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ABSTRACT 

Shrub encroachment is a world-wide ecological phenomenon which is associated with 

abrupt transition from grassland to shrubland. Such a change of vegetation cover has the 

potential of impacting the local and regional climate and may contribute to further shift in 

vegetation cover in many ecosystems. It has been recently proposed that such a 

vegetation-microclimate feedback may exist in the southwestern U.S. deserts, in which a 

cold sensitive shrub species, Larrea tridentata, could be favored by the feedback. This 

dissertation uses both observational and numerical modeling approaches to investigate 

the interaction between shrub encroachment and microclimate in the northern 

Chihuahuan desert, and to assess the role of the vegetation-microclimate feedback in 

favoring further shrub encroachment. In particular, field observations reveal that the 

shrubland has a significantly higher nighttime temperature (of about 2K on average) than 

the adjacent grassland, demonstrating the effect of different vegetation covers on local 

microclimate. Such a temperature difference only extends to a low height level (<20m 

above around), which establishes itself shortly after sunset and then persists throughout 

the night. The observed warmer nocturnal condition over the shrubland is interpreted as 

the consequence of the increased bare soil fraction caused by shrub encroachment: the 

less insulated ground surface enhances the diurnal soil heating and the nocturnal release 

of longwave radiation, which results in a higher nighttime temperature. Such a shrub-

induced warming is found to be overall important, because it is comparable to a regional 

climate warming over a timescale of one century. To better understand the underlying 

mechanisms, both an idealized single column configuration and an idealized two-

dimensional configuration of the Weather Research and Forecast (WRF) model coupled 
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with the Noah land surface model are used to simulate the land-surface interactions 

which result in the observed temperature difference. It is found that the green vegetation 

fraction is the key parameter that drives the temperature difference, based on the 

sensitivity tests of various parameterizations. Then, with the knowledge learnt from the 

idealized simulations, three-dimensional realistic simulations using the WRF model with 

multiple grassland and/or shrubland vegetation cover scenarios are carried out to 

investigate the role of the vegetation-microclimate feedback in promoting the shrub 

encroachment. The simulation results show that the effect of feedback could result in a 

microclimate condition that is generally more favorable for the survival of juvenile 

shrubs. This can induce bi-stability to the shrubland-grassland system in extreme cold 

winters, and contribute to further the shrub encroachment. 
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CHAPTER 1 

INTRODUCTION 

Shrub encroachment 

Shrub encroachment is an ecological phenomenon associated with the increase in 

density, cover and biomass of woody shrub species at the expense of former grasslands. 

Shrub encroachment has been occurring in all continents expect Antarctica (Ravi et al., 

2009). In the case of the Southwestern U.S. deserts, the dramatic transition from 

perennial grassland to mesquite (Prosopic glandulosa) or creosotebush (Larrea 

tridentata) dominated shrubland has been documented since the mid 19
th

 century 

(Buffington and Herbel, 1965; Gibbens et al., 2005). It has been argued the introduction 

of cattle and the associated overgrazing of arid and semiarid rangelands  likely caused the 

early stages of this vegetation cover transition (Grover and Musick, 1990; Archer et al., 

1995a; Van Auken, 2009). The subsequent encroachment of shrubs into the grassland  

has been explained as the result of interactions between biotic and abiotic processes 

(Archer, 1990), which are associated with drivers such as increased atmospheric carbon 

dioxide concentration (Polley et al., 1992; Polley, 1997), climate warming (Pockman and 

Sperry, 1997), shift in precipitation regime (Brown et al., 1997), overgrazing, and fire 

management (Archer et al., 1995a). However, no single factor has conclusively been 

proved to be the only driver either regionally or globally. Multiple  processes seem to 

interact and promote this change in vegetation composition (ALAN K Knapp et al., 2008; 

Van Auken, 2000).  

Although the impacts of shrub encroachment may differ from region to region  

(Eldridge et al., 2011), in the southwestern U.S. (and many other regions), the 
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encroachment of creosotebush results in the modification of land surface properties, in 

particular, in an increase in the bare soil fraction. Once the shrub successfully establishes, 

its spatial distribution tends to be patched because overlap of the neighboring root 

systems is not favored (Brisson and Reynolds, 1994). With deep root systems which can 

have the access to ground water (Gibbens and Lenz, 2001) and low soil nitrogen 

requirements (Van Auken, 2000), creosotebush may take advantage over grass species in 

areas with limited resource availability. As a result, a spatial heterogeneity of biomass 

and an overall increase in bare soil fraction have often been observed associated with 

shrub encroachment (Gillette and Pitchford, 2004; Huenneke et al., 2002). By virtue of its 

capability to cause land degradation and loss of ecosystem services, shrub encroachment 

has both ecological and economic relevance if we consider its impact on biogeochemical 

cycles (Hibbard et al., 2001), hydrological processes (Huxman et al., 2005),  soil nutrient 

loss (Schlesinger et al., 1990), and decreasing rangeland productivity (Geist and Lambin, 

2004). 

North America has a long history of widespread shrub encroachment. In 2001 it 

was estimated that in the U.S. about 335 million hectares of non-forest land had been 

affected by shrub encroachment, mostly in the arid and semi-arid western states (Pacala 

et al., 2001). The rate of shrub encroachment varies from site to site (Gibbens et al., 

2005) and from time to time (Goslee et al., 2003). However, an assessment of the 

transition rate from grassland to shrubland is often rare and poorly documented. A unique 

example is the Jornada Basin in the Chihuahuan desert, where the change in vegetation 

over a long period of time has been studied using historical survey data, aerial 

photography and high-resolution imagery. (Goslee et al., 2003) showed that the shrub 
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cover and patch density increased from the 1930s to the 1970s and then stabilized 

thereafter, and the shrub patches were extremely persistent over time. (Laliberte et al., 

2004) found that shrub cover increased by one order of magnitude and the grass cover 

decreased by one order of magnitude from 1937 to 2003. (Gibbens et al., 2005) carried 

out a study of the vegetation change over this region, which covered the largest area and 

the longest time period to date. It showed that the region changed from mostly fair or 

good grass cover with large shrub-free areas in the mid 1800s to a shrub-dominated cover 

by the end of 20
th

 century: more than three quarters of the area is dominated by shrub 

species. 

The abrupt character of the grassland to shrubland transition observed in many 

regions around the world (Anderies et al., 2002; Okin et al., 2009; Van Langevelde et al., 

2003) suggests that the ecosystem in the transition zone may exhibit bi-stable dynamics 

(Noy-Meir, 1975; Walker et al., 1981; Westoby et al., 1989) with two alternative states 

(i.e.,  grass-dominated or shrub-dominated landscape). External environmental drivers 

can often interact with positive feedbacks and induce the shift between these two stable 

states (Wilson and Agnew, 1992). Some examples include the feedback between 

vegetation and fire (Anderies et al., 2002; Ravi et al., 2009) as well as the feedbacks 

between vegetation and soil erosion (Schlesinger et al., 1990; Okin et al., 2009), which 

were proposed to positively contribute to the abrupt transition from grassland to 

shrubland. However, whether and how shrub encroachment in drylands interacts with the 

local climate has often been overlooked.  

Is shrub encroachment solely a result of climate warming or also a contributor to 

changes in microclimate conditions? My dissertation will address this question by 
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studying the impacts of shrub encroachment on microclimate and assessing its role in 

vegetation change in southwestern U.S. desert grasslands. In the following sections I will 

firstly give a brief introduction to the vegetation climate interactions, and then I will 

outline my research objectives and the approaches used to address them. 

Interactions between vegetation cover and climate 

Interactions between vegetation cover and climate have been well studied for a 

number of ecosystems (Bonan, 2002).  Vegetation cover affects the exchange of mass 

and energy between the land surface and the atmosphere and therefore modifies the near 

surface microclimate conditions (Bonan, 1997; Pielke et al., 1998; Foley et al., 2003). On 

the other hand, the distribution of vegetation at global and regional scales can also be 

controlled by climate related factors, including temperature and water (Stephenson, 1990; 

Bachelet et al., 2001; Dullinger et al., 2004). For example, nighttime warming is found to 

be correlated with the decrease in dominant herbaceous species and increase in forbs in 

semi-arid shortgrass prairie (Alward et al., 1999). In the case of the southwestern U.S. 

deserts, some studies  have shown how differences in vegetation cover, i.e., between 

shrub-dominated and grass-dominated areas, may cause local-scale differences in soil 

moisture, evapotranspiration, sensible heat fluxes and other energy fluxes (Dugas et al., 

1996; Bhark and Small, 2003; Kurc and Small, 2004, 2007). Numerical model 

simulations suggested that vegetation change due to shrub encroachment could modify 

the land surface properties, alter the distribution of sensible and latent heat, and affect the 

near-surface temperature (Beltrán-Przekurat et al., 2008). In addition, some observations 

found that creosotebush-dominated shrubland has a higher nighttime minimum 

temperature than adjacent grassland (Hayden, 1998; Carre, 2005).  



- 5 - 

 

Although drought was found to cause regional mortality of woody plants in the 

southwestern U.S. (Breshears et al., 2005), in this region the two dominant shrub species, 

mesquite and creosotebush, are well adapted to seasonal droughts (Reynolds et al., 1999). 

Conversely, the freezing temperature is a limiting factor that affects the northern 

distribution of creosotebush while drought can increase its cold tolerance (Pockman and 

Sperry, 1997; Martínez-Vilalta and Pockman, 2002; Medeiros and Pockman, 2011).  

Therefore, further shrub encroachment could be favored by the predicted warmer and 

drier climate in the southwestern U.S. (Seager et al., 2007; Solomon et al., 2009).  

Positive feedback between shrub encroachment and microclimate 

in Southwestern U.S. 

As noted above, the two-way interactions between creosotebush and climate 

parameters, especially the surface temperature in the southwestern deserts of the U.S., 

suggest that a vegetation-microclimate feedback may sustain the shift from grassland to 

shrubland. Similar feedback mechanisms have been found to be effective  in several other 

ecosystems, such as the boreal woodyland-tundra (Epstein et al., 2004) and the alpine 

forest-meadow (Körner, 1998) transitions. These feedbacks may promote further 

grassland-to-woodland transitions. Here I demonstrate how shrub encroachment is able to 

induce a warmer nocturnal microclimate ((He et al., 2010); therefore, I propose that a 

positive feedback between creosotebush and nighttime temperatures facilitates further 

shrub encroachment in the southwestern U.S. desert (D’Odorico et al., 2010; see also 

Figure 1.1). 
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Figure 1.1 Positive feedbacks contributing to shrub encroachment at different scales. 

This dissertations focuses on the feedback loop between shrub encroachment and 

microclimate (brown circle). Adopted from (D’Odorico et al., 2010). 

Figure 1.1 illustrates such a feedback loop with the essential participating 

elements. First, shrub encroachment increases the bare soil fraction (Huenneke et al., 

2002), which affects land-atmosphere interaction by enhancing soil heating and 

increasing the nighttime air temperature (He et al., 2010), see also Chapter 2). 

Consequently, the freeze-induced mortality decreases (Medeiros and Pockman, 2011) , 

which may favor the continuing growth and survival of the shrubs, thereby further 

sustaining its establishment and northward expansion. As a result, this vegetation-

microclimate feedback may induce bi-stability to the system and lead to abrupt vegetation 

transition in dryland ecosystems (D’Odorico et al., 2013), such as other feedbacks (e.g., 

(Schlesinger et al., 1990; Ravi et al., 2009)) reported in the region (Figure 1.1). 



- 7 - 

 

Research objectives and approaches 

My dissertation aims to study the impacts of shrub encroachment on microclimate 

conditions. In particular, it tests the hypothesis that in the northern Chihuahuan desert 

creosote shrubs modify their microclimate to their own advantage by inducing a 

nocturnal warming effect that contributes to further shrub encroachment. To investigate 

the drivers and the effects of such a feedback, the following research activities are 

developed: 

1. Analysis of observational data to study the surface temperature difference 

between shrubland and grassland, as well as differences in land surface properties 

and energy fluxes that cause the temperature difference (Chapter 2). 

2. Use of a two-dimensional idealized grassland-shrubland configuration in an 

atmospheric mesoscale model to simulate the observed temperature difference; 

estimation of important vegetation parameters through  sensitivity tests (Chapter 

3). 

3. Development of a tethered sounding experiment to investigate differences in the 

temperature profiles in the near-surface atmosphere; using a single column 

configuration of the atmospheric mesoscale model the evolution of the vertical 

temperature difference between shrubland and grassland throughout the night 

were better understood (Chapter 4). 

4. Evaluating the relative importance of shrub-induced warming and the temperature 

increase associated with regional climate trends (Chapter 5). 

5. Investigating the role of vegetation-microclimate feedback in promoting further 

shrub encroachment. A three-dimensional configuration of the atmospheric 
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mesoscale model is used with different vegetation distribution scenarios to assess 

the impact of vegetation cover on the winter minimum temperature in a region 

affected by shrub encroachment.  (Chapter 6). 

Study site description 

This dissertation focuses on the encroachment front of creosotebush (Larrea 

tridentata) in the northern Chihuahuan desert. I use data from field sites locates on the 

McKenzie Flats  (3 .3    , 10 .   W, at about 1600m above mean sea level), to the east of 

the Rio Grande. The encroachment front and the field sites investigated in this 

dissertation are located within the Sevilleta national Wildlife Refuge (SNWR).  Over the 

past century, the McKenzie Flats have undergone dramatic encroachment of creosotebush 

into desert grassland (Bhark and Small, 2003).  The encroachment front in the SNWR is 

an ideal location to study differences in microclimate because in this zone both woody 

and herbaceous species exist in close distance, with little change in elevation and under 

the same regional climate conditions. In addition, the SNWR is at the northern limit of 

the creosotebush distribution (Pockman and Sperry, 1997). The mean annual temperature 

in the S W  is 13.   C. Most precipitation occurs from June to September (50%-70%) 

with a mean annual precipitation of 224 mm (Gosz et al., 1995).  n  anuary, the mean 

daily a era e minimum temperature is 2.  - .   C and the mean monthly precipitation is 

8.0 mm (1989-2011).   

Field measurements are taken in three different types of vegetation covers: 

shrubland, grassland, and shrubland-grassland transition zone (i.e., shrub encroachment 

front, or "ecotone"), respectively (Figure 1.2). The three sites are all on a flat terrain 

(elevation difference ~10m), located within about 4 km from the shrub encroachment 
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Figure 1.2 Locations of the SNWR and the Rio Grande in New Mexico (upper left panel), 

observational sites in the SNWR that are used in this study (bottom left panel) and the 

view of the grassland, ecotone and shrubland (right panel). Dot, plus, and cross symbols 

mark the three flux towers, the two long-term meteorological towers, and the two 

sounding locations, respectively. 

 

 
front. The grassland site is dominated by relatively uniformly distributed C4 perennial 

grasses with about 60% vegetation cover and 40% bare soil, while in the shrubland larger 

portions of bare soil (70%) exist with a 30% shrub cover (Kurc and Small, 2004). A 

mixture of grass and shrub vegetation covers about 50% of the total area at the ecotone 

site, while the other half of the land surface is bare soil (D’Odorico et al., 2010).   

Field measurements used in this study include observations at two identical flux 

towers located in the shrubland and the grassland (1999-present).   Another flux tower 

was set up in the ecotone site in November 2008. Basic meteorological variables and 

energy fluxes are measured at all three fluxes towers. A network of temperature sensors 

that take near-ground temperature measurements over different vegetation/bare-soil 
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patches was deployed in November 2008 close to the three flux towers.  In addition, two 

long-term meteorological towers maintained by the Sevilleta Long Term Ecological 

Research are present in the area (Figure 1.2).  
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CHAPTER 2 

ON THE IMPACT OF SHRUB ENCROACHMENT ON 

MICROCLIMATE CONDITIONS IN THE NORTHERN 

CHIHUAHUAN DESERT1 

2.1 Introduction  

Vegetation cover is known for its ability to influence the exchange of energy and 

water vapor between the land surface and the atmosphere (Bonan, 2002; Fraedrich et al., 

1999). Vegetation affects the amount of solar irradiance that is reflected by the earth 

surface, the partitioning of net radiation into sensible and latent heat fluxes, the rate of 

precipitation recycling, the entrainment of dust and other aerosols into the atmosphere, 

and the partitioning of precipitation into soil moisture, evapotranspiration, and runoff 

(Charney, 1975; Eltahir and Bras, 1996; Foley et al., 2005; Rosenfeld et al., 2001; 

Villegas et al., 2010). Many studies have investigated and quantified the effects of land 

cover change on climate. Charney (1975) and (Charney et al., 1977) first discovered the 

link between changes in albedo and aridification in West Africa. Replacement of seasonal 

forests and grasslands with desert conditions has been associated with the reduction of 

evapotranspiration and precipitation in the Sahel region of Africa (Xue and Shukla, 1993) 

and in Mongolia (Xue, 1996). Other major land cover changes have been investigated for 

their potential impact on the regional climate (Bonan, 2002; Rotenberg and Yakir, 2010). 

For example, in the United States the replacement of temperate forests with croplands has 

been shown to modify climatic conditions through its impact on albedo, stomatal 

                                                 
1
 Published in Journal of Geophysical Research: He, Y., D’Odorico P., De Wekker S. F. J., Fuentes J. D.,  

Litvak M.,2010. On the impact of shrub encroachment on microclimate conditions in the northern 

Chihuahuan desert. Journal of Geophysical Research, 115, D21120, doi:10.1029/2009JD013529. 
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conductance, surface roughness, and root depth (Bonan, 1999, 1997). Similarly, tropical 

deforestation has been associated with major changes in regional temperature and rainfall 

regimes (Shukla et al., 1990), while the encroachment of boreal forest into regions 

historically dominated by tundra vegetation has been shown to lead to warming through 

important vegetation-albedo feedbacks (Foley et al., 1994).  

Woody plant encroachment into grassland ecosystems has been happening in many 

regions around the world over the past several decades (Alan K. Knapp et al., 2008; Van 

Auken, 2000). Within the southwestern United States, this dramatic shift in plant 

community composition has been particularly well documented for the Sonoran and 

Chihuahuan deserts (Archer, 1989; Archer et al., 1988; Buffington and Herbel, 1965; Van 

Auken, 2009, 2000). Despite its global significance and its recognized impact on 

ecosystem function and services, this change in plant community composition has seldom 

been investigated with respect to its effect on near surface temperature. (Bhark and 

Small, 2003) investigated the effect of vegetation and shrub cover on soil moisture 

conditions; (Kurc and Small, 2007, 2004) studied soil moisture and evapotranspiration in 

adjacent grassland and shrubland, while (Dugas et al., 1996) examined the energy 

balance components over different grass and shrub species in the Chihuahuan desert. 

(Scott et al., 2006) investigated the impact of woody plant encroachment on energy, 

carbon and water vapor fluxes and found that, while woody plants can take up more 

carbon during the dry season because of the better use of groundwater, this effect may be 

offset by a larger soil respiration rate during the wet season. (Beltrán-Przekurat et al., 

2008) used numerical simulations to show that changes in land cover from grass-

dominated to shrub-dominated arid landscapes in the Chihuahuan desert cause an overall 
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decrease in sensible heat fluxes and a substantial increase in latent heat fluxes, thereby 

leading to a cooler and moister near-surface atmosphere during daytime. However, it is 

still unclear whether shrub encroachment has any impacts on nocturnal climatic 

conditions, and whether these effects have a feedback on vegetation dynamics. The two 

major shrub species in the Chihuahuan desert (i.e., Larrea tridentate and Prosopis 

glandulosa) are known for being sensitive to low nocturnal temperatures (Felker et al., 

1982; Pockman and Sperry, 1997). Therefore, by changing the nocturnal temperature 

conditions, these shrub species may affect their own survival in this area. 

The encroachment of mesquite (Prosopis glandulosa) and creosotebush (Larrea 

tridentata) in North-American deserts, has been explained as an effect of large scale 

dri ers such as “climate warmin ” (Pockman and Sperry, 1997) or increased atmospheric 

carbon dioxide (CO2) concentrations (Polley et al., 1992), and of local controls (e.g., 

grazing and fire management, (Archer et al., 1995b), which operate through important 

feedbacks between biotic and abiotic processes (Archer, 1994, 1990; Buffington and 

Herbel, 1965). We argue that in the case of Larrea tridentata one of the factors 

contributing to this shift in vegetation composition is the change in near surface 

microclimate conditions caused by the replacement of grass cover with woody 

vegetation. This dependence on microclimate conditions would be consistent with the 

observation that Larrea encroachment is sensitive to extreme negative temperatures 

(Pockman and Sperry, 1997). Thus, shrub establishment in relatively warm years could 

modify the surface energy balance and provide warmer nocturnal microclimate 

conditions thereby favoring the survival of Larrea during cold winters. 
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(Hayden, 1998) and (Carre, 2005) compared temperature measurements taken on two 

land covers in the northern Chihuahuan desert. They found that in the shrubland, the 

nighttime minimum temperatures were higher (by 4-6 
o
C) than in the adjacent grasslands. 

