
 
1 

Quantifying groundwater exploitation induced subsidence in the 1 

Rafsanjan Plain, southeastern Iran, using InSAR time-series and in 2 

situ measurements 3 

Mahdi Motagh1,2, Roghayeh Shamshiri3, Mahmud Haghshenas-Haghighi1, Hans-4 

Ulrich Wetzel1, Bahman Akbari4, Hossein Nahavandchi3, Sigrid Roessner1 and 5 

Siavash Arabi5 6 

1- GFZ German Research Centre for Geosciences, Department of Geodesy, Section of 7 

Remote Sensing, 14473 Potsdam, Germany 8 

2- Institute for Photogrammetry and GeoInformation, Leibniz Universität Hannover, 9 

30167 Hannover, Germany 10 

3- Norwegian University of Science and Technology, Department of Civil and 11 

Environmental Engineering, 7491 Trondheim, Norway 12 

4- Forest, Range and Watershed Management organization, 1955756114 Tehran, Iran 13 

5- National Cartographic Centre of Iran (NCC), Tehran, Iran 14 

Abstract 15 

Decades of groundwater overexploitation for agriculture and industrial development 16 

have resulted in substantial land subsidence in the Rafsanjan plain of southeastern Iran. 17 

This work presents the results of an InSAR time series analysis obtained by the 18 

exploitation of Envisat, ALOS and Sentinel-1 (S1) SAR data archives between June, 19 

2004, and May, 2016, to investigate land subsidence in the plain. The InSAR analysis 20 

revealed an area of approximately 1000 km2 within the study area showing subsidence 21 

of greater than 5 cm/year and locally exceeding 20 cm/yr in the last decade. This area 22 

of significant subsidence is limited in its spatial extent to the agricultural land and is 23 
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partly influenced by Quaternary faults. The temporal and areal relationships of 24 

subsidence and groundwater level data suggest that a significant part of the observed 25 

subsidence in the Rafsanjan region is caused by intense groundwater extraction that has 26 

led to widespread compaction within the upper parts of the up to 300 m thick 27 

unconsolidated sediments, causing irreversible and inelastic deformation of the aquifer. 28 

The average volume storage loss of the aquifer system due to overexploitation is 29 

estimated to have been approximately 300 million cubic metre (mcm)/yr over the last 30 

decade.  31 

Keywords: subsidence, InSAR, groundwater extraction, agriculture, Iran 32 

1. Introduction 33 

Land subsidence due to the overdrafting of groundwater resources for industrial and 34 

agricultural purposes is a geological hazard that affects many urban and agricultural 35 

areas in the world. It is well-known, for example, in Bangkok in Thailand (Phien-wej 36 

et al., 2006), Mexico City (Cabral-Cano et al., 2008), Antelope Valley, California 37 

(Galloway et al., 1998); Las Vegas Valley, Nevada (Amelung et al., 1999), Venice in 38 

Italy (Tosi et al., 2013) and Beijing in China (Chen et al., 2016). The excessive 39 

exploitation of groundwater drains the pores of aquifers, reducing the pore fluid 40 

pressure of water. This leads to an increase in the supportive effective stress on the 41 

fluid-rock system. The aquifer skeleton may then consolidate or compact due to the 42 

increase in the effective stress by the rearrangement of the grains (Terzaghi, 1925).   43 

Several environmental effects and consequences are associated with land subsidence 44 

including damage to infrastructures and buildings (Abidin et al., 2001; Shamshiri et al., 45 

2014), increased risk of flooding in coastal areas (Dixon et al., 2006) and accelerated 46 
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erosion along earth fissures and drainage systems (Conway, 2015). Monitoring the 47 

spatial extent and temporal evolution of surface deformation associated with fluid 48 

withdrawal is critical to mitigate hazards associated with this phenomenon (Herrera et 49 

al., 2009; Huang et al., 2012). 50 

Among ground and space-based geodetic methods used for measuring land subsidence 51 

(Abidin et al., 2008), space-borne interferometric synthetic aperture radar (InSAR) 52 

enables a unique imaging capability for the assessment of subsidence in response to 53 

fluid extraction from subsurface reservoirs (Galloway et al., 1998; Teatini et al., 2005). 54 

Differential Interferometric SAR (DInSAR) and advanced multi-temporal 55 

interferometry methods (e.g., permanent/persistent scatterer interferometry (Ferretti et 56 

al., 2001) and small baseline subsets (Berardino et al., 2002)) provide high spatial-57 

resolution (up to 25 cm) techniques for accurately (sub-centimetre to sub-millimetre 58 

accuracy) mapping the temporal and spatial distribution patterns of deformation (Casu 59 

et al., 2006; Ferretti et al., 2007; Manzo et al., 2012), allowing better characterizations 60 

of the elastic and inelastic properties of aquifer systems with high degrees of spatial 61 

resolution in both space and time (Canova et al., 2012; Ezquerro et al., 2014; Hoffmann 62 

et al., 2001; Rigo et al., 2013; Tomás et al., 2010a; Tung et al., 2016). InSAR 63 

measurements also help identify the influence of geological structures on spatial 64 

patterns of subsidence (Bawden et al., 2001; Burbey, 2008; Calderhead et al., 2011; 65 

Motagh et al., 2007; Stramondo et al., 2007).  66 

Decades of extensive groundwater extraction from aquifers, which are used mainly for 67 

agricultural activities, have caused substantial land subsidence in developed 68 

groundwater basins across Iran that at some locations have exceeded 20-30 cm/yr 69 

(Akbari and Motagh, 2012; Anderssohn et al., 2008; Davoodijam et al., 2015; Dehghani 70 
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et al., 2009; Dehghani et al., 2013; Motagh et al., 2008; Motagh et al., 2007). This study 71 

focuses on the Rafsanjan plain, which is located in the Kerman province in the southeast 72 

of Iran (Fig. 1). This area, possibly more than any other agricultural region in the 73 

country, has been adversely affected by land subsidence due to the overdrafting of 74 

groundwater resources (Rahnama and Moafi, 2009; Sayyaf et al., 2014). The ongoing 75 

pattern of land subsidence in Rafsanjan was first documented using GPS measurements 76 

(Mousavi et al., 2001). In a recent study, (Motagh et al., 2008) analysed a few space-77 

borne C-band SAR images from Envisat using the InSAR technique and showed that 78 

the differential interferograms of this area are dominated by a plain-wide subsidence 79 

bowl that is oriented northwest-southeast along the axis of the plain and punctuated by 80 

several circular fringes exhibiting intense localized subsidence. A field investigation in 81 

2010 carried out following that earlier study revealed that the locations of circular 82 

structures in the differential interferograms coincided with the locations of exploitation 83 

wells (Fig. 1b), which are therefore the direct consequence of the compaction around 84 

the wells resulting from overdraft conditions (Calderhead et al., 2011).  85 
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 86 

Figure 1: (a) Landsat 8 image of the study area. The inset at the top left indicates the location of Rafsanjan 87 

plain in Iran. The rectangles show the frames of radar sensors used in this study; the white frames 88 

correspond to Envisat tracks in descending and ascending orbits, the purple to ascending ALOS and the 89 

blue to S1 tracks in ascending and descending orbits. The red dots are the locations of exploitation wells 90 

in the valley. The white triangle is the location of the Davaran precipitation station. (b) A close-up view 91 

of the wrapped Envisat interferogram from (Motagh et al., 2008), which spans 17 May to 26 July 2005 92 

for the area marked by the black rectangle in Fig. 1a. (c), (d), (e) and (f) refer to the field pictures 93 

depicting the ‘pumping stations’ located in the centre of the circular fringes in Fig. 1b. They are marked 94 

by white arrows and labelled 1, 2, 3 and 4, corresponding to (c), (d), (e) and (f), respectively. 95 

