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Model parameterization (Zhang et al., 2012)


1. Parameters for the DLEM urban submodel 
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]DLEM adopts some model parameters related to urbanization from Houghton (1999) and the Terrestrial Ecosystem Model (TEM) (McGuire et al., 2001; Tian et al., 2003) with two modifications. One modification is regarding the turnover rate of woody products generated during land cleaning. TEM identified three product pools with turnover rates of 1, 10, and 100 years respectively. Because it was reported that the vegetation removed for urban development are usually pulverized and decay in less than ten years (Nowak and Crane, 2002), DLEM assumes that the maximum residence time of woody products is 10-year product pool in its urbanization routine. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Another modification regards the parameter that determines the rate of conversion fluxes from soil during urbanization. Houghton (1999) and TEM (McGuire et al., 2001) assumed that usually less than 10% of soil carbon storage is released as the result of soil disturbance during land conversion. However, the construction of impervious surfaces and buildings should disturb the soil organic matter more intensively. Although the impervious surface is one of the most important components of urban landscape, few studies have been conducted to investigate the biogeochemical processes beneath the impervious surface. Pouyat et al. (2006) assumed a constant soil organic carbon density of 3.3 Kg C/m2 for all impervious surfaces in the US. Other regional studies assigned impervious surface constant soil organic carbon density values of 0 or 1 Kg C/m2 (Cannell et al., 1999; Svirejeva-Hopkins and Schellnhuber, 2006). Such approaches, however, ignored the heterogeneity of soil carbon density that is related to the pre-urban vegetation and land-use history (Jenerette et al., 2006). The studies in Baltimore, MD and New York City indicated that the chemical characteristics of “urban soils” are not as homogenous as previously reported (Pickett et al., 2008). In our study, we assume that 50% of soil carbon will be lost due to the disturbances of urban construction. A preliminary simulation shows that this led to an average carbon density of about 3.5 kg C/m2 under urban impervious surface (except for those developed from wetlands) in the South, close to the value reported by Pouyat et al. (2006). 
2. Model parameterization for lawn managements
In DLEM, urban lawns are irrigated by the same approaches for cropland (Tian et al., 2005, 2006). DLEM assumes that whenever the soil water content is lower than 50% of the field capacity, irrigation will occur and refill soil water content to the field capacity. Since many of the urban lawns in the US are irrigated excessively (Milesi et al., 2005), DLEM may underestimate the water use in irrigation. However, the differences in water balance should have a minimal impact on C dynamics since in both cases the biogeochemical and physiological processes of urban lawn are not limited by water supply.
Based on the values provided by several reports in the literature, e.g., 8 - 9 g N/m2/yr (Rockwell, 1929), 5 - 10 g N/m2/yr (Thompson, 1961), 10 g N/m2/yr (Qian et al., 2003), 2.4 - 15 g N/m2/yr (Osmond and Hardy, 2004), 9 g N/m2/yr (Law et al., 2004), and 9.7 g N/m2/yr (Zhou et al., 2008), DLEM assumes that 10 g N/m2 will be the optimal annual N fertilization rate for the professionally managed lawns. In reality, however, the rates of N fertilization to lawns were found to vary significantly from household to household in the US (Augustin, 2007). We assumed that all the non-home lawns (e.g., golf courses), which account for about half of the US lawn area (Grounds Maintenance, 1996), are professionally managed (i.e., 10 gN/m2/yr). According to Augustin (2007), only half of the home lawns are fertilized in a given year. Only 25% of the fertilized home lawns are professionally managed. The remaining 75% are managed by the home owners with typical annual fertilization rates ranging from 4 g N/m2 to 9 g N/m2. Combining all these information, we deduced that the annual N fertilization rates to US lawns vary from 6.4 g N/m2 (when 4 g N /m2 is applied by home owners) to 7.3 g N /m2 (when 9 g N/m2 is applied by home owners). In the simulation, DLEM used the average value 6.844 g N/m2 as the annual N fertilization rate to the urban lawn.
