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Abstract. In August and September 2022, Pakistan was hit by a severe flood and millions of people were impacted. The
Sentinel-1 based flood mapping algorithm developed by Technische Universitit Wien (TU Wien) for the Copernicus Emer-
gency Management Service (CEMS) global flood monitoring (GFM) component was used to document the propagation of the
flood from August 10 to September 23, 2022. The results were evaluated using the flood maps from the CEMS rapid mapping
component. Overall, the algorithm performs reasonably with a critical success index of up to 80 %, while the detected differ-
ences are traced hick to different sensors s ingcan be primarily attributed to the time difference of the
algorithm’s results and the corresponding reference. Over the 6 weeks timespan, an area of 30,492 km? was observed to be
flooded at least once, and the maximum extent was found to be present on August 30. The study demonstrates the ability of
the TU Wien flood mapping algorithm to fully automatically produce large-scale results and how key data of an event can be

derived from these results.

1 Introduction

Pakistan is a flood prone countrydue

—One-outstanding~ The local climate shows a distinct wet and dry season, causing floods mostly happening between July
and September. Heavy rainfall caused by the monsoon and the snowmelt from the upstream Himalayan region during these
months supply copious water volumes to local rivers. The Indus River, collects and carries the large volumes to the south, to
flood-prone regions that are densely populated (Qasim et al., 2015). Besides the climate- and topographic-related flood causes
man-made transformations aggravate the situation, as deforestation reduces the natural retention capacity of the land, and
the lack of artificial flood plain regulations increases the exposure to intense floods (Khan, 2013). Today, agriculture makes
up one-fifth of the country’s GDP (The Editors of Encyclopaedia, b). Due to the proximity of the majority of the crops to

the Indus River, the sector is specifically endangered by flooding. Because of these reasons, floods in Pakistan often result in
enormous harm to human life and the local economy. One event happened in 2010 and affected about 14 million people (Gaurav

et al., 2011). Starting-Only twelve years later, starting from mid-June 2022, Pakistan was hit by the country’s worst flooding

in a decade and tens of thousands of square kilometres were inundated (NASA Earth Observatory). Besides the mentioned
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monsoon conditions, Otto et al. (2023) identified intensified rainfall due to climate change as one of the major contributors to

the catastrophic magnitude of the event.
As the 2022 flood destroyed many roads and other infrastructure and the extent of the inundated area covered an extremely

large area, satellite data was the only way of providing large scale information of the affected area to local authorities. Among
othersother space programs, the Copernicus Earth Observation programme gives access to systematic observations of the
Earth’s surface, providing crucial information on natural disasters. Especially, the C-band synthetic aperture radar (SAR)
mission Sentinel-1 provides cloud independent all-day imagery with unprecedented spatio-temporal sampling, enabling the
mapping of flooded areas. To retrieve the flooded areas from the satellite data, the Copernicus Emergency Management Service
(CEMYS) offers two components: The rapid mapping service and the global flood monitoring (GFM) (Salamon et al., 2021)
service. While the rapid mapping service works on demand of an authorized user and makes use of many different satellite
missions, the GFM fulty-relies-on-SAR-data-service relies exclusively on Sentinel-1 observations and provides results for-each
ineoming-seene-fully automatic in near-real-time (NRT) for each incoming scene. The service utilizes three independent flood
mapping algorithms and provides an ensemble result. One of the algorithms has been developed by Technische Universitit
Wien (TU Wien) (Bauer-Marschallinger et al., 2022) and its results for the flood in Pakistan 2022 are shown and evaluated in
this study.

The flood extent data generated by the TU Wien algorithm can be used in multiple different applications. One established

application is in emergency response, where the data is made available to local authorities for disaster management (Schumann et al., 2018

