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Abstract

Long-range transport of trace gases in summer 2004 are compared to those in summer 2002. In order to evaluate the impact of power plant NOx emission reductions on pollutant export, it is necessary to remove the effect of meteorological variability. We use aircraft observations from the Intercontinental Chemical Transport Experiment (INTEX) campaign and ozonesonde measurements from the INTEX Ozonesonde Network Study (IONS) over the central and eastern U.S. in summer 2004 to test the parameterization of the lightning source of NOx in a global chemistry transport model. We analyze the contribution of lightning and anthropogenic emissions to ozone concentrations, radiative forcing due to additional ozone produced from lightning and anthropogenic emissions, and North American export fluxes.
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10Figure 1: Difference between the summer 2004 and the summer 2002 for convective updraft mass flux (Pa/s), combined effect of Zhang and McFarlane [1995] and Hack [1994] convection, averaged for each individual month between the longitudes 95°W and 65°W. GEOS-4 reanalyzed meteorology: (zmmu+hkbeta).


16Figure 2: Tropospheric NO2 column (1015 molecules NO2 cm-2) from SCIAMACHY observations from all overpasses over the northeast U.S. in August 2002 (left) and August 2004 (right).


17Figure 3: Comparison with IONS ozonesondes. Observed (blue solid) and simulated ozone profiles for July and August 2004. Since the L1 simulated ozone profile is very close to the L2 simulated profile, results only from L2 (red solid) and L3 (red dashed) runs are shown. Green dashed lines show corresponding results from GMI simulation. Horizontal bars show standard deviations in each 50 hPa bin.


20Figure 4: Mean vertical profiles of NO, NOx, O3, CO, HNO3, OH and PAN. Observations from the DC-8 aircraft (thick blue) are compared to model results from the L1 (black), L2 (red) and L3 (dashed red) simulations. 1-minute average measurements are compared to hourly UMD-CTM output sampled along the flight tracks, and GMI output is sampled from either the 10:30 am or 1:30 pm local time Aura overpass depending on the measurement time. Horizontal bars show standard deviations on the observations in each 50 hPa bin. The aircraft observations have been filtered to remove urban plumes, biomass burning plumes, and stratospheric air (as described in the text).


21Figure 5: UMD-CTM comparison with AQS ground-base measurements. Time series of 8-hour ozone maxima averaged over the ORV for both summers. Dotted line is the contribution due to anthropogenic emissions for the summer of 2004. Note that UMD-CTM has relatively high bias in 8-hour ozone maxima. Blue dashed and dotted lines are UMD-CTM calculated 8-hour ozone maxima due to NA lightning (240 and 480 moles of NO produced per flash) and due to NA anthropogenic emissions for 2004, respectively.


23Figure 6: Vertical profiles of longitudinal import and export (through 130°W, and 65°W respectively) fluxes of NOx, NOy, CO, and O3 over North America in the troposphere, summed over the region between 25°N and 60°N. The solid lines represent export fluxes while the dotted lines represent import fluxes. Fluxes due to NA lightning production and NA anthropogenic emissions are the blue and red lines, respectively. Fluxes in the last row (violet lines) are from the sensitivity run with 2002 power plant NOx emissions and 2004 flash rates and meteorology.


27Figure 7: Additional ozone due to NA anthropogenic emissions and lightning in summer 2004 and compared to the summer 2002 and associated RF. First four rows are the additional ozone at the surface, in the layers of 800-600 hPa, 600-400 hPa, 400-200 hPa, and the fifth row is the tropospheric column. The last row is RF due to additional ozone from NA anthropogenic emissions (first column) and from NA lightning (second column) in 2004. The third column is the difference of the summer 2004 minus 2002 due to NA anthropogenic emissions and the forth column is the difference of the summer 2004 minus 2002 due to NA lightning. Minima, averages and maxima are provided at the top of each surface plot.