Urban lawns are usually clipped every 0.5 to 2 weeks (Milesi et al., 2005; Kaye et al., 2005). DLEM assumed a mean mowing cycle of 10 days in the SUS. Following Milesi et al. (2005), a lawn will only be mowed if its leaf area index exceeds the threshold value of 1.5. After mowing, 20% of the vegetation biomass will be removed. The belowground biomass will enter the soil litter pool, while the aboveground portion will enter the product pool and decay in one year. All clipped biomass will enter the product pool and decay in one year.
3. Mortality and management of urban forest
[bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK190][bookmark: OLE_LINK191]Urban forests are one of the most important carbon pools in the urban/developed lands of the US (Nowak and Crane, 2002). Large uncertainties exist in the mortality rate of urban trees. Field measurements (Nowak, 1986) revealed that street trees could have various mortality rates depending on their size - 2.1% to 3.0% for trees whose DBH < 77 cm; and 5.4% for larger trees. Nowak (1994) assumed an annual mortality rate of 2.6% in their modeling study. DLEM assumed that urban trees have annual mortality rates ranging from 2.2% to 3.5%, and the mortality rate increases with the size of trees (Nowak, 1986). The mortality rates of urban trees are about 10% lower than that for rural forests in the SUS. The lower mortality rate in urban forests may be the result of reduced light competition (Nowak, 1994) and because urban trees are usually protected from commercial wood harvest and natural disturbances such as fire and flood (Guilden et al., 1990).
[bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK213][bookmark: OLE_LINK214][bookmark: OLE_LINK215][bookmark: OLE_LINK216][bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK206][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK207][bookmark: OLE_LINK208]Like lawns, urban forests may be managed, such as pruning and litter raking. It was found that intensive pruning might reduce the biomass of urban trees by as much as 25% (Nowak, 1994; Nowak et al., 2002). Unlike lawn, however, intensively managed trees, such as street trees (which account for about 62% of the managed urban forest in the US; Kielbaso, 2008), only contribute to a small fraction (e.g., 2% - 4% in Oakland, CA and Chicago) of urban forests (Dwyer et al., 2000). Furthermore, a national survey of 2,787 cities revealed that more than 60% of US cities do not have urban forest management programs (Kielbaso, 2008). Even if all cities in the SUS have forest management program, and 10% of urban forest is street tree, and street tree accounts for 50% of managed forest in urban, managed tree will only account for 20% of urban forest in SUS. In this case, less than 20%×25%=5% of the forest biomass will be removed by pruning (Nowak, 1994; Nowak et al., 2002).  
[bookmark: OLE_LINK217][bookmark: OLE_LINK218]In some managed urban forests, a fraction of the litter (such as the litter from the pruned trees) will be removed and disposed of in a landfill. Nowak et al. (2002) assumed that only 3.7% of the removed carbon would be released during the first 5 years, and the remaining would be permanently locked up in a landfill. Accordingly, DLEM simulated the process of litter removal by allocating 1.85%, 1.85%, and 96.3% of the removed litter to 1-, 10-, 100-yr product pools that have turnover rates of 1 year, 10 years, and 100 years, respectively. DLEM assumed that all removed N will be returned to the soil in the form of N fertilization. No information about the patterns of litter management is currently available for the urban/developed land in the SUS. Since the fraction of intensively manage urban forest is quite low (Dwyer et al., 2000), we assumed that only 10% of litter will be removed and disposed in a landfill.
4. The urban-induced environmental changes 
4.1. Development of urban population data
	DLEM adopts Karl et al. (1988)’s urban climate model which related the effect of urban heat island to the population size. The estimation of urban population (p) was conducted in two steps. First, the county-level urban population was divided by the area of urban/developed land to calculate the mean urban population density of each county. Then the urban population map for each year was developed by multiplying the area of each urban region (Based on land-use map) with the population density. County-level population was estimated based on the global high resolution historical urban population dataset developed by Goldewijk (2005) and the county-level urban population records from the US Census of Bureau (www.factfinder.Census.gov, last accessed in Jul. 2009). To investigate the model's sensitivity to urban heat island effect, we also conducted a separate simulation in which UHI was set to zero.
