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Desertification in the Rafsanjan Plain, Southeastern Iran: Linking Local Processes to Global Climate Change



Abstract
Aeolian deflation, active sand dunes, and dust storms are key drivers of land degradation in the Rafsanjan Plain, southeastern Iran, affecting both land use and local livelihoods. This study aims to assess the causes and consequences of desertification in the region by analyzing geomorphological features, land use changes, and environmental factors. We employed satellite imagery, field measurements, and spatial mapping to quantify changes in dune areas and cultivated lands from 1955 to 2008. The northern bajada and central playa contain diverse aeolian landforms, primarily supplied by southwestern alluvial fans. The analyses indicate that these aeolian features have expanded over time, while cultivated lands have gradually decreased. These changes are driven by variations in sediment supply, wind regimes, surface morphology, and vegetation cover, compounded by rising temperatures, reduced effective rainfall, and declining groundwater levels. The results demonstrate that climate change, combined with inadequate water and soil management, is accelerating desertification, highlighting the urgent need for sustainable regional mitigation strategies.
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1. Introduction
Iran is a country characterized by diverse climatic zones, but more than two-thirds of its territory consists of arid and semi-arid regions (Maghsoudi et al, 2018., Nekouie Sadry et al, 2022). These areas, due to low precipitation, high evaporation rates, sparse vegetation, and fragile soils, are highly susceptible to desertification and aeolian processes (Maghsoudi & Ganjaeian, 2025). The extensive deserts and semi-deserts of central, southern, and eastern Iran not only shape the natural landscape but also play a crucial role in local socio-economic conditions, as the inhabitants of these regions heavily depend on agriculture and limited water resources. Consequently, understanding and managing aeolian processes is essential to mitigate their ecological, social, and economic impacts (Safari Namivandi et al, 2023., Maghsoudi & Ganjaeian, 2024., Negahban et al, 2025).
Increasing aeolian activity is becoming a serious problem in the world’s arid and semi‐arid environments (Zou et al. 2001; Zhang et al. 2018). It is considered the most severe threat to arid ecosystems and causes enormous annual financial losses in the health, transport, and agricultural sectors (Cao et al. 2015; Meibodi et al. 2015; Wang et al. 2016). Sand encroachment on highways, railroads, waterways, and other infrastructures, as well as on agricultural lands, is an ongoing and growing problem in many arid and semi-arid lands worldwide (Yang et al. 1988; Watson 1990; Khalaf et al. 1993).
Aeolian erosion poses a significant threat in Iran (Miri et al. 2010; Abbasi et al. 2015; Abbasi et al. 2018; Abbasnejad and Zahabnazouri 2013; Maghsoudi et al. 2012; Yamani et al. 2012., Shirzadi et al, 2023), primarily because arid and semi-arid climates dominate vast regions of central, southern, and eastern Iran (Broomandi et al. 2017., Ganjaeian et al, 2023). One notable area affected by these processes is the Rafsanjan Plain in south-central Iran, which is covered by extensive aeolian deposits. In certain areas, the shifting sands have been stabilized through plantations of Haloxylon aphyllum, particularly in the north-western portion of the plain near Nough. However, in other parts of the plain, active sand dunes continue to move, posing significant threats to human settlements, infrastructure, and agricultural lands, including commercial pistachio orchards and subsistence farms. Consequently, aeolian desertification in the Rafsanjan Plain has become a major obstacle to sustainable socio-economic development in the region (Xue et al. 2013).
The influence of anthropogenic activities on aeolian processes presents a complex picture. In some cases, human interventions exacerbate erosion by disrupting natural dune stabilization mechanisms (Doody, 2004., Mobarghaei & Mokhtari, 2018., Khoshnood Motlagh et al, 2021., Keshtkar et al, 2022). Deforestation, overgrazing, and intensive agriculture have exposed surface sediments to wind and rainfall, accelerating sediment transport and enhancing the risk of desertification (Hoffmann et al. 2013; Montgomery 2007).
Conversely, targeted human interventions can significantly mitigate sand encroachment and desertification, yielding societal and ecological benefits (Maghsoudi et al, 2021). Proper land management practices, such as soil surface protection, vegetation cover restoration, and controlled land use, can reduce sediment mobility and stabilize dunes (Uta et al. 2017). Understanding the impact of human activities on aeolian dynamics, both in coastal and arid regions, provides valuable insights for managing and mitigating active sand dune activity in the Rafsanjan Plain (Mezosi and Szatmari 1998; Al-helal et al. 2006; Yang 2009; Stancheva et al. 2010; Uta et al. 2017).
This study therefore focuses on assessing the drivers and consequences of aeolian activity in the Rafsanjan Plain, evaluating both natural and anthropogenic factors, with the aim of proposing sustainable management strategies to reduce desertification and support socio-economic development in this vulnerable arid landscape.


