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Abstract 18 

Land in the southeastern U.S. is expected to change, e.g., given the potential demand 19 

to develop forest-to-fuel technologies or, conversely, cropification of current forests to 20 

increase food production.  Possible future PM2.5 and O3 air quality for two land use/land cover 21 

change (LULCC) scenarios, reforestation and cropland conversion, are compared to a 22 

reference case scenario for the year 2050 using the Weather Research and Forecasting (WRF) 23 

and Community Multi-scale Air Quality (CMAQ) models.  Changes in air quality driven by 24 

changes in climate, deposition and emissions relating to the LULCC are investigated.  25 
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Reforestation in the Southeast tends to decrease the ambient O3 mixing ratio while slightly 26 

increasing summertime PM2.5 in the Southeastern U.S.  Results of a climate and deposition 27 

(CD) sensitivity simulation are provided for the two alternative LULCC scenarios to isolate 28 

the impact of changing climate and deposition on PM2.5 and O3 air quality.   The sensitivity 29 

results indicate that deposition and emissions changes associated with reforestation impact O3 30 

and PM2.5 concentrations as much as, and in most cases more than, changes in meteorology.  31 

Conversion of forest to cropland in the Southeast, on the other hand, tends to increase O3 and 32 

increase PM2.5 year-round.  Cropland conversion leads to increased NOX emissions and 33 

increases in the 4th highest maximum daily 8-hr O3 (MDA8) of the year by up to 10 ppb 34 

despite the tendency for increased deposition and decreased temperature to reduce the MDA8 35 

mixing ratio.  The results of this study show that O3 and aerosol concentrations are sensitive 36 

to reforestation and cropland conversion in the Southeast and these land use changes should 37 

be considered in air quality management plans.  Further, they show the sensitivity of such 38 

calculations to land cover properties. 39 

 40 

Keywords LULCC, Climate Change, Air Quality, Reforestation 41 

 42 

1 Introduction 43 

 44 

 Land use and land cover changes (LULCC) affect climate and air pollution.  The 45 

southeastern U.S. underwent intense land use and land cover changes beginning in the 1700’s 46 

[Pacala et al., 2001; Prestemon and Abt, 2002; Wear and Greis, 2002; Chen et al., 2006; 47 

Steyaert and Knox, 2008] and changes are expected to continue.  In the 1700’s forest land was 48 

converted to crops.  More recently, cropland is being converted back to forest.  Demand may 49 

grow to further develop forest-to-fuel technologies and increased use of wood products.  50 
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Conversely, there is also a demand for increased cropland.  Physical parameters of certain 51 

crops and forests such as albedo, stomatal resistance and surface roughness affect climate by 52 

altering the land-atmosphere energy transfer [Pielke et al., 1998] while land cover changes 53 

also effect the deposition of O3 and PM2.5 by altering the surface area and roughness for dry 54 

deposition of pollutants [Pleim, J. E., Xiu, A., Finkelstein, P. L., and Otte, 2002].  Changes in 55 

stomatal activity also effect the deposition of O3 and other gases.  Various vegetative species 56 

also emit volatile organic compounds (VOCs), precursors for ozone and secondary organic 57 

aerosol (SOA), and nitrogen oxides (NOX), which is a precursor for ozone, at different rates 58 

[Houweling et al., 1998; Wang et al., 1998; Racherla and Adams, 2006; Henze et al., 2007; 59 

Liao et al., 2007]. 60 

Currently, there are 214 million acres of forested land in the South which only 61 

constitutes 60% of the forested land that existed in 1630 despite significant reforestation due 62 

to the growth of the timber industry since 1930 [Wear and Greis, 2002].  Around 60% of the 63 

nation’s timber products are produced in the Southeast [Prestemon and Abt, 2002], and pine 64 

plantations have increased in the past few decades (from 2 million acres in 1953 to more than 65 

30 million acres in 1999) [Conner, R. C., 2002].  The growing demand to increase wood 66 

products-related industries and to develop forest-to-fuel technologies and bio-fuels from crops 67 

will continue to alter the land cover, and therefore the climate and air quality, in the Southeast.  68 

