. land

Article

Environmental Challenges and Vanishing Archaeological
Landscapes: Remotely Sensed Insights into the
Climate—Water—-Agriculture-Heritage Nexus in Southern Iraq

Francesca Cigna *{J, Louise Rayne

2 2

, Jennifer L. Makovics ', Hope K. Irvine 3, Jaafar Jotheri 19,

Abdulameer Algabri 4 and Deodato Tapete 1/5*

check for
updates

Academic Editor: Scott Hawken

Received: 31 December 2024
Revised: 24 April 2025
Accepted: 29 April 2025
Published: 7 May 2025

Citation: Cigna, F;Rayne, L.;
Makovics, J.L.; Irvine, H.K.; Jotheri, J.;
Algabri, A.; Tapete, D. Environmental
Challenges and Vanishing
Archaeological Landscapes: Remotely
Sensed Insights into the Climate—
Water-Agriculture-Heritage Nexus in
Southern Iraq. Land 2025, 14,1013.
https://doi.org/10.3390/
land14051013

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

1 Institute of Atmospheric Sciences and Climate (ISAC), National Research Council (CNR), Via del Fosso del
Cavaliere 100, 00133 Rome, Italy

School of History, Classics and Archaeology, Newcastle University, Newcastle upon Tyne NE1 7RU, UK;
louise.rayne@newcastle.ac.uk (L.R.); j.L.makovics2@newcastle.ac.uk (J.L.M.)

School of Engineering, Newcastle University, Newcastle upon Tyne NE1 7RU, UK;
h.k.irvine2@newcastle.ac.uk

Department of Archaeology, University of Al-Qadisiyah, Diwaniyah 88, Iraq; jaafar.jotheri@qu.edu.iq (J.].);
abdulameer.algabri@qu.edu.iq (A.A.)

Italian Space Agency (ASI), Via del Politecnico s.n.c., 00133 Rome, Italy

*  Correspondence: f.cigna@isac.cnr.it (F.C.); deodato.tapete@asi.it (D.T.)

Abstract: Iraq faces significant challenges in sustainable water resource management, due
to intensive agriculture and climate change. Modern irrigation leads to depleted natu-
ral springs and abandoned traditional canal systems, creating a nexus between climate,
water availability, agriculture, and cultural heritage. This work unveils this nexus holis-
tically, from the regional to the local scale, and by considering all the components of the
nexus. This is achieved by combining five decades (1974-2024) of satellite data—including
declassified HEXAGON KH-9, Copernicus Sentinel-1/2/3, COSMO-SkyMed radar, and
PlanetScope’s Dove optical imagery—and on-the-ground observations (photographic and
drone surveying). The observed landscape changes are categorised as “proxies” to infer
the presence of the given land processes that they correlate to. The whole of southern
Iraq is afflicted by dust storms and intense evapotranspiration; new areas are desertifying
and thus becoming local sources of dust in the southwest of the Euphrates floodplain and
close to the boundary with the western desert. The most severe transformations happened
around springs between Najaf Sea and Hammar Lake, where centre-pivot and herringbone
irrigation systems fed by pumped groundwater have densified. While several instances
of run-off and discharge highlight the loss of water in the western side of the study area,
~5 km? wide clusters of crops in the eastern side suffer from water scarcity and are aban-
doned. Here, new industrial activities and modern infrastructure have already damaged
tens of archaeological sites. Future monitoring based on the identified proxies could help
to assess improvements or deterioration, in light of mitigation measures.

Keywords: satellite remote sensing; climate change; dust storm; water scarcity; groundwa-
ter exploitation; agriculture; cultural heritage

1. Introduction

In the current global context, where the demand for natural resources is increasing,
water supply is becoming critical, especially in countries that are characterised by arid
and semi-arid environments [1]. This challenge is further exacerbated if, in addition to
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potable water, there is a conflicting need for irrigation for agriculture. Moreover, climato-
logical drivers and anthropogenic processes (e.g., land conversion) may put more stress on
ecosystem services [1,2].

From the perspective of research methodologies and policy approaches, the water,
food and climate sectors are increasingly being recognised as interconnected dimensions in
a complex and mutually interacting system [3]. Scholars use the term “nexus” to refer to
systematic approaches to scientific investigation and the design of coherent policy goals
and instruments that focus on synergies, conflicts, and related trade-offs emerging from the
interactions between these sectors [4]. The maturity of this research field can be evaluated
based on the abundant published literature, which includes assessments of achievements,
research gaps, and future perspectives [5]. Further proof is provided by the fact that this
approach is also shared among major international organisations promoting sustainable
development (e.g., [6,7]).

A fourth dimension that can also be involved in this nexus is cultural heritage. This
encompasses the monuments, buildings, and sites (tangible), as well as the ethnological
or anthropological diversity and traditional practices (intangible), that landscapes with
long histories of occupation may still preserve. However, water resource use, agricul-
ture, and modern development could pose threats to their conservation. Several papers
have examined the impacts of climate change on cultural heritage (e.g., the overview
provided in [8]). Fewer have investigated the agriculture/food security and cultural her-
itage nexus, to highlight threats [9] and opportunities for the preservation of agricultural
practices [10,11]. The scientific literature that explicitly addresses the climate-water—
agriculture nexus (e.g., [12]) is even more limited.

In this broader context, Iraq is a region where the climate-water-agriculture-heritage
nexus is evident and a focused investigation, taking advantage of the multiple datasets
that satellite technologies can now provide to collect objective evidence, is worthwhile. Ac-
cording to the United Nations Environment Programme [13], Iraq is ranked among the five
countries most vulnerable to the impacts of climate change. Instrumental measurements
and official reports highlight increasing temperatures, insufficient and diminishing rainfall,
intensified droughts, and water scarcity, as well as frequent sand and dust storms [14].
The impacts include population displacement, the abandonment of rural territories in
favour of urban settlements, and a decline in agricultural production. Where agriculture
persists, water scarcity leads to the overexploitation of groundwater, impoverishment of
natural resources, and ineffective surface water management. This scenario makes the
nexus between climate, water consumption, and agricultural activities very evident.

Recurrent drought has been affecting Iraq since the 1970s. Although several mitigation
measures, including the construction of dams and water reservoirs, were implemented, the
lack of potable and usable water is still a key environmental driver of displacement [14]
and large portions of the Iraqi landscape are significantly changing. Such impacts were
specifically documented in the southern end of the country (i.e., the Basra, Maysan, and
Dhi Qar governorates), where the extent of the historical marshes, including the UNESCO
World Heritage Site of Ahwar, drastically reduced [15,16]. However, other areas are
also progressively being impacted, such as the governorates of Karbala, Al-Qadisiyah,
Muthanna, Najaf, and Wasit, in central Iraq, south of the capital city Baghdad [14]. Recent
studies, undertaken by Iraqi scholars who used satellite imagery (e.g., [17-20]), revealed
severe changes in water bodies and agricultural land, thus suggesting that more research
should be undertaken to unveil the climate-water—agriculture nexus in these regions.

Further motivation to pay attention to this part of the country is provided by the
historical importance of water in southern Mesopotamia, in driving settlement patterns
and strategies for millennia. Moreover, the local archaeological heritage testifies to the
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longevity of the human—water interaction in Iraq; if not preserved, this history is at risk of
vanishing due to climate change and anthropogenic factors. The Al-Qadisiyah, Muthanna,
Najaf, and Wasit governorates are crossed by a widespread network of water channels
dating to different periods, with the oldest dating to the time of the earliest empires and
Mesopotamian civilizations. Irrigation technology and access to such hydraulic infrastruc-
ture undoubtedly provided the ‘Mesopotamian advantage’ for the development of societies
in southern Iraq [21], given that, in the plains, the rainfall was less than 200 mm/year
and rain-fed agriculture was not feasible [22]. Until the Ottoman period (AD 1534-1917),
the excavation of canals to divert irrigation water from the main river channels towards
the fields resulted in levees [21,22]. These archaeological features can be recognised, in-
terpreted, and mapped using remote sensing data [23]. Furthermore, the reconstruction
of the spatial distribution of the canal network reveals a strong communal connection to
local springs in some locations along the edge of the Arabian desert. These springs, for a
very long time, were the primary water sources for villages and farming communities. The
largest springs, such as Ayn Sayed, Ayn Shallal, Ayn Al-Tamir, and Ayn Al-Rahhaliyah,
were able to irrigate large farming areas (60, 4, 50, and 7 km?, respectively), while other
small springs typically provided water to one or two households, with only a hectare of
irrigated field [24]. Therefore, in the case of southern Iraq, a comprehensive understanding
of the climate-water—agriculture nexus can be only achieved if the impact on local heritage
(i.e., canals, levees, and the anthropogenic use of springs) is also accounted for.

This additional focus is much needed given that, in recent times, the way water is
sourced and fields are irrigated has changed, as well as the changes in community socio-
demographics who inhabit and utilise the land for agriculture. The extensive extraction of
groundwater for irrigation has been observed in the southwest of the Abu Jir lineament [24].
Farmers who are able to purchase bore-drilling equipment or pay for well construction
can feed centre-pivot systems and irrigate large clusters of fields. With a rapid pace of
groundwater abstraction, privately managed wells can lead to the depletion and impover-
ishment of aquifers to the detriment of the springs, whose water flow diminishes, making
them unable to feed the network of traditional canals. Consequently, farmlands located
downstream of the ancient canals suffer from a lack of water and are abandoned, unless
new irrigation systems fed by modern channels or through capturing water from the main
rivers are constructed. In either case, large sections of the traditional irrigation system are
not maintained and preserved and social inequalities may arise, with some populations
migrating for subsistence opportunities.

An initial survey at the supra-regional level proved that these climate and human-
induced processes occur at different locations, with distinctive patterns, at different paces
and at different times [25]. Therefore, understanding the complexity of the climate-water—
agriculture-heritage nexus and the diversity of its impacts across the territory requires
multi-scale and multi-temporal observations from the broader region to the local scale.
Land surface changes related to agricultural practices, the typology, morphology and
condition of irrigation systems and regimes, areas under modern development, and the
condition of springs and channels are all proxies to infer different facets of the nexus and
the associated environmental challenges.

Accordingly, the present work aims to demonstrate that a detailed mapping of such
proxies and the back-analysis of their spatio-temporal evolution, leading to impactful
landscape transformations, the impoverishment of natural resources, the exacerbation of
environmental issues, and loss of archaeological heritage, can be effectively achieved by
means of a multi-sensor data approach, combining satellite and on-the-ground observations.
The approach capitalises on decades of Earth observation imagery, spanning from 1974 to
the present day and including: the declassified United States Cold War Era HEXAGON (also
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known as KeyHole-9, KH-9); Copernicus Sentinel-1 radar, Sentinel-2 and Sentinel-3 optical
imagery; Landsat multispectral imagery; Google Earth, PlanetScope’s Dove constellation
and Airbus Defence and Space (DS) Pléiades Neo optical data; and radar scenes collected on
purpose by the Italian Space Agency (ASI)’s COSMO-SkyMed constellation. Verification in
the field, including drone surveying, was undertaken in 2024 for the local-scale analysis of
selected areas within the western part of the Samawah province in Muthanna governorate.
The analysis allowed for the clear identification of the main natural, climate, and human-
induced proxies and their categorisation. Examples are discussed with regard to: regional-
scale land surface processes such as disturbances at springs, drought, and dust storms;
agricultural practices and water use; water run-off and discharge, highlighting the non-
optimised management of surface waters; and the deterioration or destruction of ancient
water-related and other heritage features due to modern development. These categories,
captured using satellite imagery, not only clarify the complex nature of the nexus in this
portion of Iraq, but also represent a practical approach that future research can implement
in the continued monitoring and assessment of preservation efforts for Iraq’s natural and
cultural resources.

2. Study Area
2.1. Geographic and Archaeological Setting

The regional-scale focus of this work is on the Abu Jir lineament, a 520 km long
northwest-southeast trending stretch of land running (from north to south) across the Iraqi
governorates of Al-Anbar, Kerbala, Najaf, Al-Qadisiya, Muthanna, and Dhi Qar (Figure 1a).
The lineament marks the boundary between the Arabian Desert plateau on the west and
the fertile Mesopotamia floodplain of the Tigris and Euphrates rivers on the east [24].
The area hosts over 200 springs that are sustained by the Umm er Radhuma-Dammam
carbonate aquifer system underlying the Arabian Desert [26], and discharge from the
eastward-dipping Palaeocene—Eocene limestone [24].

The local-scale analysis was undertaken over the western part of the Samawah
province (Figure 1b) in the Muthanna governorate. The area encompasses archaeolog-
ical sites of all periods and unique rural communities, and the transition it represents
between the irrigated plain and arid desert makes this area extremely vulnerable to the
impacts of climate change and development activities.

