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Periglacial environment STPDC e

0 20% the Earth’s land surface lies under periglacial
conditions, with the Tibetan Plateau being one of
the key distribution regions.

O Sensitive Indicators of Climate Change
0 Regulation of the Global Carbon Cycle
O Unique Landforms and Landscapes

O Impact on Human Activities

Atlantic
Ocean

[ ———
B 5 &8 & 8
Dcharge (mifs)

Permafrost in the Northern Hemisphere

Spatial extent of terrestrial permafrost zones * Subsea
(% of area underlain by permafrost) permafrost

Continuous Discontinuous  Sporadic Isolated
permafrost permafrost permafrost permafrost
(90-100%) (50-90%) (10-50%) (0-10%)

Source: Brown et al. (1997)
© International Permafrost Association

(Murton, 2021 PPP)




Periglacial landforms STPDC e

Periglacial landforms such as rock glaciers are key elements in understanding the periglacial environment and its changes,
holding significant implications for climate indication, disaster initiation, and water resources.

R

Rock glacier Other landforms: Thermokarst lakes, stone circles, stone seas, frost mounds
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Distribution of surface water D=

3,650,723 km? of inland water

d Nearly three quarters.of which was in North
America (40.65%)-and Asia (32.77%), followed
by Europe (9.64%), Africa (8.47%), South
America (6.91%), and Oceania (1.57%).

a Boreal forests contained the largest portion of e ¥ by
@ Vool

terrestrial surface water (25.03% of the global
total), followed by “inland waters” (16.36%),
tundra (15.67%), and temperate broadleaf and
mixed forests (13.91%).

"‘“—"ﬁﬂ 3 ol -
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Feng, M., Sexton, J. O., Channan, S., & Townshend, J. R. (2015). A global, high-resolution (30-m) inland water body dataset for 2000: first results of a
topographic—spectral classification algorithm. International Journal of Digital Earth, 9(2), 113-133. http://doi.org/10.1080/17538947.2015.1026420



Small water bodies
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Rapid changes in global permafrost response to climate change

Temperature change (°C)
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(Biskaborn et al., 2019 NC; Smith et al., 2022 NREE)

Density
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(Aalto et al., 2017 NC)
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Small lakes and other periglacial landforms are indicators and have experienced substantial changes

Initial degradation, Advanced degradation,
connected troughs

Undegraded disconnected troughs

Increased drainage
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Shrinkage and disappear of thermokarst lakes
Smith et al., 2005 Science

Formation of thermokarst lakes in response to changing permafrost
Grosse et al., 2013



Challenges
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Traditional survey methods are difficult to support the study of periglacial landforms.

Weak spectral characteristics

Soited Sorted
PFolygans Nats

Sarrsd
kvipw

(b) Lake drains
‘—/———
Permafrost e v SR Permafr.ost
aggradation / ore water under > aggradation

\. hydrostatic pressure /'

\ 4
\ from pore. water , L/
expulsion

\A

Complex periglacial processes
and periglacial landscapes

Periglacial landscapes are small in
scale and difficult to observe using
medium-to-coarse resolution satellite
data.
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Our understanding is limited for small water bodies that are usually also shallow and sensitive to environment changes

Sentinel-2

Weaker signals and higher uncertainty

Messager et al. 2016

{2y ~ \3‘*&*‘\3 o (c) HydroLAB
€ SR N )
HydroLAKES :
%
/.'l
HydroLAKES ; &

1.4 million global lakes (10 ha or larger)

Global surface water research and datasets focus on
large or medium water bodies (> 0.1km?)



Big data of Earth
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The explosion of Earth observations provides the data possible for exploring small water bodies

Space Shuttle

Satellite : 4

Optical Sensor/SAR | >
700-900km;  185-575km’

Spaceborne

Airborne Aecrial Photography Airborne SAR

e

10-12km
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Data driven geoscience ST PDC mrmemerases

A Cropland
r%ﬁ . Forest
%7 [l Grassland
B shrubland
[ Wetland

. Water

b . Impervious surface

Bareland Digital Twin of Earth

Land cover
spatial scale

(1990s - )A .

