One Decade of Pyrogenic NMVOC Emissions Deduced From HCHO Satellite Data
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Summary

Formaldehyde columns retrieved from the GOME and SCIAMACHY instruments between 1997 and 2006 are used together with the IMAGESv2 global chemistry transport model to provide top-down estimates for biomass burning and biogenic non-methane volatile organic compound (NMVOC) emissions on the global scale. Prior estimates of monthly burnt biomass between 1997 and 2006 are provided by either the version 1 or version 2 of the Global Fire Emission Database (GFED, van der Werf et al., 2004, 2006). Monthly pyrogenic and biogenic NMVOC emissions are optimized using the grid-based approach, previously applied to the optimization of CO sources by Stavrakou and Müller (2006). In this framework, the emissions are optimized at the resolution of the CTM (5°x5°). Given the large number of emission parameters to be optimized (~200,000), source-specific spatial and temporal correlations among errors on the prior emissions are introduced in order to reduce the number of effective unknowns. Although a quite good agreement is found between the satellite retrievals and the model results using prior emissions at most locations, the optimization results show the large potential of satellite data for constraining biogenic and pyrogenic emissions. 

1. Introduction

Formaldehyde (HCHO) column retrievals based on GOME (1997-2002) and SCIAMACHY (2003-2006) instruments (De Smedt et al., 2007) are used as “top-down” constraints in order to quantify the emissions of NMVOCs. HCHO, the most abundant carbonyl in the atmosphere, is directly emitted by fossil fuel combustion and biomass burning, but it is mainly formed from the oxidation of methane and the NMVOCs. By far, the largest NMVOC emission source on the global scale is of biogenic origin (ca. 85%), followed by anthropogenic (12%), and biomass burning emissions (3%).  In view of the large number and diversity of NMVOCs involved in the production of HCHO, a study has been conducted using quasi-explicit chemical mechanisms (mostly the Master Chemical Mechanism, MCM, Saunders et al., 2003) in order to determine the formaldehyde yields in the oxidation of the most prominent NMVOCs. These results have been used to optimize the chemical mechanism of the CTM with respect to formaldehyde production. This adjusted CTM is then used to optimize biogenic and biomass burning emissions of NMVOCs. The optimization relies on prior inventories : monthly estimates of burnt biomass over the decade are provided by the Global Fire Emission Database (GFED) version 1 and version 2 (van der Werf et al., 2004, 2006), and the newly developed MEGAN-ECMWF inventory for biogenic isoprene emissions (Müller et al., 2007). This study focuses on the Tropics, where biomass burning and biogenic emissions are dominant, and the satellite signal is stronger. 

This communication is organized as follows.  The HCHO column data are presented in Sect. 2. The IMAGES CTM and the bottom-up inventories used are discussed in Sect. 3. The next section deals with the derivation of HCHO yields from different NMVOCs emitted from vegetation fires. The inversion  method is briefly described in Sect. 5. Two inversions have been performed, using GFEDv1 and GFEDv2 as prior, and optimization results are shown over Indonesia and Amazonia. In addition, the results obtained over Northern America are investigated through comparison with aircraft campaign measurements. 

2. Ten years of HCHO column measurements from GOME and SCIAMACHY

Two UV-visible nadir sounders, GOME onboard ERS-2 and SCIAMACHY onboard ENVISAT have been used to retrieve global tropospheric HCHO columns by applying the differential optical absorption spectroscopy (DOAS) technique (Platt et al., 1994) in the near UV region. This new dataset differs from previous HCHO retrievals by other groups by the choice of the wavelength range used in the DOAS fitting, taken to be  328.5-346 nm. This choice is found to reduce the artifacts over tropical regions, and to provide a quite good consistency between HCHO columns from the two instruments, compared with retrievals obtained using the usual fitting window (337.5-359 nm). 