The impact that LULCC associated with bio-energy demand will have on future air quality is 69 

not well understood. 70 

 Although few studies have focused on investigating the impact of vegetative LULCC 71 

on air quality in the Southeastern U.S., recent studies have addressed LULCC on a regional 72 

scale in other regions [Jiang et al., 2008] and on a global scale [Ganzeveld, 2004; Wu et al., 73 

2012].  Wu et al. [2012] found that potential global land cover changes caused by warmer 74 

climate and increased CO2 abundance could lead to a general decrease in summertime 75 



4 

 

afternoon O3 by up to 10 ppb.  They report that the O3 decreases are driven by increased O3 76 

dry deposition associated with increased vegetation density.  In polluted regions, such as the 77 

northeastern U.S., however, O3 and SOA increased due to higher isoprene emissions.  78 

Ganzeveld and Lelieveld [2004] found that deforestation in the Amazon Basin could decrease 79 

global isoprene emissions and O3 deposition.  Jiang et al. [2008] use the Weather Research 80 

Forecasting model with Chemistry (WRF/CHEM) to compare current and future air quality 81 

changes associated with climate change and land use change.  They report that changing 82 

climate and urban land use can increase the daily maximum 8-hr O3 mixing ratio by up to 6.2 83 

ppb. 84 

 In this study, we use the Community Multi-scale Air Quality (CMAQ) model to 85 

compare possible future PM2.5 and O3 air quality for two LULCC scenarios to a reference case 86 

scenario for the year 2050.  We investigate changes in air quality driven by changes in climate, 87 

deposition and emissions relating to the LULCC.  We also provide results to climate and 88 

deposition (CD) sensitivity simulations for the two alternative LULCC scenarios to isolate the 89 

impact of changing climate and deposition on PM2.5 and O3 air quality.  Inputs to CMAQ 90 

were prepared for a reforestation scenario, a cropland conversion scenario, and the current 91 

land cover (reference) scenario and include the regionally downscaled future climate results 92 

by the Weather Research Forecasting (WRF) model [Trail et al., 2013a, 2013b] and emissions 93 

processed using the Sparse Matrix Operator Kernel Emissions (SMOKE) model.  Energy 94 

related anthropogenic emissions inventories are projected to the future year levels using EPA 95 

US MARKAL 9r [Rudokas et al., 2015].  The present study expands upon previous work 96 

[Trail et al., 2014a, 2014b] in which we used the emissions inventories projected by 97 

MARKAL 9R to investigate the impact of various climate change mitigation strategies on U.S. 98 

air quality.   99 

 100 
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2 Methods 101 

 102 

2.1 Meteorology 103 

We use the non-hydrostatic Weather Research and Forecasting (WRF) Model 104 

[Skamarock and Klemp, 2008] (version 3.4) to downscale global climate to the regional scale. 105 

Initial and boundary conditions to the WRF are derived from meteorology simulated by the 106 

Goddard Institute for Space Studies (GISS) ModelE2 [Schmidt et al., 2014]. Global 107 

simulations were carried out for the years 2006-2010 and 2048-2052 with a 3 year spin-up 108 

time and instantaneous outputs of physical parameters were produced at 6-hr intervals for 109 

regional downscaling by WRF. Simulations were driven by future atmospheric conditions 110 

over the 21st century and follow the scenario development process for IPCC AR5. The 111 

“Representative Concentration Pathway” (RCP) 4.5 [Vuuren et al., 2011], where 112 

anthropogenic radiative forcing is 4.5 W m−2 in the year 2100 [Moss et al., 2010], is used for 113 

this study.  The global model domain has a horizontal resolution of 2°×2.5° latitude by 114 

longitude. The 40 layers of the global simulation follow a sigma coordinate up to 150 hPa, 115 

with constant pressure layers between 150 and 0.1 hPa.   116 

Trail et al. [2013a], simulated regional climate for the years 2006-2010 and 2048-2052 117 

with 10 day spin-up times, and the present study uses the meteorological results from the year 118 

2050 which was found to be representative of that period.  The model domain covers the 119 

contiguous United States (CONUS) and portions of southern Canada and northern Mexico 120 

with dimensions of 5328×4032 km and a grid-size of 36 km centered at 40°N and 97°W. The 121 

model domain contains 35 vertical levels, with the top pressure of 50hPa. The model scheme 122 

uses the Rapid Radiative Transfer Model (RRTM) [Mlawer et al., 1997] and Dudhia scheme 123 