In this paper, we extend the earlier study of Motagh et al. (2008) by using more SAR 96 

data from Envisat, ALOS and Sentinel-1 (S1) satellites and applying the multi-temporal 97 

InSAR time-series analysis technique (Berardino et al., 2002; Hooper, 2008) to better 98 

resolve the spatial and temporal patterns of subsidence in Rafsanjan. The use of the 99 

InSAR time-series technique to monitor groundwater-induced deformation is 100 

particularly relevant in areas such as Rafsanjan, where no detailed information exists 101 
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on the history of subsidence and where no ground-based geodetic monitoring system is 102 

yet operative to document the temporal and spatial pattern of ongoing land subsidence. 103 

Complimentary, InSAR-derived results are analysed in conjunction with geological 104 

maps, field inspection, and measurements of hydraulic head fluctuations to better assess 105 

hydro-geologic parameters that affect the spatio-temporal characteristics of land 106 

subsidence. Moreover, the storage properties of the aquifer system and its volume loss 107 

due to overexploitation are evaluated using the temporal relationship between InSAR-108 

derived subsidence and artesian-head change. 109 

2. Study area 110 

Fig. 2 illustrates the geological setting of the Rafsanjan area. The last and main 111 

Quaternary deformation in Rafsanjan, which is located in the Yazd Block of the Central 112 

Iranian Microcontinent (CIM), led to narrow saddles and basin structures that are 113 

oriented NW-SE and controlled by complex fault systems and fracture zones 114 

(Aghanabati, 2004; Ghorbani, 2013). The resulting structure patterns are morphological 115 

antiforms (blocks of outcropping Mesozoic and older units) and synforms such as the 116 

intra-mountainous basins of Noogh-Bahreman and Koshkoueieh-Rafsanjan that are 117 

filled with sediments originating from the outcropping materials of the antiforms (talus 118 

cones, gravel fans, river sediments with terraces, dunes and sand sheets and Sabkha 119 

sediments composed of salty silts, clays and mud flats, salts and gypsum). The 120 

seismically active Darivan thrust fault (Hessami et al., 2003) marks the northern 121 

boundary of a block structure that consists of Mesozoic-Palaeozoic basement units; 122 

close to the fault, the block units are composed mainly of Devonian to Carboniferous 123 

or Cambrian sandstones, quartzite, shales, conglomerates, and lesser carbonate rocks, 124 

whereas away from the fault, the units are mainly Cretaceous limestones and clastic 125 
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sediments. In the south, the basin region of Noogh-Bahreman is bounded by a saddle 126 

structure whose northern flank is controlled by a Quaternary NW-SE- fault system that 127 

is named in this paper the Bahreman fault due to its proximity to the Bahreman village. 128 

The rock units in this outcropping rock complex are subdivided into intensely fractured 129 

micro-blocks that consist of several hundred metres of Upper Cretaceous (Campanian-130 

Maastrichtian) coarse-grained carbonates and sandy limestones and partly of Eocene 131 

volcanics and associated sedimentary rocks. The region of Koshkoueieh-Rafsanjan, 132 

which has several hundred metres of similar Quaternary basin fill, represents the basin 133 

structure situated in the furthermost SW of the study area; it is bounded by the 134 

Quaternary Rafsanjan strike-slip fault and the Eocene volcanics and conglomerates. 135 

The aquifers in the Rafsanjan basin receive their recharge from direct precipitation, 136 

seasonal river discharge, basin-wide run-off from the relatively impermeable rocks of 137 

the surrounding high ranges, infiltration into faults and fractures zones, and surface 138 

water infiltration through coarse grained sediments deposited in the fans. Figs. 2b-d 139 

show the lithologic log descriptions for 3 hydrogeological wells and their locations in 140 

the study area. As depicted in those figures, the thickness of the high permeability 141 

deposits (gravels with sand) increases towards the surrounding mountain ranges. The 142 

lithological profiles also indicate that the thickness of less permeable material (clay and 143 

clay with interbeds of sand) increases with depth towards the centre of the plain in 144 

comparison to the areas closer to the mountain range.  145 
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Figure 2: (a) Geological setting of the study area. The geological information is from 1:250,000 147 

geological maps (Mahdavi, 1996; Zohrehbakhsh et al., 1992) as well as a 1:2500,000 map of (Hessami 148 

et al., 2003) and Landsat ETM data. The main townships and villages of Noogh, Bahreman, Bayaz, 149 

Koshkoueieh, and Hemmatabad-Agah are depicted by grey-filled circles. The boundary of Rafsanjan 150 

City has been marked by a black polygon. (b), (c) and (d) show lithological logs of 3 exemplary wells, 151 

which are marked by blue triangles and are numbered 1, 2, and 3 in Fig. 2a, respectively (Sayyaf et al., 152 

2014; Zayandehroodi, 2012) 153 

The climate of the study area is characterized as the arid and hyper-arid type, with mean 154 

annual rainfall of ~100 mm (Fig. 3) and potential evaporation of more than 3000 mm 155 

(Mehryar et al., 2015). The region is among the main producers of pistachios in the 156 

world, with more than 90% of its agricultural fields being allocated to pistachio crops. 157 

The total area of agricultural land has increased by approximately 50% in the past 3 158 

decades, although the rate of expansion has slowed down recently due to the impact of 159 

drought and increasing water scarcity (Mehryar et al., 2015).  160 

161 

Figure 3: Precipitation (blue bars, right axis) and total well discharge (red bars, left axis) in different 162 

sampling years (Zayandehroodi, 2012). The precipitation data are extracted from the Davaran 163 

meteorology station (National code: 028-46), marked by a white triangle in Fig. 1.   164 
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165 

Figure 4: Average groundwater hydrograph of the Rafsanjan Plain from 1983 to 2010 (Zayandehroodi, 166 

2012) 167 

Groundwater is the main water supply source for irrigation activities in the region, and 168 

the total amount of groundwater extracted annually increased from approximately 200 169 

million cubic metres (mcm) in the 1970s to more than 700 mcm in the late 1980s. The 170 

annual groundwater discharge in the region is estimated to be approximately 600 171 

mcm/yr (Fig. 3), of which approximately 96% is consumed for agriculture. The region 172 

currently suffers from an approximately 200 mcm/yr deficit in the groundwater balance 173 

as a result of its agricultural and industrial water needs. The unrestrained exploitation 174 

of the aquifers has caused a significant groundwater level decline of approximately 17 175 

m over the past 3 decades (Zayandehroodi, 2012), from 1417 m a.s.l. (above sea level) 176 

in 1983 to 1400 m a.s.l. in 2010 (Fig. 4). The number of deep wells drilled for irrigation 177 
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purposes has increased substantially in the past five decades, from approximately 70 in 178 

the 1960s to more than 1300 in the 2000s (Jaghdani and Brummer, 2011), out of which 179 

more than 600 wells tap water from a depth of 170-350 m (Fig. 5). The overexploitation 180 

of groundwater resources leads to a reduction in pore pressure and results in 181 

consolidation of the sedimentary layers as a consequence of groundwater level decline 182 