Time |L|
.----.-----‘-_?- 1990 2000

1981 1998
AVHRR SPOT VEGETATION 1

1999 2002
MODIS Terra MODIS Aqua

Physical

Earth
observations

_constraints
N

1972-1984 1999 2008 2013 _ !
Landsat 14 Landsat 7 Open of Landsat 8 o faaion . Agent Environmenti
. N _P(Y|do(x)) 1

Landsat achieve 2015/2017 X, == === > I State 4

. pedlodirbetinbrtioduttatintosl - K A G IO, oo Reward ;

Sentinel-2 A,B Physics-informed NeSTooomem——-oooooemes /

Causal inference Deep reinforcement

machine learning iy

Feng and Li, 2020 Science Bulletin
Big Data in Earth system science and progress towards
adigital twin

Xin Li &, Min Feng &, Youhua Ran, Yang Su, Feng Liu, Chunlin Huang, Huanfeng Shen, Qing_Xiao,

Jianbin Su, Shiwei Yuan & Huadong Guo

Deep learning

Nature Reviews Earth & Environment 4, 319-332 (2023) | Cite this article



Periglacial landform identification STPDC e

A deep-learning (DeeplLab v3+) and MT-InSAR method for identifying rock glaciers
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DeeplLab v3+

Rock glacier kinematics

Millions of satellite images

(Xu, Feng* et al., 2020) (Zhang, Feng* et al., 2021 RS; Zhang, Feng* et al., 2023 IJDE)



Rock glacier inventory

Eastern Himalayas
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Rock glacier inventory

The first completed inventory rock glaciers for the entire Tibetan Plateau ] Identified 132,867 rock glaciers
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Rock glacier inventory
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Rock glacier inventory

The rock glaciers involve more than 500 km3 material flux, which can lead to hazards
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The distribution of rock glaciers located close (within 1 km) to buildings, roads, and rivers



Talus inventory STPDC =

The first talus inventory for the Tibetan Plateau
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O Identified >65k talus units, with total area > 214k km2, about~6.9%
of the plateau. Examples in the source region of Yellow River

(Jiang, Feng*, IJDE, 2025; Jiang, Feng* et al., in prepare)



Permafrost mapping with RGI
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We combined in-situ and rock glacier records for mapping permafrost in the Qilian Mts.
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In-situ and rock glacier records

In-situ data (permafrost)
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Performance comparison S=TPDC =rmereeee
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Expanding permafrost mapping to TP STPDC e
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Our preliminary result shows that the total area of permafrost on the Tibetan Plateau is 1.18 X 10 km? (PZI = 0.5),

1 0
accounting for 38.1% of the total area. Hu, et al., UDE, 2024: Yan, et al., PPP 2025



Global rock glacier inventory

O Collected >60,000 published rock glacier inventory data entries
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O Estimated the global rock glacier developed area (RDA) to be 141.08 x 10° km?
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Thermokarst lakes

Source region of the Yellow River

Deep learning and high-resolution
satellite data were adopted to identify
thermokarst lakes

Zhang, Feng*, et al. 2024
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Glacial lakes

(Xu, Feng* et al., 2023; Hu, Feng* et al. 2025; Xu, Feng*, The Cryosphere, accepted)



Water bodies in pan-Arctic
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A more completed inventory of water bodies
for pan-Arctic region in North America

Identified >650 million water bodies and 90%
of them are smaller than 0.1 km?2

Evidence of overestimation of the area-number
relationship
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Water body inventory

The water body inventory for high mountain Asia ( WBD-HMA), identified >460k water bodies, covering 76,915.9 km

95°E 10Q°E 105°E

O Average area > 1km?