1 Introduction
This study investigates the impact of North American (NA) anthropogenic emissions on the air quality in summers 2004 and 2002 and on the long-range export of trace gases. The two summers were significantly different: power plant NOx emissions mainly in Ohio River Valley (ORV) were greatly reduced in summer 2004 compared with 2002. NOx emissions in combination with volatile organic compounds (VOCs), sunlight, and warm temperatures, lead to the production of ozone, the primary component of photochemical smog.
Differences in meteorology also affect the ozone formation and accumulation. In particular, temperature and moisture parameters were considerably different in summer 2004 than in summer 2002. Average maximum temperatures were substantially cooler by as much as 3-5°C during summer 2004 (Godowitch et al. 2007). Increased synoptic disturbances in summer 2004 relative to summer 2002 complicate the assessment of the cause of ozone changes. 
The longer chemical lifetimes aloft and greater wind speeds can then lead to significant long-range transport during which photochemical ozone production occurs. On the other hand, the vertical mixing which occurs during convection can also decrease tropospheric column ozone as high ozone air from upper troposphere (UT) is transported downwards to levels where it is destroyed more quickly and low ozone air which originated near the surface is deposited in UT. Precipitation removes aerosols and soluble species like nitric acid from the atmosphere, providing an important removal process.
We use here observations from the International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) aircraft campaign over eastern North America in summer 2004 (Singh et al. 2006) and IONS ozonesondes to evaluate the model performance. Meteorological conditions during the summer 2004 and importance of vertical transport are described e.g. in Kiley and Fuelberg [2006]; Büker et al. [2008]. Fuelberg et al. [2007] reports that DC-8 aircraft often sampled lightning influenced air. The lightning produced NOx is underestimated in global chemistry transport models (
 ADDIN EN.CITE 
Singh et al. 2007
; Bousserez et al. 2007).
Environmental Protection Agency (EPA) issued an emission control policy known as the NOx State Implementation Plan (SIP) Call (Frost et al. 2006). The NOx SIP Call was designed to reduce the interstate transport of ozone and its precursor species by requiring substantial NOx emission reductions from point sources in 22 eastern states with full implementation of controls to be completed by the summer 2004 ozone season.
A high resolution (12-km grid) CMAQ modeling study by Godowitch et al. [2007] showed that point source NOx emission reductions due to numerous emission control programs implemented by the EPA caused substantial decreases in NOx concentrations aloft and in daily 8-h maximum ozone. Sites downwind of the emission-rich Ohio River Valley (ORV) region experienced greatest decreases in maximum 8-h ozone. Interestingly, Godowitch et al. [2007] found that meteorological effects on ozone had greater impact on air quality than those from emission changes over the north part of ORV.
Focus of this study is on long-range trace gases export. Global chemical transport models are required for calculating intercontinental transport. Ozone is one of the gases with a sufficiently long lifetime in the free troposphere such that it may be transported from one continent to another. In this study, we use University of Maryland Chemistry and Transport Model (UMD-CTM). For both years, we quantify the North American contribution to tropospheric ozone by conducting sensitivity simulations with anthropogenic or lightning emissions over North America shut off. In the first part, model output is compared to aircraft-(INTEX-A), satellite-(SCIAMACHY NO2), and ground-based (AQS) measurements. We determine the model biases for ozone and NOx. In the second part, the difference in radiative fluxes at the tropopause level (as the convenient measure of pollutant export) due to the additional tropospheric ozone production from NA anthropogenic emissions and NA lightning is calculated.
2 Model Description
The UMD-CTM is driven by assimilated meteorological observations from Goddard Earth Observing System (GEOS-4) of the NASA Global Modeling and Assimilation Office (GMAO). We use GEOS-4 CERES (Clouds and the Earth’s Radiant Energy System) reanalysis. The following meteorological fields are input for the UMD-CTM calculations: surface pressure, surface type (land, ocean, or ice), temperature, u and v components of the wind, specific humidity, tropopause pressure, and tropopause temperature at 0, 6, 12, and 18 UTC, three-hour averaged vertical diffusion coefficient, surface albedo, and convective precipitation, and six-hour averaged cloud mass flux, convective cloud detrainment, cloud optical depth and 3-D total cloud fraction. Convection in GEOS-4 is represented by two models: deep convection follows Zhang and McFarlane [1995] while shallow convection is based on Hack [1994]. The parameterization of deep convection in GEOS-4 uses updraft, downdraft, entrainment, and detrainment fields to describe penetrative cumulus convection (Zhang and McFarlane 1995).
The UMD-CTM accounts for large-scale advection, sub-grid processes such as deep convective and turbulent mixing, wet and dry deposition, gas-phase, and heterogeneous chemical transformations of constituents in the troposphere. The horizontal resolution of UMD-CTM is 2° latitude by 2.5° longitude. A hybrid sigma-pressure coordinate system with 17 sigma layers below and 14 constant pressure layers above 242 hPa is used.
Vertical transport is represented in the same way as in GEOS-CHEM (Bey et al. 2001). Moist convective transport in UMD-CTM is parameterized using cloud mass flux and detrainment fields from GEOS-4 CERES reanalysis (Allen et al. 1996a). Turbulent mixing is calculated through a fractional mixing scheme (Allen et al. 1996b); complete mixing is assumed in the boundary layer (Allen et al. 2004). 
 ADDIN EN.CITE 
Park et al. [2004a
] describes the complete UMD-CTM modeling system.
If more polluted air from boundary layer is lifted up into the UT, it has much stronger influence on radiative fluxes. Figure 1 shows larger zonally averaged updraft mass flux over the north east of NA with vertical extent up to ~300 hPa, esp. in June and August 2004.
We compare the output of UMD-CTM also to Global Modeling Initiative’s GMI combined stratophere-troposphere chemistry transport model (hereinafter refered to as GMI) output. GMI is described in Duncan et al. [2007], uses the same lightning parameterization scheme as UMD-CTM.
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Figure 1: Difference between the summer 2004 and the summer 2002 for convective updraft mass flux (Pa/s), combined effect of Zhang and McFarlane [1995] and Hack [1994] convection, averaged for each individual month between the longitudes 95°W and 65°W. GEOS-4 reanalyzed meteorology: (zmmu+hkbeta).

