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and hardly accessible regions. The use of remote sensing data is there- ~ Accepted 6 January 2019
fore of high importance to identify and assess their potential hazards.
However, the persistence of cloud cover, particularly in high mountain
areas such as the Himalayas, limits the temporal resolution of optical
non-water feature classes followed by e o ey e
lakes (PDGLs). The ability of Synthetic Aperture Radar (SAR) satellites to
collect data, irrespective of weather and at day or night, facilitates
. . " n monitoring of PDGLs by without compromising temporal resclution.
In this study, we present a semi-automated approach, based ona radar
p OS - p rOCe S S I n g I n C u I n g e eva I O n S signal intensity threshold between water and non-water feature classes
4 followed by post-processing including slopes,
and size thresholds, to delineate glacial lakes in Sentinel-1 SAR images
. " in Bhutan Himalaya. We show the capability of our method to be used
S I O e S Ve etatl O n a n d S I Ze th reS h O I d S for delineating and monitoring glacial lakes in Bhutan Himalaya by
L] y L] «comparing our results to 10 m resolution Sentinel-2 multispectral data,
field survey data, meteorological data, and a time series of monthly
images from January to December 2016 of two lakes. Sentinel-1 SAR
data can, moreover, be used for detecting lake surface area changes
and open water area variations, at temporal resolution of six days,

jproviding over optical llite data to continu-
ously monitor PDGLs.

1. Introduction

The majority of glaciers in the Himalayas have been retreating and losing mass over the

Wangchuk et a| . (201 9) Towards automated mapp,ng and last decades (Bolch et al. 2012; Brun et al. 2017; Azam et al. 2018). As the glaciers have

receded, numerous supraglacial lakes have formed on the surface of the low gradient

monitorlng Of potentla”y dangerous gIaCIaI Iakes In Bhutan debris-covered glaciers that have stagnant glacier tongues (Reynolds 2000; Bolch et al.

2008; Quincey et al. 2007; Benn et al. 2012; Nie et al. 2017). Supraglacial lakes have a

Hlmalaya USIng Sentinel_ 1 Syn thetIC Aperture Radar da ta. higher capacity to absorb incident solar radiations than the glacier ice and consequently

enhance melting and downwasting of the debris-covered ice (Sakai et al. 2000; Ragettli,

Int JOUfT)aI Of Remote Sensing Bolch, and Pellicciotti 2016; Mertes et al. 2017). Most supraglacial lakes are perched
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Data and Software -

In this exercise, we will use QGIS software. The following data are available:

* Sentinel-1 Interferometric Wide (IW) swath mode product.
* Radiometric Terrain Correction (RTC) data generated by ASF Vertex (check the Tutorial on
Searching and Obtaining Satellite Data). GLO-30 Copernicus DEM is also included here.
* Date: 05 July 2025
*  Spatial resolution 10m

e Sentinel-2 Level-2A product
*  Atmospherically corrected Surface Reflectance (SR) products from Level-1C products.
* Date: 29 April 2024
*  Spatial resolution: 10m (B2, B3, B4, B8, TCI, AOT, WVP), 20m (B5, B6, B7, B8A, B11, B12, AOT,
CLD, SCL, SNW, WVP), 60m (B1, B9, AOT, CLD, SCL, SNW, WVP)
. GIaC|aI lake inventory data (Wang et al., 2020)
Data was generated using Landsat data for the year 1990. 2000. 2010, 2015. and 2020.
* Covered the area of Hindu Kush, Karakoram, Western Himalaya, Central Himalaya, Eastern
Himalaya, Nyaingéntanglha, and Hengduan Shan.
* Dataset is freely available from
https://figshare.com/articles/dataset/Glacial_lake_inventory 1990 2000 2010 _2015_and_ 2020 in_t
he_greater_Himalaya/217085907file=39643498

* Area of Interest (AOI) in shapefile 4



https://figshare.com/articles/dataset/Glacial_lake_inventory_1990_2000_2010_2015_and_2020_in_the_greater_Himalaya/21708590?file=39643498
https://figshare.com/articles/dataset/Glacial_lake_inventory_1990_2000_2010_2015_and_2020_in_the_greater_Himalaya/21708590?file=39643498

Data Preparation JAYSZAN
Follow Along: Open Sentinel-1 RTC data (05 July 2025)

1. In the Menu Bar, click on Layer - Add
Layer - Add Raster Layer.

2. In Data Source, click on the Browse
button and navigate to the file
S1A IW_20250705T001933 DVR_RT
C10_G_gdufem_ E688 VV.tif in the
data folder.

3. With this file selected, click Add, then
Close. The data you specified will now
load.




Data Preparation JAYSZAN
Follow Along: Open Area of Interest (AOI)

1. In the Menu Bar, click on Layer - Add
Layer Add Layer - Add Vector Layer.

2. In Data Source, click on the Browse | -/
button and navigate to the file aoi.shp in
the data folder.

3. With this file selected, click Add, then
Close. The data you specified will now
load.




Data Preparation AsA

Follow Along: Clip the Sentinel-1 image -

Q Raster Extraction - Clip Raster by Mask Layer X
. . . Parame ters ‘ Log
1. Click on Raster — Extraction — Clip - O .
Raster by M aSk Layer M:::::W_ZOZSO?O!:'I'001933_DVR_RTC10_G . gdufem_E688_\V [EPSG:32645] - |||

() zi [EPSG:4326] - |a’% [
2. In the Input Layer, select S—— -
S1A_IW 20250705T001933 DVR R S -

E:/Training_Nepal/Data/Day_02/Sentinel-1 RTC/S1A_IW_20250705_VV. tf a | :l
T C 1 O_G_g d u fe m_E 6 8 8_VV | Open output file after running algorithm

GDAL/OGR console call

3 . I n th e M as k Laye r, Se I eCt a O i . gdalwarp -overwrite -of GTiff -cutline E:/Training_MNepal/Data/Day_02/ACI aoi.shp -d aoi -crop_to_cutline "E:/

Training_Mepal/Data/Day_02/5entinel-1 RTC/S1A_TW_20250705T001933_DVR_RTC10_G_gdufem_E&85_WV.tf"
"E:/Training_Mepal /Data/Day_02/Sentinel-1 RTC/S1A_IW_20250705_vV.tif"

4. Save the result to
S1A _IW 20250705 VV.tif

5. C“Ck Run | 0% e [l caneel
‘ Run

| Advanced | |Run asBatch Process... | Close | Help |




Data Preparation
Follow Along: Save your work!

