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Abstract: Most remote sensing studies in deserts focus solely on vegetation monitoring to 

assess the extent of desertification. However, the application of sand dune encroachment 

into such studies would greatly improve the accuracy in the prediction criteria of risk-prone 

areas. This study applies the latter methodology for tracking desertification using sand 

dunes in the Kelso Dunes (in Newberry-Baker, CA, USA). The approach involves the 

comparison of spectral characteristics of the dunes in Landsat Thematic Mapper (TM) 

images over a 24-year period (1982, 1988, 1994, 2000, and 2006). During this 24-year 

period, two El Niño events occurred (1983 and 1993); it was concluded that despite the 

shift in predominant winds, the short-term variation in wind direction did not make a 

noticeable change in dune formation, but greatly influences vegetation cover. Therefore, 

relying solely on vegetation monitoring to assess desertification can lead to overestimations 

in prediction analysis. Results from this study indicate that the Kelso Dunes are 

experiencing an encroachment rate of approximately 5.9 m
3
/m/yr over the 24-year period. 

While quantifying the Kelso Dunes or any natural dynamic system is subject to 

uncertainties, the encroachment rate approach reflects the highly heterogeneous nature of 

the sand dunes (in regards to spectral variability in brightness) at Kelso Dunes and serves 

as an exemplar for future research. 
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1. Introduction  

Desertification is the persistent degradation of land in arid and dry sub-humid environments due to 

climatic variations and human intervention (e.g., overgrazing, over-cultivation) [1,2]. The influence of 

anthropogenic activities and climatic variations are common sources of dune degradation; however it is 

difficult to determine which of these two sources is the primary source of that degradation [2]. Arid 

environments are highly susceptible to desertification since they can experience long periods of 

drought; this water scarcity also limits the livelihood of livestock and the production of crops for 

inhabitants of these areas [2]. Traditionally, desertification assessment has been approached from a 

site-specific perspective (on the basis of changes to vegetation cover), making it difficult to understand 

its spatial extent [3-7]. Further, non-photosynthesizing vegetation (NPV) can be difficult to assess in 

arid environments [8]. Remote sensing approaches to tracking desertification or dune encroachment in 

arid environments are met with complications related to: (1) the spectral contribution of plants in 

deserts being overwhelmed by the soil background [18-20], and (2) desert plants having spectrally 

dissimilar signatures than their humid counterparts since these plants have evolved to adapt to harsh 

growing conditions [18,21-23] (Figure 1). An alternative to tracking vegetation change is to focus on 

the sand and parent material of the dunes themselves to assess the reactivation of stabilized dunes as a 

means of evaluating sand encroachment and desertification [9-11]. Such approaches permit the 

visualization of sand dune mobility and can be aided by remote sensing [12,13]. Remote sensing is a 

time- and cost-efficient method that has become a valuable tool for monitoring environmental change 

and therefore holds great potential for desertification assessment [14-17]. 

The loss of vegetation is not the only method available to quantify desertification [24]. The ability 

to discriminate active from inactive sand to assess sand transport (and thus, potential encroachment) 

offers an alternative avenue for desertification research [9-11]. A study conducted by Valor and 

Caselles [25] demonstrated that temperature plays a role in desertification, and proposed a preliminary 

thermal degradation index that used data from the thermal infrared channel. However, the temperature 

approach by Valor and Caselles [25] requires the measurement of in situ surface temperature 

maximums and minimums, something that unfortunately is unavailable to us for the period of study. 

Our study develops an alternative approach to assess desertification that does not incorporate thermal 

data, but rather focuses on tracking dune reactivation and sand brightness characteristics. Active sand 

dunes are defined as regions with evidence of recent or current sand mobility [32,33]. Inactive sand 

dunes are defined as regions with more coarse (greater than 250 μm) and fine (less than 62 μm) sand 

particles than active sand [32-34]. 

Establishing the criteria for mapping active and inactive sand areas on remotely sensed images will 

improve prediction analysis of high-risk regions. With regard to spectral brightness, sand dunes are 

characteristically unique; active sand dunes reflect a greater amount of electromagnetic radiation than 

inactive dunes [11,26-30], with active dunes consistently appearing brighter than inactive dunes [31]. 

