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Key Points 36 

1. Regional climate change projections of temperature and precipitation are strongly 37 
influenced by urban and agricultural land-use changes.  38 

2. Different SSP-based land-use changes produce different climate changes. 39 
3. Urban land expansion (SSP5) has a greater influence on CONUS climate change 40 

projections than agricultural land expansion (SSP3) under RCP8.5.   41 
 42 
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Abstract 43 

We assess the combined effects of greenhouse-gas (GHG)-forced climate change and 44 

land-use changes (LUC) on regional climate projections.  To do so, we produced regional 45 

climate model (RCM) simulations that are complementary to the North-American Coordinated 46 

Regional Downscaling Experiment (NA-CORDEX) simulations, but with future LUCs that are 47 

consistent with particular Shared Socioeconomic Pathways (SSPs) and related to a specific 48 

Representative Concentration Pathway (RCP), allowing us to assess the influence of the LUCs 49 

on RCM projections through the SSP+RCP scenarios framework.   50 

We examine the state of the climate at the end of the 21st Century with and without two 51 

urban and agricultural LUC scenarios that follow SSP3 and SSP5 using the Weather Research 52 

and Forecasting model (WRF) forced by one global climate model under the RCP8.5 scenario.  53 

We find that LUCs following different societal trends under the SSPs can significantly affect 54 

climate projections in different ways.   55 

In regions of significant cropland expansion into previous forest, projected annual mean 56 

temperature increases are diminished by around 0.5-1.0℃.  Where urbanization is high, 57 

projected temperature increases are magnified, particularly in summer where projections are up 58 

to 4-5℃ greater and minimum and maximum temperature projections are increased by 2.5-6℃, 59 

amounts that are on par with the warming due to GHG-forced climate change.  Warming is also 60 

enhanced in the urban surroundings.  Future urbanization also has a large influence on 61 

precipitation projections during the warm-season, increasing storm intensity, event length, and 62 

the overall amount over urbanized areas, and decreasing precipitation in surrounding areas. 63 

 64 

Keywords: CORDEX, SSP, land use change, regional climate 65 

 66 

Index terms: 1632 Land cover change, 1637 Regional climate change (4321), 3355 Regional 67 

modeling (4316), 3354 Precipitation (1854), 4321 Climate impact (1630, 1637, 1807, 8408) 68 

 69 
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Plain Language Summary 71 

In many regional climate change studies, projections of future climate conditions are 72 

produced assuming the current spatial distribution of different land covers (e.g. urban, cropland, 73 

forest, etc.) will stay the same, even for long-term futures.  In doing so, they neglect potential 74 

impacts of human land use changes on regional climate, and miss the opportunity to identify 75 

potential land use strategies that could moderate felt climate change effects.  In this study, we 76 

model urban and agricultural land use changes (LUCs) following two pathways with different 77 

social and environmental trends throughout the 21st Century, and investigate how the LUCs 78 

might affect climate change in North America. 79 

We find that future LUCs can strongly influence projections of temperature and precipitation. 80 

Generally, urban land expansion casted a larger impact than agricultural land expansion. In areas 81 

where croplands replace forests, the temperature increase caused by greenhouse gas warming is 82 

reduced, while in and near future urban areas, the temperature increase caused by greenhouses 83 

gas warming is doubled by warming effects from urban land expansion. Meanwhile, urban 84 

expansion enhances precipitation over urbanized areas making rainfall events heavier and longer, 85 

while precipitation in the surrounding areas is reduced.   86 

  87 
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1 Introduction 88 

 To date, many regional climate model (RCM) or limited-area modeling studies have 89 

focused on idealized land-use changes (LUCs), where entire land-cover types are removed, 90 

added, and/or replaced, to examine their effect on weather, climate, or climate change (e.g. 91 

Argüeso et al., 2016; Belušić et al., 2019; Davin et al., 2019; Gálos et al., 2011; Huber et al., 92 

2014; Tölle et al., 2018).  Few have gone further into more realistic or societally-informed 93 

assessments, and examined the effect of future policy-driven land-use change scenarios and their 94 

combined effect on climate change in RCM projections.  In one recent example, one of few that 95 

we know of, Berkmans et al. (2019) used a European policy-based LUC scenario in an RCM to 96 

examine the LUC effect on climate relative to greenhouse-gas (GHG) forced climate change for 97 

the near-future, and showed a clear influence of the LUC on temperature.  Another, Yilmaz et al. 98 

(2019), used ongoing and near future infrastructure projects and their effect on local land-use to 99 

examine the influence of expanded irrigation on the local water budget, finding a large 100 

climatological and potentially large societal impact.  In some instances, RCM projections have 101 

been used to inform climate change impacts assessments including implied land-use changes 102 

using integrated assessment models, but have not incorporated the LUC into the RCMs (e.g., 103 

Harrison et al., 2019).  These existing studies leave a gap in the assessment of plausible future 104 

LUCs and their effects on future climate in regional simulations.   105 

We attempt to narrow this gap using LUC scenarios that are consistent with different 106 

Shared Socioeconomic Pathway (SSPs) in RCM simulations to assess the combined effects of 107 

greenhouse-gas-induced climate change and scenario-based anthropogenic LUCs on regional 108 

climate projections.  More specifically, we examine the influence of the LUCs that underlie the 109 

combined Shared Socioeconomic Pathway (SSP)+Representative Concentration Pathway (RCP) 110 

framework using simulations produced for the North-American Coordinated Regional 111 