(Terzaghi, 1925). 183 

184 

Figure 5: Distribution of depths to the water table in Rafsanjan. Modified after (Zayandehroodi, 2012) 185 

3. Method  186 

3.1.  InSAR analysis 187 

To derive the spatial and temporal changes in land subsidence in Rafsanjan, we utilized 188 

5 sets of SAR images, including 16 Envisat ASAR images from a descending track 189 

covering April 2003–May 2008, 23 Envisat ASAR images from an ascending track 190 

covering June 2004–August 2007, 10 ALOS PALSAR images from an ascending track 191 

covering September 2007–November 2010, and 32 S1 TOPS images, 16 from an 192 
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ascending track and 16 from a descending track, both covering the same time period 193 

between May 2015 and May 2016 (See Motagh et al. (2017) for the list of data). The 194 

outline of the SAR frames is shown in Figure 1. The mean incidence and heading angles 195 

of each SAR sensor are listed in Table 1. 196 

Table 1: Geometric parameters of the different SAR sensors; des and asc stand for 197 

descending and ascending orbits 198 

Sensor Azimuth angle Incidence angle 

Envisat (des) 195° 23° 

Envisat (asc) 344° 41° 

ALOS (asc) 347° 39° 

S1 (asc) 350° 37° 

S1 (des) 190° 43° 

We processed all the data using the SBAS time-series approach (Berardino et al., 2002). 199 

For the SBAS analysis, we first produced differential interferograms of the SAR data. 200 

The Envisat and ALOS interferograms were processed using the repeat-pass method 201 

implemented in the DORIS software (Kampes et al., 2003). The InSAR processing of 202 

the S1 interferometric wide-swath data was performed with GAMMA software 203 

(Wegmuller and Werner, 1997) using the spectral diversity method (Scheiber and 204 

Moreira, 2000) for precise coregistration of SAR data. Such a precise coregistration 205 

(offset estimation better than 0.001 for an azimuth resolution cell) is necessary for S1 206 

interferometric processing to avoid azimuth phase variations in S1 interferograms 207 

caused by along-track differences in Doppler-centroids (Fattahi et al., 2016; Prats-208 

Iraola et al., 2012). A 90-m digital elevation model that was derived from the NASA 209 

Shuttle Radar Topography Mission (SRTM) was used as the reference topography 210 

model for the topography-related phase correction and geocoding (Farr and Kobrick, 211 
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2000) of all the interferograms. Second, we performed a time-series analysis of 212 

differential interferograms using the StaMPS/MTI method (Hooper, 2008). For the 213 

Envisat and ALOS data, we first selected an initial set of candidates, the so-called 214 

Persistent Scatterer Candidate (PSC), using amplitude difference dispersion (Ferretti et 215 

al., 2001; Hooper, 2008):  216 

𝐷𝐷𝐴𝐴 =
𝜎𝜎𝑎𝑎
𝑎𝑎�
, (1) 

where 𝜎𝜎𝑎𝑎 stands for the standard deviation of the difference in amplitude between the 217 

master and slave, and 𝑎𝑎� is the mean amplitude. A threshold value of 0.6 was used to 218 

select the initial sets of PSCs. The interferometric phase of the PSCs was then corrected 219 

for both spatially correlated contributions and spatially uncorrelated look angle errors 220 

to estimate phase noise through a measure called temporal coherency (𝛾𝛾𝑥𝑥), defined as 221 

(Hooper et al., 2004): 222 

𝛾𝛾𝑥𝑥 =
1

𝑁𝑁
�∑ 𝑒𝑒𝑥𝑥𝑥𝑥�𝑗𝑗�𝜓𝜓𝑥𝑥,𝑖𝑖 − 𝜓𝜓�𝑥𝑥,𝑖𝑖 − ∆𝜓𝜓�𝜃𝜃,𝑥𝑥,𝑖𝑖

𝑢𝑢 ��𝑁𝑁
𝑖𝑖=1 �, (2) 

where 𝜓𝜓𝑥𝑥,𝑖𝑖 is the wrapped phase of pixel 𝑥𝑥 in the 𝑖𝑖th interferograms, 𝜓𝜓�𝑥𝑥,𝑖𝑖 is the estimate 223 

for the spatially correlated terms, 𝜓𝜓�𝜃𝜃,𝑥𝑥,𝑖𝑖
𝑢𝑢  is the estimate of the spatially uncorrelated look 224 

angle error term, and 𝑁𝑁 is the number of interferograms. The statistical analysis of the 225 

distribution derived from the temporal coherency in equation (2) leads to the selection 226 

of those pixels that exhibit slow decorrelation over short time intervals, which are the 227 

so-called slowly decorrelating filtered phase (SDFP) pixels. For the S1 interferograms, 228 

the SDFP pixels were selected using classical coherence thresholding (Berardino et al., 229 

2003) because the Sentinel-1 satellite has a very stringent orbital control that ensures 230 

precise ground-track repeatability and small InSAR baselines on the order of 150 m 231 

(Geudtner et al., 2014; Yagüe-Martínez et al., 2016). Together with the short repeat 232 
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orbit cycle of 12 days, this results in a drastic improvement in the quality of small 233 

baseline S1 interferograms in comparison to C-band interferograms derived from data 234 

acquired by previous missions such as Envisat and ERS. Therefore, coherence 235 

thresholding enables the retrieval of a sufficient number of pixels that are suitable for 236 

deformation analysis. To reduce the computational cost, pixels exhibiting coherences 237 

greater than 0.5 in S1 interferograms were selected as SDFP pixels. Finally, the 238 

wrapped phase of the SDFP pixels was unwrapped using a 3-dimensional phase 239 

unwrapping approach (Hooper and Zebker, 2007), and a least-squares inversion was 240 

applied to retrieve the displacement time-series. The individual interferograms were 241 

checked for unwrapping errors and phase jumps in space, and those exhibiting large 242 

unwrapping errors were eliminated from the processing. The above procedure from 243 

SDFP pixel selection to least-squares inversion was then repeated until all 244 

interferograms were reliably unwrapped. Fig. 6 illustrates the spatial and temporal 245 

baselines for the final network of interferograms used for the time-series analysis. We 246 

constructed a total of 145 SBAS interferograms, including 8 from Envisat descending 247 

orbits, 41 from Envisat ascending orbits, 26 from ALOS, 34 from S1 ascending orbits 248 

and 36 from S1 descending orbits. 249 
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 250 

Figure 6. Plots of acquisition dates versus perpendicular baselines for the final network of the (a) Envisat 251 

descending, (b) Envisat ascending, (c) ALOS, (d) S1 ascending and (e) S1 descending data used for the 252 

time-series analysis. The circles represent SAR images, and the lines represent the small baseline 253 

interferograms. 254 

3.2. Velocity decomposition 255 

As indicated above, the 5 sets of InSAR observations used for assessing land subsidence 256 

in Rafsanjan represent data from different geometries (azimuth and incidence angles). 257 

For a single set of SAR data, the line-of-sight (LOS) velocity (Vlos) that was derived 258 

for each pixel by applying the SBAS method can be expressed in the following way: 259 

𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉𝑣𝑣 cos𝜃𝜃 − (𝑉𝑉𝑒𝑒 cos𝛼𝛼 − 𝑉𝑉𝑛𝑛 sin𝛼𝛼) sin𝜃𝜃, (3) 

where 𝛼𝛼 is the azimuth of the LOS vector, 𝜃𝜃 is the incidence angle, and 𝑉𝑉𝑒𝑒, 𝑉𝑉𝑛𝑛, 𝑉𝑉𝑣𝑣 are 260 

the velocities in the east–west, north–south and vertical directions, respectively. Due to 261 

the near polar orbits of spaceborne SAR systems, LOS measurements are least sensitive 262 

to displacements in the north-south direction. By excluding this component, equation 263 

(3) is transformed into the following form: 264 

𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉𝑣𝑣 cos𝜃𝜃 − 𝑉𝑉𝑒𝑒 cos𝛼𝛼 sin 𝜃𝜃. (4) 

Equation (4) can be solved if for each pixel at least two independent measurements 265 
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from descending and ascending orbits exist to form the following matrix of equations: 266 

�𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙
𝑎𝑎

𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙
𝑑𝑑 � = �𝑐𝑐𝑙𝑙𝑙𝑙𝜃𝜃

𝑎𝑎

𝑐𝑐𝑙𝑙𝑙𝑙𝜃𝜃𝑑𝑑
    −𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙𝑖𝑖𝑛𝑛𝜃𝜃𝑎𝑎

       −𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐𝑑𝑑𝑙𝑙𝑖𝑖𝑛𝑛𝜃𝜃𝑑𝑑  � �𝑉𝑉𝑣𝑣𝑉𝑉𝑒𝑒�, (5) 

where the superscripts 𝑎𝑎  and 𝑑𝑑  refer to ascending and descending geometries, 267 

respectively. The SAR sensors used in this study cover different time periods, resulting 268 

in different temporal sampling of the ground motion. They also have different spatial 269 

resolutions that can affect the decomposition results (Samsonov and d'Oreye, 2012). 270 

We therefore applied equation (5) to the velocity maps retrieved from S1 data in 271 

ascending and descending orbits, which covered the same time period and have the 272 

same spatial resolution. The geocoded LOS displacement rates retrieved from S1 SBAS 273 

were first interpolated onto the same geographic grid points before inverting equation 274 

(5) to estimate the east-west and vertical displacement rates.  275 

3.3. Compressibility and volume loss of the aquifer 276 

Groundwater level measurements carried out in wells are of key importance for the 277 

interpretation of surface deformation in developed ground water basins (Hoffmann et 278 

al., 2003; Lu and Danskin, 2001; Tomás et al., 2010b). The storage coefficient or 279 

storativity (𝑆𝑆) is one of the main hydraulic parameters and can be used for a better 280 

understanding of reservoir properties and deformability characteristics of an aquifer 281 

system (Riley, 1969). It is defined as the volume of water of an aquifer released from 282 

or taken into storage 𝑉𝑉𝑤𝑤  per unit area 𝐴𝐴  per unit change in the hydraulic head ℎ 283 

(Bundschuh, 2010): 284 

𝑆𝑆 = 𝑑𝑑
𝑑𝑑ℎ
�𝑉𝑉𝑤𝑤
𝐴𝐴
�. (6) 

Unconfined aquifers that release large amounts of water by draining the pores of the 285 

aquifer have typical storativity values of 0.05-0.3, whereas confined aquifers have very 286 

low storativity values of less than 0.01 and as little as 10−5.  287 
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To estimate the storage coefficients, we used the relationship between head change 288 

measurements and surface deformation (Calderhead et al., 2011): 289 

𝛿𝛿 = Δℎ × 𝑆𝑆𝑘𝑘, (7) 

where 𝛿𝛿 is subsidence, Δℎ is the fluctuation in the hydraulic head, and 𝑆𝑆𝑘𝑘 represents the 290 

sum of the skeletal storage coefficients (dimensionless) of both aquifers and aquitards 291 

(Galloway and Hoffmann, 2007). 𝑆𝑆𝑘𝑘 was expressed in the following way (Ezquerro et 292 

al., 2014):  293 

𝑆𝑆𝑘𝑘 = (𝑆𝑆𝑙𝑙𝑘𝑘 + 𝑆𝑆𝑙𝑙𝑤𝑤) × 𝐷𝐷, (8) 

where 𝐷𝐷 is the thickness of the aquifer system, 𝑆𝑆𝑙𝑙𝑘𝑘 is the skeletal specific storage (m-1) 294 

or storativity per unit aquifer thickness, and 𝑆𝑆𝑙𝑙𝑤𝑤 is the water specific storage, which is 295 

defined as (Ezquerro et al., 2014): 296 

𝑆𝑆𝑙𝑙𝑤𝑤 = (𝑛𝑛 × 𝛾𝛾)/𝐸𝐸𝑤𝑤. (9) 

In equation (9), 𝑛𝑛 is the porosity of the aquifer, 𝛾𝛾 is the unit weight of water, and 𝐸𝐸𝑤𝑤 is 297 

the bulk modulus of elasticity of water. For a compacting aquifer system such as that 298 

in Rafsanjan, Ssk >> Sw. Two separate parameters of elastic skeletal specific storage (Sske) 299 

and inelastic skeletal specific storage (Sskv) are often used to separate elastic and 300 

recoverable deformation from inelastic and non-recoverable deformation (Galloway 301 

and Hoffmann, 2007; Hung et al., 2012):  302 

𝑆𝑆𝑙𝑙𝑘𝑘 = �
𝑆𝑆𝑙𝑙𝑘𝑘𝑒𝑒 , 𝑓𝑓𝑓𝑓𝑓𝑓  ℎ < ℎ𝑝𝑝
𝑆𝑆𝑙𝑙𝑘𝑘𝑣𝑣 , 𝑓𝑓𝑓𝑓𝑓𝑓  ℎ > ℎ𝑝𝑝

, (10) 

where ℎ𝑝𝑝  in equation (10) represents the preconsolidation head, which is the lowest 303 

hydraulic head experienced by the material, and ℎ  represents the position of the 304 

hydraulic head.  305 

In this work, the skeletal storage coefficient was computed using piezometric series at 306 

15 wells for which we have information on water tables for the period 2004-2010. To 307 
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determine the associated temporal evolution of the ground surface displacement at each 308 

well, average displacement time-series of all coherent pixels within 300 m of a well 309 

were computed. Because Envisat ascending, which covered 2004-2007, and ALOS, 310 

which covered 2007-2010, have similar acquisition geometries, their vertical 311 

displacement time-series results were first obtained by converting the LOS 312 

displacements to the vertical direction by ignoring the horizontal displacement. The 313 

two series were then merged by estimating the vertical offsets between two separated 314 

time-series resulting from the assumed linear velocity change. We then assessed the 315 

correlation between the time-series of groundwater level and the surface subsidence 316 

around each well. For those wells showing a positive correlation, we linearly 317 

interpolated the time series of both InSAR and water levels to the monthly interval and 318 

calculated the slope of the groundwater level change versus displacement data to 319 

determine the storage coefficient.  320 

Having estimated the aquifer storage coefficients, we could also calculate the storage 321 

volume changes of the aquifer, Δ𝑉𝑉, as 322 

Δ𝑉𝑉 = 𝐴𝐴 × ∆ℎ × 𝑆𝑆̅, (11) 

in which 𝑆𝑆̅ represents the mean storage coefficient of the entire aquifer, 𝐴𝐴 is the areal 323 

extent of the aquifer, and Δℎ is the variation in the stress state, which can be expressed 324 

as a piezometric level fall.  325 

4. Results and Discussion 326 

4.1. InSAR time-series results 327 

Fig. 7 illustrates maps of the average annual displacement rates along the satellite LOS 328 

directions derived from SBAS processing of Envisat (Figs. 7a-b), ALOS (Fig. 7c) and 329 