2.1 Anthropogenic emissions

In 2000, according to Emission Database for Global Atmospheric Research (EDGAR) and Frost et al. [2006], U.S. power generation accounted for one quarter (1.5 Tg N) of national NOx emissions (5.9 Tg N) are dominated by mobile sources: road transport (1.9 Tg N), international shipping (0.6 Tg N), and air transport (0.3 Tg N).
Global anthropogenic emissions in the model are as described by Park et al. [2004a]. Power plant NOx sources for U.S. are updated using 2004 month-specific Continuous Emission Monitoring System (CEMS). CEMS direct measurements of criteria pollutants represent one of the most accurate parts of the U.S. emission database (http://www.epa.gov/airmarkets/emissions). We use monthly CEMS NOx power plant emissions over the contiguous U.S. (CONUS) and EDGAR global emission inventory everywhere else. In summer 2004, some point sources over ORV had NOx reduction of more than 80% relatively to summer 2002.

These major point source emissions (8287 power plants) are released from tall stacks (average stack height of 76 m) into plumes with considerable buoyancy (average release temperature of 117°C). Stack emissions of NOx are injected into the second lowest model layer. All other anthropogenic emissions are injected into the lowest layer of the model. In the UMD-CTM, the lowest model levels are centered approximately 50, 250, 600, 1100, and 1700 m above the local surface.
Following van der A et al. [2006], NOx emissions from all anthropogenic sources in China are increased by 15% in 2004 (and also in 2002) over the EDGAR emission.
2.2 Lightning

The annual lightning NOx production is set to 5 Tg N per year. The lightning NOx production is parameterized based on GEOS-4 convective mass fluxes. We modified the lightning scheme used in Allen and Pickering [2002]: from updraft mass flux, we subtract the threshold and square it, then we constrain to observations so the flash rates match the space- and ground- based observations on a monthly basis (using year-specific global and local ratios).
We conduct three lightning simulations for both summers with UMD-CTM:
L1: Total flash rates derived from convection mass flux are adjusted to match the Optical Transient Detector/Lightning Imaging Sensor (OTD/LIS) – observation from the space: low resolution monthly time series (LRMTS) used in tropical region: -35 to +35 deg. lat and low resolution annual climatology (LRAC) used elsewhere.
L2: In addition to L1 approach, over the CONUS, the flash rates derived from convection mass flux are adjusted to match the National Lightning Detection Network (NLDN) cloud to ground (CG) flashes multiplied by (Z+1), where Z is an intra-cloud to cloud to ground (IC:CG) flash rates ratio from Boccippio’s climatology (Boccippio et al. 2001).
L3: In addition to L2 approach, NO production per flash over the CONUS is increased by factor of 2 to 480 moles of NO per flash.
GMI flash rates are scaled to match the OTD/LIS LRAC climatology only.
2.3 Biomass burning
Biomass burning emissions are derived from the Global Fire Emissions Database Version 2 (GFEDv2) (van der Werf et al. 2006). This data set prescribes emissions of total carbon as well as CO, CH4, and NOx. For other species, the total carbon emissions are converted to dry matter burned assuming a biomass carbon fraction of 0.45, and emissions factors from Andreae and Merlet [2001] are applied to estimate non-methane hydrocarbon emissions. Andreae and Merlet [2001] give emissions factors separately for savannah/grassland, tropical forest, extratropical forest, and agricultural burning. Emissions from GFEDv2 and Boreal Wildfire Emissions Model (BWEM) (Kasischke et al. 2005) are partitioned into these categories using the University of Maryland land cover classification derived from MODIS data (Hansen et al. 2001; Friedl et al. 2002).
The GFEDv2 database uses the CASA model to estimate fuel loads (van der Werf et al. 2003) and a burned area database derived from MODIS observations (Giglio et al. 2006) to estimate monthly biomass burning emissions on a 1x1-degree grid. For this study, MODIS active fire data (Justice et al. 2002) are used to calculate a daily perturbation for each 1x1 degree grid cell. This perturbation function is then applied to GFEDv2 emissions to obtain daily estimated emissions without altering monthly emissions, similar to the approach used by Heald et al. [2003]. This approach has been demonstrated to improve the accuracy of atmospheric simulations over using time-averaged emissions (Hyer et al. 2007; Roy et al. 2007). 1x1 degree biomass burning data are smoothed with 7-day moving average and regridded onto 2x2.5 degree UMC-CTM grid.
2.4 Radiative forcing calculation