This warming effect is likely to enhance the chances of establishment and survival of 

these cold-sensitive shrub species. These results, which  are in agreement with long-term 

temperature records from nearby areas in the Southwestern United States (Balling, 1988; 

Balling et al., 1998; Bryant et al., 1990; Small and Kurc, 2003), need to be validated by 

field observations capable of explaining the underlying processes. Therefore, the 

objective of this paper is to explain the difference of nighttime temperatures over grass-

dominated and shrub-dominated areas and identify the salient processes causing the 

climatic differences observed between these two land covers. Understanding these 

processes will be necessary, for example, if we want to parameterize the effects of shrub 

encroachment on the near-surface atmosphere in climate models. 

2.2 Methods 

2.2.1 Study Site 

To investigate the effect of shrub encroachment on near surface microclimatic 

conditions, we compared surface temperatures and energy fluxes at grassland and 

adjacent shrubland sites. To this end, we used data from the Sevilleta National Wildlife 

Refuge, located in the northern Chihuahuan Desert of the Rio Grande Valley, 

approximately 80 km south of Albuquerque, New Mexico. Because the Sevilleta National 

Wildlife Refuge shows a dramatic encroachment front of Larrea tridentata 

(creosotebush) shrubs into native desert grassland, it represents an ideal location to 
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investigate differences in surface energy flows associated with the two different land 

covers, both of which exist under the same regional climate conditions.  

Concurrent measurements were made on two identical flux towers currently 

deployed over a Larrea-dominated shrubland and Bouteloua-dominated grassland as part 

o  the  on   erm  colo ical  esearch (    ) pro ram.  he  rassland (3 .3 02   , 

10 .      W) and shru land (3 .333    , 10 . 3 010  W) tower sites are in the McKenzie 

Flats area of the Sevilleta National Wildlife Refuge. The distance between the towers is 

about 5 km, and the elevation difference is less than 10 m. The Sevilleta Refuge contains 

extensive semi-arid grassland dominated by C4 perennial grasses (Bouteloua gracilis, B. 

eriopoda, Sporobolis spp., Hilaria jamesii, Muhlenbergia spp.) located on relatively level 

topography along the western edge of the Los Piños Mountains. In the grassland site the 

total vegetation cover (live plus litter) averages 60% with 40% bare soil, while in the 

shrubland site the average vegetation cover is 30% with 70% of bare soil (Kurc and 

Small, 2004).  

Temperature, humidity (with HMP45C Vaisala temperature/ RH probe, 0.2-0.35 
o
C 

accuracy), and wind speed were measured (with CSAT3 sonic anemometer) at a height of 

3 m above ground level since January 2007. The data we used here cover the period from 

July 2007 to June 2008. Turbulent energy fluxes were derived using the eddy covariance 

technique at 3m height above ground (CSAT3 sonic anemometer and LI-7500 open-path 

IRGA ). The flux data represent 30-minute averages. In addition, measurements of 

radiation components (CNR1 4-way Kipp&Zonen net radiometer) and pressure (CS105 

Vaisala PTB101B barometric) were taken at 3 m height above ground, while ground heat 

fluxes were measured in the ground at 5 cm depth (HFT3 REBS soil heat flux plates). 
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Surface Characteristics Shrubland Grassland 

Vegetation cover 30% 60% 

Displacement height, d (m) 0.3 0 

Roughness length, z0 (m) 0.04-0.06 0.03 

Winter albedo, α 0.204 0.209 

Summer albedo, α 0.201 0.184 

Winter emissivity, εsfc   

    All day 0.963 0.964 

    Daytime 0.955 0.955 

    Nighttime 0.970 0.976 

Summer emissivity, εsfc   

    All day 0.969 0.965 

    Daytime 0.962 0.961 

   Nighttime 0.983 0.986 

Table 2.1 Information on vegetation cover, aerodynamic parameters, albedo and 

emissivity for the shrubland and grassland sites. 

Days were considered to  e “clear” when the ratio o  daily incoming shortwave radiation 

to theoretically determined extraterrestrial solar radiation was greater than 64% 

(Whiteman et al., 1999). Nighttime was defined as those hours with zero incoming 

shortwave radiation. Wintertime was defined as the season from 1 November, 2007 to 29 

February, 2008, while summertime included the months of May, June, July and August. 

2.2.2 Surface aerodynamic characteristics 

To explain the differences in surface energy flows between the two vegetation types, 

we determined the effect of landscape conditions on surface aerodynamic characteristics 

such as displacement height and roughness length for momentum sink. Using the 

logarithmic wind speed profile and the friction velocity (estimated from the momentum 

flux), the roughness length for momentum sink, 0z , and the displacement height, d , were 

estimated following the procedure described by (Martano, 2000). As expected, both the 
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roughness length and the displacement height were larger in the shrubland than in the 

grassland (Table 2.1). 

2.2.3 Surface emissivity and albedo 

To investigate the processes governing the transfer of energy in the grassland or the 

shrubland site, we calculated surface emissivity and albedo. For the emissivity (
sfc ) we 

used the Stefan-Boltzmann law, expressing the longwave radiation, 
sfcLw , emitted by the 

ground surface as 

4

sfc sfc sfcLw T     (1) 

where  is the Stefan-Boltzmann constant and 
sfcT  is the ground surface temperature. 

Since 
sfcT  was not measured in this experiment, the aerodynamic method was employed 

to calculate 
sfcT  from measurements of sensible heat flux density ( H ). Usin  the Ohm’s 

law analogy, over horizontal homogenous vegetation canopy, H  can be expressed as a 

function of 
sfcT  and airT . Solving for 

sfcT , we obtain: 

H
sfc air

p

R
T H T

c
  ,    (2) 

where   is the density of air, 
pc is the specific heat of air at constant pressure, and HR  is 

the resistance to heat transfer and consists of two components, 

H bH AeroR R R  ,   (3) 

where bHR  is the bulk boundary layer resistance and AeroR  is the aerodynamic resistance.

bHR  is expressed in terms of atmospheric turbulence levels and the intrinsic 

characteristics of heat transfer (Wesely and Hicks, 1977), 
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R

u Pr

 
  

 
,   (4) 

where 0.4   is the von-Karman constant, *u  is the friction velocity, Pr  is the Prandtl 

number ( 0.72 ) for air and Sc  is the Schmidt number. The Schmidt number is 

calculated as the ratio of kinematic viscosity to mass diffusivity with temperature 

dependence (Campbell and Norman, 1998). The aerodynamic resistance AeroR
 
is a 

function of momentum transfer expressed as 

 

0

*

ln m

Aero

z d z d

z L
R

u

  
   

  
 ,  (5) 

where z is the height above the ground surface,   m z d L   is the diabatic function 

(Businger et al., 1971; Dyer, 1974) expressed in terms of the Monin-Obukhov length ( L

). Therefore, with equations (1) to (5), using the observed upwelling longwave radiation 

as 
sfcLw ,  the emissivity is expressed as a function of air temperature and turbulence 

measurements as 

4

2/3

2

* *

2

sfc

sfc

air

p

Lw

u H
Sc T

u u c







  

   
   

.    (6) 

where u is the wind speed measured at the same height as airT , *u  and H . 

The surface albedo ( ) was estimated to quantify the amount of solar energy 

absorbed by the surface in the presence of grass and shrub cover. The albedo was 

calculated by: 

 
up

dn

K

K
  ,         (7) 
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where 
upK  and 

dnK are the upwelling and downwelling shortwave radition, respectively. 

These radiation components were measured by pyranometers at 3 m height. Only data 

from 0900 to 1600 LST (Local Standard Time) were used in the calculation of   to 

avoid the large uncertainties associated with low solar elevation angles. Values of 

emissivity and albedo are reported in Table 2.1. 

2.2.4 Atmospheric stability 

Different rates of surface cooling can occur due to differences in atmospheric 

stability. In this study the gradient Richardson number ( iR ) was used to assess the impact 

of stability on rates of surface cooling. The gradient Richardson number represents the 

relative contribution of buoyancy and wind shear to the production/destruction of 

turbulence (Stull, 1988):  

2i

g

zR
u

z








 

 
 

.,   (8) 

where g is the gravitational acceleration and   represents the potential temperature. The 

gradient Richardson number is related to the Monin-Obukhov length ( L ) through the 

Businger-Dyer formulas (Businger et al., 1971; Dyer, 1974); large positive values of iR  

correspond to stable conditions with weak turbulent mixing. 

2.3 Results 

2.3.1 Observations 

We analyzed near surface air temperatures to assess differences in minimum winter 

temperatures between the two land covers. Nighttime temperatures in the shrubland were  
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Figure 2.1 Night time temperature comparison between shrubland and grassland, for 

the whole year and (inset) in the winter months only. Analysis based on Jul 2007 to Jun 

2008 half hourly points (Nov 2007 to Feb 2008 data in the inset). The nighttime air 

temperature in the shrubland is significantly higher than in the grassland (p<0.0001 both 

for the t-test of the whole year and of the winter months). For 72% of the time (or 79% 

of the time if only winter months are considered) the shrubland has warmer near-

surface conditions than the grassland. 
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Figure 2.2 Monthly mean and standard deviation of temperature differences between 

the two vegetation covers in the winter months (Nov 2007 to Feb 2008). 

higher than those in the grassland at most times (Figure 2.1). These differences were 

particularly strong in the winter months, when the mean nighttime air temperatures in the 

shrubland were on average about 2 
o
C higher than those in the grassland (Figure 2.2). 

 Temperature differences were established between 1700 and 1900 LST and were 

maintained throughout the night (Figure 2.2). Diurnal patterns of temperature differences 

between the shrubland and the grassland were similar throughout the year. Maximum 

nighttime differences between near surface air temperatures over the two land covers 

(Figure 2.3) ranged between 3 
o
C and 7 

o
C. The temperature differences between the 

shrubland and the grassland sites depended on near-surface stability (i.e., the Richardson 
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Figure 2.3 Monthly mean and standard deviation of maximum daily nighttime 

temperature differences between the two vegetation covers. 

 
Figure 2.4 (a) Relationship between nighttime temperature differences and Richardson 

number under stable conditions, and (b) relationship between night time temperature 

differences and wind speed for the whole year (Jul 2007 to Jun 2008) and winter months 

(Nov 2007 to Feb 2008). 

 

 

number, Ri) and wind speed (Figure 2.4). Temperature differences increased when the 
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Energy Component Constraint Shrubland Grassland Difference 

H(Wm
-2

) 

 

 

1 -9.2 -12.1 2.9 

2 -19.6 -22.1 2.5 

no -15.9 -17.8 1.9 

G(Wm
-2

) 

 

 

1 -17.3 -18.7 1.5 

2 -9.0 -8.5 -0.5 

no -1.8 -8.6 6.8 

Lwup (Wm
-2

) 

 

 

1 316.7 307.5 9.2 

2 333.4 326.6 6.8 

no 335.7 331.7 4.0 

Lwdn (Wm
-2

) 

 

 

1 247.8 246.9 1.0 

2 256.9 259.5 -2.6 

no 245.3 249.0 -3.7 

Lwnet (Wm
-2

) 

 

 

1 -68.9 -60.7 -7.7 

2 -76.5 -67.1 -8.6 

no -90.4 -82.7 -6.0 

Table 2.2 The nighttime energy components for shrubland, grassland, and the difference 

between shrubland and grassland, reported as the average over winter months (Nov 

2007 to Feb 2008). Constraint 1 conditions are defined as when temperature differences 

over the two land covers are equal to or larger than 2 oC. Constraint 2 only concerns the 

measurements from sunset to 2000 LST. 

 surface layer became more stable (i.e. for large values of iR ; Figure 2.4a) or when the 

wind speed decreased (Figure 2.4b). Under these conditions, mixing was relatively weak 

so that the microclimate in the shrubland and the grassland was not strongly affected by 

air advected from the surrounding areas, but remained controlled mainly by local 

conditions (Geiger, 1965). Therefore, the shrubland and the grassland can create and 

maintain their own microclimate, particularly during calm nights. The overall implication 

of this analysis is that shrub encroachment leads to warmer near-ground nighttime 

conditions, especially in the winter season, when shrubs are able to maintain milder 

microclimate conditions. Warmer winter night conditions, in turn, may favor the survival 

of shrub species due to their lack of tolerance to freezing temperatures (Pockman and 

Sperry, 1997). 
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The differences in near-ground temperature between the two land covers can be 

explained by differences in energy fluxes and surface energy balance. The average values 

of each measured energy component, including sensible heat fluxes ( H ), ground heat 

fluxes ( G ), upwelling and downwelling longwave radiation (
upLw  and dnLw  

respectively) and the net longwave radiation ( netLw ), are reported in Table 2.2 for the 

case of nocturnal wintertime conditions. To better relate surface energy fluxes to the 

differences in nocturnal temperature between the two land covers, we also constrained 

the analysis focusing in particular on (1) those nights in which shrubland temperatures 

exceeded by at least 2 
o
C those in the  rassland (“Constraint 1”) and (2) the time period 

in which the nocturnal air temperature differences were established (i.e., between sunset 

and 2000  S ; “Constraint 2”).  hese results will  e discussed in the section 2.4. 

2.3.2 Energy budget model  

To understand why nighttime temperature in the shrubland was higher than in the 

grassland and how differences in energy fluxes between the grassland and shrubland sites 

contributed to such temperature differences, we developed a one-dimensional energy 

budget model. The temporal variability of air temperature near the ground is driven by 

the surface energy budget. Assuming a negligible effect of horizontal advection during 

calm nights, the vertical energy transfer can be related to the temporal variability of the 

average air temperature within a near surface air layer of thickness az  through the energy 

balance equation 

 1air
p a sfc dn up sfc atm sfc atm

dT
c z H G Lw Lw Lw Lw Lw

dt
          ,    (9) 
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Figure 2.5 Schematic representation of the one-dimensional energy budget model. The 

parameters are explained in text. 

which involves all the energy exchanges occurring at the upper and lower boundaries of 

the layer of air (Figure 2.5).  

The term atmLw  is the downward longwave radiation emitted by the atmosphere. This 

radiation is partly absorbed by the ground (
sfc atmLw ), and partly reflected to the 

atmosphere (  1 sfc atmLw ). atmLw  was estimated by the Stefan-Boltzmann law as a 

function of the air temperature and the emissivity of atmosphere ( atm ). The other 

longwave radiation components in equation (9) include the longwave radiation emitted 

by the ground (
sfcLw ), and the downwelling ( dnLw ) and upwelling (

upLw ) longwave 

radiation measured at 3m height (Figure 2.5). 

The numerical integration of the energy balance equation (9) using energy flux 

measurements from the two sites allows us to calculate the average air temperature values 

within the near surface air layer. Six clear winter nights with calm wind and pronounced 
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temperature differences between grassland and shrubland sites were selected to test the 

model. To this end, we used values of ground surface emissivity calculated based on 

winter daytime measurements so that surface emissivity can be considered an 

independent quantity. The performance of this model is affected by errors associated with 

measurements and parameter estimation. Moreover we made the approximation of using 

the near ground air temperature to estimate the atmospheric longwave radiation atmLw  

and we tested the model comparing the average temperature of a 3-m-thick air layer with 

values of air temperature measured at 3 m height. The emissivity of the atmosphere ( atm ) 

was therefore the only parameter that can be varied in our model.  This parameter was 

estimated so that air temperatures calculated with this energy budget model best fit those 

measured during the six selected clear-sky, calm winter nights. As a result, we found that 

atm =0.88.  

Despite its approximated nature, this 1-D energy budget model reproduced the 

general pattern of temperature differences between shrubland and grassland observed in 

the experiment (Figure 2.6). Therefore, the energy budget model provides a process-

based framework to explain the air temperature differences between the two land covers 

as an integrated effect of differences in all the energy fluxes. 

In addition, this one-dimensional energy budget model allows us to examine the 

sensitivity of these temperature differences to different terms of the energy balance. To 

test this sensitivity, we replaced each energy flux component with the mean of values 

measured over the two land covers while keeping the other terms of the energy balance 

unchanged. As shown in Figure 2.6, differences in nocturnal air temperature are not very 

sensitive to changes in sensible heat fluxes, ground heat fluxes, measured upwelling or 
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Figure 2.6 Comparison of the observed temperature differences between shrubland and 

grassland (solid line connecting solid circles) with the results of a one-dimensional 

energy budget model (solid line) in a selected sample case (the clear-sky calm winter 

night between 16 and 17 Dec 2007). Sensitivity test with respect to longwave radiation 

emitted by the ground surface is shown with dashed line (i.e., the same ground 

longwave radiation is used for the two vegetation covers. See text). Each dotted line 

shows the result of a sensitivity test with respect to the other components of the energy 

balance, including (1) sensible heat fluxes, (2) ground heat fluxes, (3) measured 

upwelling and (4) downwelling longwave radiation. 

downwelling longwave radiation. In fact, changes in these energy components do not 

result in significant changes in the patterns of the calculated air temperature difference 

between the two land covers. Conversely, changes in ground surface temperature (hence 

in 
sfcLw ) lead to a major change in the patterns of nighttime air temperatures over the two 

landcovers. Therefore, differences in ground longwave radiation between grassland and 

shrubland are the major contributor to the higher air temperatures observed at night in the 
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shrubland with respect to the grassland. This result is consistent with the mechanistic 

explanation of differences in nocturnal air temperature presented in the discussion. 

2.4 Discussion 

Diurnal surface temperature variation is controlled by factors involving the energy 

balance at the surface. The energy balance involves the net radiation, the ground heat 

flux, and the turbulent fluxes of latent and sensible heat. A detailed investigation of these 

factors is presented to explain the main processes underlying the nocturnal temperature 

difference between the shrubland and grassland. The net radiation is contributed by net 

longwave and shortwave radiation, which are affected by the albedo and emissivity of the 

ground surface. Differences in albedo between the shrubland and grassland were minor 

(Table 2.1) and did not cause relevant differences in the net radiation balance during 

daytime. At night, the shrubland lost more net longwave radiation than the grassland. The 

upwelling longwave radiation at night was larger in the shrubland than in the grassland in 

all the three cases reported in Table 2.2. Combining these results with the smaller average 

nighttime emissivity in the shrubland than in the grassland (Table 2.1), we can conclude 

that, compared to grassland, the shrubland not only had a higher nighttime air 

temperature but also a higher nighttime ground surface temperature. 

The ground heat flux at each location was calculated as a weighted average of the 

values measured under the bare soil and vegetated microsites, using values of bare soil 

fractions typical of the two land covers (Table 2.1, shrubland: 70% bare soil, grassland: 

40% bare soil, (Kurc and Small, 2004). Cumulative ground heat fluxes (i.e., the time 

integral of the ground heat fluxes throughout the day or night) were larger in absolute 

value in the shrubland than in the grassland. These differences became more pronounced 



- 29 - 

 

 

Figure 2.7 Comparison between cumulated ground heat fluxes measured between 1 

Nov and 31 Dec, 2007 at the shrubland and grassland sites. Inset: Mean and standard 

deviation of ground heat fluxes over shrubland and grassland in clear days in the same 

period. At each site, ground heat flux values were calculated as weighted averages of 

the values measured at vegetated and unvegetated micro-sites using the fractional land 

cover reported for each site. 

in clear sky conditions during the day (Figure 2.7), presumably because vegetation was 

less effective in causing the differences of received energy between shaded and non-

shaded ground during cloudy days. To explain the differences in ground heat fluxes 
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between the two land covers, we looked at the ground heat fluxes from bare soil and 

vegetated microsites at the grassland and shrubland sites. We found that the diurnal 

ground heat fluxes in bare soil microsites were larger than those in microsites covered by 

either shrub or grass vegetation (Figure 2.8). Moreover, daytime ground heat fluxes were 

greater in the shrubland than in the grassland both in the bare soil (with 19.2 Wm
-2

 

average difference for all clear winter days) and in the vegetated (with 9.2 Wm
-2

 average 

difference for all clear winter days) microsites. The greater ground heat fluxes observed 

at both sites in the bare soil microsites with respect to the adjacent vegetated soil plots 

(average difference of 24.4 Wm
-2

 for the shrubland and 14.4 Wm
-2

 for the grassland for 

all clear winter days) provide an explanation for the overall greater ground heat fluxes at 

the shrubland site (Figure 2.7), where a greater bare soil fraction existed. The different 

bare soil fractions existing in the two sites resulted in relatively large differences in 

ground heat fluxes between the two land covers corresponding with the observation and 

explanation by (Kurc and Small, 2004). At night, the differences in cumulative ground 

heat flux between shrubland and grassland were smaller than during daytime (on average 

-0.1 MJm
-2

at night and 0.8 MJm
-2

 during day for all clear winter days, Figure 2.7), 

consistently with the smaller difference in nocturnal ground heat fluxes observed between 

bare soil and vegetation microsites at both locations (Figure 2.8).  

