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Abstract: This communication study aims to provide evidence on how Sentinel sensors and Coperni-
cus Programme’s contributing missions can support heritage endangered by natural hazards. The
recent catastrophic floods of 2022 in Pakistan, mainly in the Indus Valley, threatened one of the most
iconic sites within the country; thus, the UNESCO World Heritage Site of Mohenjo-Daro was selected
here as a case study. Even if the main area of the site was not directly affected by the floods but rather
by the heavy rains, its landscape suffered profound damage. This study aims to report a combined
remote-sensing methodology for a rapid assessment of the flooded areas around the site. By using
Sentinel-1 radar data in combination with mid-resolution Sentinel-2 data and Planet Lab images, it
was possible to accurately map the affected areas near the site. This approach can be used to better
understand the extent of the affected areas and build a better recovery strategy. A near-real-time
satellite-based investigation and observations combining various sensors and resolutions (Sentinel 1
and 2 images, as well as Planet Lab images) can provide valuable insights for local heritage managers.

Keywords: floods; heritage management; natural hazards; Sentinel; Planet; Pakistan

1. Introduction

A massive monsoon rainfall (between July and September 2022) triggered devastating
flooding in Pakistan. Figure 1, composed of two images produced by Joshua Stevens
(Nasa Earth Observatory), shows the real extent of the disaster. According to worldwide
statistics [1], during this event, more than 30 million people were affected, and approxi-
mately 8 million are displaced at present. The majority of economic sectors, particularly
infrastructural and productive sectors, were severely impacted. The floods had a signifi-
cant impact on the social sector, including housing, health, and education. Additionally,
the cultural and heritage sectors were imperiled. Recent assessments predict that more
than 150 sites, some of which are UNESCO-listed, suffered partial damage. Losses in the
cultural sector are expected to be approximately 6 million dollars [1]. Among the affected
archaeological sites is the UNESCO site of Mohenjo-Daro, situated in the Sindh province.
Mohenjo-Daro is one of the most iconic sites of the Indus Valley Civilization, also called
Harappan civilization, which thrived around 2400 and 1800 BC [2–4]. The ancient city, with
its impressive architecture, occupies approximately 80 ha on a ridge in the flood plains of
the Indus River [2]. The site was discovered in 1922 by R. J. Banerji, who was the director
of the western archaeology district in Bombay, and it was excavated until 1964, when
archaeological excavations within the area were forbidden [2]. The city of Mohenjo-Daro
was already massively endangered by natural causes, especially by natural erosion. It is
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known that the site has undergone massive disintegration because of sodium sulfate, which
was breaking down the bricks long before the excavations began in the area [2,5]. Besides
this, the site was irreversibly affected by railway workers, who used the ancient bricks as
ballast for the construction of a modern railway [2].
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Figure 1. Images produced by Joshua Stevens from NASA Earth Observatory in the aftermath of the
floods. The image source can be found at the following link: https://earthobservatory.nasa.gov/
images/150279/devastating-floods-in-pakistan, accessed on 18 December 2022).

The recent heavy rains and floods within the area have added one more major risk.
Heritage damage caused by heavy rains and floods is a common occurrence in South Asia [6].
However, considering the climate conditions at the Mohenjo-Daro site, where the average
precipitation is around 100 mm/year, of which around 70 mm occurs in July and August,
the approximately 400 mm of precipitation in August 2022 can be seen as a major hazard
for the layout of the city and, of course, for its surroundings. Media reports already argue
that parts of the walls and some important edifices were destroyed by the rain. Even if
the city itself was not directly affected by the floods, its landscape was devastated, as can
be seen in our remote sensing analysis below. This will affect the site’s sustainability in
the long term, both from a management and touristic point of view. The existing state of
degradation will be amplified by the existence of the large body of water near the site, which
could aggravate the salinization processes. This communication study aims to demonstrate
the potential use of the European Copernicus Programme, including its contributing missions,
as a tool for rapid assessment, monitoring, and mapping purposes of flooded areas around
archaeological sites, using Mohenjo-Daro as a case study. Even though the potential of the
Copernicus Programme has been demonstrated for other natural and anthropogenic threats
such as those of earthquakes [7–14], fires [15–20], erosion [21–23], urbanization [23–27], and
technological hazards [28], floods remain a little discussed threat for heritage management.
Even though the Copernicus Programme’s active and passive sensors, namely the Sentinel 1
and Sentinel 2 sensors, respectively, provide medium-resolution images, their high temporal
resolution and systematic observations can be used as an indicator for areas difficult to
reach from the ground. It can be argued that similar rapid satellite-based investigation and
assessment supported by different sensors and resolutions (in this study, Sentinel 1 and 2,
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along with planet imagery) can maximize precision and provide helpful insights for local
heritage managers.