Unlike the central plain of Iraq, this area has been historically understudied by archae-
ologists, despite its long history of human occupation; most studies focused on site-level
rather than landscape-level research. The ancient tell site of Eridu (Figure 1b), considered
the first Sumerian city in the region, is situated at the southern edge of the area and is
well-studied. Eridu’s tell (mound) was formed by successive layers of mud-brick structures
and habitation refuse that accumulated over thousands of years. Recent [27] and ongoing
archaeological surveys have revealed a number of other archaeological sites in the study
area (e.g., over 90 tells and settlements; Figure 1b), the remains of past water management
systems and ancient watercourses, and other features, by using a combination of remote
sensing and traditional archaeological surface survey techniques.
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Figure 1. Location of the study area in Iraq at (a) the regional scale, with a focus on ancient springs
and settlements along the Abu Jir lineament, and (b) the local scale, in the western Samawah province.
KeyHole-9 (KH-9, HEXAGON), Sentinel-1, Landsat, and COSMO-SkyMed image footprints are
superimposed upon an optical basemap ©Esri, Maxar, Earthstar Geographics, and the GIS User
Community. Country-level climate records and projections according to [28]: (c) observed annual
average mean surface air temperature in 1901-2022, and projection towards 2100 (median, and
10th-90th percentile range), considering four Shared Socioeconomic Pathways (SSPs); (d) observed
annual precipitation in 1901-2022; and (e) projected precipitation anomalies under SSP5-8.5. Projected
climate data are based on the multi-model ensemble approach, using 1995-2014 baseline data.

As examples of Iraq’s long and continuous history of irrigation technology [22], such
canals are significant heritage assets in an area—as elsewhere in the country—where rainfall
is generally less than 200 mm/year and thus irrigation is the biggest consumer of water [29].
Recent work has mapped and scientifically dated a dense network of modified natural
channels and ancient canals around Eridu [30]. This includes crevasse splays, fans of
channels and sediments, which form when water is taken off the slope of a levee [31]. Some
of these channels stem from the ancient and dried course of the Euphrates, which likely
shifted in around the second millennium BC [32] and formed its present course during the
Ottoman period (AD 1534-1917) [33]. Traces of the relict Euphrates are visible at locations
upstream of Eridu throughout the study area, with remains of ancient canals stemming
from it, giving these an ancient (first millennium BC or older) date by association.
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Irrigation also seems to have long relied on drawing water from a series of springs
along the edge of the recently surveyed escarpment (e.g., [24,26]). The springs have
significant recharge potential, supplied by the Umm er Radhuma-Dammam aquifer, but
are overexploited [24]. Historical canal systems abstracting from the springs are still visible
on modern satellite imagery, although many are now becoming disused. These may have
early origins in the Sasanian (AD 224-642) and Ottoman periods, given their association
with the remains of forts dating to these periods.

2.2. Recent and Projected Climate

According to the Koppen—Geiger climate classification system [34] and its seasonal
precipitation and temperature patterns regarding the latest climatology (1991-2020), the
whole study area belongs to the BWh group, hence is characterised by an arid/dry (B) hot
(h) desert (W) climate [28]. The annual average mean surface air temperature gradually
increases from 21.7 °C in Al-Anbar governorate in the northwest to 26.0 °C in Basra to the
southeast of the country, whereas annual precipitation varies from lows of 103, 113, and
125 mm in Najaf, Muthanna and Al-Anbar, respectively, to peaks of 239, 209, and 171 mm
in the Diyala, Maysan, and Wasit governorates to the east and northeast.

Observed historical records of annual precipitation and temperature for the whole of
Iraq (Figure 1c,d) provide a clear picture of the temporal evolution of climate conditions
of the country during the last century. Annual average mean surface air temperature
increased from ~21.5 °C at the beginning of 1900 to ~23.8 °C in 2022, with most of the
increase observed over the last 40 years; in the same period, a drop in annual precipitation
from 205 to 160 mm was recorded [28].

The baseline knowledge of the past climate enables a better understanding of future
climate scenarios and the projected changes in the next decades (Figure 1c—e). Climate
projections from the global climate model compilations of the Coupled Model Intercompar-
ison Project—Phase 6 (CMIP6), forming the foundation of the Intergovernmental Panel on
Climate Change (IPCC) Assessment Reports, identify that, under the Shared Socioeconomic
Pathway (SSP) SSP1-2.6, annual average surface air temperature could reach 24.4 °C (me-
dian), and could even peak at 29.5 °C (median) under SSP5-8.5 [28]. The same SSP identifies
an increased number of precipitation anomalies that may occur at the decade-scale during
the rest of the century, especially in the months of January—-April and October-December
(Figure 1le).

3. Data and Methods
3.1. Satellite Data

The core inputs of this work were satellite image datasets collected by different
satellite sensors, with low to very high spatial resolution, on board past and current Earth
observation missions, which sensed the landmass using the frequency spectrum of the
visible, near-infrared (NIR), short-wave infrared (SWIR), and microwaves. Priority was
given to those missions providing spatial coverage, time intervals, and temporal revisits
that suited the purpose of documenting the multi-temporal changes that occur at different
spatial scales. Furthermore, data from still-operational missions that could be tasked for
the ad hoc collection of new images were included to obtain observations that were more
focused on specific areas with higher detail.

To depict past land use and ancient features (e.g., canals and agricultural field systems)
that now may be altered or already vanished, a set of declassified military intelligence
photographs from the United States Cold War Era HEXAGON (KeyHole-9, KH-9) pro-
gramme was selected. This programme combines GAMBIT and CORONA technology with
telescopic camera systems able to acquire panchromatic images with ~0.6-1.2 m spatial
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resolution and an ~18-22 km ground footprint collected on ~0.16 cm wide film rolls [35,36],
and features a higher temporal resolution and time-series of imagery, thus enabling land-
scape change assessments [37]. A total of 12 image sections extracted from five different
scenes, acquired in February/May between 1974 and 1981 (Table A1), were sourced via the
United States Geological Survey (USGS) EarthExplorer repository as part of the Declass-3
subset [38], and were provided as scanned B&W images with 3600 dpi resolution. The
photographs cover the main landmarks of the Sawa and Hammar Lakes, the Umma and
Uruk settlements, the Ayn Sayed and Ayn Shalal springs, and a transect of the Euphrates
River (see footprints in Figure 1b).

To provide a regional-scale assessment of the major changes that occurred across the
landscape along the Abu Jir region, Copernicus Sentinel-1 C-band (5.547 cm wavelength)
Synthetic Aperture Radar (SAR) scenes in the Interferometric Wide (IW) swath mode
(250 km swath, single-look ground range by azimuth resolution of 5 m x 20 m [39]) were
used. The selected Sentinel-1 dataset includes 34 satellite passes acquired along ascending
paths 72 and 145, each consisting of two or three standard IW scenes, leading to a total
of 88 scenes (Table A2; see footprints in Figure 1a). Co-polarisation VV (i.e., vertical
transmit, vertical receive) was used due to its higher signal power compared to cross-
polarisation VH (i.e., vertical transmit, horizontal receive). Sentinel-1 images acquired
in November-December (mild winter; lowest average temperature of 15 °C and highest
monthly precipitation of 30 mm recorded during the year) were selected to generate nine
~1 year-long temporal baseline (B;) pairs, i.e., 2014-2015 to 2022-2023, while trying to
minimise the perpendicular baseline (By) with the aim of reducing the induced decorrelation
in the derived interferometric products. Seven more scenes, acquired along track 145 over
the area around and southwest of Najaf Sea in March—June, 2022 (Table A3), were exploited
to detail the changes induced by dust storm events at shorter temporal scales by generating
six pre-, cross- and post-event pairs, with a B; of 12 to 36 days. A local-scale analysis of
landscape changes in the western Samawah province was implemented using multi-spectral
imagery acquired by the Copernicus Sentinel-2 constellation (290 km swath, 13 spectral
bands from 0.442 to 2.202 um, 10 days revisit, and 10-60 m pixel spacing, depending on
bands [40]). A total of 234 Level-2A Bottom-Of-Atmosphere (BOA) ortho-rectified surface
reflectance tiles acquired at 94 different dates were selected (Table A4) by filtering Google
Earth Engine (GEE)’s Sentinel-2 BOA harmonised collection. The selected scenes focus on
the months of July (hot summer; highest average temperature of the year, at 37 °C, and
almost no precipitation) and December for each year in the 2018-2023 period in order to
ensure temporal consistency with the Sentinel-1 data analysis, and also to provide a coeval
optical layer for comparison with field and drone observations (see Section 3.2). No tiles
could be exploited before December 2018 due to the unavailability of BOA scenes in the
GEE collection for this region before that date. Additionally, three extra scenes acquired on
14 April 2019, 13 February 2020 and 2 December 2022 were selected to depict specific surface
processes at the local scale (see Section 4.2). Since the regional-scale analysis based on
Sentinel-1 and Sentinel-2 imagery allowed for the narrowing down of the analysis to sites
showing the highest risk from ongoing human activities, a 1 year-long very-high resolution
(VHR) survey was also designed and tasked in 2023 with ASI's COSMO-SkyMed dual-
use X-band (9.60 GHz frequency; 3.1 cm wavelength) SAR first-generation constellation
(three satellites—CSK1, CSK2, CKS4—each with 16 days revisit [41-43]). The Enhanced
SpotLight (ES) narrow-field imaging mode was employed for the survey, providing SAR
data with ~0.4 m x 0.7 m pixel spacing (slant range by azimuth) and 10 km x 10 km
ground footprints [44]. The data were tasked with co-polarisation HH (horizontal transmit;
horizontal receive) using three ES beams (ES-17, ES-25, and ES-33, with different 6, from
44.2° to 57.8° at the scene centre) in both ascending and descending modes, in order to
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optimise the spatial coverage of the sites of interest and maximise opportunities for more
frequent satellite revisits. Four frames were tasked: AOI#1-AQI#3, located in the eastern
part of the western Samawah province and focusing on ancient and modern canals and
clusters of archaeological ruins, and AOI#4, centred on the Ayn Sayed spring (see footprints
in Figure 1b). The interferometric granularity with all satellites was programmed, with the
aim of acquiring as many scenes per site as possible (compatibly with the other tasking
priorities of the mission) by preserving the same acquisition geometry for each stack and
allowing for change detection. Between the end of November 2023 and November 2024,
more than 170 scenes were acquired over the four frames (see full list in Table A5, which
emphasises the high temporal granularity achieved). Copernicus Sentinel-3 scenes [45] were
exploited to retrieve country-wide snapshots of dust storms that occurred in 2022. These
images were acquired with the Ocean & Land Colour Instrument (OLCI; visible-imaging
push-broom radiometer, 21 bands from 0.400 to 1.020 um, 300 m spatial resolution, and
1270 km field of view). The scenes were exploited at Level-1B, which provides calibrated,
ortho-geolocated, and spatially re-sampled Top-Of-Atmosphere (TOA) radiance products.

A local-scale assessment of dust storms’ impact was made over the landscape around
Najaf Sea before and after the event occurred on 24 April 2022, which was also observed
by the Sentinel-1 change products (whereas the Sentinel-3 scene was hampered by cloudi-
ness, and did not allow for dust storm detection). A total of 43 PlanetScope’s SuperDove
multispectral image tiles (up to 32.5 km x 19.6 km wide, with four bands from 0.465
to 0.885 um) acquired by satellites along two descending paths on 21 April (pre-storm;
26 tiles), 30 April, and 25 May 2022 (post-storm; 14 and 19 tiles, respectively) were se-
lected and sourced as orthorectified products (radiometrically, sensor-, and geometrically
corrected) at 3—4 m spatial resolution. The associated Usable Data Masks (UDM?2) files
providing pixel-by-pixel data usability information (e.g., a clear pixel, shadow, snow, haze,
and cloud) and their respective confidence levels were also used for the following analysis.

Three Landsat scenes were exploited to verify the land cover status at the Ayn Sayed
spring (see footprint in Figure 1a): two acquired on 4 May 1991 and 31 March 2002 by
Landsat-5 Thematic Mapper (TM) multispectral scanning radiometer with six bands (from
0.45 to 12.5 um) at a 30 m resolution (120 m for thermal IR), and another one acquired on 2
February 2022 by Landsat-8 Operational Land Imager (OLI) with 11 bands (from 0.43 to
12.51 pm) at a 30 m resolution (15 m for panchromatic and 100 m for thermal IR). The scenes
were accessed at Level 2, i.e., radiometrically calibrated and atmospherically corrected
surface reflectance products.

Additionally, 12 orthorectified Pléiades Neo multispectral scenes acquired on 28
September 2021, 1 December 2022, 25 January 2023 and 7 February 2023 were selected to
allow for the identification and examination of small features. The scenes include six bands
of 1.2 m resolution (deep blue to NIR; from 0.4 to 0.77 um) and panchromatic bands of
0.3 m resolution, and all were processed to the reflectance level.

Finally, Google Earth and ESRI World VHR imagery was exploited to achieve a better
definition of small-scale features. Where possible and when not hampered by imagery
gaps, degraded resolution, or poor visibility, the Google Earth Pro time lapse function was
utilised to visually inspect the land surface changes, presence of modern development
activities, and archaeological heritage conditions.

