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Fig. 1 Spatial distribution of the active layer measurements across the Northern Hemisphere within the CALM program

(The background map of active layer thickness (ALT) is derived from Reference [59])
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Fig. 2 Relationships between active layer thickness (ALT) and longitude, latitude across the Northern Hemisphere

(Lat denotes latitude, Long denotes longitude, and the grey dots are the projections of ALT in XZ and YZ panels)
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Fig. 3 Comparisons of seasonal freezing and thawing processes and the active layer thickness from January 1,
2016 to December 31, 2017 at one site in the High Arctic of Canada (c18 Grid site in CALM) (a) and
another site in the Headwater Area of the Yellow River, Tibetan Plateau™ (b)

HERMZE S b b AR 0 RS AT S BCALT Bk
A3 Sl 45 ALT (1 Jey Hb 3 A3 REAE 15 52
2% RUE RFERE B SRR T RS B BEA AL
S SF IR BF et S5, HCE I 2 o v 3R 22 - T i B A
I, S BOA Jo B AL i i 3 4 R 22 W]k 10~
15 T A B0 R B i RE AT AR i T4 2 3h
T, AR TR B P, YT R
TRy i Y 2R ) o) g R ) | g T R S
T AR I, R B o R 2 T R A, ALT L ¥ UK
U Sy A R R T R R Y 3 3 A 9 O D
MR ZOR R R A o i A, LR AR A
SR AT v 07 ) o S 5 v ) B L

WL, LA K ETE R, SBEFEFRR
g/ AT IR FO R R e i o S A
FB0AE B B I T R B R ABRINR - HORES
A R AR RSN ALT 2 780K, [
o, A R 2 A 2 TR S IR BN, TR
R/ NS TR A, T A ZRIR UK VR 2 S R
B, BRI HE - e ) SRR o
1.2.2 BEHARm

PR3 o S A K PR S il Ak T A A5 7K B A 4
FRIAFAE 32 P 5 1) 1l R K FOP A7, S X 5 26 ALT
25 (] 43 57 5% W) o o B2 A1) ) M PR 1~ 22 — | LR 7
JUT- 5500 B R A 1 il Ak e B — B g o)



2 4 DR RIS T AR L X SRR DT ke 5 e 22 563

FRE I IR A T 0. 60~0. 85, FHH140. 90 LA -, 7]k
5 S5 OR B4 St 5 ARV 7R R LT M bl B ) G B 3R —
A 0. 96~0. 99, Al AR HRE . [FEE, T
SREBEN, HERRAOA RS, 55T, 5K
TE 40 cm 247 B BRI B e R L R
JEE HLAS B[R] 69 AR5 BHL 1R A 2 i SR G IR |, R BUAR
AR EE LA SRR I B T, ALT AT RERCR , R T
e JELEL 2 A AL ALT 390 in i 248 vk LR AE
TR JE B2 AR B 1057 Gb TR 0 XU XU ] () 520, 45 51
S TE HUE TF RiCR A KSR AR PR A A AR A
JE, Mazhitova %45 Y, 5 ul i 67 R HERR
T B SRR ), L 55 T 2 (1] 3k 3] B o 1 A
PRI B2 R . A BB i LS X ALT 52 M ¢
JIN UNHE R AR B 5 ) W e B A R X
220 om VR LA PN A i TR 52 i 45K (H R 2 M
TEAALT B sZ /N SR, B35 1 B 1 (%
FE VWS TR ) FETE BRI 25 50 S By
I FRAEAE N P, R  ALT A 255 [ AH G 1
T 2 WTE R R o — TR gE R B, 1 A p
ARSI R BE 38 em IR, S8 1 80
LA EE A S CAEA, ALT /N 20% .
T EME LUE iR E AL 19 75 0 = R 2 AR R X, )
X ALT 119 5% M 5 JH 3o o 1 /= ek R it T 90 2 11 2
B, AT A30TH 51 0 R AR v IR R IR IR
88 N AR R AT ALT RO SE MBS RE IR N
T B AT E 1T LA Z WS . XFRIRES T 4
JEE 118 BT 2% B0 L2l B 0 () BF 5l T AR B, L)
BRI W0 K 46 0 TG sh )2 0 B ZE R AR st IR
FW/N T ALT
1.2.3 A5 il i) 5 e