. To support the time-critical decisions arising in this process, the data needs to be made available very quickly after sensin

by the satellite. Hereby, the fully automatic and unsupervised approach allows for fast (NRT) delivery times, while false

classifications are not removed during manual interactions by experts (Westerhoff et al., 2013). Since the algorithm can systematicall

deliver consistent results, the frequency of flood detections can be used to estimate flood risk (Pelich et al., 2017). As stated
by Thomas et al. (2023), an adequate data validation would even strengthen satellite-based flood mapping that can drive flood
index insurance applications. Further, the data can be used for data assimilation and validation of hydrological model outputs

used in flood forecasting systems (Hostache et al., 2018; Dasgupta et al., 2021; Schumann et al., 2022).
In detailthis study, the NRT results of the TU Wien algorithm are-were collected in a dedicated dataset of fleeded-flood extent

maps in Pakistan from August 10 to September 23, 2022. Based on this dataset, we present our estimation of the affected area
and the progress of the flood. To evaluate the quality of the presented dataset, it is compared to results of the CEMS rapid
mapping service. The study aims to give a guick-timely estimate on the flood’s impact and for supporting further studies by

sharing our results and insights with the scientific community.

2  Methodology and study area

The provided dataset deals with the most affected parts of Pakistan covering the southern provinces PunchabPunjab, Sindh,
and Balochistan (details can be seen in Figure 1). In the selected timeframe (2022/08/10 to 2022/09/23) the area was captured
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Figure 1. Study area (black box) and extents of the evaluation areas as provided by the CEMS rapid mapping module (red boxes) over
Pakistan. Background: https://s2maps.eu Sentinel-2 cloudless 2021 by EOX IT Services GmbH is licensed under a Creative Commons

Attribution-NonCommercial-ShareAlike 4.0 International License.

by 14 Sentinel-1 overpasses and was observed from 5 different relative orbits (see Figure 2 for more details). The flood extent
of all of these Sentinel-1 observations is retrieved by our TU Wien flood mapping algorithm.

Calm open water surfaces appear flat when being hit by C-band SAR radiation, and the radiation is scattered away from
the satellite’s sensor. Consequently, the received energy (measured as backscatter) is low and shows high contrast to general
land surfaces. Generally, the underlying principle of the SAR-based flood mapping methods is to identify low backscatter
measurements where land is expected under normal conditions. For this purpose, the TU Wien flood mapping algorithm (Bauer-
Marschallinger et al., 2022) utilizes backscatter signatures for flooded and non-flooded conditions retrieved from historic
of the backscatter over water and the corresponding incidence angle of the radiation. The latter relies on a local harmonic model
representing the backscatter’s seasonality (with limited impact of extreme events) and are derived a-priori from a representative
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Figure 2. Timeline of Sentinel-1 overpasses in August/September 2022 over study area and their respective relative orbits in parentheses.
Additionally, the time-of-figure shows the everpass-dates of Spetis-shown-whichis-used for-the-production-overpasses of the-used-available
reference data (not covering the exact same area as Sentinel-1).

backscatter time-series of that pixel. Based on the per-pixel incidence angles and acquisition time of an incoming Sentinel-1
observation, we perform a parametrization of the backscatter signatures of both conditions. Next, the Sentinel-1 observation is

compared to both signatures on a pixel basis, and the most probable condition-class is selected using the Bayes decision rule.
As the general intention of the algorithm is the use in NRT applications, we model the class signatures are-based-on-statistical
backseatter-models-defined by a limited-manageable number of predefined parameters, and all input and intermediate data
is stored in a dedicated datacube structure (Wagner et al., 2021). This setup allows for efficient access to multiple years of
backscatter characteristics, but one needs to take into account the limitations of the applied models—Consequently;—, too. A
well-informed decision requires two distinct class signatures and the Sentinel-1 observation being clearly allocatable to one
of those classes. In general, this requirement is not fulfilled in case of permanent or seasonal water bodies, or typical water
look-alikes like tarmac surfaces, or very dry land. To remove pixels where no informed Bayes decision is possibleare-masked
antomatically-due—to—ineoneclusive-information— sivenobservations—and-statistical-parameters, our algorithm relies on
(internal) masking by applying manually defined thresholds to intermediate parameters, e.g. the classification uncertainty.
Details of which can be perused from Bauer-Marschallinger et al. (2022).

Flood mapping based on SAR data suffers from certain limitations, and the GFM service deals with these by applying a
dedicated exclusion mask onto the flood mapping result (details are given in Global Flood Monitoring). The mask takes into
account areas where Sentinel-1 has no sensitivity (e.g. dense vegetation, urban areas), areas of permanent low backscatter (e.g.
tarmac surfaces, deserts), areas of topographic distortions (e.g. mountains) and radar shadows. Following this approach, the
GFM exclusion mask is applied onto the TU Wien results as well.