[Dudhia, 1989] for longwave and shortwave radiation respectively, the Yonsei University 124 

(YSU) [Hong et al., 2006] scheme for the planetary boundary layer, the Noah scheme [Ek, 125 



6 

 

2003] for the land surface model (LSM), a revised version of Kain-Fritsch scheme [Kain and 126 

Frisch, 1993] to represent the effects of both deep and shallow cumulus clouds, and Lin 127 

scheme for modeling cloud microphysics [Lin et al., 1983].  Spectral nudging of global model 128 

results is applied with a wave number of 2 in both zonal and meridional directions at 6 hour 129 

intervals [Liu et al., 2012]. Spectral nudging is applied to horizontal winds at all vertical 130 

levels while temperature and geopotential heights are only nudged at layers above the 131 

planetary boundary layer (PBL). Trail et al. [2013a] evaluated the ability of GISS-WRF to 132 

reproduce the long-term yearly climatic means and the meteorological fields using 2006-2010 133 

simulation and observations.  Overall, the model performed well at simulating windspeed 134 

year-round (mean bias -0.1 to 0.2 m s-1) and 2m temperatures during the spring, summer and 135 

fall (mean bias -2.7, -1.9 and 2.9 K, respectively).  Wintertime simulated 2m temperature is 136 

biased low during for the entire U.S. (mean bias -7.5 K) but performs the best in the Southern 137 

U.S. (mean bias -4.5 K). 138 

WRF simulations use the USGS 24-category landuse dataset. In this dataset, evergreen 139 

needleleaf forest, dryland cropland and pasture, deciduous broadleaf forest, and mixtures of 140 

these are the primary land cover categories in the Southeast U.S.  In this study, we use the 141 

meteorology from the base scenario described in Trail et al. [2013b] and two southeastern 142 

LULCC scenarios.  The reforestation scenario uses the meteorology simulated by converting 143 

all types of current cropland to evergreen needleleaf (“SE_for”), and the cropland conversion 144 

scenario uses meteorology simulated by converting all types of forest or forest mixture to 145 

dryland cropland and pasture (“SE_crop”).  In the present study, the reforestation scenario 146 

most resembles the land use used in development of the RCP4.5 scenario, where cropland is 147 

reduced in the Southeastern U.S. by around 50% of the current crop area by 2100 and is 148 

mostly reforested.  The cropland conversion scenario resembles the other RCP scenarios (2.6, 149 

6.0 and 8.5) where cropland cover increases in the Southeast, with the RCP6.0 scenario 150 
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having the largest increase [Vuuren et al., 2011; Lawrence et al., 2012].  Loblolly and slash 151 

pine make up the majority of the pine species in the Southeast, though the USGS-24 category 152 

database does not differentiate between the species.  Also, most of the cropland in the 153 

Southeast is made up of crops that are irrigated with overhead sprinklers, or semi-irrigated 154 

crops which are included in the dryland cropland category of the USGS dataset.  The base 155 

case meteorology, (SE_norm) from Trail et al. [2013b], is used for the reference case.  156 

Surface air temperature increases between 1 and 2 C in the base case meteorology compared 157 

to the present day meteorology (2010) over the Southeast during summer and fall.  During the 158 

winter, surface temperature decreases by up to 1 C [Trail et al., 2013a]. 159 

Trail et al. [2013b] found that reforestation of crop regions in the Southeast with pine 160 

forest tends to lead to warming primarily due to the increase of stomatal resistance and 161 

decrease in albedo while the surface roughness increase may lessen the degree of warming by 162 

shifting the transfer of energy to the atmosphere from sensible to latent heat.  Our results 163 

suggest that cooling tends to occur when forest is replaced with crop in the Southeast; though 164 

not enough to counter the simulated warming of 1-3 °C from greenhouse gas increases[Trail 165 

et al., 2013b].  Cooling during the winter is attributed to the high albedo of cropland while 166 

during the spring and summer the decrease in stomatal resistance also contributes to cooling. 167 

Also increased LAI helps cool where deciduous forests are replaced with cropland. 168 

