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a b s t r a c t

Our goal was to evaluate effects of broad-scale changes in vegetation from grasslands

to shrublands over the past 150 years on near-surface atmosphere over the

Jornada Experimental Range in the northern Chihuahuan Desert, using a regional climate

model. Simulations were conducted using 1858 and 1998 vegetation maps, and

data collected in the field. Overall, the vegetation shift led to small changes in sensible

heat (SH) and an increase in latent heat (LH). The impacts of shrub encroachment

depended on shrubland type: conversion from grass to mesquite cools the near-surface

atmosphere and from grass to creosotebush warms it. Higher albedo of mesquite

relative to grasses reduced available energy, which was dissipated mainly as LH due

to the deeper root system in mesquite. In creosotebush-dominated areas, a decrease in

albedo, an increase in roughness length and displacement height contributed to

the SH increase and warmer temperatures. Sensitivity simulations showed that an

increase in soil moisture content enhanced shrub LH and a reduction in mesquite

cover enhanced the temperature differences. The observed shift in vegetation led to

complex interactions between land and surface fluxes, demonstrating that vegetation

itself is a weather and climate variable as it significantly influences temperature and

humidity.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Observations and modeling studies show that changes in land–surface properties can influence the near-surface
atmosphere through exchanges of heat, moisture, momentum, gases, and aerosols on timescales ranging from seconds to
years, and on local to global spatial scales (Foley et al., 2003; Pielke, 2001; Pielke et al., 1998; Pitman, 2003). Deforestation,
afforestation, desertification, cultivation, and irrigation are landscape modifications that often lead to changes in near-
surface fluxes that may affect weather and climate with feedbacks to the vegetation (see Pielke et al., 1998, for a listing of
published work related to these research topics).
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A key example of landscape change involves woody plant invasion into perennial grasslands and has occurred in arid
and semiarid regions globally over the past several centuries. In the Chihuahuan Desert of North America, shrub cover has
increased dramatically in areas that were predominantly grassland in the mid-1800s (Buffington and Herbel, 1965; Gibbens
et al., 1992, 2005). Since the early 1900s, C3 shrubs, mesquite (Prosopis glandulosa) and creosotebush (Larrea tridentata),
have increased in cover at the expense of C4 grasses, mainly black grama (Bouteloua eriopoda) (e.g., Figs. 1 and 4). For
example, in 1858, grasses comprised more than 80% of the Jornada Experimental Range (JER) in the northern Chihuahuan
Desert (Gibbens et al., 2005). By 1998, 59% of the area is now occupied by mesquite and 25% is dominated by creosote with
only 7% grass cover. Overgrazing combined with extreme drought are two factors that have contributed to these changes
(Buffington and Herbel, 1965; Grover and Musick, 1990; Neilson, 1986; Peters, 2000; Schlesinger et al., 1990).

Structural changes of the land surface have occurred as a result of this shift in plant dominance with potential effects on
climate with feedbacks to the vegetation. Surface and vegetation characteristics affected by this shift include albedo, leaf
area, roughness length, and root biomass distribution (Asner and Heidebrecht, 2005; Gibbens et al., 1996). These changes
can potentially alter surface latent and sensible heat (SH) fluxes with feedbacks to the biophysical variables (Pitman, 2003).
A positive feedback is illustrated by the impact of albedo on precipitation. An increase in albedo could decrease
precipitation through its effect on the surface fluxes, which leads to declines in soil moisture, therefore eventually
increasing the albedo, reducing the net radiation, that could decrease sensible and/or latent heat (LH), leading to a decrease
in clouds, with further reductions in precipitation. This land cover-atmospheric feedback is proposed as one of the
processes that can explain desertification dynamics (Charney, 1975; Peters et al., 2004; Schlesinger et al., 1990).

Several observational and modeling studies have found different effects of grass or herbaceous reduction in cover
(i.e., overgrazing, drought) on near-surface fluxes and temperature. One set of studies (e.g., Charney, 1975; Charney et al.,
1977; Otterman, 1974, 1989) showed that higher albedo in response to vegetation removal led to less available energy to heat
the atmosphere, thus producing cooler temperatures. Another set of studies, along the Mexico–USA border in the Sonoran
Desert, also showed a 5% higher albedo on the overgrazed Mexican side relative to the adjacent vegetated area in Arizona
(Balling, 1988; Bryant et al., 1990). However, the low vegetation cover on the Mexican side, with 29% more bare soil than in
Arizona, increased LH flux (i.e., soil evaporation and transpiration) for the first few days after a rain event. After a few days,
transpiration in the more heavily vegetated area on the US side drew on remaining subsurface infiltrated rainfall, and the
vegetated area had a greater LH flux. Initially, the less vegetated side had cooler surface temperatures and about the same air
temperatures than the more vegetated side. However, after the initial period, the air temperatures on the US side were
markedly cooler (Warner, 2004). This contrasting behavior in fluxes and temperature with respect to the increase in albedo
can be attributed to differences in soil moisture content, vegetation cover, and roughness length between the two studies.

Due to the highly complex interactions between plants, soils, and atmosphere, observational studies provide a
contemporary and limited view of the myriad of land–atmosphere interactions occurring in these semiarid ecosystems.
Fully coupled atmospheric–biospheric models constitute a powerful tool for addressing the effect of historical vegetation
changes on the near-surface atmosphere. With these models, plants and atmosphere are nonlinearly interacting with each
other.

The objective of this study was to examine the effects of historical vegetation changes that have occurred on the JER on
near-surface latent and SH fluxes and the resultant temperature and humidity using a three-dimensional coupled
plant–atmospheric model. We used vegetation maps estimated from survey notes and color infrared aerial photographs
from Gibbens et al. (2005) for 1858 and 1998 to carry out modeling simulations. In addition, we evaluated the sensitivity of
initial soil moisture conditions and mesquite cover on the partition of available energy and the role of albedo on model
results.