You can open the clipped image and observe
the object on the image. Can you visually
identify any glacial lakes here?

Now would be a good time to save your work.

1. In the Menu Bar, click on Project > Save
As

2. Save the map in the working folder and
call it glacial_lake Nepal.qgs
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@ glacial_lake_Nepal — QGIS - o X
Project Edit View Layer Settings Plugins Vector Raster Database Web Mesh Processing Help
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Determine a Threshold Value A\

Follow Along: (Option 1) Manual visual observation ‘

You can determine threshold values by a manual

Identify Results 3]
visual observation. Flooded areas often appear as = B RHE G g 2 H
dark regions in SAR images because open water Feature Value
. . . * S1A_IW_20... 0
surfaces cause specular reflection, resulting in * S1A IW 20..
. . Band 1 -15.409347 0
lower backscatter returns. Examine the image and b (Derived)

incrementally adjusts the threshold value while

seeking a value that best separates flooded and
non-flooded areas.

1. Use Identify Features ®: tool to inspect the
backscatter value. Click on a specific pixel on
the image to find out the value.



Determine a Threshold Value ASHA

Follow Along: (Option 2) Histogram analysis -

Q Layer Properties - STA_IW_20250705_VW — Histogram *

Check the histogram of the whole clipped image.

Raster Histogram

1. Right-click on the S1A_IW_20250705_VV layer
in the Layers list and select the menu item
Properties in the menu that appears.

=

—

e f——

C.»’ T
2. Select the Histogram tab o i\“l l.1
P} 200 plﬂlﬂ I\J
3. Inthe Raster Histogram window, click Compute il - \
Histogram | compute Histogram | button. B ¥ e M
5 I-5|0I o I-‘II-UI - I-E‘UI o I-2|0I - I-].IU‘ S L; S I1|0I T
. . r Pixel Value
4. A histogram is calculated. Ideally, we look for = B 1
bimodal histograms, where water and land have B LT L
. . . =_'T-_ Set min/max style for Band 1 -
two distinct peaks in the backscatter value - o IS

distribution.

Max 19,1251

Style = oK Cancel Apply Help




Determine a Threshold Value

Follow Along: (Option 2) Determine a threshold value

Since determining the threshold for the entire image
histogram was difficult, we will calculate the threshold
based on the histograms of specific known lakes. The
available inventory of glacial lakes will be used here.

Open glacial lake inventory:

1. Inthe Menu Bar, click on Layer - Add Layer Add
Layer - Add Vector Layer.

2. In Data Source, click on the Browse button and
navigate to the file GlacialLake_2020.shp in the data
folder.

3. With this file selected, click Add, then Close. The data
you specified will now load.

: SENTINEL ’
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Note: In the paper, the Otsu algorithm was used to determine
the threshold automatically. We’ll not do it now because we
cannot do this process directly in QGIS, but it is possible to
write a Python script to then run it in QGIS.

(2} Data Source Manager — Vector

“ Source Type

® Fle | Directory | Datsbase () Protocol: HTTR(S), doud, etc. () OGC APT

Encoding Automatic

Source

Vector Dataset(s) |E:{Training_Nepal\Data\Day_02\Glacial_Lake_Inventory\GlacialLake_20220726\Gladialake_2020.shp

w Options

Consult ESRI Shapefile driver help page for detailed explanations on options

ENCODING |pefault

DBF_DATE_LAST_UPDATE |D=fault

ADIUST_TYPE | <Defauit>

ADIUST_ GEOM_TYPE | <Default>

AUTO_REPACK | <Default>

DBF_EOF_CHAR | <Default>

e\: Cose || Add || Hep |




Determine a Threshold Value A\

Sate
Follow Along: (Option 2) Determine a threshold value
() Vector General - Reproject Layer %
The inventory data comes in another different L .
Parame ters og epro_]ect Iayer
projection: Asia_North_Albers_Equal_Area. We will piing e @A C I
) ] . , [~ GlacialLake_2020 [ESRI:102025] s = ht ﬂ'|g nmeh’ reprojec mdm
reproject the data first to match our satellite data’s R — e jjj;m I
prOJeCt|On UTM Zone 45N |:rr:JEa:tt:Rs:EPSG:szeﬁ-WGssq,.fUTMzoneqw -HE\
Convert curved geometries to straight segments [optional]
P Advanced Parameters a
4. Inthe Menu Bar, click on Vector — Data e

ning_Nepal [Data/Day_02/Gladal_Lake_Inventory/GlacialLake 20220726 GladialLake_2020_45N.shp ﬂl ,‘

Management TOOlS — ReprOJeCt Layer V| Open output file after running algarithm

In the Input Layer, select GlacialLake 2020.

6. Inthe Target CRS, select Project CRS:
EPSG:32645 — WGS 84 / UTM zone 45N.

Save the result to GlacialLake 2020 _45N.shp.

CIICk Run. ‘ 0% ° | Cancel
| Advanced | |Run as Batch Process | Run ‘ | Close || Help |




Determine a Threshold Value

Follow Along: (Option 2) Determine a threshold value

We will only select the glacial lakes that are included

in the AOI.

9. In the Tool Bar, click on Select Features by Area
or Single Click [{3j| button.

10. Select the lake polygons from the
GlacialLake_2020 _45N layer over the AOI using
your Shift and left-click mouse. The selected
polygon will be highlighted in yellow.

11. Right-click on the GlacialLake 2020 45N layer
in the Layers list, click Export - Save Selected
Features As...

12. Save the result to GlacialLake 2020
_45N_selected.shp.

13. Click OK.

(2 Save Vector Layer as...