 169 

2.2 Emissions 170 

The Sparse Matrix Operator Kernel Emissions (SMOKE V3) model [CEP, 2003] 171 

produces hourly, gridded and speciated emissions for input to CMAQ. SMOKE uses inputs of 172 

the 2005 National Emissions Inventory (NEI) and ancillary data. To project emissions to 2050 173 

levels, energy related emissions projection factors are calculated using the EPA MARKAL 9r 174 

model for the year 2050 [Fishbone and Abilock, 1981; EPA, 2006; Loughlin et al., 2011; 175 
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Rudokas et al., 2015].  MARKAL 9R models the energy system of the nine Census Divisions 176 

of the U.S. and estimates future energy dynamics.  Implementation of the following policies 177 

were assumed in calculating the future emissions projections in MARKAL 9R: Clean Air Act 178 

Title IV (Acid Rain Program) SO2 and NOX requirements, Clean Air Interstate Rule (CAIR), 179 

Utility Mercury and Air Toxics Standards (MATS), Aggregated state Renewable Portfolio 180 

(RPS) standards by region, Federal Corporate Average Fuel Economy (CAFE) standards as 181 

modeled in AEO 2012, Tier 2 light duty vehicle tailpipe emission standards and heavy duty 182 

vehicle fuel and engine rules.  Non-energy related emissions were projected to 2050 183 

according to the International Panel for Climate Change (IPCC) A1B scenario [Woo et al., 184 

2008]. Trail et al. [2014a] provide a summary of changes in future anthropogenic emission 185 

rates and a sensitivity assessment of their impacts on air quality.  Hourly emissions from U.S. 186 

vegetation are computed using the Biogenic Emissions Inventory System (BEIS) and the 187 

Biogenic Emissions Landcover Database 3.0 (BELD3). The resulting inventory consists of 188 

pollutants emitted from area, mobile, point, fire, ocean, biogenic, and agricultural sources. 189 

The BELD3 database consists of 229 categories, including 17 crop types, 193 species of tree 190 

and 19 USGS categories.  For every grid cell in the domain, the fraction of each vegetation 191 

category is specified. The primary tree species in the Southeast are loblolly and jack pine 192 

while crops in the Southeast are more varied by region and include tobacco, wheat, cotton, 193 

corn, soybean and others.  Each vegetation type has corresponding emission factors for 34 194 

chemical species including isoprene, carbon monoxide and nitrous oxide (Table 1).  In 195 

developing the biogenic emissions for the reforestation scenario, all crops in the Southeast 196 

domain were converted to loblolly pine since loblolly pine is commonly used in the timber 197 

industry (Figure 1a).  Biogenic emissions for the cropland conversion scenario were 198 

developed by converting all tree species to the most common crop within a particular grid cell 199 

(Figures 1b).  For example, if 60% of the land in a grid cell is covered by tree species, 20% is 200 
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urban, 15% is corn and 5% is cotton, then the 60% of land covered by trees will be changed to 201 

corn.  In this scenario, tree species are primarily converted to corn with some land being 202 

converted to cotton (Figures 1b and c) roughly in proportion to current crops.  Biogenic 203 

emissions changes in this study do not include altered emissions from wildfires and prescribed 204 

burns related to reforestation and cropland conversion.  Also, the potential for isoprene 205 

emission inhibition by rising CO2 concentrations [Young et al., 2008; Tai et al., 2013] is not 206 

included in these simulations.   207 

 208 

2.3 Air Quality 209 

We use the CMAQ 4.7.1 [Foley et al., 2010] to simulate the transformation and fate of 210 

air pollutants for the future (2050) reference case and for the two LULCC scenarios.  A spin-211 

up period of 10 days for each simulation minimizes the influence of the initial conditions.  212 

Gas-phase chemistry is modeled using the SAPRC-99 [Carter, 1999] chemical mechanism.  213 

The domain covers the entire contiguous U.S. as well as portions of Canada and Mexico 214 

(5328×4032 km). The modeling domain uses a Lambert Conformal Projection with true 215 

latitudes of 33ºN and 45ºN centered at 40ºN, 97ºW.  A horizontal grid with a 36x36-km 216 

resolution is used with thirteen vertical layers extending ~15.9 km above ground.  There are 7 217 

layers below 1 km and the first layer is 18 m thick.  Future dynamic boundary conditions are 218 

taken from the GISS global simulation while the default CMAQ initial conditions of pollutant 219 

concentrations are used.  Dry deposition velocities are calculated using an electrical resistance 220 

analog model where the canopy resistance is a parallel combination of surface resistances and 221 

stomatal resistance [Pleim, J. E., Xiu, A., Finkelstein, P. L., and Otte, 2002; Otte and Pleim, 222 