2. Experiments and data

2.1. Overview of the models

We used the fully coupled atmospheric–biospheric model GEMRAMS, that is comprised of the Colorado State University
version of the Regional Atmospheric Modeling System 4.3 (RAMS; Cotton et al., 2003; Pielke et al., 1992) and the General
Energy and Mass Transport Model (GEMTM; Chen and Coughenour, 1994; Eastman et al., 2001a). GEMRAMS has been used
to study the effects of land-cover change and CO2 on weather and climate for the central Great Plains, Australia and
southern South America (Beltrán 2005; Eastman et al., 2001a, b; Narisma and Pitman, 2004; Narisma et al., 2003).

RAMS is a general-purpose, atmospheric-simulation model that includes the equations of motion, heat, moisture and
continuity in a terrain-following coordinate system. RAMS also includes a soil–vegetation–atmosphere transfer scheme,
the Land Ecosystem-Atmosphere Feedback model version 2 (LEAF-2) (Walko et al., 2000) that represents the storage and
exchange of heat and moisture associated with the vegetation, canopy air, and soil. Temperature, precipitation, humidity,
winds, as well as surface energy fluxes (i.e., LH and SH) are predicted by RAMS. LH is composed of the heat required by
physical evaporation (e.g., from soils and leaf surfaces) and transpiration through the stoma of leaves, while SH is the
transfer of heat directly by temperature.

GEMTM is an ecophysiological process-based model that can be used to simulate the interactions between the
atmosphere and the growing canopy (Chen and Coughenour, 1994). The main feature of GEMRAMS is that the atmosphere
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and biosphere are allowed to dynamically interact through the surface and canopy energy balance. Interactions between
transpiration, photosynthesis, and root water uptake are represented explicitly in GEMRAMS. In other words, LEAF-2 uses
the value of leaf area index (LAI) and canopy conductance computed by GEMTM, through photosynthesis calculations, to
estimate canopy transpiration. Evaporation is assumed to occur from the top soil layer only.

2.2. Model configuration

The experiments were set up with one grid, centered on the JER site (321370N, 1061440W), New Mexico, USA
with 50�50 grid points and a horizontal grid increment of 1 km (Fig. 1). There are 60 vertical levels that extend to about
23 km above the ground and 12 soil layers down to a depth of 4 m. The vertical grid spacing varies from 80 m
near the surface, with the first model level at 40–800 m at the top of the domain. The time step for the model integration is
10 s. The simulations were set up with the following options: no precipitation processes were activated, only condensation
was allowed; Mellor and Yamada (1982) parameterization for vertical diffusion; modified Smagorinsky (1963) scheme
for horizontal diffusion; lateral boundary conditions according to Klemp and Wilhelmson (1978); for top boundary
conditions, a Raleigh friction layer was specified on the top 20 grid points; radiation scheme according to Chen and Cotton
(1983).

Land-cover data for the domain were obtained from vegetation maps for 1858 and 1998 based on Gibbens et al. (2005)
for the JER site (Fig. 1) (Peters et al., 2006). For the purpose of these simulations, the different species of grass and shrubs
were grouped into four vegetation classes based on the dominant species in a 1 km�1 km pixel: black grama grass
(dominated by B. eriopoda), mesquite (P. glandulosa), creosotebush (L. tridentata), and tarbush (Fluorensia cernua) classes.
For the 1858 vegetation map, yucca (Yucca elata) and other shrub-free cells were grouped into an ‘‘other grasses’’ type. The
grid cells outside the JER site necessary to completely cover the 50 km�50 km simulation area were classified as semiarid,
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Fig. 1. Location of the Jornada Long-Term Experimental Range site, the GEMRAMS model domain for the simulations (top), and the vegetation distribution

in 1858 and 1998 (bottom). Each grid cell is 1 km�1 km.
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according to the Global Ecosystems dataset (Olson, 1994). This land-cover type outside the JER area was kept the same for
the 1858 and 1998 vegetation maps.

GEMRAMS uses the USDA soil texture classes (USDA, 1993) for soil types. A soil texture class was associated to a given
vegetation type and assigned to each grid cell of the simulation domain. We used the following vegetation–soil texture
relations: grass and mesquite were associated with loamy sand, and tarbush and creosotebush with silt loam and sandy
loam, respectively. Values from Cosby et al. (1984) were used for the soil thermal and hydrological parameters.

Parameters values derived for each vegetation type were assigned to each group based on observed data (unpublished
data) and on RAMS default land-use classification for the grid cells outside the core area (Table 1). Initial conditions for
GEMRAMS also included root distributions for each vegetation type (Fig. 2), based on published and unpublished data
(H. Johnson and R.P. Gibbens, personal communication; Moorhead et al., 1989).

Initial atmospheric conditions are given by horizontally homogeneous vertical profiles of temperature, relative humidity
and wind speed, derived from the National Center for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996). All
the simulations performed had the same initial atmospheric conditions. We chose two clear and calm days in May and
August 2002, as representative of mid-spring and late-summer atmospheric conditions. The simulations started at 6:00
Mountain Standard Time (MST) and lasted 20 hours.

2.3. Experimental design

In order to examine the effects of vegetation change on near-surface atmospheric conditions, and the sensitivity of
model results to soil moisture and mesquite cover, pairs of simulations were performed using a single vertical profile
corresponding to two dates as initial atmospheric conditions. Within a given pair, one run used 1858 vegetation
distribution and the other used 1998 vegetation. The ‘‘control’’ experiments (CTRL) used average initial soil moisture
conditions based on neutron probe measurements of volumetric soil moisture content for each of the vegetation types
(Snyder et al., 2006) (Fig. 2).