Finally, the flood classification of an incoming Sentinel-1 observation can be represented by a binary map, showing detected

flooded areas. Pixels masked by the algorithm or the exclusion mask are set to no data. The impact and progress of the flood is
estimated by exploiting the resulting time-series of binary flood extent maps. The-flood-frequeneyisknownFlood frequency, as
used in the Earth observation (EO) domain, is estimated as the ratio of flood detections and number of observations per pixel

(Pekel et al., 2016; Pelich et al., 2017). This statistical value allows for estimating the area flooded at least once during a time

period and is often used to show the flood impact of a certain event (Wang, 2004; Hoque et al., 2011). Additionally, pixels can
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Figure 3. Exemplary CEMS rapid mapping service delineation product for Jacobabad. Copernicus Emergency Management Service (© 2022
European Union), [EMSR629] Jacobabad: Delineation Map, version 2

be identified, which are flooded during the whole time of the study. The progress of the flood is derived by analysing the results
of one relative orbit covering the study area best. To present the flood’s progress based on multiple orbits, the time of the first

flood detection of each pixel is shown in a dedicated layer.

3 Evaluation

To evaluate the performance of the TU Wien flood mapping algorithm, its results are compared to the results of the CEMS
rapid mapping component. As described by Wania et al. (2021), the CEMS rapid mapping service provides crisis information
on-demand and handles map requests, production and dissemination. In the context of flood mapping, the delineation products

(example given in Figure 3) are of particular interest as they include the observed flood extent of a given time. The inundated
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Table 1. Used-Available reference datasets and the eorresponding-temporally closest overlapping Sentinel-1 acquisition times.

AOI Sensor (reference)  Acquisition time (reference)  Acquisition time (Sentinel-1)
Larkana SPOT-6-7 2022/08/30 05:44:37 2022/08/30 01:25:51
Shikarpur ~ SPOT-6-7 2022/08/30 05:45:30 2022/08/30 01:25:51
Jacobabad  SPOT-6-7 2022/08/30 05:44:37 2022/08/30 01:25:51

areas are classified by using a semi-automatic approach, which includes manual expertise and automatic classification. The
vector-based delineation products are converted to raster format, to allow a pixel-based comparison to the TU Wien results.
Furthermore, permanent water bodies and cloud-covered areas are retrieved from the delineation products and excluded from
the validation, as well as areas masked by the TU Wien algorithm. Resulting-Found differences of TU Wien results and-against
reference data are summarized in confusion maps, and tables frem-where the common validation metrics wereeateutatedare
presented. These include the user’s and producer’s accuracy (UA and PA) as well as the critical success index (CSI).
By-the-time-of-writing;-the- The CEMS rapid mapping service reeords-recorded two activations related to the 2022 flood in
Pakistan ([EMSR629] and [EMSR631]), which inelude-included four areas of interest (AOI): Jacobabad, Larkana, Shikarpur

and Sanghar. For the first three AOL the satellite system Spot was used to detect flooded areas, and the acquisitions were
6 m, which is significantly better than the 20 m of the Sentinel-1 input. Moreover, due to its (passive) measurements in the
optical wavelength range, the observations are often limited by cloud coverage. The Sentinel-1 CSAR sensor performs active
measurements in the microwave domain where clouds are generally transparent, and hence allows all-weather observations.
While some smaller flood areas might only be seen by Spot due to its better spatial resolution, other areas might only be seen
by Sentinel-1 due to its ability to penetrate clouds. Consequently, the comparison of TU Wien and the rapid mapping service
results are not only influenced by the difference in methodology, but also by the sensor. Last but not least, the different timing.

of the individual mission’s acquisitions impact on the observed flood extent.
Since the satellite acquisition of only three AOI are within-twe-days-of-on the same day as a Sentinel-1 acquisition of the

same region (listed-in-see Table 1), only these are incorporated in the evaluation of this study. It can be seen that the AOI eover
covers only small fractions of the whole study area. Pue-to-the-tack-of comparabletarge-seale-As the CEMS rapid mapping
service activations generally focus on areas where people have been directly affected by a flood, the given AQIs are located
close to cities. The study area contains many other land cover types as desert areas or shrubland. Performance of the algorithm
within those areas can not be detected by the evaluation. Since we compare two datasets based on EQ data to each other,
general limitations of EQ cannot be detected by the applied evaluation. To test the results on these limitations (e.g. discrete
measurements, limited sensitivity over vegetation or build-up areas), one would need access to e.g. ground-truth data from a

local inspection or hydrological measurement stations. Although not the whole study area (shown in Figure 1) is covered b
the reference data, the ev ton-is-timi i i i i
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Table 2. Validation measures for each AOI of the CEMS rapid mapping service.