2009].  Dry deposition is calculated using parameters from the USGS 24-category database.  223 

The stomatal resistance value for the USGS “evergreen needleleaf” category is used for 224 
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loblolly pine in this study [UCAR, 2008].  Similarly, the “dryland/cropland and pasture” 225 

stomatal resistance is used for all cropland conversion species. 226 

 In addition to the two LULCC scenarios, which span the entire year 2050, a climate 227 

and deposition (CD) sensitivity case is simulated for a winter (Jan) and a summer (Jul) month 228 

to isolate the effects of altered climate and deposition associated with LULCC on ambient air 229 

pollutant concentrations.  For the CD scenarios, we fix the biogenic emissions for each 230 

scenario to the reference case emissions while using the meteorology and deposition from the 231 

two LULCC scenarios.   232 

Trail et al. [2014a] provide a detailed description and evaluation of the CMAQ model 233 

set up.  The CMAQ simulations were evaluated by simulating air quality over the U.S. for the 234 

year 2010 using downscaled 2010 global climate and emissions projected to the year 2010 235 

and comparing the results to Environmental Protection Agency (EPA) Air Quality System 236 

(AQS) data.  Trail et al. [2014a] found that simulated surface PM2.5 and O3 show good 237 

agreement with observations for the year 2010.  Simulated 2010 MDA8 O3 was biased high, 238 

however, the cumulative distribution of the MDA8 results agree best with observations at 239 

higher MDA8 O3 concentration in most regions.  The annual mean PM2.5 was biased low 240 

(normalized mean bias of -21%) with the largest negative bias occurring during the summer.  241 

The study also highlights notable changes in U.S. air quality from 2010 to 2050.  In particular 242 

reductions in anthropogenic NOX emissions result in increased sensitivity of O3 to NOX 243 

emissions over almost all of the domain, including in the Southeast.  The study also showed 244 

reduced sensitivity of O3 to VOC emissions.  However, reduced VOC emissions resulting 245 

from the inclusion of CO2 inhibition of isoprene emissions could reduce the magnitude of the 246 

resulting changes in O3 sensitivity to VOC and NOX. 247 

 248 

3 Results 249 
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 250 

3.1 Reforestation 251 

 Trail et al. [2014a] compared present and future U.S. air quality and found overall 252 

decreases in O3 and PM2.5 during summer and small increases in PM2.5 during winter.  They 253 

compare the changed in the 4th highest mean daily 8-hr average (MDA8) O3 mixing ratio of 254 

the year, which is the metric used to determine if an area is in non-attainment according to the 255 

National Ambient Air Quality Standard (NAAQS).  The current NAAQS standard is 75 ppb.  256 

In the present study, reforestation leads to decreased 4th highest MDA8 of the year by up to 10 257 

ppb from the reference case in the Southeastern U.S. (Figure 2).  Decreased 4th highest MDA8 258 

occurs mostly over Mississippi, Alabama, Tennessee, Arkansas, and southern Kentucky while 259 

Georgia and the Carolinas experience small decreases.  Reforestation of cropland leads to 260 

decreased emissions of NOX and therefore decreased O3 mixing ratio in NOX limited 261 

environments (Table 1).  However, land use changes also alter regional meteorology and 262 

deposition rates of pollutants.   263 

The CD scenario isolates the impacts of changing meteorology and deposition from 264 

land use change to air quality by fixing the emissions to the reference case emissions for one 265 

month during the O3 season.  While isoprene emissions are a main mechanism through which 266 

meteorology affects ozone air quality, changes in isoprene emissions due to temperature 267 

changes are not captured in the CD scenario since emissions are fixed to the reference case.  268 