2. Materials and methods
Describing the geomorphology of the dunes and aeolian landforms in the area provides a comprehensive understanding of how desert dunes are being formed, how they are changing, and of how they may be impacting the local environment (Lancaster, 1995). Analysis of the ongoing formation processes of aeolian landforms in the area provide additional understandings of how these processes are changing so that future problems may be prevented and even mitigated (Dong and Lv, 2013).
In order to better understand these aeolian processes at work on the Rafsanjan Plain, the types of aeolian landforms were identified and mapped. The current status of aeolian geomorphologic units was determined by preparing a print laydown using 1:20000 aerial photos and Google Earth imagery. Then the aeolian landform units were identified and classified. Finally, the units were ground-proofed. 
Wind rose diagrams for the Rafsanjan Plain were generated so that aeolian processes could be analysed (Figures 3). The wind data analyses were taken from the main synoptic station of the region, the Rafsanjan Airport station, at seasonal time scales for the period 1999 - 2007; In addition, the annual and high speed winds derived from the period 2007 - 2020 have been included (https://mesonet.agron.iastate.edu).
Granulation is one of the most basic properties of sediment particles that effects their transport and erosion. Grain size analysis is an important indicator of sediment origin, transport history and erosion conditions (Bui et al. 1989; Folk and Ward 1957), and in combination with analysis of the winds within the region, it served to provide a better understanding of the aeolian geomorphology of the Rafsanjan Plain. Therefore,  a granulometric analysis of the sands and an analysis of the mineralogical composition of the deposits was conducted, to reveal more information about the wind regime and sand availability and its relationship to dune type (Wasson and Hyde 1983; Lancaster 2013). Several aeolian sand samples were collected from the plain, and grain size was determined using dry sieve analysis with a set of sieves for the fractions ranging from 63 to 2000 µ (Table 1 and Figure 6). Granulometry was performed to aid in determining sand sources, including primary sources (alluvial fans) and secondary contributions (deflation of valley bottoms and yardang erosion). These analysis will also provide evidence of the changing seasonal wind directions, and the role of topography in source mixing in these samples.  
Previous analysis of the minerology of the sands was combined with this information to aid in determining the sources of the sands. This is possible because the alluvial fans of the Davaran Mountains in the north are very different from that of the Sharcheshmeh Mountains to the south.
To better understand the role of anthropogenic activities and climate change in impacting aeolian landforms, land cover maps from the 53-year period from 1955 to 2008 were analysed. Changes in the extent of agricultural areas and changes in dune vegetation and its impact upon dune stability. The maps were generated from remote sensed satellite images for 1955, 1995 and 2008. And these changes were document and their causes determined.




3. Results & Discussion
3.1. Study area 
The Rafsanjan Plain, which is located in the south-eastern corner of central Iran in Kerman Province (Figure 1) is a tectonic depression with a northwest-southeast orientation and an area of ​​about 4000 square kilometres. The average elevation of this plain is about 1600 meters.  The highest elevation in the Plain is near Kabutar Khan (1663 m) in the southeast, and gradually decreases toward the northwest where the lowest elevation of 1268 meters occurs as the basin narrows and all surface water exits through the narrow defile northwest of Bahreman. There it spills into a valley just south of Bafgh. The general slope from southeast to northwest is 3.2 m per km. 
The main topographic units of the Rafsanjan region are comprised of the Rafsanjan Plain, and the Davaran and Sarcheshmeh or Sarcheshmeh Mountains and their pediments (Figure 2). The Rafsanjan plain is flanked on the northeastern side by the Davaran Mountains, which has a northwest to southeast orientation, and separates it from the Zarand Plain to the east.  This mountain range averages about 15 km wide from southeast to north of Baghin (south of Kerman), and continues northwest to the vicinity of Hosseinabad Bafgh. Its length is about 200 km and its average height in the northern part of Rafsanjan plain is about 2000 meters. On the south-eastern edge lie the Sarcheshmeh Mountains, which are also oriented in a northwest-southeast direction, and separates the Rafsanjan Plain from Sirjan Plain to the west. Mount Badbakht Kuh (Unfortunate Mountain) lies about two thirds of the distance up the western edge of the Basin. The mountain is about 1500 m wide, 10 km long, and is 1872 m high. It is called this because it is very dry and devoid of vegetation. This mountain divides the Rafsanjan Plain into northern and southern sections.  The area north of this mountain is known as the Nough Plain and the southern area is known as the Anar Plain. On the extreme south-eastern border of the Rafsanjan Plain lies Gabri Mountain, which separates it from the Baghin Plain.
The Davaran Mountain range is mainly composed of folded and discrete sedimentary rocks of Pre-Cambrian to Neogene age. Rocks of Eocene and younger volcanic rocks of the "Urmia-Dokhtar predominate the composition of the Sarcheshmeh Mountains (Dimitrijevic 1973). The “Unfortunate Mountain” is primarily composed of loose and easily erodible flysch rocks (Dimitrijevic 1973). The rivers that originate from in the Sarcheshmeh Mountains and enter the Rafsanjan plain are of special importance to the geomorphology of the region, because they create numerous large alluvial fans throughout the southern and south-eastern part of the Rafsanjan Plain.  About half of the alluvial fans in the Rafsanjan Plain (all alluvial fans lying on the western and north-western margin of the plain) are the result of sediments that have been eroded from the Davaran Mountains and deposited at its lower margin. Floods, which rise
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Fig. 1 Rafsanjan Plan and Yardang location