AOI UA [%] PA[%] CSI[%]
Larkana 94.5 84.2 80.2
Shikarpur  97.1 68.6 67.3
Jacobabad  82.1 86.9 73.0

evaluation is considered meaningful for the performance of the algorithm, if the mentioned limitations of the evaluation are

130 taken into account.

4 Results and discussion
4.1 Evaluation results

The result of the evaluation is shown in Table 2. Generally, the algorithm performed reasonably taken into account the differ-
ences in the sensor and acquisition time. While-the-performaneeis-best Based on the CSI, the best performance of the algorithm
135 can be seen in Larkana, theresults-while the performance in Jacobabad and Shikarpur shew-mere-under—and-overestimationis
lower but in reasonable range. Figures 4 to 6 show more details about the detected differences by presenting areas of over- and
underestimation, as well as areas of agreement. Additionally, the figures contain the backscatter under normal conditions as
expected from the non flood statistical model, utilized by the TU Wien algorithm, and-the investigated Sentinel-1 observation
showing the flood extent during the acquisition time and the excluded areas from the evaluation. The latter includes cloud

140 covered areas and permanent water bodies based on the reference data and the internal masking of our algorithm as described

—As-visible-in-the-Underestimation of the flood surface can be seen in all three AOL This systematic difference between our
algorithm’s result and the reference can be explained by the time difference between the Sentinel-1 and Spot observation. As
145 the flooded area was still growing at this point in time, the later observation from Spot is expected to show a larger extent. As
a consequence, an underestimation is detected in the Sentinel-1 flood mapping result.
While the detected differences in Larkana (Figure 5) and Shikarpur (Figure 6) mostly correspond to the mentioned underestimation,

the confusion map of AOI Jacobabad (Figure 4 (d) and (e)) additionally shows some areas of overestimation. In that area, the
corresponding Sentinel-1 observation (Figure 6-4 (b)) -the-low-backseatter-areas-match-theflood-classifieation—well,—~while

150 he—pixels sstfied—as—fHoodbyv—the Did—mappine—service—res show—¢ hichar e seatter—One—can—as ma tha nracanca
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Figure 4. Evaluation for AOI Jacobabad (reference: Copernicus Emergency Management Service (© 2022 European Union), [EMSR629]

Jacobabad: Delineation Map, version 1). (a) Expected backscatter from the harmonic model (b) SIGO VV observation from 2022/08/30 (c)
Masked areas in evaluation (d) Confusion map (¢) Comparison of reference (subset of Figure 3) and algorithm result

use-of optical-data-to-benefit the retrieval-Tt-ean-be-assumed-shows low backscatter and closely matches the flood signature.
So it is either a false classification of the Spot image or an unforeseen land cover change being confused with flood. The
city of Jacobabad is located in Pakistan’s province of Sindh, where the economy is based on agriculture (cotton, wheat, rice
and sugarcane), as well as on cement production (The Editors of Encyclopaedia, a). Such economic activities can result in
fast land cover changes. An example can be seen in Figure 4 (a), where the expected backscatter of the no-flood signature
includes some box-shaped low backscatter areas. These areas could be related to rice cultivation. We can also speculate that

the flood mapping-based-on-optical- data-provided-by-Spotis-able-to-deteet-this-inundation;-while-the-Sentinel-1-based-approa
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Figure 5. Evaluation for AOI Larkana (reference: Copernicus Emergency Management Service (© 2022 European Union), [EMSR629]
Larkana: Delineation Map, version 2). (a) Expected backscatter from the harmonic model (b) SIGO VV observation from 2022/08/30 (c)