Tropospheric O3 reduces outgoing long-wave radiation contribution from warm surface. IPCC [2007] estimate for global annual average present-day radiative forcing due to tropospheric ozone is ~0.35 Wm-2 (sum of short-wave and long-wave contribution) based on modeled anthropogenic contribution which makes ozone the 3rd most important climate gas. Surface O3 is important for air quality issues while upper troposphere O3 is important for climate forcing.
Tropospheric O3 forcing is driven by and broadly attributable to emissions of other gases. The observed regional variability of O3 trends is related to the transport of key precursors, particularly reactive nitrogen (NO), CO, and NMHCs. The chemistry of O3 production is non-linear Klonecki and Levy II [1997].
In this study, calculations for clear-sky conditions are done. Effects of the absorption and scattering due to clouds and aerosols, as well as Rayleigh scattering, are not included. We conduct two simulations for each year: one with anthropogenic emissions and the other without anthropogenic emissions over NA. Vertical profiles, surface temperature and distributions of radiatively important gases (NO2, O3) are calculated every 6 hours by UMD-CTM (concentrations of other greenhouse gases are kept constant in both simulations) are used as an input for radiative transfer model to calculate global 3-D distributions of net IR radiative fluxes (positive direction down). We use the radiative transfer model from Chou et al. [1995] (used also in Park et al. [2001]).
3 Results
3.1 Comparison with satellite observations
NOx emission reductions in a region dominated by power plants that have implemented controls are clearly evident (Kim et al. 2006) in the satellite data from SCIAMACHY (Scanning Imaging Absorption spectroMeter for Atmospheric ChartographY) onboard of ENVISAT (Environmental Satellite).
The high resolution (60 x 30 km2 in nadir) SCIAMACHY NO2 total columns (Richter et al. 2005) are used to see whether updated emission inventories are consistent with satellite measurements after the regional NOx emission reduction. The SCIAMACHY instrument analyses the sunlight reflected from the Earth or scattered in the atmosphere. In nadir mode, SCIAMACHY observes the total column from which the stratospheric column (limb mode) is subtracted to get the tropospheric column. Measurements are performed alternating between nadir and limb direction, changing every 2 minutes. According to numerous validation studies (Heue et al. 2005), SCIAMACHY measurements agree well with aircraft observations in both low and high polluted areas.
The ENVISAT satellite overpasses the ORV at 10:30 a.m. local time. In order to compare, UMD-CTM simulated tropopause height, surface pressure, temperature, air density, and NO2 profiles are interpolated between 12 and 18 UTC. The model-calculated tropospheric NO2 column is then compared with SCIAMACHY observations.
Figure 2 shows that major plumes over the ORV and also along the northeast coast are much less pronounced in SCIAMACHY observations in August 2004 than in August 2002.

[image: image2]
Figure 2: Tropospheric NO2 column (1015 molecules NO2 cm-2) from SCIAMACHY observations from all overpasses over the northeast U.S. in August 2002 (left) and August 2004 (right).
3.2 Comparison with ozonesondes observations
The vertical ozone profiles from ozonesondes are well correlated with model results and with high bias for both the UMD-CTM and GMI models. GMI performs relatively better, especially in the lower and middle troposphere; however, GMI has large low bias for Beltsville, Houston and Huntsville in the upper troposphere. The UMD-CTM results are slightly better in the upper troposphere for Beltsville, Houston and Huntsville, which are the locations of frequent lightning. 

For our analysis, we filter out mixing ratios greater than 200 ppbv in the measurements (and model results) to minimize the effects of extreme values (the same filtering is done in Choi et al. [2008]).
Figure 3 shows that the simulated mean UMD-CTM ozone is too high (by ~10 ppbv) for Boulder, Houston, Huntsville, Sable Island and Wallops Island and always larger than ozone calculated by GMI. We find an underestimate in the upper troposphere in the GMI simulation for Houston and Huntsville. GMI is in better (with respect to UMD-CTM) agreement throughout the lower and middle troposphere. In the upper troposphere, however, the GMI calculates less ozone. The simulation with doubled lightning brings slightly more ozone to the free troposphere which also increases the bias.
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Figure 3: Comparison with IONS ozonesondes. Observed (blue solid) and simulated ozone profiles for July and August 2004. Since the L1 simulated ozone profile is very close to the L2 simulated profile, results only from L2 (red solid) and L3 (red dashed) runs are shown. Green dashed lines show corresponding results from GMI simulation. Horizontal bars show standard deviations in each 50 hPa bin.
3.3 Comparison with aircraft observations

The Intercontinental Chemical Transport Experiment – Phase A (INTEX-A) field mission was conducted in the summer 2004 (1 July to 15 August 2004) and focused on quantifying and characterizing the summer-time inflow and outflow of pollution over NA and the western Atlantic (Singh et al. 2006). INTEX-A was a part of the larger International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) multiplatform field campaign aimed at examining regional air quality, intercontinental transport, and radiation balance in the atmosphere.