- 8 5T Bl R K R A AR TN BRORUBEE |
R ALT, R R ZE LIPS KES ALT 2R AKX
ZU0e - Shiklomanov A5 Y BEK SR A £
B K N, 23 HE R A R PR EE S A ], DT 3
IR EREAE XA 228 ALT B F
KR, IERA ML) ALT Sk, B A WAL 1 5
T FIE B R A 0 ALT ARSI . I H, 4k 3R)Z
- M A 0 R R M A KR LR B S
ALT XA A5 AR Al M R R A0 18 . 4ok - 18 A
KO, S RS ALT $a0MH 56, BRI RE 40 50k 40
eI R, A A KRB S , ALT s/~
B A LT A IR AR 2 2 FR AR 2H S A A, H
UK R, IR A HLE ALT /0N, AT RE

X 22 A R X A AR AR R R A — E 28 b AR
R0 0] A TR] -S98R M B ALT XA AR 1% )
IO 5 B8 T REAL A 25 5, 2 40 ks A + )2 ALT 3
J0. 1~0. 2 m B, 1AL ASURL AT /K 3 M 1Y ALT
BN 0. 3~0. 5 m"" o A EE T g AN 3
K AR A, A HLTE S i AR A X ALT 5% i 1) fig

R i HA AL B i RS B R K SCRA
TR M3 RN 3 S K AL A MR R I

2 ALTHWNEMETE %

B Y R e o L < N 8 3 VT
EAERL, K DIORIE )T = K38 ALT A A 58 7
B, e QB # kB COUER R Ak
S @ B L IR P | Stefan 28 55 Y
el Cgydryavtsev 2 2P G Sy
Frlon 2127 kT o AR R A0 O BR Y BT v
AR T KD T R R R vk AR b R B B 4R
TRAER B 0]

E H U A b A7 5 A0 DU A% 1 FRL 5T (40 100 mx
100 m) , 3 528 £5 F J7 vE SR HUIX S8 ALT 25 [8] 43 A 2 Bif
8 FLXF A5 AR A A A i 07 B o R B0 TR
I 55T P FR B ALT 2 = Fh 5 ik  BET il 8 7
(ALT<1.5 m) |l J& 0 i v FN R 25 /mi AL A8 1 (R
)0 BT iR AE ALT<1. 0 m A Jb A% L b
W ZAF VR 4 KB R i X e by 1R 3R )2 T3 AE
IRRACR A TSR] S ACR R T P IR F R (B
M SARBN ) s 7E ALT>1. 5 m i I 4R X,
0 3 TR S W I L O CC&5 R 2k 2 47 114 o TR
Wi ALT, o8 DA b 75 8 D £ 71 384 F o 400 5
Prige B TIE A 45 A5 K B 2 ALT. 3 E ALT — it 7¢
2.0 m DA b, R A WF Y 2 58 T AR RIBTEE X 5 UK
+ 2 B s 5 RIWr, LK 15 2 R 4 22 I A
A, XL b 2 T4 PR TR K 1 R A FE X
AR AR B S E A S SIS
JZ UM RIS 00 A JR 3 312 U B K 43 A6 3 1 A,
JC TR B 6 DX 3% W R Ay 2o o0n 10

Stefan 28 56 2 306 4 HEoK By BRI BT (ED A 358
HFE) bR S )2t # 45 Aok %
BV R R %N 3 A S5 G TR
e Rl N 5 R R R B 2 SRR R
Hh v AR FE B, DL R R T EL (BAE TR R R
R R TT D22 A S Y - A B S
X SR B R T LA Y 3 T E R AR



564 7K JI

7 + 45 3%

B ) wt = N P RTTRE R S RSy DO R e A
FERBA G Aok — S22 H AR T ALT B 43 )2
2 8 R BRI F Stefan 5 A N 21 HE 2 5
T P RORS B T B AR S Y Kudryavtsev
522 Stefan [7] @A AR TR 7 58, FHORER R 122
K Kudryavtsev $ H ™™ FH Ak 38 5 AR AL IR 1
NG SN2 IR B E . AR E B %R T
PR A 2 23 030 B FH AR 5 7 A B AR IR
DA/ IN 1 DA 380 e T Yk 0 e 38 ) AF iR e,
VA BE R RS Bl Z AR R A T o2 Tl — 2 o
JE R, Stefan 5 2 & Kudryavtsev
AR ALT (2 g0l a5 a5 SR ny i
iy P R T X A R S5 R A B o R o
R, T RWHIBE MY R, il S50
A ST BRIz, Y, e
& BT Rz A 2 3 P A A S R T R R e S A
ALT =5[] 43 A 72 Ak 85 40 BF 58 b &8 A N
FRer el g 4 B S 7 R W BUELR AR, T AE
S i - T I it V% B R BT[] 5 0F 5% 2% Ak (R R )
R R b T AR Ak PR U ) Y SR
7 18 - HETK AR AR Hh P 8 R SRS CRI W, 3
TSR AR H R WA ) T 5% 0% 2l 9 i 3R B, T i 5
SAE R B b AR T e i T A AR AR AR
(CLM) 7843 7% J& T A 45 K PR 48 5 it (R K 78 &
DAL W e S P ) H 3R B 7K A 43t L X FL RS
KR A B S B) S SR Y I B SR
JEAL A A TE Y AH AR AR UL A% VR B A e I B ) T
SR % o VR 1 AR O AR R T O AR A A
UL AT I AG 158 dul A AT — s ) I B SV B Y
Ak 1T ALT DL O CAF IR 2 7E AT N 28 385 1 e KR
R E -

