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Abstract 29 

            Rapid and broad-scale forest mortality associated with recent droughts, rising 30 

temperature, and insect outbreaks has been observed over western North America (NA). 31 

Climate models project additional future warming and increasing drought and water 32 

stress for this region. To assess future potential changes in vegetation distributions in 33 

western NA, the Community Earth System Model (CESM) coupled with its dynamic 34 

global vegetation model (DGVM) was used under the future A2 emissions scenario. In 35 

order to better span uncertainties in future climate, eight sea surface temperature (SST) 36 

projections provided by CMIP3 (phase 3 of the Coupled Model Intercomparison Project) 37 

were employed as boundary conditions. There is a broad consensus amongst the 38 

simulations, despite differences in the simulated climate trajectories across the ensemble, 39 

that needleleaf evergreen tree coverage will decline by approximately 23% (from 45% to 40 

22%) coincident with a 19% (from 14% to 33%) increase in shrubs and grasses by the 41 

end of the 21
st
 century in western NA, with most of the change occurring over the latter 42 

half of the 21
st
 century. The net impact is a ~ 6 GtC or about 50% decrease in projected 43 

ecosystem carbon storage in this region. The findings suggest a potential for a widespread 44 

shift from tree-dominated landscapes to shrub and grass-dominated landscapes in western 45 

NA due to future warming and consequent increases in water deficits. These results 46 

highlight the need for improved process-based understanding of vegetation dynamics, 47 

particularly including mortality and the subsequent incorporation of these mechanisms 48 

into Earth System Models in order to better quantify the vulnerability of western NA 49 

forests under climate change.  50 

 51 
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1. Introduction 52 

              Recent evidence suggests that forests in western North American (NA) are 53 

vulnerable to climate change. Widespread tree mortality events from semi-arid 54 

southwestern NA to the high elevation and colder regions in the northern Rocky 55 

Mountains have been reported over the past decade (Allen et al., 2010). These tree 56 

mortality events include deaths throughout entire species ranges associated with drought 57 

combined with anomalously high temperatures, and widespread bark beetle outbreaks 58 

(Breshears et al., 2005; Raffa et al., 2008; Kurz et al., 2008a, 2008b; Bentz et al., 2010). 59 

Moreover, background tree mortality rates have doubled over recent decades across 60 

western NA, an increase that has been attributed to elevated temperatures (van Mantgem 61 

et al., 2009). Such widespread vegetation change over western NA has important 62 

implications for ecosystem services and feedbacks between regional-scale vegetation 63 

change, carbon storage, and climate (Allen et al., 2010; Kurz et al, 2008a,b; Betts, 2006; 64 

Bonan, 2008; Running, 2008; Peñuelas et al., 2009; Adams et al., 2010; Michaelian et al., 65 

2011). The conversion of forests from carbon sinks to sources may influence 66 

governmental decisions regarding forest management and greenhouse gas emissions 67 

policies (Kurz et al., 2008a; Allison et al., 2009). These changes in mortality events and 68 

background mortality rates have emerged as a potential harbinger of rapid broad-scale 69 

transitions in vegetation due to climate change.  70 

               Climate models project an increase of 1.8–4.0 C in mean annual global 71 

temperature during the 21
st
 century as a result of accumulating atmospheric greenhouse 72 

gases under different emissions scenarios (Meehl et al., 2007b). Across western NA, the 73 

rise in temperatures is projected to be 2–5 C under a medium-level emissions scenario 74 
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(A1B), exceeding global mean increases, particularly at high latitudes and elevations 75 

(Meehl et al., 2007b). Changes in the amount and timing of water availability will likely 76 

accompany these temperature increases. A poleward shift of the Hadley circulation and 77 

enhanced static stability associated with global warming may increase the frequency and 78 

intensity of drought over southwestern NA (Cook et al., 2004; Seager et al., 2007; Seager 79 

and Vecchi, 2010; Cayan et al., 2010), which could have negative impacts on vegetation 80 

(Breshears et al., 2005; Williams et al., 2010, 2012; McDowell, 2011a). For northwestern 81 

NA, a change from snow to rain events, earlier snowmelt, and earlier snowmelt-driven 82 

runoff (1–4 weeks earlier; Cayan et al., 2010; Mote et al., 2005; Mote, 2006; Stewart et 83 

al., 2005; Westerling et al., 2006; Barnett et al., 2008) have already been observed over 84 

the past 50 years in response to increasing temperatures over the region. Climate 85 

projections suggest intensification of these hydrological trends in the future (e.g., 86 

Regonda et al., 2005; Rauscher et al., 2008). Nevertheless, little effort has gone toward 87 

assessing whether continued climate change could amplify vegetation change in western 88 

NA. If so, what might be the timing and magnitude of future climate-driven vegetation 89 

change?  90 

              Understanding these questions requires improved knowledge of coupled 91 

climate–vegetation dynamics. Dynamic Global Vegetation Models (DGVMs), which are 92 

comprehensive representations of the complexity of vegetation dynamics including 93 

mortality mechanisms, are commonly used to project future vegetation dynamics and 94 

their subsequent feedbacks on climate. Although there are limitations associated with our 95 

understanding of vegetation mortality mechanisms and vegetation–climate interactions, 96 

there have been major efforts over the past decade to develop and improve vegetation 97 
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dynamics in DGVMs, including how they represent background mortality rates and 98 

thresholds associated with water availability, heat stress, productivity, 99 

shading/competition, and growth efficiency (e.g., Cox, 2001, Sitch et al., 2003; Arora and 100 

Boer, 2006; Delbart et al., 2010; McDowell et al, 2011b).  101 

             In order to explore future potential changes in vegetation distributions in western 102 

NA in response to climate change, an ensemble of future climate simulations for the 103 

period 2005–2100 was performed using the Community Earth System Model (CESM1.0, 104 

Gent et al., 2011) with its dynamic vegetation option in the land surface model (the 105 

Community Land Model, CLM4, Oleson et al., 2010; Lawrence et al., 2011) to simulate 106 

future potential changes in vegetation distributions in western NA under a medium-high 107 

emissions scenario (‗SRES A2‘, IPCC, 2000). In order to partially span uncertainties in 108 

future climate projections using a single model, future sea surface temperature (SST) 109 

projections from eight coupled GCMs provided by CMIP3 (phase 3 of the Coupled 110 