In the Sarcheshmeh and Davaran mountains, have carried eroded sediments into the Rafsanjan depression creating bajadas (bahadas) comprised of coalesced alluvial fans at the north and south edge of the plain. The alluvial fans of the northern plain of Rafsanjan form the northern Bajada. In the central part of the Rafsanjan Plain, at the limit of where the floods reach, a flat, clay floored playa has formed.
The city of Rafsanjan lies within and near the eastern edge of the playa at the confluence of the distal ends several large alluvial fans. Clearly its formation was due to the existence of these water sources. Among the sediments currently being deposited in the playa today are layers of gypsum and other salts that are formed due to the seasonal lacustrine evaporation. Among the sediments of the present age, layers of gypsum and salt that are formed due to lake and evaporation environment can also be seen.
Among recent sediments, the layers of gypsum and salt that evaporation in the lake environment and have been observed to form.
The ongoing aeolian processes of the area is evidenced by the presence of active crescentic and longitudinal dunes (Negaresh 1988) Aeolian landforms lie mainly on the surface of both the northern bajada and the central playa and comprises about 1060 km2 of the Rafsanjan plain (Abbasnejad and Zahabnazouri, 2013). Because aeolian or wind-blown sand comprises more than 125 km2 of the region (Parrish, 2001), the Rafsanjan dune sea is considered an Erg.
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Fig. 2 Main geomorphologic landforms of Rafsanjan Plain

3.2. Wind Analysis
[bookmark: baep-author-id12]Because wind is the primary medium of sediment transport and landform development in desert areas (Lancaster 1985; Thomas 2013), analysis of wind speed and directional data in the Rafsanjan Plain provides a critical understanding of the prevalent wind regimes (at different temporal and spatial scales) that underlie sediment erosion and deposition in the Plain (Wal and McManus, 1993). It also explains the development of different types of sand dunes (Jewell and Nicoll 2011; Hereher 2014). In the Rafsanjan Plain the distribution and morphology of dunes is what would be expected given the current wind directions (Wasson and Hyde 1983). Today the prevailing wind directions change seasonally, but are also controlled regional topography (Jewell and Nicoll 2011; Zhang et al. 2012).
Examination of the annual wind rose (Figure 3) shows that the direction of the modern prevailing annual wind comes from the southwestern sector, the next most dominant wind comes from the northwest, though winds from due west are also equally common. Strong winds and storms with speeds of more than 11 meters per second blow from the southwest and but also from the west, southwest winds are most frequent (up to 22.2% of the time)
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Fig. 3 Rafsanjan Synoptic Station wind record for Annual winds from January 2007 to December 2021.
Occurring throughout most seasons the year, but primarily in spring, autumn and winter.

3.3. Sand Sourcing and Aeolian Geomorphology 
Characteristics of the dune sediments were especially useful in determining both sand source areas and the nature of aeolian, as well as of fluvial (which is also involved) sediment transport. The grain size distribution of samples from the Rafsanjan Plain have proven to be a key tool for distinguishing/unravelling the origins of its sedimentary environments. Sand dune sediments consist primarily of diameters around 500µ (NazimZadeh 1988).  Grain size analysis (Table 1) is presented according to Folk’s (1980) sediment classification. The Folk and Ward (1957) grain size analysis reveals both the information regarding the sediment sources and the history of their transport. That is, genetic and/or dynamic relationships between the sand dunes and sand sources on the Rafsanjan Plain, can be used to determine both sediment supply and sand source areas (Mainguet 1984), and subsequent influences upon dune morphology and sediment composition due to the highly variable wind pattern. 
Because sand availability is the primary control for the formation of aeolian features (Dong et al. 2011), identification of the major sources of sand on the Rafsanjan Plain, and evidence that indicates the path of that sand took from these sources, needs to be identified. The very distinctive mineralogy of the geology of the Rafsanjan Plain and its surrounding mountains, makes correlation of aeolian sediments with their source areas (mountain ranges and their alluvial fans) relatively straight forward (Hobbs et al. 2010). In addition, the physical properties of the aeolian dune sediments provides additional evidence of source areas i.e., comparison of grain size and sample mean, sorting, skewness and kurtosis (Figure 7), grain shape, and specific gravity, provided information regarding the genetic origin of the sediments in the Rafsanjan Plain  (Refaat and Hamdan 2015). These studies were also preceded with field surveys to determine if any physical traces indicating travel routes of sands between source areas and dune existed (Mabbutt 1977).