Downscaling Experiment (NA-CORDEX) and complementary simulations produced for this 112 

assessment that incorporate SSP-based LUC.  We aim to answer the question, “Does inclusion of 113 

SSP-based LUCs modulate the regional climate model (RCM) projections significantly?”, as the 114 

answer to this simple question may have implications for future modeling efforts, as we will 115 

discuss.   116 

As global model simulations produced for Phase 6 of the Coupled Model 117 

Intercomparison Project (CMIP6) as a part of the Scenario Model Intercomparison Project 118 
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(ScenarioMIP; O’Neill et al., 2016) incorporate SSP-based LUC scenarios related to RCP-based 119 

future emissions, exploring the effect of SSP-based LUCs in RCMs is highly relevant for 120 

informing future downscaling efforts that make use of ScenarioMIP simulations.  This is 121 

particularly true for large-scale coordinated efforts like CORDEX, making our effort timely as 122 

well.  Existing NA-CORDEX simulations hold land surface cover constant at present day 123 

conditions, which is typical in most, if not all, existing CORDEX simulations globally, while 124 

SSP-consistent projections anticipate potentially substantial changes in anthropogenic land use 125 

amounts and patterns. For example, Gao & O’Neill (2020) found the global total amount of 126 

urban land can increase by 6 fold by 2100, and economically developed regions (e.g. North 127 

America) experience comparable amounts of new urban land development to developing regions. 128 

All accentuate the need for investigations like ours.   129 

Understanding the magnitude of the regional climate effects of LUC is additionally 130 

important to the SSP+RCP scenarios framework (O’Neill et al., 2019), in particular the 131 

assumption that climate model simulations that include a particular land use scenario are a 132 

reasonable representation of climate outcomes in scenarios with the same greenhouse gas forcing 133 

but a different land use scenario (O’Neill et al., 2016).  Some results with global climate and land 134 

use models challenge this assumption (Jones et al., 2013) and multi-model experiments are 135 

underway to further test it (Lawrence et al., 2016), but in general it is an understudied problem.  136 

This work helps address this question, and will help inform thinking about possible needed 137 

modifications to the scenarios framework to better account for climate-land use interactions. 138 

2 Methods 139 

2.1 Description of SSPs and SSP-Consistent Land-Use Changes 140 

 We use SSPs 3 and 5 in this study, because together they span the range of uncertainties 141 

in both urban and agricultural land use in the U.S. over the coming decades.  Here, agricultural 142 

land includes crop and pasture, but not managed forest.  Under SSP3, countries generally focus 143 

on domestic issues due to increasing nationalism.  Economic development is slow, and countries 144 

focus on energy and food security.  Population growth is low in industrialized countries but high 145 

in developing countries.  As such, the U.S. sees an increase in domestic cropland but low 146 

population growth, which translates to low urban land expansion.  Under SSP5, the global 147 

economy grows quickly driven by material-intensive development and fossil fuel exploitation.  148 
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Global population growth is low overall compared to many other SSPs, but in the U.S. and other 149 

high-income countries, the population grows rapidly under a strong globalized economy.  As a 150 

result, the U.S. sees a large amount of urban land expansion and a minimal increase in domestic 151 

cropland.  Pastureland area decreases slightly in both scenarios.  For more detail on the SSP 152 

narratives see O’Neill et al. (2017).   153 

Interestingly, these two scenarios also provide great contrast in our simulations. Because 154 

SSP3 experiences primarily cropland expansion and SSP5 primarily urban land expansion, our 155 

simulations can isolate the effects of these two different types of land use change.  Note that 156 

SSP3 usually does not reach the radiative forcing of RCP8.5 in integrated assessment models, as 157 

SSP5 does (Riahi et al., 2017).  In this study we use a cropland projection from a variant of SSP3 158 

developed to ensure consistency with the radiative forcing levels in RCP8.5. This “High 159 

Growth” variant of SSP3 (SSP3HG) includes modestly higher GDP growth that increases 160 

emissions and also agricultural land use relative to SSP3, without changing its basic nature (Ren 161 

et al., 2018). The urban land projection is based on the original SSP3; the effect of the higher 162 

GDP growth on this low urban land development scenario would be small. 163 

 The land-use changes (LUCs) consistent with the two SSPs were produced using two 164 

land-use models (LUMs).  For urban land change, we use a newly-developed empirically-165 

grounded model that produces realistic spatial and temporal patterns for long-term urban land 166 

change under different SSPs at a ⅛ degree resolution (Gao & O’Neill, 2019, 2020).  For 167 

agricultural land change, the projections (Ren et al., 2018) were produced with an agricultural 168 

land use model at a ½ degree resolution (Meiyappan et al., 2014). The two independently 169 

produced types of land use were combined by giving preference to urban development, which 170 

implicitly assumes urban land use would win if it competes with agricultural uses for the same 171 

land.   172 

 173 

2.2 WRF  174 

This study leverages 25-km resolution Weather Research and Forecasting (WRF) 175 

(Skamarock et al., 2005) model simulations that were produced for NA-CORDEX to save on 176 

computational costs (Mearns et al., 2017).  Specifically, we use the simulations forced by the 177 

MPI-ESM-LR GCM.  This GCM has a mid-range equilibrium climate sensitivity relative to the 178 

full set of Coupled Model Intercomparison Program Phase 5 (CMIP5) simulations, and it 179 
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provides relatively high quality boundary conditions for WRF (Bukovsky & Mearns, 2020; 180 

Rendfrey et al., 2018). The future climate follows RCP8.5 (Moss et al., 2010).  The NA-181 