Additionally, a total of nine pairs of sensitivity tests to soil moisture initial conditions and to mesquite cover were
performed to evaluate their effects on the partition of available energy and the role of albedo on near-surface energy fluxes
and temperature changes. Four pairs of sensitivity tests to initial soil moisture conditions, using both 1858 and 1998
vegetation maps, were conducted using four different soil moisture profiles. A ‘‘dry’’ condition (DRY) used a soil moisture
profile that was 20% drier than the control run conditions throughout the whole profile. The DRY sensitivity experiments
could represent the system several days after a precipitation event. We used three different wetter-than-control
experiments, increasing soil moisture and wetting depth. Typical summertime precipitation events would be the situation
associated with the WET and WETT_sfc experiments. These events are usually of short duration and generally wet only the
top-most soil layers in arid and semiarid systems (Sala et al., 1992). In these two experiments, the top 90 cm was 20% and
50% wetter the control run (WET and WETT_sfc, respectively), while the rest of the layers had the same soil moisture values
as the control run. In a third ‘‘wetter’’ simulation, soil water content of the entire profile was increased by 50% with respect
to the CTRL run (WETT_all). A wet winter condition is represented by the WETT_all experiments where wetting occurs in
deep soil layers during longer duration winter precipitation events (Sala et al., 1992). We consider the WETT_all experiment
as an extreme situation after a rainfall event; in this ecosystem water is mostly distributed on the top 40 cm with a low
number of cases with water reaching depths lower than 80 cm (for example, see Reynolds et al., 2000).

We also performed five pairs of sensitivity experiments to mesquite cover within grid cells. For these simulations, the
mesquite cover was 25%, 50%, 75%, 125%, and 150% of the percentage of cover assumed in the CTRL simulations (Table 1).

Although we considered a relatively simple case of only 2 days with no cloud cover, the simulation results for the CTRL
and all sensitivity experiments are intended to show direction of changes and spatial patterns of near-surface fluxes,
temperature and humidity associate with the heterogeneous characteristics of the vegetation changes within this JER
domain. This approach has also been used in other historical land-cover changes simulation studies (e.g., Schneider et al.,
2004). Another consideration is that we have used a ‘‘semiarid’’ type for the vegetation outside the core area. Although the
results from the ‘‘control’’ simulations could be influenced by the parameter values chosen for that vegetation, we have
analyzed the simulation experiments in terms of ‘‘differences’’ between ‘‘actual’’ and ‘‘historical’’ vegetation patterns.

ARTICLE IN PRESS

Table 1
Parameter values for the vegetation types

Vegetation types LAI (m2 m�2) Vegetation cover (%) Albedo Roughness length (m) Displacement height (m)

May August May August May August

Grass 0.8 0.8 25.1 41.8 0.25 0.21 0.018 0.120

Other grasses 0.3 0.3 15.0 15.0 0.27 0.27 0.018 0.120

Mesquite 1.1 0.9 16.8 22.5 0.34 0.35 0.060 0.467

Creosotebush 1.6 0.9 36.5 37.5 0.24 0.28 0.060 0.760

Tarbush 1.4 0.8 28.7 32.4 0.22 0.24 0.050 0.433

Semiarid 1.2 1.2 23.4 23.4 0.25 0.25 0.053 0.353

A. Beltrán-Przekurat et al. / Journal of Arid Environments 72 (2008) 1897–19101900
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We would not expect the results (i.e., the ‘‘differences’’) to be very much affected by the vegetation parameters outside the
core area, since only near the edges of the core area should horizontal advective effects be significant.

To our knowledge this is the first time these two land-cover maps are used to perform this kind of simulations. This
work will increase our understanding of the potential effects of historical vegetation changes on the near-surface
atmosphere in this area.

3. Results and discussion

In this section, we describe LH and SH fluxes, and near-surface temperature and humidity resulted from the CTRL
simulations (Section 3.1) and sensitivity experiments (Sections 3.2 and 3.3). Results are shown in terms of spatial
distribution of daytime averages (7:30 MST–19:30 MST) and at 12:00 MST, and area-averages.
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3.1. Control simulations

3.1.1. Surface energy fluxes average conditions

Overall, lower values of LH than SH (Table 2) were the result of the combined effect of low soil moisture content, low LAI
and low vegetation cover (Table 1). LH represented an average 27% of SH. In our simulations, more than 65% of the LH flux
corresponded to soil evaporation. This value is higher than those observed by Dugas et al. (1996) and Schlesinger et al.
(1987), which ranged between 30% and 60%. However, Reynolds et al. (2000), in a modeling study, found that evaporation
from soil represented 66% of the annual LH flux, which ranged between 40% and 99%. Bowen ratio values (b ¼ SH/LH),
computed from the daytime area-averages, ranged from 3.0 to 4.3 (Table 2). These values are within the typical Bowen ratio
range of 3–6 for a semiarid area (Oke, 1993).

The simulated SH and LH fluxes for each vegetation type are within the range of measured values reported by Dugas
et al. (1996), Rango et al. (1998), and Prueger et al. (2004) for a variety of locations inside the JER site, and smaller than the
SH+LH values observed by Small and Kurc (2003) for the Sevilleta National Wildlife Refuge in central New Mexico (Table 3).

The spatial patterns of SH and LH reveal that even in this small simulation domain differences exist among vegetation
types (Fig. 3 and Table 2). SH was greatest in creosotebush (southeast portion of the domain in the SH 1998 map) and
lowest in mesquite (western and northeastern portions of the SH 1998 map) mainly due to differences in albedo (see
Table 1). The lowest values of LH, on average, corresponded also to creosotebush. The highest value was found in tarbush,
and maybe caused by the relatively high values of soil moisture (Fig. 2). Among vegetation types, the relatively range of
variation in LH was much higher than in SH, 21% and 163%, respectively (Table 3). Dugas et al. (1996) found similar values
for SH and lower values for LH, 24% and 92%, respectively (Table 3).

3.1.2. Surface energy fluxes changes due to historical vegetation variations

The shift between the two different 1858 and 1998 vegetation scenarios (see Figs. 1 and 4), with their associated soils
and distinctive structural and physiological vegetation characteristics, resulted in changes in near-surface fluxes,
temperature and humidity. When averaged over the grid cells in the JER domain, LH increased an average of 24% from 1858
to 1998 (Table 2). Changes in SH were of opposite sign in May and August simulations, 4% decreased and 3% increased,
respectively (Table 2). Similar values were also found at 12:00 MST. These values indicate an overall change in how the
energy is partitioned between LH and SH in the area, as it is evident in the decreased of Bowen ratio from 1858 to 1998

ARTICLE IN PRESS

Table 2
Daytime area-averaged and 12:00 MST values of sensible (SH) and latent (LH) heat (W m�2) for the CTRL case (and for August and May experiments

between parentheses)

Year Daytime average 12:00 MST

1858

SH 176 (194–158) 317 (333–300)

LH 43 (48–37) 60 (70–50)

b 4.1 (4.0–4.3)

1998

SH 177 (201–153) 317 (342–292)

LH 53 (54–51) 74 (78–69)

b 3.3 (3.7–3.0)

The Bowen ratio (b) was computed based on the daytime area-averaged values of SH and LH.