3.2. Drone and Field Survey

A tailored field survey was carried out in early July 2024 to complement and validate
satellite observations. Field photographs were taken at the most critical areas, i.e., the Ayn
Sayed and Shoaib Abu Khdhair springs (within AOI#4), along key transects of ancient



Land 2025, 14, 1013

9 of 48

canals in AOI#1 and AOI#2, and also at several abandoned villages, gardens, irrigation
canals, and farms, which used to thrive when the Ayn Sayed spring was actively running.

The survey at the above sites included an Unmanned Aerial Vehicle (UAV)-based
imaging campaign, using a D]JI Air3 system operated by the University of Al-Qadisiyah.
This is a compact and foldable rotary UAV equipment, with a 46 min maximum flight
time and 3D obstacle sensing. The system is equipped with two cameras: a 3x medium
and a wide-angle telephoto. The latter is a FC8282 camera with field of view of 82°, an
aperture of /1.7, 24 mm format equivalent, 7 mm focal distance, 1.53 maximum aper-
ture, and ISO-100 sensibility. Dual-camera photographs can be taken at up to 48 MP. A
dataset of 49 high-resolution aerial photographs, including close-up views at priority sites,
was acquired.

Both the field survey and the drone acquisitions were specifically conducted to verify
the presence of the features observed from the satellite, such as new digging sites to obtain
a water supply and pump installations. Furthermore, the aim was to confirm the condition
of the springs, i.e., whether they were dry or whether water was still flowing. The ground-
truthing of satellite estimates extracted from spectral indexes (see Section 3.3) was outside
the scope of the present research. The very challenging local climatic conditions (high
temperatures and intense solar radiation exposure) of the surveyed areas did not allow for
field surveys and drone observations to be made over such a vast scale at the pace of the
satellite overpasses, given the aim of ensuring a ground assessment that was temporally
co-located with satellite observations.

3.3. Image Processing and Change Detection

KH-9 photographs were georeferenced as full frames or, in a few cases, as small
cropped areas of specific sites of interest (Table A1) using 8 to 10 high-quality ground control
points that could be confidently identified within Google Earth Pro imagery, and the Shuttle
Radar Topography Mission (SRTM) digital surface model [46] to account for the topography.
The process enabled the mitigation of geometric distortions resulting from the camera
imaging parameters, satellite elliptical orbiting motion, flying height, Earth’s curvature and
rotation, terrain elevation, and, lastly, additional distortion introduced during the scanning
process [47]. The overall spatial accuracy that was achieved was very high, as the Root
Mean Square Error (RMSE) was, on average, ~2.4 m for the whole set of photographs’
orthorectification runs, including both the full frames and extra trials of smaller cropped
subsets, improving the RMSE (Table A1l). The KH-9 photo-interpretation followed a
standardised approach to record key features of the ancient landscape of the study area,
including archaeological tells, fortified structures, canals, water bodies, groundwater wells
and springs, other potential archaeological sites, and unclassified features. The KH-9
interpretation was supported by VHR imagery available via Google Earth Pro v.7 to
distinguish ancient canals extracting from the relict course of the Euphrates River, which
were likely to have dried up by ~1st millennium BC, from other historical ones (~20th
cent.), which were drawing from single springs or from the modern Euphrates.

For the change detection analysis, differential Interferometric SAR (InSAR) [48] was
implemented with the Sentinel-1 IW pairs by exploiting the on-demand InSAR processing
service available through the Alaska Satellite Facility (ASF) Distributed Active Archive
Center (DAAC). The processing was run using the GAMMA software-based Hybrid Plug-
gable Processing Pipeline (HyP3) [49], using ASF’s Vertex portal and the HyP3 Application
Programming Interface (API) for tailored granule selection and input parameters setup.
Image pair co-registration was implemented by exploiting the Enhanced Spectral Diversity
(ESD) algorithm [50] to achieve a precision better than 1/100th of a pixel. Multi-looking
was performed using a 10 x 2 range by azimuth window and Goldstein-Werner adaptive
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phase filtering [51] with a 0.6 factor to improve fringe visibility and reduce phase noise.
Topographic phase components were subtracted using the GLO-30 Copernicus digital
elevation model at 30 m resolution [52]. Terrain-corrected and radiometrically calibrated
backscatter images in the sigma-nought power scale (which was then converted to dB)
were generated, along with the INSAR coherence maps, both with an output pixel spacing
of 40 m. The final outputs were yearly change maps based on coherence, v, a parameter
quantifying the level of change that occurred over the subsequent years on a scale from
0 to 1 (with 1 indicating a perfect match between the reference and secondary image and
0 indicating total decorrelation). Within 100 m buffers around selected site locations (i.e.,
194 ancient springs of the Abu Jir lineament and 94 ancient settlements and tells located
west of Uruk), the average value of the SAR amplitude at each date and the coherence of
each pair were computed and appended to the point-wise datasets.

Sentinel-2 data were processed in GEE, which also provided access to a high-
performance computing environment. Image composites were generated in GEE by com-
bining the available scenes of July and, separately, December of each year by filtering out
cloud coverage at each pixel and reducing by the mean pixel values. The output compos-
ites were 12 in total, starting from December 2018 and ending in July 2024. Normalised
Difference Vegetation Index (NDVI) maps were generated for each composite using the red
(band 4; 0.665 um central wavelength) and NIR (band 8; 0.842 um) channels. Five sets of
yearly pairs were formed using the six December composites to match the Sentinel-1 pairs,
i.e., from 2018-2019 to 2022-2023, and the NDVI difference between a particular year and
the preceding one was then computed to quantify the change that occurred. Change mag-
nitude products were also generated to quantify the amount of change that occurred across
the full set of Sentinel-2 bands. Images for each year were generated with the vegetated
pixels identified by NDVI, so that these values would not influence this measure. Bands of
20 m and 60 m were resampled to a 10 m pixel spacing. The change magnitude was then
quantified by calculating the Euclidian Distance (ED) between each composite image in a
pair of years, i.e., the square root of the band-wise sum of the squared differences in the N
bands [53]:

N 2
ED = \l X%(Xi(tl) — Yi(m) (1)
i=
where X;;1) and Y are the reference and target spectral band values for each pixel at
times t1 and 2, respectively. This parameter has been used in remote sensing to quantify
change (e.g., [53]) and, in some cases, a direction component can be added to perform
change-vector analysis (e.g., [54]).

Additionally, Normalised Difference Water Index (NDWI) [55] maps were produced
using the vegetation red-edge (band 8A; 0.865 pm) and SWIR (band 11; 1.610 um) channels
to support the interpretation of NDVI variations that could be correlated with water-body
variations but were uncorrelated with vegetation or agricultural changes. To generate
binary maps of changed vs. unchanged land (values of 1 and 0, respectively), the NDVI
was first thresholded at 0.3 to separate vegetated (NDVI > 0.3) from non-vegetated areas
(NDVI < 0.3), and then the absolute NDVI differences were computed for the yearly pairs
in order to identify the occurrence of any non-vegetation-related changes. Similarly, the
Sentinel-2 composites for which vegetation was masked were thresholded at NDVI < 0.3.
These were then used as inputs for the change magnitude products, which were thresh-
olded at 0.25 to output binary maps of changed vs. unchanged land. Output composites,
NDVI, NDVI change, and change magnitude maps were generated at the 10 m resolution,
while the NDWI ones were generated at 20 m. A 100 m buffer was calculated around each
of the selected sites within the western Samawah province (i.e., 14 ancient springs and
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76 ancient settlements and tells), the respective mean change in NDVI and change magni-
tude values for each pair were appended to the point-wise dataset, and sites were labelled
as changed if at least one pixel within the buffer was recognised as such in the change maps.
The tailored GEE code used for the processing builds upon the Sentinel-2 change detection
workflow published in [56], and is available for further use within Newcastle University’s
research data repository data.ncl [57].

COSMO-SkyMed data were coregistered to single reference scenes for each data frame;
then, four SAR amplitude maps were generated in the sigma-nought power scale then
converted to dB. Multi-temporal filtering through averaging the n scenes of each coreg-
istered stack enabled the mitigation of radar speckle and enhanced the visibility of land
features by preserving the native image resolution (no multi-looking was implemented).
Change detection products were generated following well-established workflows [58,59],
including the amplitude ratioing of selected SAR pairs from each coregistered stack and
the computation of the temporal variability (standard deviation) of the amplitude of the
n coregistered scenes for each stack, using a 3 x 3 Gaussian filter. Geocoding and terrain
correction were then implemented for single scenes, multi-temporal averages, and change
products, which were all finally exported at a 1 m pixel spacing.

The orthorectified PlanetScope tiles were mosaicked in ArcGIS Pro using a mean
operator into three single scenes, one for each acquisition date, accounting for the UDM2
usability information for each pixel, and their band histogram statistics were harmonised
to ensure flawless visualisation in the GIS environment.

A stack of the six multispectral bands of Pléiades Neo imagery was produced in
ArcGIS Pro for each scene. Pansharpening was then applied using the panchromatic band
for each multispectral stack with the Gram Schmidt algorithm [60], which improves the
spatial resolution while also preserving the spectral characteristics. In-built band weights
provided by ArcGIS Pro for the Pléiades Neo sensor were exploited.

Landsat-5 and Landsat-8 surface reflectance bands were also stacked and processed to
generate true colour composites and NDVI maps using the red and NIR channels (bands
3—4 in Landsat-5 and bands 4-5 in Landsat-8, respectively).

4. Results
4.1. Regional-Scale Land Surface Processes

An overview of the yearly landscape transformations that occurred across the study
region in 2014-2023 is provided by the time sequence of yearly change maps based on the
Sentinel-1 InSAR « (Figure 2). As proved in previous research over arid environments
affected by landscape disturbances [61,62], v patterns can be easily used as proxy for
landscape changes, both macroscopic and minor, which might be undetectable in single
scenes (either optical or radar). At the broad scale, the nine maps highlight an overall
pattern of a relatively high correlation in the western desert plateau over the last 10 years
(7 ~0.8-1.0; Figure 2). The Tigris and Euphrates Rivers plain, on the other hand, exhibits a
remarkable pattern of general decorrelation (y ~0.2-0.4).
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Figure 2. Regional-scale change maps based on Sentinel-1 IW InSAR coherence in the 2014-2023
period: (a) 2014-2015, (b) 2015-2016, (c) 2016-2017, (d) 2017-2018, (e) 2018-2019, (f) 2019-2020,
(g) 20202021, (h) 2021-2022, and (i) 2022-2023. InSAR products processed by ASF DAAC HyP3
2023-2024. Contains modified Copernicus Sentinel-1 data 2014-2023.

At the local scale, a number of natural and anthropogenic features and processes can
be recognised across the desert plateau, including:

e  Main water bodies (e.g., Therthar Lake, in the northern sector of the processed tracks;
Figure 2a), which rapidly decorrelate due to the typical backscattering mechanism of
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water and, in some cases, due to the long-term changes in the extent of the surface of
lakes that are progressively drying up, e.g., the recently documented disappearance
of Sawa Lake [63], as depicted by a highly decorrelated pattern in 2021-2022 and the
apparently dry lake bed in 2022 (Figure 3a).

e Land transformations linked with ongoing agricultural activities, the expansion of
existing fields, the development of new ones (e.g., dense clusters of hundreds of
modern centre-pivot irrigation systems, clearly indicated by the tens of decorrelating
rounded features in Figure 3a; see also Section 4.2), or the abandonment of previously
cultivated lands.

e  Sand dune migration- and dust storm-related impacts on the agricultural landscape
and human settlements, e.g., near the Najaf Sea and to its southwest (Figure 3b), where
both yearly and short-temporal-scale oy maps clearly depict the medium-scale impact
of the storm. Further confirmation is found in the PlanetScope data showing the
layer of deposited sand that, soon after the dust storm event, covered the modern
agricultural fields, which consequently appear brown to dark brown in the true-colour
scenes and light brown to reddish in the false-colour scenes. Some of these fields,
including one of the largest clusters, developed onto white patches of land that, in
InSAR v maps, generally appear as very-low-v areas and correspond with northwest—
southeast elongated geomorphological features that have yet to be fully interpreted by
local geologists. Field observations suggest that these might be remnants of Holocene
dunes, consisting of well-sorted and compacted sand (thanks to their salt content)
that cannot migrate with the wind. A number of these features are found towards the
southeast and reaching up to Hammar Lake (locally called ‘Slibiat Lake”).

e  New urbanisation at the margins of the desert plateau and the development of man-
made structures, e.g., a rectangular decorrelation feature crossing the former Al-
Muhammadi airport runway at Abu Teban in the Al-Anbar governorate, indicating
the construction of an enclosure in 2021-2022 (Figure 3c). This feature presumably
delimits the site in which the new Anbar international airport for passenger transport
and air cargo is currently under construction.

e  Soil moisture variations along the fluvial network running across the desert that are
almost invisible when using optical imagery, e.g., the river network west of Razazza
Lake (Figure 3d).