CORDEX WRF configuration uses the Noah land-surface model to parameterize land surface 182 

processes and the United States Geological Survey (USGS) land-use categories listed in Table 1.  183 

Land-use is held constant throughout the entire simulation, and from the historical to the future 184 

climate. The simulation domain with the dominant baseline land-use type for each grid box is 185 

shown in Figure 1.  The urban environment is represented in WRF simply as a type of surface 186 

cover with specific properties related to albedo, roughness, moisture, etc.  Other configuration 187 

settings may be found on the NA-CORDEX website (Mearns et al., 2017; https://na-188 

cordex.org/rcm-characteristics.html).  189 

In order to assess the combined effects of the RCP8.5 GHG-induced climate change and 190 

future anthropogenic land-use change, complementary simulations with the same WRF 191 

configuration as used in NA-CORDEX were produced for 2075-2100 with prescribed land-use 192 

changes that are consistent with SSP3 and SSP5. Future land-use changes representing the 193 

decade starting at 2090 were prescribed for the entire 2075-2100 timeslice in the complementary 194 

simulations.  As the NA-CORDEX simulations are transient simulations that cover 1950-2100, 195 

in order to guarantee an identical simulation initiation state, the new simulations were started 196 

using a restart file from the original NA-CORDEX simulation, but with modified land-use 197 

relevant variables, at July 1, 2073 (allowing a 1.5 year spin-up for the simulation to adjust to the 198 

new land-use state, which was removed for analysis).   199 

   Herein, the future simulations from NA-CORDEX that do not include the SSP-based 200 

LUCs are referred to as the no-LUC scenario and labeled as RCP8.5 only in figures, while the 201 

complementary future simulations with SSP-based LUCs applied are referred to as either 202 

SSP3+RCP8.5 or SSP5+RCP8.5.   203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 



 

8 

Table 1. USGS land-use categories used in WRF. 211 

Land-use Index Land-use Category Description 

1 Urban and Built-up Land 

2 Dryland Cropland and Pasture 

3 Irrigated Cropland and Pasture 

4 Mixed Dryland/Irrigated Cropland and Pasture 

5 Cropland/Grassland Mosaic 

6 Cropland/Woodland Mosaic 

7 Grassland 

8 Shrubland 

9 Mixed Shrubland/Grassland 

10 Savanna 

11 Deciduous Broadleaf Forest 

12 Deciduous Needleleaf Forest 

13 Evergreen Broadleaf 

14 Evergreen Needleleaf 

15 Mixed Forest 

16 Water Bodies 

17 Herbaceous Wetland 

18 Wooden Wetland 

19 Barren or Sparsely Vegetated 

20 Herbaceous Tundra 

21 Wooded Tundra 

22 Mixed Tundra 

23 Bare Ground Tundra 

24 Snow or Ice 
 212 
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 213 
Figure 1. Simulation domain including the dominant land-use category from the baseline 214 
simulation for each WRF grid cell (see Table 1 for land-use index definition).  215 
 216 

2.3 Application of LUC in WRF 217 

Crop, pasture, and urban fractional land-cover fields from the historical period LUMs are 218 

not the same as their respective USGS/WRF counterparts in magnitude or spatial distribution, 219 

and in WRF, crop and pasture are represented by multiple land cover categories.  Therefore, 220 

future changes in land use from the LUMs could not be directly applied in WRF.  In WRF using 221 

the USGS land categories, cropland is represented in categories 2-6 in Table 1, and pasture, i.e. 222 

land that is suitable for grazing, could easily be seen as types 5, and 7-10.  For this study, we 223 

applied the LUM changes as absolute fractional LUC deltas (LUM future minus LUM historical 224 

period land cover fraction) to types 2 or 3 for crop, using type 3 (irrigated crop) if it already 225 

existed as the predominant crop type in a grid box; pasture was applied to grassland category 7, 226 

and urban was applied to the urban land category 1.  Also, total changes across the domain in the 227 

fractional land-use type fields for WRF were adjusted to be within 5% of those projected by the 228 

LUMs before application.  New dominant land-use category fields, the field used in the Noah 229 

land-surface parameterization, were calculated from the adjusted land-use fraction fields.  230 

Further details regarding the application of the LUC can be found in the Supporting Information 231 

in Text S1.  Historical, future, and individual change fields for crop, pasture, and urban land 232 

fraction from the LUMs and the modified categories in WRF are also provided in the Supporting 233 
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Information in Figures S1-S3 for reference.  Changes in the dominant land category in each grid 234 

box in WRF are provided in Figure 2.  Changes in the crop, pasture, and urban fractional fields 235 

as applied in WRF are summarized in Figure 3, and the percent of the total area each field 236 

represents over CONUS is given in Table 2a.  237 

Figure 3 also indicates urban-rural point pairs that are used for analysis in Section 3.  238 

Each pair of points represents an urban point and an eastward/downwind (at least in winter) rural 239 

point (or at least less urban).  Urban points in Figure 3 from west-to-east across the domain 240 

indicate the Portland, OR metropolitan area (PDX), the Dallas/Fort Worth, TX metroplex 241 

(DFW), the Minneapolis/St. Paul, MN metropolitan area (MSP), the Chicago, IL metropolitan 242 

area (CHI), the central Florida megaregion centered on Tampa (FL), and the Northeast 243 

Megalopolis centered on New Jersey (NJ).    244 

Note that LUCs were only applied over the U.S., as plotted in Figure 3, as sub-country 245 

level crop and pasture projections could not be produced over the other countries in the domain 246 

due to the unavailability of historical crop and pasture data at sub-country level scales.  247 