Table 3
Sensible (SH) and latent (LH) heat (W m�2) area-averaged values at 12:00 MST for each vegetation group for the CTRL case (and for August and May

experiments between parentheses)

SH LH SH+LHa

Simulated Observedb Simulated Observedb Clear days All days

Wet Dry Wet Dry

Grass 317 (331, 303) 299 52 (62, 42) 62 508 469 443 426

Mesquite 298 (324, 271) 273 83 (90, 75) 70

Creosotebush 360 (287, 333) 329 46 (45, 47) 61 413 386 381 358

Tarbush 318 (331, 305) 339 121 (111, 130) 117

a From Small and Kurc (2003). Average between 10:00 and 15:00 MST during May–October of 2000 and 2001 at the Sevilleta National Wildlife Refuge,

New Mexico.
b From Dugas et al. (1996). Averages from Bowen ratio estimations between 11:30 and 12:00 MST for 33 days during April–November of 1991 and

1992 at locations inside the JER site.
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Author's personal copy

(Table 2). The decrease in Bowen ratio indicates that, over the domain, relatively more heat is now being used in
transpiration and evaporation than in heating the atmosphere, with more water being added to the atmosphere and a
cooling effect associated with both processes. This suggests that, as a result of the vegetation change, the near-surface
atmosphere of the area would be cooler and wetter in a shrub-dominated 1998 than in a grass-dominated 1858.

Examination only of area-averaged values of changes in the fluxes could be misleading because spatial differences in
surface energy fluxes between 1858 and 1998 are noticeable (Fig. 3). Fig. 4 shows the vegetation changes occurred between
1858 and 1998 and the simulated differences in SH and LH at 12:00 MST. The two main conversions were from grass to
mesquite on the west side of the domain, representing 48% of the grid cells, and from grass to creosotebush on the
southeast area, with 22% of the grid cells changed. Grid cells exhibiting similar vegetation changes were grouped and
differences in the average fluxes between 1858 and 1998 were calculated (Table 3).

The different biophysical and physiological characteristics of the vegetation associated with the changes can help to
explain the spatial variability in the simulated fluxes. Two main patterns can be recognized (Fig. 4). First, SH decreased and
LH increased on the west side of the domain, where a conversion from grass to mesquite occurred. The higher average
albedo of the mesquite area relative to grasses reduced the available energy. The simulated increase in LH flux was mainly
due to an increase in transpiration (not shown) associated with the deeper root profile in mesquite than in the grasses; the
available energy is being dissipated mainly as LH, so SH flux decreased. Second, on the east side of the domain, SH clearly
increased in the conversions from grass or mesquite to creosotebush, 12% and 20% in average respectively (Table 4). Higher
SH in the grass-to-creosotebush conversion may be associated with an increase in the roughness length (from 0.018 to
0.060 m) and displacement height (from 0.12 to 0.76 m) because changes in albedo were not so noticeable. Increase in SH
associated with the mesquite to creosotebush change may be attributed to a decrease in albedo.

Changes in LH on the east side depended on the type of the vegetation conversion and the simulated day. LH decreased
an average 45% (Table 4) in the small area that converted from mesquite to creosotebush for both simulated months,
mainly due to a decrease in transpiration. Volumetric soil moisture contents were slightly higher in creosotebush than in
mesquite, but due to the sandy-loam soil texture, soil water potentials of creosotebush were much lower than mesquite
(Fig. 2) and therefore transpiration was limited in creosotebush. Changes in LH were subtle in the grass to creosotebush
conversion area on the east side. Furthermore, the direction of change differed between May and August (Table 4 and
Fig. 4). The decrease in LH was due to a decrease in evaporation (not shown), which may be associated with the combined
effects of increased in vegetation cover and a soil texture change, similar to the mesquite to creosotebush conversion.

In the small area that changed from grass to tarbush, there was a slight variation in SH, but the increase in LH was the
largest among all the vegetation conversions, an average of 67 W m�2, representing an increase of 134% (Table 3). In this
case, physical evaporation increased more than transpiration, due to higher soil water content.

ARTICLE IN PRESS

Fig. 3. Daytime average of sensible (SH) and latent (LH) heat fluxes (W m�2) for 1858 (top) and 1998 (bottom) conditions for the CTRL May experiment.
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Fig. 4. (a) Vegetation changes occurred between 1858 and 1998 at the Jornada Long-Term Experimental Range. The fraction of grid cells with the

corresponding vegetation change is shown on the right. (b) Differences in sensible (SH) and latent (LH) heat fluxes (W m�2) between 1998 and 1858 at

12:00 MST for CTRL May runs; (c) Idem (b) for August runs.

Table 4
Changes (1998– 1858) in sensible heat (SH) and latent heat (LH) at 12:00 MST for the CTRL case for August and May experiments for the main vegetation

changes (see Fig. 4)

SH LH

May August May August

12:00 MST % 12:00 MST % 12:00 MST % 12:00 MST %

Grass to mesquite k �10 �3 k �33 �11 m 26 40 m 32 77

Grass to creosotebush m 50 15 m 23 8 k �18 29 m 3 7

Grass to tarbush E0 0 m E1 0 m 47 73 m 87 200

Mesquite to creosotebush m 61 19 m 58 21 k �47 �51 k �29 �38

SH and LH values are in W m�2. Also the relative changes (%) between 1998 and 1858 relative to 1858 are shown.
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3.1.3. Near-surface temperature and humidity changes

Changes in near-surface fluxes modified near-surface air temperature and humidity (Fig. 5). The near-surface
atmosphere tended to be cooler and more humid with shrub-dominated vegetation than with the historic grass-dominated
vegetation. The area-averaged differences are small (Fig. 5) but, like the modeled changes in surface fluxes, they
are spatially heterogeneous. The analysis of the simulated 2 m temperature at 12:00 MST showed warmer temperatures
(up to 0.8 1C) on the east side of the domain and cooler temperatures (up to �0.6 1C) on the west side of the domain
(Fig. 5), consistent with an increase and decrease, respectively, of SH (see Fig. 4 and Table 4). Temperatures decreased when
grasses were converted to mesquite or tarbush. Conversely, temperatures increased when either grass or mesquite was
replaced with creosotebush (see also Fig. 7). At the first model vertical level (approximately 40 m), differences become
smaller and influenced by the background flow, but the spatial pattern remains. Changes in vapor mixing ratio and relative
humidity are less noticeable. Nevertheless, an increase and decrease in humidity are found on the west and east side of the
domain, respectively, associated with the corresponding changes in the LH flux (Fig. 4).