Active sand surfaces have a higher albedo than inactive sand surfaces and can be successfully traced in 

remotely sensed images based on albedo differences [28], as demonstrated for Landsat Thematic 

Mapper (TM) data [11,20]. 
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Figure 1. Spectral response curves after Ehleringer (1981) [18] for healthy  

non-desert and desert vegetation, and sand. Notice how the spectral reflectances for desert 

vegetation are spectrally dissimilar and do not exhibit a strong red edge (an abrupt change 

in the 680 nm (red) to 800 nm (near infrared) wavelength region) due to reduced leaf 

absorption in the visible region of the electromagnetic spectrum and strong wax absorption 

around the 1,720 nm wavelength region [21,22].  
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Observed spectral differences are a result of grain size and composition differences [26-31,34-35]. 

Active sand is consistently brighter and is expressed generally by a unimodal distribution of brightness 

values while inactive sand has a greater mix of coarse and fine materials; this composition leads to a 

lower albedo [11]. Notably, the definition of active and inactive dunes should be defined based on the 

location in which it is applied; the definition is subject to appropriate time-scale and regional or 

seasonal trends [32]. 

This study applies the sand encroachment approach for assessing the extent of desertification as 

opposed to the more traditional vegetation monitoring approach. We measure encroachment by 

observing the spatial extent of reactivated sand dunes to assess whether these reactivated dunes extend 

into previously non-dune environments. Through an example, the Kelso Dunes in California, this 

approach investigates dune reactivation and encroachment over a 24-year period. 

2. Methods 

2.1. Study Area 

The Kelso Dunes are located in the Mojave National Preserve (34°54.651′N, 115°43.856′W) in 

Newberry-Baker, CA, USA (Figure 2). Along with the Devils Playground, this region comprises the 

largest dune field in the Mojave Desert. The Kelso Dunes include both active and inactive dunes and 
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cover over 115 km
2
, rising to over 200 m above the desert floor [33]. Good reviews of the dunes and 

the surrounding area are provided in Sharp [36] and Lancaster et al. [37-39]. Northwestern winds blow 

sand from the Soda Lake drainage basin, washing sediment down from surrounding mountains. Strong 

windstorms carry the sediment southeastward where the winds meet the bowl formed by both the 

Granite and Providence Mountains [36-38]. The mountainous regions surrounding the Kelso Dunes act 

as a wind barrier, slowing sediment transport to ultimately form dunes [36-41]. Frequent winds from 

other directions push the sand into a central peak; the Kelso Dunes resembles a three-horned star dune, 

which indicates a normal change in prevailing wind direction [36,40]. At Kelso, active sand dunes are 

identified as regions with sparse vegetation cover (10–20%) [11] and composed of well-sorted sand 

with wind ripples and slip faces [11,32,40,42-44], while inactive dunes are composed of poorly sorted 

sand having few wind ripples, no slip faces [11,40], and more vegetative cover. Surrounding vegetation 

is dominated by the ubiquitous creosote bush (Larrea tridentata) [45]. Summer temperatures can 

exceed 40 °C while winter temperatures are milder, occasionally dropping below freezing; diurnal 

temperatures fluctuations are considerable [45,46]. Annual average maximum and minimum 

temperatures (1958–2010) are 22.4 °C and 11.8 °C respectively, with 349.6 mm of annual precipitation 

(lowest in the summer), of which approximately 31% falls as snow (NOAA National Climatic Centre: 

Mitchell Caverns Weather Station).  

Figure 2. Kelso Dunes is located in southeastern California, USA in the Mojave National 

Preserve, neighbouring the Devils Playground. 
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2.2. Data and Analysis 

Landsat Thematic Mapper (TM) images and raster-based topographical maps were obtained from 

the United States Geological Survey (USGS) and the California Geographical Survey (CGS). Each 

image was clipped to coincide with the corresponding 7.5 minute DEM tile obtained from the NASA 

Shuttle Radar Topographic Mission (SRTM). Images were gathered for a 24-year period (22 July 1982, 

13 July 1988, 18 July 1994, 10 July 2000, and 25 July 2006) with two El Niño years (1983 and 1993) 

documented. El Niño-Southern Oscillation (ENSO) is defined as a prolonged difference in Pacific 

Ocean surface temperatures when compared with the average value. In southern California, winters 

during El Niño are significantly wetter and summers are warmer and drier [33].  

Aerial photography (1:20,000) provided by the USGS augmented the data for visualization purposes 

and for visual assessments of classification precision. Atmospheric corrections (ATCOR3) were run on 

the Landsat scenes using environmental data from the Mitchell Caverns weather station (the closest 

weather station to the Kelso Dunes); general elevations for ATCOR3 were obtained from the DEM 

data and were used to correct for regional cosine errors. After running the atmospheric corrections, 

masks were created to constrain calculations to the Kelso Dunes. Results from these calculations would 

be used to distinguish between active and inactive dunes. 