2. Materials and Methods

For the purposes of the study, both radar and optical satellite images were used. Four
Sentinel-1 images were acquired on 2 May 2022 (prior to flood event data), 18 August 2022
(during flood event data), and 11 September 2022 (during flood event data). Further details
related to the Sentinel 1 data sets are provided in Table 1. The scenes were acquired in
descending mode with the same track orbit, which helps their co-registration, as the images
share almost similar footprints. Figure 2 displays the exact position of the radar scenes.

Table 1. General identification details about the Sentinel-1 datasets used for flood detection within
this study.

Sentinel 1 Mission/Product Type/
File Name

Acquisition
Mode/Pass/Track/

Orbit
Polarization

Dataset 1
02/05/2022

Sentinel-1 A IW
ground range (GRD) Descending VV + VH

S1A_IW_GRDH_1SDV_
20220502T012543_20220502

T012608_043025_052323_612F

78
43,025

Dataset 2
18/08/2022

Sentinel-1 A IW
ground range (GRD) Descending VV + VH

S1A_IW_GRDH_1SDV_
20220818T012550_20220818T0
12615_044600_0552D9_EDA4

78
44,600

Dataset 3
30/08/2022

Sentinel-1 A IW
ground range (GRD) Descending VV + VH

S1A_IW_GRDH_1SDV_
20220830T012551_20220830

T012616_044775_0558C6_E8B2

78
43,775

Dataset 4
11/09/2022

Sentinel-1 A IW
ground range (GRD) Descending VV + VH

S1A_IW_GRDH_1SDV_
20220911T012551_20220911

T012616_044950_055EA1_56C8

78
44,950

For a rapid and straightforward processing workflow, the first step in preparing the
Sentinel-1 data consisted of averaging the power in azimuth and range directions for each
scene using the multilook function with a factor of 3 for the number of range and azimuth
looks. In addition, with the multilooking process, the speckle effects are reduced. Following
the averaging of azimuth and range direction, each scene was then calibrated to convert the
digital pixel to backscatter. The calibration was conducted in accordance with Equation (1),
available in SNAP software for Sentinel-1 Calibration (help menu offers full explanation of
the equation and the process), where value (i) is the radar backscatter coefficient, DN is the
digital number, and Ai is one of the coefficients in the LUT (look-up table).
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value (i) =
|DNi|2

A 2
i

(1)

After calibrating each of the four scenes, terrain correction was applied for topographic
distortions, and then the images were reprojected in geographic coordinates (WGS 84)
using the range Doppler orthorectification method provided by the Sentinel Application
Platform (SNAP) software. The sigma nought band displaying the values on a linear scale
was then transformed into a band displaying the values on a logarithmic scale. Every
data set was converted into a single-band image. To create an RGB composite depicting
the flooded regions within the study area, archive and recently acquired images were
combined. For instance, the 02/05/2022 dataset was designated the “red band”, and those
from 18/08/2022, 31/08/2022, and 11/09/2022 were the “green band” and “blue band”.
Consequently, the images were combined in pairs to visually examine changes in the
landscape over time due to the floods. The RGB composite consisted of a red band for the
02/05/2022 image and green and blue bands for the 18/08/2022 image. To illustrate the
differences between 18 September 2022, and 31 August 2022, the first band was designated
as the red band and the second as the green and blue bands. We repeated this procedure
to illustrate any differences between August 31 and September 11. Obviously, individual
August and September datasets can be cross-referenced with archive data from 2 May 2022,
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before the floods. The ArcGIS Pro environment [29] was used to create the RGB composite,
while SNAP software was used for the initial processing and calibration of the data.