Model Intercomparison Project) (Meehl et al., 2007a) are used as boundary conditions for 111 

CAM/CLM, since SST warming patterns affect tropical and subtropical precipitation 112 

patterns, with likely extratropical connections (Xie et al., 2010). These eight coupled 113 

GCM SST projections were selected based on several criteria (see Methods section). 114 

With these experiments, potential impacts of climate change on vegetation in western NA 115 

and its associated carbon consequences are assessed. Section 2 describes the models and 116 

experimental design. Section 3 presents a limited validation of the modeled vegetation, 117 

analysis of the projected vegetation and climate characteristics from the ensemble 118 

simulations. Finally, discussion and conclusions are presented in Section 4.  119 

 120 
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2. Methods 121 

2.1 Model Description 122 

              The model utilized here is the atmosphere and land components of the global 123 

CESM, which was previously known as the Community Climate System Model (CCSM). 124 

To allow for interactions between climate and vegetation, the model was run in a 125 

configuration in which the atmosphere model (Community Atmosphere Model) and 126 

CLM4.0 are active. The atmosphere was run in its default mode using the finite volume 127 

(FV) dynamical core and CAM4 physics with 26 vertical levels (Neale et al., 2010). 128 

Since it is computationally expensive to run a global model at a fine spatial resolution for 129 

a long period, all the simulations described below were run at a relatively coarse spatial 130 

resolution (1.9 latitude  2.5 longitude) in order to carry out long-time integrations. The 131 

land surface model, CLM4.0 describes the exchange of heat, moisture, and momentum 132 

fluxes between the land and the atmosphere. In CLM4.0, vegetation coverage is 133 

described in each grid cell by fractional areas of ―plant functional types‖, or PFTs. There 134 

are a total of 17 PFTs including bare ground, 11 tree and shrub PFTs, three grass PFTs, 135 

and two crop PFTs although crops are not considered in the DGVM (Lawrence and 136 

Chase, 2010). The bioclimatic limits for different vegetation types affect the 137 

classification of different PFTs (Bonan, 2002). For example, needleleaf evergreen tree 138 

includes temperate and boreal types based on their climate rules with temperature of 139 

coldest month above –19C and growing-degree days exceeding 1200. CLM4.0 is also 140 

extended with a carbon-nitrogen (CN) biogeochemical model that controls carbon 141 

dynamics (Thornton et al., 2007). The CN biogeochemical model is prognostic with 142 

respect to vegetation, litter, soil carbon and nitrogen states, and vegetation phenology. 143 
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The simulations in this study use CLM4.0 with CN and the dynamic vegetation model 144 

enabled, which is called CNDV thereafter (Levis et al., 2004; Gotangco Castillo et al., 145 

2012), in which the carbon cycle dynamics are controlled by CN. Thus, changes in 146 

vegetation and soil carbon storage can be calculated with the CNDV.       147 

               The dynamic vegetation of CNDV is based on the Lund-Potsdam-Jena (LPJ) 148 

model (Sitch et al., 2003), including the annual processes of light competition, 149 

establishment, and survival as they pertain to the calculations of PFT cover and 150 

population. Vegetation change, which may occur as a result of light competition, low 151 

growth efficiency, a negative annual carbon balance, heat stress, or when PFT bioclimatic 152 

limits are exceeded for an extended period, is represented by a change in the fractional 153 

PFT coverage of a grid cell at the end of each simulation year (Sitch et al., 2003). Water 154 

availability affects vegetation or PFT coverage through a water stress factor that is 155 

calculated for each PFT based on water supply and demand. CLM4CNDV also includes a 156 

prognostic treatment of fires based on some simplifying assumptions (i.e., fire occurrence 157 

is only dependent on fuel load and litter moisture) and the fire module given by Thonicke 158 

et al. (2001). For details regarding the ecological mechanics of vegetation changes, 159 

readers are referred to Sitch et al. (2003). It should be noted that CLM4CNDV can only 160 

simulate unmanaged vegetation including tree, grass, and temperate and boreal shrub 161 

vegetation types (Zeng et al., 2008). Crop PFTs, which represent managed vegetation are 162 

handled separately by the CN component of the model. In the simulations presented here, 163 

crops were not considered in CNDV.   164 

 165 

2.2 Experimental design  166 
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            The trajectory of global SSTs and their spatial patterns influence the terrestrial 167 

climate response to increasing greenhouse gas concentrations, particularly with respect to 168 

precipitation patterns (e.g., Xie et al., 2010; Rauscher et al., 2011). To consider the 169 

climate response in CAM4/CLM4CNDV, the model was forced with SST projections 170 

from several different climate models, which allows us to assess the impacts of 171 

uncertainty in future SST changes. Thus, the results are more robust than relying on just 172 

one future SST projection (Li et al., 2006).   173 

          The set of SST projections are from the CMIP3 archive under the A2 emissions 174 

scenario (Meehl et al., 2007a). The A2 emissions scenario was selected as reasonably 175 

consistent with trends over recent decades in anthropogenic carbon emissions (Le Quéré 176 

et al., 2009). Due to limitations in computational resources, only SST projections from 177 

eight GCMs (NCAR-CCSM3, CNRM-CM3, MPI-ECAHM5, GFDL-CM21, GISS-ER, 178 

HADCM3, HADGEM1, MRI-CGCM2.3A) were used in this study. The selection of 179 

CNRM-CM3, NCAR-CCSM3, and GFDL-CM21 is based on the performance of these 180 

models in simulating seasonal variations in temperature and precipitation and multiyear 181 

variability in Pacific SST on the scale of ENSO (Ropelewski and Halpert, 1986; Cayan et 182 

al., 2009) over western NA, which is the focal area of this study. It should be noted 183 

though, that the historical skill may not be well related to model future climate change 184 

(Brekke et al., 2008). Another rationale was that the models provided different patterns of 185 

oceanic conditions (Lin, 2007), although five of the eight selected models do indicate a 186 

trend towards more ―El-Nino‖ like conditions (Meehl et al., 2007b), with the exception of 187 