Table 1. Granulometry of sand samples
	Sample #
	New Sample #
	% Particle Size (µ)
	Folk Statistic

	
	
	63
	125
	250
	500
	1000
	2000
	Mean
	Sorting
	Skewness
	Kurtosis

	1
	1
	27.0%
	34.0%
	29.0%
	7.6%
	1.8%
	0.6%
	160.2
	2.014
	0.114
	0.753

	2
	2
	17.4%
	29.0%
	26.0%
	17.0%
	6.6%
	4.0%
	244.3
	2.566
	-0.004
	0.899

	3
	3S1
	29.6%
	38.5%
	24.7%
	3.9%
	2.8%
	0.5%
	153.68
	1.989
	0.144
	0.777

	4
	3S2
	41%
	32%
	22%
	3%
	1.6%
	0.4%
	144.026
	1.937
	0.175
	0.697

	5
	4w1
	9%
	16.4%
	27%
	35.6%
	10%
	2%
	324.9
	2.248
	-0.091
	0.916

	6
	4w2
	3.2%
	27.3%
	31%
	33.5%
	4%
	1%
	308.1
	1.962
	0.055
	0.681

	7
	6
	0.87%
	14.57%
	64.06%
	19.33%
	1.11%
	0.06%
	345.1
	1.537
	1.537
	0.261

	8
	8

	0.51%
	14.27%
	66.72%
	17.96%
	0.53%
	0.01%
	341.3
	1.517
	0.26
	2.394

	9
	7
	0.14%
	5.26%
	25.5%
	48.2%
	20.2%
	0.7%
	564.9
	1.886
	-0.011
	1.105

	10
	9
	0.48%
	7.49%
	40.58%
	44.69%
	6.47%
	0.29%
	447.3
	1.684
	-0.308
	1.061

	11
	10
	0.85%
	9.92%
	20.29%
	33.22%
	34.69%
	1.03%
	587.1
	2.032
	-0.184
	0.733

	12
	11
	0.51%
	7.41%
	32.79%
	56.88%
	2.4%
	0.01%
	455.1
	1.562
	-0.575
	0.852

	13
	12
	0.38%
	6.39%
	40.45%
	46.73%
	5.64%
	0.41%
	450
	1.66
	-0.321
	1.034



Memarian KhalilAbadi et al. (2005), following their study of the source areas of aeolian sediments on the Rafsanjan 
Plain, asserted that the origin of sand within the region was from areas less than 20 Kilometers away (Table 2), these areas included: rangelands, abandoned agricultural lands, the Plain, the. eastern pediment surfaces, bare and poorly vegetated land, and pistachio orchards on the east and south eastern part of dried beds of the Shour, Shahzadeh-Abbas,  and Kabutar Khan rivers that originate in the Sarcheshmeh Mountains.
In fact, the main sources of sand on the Rafsanjan Plain are the distal sections of the alluvial fans that border the southern fringe of the playa where sand has been deposited as flood water speeds dropped below velocities between 1 to 10 cm/second (according to the Hjulstrom diagram). This is borne out by granulometric analysis of the dune sands. The data revealed that they came from the distal alluvial fans just before the clay playa is reached. The mudrocks, comprising the yardangs on the floor of the Rafsanjan Plain also contain sand, and have served as a significant source of sand for the dunes. The sand in yardangs is released during sandblasting and is therefore considered a secondary and highly variable source of sand in this area.
The morphology of the sand dunes correlated with wind speed and direction provides additional evidence of the Rafsanjan sand sources. Because the annual prevailing winds blow from the southwest and west, the sands moving across the Plain come primarily from the western alluvial fans and bajada surfaces. Then they form significant dune fields that include nebkhas when sediment is trapped by shrubs, and barchan and parabolic dunes in more open areas. The development of their classic shapes again reveal the complex interactions between vegetation and sediment transport (Hesp 1981, 2002). 