Therefore, the presentation of our results will focus on the contiguous U.S. (CONUS), where the 248 

results of the application of LUC on the climate are the most relevant.   249 
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 250 
Figure 2.  Dominant land-use category for only grid cells that end up changing category under 251 
an SSP-based LUC scenario, all others remain white (see Table 1 for land-use index definition). 252 
a) Category used in the historical and no-LUC simulations for cells that do change under 253 
SSP3+RCP8.5; b) as in a), but for cells that change under SSP3+RCP8.5; c) category under 254 
SSP3+RCP8.5; d) category under SSP5+RCP8.5.   255 

 256 
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 257 
Figure 3. Absolute change in fractional land use from the baseline to the future in WRF under 258 
SSP3+RCP8.5 (top) and SSP5+RCP8.5 (bottom).  Blue symbols indicate locations of point pairs 259 
used in our analysis, as described in Section 2.3.  Fields are plotted at 70% opacity so strong 260 
changes in multiple fields at a given point can be identified.  Urban change is plotted over crop 261 
change, which is plotted over pasture change. 262 
   263 

 264 

Table 2.  For the historical (hist), RCP8.5 no-LUC future (noLUC), SSP3+RCP8.5 future 265 
(SSP3), and SSP5+RCP8.5 future (SSP5): a) percent of CONUS that is classified as a given 266 
land-use type.  “Dominant” indicates that the percent is taken using grid boxes that are 267 
categorized as dominantly that type in WRF only while the "total" amounts give the percent of a 268 
land-use type over all of CONUS using fractional land-use fields.  b) Mean differences in JJA 269 
and DJF for precipitation (precip, %) and temperature (temp, °C) for CONUS or land area that is 270 



 

13 

dominantly urban or crop, as indicated.  For "noLUC-Hist", the mean change from the historical 271 
period to the future no-LUC scenario is given as an absolute change for temperature and as a 272 
percent change for precipitation.  For the other columns, the mean absolute difference in the 273 
climate changes between the noted scenarios is given.  c) As in b), but for all of CONUS with the 274 
mean weighted by the fraction of urban or crop land in a given grid box. d) As in b), but for the 275 
percent of land area where the difference is positive.  e) As in d), but for all of CONUS with the 276 
percent total weighted by the fraction of the land-use type in a given grid box.  In b-e), the land-277 
use field used in calculating the urban and crop area means and percent coverages is that of the 278 
first listed scenario in the difference.  279 

 280 
 281 
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2.4 Analysis Methodology 282 

Statistical significance of the climate change projections and the differences across the 283 

projections is tested at the 0.1 level using bootstrapping with bias correction and acceleration and 284 

10,000 bootstrap samples (Efron & Tibshirani, 1993; von Storch & Zwiers, 1999). This method 285 

provides an estimate of where the differences are outside of the variability present in the range of 286 

years used in the analysis with 90% confidence.   287 

3 Results 288 

3.1 Impact of LUC on Temperature Projections 289 

Temperature projections from our MPI-ESM-LR-driven WRF simulations for most of 290 

CONUS range from about 3-6°C in the annual mean, 3-7.5°C in DJF, and 3.5-4.5°C in JJA 291 

without LUC (Figure 4).  Projected increases are greatest in the Upper Midwest, particularly in 292 

DJF, and the Interior West, particularly in JJA.  With SSP3-based LUC applied, projected 293 

warming decreases by  0.25-1.0°C, over a region stretching from the southern Texas-Louisiana 294 

border through Arkansas and into Missouri, regardless of season (Figure 4 and Figure 5).  295 

Similar areas of noticeably cooler projections are also scattered throughout the rest of the 296 

Southeast U.S. and occasionally in the Western U.S.  These significantly cooler projections are 297 

strongly tied to locations where the dominant land-use category at a grid box in WRF changed 298 

from a forest type to cropland to accommodate the large increases in cropland in SSP3 (cf. 299 

Figure 2 and Figure 5).  In JJA, the cooling effect of deforestation is most pronounced where 300 

deciduous broadleaf forest was replaced with cropland, and in DJF, where evergreen needleleaf 301 

forest was replaced.  However, the cooling effect over future dominant-cropland-category area in 302 

general is only about -0.14 - -0.11°C when averaged across CONUS, although it is widespread, 303 

influencing about 16-20% (JJA-DJF, respectively) of CONUS land area (Table 2).  Conversely, 304 

the scattering of points across the Western U.S. that are 0.25-0.75°C warmer in Figure 5 are 305 

coincident with grid boxes that changed from dominantly grassland/pasture to a forest type in 306 

WRF due to the decrease in pasture in SSP3.  The urban land increase in SSP3+RCP8.5 is small, 307 

and so is its overall effect (Table 2), but over some urbanized points in Figure 5 projected 308 

temperatures are around 1-3.5°C warmer than in the no-LUC simulations.   309 

 310 
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 311 
Figure 4. Change in average near-surface temperature from 1980-2005 to 2075-2100 for the no-312 
LUC future scenario (a, d, and g), the SSP3-based LUC scenario (g, e, h), and the SSP5-based 313 
LUC scenario (c, f, i).  a-c) Annual mean change, d-f) DJF mean change, g-i) JJA mean change.  314 
Projections at all points are statistically significant at the 0.1 level, so no indicator of significance 315 
was used in this figure.  316 
 317 
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 318 
Figure 5.  Difference in average near-surface temperature projections between the SSP-based 319 
scenarios (left column: SSP3+RCP8.5, right column: SSP5+RCP8.5) and the no-LUC future 320 
scenario.  a-b) Annual mean difference, c-d DJF mean difference, e-f) JJA mean difference.  321 
Differences that are statistically significant at the 0.1 level and grid cells where the significance 322 
changed between the projections follow the lower colorbar, points that are not significant follow 323 
the faded upper colorbar.   324 
 325 