In our simulations, conversion of grasses to shrubs produced a heterogeneous response in fluxes and temperature.
Changes in SH fluxes from 1858 to 1998 are largely due to changes in albedo: increases in albedo led to a decrease in SH.
Our results agree with the findings of Otterman (1974) and Charney et al. (1977). Roughness length and displacement
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Fig. 5. Differences between 1858 and 1998 at 13:00 LST for 2 m temperature (1C) (top); first model level temperature (1C) (middle); water vapor mixing

ratio (g kg�1) (bottom). The area-averaged differences at 12:00 MST (left) and the diurnal average (right) are shown in each figure.
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height are additional factors that may explain the increase in SH in the cells that converted from grass to creosotebush,
where changes in albedo were not large. Isolating the factors affecting the changes in LH can be more complex because of
the two different processes involved, transpiration and evaporation. In our simulations, changes in LH from 1858 to 1998
can be attributed to changes in rooting depth, different physiological response to soil water content, changes in soil texture,
and changes in soil moisture. Nevertheless, the changes in LH were relatively higher than in SH. Changes in sensible and LH
fluxes acted in the same direction to affect the near-surface temperature: lower (higher) SH and higher (lower) LH
produced cooler (warmer) temperatures.

3.2. Sensitivity to soil moisture initial conditions

In semiarid areas, soil moisture content can have a strong effect on the surface fluxes, and in available energy
partitioning (see Table 3 and Small and Kurc, 2003). In our sensitivity simulations to soil moisture content we varied the
soil moisture in the profile (i.e., drier and wetter than the CTRL runs) and the wetting depth. The sensitivity simulations
showed that SH and LH were, respectively, higher and lower than the CTRL case in the DRY experiment (Table 5). On the
other hand, increasing initial soil moisture (WET and WETT experiments) decreased SH and increased LH with respect to
the CTRL run. The sign of the changes was consistent in both May and August runs (Table 5). In all experiments, absolute
differences were similar between SH and LH (i.e., from 11 to 34 W m�2 in SH, and from 8 to 53 W m�2 in LH), but relative
changes in LH were higher than in SH. A 50% increase in initial soil moisture conditions in the first 90 cm (WETT_sfc) led to
an average 55% (maximum 104%) change in LH but only an 11% (up to 16%) change in SH, with respect to the CTRL run
(Table 5). When more water was also available in the deeper soil layers (below 90 cm, WETT_all experiments) LH increased
up to an average of 80% (maximum 135%).

Spatial heterogeneity in this set of sensitivity experiments was also noticeable and consistent with the area-averaged
values. Fig. 6 shows as an example the differences for the CTRL August run for the DRY and WETT_all experiments. Within
each sensitivity experiment, changes in SH and LH were consistent for all vegetation conversions. The grass to tarbush
conversion (center-south part of the simulation domain, see Fig. 4) presented the highest sensitivity to changes in soil
moisture, following by grass to creosote and grass to mesquite (Fig. 6). Changes in LH were mostly a consequence of
changes in soil evaporation (not shown), but the contribution of transpiration to LH increased with the initial water
content. Although in the WETT_sfc experiment LH increase for grasses was lower than for mesquite (not shown),
transpiration for grasses was more responsive than transpiration for mesquite. Increasing deep soil water content slightly
increased transpiration and LH (Fig. 6) in all shrubs.

The differential behavior of grasses and shrubs in response to soil moisture conditions affected the differences
in SH and LH fluxes between 1858 and 1998. Overall, dry conditions tended to enhance the differences in SH flux
and attenuate them in the case of LH flux: the area-average absolute differences were larger and lower than the CTRL
run for SH and LH fluxes, respectively (Table 6). The opposite behavior was true as the initial soil moisture conditions
increased: SH and LH differences between 1858 and 1998 decreased and increased, respectively, over all the entire study
area (Table 6).

Spatially, the differences in the fluxes between 1858 and 1998 for changing soil moisture conditions were
consistent with the sensitivity found with respect to the CTRL run (Fig. 6): grass to tarbush conversion presented
the highest differences in the energy fluxes, following by grass to creosote and grass to mesquite (not shown). In
particular, for all the cells converted from grass to shrubs, both transpiration and evaporation contributed to the increase
in LH.

The effect of these changes in the 2-m temperatures is shown in Fig. 7 for the main vegetation conversions. Consistent
with the energy fluxes trends, as the soil becomes wetter, the differences become larger, i.e., more negative, for the areas
converted from grass to shrubs. On the other hand, differences in temperature become smaller, or less positive, for the
area converted from mesquite to creosotebush. The response is non-linear in the case of grass to mesquite conversion.
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Table 5
Differences in sensible heat (SH) and latent heat (LH) between the soil moisture sensitivity experiments (DRY, WET, WETT_sfc, and WETT_all) and the

CTRL run

SH LH

Average % Average %

DRY—CTRL 11 (3, 10) 3 �11 (�13, �10) 16

CTRL 317 (338, 296) 67 (74, 60)
WET—CTRL �12 (�12, �12) �4 8 (8, 9) 12

WETT_sfc—CTRL �34 (�38, �30) �11 44 (44, 44) 66

WETT_all—CTRL �34 (�38, �30) �11 53 (48, 57) 80

The values in bold for the CTRL run are the SH and LH area-averaged values at 12:00 MST (and for May and August runs between parentheses). All LH and

SH values are in W m�2. Percentage with respect to CTRL is also shown.
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As the initial soil water conditions decrease, the temperature differences in the latter case are similar or become more
negative than the CTRL run, depending on the day (Fig. 7).