One-hour model calculated vertical profiles of O3 and NO2 are compared to INTEX-A measurements. Nearest neighbor values in horizontal grid and in time, interpolated in height are matched with 1-minute merge DC-8 aircraft measurements. The individual flight tracks are stair-step ascents and descents covering large horizontal regions.

According to Hudman et al. [2007], regional lightning is the dominant source of the upper tropospheric NOx and can lead to ozone increase by 10 ppbv in the upper troposphere. 
Deep convection and lightning were important factors during INTEX-A. The backward trajectories (Fuelberg et al. 2007) indicated that the DC-8 often sampled lightning influenced air, which makes the summer 2004 an ideal test bed for testing the lightning parameterization schemes. Fuelberg et al. [2007] also reports that the atmospheric chemistry was heavily influenced by the record-breaking fires and the long-range transport of their by-products. To ensure a regionally representative signal, biomass burning plumes (diagnosed by HCN > 500 pptv and CO > 99 percentile), stratospheric air (diagnosed as O3/CO > 1.25) and fresh pollution plumes (diagnosed by NOx/NOy > 0.4 or if NOy is not available than NO2 > 4 ppbv and altitude < 3 km) are removed from the comparisons. These filters are chosen based on Hudman et al. [2007].

We use aircraft observations to determine the model biases for simulations with various lightning parameterization schemes. We focus mainly on the upper tropospheric biases. Figure 4 compares simulated and observed mean vertical distributions of NO, NOx, O3, CO, HNO3, OH, PAN and NOy concentrations. We estimate the concentration of NOy as the sum of the main oxidation products: NOx, PAN and HNO3.
In the study by Hudman et al. [2007], the GEOS-Chem standard simulation greatly underestimated NOx in the upper troposphere. After increasing the lightning NO production to 500 mol NO per flash, GEOS-Chem simulated NOx was still low (Hudman et al. [2007], Figure 4).

First, we analyze the biases from the L2 simulation. NO and NOx are biased low throughout the column. Ozone is too high in the lower troposphere. However, in the upper troposphere, the ozone bias is smaller (7 ppbv). Similarly, OH matches the observations in the upper troposphere better than in the lower troposphere. Both HNO3 and NOy are too high; NOy is overestimated by 40% above 700 hPa.
The UMD-CTM simulation using doubled lightning NO production is in good agreement with observations for NOx (NO bias above 700 hPa is smaller). However, doubling the NO production per flash introduces additional biases for ozone, OH, HNO3, PAN and NOy.
GMI NO and NOx are less C-shaped, with greater low bias in upper troposphere. Ozone biases in GMI are much smaller. UMD-CTM also shows a considerable low bias for CO throughout the column. GMI shows a high bias in the lower troposphere and a low bias in the upper troposphere.
In summary, NO is underestimated by ~50% whereas all other simulations underestimate by ~70%, including GMI. Simulation L3 performed best for NO, but introduced additional ozone bias, therefore for all the following calculations output from L2 is used.
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Figure 4: Mean vertical profiles of NO, NOx, O3, CO, HNO3, OH and PAN. Observations from the DC-8 aircraft (thick blue) are compared to model results from the L1 (black), L2 (red) and L3 (dashed red) simulations. 1-minute average measurements are compared to hourly UMD-CTM output sampled along the flight tracks, and GMI output is sampled from either the 10:30 am or 1:30 pm local time Aura overpass depending on the measurement time. Horizontal bars show standard deviations on the observations in each 50 hPa bin. The aircraft observations have been filtered to remove urban plumes, biomass burning plumes, and stratospheric air (as described in the text).

3.4 Comparison with ground based AQS sites
The Air Quality System (AQS) database provides ambient concentrations of air pollutants at monitoring sites, primarily in cities and towns. We calculate 8-hour daily ozone maxima from hourly output for the domain north of 30°N and compared these to ground based AQS observations. Combined effects of changes in meteorology and emissions greatly impacted daily 8-hour maximum ozone concentrations. Figure 5 indicates that summer days of 2004 experienced improved air quality by 11 ppbV (8-hour O3 maxima) with respect to the summer of 2002. The average UMD-CTM bias with respect to AQS for daily ozone 8-hour maxima was found to be ~17 ppbV with smaller correlation in ORV (not shown).
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Figure 5: UMD-CTM comparison with AQS ground-base measurements. Time series of 8-hour ozone maxima averaged over the ORV for both summers. Dotted line is the contribution due to anthropogenic emissions for the summer of 2004. Note that UMD-CTM has relatively high bias in 8-hour ozone maxima. Blue dashed and dotted lines are UMD-CTM calculated 8-hour ozone maxima due to NA lightning (240 and 480 moles of NO produced per flash) and due to NA anthropogenic emissions for 2004, respectively.
3.5 Import and export fluxes
For the import and export fluxes calculations, we estimate the concentration of NOy as the sum of the following oxidation products: NOx, NO3, N2O5, HONO, HNO3, HO2NO2, PAN, and MPAN (methylperoxyacetyl nitrate).