Diurnal patterns of ground heat fluxes over the shrubland and the grassland showed a 

lag of about two hours between the daytime peaks in ground heat flux for the two land 

covers. In fact, in the shrubland the maximum ground heat flux occured at 1300 LST, two 

hours earlier than in the grassland (Figure 2.7, insert). Thus, shrubland soils responded 

more quickly to daytime warming than grassland soils, due to the larger bare soil fraction 
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Figure 2.8 Mean and standard deviation of ground heat fluxes under bare soil and 

vegetation cover, in the shrubland (a) and the grassland (b) in clear winter days (Nov 

2007 to Feb 2008). 

 

 
in the shrubland and the lack of insulation of the ground surface by grass biomass. In fact, 

at the patch scale we found that a lag of about two hours exists between the peaks of 

ground heat fluxes measured in vegetated and bare soil microsites (Figure 2.8). The 

downward sensible heat fluxes were greater in absolute value (>1.9 Wm
-2

 on average) for 

the grassland than the shrubland (Table 2.2) consistently with the more rapid cooling of 

the air above the grassland.  

In summary, on the basis of this analysis of radiation and energy fluxes, we can 

explain the emergence of nighttime temperature differences between the two land covers 

as follows. In the shrubland, where a larger fraction of bare soil typically exists, the soil 

surface is poorly insulated by vegetation. Thus, more energy was received by the 

underlying soil column during the day in the form of ground heat fluxes. Moreover, due 

to the limited insulation of the soil surface, soil heating occured more rapidly in the 
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shrubland than in the grassland. This energy was then released at night in the form of 

longwave radiation. Because differences in ground surface emissivity between grassland 

and shrubland were negligible, the higher nocturnal longwave radiation emitted by the 

shrubland was due to differences in soil surface temperatures. Similar findings were 

reported for daytime conditions at the same shrubland and grassland research sites (Kurc 

and Small, 2004; Small and Kurc, 2003). Therefore, differences in bare soil fraction 

caused a differential diurnal heating of the soil in the two land covers. Thus, at night 

more energy was released from the ground in the shrubland than in the grassland, 

contributing – as indicated by simulations with the energy balance model - to the 

differential heating of the near surface air, thereby causing the observed differences in 

nocturnal air temperatures between shrubland and grassland. These differences were 

particularly strong during calm nights, and their persistence throughout the night was 

favored by the relatively stable boundary layer conditions.  

The explanation of air temperature differences based on the different bare soil 

fractions existing on the two land cover is consistent with other observations from the 

Northern Chiuhuahuan Desert (Carre, 2005) and with similar findings from the Sonoran 

Desert, where differences in air temperature of about 4 
o
C were detected across the 

Mexico-United States border, and explained as a result of the higher bare soil fractions 

due to the heavy overgrazing on the Mexico side (Balling, 1988; Balling et al., 1998; 

Bryant et al., 1990). However, to our knowledge this effect of warming induced by an 

increase in bare soil had never been explained before in the context of its relation with 

shrub encroachment. Although warming may also have a positive effect on grass growth, 

in the case of Larrea-encroached landscapes the increase in minimum temperature 
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associated with grassland-to-shrubland conversion is likely to favor only the 

establishment of these freeze-sensitive shrub species, because grasses remain dormant 

during wintertime. 
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CHAPTER 3 

COUPLED LAND-ATMOSPHERE MODELING OF THE 

EFFECTS OF SHRUB ENCROACHMENT ON 

NIGHTTIME TEMPERATURES2 

3.1 Introduction 

Many semi-arid regions around the world have been experiencing a transition from 

grass to shrub dominance in recent times, a phenomenon also known as shrub 

encroachment (Alan K. Knapp et al., 2008; Van Auken, 2000). This change in plant 

community composition causes the loss of important ecosystem services, such as soil 

stabilization and rangeland grazing (Geist and Lambin, 2004; Schlesinger et al., 1990). 

Shrub encroachment is affecting regions of North and South America, Africa, Asia, and 

Australia (Archer, 1989; Cabral et al., 2003; Roques et al., 2001). As most changes in 

vegetation cover, the shift from grass to shrub dominance is expected to modify the land 

surface attributes and to alter the surface energy fluxes with important impacts on 

microclimate conditions (Bonan, 2002; Geiger, 1965). However, despite the widespread 

occurrence of shrub encroachment around the world, its impact on the local climate has 

remained poorly investigated.  

 Using data from the Northern Chihuahuan Desert, (Hayden, 1998) reported that the 

minimum temperature recorded at 1.5 m above a shrubland surface was about 4 K greater 

than that in an adjacent grassland. Recently, He et al. (2010) analyzed temperature 

records from a grass-shrub transition zone in the region and also showed that, on average,  

                                                 
2
 Published in Agricultural and Forest Meteorology : He, Y., De Wekker, S.F. ., Fuentes,  .D., D’Odorico, 

P., 2011. Coupled land-atmosphere modeling of the effects of shrub encroachment on nighttime 

temperatures. Agricultural and Forest Meteorology 151, 1690–1697. doi:10.1016/j.agrformet.2011.07.005 
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Figure 3.1: Mean and standard deviation of temperature differences between shrubland 

and grassland of Sevilleta National Wildlife Refuge in December 2007 to February 2008. 

the nighttime air temperature observed in the shrubland is higher than in the grassland 

during winter. A temperature difference of about 2 K is mainly established around sunset 

and is then maintained throughout the night (Figure 3.1). Daytime temperature 

differences between shrubland and grassland are smaller in response to effective 

atmospheric mixing associated with high levels of turbulence. Using an energy balance 

model, He et al. (2010) concluded that the difference in nocturnal temperatures can be 

explained by differences in the amount of vegetation cover. The transition from grassland 

to shrubland reduces the vegetation cover, thereby increasing the amount of incoming 

radiation that is transformed into thermal energy and stored in the soil during daytime. At 

night, thermal energy is released at greater rates from soils occupied by shrubs, thereby 

inducing higher near-surface air temperatures in the shrubland than in the grassland, 

especially in wintertime. Because the encroached shrub species are prone to freezing-

induced mortality, the increase in winter nighttime temperature favors their successful 

establishment (D’Odorico et al., 2010). This positive vegetation-microclimate feedback 

may facilitate a transition from grassland to shrubland, and sustain the shrub 

encroachment process.  
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Vegetation-climate interactions are typically investigated with global-scale 

climate models (Collins et al., 2006; Foley et al., 1998; Kiehl et al., 1998). However, to 

simulate vegetation-microclimate feedbacks at smaller scales, land-atmosphere 

interactions over sparse vegetation need to be accurately represented with coupled land-

surface parameterization schemes typically used in regional climate models. To this end, 

we use an atmospheric mesoscale model to assess whether numerical simulations can 

realistically represent the observed differences in nocturnal temperature between 

shrubland and grassland.  Through a sensitivity analysis with respect to soil and 

vegetation variables, we investigate the processes contributing to the observed 

temperature differences, and compare our findings to field observations and results from 

energy balance modeling presented in He et al. (2010).  

3.2 Method 

3.2.1 Numerical Model Description 

In this study, we use the Weather Research and Forecasting model (Skamarock et al., 

2008) coupled with the Noah Land Surface Model (Chen and Dudhia, 2001; Ek et al., 

2003; Mahrt and Ek, 1984). This coupled modeling system has been shown to reliably 

simulate land-atmosphere interactions (Hong et al., 2009; James et al., 2009; LeMone et 

al., 2007). Noah LSM simulates the exchange and storage of heat and water, and the 

transfer of radiation between different layers both below and above ground, including 

soil, snow, vegetation and atmosphere. Energy fluxes are calculated between soil/snow 

layers and the atmosphere, with an additional component from the vegetation to the 

atmosphere for the latent heat flux. Heat fluxes in the soil are determined by the 

temperature gradient between soil layers and the thermal diffusivity of the soil. A soil 
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skin temperature is diagnosed based on the surface energy balance included in Noah 

LSM; the ground heat flux is the heat transfer from the  top soil layer to the soil skin (i.e., 

the upper edge of the top soil layer), while the sensible heat flux is defined as the heat 

exchange from the soil skin to the atmosphere.  Noah LSM uses a stability-dependent 

surface exchange coefficient to calculate the heat fluxes, and the temperature at 2 m 

above ground as a forcing variable, which are both obtained from the surface layer 

scheme in WRF (Eta surface layer scheme in this study, (Janjic, 2002, 1996). The latent 

heat flux is defined as the total evapotranspiration from snow, soil, and vegetation and is 

calculated using a Penman-based potential evaporation method (Mahrt and Ek, 1984), a 

multilayer soil model (Mahrt and Pan, 1984), and the canopy resistance (Chen et al., 

1996).  

3.2.2 Model setup 

The 2-dimensional computational domain of the mesoscale model covers 480 km in 

the east-west direction, with a 1-km horizontal grid spacing and periodic boundary 

conditions. A domain size of 480 grid points ensures that the influence of the lateral 

boundaries in the region of interest (central portion of domain) is minimal. The model 

uses 65 vertical levels which extend from the  height of the first level below 9 m does not 

result in differences in the simulation of near-surface (2-m) air temperature. WRF is a 

non-hydrostatic model, using a standard C grid (Mesinger and Arakawa, 1976) with a 

hydrostatic-pressure vertical coordinate (Laprise, 1992).  

The model runs are initialized right before sunrise at 0600 local time (LT). The initial 

temperature profile is based on observations from a radiosonde launch prior to a clear 

night in December 2008 as part of a field study at the Sevilleta National Wildlife Refuge 
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(SNWR; 34.3 
o
N, 106.7 

o
W).  The vertical temperature profile has a temperature 

inversion in the lowest 400 m (dT/dz =25 Kkm
-1

), and a layer from 400 m to 2000 m that 

is weakly stable (dT/dz=3.1 Kkm
-1

). The simulations are initialized with 1 ms
-1

 westerly 

winds and with microphysics and cumulus parameterizations turned off. The four soil 

layers in Noah LSM have a thickness of 0.1 m, 0.3 m, 0.6 m and 1 m from top to bottom. 

The initial temperature of all soil layers is set to be the same as the surface temperature 

which was 268.15 K. The initial volumetric water content of the four soil layers is 0.05, 

0.1, 0.1 , and 0.1 m
3
m

-3
 from top to bottom, respectively, which correspond to typical 

winter conditions in the Northern Chihuahuan Desert (Litvak, personal communication). 

The sensitivity of the simulations to different atmospheric and soil initializations will be 

shown in section 3.3. Model simulations were run for 24 hours from 0600 LT for a day in 

December (21 December, winter solstice) to the following morning at 0600 LT using a 

time step of 15 sec. The computational domain was located at 30 
o
N and 0 

o
E, resulting in 

sunrise at about 0730 LT and sunset at about 1630 LT on the simulation day. Uniform 

sandy loam soil is used for both shrubland and grassland in all the simulations. The 

vegetation cover is set to shrubland in half the domain and to grassland in the other half. 

To obtain model output representative of the grassland and the shrubland, the output was 

averaged over 20 grid points in each half of the domain 5 grid points away from the 

boundary between shrub- and grassland.  

Noah LSM assumes default parameters for different vegetation covers including 

shrubland and grassland. Each land cover is defined by a unique set of vegetation 

parameters that influence the radiation and energy budgets. In the current  study, 

vegetation parameters, except for vegetation fraction, are based on observations by He et 
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LSM Noah LSM default Observation Used 

Vegetation type grassland shrubland grassland shrubland grassland shrubland 

Albedo [0.19, 0.23]
b
 [0.25, 0.30]

 b
 0.209

c
 0.204

 c
 0.2 0.2 

Emissivity [0.92, 0.96]
b
 0.93 0.964

 c
 0.963

 c
 0.96 0.96 

Roughness length (m) [0.10, 0.12]
 b
 [0.01, 0.05]

 b
 0.03 0.04-0.06 0.03 0.05 

Vegetation fraction
a
 0.8 0.7 0.6 0.3 0.6 0.1 

a
vegetation fraction in Noah LSM is the green vegetation fraction or shading factor. 

b
 those vegetation parameters have seasonal dependencies. The values for December used in the model is 

indicated in Figure 3.5. 
c
winter values 

 

Table 3.1 Noah LSM default vegetation parameter settings, observations from Sevilleta 

National Wildlife Refuge in northern Chihuahuan desert, and the vegetation parameters 

used in this study. 

al. (2010) using data from two micrometeorological towers and soundings over adjacent 

shrubland and grassland sites in the northern Chihuahuan desert, New Mexico. The two 

observational sites are located in the McKenzie Flats area of the SNWR, within a 

distance of less than 5 km. Soil type is the same for the shrubland and the grassland site 

(sandy loam). Dominated by C4 perennial grasses, the average vegetation cover of the 

grassland site is 60% with 40% bare soil. The C3 shrubland has a 30% vegetation cover 

with a bare soil fraction of 70%. These estimates of the vegetation cover are based on the 

analysis of aerial photographs taken during the winter months as shown in Kurc and 

Small (2004). More information about the soil and atmospheric measurements at the two 

tower sites can be found in He et al (2010).  As shown in Table 3.1, the default 

parameters of shrubland and grassland differ from the values observed in the field sites at 

the SNWR. For example, in Noah LSM, the albedo for the shrubland is larger than over 

the grassland, but our observations show that in the case of the Northern Chihuahuan 

Desert the albedo over the grassland and the shrubland is almost similar (He et al., 2010). 

Noah LSM assumes a much larger roughness length in the grassland (0.10-0.12 m, 0.12 

m in December) than in the shrubland (0.01-0.05 m, 0.05 m in December) while the 
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opposite is observed at the SNWR field sites. Therefore, in our simulations, we adjusted 

the default values of albedo, emissivity and roughness length to reflect the observed 

values (Table 3.1). The albedo (0.2) and emissivity (0.96) are set to be identical for both 

shrubland and grassland. The roughness length of shrubland is assigned a larger value 

(0.05 m) than in the grassland (0.03 m). The sensitivity of the simulations to those three 

vegetation parameters will be discussed in section 3.2. In our baseline simulation, we 

used green vegetation fractions of 60% for grassland and 10% for shrubland. The use of a 

 alue di  erent  rom the  e etation co er o ser ed at the shru land site (≈ 30%) is 

justified and explained in section 3.2.   

3.3 Results and Discussion 

3.3.1 Baseline simulation 

The simulation captures the observed key features of the temperature differences 

between shrubland and grassland with higher near-surface air temperature in the 

shrubland than in the grassland (Figure 3.2). The nighttime air temperature difference 

increases rapidly around sunset (1600 to 1700 LT) and reaches a maximum value of 

about 2.7 K around 1800-1900 LT. The averaged air temperature after sunset (1700 to 

0600 LT) is about 1.8 K higher in the shrubland than in the grassland. During daytime, 

the air temperature in the grassland is higher than in the shrubland, which is also 

qualitatively consistent with the observations (Figure 3.1). The simulated daytime 

temperature differences are somewhat overestimated which can be explained by the calm 

initial conditions in the model setup which persisted throughout the simulation period. 

Increasing the initial wind speed enhances mechanical mixing, thereby decreasing the 

temperature differences between shrubland and grassland during daytime.  The simulated  
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Figure 3.2 Simulated time series of (a) air temperature at 2m height, skin temperature, 

soil temperature of the 10cm depth layer below ground in the adjacent shrubland (‘s’) 

and grassland (‘g’); (b) air temperature differences at 2m height between the shrubland 

and grassland; and (c) the net radiation (Rnet), sensible heat (H) and ground heat fluxes 

(G) of both land covers. 

 

 

Figure 3.3 Observed time series of net radiation (Rnet), sensible heat (H) and ground 

heat fluxes (G) over shrubland (‘s’) and grassland (‘g’). Fluxes are the average of 16 

selected clear days with small wind speed in the time period from November 2007 to 

January 2008. 
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Energy 

(in absolute value) 

time Observation WRF 

 

Rnet Day Little difference~1% Little difference ~1% 

 Night s s 

Lup Night s s 

G Day s s 

 Night s s 

H Day g g 

 Bight g g 

Table 3.2 Comparison of the observed and simulated energy components in shrubland 

and grassland during clear winter conditions. “s” indicates that the energy component in 

absolute value is larger in shrubland than in grassland, while “g” indicates the opposite. 

 

 
Figure 3.4 (a) Simulated mean residual wind speed in the lowest 50 m and averaged 

over 11 grid points across the shrubland-grassland boundary. Residual wind speed is 

defined here as the difference between the simulated wind speed and the ambient 

geostrophic wind (1m/s, the initial wind speed). Positive values indicate a residual wind 

component blowing from shrubland to grassland (shrub breeze), while negative values 

indicate a grass breeze. (b) Simulated mean temperature difference between shrubland 

and grassland in the lowest 50m. 
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air temperature, skin temperature and soil temperature were overall in agreement with the 

observations (data not shown).    

The simulated energy components of the adjacent shrubland and grassland (Figure 

3.2) are qualitatively consistent with the observations (Figure 3.3, Table 3.2). In 

particular, the differences in the energy fluxes between the shrubland and the grassland, 

which He et al. (2010) found to explain the nighttime temperature differences, are well 

simulated. He et al. (2010) concluded that the larger ground heat fluxes during daytime 

and the larger nocturnal longwave radiation emitted by the ground in the shrubland play a 

critical role in explaining the higher nighttime surface temperatures over the shrubland 

compared to the grassland.  In the simulation, the daytime ground heat fluxes in the 

shrubland are twice as large as those in the grassland, which leads to larger soil heat 

storage in the shrubland. After sunset, the skin temperature in the shrubland exceeds the 

skin temperature in the grassland, causing larger upwelling longwave radiation in the 

shrubland, which contributes to the warmer nocturnal air temperature in the shrubland.  

We note that the difference in air temperature between the shrub- and grassland 

initiated a thermally driven circulation in the simulation with a daytime shrub breeze and 

a nocturnal grass breeze (Figure 3.4). The intensity of the daytime shrub breeze weakens 

when the near-ground air temperature over the shrubland becomes higher than over the 

grassland around sunset. It takes about 5 hours for the warmer air over the shrubland to 

establish a horizontal pressure gradient in the shallow nocturnal boundary that is strong 

enough to overcome the shrub breeze. The resulting grass breeze acts to reduce the 

nighttime temperature differences between the shrubland and grassland. 
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3.3.2 Sensitivity to vegetation parameters 

Different land covers are represented by specific combinations of vegetation 

parameters in the Noah LSM. Adjusting these parameters to correspond with those 

observed in the study location affects the simulated land atmosphere exchange and 

improves model performance (Hogue et al., 2005; Rosero et al., 2010). Therefore, the 

vegetation parameters were modified and set in agreement with our observations (Table 

3.1 and Figure 3.2). The sensitivity of the simulations to changes in these vegetation 

parameters – namely, the green vegetation fraction, albedo, emissivity and roughness 

length – was investigated by changing the values of one parameter for both shrubland and 

grassland while keeping the other parameters the same as in the baseline simulation. In 

this sensitivity study, the green vegetation fraction was varied from 0.1 to 0.8 with an 

increment of 0.1 (64 simulations in total); the albedo was varied from 0.19 to 0.3 with an 

increment of 0.01 (144 simulations in total); the emissivity was varied from 0.92 to 0.94 

with an increment of 0.01 (49 simulations in total); and the roughness length was varied 

from 0.01 m to 0.12 m with an increment of 0.01 m (144 simulations in total). Thus, a 

total of 401 simulations were performed in this sensitivity study.  The analysis focused on 

the sensitivity of the vegetation parameters to temperature differences averaged from 

0000 LT to 0600 LT because shrubs are most sensitive to the freezing-induced xylem 

cavitation associated with minimum temperatures that usually occur at night and during 

the winter season (Pockman and Sperry, 1997). 

As shown in Figure 3.5, nighttime temperature differences between shrubland and 

grassland are most sensitive to the green vegetation fraction, while their dependence on 

the other vegetation parameters is much weaker. By varying green vegetation fraction, 

albedo, emissivity, and roughness length within the range of values used in this 
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sensitivity analysis, we obtained maximum changes in temperature differences between 

shrubland and grassland of 3.4K, 1K, 0.4 K and 0.2 K, respectively. Adjusting the values 

of the green vegetation fraction and the roughness length to the observed values increases 

the averaged nighttime temperature difference by 1.0 K and 0.1 K, respectively. 