The summertime one-month average MDA8 decreases by up to 3 ppb in the CD scenario over 269 

the same regions where the largest decreases in 4th highest MDA8 occur near the Mississippi 270 

river (Figure 2).  In this region, although some localized deposition decreases are seen where 271 

crop is replaced with pine, reforestation mostly leads to O3 deposition increases where a 272 

cropland/woodland mixture is replaced with pine, leading to more efficient removal of O3 273 

from the atmosphere (Figure 2).  Mixed crop/woodland is converted to pine in this region and 274 
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Trail et al. [2013b] predicted potential decreases in daytime temperature due to increased soil 275 

moisture and therefore increased evaporation, especially in Mississippi.  Temperature 276 

decreases in this region also lead to lower MDA8 O3 mixing ratio.  Therefore, over Arkansas, 277 

Tennessee and Kentucky, decreases in the 4th highest MDA8 O3 are caused by decreased 278 

emissions of NOX, increased deposition from reforestation of crops/woodland areas and 279 

decreased daytime temperatures.  Further, decreased temperature from reforestation leads to 280 

reduced ozone via reduced isoprene emissions, although this is not apparent from the CD 281 

scenario. 282 

Over the Eastern regions of Georgia and the Carolinas on the other hand, summertime 283 

one-month average MDA8 increases by up to 3 ppb in the CD scenario.  Deposition of O3 284 

decreases due to reforestation in Georgia and the Carolinas where pure crop is converted to 285 

pine, contributing to the increased MDA8 O3 over those regions (Figure 2).  Loblolly pine has 286 

a higher stomatal resistance than cropland, so the overall flux of trace gases into the leaf is 287 

reduced despite increased leaf area.  Also, increased simulated temperatures over Georgia and 288 

the Carolinas enhance O3 formation.   In this region, lower NOX emissions reduces O3, though 289 

enhanced formation from warming and reduced removal efficiency from deposition changes 290 

tend to increase ambient levels of O3. 291 

 Summertime (JJA) average PM2.5 concentration increases of up to 1 g m-3 occur over 292 

the Southeast due to reforestation of croplands with the largest increases over the Mississippi 293 

river and in Georgia and South Carolina (Figure 3a).  Summertime average organic matter 294 

(OM) aerosol increases by 0.35 g m-3, averaged over the southeast region, while nitrate and 295 

sulfate aerosol concentrations experience small changes (Table 2).  In the CD scenario 296 

however, PM2.5 and OM concentrations decrease by around 1 g m-3 and 0.47 g m-3 (Figure 297 

3b).  Deposition of PM2.5 increases in Georgia, South Carolina and southern Missouri, which 298 

would lead to decreased concentrations of PM2.5 (Figure 3b), meaning that increased 299 
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emissions of organic compounds from reforestation lead to higher concentrations of PM2.5 300 

despite the tendency for meteorology and deposition changes to decrease PM2.5 concentration.  301 

During the winter, there are small decreases in seasonal average PM2.5 concentration of up to 302 

0.5 g m-3 (Figure 4a).  The CD scenario shows similar decreased PM concentrations (Figure 303 

4b) while deposition increases slightly (Figure 4c).  During wintertime, increased biogenic 304 

VOC emissions lead to higher concentrations of OM, while increased deposition leads to 305 

lower concentration of total PM2.5.  Also, regional warming from reforestation leads to 306 

decreased partitioning of volatile components of PM2.5, like nitrate, to the particle phase, 307 

further reducing PM2.5 concentration, though this effect is small. 308 

 309 

3.2 Cropland Conversion 310 

 Conversion of forest to cropland in the Southeast leads to increases in 4th highest 311 

MDA8 mixing ratio in Mississippi, Alabama, Georgia, and South Carolina of up to 10 ppb 312 

(Figure 2a).  Cropland emits NOX at a much higher rate than forest due to microbial activity 313 

and fertilization, leading to this increased production of O3 in the atmosphere.  On the other 314 

hand, decreased 4th highest MDA8 occur in Louisiana, Arkansas, Tennessee, and South 315 