S1 (Figs. 7d-e) SAR data (See Motagh et al. (2017) for data access). The velocity maps 330 
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were generated with respect to a reference point that was selected in an area where 331 

levelling observations between 1997 and 2006 showed no subsidence (Fig. 7). The 332 

observation periods for the velocity maps are shown in Fig. 7f. The results in Fig. 7 333 

suggest that an area of approximately 1000 km2 of the plain was adversely affected by 334 

a surface subsidence that exceeded 5 cm/year. The maximum LOS velocity obtained 335 

by the different sensors exceeded 20 cm/yr of subsidence.  336 
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 337 

Figure 7: Average LOS velocity maps derived from (a) Envisat descending, (b) Envisat ascending, (c) 338 

ALOS (d) S1 ascending, and (e) S1 descending (See Motagh et al. (2017) for data access); the 339 

observation periods corresponding to the velocity maps are shown in (f). The white stars indicate the 340 

location of the reference point used in the SBAS-processing. For the points labelled A, B, and C, the 341 
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displacement time-series are shown in Fig. 8. The vectors H and L represent the satellite heading and 342 

look angle. The grey-filled circles show the main townships and villages. 343 

344 

Figure 8: Displacement time series at the locations of points A, B, and C (Fig. 7) are shown in (a,b,c), 345 

(d,e,f), (g,h,i), (j,k,l), and (m,n,o), which correspond to Envisat descending, Envisat ascending ALOS, 346 

S1 ascending and S1 descending, respectively.  347 

Comparison of the velocity maps in Fig. 7 indicates that the spatial patterns of the areas 348 
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affected by subsidence were similar between the different sensors. We can delineate at 349 

least 3 spatially significant subsidence zones where large LOS rates (<=-20 cm/yr) were 350 

observed in all the velocity maps: two subsidence bowls in the Noogh-Bahreman valley 351 

(Points A and B in Fig. 7) and one subsidence bowl in the Koshkoueieh-Rafsanjan area 352 

(Point C in Fig. 7). There was also a conspicuous region north of Rafsanjan city that 353 

showed subsidence, albeit at a lesser rate compared to the main anomalies discussed 354 

above. 355 

Table 2: Maximum cumulative LOS displacements at points A, B and C (Figs. 7-8) 356 

retrieved from different sensors. The numbers in parentheses correspond to the average 357 

linear velocities for the time period covered by each sensor.  358 

Sensor A B C 

Envisat (des) 
Dec2004-Nov2005 

-31.75 (-37.5 cm/yr) -34.85  (-41.25 cm/yr) -22.15 (-26.14 cm/yr) 

Envisat (asc) 
Jun2004-Aug2007 

-82.6 (-25.9 cm/yr) -112.67 (-35.74 cm/yr) -68.72 (-21.52 cm/yr) 

ALOS (asc) 
Sep2007-Nov2010 

-71.12 (-23.62 cm/yr) -118.64 (-38.96 cm/yr) -63.47 (-20.82 cm/yr) 

S1 (asc)    
May2015-May2016 

-19.49 (-20 cm/yr) -26.85 (-25.54 cm/yr) -13.74 (-13.95 cm/yr) 

S1 (des)    
May2015-May2016 

-19.05 (-19.72 cm/yr) -22.65 (-22.66 cm/yr) -14.09 (-14.06 cm/yr) 

 359 

Due to their relatively steep incidence angles (Table 1), all the SAR sensors used in this 360 

study are most sensitive to vertical displacement, whereas east-west motions will 361 

appear differently in the ascending and descending time-series and velocity maps. Fig. 362 

8 illustrates temporal patterns of LOS displacement for points A, B and C in the main 363 

subsidence areas of Noogh-Bahreman and Koshkoueieh-Rafsanjan. As illustrated in 364 

Fig. 8, the LOS displacements at our selected points were almost linear in time, in 365 
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particular for the period 2004-2010 analysed using the Envisat and ALOS data. A 366 

similar linear trend is also visible in the S1 displacement time-series (Figs. 8j-o). 367 

However, the higher temporal resolution of the S1 data allowed the progression of 368 

subsidence to be monitored in much more detail compared to other sensors. For 369 

example, at both points A and B we observed a deceleration appearing in the LOS 370 

displacement rate between May and June 2015, which was followed by a period of 371 

more rapid subsidence. Such temporal changes could not be resolved in the Envisat or 372 

ALOS displacement time-series due to their lower temporal resolutions. 373 

Although the areas affected by land subsidence as detected by the different sensors in 374 

Fig. 7 were similar, the rate of subsidence was lower during the period of S1 data 375 

coverage compared to the previous epochs covered by Envisat and ALOS. This can 376 

also be inferred by comparing the average linear velocities at points A, B and C that 377 

were derived from the ALOS, Envisat ascending and S1 ascending data listed in Table 378 

2; ALOS, Envisat ascending and S1 ascending have similar acquisition geometries 379 

(Table 1) and therefore comparable sensitivities to ground surface deformation. For 380 

example, the rate of subsidence at point A decreased from ~ -26 cm/yr during June 381 

2004-August 2007, to -24 cm/yr during September 2007-November 2010 and further 382 

to -20 cm/yr during May 2015-May 2016. Similarly, the 2015-2016 S1-derived 383 

subsidence rates at points B and C showed reductions of up to 37% and 33%, 384 

respectively, in comparison to the displacement rate inferred during the 2000s by 385 

Envisat and ALOS.  386 

4.2. Horizontal and vertical displacement rates and field check  387 

The average vertical and horizontal displacement rates that were derived from the 388 

decomposition of the S1 ascending and descending LOS velocities for Noogh-389 
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Bahreman and Koshkoueieh-Rafsanjan are shown in Figures 9 and 10, respectively; the 390 

colour coding depicts the vertical subsidence rates, and the arrows show the horizontal 391 

displacement rates. For visualization purposes, only one percent of the vectors with 392 

horizontal displacement rates greater than 2 cm/yr were randomly selected and plotted 393 

in those figures. The maximum vertical subsidence rate in the agricultural regions of 394 

the Rafsanjan plain amounted to 30 cm/yr for the period between May 2015 and May 395 

2016. The largest horizontal displacement rates were observed mainly on the margins 396 

of the subsidence areas, where they amounted to 3-5 cm/yr. The magnitude of the 397 

horizontal displacement decreased towards the subsidence centre. 398 

 399 

Figure 9: Average 2015-2016 vertical and east-west displacement rates in Noogh-Bahreman derived 400 

from the decomposition of the S1 ascending and descending LOS velocities; The background color 401 

corresponds to vertical displacement rates and arrows to horizontal displacement rates. The black and 402 

red-filled circles correspond to the locations of selected piezometric wells, and the well numbers refer to 403 

the well records plotted in Figs. 16-17. The red-filled circles mark the locations of the wells with negative 404 
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correlations between ground surface displacement and groundwater level (see Fig. 16). The white lines 405 

depict the faults and lineaments also shown in Fig. 2. The locations of the field pictures shown in Fig. 406 