Adjusting the albedo and roughness length decreases such temperature difference by 0.3 

K and 0.1 K, respectively. Moreover, differences in albedo, emissivity or roughness 

length alone cannot explain the differences in nighttime temperature observed between 

the shrubland and the grassland. With the same green vegetation fraction, other 

vegetation parameters make shrubland always warmer than grassland during the night. 

However, when the green vegetation fraction of shrubland becomes larger than in 

grassland, the grassland can even become warmer than the shrubland during night in 

some cases. Therefore, the green vegetation fraction is the most important vegetation 

parameter in this case study, which is consistent with the explanation provided by He et 

al. (2010) for the temperature and energy flux differences observed between shrubland 

and grassland (He et al. 2010).  

In addition to the relative importance of changes in a single vegetation parameter 

separately from the others as shown in Figure 3.5, we also conducted another sensitivity 

test to investigate how concurrent changes in multiple vegetation parameters may have an 

impact on the simulated nighttime temperature. In this sensitivity test, we changed one, 

two, three and all the four vegetation parameters with all possible combinations from 

baseline settings to the default values for December in the Noah LSM (Table 3.1, also see 

the dots and triangles in Figure 3.5). A total of 16 simulations were carried out and the 

temperature differences between shrubland and grassland averaged from 0000 LT to 
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Figure 3.5 Sensitivity of the air temperature differences, averaged from 0000 to 0600 LT, 

between the shrubland and the grassland to (a) green vegetation fraction, (b) albedo, (c) 

emissivity and (d) roughness length. Positive values indicate higher air temperatures at 

2m above ground in shrubland than in grassland. Zero difference is indicated by the 

black dashed line. The black triangle corresponds to the default values of the vegetation 

parameters for December in Noah LSM, and the black dot corresponds to the values of 

the vegetation parameters used in this study. 

 
0600 LT were analyzed. The effects of changes in multiple vegetation parameters are 

approximately additive with minimal interactions between the different vegetation 

parameters (Figure 3.6). For example, changing the green vegetation fraction and albedo 

to the default values separately,  the simulated nighttime temperature differences  become  
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Figure 3.6 Air temperature differences, averaged from 0000 to 0600 LT, between 

shrubland and grassland for different combinations of changes in vegetation parameters 

from those used in  the baseline simulation (see also black dots in Figure 3.5 and Table 

3.1) to those used in default setup of Noah LSM for December (see also triangle markers 

in Figure 3.5 and Table 3.1). The black dot indicates the temperature difference in the 

baseline simulation. The changed vegetation parameters are labeled as A for albedo, E 

for emissivity, R for roughness length, and G for green vegetation fraction. For example, 

GA indicates the temperature difference between shrubland and grassland in a 

simulation where the green vegetation factor and albedo are changed from values in 

the baseline simulation to the default values in Noah LSM. 

 
0.9 K (cooler) and 0.3 K (warmer) relative to the baseline simulation. Changing both the 

green vegetation fraction and albedo at the same time results in a change of 0.6 K 

(cooler) relative to the baseline simulation. This sensitivity analysis indicates once again 

that in this study, the green vegetation fraction is the most important vegetation parameter 

affecting the simulated nighttime temperature differences. 

Because of the key role of the green vegetation fraction in determining the 

nighttime temperature regime, its values need to be carefully assigned. While previous 

sensitivity studies that included the vegetation fraction mainly focused on daytime 

processes such as convective boundary layer growth and convection initiation in different 
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models (Crawford et al., 2001; James et al., 2009; Kurkowski et al., 2003), this study 

focuses on nighttime near-surface temperatures. In Noah LSM, the green vegetation 

fraction can directly affect the near-surface energy exchange by influencing 1) the water 

fluxes and 2) the thermal diffusivity of top soil layer (Ek et al., 2003). Green vegetation 

fraction affects water fluxes by determining total plant transpiration, direct soil 

evaporation, canopy water evaporation and precipitation going into the soil. The latter 

three components are negligible in the dry winter season on which we focus in this case 

study. Changes in green vegetation fraction can alter the simulated total plant 

transpiration and the associated latent heat flux by tens of Wm
-2

. However, field 

measurements indicate that during wintertime the latent heat fluxes are very small and 

usually negligible both in the shrubland and grassland (He et al 2010). Therefore, the 

coupled Noah LSM and WRF model may easily overestimate the total plant transpiration 

and therefore the latent heat flux (Hong et al., 2009). As a result of this overestimation, 

the model simulates unrealistic differences in latent heat flux between shrubland and 

grassland. These differences affect daytime near-surface energy exchange resulting in a 

nighttime temperature regime that is different than observed. Thus, we changed the 

model in such a way that no upward latent heat fluxes occurred in the simulations.  After 

forcing the model to have zero latent heat fluxes, the green vegetation fraction influences 

the near-surface energy exchange mainly by affecting the top soil thermal diffusivity in 

our idealized study. In the Noah LSM, an increase in green vegetation fraction increases 

the insulation of the soil surface by exponentially decreasing the top soil thermal 

diffusivity (Peters_Lidard et al., 1997; Ek et al., 2003): 

  1 1 expveg s veg gK K f   
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where 1vegK and 1sK  are the thermal diffusivities in the top soil layer in vegetated soil and 

bare soil, respectively, gf  is the green vegetation fraction, and veg  is an empirical 

coefficient which is set to 2 based on tests with offline Noah LSM (Ek et al., 2003). 

Larger green vegetation fractions are therefore associated with smaller top soil diffusivity 

and smaller ground heat fluxes, an effect that is commonly parameterized in LSMs (van 

den Hurk et al., 2000; Walko et al., 2000). Therefore, in this modified version of the 

Noah model, the green vegetation fraction does not reflect the actual vegetation cover, 

but a parameter accounting for canopy effects on the soil thermal properties. Since the 

soil type is the same in both shrubland and grassland (sandy loam), green vegetation 

fraction is the only parameter that could reflect the differences in top soil diffusivity. It is 

plausible that different vegetation types with the same vegetation fraction might have 

different effects on the soil diffusivity. In the shrubland, plants have branches and leaves 

that do not insulate the ground surface; the ground surface beneath the canopy is mostly 

bare and there is very little insulation of the soil surface by plant biomass. Conversely, in 

the grassland, herbaceous vegetation grows on the ground, thereby sheltering and 

insulating its surface. Thus, even though – based on photo surveys (Kurc and Small, 

2004) – in the shrubland the vegetation cover is 0.3, its top soil diffusivity is close to that 

of bare soil. To account for this effect of shrub vegetation on soil diffusivity, we set the 

green vegetation factor parameter to 0.1. We note that changing the green vegetation 

fraction in shrubland from 0.3 to 0.1 does not affect the general diurnal pattern of 

temperature differences, but increases the magnitude (by 0.5 K on average from 0000 LT 

to 0600 LT, see also Figure 3.5a).  
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Figure 3.7 (a) Differences in air temperature between shrubland and grassland and (b) 

the simulated air temperature in grassland for five simulations with different 

initialization times. The black dots in (a) correspond to mean temperature differences 

over 12 hours starting from the establishment of higher temperatures in the shrubland 

than in grassland. 

 

3.3.3 Sensitivity to initialization profiles 

The 2-m temperature in a mesocale model is not only affected by the land surface 

parameterization scheme but also by other components of the mesoscale model such as 

the surface layer and the boundary layer parameterization schemes, which, in turn, affect 

and are affected by the static stability of the boundary layer. We therefore performed 

several simulations to investigate the sensitivity of the 2-m temperature to the initial 

temperature profile. We also increased or decreased the surface temperature in the profile 

without changing the stability to investigate the potential effects of frozen soils on our 
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simulations (in our initial profile, the surface temperature was just below freezing). 

Finally, we also investigated the sensitivity of the nighttime temperature differences to 

the soil moisture content. We found that these factors minimally affected the nighttime 

temperature differences between shrubland and grassland. An extremely cold surface 

temperature of 253 K in the initial temperature profile increased the nighttime 

temperature difference (0000 LT-0600 LT) by 0.1 K compared to the baseline simulation 

(1.8 K). With a less stable initial temperature profile, temperature differences between the 

shrubland and grassland show a larger diurnal variability. However, the nighttime 

temperature differences are almost unaffected. Changes in soil moisture content (by 50% 

or 200%) directly influence the soil diffusivities, thereby affecting the energy transfer 

between soil layers, temperature gradients, and the distribution of energy. Those changes, 

however, do not affect the general pattern or the magnitude of the temperature differences 

between shrubland and grassland. In fact, the averaged nighttime temperature differences 

were only on the order of 0.1 K compared to the baseline simulation. 

3.3.4 Sensitivity to the daytime warming period 

To assess to what extent differences in nocturnal air temperature between the two 

land covers depend on the occurrence of larger daytime ground heat fluxes in the 

shrubland, we analyzed the sensitivity of the temperature differences to the initialization 

time. To this end, the model was initialized at different times, from 0600 LT (before 

sunrise) to 1800 LT (after sunset) in 3-hourly increments. The temperature profiles of 

both atmosphere and soil used to initialize the model at 0900 LT, 1200 LT, 1500 LT and 

1800 LT were taken from the model output (shrubland portion of the domain) of the 

simulation initialized at 0600 LT.  
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Air temperature differences between shrubland and grassland vary with different 

initialization times, with the earlier initialization times resulting in the largest nighttime 

temperature differences (Figure 3.7). The simulation initialized at 1800 LT, i.e., after 

sunset, seems to have larger instantaneous temperature differences than the simulation 

initialized at 1500 LT. However, temperature differences in the simulation initialized at 

1800 LT are established and peak about 2 hours later than the simulations that were 

initialized earlier, and also start to decrease later. By averaging the same time period 

starting from the establishment of the temperature difference between shrubland and 

grassland, the simulation that is initialized at 1800 LT shows the smallest temperature 

differences (Figure 3.7a). The simulations initialized at 0600 LT and 0900 LT show 

almost identical nighttime temperature differences, which are almost twice as large as in 

the simulation initialized at 1800 LT. The simulation initialized at 1200 LT shows a 

slightly smaller maximum nighttime temperature difference (about 0.1 K) but the 

temperature differences following the maximum decrease more rapidly throughout the 

night than in the simulations initialized in the morning. In the early morning, temperature 

differences in the simulation initialized at 1200 LT reach values that are very similar to 

those obtained in the simulations initialized in the afternoon.  

The dependence of temperature differences on the initialization times can be 

partly explained by the cumulative solar radiation calculated since the beginning of the 

simulation. While the cumulative solar radiation is about the same for the simulations 

initialized at 0600 LT and 0900 LT (1.18×10
7 

Jm
-2

 and 1.12×10
7 

Jm
-2

, respectively), it is 

about half that amount for the simulations initialized at 1200 LT  (6.5×10
6 

Jm
-2

), very 

small at 1500 LT (1.1×10
6 
Jm

-2
), and zero in simulations initialized at 1800 LT (i.e., after 
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sunset). This analysis indicates that the amount of solar radiation combined with the 

insulation differences between the soil surfaces of grassland and shrubland affects the 

amount of heat going into the soil. The release of this heat at night then affects the 

nighttime air temperature differences between shrubland and grassland, consistent with 

the results in He et al. (2010). Although the difference in land surface parameters alone  

between grassland and shrubland can induce warmer nocturnal conditions in the 

shrubland, increased soil exposure to solar irradiance and therefore the amount of energy 

stored in the soil under the shrubland can significantly enhance (double) differences in 

nighttime air temperature between shrubland and grassland. 

3.4 Summary 

In this study, we used the mesocale model WRF coupled with the Noah LSM to 

simulate the effects of shrub encroachment on nighttime temperature in a shrub-grass 

transitional area in the Northern Chihuahuan Desert. This area is affected by shrub 

encroachment, i.e., the replacement of a desert grassland by shrub vegetation. This 

change in vegetation cover causes an increase in nocturnal temperatures (He et al., 2010; 

D’Odorico et al, 2010) and a decrease of vegetation exposure to stress and mortality due 

to freeze-induced xylem cavitation. To investigate the processes underlying this nocturnal 

warming effect, we set up an idealized 2-D domain across the encroachment front.  Using 

green vegetation fraction, albedo, emissivity and roughness length from field 

observations we showed that the simulations capture the existence of higher nighttime air 

temperatures in the shrubland than in the adjacent grassland. Model results showed that 

the shrubland becomes warmer than grassland around sunset, with an average 

temperature difference of 1.8 K from sunset to sunrise, which agrees well with the 
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observations. Differences between the simulated energy components of the adjacent 

shrubland and grassland are also consistent with the observations. Most importantly, the 

simulations capture the occurrence of larger diurnal ground heat fluxes and larger 

nocturnal upwelling longwave radiation in the shrubland than in the grassland, which is 

consistent with field observations and the mechanism invoked by He et al. (2010) for the 

explanation of the nighttime temperature differences using a simplified energy balance. 

The simulated nighttime temperature differences between shrubland and grassland 

are not sensitive to the soil moisture content or to the initial temperature profiles in the 

boundary layer. Simulations in which the green vegetation fraction, albedo, emissivity 

and roughness length were varied indicate that the green vegetation fraction is the most 

sensitive parameter affecting nighttime temperature differences between shrubland and 

grassland. This parameter represents the effects of the canopy on soil surface insulation 

by changing the top soil diffusivity and therefore the ground heat flux. Thus, because of 

its impact on the ground heat flux,  differences in this parameter between shrubland and 

grassland are a major contributor to the higher nighttime temperature determined in the 

shrubland than in adjacent grassland, in agreement with observations (He et al., 2010). 

Simulations in which the initialization time varied from morning to afternoon show that 

the storage of heat in the soil during the day influences the magnitude of nighttime 

temperature differences, which also supports our previous explanation of the higher 

nighttime temperature in the shrubland than in the grassland (He et al., 2010). 

This study successfully simulated the effects of shrub encroachment on nighttime 

temperature using a mesoscale model. We note, however, that we needed to set plant 

transpiration equal to zero to be consistent with wintertime field observation. Moreover, 
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we had to reinterpret the green vegetation fraction as an indicator of soil thermal 

properties rather than as the actual vegetation cover. In the model, the green vegetation 

fraction determines the soil diffusivity and evapotranspiration (which is negligible in our 

case study). Without these adjustments to the model, the simulated latent heat fluxes 

would be overestimated and provide an unrealistic representation of the surface energy 

fluxes and nighttime temperature differences between the two vegetation types.   
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CHAPTER 4 

CONTRASTING NOCTURNAL TEMPERATURE 

PROFILES IN ADJACENT SHRUBLAND AND 

GRASSLAND 

4.1 Introduction  

The encroachment of woody plants into grass-dominated drylands is a worldwide 

phenomenon potentially affecting a large portion of the global land surface (Cabral et al., 

2003; Lunt et al., 2010; Maestre et al., 2009; Roques et al., 2001; Van Auken, 2000). 

Shrub encroachment increases the spatial heterogeneity of vegetation cover and nutrients 

(Schlesinger et al., 1996, Wainwright et al., 2000), affects hydrological processes 

(Huxman et al., 2005), enhances erosion (Ravi et al., 2007 ; Schlesinger et al., 1999) and 

decreases rangeland productivity (Geist and Lambin, 2004). The impact of shrub 

encroachment on the atmosphere and climate has only recently been explored (Beltrán-

Przekurat et al., 2008; He et al., 2010). Measurements have found that during winter 

nights near-surface air temperatures are higher in  shrubland than in the adjacent 

grassland, with a magnitude that is comparable to regional climate change of century 

scale (He et al., 2014). D’Odorico et al. (2010) hypothesized that the positive feedback 

between shrub encroachment and nighttime microclimate may favor the establishment of 

shrubs and therefore enhances shrub encroachment. The higher nighttime temperature in 

shrubland than in adjacent grassland is caused by a reduction in the vegetation fraction 

(He et al., 2010), which is a typical change in land surface cover resulting from shrub 

encroachment in arid environments (e.g., D’Odorico et al., 2012;  urn ull et al., 2010). 
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The larger bare soil fraction and smaller vegetation fraction allow more soil heating and 

storage during the day and more heat release from the ground at night, which leads to 

warmer nighttime conditions in the shrubland. Numerical simulations with an 

atmospheric model also show higher nighttime surface temperatures in areas 

characterized by a lower green vegetation fraction (He et al., 2011). The numerical study 

by He et al. (2011) focused on the surface air temperature without investigating the 

temperatures of the overlying boundary layer. Having an understanding of the differences 

in boundary layer structure between the two vegetation covers will provide a more 

complete picture of the surface-atmosphere interactions associated with the shrub 

encroachment-microclimate feedback mechanism. It is well known that boundary layer 

structure can be affected by differences in land cover and vertical energy fluxes (e.g., 

Pielke et al., 1998, Mahrt, 2000), but a documentation of this effect on the boundary layer 

structure in an area of shrub encroachment is currently missing. Furthermore, the 

observed effect can serve as a data set for the evaluation of numerical models that are 

used in subsequent studies related to shrub encroachment. In this study, we investigate 

the impact of shrub encroachment on the structure of the nighttime boundary layer using 

measurements of concurrent temperature profiles in shrubland and grassland. We also 

evaluate the performance of a single column model version of an atmospheric mesoscale 

model to simulate the nighttime profiles and investigate the sensitivity of the simulated 

profiles to planetary boundary layer (PBL) parameterization schemes and vegetation 

parameters.  
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4.2 Methods 

 4.2.1 Study Site and Tethered Sounding Measurements 

Field experiments were conducted on the  c en ie Flats area (3 .3    10 .   W) 

of the Sevilleta National Wildlife Refuge (SNWR), located in the Northern Chihuahuan 

desert. The area has been experiencing an abrupt encroachment of creosotebush (Larrea 

tridentata) shrubs into a grassland (Báez and Collins, 2008; Bhark and Small, 2003). The 

representative shrubland and grassland locations we chose for the experiments are about 

5 km apart with 10m elevation difference. Two field campaigns were performed in 

December 2008 and November 2011 to measure the concurrent temperature profiles in 

adjacent shrubland and grassland using tethered balloon systems. The system consists of 

a GRAW radiosonde (DFM-06) with an accuracy of 0.2C. The altitude was measured by 

a 20 channel GPS module in the 2008 field campaign and by an additional pressure 

sensor (accuracy: <1hpa) in the 2011 field campaign to make accurate measurements of 

the height above ground.  In each field campaign, measurements were made from the 

surface to about 100m above ground during three clear nights with weak winds. Only 

data collected during the ascents are used in the analyses. We focus on the temperature 

profiles from the surface to 60 m above the ground which is the altitude reached by most 

measurements. A total of 24 and 27 concurrent measurements in adjacent shrubland and 

grassland sites from the 2011 and 2008 field campaigns, respectively, are used in this 

study. In addition, several radiosonde launches were made in both campaigns obtaining 

thermodynamic profiles up to about 10 km which are used to initialize the atmospheric 

mesoscale model.  
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4.2.2 Model setup 

 To simulate the temperature profiles, we use the Weather Research and 

Forecasting (WRF, Skamarock et al. 2008) model version 3.4 coupled with Noah Land 

Surface Model (LSM, Chen and Dudhia 2001; Ek et al. 2003; Mahrt and Ek 1984). The 

WRF and Noah LSM combination was used in a previous study to simulate the surface 

temperature differences and related energy fluxes in shrubland and grassland in SNWR 

(He et al., 2011). Here, we use a single column (or one-dimensional) configuration with a 

single vegetation type to focus on the structure of vertical temperature profile that is 

affected by the underlying land surface properties and boundary layer parameterizations. 

The model is set with 70 vertical levels (lowest temperature level at 2-3m above ground) 

extending from the surface to 12 km above ground. We use the same soil moisture 

initialization, vegetation parameter settings and LSM modifications as in He et al. (2011). 

In summary, the most important LSM modifications include shutting down the water 

fluxes because field observations showed negligible latent heat fluxes during wintertime 

(He et al., 2010) and changing the green vegetation fraction value from 0.8 to 0.6 for 

grassland and from 0.7 to 0.1 for shrubland with respect to the default parameterizations 

in Noah LSM. These changes in the green vegetation fraction represent the difference in 

land surface properties between shrubland and grassland that causes the observed higher 

nocturnal temperature in shrubland than in grassland (He et al., 2011). In addition, the 

albedo (0.2) and emissivity (0.96) are set to be the same for both land covers, whereas 

roughness length is set to 0.03m for grassland and 0.05m for shrubland, which 

correspond to the field conditions in the Chihuahuan desert (He et al., 2010). The soil 

moisture is set to 0.05m
3
m-

3
 for the topmost soil layer with a thickness of 0.1 m and to 0.l 

m
3
m-

3
, for the three soil layers underneath with thicknesses of 0.3m, 0.6m, and 1m, 
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respectively. The soil temperature is set to the initial temperature at the lowest level in the 

atmosphere. For an extensive discussion justifying the modified settings, we refer to He 

et al., (2011). 