Masked areas in evaluation (d) Confusion map

surface changed between the two

satellite observations as a result from manipulation of local dams in reaction to the flood threat.
Fhe-eonfusion-map-In the northwestern part of the Jacobabad AOI (Figure 4 (e))-shows-atarge-area-oflow-backseatter-in-the

to-penetrate-cloudsd)) low backscatter is detected, but is not analysed within the evaluation due to cloud coverage. While the

SAR-based approach provides details on the flood extent of this area, the optical appreach-map needs to be masked due to cloud
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Figure 6. Evaluation for AOI Shikarpur (reference: Copernicus Emergency Management Service (© 2022 European Union), [EMSR629]
Shikarpur: Delineation Map, version 1). (a) Expected backscatter from the harmonic model (b) SIGO VV observation from 2022/08/30 (c)

Masked areas in evaluation (d) Confusion map

wel. The cloud mask and other applied masks are shown in Figure 4 (c).
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Figure 7. Progress of the flood as seen from Sentinel-1 relative orbit 78 on top of the Sentinel-1 SIGO VV mean image (2019-2020). (a)
2022/08/18 with a flooded area of 8,448 km? (b) 2022/08/30 with a flooded area of 18,047 km? (c) 2022/09/11 with a flooded area of 12,013
km? (d) 2022/09/23 with a flooded area of 6,331 km?.
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Figure 8. Flood affected area colour-coded with the time of the first flood detection as day-of-year (DOY) on top of the Sentinel-1 SIGO VV
mean image (2019-2020).
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4.2 Statistical layers

Overall, the area observed by Sentinel-1 and not masked by the algorithm accounts for 205,287 km?. The flood mapping results

of 14 timestamps are summarized into specific statistical layers showing the flood impaet-occurrence and progress.

complete-coverage-at-the-same-timeHigh-resolution remote sensing sensors observe the ground typically from low-Earth orbit
scanning the surface in stripes along the orbital movement. Hence, they monitor at one time a comparatively large but delimited
area, and large areas are not simultaneously scanned as a whole, but scanned within multiple orbit overpasses. A large flood

might not be in the scope of one single satellite overpass, and the individual scans capture the flood at different times of its
progression. In case of the floed-inPakistan-Pakistan flood, the descending relative orbit 78 of Sentinel-1 covers the majority of

the study area at a single overpass. Consequently, this (12-day repeating) relative orbit is well suited for analysing the temporal
progress of the flood event. The results of the four overpasses during the study’s time period are shown in Figure 7. Starting
from August 18 the flood surface increased until it reached its maximum at August 30. The fellewing-up-next observation
of this relative orbit on August 11 shew-shows a decrease of the flood surface in the north, while the flood inereased-grew
in the south next to the river. On August 23the-flood-deereased, the flood retreated in the north and the south. Due to the
diserete-snapshot-type of information provided by satellite data, the maximum of the flood can not be determined precisely,
but a well-informed estimate can be given.

A similar progress can be observed in Figure 8, which presents the time of a pixel being first flooded as day-of-year (DOY). A
unique feature of satellite-derived products is the possibility to perform this kind of spatio-temporal analysis and to gather large-
scale information about an emergency situation. The flood started in the blue areas mainly in the northern part, and continued
towards the south, where more orange areas are visible. Here, all available relative orbits are combined, which allows for an
analysis evercomprising data from more timestamps. However, some artefacts related to the multi-orbit approach can be seen
in the figure. Since the whole area is not always covered by one overpass, Figure 8 shows some discontinuous lecations-without
any-hydrological-reasonpatterns in the flood aggregation. This issue can be seen in the northeast, where the flood coloured in
green is captured earlier compared-to-the-close-by-orange-areaand-than the close-by orange area, resulting in a linear cutis

Figure 9 shows the flood frequency for the study’s time period (2022/08/10 to 2022/09/23) as percentage —As-values. Since
the flood frequency is nearly-independent-of-the-relative-orbits-covering-each-pixel-therepresented as the percentage of flood
detections from the number of observations, the number of orbits over an area has a limited impact and the orbit effects

of Figure 8 are not visible. The area, which is eensistentlyflooded-for—continuously flooded during the study’s time period
=100%), corresponds to 5,479 km?. Analysing the pixels classified as flood at least once during the time period (>0%) results

in an overall affected area of 30,492 km?, which is close to the total area of Belgium. The vast majority of the flooded area is
located close to the river-Indus River. This matches reports of previous flood events in Pakistan (Gaurav et al., 2011), where the
extreme run-off ef-theriver-caused the flood in the souther-southern parts of the country. Furthermore, the-our evaluation (see