Missouri by up to 6 ppb even though NOX emissions increase.  Reduced O3 here results from 316 

increased deposition as seen in the CD scenario, where the month average MDA8 also 317 

decreases over most of the Southeastern domain with the largest decreases (up to 7 ppb) 318 

occurring over Arkansas, Tennessee, and northern Mississippi (Figure 2b).  Cooling would 319 

also reduce isoprene emissions in the region and thus reduce O3, however as noted previously, 320 

this dependence is not simulated in the CD scenario.  Increased O3 deposition follows a 321 

similar spatial pattern as the decreased MDA8 for the CD scenario, indicating that increased 322 

deposition, resulting from reduced stomatal resistance, leads to decreased MDA8 O3 mixing 323 

ratios in regions of crop land conversion (Figure 2c).  Similar to the reforestation scenario, 324 
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changes in stomatal activity, when land cover is converted from forest to crop, affect 325 

deposition rates of trace gases more than changes in leaf area index.  Further, decreased 326 

temperatures due to cropland conversion reduce O3 production.  327 

 Seasonal average PM2.5 concentration over the Southeast domain increases by up to 328 

1.5 g m-3 in the cropland conversion scenario occur during winter and summer (Figures 3a 329 

and 4a).  During the summer, sulfate aerosol average over the Southeast domain increases by 330 

0.67 g m-3 while OM aerosol decreases by 0.41 g m-3 (Table 2).  The decreased OM 331 

results from lower emissions of organic compounds, such as isoprene, from crops rather than 332 

from forests while increased sulfate results from reduced deposition (Table 2).  Increased 333 

PM2.5 concentration of up to 1 g m-3 also occurs in the CD scenario during winter and 334 

summer (Figures 3b and 4b).  Aerosol deposition decreases during the summer, because the 335 

surface roughness is reduced where forest is converted to crop, contributing to increased 336 

aerosol concentrations (Figure 3c).  During the winter decreased deposition and increased 337 

NOX emission rates lead to increased nitrate aerosol concentration of 0.31 g m-3 averaged 338 

over the Southeast domain (Table 2 and Figure 4). 339 

 340 

 4 Summary and Conclusions 341 

 342 

 We investigated the impacts of potential reforestation and cropland conversion on 343 

future regional air quality in the Southeastern U.S. using downscaled meteorology from a 344 

general circulation model and emissions projected to 2050.  We explore how altered precursor 345 

biogenic emissions, deposition rates and meteorology associated with reforestation and 346 

cropland conversion influence ambient O3 and PM2.5 concentrations.  Reforestation tends to 347 

decrease the 4th highest MDA8 O3 of the year while increasing summertime PM2.5 in the 348 

Southeast.  Conversion of forest to cropland, on the other hand, tends to increase the 4th 349 
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highest MDA8 O3 of the year and increase PM2.5 year-round.  Other studies [Chen et al., 350 

2009; Wu et al., 2012; Tai et al., 2013] simulate decreased O3 resulting from cropland 351 

expansion in the U.S. and conclude that the O3 decreases result from reduced VOC emissions 352 

in NOX-rich air.  The same studies used either present day emissions or future projections of 353 

emissions and some included CO2 inhibition of isoprene emissions that lead to a more NOX-354 

rich environment.   The present study, however, uses future emissions projections that lead to 355 

a more NOX-limited environment over much of the Southeast except over major cities, in 356 

agreement with recent studies using both ground-based and satellite data [Duncan et al., 2010; 357 

Fisher et al., 2014; Lei and Wang, 2014].  However, rising CO2 concentration in the future 358 

may inhibit isoprene emissions and therefore impact whether the environment remains NOX-359 

limited. The differences in cropland expansion impact on O3 in the present study and previous 360 

studies highlight the import role that anthropogenic emissions play when considering land use 361 

change impacts on atmospheric chemistry. 362 

In a previous study, Trail et al. [2013b] analyzed the meteorology used in the present 363 

study and predicted that changes in meteorology related to reforestation of cropland leads to 364 

warming and potentially enhanced production of O3, except over the Mississippi river where 365 

cooling occurs.  In the present study however, we find that deposition and emissions changes 366 

impact O3 and PM2.5 concentrations as much as, and in most cases more than, changes in 367 

meteorology.  For example, where Trail et al. [2013b] predicted enhanced production of O3 368 

due to reforestation, we found little change in O3 concentration because of decreased biogenic 369 