 The most notable and significant differences in the projections from SSP5+RCP8.5 326 

versus the future without land-use change are the regions of additional warming of 0.5°C up to 327 

about 4°C in the annual mean, to 1.5-2.75°C depending on region in winter, to upwards of 4.5°C 328 

in summer (Figure 5).  This additional projected warming is strongly tied to areas of urbanization 329 

in SSP5, but unlike the most significant changes in SSP3, the additional warming projected in 330 

SSP5+RCP8.5 expands beyond just the grid boxes that change to a dominantly urban land-use 331 

category over a greater region (cf. Figure 2 and Figure 3).  Overall in SSP5+RCP8.5, the LUCs, 332 
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and predominantly the larger urbanization effect, increase CONUS mean temperature projections 333 

by 0.16-0.25°C (DJF-JJA), where in SSP3+RCP8.5 the total LUC effect on CONUS mean 334 

temperature projections is only around -0.02-0.03°C (JJA-DJF), even though total urban land in 335 

SSP5+RCP8.5 accounts for only 5.64% of CONUS land area (a 4.74% increase over the 336 

historical LU) and total cropland in SSP3+RCP8.5 accounts for 32.72% of CONUS land area (a 337 

18.09% increase over the historical LU; Table 2  In the end, projections are warmer in 338 

SSP5+RCP8.5 than in SSP3+RCP8.5 over almost all of CONUS (Table 2d), although the 339 

differences between the scenarios are greatest across the Eastern U.S. (Figure 5).  Some of the 340 

projection differences noted for SSP3+RCP8.5, where the climate change induced warming is 341 

decreased, also apply in SSP5+RCP8.5, but to a lesser extent, as the LUCs in crop and pasture 342 

are less extensive (Figure 5).  For instance, a decrease in projected warming is still evident near 343 

the Texas-Louisiana border, where cropland has replaced forest as the dominant land-category in 344 

WRF.   345 

 The differences between the near-surface temperature projections from the SSP3+RCP8.5 346 

scenario and the future with no-LUC are likely predominantly due to albedo changes and 347 

changes in the partitioning of turbulent heat fluxes.  These were shown to be the predominant 348 

causes of warming due to afforestation in Davin et al. (2019) across an ensemble of 9 RCMs 349 

over Europe, that included a few WRF members, and the predominant causes of cooling due to 350 

deforestation across seven coupled global atmosphere-land models in de Noblet-Ducoudré et al. 351 

(2012) over North America and Eurasia.  Here we likely have similarly influential processes 352 

from the Texas-Louisiana border region into Missouri, where warming due to GHG-induced 353 

climate change is countered by cooling via deforestation for crop land.  Notably, cropland has a 354 

higher albedo than forest, which promotes cooler daytime temperatures.  Additionally, in JJA in 355 

particular, maximum temperature is reduced most where the deciduous forest cover is reduced, 356 

and this is additionally coincident with where latent heating is increased and sensible is 357 

decreased, while further south, where needleleaf forest is reduced and the effect on temperature 358 

is smaller, sensible heating is increased and latent reduced (not shown).  Surface roughness may 359 

also be playing a role in the cooler projections over the deforested land, as minimum temperature 360 

is reduced where forest is reduced for cropland as well (Figure 6).  This may be because 361 

deforested, lower roughness length land cools more than forested land at night as the stable 362 
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conditions trap more cool air at the surface, whereas the increased turbulence over forest causes 363 

more mixing (Lee et al., 2011).   364 

 Differences in projected temperature due to urbanization, particularly in SSP5+RCP8.5 365 

are also likely predominantly due to albedo differences and changes in the partitioning of 366 

turbulent heat fluxes.  Urbanization notably lowers albedo and causes increased sensible and 367 

decreased latent heating, and warmer daytime and nighttime temperatures as a result, as noted in 368 

many previous studies of the urban heat island effect (e.g., Arnfield, 2003; Janković & Hebbert, 369 

2012; Masson, 2006).  Overall, the effect on minimum temperature is larger than the effect on 370 

maximum temperature, as illustrated in Figure 6 for DJF and JJA.  This was also seen in Argüeso 371 

et al. (2014).  For either minimum or maximum temperature in JJA, the additional warming over 372 

urban centers due to urbanization alone is on par with the warming due to GHG-induced climate 373 

change alone.  The same is generally not true in DJF over much of the U.S., except with 374 

minimum temperature in FL.    375 

 376 



 

19 

 377 
Figure 6. Left column (a, d, g, and j): change in DJF and JJA average near-surface maximum 378 
and minimum temperature from 1980-2005 to 2075-2100 for the no-LUC future scenario (as 379 
labeled). Projections at all points are statistically significant at the 0.1 level in this column, so no 380 
indicator of significance was used.  Center column (b, e, h, k): Difference in average near-381 
surface minimum and maximum temperature projections between the SSP3-based scenarios and 382 
the no-LUC future scenario.  Differences that are statistically significant and grid cells where the 383 
significance changed between the projections follow the lower colorbar, points that are not 384 
significant follow the faded upper colorbar.  Right column (c, f, i, l): as in the center column, but 385 



 

20 

for the SSP5-based scenarios.  a-c) DJF maximum temperature; d-f) DJF minimum temperature; 386 
g-i) JJA maximum temperature; j-l) JJA minimum temperature.  387 
 388 