The model is initialized at 1700 local time (LT), using the temperature profile 

from a radiosonde that was launched over the grassland on 16 November 2011, with a 

constant 1 m/s westerly wind profile and 20% relatively humidity profile which 

represents a calm condition and  the typical wintertime humidity condition in the SNWR. 

Three PBL  schemes – the Quasi-Normal Scale Elimination (QNSE) scheme 

(Sukoriansky et al., 2005), the Yonsei University (YSU) scheme (Hong, 2010; Hong et 

al., 2006) and the University of Washington (UW) scheme (Bretherton and Park, 2009) – 

are used in this study and their sensitivities are discussed in section 3.4. We also tried 

other PBL schemes, the MYJ (Mellor-Yamada_Janjic eta) scheme, the ACM2 

(Asymmertrical Convective Model version 2) scheme, and the TEMF (Total Energy-

Mass Flux) schemes, that are available in WRF but did not simulate the nighttime 

structure well.  Among the three PBL schemes, the YSU scheme is a first order non-local 

scheme, with specified eddy-diffusivity (K) profile. Both the QNSE and UW schemes use 

1.5 order local closure with prognostic turbulence kinetic energy (TKE). The YSU 

scheme has been updated since WRF version 3.0 to improve the stable boundary layer 

simulation by allowing more diffusivity. The QNSE scheme uses a novel theory that is 

designed to improve the stable boundary layer with considerations for internal gravity 

wave effects and anisotropy for diffusivity. The PBL schemes are paired with specific 

surface layer schemes in WRF. The YSU boundary layer scheme is paired with the MM5 

Monin-Obukhov scheme (Beljaars, 1995; Dyer and Hicks, 1970) and the QNSE 
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boundary layer scheme is paired with the QNSE surface scheme (Sukoriansky et al., 

2005). The UW boundary layer schemes can be paired with two surface layer schemes, 

and we use the MM5 Monin-Obukhov scheme in this study. For the simulation results  in 

the current study, we use the QNSE scheme since it is developed specifically for the 

stable boundary layer and has shown improved performance in the lowest part of 

nocturnal boundary layer (e.g., Kilpeläinen et al., 2012; Mayer et al., 2012; Seaman et al., 

2012; Sukoriansky and Galperin, 2008). 

4.2.3 Cumulative temperature difference 

To quantitatively study the cooling process in the shrubland and grassland, we 

calculated the cumulative temperature difference (CTD) from the surface to height h, 

0

h

CTD Tdh   ,  where      0, , ,shrubT T t h T t h T t h      , i.e., the temperature 

difference at height h  between  time t and t0 (the beginning of each night) in the 

shrubland. The change of CTD ( dCTD dt ), represents the cumulative cooling rate (CCR) 

of the layer from surface to height h through time. The choice of the reference 

temperature profile (i.e.,  0 ,shrubT t h ) will determine the calculated value of CTD, but 

will not affect the CCR.  

The CTD is also calculated from the simulated temperature profiles using 

temperature differences between the simulated temperature profile at time t and the 

initialization profile at 1700 LT (      initialization 0, , ,T T t h T t h T t h     ). The CTD is 

integrated from the surface level to h=60 m. An increasing CTD number corresponds to 

cooling in the lowest 60m above ground, while a decreasing number corresponds to 
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warming. The CTD has been used in previous studies to investigate nocturnal boundary 

layer cooling (e.g., De Wekker and Whiteman, 2006).  

4.3 Results and Discussion 

4.3.1 Observed nocturnal boundary layer profiles 

The profiles of temperature differences between shrubland and grassland from all 

soundings are shown in Figure 4.1. The surface temperature is generally higher in the 

shrubland than in the adjacent grassland, which is consistent with our previous studies 

(He et al., 2010; 2011). On average, during the 2011 (2008) campaign, the surface 

temperature measured in the shrubland is 3.3 C (1.1 C) higher than in the grassland. The 

temperatures over shrubland and grassland become more similar with height above the 

surface. In fact, temperature differences between shrubland and grassland mainly exist in 

the lower 20m of the atmosphere, although in a few cases they extend to more than 60m.  

During the 2008 and 2011 field campaigns, less than 20% and 40% of the profiles, 

respectively, exhibit temperature differences between the two land covers larger than 1C 

above 20m. As a result, the key features of the differences in nocturnal boundary layer 

temperature between shrubland and grassland can be investigated by focusing on the 

lower 60 m of the temperature profile. 

To demonstrate the differences in temperature structure evolution over shrubland 

and grassland, we show several temperature profiles during one clear night (16 

November  2011) with a mean 3-m wind speed smaller than 2 ms
-1

 as observed at nearby 

meteorological towers (Figure 4.2). From 1900 to 2300 LT, cooling occurred in both 

shrubland and grassland, with occasional warming at certain heights as the night 

proceeded. These warming events are probably due to advection or other processes. 
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Figure 4.1 Profiles of temperature differences between shrubland and grassland (thin 

dash-dot lines) observed in 2008 (left) and 2011 (right). Filled circles and error bars 

show mean and standard deviation of temperatures in 5-m height bins. 

Nonetheless, surface temperature was always lower and the surface-based temperature 

inversion was always stronger in grassland than in shrubland.  

The observations provide clear evidence that temperature differences between 

shrubland and grassland become small above 20m. These temperature differences have 

also been observed in other cases with different land covers. For example, soundings 

along a 1 km transect from an open area to a forest area in Sweden show temperature 
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Figure 4.2 Temporal evolution of temperature profiles in adjacent shrubland (“s”)  and 

grassland (“g”) measured in the night of 16 November 2011. 

differences up to 40m above ground (about 20m above forest canopy) in a clear calm 

night (Karlsson, 2000). The height up to which temperature profile differences are 

observed depends on several factors including the scale of the landscape heterogeneity 

relati e to the  oundary layer hei ht, and the  etch (or  ootprint, or “ ield o   iew”).  

With respect to the scale of the landscape heterogeneity relative to the boundary 

layer height, previous investigations have shown that for an impact to occur, the scale of 

the heterogeneity needs to be at least one to two orders of magnitude larger than the 
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boundary layer height (e.g., Mahrt, 2000; Raupach and Finnigan, 1995; Shuttleworth, 

1988) which equates to a horizontal scale of few kilometers for the nocturnal boundary 

layer.  This size is easily achieved by the scale of landscape of either shrubland or 

grassland at SNWR. Estimated nocturnal boundary layer heights at 2200 to 0000 LT from 

available radiosonde data during our experiments ranged from about 100 to 300 m. 

Temperature differences over grassland and shrubland are therefore confined to about 10-

20% of the nocturnal boundary layer height.  

The height up to which temperature profile differences are noticeable also 

depends on the horizontal scale of the fetch. The fetch considers the extent of the source 

area that impacts the measurement, which varies with stability, surface roughness, 

observational height (e.g., Hsieh et al., 2000), and also surface heterogeneity (e.g., 

Göckede et al., 2006). Typically, a reasonable estimate of the fetch is about hundred 

times the observational height, with a larger fetch for stable condition (Horst and Weil, 

1994; Leclerc and Thurtell, 1990). This would mean that the fetch that affects the 

temperature at about 20m above ground is on the order of a few kilometers, which is 

comparable to the distance between the shrubland and grassland sites. As a result, it is 

likely that the source areas of the temperature measured at this level over shrubland and 

grassland consist of one vegetation cover ( either shrubland or grassland depending on 

the wind direction) so that the temperature difference at and above this level becomes less 

noticeable. Thus, while the observed near-surface temperature difference is driven by the 

direct underlying land surface at local scale, at higher levels with increasing wind speeds 

and larger footprints (e.g. Horst and Weil, 1992; Leclerc and Thurtell, 1990), the 

influence from the local surface becomes smaller and continues to decrease with height. 
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Figure 4.3 Observed cumulative temperature differences (CTD) from surface to 60m in 

adjacent shrubland (“s”) and grassland (“g”). CTD is calculated relative to the sounding 

in shrubland at the beginning of each nighttime period (see text). 

Changing the locations of the vertical profile measurements may also change the extent 

of vertical temperature difference. As we move the locations further apart and each 

location is surrounded by a larger area of grassland or shrubland, the extent of the 

temperature differences will increase based on our considerations of the fetch. For 

example, studies of late afternoon soundings in a same irrigated field and surrounded arid 

landscape have observed temperature differences up to 10-15 m for sounding locations  

about 200m apart, and up to about 20-30m above ground with locations  450m apart 

(Hipps and Zehr, 1995; Prueger et al., 1996). On the other hand, possible thermally 

driven circulations induced by horizontal temperature differences between the shrubland 

and the grassland (He et al., 2011) can make the horizontal temperature differences in the 

boundary layer smaller.   
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CTD calculations are made to study the differences in integrated cooling between 

the grassland and the shrubland in the lower atmosphere throughout the night (Figure 

4.3). On 11 December 2008, measurements were taken for the entire night from right 

after sunset (1800 LT) to sunrise the following day (0700 LT). While the general trend is 

always cooling, some warming occurs occasionally during all 6 nights in either the 

shrubland or the grassland. The CTD is sometimes smaller over the grassland than the 

shrubland, which indicates that there is actually less cooling over the grassland than over 

the shrubland in the lowest 60m. 21 out of the 51 available profiles show this feature. 

However, only 7 concurrent profiles show higher surface temperature in the grassland 

than in the shrubland. These results confirm that the higher nighttime temperature in the 

shrubland than in the grassland occurs only in the near surface layer. The measurement 

on 16 and 22 November 2011 are further used here to study the CCR. Typically, cooling 

happens faster a few hours after sunset than later in the course of the night, which results 

in a non-linear CCR throughout the whole night (e.g. De Wekker and Whiteman, 2006; 

Pielke and Matsui, 2005). For example,  the exponential function of CTD can be 

expressed as  expCTD A B t    , where t is the time since the onset of cooling,   is 

a fitting parameter which is the time required for the cooling to attain 63.2% of total 

cooling of the night, and A and B are case specific constants (e.g., De Wekker and 

Whiteman, 2006). However, the short measurement period in our cases (5.5 and 6.5 

hours) compared to 13 to 14 hours of cooling during a winter night, does not provide 

enough data for a reasonable exponential fitting. Therefore, we use a linear fit to estimate 

the CCR using CTD A Bt   where B is the CCR. In this study, the estimated CCR 

over shrubland (grassland) is 64 Cm/hr (75 Cm/hr) on 16 November 2011 and 50 Cm/hr 
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Figure 4.4 The initialization (1700 LT) and simulated temperature profiles over shrubland 

(“s”) and grassland (“g”) at the different times during the night of 16 November 2011 

using the QNSE PBL scheme. 

 
(61 Cm/hr) on 22 November 2011. On both days, the grassland cools faster than the 

shrubland in the lowest 60m. 

4.3.2 Simulated nocturnal boundary layer profiles  

WRF is able to simulate the higher surface temperature and weaker near-surface 

inversion over the shrubland than over the grassland (Figure 4.4). The simulated 

temperature differences between the two land covers extend to a higher level than in the 
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observations. One should realize, however, that in the single column model, there is no 

advection and the temperature profiles are only affected by vertical energy exchange. 

While temperature differences between grassland and shrubland persist at higher levels, 

these differences are much smaller than those near the ground. Mean nighttime 

temperature differences between grassland and shrubland at around 100m (10
th

 vertical 

level) and 40m (8
th

 level) are only 11% and 25%, respectively, of the temperature 

differences simulated at the first vertical level (2-3m). These temperature differences are 

similar for the simulations with the different PBL schemes (the sensitivities will be 

discussed later). The simulated surface temperature is lower than the observed 

temperature (compare Figs 2 and 4). This results in a stronger and deeper temperature 

inversion in the simulations which is another reason why the simulated temperature 

differences extend up to a larger height than the observed differences. Simulated 

nighttime temperatures are oftentimes too low related to issues with the  decoupling of 

the surface layer from the boundary layer in stable conditions in numerical modeling 

(e.g., Derbyshire, 1999). Despite the inherent limitations of the single column model, the 

simulated temperature differences with largest differences near the ground are in 

agreement with the observations. Daytime temperature profiles over shrubland and 

grassland are almost identical in the simulations. Similar results have been reported for 

different urban settings using idealized numerical modeling  in which nocturnal 

temperature differences were confined to the lowest 100m of the boundary layer (Harman 

and Belcher, 2006). 

The CTD is also calculated from the simulated temperature profiles (Figure 4.5). 

The CTD in grassland is always larger than in the shrubland with differences increasing 
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Figure 4.5 Simulated cumulative temperature differences (CTD) from surface to 60m in 

shrubland (“s”)  and grassland (“g”) using three PBL schemes (YSU, QNSE, and UW). CTD 

is calculated relative to the initial profile at 1700 LT. 

up to about 100 Cm by the end of the night. The CCR from 1800 to 0000 LT (about the 

same time period as for the observational estimates) ranges from 47-51 Cm/hr and 58-69 

Cm/hr in shrubland and grassland, respectively. These values agree well with the 

observed values. The CCR in shrubland and grassland becomes similar after midnight. 

The difference in CTD between shrubland and grassland increases only by around 20 Cm 

from 0000 LT to 0600 LT for all PBL schemes. As a result, the difference in CCR 

between shrubland and grassland is only 3-4 Cm/hr on average after midnight, compared 

to 11-18 Cm/hr before midnight. 
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Sensitivity to model configuration 

 To assess the sensitivity of the simulations to the model configuration, we 

perform a number of simulations with different settings.  We focus on the differences of 

simulated temperature profiles, CTD, 2m temperature, and energy fluxes between 

shrubland and grassland. We find that the general pattern and magnitude of simulated 

surface temperature differences and temperature profiles are not sensitive to the initial 

temperature profile, humidity profile, wind speed, soil temperature or soil water content, 

similar to the sensitivity tests using the 2D model (He et al., 2011). The 2m temperature 

differences between shrubland and grassland during subsequent nights in a simulation 

that lasts more than 24 hours are larger by about 0.5 to 1.5C, or 14% to 36% in relative 

magnitude, than the first night depending on the PBL scheme. These differences become 

smaller with height and are negligible above 40m. Moreover, adding more vertical levels 

near the ground results in a stronger near-surface inversion in the simulations, but does 

not affect the simulated temperature profiles qualitatively. The configuration with the 

larger vertical resolution near the ground is used in the sensitivity simulations discussed 

next. 

Sensitivity to PBL schemes  

The selection of PBL scheme and paired surface layer scheme is an important 

consideration for investigating the evolution of temperature profiles and has in previous 

studies shown to have an impact on the model performance in different cases and 

conditions (e.g., Shin and Hong, 2011; Yver et al., 2013).  Similar to previous studies, the 

simulation results is affected by the choice of PBL scheme. For example, using MYJ, 

ACM2 scheme and TEMP schemes result in either too weak or unrealistically strong 
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nocturnal inversions, or too large daytime temperature difference between shrubland and 

grassland. On the other hand, the three PBL schemes used in this study, the QNSE, YSU 

and UW schemes, represent the temperature profiles in the northern Chihuahuan desert 

well. We further study the model sensitivity to those three PBL schemes and they only 

produce slight differences in the simulated temperature differences between shrubland 

and grassland. For example, the UW scheme simulates higher and the YSU scheme 

simulates lower nighttime near-surface temperatures than the QNSE scheme. Therefore, 

compared to the QNSE scheme, the CTD and CCR is larger with the YSU scheme and 

smaller with the UW scheme (Figure 4.5).   

Sensitivity to vegetation parameters 

He et al. (2011) studied the sensitivity of the 2m temperature to the vegetation 

parameters. Here, we focus on the sensitivity of the lowest part of boundary layer using 

the CTD. We use values for the green vegetation fraction, albedo, emissivity and 

roughness length that are based on the situation in SNWR, while we use the default 

values for other vegetation parameters. These four vegetation parameters and specifically 

the green vegetation fraction, are the important parameters that affect the surface 

temperature differences between the two land covers (He et al., 2011). Since the albedo 

and emissivity are the same in shrubland and grassland, the differences between the 

shrubland and grassland vegetation types come from the different values of the green 

vegetation fraction, roughness length and some other parameters (i.e., the minimum 

stomatal resistance and a parameter used in the vapor pressure deficit function). By 

changing the values of those vegetation parameters, we can essentially change the 

vegetation cover from shrubland to grassland in the model and investigate the sensitivity 
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Difference in vegetation 

setting 

To  lowest 10 le els  rom 1 00 to 

0 00    ( C)  2 at 0000    ( C) 

C D at 0000    

( Cm) 

Settings 

 

Parameters YSU QNSE UW 
YSU 

 

QNSE 

 

UW 

 

YSU 

 

QNSE 

 

UW 

 gvf z0 other mean max mean max mean max 

S-G    1.7 4.2 1.5 4.0 1.4 4.2 4.1 3.9 4.1 -103 -93 -91 

I1-G    <-.01 0.02 0.02 0.2 0.03 0.3 0 -0.1 0.4 0 0.9 -2 

I2-G    <-.01 0.02 <-.01 0.03 <-.01 0.04 0 -0.01 -0.02 0 0 0.08 

Table 4.1 The mean and maximum absolute differences in temperature (T) of the 

lowest 10 levels (about 100m) from 1800 to 0600 LT, the difference in 2m temperature 

(T2) and CTD (CTD) at 0000 LT between a simulation with a particular vegetation 

setting (S, or I1, or I2) and a simulation with  grassland (G). For vegetation parameters, 

gvf is green vegetation fraction; z0 is roughness length; “other” stands for all 

parameters other than green vegetation fraction, roughness length, albedo and 

emissivity. A check mark (“”) in the “parameter” boxes indicates that a vegetation 

parameter was changed relative to the vegetation setting for grassland. 

 

 
of the simulated temperature differences between shrubland and grassland to the green 

vegetation fraction and roughness length. Four tests were carried out: shrubland (S); 

Intermediate state 1 (I1): shrubland with green vegetation fraction of grassland; 

Intermediate state 2 (I2): shrubland with green vegetation fraction and roughness length 

of grassland; and grassland (G). The absolute value of the temperature differences 

(T) in the lowest 10 vertical levels, the difference in 2m temperature (T2) and the 

CTD (CTD) at 0000 LT, between S, I1, I2 and G are calculated (Table 4.1).  

Results suggest that the simulations are almost the same for simulations with 

vegetation settings I1, I2 and G and are different from a simulation with vegetation 

setting S (Table 4.1). On average, the temperatures changes (for allT, T2 and 

CTD) in the nocturnal boundary layer as a result of changing the green vegetation 

fraction (comparing S-G with I1-G) are two or even more orders of magnitude larger 
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compared to changing the roughness length and/or other vegetation parameters (I1-G, or 

I2-G, or comparing I1-G with I2-G). These results suggest that the green vegetation 

fraction is the most crucial parameter controlling the temperature differences not only at 

the surface, but also at higher levels above the shrubland and grassland covers. For the 

nocturnal simulation discussed here, the smaller green vegetation fraction causes a 

warmer night by allowing a larger energy release from the ground. In addition, the 

sensitivity to the three different PBL schemes is small. Changing the green vegetation 

fraction (comparing S-G with I1-G) causes the largest differences inT, T2 and 

CTD for the YSU scheme, while changing the vegetation parameters other than green 

vegetation fraction (I1-G and I2-G) causes the largest  difference for the UW scheme and 

the smallest difference for the YSU scheme (for allT, T2 and CTD, Table 4.1).  

4.3 Summary and conclusion 

Summarizing the findings from our observations and from single column model 

simulations, along with the knowledge from previous studies, we present how 

temperature profiles are expected to develop in shrubland and grassland under clear and 

calm condition. Around sunset, adjacent shrubland and grassland have an almost identical 

neutral temperature profiles (Figure 4.6A). The grassland cools down faster than the 

shrubland, which results in a stronger inversion after sunset (Figure 4.6B). As the cooling 

continues, the height of the stable boundary layer increases. The surface temperature 

difference between shrubland and grassland persists throughout the night and the 

grassland maintains a stronger near-surface temperature inversion (Figure 4.6C).  

Differences in  land cover and related land-atmosphere interactions are the driving force 

leading to differences in air temperature, which mainly influences the near surface 
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Figure 4.6 Schematic nighttime temperature profiles (upper figure) in shrubland (black 

line) and grassland (grey line), and near-surface air temperature differences between 

shrubland and grassland (bottom figure) in clear and calm wind conditions. A is around 

sunset, B is right after the establishment of the air temperature difference between 

shrubland and grassland, and C is some time later during the night. 

portion of the boundary layer (up to about 20m above ground). The effects of 

heterogeneities in land surface properties in an area affected by shrub encroachment 

weaken with height above the surface and temperature differences are negligible above 

20 m.  