Format | ESRI Shapefile

File name [y_OZ\GIauaI_Lake_Inventory\GlauaILake_ZOZZOTZG\GIadalLakE_ZOZOjSN_se\ected.shp «a l ‘7| it b

Layer name ‘

CRS ‘EPSG‘.SZMS*WGSMIUWZME'#H‘I

Encoding UTF-8

Save only selected features

P Select fields to export and their export options
Persist layer metadata

v Geometry

Geometry type Automatic

|| Force multi-type
D Include z-dimension

w | Extent (current: none)

North 41808734963 |
West |-]1D1345.7]9D | East ‘lﬂqﬁﬂ74.5113
South [3041742.8253 |

Calailate from | Layer  *||LayoutMap *|| Bookmark ~

Current Layer Extent Map Canvas Extent
‘w Layer Options
neerze Ln b
Add saved fle ap

[ ok | cane || b |

: SENTINEL !
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Determine a Threshold Value A\

Sate
Follow Along: (Option 2) Determine a threshold value
@ Vector Geometry - Buffer X
We will create a 90m buffer around the glacial lakes g — putter
to include the non-water area surrounding the lakes. rectlere e e b
() Glacallake_2020_45N_selected [EPSG:32645] T B Ry L] dmtance, e ’
Selected features only The segments parameter controls the number of

Distance Ilnelseg'Tents to use to agprdox;:rgate & quarter
1 4 . drde when creating rounded offsets.
" I n the Menu Bar’ CIICk on VeCtOr | 50.000000 @ € |2] meters Rk The end cap style parameter controls how line
. endings are handled in the buffer,
Geoprocessing Tools — Buffer. .
= e join style parameter spedifies whether round,
E [2]| | miter or meveled sane shouid be used when
ners in a line,

End cap style G offsetting cor
15. In the Input Layer, select GlacialLake_2020 i 7)o s and ool e e e

Join style from the offset curve to use when creating a

_45 N _fl |te red . \Round . | mitered join,

* This algorithm may drop existing prmary

Miter limit keys or FID values and regenerate them in
= output layers, depending on the input
| 2.000000 B parameters.

16. In the Distance, type 90. Desave reit

b Advanced Parameters
Buffered

1 7. In the End Cap Style’ Select Flat &l /Data/Day_02/Gladal_Lake_Inventory/GlacialLake_20220726GladalLake_2020_45N_buffered.shp | :l

V| Open output file after running algorithm

18. Save the result to GlacialLake 2020 45N
_buffered.shp.

19. Click Run. | = (49} =

| Advanced * | |Run as Batch Process | Run Close | Help |




Determine a Threshold Value

Follow Along: (Option 2) Determine a threshold value

We will use this buffered lakes to clip the image. This
step ensures the normalization of the frequency of
occurrence of water and non-water pixels to obtain a
bimodal histogram.

20. Click on Raster — Extraction — Clip Raster by
Mask Layer.

21.1n the Input Layer, select S1A_IW_20250705_VV

22.In the Mask Layer, select GlacialLake 2020
_45N _buffered.

23. Save the result to S1A_IW_ 20250705
_VV_bufferedLakes.tif

24 . Click Run.

: SENTINEL ’
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() Raster Extraction - Clip Raster by Mask Layer X
Parameters | Log &
Input layer =
| B S1A_IW_20250705_VV [EPSG:32645] - | [
| Mask layer
\ (27 GladialLake_2020_45N_buffered [EPSG:32645] - \ t.‘] % |:\
Selected features only
Source CRS [optional]
\ v ||
Target CRS [optional]
\ ~ ||
Target extent [optional]
‘Notset | ‘El:‘
Assign a specified NoData value to output bands [optional]
| Mot set |3 |
Create an output alpha band
V| Match the extent of the dipped raster to the extent of the mask layer
Keep resolution of input raster
Set output file resolution
X Resolution to output bands [optional]
| Not set |= |
¥ Resolution to output bands [optional]
| Not set <
P Advanced Parameters
Clipped {mask)
Ex/Training_Nepal/Data/Day_02/Sentinel-1 RTC/S 1A_TW_20250705_W_buffered. akes. if a | |:\
| V| Open output file after running algorithm -
| 0% @ | Cancel
| Advanced ~ | |Run as Batch Process. .. | Run | Close I Help |




Determine a Threshold Value
Follow Along: (Option 2) Determine a threshold value

We will determine the threshold based on the histogram of
the buffered lakes image.

25. Right-click on the ST1A_IW_ 20250705
_VV_bufferedLakes layer in the Layers list and select
the menu item Properties in the menu that appears.

26. Select the Histogram tab
27.

In the Raster Histogram window, click Compute
Histogram [compute Histogram|  PUttON.

28.A histogram will be calculated. Notice there are two
histogram peaks: the lower value refers to water
pixels, while the higher value refers to non-water
pixels.

29. Determine the threshold by identifying the pixel value
in between water and non-water: ~ -14 dB

SENTINEL
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Q Layer Properties - STA_IW_20230705_WV_bufferedLakes — Histogram

Q

™
Gl
E
.

-
=
B

nu

Raster Histogram

50

40

w
=1

Frequency

]
=1

10

'Q‘A Prefsfactions _

Set min/max style for

Il o b lumie nﬂljn’”ﬂﬂm d'

T
-40
Pixel Value
M Band 1

Band 1
-78.9518

3.52155

OK

Cancel

&

&

Apply Help




Glacial Lake Mapping
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Follow Along: Create a binary map based on the threshold value

We will use the threshold value from the second
option's result: -14 dB. The average threshold value
given in the paper is -14.52 dB, which is not far from our
result.