In addition, optical images were elaborated. In specific, Sentinel-2 and Planet Lab
images acquired on the same day (31 August 2022) were used. Sentinel-2 imagery (Level 2A
Bottom of Atmosphere) was processed directly in the Sentinel Hub EO Browser, whereas
Planet Lab imagery was processed in the ArcGIS Pro environment [29]. The Sentinel-2
image provides systematic satellite data spanning from 443 to 2190 nm (coastal to short-
wave infrared (SWIR) part of the spectrum) in 12 different spectral bands with a relevant
medium resolution analysis (10 m and 20 m pixel resolution), whereas the Planet Lab
sensor provides a multispectral image spanning from the coastal to near infrared part of
the spectrum in 8 bands.

Initially, different pseudo-color composites were applied to both optical images. Then
different spectral transformations (indices) were applied that could further enhance water
content and soil moisture. This step included the implementation of the Normalized
Difference Water Index (NDWI) and the Normalized Difference Moisture Index (NDMI).
The NDWI index [30] is a remote-sensing-based indicator that is sensitive to changes
in the water content. The NDWI is applied to observe changes associated with water
content in bodies of water. Since the latest surfaces (i.e., water bodies) strongly absorb the
electromagnetic radiation in the visible and infrared parts of the spectrum, the index is
computed using the green and near infrared (NIR) bands to highlight water bodies. The
NDWI product is dimensionless and varies between −1 and +1, where high values of
NDWI correspond to pixels with high water content and low NDWI values correspond to
pixels with low water content. The equation for NDWI is provided in Equation (2), where
green represents the green band and NIR the near infrared band.

NDWI =
green−NIR
green + NIR

(2)

The NDMI [31] explores both the NIR and SWIR bands to determine vegetation water
content. The combination of both bands aims to remove vegetation variations and therefore
can increase the accuracy of water content. The NDMI equation is shown below, where
NIR represents the near infrared band and SWIR is the short-wave infrared.

NDMI =
NIR− SWIR
NIR + SWIR

(3)

As is evident, the NDMI could only be applied to the Sentinel-2 image as the Planet
sensor is not sensitive to the SWIR part of the spectrum. In addition to these indices, the
Normalized Difference Vegetation Index (NDVI) (see Equation (4), where NIR is the near
infrared band and red is the red band) was applied. Finally, spectral profiles of specific
areas of interest were extracted.

NDVI =
NIR− red
NIR + red

(4)

3. Results and Discussion
3.1. Remote Sensing as an Aid for Archaeological Site Flood Rapid Mapping

Based on assessments of Sentinel-1 data, Figure 3 presents the flooded areas as an
RGB composite. The red band in each RGB composite represents the flooded areas. As
demonstrated in Figure 3, we can observe the progression of the floods and the degree
to which they escalated by the end of August 2022. In this figure, data from the 18th of
August are compared to the data from the 2nd of May, revealing the extent of soil moisture
in the majority of agricultural lands within the study area. The second largest lake in the
country, Hamal Lake, began to collect water from the Kirthar Mountains and Balochistan.
It is important to note that the heatwaves preceding the monsoon, in conjunction with the
heavy rainfall, contributed to the melting of Pakistan’s glaciers, which in turn released large
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quantities of water [31]. The data from August 30, when compared to the data from August
18, indicate that the Hamal Lake dam was breached, and the subsequent release of water
fully swamped the neighboring agricultural areas and human settlements. Consequently,
considerable population migration has been reported [1]. Figure 3 clearly shows that the
Indus Valley was also flooded, and in the detailed images (bottom right corner of Figure 3),
one can see that the Mojenjo-Daro landscape (shown in yellow) was also inundated.
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Figure 3. RGB composites based on Sentinel-1 data from May 2, August 18, September 10, and
September 11. The top-left image was created by combining data from May 2 with data from August
18; the top-right image was created by combining data from August 18 and August 30; the bottom-left
image is an RGB composite created by combining data from August 30 and September 11; and the
bottom-right image is a zoom-in for the top-right image—the red rectangle represents the zoomed
area, and the yellow polygon represents the position of the Mojenjo-Daro site.