=P AER THEAALRL S S HOR | R
HHOR HEEERE SHEORW R R, R A3 T
ALT 75 [H) 43 AT A ADL I 1] S B Y g Jggt ool A
F AR ALT %5 [A] 43 S HL A R HE RUJBE 500 1Y) Aty b
25 8] B EH AR, X T ALT 25 (B RAE IR 25 00 1% &
B B S S, 7 B A S R o A s ] g b E AT
1, ELAT Ay 35 I sl A P4 A R R SR 1 S5 BERHIK
Bl AH AR BUA L ALT 79 25 1] 53 A A8 4k B HEAR 3 o
25 (0] A A OGRS — A BT R R S
LRI X BT I (W] — Ja PR A A DGR B, 32 2K i
Tobler " $& H (1) b B4 55 — 2, BDr A b PR 2L R
FRAFAE G R, HLIE B 5000 1 i P 2 36 LU R g e 1

M PR R S R % . Brenning % " TEMF R HIRIR
JE (BTS) RAFHE 25 1) A 38 ) BE 25/ F 200 m
I BTS FA7E %5 [A] B AH G OC 2R, 47 BTS SRAF [H] PRI
NG K T 305 W ZARTR + o0 A SO AT Y
ANHAE . Nelson 863 F 25 0] H A CH AR BF5E T
(e VAL T 1 75N 0 1 R 151 2 O < i L L) A
B K i K T DA K G 3R K S R ) 25 () 43 5
FECALT 2 BN 3R A9 25 (8] 5 Bt . ALT %5 ] 73 5=
FLER RS A 8 T7F 1 kmx1 km. 100 mx100 m f4
FLIUIAE D T e AR AR Ry b K SCRERRAE Y
TEANH AT, I — P I T M Ge 1T 5 v AR O R R
Ry o R 7T R 2 AR R X, 2R 0T
g S 2R FH v B A (B RN 23 BRI 9T T 05 3
JZ 0~40 cm 158 &K 8 1Y 25 0] 43 A

3 ALT XIS &I 4L B0 M@ sz

LA, DU T R K A2 Ao R
AR AL, — 7 T AW VKR R AR, —
7 THT A 5 W) v FEA e A 58 B FLEE A AR A, DA T el A
Hb 3R B 7K 28 B ik B AUBE 2 o X A T 40 BT B RL Y
WFoE I, 43R 2 AR - XS T HR G R & TR
ZARTR B IX Ho S 2 AR TR L X L R 2 AR TR
F TR B AR W AR B L
AESE AR Z AR T IX ALT 3G hn#a $h £ 5 5 5 A8
2T I ST | N 5/ & E AN E e E P
R AR A W ALT 284k, CALM %1 iy
W FE B2 b2 BR ALT % M5 725 Ak i 23 i) o )37+
G302 2% v e 2 R R VA Ly DX R SR 5
o B ALT 38 1353 452, 7 U AR I Sl R 24—
Yy Mo B9 ALT 76 36 n™ . BT JR B 3p 1L 07 98 5 D
ALT AR LR 433K 5] T 5. 20 fT 1. 95 em-a™' , M Eb
o Z2 4 VR - DX A ALT A8 AL EE K, i i &= AR v
Hrmms /N (E 4) . X R, e KB ALT 2240 A
VBT AR A R A R BB X, 2 X ALT A28 1k
FA A 4 0 AR R 1 X /N R —J& ALT
Y XHE /N, R RE A I & TK AR R R T
UK RS A3 HETH T PR A AR R i B ALT 34 .
SRIMT, LA ALT Ay 78 b3 5 FLR Y LU AE 53 B AR 4k
OB e B, BT R BT L bk (1. 46) AL RR (1. 27) 9
b f R REURK BT AT (0. 93) A1 A i B (0. 91)
W, MR (0. 25) U AT/ . mdhi 2
AEVR B XML vk A T SR 2 AR LR Ak
FHL R VK Al & A al e @i 5 ALT