Similarly, the decorrelated pattern along the Tigris and Euphrates Rivers plain is
locally interrupted by InNSAR-coherent features at exposed rocky outcrops (Figure 3a), open
mining sites, and persistently reflecting structures, such as urban settlements (e.g., the
capital city Baghdad and a number of smaller towns within the river plain).

Focusing on the Abu Jir lineament, the average yearly coherence at the 100 m wide
buffers around ancient springs highlights a moderately to highly decorrelated scenario in
2014-2023, with values typically in the ~0.2-0.5 range (Figure 4a). The northern cluster of
springs located southwest of Therthar Lake and up to the Razzaza Lake reveals a generally
variable pattern, including some unchanged sites (y ~0.6-0.8 at 19 springs) and many others
that are moderately to highly decorrelated (y ~0.2-0.5 at 70 springs). On the other hand,
the cluster between Najaf Sea and Hammar Lake depicts a pattern of mostly moderately
to highly decorrelated sites (y ~0.4-0.5 at 25 springs and ~0.2-0.3 at 66 springs), and only
a few that are less affected (¢ ~0.6-0.8 at 14 springs). The vast majority of springs near
Najaf Sea were moderately decorrelated during 2014-2023 (y ~0.4-0.5 at 17 springs), while
the sites between Najaf Sea and Hammar Lake approached total decorrelation (7 ~0.2 at
20 springs and 40 settlements). The time series at the springs within the southern cluster
show variable temporal trends, with yearly coherence changing in steps of up to ~0.2 each
year (Figure 4b), suggesting alternating decreases and increases in surface disturbance
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during the decade of observation. The springs at Ayn Sayed (30.983 °N, 45.452 °E) and
Sawa Lake (31.311 °N, 45.006 °E) show a drop in coherence in 2017-2018 and 2018-2019,
followed by a recovery in the following years. Conversely, other springs provide evidence
of overall increasing (e.g., Al-Aajeeb at 31.220 °N, 45.066 °E) or decreasing (e.g., Naajah2
at 31.091 °N, 45.257 °E) trends (Figure 4b). On the other hand, the time series of yearly
coherence at the ancient settlements generally depict more homogeneous trends, with lower
coherence values across the full set of pairs (e.g., tells AJ2, AJ38 and AJ89, and Sasanian
fort at AJ19; Figure 4c). A local-scale analysis of these sites is provided in Section 4.4.

g
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Figure 3. Examples of detected changes across the region of interest using Sentinel-1 IW InSAR
coherence in: (a) 2022-2023 vs. Sentinel-2 true colour composite 2023, showing decorrelation at centre-
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pivot irrigation systems, at Sawa Lake, and across the river plain, and higher correlation at exposed
rocky outcrops; (b) 24 April 2022-6 May 2022 vs. matching PlanetScope true- and false-colour
composites on 21 April 2022 and 30 April 2022, showing the impact of a dust storm event southwest of
Najaf Sea; (c) 20212022 vs. Sentinel-2 true colour on 2 December 2022, highlighting the development
of the new Anbar international airport; and (d) 20192020 vs. ESRI basemap, highlighting the
decorrelation along the river network west of Razazza Lake, which is not clearly visible in the optical
data. InNSAR products processed by ASF DAAC HyP3 2023-2024. Contains modified Copernicus
Sentinel-1 data 20192022 and Sentinel-2 data 2022-2023. Google Earth imagery © 2024 CNES/ Airbus.
ESRI basemap ©Esri, Maxar, Earthstar Geographics, and the GIS User Community.
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Figure 4. (a) Overview of the average yearly coherence observed in 2014-2023 at the 194 ancient
springs along the Abu Jir lineament and 94 ancient settlements and tells west of Uruk, with indication
of the eight sites selected for the time series plotting; time series of yearly coherence at selected (b)
springs and (c) ancient settlements in 2014-2023. ESRI basemap ©Esri, Maxar, Earthstar Geographics,
and the GIS User Community.

The yearly change maps derived from Sentinel-2 data allow for a better understanding
of the key causes of such land disturbance (Figure 5), by highlighting significant changes in
land cover and vegetation across the western Samawah province. In general, NDWI and
NDVI were found to correlate well, with the former complementing the latter when the
observed pattern was not due to vegetation or agricultural changes but was instead due
to residual surface water and soil moisture. For the sake of brevity, the analysis mostly
focuses on the NDVI results.
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Figure 5. Local-scale change maps based on Sentinel-2 NDVI change in the period 2018-2023:
(a) 2018-2019, (b) 2019-2020, (c) 2020-2021, (d) 2021-2022, and (e) 2022-2023. Contains modified
Copernicus Sentinel-2 data 2018-2023.
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A general pattern of an NDVI decrease of ~0.05-0.20 was observed across the western
sector of the area, across the desertified land. This was particularly apparent in 2018-2019
and, to a lesser extent, in 2020-2021 (Figure 5a,c). Localised decreasing patterns were also
found at both isolated and clustered agricultural fields, suggesting a progressive transition
from luxuriant to stark and barren fields in more recent years. Similarly, a loss of NDVI was
observed across areas in which a dry-soil-to-water transition occurred (e.g., the increase in
the surface extent of Hammar Lake between 2018 and 2019; Figure 5a); in addition to the
yearly changes in the extent of surface water, the intra-annual variations across this arid
landscape were also significant, depending on the months depicted by the selected images.

The evidence of an increased NDVI at a number of other water bodies (e.g., Sawa Lake;
Figure 5a—c) and tens of circular features is also particularly relevant, as these showcase
increases as high as ~0.9 in the 2021-2022 period (Figure 5d). These testify to the progressive
development of new agricultural fields across the desert, supplied by modern wells which
provide groundwater to centre-pivot irrigation systems. The Sentinel-2 data show that
modern wells are typically drilled in proximity to the ancient water abstraction sites that
supplied traditional cultivation (Figure 6a), and thus contribute to reducing their water
resources. This adds to the natural process of desertification that was observed across the
region in recent years [64], and is partly depicted by the NDVI change maps of 2019-2020
and 2020-2021 (Figure 5b,c). The change maps also confirm that, since 2020, the modern
centre-pivot wells have continued to increase in number every year. On the other hand,
the NDVI increase in the water bodies depicts a progressive drying-up and extensive
salinisation over the last six years; for instance, at Sawa Lake (see also Sentinel-2 true-colour
and NDWI maps in Figure 6b, showing values that were generally below ~0.2 in 2023
across most of its former extent). Within its bed, a groundwater source is occasionally
exposed when the water levels recede [24]. Additionally, the maps reveal a few ephemeral
water bodies, generated from the water run-off and discharge from irrigation activities (see
also Section 4.3), and also highlight areas of dune migration and several changes at the
margin of the desert, especially in 2022-2023 (light green patches in Figure 5e).

The binary assessment of changed/unchanged sites provided by the Sentinel-2
NDVI change and change magnitude products (Figure 7) shows a general trend of an
increase in unchanged sites according to the NDVI change maps from 2018 to 2022, with
a slight decrease in 2022-2023 (histogram in Figure 7a). The scenario provided by the
change magnitude products, on the other hand, suggests an increase in changed sites in
2020-2021 and 2021-2022 (Figure 7b), possibly due to the occurrence of a significant amount
of soil moisture and non-vegetation-related differences across the region. In this respect,
the 2021 composite reveals a particularly dry landscape compared to the preceding and
following years, likely due to a drop in the total precipitation recorded during that period
(annual country-wide precipitation in 2021 was ~150 mm, compared to ~215 mm in 2020
and ~160 mm in 2022; [28]). The most updated change scenario for 2022-2023 (maps in
Figure 7a,b) depicts a clear cluster of ancient springs in the western sector where changes
were most significant, as opposed to a large number of sites in the eastern sector, closer
to the Euphrates River, that appear to be unaffected by changes in the NDVI change map
(Figure 7a) but were moderately affected according to the change magnitude products
(Figure 7b), which likely included additional change factors in the overall assessment. To
the south of this cluster, the Ayn Sayed spring exhibited some NDVI changes within its
100 m buffer zone (~0.02 in 2022-2023) and the site appears to have changed during that
period according to the NDVI change detection method (red dot in the map in Figure 7a),
suggesting the occurrence of some recent landscape disturbance around the site (see also
Section 4.2).
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Figure 6. Sentinel-2: (a) true-colour composite 2022 and NDVI change in 2021-2022 at centre-pivot
systems close to ancient spring locations in the area southwest of Samawah town and (b) true-colour
composite and NDWI at Sawa Lake in 2023. Contains modified Copernicus Sentinel-2 data 2022-2023.
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Figure 7. Maps and statistics showing the changed vs. unchanged classification of the 14 springs and
76 settlements based on the local-scale assessment using Sentinel-2 (a) NDVI change and (b) change
magnitude 2022-2023 products. Data displayed onto the Sentinel-2 true-colour composite for 2023.
Contains modified Copernicus Sentinel-2 data 2023.
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The evidence of dust plumes and possible dune migration in 2022-2023 (e.g., the
patches in Figure 5e) is linked to observations of the landscape’s susceptibility to dust
storm events and related impacts. Sentinel-3 OLCI data very clearly highlight a temporal
concentration of dust storms in the spring and summer seasons. More than 10 dust storms
generating from the west or northwest and generally travelling towards the southeast hit
the country in April-June 2022 (Figure 8a—d). The storms were featured in broadcast news
and reports warning about reduced visibility even in the short/medium-distance range, the
layers of dust deposited onto the land, towns and monuments, and the increased threats to
human health [65], which are among the most frequent impacts of such processes [66-68].
Satellite observations from Sentinel-3 enable the identification of two main dust sources:
(i) the Western Desert and the region of the old lakes, i.e., lowland areas filled with 1-2 m
thick clay. This clay bed looks similar to white salt and is exploited by the local population
for cultivation. As a consequence, the loosened clay is exposed to winds and mobilises
(Figure 9); and (ii) the Central Desert, located northwest of Eridu, beyond the Euphrates
River and south of Delmej reservoir, where [69], in May 2012, recorded a desertified area
from which dust plumes generated. Figure 8a—d show the dust storm coming from the west
and northwest, whereas Figure 8e-h focus on the dust storm plumes from the southern
sector of the Central Desert. The latter area is mainly covered by fine-grained clayey sandy
material and, in the 1990s, it was largely irrigated, with a dense network of ancient canals,
which are now abandoned. Given its distance from both the Tigris and Euphrates Rivers
and other irrigation systems, the area is isolated from water supply sources, and hence is
highly susceptible to desertification and the release of dust.
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Figure 8. Examples of Sentinel-3 OLCI scenes clearly depicting the regions of Iraq impacted by dust
storms coming from the west and northwest on (a) 1 May, (b) 2 May, (c) 5 May, and (d) 16 May 2022;
detailed view of storms generated from the southern sector of the Central Desert on (e) 13 May, (f) 12
June, (g) 17 June, and (h) 28 June 2022. Contains Copernicus Sentinel-3 data 2022.
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(b)
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Figure 9. (a,b) Field and (c) drone photographs of irrigation systems in the area surrounding the

old lakes in the Western Desert, with evidence of soil being exposed to winds, causing it to be easily
mobilised during storms.

4.2. Agricultural Practices and Water Use

Springs in southern Iraq have been a focus for human settlement since the Palaeolithic
era, and have sustained agriculture through networks of canals for centuries. However,
satellite data highlight that the landscape around springs has been changing over the past
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decades, and groundwater extraction for industrial agriculture is currently threatening the
springs’ preservation [24].

This can be observed, for example, around the Ayn Sayed spring (Figure 10). In
February 1981, when the HEXAGON photographs were collected, the area immediately
adjacent to the spring was free of agricultural fields (Figure 10a) and the canal fed by the
spring and used to irrigate the fields in the western part of the Samawah province was
full of water (dark-coloured line in Figure 10a; the whole extent of the canal and fields is
shown in Figure 11a). Nearly 20 years later, in 2002, agricultural fields had developed west
and southwest of the spring (see Figure 10b). After another 20 years, regularly shaped
agricultural fields were further expanded (Figure 10c,d), surrounding the spring from the
northwest, northeast, and southeast, although at a distance ranging from a minimum of
640 m up to 2 km (see Figure 10d,e).