3.2 Impact of LUC on Precipitation Projections 389 

 Annual mean precipitation is projected to increase over much of CONUS north of about 390 

40°N and over parts of the Southeast U.S., while drying is projected for the Southwest (Figure 391 

7).  The same is true during winter, but with a greater magnitude increase.  In summer, 392 

precipitation is projected to strongly decrease over parts of the Southwest U.S, and projections 393 

for an increase in precipitation are more limited to Northcentral and Northwest CONUS.  394 

Although these projections are from one RCM simulation driven by one GCM, they are 395 

consistent with the projections from the full collection of GCMs in CMIP5 (Wuebbles et al., 396 

2017), and generally in agreement with the rest of the NA-CORDEX ensemble (Bukovsky & 397 

Mearns, 2020).  With SSP3-based LUC applied, the precipitation projections change little 398 

(Figure 7, Figure 8, and Table 2).  However, there are patterns in the projection difference field 399 

that do align with land-use changes in JJA that are worth noting.  In the Northwest U.S., for 400 

instance, projections for increased precipitation in Southern Idaho and westward from there are 401 

enhanced in areas of strong irrigated and dryland crop increases in SSP3 that occur at the 402 

expense of shrubland.  Additionally, the widespread region of deforestation for cropland that 403 

occurs from the southern Texas-Louisiana border north into Missouri in SSP3 has general, 404 

insignificant increases in precipitation projected until this LUC is applied, at which point it 405 

switches to general, insignificant decreases in precipitation.  Although statistically insignificant, 406 

the magnitude of this shift (5-15%) is noteworthy and potentially of practical significance since 407 

the sign of the projection changed (from an increase to a decrease), and the spatial extent of the 408 

effect is widespread.  Comparing precipitation characteristics from the point in Figure 3 in 409 

Arkansas that experiences increased crop fraction under SSP3+RCP8.5 versus the one just to its 410 

east that does not and the no-LUC future simulation, indicates that this is due to a much smaller 411 

increase in the intensity of precipitation over the region of increased cropland compared to the 412 

point downstream and compared to the same point in the no-LUC future (not shown).  This 413 

interacts with a decrease in the frequency of future precipitation at these points that is much more 414 

similar between the two future projections and between the two points (not shown).   415 

 416 
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 417 
Figure 7.  As in Figure 4, but for the percent change in mean precipitation.  Differences that are 418 
statistically significant at the 0.1 level and grid cells where the significance changed between the 419 
projections follow the lower colorbar, points that are not significant follow the faded upper 420 
colorbar. 421 
 422 
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 423 
Figure 8.  As in Figure 5, but for the absolute difference in the average precipitation percent 424 
change projections.  Differences that are statistically significant at the 0.1 level and grid cells 425 
where the significance changed between the projections follow the lower colorbar, points that are 426 
not significant follow the faded upper colorbar. 427 
 428 

 The differences between the no-LUC precipitation projections and the SSP5-based LUC 429 

projections are stronger and more noteworthy than those that occur when the SSP3-based LUC is 430 

applied in the future climate, particularly during the warm season (including JJA) over the 431 

eastern half of CONUS (Figure 7 and Figure 8).  Significant increases in precipitation occur over 432 

areas that experience urbanization in SSP5+RCP8.5 in the eastern U.S., particularly in areas that 433 

become dominantly urban, and precipitation projections are decreased in the surrounding areas, 434 

especially downstream from the urbanized areas.  The same does happen under SSP3+RCP8.5, 435 

but to a much lesser extent given the much smaller increase in urban coverage.  On the other 436 
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hand, over areas of urban expansion on the West Coast (i.e., near San Francisco, Portland, and 437 

Seattle), there is a reduction in precipitation in the SSP5+RCP8.5 scenario in JJA compared to 438 

the no-LUC future scenario, but JJA is already the dry season for those areas. Overall, the 439 

CONUS mean precipitation change in SSP5+RCP8.5 is drier than SSP3+RCP8.5 by about 1% in 440 

the absolute sense; however,  that 1% is a 17% change relative to the no-LUC scenario (i.e., 441 

when viewed as a percent difference) (Table 2, Figure 8).  It is also drier over about 65% of the 442 

country because of the widespread drying around urban areas, despite having considerably more 443 

precipitation over the dominantly urban points in this scenario.  Considering that LUCs under 444 

SSP3 are primarily agricultural and SSP5 primarily urban, these results suggest that urban land 445 

expansion is potentially more influential than cropland expansion on future precipitation patterns 446 

in North America.    447 

 Differences in the projections of precipitation characteristics from SSP5+RCP8.5 and the 448 

no-LUC scenario for the points targeting urban areas in Figure 3 are summarized in Table 3. 449 

These differences indicate that the stronger increase in mean precipitation over Eastern U.S. 450 

urbanized areas in the future in JJA is associated with, in all locations, a greater increase in 451 

precipitation intensity (as intensity is projected to increase in all locations - not shown) and 452 

longer precipitation events.  Differences in precipitation frequency projections are mixed 453 

depending on location, but frequency is projected to decrease at all locations except PDX in the 454 

no-LUC scenario initially.  The sign of the frequency projection switches following the 455 

application of the SSP5+RCP8.5 LUCs in DFW, FL, and PDX.  Intensity projections in the 456 

SSP5+RCP8.5 projections at the “rural” points downstream of the urbanized areas are still 457 

greater than in the no-LUC projections, but to a much lesser extent than at the “urban” points.  458 