HADCM3, HADGEM1, and GISS-ER (van Oldenborgh et al., 2005). Because each 188 

GCM differs in its representation of physical processes, different SST projections contain 189 
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varying levels of warming with different spatial patterns. The set of eight projections 190 

considered here do not span the full range of climate change uncertainty for the western 191 

NA since each SST scenario is run with the same atmosphere/land model and only the 192 

SRES A2 scenario is utilized. Instead, this set of simulations represents a practical first 193 

step in assessing the impact of projected climate change uncertainty on the dynamic 194 

vegetation response. Using multiple DGVMs in a model intercomparison type protocol 195 

would be a better way to address uncertainty in the future studies. 196 

                Prior to running the simulations with different SSTs, the vegetation simulated 197 

by CLM4CNDV is brought to an equilibrium state. For this study, a 155-year coupled 198 

atmosphere–land (CAM/CLM4CNDV) spin-up simulation was performed, in which the 199 

initial conditions for CLM4CNDV came from a 200-yr offline CLM4CNDV simulation 200 

that cycled the 1948–2004 observed atmospheric forcing (Qian et al., 2006) and started 201 

from the end of a 20
th

 century CLM4CN transient simulation. One historical (1900–2005) 202 

and eight future-year (2005–2099) simulations were carried out using CAM4 of CESM 203 

coupled with CLM4CNDV. The historical simulation is forced by observed SSTs with 204 

the land model initial conditions taken from the end of the spin-up run. The results from 205 

the end of the historical simulation were then used to initialize the eight SST ensemble 206 

simulations in which SST projections were bias-corrected based on observed SSTs 207 

(Hurrell et al., 2008). That is, SSTs in future-year simulations were prescribed but land 208 

and atmospheric variables evolved together. Prescribed transient CO2 (IPCC, 2000) and 209 

nitrogen deposition rates (Lamarque et al., 2010) were used for the historical and future-210 

year simulations. To be consistent with the future-year SST projections used, prescribed 211 

concentrations of greenhouse gas emissions came from the IPCC SRES A2 emissions 212 
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scenario (IPCC, 2000). Aerosol concentrations and deposition rates in all simulations 213 

were held constant at year 2000 levels. Unless time series are shown, averages 214 

representing the late 21
st
 century (2070–2099) and the 20

th
 century (1961–1990) are 215 

compared to assess the future changes relative to the present.  216 

  217 

3. Results 218 

3.1 Comparison of this study with CMIP3 projections over western NA  219 

             Figure 1a shows the time series of regionally averaged surface air temperature (or 220 

2-m air temperature) changes from 2005 to 2099 for western NA, calculated relative to 221 

the year 2005. The CAM4/CLM4CNDV projected ensemble mean surface air 222 

temperature is about 0.4C higher than that of the original eight CMIP3 projections from 223 

which the SSTs used in this study were derived. There are several possible explanations 224 

for the differences. The previous versions of the CESM, CCSM3/CCSM4 (Community 225 

Climate System Model version 3/version 4) have the tendency to overestimate surface air 226 

temperatures, possibly due to the lack of a representation of indirect effects of aerosols, 227 

which could cool the earth somewhat over the 21
st
 century (Gent et al., 2011). The 228 

atmospheric aerosol concentrations used in the experiments are held fixed throughout the 229 

21
st
 century at year 2000 values, which could give rise to a higher surface air temperature 230 

since aerosol concentrations are projected to increase in the first half of the 21
st
 century in 231 

the A2 emissions scenario, although sulfate concentrations are generally low over 232 

western NA (IPCC, 2000).  233 

              No apparent trend in the projected precipitation is observed when averaged over 234 

the whole western NA (Figure 1b), similar to the eight original CMIP3 simulations. Sub-235 
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regional analysis of precipitation changes over southwestern NA and northwestern NA 236 

(Figure 2) shows that the CESM simulations produce slightly more future precipitation 237 

over southwestern NA, as compared to the ensemble mean of CMIP3 simulations and 238 

CCSM3 simulations (Seager et al., 2007; Seth et al., 2011). The absence of drying over 239 

parts of western NA, particularly over California and Nevada, is also present in the 240 

CMIP5 CCSM4 simulations (Meehl et al., 2011), which is a version of the model similar 241 

to that used here. Therefore this feature is likely tied to the new atmospheric model 242 

formulation. This response appears to be related to lower low-level geopotential heights 243 

in the northern Pacific and higher heights over North America, a PNA (Pacific North 244 

America)-like teleconnection pattern that funnels moisture into the defined ―southwestern 245 

NA‖ box in winter (Figure 3). In contrast, the increase in summer low-level geopotential 246 

heights tends to enhance dryness. Note however that the range of projected precipitation 247 

changes over northwestern NA is roughly as broad as the CMIP3 simulations. Overall, 248 

the simulations exhibit a large range of potential future climates, providing us with 249 

multiple realizations of future climate change to assess potential future changes in 250 

vegetation.  251 

 252 

3.2 Present-day vegetation simulation 253 

               The global performance of the CNDV in simulating present-day vegetation 254 

coverage is evaluated by Gotangco Castillo et al. (2012). The simulated PFTs in the 255 

simulations presented here are nearly identical to those presented by Gotangco Castillo et 256 

al. (2012) (western North America shown in Figure 4; their Figure 2). Overall, CNDV 257 

simulates a reasonable present-day distribution of PFTs compared to the derived 258 
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historical PFT distribution. The time series of PFT data over the 20th century was 259 

generated as a combination of current day satellite derived values and potential 260 

vegetation scaled by land use history from the Global Land Model of Hurtt et al. (2006). 261 

The details can be found in Lawrence et al. (2012).  The performance of CNDV is 262 

significantly improved from the older versions, CLM3DGVM (Bonan and Levis, 2006) 263 

and CLM3.5DGVM (Oleson et al., 2008). For example, deciduous tree cover was too low 264 

over the eastern United States in CLM version 3 (Bonan and Levis, 2006) but coverage 265 

has increased in the latest version. However, the model underestimates high-latitude 266 

vegetation cover in the tundra, a known bias in CLM due to excessively high-simulated 267 

soil moisture stress in that region (Lawrence et al., 2011). Given the in-depth evaluation 268 

performed by Gotangco Castillo et al. (2012) and the fact the DGVM used in this study is 269 

based on the Lund-Potsdam Jena (LPJ) DGVM, which has been extensively used and 270 

evaluated by many earlier studies (i.e., Sitch et al., 2003), here, the model performance in 271 

simulating the present-day vegetation distribution over western NA is briefly evaluated.  272 