Section 4.1) is performed within close distance to the river as well and confirms the estimated flood extent. In the background

14
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of Figure 9 the average backscatter of the years 2019 and 2020 is presented. The area next to the river-Indus River is dominated
by crop land, but includes tree cover and built-up areas as well. Considered together, this area shows a higher backscatter within
in the mean image. In the east of the map, the desert Thar is visible, which partty-features-ato a great part features a general
low water-like backscatter. While the exclusion mask removes the majority of low backscatter areas, yearly rotating crop types
or varying growing seasons impede-challenge the flood mapping over agricultural areas. Especially the small individual flood

areas need to be treated cautiously when being used in further studies.

5 Conclusions

This study shows the potential of providing information in NRT-en-large-secale-flood-eventsnear-real-time (NRT) on flood
events at large scale, and the retrieved data allow for an estimate of the affected area and the progress of the event. This
kind of information is especially valuable to authorities and rescue units, supporting time-critical decisions in situations where

round-based methods are unavailable due to the destruction of infrastructure. Overall, an area of 30,492 km? has been ob-
served to be affected by fleedthe catastrophic Pakistan flood of 2022, which corresponds to about 15 % of the observed area

in this study. Analysing-theretative-orbit78;the-The flood extent increased from the beginning of the timespan on August 18,
inereased-grew further until August 30, and decreased afterwards. The flood extent visible-from-observed from Sentinel-1’s

relative orbit 78 at August 30 reached 18,047 km?2, while at the end of the time period on September 23, there is still 6,331
km? flooded.

avatlability—ofreference—datadata to identify flood on a per-pixel basis. To quantify the performance of the algorithm, an

evaluation based on three areas of interest (AOI) was executed and analysed. The resulting differences between the TU Wien
results and the reference data are found to be mostly related to the differentsensoerdifference in acquisition times of the satellites

used for producing the flood extent maps. Consequenthy-the-a
ne-As the applied approach of the algorithm can be used globally for

any covered location, and the automatically generated results are kept unchanged (with no human interaction) the achieved
erformance in the evaluation is considered satisfying. Due to the lack of large-scale reference datadeesnetallow-a-verification

ofall-thepotentially-affected-areas—In-detail;thisrefersto-, the evaluation is limited to three relatively small areas in comparison
to the large study area. Consequently, the performance over some land cover types like vegetation-or-desertdesert or not covered
types of vegetation can not be evaluated in this study.

15



One-of the-group’s-upeoming studies-Sentinel-1 has proven to provide reasonable coverage over the Pakistan study area,
although the mission’s highest coverage density is over Europe. It is noteworthy that the obtained results were retrieved after
240  the failure of Sentinel-1B in late 2021, which left a single satellite (Sentinel-1A) in orbit and doubled the revisit time. Based
on the evaluated single-date flood maps, we demonstrated how this reasonable coverage allows one to retrieve multi-temporal
statistical layers summarizing the occurrence or progress of the flood. Further, these layers can be used to estimate some
key data of the event, e.g. date of maximum observed flood extent, area affected by the event, However, the accuracy of this
multi-temporal data was not evaluated in this study due to the lack of suitable reference data,
245 Future work will focus on the evaluation of the algorithm in more detail by analysing eighteen globally distributed events(Roth-et-al-inpi
MWM@M&W
including the performance over different land cover typeswi
W@WM&W
for a refinement of the algorithm to tackle detected issues. Furthermore, upcoming studies will use additional reference
250 data to evaluate the accuracy of the statistical layers and investigating the suitability of the Sentinel-1 constellation for the

multi-temporal flood mapping in areas of lower satellite coverage. The upcoming start-launch of Sentinel-1C will again-resutt
in-a-complete-consteHation-of-tworestore the two-satellite-constellation of the Sentinel-1 sateHites-and-witk-mission and will

directly enhance the abilities of the GFM service.

Data availability. The dataset of this study is availble as Roth et al. (2022) at the TU Wien Research Data Repository. Generally, flood

255  products to which the TU Wien flood mapping algorithm contributes to are available as part of the Global Flood Monitoring Service.
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