45°26'E 45°27'E 45°28E

*‘ff?%(

Figure 10. Area of the Ayn Sayed spring and surrounding agricultural fields, as recorded in (a) KH-9
ortho-photograph collected on 22 February 1981 (photo id. D3C1216-401325A027); (b) Landsat-5
TM, 31 March 2002; (c) Sentinel-1 amplitude, 2014; (d) Google Earth VHR imagery, 5 June 2018; (e)
Landsat-8 OLI, 2 February2022; (f) Sentinel-1 amplitude, 2023; and (g) COSMO-SkyMed average SAR
amplitude 2023-2024, with (h) a zoomed view of the spring. Contains Copernicus Sentinel-1 data
2014-2023. Google Earth imagery © 2024 Maxar Technologies. COSMO-SkyMed® Products © Italian
Space Agency 2023-2024. All rights reserved. Landsat-5 and Landsat-8 images courtesy of the USGS.
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Figure 11. Landscape evolution of AOI#2-AOI#3, as depicted in (a) KH-9 ortho-photographs collected
on 22 February 1981 (ids. D3C1216-401325A026 and D3C1216-401325A027); (b) Landsat-5 NDVI, 4
May 1991; and Sentinel-2 NDVI change maps (c) 2018-2019, and (d) 2022-2023. The white patches
in (c) are due to cloud-covered pixels in the Sentinel-2 composites. Contains modified Copernicus
Sentinel-2 data 2018-2023. Landsat-5 image courtesy of the USGS.

Clear proxies of these changes are found in both the Sentinel-1 amplitude and co-
herence products covering the past 10 years. While amplitude increases (also outlining
the irrigation of the fields, as shown in Figure 10c,f), coherence tends to decrease across
the whole area, as a reflection of the agricultural practices and disturbance around the
spring (see the coherence time series in Figure 4b). Matching evidence is provided by
the Sentinel-2 NDVI change maps (Figure 11c,d). The comparison between the 2018-2019
and 2022-2023 change maps highlights the decrease in NDVI at the spring site and along
the canal, alongside the increase in NDVI due to the development of new fields east and
southeast of the spring at a closer distance (~700 m).

The fields surrounding the spring are irrigated with groundwater extracted by means
of pumping systems, which are shown by the bright structures at different locations in
both the Google Earth and COSMO-SkyMed VHR imagery (see Figure 10d,g). The SAR
images also enhance the shape and structure of the fields, suggesting that, while the dense
fields on the west exploit the local topography for water run-off and irrigation, the fields
on the eastern side are irrigated through channels diverging from the natural topography
(Figure 10g). The dark lines from/to the spring and the farms visible in the COSMO-
SkyMed imagery are livestock tracks, while the brighter, nearly circular features around the
spring and the Ottoman and Sasanian forts suggest new excavations, presumably to source
water at additional locations to the main natural exit point of the spring (see Figure 10h).

Inspections in the field and the drone survey made in July 2024 allowed for verification
that the spring was still active and the water was fresh (Figure 12a—d). However, the water
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flow was visibly impoverished and pumps were operating (Figure 12¢,d). The surrounding
area, characterised by grey soil of an organic composition, showed signs of salinisation.
Furthermore, the local bedrock was excavated to create new openings for water abstraction,
thus confirming what is visible in the COSMO-SkyMed images (compare with Figure 10h).
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Figure 12. Close-up view of the Ayn Sayed spring: (a) location of archaeological features around the
spring, shown on a Google Earth image collected on 6 January 2012; (b) aerial drone-based view of
the spring and Ottoman fortress, and detailed views of (¢,d) the spring and pumping pipes, (e) the
as-yet unmapped structure northwest of the Ayn Sayed spring, and (f) the industrial agricultural
fields in close proximity to this. Drone imagery collected on 3 July 2024. Google Earth imagery ©
2024 Maxar Technologies.

The ruins of the Sasanian and Ottoman forts were still in good condition (Figure 12b),
as were the foundations of another structure that had not yet been mapped (Figure 12e),
located 300 m northwest of the Sasanian fort and detectable in both the KH-9 photographs
and the Google Earth image collected on 6 January 2012 (Figure 12a). However, industrial
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agricultural fields were less than 100 m from these remnant foundations, evidencing how
close they are to potentially encroaching upon these archaeological features (Figure 12f).

Another interesting example of a simple irrigation system overlain by a more complex
recent agricultural and irrigation system is the Shoaib Abu Khdhair spring (30.954 °N,
45.494 °E; Figure 13a), 5 km south of Ayn Sayed. In 1981, the spring nurtured a canal,
slightly oriented southwest—northeast (Figures 13a and 14a), which led to a small, un-
mapped cluster of fields in which livestock tracks were visible. Crop fields were then
developed on the canal and the water flow was diverted for irrigation (Figures 13a and 14b).
As also well-highlighted by the most recent COSMO-SkyMed dataset (Figure 14d), there is
now only a remnant of the original canal and a new well was dug, presumably under the
assumption that this could replace the original spring. A number of vehicle tracks can also
be recognised in the surrounding landscape (Figure 14b-d). During the field inspection in
July 2024, no water was found within the original spring and the canal was completely dry
(Figure 14e). This evidence matches the changes which occurred around the spring and the
weak NDVI signal that was barely visible in the NDVI 2018-2019 change map (Figure 13c)
and later vanished in the more recent maps (Figure 13d).
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Figure 13. Area of the Shoaib Abu Khdhair spring: (a) KH-9 ortho-photograph collected on 22
February 1981 (photo id. D3C1216-401325A027); (b) Sentinel-2 true colour composite 2018; and
NDVI change maps for (c) 20182019 and (d) 2022-2023. Lettering (i) and (ii) indicate two natural
morphological depressions filled in by water run-off and discharge. Contains modified Copernicus
Sentinel-2 data 2018-2023.
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Figure 14. Close-up view of the Shoaib Abu Khdhair spring in (a) KH-9 ortho-photograph collected
on 22 February 1981 (photo id. D3C1216-401325A027); (b,c) Google Earth images collected on 9
November 2011 and 5 June 2018, respectively; (d) COSMO-SkyMed Enhanced Spotlight average SAR
amplitude in 2023-2024; and (e) a drone aerial view acquired on 3 July 2024. Google Earth imagery
© 2024 Maxar Technologies. COSMO-SkyMed® Products © Italian Space Agency 2023-2024. All
rights reserved.

4.3. Water Run-Off and Discharge

The NDVI change maps highlight several areas of water run-off and collection within
morphological depressions in the terrain. This is visible in the area of the Shoaib Abu
Khdhair spring, which is located on a piece of land falling between two morphological
depressions (Figure 13b—d). The NDVI change patterns outline the water run-off from the
agricultural field and its flow to the depressions. These ephemeral water bodies appear
intermittently across the satellite image time series. NDVI is a good proxy as it captures
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the floating vegetation and chlorophyll during the filling period and the decrease in this
during the drying-out phase.

This surface process is not occasional or limited to individual instances but can be
observed across the western part of the Samawah province. For example, at the bottom
of AOI#1, at the margin of the cultivated area, a clear run-off feature repeatedly appears
over time (Figure 15). The 2018-2019 and 2022-2023 NDVI change maps captured two
different phases of this feature, i.e., when the water was running along the surface following
the topographic gradient (red pattern in Figure 15a) and when the event was over and
the terrain had already dried out (Figure 15b,c), respectively. Further confirmation that
the territory is prone to such surface run-off is provided by COSMO-SkyMed data that
captured another event in December 2023 along nearly the same footprint (Figure 15d).

45°24'E 45°23'30"E

()
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Figure 15. Surface water run-off processes in AOI#1, as documented in Sentinel-2 NDVI change maps
in (a) 2018-2019 and (b) 2022-2023, with zoomed views (black boxes) of natural run-off events in
(c) the 2022-2023 NDVI change map and (d) COSMO-SkyMed average SAR amplitude 2023-2024,
and anthropogenic run-off from agricultural fields feeding a natural depression, as observed in the
Sentinel-2 scenes collected on (e) 14 April 2019 and (f) 13 February 2020. COSMO-SkyMed® Products
© Italian Space Agency 2023-2024. All rights reserved. Contains modified Copernicus Sentinel-2 data
2018-2023.

Extending the observations further south, it is evident that the natural topographic
gradient is also exploited by anthropogenic water run-off. Clear patterns are found in both
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yearly NDVI change maps (Figure 15a,b) and single scenes (Figure 15e,f), within irrigated
fields from which water run-off originates and then accumulates into natural depressions.

4.4. Modern vs. Vanishing Older Features

The disturbances threatening springs described above and the development of more
invasive agricultural practices also contribute to the progressive loss of landscape features
that are related to traditional practices and cultural heritage. For example, in AOI#2 and
AOQI#3, on the eastern side of the Samawah province, agricultural fields that were once
irrigated through traditional systems with water sourced from springs now seem to be
disappearing. Figure 11a shows the irrigation system fed by the Ayn Sayed spring as it was
depicted in the KH-9 photographs in 1981. Ten years later, Landsat imagery documented
that this system was operational and the fields were flourishing (dark green NDVI patterns
in Figure 11b). In the time span of less than a decade, the Sentinel-2 yearly NDVI change
maps highlight a serious decline in these fields (Figure 11c,d). Some of the fields were
definitely abandoned, as was verified in the field in July 2024 (see the zoomed-in pictures
over a cluster of fields in Figures 16 and 17). At the same time, other activities continued to
develop, such as a private mud brick factory for which the Sentinel-2 data highlight the

constant presence of water ponds used for the production chain.

Figure 16. Multi-temporal evolution of canals and fields of traditional agricultural practices in
AOI#2, as depicted in the Sentinel-2 NDVI change maps: (a) 2018-2019, (b) 2019-2020, (c) 2020-2021,
(d) 2021-2022, and (e) 2022-2023.

Figure 17. Field photograph of abandoned fields, taken on 3 July 2024.
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A detailed analysis of the landscape reveals that one factor leading to the decline in
traditional agricultural practices is the creation of modern irrigation systems overlying
the older ones, which in some cases causes their destruction. An example is provided
in Figure 18, which compares the present situation with how it was in 1981. Compared
to this earlier period (Figure 18a), at present, at least three canal and irrigation systems
spatially overlap (Figure 18b), i.e., the ancient and traditional ones (marked by yellow lines):
the main canal built during Saddam Hussein’s era, crossing the landscape from north to
south (cyan line), and the most recent irrigation system. The latter causes a detrimental
encroachment which is clearly visible at various instances (e.g., Figure 18c) thanks to
the enhancement of the surface roughness of new channels and field boundaries in the
COSMO-SkyMed data. The bright lines mark the location of the nearly regular grid of
this new agricultural and irrigation system, which sources water from the main Saddam
Hussein-era canal and foresees the inundation of the fields (red squares in Figure 18d).
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Figure 18. Example of a vanishing landscape in AOI#1-AOI#2, as observed by comparing (a) KH-9
ortho-photograph acquired on 22 February 1981 (photo id. D3C1216-401325A026) and (b) COSMO-
SkyMed average SAR amplitude 2023-2024 with related zoomed views of (c) encroachment, wherein
the modern irrigation system has superseded and destroyed the traditional one and (d) offtake points
(either physical offtakes with dams, sluices, etc., or offtake using pumps and pipes) along Saddam
Hussein’s canal. COSMO-SkyMed® Products © Italian Space Agency 2023-2024. All rights reserved.

The encroachment caused by the modern agricultural and irrigation practices is in
addition to other anthropogenic disturbances that threaten cultural heritage sites. These
encompass looting, reworking and reshaping, levelling and flattening, earth removal,
mining and quarrying, building construction, roads, disturbance from heavy vehicles, and
changes in use, and are often documented across the country (e.g., [70,71]).

Within the same AOI#1, in the southern portion where the modern agricultural system
lies above the palaeo-fluvial feature of ancient meanders of the Euphrates river (Figure 18a),
the current land use is coupled with incidents of looting that damaged a cluster of Baby-
lonian sites (settlements AJ2 and AJ38 in Figure 19). While no clear evidence of looting
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was found through the visual inspection of KH-9 imagery (Figure 19a,d), Google Earth
scenes highlight the presence of looting holes since 2013 (Figure 19b,e). Illegal excavations
have occurred repeatedly over the past decade, as suggested by the increased number of
pits in the latest optical imagery and the bright appearance in the SAR data (Figure 19¢,f)
highlighting the impact due to looting that left the sites completely pockmarked.
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Figure 19. Babylonian tells in the area of the palaeo-fluvial feature (crevasse splay) of ancient
meanders of the Euphrates river within AOI#1 (see locations in Figure 18a): (a-c) AJ2, and (d—f)
AJ38. Evidence of looting was found through comparing (a,d) KH-9 ortho-photograph collected
on 22 February 1981 (photo id. D3C1216-401325A026), (b,e) Google Earth imagery collected on 7
October 2013, and (c,f) COSMO-SkyMed average SAR amplitude 2023-2024. COSMO—SkyMed®
Products © Italian Space Agency 2023-2024. All rights reserved. Google Earth imagery © 2024
Maxar Technologies.