We estimate the fluxes of NOx, NOy, CO, and O3 imported to and exported from North America. The fluxes through western and eastern boundaries are computed using the UMD-CTM output and the GEOS-4 DAS winds every 6 hours. Figure 6 shows daily fluxes of NOx, NOy, CO, and O3 averaged over June, July and August. Fluxes are summed along the longitudes 65°W and 130°W in the region between 25°N and 60°N. Import fluxes are generally smaller than the export fluxes. The NOx and NOy import fluxes are especially small, reflecting relatively low background concentrations due to the shorter lifetime compared with CO and O3. The import maximize at altitudes higher than 10 km, which is associated with the strong zonal wind in the jet stream. Export is greater than import despite the wind speed difference; the stronger jet stream over the Pacific compared with the jet stream over Atlantic slightly compensates for the larger mixing ratios at the east coast than at the west coast (Park et al. 2004b).
Import and export fluxes of NOx and NOy, in this study, are similar to those from Choi et al. [2008]. However, the peak NOx and NOy exports in this study are smaller than that from Choi et al. [2008] (by 80% and 25%, respectively, for May of 2000). In addition, for O3, the export flux is larger than import flux by 500 moles per day. A sensitivity study indicates that lightning production contributes to NOx and NOy export in the upper troposphere by more than half and one-third respectively. The peak for NOy in the lower troposphere due to anthropogenic emissions is on average similar in magnitude to the peak of NOy in the upper troposphere due to lightning in summer 2004. Similarly, for O3, the peaks are of the same magnitude. Figure 6 shows the difference between summer 2004 and summer 2002. NOx and NOy exports in summer 2004 were about twice as large as in the summer 2002.
In summer 2004 in the upper troposphere, the lightning and anthropogenic emissions contributed more than 50% and 15%, respectively to the NOx export flux; the rest is imported. For NOy, the lightning and anthropogenic emissions contributed more than 33% and 15%, respectively. For O3, the export due to lightning production peaks at the 10-km altitude and contributes 6%; the O3 export due to anthropogenic emissions is larger than that due to lightning below 8 km. In 2004, NOx and NOy exports due to lightning were more than twice as large as in 2002. Impact of the power plants NOx reduction (sensitivity run: 2002 power plant NOx emissions, 2004 flash rates and meteorology) decreased the NOx and O3 export flux by less than 2% and 4%, respectively.
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Figure 6: Vertical profiles of longitudinal import and export (through 130°W, and 65°W respectively) fluxes of NOx, NOy, CO, and O3 over North America in the troposphere, summed over the region between 25°N and 60°N. The solid lines represent export fluxes while the dotted lines represent import fluxes. Fluxes due to NA lightning production and NA anthropogenic emissions are the blue and red lines, respectively. Fluxes in the last row (violet lines) are from the sensitivity run with 2002 power plant NOx emissions and 2004 flash rates and meteorology.

4 Summary and Conclusions
Summer 2004 had reduced power plant NOx emissions, more lightning and relatively cool temperatures and frequent synoptic disturbances when compared to summer 2002. Different summer periods revealed discernable decreases in daily maximum 8-h ozone (by ~11 ppb) over large areas, especially downwind of the ORV.
UMD-CTM has relatively high bias for 8-hour O3 maxima (~17 ppb) in the northeast U.S. when compared to AQS site ground-base measurements. Mean DC-8 observations of NOx are well correlated with the model. The simulation with doubled lightning NO production and with scaling to NLDN observations agrees well with DC-8 observations for NOx, however it increases the high bias for ozone.
Comparisons with DC-8 aircraft measurements over the northeastern U.S. and western Atlantic region indicate that the simulation with flash rates adjusted to match the combined flash rate determined from NLDN performs relatively better than when (the convection mass flux derived) flash rates are matched only to OTD/LIS monthly climatology.