Sensitivity studies with a single column model suggest that the YSU, QNSE and 

UW PBL schemes can simulate well the difference in nocturnal temperature profiles 
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between shrubland and grassland. Major features of the temperature difference are not 

sensitive to the choice of the PBL scheme. The controlling factor in establishing and 

maintaining the vertical temperature difference between shrubland and grassland is the 

green vegetation fraction. 

The improvements of the simulation of temperature profiles and near-surface 

temperature that have resulted from the sensitivity studies of  PBL schemes in the current 

study and from two-dimensional investigations in a previous study (He et al., 2011) 

benefits future three-dimensional numerical studies of areas affected by shrub 

encroachment using WRF.  In a subsequent study, we will use the QNSE PBL scheme 

with the modified vegetation parameters in three-dimensional WRF simulations to 

investigate the effects of different vegetation distributions on winter minimum 

temperature and on the survival probability of juvenile shrubs in SNWR (He et al., 

submitted). 
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CHAPTER 5 

THE RELATIVE IMPORTANCE OF CLIMATE CHANGE 

AND SHRUB ENCROACHMENT ON NOCTURNAL 

WARMING IN THE SOUTHWESTERN U.S.3 

5.1 Introduction 

Over the past 150 years the southwestern U.S. (as well as many other drylands 

worldwide) have undergone major changes in vegetation cover resulting from the 

encroachment of woody plants into desert grasslands (Alan K. Knapp et al., 2008; Van 

Auken, 2000).  This transition has an impact on  soil moisture dynamics as well as on the 

energy exchange between the land surface and the atmosphere (Bhark and Small, 2003; 

Dugas et al., 1996; Kurc and Small, 2004). The conversion from semiarid grassland to 

shrubland in the northern Chihuahuan desert shrubland is typically associated with an 

increase in the  are soil  raction  (e. ., D’Odorico et al., 2012) and has (on a era e) a 

pronounced nocturnal warming effect of ~2K in wintertime (He et al., 2010). This effect 

is potentially very important in the winter season when Larrea tridentata, a woody 

species native to  orth America’s southwestern deserts and one of the two predominant 

encroaching woody species in the region, remains non-dormant and is thus sensitive to 

freeze-induced mortality (Medeiros and Pockman, 2011; Pockman and Sperry, 1997). 

Therefore, a positive feedback between shrub encroachment and winter minimum 

temperatures may further promote shrub establishment in this region (D’Odorico et al., 

2010). Similar feedbacks have been reported for other grassland-to-woodland transitions, 

                                                 
3
 In press in International Journal of Climatology: He, Y., D’Odorico, P., De Wekker, S.F. ., 2014. The 

relative importance of climate change and shrub encroachment on nocturnal warming in the southwestern 

United States. International Journal of Climatology, in press 
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where nocturnal warming induced by the encroachment of woody plants favors the 

survival of cold sensitive trees and shrubs, thereby further enhancing their encroachment 

(D’Odorico et al., 2013). This feedback process is particularly affected by minimum 

temperatures because they are directly associated with episodes of freezing induced 

mortality. The nocturnal warming induced by shrub encroachment in the southwestern 

U.S. is particularly intense in cold winter nights (D’Odorico et al., 2010).  It is still 

unclear how in this region the warming resulting from the grassland to shrubland 

conversion compares with the temperature increase induced by large scale drivers of 

global and regional climate change. 

Climate change studies indicate that the global temperatures are expected to keep 

increasing for the next several decades as a result of fossil fuel emissions as well as 

abiotic and biotic feedbacks (IPCC, 2007). These warming trends vary geographically 

with time of the day and season, and are particularly strong for nighttime temperatures. In 

fact, over the last 50 years nocturnal temperatures have increased twice as much as 

daytime temperatures (Houghton et al., 2001). Moreover, cold extremes exhibit a more 

rapid warming (by about 25% over landmass and 30-40% globally) than warm extremes 

(Kharin et al., 2007). In most of North America, warming is expected to exceed the 

global mean (IPCC, 2007), especially in the southwestern U.S. (Leung et al., 2004; 

Seager et al., 2007), which have become warmer and drier more rapidly than the rest of 

the continental U.S. since the mid-1970s (Williams et al., 2010). These regional climate 

trends in the deserts of the southwestern U.S. have never been compared to changes in 

nocturnal microclimate that could result from shrub encroachment. Such a comparison 

will provide new insights into the importance of the warming induced by changes in 
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Figure 5.1 Locations of the SNWR (light grey shaded area) in New Mexico, the shrubland 

(white x symbol) and grassland (white cross symbol) sites at SNWR, and Los Lunas (black 

square symbol) and Socorro (black circle symbol) USHCN stations located along the Rio 

Grande (grey line) valley. Also shown are the areas of PRISM grid cells encompassing the 

McKenzie Flats (dark grey shaded area) and the SNWR (area indicated by the dashed 

line). 

 
vegetation with respect to the regional effects of climate change. Here we use historical 

records, regional climate model simulations, and temperature measurements at adjacent 

grassland and shrubland sites in the northern Chihuahuan desert to compare the nocturnal 

warming resulting from land cover change with the background temperature trends in the 

regional climate. 

5.2 Methods 

The concurrent temperature measurements used in this study were  rom ad acent 

shru land (3 .33     , 10 .   2  W, ele ation  1  3m) and  rassland (3 .3 23   , 

10 . 01   W, elevation: 1622m) sites in the McKenzie Flats area of the Sevilleta National 
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Wildlife Refuge (SNWR), located in the northern Chihuahuan desert, New Mexico 

(Figure 5.1).  SNWR has undergone an abrupt change in vegetation cover with an 

encroaching front of Larrea tridentata shrubs into a desert grassland (S. Báez and 

Collins, 2008; Bhark and Small, 2003). Thus, this area provides an ideal location to 

monitor the microclimate conditions in adjacent sites with woody and herbaceous 

vegetation located within a distance of a few kilometers (~5km). Temperature 

measurements between 2007 and 2010 (at 3m above ground) were obtained from the 

Ameriflux network (ameriflux.ornl.gov). All data were recorded as thirty minute 

averages. Only days on which daily minimum temperature observations were available 

for both the shrubland and grassland sites were used (>90% of all observations).  

The longest temperature record for the SNWR is available at the Deep Well 

station (3 .3  2   , 10 . 3    W, elevation: 1600m), which is located in the grassland 

area of the McKenzie Flats. The meteorological tower is operated by the Sevilleta Long 

Term Ecological Research (LTER, http://sev.lternet.edu) and data are available from 

1987 onwards. We used the data from December 1989 onwards after the temperature 

sensor moved to a height of 2.5 m above ground level. A total of 23 winters from 1990 to 

2012 were used here to study the local climate warming at SNWR in recent decades. 

Long-term historical temperature records in the southwestern U.S. were obtained 

from the U.S. Historical Climatology Network (USHCN) version 2 serial monthly dataset 

(Menne et al., 2009). We analy ed the temperature data  rom  os  unas (3 .       , 

10 .  11  W, elevation: 1475m) and Socorro (3 .0 2    , 10 .  31  W, elevation: 1398m) 

from 1894 onwards, which are the closest USHCN stations to the SNWR (48 km north 

and 31 km south, respectively) along the Rio Grande valley (Figure 5.1). The USHCN 
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dataset uses a “pairwise” homo eni ation algorithm (Menne and Williams, 2010) to 

effectively minimize the impacts of urbanization and other factors on the historical 

temperature record (Menne et al., 2010). Nevertheless, the areas (< 1km in radius) around 

those two stations are mainly covered by non-urban land use types identified on the 2001 

National Land Cover Dataset (Homer et al., 2007). Thus, the warming due to 

urbanization is not expected to affect the analysis of temperature trends based on these 

two stations from the USHCN.  

A gridded climate data set based on station data and the Parameter-elevation 

Relationships on Independent Slope Model (Daly et al., 2002) available from 1895 

onwards, was used to estimate the historical climate warming in the SNWR area for a 

time period of over one century. PRISM  calculates a climate-elevation regression for 

each DEM (digital elevation model) grid cell and improves the spatial interpolation  

particularly in complex terrain (Daly et al., 2008). With a resolution o  2. ’  or monthly 

climate data, in New Mexico each PRISM grid cell covers an area of about 21km
2
. In this 

study, we examined both the area around the encroaching front on the McKenzie Flats 

(transition between shrubland and grassland, 4 grid cells), and also the entire SNWR (53 

grid cells, Figure 5.1). 

 Future climate change scenarios were based on model simulations from the North 

American Regional Climate Assessment Program (Mearns et al., 2009, p. 2).  NARCCAP 

provides high spatial resolution (50km×50km) climate simulations for North America for 

both past (1970s-1990s) and future (2040s-2060s) conditions under the SRES A2 

emission scenario (Nakicenovic et al., 2000).  A2 is a high emission scenario, which 

refers to the case of a diverse world with relatively self-reliant economic regions, slow 
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technological development and large population. NARCCAP uses a number of model 

combinations based on 4 Atmosphere-Ocean General Circulation Models (AOGCMs) 

coupled with 6 Regional Climate Models (RCMs). The results from 11 available 

combinations were processed and analyzed to reduce the bias caused by individual 

models. We used 4 grid cells closest to the McKenzie Flats, the location of which slightly 

varies in the different model combinations due to different domain settings and 

projections. Monthly mean minimum temperature was obtained using the daily minimum 

temperature output, which was calculated from instantaneous surface temperatures at 

different time intervals ranging from every 100 seconds to 3 hours from 0600 UTC to 

0600 UTC in different model combinations (see the caption of Table 5.1 for details). The 

monthly minimum temperature data were excluded in this study if 1/3 or more (10 days 

or more) data were missing within one month (<1% of all winter months).  

Because of the sensitivity of Larrea tridentata shrubs to freezing temperatures, 

we focused on winter minimum temperature. The winter of a year is defined as the 

January and February of that year and December of the previous year. Specifically, we 

used the average minimum temperature of the coldest month (hereafter referred to as 

“minimum winter temperature”) in one winter, to study the chan es in winter minimum 

temperature.  

5.3 Results 

5.3.1 Winter minimum temperature change caused by shrub encroachment  

Data recorded at the shrubland and grassland sites from 2007 to 2010 show that 

the shrubland has a higher minimum temperature than the adjacent grassland throughout 

the year (Figure 5.2). On average, in 2007-2010 the daily minimum temperature in winter  
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months in the shrubland was 1.8 K warmer than in the grassland. The daily minimum 

temperature occurred during nighttime or near dawn in both the shrubland and the 

grassland during the 12 winter months, except for 5 cases in which daily minimum 

temperature was observed during daytime. Therefore, such higher daily minimum 

temperature is closely associated with the nighttime warming in the shrubland. The 

differences in the minimum winter temperature between shrubland and grassland in the 

winters of 2008, 2009 and 2010 were 2.5 K, 2.6 K and 0.7 K, respectively. 

5.3.2 Historical minimum winter temperature change  

The minimum winter temperatures for the grassland site at SNWR and the nearest 

USHCN stations in central New Mexico are shown in Figure 5.3. General warming 

trends occurring over the last two decades in the grassland areas at SNWR are consistent 

with the longer temporal trends in central New Mexico: both Socorro (0.009 K/year) and 

Los Lunas (0.014 K/year) have been experiencing an increase in winter minimum 

temperature. Because of the lack of long-term observations in the investigation area, we 

use PRISM to analyze the historical climate change in the SNWR over a time scale of 

more than one century. In the McKenzie Flats, the minimum winter temperature shows 

clearly a warming trend over the past 116 years (Figure 5.3). The estimated increase in 

the minimum winter temperature in the McKenzie Flats is 0.025 K/year, which is slightly 

larger than the minimum temperature increase in the whole SNWR (0.013 K/year).  
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Figure 5.2 box and whisker plot for differences of minimum temperatures between 

shrubland and grassland for 2007 to 2010. 

 
Figure 5.3 Historical minimum winter temperature for the grassland site and Mckenzie 

Flats area at SNWR and at two UHSCN stations in central New Mexico. Shown are the 

observations from Sevilleta LTER at the deep well station (closed circles and 

corresponding solid grey trend line, data from 1990 to 2012), PRSIM data for McKenzie 

Flats (open circles and corresponding solid black trend line, data from 1896 to 2012). 

Data from the two USHCN stations are shown as trend lines for Los Lunas (dash-dot line) 

and for Socorro (dashed line, data from 1894-2013). 
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5.3.3 Future minimum winter temperature change from regional climate 

simulations 

Simulations by all climate model combinations from NARCCAP show an 

increase in minimum winter temperatures in the future. However, the magnitude of the 

increase varies among the different model combinations (Table 5.1), ranging from 1.5 to  

3.8 K over a time period of 70 years. The median of temperature changes from past to 

future conditions is very close to the mean value. On average, there is a 2.5 K increase in 

the minimum winter temperature in the area around SNWR over the same 70 year period 

(1970s-1990s to 2040s-2060s).  

5.4 Discussion 

In the SNWR area the long term warming trend in minimum winter temperature is 

estimated to range between 0.015 and 0.017 K/year in the historical PRISM data (Table 

5.2). Using the first and third quartile of 11 NARCCAP model combinations to exclude 

extreme values, the future warming trend in climate model outputs is slightly higher, 

varying from 0.031 to 0.043 K/year (Table 5.2). The minimum winter temperature trend 

at the Deep Well station for the past two decades is stronger than the long-term trend in 

the PRISM data for the SNWR, which could be associated with the large difference of the 

time period used in the estimation. In fact, grid point to site comparison indicates that the 

monthly averaged minimum temperature in winters from PRISM correlates well with the 

temperature measured at the Deep Well station (r=0.9135, p<0.0001) and also with the 

two USHCN stations (Los Lunas: r=0.8733, p<0.0001; Socorro: r=0.9134, p<0.0001). 

Despite the simplicity of the linear regression trend (Karl et al., 2000) and the 

dependency of such trend on the time period used to fit the regression line (Easterling and  
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Wehner, 2009) and on the model resolution (Rind, 1988), these estimates compare well to 

other studies. For example, estimates by the Intergovernmental Panel on Climate Change 

(IPCC, 2007) suggest a 0.03 to 0.035 K/year increase over the 21th century in winter 

temperatures for the southwestern U.S under the A1B scenario. An increase of 0.028 to 

0.043 K/year  in monthly minimum  temperature for January, February and  March was 

reported for the western U.S. by (Barnett et al., 2008) over the 2
nd

 half of 20
th

 century, 

while the average global predicted trend is 0.054 K/year over land for the 21
st
  century in 

the A2 scenario (Kharin et al., 2007). 

In addition to the mean winter minimum temperature, the occurrence of extreme 

cold events is another factor that is closely associated with the survival and productivity 

of shrubs due to freezing intolerance. In 2007-2010, the grassland site in SNWR recorded 

only 3 days with temperature lower than -15
 o
C, a critical value at which the juveniles of 

larrea tridentata start experiencing mortality, based on laboratory cold treatment 

experiments (Medeiros and Pockman, 2011). In contrast, such extreme cold events did 

not occur in the shrubland during the same time period. Moreover, at SNWR, 89% of the 

winter days in 2007-2010 had temperatures below freezing (i.e., <0 
o
C) in the grassland, 

compared to 80% in the shrubland. At the Deep Well Station, the occurrence of both 

freezing and extreme cold events showed large fluctuations from year to year without a 

clear tendency. For the recent 23 years, the number of days when daily minimum 

temperature dropped below -15
 o

C varied between 0 to 5 days per winter, while the 

percentage of winter days that experienced freezing temperatures varied between 72% 

and 96%. Although the impacts of climate change on freezing and extreme cold events 
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are not evident, shrub encroachment does show a role in decreasing the occurrence of 

both events in the SNWR.  

The NARCCAP simulations use a high emission scenario, A2, and therefore may 

overestimate the warming trend. The NARCCAP regional climate model simulations are 

only driven by fossil fuel emission without accounting for the effects of land use change. 

Thus, these simulations may underestimate temperature trends in the regions impacted by 

shrub encroachment and the associated warming effect. The NARCCAP outputs used in 

this study consist of 4 grid cells, each covering a 2,500 km
2
 area, which is much larger 

than the PRISM data also used in this study. Therefore, the mountainous regions east and 

west of the Rio Grande valley could affect the land surface properties of each grid cell. 

For example, the altitude of the grid cells used in the analysis ranges from 1706m to 

2169m while altitudes at McKenzie Flats range from 1550 to 1650m. Therefore, 

NARCCAP results represent the overall regional climate change trend in central New 

Mexico, rather than the condition of the area close to shrub encroachment front. 

The impact of shrub encroachment on regional climate entails an increase in 

minimum winter temperatures of about 2K, which is comparable to the changes in 

temperature associated with regional climate warming over a time period of about one 

century, based on historical trends and model predictions of climate warming for the 21
st
 

century in the SNWR area (Table 5.2). This effect of shrub-induced warming could have 

important implications for the process of shrub encroachment. As climate warming is one 

of the many interactive drivers of shrub encroachment in the southwestern U.S. (Archer, 

1990), the nighttime warming caused by the presence of shrubs could also contribute to 

the shift from grass to shrub dominance. In addition, since the effect of shrub-induced 
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warming has the same magnitude as the background climate warming trends measured at 

decade-to-century time scales, it should be accounted for in a regional assessment of 

(nocturnal) climate warming. While many other cases of warming caused by vegetation 

cover change, such as the tundra-woodland transition (Chapin et al., 2005) and 

deforestation (Lewis and Wang, 1998) , have been extensively investigated, this study 

addresses an often overlooked case of land cover change (i.e., shrub encroachment in hot 

drylands) that has seldom been investigated in the context of its effects on local climate.  

Some areas of the southwestern US are also affected by other changes in land 

cover conditions that are known for having an impact on the local climate. Most notably, 

urbanization in the Los Angeles, Tucson, Phoenix, and Albuquerque areas has been 

reported to induce a warmer microclimate (e.g., Roth et al., 1989; Baker et al., 2002; 

Hawkins et al., 2004; Imhoff et al., 2010), known as “ur an heat island e  ect”. The 

intensity of urban heat islands in general depend on a number of factors such as 

seasonality and city size (Memon et al., 2008; Oke, 1982), but in hot arid and semi-arid 

areas it  is overall similar in magnitude (Hsu, 1984; Jauregui, 1997; Streutker, 2003)  to 

the effect of shrub encroachment. This shift in vegetation cover, however, affects a much 

more extended region of millions of hectares in southwestern North America (Van 

Auken, 2000) and therefore plays a more important role in shaping the local climate.  
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CHAPTER 6 

THE ROLE OF VEGETATION-MICROCLIMATE 

FEEDBACK IN PROMOTING SHRUB 

ENCROACHMENT IN THE NORTHERN CHIHUAHUAN 

DESERT 

6.1 Introduction 

Shrub encroachment is a land cover change that is affecting many regions of the 

world under a variety of climates, soils and geographic conditions (Ravi et al. 2009). It 

entails an often abrupt transition from grassland to shrubland vegetation  that has been 

observed over the last 100-150 years  (Van Auken 2000).  Changes in vegetation cover 

are known to alter the near-surface energy fluxes with important impacts on weather and 

climate (e.g. Pielke et al. 1998). In the northern Chihuahuan desert, shrub encroachment 

has been found to modify  water vapor fluxes and soil moisture dynamics (Bhark and 

Small 2003; Kurc and Small 2007, 2004) and nocturnal air temperatures (D’Odorico et 

al. 2010). Grassland conversion to creosotebush  (Larrea tridentata) shrubland, enhances 

the diurnal soil heating and the nocturnal longwave radiation from the ground. These 

processes lead to an average nighttime air temperature  that is 2K higher in the shrubland 

than in the adjacent grassland (He et al. 2010). Since Larrea tridentata shrubs are cold 

sensitive (Medeiros and Pockman 2011; Pockman and Sperry 1997) , a positive feedback 

between shrub encroachment and winter minimum temperature may exist in this desert, 

and may sustain further shrub encroachment (D’Odorico et al. 2010). Similar feedbacks 

have been reported to promote the transition from grassland to wood land in other 
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ecosystems such as Arctic tundra and high-altitude alpine regions (D’Odorico et al. 

2013). The role of this feedback in the spatiotemporal dynamics of shrub expansion in 

desert landscapes, however, remains poorly investigated. 

Two way interactions and feedbacks between vegetation cover and climate have 

been studied intensively through process-based coupled atmosphere-vegetation models. 