The largest sensitivities to soil moisture in energy fluxes and temperature among the simulations occurred between the
WET and WETT_sfc experiments, when initial soil water content increased from 20% to 50% in the first 90 cm of the soil
profile (Tables 5 and 6). This indicates a direct effect of increased soil moisture in transpiration and evaporation processes.
On the other hand, increasing the wetting depth, as from the WETT_sfc to WETT_all experiments, did not substantially
affect SH, although LH differences were still noticeable (i.e., slight increased) (Tables 5 and 6). In this case, the assumed root
systems of grass and shrubs are mostly responsible for this behavior: the deeper root system in shrubs allows them to
access deeper soil moisture not available for grasses. In our simulations, we assumed that grasses have their root profile
above 90 cm, and 40%, 20%, and 16% of the roots in tarbush, mesquite, and creosotebush are below 90 cm (Fig. 2). The
largest sensitivity in energy fluxes and temperature found in the grass to tarbush conversion area is consistent with their
different root system.
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Fig. 6. Differences of the 1998 August run daytime averaged sensible (right) and latent heat (left), between each sensitivity experiment and the control

run (CTRL) for DRY (top) and WETT_all (bottom). Values are in W m�2.

Table 6
Changes (1998– 1858) in area-averaged sensible heat (SH) and latent heat (LH) at 12:00 MST for the soil moisture sensitivity experiments: DRY, WET,

WETT_sfc, and WETT_all and the CTRL run (values are in W m�2)

SH LH

12:00 MST % 12:00 MST %

DRY 5 (20, �10) 0 �3 (�7, �2) �4

CTRL 1 (9, �8) 0 14 (8, 19) 25

WET 0 (8, �8) 0 29 (24, 34) 51

WETT_sfc �29 (�26, �31) �10 73 (70, 76) 101

WETT_all �30 (�27, �11) �10 83 (75, 91) 109

The May and August values are shown in parentheses. The relative changes in SH and LH fluxes (%) between 1998 and 1858 relative to 1858 are also

shown.
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3.3. Sensitivity to changes in mesquite cover

One of the proposed mechanisms of increased temperature in overgrazed areas is that the low vegetation cover reduces
the LH and, as a result, ground and air temperature increase. We found that varying the amount of ground cover by
mesquite mainly affected albedo. As the percentage of soil covered by mesquite decreased (e.g., more bare soil), the
absolute changes in albedo between 1858 and 1998 became larger. Then, in the areas that changed from grass to mesquite,
where albedo increased from 1858 to 1998, the albedo increased more, up to 50% in the August run, leading to an enhanced
reduction in SH and in temperature (Fig. 8). On the other hand, in the few grid cells that changed from mesquite to
creosotebush (where albedo decreased) SH and temperature increased. From 1858 to 1998, cooling in the grid cells that
changed from grass to mesquite became larger, while the opposite in the mesquite to creosotebush conversion (Fig. 8). The
differences in temperature between 1858 and 1998 decreased as the percentage of area covered by mesquite increased.

In several studies of desertification effects (e.g., Charney et al., 1977; Otterman, 1989), a complete removal of the
vegetation, with bare soil or desert-like land-cover is assumed. Shrub encroachment increased the percentage of bare soil,
but the soil was still covered by some percentage of vegetation (Table 1). In these 1-day simulations, increased albedo as a
result of changes in vegetation cover was the dominant factor controlling fluxes and temperature. Drier conditions in the
soil than the one assumed here, where evaporation was suppressed, could possibly reverse the effect, although we found a
dissimilar response to the decrease in soil moisture.

4. Summary and conclusions

We used a coupled atmospheric-vegetation model to examine how observed changes in vegetation from grasslands to
shrublands could potentially affect the near-surface energy balance, temperature and humidity with feedbacks to the
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vegetation. Our simulations showed that the change from an 1858 environment, dominated by grasses, to a 1998
area mostly covered by shrubs, led to an overall decrease of SH and a pronounced increase of LH. Overall, a simulated
shift in the energy partition from SH to LH resulted in a cooler and moister low atmosphere, which would be
expected to alter vegetation species competition over a longer time period. We also found that the response was
spatially heterogeneous and associated with physical and physiological characteristics of the soils and vegetation.
On the west side of the domain, temperatures were cooler with the current mesquite cover, associated with an
increase in LH and decrease in SH. Higher albedo of mesquite relative to grasses reduced the available energy, that was
dissipated mainly as LH due to the deeper root system in mesquite. On the other hand, on the east side of the
domain, temperatures were warmer over the area now covered by creosotebush, due to a clear increase in SH. In this
case, not only a decrease in albedo but also an increase in roughness length and displacement height may have contri-
buted to the increase in SH. Albedo changes induced by land-cover modifications played a major role in near-surface
atmospheric processes.

We also performed sensitivity simulations to the initial soil moisture conditions and to percentage of mesquite cover. In
all cases, soil evaporation contributed more than transpiration to changes in LH. Latent Heat fluxes responded more than
SH fluxes to an increase in soil moisture content. Under wet conditions, we found cooler temperatures in 1998 than in 1858
in most of the domain. Under dry conditions, this created a warmer eastern domain, except for the grid cells converted from
grass to mesquite, where temperatures were still cooler over grass. Changes in mesquite cover affected the albedo,
enhancing the differences in temperature between 1858 and 1998 found in the CTRL run.