                Figure 4a shows the simulated present-day dominant PFTs (needleleaf 273 

evergreen tree, deciduous tree, shrub, and grass) over western NA (see box in Figure 4c 274 

for area). With the exception of grasses, the area-averaged coverage of needleleaf 275 

evergreen tree, deciduous tree, and shrub PFTs is within a few percent of the observed, 276 

whereas it underestimates grasses over this region due to the overestimation of 277 

bareground, trees, and shrubs, an issue common with the vegetation model used in this 278 

study (Bonan et al., 2003; Sitch et al., 2003). The model-simulated spatial coverage of 279 

needleleaf evergreen trees over this region (Figure 4d) agrees with the satellite-derived 280 

coverage (Figure 4c), although there are some regional details (i.e., the coverage over the 281 
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west coast) that are not well captured by the model.  These differences may be due to the 282 

model spatial resolution, which does not adequately represent the controls of the complex 283 

western NA topography on vegetation distribution. As a result, the heterogeneous spatial 284 

distribution of surface air temperature and precipitation are smoothed compared to 285 

observations, which then impacts the resulting vegetation distribution.  286 

            A comparison of the coverage of the western NA PFTs (needleleaf evergreen tree, 287 

shrub, and grass; deciduous tree coverage is too small to be shown) between the 288 

observations and the simulations (Figure 4b) shows that there are no large trends over the 289 

20
th

 century, although there is a slight increasing trend in the modeled needleleaf 290 

evergreen tree coverage, which could be related to the model spin-up or to temperatures 291 

and/or atmospheric carbon dioxide increasing throughout the 20
th

 century.  292 

             Overall, the model appears to be able to reproduce the historic vegetation 293 

distribution, but the regional details and dynamics differ due to the coarse model 294 

resolution. Comparing with some regional reports about vegetation changes such as the 295 

vegetation mortality events that are documented in Allen et al. (2010), the model does not 296 

capture small or local scale events. This is not surprising, since we are using CLM 297 

coupled to CAM, and the atmosphere evolves freely with forcing only from observed 298 

SSTs. Therefore, historical climate anomalies (e.g., drought) associated with mortality or 299 

vegetation change may not necessarily be reproduced. The model resolution deployed 300 

here also limits the model‘s ability to reproduce the small-scale, local events reported by 301 

Allen et al. (2010). Further, the CLM4CNDV model does not mechanistically or 302 

explicitly represent tree mortality. Instead, as is common with DGVMs used in global 303 

models (i.e. TRIFFID DGVM, Cox, 2001) of this class, it calculates the suitability for 304 
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survival or establishment of a particular PFT based on the PFT‘s bioclimatic limits and 305 

competition processes across PFTs. Note that mechanistic vegetation mortality modeling 306 

(i.e. considering hydraulic failure and carbon starvation, Fisher et al., 2010; McDowell et 307 

al., 2011) remains a vexing problem in ecosystem modeling and that the limitations of 308 

this and equivalent DGVM approaches to vegetation mortality currently in use need to be 309 

kept in mind when interpreting the potential future vegetation changes shown in this 310 

study. 311 

  312 

3.3 Projected vegetation changes over western NA  313 

             The simulated future response of vegetation coverage of four dominant plant 314 

functional types (PFTs) in western NA to future climate change is shown in Figure 5. 315 

There is a broad consensus across the different climate trajectories simulated in our 316 

ensemble for a decrease (from an average of 45% in 2005 to an average of 22% in 2100) 317 

in needleleaf evergreen tree coverage and an increase (from average of 14% in 2005 to an 318 

average of 33% in 2100) in shrubs and grasses beginning around the year 2030 (Figure 319 

5a). An analysis of changes in spatial coverage (Figure 5b) indicates that the area covered 320 

by the needleleaf evergreen tree PFT shrinks and is partly replaced by shrubs or grasses 321 

over northwestern NA between 40° and 59°N. A decrease in tree coverage over 322 

southwestern NA also occurs, although it is more difficult to discern the absolute changes 323 

since the overall tree coverage is lower compared to northwestern NA (Figure 4c, d). As 324 

described in Section 2.1, CLM4CNDV also includes fire treatment; an analysis of the 325 

annual burned areas in the study domain shows a small fraction (~0.5%–0.9%) of the 326 
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total area in western NA is projected to experience vegetation removal by fires. Thus, the 327 

following analysis mainly focuses on vegetation changes caused by climate change. 328 

 329 

3.4 Vegetation change and climate change linkage  330 

            The vegetation changes shown in Figure 5 (a, b) are the result of the interaction of 331 

several climatic factors, in particular temperature and water availability. Vegetation dies 332 

when heat stress or heat mortality occurs in CLM4CNDV. In reality, temperature 333 

partially determines photosynthetic and respiration rates of vegetation, thus under very 334 

hot conditions, plants become stressed and may die (Joos et al., 2001; Adams et al., 2009; 335 

McDowell, 2011a). In CLM4CNDV, the heat damage mortality effect is parameterized 336 

using an annual accumulation of days above a PFT specific temperature base (23C for 337 

needleleaf evergreen trees), with heat mortality increasing linearly and reaching unity at 338 

or above 300 degree-days above the threshold value (Sitch et al., 2003; Levis et al., 2004).           339 

              Figure 5c shows a time series of the number of grid cells in northwestern and 340 

southwestern NA that exceed the heat stress (or heat damage) mortality threshold as 341 

defined above in northwestern and southwestern NA. The total numbers of grid cells are 342 

80 and 100 in northwestern and southwestern NA respectively. Figure 5c shows that heat 343 

stress starts to increase in both regions around 2030 when the average temperature 344 

increase is projected to exceed 1°C over late 20
th

 century levels (Figure 1a). By the end of 345 

2099, about 24 grid cells (or 30% of grid cells) over northwestern NA are projected to 346 

exceed the heat stress mortality threshold in the simulations. In southwestern NA, the 347 

heat stress mortality threshold is exceeded in a majority of grid cells (about 72 of 100 or 348 