Table 2 Mineralogy of sand samples
	Sample
	Quartz
	Quartz
	Calcite
	Calcite
	Gypsum
	Gypsum
	Halite
	Halite
	
	
	Corundum
	Corundum

	
	
	
	
	
	
	
	
	
	Arthose,
K, A,  S, O3,,,
	Arthose,
K, A,  S, O3,,,
	
	

	1
	7
	7.0%
	7
	7.0%
	46
	46.0%
	3
	3.0%
	3
	3.0%
	3
	3.0%

	2
	28
	28.0%
	17
	17.0%
	0
	0.0%
	0
	0.0%
	0
	0.0%
	0
	0.0%

	3
	13
	14.8%
	12
	13.6%
	0
	0.0%
	0
	0.0%
	0
	0.0%
	4
	4.5%

	4
	40
	29.9%
	5
	3.7%
	40
	29.9%
	1
	0.7%
	1
	0.7%
	0
	0.0%

	Sample 
	Olivine pyroxene
	Olivine pyroxene
	Sedimentary rocks
	Sedimentary rocks
	Igneous rock
	Igneous rock
	Metamorphic rocks
	Metamorphic rocks
	Heavy metals
	Heavy metals
	Total
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	1
	0
	0.0%
	3
	3.0%
	27
	27.0%
	1
	1.0%
	0
	0.0%
	100
	

	2
	2
	2.0%
	7
	7.0%
	42
	42.0%
	4
	4.0%
	0
	0.0%
	100
	

	3
	0
	0.0%
	13
	14.8%
	45
	51.1%
	1
	1.1%
	0
	0.0%
	88
	

	4
	10
	7.5%
	12
	9.0%
	19
	14.2%
	2
	1.5%
	4
	3.0%
	134
	




In the northern part of the plain, there is a complex interaction between fluvial transport of weathered sediments from the mountains through the fans to the plains as fluvial sands, and then back towards the mountains through aeolian transport of sand. This creates an almost closed cycle of sand transport in that part of the Plain. On the surface of the plain, both weathering and impact of particles during saltation produces new sand particles that contribute to the sand volume in the area as well.
Alluvial sands from the distal parts of these fans are transported by the dominant winds, which blow from the southwest. The sands, after traversing the central playa, are primarily deposited on the northern foothills, although several types of migrating dunes are observed in the central and the southern area of the playa. As a result the movement of sands may be understood as a complex system of 1) erosion of sands from the Davaran Mountains that lie in the north northeast, and from the Sharchesmeh Mountains in the south. In the south the southwest to west winds transport the Sharchesmeh sand across the valley where they are mixed with the sands from the Davaran Mountains. The southwest to west winds transport these mixed sands back into the Davaran Mountains where they are washed into the valley again creating a cycle of mixing. During the summer, winds from the north move both loose sands and sands deflated from the valley floor to the south. This way both recent and much older sediments are mixed and deposited in dunes as well. Finally there are the contributions from the larger rivers that bring sediments into the valley floor where they are mixed by the varying prevailing winds. This mixing, and relatively short distance transport is reflected in the grainsize analsysis. The abundance of coarse sand in some of the dunes is unexpected but explained by variable seasonal winds that transport sediments in the Rafsanjan Valley (Figure 4). 
As an attempt to better understand of the regional, aeolian geomorphological processes at work in the Rafsanjan Plain, the types of aeolian landforms were identified using the following dune definitions (Dong & Lv 2014). The names of these dunes is based upon the nomenclature who first proposed classifying dunes into 1) simple, 2) compound and 3) complex dune forms (Pye and Tsoar 1990).


[image: ]

Fig.4 Plot of the Rafsanjan samples with regards to mean grain size of each sample and the fluid threshold velocity. Position of the Rafsanjan samples on the diagram probably reflects environmental factors unique to the Rafsanjan Plain.

Figure 5 shows the geomorphological map of the study area. This map illustrates various aeolian landforms and sand dune types identified across the Rafsanjan Plain. Based on field observations and geomorphological interpretations, the dunes of this region can be categorized into several main groups according to their origin and morphology:
· Topographic dunes, which form as a result of the influence of topographic obstacles, include echo dunes, climbing, falling and lee dunes. Most of these lie adjacent to the Davaran Mountains or even draped over the foot or the slopes.
· Autogenic dunes on this plain include barchanoids, seifs, dome dunes and a star dunes. Sand sheets and zibar units also belong to this group. 
· Phytogenic dunes identified in the Rafsanjan Plain include parabolics, nebkhas, shadow dunes and vegetated linear dunes (Hesp 1981).  They occupy a considerable part of the plain. Obviously, some of dunes that were identified were too limited in area to be mapped. Also, in some instances, there are more than one type of dune in a mapped unit.
· Compound dunes are composed of a number of dunes of the same major dune type but at different scales superimposed onto each other (McKee 1979). 
· Complex dunes on the Rafsanjan playa are comprised of the superimposition of different dune types including: parabolic-seif and seif-barchans dunes (Livingstone et al. 2010).  In addition, linear sand dunes with a morphology displaying a bimodal wind direction from a northwest and southwest direction also occur. This reveals both current and past wind directions (Eric et al. 2009).