Through all the experiments performed in this study, we found that the impacts of shrub encroachment on surface
fluxes and temperature depended on the particular characteristics of the ‘‘shrub’’ considered: conversion from grass to
mesquite cools the near-surface atmosphere and conversion from grass to creosotebush warms it. The different vegetation
conversions encompass a wide range of biophysical and physiological changes. Many of the modeling or observational
studies dealing with effects of land degradation/landscape modifications/land-use and vegetation changes on surface
fluxes have been based on cases of ‘‘extreme’’ changes: complete removal of the vegetation (vegetated areas vs. bare soil),
irrigated vs. non-irrigated areas, lakes vs. bare soil/grassland, cropland vs. natural vegetation, that implied very different
characteristics for each of the land cover analyzed. Here, we found subtle changes in temperature and fluxes considering
the landscape as a whole, although changes were spatially more important. Furthermore, initial soil moisture conditions
strongly influenced the results.

The shift from grasslands to shrublands observed in this area has led to complex interactions between biophysical and
physiological characteristics of the land and surface energy fluxes. These results clearly demonstrate that vegetation itself
is a weather and climate variable as it significantly influences near-surface temperature and humidity. These changes may
then feedback and affect the vegetation. This view supports the broader view of climate that is reported in the National
Academy of Sciences report (NRC, 2005).

Acknowledgments

The Jornada Experimental Range is administered by the USDA Agricultural Research Service. This material is based upon
work supported by the National Science Foundation under Grants no. DEB 0217631 and DEB 0080412. The NCEP-NCAR
reanalysis are provided by the Data Support Section Scientific Computing Division at NCAR. NCAR is supported by grants
from the National Science Foundation. We would like to thank Dallas Staley for the editorial work on this paper with her
customary outstanding professionalism and efficiency.

References

Asner, G.P., Heidebrecht, K.B., 2005. Desertification alters regional ecosystem–climate interactions. Global Change Biology 11, 182–194.
Balling, J.R., 1988. The climatic impact of a Sonoran vegetation discontinuity. Climatic Change 13, 99–109.
Beltrán, A.B., 2005. Using a coupled atmospheric–biospheric modeling system (GEMRAMS) to model the effects of land-use/land-cover changes on the

near-surface atmosphere. Ph.D. Dissertation, Department of Atmospheric Science, Colorado State University, 186pp.
Bryant, N.A., Johnson, L.F., Brazel, A.J., Balling, R.C., Hutchinson, C.F., Beck, L.R., 1990. Measuring the effect of overgrazing in the Sonoran Desert. Climatic

Change 17, 243–264.
Buffington, L.C., Herbel, C.H., 1965. Vegetational changes on a semidesert grassland range from 1853 to 1963. Ecological Monographs 35, 139–164.
Charney, J.G., 1975. Dynamics of deserts and droughts in the Sahel. Quarterly Journal of the Royal Meteorological Society 101, 193–202.
Charney, J.G., Quirk, W.J., Chow, S., Kornfield, J., 1977. A comparative study of the effects of albedo change on drought in semi-arid regions. Journal of the

Atmospheric Sciences 34, 1366–1385.
Chen, C., Cotton, W.R., 1983. A one-dimensional simulation of the stratocumulus capped mixed layer. Boundary-Layer Meteorology 25, 298–321.
Chen, D.-X., Coughenour, M.B., 1994. GEMTM: a general model for energy and mass transfer of land surfaces and its application at the FIFE sites.

Agricultural Forest Meteorology 68, 145–171.
Cosby, B.J., Hornberger, G.M., Clapp, R.B., Ginn, T.R., 1984. A statistical exploration of the relationships of soil moisture characteristics to the physical

properties of soils. Water Resources Research 20, 682–690.
Cotton, W.R., et al., 2003. RAMS 2001: current status and future directions. Meteorology and Atmospheric Physics 82, 5–29.
Dugas, W.A., Hicks, R.A., Gibbens, R.P., 1996. Structure and function of C3 and C4 Chihuahuan Desert plant communities. Energy balance components.

Journal of Arid Environments 34, 63–79.
Eastman, J.L., Coughenour, M.B., Pielke Sr., R.A., 2001a. The regional effects of CO2 and landscape change using a coupled plant and meteorological model.

Global Change Biology 7, 797–815.

ARTICLE IN PRESS

A. Beltrán-Przekurat et al. / Journal of Arid Environments 72 (2008) 1897–1910 1909



Author's personal copy

Eastman, J.L., Coughenour, M.B., Pielke Sr., R.A., 2001b. Does grazing affect climate? Journal of Hydrometeorology 2, 243–253.
Foley, J.A., Costa, M.H., Delire, C., Ramankutty, N., Snyder, P., 2003. Green surprise? How terrestrial ecosystems could affect earth’s climate. Frontiers in

Ecology and the Environment 1, 38–44.
Gibbens, R.P., Beck, R.F., McNeely, R.P., Herbel, C.H., 1992. Recent rates of mesquite establishment in the northern Chihuahuan Desert. Journal of Range

Management 45, 585–588.
Gibbens, R.P., Hicks, R.A., Dugas, W.A., 1996. Structure and function of C3 and C4 Chihuahuan Desert plant communities. Standing crop and leaf area index.

Journal of Arid Environments 34, 47–62.
Gibbens, R.P., McNeely, R.P., Havstad, K.M., Beck, R.F., Nolen, B., 2005. Vegetation changes in the Jornada Basin from 1858 to 1998. Journal of Arid

Environments 61, 651–668.
Grover, H.D., Musick, H.B., 1990. Shrubland encroachment in Southern New Mexico, USA: an analysis of desertification processes in the American

Southwest. Climatic Change 17, 305–330.
Kalnay, E., et al., 1996. The NCEP/NCAR 40-year reanalysis project. Bulletin of the American Meteorological Society 77, 437–471.
Klemp, J.B., Wilhelmson, R.B., 1978. The simulation of three-dimensional convective storm dynamics. Journal of the Atmospheric Sciences 35, 1070–1096.
Mellor, G.L., Yamada, T., 1982. Development of a turbulence closure model for geophysical fluid problems. Reviews of Geophysics and Space Physics 20,

851–875.
Moorhead, D.L., Reynolds, J.F., Fonteyn, J., 1989. Patterns of stratified soil water loss in a Chihuahuan Desert community. Soil Science 148, 244–249.
Narisma, G.T., Pitman, A.J., 2004. The effect of including biospheric responses to CO2 on the impact of land-cover change over Australia. Earth Interactions

8, 8-005.
Narisma, G.T., Pitman, A.J., Eastman, J.L., Watterson, I.G., Pielke Sr., R.A., Beltrán-Przekurat, A., 2003. The role of biospheric feedbacks in the simulation of

the impact of historical land cover change on the Australian January climate. Geophysical Research Letters 30 (22), 2168.
Neilson, R.P., 1986. High resolution climatic analysis and Southwest biography. Science 232, 27–34.
NRC (National Research Council), 2005. Radiative forcing of climate change: expanding the concept and addressing uncertainties. Committee on Radiative

Forcing Effects on Climate Change, Climate Research Committee, Board on Atmospheric Sciences and Climate, Division on Earth and Life Studies. The
National Academies Press, Washington, DC. /http://www.nap.edu/openbook/0309095069/html/S.