12 are labelled by the black square. FF’ indicates the location of the profile analysed in Fig. 11. The 407 

white-filled circles show the main townships and villages. 408 

 409 

 410 

Figure 10: Average 2015-2016 vertical and east-west displacement rates in Koshkoueieh-Rafsanjan 411 

derived from the decomposition of the S1 ascending and descending LOS velocities; The background 412 

color corresponds to vertical displacement rates and arrows to horizontal displacement rates. The black-413 

filled circles correspond to the locations of selected piezometric wells, and the well numbers refer to the 414 

well records plotted in Figs. 16-17. The white lines depict the faults and lineaments also shown in Fig. 415 

2. The locations of the field pictures shown in Fig. 13 are labelled by the red square. The white-filled 416 

circles show the main townships and villages.  417 

To investigate the differences between the vertical and horizontal displacement rates 418 

more quantitatively, we extracted a profile crossing one of the main large-scale 419 

subsidence bowls in Nogh-Bahreman (FF’ in Fig. 9). Figure 11 depicts the 420 
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displacement rates in the horizontal and vertical directions along that profile. The 421 

horizontal rates were zero in the areas where the vertical gradients were zero (relative 422 

maximums and minimums in the vertical profile at 3.1, 4.9, 6.3, 7 and 9 km, marked 423 

with the grey lines in Fig. 11). The profile also indicates that the maximum horizontal 424 

rates occurred in the area with the maximum vertical gradient. 425 

In each subsidence bowl, we observed eastward motion west of the subsidence centre 426 

and westward motion east of the centre. In other words, there was movement towards 427 

the subsidence centre (Samieie-Esfahany et al., 2009). These results also indicate that 428 

the largest horizontal displacement along the profile amounted to approximately one-429 

tenth of the maximum subsidence.   430 

 431 

Figure 11: Vertical and horizontal displacement rates along the FF’ shown in Fig. 9. The positive values 432 

in the east-west profile correspond to eastward motion and negative values to westward motion. 433 

As shown in Fig. 9, one of the main subsidence bowls in Noogh-Bahreman is closely 434 

bordered along its southern margin by the Quaternary Bahreman fault, exhibiting a 435 

large displacement gradient of 30 cm along a distance of < 1.5 km. In our field survey 436 

in June 2015, we found many wide fissures and tension cracks that have recently 437 
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developed in response to the basin subsidence and differential deformation across the 438 

fault. In Fig. 12, a 200-300 m wide crack zone is depicted on a Google Earth image, 439 

with the overlaid coloured points showing the vertical displacement rates. Field photos 440 

of the crack zone are shown in Figs. 12b-f. The orientation of the tension cracks 441 

identified in the Noogh-Bahreman valley mainly follows the orientation of the 442 

Quaternary faults that bound the subsidence area in this region and separate it from the 443 

adjacent saddle structure in the south. The saddle structure is stable, but the valley 444 

alluvium is subsiding, causing the formation of shallow en-echelon cracks due to 445 

differential compaction of the Rafsanjan aquifer across the fault. In some cases, the 446 

cracks intersect with newly developed shallow gullies, as indicated by the black arrows 447 

in Figs. 12d-f.  448 

Our field surveys have also shown that this is not a localized phenomenon. We also 449 

observed several recent compaction-related earth fissures with depths of up to 3-4 m in 450 

the southern valley of Koshkoueieh-Rafsanjan (the red square in Fig. 10). These earth 451 

fissures are marked on the Google Earth image shown in Fig. 13 accompanied by the 452 

field pictures (Figs. 13b-d). In contrast to the Noogh-Bahreman valley, the cracks 453 

observed in the Koshkoueieh-Rafsanjan valley do not always run parallel to each other 454 

and/or to the strike of the faults. They have larger depths and exhibit clear evidence of 455 

vertical displacement formed in fine-grained alluvial-fan deposits. In both regions - 456 

Noogh-Bahreman and Koshkoueieh-Rafsanjan - the areas of exposed bedrock 457 

separated from the basin sediments by the Quaternary faults do not show any signs of 458 

crack formation, excluding the reactivation of pre-existing faults as the source of the 459 

observed cracks. Therefore, we conclude that the formation of these en-echelon, 460 

multiple parallel, and branching fissures (Figs. 12 and 13) indicate inelastic 461 

deformation resulting from differential compaction in the alluvial basin, which has 462 
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undergone significant groundwater depletion (Conway, 2015; Holzer and Pampeyan, 463 

1981).  464 

 465 

Figure 12: (a) The color-coded points show the vertical displacement rates derived from the 466 

decomposition of the S1 ascending and descending LOS velocities. They are overlain on the Google-467 

earth image of the area depicted by the black square in Fig. 9. The black vectors stand for horizontal 468 

displacement. The horizontal vectors are shown with respect to the point marked by a white square to 469 

illustrate local horizontal gradient in the region. (b), (c), (d), (e) and (f) are field photographs of the areas 470 

labelled 1, 2, 3, 4, and 5, respectively, and marked with black dots in Fig. 12a. 471 
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 472 

Figure 13: (a) The colour-coded points show the vertical displacement rates derived from the 473 

decomposition of the S1 ascending and descending LOS velocities. They are overlain on a Google-earth 474 

image of the area depicted by the red square in Fig. 10. The black vectors represent horizontal 475 

displacement. These horizontal vectors are shown with respect to the point marked by a white square to 476 

illustrate the local horizontal gradient in the region. (b), (c), and (d) are field photographs of the areas 477 

labelled 1, 2, and 3, respectively, and marked with black dots in Fig. 13a. 478 

4.3. Accuracy and consistency assessment 479 

The InSAR results from the different datasets were compared to assess their 480 

interconsistency. Because of the different densities and locations of the displacement 481 

points, the results from the different datasets were first resampled onto a grid with a 482 

100 m spacing. To compensate for the effect of the differing incidence angles, the 483 

results were then converted from the LOS to vertical direction, assuming the only 484 

component of displacement was vertical. Fig. 14 shows scatter plots of the subsidence 485 

rates derived from the different datasets, whereas the S1 ascending results were chosen 486 

as the reference for comparison. All the results are in general agreement with each 487 
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other. A high correlation coefficient of 0.8 was observed, indicating the general 488 

reliability of the measurements. The best correlation was between the ascending and 489 

descending S1 results. This is because the two S1 datasets covered almost the same 490 

time period, whereas the data acquisition was only offset by a 4-day difference. 491 

Therefore, that sensor can provide similar temporal sampling of the subsidence rates, 492 

which resulted in the strong 97% correlation. The weaker correlation observed between 493 

S1 ascending and the other sensors was partly caused by changes in the subsidence rates 494 

during the different time intervals and partly by the slight differences in the incidence 495 

and heading angles between the different sensors. 496 

 497 

Figure 14: Correlation analysis for vertical displacement rates derived from S1 ascending and (a) Envisat 498 

descending, (b) Envisat ascending, (c) ALOS ascending, and (d) S1 descending. Overall correlation 499 

coefficients are indicated in each scatter plot. The dashed line marks identical vertical displacement rates, 500 

and the black bold line shows the linear trend.  501 

Accuracy assessments of InSAR results need to be based on independent measurements 502 

in the same area and during the same time period covered by InSAR. However, 503 

subsidence measurements in Rafsanjan plain are scarce, except for some levelling 504 

measurements conducted between 1997 and 2006 by the National Cartographic Centre 505 