Figure 4 illustrates the extent of the flood using the Planet Lab image (31/08/2022) at
a 3 m resolution. The archaeological site of Mohenjo-Daro is shown in the center of this
figure (circle). This pseudo-color composite visualizes the near infrared, red, and green
bands of the Planet Lab sensor. From visual interpretation and comparison with other
datasets like those of Sentinel-1 (with the same date of acquisition as the one of Planet),
areas of red indicate areas covered with healthy vegetation, while bare soil is shown with
bright colors. Blue areas indicate either water bodies or areas with high levels of moisture.

In addition, as mentioned earlier, optical data from Sentinel-2 were used. Figure 5
depicts the results of the NDMI index, which may distinguish the water content within
the study area. We were able to extract information about the water content within the
site’s borders because of the NDMI index’s capacity to determine the water content of the
vegetation and remove the variability of the vegetation. This is observed in Figure 5 (the
circle represents the archaeological site area). Dark tones denote areas with high NDMI
values, whereas white tones denote areas with low NDMI values [31]. As is evident, the
surrounding area of the Mohenjo-Daro site is heavily affected by the floods (see the dark
tones of gray surrounding the site), while the site itself seems to be less affected, although
some areas (dark tones of gray) are also visible. As mentioned earlier, the NDMI index
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could not be applied to the Planet Lab image, as the sensor is not sensitive to the SWIR part
of the spectrum (needed for the calculation of the NDMI).
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Nevertheless, as both images Both Sentinel-2 and Planet Lab are sensitive to the near
infrared and green parts of the spectrum; the NDWI index was estimated for both. Figure 6
displays the NDWI index results in grayscale (−1 white to +1 black), where dark tones of
gray reflect areas with high values of NDWI and white tones of grey represent areas with
low values of the same index. The NDWI can identify water bodies within the study area.
On top of Figure 6, the NDWI is provided at a 10 m resolution (as part of the Sentinel 2
analysis), while Figure 6 (bottom) indicates the same index using the Planet Lab image
at a 3 m resolution. A direct comparison between both images can be made, as both of
them were acquired on the same day (the 31st of August 2022). Indeed, the results are
very similar if we also consider differences due to the spatial resolution of the sensors.
Positive values displayed as dark tones of gray within the south-western part of the main
prehistoric city highlight a vast body of water that encompasses even portions of the site.
In the majority of the images we examined, this body of water could be seen enveloping
architectural fields where ancient monuments are most likely to exist. It is important to
note that the floods in this location resulted in long-term water saturation, as the water
body was still visible in Sentinel-1 imagery from 11 September 2022.
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Figure 7 depicts a comparison view of the archaeological site of Mohenjo-Daro based
on the previously mentioned indices. Figure 7a indicates a high-resolution image of the
site, while Figure 7b shows the results after the implementation of the NDMI using the
Sentinel 2 image. Figure 7c,d show the NDWI and NDVI results using the Sentinel-2 image
from 31 August 2022. As stated before, the primary archaeological site of Mohenjo-Daro
was not flooded due to its elevated location, as depicted in Figure 7a. However, significant
rains influenced the uncovered archaeological structures that had been excavated in the
past. Even if the structures were not inundated, Figure 7c demonstrates that the opened
archaeological structures exposed by the excavations are characterized by an increased
water content. Considering that the archaeological buildings at Mohenjo-Daro are already
in jeopardy due to natural causes [2,5], the increasing water content within the building’s
walls most likely generated the ideal condition for the disintegration of archaeological
materials. As indicated in Figure 7b, the water content within the lower portions of the
ancient city of Mohenjo-Daro appears to be significantly greater. Some lower portions of the
archaeological site were partially flooded, or water accumulated because of precipitation,
which will also harm the buried archaeological remains (Figure 7).
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3.2. Towards Building a Sustainable Remote Sensing Approach to Mapping and Detecting Flooded
Areas for Land Management and Protecting Endangered Archaeological Sites

In this case study, we demonstrated some of the ways in which remote sensing tech-
niques can be utilized for the management of the aftershocks caused by widespread flooding.
Remote sensing techniques are widely used on a larger scale, transcending tourism or cultural
heritage sectors and presenting deeper implications for both the management of a hazardous
situation and, in some cases, the detection of areas that are likely to be flooded. Techniques
for optical and radar remote sensing have been employed successfully for these purposes in
various parts of the world [32–38]. Another topic that researchers are interested in exploring
is the detection of flood-prone locations [39–52]. Over the course of time, several studies
concerning the use of remote sensing techniques in demarcation, monitoring, and damage