Slant columns are converted into vertical columns using radiative transfer calculations and vertical profile shapes provided by the IMAGESv2 model on a monthly basis interpolated for each satellite geolocation. The slant column error is estimated at 4.3x1015 mol./cm2 before 2001 and 6x1015 mol./cm2 after this year for GOME, and at 6.5x1015 mol./cm2 for SCIAMACHY. These errors set the instrumental detection limit for formaldehyde columns. A thorough description of the retrieval methodology is provided in De Smedt et al., 2007. The columns used in this study are taken from GOME data for 1997-2002 and from SCIAMACHY for 2003-2006. 

3. Chemical Transport Model and Bottom-up Inventories

An updated version of the IMAGES chemical transport model (Müller and Stavrakou, 2005) is used in this study. The model provides the global distribution of 20 short-lived and 48 long-lived chemical compounds at a resolution of 5 degrees, with 40 vertical sigma-pressure levels between the surface and the pressure level of 45 hPa. The chemical mechanism has been optimized with respect to HCHO production as discussed in the next section.

Advection is driven by monthly mean  ECMWF/ERA40 fields till 2001 and operational analyses beyond this date. Diurnal cycle calculations are performed off-line with the CTM using a shorter time step and an accurate chemical solver (KPP). The model time step used in the optimization study is equal to one day.

The Global Fire Emissions Database (GFED)  version 1 (van de Werf et al., 2004) and version 2 (van der Werf et al., 2006)  are used as prior biomass burning inventories. In both inventories monthly carbon fire emissions are estimated based on satellite fire activity data converted into burned area, then used as input in a biogeochemical model. Trace gas emissions are derived from carbon emissions using emission factors provided by Andreae (pers. comm., 2007). A diurnal cycle of biomass burning emissions based on Giglio (2007) is applied in the diurnal cycle calculations with the CTM. 

Biogenic (isoprene) emissions are obtained from a new inventory based on the MEGAN model (Guenther et al., 2006) coupled with the MOHYCAN  canopy model (Müller et al. 2007). It is driven by ECMWF meteorological fields and accounts for the effects of leaf age, soil moisture, and past temperature and radiation levels. It covers the period 1995-2006 and is made freely available at www.oma.be/TROPO/inventory.html. 
4. HCHO Yields and Production

We use the Master Chemical Mechanism (MCMv3.1, Saunders et al., 2003) in a box model based on the KPP solver in order to determine the short-term HCHO yields (after one day), and final yields (after two months of simulation)  under high NOx conditions in the oxidation of the most prominent NMVOCs emitted from fires (Andreae, 2007, pers. comm.). Using this information, we adjust the IMAGESv2 chemical mechanism so as to reproduce the MCM-computed yields. Figure 1 displays the short-term (in orange) and long-term (in blue) HCHO yields from the oxidation of important NMVOCs. Ethene has the higher short-term HCHO yield per unit carbon (0.7), followed by propene (0.6), 2,3-butanedione (0.5), acetaldehyde (0.47) and isoprene (0.46). Strongly emitted compounds like acetic acid and methanol with lifetimes of several days have small one-day yields.

 The global HCHO production due to each NMVOC can be crudely estimated based on these yields. Figure 2 illustrates the short-term HCHO production by pyrogenic NMVOCs. Ethene contributes the most (28%), followed by directly emitted HCHO (14%), whereas small contributions are inferred for methanol (CH3OH) and acetic acid (CH3COOH). In the updated chemical mechanism of IMAGES, 85% of the total HCHO production is represented explicitly (16 NMVOCs), while the remainder is represented through a lumped compound. 