Summer mean clear sky long-wave difference in radiative fluxes at the tropopause (hereinafter referred to as RF) is shown in Figure 7 (last row). RF of 0.2-0.3 Wm-2 due to NA anthropogenic ozone is seen over the portions of the eastern U.S. and western Atlantic. Smaller forcing extends to Europe and northern Africa. In spite of large NOx emission reductions in 2004, both years have similar magnitudes of radiative forcing in NA pollutant export region. NA lightning contribution to RF is larger in summer 2004 (0.3-0.4 Wm-2) than in summer 2002. There is 10-15 ppbv of additional ozone due to NA lightning in the upper troposphere over portions of the eastern U.S. and Atlantic in 2004.
Combined RF due to additional ozone produced from NA anthropogenic emissions and NA lightning is thus larger in summer 2004 than in summer 2002 over the Atlantic. Large flash rates over the CONUS can thus greatly enhance the NA trace gas export region and can negate the impact of large power plant NOx emission reductions on long-range transport.
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Figure 7: Additional ozone due to NA anthropogenic emissions and lightning in summer 2004 and compared to the summer 2002 and associated RF. First four rows are the additional ozone at the surface, in the layers of 800-600 hPa, 600-400 hPa, 400-200 hPa, and the fifth row is the tropospheric column. The last row is RF due to additional ozone from NA anthropogenic emissions (first column) and from NA lightning (second column) in 2004. The third column is the difference of the summer 2004 minus 2002 due to NA anthropogenic emissions and the forth column is the difference of the summer 2004 minus 2002 due to NA lightning. Minima, averages and maxima are provided at the top of each surface plot.
References
Allen, D. J., R. B. Rood, et al. (1996a), Three-dimensional radon 222 calculations using assimilated meteorological data and a convective mixing algorithm, J. Geophys. Res., 101, 3, 6871-6881.

Allen, D. J., P. Kasibhatla, et al. (1996b), Transport-induced interannual variability of carbon monoxide determined using a chemical transport model, J. Geophys. Res., 101, 22, 28655-28669.

Allen, D. J. and K. E. Pickering (2002), Evaluation of lightning flash rate parameterizations for use in a global chemical transport model, J. Geophys. Res., 107, D23.

Allen, D. J., K. E. Pickering, et al. (2004), Evaluation of pollutant outflow and CO sources during TRACE-P using model-calculated, aircraft-based, and Measurements of Pollution in the Troposphere (MOPITT)-derived CO concentrations, J. Geophys. Res., 109, D15S03, doi: 10.1029/2003JD004250.

Andreae, M. O. and P. Merlet (2001), Emission of trace gases and aerosols from biomass burning, Global Biogeochem. Cycles, 15(4), 955–966.

Bey, I., D. J. Jacob, et al. (2001), Global modeling of tropospheric chemistry with assimilated meteorology: Model description and evaluation, J. Geophys. Res., 106, D19, 23073-23095.

Boccippio, D. J., K. L. Cummins, et al. (2001), Combined satellite- and surface-based estimation of the intracloud-cloud-to-ground lightning ratio over the continental United States, Monthly Weather Review, 129, 1, 108-122.

Bousserez, N., J. L. Attie, et al. (2007), Evaluation of the MOCAGE chemistry transport model during the ICARTT/ITOP experiment, Journal of Geophysical Research-Atmospheres, 112, D10s42, doi: 10.1029/2006jd007595.

Büker, M. L., M. H. Hitchman, et al. (2008), Long-range convective ozone transport during INTEX, J. Geophys. Res., 113, D14S90, doi: 10.1029/2007JD009345.

Choi, Y., Y. Wang, et al. (2008), Springtime transitions of NO2, CO, and O3 over North America: Model evaluation and analysis, J. Geophys. Res., 113, doi: 10.1029/2007JD009632.

Chou, M.-D., W. L. Ridgway, et al. (1995), Parameterizations for water vapor IR radiative transfer in both the middle and lower atmospheres, J. Atmos. Sci., 52, 8, 1159-1167.

Duncan, B. N., S. E. Strahan, et al. (2007), Model study of the cross-tropopause transport of biomass burning pollution, Atmos. Chem. Phys., 7, 3713-3736.

Friedl, M. A., D. K. McIver, et al. (2002), Global land cover mapping from MODIS: algorithms and early results, Remote Sens. Environ., 83, 287-302.

Frost, G. J., S. A. McKeen, et al. (2006), Effects of changing power plant NOx emissions on ozone in the eastern United States: Proof of concept, J. Geophys. Res., 111, D12.

Fuelberg, H. E., M. J. Porter, et al. (2007), Meteorological conditions and anomalies during the Intercontinental Chemical Transport Experiment–North America, J. Geophys. Res., 112, D12S06, doi: 10.1029/2006JD007734.

Giglio, L., G. R. van der Werf, et al. (2006), Global estimation of burned area using MODIS active fire observations, Atmos. Chem. Phys., 6, 957-974.

Godowitch, J. M., A. B. Gilliland, et al. (2007), Modeling assessment of point source NOx emission reductions on ozone air quality in the eastern United States, Atmospheric Environment, 42, 87-100, doi: 10.1016/j.atmosenv.2007.09.032.