Sustainability 2023, 15, 2084 10 of 16

assessment over the impacted areas in Pakistan have been published [53–62]. Even for the
flooding that took place in 2022, articles have already been published [63–67], because dan-
gerous situations occur frequently within the country because of many factors. For example,
climate change is having a significant impact on the country, even though Pakistan is one of
the countries that has contributed the least to environmental degradation [68]. Furthermore,
according to the forecasts, the situation is not going to improve [69]. Rana et al. (2021)
state that Pakistan does not have a coherent multi-hazard and risk reduction policy [70].
Given the circumstances, it is reasonable to predict that situations of a similar nature will,
unfortunately, occur again in the future. For this reason, the Pakistani government ought to
place a particular emphasis on developing flood risk reduction strategies as part of its overall
flood management strategy.

On the other hand, the focus of this communication is to provide evidence on how the
integration of active and passive open access and freely distributed images such as those
provided by Sentinel 1 and 2 sensors with the support of Copernicus contributing missions
(in our case study, the Planet images) maximizes our undertaking for the situation on the
ground. Therefore, this study is not designed to assess the danger of flooding across all
activity sectors; rather, it focuses on the preservation aspects of heritage sites, after natural
hazards, using the site at Mohenjo-Daro as a case study. By correlating the fast assessment
of flooded areas around the site with a high-resolution Google Earth image acquired in
September 2022, we were able to identify several areas that might have been affected and
are susceptible to further degradation in the future. Flooded areas of the site, including
both high moisture levels and floods, are shown in blue in Figure 8. The areas depicted in
blue are considered the most sensitive regions of the site.

Sustainability 2023, 14, x FOR PEER REVIEW 11 of 17 
 

multi-hazard and risk reduction policy [70]. Given the circumstances, it is reasonable to 
predict that situations of a similar nature will, unfortunately, occur again in the future. 
For this reason, the Pakistani government ought to place a particular emphasis on devel-
oping flood risk reduction strategies as part of its overall flood management strategy. 

On the other hand, the focus of this communication is to provide evidence on how 
the integration of active and passive open access and freely distributed images such as 
those provided by Sentinel 1 and 2 sensors with the support of Copernicus contributing 
missions (in our case study, the Planet images) maximizes our undertaking for the situa-
tion on the ground. Therefore, this study is not designed to assess the danger of flooding 
across all activity sectors; rather, it focuses on the preservation aspects of heritage sites, 
after natural hazards, using the site at Mohenjo-Daro as a case study. By correlating the 
fast assessment of flooded areas around the site with a high-resolution Google Earth im-
age acquired in September 2022, we were able to identify several areas that might have 
been affected and are susceptible to further degradation in the future. Flooded areas of 
the site, including both high moisture levels and floods, are shown in blue in Figure 8. The 
areas depicted in blue are considered the most sensitive regions of the site. 

 
Figure 8. High resolution Google Earth image from September 2022 showing the affected areas of 
the sites in terms of both high moisture level and floods. The areas depicted in blue are the most 
sensitive regions of the site. 

Spectral differences within the archaeological site and in the surrounding area can 
also be estimated using the eight-band imagery of the Planet Lab. Based on the previous 
analysis, we focused on four different smaller areas; three of them were located within the 
site’s boundaries, while the fourth was located beyond the site’s boundaries within the 
main body of water caused by the flooding. Area 1 is considered an area with levels of 
moisture as indicated by the evaluation of Sentinel-2 and Planet images (see Figure 7), 
while area 2 is a bare soil area within the case study. The final two areas (areas 3 and 4) 
are designated as a moisture area outside the site and a vegetated region, respectively. 
The four areas are depicted in Figure 9 (top), while statistics for the four areas for all spec-
tral bands (coastal blue to near infrared) are shown in Figure 9 (bottom). As shown, both 
areas 1 and 3 tend to provide similar spectral behavior, especially in the near infrared part 
of the spectrum, whereas reflectance is strongly absorbed by water. 
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regions of the site.