Further invasive threats to site preservation come from modern development activities.
For instance, in the northwest corner of AOI#2, a fortress with Sasanian origin that was
used during the Ottoman era—which was clearly visible in 1981 in the KH-9 scene, which
enhanced its regular square shape and corner turrets—was mostly destroyed due to digging
and bulldozing (settlement AJ19 in Figure 20). Excavations and the removal of earth appear
to have started in the proximity of the site at around 2013 (Figure 20b), and progressively
expanded up to the point where at least half of the site was destroyed by 2020 (Figure 20c,d).
The sharp edges of the excavated land were still clearly visible in the SAR scenes in
2023-2024 (Figure 20e). The repeated action over time suggests that the likely purpose
was quarrying to supply materials for construction in the nearby villages of Al-Khidir and
Al-Darraji in the northeast. Indeed, the fort is located very close to the road leading to those
villages. Terrain is usually requested and purchased by local inhabitants for mud-brick
manufacturing and to create artificial platforms to raise their houses to a higher elevation
than the surrounding land.
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Figure 20. The Sasanian fort, which was in good condition in 1981, as depicted in (a) KH-9 ortho-
photograph (photo id. D3C1216-401325A026) and was nearly completely destroyed by excavations
and bulldozing, likely for quarrying, over the last decade, as observed in (b—-d) Google Earth imagery
acquired on 7 October 2013, 4 June 2019, and 16 October 2020, and (e) COSMO-SkyMed average SAR
amplitude 2023-2024. COSMO-SkyMed® Products © Italian Space Agency 2023-2024. All rights
reserved. Google Earth imagery © 2024 Maxar Technologies, and CNES/ Airbus.

At other locations, the anthropogenic impact on the landscape comes from industrial
development. As observed in the Sentinel-2 time series (see Figures 11 and 16), in the
centre of AOI#2, a private mud brick factory developed over the past decades (east of
settlement AJ28 in Figure 21a). While the sites in the area were still in good condition in
2010 (Figure 21b), the progressive expansion of the factory infrastructure toward the west,
beyond the current road crossing the territory along the north—south direction, makes some
sites vulnerable to future encroachment (Figures 21c,d and 22). Furthermore, the passage
of heavy vehicles from the north near to some sites (e.g., Babylonian site AJ25), likely in
connection with the mud brick factory, left a number of tracks across the land (Figure 21c),
including a cut across the southwest corner of a square foundation of an archaeological
structure in 2018 (Figure 21d).

Mud brick
factory

Figure 21. Example of encroachment by modern development close to a mud brick factory and
heavy vehicle tracks: (a) KH-9 ortho-photograph, collected on 22 February 1981 (photo id. D3C1216-
401325A026), and Google Earth imagery, acquired on (b) 25 January 2010, (c) 28 December 2015, and
(d) 27 July 2018. Google Earth imagery © 2024 Maxar Technologies, and CNES/Airbus.
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Figure 22. Example of the heavy disturbances caused by brick manufacturing. Pits, pools of water,
earthworks, and stacks of newly made bricks are visible. RGB composite pan-sharpened Pléiades
Neo imagery collected on 28 September 2021. ©Airbus DS 2021.

Figure 23 shows one of the many locations in which modern canals dug for irrigation
cut through a tell (settlement AJ89 in AOI#2). In this instance, the encroachment must have
happened before 1981, when the KH9 scene was captured (Figure 23a). The canal was most
likely dug in the 1970s, when the Iraqi government planned to convert the land of the West
Euphrates region into cultivated land. However, as observed through the satellite data, the
channel was not further developed, no other branches or levees were built, and the land
was not exploited for agriculture. Additionally, in 2010, the site was affected by looting
(Figure 23b) and, since at least 2018, the wider region has been traversed by vehicles and the
tell has shown signs of site clearance and flattening (Figure 23c,d). Therefore, it is likely that
the intended plan did not lead to the concrete agricultural development of the area. The
highland position of this land compared to the Euphrates lowlands could have substantially
contributed to the abandonment of these plans, making water conveyancing (and thus
irrigation) difficult. Therefore, the observed encroachment was not only detrimental for tell
preservation but also was not of any utility.

45°3327"E 45°33'34'E

31°7'30"N

SAR
amplitude
[dB]

31°7'25"N

+90

Figure 23. Example of encroachment by canal-digging affecting a tell site in the West Euphrates region,
as documented in (a) KH-9 ortho-photograph on 22 February 1981 (photo id. D3C1216-401325A026),
(b,c) Google Earth imagery on (b) 25 January 2010 and (c) 14 June 2018, and (d) COSMO-SkyMed
average SAR amplitude 2023-2024. COSMO-SkyMed® Products © Italian Space Agency 2023-2024.
All rights reserved. Google Earth imagery © 2024 Maxar Technologies.
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5. Discussion
5.1. The Nexus in Southern Iraq

Satellite and on-the-ground observations corroborate the understanding of the links
composing the climate-water—agriculture-heritage nexus in southern Iraq as follows:

e  Climate-Water: The decades-long increase in annual average mean surface air tem-
perature and drop in annual precipitation (Figure 1c—e) led to significant water-level
oscillations in surface reservoirs (e.g., Hammar Lake), drying out of lakes and con-
textual salinisation at the surface (e.g., Sawa Lake). Groundwater pumping was then
increased along the Abu Jir lineament and the western sector of the study area to cope
with the rising demand for water. However, as groundwater resources are overex-
ploited, once they reach the surface, their excess is left to run-off and discharge, often
into small to wide basins (e.g., Hammar Lake) or natural depressions. Given that
these ephemeral water bodies are not potable/reusable due to water salinisation, a
significant amount of water is lost in the overall hydraulic balance.

o  Water-Agriculture: Other key drivers of groundwater overexploitation are industrial

and intensive agriculture practices, which mostly rely on centre-pivot and/or herring-
bone irrigation systems fed by groundwater pumped by newly drilled wells. The
springs that originally fed a wider region are now desiccating. Along the Abu Jir
lineament, this process is concentrated amongst sprawls of agriculture, thus affecting
the southern cluster of ancient sites between the Najaf Sea and Hammar Lake. These
springs exhibit the strongest decorrelation (y ~0.2 at 20 springs and 40 settlements)
and the most obvious landscape transformations, including the drying up of major
springs (e.g., Shoaib Abu Khdhair).

o  Agriculture-Heritage: Contemporary agricultural practices are intensive and rely

on the installation of infrastructure and/or digging of new canals that supersede
and destroy traditional irrigation systems. In the western part of the study area,
there is evidence of new wells at sourcing /water-capture points being dug close to
the original springs. These operations cause significant disturbances to the former
configuration of the ancient springs. Furthermore, new pumping stations installed
at private properties allow for agricultural fields to expand to the extent that they
approach, or even encroach on, archaeological sites, as in the case of the unmapped
structure northwest of the Ayn Sayed spring. A similar dynamic was observed on the
eastern side of the study area. Although there are examples such as that of site AJ38
(Figure 19), where agricultural activities do not always lead to the flattening/levelling
of a site/mound (as observed, e.g., in other areas of Iraq and in Syria [70,72]), in other
circumstances, such as those concerning incidents of looting in AOI#1, there is a spatial
association of agricultural practice and the expansion of modern systems with the
occurrence of looting.

e  Heritage-Water—Agriculture: As a consequence of the above process, through which

ancient springs no longer reliably feed the traditional irrigation networks, farmers
of downstream cropfields are forced to abandon the land. Therefore, canals that
were once fully operational fall into disuse and, in time, are silted up. This nexus
link therefore makes evident how a change in irrigation practice and alterations in
the water supply systems can cause physical damage to tangible heritage (canals),
a loss of intangible heritage (traditional agricultural practices that were undertaken
for centuries), and social exclusion and inequality. A striking example is provided
by the Ayn Sayed spring, which no longer provides water to the fields in the eastern
sector of the Samawah province, with clear impacts on the local population. In
some cases, entire villages (often with substantial heritage components) were made
unliveable. This area is indeed one of the poorest in the whole country, and hosts
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farming communities and Bedouin pastoralists. As a result, pastoral and farming
communities are migrating from the area [73]. Significant migration away from their
home region has been documented for village and Bedouin populations; the latter
is said to have decreased by 70% since 2003 [74]. This is a clear example of how
satellite-derived environmental proxies can reveal societal impacts and, in this specific
case, social inequality.

e  Climate-Agriculture: The above-described abandonment process contributes to the

increasing exposure to the impacts of desertification. Land abandonment occurs in the
newly desertified areas highlighted by the satellite data and the previous literature [69].
This is apparent in the northern Muthanna and central Al-Qadisiyah governorates.
Along the Abu Jir lineament, the population is attempting to survive the possible
desertification trend through implementing intensive agriculture with centre-pivot
and herringbone irrigation systems. Therefore, the nexus link between climate-forcing
and agriculture practices encompasses two completely diverging patterns and trends,
i.e., the shrinkage of agricultural land and the expansion of desertified areas and,
on the other hand, the increase in agricultural exploitation, which leads to excessive
groundwater abstraction and, thus, the unsustainable use of water. In this context,
the impact due to dust storms must also be considered. Country-scale Sentinel-3
observations confirm the increased frequency of dust storms over the last few years
(first images available in 2016), which is likely correlated with climate change and
desertification. The latter is the outcome of a long process through which severe
drought, a lack of rain, and the drying up of water bodies lead to the loss of vegetation
and the exposure of significant amounts of sand and fine-grained deposits that can be
mobilised. The event that occurred in April 2022, as seen in the Sentinel-1 coherence
maps and PlanetScope imagery, provides clear evidence of the direct impact of storms
on cultivated lands southwest of Najaf Sea. In addition to dust storms hitting the
country from the west and northwest, increasingly desertified lands (e.g., the lands
northwest of Eridu; Figure 8e-h) act as further sources of dust at the local scale. The
existence of multiple sources of dust feeding the storms makes the implementation
of mitigation initiatives aiming to reconvert desert into vegetative areas (e.g., the
Ministry-funded “green this area” [75]) indispensable.

The above analysis reveals that climate change, water usage, agricultural practices,
and heritage preservation are strongly interconnected dimensions in southern Iraq. The
broader implication of these findings is that a holistic approach should be adopted for
environmental monitoring first and, ideally, for land management subsequently. The
present study is novel in providing such a multi-faceted analysis based on remote
sensing data.

Previous studies did not investigate all these dimensions of the nexus together. Most
of the previous literature concentrated on either water-agriculture, climate-water, or
climate-agriculture links. While an increasing number of studies rely on the use of satellite
data, not all the studies exploited this resource. When satellite data are used, it is most
common that a single dataset is analysed. This suggests that using a combination of multi-
temporal satellite data collected from different sensors in different periods is not yet an
established practice across the scientific community.

The topics that were most commonly covered included an assessment of water policies,
desertification, and dust storms (e.g., [75,76]). With regard to the latter, the evidence
collected based on Sentinel-3 data, revealing the increased frequency of dust storms in
the spring and summer seasons and the presence of new dust storm sources in Iraq, align
with the recent literature [77-79]. Other scholars [80,81] came to the same conclusions by
exploiting MODIS and Meteosat SEVIRI data, as well as simulating frontal dust storm
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trajectories. Further corroboration that it is appropriate to investigate the nexus link
between dust storms and changes in agricultural practices through NDVI-based monitoring
of land cover and crop field distribution is provided by [82]. That study found a direct
connection between cropping regimes and the land’s increased susceptibility to becoming a
dust source. Land abandonment plays a further important role. Disturbed land, especially
if abandoned post-cropping, tends to be more susceptible to dust storms.

When heritage was accounted for in nexus studies, the natural heritage, i.e., the
biosphere, with a specific emphasis on the UNESCO-listed southern marshes, was the
focus. For example, ref. [83] found evidence of desertification in the southern marshes of
Iraq using recent Landsat imagery, NDVI and specific indexes. Several other studies focused
on the impact that dam construction or engineering projects on the Tigris-Euphrates system
over the past decades have had on this ecosystem (e.g., [84,85]). Regarding cultural heritage,
a few studies documented the impacts of anthropogenic activities, also exploiting remote
sensing data (e.g., [70,86]), and thus provided confirmation that what was found in this
research is not only a regional manifestation, but is more widely relevant across the country.

5.2. Categorisation of Satellite-Based Environmental Proxies

The other outcome of this study of broader significance, regardless of the specific
region investigated, is the proof-of-concept that every time a given pattern is extracted
from a remote sensing dataset, this can be used as a reliable proxy to infer the occurrence of
a specific process of the nexus. Based on the findings described above, a categorisation was
developed and is presented here to enable other scholars to implement the same approach
in other environmental contexts. Table 1 offers a practical matrix of interpretation keys that,
for each link of the nexus, allows the user to relate the observations from satellite data to
on-the-ground processes. The matrix is intentionally built to guide the user in selecting
the right type of satellite data to use and the associated parameter to extract. Depending
on the ground feature and location in which the given observation was made, the user
can identify proxies and, using the interpretation keys, match them with the given process
related to the specific nexus link.