These models simulate the land-atmosphere interactions for different land covers and 

therefore are widely used to assess the impact of vegetation cover on climate (e.g., Bonan 

1998; Ek et al. 2003). For example, simulations  y “manually” chan in  the  e etation 

cover have explained the ongoing expansion of shrubs into the Arctic tundra, and have 

shown how this change in vegetation cover is expected to enhance Arctic warming 

through decreased albedo (Bonan et al. 1992; Foley et al. 1994) and enhanced 

transpiration (Swann et al. 2010). On the other hand, dynamic vegetation models, which 

account for different plant functional types and their fast and/or slow response to the 

environment, are often used to determine vegetation distribution under different climate 

conditions (e.g., Bonan et al. 2003). For instance,  Zeng et al. (2008) simulated shrub 

distribution in arid and semi-arid  regions worldwide.  Tietjen et al. (2010) developed a 

coupled water and vegetation dynamic model to investigate the response of grasses and 

shrubs to the changing climate in African drylands.  A more comprehensive way to study 

vegetation-climate feedback is by coupling climate models with dynamic vegetation 

models. Both asynchronous coupling and full coupling (also known as integrated 

synchronous coupling) have been developed; the former iteratively updates one model 

when the other reaches an equilibrium state (e.g., Claussen 1997), and the latter couples 
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the two models at every time step so that the transient response can also be simulated 

(e.g., Doherty et al. 2000; Foley et al. 1998). 

 In the case of shrub encroachment in northern Chihuahuan desert, only few 

studies have addressed the interactions between vegetation and near surface temperature.  

Kurc and Small (2004; 2007) investigated the effect of shrub and grass vegetation the 

surface energy and water fluxes. Pockman and Sperry (1997), Martínez-Vilalta and 

Pockman (2002) and Medeiros and Pockman (2011) carried out a series of cold lab 

treatment experiments to test the response and damage of juvenile creosotebush to low 

temperature. Hayden (1998) and Carre (2005) reported observations of differences in 

minimum temperature  etween shru land and  rassland sites. D’Odorico et al. (2010) 

proposed a vegetation-microclimate feedback mechanism associated with shrub-induced 

warming. He et al. (2010) studied the winter nocturnal warming in shrubland and 

analyzed the differences in surface properties and energy fluxes in shrubland and 

grassland sites to explain the mechanism underlying the nocturnal warming of the 

shrubland microclimate. Warmer nocturnal conditions are found in the shrubland in the 

lowest 20m above ground (He and De Wekker submitted). Such a shrub-induced 

warming is of great importance since it is comparable to the effects of regional climate 

warming at the century scale (He et al. 2014). These nighttime temperature difference 

and related land surface process were explained for a two-dimensional configuration of 

the grassland-shrubland transition using an atmospheric mesoscale model coupled with a 

land surface model (He et al. 2011). D’Odorico et al. 2013 used a conceptual model to 

show the possible emergence of bistability and abrupt state shift in ecosystem dynamics 

induced by vegetation-microclimate. However, to date, it is unclear whether and how the 
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conversion from grassland to shrubland favors further shrub encroachment through the 

vegetation-microclimate feedback. A representation of vegetation-atmosphere 

interactions in a three-dimensional process-based model is needed to further our 

understanding of the role played by this feedback in sustaining the transition from grass 

to shrub dominance and the location of the grassland-shrubland boundary under current 

climate conditions.  

 This study assesses the interactions between shrub encroachment and winter 

nighttime temperature with a spatially-explicit three-dimensional coupled atmosphere-

land surface mesoscale model and investigates how the vegetation-microclimate feedback 

may promote further shrub encroachment. To this end, we use multiple scenarios of 

shrubland and grassland distribution. The simulated winter minimum temperatures 

associated with these different land cover scenarios are then used with cold stress indices 

based on plant physiological experiments to determine the spatial distribution of cold 

stress and the mortality probability of juvenile shrubs. By analyzing the change of cold 

stress with respect to different vegetation distributions, the role of vegetation cover in the 

survival of juvenile shrubs through the vegetation-microclimate feedback is evaluated 

and a suitable pattern of maximum shrub expansion is determined.  

6.2 Methods 

6.2.1 Numerical model setup 

In this study, we use the Weather Research and Forecasting (Skamarock et al. 

2008) model coupled with the Noah Land Surface Model (LSM, Chen and Dudhia 2001; 

Ek et al. 2003; Mahrt and Ek 1984). This model combination has been widely used and 

has been shown to reliably simulate land-surface interaction in various locations, 
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Figure 6.1 Domain setting (A), and vegetation distribution and isoheights within the 3rd 

(innermost) domain (B). The three domains (black solid think lines) are centered on the 

McKenzie flat area within the SNWR (light grey area). The Rio Grande in NM (dashed 

line) and the location of the Deep Well station in the grassland (black dot) are also 

shown. NM and the neighboring states are labeled and state boundaries are shown in 

light grey lines. In the zoomed-in figure (B), the white polygon is the target area used to 

investigate different vegetation distributions. The vegetation cover in the rest of the 

domain is from default settings based on USGS maps. The isoheights are shown with 

100m interval, ranging from 1300m to 3100m. 

especially with modified parameterizations based on local conditions (e.g., Barlage et al. 

2010; Hines and Bromwich 2008; Hong et al. 2009). Previous studies have successfully 

simulated the land atmosphere interactions in the shrubland and grassland, and explained 

the temperature difference observed over these two land covers both at the surface and  in 

the lowest part of boundary layer (He et al. 2011; He and De Wekker submitted). 

The model is set up with three nested domains, centered on the McKenzie Flats 

area within the Sevilleta National Wildlife Refuge (SNWR) in central New Mexico 

(Figure 6.1), which has been undergoing an abrupt transition from desert grassland to 

creosote dominated shrubland (Bhark & Small 2003, Báez & Collins 2008). Two-way 

nesting is used in the simulations. From the outermost) to the innermost domain, there are 
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59, 93 and 99 grid cells with  horizontal scales of 9km, 3km and 1km, respectively. Such 

a high resolution in the innermost domain allows for the potential movement of the shrub 

encroachment front (which is expected to occur at decadal time scales) to be spatially 

resolved. The 65 vertical levels in the model extend to about 15km altitude with the 

lowest grid points located at about 5m above ground. There are 4 soil layers with 

thicknesses of 0.1m, 0.3m, 0.6m and 1m (starting from the top). The initial and boundary 

conditions are driven by 3-hourly North American Regional Reanalysis (Mesinger et al. 

2006) data with a horizontal resolution of 32 km. 

Following (He et al. 2011; He and De Wekker submitted), the effects of 

vegetation cover on water fluxes (e.g., transpiration, evaporation, and infiltration), and 

soil properties (e.g., soil insulation) are treated separately. The green vegetation fraction 

parameter that affects the soil properties is taken equal to 0.6 for the grassland and 0.1 for 

the shrubland. These values  represent the land surface properties of shrubland and 

grassland that cause the observed temperature difference between the two land covers  

(He et al. 2011). The default setting is used for the green vegetation fraction that affects 

water fluxes. This default setting is derived from satellite data and does not change with 

changes in vegetation cover. We set the same emissivity for shrubland and grassland and 

use a value (0.96) in agreement with previous measurements (He et al., 2010). Albedo is 

taken from satellite-based maps and does not change between the two vegetation types. 

The following physics options are used in the model: the Rapid Radiative Transfer Model  

scheme for longwave radiation (Mlawer et al. 1997), the Dudhia scheme  for shortwave 

radiation (Dudhia 1989), the WSM 6-class Graupel scheme for microphysics (Hong and 

Lim 2006), the Kain-Fritsch (KF- Eta) scheme for cumulus (Kain and Fritsch 1993, 
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1990), the Quasi-Normal Scale Elimination (Sukoriansky et al. 2006, 2005) scheme 

planetary boundary layer scheme and the Eddy Diffusivity\Mass Flux (EDMF, Pergaud et 

al. 2009) option for convective conditions.  

Some additional modifications are made to better simulate the conditions in the 

SNWR. For example, the initial soil moisture is changed to half the default value (which 

is provided by NARR) for all levels to produce a soil moisture condition that is close to 

field measurements throughout the simulation time period. Based on measurements made 

by a portable photosynthesis system (LiCor6400) in November 2011, the minimum 

stomatal resistance is set to be 999 sm
-1

 for grassland, while its default value (300 sm
-1

) is 

kept for shrubland. This modification, along with the smaller soil moisture content, 

reduces both the diurnal variability and the difference in latent heat between shrubland 

and grassland, and leads to better agreement with field observations (He et al. 2010).  

In this study we use two winter cases: the winter of 2010-2011 and the winter of 

2011-2012. For each winter, the simulation is initialized on November 1, at 00 UTC and 

terminated on March 1 of the following year, at 12 UTC. We consider the first 10 days of 

the simulation as a spin-up time when the energy fluxes are not stabilized. The results of 

the spin-up time are not included in the analysis. The winter of 2010-2011 is an extreme 

cold winter, with record low temperatures since the deployment of the first long term 

meteorological tower in SNWR in 1987. The temperature reached as low as -30 C in the 

grassland and dieback of creosotebush was observed (Bettinelli et al. 2013). The winter 

of 2011-2012 was an “a era e” winter, in which the mean temperature from November 

11 to the end of February at the Deep Well station (for more details on the station, see 

Figure 6.1 and section 6.2.3) was 2.   C, the same as the 23-year long term mean for the 
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vegetation 

distribution 

senario 

numbers of grids 

setting 

simulation 

winter case 

description grassland shrubland 

2010-

2011 

2011-

2012 

SV_G 99 0 X X single vegetation cover with grassland 

SV_S 0 99 X X single vegetation cover with shrubland 

 

grassland 

in north 

shrubland 

in south 

   GS_S10 

 

59 

 

40 

 

X 

 

 

shrubland-grassland boundary located at 10 grids south 

from current condition 

GS_CURR 

 

49 

 

50 

 

X 

 

 

combination of shrubland and grassland that mostly close 

to current condition 

GS_N5 

 

44 

 

55 

 

X 

 

 

shrubland-grassland boundary moving 5 grids north from 

current condition 

GS_N10 

 

39 

 

60 

 

X 

 

 

shrubland-grassland boundary moving 10 grids north from 

current condition 

GS_N20 

 

29 

 

70 

 

X 

 

 

shrubland-grassland boundary moving 20 grids north from 

current condition 

GS_N25 

 

24 

 

75 

 

X 

 

 

shrubland-grassland boundary moving 25 grids north from 

current condition 

Table 6.1 The vegetation distribution scenarios used in this study. 

same averaging time period. Several radiosonde measurements were taken at the SNWR 

during November 2011 and used to validate the model (see He and De Wekker, 

submitted).  

6.2.2 Experiment design: Vegetation distribution scenarios 

Because of the lack of accurate vegetation maps for the SNWR, we use different 

vegetation distribution scenarios and simulate their effects on winter minimum 

temperature. Here we focus on the area east of the Rio Grande with elevation range from 

1500-1700m above mean sea level (Figure 6.1B), where creosote shrubs and grasses are 

typically found. We evaluate suitable distributions of shrubs and grasses based on the 

north-south distribution of minimum temperature fields and the cold stress to juvenile 

shrubs.  

First, to examine the overall effects of shrubland and grassland cover, we perform 

simulations with only grass and only shrub cover within the target area (Table 6.1). Thus 
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the whole target area is set to either grassland (SV_G) or shrubland (SV_S). We use the 

reanalysis data from both winters to drive these single vegetation cover scenarios and 

in esti ate the di  erent exposure o   u enile shru s to cold stress in “a era e” and 

extreme cold winter conditions. 

Additionally, simulations with six different vegetation distributions with 

shrubland in the south and grassland in the north are carried out, to assess how the 

vegetation cover distribution affects further shrub encroachment through vegetation-

microclimate feedbacks (Table 6.1). The scenario with 49 grid cells of grassland in the 

north and 50 grid cells of shrubland in the south (GS_CURR) is the one that most closely 

represents to the current location of the shrub encroachment front in the McKenzie Flats. 

We consider four scenarios of further shrub encroachment, namely with 5 grid cells north 

(GS_N5), 10 grid cells north (GS_N10), 20 grid cells north (GS_N20), and 25 grid cells 

north (GS_N25) of the current location of the ecotone. We also simulate the case of an 

encroaching front that is moved 10 grid cells south from the current condition (GS_S10).  

6.2.3 Model validation data 

We evaluate the model output using station data from the McKenzie Flats in the 

SNWR. Basic meteorological variables, such as temperature and wind, are from 

meteorological towers in a grassland site (Deep Well station, 34.358  N, 106.689  W, 

elevation: 1601m) and an ecotone site (Five Points station, 34.334  N, 106.728  W, 

elevation: 1614m). Moreover, the model output is evaluated using energy fluxes (winter 

of 2007-2008) and soil moisture records (2008) from two flux towers located in the 

grassland (34.360  N, 106.700  W, elevation: 1598m) and shrubland (34.335  N, 

106.745  W, elevation: 1608m). In addition, four radiosonde measurements taken at a 
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grassland site (34.359  N 106.688  W, 1601m), and three radiosonde measurements taken 

at a shrubland site (34.339  N 106.742  W, 1601m) during three clear nights in November 

2011, are used to evaluate the vertical profiles of the model output. We note that the 

focus of the model evaluation is on the differences in the soil and meteorological 

variables between different vegetation covers rather than on their absolute values.  

6.2.4 Mortality probability of creosotebush juveniles and cold stress indices 

To determine the suitability of microclimate conditions to the establishment and 

growth of creosote bush, we use mortality probability values based on cold lab treatment 

experiments by Medeiros and Pockman (2011), who measured the percentage of juvenile 

plants surviving low temperature treatments under drought condition. These experiments 

showed total mortality of juvenile shrubs at -24 C, 66% mortality at -19 C, while -15 C is 

the lowest minimum temperature treatment that did not cause shrub mortality. Linear 

interpolation is used to estimate the mortality probability of juvenile shrub as a function 

of the minimum treatment temperature, following D’Odorico et al. (2010). Since the 

minimum temperature treatment was maintained for 2.5 hours in the lab experiment, we 

determine shrub mortality based on 2 hour minimum temperature values ( min 2T ) from the 

simulation, which is the minimum simulated temperature that lasts for at least two hours. 

To calculate min 2T ,  we first consider the lowest mean temperature in any continuous two 

hour intervals (in the simulation) within one day, and then use the higher temperature 

among those two hour intervals as the 2 hour minimum temperature. The mortality 

probability  min 2MP T is then calculated and further interpreted as a cold stress index to 

measure the cold damage in juvenile shrubs. A few other indices are used to express 

freezing stress in creosote bush. 
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We first assume that there is no cumulative effect of cold damage from low 

temperature events occurring in the same winter. This leads to an index that describes the 

shrub mortality probability during one winter season  min 2MP T  in the coldest night 

which we call the “Peak Mortality Probability”   min2_ intPMP MP w erT . 

To account for the cumulative effect of cold damage caused by every cold night in 

a certain winter season, we calculate the “Cumulative Mortality Probability” (CMP) as 

follows: after the first cold night (night 1), the percentage of surviving juvenile shrubs is 

 min 2_ 11 MP dayT . Assuming that all these cold events are independent, the probability 

that juvenile shrubs survive the second cold night (night 2) is

     min2_ 1 min2_ 21 MP 1 MPday dayT T   . Thus, considering all the cold nights occurring 

throughout the winter, the survival probability can be expressed as the product ( ) of the 

survival probability for a sequence of cold nights:   min2_1 MP dailyT  , while CMP is 

  min2_CMP 1 1 MP dailyT   .  

 Finally, we define a “ otal Stress  ndex” ( S ) that assumes the existence o  an 

additive effect of cold events on plant stress:  min2_TSI MP dailyT  . TSI can be zero or 

any positive number.  

 In the study, we used all three indices to provide a more comprehensive 

assessment of cold stress in juvenile shrubs. Total mortality is assumed to occur if PMP 

or CMP are larger than 99.9%. 
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Meteorological Tower Observation 

Location Deep Well Five Points 

Vegetation cover grassland ecotone 

Mean Minimum 

 emperature ( C) 

2010-2011 -7.4* -5.2 

2011-2012 -5 -3.6 

  Simulation  

Location of grid cell Deep Well Five Points 

Vegetation cover setting SV_G SV_S SV_G SV_S 

Mean Minimum 

 emperature ( C) 

2010-2011 -8 -5.9 -8.8 -5.8 

2011-2012 -5.8 -3.8 -6.2 -3.6 

*: There are 14 days with partially missing data that excluded in the analysis. 

Table 6.2 Comparison between simulated mean winter daily minimum temperature in 

the grid points corresponding to the location of the Deep Well and the Five Points 

stations, and the observed mean daily minimum temperature in these two stations. 

 

6.3 Results and discussion 

6.3.1 Minimum temperatures with single vegetation cover 

The minimum temperature in the McKenzie Flats is well simulated by the model 

(Table 6.2), despite the discrepancies existing in the spatial scales between grid cells and 

point measurements at the  ield sites. On a era e, there is a small cold  ias in the 

simulation, thou h in the extreme cold e ents the simulated temperature is hi her than 

the o ser ation. For example, the record low temperature in winter o  2010-2011 was -

2 .   C at the Deep Well station (shru land) and -2 .   C at the Fi e Points station 

( rassland), while the simulated lowest temperature in  c en ie  lat area is -2 .0  C with 

 rassland co er, and -22.   C with shrubland cover. A small warm bias is not unusual in 

model simulations of extreme cold events e.g., Dulière et al. 2011; Kostopoulou et al. 

2009; García-Díez et al. 2013) and the scale mismatch between grid cells and station 

measurements affects the comparison with field data, particularly when the focus is on 
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Figure 6.2 Mean daily minimum temperature in winter 2010-2011 (A, B and C) and 

winter 2011-2012 (D, E and F) obtained from simulations with the target area (enclosed 

by the black solid line) covered by grassland SV_G (A and D), shrubland SV_S (B and E) 

vegetation, and the difference between grassland and shrubland vegetation setting 

SV_G-SV_S (C and F). 

 
small temporal scales, such as those of extreme events  (e.g., Zhang et al. 2011). 

Nonetheless, the temperature difference between the cases with shrubland and grassland 
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covers is well simulated throughout the winter. Besides the near-surface air temperature, 

we also evaluated the simulations with available tower and radiosonde observations of 

the wind field and the thermodynamic structure in the lower atmosphere, and 

observations of the energy fluxes, soil temperature and soil moisture. Simulations agreed 

well with these observations (not shown) as was also shown in some of our other related 

mesoscale modeling work (He et al., 2011; He and De Wekker, submitted). 

The mean daily minimum temperatures obtained from simulations with complete 

grassland and shrubland covers are shown in Figure 6.2. The shrubland is always warmer 

than the grassland in both winters. The temperature difference between the two 

vegetation settings is 2-4 K in most of the target area. In the extreme cold winter the 

mean daily minimum temperature is always at least 2  lower than in the “a era e” 

winter case with the same vegetation cover. However, the areas that show relatively large 

or small temperature difference between simulations with the two vegetation covers are 

almost the same for both winters (Figure 6.2). Along the east edge of the target area, such 

a temperature difference is generally smaller. We attribute this to the influences from the 

grid cells outside the target area to their neighbors inside the target area through 

advection and horizontal energy transfer. As the conditions, including the vegetation, 

outside the target area are set to be non-varying in all simulations, the temperature of the 

grid cells near the border is relatively less affected upon the changing vegetation cover 

inside the target area. This effect is especially strong along the east edge given the 

prevailing nocturnal wind from the mountains at the east side. The very similar effect 

may be also the cause of the relatively small temperature difference seen at the area 

located  etween 33.      and 3 .1   N which is the narrowest part of the target area 
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(Figure 6.2). Due to its small width in west-to-east direction (6-7 grid cells in width), 

most of the cells enclosed in this area are affected by the outside cells. In addition, this 

area has sandy clay loam soils, which have a different thermal diffusivity coefficient than 

the other soils in the 3
rd

 domain. 

6.3.2 Cold mortality to juvenile shrub with single vegetation cover 

To relate the simulated minimum temperature to the survival and mortality of 

juvenile shrubs, we calculated all three cold stress indices for the grassland and shrubland 

cover cases in both winters (Figure 6.3). Generally, the grassland cover has a 

microclimate with stronger cold stress for juvenile shrubs than the shru land. As 

expected, the cold stress is much stron er in the extreme cold winter than in the normal 

winter.  n  oth winters, the lar est cold stress di  erences occur in the area north o  

3 .1   N. As discussed in section 6.3.2, the target area between 33.      and 3 .1   N 

exhibits only small or no differences in cold stress indices between the two vegetation 

covers. In the extreme cold winter, the southern part of the target area experiences a 

relatively strong difference in cold stress with the two vegetation covers, while these 

di  erences are much smaller in the “a era e” winter. Additionally, the locations where 

different cold stress exists are not consistent for these two winters. Similar patterns can 

be found in the difference in mean daily minimum temperature between grassland and 

shrubland covers (Figure 6.2).  