Spectral differences within the archaeological site and in the surrounding area can
also be estimated using the eight-band imagery of the Planet Lab. Based on the previous
analysis, we focused on four different smaller areas; three of them were located within
the site’s boundaries, while the fourth was located beyond the site’s boundaries within
the main body of water caused by the flooding. Area 1 is considered an area with levels
of moisture as indicated by the evaluation of Sentinel-2 and Planet images (see Figure 7),
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while area 2 is a bare soil area within the case study. The final two areas (areas 3 and 4) are
designated as a moisture area outside the site and a vegetated region, respectively. The
four areas are depicted in Figure 9 (top), while statistics for the four areas for all spectral
bands (coastal blue to near infrared) are shown in Figure 9 (bottom). As shown, both areas
1 and 3 tend to provide similar spectral behavior, especially in the near infrared part of the
spectrum, whereas reflectance is strongly absorbed by water.
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Figure 9. Top: Selected areas within or in proximity of the UNESCO site of Mohenjo-Daro. Area 1 is
a location with levels of moisture as indicated by the evaluation of Sentinel-2 and Planet images, area
2 a bare soil area within the case study, area 3 a moisture area outside the site. and area 4 a vegetated
zone. Bottom: Spectral profiles of these four areas in all eight spectral bands of the Planet image.

To quantify the impact of the floods in the surrounding area of the Mohenjo-Daro
site, spatial statistics were applied to different ranges of buffer areas (0–500 m, 500–1000 m,
1000–2000 m, and 2000–5000 m) based on the NDWI and NDMI indices. These zones
correspond to approximately 4.3, 4.3, 12.9, and 73.1 square kilometers of area, respectively,
per zone, with a total area of interest of 94.64 square kilometers (see Figure 10). The results



Sustainability 2023, 15, 2084 12 of 16

per buffer zone are depicted in Figure 11. The mean value and the standard deviation per
distance from the site are shown in the specific graph. An empirical threshold around the
value 0.30 is also plotted to illustrate values indicating the presence of water (>0.30 for both
NDWI and NDMI). As shown, variations between the buffer zones exist. Nevertheless, we
can conclude that the first zone in the close vicinity of the site (zone between 0–500 m) is
highly affected by the floods, as this was estimated from both indices. Similar findings are
also reported for the rest of the zones, with a small decline at the distance between 500 and
1000 m from the Mohenjo-Daro site.
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Figure 10. Buffer zones around the Mohenjo-Daro at 0–500, 500–1000, 1000–2000, and 2000–5000 m
for the purposes of statical analysis as mentioned in the text.
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Figure 11. Zonal statistics for areas at 0–500, 500–1000, 1000–2000, and 2000–5000 m around the site.
Mean values for both the NDWI and NDMI indices, along with their standard deviation, are depicted.
An empirical threshold of 0.30 indicating the presence of water is also drawn (red dashed line).
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The observation via simple remote sensing techniques could result in a quick response
by site management authorities (Figure 12). For example, in the case of Mohenjo-Daro,
authorities could use the remote sensing data to delineate the areas most susceptible to flood
damage. Additionally, the data could be used for creating better strategies for building
protection structures such as covers, drains, etc. In addition to rapid assessment, remote
sensing data can be used to better prioritize in situ interventions.
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4. Conclusions

The current study demonstrates satellite remote sensing’s ability to rapidly assess
hazardous situations endangering cultural heritage. The combination of Sentinel 1 and
2 (European Copernicus Program) products with contributing missions such as Planet
Labs can be used successfully to assess and monitor flood events that can cause serious
damage to any type of built heritage. We were able to highlight the most vulnerable regions
within the UNESCO site of Mohenjo-Daro by using combined satellite remote sensing,
which is now threatened even more by the unfortunate events of 2022, in addition to the
existing faulty conservation programs. Flood damage within the boundaries and within
the landscape of the Mohenjo-Daro archaeological site affects not only the cultural sector in
Pakistan but also the tourism sector, as the prehistoric site was one of the country’s main
tourist attractions. The observations and methodology of our study could be used further
by both local institutions and international organizations to better strategize future heritage
protection plans, as these events could occur at any time in the future due to climate change.
Future studies can be focused on the automation of such rapid assessments, providing
evidence of disturbed areas.
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