2 4 DR RIS T AR L X SRR DT ke 5 e 22 565

B L B AR R B 1) 3 1 A 1) 3 B R, ALT
SRS, TR TR AR AR AR B b S 0 ok
T BE AR AH G o BT i A 3 — 26 37 b () K 51 0
MZE SRR D] S Y AR 02 3 (R & vkt g2
B L R A e B v T L T B g
TV A A A 25 S WA B 35 A8, ALT YR i o R i
S B T S 4 0, AR s A A R e
LEA W ALT 20/ EHE . X ALT BT
Fa g T =N LR AE T S UK 2 AR AR FE
D515 A 53 AN 2 B M 22 AF R AR IR 1Y
M) 7 AN % SRR, L A A 0 Bl ik RS A A b BR
TE2EAE A | T RE G S F R 1 )% M 2 i B {5
RS0 A S N 4 B SRR S b W A A
LA R K InSAR H R 5 K 91 52 0L I 45
BB R ARARRE | IS T AR 3 4 B R AR
T B E S KA £ XG0 2, ks iR
1k L 45 5 ALT ZRfR 9 EAERFZE

—s— [ JRBLHE: 520 cm-a'—e— P hi H il 0.47 cm-a!
450 f— R 023 et —a— BHAARIE: 0.73 cmea? &
——JkBk: 0.88 cma! ——FHREEEJE: 195 cr’n~a'1 "

400
350}

300}

kS

E 250}
200 | acerts s
150}
100}

50F - e/v A & v A ¥
1990 1995 2000 2005 2010 2015 2020
4

K4 JEPBRER I M 0 J2 5 B2 A A 35 77 i e S50 3l
RIRRE S| B SCER[ 156 ], oAt 703 20 2 5 AR R
CALM Wi & (https : //'www?2. gwu. edu/~calm/) |
Fig. 4 Temporal variations of active layer thickness (ALT)

ranging from 1990 to 2021 for parts of the Northern Hemisphere
[ The ALT in the Qinghai-Tibet Plateau is from Reference
[156], while data of other sites are from the CALM
network (https://www2. gwu. edu/~calm/) ]
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Active layer thickness (ALT) in permafrost regions under
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Abstract: The active layer is the most thermodynamically active near-surface soil layer in the permafrost re-
gions. It is vital to the permafrost eco-environments as it serves as the critical zone for the supply of water and
nutrients for the growth of alpine/northern plants, as well as the habitats for most frequent microbial activities
and critical biogeochemical cycles. It also plays an indispensable role in the exchanges of water and energy be-
tween the atmosphere and the near-surface ground. Recently, the active layer thickness (ALT) under natural
and undisturbed conditions had been prevalently increased under the dual influences of climate warming and in-
creasing anthropogenic activities, which poses significant adverse influences on the cold environment and frozen
ground engineering. In this paper, we reviewed the influencing factors of the ALT under natural and undisturbed
conditions in the aspects of macro-scale geology and geography and micro-scale local factors, the measurements
and simulations of ALT, as well as the response characteristics of ALT to climate change. Moreover, we also
discussed the impact of ALT change on the alpine ecological environment. The past modeling and observations
demonstrated that the spatial heterogeneity of ALT was primarily attributed to the redistribution of solar radiation
and its complex interactions with the underlying conditions. Presuming no differentiation in climate and local
factors, the thicker ALT is always found in the vicinity of the lower limits of elevational permafrost or of the

southern/northern limits of latitudinal permafrost. In the past three decades, ALT has increased sensitively to cli-
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mate warming, which is characteristic of increasing with the rise of air temperature. The increase of ALT shows
an obvious regional differentiation, among which the ALT at most of the mid-latitude alpine and mountainous
permafrost regions, such as in the Tibetan Plateau and the Alps, has shown significant increasing trends, while
the deepening of ALT to a certain extent was offset by the melting of ground ice and ensued thaw settlement or
ground surface subsidence at high-latitude ice-rich permafrost areas. Therefore, not all sites at high latitudes
have experienced significant increasing trends as revealed by the observations. However, when analyzing the
sensitivity of ALT by the ratio of its changing rate to its average value, we have found that the sites in the Alps
(1.46) and the Nordic regions (1.27) were the most sensitive, followed by the sites in Alaska (0. 93) and on
the Tibetan Plateau (0. 91), while those in Canada (0. 25) had relatively low sensitivity. We conclude that the
future research directions of ALT should focus on the precise simulation and mapping of ALT, the adaptive
mechanisms of ALT to climate changes, the impact of changing ALT on the biogeochemical cycles, hydrologi-
cal processes, and water resources and structures in cold regions, among many others.

Key words: permafrost; active layer thickness (ALT) ; climate change; spatial differentiation; eco-hydrologi-

cal effects
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