1. Click on Raster — Raster Calculator.

2. In the Raster Calculation Expression write:
"S1A _IW_20220705 VW@1 "< -14

3. Inthe Spatial Extent, define the extent based on
the aoi.

4. Save the result to S1A _IW_ 20220705
_VV_output1.tif

5. Click OK.

N
i
(2 Raster Calculator x
Raster Bands Result Layer °
S1A_IW_20250705T001933_DVR_RTC10_G_gdufem_F688_} Create on-the-fly raster instead of writing layer to disk
S1A_IW_20350705_W@1
S1A_IW_20250705_WV_buffered akes@1 Output layer sentinel-1 RTCIS1A_IW_20250705_VV_outputl.tf
Qutput format GeoTIFF -
Spatial Extent e
Use Selected Layer Extent
Xmin | 354300.00000 Xmax | 372250,00000 -
¥ min | 3135400.00000 ¥max | 3158080.00000
Resolution
Columns | 1795 > Rows | 2168
Cutput CRS EPSG:32645 - WGS 84 / UTM zone 45N - A )
v Add result to project
w Operators
+ - [§ min IF cos 0!
/ ) max AND sin
< > abs OR tan ta
<= = 1= -~ sqrt log10 I
Raster Calculator Expression
"314_TW_20250705_VVE1" < -14
Expression valid a
| oK. Cancel Help
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Follow Along: Create a binary map bases on the threshold value

() *glacial_lake_Mepal — QGIS — [m] *
Project Edit View Layer GSettings Plugins Vector Raster Database Web Mesh Processing  Help
o 8F dm B @ = BA D) m (D
DEBARRE UL HNPPDR 4
¥ § "] E s
BQV. A RE N -8 2
2] - o~ %';' » »
Browser @
IR TR O
Favorites =
v Spatial Bookmarks
¥ % Project Home
b &l Home
> )
Layers (=]
o [ F s )
Band 1 (Gray)
1
o
- ¥ 514 nw 20250705 Vv bufferedlak
Band 1 (Gray)
3.52155
- S1A_IW_20250705_VV
Band 1 (Gray)
19.125097 -
] C
Type tolo CirlH Coordinate | 348160, 3158241 % Scale | 1:151334 |~ | g Magnifier | 100% = | Rotation [0.0* 2| [v|Render ®EpsGizzeas @




Post-Processing: Glacial Lake Mapping A&

Follow Along: Eliminate pixels found in elevation > 5,600m h

— o x

We will remove pixels found at elevations above o o
5,600m, where glacial lakes are hardly found above o IR S e
this elevation threshold in the Himalayas (Zhang et = e B ——— e T ot &
al., 2015) : i ———

1. Inthe Menu Bar, click on Layer - Add Layer -
Add Raster Layer.

J

efault> ~|

GEOREF_SOURCES | |
|

|

2. InData Source, click on the Browse button and
navigate to the file
S1A_IW_20250705T001933 DVR_RTC10_G_g
dufem_E688_ dem.tif in the data folder.

3. With this file selected, click Add, then Close. The
data you specified will now load.




Post-Processing: Glacial Lake Mapping
Follow Along: Eliminate pixels found in elevation > 5,600m

Clip the DEM based on AOI

4.

In the Menu Bar, click on Raster — Extraction —
Clip Raster by Mask Layer.

In the Input Layer, select
S1A_IW_20250705T001933 DVR _RTC10 G g
dufem_E688 dem

In the Mask Layer, select aoi.

Save the result to dem.tif

Click Run.
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() Raster Extraction - Clip Raster by Mask Layer

Parameters | Log

*

Input layer

&)

| B 514_TW_20250705T001933_DVR_RTC10_G_gdufem_F685_dem [EPSG:32645]
| Mask layer
| () a0l [EPSG:4326]

Selected features only
Source CRS [optional]

-] L"@E

\ * | ®)
Target CRS [optional]

\ EY
Target extent [optional]

‘Notset | |§E‘

Assign a spedified NoData value to output bands [optional]

‘ Not set

Create an output alpha band
v Match the extent of the dipped raster to the extent of the mask layer
Keep resolution of input raster

Set output file resolution
X Resolution to output bands [optional]

‘ Not set

¥ Resolution to output bands [optional]

‘ Not set

p Advanced Parameters

Clipped (mask)
E:fTraining_Nepal/Data/Day_02/Sentinel-1 RTC/dem. tif | | ,‘ =
g
| 0% e | Cancel
| Advanced ~ | |Run as Batch Process... | Run ‘ | Close | Help |




Post-Processing: Glacial Lake Mapping

Follow Along: Eliminate pixels found in elevation > 5,600m

Use Raster Calculator to remove elevation above
5,600m.

9. Click on Raster — Raster Calculator.

10. In the Raster Calculation Expression write:
if ("dem@1" <5600 AND "dem@1" >0, "
S1A_IW_20250705 VV_output1.tif @1", 0)

11.Inthe Spatial Extent, define the extent based on
the aoi.

12. Save the result to
S1A_IW_20250705 VV_output?2.tif

13. Click OK.

SENTINEL
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(2} Raster Calculator X
Raster Bands Result Layer
S1A_IW_20250705T001933 DVR_RTC10_G_gdufem_E683_\ Create on-the-fly raster instead of writing layer to disk
S1A_IW_20250705T001933_DVR_RTC10_G_gdufem_E683_(
S1A_IW_20250705_Wal Output layer sentinel-1 RTC\S 14 _IW_20250705_VV_output2, tif ..
S14_IW_20250705_VV_bufferedLakes@1
514 IW 20250705 W outputi@1 e e CEoaEE =
dem@1
Spatial Extent
Use Selected Layer Extent

+ ( mi
/ ) m
< > = b
< = 1
Raster Calculator Expression

if { "dem@l™ < 5€00 AND "dem@l™ > 0, "SI1A_IW 20250705_VV_cutputl@l”, 0 }

Expression valid

¥min | 353890.00000 -

¥min | 3136150.00000 -

Resolution
Columns | 1880 - Rows | 2292 =+
Output CRS EPSG:32645 - WGS 84 / UTM zone 45N A & 2

| Add result to project

F cos
AND

OR tan
sqrt log10

Xmax | 372690.00000 -

¥ max | 3159070.00000 -

acos

atan
In
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Post-Processing: Glacial Lake Mapping

Follow Along: Eliminate pixels found in elevation > 5,600m
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Post-Processing: Glacial Lake Mapping
Follow Along: Eliminate pixels found in slope > 30 deg.