Using methods outlined by Blount [31], contrast enhancements were applied to the Landsat data, 

including Gaussian stretches on bands 5, 4, and 1. The active and inactive dunes were distinguished by 

spectral brightness, as defined by Blount [31], where active dunes appear brighter than inactive dunes. 

Band threshold values were used that split the bimodal distribution of brightness values between active 

and inactive dune pixels and approximate a function that is equidistant from the pairs of curves on each 

graph of Figure 3. 

Dune type was classified according to morphological criteria defined by Breed and Grow [27] and 

individual dunes were identified following the criteria in McKee [47] who noted that although no 

single type of evidence is conclusive in an aeolian environment, together, the various features present 

strong evidence of dune deposition. McKee [47] focused on the analysis of slip faces, extent of the 

sand body, ripple marks, and the slope to define an individual dune. Informal assessment of accuracy 

was done by comparing the dune classifications to air photos acquired for periods corresponding to the 

imagery. Further, change detection was assessed by pair-wise comparisons of the classified images.  

To determine the extent of desertification, the dune environments were visualized in plan-view and 

in 3D to gain a better spatial context using Terrain Analysis System (TAS) software [48]. The 

movement of sand at the Kelso dunes was assessed temporally by comparing the five images of the 

Kelso Dunes representing the 24-year period. Images from each year were overlain to visualize the 

degree of southeastward shift. Encroachment (the rate of sand movement into new territory) was 

computed based on the method described by Ben-Dor et al. [33]; lines representing the sand front were 

joined for three images obtained at the different time periods to form a polygon that depicted the total 

area covered by sand during those years. For each polygon, the length of the line was extracted and 

Equation 1 was used to compute the advancement rate [10], 
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where Ra is the advancement rate of an active sand dune (m
3
/m/yr), ν is the movement rate (in m), S is 

the area covered by the sand dune between successive years (in m
2
), t is the time between successive 

remotely sensed data (in yr), and L is the sand dune front length (in m). 

3. Results and Discussion 

There is a clear distinction between the spectral signatures of active and inactive dunes. One-way 

Analysis of Variance (ANOVA) tests were performed on the zonal statistics for each TM-band; results 

indicate that mean brightness values differ significantly between active and inactive dune areas for 

each spectral band (P < 0.05). Figure 3 contains a summary of the average brightness of active and 

inactive dune pixels, averaged across the 5 individual years of data spanning the 24-year study period. 

Active and inactive dunes are easily separated because the inactive dunes are spectrally darker than the 

active dunes, with the greatest differences being in TM-3 (Figure 4). 

As sand becomes more active, the particles become better sorted and presence of coarse grains 

decreases [34]. Since active and inactive sand dunes are partially characterized by an increasing degree 

of relatively visualization of the satellite data coincidently with vegetation data acquired from air 

photos helps to aid with interpretation and assessments of activity. As sand becomes increasingly 

active, vegetation cover is reduced; additionally, these areas become increasingly covered by active 

wind ripples and the slip faces become more developed [11]. Paisley et al. [11] confirm the 

relationship between sand activity and vegetation; they observed that the spectral characteristics for 

dunes, such as those at Kelso, can be used to distinguish between active and inactive dunes in other 

regions too. 

The southeastern region of the Kelso Dunes is inactive; this region appears the darkest in tone on 

the Landsat TM images and appears the most stabilized. Active dunes are easier to identify than 

inactive dunes, especially when compared with vegetative data, the loss of which is depicted in Landsat 

images, primarily on TM-4. Thus, the difference in spectral reflectance can be explained by the 

presence of vegetation as seen in the Landsat TM band. Visually, active dunes have a well-sorted 

morphology and sparse vegetation cover [49]; however, inactive dunes are more difficult to distinguish 

as they present a wider range of characteristics that are not as easily defined and more factors need to 

be considered. Generally, inactive dunes tend to have reduced lee face angles, are more vegetated, and 

have moderately-to-poorly sorted sand [32]. Transitions between active and inactive dunes are 

particularly complex and difficult to identify, but can greatly affect the regional image 

classification [32]. Boundaries are also difficult to distinguish because of the potential for considerable 

spectral mixing [50,51]. Pair-wise comparisons of the images for the 24-year period indicate that the 

advancement rate of sand within the Kelso Dunes experienced an encroachment rate of approximately 

5.9 m
3
/m/yr, with advancement accelerating towards the latter half (Table 1). 
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Figure 3. Flow diagram to illustrate data processing steps: mask created for Kelso Dunes in Landsat images (yellow frame), active and 

inactive dunes identified (in hectares), and computed brightness values. Graphs portray average, minimum, and maximum brightness values 

for each spectral band. 
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Figure 4. Zonal statistics: the spectral signatures of active and inactive dunes across a  

24-year period (1982 to 2006). Error bars represent maximum and minimum, and data 

points represent average of the zones. 