72%) because of much higher mean temperatures simulated in this region. 349 
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Correspondingly, about 55% (or 33 grid cells) and 20% (or 7 grid cells) of the needleleaf 350 

evergreen tree grid cells, which are defined when there is >= 1% needleleaf evergreen 351 

tree coverage, in southwestern and northwestern are projected to experience 20% or more 352 

loss of needleleaf evergreen trees (Figure 5d). Over northwestern NA, the results indicate 353 

that heat stress mortality is responsible for about 70% of projected loss of needleleaf 354 

evergreen trees. Note that in Figure 5d the change over southwestern NA stops at 20%; 355 

this is because only about 20% grid cells in that region have 20% or more needleleaf 356 

evergreen tree coverage. Our model results therefore suggest that most needleleaf 357 

evergreen trees in southwestern NA will be lost. However, we should note that in reality, 358 

topographically complex portions of the southwest that are not well represented in our 359 

fairly coarse resolution simulations may remain cool and wet enough in the future (high 360 

elevation, cold-air drainages, moist valleys) to sustain needleleaf evergreen trees. 361 

                 Besides temperature, other climatic variables such as water availability 362 

influence vegetation growth by controlling net vegetation carbon balance (McDowell, 363 

2011a; Sitch et al., 2003; Levis et al., 2004). In CLM4CNDV, mortality occurs when the 364 

annual net primary production (NPP) drops below zero. NPP declines due to both water 365 

limitations on photosynthesis and increases in maintenance respiration costs (Sitch et al., 366 

2003). Although precipitation is traditionally considered to be an important climatic 367 

driver of vegetation productivity, water availability more accurately reflects vegetation 368 

water stress drivers (Stephenson, 1990). Here, water availability is represented by a water 369 

balance coefficient (WBC)—the difference between mean monthly precipitation and 370 

potential evapotranspiration (Churkina and Running, 1998), where potential 371 

evapotranspiration is a function of mean temperature and net solar radiation (Priestley 372 
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and Taylor, 1972). Thus, the WBC reflects the interactions of energy and water and can 373 

be used to estimate how much usable energy and water are available simultaneously to 374 

plants (Stephenson, 1990). Figure 6 shows the annual cycle of the WBC as well as 375 

precipitation, surface air temperature, snow depth, and runoff for the period 2070–2099 376 

compared to 1961–1990 for the northwestern and southwestern NA regions. The shaded 377 

areas in the figure represent the ensemble range of eight simulations.  378 

              Over northwestern NA, where large reductions in needleleaf evergreen tree 379 

coverage are projected to occur, the ensemble mean changes in WBC are small for most 380 

of the year with the exception of summer, when the changes are strongly negative. This 381 

maximum decrease in WBC coincides with a maximum in the ensemble mean surface air 382 

temperature change. The marked summer peak in WBC deficit and temperature are 383 

intimately related to hydrological changes (i.e., precipitation, snow depth, and runoff) 384 

over the region. First, Figure 6 shows that the simulated warming over northwestern NA 385 

results in more and earlier snowmelt as reflected in decreased snow depth and increased 386 

runoff in spring. In response to reductions in snow cover, surface albedo decreases by 387 

0.05 in the winter and spring seasons. This increased snowmelt amplifies the rate of 388 

local-to-regional warming (Chapin et al., 2005; Euskirchen et al., 2007) through snow-389 

albedo feedback (Winton, 2006) and summer water deficits due to early spring runoff. 390 

The warming and associated hydrologic changes such as declining snowpack water 391 

content, earlier spring snowmelt and runoff (Figure 6), and a consequent lengthening and 392 

intensification of the summer dry period stress vegetation over western NA in the 393 

simulations, increasing vegetation mortality rates through limits on photosynthesis or 394 

vegetation growth. Second, the vegetation changes themselves appear to be amplifying 395 
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the temperature increases over northwestern NA as shown in Figure 7, where the region 396 

of largest summer temperature change is broadly coincident with the region transitioning 397 

from forest to shrub and grass cover. This change in vegetation cover decreases the latent 398 

heat flux by reducing canopy evaporation and transpiration (Figure 8), thereby increasing 399 

the sensible heat flux and surface air temperatures in the CLM4CNDV simulations, 400 

creating a feedback on the heat stress experienced by the vegetation.  401 

             As noted earlier, southwestern NA shows relatively smaller changes in vegetation 402 

cover compared to northwestern NA, mainly because of less initial vegetation cover over 403 

the region. This results in less amplification in the temperature response in southwestern 404 

NA (~3C versus 5C in northwestern NA) (Figure 6), and relatively minor snow-albedo 405 

feedbacks due to the smaller land area covered by snow. It should be noted that the WBC 406 

change is positive in winter over southwestern NA as a result of higher winter 407 

precipitation in the future scenario simulations. Despite this positive influence on WBC, 408 

warming and associated increased potential evapotranspiration decrease spring and 409 

summer water availability over southwestern NA (Figure 6).  410 

               In the experiments, vegetation change and productivity depends on multiple 411 

environmental parameters that co-occur with climate change. The relationship between 412 

water availability (WBC), surface air temperature, and vegetation net primary production 413 

(NPP) is shown in Figure 9a for the years from 2005 to 2099 over western NA. NPP 414 

declines with both decreasing WBC and increasing temperature over the 21
st
 century, 415 

despite rising atmospheric CO2, which benefits plants via increased photosynthesis and 416 

reduced stomatal conductance. The regional ensemble mean response (big circles) 417 

suggests that vegetation productivity holds fairly steady until mid-21
st
 century before it 418 
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begins to decline towards the end of the 21
st
 century as temperature, water stress, and 419 

associated changes in vegetation composition outweigh the beneficial impacts of CO2 420 

fertilization. This is particularly true for northwestern NA where the water deficits are 421 

enhanced as the region warms (Figure 9b). The higher temperatures combined with the 422 

decrease in WBC result in a reduction in tree coverage over northwestern NA in the 423 

experiments. Over southwestern NA, NPP is projected to decrease throughout the 21
st
 424 

century (Figure 9c).  425 

 426 

3.5 Potential impacts on carbon storage  427 

               As mentioned in the ―Methods‖ Section, the use of CN allows us to assess how 428 

vegetation and soil carbon storage changes in response to climate change and climate 429 

change associated vegetation change. Below, the model-projected changes in total 430 

vegetation and ecosystem (vegetation and soil) carbon storage are assessed. The projected 431 

widespread shift from needleleaf evergreen tree forest to shrub and grass-dominated 432 

landscapes throughout western NA has substantial consequences for carbon storage 433 