65°E 70°E 75°E S0°E
_ | Density (number per 50km?)
ey 1-5 P24
Tl e s-s0 (@ L&
® 50-100 S3sesaticessosoivetst e
® 100 -500 eiessense '.? E:':s::"

0.54
0.52 4

0.50

0.48
&

40°N

359N

30°N

25°N

® 500 - 6324

.
033 00550800
°

o0 Average area < 0.005 km?
53 srade Permafrost

Glacier

45PN

.‘... .:..:. coeorde g
g
z
-
a
z
z
L eee— 0 &
65°E 70°E 75°E S0°E 85“E S0“E 95°E 100°E 103°E
I- Mean_distance(Md) @Ml Average area i@l Count i@l Average SINBM Average Cirli@l Sum_arml
1.6 0.4 14500 (b) 2.6x10° 350K
1.44
13x10° - 2 2
144»10  |a000 24x1 1.42
: 03 £ 10° 103
3 [ 1.4
3500
1.242x10 1 1.3 ).5
0.2 )
1 3000 10° | 1.8x1 1
1.0 ) 1.34
11¥10°10.1 44 1.6x1 0.4§
2500 .
0.8 A 10° =1.4%10 1000
) @ € k,@ N Permafiost Glacial Zone Arid ) km? @ © /m

@ A Median_area

® [] Median_SI

@O Median_Cir

km?>
(0¥¢ Median_Md

0.010

0.008 -1

0.006 1

0.004 4

0.002

0.000

Area(<0.01 km?)
Unit: km?
--- 1:1 Refrence line
—— Trend Line (y = 0.81x, R?=0.94)

0.000 0.002 0.004 0.006 0.008 0.010
Area(>0.1 km?)
Unit: km?
4
--- 1:1 Refrence line ;
—— Trend Line (y = 0.99x, R?= 0.99)
3.
> 2
11 .
0 v ¢
0 1 2 3 4

ScenTimDG2025"

Area(0.01~0.1 km?)

7 0.10 Unit: km? - 7
' —-——1:1 Refrence line
= —— Trend Line ()L=' 0.9.3x‘, R2= 0.92) 6
w0081 e, 4
= [
5‘6 5'6
i ] o
4‘09 - 0.06 48
()] ()
Q Q
3E 0.04 - 3E
-] -
=2 =2
2 2
0.02
002 004 006 008 o010
X
7
s Water pixel accuracy: 99.65%
=
>3 Water body accuracy: 96.58%
.5
g 90% recall for WD >0.001km?
3E
22 70% recall for WD >0.0001km?
1

Sui, Feng* et al., Scientific Data, 2025

2



Water body changes in central Asia
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o geo . ] . . 2 o 2
Identified 66,216 water bodies in central Asia with a total area of 98,161.8 km* and 96.5% are smaller than 1 km
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O Between 1992 and 2020, the Aral Sea had been
shrinking, but other water bodies had been generally
expanding and increasing, especially the small water
bodies in high altitudes

J0°E 90°E

60°E

(Su, Li
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U Evidence for a warm-wet climate in central Asia, critical
for correcting the perception of water resources in the
region biased by the Aral Sea

, Feng, et al. 2021 STE; Li, Li, Feng, et al, 2021 IJDE; Su et al. 2025 Science Bulletin)
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The circumpolar boreal and tundra biomes are the highest concentrations of the global inland water bodies, including lakes, reservoirs, and
Y v 3 3

R [ S E R E -S|

| & R '(f_' = .

P - =] )% I

| ‘ greenhouse gas emissions; however, they are vulnerable to climate change, and little has been known. Thus, it is critical to investigate water
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ephemeral ponds. The majority of these water bodies are small-sized but enormous in number. These small water bodies are essential to global

- bodies in this highly concentrated region, especially the small water bodies. This study presented a comprehensive dataset of water bodies for the
=
-
-
= u tundra and boreal biomes in North America (WBD-NAHL). The 10-m resolution Sentinel-2 and the 30-m resolution JRC water dataset were
| ‘ adopted as the main inputs to enhance the ability on identifying small water bodies (Figure 1). The main contributions of this dataset are as
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follows: 1) the first investigation of water bodies in the tundra and boreal biomes in North America. Nearly 6.5 million water bodies wete
identified, about 90% of which were smaller than 0.1 km2; 2) this dataset provides the locations, areas, and morphological attributes for each
water body, enabling the analysis of water body distribution, types, and mote, which is expected to support studies in the water cycle, carbon

emission, and permafrost in high latitudes under global climate change. Figure 1: Distributions of the percent (a), area (b), perimeter (c), and SI

(d), and the number (e) of the water bodies in the North American tundra and boreal forest regions (aggregated to 5 km X 5 km grids). This work