5. Contribution of the different emission categories to the total modelled HCHO columns

The aim here is to calculate the contribution of different emission sources (methane oxidation, anthropogenic, biomass burning and biogenic) to the total annual modelled HCHO columns. Model runs are conducted for 2006 using the GFEDv2 biomass burning inventory. As illustrated in Fig. 3, although the oxidation of methane represents 60% of the total HCHO source on the global scale, the oxidation of short-lived NMVOCs often dominates over the continents. Among the NMVOCs, biogenic compounds (mostly isoprene) are dominant and contribute to 30% at the global scale. Less important are the contributions of anthropogenic NMVOCs (7%), and biomass burning events (3%). Although biomass burning is the least significant source of formaldehyde on the global scale, fire episodes lead locally to strongly enhanced HCHO columns detectable by the satellites, especially in tropical regions, as illustrated in Fig. 3. 
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Fig. 1. Short-term (in orange) and long-term (in blue) HCHO yields from the oxidation of NMVOCs.

Fig. 1. Short-term (in orange) and ultimate (in blue) HCHO yields from the oxidation of pyrogenically emitted NMVOCs. 
[image: image8.png]



Fig. 2. Contributions of individual compounds to the global short-term HCHO production from the oxidation of NMVOCs.


Fig. 3. Contributions to the total modelled HCHO (year 2006) columns by different emission sources. The global amount of HCHO produced annually by the corresponding source is indicated inset. Units are 1015 mol./cm2. 

6. Inverse Modelling of Emissions 

The discrepancy between the model and the observations as well as between the prior and the posterior emissions, is measured by the cost function J :  J(f)=½Σi (Hi(f)-yi)T E-1(Hi(f)-yi) + ½ (f-fB)TB-1(f-fB), where f is the control variables vector, which multiplies the emission parameters, H is the model operator acting on the control variables, y are the observations, and E, B the covariance matrices of the errors on the observations and the control variables, respectively. To minimize the cost function, we use the adjoint model of IMAGES (Müller and Stavrakou, 2005), which allows to calculate the sensitivities of the output with respect to the input variables, while taking into account the chemical interactions between the compounds. The grid-based approach described in Stavrakou and Müller (2006) is used in this study. Following this approach, we optimize the fluxes emitted from every model grid cell and month from 1997 to 2006, and we distinguish between biomass burning and biogenic emissions. Source-specific correlations among prior errors on the flux parameters are also introduced as in Stavrakou and Müller, 2006. Data are used in the inversion only when the contribution of pyrogenic and biogenic emissions exceeds 50% of the total modelled HCHO column for a given grid cell and month.

7. Optimization Results

Our study focuses on tropical regions, where biomass burning and biogenic emissions dominate over other sources during the dry and wet season, respectively. Comparisons between the prior, the posterior and the observed HCHO columns over Indonesia and Amazonia are illustrated in Figs. 4 and 6, respectively. Model simulations using the GFEDv1 inventory are shown in blue, those with GFEDv2 are in red. 

The extremely high values of the monthly mean HCHO columns over Indonesia in September/October 1997 are due to El-Nino induced fires.  This peak is overestimated by the model by a factor of two over Borneo when the GFEDv2 is used as prior, but this simulation correlates better with the data (r=0.98) than the simulation with the GFEDv1 inventory (r=0.94) in 1997. Comparison between the prior and the updated biomass burning emissions over southeast Asia is displayed in Fig. 6. The very high GFEDv2 emissions in September 1997 are decreased significantly (factor of two), and meet the prior GFEDv1 values. Except for 1997, the two inventories are in quite good agreement, although the GFEDv2 generally overestimates the columns. 
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Fig.4. Prior (dashed lines), optimized (solid lines) and observed monthly averaged HCHO columns are compared over Sumatra and Borneo. Simulation with GFEDv1 is in blue, with GFEDv2 in red.  

   The main burning season over the Amazonia basin spans from August to October, as seen on Fig. 6, leading to enhanced NMVOC emissions over that period. Over this region, the higher fire emissions of the GFEDv1 inventory and the low values of the MEGAN-ECMWF biogenic emissions provide an excellent consistency  with the data, reflected by the very high correlation coefficient (0.9 in the prior) over this region, which contrasts with previously conducted studies (e.g. Shim et al. 2005). Furthermore, the agreement during the wet season over Amazonia provides a first validation of the biogenic inventory used in this study. 