Hack, J. J. (1994), Parameterization of moist convection in the National Center for Atmospheric Research community climate model (CCM2), J. Geophys. Res., 99, 5551-5568.

Hansen, M. C., R. S. Defries, et al. (2000), Global land cover classification at 1km spatial resolution using a classification tree approach, Int. J. Remote Sensing, 21, 1331-1364.

Heald, C. L., D. J. Jacob, et al. (2003), Biomass burning emission inventory with daily resolution: Application to aircraft observations of Asian outflow, J. Geophys. Res., 108, doi: 10.1029/2002JD003082.

Heue, K.-P., A. Richter, et al. (2005), Validation of SCIAMACHY tropospheric NO2-columns with AMAXDOAS measurements, Atmos. Chem. Phys., 5, 4, 1039-1051.

Hudman, R. C., D. J. Jacob, et al. (2007), Surface and lightning sources of nitrogen oxides over the United States: Magnitudes, chemical evolution, and outflow, J. Geophys. Res., 112, D12.

Hyer, E. J., E. S. Kasischke, et al. (2007), Effects of source temporal resolution on transport simulations of boreal fire emissions, J. Geophys. Res., 112, D01302.

IPCC (2007). Intergovernmental Panel on Climate Change: Fourth Asessment Report. Geneva, Switzerland.

Justice, C. O., L. Giglio, et al. (2002), The MODIS Fire Products, Remote Sens. Environ., 83, 244-262.

Kasischke, E. S., E. J. Hyer, et al. (2005), Influences of boreal fire emissions on Northern Hemisphere atmospheric carbon and carbon monoxide, Global Biogeochem. Cycles, 19, GB1012, doi: 10.1029/2004GB002300.

Kiley, C. M. and H. E. Fuelberg (2006), An examination of summertime cyclone transport processes during Intercontinental Chemical Transport Experiment (INTEX-A), J. Geophys. Res., 111, D24S06, doi: 10.1029/2006JD007115.

Kim, S. W., A. Heckel, et al. (2006), Satellite-observed US power plant NOx emission reductions and their impact on air quality, Geophys. Res. Lett., 33, 22.

Klonecki, A. and H. Levy II (1997), Tropospheric chemical ozone tendencies in CO-CH4-NOy-H2O system: Their sensitivity to variations in environmental parameters and their application to a global chemistry transport model study, J. Geophys. Res., 102, D17, 21,221-21,237.

Park, R. J., G. L. Stenchikov, et al. (2001), Regional air pollution and its radiative forcing: Studies with a single-column chemical and radiation transport model, J. Geophys. Res., 106, D22, 28751-28770.

Park, R. J., K. E. Pickering, et al. (2004a), Global simulation of tropospheric ozone using the University of Maryland Chemical Transport Model (UMD-CTM): 1. Model description and evaluation, J. Geophys. Res., 109, D9.

Park, R. J., K. E. Pickering, et al. (2004b), Global simulation of tropospheric ozone using the University of Maryland Chemical Transport Model (UMD-CTM): 2. Regional transport and chemistry over the central United States using a stretched grid, J. Geophys. Res., 109, D9.

Richter, A., J. P. Burrows, et al. (2005), Increase in tropospheric nitrogen dioxide over China observed from space, Nature, 437, 7055, 129-132.

Roy, B., G. A. Pouliot, et al. (2007), Refining fire emissions for air quality modeling with remotely sensed fire counts: A wildfire case study, Atmos. Environ., 41, 655-665.

Singh, H. B., W. H. Brune, et al. (2006), Overview of the summer 2004 intercontinental chemical transport experiment - North America (INTEX-A), J. Geophys. Res., 111, D24.

Singh, H. B., L. Salas, et al. (2007), Reactive nitrogen distribution and partitioning in the North American troposphere and lowermost stratosphere, J. Geophys. Res., 112, D12.

van der A, R. J., D. H. M. U. Peters, et al. (2006), Detection of the trend and seasonal variation in tropospheric NO2 over China, J. Geophys. Res., 111, D12317, doi: 10.1029/2005JD006594.

van der Werf, G. R., J. T. Randerson, et al. (2003), Carbon Emissions from fires in tropical and subtropical ecosystems, Global Change Biol., 9, 4, 547-562.

van der Werf, G. R., J. T. Randerson, et al. (2006), Interannual variability in global biomass burning emissions from 1997 to 2004, Atmos. Chem. Phys., 6, 3423-3441.

Zhang, G. J. and N. A. McFarlane (1995), Sensitivity of climate simulations to the parameterization of cumulus convection in the Canadian Climate Centre general circulation model, Atmos. & Ocean, 33, 407-446.



PAGE  
1

[image: image8.jpg]Aug/2002 Tropospheric NO2 column Aug/2004

oo 0s 0 20 50 100 00 400
Molecules NO2 cm-2 / 1.el5