Oke, T.R., 1993. Boundary Layer Climates, second ed. Routledge, London, 435pp.
Olson, J.S., 1994. Global ecosystem framework-definitions. USGS EROS Data Center Internal Report, Sioux Falls, SD, 37pp.
Otterman, J., 1974. Baring high-albedo soils by overgrazing: a hypothesized desertification mechanism. Science 186, 531–533.
Otterman, J., 1989. Enhancement of surface–atmosphere fluxes by desert fringe vegetation through reduction of surface albedo and of soil heat flux.

Theorical and Applied Climatology 40, 67–79.
Peters, D.P.C., 2000. Climatic variation and simulated patterns in seedling establishment of two dominant grasses at a semi-arid–arid grassland ecotone.

Journal of Vegetation Science 11, 493–504.
Peters, D.P.C., Pielke Sr., R.A., Bestelmeyer, B.T., Allen, C.D., Munson-McGee, S., Havstad, K.M., 2004. Cross-scale interactions, nonlinearities, and forecasting

catastrophic events. Proceedings of the National Academy of Sciences 101, 15130–15135.
Peters, D.P.C., Bestelmeyer, B.T., Herrick, J.E., Monger, H.C., Fredrickson, E., Havstad, K.M., 2006. Disentangling complex landscapes: new insights to

forecasting arid and semiarid system dynamics. BioScience 56, 491–501.
Pielke Sr., R.A., 2001. Influence of the spatial distribution of vegetation and soils on the prediction of cumulus convective rainfall. Reviews of Geophysics

39, 151–177.
Pielke Sr., R.A., et al., 1992. A comprehensive meteorological modeling system–RAMS. Meteorology and Atmospheric Physics 49, 69–91.
Pielke Sr., R.A., Avissar, R., Raupach, M., Dolman, H., Zeng, X., Denning, S., 1998. Interactions between the atmosphere and terrestrial ecosystems: influence

on weather and climate. Global Change Biology 4, 461–475.
Pitman, A.J., 2003. The evolution of, and revolution in, land surface schemes designed for climate models. International Journal of Climatology 23,

479–510.
Prueger, J.J., Kustas, W.P., Hipps, L.E., Hatfield, J.L., 2004. Aerodynamic parameters and sensible heat flux estimates for a semi-arid ecosystem. Journal of

Arid Environments 57, 87–100.
Rango, A., Ritchie, J.C., Kustas, W.P., Schmugge, T.J., Havstad, K.M., 1998. JORNEX: remote sensing to quantify long-term vegetation change and hydrological

fluxes in an arid rangeland environment. In: Wheater, H., Kirby, C. (Eds.), Hydrology in a Changing Environment. Wiley, London, pp. 585–590.
Reynolds, J.F., Kemp, P.R., Tenhunen, J.D., 2000. Effects of long-term rainfall variability on evapotranspiration and soil water distribution in the Chihuahuan

Desert: a modeling analysis. Plant Ecology 150, 145–159.
Sala, O.E., Lauenroth, W.K., Parton, W.J., 1992. Long term soil water dynamics in the shortgrass steppe. Ecology 73, 1175–1181.
Schlesinger, W.H., Fonteyn, P.J., Marion, G.M., 1987. Soil moisture content and plant transpiration in the Chihuahuan Desert of New Mexico. Journal of Arid

Environments 12, 119–126.
Schlesinger, W.H., Reynolds, J.F., Cunningham, G.L., Huenneke, L.F., Jarrel, W.M., Virginia, R.A., Whitford, W.G., 1990. Biological feedbacks in global

desertification. Science 247, 1043–1048.
Schneider, N., Eugster, W., Schichler, B., 2004. The impact of historical land-use changes on the near-surface atmospheric conditions on the Swiss Plateau.

Earth Interactions 8, 1–27.
Smagorinsky, J., 1963. General circulation experiments with the primitive equations. Part I: The basic experiment. Monthly Weather Review 91, 99–164.
Small, E.E., Kurc, S.A., 2003. Tight coupling between soil moisture and the surface radiation budget in semiarid environments: implications for

land–atmosphere interactions. Water Resources Research 39, 1278.
Snyder, K.A., Mitchell, K.A., Herrick, J.E., 2006. Patterns and controls of soil water in the Jornada Basin. In: Havstad, K.M., Huenneke, L.F., Schlesinger, W.H.

(Eds.), Structure and Function of a Chihuahuan Desert Ecosystem: The Jornada Basin LTER. Oxford University Press, Oxford, 492pp.
USDA (US Department of Agriculture), 1993. Soil Survey Manual Soil Survey Division Staff. Soil Conservation Service, US Department of Agriculture

Handbook, vol. 18. /http://soils.usda.gov/technical/manual/S.
Walko, R.L., Band, L.E., Baron, J., Kittel, T.G.F., Lammers, R., Lee, T.J., Ojima, D.S., Pielke, R.A., Taylor, C., Tague, C., Tremback, C.J., Vidale, P.L., 2000. Coupled

atmosphere–biophysics–hydrology models for environmental modeling. Journal of Applied Meteorology 39, 931–944.
Warner, T.T., 2004. Desert Meteorology. Cambridge University Press, New York, 595pp.

ARTICLE IN PRESS

A. Beltrán-Przekurat et al. / Journal of Arid Environments 72 (2008) 1897–19101910