(Figure 10). Western U.S. forests are responsible for 20 to 40% of total U.S. carbon 434 

sequestration (Pacala et al., 2001), though disturbances are a significant threat to carbon 435 

storage in this region (Potter et al., 2006). The model results indicate that by 2100, there 436 

may be a 3.3 GtC (or 35%) reduction in the vegetation carbon over western NA, where 437 

27% of the land is covered by forests (here, forests are defined as the regions with more 438 

than 90% tree coverage) over western NA due to the transition from forests to grasses 439 

and shrubs. In addition to vegetation carbon loss, there may be an additional 2.5 GtC (or 440 

13%) soil carbon loss due to both increased necromass and accelerated decomposition 441 

rates with higher temperatures. If the bias in simulated grass coverage is taken into 442 
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account, there is only a small overestimation (about 0.2 GtC) in projected vegetation 443 

carbon loss as forests are typically more than 10 times as effective as grasslands at 444 

storing carbon per hectare (Potter et al., 1999; Scurlock et al., 2002). The projected loss 445 

of forest carbon from 2005 to 2100 is equivalent to 16 years of fossil fuel emissions from 446 

the US (Friedlingstein et al., 2010). The total loss from vegetation changes and soil is 447 

also about 15% of the total 37.2 GtC carbon pools over the Continental U.S. as reported 448 

by Potter et al. (2006). It should be pointed out here that future warming climate also 449 

leads to positive net ecosystem exchange (NEE) starting from the mid 21
st
 century, which 450 

would contribute to additional carbon loss due to climate change.  451 

 452 

4.0 Discussion and Conclusions 453 

               In this study, the potential effects of future climate change on vegetation 454 

changes over western NA under the A2 emissions scenario are studied using the CESM. 455 

Irrespective of the different SST boundary conditions imposed, all eight simulations 456 

project a shift of tree-covered landscape to shrubs and grasses dominated landscape over 457 

western NA due to future warming and related increases in water deficits. The analysis of 458 

the climatic controls on vegetation growth in the model suggests that heat stress resulting 459 

from projected temperature increase is the dominant driver of the simulated decrease in 460 

needleleaf evergreen tree coverage over western NA. In addition, the indirect effects of 461 

increased evaporative demand (and associated stomatal closure) and the longer duration 462 

of snow-free periods as a result of earlier and faster snow melt also appear to be 463 

associated with model projected vegetation changes.  464 
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               The model projections are consistent with observed trends of increasing 465 

mortality throughout western NA that is associated with rising temperatures (van 466 

Mantgem et al., 2009). Since the heat stress effect appears to be prominent in future 467 

climate simulations utilizing the LPJ DGVM (on which the CESM DGVM is built), 468 

DGVM formulation clearly has a large impact on simulated vegetation change. One 469 

example is that when the LPJ DGVM was used in Sitch et al., (2008), it also simulated a 470 

decrease in vegetation (tree) coverage and soil carbon stock in the high northern latitudes.  471 

In the simulations, there was some northward expansion of grasses, but not trees as in 472 

other DGVM climate change simulations (i.e., Gotangco Castillo et al., 2012). There is a 473 

bias in simulated vegetation cover over boreal regions, which could be in part related to 474 

the soil moisture problem in the CLM model (Lawrence et al., 2011). 475 

             Our results contrast with other modeling studies that indicate the northern 476 

hemisphere is greening due to warming and CO2 fertilization. For example, some studies 477 

(e.g., Cox et al., 2004; Jones et al., 2010) found that vegetation carbon was projected to 478 

increase in the forested regions of the northern hemisphere mostly as a result of CO2-479 

fertilization of photosynthesis under ―business as usual‖ or other idealized emission 480 

reduction scenarios. Warming could also lead to a longer snow-free period and therefore 481 

extend the growing season in the boreal regions (e.g., Harris et al., 2006). Bergengren et 482 

al. (2001) simulated a poleward migration of the boreal forest into tundra related to the 483 

albedo feedback and spread of temperate grasslands into the southern boreal zone due to 484 

greater summertime warming. These studies used different climate models and vegetation 485 

models. Also, this work differs from other studies by using different future SST 486 

projections that play an important role in projecting future climate change, in particular 487 
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precipitation and temperature. Seager et al. (2007) already showed that most of the global 488 

climate models project a drying southwestern U.S. in the future. This could have an 489 

important implication on the forests in this region. The model simulations forced by 490 

different future SST projections did reproduce the water deficiency in this region. Thus, 491 

the experiments suggest that the increased heat and water stresses associated with 492 

warming (the so-called ―radiative‖ effect – e.g. Notaro et al., 2007) could outweigh the 493 

benefits of longer growing seasons, atmospheric CO2, and nitrogen fertilization. The 494 

negative impacts of increased heat and water stress on vegetation have been observed 495 

over the past 30 years on all six forested continents (e.g., Allen et al., 2010; van Mantgem 496 

et al., 2009; Ciais et al., 2005). Similarly, latitudinal trends in conifer growth have shown 497 

that the northernmost populations experience the maximum benefit of higher 498 

temperatures, with more southerly and drier regions exhibiting declining productivity 499 

above a temperature threshold (Williams et al., 2010, 2011). While some regions in the 500 

northern hemisphere may have experienced greater productivity in recent decades (Goetz 501 

et al., 2005; Beck et al., 2011), this productivity may be coincident with increased 502 

mortality, and the balance of the two may become negative over the 21
st
 century.  503 

             The projected total carbon loss in the simulations is 5.8 GtC, with 57% lost from 504 

the vegetation stock and 43% from the soil carbon stock. The potential carbon losses 505 

through vegetation change may be underestimated because they do not include other 506 

disturbances (e.g., Chambers et al., 2007; Zhao and Running, 2010; Adams et al., 2011; 507 