[image: ]
Fig. 5 Aeolian geomorphology map of Rafsanjan plain.

Some sections of the alluvial fan surfaces in both the southern and northern areas of the Rafsanjan Plain are covered by a layer of desert pavement comprised of angular or sub-rounded gravels resting on a layer of ﬁner sediment (Cooke and Warren 1973). This unit covers about 550 square kilometres, which is about 29 percentage of the geomorphological units in the region. The surface of the rocks that make up the desert pavement often have desert polish. Any vegetation that grows there is both sparse and very low. Despite its apparently stable surface, desert pavement is one of the more fragile areas of the Rafsanjan Plain. 
Several theories of desert pavement present themselves (McFadden, et al. 1995). 1) The most common theory contends that they form through the gradual removal of sand, dust and other fine-grained material by the wind and intermittent rain, leaving the larger fragments behind. The larger fragments are left to settle into place through gravity.  A second theory supposes that desert pavements result from the shrink/swell properties of the clay underneath the pavement that causes them to expand when precipitation is absorbed, and shrink when it dries. Eventually this transports rocks and pebbles to the surface to form a pavement. The most recent theory proposed by Stephen Wells and his coworkers at Cima Dome, explains geologically recent lava flows covered by younger soil layers, with desert pavement on top of them, made of rubble from the same lava, as an accumulation of soil beneath a protective layer of desert pavement with no stones or gravel in the soil. They suggest that the stones remain on the surface due to heave, and windblown dust accumulates beneath the pavement to slowly lift it (Wells, et al. 1995). However, when the surface layer of the desert pavement is disturbed, the underlying fine particles are exposed and are easily eroded and it becomes a major source of sand and dust production in the Rafsanjan Plain. Surface vegetation on desert pavement may help mitigate this problem.

3.4. Evolution of Land Use since 1955 and the Onset of Desertification
According to long-term wind roses, in this case from Kerman 100 km away the dominant and stormiest winds come from the southwest and west and north-west. Among the regional winds the southwest, western, and then the northwest winds have the greatest influence on land use and cause dust storms on the Rafsanjan Plain. However, when one looks at the decadal wind rose record, it is clear that there was a significant change in wind pattern directions and their strengths during the 1980s (Figure 6).
In order to identify the effects of wind erosion on land use, and to investigate the consequences that changes that the progress sand movement has had, land use maps of the study area were prepared from the beginning, middle  and end of a 53-year period (Figures 7, 8, and 9). 
The comparative study of land cover map and sand-range changes indicate that from 1955 to 1995 there was a decrease in the area of the erg, the most important reason being the conversion of sandy areas into agricultural land (Table 3). From 1995 to 2008 there has been an increase the area of the erg and in some regions (especially North- East and North-West) sand dunes have moved into adjacent lands as well. The most important reason was sand stabilization program and an increase in agricultural land. However, it is these lands that are now are under major threat of sand inundation.


Fig. 6 Decadal windroses for Kerman, Iran, since 1957 showing the major change in wind direction in southern Iran including the Rafsanjan Plain sometime during the 1980s.

Table 3 Change in land use in the Rafsanjan Plain between 1955 and 2008
	Year
	City
Area Km2
	Orchards Area Km2
	Sand
Area Km2

	1955
	7.82
	181.01
	381.42

	1995
	57.98
	356
	271.21

	2008
	86.72
	377.41
	276.46
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Fig. 7 Rafsanjan land use in 1955
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Fig. 8 Rafsanjan land use in 1995
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Fig. 9 Rafsanjan land use in 2008