4.2. The elevated atmospheric CO2 concentration in urban/developed lands
Rural-urban CO2 gradient is highly variable (Grimmond et al., 2002) depending on time (season of year and time of day), urban areas, wind direction, and distance from traffic, etc. (Idso et al., 1998, 2001, 2002; Vogt et al. 2006). The long-time mean daily urban CO2 concentrations were reported to be 5 ppmv (Berry and Colls, 1990) to 66 ppmv (George et al., 2007) higher than rural or background CO2 concentrations. However, daytime CO2 gradient (which determines the CO2 fertilization effect on photosynthesis) is usually much smaller than the daily average. Day et al. (2002) reported that the daytime CO2 concentration of the vegetated area in Phoenix, AZ was 8 ppmv higher than the background value. Although landscape-level models such as those developed by Wentz et al. (2004) can provide a spatial pattern of urban CO2 concentration, the detailed social and economic inputs (e.g., urban traffic maps) required by such models are not available on a large scale. For this regional study, we assumed that the atmospheric CO2 concentration of an urban vegetated area is 10 ppmv higher than the background value. 
4.3. Air pollution and its impacts in the urban/developed lands
Urban atmospheres have higher concentrations of nitrogen and aerosols than the rural region (Lovett et al., 2000; Azimi et al., 2005). In general, urban boundary layer pollutants are believed to reduce solar irradiance by 0-10% in North American Cities (Oke, 1979, 1982; Peterson and Stoffel, 1980; Estournel et al., 1983). DLEM assumed that aerosol pollutions reduce the urban solar radiation by 5%. 
[bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK114][bookmark: OLE_LINK115]Air pollution not only generates high concentrations of precursors for ozone in the urban atmosphere, but also creates high concentrations of ozone scavengers. Consequently, the detrimental effects of tropospheric ozone were found to be lower in urban than in suburban areas (Gregg et al., 2003). Furthermore, in some cases, ozone (precursors) was transported from metropolitan regions to protected forests in remote rural regions where it had strong negative impacts on carbon balance (Zhang et al., 2007). Due to the uncertainties in urban ozone effects (Trusilova and Churkina, 2008), DLEM does not simulate the urbanization-induced ozone stress.
Like atmospheric CO2, the temporal and spatial patterns of urban nitrogen deposition are highly variable. Previous studies indicate that the daytime atmospheric NO2 concentration of urban and developed land usually ranges from 0.03 to 0.06 ppmv, an order higher than the value measured in rural ecosystem (Hanson et al. 1989). In this study, we used the mean value of 0.045 ppmv as the elevated urban NO2 concentration. DLEM addresses the process of dry deposition using the mechanistic model (and parameters) of Wesely and Hicks (2000).
4.4. Generating the annual dataset of urban air pollutants (CO2 and N deposition)
	DLEM assumed that the concentrations of CO2 and other air pollutants are positively correlated to the historical per capita fossil fuel emissions:
[image: ][image: ]												Equation A.1
Where, PLi is the concentration of urban air pollutants in year i; PLmean refers to the mean concentration of air pollutants (including elevated CO2) as discussed above; f_EMSi is the normalized fossil fuel emission factor for year i: 
[image: ][image: ]													Equation A.2
where EMSi is the per capita annual fossil fuel emission of the US in year i; EMS1980_2000 denotes the mean value between 1980 and 2000. To calculate the annual per capita fossil fuel emissions, we obtained the annual national fossil fuel emission dataset compiled by Marland et al. (2008) and the historical US population data from the US Census Bureau (www.census.gov/population/www/popclockus.html, last accessed in Jul. 2009).
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Figure S1 Illustration of the Dynamic Land Ecosystem Model (DLEM). (a) the overall structure of DLEM; (b) the structure and controls of urban submodel in DLEM (Zhang et al., 2012).(B) Urban submodel
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Figure S2   The boundary of the SUS and the location of urban/developed lands (in red) (Zhang et al., 2012). The urban and developed lands were derived based on the study of Homer et al. (2007).