We will remove misclassified pixels in the regions of
steep slopes.

Calculate the slope from DEM:

1. cCalculate Slope: Raster — Analysis — Slope.
2. Inthe Input Layer, select dem

3. Save the result to slope.tif

4. Click Run.

SENTINEL
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() Raster Analysis - Slope

Parameters Log
Input layer
¥ dem [EP5G:32545]
Band number
Band 1 (Gray)
Ratio of vertical units to horizontal
1,000000
Slope expressed as percent instead of degrees
Compute edges
Use ZevenbergenThorne formula instead of the Horn's ane
p Advanced Parameters
Slape
E:/Training_MNepal/Data/Day_02/5Sentinel-1 RTC slope. tif

¥| Open output file after running algerithm

GDAL/OGR. console call
gdaldem slope "E:/Training_Nepal DataDay_02/Sentinel-1 RTC /dem. if” "E:/Training_MNepal/Data/Day_02/Sentinel-1 RTC fslope. tif™ -of
GTff-b 15 1.0
- °
Advanced ~ | |Run as Batch Process... | Run | Close

Cancel

Help




Post-Processing: Glacial Lake Mapping

Follow Along: Eliminate pixels found in slope > 30 deg.

Use Raster Calculator to remove elevation above
5,600m.

5.
6.

Click on Raster — Raster Calculator.

In the Raster Calculation Expression write:
if ("slope@1" < 30,"

S1A_IW_20250705 VV_output2.tif@1", 0)

In the Spatial Extent, define the extent based on
the aoi.

Save the result to
S1A_IW_ 20250705 VV_output3.tif

Click OK.
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() Raster Caleulator

Raster Bands Result Layer
51A_IW_20250705T001933_DVR_RTC10_G_gdufem_E685_

Create on-the-fly raster instead of writing layer to disk
S1A_IW_20250705T001933_DVR_RTC10_G_gdufem_E685_

S1ATIW 20250705 W @1 Output layer sentinel-1 RTC\S 1A_IW_20250705_vV_output3.if €1
S1A_IW_20250705_vV_bufferedlakes@1
S1A_IW_20250705_VV_output1@1 Output format GeoTIFF -
S1A_IW_20250705_VV_output2@1
dem@1 Spatial Extent
slope@1
\Use Selected Layer Extent
¥min | 353830.00000 - Xmax | 372650.00000 -
¥min | 3136150.00000 - ¥ max | 3158070.00000 -
Resolution
Columns | 1380 e Rows | 2292 -
Cutput CRS EPSG:32645 - WGS 84 / TM zone 45N = & =
v Add result to project
1 »
w Operators
+ = ( min IF cos acos
/ ) max AND
< > = abs OR tan atan
<= == 1= ~ sart log10 In
Raster Calculator Expression

if ( "slopeBl™ < 30, "S1A_IW_20250705_VV_output2@l™, 0 )

Expression valid
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Post-Processing: Glacial Lake Mapping
Follow Along: Eliminate pixels found in slope > 30 deg.
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Post-Processing: Glacial Lake Mapping
Follow Along: Eliminate pixels found in NDVI > 0

We will use Sentinel-2 data on 29 April 2024 to
calculate the Normalized Difference Vegetation Index
(NDVI) to remove vegetated areas.

Open the Sentinel-2 data

1. Drag and drop the Sentinel-2 zip file to the Map
View or Layer List.

2. Select the first layer that contain B2 (Blue), B3
(Green), B4 (Red), and B8 (Near Infrared) bands.

3. Click Add Layers.

: SENTINEL ’
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e

() Select Items to Add | S2B_MSIL2ZA_20240429T045659_ND510_R119_T45RUM_20240429T075820.5AFE

E:\Training Mepal\Data\Day 02\Sentinel-2\528 MSIL24 20240429T045553 NO510 R119 T45RUM 20240429T075820.SAFE.zip

Search...

Ttem Desrrintion

=i SENTINEL2_| 2A: /vsizipE: [Training_Nepal/Data/Day_02/Sentinel-2  Bands B2, B3, B4, BS, ACT, WVP with 10m resolution, LITM 45N

& SENIINELZ_L2A:/vsiZID/E:/ Iraining_Nepal/Uata/Day_U/sentnel-2... Bands ba, Bo, B/, BgA, B11, 512, AU, LU, SCL, SN, WYE with 20m resolution, U1M 450
o SENTINEL2_L 2A: vsizip E:[Training_Nepal/Data/Day_02/Sentinel-2... Bands B1, B9, AQT, CLD, SCL, SNV, WVP with 50m resolution, UTM 45N

5% SENTINEL2_L2A:/vsizip/E: Training_Nepal Data/Day_02/Sentinel-2... True color image, UTM 45N

Select Al Deselect All
w Options
v | Add layers to a group
Show system and internal tables

V| Show empty vector layers

| Addlayers | Cancel




Post-Processing: Glacial Lake Mapping

: SENTINEL ’
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e

Follow Along: Eliminate pixels found in NDVI > 0

Clip the Sentinel-2 data based on AOI

4.

In the Menu Bair, click on Raster — Extraction —
Clip Raster by Mask Layer.

In the Input Layer, select
S2B_MSIL2A_20240429T045659 NO0510_R119

_T45RUM_20240429T075820.SAFE.zip

In the Mask Layer, select aoi.
Save the result to S2B 20240429.tif

Click Run.