NOX emissions. 370 

 Trail et al. [2013b] also note the importance in understanding the uncertainty 371 

associated with vegetation parameters when simulating the impact of agricultural changes on 372 

regional climate due to the regional climate sensitivity to parameters such as the stomatal 373 

resistance.  In the present study, air pollution concentrations are sensitive to the parameters 374 
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used in calculating biogenic emissions and deposition, such as leaf area index and emission 375 

factors. The results of this study further the findings of studies aimed at understanding 376 

strategies to improve future air quality by showing that O3 and aerosol concentrations are 377 

sensitive to reforestation and cropland conversion in the Southeast and such land use changes 378 

should be considered in air quality management plans.  Further, this study isolates the impacts 379 

of LULCC-related climate change and deposition rates, and shows the sensitivities of such 380 

calculations to land cover properties. 381 
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Table 1 Emission rates of Isoprene and NO for the vegetation categories that change the most 536 

in the LULCC scenarios. 537 

  

Isoprene 

(gC/(km2 hr)) 

Nitrous Oxide 

(gN/(km2 hr)) 

Loblolly Pine 70 2 

Corn 1 68 

Cotton 7 45 

  538 

 539 

 540 
Table 2 Concentrations of major PM2.5 species during the winter (DJF) and summer (JJA) 541 

and for the summertime CD scenarios (July) for the reference case and the change in 542 

concentrations for the two LULCC scenarios (scenario minus reference case). OM is organic 543 

matter, NO3 is nitrate aerosol and SO4 is sulfate aerosol. 544 

 

Reference case  

(ug m-3) 

Reforestation change 

(ug m-3) 

Cropland Conversion 

change (ug m-3) 

 Win Sum 

Sum 

CD Win Sum 

Sum 

CD Win Sum 

Sum 

CD 

OM 1.14 1.16 0.96 0.37 0.35 -0.47 0.00 -0.41 0.01 

NO3 1.12 0.03 0.04 -0.18 -0.01 0.00 0.31 0.11 0.01 

SO4 1.30 1.90 1.90 0.07 0.06 -0.08 0.10 0.67 0.01 

  545 

546 
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(a) 547 

 548 
(b) 549 

550 

 551 
Figure 1 (a) Percentage of loblolly pine in the original BELD3 landuse dataset (left) and the 552 

change in loblolly pine for the reforestation scenario (right). (b) Percentage of corn (top) and 553 

cotton (bottom) crop in the original BELD3 dataset (left column) and the change in corn and 554 

cotton crop for the cropland conversion scenario (right column). 555 

556 
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 557 
 558 
Figure 2 (a) 4th highest MDA8 mixing ratio of the year (left) and the difference (scenario 559 

minus reference case) in the 4th highest MDA8 for the reforestation scenario (middle) and the 560 

cropland conversion scenario (right). (Little change is found outside of the Southeast so we 561 

focus on that area) (b) MDA8 averaged over the month of July for the reference CD case 562 

(left) and the difference (scenario minus reference case) in the July average MDA8 for the 563 

reforestation scenario (middle) and the cropland conversion scenario (right). (c) The same as 564 

(b) but for the total deposition of O3. 565 

566 

a) 

b) 

c) 
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 567 
Figure 3 (a) Summertime (JJA) average PM2.5 concentration for the reference case (left) and 568 

the difference (scenario minus reference case) in the summer time average PM2.5 for the 569 

reforestation scenario (middle) and the cropland conversion scenario (right). (Little change is 570 

found outside of the Southeast so we focus on that area) (b) PM2.5 averaged over the month 571 

of July for the reference CD case (left) and the difference (scenario minus reference case) in 572 

the July average PM2.5 for the reforestation scenario (middle) and the cropland conversion 573 

scenario (right). (c) The same as (b) but for the total deposition of PM2.5. 574 

575 

a) 

b) 

c) 
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 576 
Figure 4 (a) Wintertime (DJF) average PM2.5 concentration for the reference case (left) and 577 

the difference (scenario minus reference case) in the wintertime average PM2.5 for the 578 

reforestation scenario (middle) and the cropland conversion scenario (right). (Little change is 579 

found outside of the Southeast so we focus on that area) (b) PM2.5 averaged over the month 580 

of January for the reference CD case (left) and the difference (scenario minus reference case) 581 

in the January average PM2.5 for the reforestation scenario (middle) and the cropland 582 

conversion scenario (right). (c) The same as (b) but for the total deposition of PM2.5. 583 

 584 
 585 

a) 

b) 

c) 