The role of precipitation in influencing these changes, especially in light of the increasing impact of global warming must be considered as well. El Niño-Southern Oscillation (ENSO) or Southern Oscillation Index (SOI), Pacific Decadal Oscillation (PDO), and North Atlantic Oscillation (NAO) are distinguished as the most essential phenomena due to their considerable impacts on hydro-climatic systems. The predominance of the SOI in the climate of southern and southeastern Iran is significant (Dehghani et al. 2020). In autumn, winter, and spring, which is when most of the precipitation occurs, SOI has a significant correlation with more than 70% of the stations in these three seasons (Figure 10). Dehghani et al (2020) conclude that NAO and SOI have a positive correlation with fall, winter and spring precipitation in most stations while they have a negative correlation with summer precipitation. This pattern is the same for PDO in winter and spring while there is a positive and negative correlation with summer and autumn precipitation, respectively. It appears from their study that the Southern Oscillation Index has the greatest impact upon the precipitation in exteme southern Iran, but the monsoons don’t seem to play a significant role in precipitation thus far in the Rafsanjan Plain.
At Rafsanjan the monthly average precipitation, except for October and May, have all experienced significant decline in rainfall amounts. Especially March and November have experienced over a 14% decrease in precipitation. June, August and September have also experienced relative increases in precipitation. The increases in August, September and October may be related to increasing monsoonal penetration into the region. 
Unlike other records in the region, December, January and February have lower precipitation then those months preceding and following them. Precipitation trends both annually and seasonally have been declining since 1987 (Figures 11 and 12). Precipitation has been highly variable, but the general decline has been steady. The high variability may explain some of the obvious alluvial fan activity that is seen in the satellite images above. With regards to the alluvial fan activity in the 1995 Google Earth view of the Rafsanjan Plain, it is clear that this was a significant period of increased spring and fall precipitation.

[image: ]Fig. 10 Rafsanjan seasonal mean precipitation by decade from 1987 through 2016.
Fig. 11 Rafsanjan annual mean precipitation by decade from 1987 through 2016.
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Fig. 12 Monthly Mean temperature by decade at Rafsanjan from 1996 through 2016.

Both the mean monthly, seasonal, and annual temperatures have been increasing in the Rafsanjan area (Figures 13 and 14).   Effective precipitation in Rafsanjan has been highly variable during the last 30 years (Figure 15). It is clear that precipitation and temperature are usually out of phase as one would expect. That is, when temperature is higher effective precipitation declines due to higher evaporation rates, and when annual temperature is lower, effective precipitation increases, because evaporation rates are lower.  The formula to calculate effective precipitation is as follows: 

Effective Precipitation (mm) = (precip in mm) – 5) x 0.75

It is the reduction in effective precipitation that has added the environmental effect that has not only reduced the precipitation available for plants in the region…and all of southern Iran, but also has resulted in a significant loss off rain for the recharge of groundwater. This has resulted in a significant increase the number of deep wells to mine the groundwater and a lowering of the water table beyond the reach of the plants stabilizing many dunes. 
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Fig. 13 Mean Seasonal Temperature by decade at Rafsanjan from 1987 through 2016
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Fig. 14 Mean Annual Temperature by decade at Rafsanjan from 1987 through 2016
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Fig. 15 Decadal Mean Seasonal Effective Precipitation at Rafsanjan from 1987 through 2016.

Between 1955 and 2008 the area of Rafsanjan city increased from 72.72 to 82.7 km2, and the area of sand dunes reduced dramatically from 421.381 to 249.29 km2 due to the conversion of sandy areas into agricultural lands, and to the removal of sand from agricultural lands, often for other uses such as to soften clayey soils, etc. An additional decrease of 8.11 km2 in sandy areas, is supported by field observations and statements of farmers, to have been becaue farmers removed the sands swept into their gardens every year. However, the major reason for the reduction in the area of sands was clearly their conversion into agricultural lands.
Today, desertification of the Rafsanjan Plain is progressing at an alarming rate. Accumulation of wind-blown sediments on arable lands is accelerating, and soil fertility is declining at an ever increasing rate. In general, the factors affecting wind erosion in Rafsanjan plain include both natural and human impacts. 
In summary, natural factors affecting wind erosion include: 1) reducing precipitation; 2) its irregular and severe fluctuation from year to year; 3) change in its monthly distribution; 4) decrease in the density of or lack of vegetation cover; 5) increasing annual temperature resulting in increased evaporation rates; 6) surface smoothness (as Rafsanjan is located in a low relief area) which during recent severe droughts have intensified the phenomenon of wind erosion. Human factors affecting wind erosion in Rafsanjan Plain include: 1) lack of proper application of principles of soil protection; 2) overgrazing by livestock; 3) and especially, severe exploitation of groundwater, which has resulted in severe reduction of groundwater levels and drying of wells. As a result, much of the land has been abandoned, and the abandoned lands have in themselves become a source of deflated sands. This has ultimately led to an intensification of wind erosion and desertification in the region.
Despite the fact that farmers remove sand from their lands, there is no way they can staveoff the effects of wind erosion. In some areas (Lahijan) sand has advanced into adjacent agricultural land, in the northeast wind erosion has destroyed pistachio orchards and buried them, filled canals and water wells, and, as a resulted in the abandonment of pistachio orchards.In some areas (Lahijan) it has advanced to agricultural lands adjacent to sand dunes.  At current rates of sediment erosion and its movement towards and into areas where people live and work, huge financial losses have occurred (Cao et al. 2015). Due to the expansion of pistachio orchards into the sandy lands, and to the fragility of arid environments, it may be expected that with recurring drought over many years, the continuing progression of sands will result in the eventual destruction of the pistachio orchards.