Table S1 Input data sets for model simulation (Zhang et al., 2012)
	Inputs
	Unit
	Temporal Resolution
	Methods and Data Sources

	Potential/native vegetation
	8 # categories
	Non-
transient maps
	Aggregated from the NLCD2001 land cover dataset (Homer et al., 2004, 2007).

	Soil clay content
	%
	
	Based on the 1 km resolution digital general soil association map (STATSGO) developed by USDA Natural Resources Conservation (NRC) (Miller and White, 1998).

	Soil sand content
	%
	
	

	Soil silt content
	%
	
	

	Soil acidity    
	       pH
	
	

	Soil bulk density
	g/cm3
	
	

	Elevation map
	m
	
	Generated from the 7.5 minute USGS National Elevation Dataset (NED). Data available online: edcnts12.cr.usgs.gov/ned/ned.html

	Aspect map
	Degree
	
	

	Slope map
	Degree
	
	

	Irrigation map
	1/0
	
	From an Irrigated Area Map of the World developed by Thenkabail et al. (2006)

	Precipitation
	mm
	Daily

	Development methods have been described in Tian et al. (2010a); Zhang et al. (2008; 2010); Chen et al (2011)

	Maximum, 
minimum,                         oC
and average 
temperature
	
	

	Ozone index AOT40@
	ppb-hr
	
	Dataset developed by Felzer et al. (2004) 

	CO2
	ppmv
	Annual
	IPCC CO2 concentration data set (Enting et al., 1994).

	Nitrogen deposition$ 
(NHx and NOy)         g N/m2/yr
	
	The development methods were described in Tian et al. (2010b), Zhang et al. (2010), and Lu et al. (2011)

	Cropland fertilization&
	g N/ m2/yr
	
	Based on the county-level fertilizer consumption records (Alexander and Smith, 1990; Ruddy et al., 2006)

	Cropland conversion
	0/1
	
	1: urban or cropland; 0: natural vegetation types

	Urbanization
	0/1
	
	


# The 8 potential plant functional types: deciduous broadleaf forest, coniferous broadleaf forest, mixture forest, shrubland, C3 grassland, C4 grassland, grass wetland, and forest wetland.
@ AOT40 (ppb-hr) is the accumulated exposure over a threshold of 40 ppb during daylight hours. Before 1940 the ozone index was 0. After 1994 the ozone concentration was assumed to be stable.
$ Nitrogen deposition includes NHx (NH3 and NH4+), and NOy (oxidized nitrogen except N2O).
& Available fertilization data extends from 1945 to 2002. We assumed no changes before 1945 and after 2002.



Table S2 The parameters of urban managements and urban-induced environmental changes (Zhang et al., 2012)
	Scenarios*
	Lawn Managements
	Urban Forest Managements
	Urbanization Induced Environmental Changes

	
	Irrigation (Y/N)
	Litter remove (Y/N)
	Clipping interval (days)
	Nitrogen fertilization (gN m-2a-1)
	% of biomass pruned
	% of litter removed to land fill
	Elevated CO2 (ppmv)
	Reduced solar radiation due to aerosol (%)
	Elevated NO2 (ppmv)

	SUBNZ_Cmin
	Y
	Y
	5
	6.4
	10%
	25%
	5
	-10%
	0.03

	SUBNZ
	Y
	Y
	10
	6.8
	5%
	10%
	10
	-5%
	0.045

	SUBNZ_Cmax
	Y
	N
	15
	7.3
	0%
	0%
	20
	0%
	0.06



* SUBNZ represented the normal condition (i.e. “business as usual” scenario). SUBNZ_Cmin scenario provided a conservative estimation of the urban carbon storage, while the SUBNZ_Cmax scenario simulated the maximum carbon storage of urban/developed area.
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