. 
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Fig. 5. Prior (dashed lines) and optimized (solid lines) pyrogenic emissions are compared over south Asia (10S-30N, 80 -130 E). Simulation with GFEDv1 is in blue, with GFEDv2 in red.  
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Fig. 6. As in Fig.5 but for two regions of tropical America.

Over the Para region in Brazil, although the overall agreement with the observations is quite satisfactory, it has been shown from comparison with in-situ flux measurements that MEGAN-ECMWF isoprene fluxes are probably overestimated (Müller et al., 2007). In September 1997, due to the very low prior biomass burning emissions of the GFEDv2 (red dashed line of Fig. 6), the inversion accounts for the large observed HCHO columns by increasing the biogenic source. In the large panels of Fig. 7, the ratio of the optimized to the prior biomass burning source is displayed for both simulations for the month of September 1997.  The inner figures of the same plot display the ratio of the optimized to the prior biogenic source. When the GFEDv2 inventory is used (right panel) the isoprene source increases by a factor of up to three, whereas the pyrogenic source does not change. The solution provided by the optimization using the GFEDv1 inventory seems far more realistic in this case. This example highlights the difficulty which arises when we try to provide a quantification of the parent NMVOC emissions through inverse modelling, for sources that are not spatially and temporally disaggregated.
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Fig. 7. Ratio of the optimized to the prior biomass burning (big figures) and biogenic emissions (small panels) for the two inversions, with GFEDv1 on the left, GFEDv2 on the right.

In Fig. 8, the prior and optimized IMAGESv2 profiles are compared with the mean observed vertical distribution observed during the INTEX-A (July-August 2004) aircraft campaign over Northern America. The URI dataset has systematically lower values than NCAR. The modelled mixing ratios at altitudes higher that 1.5 km lie mostly in between the values defined by the two datasets, while over the continental boundary layer they are closer to the NCAR measurements. The optimization brings the model closer to the observed HCHO mixing ratios in all cases. This is achieved by reducing the isoprene source by about 30% during the growing season. A possible reason for the apparent overestimation of biogenic fluxes over this region could be the MCM HCHO yield from isoprene used in our chemical mechanism, which is by 20% higher compared to the yield of the GEOS-Chem scheme at high NOx conditions (Palmer et al., 2006), which was found to be consistent with HCHO and isoprene vertical profiles observed during the INTEX-A campaign (Millet et al., 2006). 

8. Conclusions

We used 1997-2006 satellite observations of HCHO columns from the GOME and SCIAMACHY instruments as top-down constraints in order to provide quantitative information on the biomass burning and biogenic emissions of reactive NMVOCs. We compared the satellite retrievals to simulated HCHO columns from the IMAGESv2 chemical transport model, which uses state-of-the-art bottom-up inventories. Two biomass burning inventories (GFEDv1 and v2) have been tested using the model. 
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Fig.8. Comparison between the prior and optimized modelled profiles with the mean observed vertical profile observed during INTEX-A. The URI (Univ. Rhode Island) and the NCAR (Colorado) analysis datasets are displayed in blue and green, respectively.

Comparisons over Indonesia show that the GFEDv2 overestimates fire emissions by a factor of two in Sept./Oct. 1997 over Borneo, although it is found to be better correlated with the data. In general, the two inventories are in quite good agreement over southeast Asia, in spite of the general overestimation of the GFEDv2 inventory. Over Amazonia, the higher GFEDv1 fire emissions seem to be supported by the data. The biogenic fluxes in the MEGAN-ECMWF inventory provide an excellent consistency with the data, reflected by the very high correlation coefficient (0.9 in the prior) over this region. This striking agreement during the wet season over Amazonia provides a first validation of the biogenic inventory used in this study. In addition, the optimization improves the agreement between the model and the HCHO observations of the INTEX-A aircraft campaign. 
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