 

Table 1. The advancement rate recorded during the 24-year period from 1982 to 2006 for 

the Kelso Dunes. 

Year Advancement Rate (m
3
m

−1
yr

−1
) 

1982 to 1988 2.8 

1982 to 1994 3.7 

1982 to 2000 4.4 

1982 to 2006 5.9 

The spatial pattern of vegetation cover suggests that vegetation does not have a large influence on 

the TM spectra of arid regions and therefore, with less than 35% of vegetation cover in the Kelso 

Dunes, vegetation should not be the basis of desertification assessment. The TM spectrum is 

influenced more by the spectral differences between active and inactive sand than by vegetation. The 

tones observed on the Landsat TM images indicate movement of sand from the Mojave River where 

sand is transported to the west through the Devil’s Playground before being deposited in the Kelso 

Dunes area. 

Analysis of the spatial patterns of sand encroachment indicated that the sand at the top of the active 

dunes at Kelso is subject to more movement than sand at the base of the active area likely due to 

increased exposure to stronger winds (speculation statement supported by Paisley et al. [11] and 

Lancaster [32]). However, it is not clear whether sand grain size has an effect on the distribution of 

inactive sand and whether the evidence of desertification is influenced not only by humans, but also by 

climatic change. 

In order to understand sand migration, organizing a GIS-based analysis that incorporates attribute 

data (i.e., wind speed and direction) with remotely sensed images is required to model the formation of 
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sand dunes [32]. However, the observed desertification patterns are not unique to the Kelso Dunes, 

also noted by Karnieli and Tsoar [53] on inactive sand. Karnieli and Tsoar [53] determined that 

inactive dunes were darker than active dunes on satellite images (for visible and NIR bands) and the 

inactive dunes along the Israel/Egypt border contained a biogenic crust that was responsible for the low 

albedo. The presence of a biogenic crust highlights that the detection of inactive dunes on optical and 

radar images is based on sand composition.  

We suggest that anthropogenic activity at the Kelso Dunes is one possible cause for the acceleration 

of sand encroachment, since the documented climate variations during the study period were small, 

with only minor and consistent fluctuations [11,32,34,54]. However, further research would be 

required to make a definitive assessment. Climate data from Mitchell Caverns provide an approximate 

a half-century of climate records for this region. Although two El Niño events occurred during the 

study’s 24-year period, it was concluded that despite the shift in predominant winds, the short-term 

variation in wind direction did not make a noticeable change in dune formation, but greatly influences 

vegetation cover. A longer temporal scale would address the pattern of sand migration to determine if 

the encroachment rate approach is a more viable alternative for desertification research. 

4. Conclusions 

The TM spectral DN values for active dunes are higher (brighter) than the TM spectral DN values 

for inactive dunes. By comparing the DN values of the TM bands, these spectral differences are 

apparent. DN values are used to differentiate between active and inactive dunes and denote the degree 

of sand activity in the Kelso Dunes. The ability to identify active and inactive dunes at Kelso has 

implications for other deserts; analysis of a longer temporal scale has the potential for tracing the 

movement of sand. This study provided quantitative insight on dune dynamics to assess desertification. 

Also, applying the encroachment rate approach provides an alternative to vegetation monitoring that is 

susceptible to sand and soil background effects. The ability to assess dune movement using images 

collected in successive years can help create elevation change maps, sand profiles, and land cover 

change maps for deserts, provided that the image resolution is sufficient. In arid regions, where 

desertification is most critical, monitoring the activation and movement of sand becomes of great 

importance. While quantifying the Kelso Dunes or any natural dynamic system is subject to 

uncertainties, the encroachment rate approach reflects the highly heterogeneous nature of the sand 

dunes (in regards to spectral variability in brightness) at Kelso Dunes and serves as an exemplar for 

future research. 
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