(NCC) of Iran along a 180-km profile. The levelling line included 50 measurement 506 

points, but only 9 of them, which covered a distance of 45 km, fell within the area 507 

covered by the InSAR analysis.  508 
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For comparison, InSAR displacement rates were extracted inside a 100-m buffer zone 509 

perpendicular to the levelling line. Furthermore, the LOS InSAR displacement rates 510 

were converted to vertical displacement to enable a comparison with the levelling 511 

results. As illustrated in Fig. 15, the levelling and different InSAR measurements 512 

showed general agreement at the levelling points. It is worth noting that although the 513 

levelling points along the first 20 km of the profile were apparently stable, the InSAR 514 

results revealed a significant subsidence area at 3 km. This subsidence is not observable 515 

in the levelling because of the large spacing of the levelling points along the profile. 516 

There was also another significant subsidence centre at 32 km, which was not 517 

adequately covered by the levelling profile due to its poor spatial sampling.    518 

 519 

Figure 15: Subsidence rates derived from levelling and InSAR measurements along the levelling points 520 

indicated by triangles in Fig. 7a. The purple, blue, red, green, and orange points correspond to the Envisat 521 

descending track, Envisat ascending, ALOS, S1 ascending, and S1 descending results. The black 522 

triangles show the levelling results. 523 

Table 3 lists the differences and the root-mean-square errors (RMSE) of the differences 524 

in subsidence rates at the levelling points derived from the levelling surveys and InSAR 525 

measurements. The InSAR points within a radius of 100-m around each levelling point 526 



 
32 

were averaged for comparison with the levelling data. The average RMSE values at all 527 

the levelling points were 12, 9, 8, 12 and 19 mm/yr, which correspond to Envisat 528 

descending, Envisat ascending, ALOS, S1 ascending and S1 descending, respectively. 529 

Table 3 shows that the minimum RMSE occurred at points in which the subsidence 530 

rates were the smallest, whereas the maximum RMSE occurred in the last three points 531 

characterized by the highest subsidence rates and variability over time. Excluding the 532 

last three points from the analysis resulted in a reduction in the RMSE values to 5, 7, 533 

3, 7, and 10 mm/yr for Envisat descending, Envisat ascending, ALOS, S1 ascending 534 

and S1 descending, respectively.  535 

The difference values listed in Table 3 might have been caused by either the effect of 536 

the horizontal displacement or the different time intervals of the different 537 

measurements. The locations of the levelling points are close to the subsidence margin 538 

(Fig. 7a), where horizontal displacement can influence the LOS result. Therefore, 539 

converting the LOS results to vertical displacement by ignoring the horizontal 540 

component might have contributed to the difference between the levelling and InSAR 541 

measurements. For a further analysis of this effect, we computed the differences in the 542 

vertical displacement rates between the levelling survey and the ones derived by the 543 

decomposition of the S1 data in the ascending and descending orbits (Fig. 10). 544 

However, the result of this comparison showed that there were no significant 545 

improvements in the difference and RMSE values (last column in Table 3). Therefore, 546 

it is more likely that the different time intervals of the measurements direct influenced 547 

the RMSE values listed in Table 3. 548 

 549 

Table 3: Differences between the InSAR-derived vertical displacement rates and 550 

levelling results for points 1 to 9. The InSAR results were averaged within a radius of 551 
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100 m around each levelling point. The last row indicates the average RMSEs for all 552 

points related to each sensor. The units are in mm/yr. 553 

 Envisat (Des) Envisat (Asc) ALOS (Asc) S1 (Asc) S1 (Des) Vertical*  

1 4.33 2.00 -6.47 7.37 10.35 4.84 

2 3.82 0.82 -0.10 2.06 -2.57 -2.41 

3 11.26 -0.01 -3.74 -4.63 -3.43 -7.58 

4 5.20 -1.80 1.30 0.05 -7.59 -7.54 

5 -14.17 -0.61 2.31 3.24 -4.60 -3.64 

6 -2.53 2.90 11.10 9.66 23.78 11.51 

7 -11.67 15.79 7.27 23.66 35.60 25.46 

8 -27.58 1.38 -12.98 -4.75 6.28 -3.01 

9 -3.84 21.63 13.36 24.01 35.73 25.61 

RMSE 12.05 9.04 8.07 12.22 19.30 13.34 

 * The values in this column were computed from decomposition result (Fig. 10) 554 

4.4. Correlation between subsidence and head decline 555 

Fig. 16 illustrates the time-series of the vertical displacement versus changes in the 556 

groundwater level records at 15 piezometric wells (for the location, see Figs. 9-10). In 557 

most of the cases, the trends in the InSAR time-series displacement and groundwater 558 

level variation were similar, resulting in a positive correlation between subsidence and 559 

a decline in groundwater level of more than 85%. However, there were some wells, 560 

namely piezometers 10, 11, and 14, which are marked by red-filled circles in Fig. 9, for 561 

which we observed a negative correlation between groundwater level change and 562 

surface deformation. The water rise in these wells may indicate local differences in 563 

groundwater extraction or may have been due to a recent ban on pumping in the region 564 

undertaken by local authorities (Zayandehroodi, 2012). The high correlations between 565 

the subsidence and decreasing groundwater levels in most of the piezometric wells 566 
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suggests that subsidence in the Rafsanjan basin is of anthropogenic origin (Bell et al., 567 

2002; Galloway and Burbey, 2011) as a result of human-induced compaction due to 568 

massive pumping within the upper 300 m (Fig. 4) of the unconsolidated sediments 569 

hosting the aquifer system. 570 

Pumping-induced subsidence in a basin fill aquifer results mainly from the irreversible 571 

compaction of fine-grained silt and clay layers (aquitard) during a prolonged drainage 572 

process and from the minor elastic compaction of coarse-grained conglomerate and 573 

sand deposits in the aquifer (Chen et al., 2007). As shown in Fig. 16, the water table 574 

curve in most of the wells is dominated by a clear declining trend, with only small 575 

seasonal components and no signs of major recovery. A comparable situation is seen in 576 

the InSAR results: a dominant declining trend with no significant seasonal fluctuations. 577 

These results suggest that a quasi-inelastic compaction dominates the deformation 578 

regime in the Rafsanjan basin, which in turn also progresses up to the surface, where it 579 

expresses itself by cracks and earth fissures such as those shown in Figs. 12-13. 580 

According to the monitoring records, the ground level continues to show subsidence 581 

for wells 10, 11 and 14, in which groundwater table began to rise again in 2004. This 582 

indicates that any potential elastic rebound and uplift due to groundwater recovery at 583 

those localities has been unable to overcome the residual compression of the aquifer 584 

and the aquitard caused by past piezometric drawdown. The high-rate of subsidence in 585 

the Rafsanjan basin, at some locations exceeding 20 cm/yr, cannot be attributed to the 586 

natural soil compaction or tectonic loading because their estimated rates are generally 587 

expected to be < 1 cm/yr (Chen et al., 2007; Kim et al., 2015).   588 
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 589 

Figure 16: Correlations between the InSAR and groundwater level measurements at selected piezometric 590 

wells. For the location and number of wells, refer to Figs. 9-10. The blue curves and left y-axes 591 

correspond to head levels, and the red curves and the right y-axes correspond to SBAS-derived 592 

displacement rates.  593 
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4.5. Storage coefficients and volume-storage loss 594 