We will focus on the region that in both winters exhibits distinct cold stress 

conditions for juvenile shrubs depending on whether they grow in a grassland or a 

shrubland. This region, which is in the northern part (  3 .1   N) of the target area (except 

for the eastern edge), is also where the current shrub encroaching front (about 34.34 N) is  
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Figure 6.3 The simulated peak mortality probability (PMP, first row, A, B, C and D), 

cumulative mortality probability (CMP, second row, E, F, G and H), and total stress index 

(TSI, third row, I, J, K, L) calculated for winter 2010-2011 (first and second column, A, B, 
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E, F, I and J) and winter 2011-2012 (third and fourth column, C, D, G, H, K and L) with 

grassland cover SV_G (first and third column, A, C, E, G, I and K)  and shrubland cover 

SV_S (second and fourth column, B, D, F, H, J, and L) in the target area that enclosed by 

the think solid line. 

 

located. 

Among the three cold stress indices, we mainly use PMP and CMP to assess the 

possible mortality of juvenile shrubs, and use TSI as an additional criterion to analyze 

areas with  ery lar e cold stress. Durin  the “a era e” winter around the current 

encroachment front, there is almost no cold stress for juvenile shrubs when the target area 

is a shrubland, while moderate cold stress (30% to 50% in PMP and CMP) occurs in the 

case of grassland. Thus, conditions are more favorable for the survival and growth of 

juvenile shrubs in the shrubland than the grassland. In the extreme cold winter, juvenile 

shrubs in the area around the current encroachment front will experience almost total 

mortality (90% to 100% in PMP and CMP) with grassland cover. The potential mortality 

probability is still high for juvenile shrubs with shrubland cover (70% in PMP and 80% 

in CMP), but lower than in the case with grassland cover. Thus, more juvenile shrubs are 

likely to survive in the shrubland than in the grassland after extreme cold winters. In 

summary, juvenile shrubs located around the current encroachment front have always 

better survival probability with shrubland than with grassland cover. 

In the extreme cold winter, the area north of 34.4 N has 100% juvenile mortality 

probability (for both PMP and CMP) with the grassland cover. While with shrubland 

cover the mortality probability is also very high, it does not reach total mortality in most 

part of the region. Although the patterns of PMP and CMP appear to be similar with the 
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two vegetation covers in the region, the actual cold stress may be much more intense in 

the grassland since the TSI in the grassland is much larger (by >1) than in the shrubland. 

Additionally, several locations within the area have a TSI >3, indicating the occurrence 

of multiple extreme cold nights and a high likelihood of complete mortality of juvenile 

shrubs. These values of the cold indices correspond to a critical zone for juvenile shrubs, 

in which they cannot survive with grassland cover, but may partly survive if the 

landscape is covered by shrubland vegetation. The grassland-shrubland vegetation 

existing in such a critical zone is an example of a bi-stable ecosystem induced by positive 

vegetation-microclimate feedbacks (D’Odorico et al. 2013).  The bi-stable system can be 

either a stable shrubland in which juvenile shrubs can establish and survive, or a stable 

grassland in which grasses survive but juvenile shrubs cannot establish.  

Simulations with the target area covered by shrubland vegetation show that in the 

extreme cold winter there is an area with total mortality (evaluated both in terms of PMP 

and CMP). Thus, in this area, juvenile shrubs may experience die-back even when 

growing in a shrubland. The area could be associated with a possible northern limit of 

shrub encroachment, analyzed and discussed in detail in section 6.3.3.  

We need to emphasize that all of the three cold stress indices are diagnostic 

indicators and none of them can serve as a predictor, due to the discrepancy between 

laboratory tests used to evaluate the cold tolerance of juvenile shrubs (Medeiros and 

Pockman, 2010) and field situations as well as the gaps existing between field conditions 

and model simulations. Even in the laboratory, the proportion of juvenile shrubs that 

survived after cold treatment, is different from the proportion of juveniles retaining leafs, 

and the experimental results strongly depend on soil moisture (Medeiros and Pockman 
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Figure 6.4 The simulated cumulative mortality probability (CMP) of winter 2010-2011 

without the three extreme cold days (and nights) calculated with grassland cover SV_G 

(A) and shrubland cover SV_S (B) in the target area that enclosed by the think solid line. 

 
2011). Moreover, it is not clear how adult shrubs respond to low temperature because lab 

based physiological studies concentrated on juveniles. Nevertheless, by utilizing these 

diagnostic indices, we have been able to simulate and investigate differences in cold 

stress emerging with different vegetation covers. 

In the extreme cold winter, the record low temperature was measured on 

2/3/2011. If we exclude the three days (2/2/2011-2/4/2011) that are closely associated 

with this lowest recorded temperature, the three cold stress indices calculated for winter 

2010-2011 exhibit a pattern similar to those in the winter of 2011-2012 (CMP is shown 

as an example in Figure 6.4). However, all the cold stress indices remain higher in the 

winter of 2010-2011 than in 2011-2012, especially with grassland cover. In particular, in 
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most of the critical zone, the CMP is larger than 80% if the landscape is covered by a 

grassland, which suggests that the intense cold damage to juvenile shrubs in grassland 

could potentially also occur in a non-extreme winter, thereby limiting shrub 

encroachment. The similar patterns of the cold stress indices of the winter 2010-2011 

excluding the three extreme cold days (Figure 6.4) and the winter 2011-2012 (Figure 

6.3G, H) su  est that the “a era e” winter case represents a common pattern of cold 

stress differences between shrubland and grassland. 

6.3.3 Cold stress to juvenile shrub with combination of shrubland and 

grassland covers 

Because of the diagnostic nature of the cold stress indices, different vegetation 

distribution scenarios (Table 6.1) are used here to test the feedback between shrub 

encroachment and winter minimum temperature. We consider the case with shrubland 

vegetation in the south and grassland in the north, separated by an ecotone or 

encroachment front.  Under current conditions, it is reasonable to expect that shrubs will 

further encroach into the grassland favored by a number of drivers such as increasing 

CO2 concentration (e.g., Polley et al. 1992), shift of rainfall regime (e.g., Brown et al. 

1997), and fire management (e.g. Archer et al. 1995). Here we investigate how shrub 

expansion may be sustained by the feedback of vegetation with its microclimate 

(D’Odorico et al., 2010). Seedlin  esta lishment and the  rowth o  pioneer  u enile 

shrubs beyond the shrubland-grassland boundary would lead to the formation of a pioneer 

shrub community north of the original front. Based on the analysis from section 6.3.2, the 

cold stress in normal winters would not cause detrimental damage to the pioneer 

juveniles. However, during extreme cold winters, the survival of pioneer juveniles in the 
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grassland becomes uncertain. Therefore, we consider different configurations of the 

 

Figure 6.5 The simulated peak mortality probability (PMP, first row, A, B, C, D, E and F), 

cumulative mortality probability (CMP, second row, G, H, I, J, K and L), and total stress 

index (TSI, third row, M, N, O, P, Q and R) for winter 2010-2011 using different 

vegetation distributions with grassland in the north and shrubland in the southern in the 

target area (enclosed by the black solid line). The west to east straight black solid line 

within the target indicates the shrubland-grassland boundary. The following positions of 

this boundary are considered: GS_S10 (first column, A, G and M); GS_CURR (first 

column, B, H and N); GS_N5 (first column, C, I and O); GS_N10 (first column, D, J and P); 

GS_N20 (first column, E, K and Q); GS_N25 (first column, F, L and R). 
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encroachment front and evaluate whether the interaction between vegetation and 

microclimate would allow for a successful establishment of pioneer juveniles.  

As in the case of single vegetation cover scenarios, we use CMP and PMP to 

assess the survival conditions for juvenile shrubs (Figure 6.5).  For the GS_S10 and 

GS_CURR scenarios, pioneer juveniles have a good chance to survive in the grassland 

during the extreme cold winter. With further shrub encroachment (GS_N5), pioneer 

juveniles have a good chance to survive in the grassland if they are close to the 

shrubland-grassland boundary. As the encroachment front moves further north, the 

pioneer juveniles in the case of GS_N10 and GS_N20 cannot survive throughout the 

extreme winter if they are surrounded by grasses. In the northernmost shrub distribution 

scenario considered in this study (GS_N25), juvenile shrubs cannot even survive at the 

northern end of the shrubland during extreme cold winter. This result indicates a potential 

northern limit of shrub encroachment under current climate conditions because shrubs at 

the northern end of the shrubland cannot provide (through the vegetation-microclimate 

feedback) an environment that is warm enough for the survival of juvenile shrubs in 

extreme cold winters. We find that such a potential northern limit for shrub expansion 

under current climate conditions is about 35.4N. This line also corresponds to conditions 

of 100% mortality probability (based both on PMP and CMP) in simulations with single 

shrubland cover (SV_S, Figure 6.3). 

  Although the patterns of PMP and CMP around the shrubland-grassland boundary 

vary from case to case, the characteristics of the TSI are relatively consistent in all the 

scenarios. The encroachment fronts spatially correspond to a TSI isoline of 1.5 (Figure 

6.5).  In all vegetation distribution scenarios most of the area with shrubland cover has a 
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TSI smaller than 1.5 while the TSI of most of the area with grassland cover is greater 

than 1.5.  

 The vegetation distribution scenarios used in this study are based on reasonable 

assumptions of how vegetation cover may change, a common approach used in model-

based studies (e.g., Swann et al. 2010).  Although historical photography has provided 

evidence of shrub encroachment in SNWR, the shrub expansion rate has not been 

determined.  Based on historical records of shrub encroachment available for other areas 

of the Chihuahuan desert (Gibbens et al. 2005), the scenarios considered here are not 

unreasonable for changes in vegetation cover that are expected to occur at decadal to 

century time scales. In addition, we note that the vegetation scenarios along with the 

diagnostic indices are used here as an alternative to vegetation dynamic models. To date 

there are no models of shrub encroachment in desert landscapes that include the effect of 

the vegetation- microclimate feedback. Nonetheless, this simplified approach  

investigates the sole effect of vegetation-microclimate feedback, without the need to 

account for  various factors (e.g., fire,  winter and summer precipitation, D’Odorico et al. 

2006; Muldavin et al. 2007) governing the productivity of shrubs and grasses.  

The results using split shrubland and grassland distributions suggest that juvenile 

shrubs always have better survival chances if surrounded by a shrub community (Figure 

6.5). At a certain point of its northward migration the shrubland cannot expand further 

north because pioneer juveniles may not be able to survive throughout the extreme cold 

winter. Therefore, we can conclude that the establishment of a shrub community is 

important for the survival of juvenile shrubs during extreme cold winters because shrubs 

are cold sensitive but create a warmer environment through the vegetation-microclimate 
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feedback.  Such a feedback may favor further shrub encroachment. There is however, a 

northern limit for juvenile shrub expansion; beyond that limit, shrub juveniles are likely 

to encounter total mortality in extreme cold winters even when they are surrounded by 

shrubland vegetation. This fact is further supported by the observation that the SNWR is 

one of the northernmost and coldest places where creosotebush is currently found 

(Pockman and Sperry 1997).  

6.4 Summary 

We used the atmospheric mesoscale model WRF and diagnostic indices to 

simulate the winter minimum temperature and the resulting cold stress occurrences in 

juvenile shrubs with different grassland and/or shrubland vegetation cover scenarios in 

the northern Chihuahuan desert. The model is able to simulate the difference in minimum 

temperature between the two land covers, while the related energy fluxes agree with the 

observations. The mean winter minimum temperature is about 2-4 K higher with 

shrubland than with grassland cover. By relating the minimum temperature to cold stress 

of juvenile shrubs we showed that the survival of juvenile shrubs is always enhanced by 

shrubland cover through a vegetation-microclimate feedback. Thus, the feedback may 

allow juvenile shrubs to avoid mortality in some parts of the region even in the extreme 

cold winters. Therefore, a critical zone may exist in which the grassland-shrubland 

system exhibits bi-stability. In other words, this zone would be stable either as a 

grassland or as a shrubland. In fact, in this zone juvenile shrubs may survive with 

shrubland cover but cannot survive with microclimate conditions created by a grassland 

cover. Additionally, by using combined shrubland and grassland distributions, we test the 

role of vegetation cover on a potential further encroachment of shrubs. Different 
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vegetation scenarios show that the establishment of a shrub community is important for 

the survival of juvenile shrubs during extreme cold winters by elevating the temperature 

and reducing cold stress. The vegetation-microclimate feedback could favor further shrub 

encroachment with a northward migration of the grassland-and-shrubland front until 

encroachment reaches a northern limit, beyond which creosote juveniles would not 

survive even if surrounded by adult shrubs. Such a northern limit is where the warming 

induced by the shrubland cover cannot provide an environment that is warm enough to 

avoid juvenile mortality in extreme cold winters. Our study demonstrates how shrub 

encroachment can potentially be enhanced by the effects of positive vegetation-

microclimate feedbacks. 
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CHAPTER 7 

SUMMARY AND CONCLUSION 

Shrub encroachment, a worldwide ecological phenomenon that is associated with 

changes in vegetation cover from herbaceous to woody composition, usually causes land 

degradation and loss of ecosystem services in arid and semi-arid areas.  The relative 

abrupt shrubland-to-grassland transition, both in time and in space, suggests that positive 

feedbacks may be involved in the ecosystem dynamics. A number of environmental and 

anthropogenic drivers and feedbacks have been proposed in an effort to explain the rapid 

encroachment of shrub species. However, the interaction and feedback processes between 

shrub encroachment in hot drylands and microclimate remain poorly understood. 

The research presented in this dissertation addresses the interaction and feedback 

processes between shrub encroachment and microclimate, with the focus oncreosotebush 

encroachment in the northern Chihuahuan desert in the southwest U.S.  Average 

nighttime air temperature is about 2 K warmer over the shrubland than over the adjacent 

grassland, with a more prominent nighttime warming effect during cold calm winter 

nights. Due to the cold intolerance of the shrub species, a positive feedback between 

shrub encroachment and nighttime temperature may exist, which could introduce bi-

stability to the shrubland-grassland system and contribute to the abrupt shift in alternative 

stable states (i.e., transition from grassland to shrubland). 

The physical mechanisms underlying shrub-induced nocturnal warming are 

investigated analyzing the observed energy fluxes and using a process-based one 

dimensional model. Because of the larger fraction of bare soil in the shrubland than in the 

grassland, more energy flows into the ground in the shrubland than in the grassland 
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during daytime. This energy is then released at night mainly as longwave radiation, 

which causes the difference in the nighttime air temperatures between the two land 

covers. Thus, the elevated nighttime temperature is associated with the modification of 

the land surface property by shrub encroachment. Although the patched pattern of shrubs 

and the resulting large fraction of bare soil causes the temperature difference between 

shrubland and grassland, such a temperature difference does not exist at the patch scale, 

but only at the landscape scale. Shrub-induced nocturnal warming and the responsible 

energy fluxes are simulated well by idealized two-dimensional simulations using a 

mesoscale model with adjusted vegetation parameters that are in agreement with the 

observed parameters.  Sensitivity tests using a number of vegetation parameters indicate 

that the green vegetation fraction is the key factor causing the higher nocturnal 

temperature in shrubland than in grassland, mainly by its effects on soil surface 

insulation, soil thermal diffusivity, and therefore on ground heat fluxes.  

Concurrent measurements of temperature profiles in the nocturnal boundary layer 

in adjacent shrubland and grassland show that the temperature difference between the two 

vegetation covers mainly exist within the lowest 20m above ground. In calm clear 

conditions, the lowest part of the boundary layer in grassland cools faster, resulting in a 

much stronger temperature inversion over grassland than over shrubland.  Such a vertical 

temperature difference between shrubland and grassland is established shortly after 

sunset and is then maintained throughout the night. Sensitivity simulations using a single 

column model with a variety of boundary layer parameterization schemes and vegetation 

parameter settings suggest that the boundary layer structure is most sensitive to changes 

in green vegetation fraction.  
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The relative importance of shrub-induced warming compared to regional climate 

warming is also examined. Using historical observations and future climate model 

outputs, the estimated regional increase in minimum winter temperature ranges from 1 to 

4 K per century. Since the winter minimum temperatures are observed to be ~2 K higher 

in shrubland than in the adjacent grassland, the warming resulting from shrub 

encroachment is comparable to a change in regional climate over a time scale of one 

century. This comparable warming suggests that shrub encroachment has an overall 

important effect on the regional climate. 

The role of the vegetation-microclimate feedback in promoting further shrub 

encroachment is investigated using an atmospheric mesoscale model and diagnostic 

indices. The winter minimum temperature and the resulting cold stress occurrences in 

juvenile shrubs are simulated with different grassland and/or shrubland vegetation cover 

scenarios. Results show that the vegetation-microclimate feedback elevates the minimum 

temperature by 2-4 K on average, which may allow juvenile shrubs to avoid mortality in 

some parts of the region even in the extreme cold winters. As a result, a critical zone with 

bi-stability of either stable grassland or stable shrubland may exist, where the juvenile 

shrubs may survive with the warmer microclimate condition created by the shrubland 

cover but cannot survive with grassland cover. The vegetation-microclimate feedback 

also makes the establishment of a shrub community important for the survival of juvenile 

shrubs during extreme cold winters due to the reduced cold stress. The northward 

migration of shrubland could be favored by the feedback until the encroachment front 

reaches a northern limit, beyond which juvenile shrubs would not survive even under the 

elevated nocturnal temperature of shrubland cover.  It is demonstrated how the effects of 
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the positive vegetation-microclimate feedback could potentially enhance shrub 

encroachment. 

To summarize, this study highlights the ability of shrub encroachment to modify 

the microclimate near the ground by increasing the nocturnal temperature, and the role of 

the shrub-induced warming in sustaining current juvenile shrubs and/or enhancing further 

shrub encroachment. This novel vegetation-microclimate feedback mechanism 

contributes to the comprehensive understanding of the effects, the drivers and the 

ecosystem dynamics of shrub encroachment in hot drylands.  The positive feedback is 

more important in the northern migration of shrubland where the cold stress could be a 

limiting factor. The feedback also has potential implications for the response of shrub 

encroachment to global or regional climate change. Highlights of the findings of this 

dissertation include: 

 Shrubland is observed to have a higher nighttime temperature, by 2 K on average, 

than adjacent grassland in the northern Chihuahuan desert in the southwestern 

U.S.  

 Due to the cold intolerance of creosotebush, a positive feedback between shrub 

encroachment and nighttime temperature may exist. 

 The nighttime warming is caused by an increase in soil fraction in the zone 

affected by shrub encroachment, which enhances diurnal soil heating and 

nocturnal release of longwave radiation. 

 The temperature difference between shrubland and grassland mainly exists in the 

lowest 20m.  
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 The shrub-induced warming has an overall important effect because it is 

comparable to regional climate change of a time scale of about one century. 

 Numerical model simulations suggest that the survival of juvenile shrubs could be 

favored by the elevated temperature and the reduced cold stress created by the 

shrubland cover. Therefore, the positive vegetation-microclimate feedback may 

potentially promote further shrub encroachment.  

This dissertation uses both observational and modeling approaches to 

investigate the interactions between the encroachment of creosotebush and the nocturnal 

temperature in the northern Chihuahuan desert, which lead to a detailed understanding of 

the vegetation-microclimate feedback process that facilitates the local grassland-to-

shrubland transition. As the shrub encroachment is a widely distributed phenomenon, it 

will be very interesting to expand such studies to other ecosystems. Since the increase in 

bare soil fraction is a common consequence of shrub encroachment in drylands, in 

principle, the encroachment of other shrub species may affect the microclimate in a 

similar way. If such a shrub-induced microclimate warming is indeed a widely existing 

phenomenon, shrub encroachment spreading a large area can possibly play an important 

role in changing the regional climate. Additionally, how the modified microclimate 

condition affects the plant physiology and whether or not a feedback can be induced 

under different vegetation and climate conditions will be outstanding future research 

topics. On the other hand, no matter how widely the vegetation-microclimate feedback 

may apply, it is worthwhile to be incorporated in the coupled climate and vegetation 

dynamic model. The development of the coupled climate/vegetation model, of course, 

requires a comprehensive knowledge of the feedback. Such model will then greatly 
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contribute to the understanding and possible prediction of the extent of the shrub 

encroachment as well as the changes in regional climate with respect to the vegetation-

microclimate feedback. 
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