Hicke et al., 2011; Liu et al., 2011) that are likely to increase with climate change, most 508 

notably insect attacks (e.g., Kurz et al., 2008a, b; Pfeifer et al., 2011; Edburg et al., 2012). 509 

Considering these caveats, the results further highlight the potential vulnerability of 510 
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forests over western NA to future climate change. The consequent effects on carbon 511 

storage due to tree reduction in this region have the potential to convert the forests of 512 

western NA from a net carbon sink to a net carbon source. Thus the projected future 513 

climate change would magnify the threats to human communities and ecosystems over 514 

western NA, and could substantially increase management challenges in preserving 515 

forests and reducing greenhouse gas emissions. The potential impacts of future climate 516 

change on regional vegetation change underscore the need to develop adaption strategies 517 

to improve the resistance and resilience of forests to projected increases in climate stress 518 

(Seppälä et al., 2009; Williams et al., 2010).  519 

          There are substantial uncertainties in the model projections. Besides uncertainty 520 

associated with future climate projections (IPCC, 2007), there is uncertainty in whether 521 

or not the DGVM used in this study can reasonably or accurately simulate future 522 

vegetation dynamics over the 21
st
 century as there is no direct way to evaluate the future 523 

vegetation projections. In addition, uncertainty in predicted vegetation change could arise 524 

from the uncertainties in our understanding of the mechanisms about climate-induced tree 525 

change, particularly regarding the physiological mortality thresholds and 526 

interdependencies of the metabolism of carbohydrates, water, and defense (Allen et al., 527 

2010; Fisher et al., 2010; McDowell, 2011a). The varying results from studies using 528 

different DGVMs (e.g., Bergengren et al., 2001; Cox et al., 2004; Jones et al., 2010) 529 

highlight the limitations in our understanding of vegetation-climate relationships, and 530 

indeed, in understanding vegetation dynamics overall. Vegetation distributions in 531 

DGVMs are predicted using simple bioclimatic relationships (temperature and moisture 532 

limits) with no barriers to species migration (Higgins and Harte 2006; Alo and Wang 533 
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2006). In addition, the impact of insect outbreaks on tree mortality is missing in the 534 

current model. Further improvements to DGVMs are needed to better predict vegetation 535 

change and mortality mechanistically. Another uncertainty could arise from the 536 

prescribed oceanic conditions (or prescribed SSTs). Our simulations used several 537 

prescribed oceanic states, and were run in an uncoupled framework where vegetation 538 

changes cannot feedback to the ocean.  Other studies, notably Davin and Noblet-539 

Ducoudré (2010) found that the climatic impact of land cover change can change the sign 540 

of surface temperature change depending on whether or not the ocean is fully coupled to 541 

the atmosphere. Future studies allowing the feedbacks among the land, the atmosphere, 542 

and the oceans are needed to address vegetation–climate interactions.  543 

Thus, the projections of future vegetation changes in this study must be 544 

interpreted with care, and should be viewed as providing motivation to better understand 545 

climate–vegetation change mechanisms and how they may be incorporated into DGVMs. 546 

To that end, research is ongoing to include more sophisticated vegetation mortality 547 

mechanisms into Earth System Models.  548 
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FIGURE CAPTIONS 848 
 849 
Figure 1: Time series for 2005–2099 of projected annual mean surface air temperature (a) 850 
and precipitation (b) change over western North America (NA), relative to year 2005 851 
values. Shaded area represents the ensemble range of eight CESM runs. Dashed blue 852 
lines show the ensemble range of eight CMIP3 projections. Thick red and blue lines 853 
represent the eight-model mean changes for CESM runs and CMIP3 projections 854 
respectively. 855 
 856 
Figure 2: Time series for 2005–2099 of projected annual precipitation change over 857 
northwestern (a) and southwestern (b) North America (NA), relative to year 2005 values. 858 
Shaded area represents the ensemble range of eight CESM runs. Dashed blue lines show 859 
the ensemble range of eight CMIP3 projections. Thick red and blue lines represent the 860 
eight-model mean changes for CESM runs and CMIP3 projections respectively. 861 
 862 
Figure 3: Changes in winter (DJF) (a) and summer (JJA) (b) geopotential heights (m) and 863 
wind fields at 850 hPa between 2070–2099 and 1961–1990. 864 
 865 
Figure 4: (a) Observed and simulated four types of plant functional types (PFTs) in 866 
western NA over the period of 1961–1990. Observations are derived from satellite 867 
measurements (Lawrence and Chase, 2007). (b) Satellite derived (solid lines) and model 868 
simulated (dashed lines) PFT coverage for needleleaf evergreen trees (red), shrubs (blue), 869 
and grasses (green) in the 20th century. Spatial coverage of satellite derived (c) and 870 
model simulated (d) needleleaf evergreen tree in 2000 in western NA. Western NA is 871 
defined by the large outer box in Figure 4c, which is further divided by a line into 872 
southwestern NA and northwestern NA. 873 
 874 
Figure 5: (a) Time series for 2005–2099 of spatially averaged fractional coverage of four 875 
dominant types of plant functional types (PFTs) over western NA. Shaded area represents 876 
the ensemble range of eight CESM runs, and lines are the eight-model means. (b) Spatial 877 
distribution of changes in needleleaf evergreen tree coverage between 2070–2099 and 878 
1961–1990. Stippling represents the area where the ensemble mean change is larger than 879 
the inter-model standard deviation. The ratio of mean to standard deviation can be related 880 
to formal tests of statistical significance and confidence intervals, if the individual model 881 
results were to be considered a sample. (c) Time series of the number of grid cells that 882 
experience heat stress mortality in northwestern and southwestern NA. (d) The 883 
percentage of vegetated grid cells (with at least 1% coverage of needleleaf evergreen 884 
tree) that experiences more than 20% reduction in needleleaf evergreen tree coverage in 885 
northwestern and southwestern NA, relative to 2005. Heat stress mortality is defined in 886 
Section 3.4. 887 
 888 
Figure 6: Projected changes in monthly surface air temperature (TAS, 

o
C), precipitation 889 

(PRECT, mm/day), water balance coefficient (WBC, mm/day), snow depth (SNOWDP, 890 
mm), and total runoff (QRUNOFF, mm/day) over land for 2070–2099, relative to the 891 
1961–1990 mean. Left panel shows the results for southwestern NA and right panel 892 
shows the results for northwestern NA. Shaded area represents the ensemble range of 893 
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eight CESM runs. Red dashed line shows the zero baseline. 894 
 895 
Figure 7: Projected changes in summer (JJA) surface air temperature (