Fig. 17 illustrates the estimated storage coefficients obtained by analysing the 595 

relationship between the InSAR displacement time-series and contemporaneous 596 

measurements of water level at the piezometric wells. The estimated coefficients vary 597 

greatly, from 8.0×10-3 at the borders of the subsidence zones (piezometer 8) to 0.37 598 

(e.g., piezometer 12) in the centre (Figs. 9-10). This is due to the variable relationship 599 

between applied stress (head change) and strain (displacement), which is observed even 600 

in the same area. For example, borehole 15 in Noogh-Bahreman valley showed 30 cm 601 

of subsidence for a piezometric decline of 5-6 m (Fig. 16), whereas boreholes 12 and 602 

13 showed greater subsidences (up to 100 cm) for a lesser piezometric drop of 2-3 m. 603 

The estimated coefficients varied from 0.05 (borehole 15) at the margin of the main 604 

subsidence bowl to 0.37 (borehole 12) in the centre. The same pattern was observed in 605 

the Koshkoueieh-Rafsanjan valley; a moderate piezometric decline of 4 m caused more 606 

than 80 cm of subsidence at borehole 7, whereas a greater piezometric drop of 4 to 17 607 

m led to smaller subsidences (40-70 cm) in the area of boreholes 2, 3 and 4. The 608 

estimated storage in the middle of the main subsidence bowl around borehole 7 was 609 

greater than around its neighbouring boreholes. The average estimated coefficient 610 

around the city of Rafsanjan (borehole 1) was roughly approximately 0.06.  611 

The observed variability in the estimated storage coefficients is related to spatial 612 

variations in the soil structures and the thickness of the compressible layers such as clay 613 

and silt in different parts of the aquifer. The exemplary lithologic logs in Fig. 2 also 614 

indicate the heterogeneity of the aquifer structure. Geotechnical and pumping tests 615 

carried out in 1971 close to the locations of piezometers 3 (well 2 in Fig. 3) and 15 616 

(well 1 in Fig. 3) produced a local storage coefficient of 0.0026 and a mean storage 617 

coefficient of 0.05 for the whole region (Zayandehroodi, 2012). Our InSAR-based 618 
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estimates of the storage coefficient at piezometers 3 and 15 (Sk ~ 0.05, Fig. 17) are one 619 

order of magnitude larger than the estimates in 1971, although they are close to the 620 

mean storage coefficient of the region. Our Sk values are also larger than those expected 621 

for elastic deformation in confined aquifers, ranging from approximately 10-5 to 10-3 622 

(Heath, 1983). Storage coefficients for aquifers characterized by inelastic behaviour are 623 

often up to two orders of magnitude higher than those of elastic aquifers (Hoffmann et 624 

al., 2001). The lithology close to piezometer 3 (well 2 in Fig. 3) is composed of a 54 m 625 

thickness clay unit that is underlain by 88 metres of gravel. The lithology around 626 

piezometer 15 shows even thicker layer (> 100 m) of fine-grained silt and clay 627 

sediments. The larger estimates for Sk derived from our InSAR and in situ observations 628 

can be attributed to the inelastic compaction of low-permeability layers of silt and clay 629 

as a consequence of the 18 and 46 m groundwater level drop that has occurred since 630 

1971 at piezometers 15 and 3, respectively.  631 
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 632 

Figure 17: Calculation of storage coefficients from the stress displacement analysis (Riley, 1969). The 633 

slopes of the solid lines represent least-squares estimates of the storage coefficient, with 3-sigma 634 

uncertainties. 635 

 636 
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After estimating the storage coefficients at the piezometric wells, we were able to 637 

evaluate the storage volume changes between the years 2004-2010 using the method 638 

described in Section 3.2. Assuming a mean storage coefficient for the entire aquifer of 639 

𝑆𝑆̅ ~ 0.1 (average of all the storage coefficients in Fig. 17), the overall area of the aquifer 640 

as A ~ 4108 km2 (Jaghdani and Brummer, 2011), and the overall groundwater level 641 

change between the years 2004-2010 as Δℎ =  −4.62 𝑚𝑚 (Fig. 4), the storage-volume 642 

loss for the above period was estimated as 1897 mcm, which corresponds to an average 643 

volume storage loss of approximately 300 mcm per year. 644 

5. Conclusions 645 

Using SAR data from the Envisat, ALOS and Sentinel-1 satellites, we analysed nearly 646 

a decade of land subsidence in the Rafsanjan region in Iran. An InSAR time-series 647 

analysis showed a persistent pattern of subsidence, with peak values found west of the 648 

city of Rafsanjan in the Noogh-Bahreman and Koshkoueieh-Rafsanjan valleys, where 649 

the subsidence rates exceeded 30 cm/yr during the 2000s, affecting and degrading large 650 

parts of the agricultural lands. The rates of subsidence appear to be decreasing in recent 651 

years, although the extent of the areas affected by subsidence largely remain the same. 652 

A general correlation between the rate of subsidence and the groundwater level decline 653 

was found. This decline has led to a reduction in pore pressure in the aquifer system, 654 

which at the end is responsible for the widely observed subsidence. In areas close to 655 

the Quaternary faults, strong differential displacements can be seen in the InSAR 656 

results. Field surveys and geological analysis revealed a diffuse 200-300 m wide zone 657 

of recently developed shallow (< 3-4 m deep) tension cracks and gully erosion features; 658 

their formation and orientation seem to be partly influenced by regional tectonics. By 659 

combined an analysis of InSAR-derived deformation rates and groundwater level data, 660 

storage coefficients ranging from 8.0×10-3 to 0.3 could be estimated for the subsidence 661 
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area, indicating an inelastic and non-recoverable deformation of the aquifer system in 662 

the Rafsanjan valley. This inelastic compression of sediments degrades the aquifer 663 

system and poses a challenge for future groundwater availability and remediation 664 

measures. These results show that the presented remote sensing-based observations 665 

form an important prerequisite for evaluating the degree of degradation of the aquifer 666 

system in its relation to the currently ongoing groundwater management. Our findings 667 

can help in determining the hazard of further degradation of the aquifers as well as the 668 

arable land that is a consequence of the ongoing surface subsidence. Future research 669 

should focus on using the obtained results for improved modelling of regional 670 

groundwater flow and aquifer system compaction related to the groundwater 671 

exploitation schemes. A better understanding of the compaction mechanics occurring 672 

in the aquifer system of the Rafsanjan region would open up new opportunities for a 673 

more sustainable management of the water resources. In this context, spatio-temporal 674 

analysis based on long-term regular InSAR monitoring can provide valuable 675 

information about the response of the aquifer to changes in the exploitation schemes 676 

and remediation measures such as importing surface water supplies with the goal of the 677 

recovery of the largely compacted aquifers. The recently launched Sentinel-1 SAR 678 

mission, which covers large areas (Swath width ~ 250 km) with high temporal 679 

resolution (6 days) has opened up new opportunities for the large-scale and continuous 680 

monitoring of surface deformation related to groundwater exploitation, including 681 

economically capturing 2D displacement fields in near real-time. This will lead to new 682 

remote sensing based approaches in evaluating subsidence hazards and related risks for 683 

the agricultural use of developed groundwater basins. 684 
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