=¥ Raster Extraction - Clip Raster by Mask Layer =
P Y y

Parameters | Log e
Input lzyer =

| 5" SENTINEL2_L 24 vsizip/E:[Training_Nepal Data/Day_02/Sentinel-2/528_MSIL2A_20240429T045655_N0510_R118_T4s5RUM_ ~ | | - |

Mask layer

| (7 a0i [EPSE:4326]

-l g X, [

Selected features only
Source CRS [optional]
\ - ||l @
Target CRS [optional]
\ MK
Target extent [optional]
‘Notset | |EE|

Assign a specified NoData value to output bands [optional]

\thset |3|

Create an output alpha band

V| Match the extent of the dipped raster to the extent of the mask layer
Keep resolution of input raster
Set output file resolution

X Resolution to output bands [optional]

| Mot set |3|

¥ Resolution to output bands [optional]

| Mot set =|
p Advanced Parameters

Clipped (mask)
‘E:ﬁralr|\ng_Nepal{Dataﬂ]ay_ﬂEfSennnel-ZfSZE_ZﬂZﬂu#Zg.m’ a |

‘ 0% e | Cancel
| I |

| Advanced - | |Run s Batch Process...




Post-Processing: Glacial Lake Mapping

Follow Along: Eliminate pixels found in NDVI > 0

Calculate NDVI using the following equation:
(B8:NIR — B4:RED) / (B8:NIR + B4:RED).

9. Inthe Menu Bar, click on Raster — Raster
Calculator.

10. In the Raster Calculation Expression, write:
("S2B_20240429@4" - "S2B_20240429@1") /
("S2B_20240429@4" + "S2B_20240429@1")

11.In the Spatial Extent, define the extent based on
the aoi.

12. Save the result to ndvi.tif

13. Click OK.
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@ Raster Calculator

Raster Bands

S1A_IW_20250705T001933_DVR_RTC10_G_gdufem_E688_}
S1A_TW_20250705T001333_DVR_RTC10_G_gdufem_E688_¢
S1A_IW_20250705_W@1
S1A_IW_20250705_VV_buffered.akes@1
S1A_IW_20250705_WW_outputl@1l
S1A_IW_20250705_VW_output2@1
S1A_IW_20250705_VV_output3@1

$2B_20240429@1

S2B_20240429@2

S2B_20240429@3

S2B_2024042924

S2B_20240429@5

S2B_2024042986

SEMTINELZ_L2A:E:/Training_Nepal [Data/Day_02/5entinel-2f¢
SEMTINELZ_L. ata/Day_02/Sentinel-2f¢
SENTINELZ_L: ata/Day_02/Sentinel-2/¢
SENTINEL2_L: ata/Day_02/Sentinel-2/¢
SEMTINELZ_L: ata/Day_02/5entinel-2f¢
SENTINELZ_L 24:E: ata/Day_02/Sentinel-2¢
dem@1
slope@1
[
w Operators
+ { mi
! ) m
< = = b
< = I
Raster Calculator Expression

Result Layer

Create on-the-fly raster instead of writing layer to disk

Qutput layer E:\Training_Nepal\Data\Day_02\Sentinel-2\ndvi .
Qutput format GeoTIFF -
Spatial Extent

Use Selected Layer Extent
X min | 125350.00000 - X max | 418380.00000 -

¥ min | 3039200.00000 - ¥ max | 3258130.00000 -

Resolution
Columns | 29303 - Rows | 21893 >
Output CRS EPSG: 32545 - WGS 84 [ UTM zone 45N - A 2

v Add result to project

IF cos 0
AND sin

CR tan tal
sart log10 In

("S2B_20240429@4" - "S2B_20240429@1") [ ("S26_20240429@4" + "S2B_20240429@1") @

E | oK Cancel Help

x




Post-Processing: Glacial Lake Mapping A&

Follow Along: Eliminate pixels found in NDVI > 0 -

(2} Raster Calculator s

Raster Bands Result Layer

USG RaSter Ca|CU |at0r tO remove pIX8|S Wlth N DVI S1A_IWi_202507057001833_DVR_RTC10_G_gdufem_E688_\ Create on-the-fly raster instead of writing layer to disk

S1A_TW_20250705T001933_DVR_RTC10_G_gdufem_E638_
S14_IW 20250705 W@l Outputlayer Sentinel-1 RTC\S1A_IW_20250705_VV_output4. if

a bove Zero S1A_IVi_20250705_WV_bufferedlakes@1
. S1A_IVi_20250705_VV_output1@1 Output format GedTIFF -
S147TW 20250705 W output2@1
S1A_IVi_20250705_WV_output3@1 Spatial Extent

528_20240429@1

S28_20240429@2 |Use Selected Layer Extent

. $28_20240420@3
14. Click on Raster — Raster Calculator. 3 mr0aes xmn [ss3es0.00000 | Xmax 00000 |2

5287 20240429@6 = =
SENTINEL2_L2A:E:(Training_Mepal/Data/Day_02/Sentinel-2/¢ Ymin | 3136150.00000 - ¥'max | 3155070.00000 -
SENTINEL2_L 2A:E:/Training_Mepal/Data/Day_02/Sentinel-2/
SENTINEL2_L lepal/Data/Day_02/Sentinel-2/¢ .
SENTINEL2 L (epalDatafDay_02/Sentinel-2¢  Reselution
H H o . SENTINEL2_L2A:E: lepal/Data/Day_02/Sentinel-2/¢
15. In the Raster Calculation Expression write: SENTINGL L0, i Npalbataomy Dosentna 2 Coles 330 [< Rows 2292 [+
m@1

If ( "ndVI@1 " < O’ " :\o;a@l Tn::cr:;m OIE:SG:szsﬁ—wassq,lummneqw = & =
S1A_IW_20250705_VV_output3 @1", 0) '

16. In the Spatial Extent, define the extent based on - X o i e

the aoi . . . -
" Raster Calculator Expression
if ( "ndvi@l" < 0, "S1A_IW_20250705_VV_outpuc3@l”, 0 )

17 . Save the result to
S1A_IW_20250705_VV_output4.tif

18. Click OK. == (15 SR
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Post-Processing: Glacial Lake Mapping
Follow Along: Eliminate pixels found in NDVI > 0

) *glacial_lake_Mepal —QGIS — a x

Project Edit Wiew Layer Settings Plugins Vector Raster Database Web Mesh Progessing Help