From a practical point of view, it is worth noting that the matrix is structured according
to the two main types of satellite data that can be used, i.e., multispectral optical and SAR,
but does not further separate data according to the technical specifics of the satellite sensors
used to collect the data or the acquisition time (i.e., whether the image was taken in the
past or in a more recent period). Although there can be significant differences in spatial
resolution and revisit time, it is assumed that the successful detection of a given proxy
depends on the combination of technical properties used to collect the images and the scale
of the investigated process. Similarly, depending on the acquisition date, the identified
proxy could relate to either past features (whether or not they still exist) or recent changes.
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Table 1. Matrix of interpretation keys relating parameters extracted from satellite data, associated environmental proxies, and on-the-ground processes. Notation:
MS, multispectral optical (e.g., Landsat, Sentinel-2, Sentinel-3 OLCI, high- to very-high-resolution commercial imagery); P, panchromatic imagery (e.g., declassified
HEXAGON KH-9); RGB, Red, Green, and Blue composites; SAR, Synthetic Aperture Radar (e.g., Sentinel-1, COSMO-SkyMed); NDVI, Normalised Difference

Vegetation Index; NDWI, Normalised Difference Water Index.

Nexus Link Satellite Data Extracted Parameter Ground Feature/Location Proxy Interpretation Key
RGB/grey level Lake/water body/reservoir Dark bllue . Pea.k Water level .
Surface whitening Intense evapotranspiration and surface salinisation
Lake/water body/reservoir Increased or residual vegetation Drying out of lakes and reservoirs
Dry land
=
& DVI i ;
< N Canals/watershed Increaseq vegetation Pattern or Surface water run-off and discharge
= ) residual vegetation
y Cropfields Lack of water/water shortage
L Dry land
g P, MS
ks Drying out/replenishment of lakes and reservoirs
O Decrease/increase in water extent Water accumulation in depression areas, formation of
Lake/water body/reservoir ephemeral reservoirs
NDWI Residual soil moisture in dry land Intense evapotranspiration
. Dendritic/river-like surface water Surface water run-off and discharge
Cropfields/bare land L. X
pattern Loss of water from irrigated fields
Ongoing agricultural practice supported by irrigation
Increased vegetation pattern If centre-pivot or herringbone shape, irrigation likely
according to regular field shape occurs through a modern (mechanised) irrigation
Cropfields system/groundwater pumping
MS NDVI Persistent decrease/prolonged lack of -
. Irrigation water shortage
) vegetation
-
:" . . .
| Springs Decrease/increase in vegetation Water shortage, desiccation
9 pattern
=
fCD High surface moisture, suggesting irrigation is in
5 Springs Increased brightness pattern place and/or tillage practice with a marked
g Amplitude/radar backscatter orientation (e.g., regular rows or a canal network)
SAR Springs and Persistent, dark, thick lines crossing Disturbance from heavy vehicles and cars related to
cropfields the landscape water-exploitation activities
Landscape disturbance
InSAR coherence Springs Decorrelation Morphological alterations due to anthropogenic

activities (e.g., new digging to source water)
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Table 1. Cont.

Nexus Link

Satellite Data

Extracted Parameter

Ground Feature/Location

Proxy

Interpretation Key

Agriculture-Heritage

P, MS

RGB/ grey level

Heritage sites or in their
proximity

New features related to agriculture

(e.g., canals or infrastructure) or other

modern development activities (e.g.,
industrial site or digging to source
materials for construction)

Depending on the precise location and distance, the
impact can be from potential risk to damage to
heritage sites

NDVI

Heritage sites or in their
proximity

New, regularly shaped
(squared /rectangular) vegetation
pattern

Expanding crop fields that potentially or already
encroach on heritage sites

SAR

Amplitude/radar backscatter

Springs and
cropfields

New, bright spots (either nearly
circular or irregularly shaped)
Mound-shaped greyish pattern with
bright boundaries

Farming infrastructure (e.g., groundwater pumping
system or silos)
Digging holes (e.g., water sourcing or looting)
Earth removal and soil accumulation after digging

Regular grid of bright lines

New agricultural activities
If superimposed onto or crossing former land lot
boundaries/canals, it is associated with the
sealing/destruction of traditional irrigation/farming

Persistent dark thick lines crossing
the landscape

Disturbance by heavy vehicles and cars related to
agricultural /business activities

Climate-Agriculture

P, MS

RGB/ grey level

Landscape

Yellow to brownish/grey plumes
and/or wide cloud

Dust storm(s) imaged during its occurrence

Cropfields

Sudden change in reflectance and
tone (e.g., from green to
brownish /reddish)

Accumulation of dust at surface due to recent storms

Decreased green tone to complete
change to brown/yellowish tones

Land cover transition from vegetated /cropfield to
bare soil to desertified area

NDVI

Cropfields

Decreased vegetation to persistent
loss of vegetation pattern

Land cover transition from vegetated /cropfield to
bare soil to desertified area

SAR

InSAR coherence

Cropfields/
landscape

Oriented patterns of decorrelation

Occurrence of meteorological event (e.g., dust storm,
wind storm, heavy rain, or surface flooding)
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5.3. Comparability with Other Countries

A detailed search of the scientific literature did not highlight published studies pre-
senting a similar analysis of the nexus using multi-temporal satellite image time series for
other countries in the Middle East and North Africa (MENA) region, or on other conti-
nents. However, it must be acknowledged that the existing literature reports that similar
challenges affect other countries.

With regard to dust storms, ref. [80] found that, after Iraq, the most common sources of
dust storms are located in Syria, Saudi Arabia, and Jordan. Dust storms and the increased
frequency of drought had severe impacts on crop productivity and water loss (e.g., [87]
with regard to Iran). In this climatic change context, water resources are under pressure.
The MENA region is widely acknowledged as the most water-stressed region in the world,
hosting sixteen of the twenty-five most water-stressed countries at the global level [88,89].

For example, ref. [90] report that water stress is a challenging problem in Jordan;
groundwater resources have been overexploited for decades and are estimated to be
being used up twice as fast as they can be replenished. A recent fieldwork-based study
by [91] reveals that the sustainability of groundwater-based agriculture is questionable in
the Jordan highlands due to decrease in water quality and quantity and tougher policy
measures. Several studies and the grey literature reports highlight the water scarcity issue
in MENA and its impact on social inequalities. Remote sensing-based research shows
the state of freshwater storage and freshwater levels. On the other hand, no studies that
showcase how satellite data are used to document the desiccation of springs or identify the
loss of water due to run-off from irrigated crop fields were found.

With regard to the impacts on cultural heritage, there are many studies showing
incidents across the MENA countries and drylands due to agricultural expansion, modern
developments, and looting, similar to those presented in this paper. The satellite data
presented in this respect are already an established means to document such impacts, both
in the MENA region and in Central Asia [92-96]. While assessments are most frequently
made with regard to individual disturbance factors, some scholars have reported cases
where one factor leads to another one and thus a nexus link is established. For example,
the specialist literature (not only that focusing on the Middle East [97-100]) proved that
the accessibility /ease of access and “visibility” (or knowledge) of sites are contributing
factors to archaeological vandalism (and the magnitude of that vandalism); increased
agricultural activity in the area would, in this way, provide easier access for bad actors.
Therefore, it cannot be excluded that an anthropogenic presence for agricultural activities
could stimulate searches for archaeological goods and disturbances to archaeological sites
within yet-unlooted sites (see the example in AOI#1, where the sites are quite far away
from agricultural activities and do not seem to show signs of looting).

The impacts on heritage preservation due to water-related infrastructure (e.g., dam
construction and reservoir creation) were also documented using remote sensing data and
monitoring/assessment frameworks were developed (see, e.g., [72,101-103]. Conversely, it
does not appear that the literature has focused specifically on exploring the connections
between water policies, agricultural practices, and heritage preservation. This is a further
area in which the present method could be applied.

Finally, it is worth mentioning that, depending on the specific geographic location
and social-economic context, other anthropogenic processes that cause possible dam-
age/disturbances to heritage preservation may be present and could be documented using
satellite data. One example was found in Egypt with regard to the dismantling of the
ruins by local farmers, known as sabbakh-digging (or sabakhin digging), i.e., the procure-
ment of nitrogenous material for use in agricultural fertiliser, obtained by demolishing
tells, i.e., archaeological mounds made of mud brick debris rich in salt and nitrogen [104].
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Although this practice was quite widespread in the 19th and 20th centuries, similar types
of detrimental encroachment still occur and are no different from those found in Iraq.

5.4. Methodology Transferability

In order for the proposed methodology to be effectively transferred to other geographic
and environmental contexts, three main aspects need to be accounted for: the availability
of satellite data, similarity of the processes to investigate, and the similarity of proxies that
can be extracted from the satellite data.

Starting from the latter, by means of the categorisation of satellite-based environmental
proxies proposed in Section 5.2 and Table 1, we provide practical guidance for users willing
to implement this method. The proxies consist of patterns of increased/decreased value
for specific parameters that can be extracted using standard state-of-the-art techniques.
Therefore, no technological barrier constrains this methodology. Furthermore, specific
shapes and characteristics make these proxies very distinguishable compared to the pre-
vious known condition of the investigated landscape. Therefore, the pictorial examples
provided in the results section are helpful to train operators to recognise these proxies.

With regard to the processes to which environmental proxies can be related by means
of the interpretation keys, as discussed in Section 5.3, all the processes, either natural
or anthropogenic, that were found in southern Iraq were also observed in other MENA
countries and other continents. When differences are observed, the recommended approach
is to identify the specific variable at the surface that could make evident that particular
process and, using the matrix of interpretation keys, determine the most affine process to
use for comparison. An example can be provided through the case of sabbakh-digging.
Although this process was not specifically observed in southern Iraq, within the satellite
images it appears as digging, earth removal, and soil accumulation encroaching on a site,
and therefore provides an example of the agriculture-heritage nexus link.

Finally, the availability of satellite data must be considered. In this respect, as men-
tioned in Section 3.1, the methodology relies on two main data groups: (i) data from
missions providing historical observations and time series over a period of years over the
area of interest; (ii) time series or spot images from high- to very-high-resolution missions
that are still operational, have a catalogue from which suitable data can be selected, and/or
can be tasked to collect new imagery. Therefore, to transfer this methodology, the first
criterion to apply is the existence of archive data and their spatial coverage and temporal
revisit (especially for missions that can no longer collect new data) or, alternatively, the
possibility to task new acquisitions (for missions that are still operational). The second
criterion is around the accessibility conditions of the satellite data.

In the present research, we used Landsat and the Sentinels, which collect imagery
globally according to a regular and systematic plan. Therefore, it is very unlikely that an
area of interest is not covered by these datasets. Furthermore, the data are distributed
according to an open data policy. In the case of KH-9 imagery, these data are only at the very
beginning of their exploitation, but they have great potential for use across the globe, and,
in particular, over North Africa and Eurasia, given the wide availability of the archived data
(see [37] and the interactive web scene with global coverage available at https://arcg.is/
aireX, accessed on 15 December 2024). The USGS scan-and-download programme has made
an enormous effort to make archival KH-9 imagery accessible to the public. Our analysis
confirmed the high quality of these data once they are accurately georeferenced to the
ground features. Therefore, it is recommended that this extraordinary, yet underexplored,
source of historical data is used to document past land cover and vanishing/vanished
features. COSMO-SkyMed and PlanetScope missions have the advantages of providing
very-high-resolution data from either the existing archive across the globe or via ad hoc
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tasking. Although their data are not distributed according to an open data policy and are
thus licenced, both missions have specific mechanisms to allow scientific users to gain
access to the data at a discounted cost or no cost (readers can refer to the official websites
for more information). Alternatives to COSMO-SkyMed and PlanetScope data may be
provided by any SAR or multispectral optical satellite image datasets, respectively, if a
similar spatial resolution, temporal revisit, and ad hoc tasking are available to suit the
specific application. For example, with regard to the detection of damage to heritage, the
reader could refer to the comparison of satellite missions provided in [59]. It is of course
understood that, regardless of the accessibility conditions, if satellite data do not satisfy the
first criterion mentioned above, their performance in the nexus analysis will be constrained.