o
C) over western 896 

NA between 2070–2099 and 1961–1990. The meaning of stippling is the same as in 897 
Figure 2. 898 
 899 
Figure 8: Changes in summer (JJA) canopy evapotranspiration over western 900 
NA between 2070–2099 and 1961–1990. 901 
 902 
Figure 9: Climatic control on vegetation growth (or relationship among WBC, surface air 903 
temperature, and AGNPP, Above Ground Net Primary Productivity) over western NA (a), 904 
northwestern NA (b), and southwestern (c) NA in the 21st century. Results are shown for 905 
summer (June, July, and August) means from 2005 to 2099. Big circles represent 906 
ensemble means of eight CESM runs for the periods highlighted on the figure. Colors 907 
represent AGNPP values. 908 
 909 
Figure 10: Time series of projected changes in vegetation carbon, soil organic carbon, 910 
and ecosystem carbon (vegetation and soil organic carbon) stocks for the period of 2005–911 
2099 over western NA. Changes are relative to year 2005 values. Shaded area represents 912 
the ensemble range of eight CESM runs. 913 
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Figure 1: Time series for 2005–2099 of projected annual mean surface air
temperature (a) and precipitation (b) change over western North America
(NA), relative to year 2005 values. Shaded area represents the ensemble range
of eight CESM runs. Dashed blue lines show the ensemble range of eight
CMIP3 projections. Thick red and blue lines represent the eight-model mean
changes for CESM runs and CMIP3 projections respectively.
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Figure 2: Time series for 2005–2099 of projected annual precipitation change
over northwestern (a) and southwestern (b) North America (NA), relative to
year 2005 values. Shaded area represents the ensemble range of eight CESM
runs. Dashed blue lines show the ensemble range of eight CMIP3 projections.
Thick red and blue lines represent the eight-model mean changes for CESM
runs and CMIP3 projections respectively.
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Figure 3: Changes in winter (DJF) (a) and summer (JJA) (b) geopotential
heights (m) and wind fields at 850 hPa between 2070–2099 and 1961–1990.
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Figure 4: (a) Observed and simulated four types of plant functional types
(PFTs) in western NA over the period of 1961–1990. Observations are derived
from satellite measurements (Lawrence and Chase, 2007). (b) Satellite derived
(solid lines) and model simulated (dashed lines) PFT coverage for needleleaf
evergreen trees (red), shrubs (blue), and grasses (green) in the 20th century.
Spatial coverage of satellite derived (c) and model simulated (d) needleleaf
evergreen tree in 2000 in western NA. Western NA is defined by the large
outer box in Figure 4c, which is further divided by a line into southwestern
NA and northwestern NA.

4

(a):

Rendered Figure_4
Click here to download Rendered Figure: JClimate_manuscript_figure_4.pdf 



2000 2020 2040 2060 2080 2100
0

10

20

30

40

50
F

r
a
c
ti

o
n

a
l 
c
o

v
e
r
a
g

e
 (

%
)

Year

 

 

Needleleaf evergreen trees

Grasses

Shrubs

Deciduous trees

2000 2020 2040 2060 2080 2100
0

20

40

60

80

100

Year

N
u

m
b

e
r 

o
f 

g
ri

d
 c

e
ll

s

 

 

Northwestern NA

Southwestern NA

2000 2020 2040 2060 2080 2100
0

10

20

30

40

50

60

70

Year

P
e

rc
e

n
ta

g
e

 o
f 

g
ri

d
 c

e
ll

s

 

 

Northwestern NA

Southwestern NA

Figure 5: (a) Time series for 2005–2099 of spatially averaged fractional cov-
erage of four dominant types of plant functional types (PFTs) over western
NA. Shaded area represents the ensemble range of eight CESM runs, and lines
are the eight-model means. (b) Spatial disribution of changes in needleleaf
evergreen tree coverage between 2070–2099 and 1961–1990. Stippling repre-
sents the area where the ensemble mean change is larger than the inter-model
standard deviation. The ratio of mean to standard deviation can be related
to formal tests of statistical significance and confidence intervals, if the indi-
vidual model results were to be considered a sample. (c) Time series of the
number of grid cells that experience heat stress mortality in northwestern and
southwestern NA. (d) The percentage of vegetated grid cells (with at least 1%
coverage of needleleaf evergreen tree) that experiences more than 20% reduc-
tion in needleleaf evergreen tree coverage in northwestern and southwestern
NA, relative to 2005. Heat stress mortality is defined in Section 3.4.
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Figure 6: Projected changes in monthly surface air temperature (TAS, oC),
precipitation (PRECT, mm/day), water balance coe�cient (WBC, mm/day),
snow depth (SNOWDP, mm), and total runo↵ (QRUNOFF, mm/day) over
land for 2070–2099, relative to the 1961–1990 mean. Left panel shows the
results for southwestern NA and right panel shows the results for northwestern
NA. Shaded area represents the ensemble range of eight CESM runs. Red
dashed line shows the zero baseline.
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Figure 7: Projected changes in summer (JJA) surface air temperature (oC) over
western NA between 2070–2099 and 1961–1990. The meaning of stippling is
the same as in Figure 2.
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Figure 8: Changes in summer (JJA) canopy evapotranspiration over western
NA between 2070–2099 and 1961–1990.
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Figure 9: Climatic control on vegetation growth (or relationship among WBC,
surface air temperature, and AGNPP, Above Ground Net Primary Produc-
tivity) over western NA (a), northwestern NA (b), and southwestern (c) NA
in the 21st century. Results are shown for summer (June, July, and August)
means from 2005 to 2099. Big circles represent ensemble means of eight CESM
runs for the periods highlighted on the figure. Colors represent AGNPP values.
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Figure 10: Time series of projected changes in vegetation carbon, soil organic
carbon, and ecosystem carbon (vegetation and soil organic carbon) stocks for
the period of 2005–2099 over western NA. Changes are relative to year 2005
values. Shaded area represents the ensemble range of eight CESM runs.
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