P ey
) BEX O 8 25 S
LA ANAY 1%

£ ] I
ekt

Browser @x
IS TEHO

Favorites =

Spatial Bookmarks

* % Project Home

b &l Home
. o

]

Layers &
« @l @ T. £ = gy

S1A IW 20250705 VV_outputd
ndvi

" 528 20240429
S1A_TW_20250705_VV_output3
b il MTD_MsIL2A

¥ slope

S1A_IW_20250705_ WV _ou

dem

514

W_20250705T001933 DVR_RTC|

ake_2020_45
ake 2020 45
Lake 2020 45

oy

+) Coordinate | 346363, 3159304 | % Scale|1:160138 |~ | @@ Magnifier | 100% % | Rotation |0.0° % W Render % EPSG:i32645 Q




Post-Processing: Glacial Lake Mapping
Follow Along: Vectorize potential glacial lake pixels

We will convert the potential glacial lake raster to
polygons.

1. Click on Raster — Conversion — Polygonize
(Raster to Vector)...

2. Inthe Input Layer, select
S1A_IW_20250705_VV_outputd

3. Save the Vectorized result to output_
20250705.shp

4. Click Run.

: SENTINEL ’
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Q Raster Conversion - Polygonize (Raster to Vector)

Parameters | Log

Input layer

| 5" s14_1w_20250705_W_output4 [EPSG:32545]

Band number

| Band 1 (Gray)

Name of the field to create

|om

Use 8-connectedness
p Advanced Parameters

Vertarized

|E:,‘Traming_NeDa\fData!Day_OZJSenﬁnE\—l RTCfoutput_ 20250705.shp

| Open output file after running algorithm

GDALfOGR console call

gdal_polygonize.bat "E:/Training_Mepal/Data/Day_02/Sentinel-1 RTC/S1A_IW_20250705_VV_output4.tif” -b 1 -f "ESRI Shapefile™ "E:/
Training_Nepal [Data/Day_02/Sentinel-1 RTC/output_ 20250705.shp™ "output_ 20250705 DN

| 0%

| Advanced * | Runas Batch Process

° | Cancel

Close || Help |




Post-Processing: Glacial Lake Mapping A&

Follow Along: Remove non-water polygons ‘

. . Q@ output_ 20250703 — Select Features *
We will modify the polygons to clean the results e

further. First, let’'s remove non-water polygons. DN 0 || Equal to (=).]

1. In Toolbars, activate the editing mode by
clicking the Toggle Editing ¢ button.

2. In Toolbars, click Select Features by Value
button.

3. Inthe DN value, write 0.

4 . CIICk SeIeCt Featu reS, then Close- Reset Form | |Elash Feah..lres| | Show in Table | |§oom to Features | ' Select Features El | Close |

5 In Toolbars, click Delete Selected button to
delete non-water polygons.



Post-Processing: Glacial Lake Mapping Q“'

Follow Along: Remove non-water polygons
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Post-Processing: Glacial Lake Mapping
Follow Along: Calculate area, perimeter, and compactness ratio (CR)

SENTINEL
A;Ey/{\

e

@ output_ 20230705 — Features Total: 5664, Filtered: 5664, Selected: 0 x
Calculate area of each polygon in the attribute table. aE 1. B=hL-- B & L TESD BEEBE »
123pN ~ |=| £ | [123DN ~ || Update All || Update Selected
1. Right-click on the layer, then click Open Attribute ) S i
Table é;; button B i (¥ output_ 20250705 — Field Calculator x
3 1 Only update 0 selected features
v Create a new field
2. Inthe Table Toolbars, click Open Field Calculator 4 1
Output field name | area
bUttOﬂ @ 2 ! Output field type | 1.2 Dedmal number (real)
5 1 Qutput field length | 10 | Precision 3
. . - 1 Expression Function Editor
3. In Output field name, write area. . . L | 4L
. . ~ | Show All Features _
4. In Output field type, select Decimal number (real).
. Expand the Geometry and double-click $area. The
text will be added to the Expression box.
AR ENERNRNR

Feature |1

Click OK.

: 100.0281205046922




Post-Processing: Glacial Lake Mapping A&

Follow Along: Calculate area, perimeter, and compactness ratio (CR) ‘

Q output_ 20250705 — Features Total: 5664, Filtered: 5664, Selected: 0 —el =
Calculate perimeter of each polygon in the attribute . o
P polyg EL N B & L TESDD BRB2E »
table. 12ipy v |=| & | 12300 + |[ Update Al || Update Selected
DM area -
. . R 1 1 100,028
/. Inthe Table Toolbars, click again Open Field . . Q outpr_ 20250705 —Fild Caleter x
s ¢ update 0 selected features
Calculator E button. 5 . SRR N
4 1 Create virtual field é
Output field name  perimeter
8. In Output field name, write perimeter. : ! O =
7 1 i . gl } =
. . 7 1 B[] Ll
9. In Output field type, select Decimal number . )

(real).

~ | Show All Features _

10. Expand the Geometry and double-click
$perimeter. The text will be added to the
Expression box.

= [HEGE A 0 I

Feature |1 - B

1 1 . Clle OK Preview: 40.00562386558581




Post-Processing: Glacial Lake Mapping
Follow Along: Calculate area, perimeter, and compactness ratio (CR)

Calculate CR of each polygon in the attribute table.
The Polsby-Popper test will be used to measure the
compactness of a shape.

12.1n the Table Toolbars, click again Open Field
Calculator E& button.

13.1n Output field name, write CR.

14.1n Output field type, select Decimal number
(real).