6. Conclusions
The main outcomes of the present study can be summarised as follows:

e  The study provides, for the first time, a holistic understanding of the multiple in-
termingling processes that occur in this region. This is one of the most important
contributions of this paper compared to the majority of previous studies—which either
concentrated on specific Iraqi sites and often lacked a wider regional assessment or,
vice versa, focused on a local-scale analysis but did not picture it in the broader context,
or did not make comparisons between Iraq governorates.

e  This study conducted a detailed investigation of the Abu Jir lineament and Eridu
region, which have been poorly covered in the literature. The most up-to-date infor-
mation about the current condition of springs that, today, are at risk of vanishing,
alongside traditional agricultural systems, is provided. In particular, the extracted
NDVI, NDWI, and InSAR coherence values show that the cluster of springs located
between the Najaf Sea and Hammar Lake has been quite unstable over time, and is
the area that is most affected by anthropogenic disturbances along the whole Abu
Jir lineament. Not surprisingly, the western sector of the Samawah province in the
Muthanna governorate is the area in which springs are declining and diminishing
their water flow due to the overexploitation of groundwater by neighbouring farms
and the proliferation of centre-pivot irrigation systems. The cascading effect is that
the traditional agricultural fields located on the eastern side suffer from water scarcity.
Satellite data show the abandonment of cropfields and destruction of older irrigation
systems in favour of more modern, invasive networks of canals. These indicators act
as proxies to identify areas where the local population was compelled to leave due to
decreasing resource availability.

e  This study categorizes the various processes based on the analysis and interpretation
of the observed patterns related to single instances. For example, the chromatic tone
changes and decorrelation in optical images and SAR coherence maps, respectively,
are proxies of dust storm particle deposition and alterations in the surface properties
of cropfields; NDVI, NDWI, and loss of INSAR coherence not only mark areas of the
densification of industrial-scale agricultural practice and new centre-pivot irrigation
systems, but also areas of water run-off and discharge into ephemeral bodies that
detrimentally contribute to the non-optimised use of water resources.

e  This study provides evidence of the side-effects resulting from land cover changes
and the conversion of agricultural practices. In addition to the loss of traditional
agricultural practices (local intangible cultural heritage), the investigation unveils
several instances of damage to archaeological heritage sites (forts and structures) due
to modern development. This process not only does not contribute to increasing
resilience to the current climate crisis, but also implies a loss of cultural identity.

The possibilities opened by this research are manifold, including;:
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e  Method’s transferability: The categorisation can be used as a practical matrix of
interpretation keys to identify and track the processes contributing to this complex
climate-water—agriculture-heritage nexus in other governorates of Iraq and other
countries, to assess improvements in (or further deterioration of) the situation, if
mitigation measures have been implemented (or not).

e  Replicability: This method can be implemented in other countries (at least in the
MENA region), by feasibly relying on similar satellite datasets, and may allow for
comparative assessments and the identification of common or divergent trends.

e  Awareness for future conservation: The evidence of detrimental impacts on water
resources and negative encroachments onto cultural heritage preservation can stimu-
late further research into local resources and the necessary measures to mitigate the
associated risk to conservation.
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Appendix A

The lists and technical details of the KH-9 photographs, and Sentinel-1, Sentinel-2,
and COSMO-SkyMed satellite images that were exploited for this research are provided in
the following tables.

Table Al. Input KH-9 photographs, with indication of the acquisition date, the number of exploited
control points (CPs), and the geolocation accuracy achieved after georeferencing.

Photograph ID Mission Date Section Processed Size No. CPs RMSE [m] Locations
D3C1208- Ayn Shalal
300394A031 KH9-8 26/05/1974 g Full-frame 8 2.77 spring
D3C1214- e Full-frame 8 2.70
KH9-14 03/05/1978 Umma
200405A030 f Full-frame 8 2.97
f Crop 8 2.74
C 9 Y Sawa Lake,
4(])31%(5;110655 KH9-16 22/02/1981 & rop : Uruk,
h Full-frame 9 2.79 Euphrates
River
i Full-frame 8 1.81
f Crop 8 2.12
- Full-f .
4(?11%210626 KH9-16 22/02/1981 8 wrame 8 292 AOH1, AOI2,
Small crop 8 2.62 AOH3
h Full-frame 8 2.61
Crop 10 2.43
D3CI216- KH9-16 22/02/1981 }fg}ﬁar ]Aake’
401325A027 . Crop 9 1.53 AOH s—riirln
Small crop 8 1.44 yed spring

Table A2. Input Sentinel-1 IW SAR data, with indication of the temporal baselines (B;) and average
perpendicular baselines (Bp) of the processed interferometric pairs exploited for the yearly analysis at
the regional scale.

Path Dates B; [Days] B, [m] No. Scenes
e - :
s . :
e : z

N ; :
s e : :
e 5 :
e e :
s : :
20/12/2022~ 37 35 2

27/12/2023
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Path Dates B; [Days] By, [m] No. Scenes
wams - )
To/1/2006 360 12 3
/007 48 0 3

» T/ 360 7 :
V2015 ar2 2 :
15/13/2000 360 62 :
e :
o :
s, :

Table A3. Input Sentinel-1 IW SAR data, with indication of the temporal baselines (B;) and average

perpendicular baselines (Bp) of the processed interferometric pairs exploited for the analysis of the

2022 dust storms.

Path Dates B; [days] By, [m]
s : ;
B/ . ;

115 06/05/2022 2 163
e : »
e/ :
e/ : -

Table A4. Input Sentinel-2 multi-spectral scenes, with indication of the number of tiles exploited to

generate each composite for the analysis at the local scale.

Composite (MM/YYYY) Dates No. Tiles

12/2018 15/12/2018,25/12/2018, 30/12/2018 10
03/07/2019, 05/07/2019, 08/07/2019,

10/07/2019, 13/07/2019, 15/07 /2019,

07/2019 18/07/2019, 20/07/2019, 23/07 /2019, 18
25/07/2019, 28/07 /2019, 30/07 /2019
05/12/2019,15/12/2019, 17/12/2019,

12/2019 20/12/2019,22/12/2019, 30/12/2019 14
02/07/2020, 04/07 /2020, 07 /07 /2020,

09/07/2020, 12/07 /2020, 17/07 /2020,
07/2020 19/07/2020, 24/07 /2020, 27 /07 /2020, 25
29/07/2020
12,/2020 01/12/2020, 09/12/2020, 11/12/2020, 15

14/12/2020,21/12/2020, 24/12/2020




Land 2025, 14, 1013

43 of 48

Table A4. Cont.

Composite (MM/YYYY)

Dates

No. Tiles

07/2021

02/07/2021,04/07/2021, 07/07/2021,

09/07/2021,12/07/2021, 14/07 /2021,

17/07/2021,22/07/2021, 24/07 /2021,
27/07/2021

21

12/2021

06/12/2021,09/12/2021,19/12/2021

07/2022

02/07/2022,04/07/2022,07/07 /2022,
09/07/2022,14/07/2022,17/07 /2022,
19/07/2022,22/07/2022,24/07 /2022

20

12/2022

11/12/2022,16/12/2022,19/12/2022,
21/12/2022,29/12/2022

15

07/2023

02/07/2023, 04/07 /2023, 07/07 /2023,

09/07/2023,12/07/2023, 14/07 /2023,

17/07/2023,19/07/2023, 24/07 /2023,
27/07/2023,29/07 /2023

32

12/2023

01/12/2023,04/12/2023,14/12/2023,
16/12/2023,19/12/2023,21/12/2023,
24/12/2023,26/12/2023

25

07/2024

01/07/2024, 03/07/2024, 08/07 /2024,

11/07/2024,13/07/2024, 16/07 /2024,

18/07/2024,21/07/2024, 23/07 /2024,
26/07/2024, 28/07 /2024

32

Table A5. Input COSMO-SkyMed Enhanced SpotLight (ES) data acquired over the four priority areas
since the end of November 2023, with information on the acquisition beam, 6 and look angles at the

scene centre, and orbit mode (ascending/descending).

AOI#1 (Western) AOI#2 (central) AOI#3 (Eastern) AOI#4 (Ayn Sayed)
Beam ES-33 Beam ES-17 Beam ES-25 Beam ES33
(50.6° Look Angle, 57.7° 6) (39.5° Look Angle, 44.2° 6) (46.2° Look Angle, 52.5° 6) (50.6° Look Angle, 57.8° 6)
Ascending Mode Descending Mode Ascending Mode Descending Mode
Satellite Date Satellite Date Satellite Date Satellite Date

CSK4 03/12/2023 CSK2 28/11/2023 CSK1 01/12/2023 CSK2 08/12/2023
CSK2 04/12/2023 CSK1 06/12/2023 CSK4 08/12/2023 CSK4 08/01/2024
CSK1 12/12/2023 CSK1 22/12/2023 CSK2 09/12/2023 CSK2 09/01/2024
CSK4 19/12/2023 CSK1 07/01/2024 CSK1 17/12/2023 CSK2 10/02/2024
CSK2 20/12/2023 CSK4 14/01/2024 CSK4 24/12/2023 CSK2 26/02/2024
CSK1 28/12/2023 CSK2 15/01/2024 CSK2 25/12/2023 CSK4 12/03/2024
CSK4 04/01/2024 CSK4 30/01/2024 CSK1 02/01/2024 CSK2 13/03/2024
CSK2 05/01/2024 CSK2 31/01/2024 CSK4 09/01/2024 CSK2 29/03/2024
CSK1 13/01/2024 CSK1 08/02/2024 CSK2 10/01/2024 CSK2 14/04/2024
CSK4 20/01/2024 CSK2 16/02/2024 CSK1 18/01/2024 CSK2 03/07/2024
CSK2 21/01/2024 CSK4 02/03/2024 CSK1 03/02/2024 CSK2 05/09/2024
CSK1 29/01/2024 CSK2 03/03/2024 CSK4 10/02/2024 CSK4 06/10/2024
CSK4 05/02/2024 CSK4 18/03/2024 CSK2 11/02/2024 CSK2 07/10/2024
CSK2 06/02/2024 CSK2 19/03/2024 CSK1 19/02/2024 CSK4 22/10/2024
CSK1 14/02/2024 CSK4 03/04/2024 CSK1 06/03/2024 CSK4 07/11/2024
CSK4 21/02/2024 CSK2 04/04/2024 CSK4 13/03/2024 CSK2 08/11/2024
CSK2 22/02/2024 CSK1 12/04/2024 CSK4 29/03/2024

CSK1 01/03/2024 CSK4 19/04/2024 CSK2 30/03/2024

CSK4 08/03/2024 CSK1 28/04/2024 CSK1 07/04/2024

CSK2 09/03/2024 CSK4 05/05/2024 CSK4 14/04/2024
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Table A5. Cont.

AOI#1 (Western) AOI#2 (central) AOI#3 (Eastern) AOI#4 (Ayn Sayed)
Beam ES-33 Beam ES-17 Beam ES-25 Beam ES33
(50.6° Look Angle, 57.7° 6) (39.5° Look Angle, 44.2° 6) (46.2° Look Angle, 52.5° 6) (50.6° Look Angle, 57.8° 6)
Ascending Mode Descending Mode Ascending Mode Descending Mode
CSK1 17/03/2024 CSK2 06/05/2024 CSK2 15/04/2024
CSK1 02/04/2024 CSK1 14/05/2024 CSK2 01/05/2024
CSK4 09/04/2024 CSK1 30/05/2024 CSK2 17/05/2024
CSK2 10/04/2024 CSK4 06/06/2024 CSK2 02/06/2024
CSK1 18/04/2024 CSK2 07/06/2024 CSK1 10/06/2024
CSK1 04/05/2024 CSK1 15/06/2024 CSK2 18/06/2024
CSK4 11/05/2024 CSK2 23/06/2024 CSK4 03/07/2024
CSK2 12/05/2024 CSK1 01/07/2024 CSK2 04/07/2024
CSK4 27/05/2024 CSK4 08/07/2024 CSK1 12/07/2024
CSK2 28/05/2024 CSK2 09/07/2024 CSK2 20/07/2024
CSK1 05/06/2024 CSK1 17/07/2024 CSK1 28/07/2024
CSK4 12/06/2024 CSK4 24/07/2024 CSK4 04/08/2024
CSK2 13/06/2024 CSK2 25/07/2024 CSK2 05/08/2024
CSK4 28/06/2024 CSK1 02/08/2024 CSK1 13/08/2024
CSK2 29/06/2024 CSK4 09/08/2024 CSK1 29/08/2024
CSK1 07/07/2024 CSK2 10/08/2024 CSK4 05/09/2024
CSK4 14/07/2024 CSK4 25/08/2024 CSK2 06/09/2024
CSK2 15/07/2024 CSK2 26/08/2024 CSK4 21/09/2024
CSK4 30/07/2024 CSK1 03/09/2024 CSK1 30/09/2024
CSK2 31/07/2024 CSK4 10/09/2024 CSK4 07/10/2024
CSK1 08/08/2024 CSK2 11/09/2024 CSK2 08/10/2024
CSK4 15/08/2024 CSK4 26/09/2024 CSK4 23/10/2024
CSK2 16/08/2024 CSK2 27/09/2024 CSK2 24/10/2024
CSK1 24/08/2024 CSK1 05/10/2024 CSK4 08/11/2024
CSK4 31/08/2024 CSK4 12/10/2024 CSK2 25/11/2024
CSK2 01/09/2024 CSK2 13/10/2024
CSK1 09/09/2024 CSK1 21/10/2024
CSK2 17/09/2024 CSK4 28/10/2024
CSK1 25/09/2024 CSK2 29/10/2024
CSK4 02/10/2024 CSK1 06/11/2024
CSK2 03/10/2024 CSK1 22/11/2024
CSK1 11/10/2024 CSK4 29/11/2024
CSK1 27/10/2024
CSK4 03/11/2024
CSK2 04/11/2024
CSK1 12/11/2024
CSK4 19/11/2024
CSK2 20/11/2024
CSK1 28/11/2024
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