The rural points in the SSP5+RCP8.5 projections all have less frequent precipitation than the no-459 

LUC scenario though, meaning that the projection for decreased frequency in the no-LUC 460 

scenario for these points decreases further.  Additionally, many of the rural locations have 461 

shorter precipitation events.   462 

 463 

 464 

 465 

 466 
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Table 3.  Absolute differences in JJA average percent changes projected from the baseline for 467 
different precipitation characteristics between the SSP5+RCP8.5 projections minus the no-LUC 468 
projections for the points indicated in Figure 3 and defined in Section 2.3. a) Points that are 469 
directly over the urbanization centers, and b) eastward/downstream points that are more “rural”.  470 
Precipitation characteristics include average precipitation (Average), precipitation intensity 471 
(Intensity), the percent of hours at a point that are either wet (%Wet) or dry (%Dry), and the 472 
average number of consecutive wet or dry hours per precipitation event (CWH and CDH, 473 
respectively). Wet hours are defined as hours with precipitation greater than 0.01 mm/hr, and all 474 
statistics were calculated from hourly precipitation output.  As indicated, column averages do not 475 
include values from PDX. 476 
 477 
a) URBAN Average Intensity %Wet %Dry CWH CDH 
 (%) (%) (%) (%) (%) (%) 
CHI 25.44 37.26 -3.18 0.79 8.56 16.46 
DFW 41.52 17.94 19.10 -2.10 9.76 -14.15 
FL 61.60 33.30 23.31 -6.94 28.51 -2.04 
MSP 29.04 51.24 -10.74 2.93 3.23 18.80 
NJ 24.65 19.74 7.36 -1.57 7.92 -3.69 
PDX -29.74 7.12 -27.95 5.57 15.42 64.47 
Average (no PDX) 36.45 31.90 7.17 -1.38 11.59 3.08 
       
b) RURAL Average Intensity %Wet %Dry CWH CDH 
 (%) (%) (%) (%) (%) (%) 
CHI -9.86 21.46 -17.86 4.57 -5.66 27.02 
DFW -0.51 8.68 -6.14 0.69 -0.57 8.64 
FL -15.51 2.16 -15.31 2.99 -3.70 22.17 
MSP -6.62 22.66 -19.19 5.74 -8.65 16.92 
NJ -9.20 9.62 -10.11 1.36 3.25 34.44 
PDX 2.39 7.00 -2.94 0.23 -0.94 2.83 
Average (no PDX) -8.34 12.92 -13.72 3.07 -3.07 21.84 
 478 

 479 

 Similar processes are at play in producing the different warm season precipitation 480 

projections from the SSP5+RCP8.5 scenario near Eastern U.S. urban areas versus the no-LUC 481 

scenario as are seen in observations and modeling studies (e.g., Argüeso et al., 2016; Bornstein 482 

& Lin, 2000; Niyogi et al., 2011; Shepherd, 2005; Shepherd & Burian, 2003; Wu et al., 2019).  483 

The warming, potentially aided by the increased surface roughness, over the large urbanized 484 

areas in the SSP5+RCP8.5 simulations compared to the no-LUC future induces low-level 485 

convergence and low-level upward motion (Figure 9a, b).  Surface humidity may be lower in the 486 
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SSP5+8.5 simulations over the urbanized areas, as expected due to decreased surface 487 

evaporation, but the enhanced low-level convergence in the near surface winds leads to increased 488 

moisture flux into the urbanized areas (Figure 9c, d).  The enhanced surface warming over the 489 

urbanized areas also destabilizes the lower atmosphere, as suggested by the lower convective 490 

inhibition (Figure 9e).  The lifting condensation level and level of free convection are also higher 491 

over the heavily urbanized regions, but so too is the boundary layer height, presumably allowing 492 

these levels to be reached more often (Figure 9f-h).  All of the above translates into enhanced 493 

precipitation over all of the urbanized areas in the form of higher intensity storms and storms that 494 

persist for longer.  It does not translate to more frequent precipitation than in the no-LUC future 495 

in all cities though, despite a slight diurnal enhancement in the frequency of precipitation in the 496 

late-afternoon/early evening in the Eastern U.S. cities examined, excluding FL (not shown).  In 497 

the less urbanized surroundings, conditions are made less favorable for precipitation.  This is 498 

generally best represented by the stronger low-level divergence of the near-surface winds outside 499 

of the heavily urbanized areas and broad areas of increased convective inhibition across the 500 

Eastern U.S., that then leads to fewer and often shorter precipitation events.  Near coastal 501 

regions, the large urbanized areas and their intense heat island effect also interact with and 502 

enhance the sea-breeze.  In Florida, this effect is strong enough to lead to a nearly permanent 503 

sea-breeze throughout the future mean JJA diurnal cycle, as the land does not always cool down 504 

to less than the surrounding water temperatures at night, although the contrast between land and 505 

water does decrease overnight (not shown).  This is not the case in the expanded Northeast 506 

Megalopolis.       507 

 508 
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 509 
Figure 9.  JJA absolute difference between projections using the SSP5+RCP8.5 scenario and no-510 
LUC future scenario for a) near-surface wind, b) 850-hPa vertical velocity, c) near-surface 511 
specific humidity, d) near-surface moisture flux, e) convective inhibition, f) lifting condensation 512 
level, g) level of free convection, h) boundary layer height.   513 
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4 Summary and Discussion 514 