15. Write this equation in the Expression box:
(4 * pi() * $area) / ($perimeter * 2)

16. Click OK.

SENTINEL
A;Ey/{\

/% B En

123py -« [=| £ | [123DN

DM
N —
2 1
3 1
4 1
5 1
[ i
7 1
8 1

~ | Show All Features _

N
i
() output_ 20250705 — Features Total: 5664, Filtered: 5664, Selected: 0 —ﬁ X
. | o 4=
G & =T E D RBRE# E »
¥ || Update All || Update Selected
area perimeter =
100.028 40.006
G cutput_ 20250705 — Field Calculator X
Only update 0 selected features
V| Create a new field te existing field
Creste virtusl fisld
Output field name  |CR
Output field type | 1:2 Decimal number real) -
Output fieldlength | 10 2 Precsion 3 e
Expression Function Editar
] Lz @ Show Help
(¢ * pi() * $area) s re
perimeter ~ 23 geometry
row_numbe;
» Aggregates
b Arrays
» Color
b Conditionals
, T
¥ Date and Time
+ Fields and Values
Files and Paths
Fuzzy Matching
» General
} Geometry
Map Layers
Maps
b Math
» Operators
» Rasters
+ Record and Attributes.
+ |- L= D ]| v Sensors
+ String
Feature |1 - B : Vﬁawf(‘ﬁ )
Preview: 0.7853981571161993
@ | oK Cancel Apply Help




Post-Processing: Glacial Lake Mapping
Follow Along: Select and extract potential areas based on area and CR

Potential lake areas will be selected based on area size and
compactness ratio (CR). All areas of 0.01 sqg.km or larger will be
included automatically based on size alone. However, for areas
between 0.01 sq.km and 0.1 sq.km, selection requires that they also
meet a compactness ratio threshold of CR > 0.01.

1.

R

In the Table Toolbars, click Select features using an expression c
button.

Expand the Field and Values and double-click area and CR to use
them in the Expression box. Complete the expression:

("area" > 10000 AND "CR">0.1) OR "area" > 100000

Click Select Features, then Close.

In the Table Toolbars, click Invert selection button.

In the Table Toolbars, click Delete selected features rl—” button.

In Toolbars, click Toggle Editing / button to close the editing
mode. Don'’t forget to click Save button in the confirmation box.

: SENTINEL ’
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(@ output_20250705 — Select by Expression
| Expression | Function Edior

|77‘HE\ (3151

[ Q search

|| show Help a

feature

("area” > 10000 AND "CR" > 0.1)
geometry

OR "area" > 100000

Q output_ 2!

V28 < =

Features Total: 5664, Filtered: 5664&: Fi — O x
@8 0 & & PP ERBE »

|1230N - |=|E| |IZSDN

DN

5170 1
5171 R
5173 1
5174 1
5175 1

5175 1

| ~ Show All Features _|

100.037 40.007 0.785
5602.045 540.099 0.291
400.121 80.012 0.735
200.061 &0.009 0.698
200.062 ©60.009 0.698
100.030 40.006 0.785

15204.541

.

o ~ || Update All || Undate Selected
al perimeter CR -

& select Festres ||

O

e |




Post-Processing: Glacial Lake Mapping

Follow Along: Select and extract potential areas based on area and CR
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Post-Processing: Glacial Lake Mapping A&

Follow Along: Fill in the holes in the polygons -

@) Vector Geometry - Delete Holes X

To finalize the post-processing, we will fill in the holes P o Delete holes
in the glacial lake polygons. i e e ot v

-

= X b —
(7 output_ 20250705 [EPSG:32645] - | tﬂ % ‘_'l which polygans with holes have been replaced by
polygons with only their external ring. Attributes
Selected features only are not modified.
1 C I . k P . Remove holes with area less than An optional minimum area parameter allows
—_ T | b S h f - removing enly holes which are smaller than a
IC o n ro CeSS I n g oo OX - ea rC O r | 0.000000 ‘= | | square meters ‘ EL specified area threshold. Leaving this parameter as

Cleansd 0.0 results in all holes being removed.

Delete HOleS tOOI " Training_Mepal/Data/Day_02/5entinel-1 RTC/output_ 20250705_final.shp & H:l

v | Open output file after running algorithm e

2. Inthe Input Layer, select output 20250705
3. Save the result to output_ 20250705 _final.shp

4. Click Run.
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| Advanced ~ | Run as Batch Process... Run ‘ | Close || Help |
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Post-Processing: Glacial Lake Mapping )
Final Glacial Lake Map
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Post-Processing: Glacial Lake Mapping A&

Follow Along: Intersect with the inventory |

@ Vector Overlay - Intersection X

To finalize the post-processing, we will fill in the holes Po—— ‘ :
Farameters | Log Intersection
in the glacial lake polygons. posins @ g s o Seensrecoescf

() output_ 20250705 _final [EPSG:32645] in the output Intersection layer are assigned the

attributes of the overlapping features from both

Selected features only the Input and Overlay layers.
. Overlay laver * This algorithm drops existing primary keys
1. Inthe Menu Bar, click on Vector — P r—— @| o7 D vaies ancregererates tem

Selected features only

Ge p rocess I n g TOOIS - l nte rseCt|O n. Input fields to keep (leave empty to keep all fields) [optional]

|U fields selected | :

Overlay fields to keep (leave empty to keep all fields) [optional]

2. Inthe Input Layer, select output 20250705 final [ fekis et I

P Advanced Parameters

Intersection

lepal/Data/Day_02/Sentinel-1 RTC /output_ 20250705_final_intersect.shp € H ,l

3. Inthe Overlay Layer, select ey —— o
GlacialLake 2020 45N _selected

4. Save the result to output_ 20250705
_final_intersect.shp

5. Click Run. o
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Post-Processing: Glacial Lake Mapping
Final Glacial Lake Map after intersect with the inventory
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Next... AgA

e

We've completed the exercise for glacial lake mapping using QGIS software.

e We used the Sentinel-1 RTC data on 05 July 2025 to extract glacial lake
features, with the additional data from Sentinel-2 and GLO-30 Copernicus
DEM for post-processing.

e You can also process the archive Sentinel-2 RTC data on 10 July 2024
following the same step-by-step method. The result can be used to perform

multi-temporal analysis and evaluate the changes of glacial lake between
2024 and 2025.

e (Optional) Demo on automatic glacial lake mapping with Python. "



THANK YOU

Geoinformatics Center, Asian Institute of Technology
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