. An example TES methanol retrieval from 7 July 2008 (54.45◦ N, 113.05◦ W). (A) Spectral
brightness temperature observed by TES. (B) Residuals between the TES measured spectrum
and a modeled spectrum computed assuming a methanol-free atmosphere. (C) Measurement-
model residuals after three iterations of the forward model to optimize the methanol profile.
(D) Difference between the second and third panels, showing the brightness temperature signal
associated with methanol. In each case the spectral range used for the retrieval is shown in
red. (E) The corresponding retrieved methanol profile (black line), a priori profile (red line), and
the representative volume mixing ratio (RVMR, black symbol) for this example. The shaded
bar indicates the vertical range over which the RVMR applies, corresponding to the full width
at half-maximum of the averaging kernel peak. (F) The sum of rows of the averaging kernel for
this example.
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Fig. 2. Maps of aircraft campaign flight tracks and TES observations used for intercomparison.
Flight tracks are colored by measured CH3OH concentrations and the selected TES observa-
tions are shown as black circles. The grid lines indicate the GEOS-Chem grid box boundaries.
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Fig. 3. Comparison of TES, IASI and airborne methanol measurements using GEOS-Chem
as an intercomparison platform. Methanol abundance as modeled by GEOS-Chem (base-case
simulation) is compared to aircraft (left column, ppb), TES (middle column, ppb) and IASI (right
column, 1016 molec cm−2) measurements for the field campaigns shown in Fig. 2. TES data
are colored according to their DOFS, and only DOFS>0.5 are shown. Red lines correpond
to a reduced major axis fit to the data (only performed for r > 0.25). Uncertainty estimates
correspond to the standard error of the regression.
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Fig. 4. Seasonal cycle in atmospheric methanol over midlatitudes for 2009. Shown are
methanol column amounts simulated by GEOS-Chem (base-case simulation, red solid line)
and measured by IASI (black solid line), and representative volume mixing ratios (RVMR) sim-
ulated by GEOS-Chem (base-case simulation, red dashed line) and measured by TES (black
dashed line). TES RVMR data include only those observations with DOFS>0.5. The data
represent an average over the northern midlatitude regions of Fig. S2, and shaded areas show
the standard error about the mean.
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Fig. 5. Seasonal source contributions to atmospheric methanol for various midlatitude re-
gions: Western US (35–50◦ N, 120–100◦ W), Eastern US (35–50◦ N, 100–60◦ W), Southern
Canada (50–60◦ N, 130–60◦ W), Europe (40–50◦ N, 0–30◦ E), and Southern Siberia (50–65◦ N,
80–140◦ E). Shown are 2009 timelines of the methanol column as measured by IASI (black)
and simulated by GEOS-Chem (base-case simulation, red). The individual model contributions
from biogenic (green) and all other sources (blue) are also shown. Lines show the mean over
each region.
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Fig. 6. 2009 timelines of the percent increase in the total column methanol from GEOS-Chem
for a 10 % increase in the relative emissions from new leaves (red), growing leaves (green),
mature leaves (blue), and old leaves (black) for the five regions considered in this study. Lines
show the mean over each region.
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Fig. 7. Seasonal cycle in atmospheric methanol over midlatitudes as measured by IASI (black)
and predicted by the GEOS-Chem base-case (red) and optimized (green) simulations. Data
are for 2009 and are normalized by the annual mean in each case. Lines show the mean over
all midlatitude regions of Fig. S2, while shaded areas indicate the standard error about the
mean.
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Fig. 8. Seasonal cycle in atmospheric methanol over midlatitude regions as measured by IASI
(black) and predicted by the GEOS-Chem base-case (red) and optimized (green) simulations.
Data are for 2009 and are normalized by the annual mean in each case. Lines show the mean
for each of the midlatitude regions of Fig. S2.
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Fig. 9. Seasonal cycle in atmospheric methanol over midlatitude regions as measured by
TES (black, for DOFS>0.5) and predicted by the GEOS-Chem base-case (red) and optimized
(green) simulations. Data are for 2009 and are normalized by the annual mean in each case.
Lines show the mean for each region, while shaded areas indicate the standard error about the
mean.
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Fig. 10. Seasonal cycle in atmospheric methanol at North American surface sites. Obser-
vations from Thompson Farm in NH, USA (January–December 2008), Blodgett Forest in CA,
USA (May 2000–April 2001), and the KCMP tall tower in MN, USA (January–December 2010),
are compared to modeled concentrations from the GEOS-Chem base-case (red) and optimized
(green) simulations. Concentrations are normalized to the annual mean in each case. Model
results for Blodgett Forest are for 2009 rather than 2000–2001. Lines show the weekly mean
values, while shaded areas indicate the standard error about the mean.
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