4. Conclusions
According to research undertaken on the Rafsanjan Plain, the immense southern alluvial fans are the main sources of sand. Aeolian sediments have been transported from the southwest by the dominant prevailing regional winds, and have traversed the central part of the plain, and have accumulated predominately at the northern and north-eastern sides of the area. During transport, the sands have also accumulated, and formed sand dunes as a result of topographic or vegetational barriers. In some parts of the plain, non-dominant winds have acted in the process of aeolian geomorphology, as well. The entire surface area in this plain is ~1060 km2 and is characterized by various aeolian geomorphological features including: areas of source deflation characterized by desert pavement, and by wind eroded yardangs and by areas of aeolian deposition characterized by barchans, barchans-coppices, seif-barchans, seifs, zibars, parabolics, linear vegetated dunes, nebkhas and dome dunes and sand sheets. Transported sands have also been carried up the Davaran Ridges where they have formed climbing, lee and echo dunes there. All of these features have been identified and mapped. It is clear from both sediment and mineralogical analysis that most aeolian deposits are a complex mix of sand sources from throughout the valley. It is also clear that in some areas the mixing is more extreme (Maghsoudi et al, 2011). 
The information gleaned from the wind roses, indicate that that the most important wind affecting aeolian erosion has been the southwest, followed by the west wind. Southwest winds predominate in winter and spring, but also occur with less strength in the fall. Northwest and north winds predominate in the summer months when drought prevails, and sands are more easily transported.  However, the greatest strength winds occur in winter, and originate from the southwest to the northwest. They also carry the largest proportion of sediment with them. It is also clear that there are shifts occurring in the dominant wind dirctions, and that they will effect the direction of sand movement making new areas vulnerable to inundation. 
Comparison of land use map and sand-range changes revealed from 1955 to 1995 there was a decrease in the area of erg, its most important reason being the change of sand areas to agricultural land and from 1995 to 2020 there has been an increase in its area and in some regions (especially North- East and North-West) sand dunes have moved into the adjacent land. Comparison of land use in the years 1955 to 2020 indicate that the areas around the sandy lands are increasingly exposed to the threat of sand encroachment. The changes after 1995 may be due to shift in the location of the Winter Monsoon in India.
Aeolian landforms are being influenced by ongoing climate change as well as anthropogenic activities. Winter precipitation has decreased by 20% since 1951, and spring precipitation by 50%. Average annual temperature has increased by about 2°C. Effective precipitation has decreased by about 50 mm. The resulting impact upon groundwater recharge has been devastating, especially when combined with the increase in deep water water drilling and expansion of agricultural areas. This has already led to the abandonment of many pistachio orchards. 
Several future scenarios present themselves: 1) in the most extreme, the region will face total desertification and human abandonment within the next few decades. 2) A culture of prevention and increase in local public and official awareness, could result in mobilization of stake holders and users, to begin a program that will protect the Rafsanjan Plain through a) a shift to water saving methods of irrigation, such as drip irrigation, which could deliver up to 90% of the water pumped from the ground to the field, ground surface mulching under the plants in agricultural areas to reduce water loss through evaporation, and b) through the institution of programs of aeolian process mitigation through either natural (plants) or artificial (fences) barriers to intercept the wind and reduce its sediment carrying capacity, c) by introducing ground surface covers, that prevent the wind from lifting sediment from the ground. Such measures would rescue the region from further desertification. The increased savings in water, might allow the revival of traditional irrigation methods such as the qanat system, coupled with drip irrigation, which could protect further loss of pistachio orchards to sand encroachment. If such measures are not taken, the ongoing invasion of sands will assure continued desertification of the region, and assured destruction of the agricultural lands of the Rafsanjan area.
As suggested at the beginning of this paper, the Rafsanjan Plain is a microcosm of what is happening globally in the marginal agricultural areas of the earth. To allow the collapse of these areas will assure the displacement of 100s of millions of people who will look to the more mesic temperate regions for relief. Therefore, to address the needs of these regions now, will have long-term benefits both economically, and politically.
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