 Simulations were performed to examine how not including the land-use change that 515 

underlies the SSP-RCP framework may affect regional climate model projections of future 516 

climate change performed for CORDEX to date.  Focusing on the effects on mean temperature 517 

and precipitation, we have found that regional climate change projections are sensitive to SSP-518 

based urban and agricultural land-use changes, as evidenced by statistically significant 519 

differences in the projections in some regions.  We have also shown that the type of land-use 520 

change that is assumed matters (i.e. SSP3 vs. SSP5), a conclusion relevant to the scenarios 521 

framework. 522 

In regions of significant crop expansion like the Southeast U.S., particularly in 523 

SSP3+RCP8.5, projected temperature increases are dampened by 0.5-1.5℃. In localities with 524 

large future urbanization projections, projected temperature increases are substantially magnified 525 

in and beyond urban boundaries.  Projections for mean temperature are up to 4-5℃ greater in 526 

JJA in urban centers. The additional warming over urban centers due to urbanization alone is on 527 

par with the warming due to GHG-forced climate change alone.  This is also the case for both 528 

minimum and maximum temperature in JJA under SSP5+RCP8.5.  In SSP5+RCP8.5 this 529 

additional warming is not limited to urban centers; projected temperature increases are up to 530 

0.25-0.75 ℃ greater between them in the eastern half of the U.S. in JJA.  While regional 531 

precipitation is not greatly influenced by land-use change in SSP3+RCP8.5, in SSP5+RCP8.5 532 

over urbanized areas, mean precipitation is considerably enhanced, mostly due to an increase in 533 

the intensity of the events, but also an increase in the length of the events.  This has potential 534 

implications for projections of socio-environmental challenges like urban flooding.  Precipitation 535 

is also suppressed around the urbanized areas.   536 

Overall, the differences between the projections from the SSP-based LUC scenarios 537 

suggests that urban land expansion is potentially more influential than cropland expansion on 538 

CONUS temperature and precipitation projections, at least under RCP8.5. 539 

 These projections, however, only come from one RCM configuration forced by one GCM 540 

under one RCP and two future SSPs.  They demonstrate that the CORDEX projections can be 541 

significantly affected by including LUCs underlying the SSP+RCP framework.  However, more 542 

research is needed to document the effect RCM+LUC sensitivities and structural uncertainties 543 

have on the projections across different LUC scenarios.   544 
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 For example, as we leveraged NA-CORDEX simulations here, and were constrained by 545 

the existing WRF configuration, changing some relevant model options may be worth exploring 546 

in future studies.  For instance, here the urban environment is simply represented by differences 547 

in land surface cover properties, and not an urban canopy model.  Therefore, the three-548 

dimensional nature of cities is not represented.  Using an urban canopy model would likely 549 

provide more realistic simulations.  Additionally, the land-surface parameterization used had no 550 

option for considering sub-grid scale fractional land cover at the time the CORDEX simulations 551 

were produced. It does now, and so do other land-surface schemes. Considering only the 552 

dominant land-cover type in a grid box may have caused an under- and/or over-estimation of the 553 

effect of the LUC on the projections, it likely also altered the intended amount of LUC applied 554 

relative to that projected by the land-use models and implemented in the fractional land-use 555 

fields.  We hope to examine how these modeling choices affected our results in future work.  556 

However, results from this study are broadly consistent with observations and other modeling 557 

studies that have examined the role of LUC on climate in terms of their trend and broad physical 558 

effect, as discussed previously in the context of the results.  Nonetheless, the resolution in this 559 

study is also potentially too coarse for some urbanization effects with or without the use of an 560 

urban parameterization as well (e.g. the 50-75km downstream influence of the urban canopy on 561 

precipitation seen, for instance, in Niyogi et al. (2011)), and a higher resolution would likely 562 

provide a better representation of warm-season precipitation, in particular, regardless of 563 

proximity to an urban area.  Furthermore, the effect of urbanization on the precipitation 564 

projections here does not include any changes in anthropogenic aerosols and, therefore, does not 565 

consider their effect on nucleation.  We also do not consider added anthropogenic heat.  566 

Likewise, urban land change considers only the expansion of urban extent.  An enhanced dataset 567 

of changes in urban morphological characteristics would be more realistic, but is not currently 568 

available.   569 

Our methods for applying the LUCs in WRF may also warrant additional study.  For 570 

example, while we tested different methods for applying the crop projections from the LUM to 571 

the different crop types in WRF, we did not examine our application of pasture projections with 572 

as much scrutiny.  In the future we will experiment with applying the changes to other categories 573 

that could be considered pasture, not just grassland.  Pasture projections in this case though do 574 

not have as widespread an effect on climate as the crop and urban projections.   575 
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Ultimately, this work suggests that for a more complete exploration of uncertainty in 576 

future regional climate projections, the regional modeling community should consider the land-577 

use changes that underlie the SSP+RCP framework, and not just the GHG concentration 578 

scenarios.  This is particularly true as the community looks forward to downscaling simulations 579 

from CMIP6 ScenarioMIP (O’Neill et al., 2016).  Such analyses, however, would require that 580 

sub-national land-use change scenarios that are consistent with all relevant SSP+RCP scenarios 581 

be available at near the resolution of the models over, preferably, the full region of interest.  As 582 

there are many different methods in which the LUC can be incorporated into the RCMs and 583 

many different ways in which the land surface can be represented in RCMs, additional sensitivity 584 

tests should be performed, like those being produced for LUCAS (Davin et al., 2019) in Europe, 585 

and groups which undertake LUC incorporation in their projections should fully document their 586 

methods.  Finally, the CORDEX community should discuss modeling strategies and 587 

methodology for the use of SSP-based LUC scenarios to establish best-practices.   588 
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