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Abstract Permafrost on the Qinghai-Tibet Plateau (QTP) is widespread, thin, and thermally un-
stable. Under a warming climate during the past few decades, it has been degrading extensively with
generally rising ground temperatures, the deepening of the maximum summer thaw, and with less-
ening of the winter frost penetration. The permafrost has degraded downward, upward and laterally.
Permafrost has thinned or, in some areas, has totally disappeared. The modes of permafrost degra-
dation have great significance in geocryology, in cold regions engineering and in cold regions envi-
ronmental management. Permafrost in the interior of the QTP is well represented along the Qing-
hai-Tibet Highway (QTH), which crosses the Plateau through north to south and traverses 560 km of
permafrost-impacted ground. Horizontally, the degradation of permafrost occurs more visibly in the
sporadic permafrost zone in the vicinity of the lower limit of permafrost (LLP), along the margins of
taliks, and around permafrost islands. Downward degradation develops when the maximum depth of
seasonal thaw exceeds the maximum depth of seasonal frost, and it generally results in the formation
of a layered talik disconnecting the permafrost from the seasonal frost layer. The downward degrada-
tion is divided into four stages: 1) initial degradation, 2) accelerated degradation, 3) layered talik and 4)
finally the conversion of permafrost to seasonally frozen ground (SFG). The upward degradation oc-
curs when the geothermal gradient in permafrost drops to less than the geothermal gradients in the
underlying thawed soil layers. Three types of permafrost temperature curves (stable, degrading, and
phase-changing transitory permafrost) illustrate these modes. Although strong differentiations in local
conditions and permafrost types exist, the various combinations of the three degradation modes will
ultimately transform permafrost into SFG. Along the QTH, the downward degradation has been pro-
ceeding at annual rates of 6 to 25 cm, upward degradation at 12 to 30 cm, and lateral degradation in
the sporadic permafrost zone at 62 to 94 cm during the last quarter century. These rates exceed the 4
cm per year for the past 20 years reported for the discontinuous permafrost zone in subarctic Alaska,
the 3 to 7 cm per year reported in Mongolia, and that of the thaw-stable permafrost in subarctic Ya-
kutia and Arctic Alaska.
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The Qinghai-Tibet Plateau (QTP) has the largest
expanse, about 1.3x10° km?, of elevational permafrost
on earth. High elevation, active tectonics, complex
Quaternary deposits, cold and relatively dry climate,
high solar radiation and heat budget control the forma-
tion and evolution of permafrost. The main body of
existing permafrost was formed during the Last Glaci-
ation Maximum (LGM) in the late Pleistocene!' ).
Permafrost developed time and again after the periods
of degradation under climatic fluctuations with a gen-
eral warming trend since the post-glacial periods!®.
The distribution of permafrost was controlled by ele-
vational zonation with strong influences of latitudinal
and longitudinal (aridity) zonation'™. On the basis of
3-directional zonation, other local geological and geo-
graphical factors also played roles of varied impor-
tance. Compared with the subarctic continental regions,
the climate on the QTP is characterized by small an-
nual ranges of air temperatures (mild winters and cool
summers, and without clear division of four seasons),
resulting in shallow depths of annual zero amplitude in
ground temperatures” and widespread distribution of
thin and unstable perrnafrost[3’5’6]. Under a persistent
trend of warming climate during the past several dec-
ades, permafrost has been in general degradation'’ ).
In addition, increasingly frequent and intensive engi-
neering activities have greatly impacted the stability of
permafrost!'®!'") inevitably resulting in a variety of
environmental distresses’®'*'*!, particularly on the
alpine ecosystems, engineering construction and the
regional water and land resources!"*.

Reasonable understanding of the modes and pro-
cesses of permafrost degradation under the combined
influences of climate warming and human activities is
very important. The reliability and long-term stability
of engineering foundations, cold regions environ-
mental management, hazards mitigation, and utiliza-
tion and conservation of land and water resources are
dependent on these understandings. Studies on the
stability of the cryosphere and climatic systems, re-
construction of paleo-climate and paleo-environment,
and the forecast of future trends of climatic are needed
for understanding the permafrost changes. However,

the observations and modeling on the degradation
modes of permafrost have been very limited to
date!>'"). Most of the studies on the degradation of
permafrost focus on how much permafrost has disap-
peared, rather than how it has been lost. Therefore, it
is rather difficult to evaluate the impacts of degrading
permafrost and to provide scientific bases for engi-
neering design, construction, environmental manage-
ment and policy making. In the continuous permafrost
zone, permafrost mainly degrades through slow up-
ward thawing induced by thermal conduction. On the
marginal areas of the discontinuous permafrost zone,
climatic warming of several degrees can have major
impacts on the thermal regimes of permafrost on a
timescale of years or tens of years. Warm (>—1°C),
discontinuous permafrost has been degrading rapidly,
but little has been understood concerning the mecha-
nisms and modes of its degradation due to the paucity
of data on the thawing rates at the permafrost table and
at its base, the processes of talik development, the
timescales involved in thawing, and lateral geothermal
fluxes.

During the past several decades, thousands of
boreholes have been drilled in permafrost for engineer-
ing design and construction of the QTH, the Qinghai-
Tibet Railway, the Golmud to Lhasa Oil Products
Pipeline, and scientific research programs'”'*. Data on
ground temperatures from 60 boreholes with observa-
tion periods longer than three years and observation
depths greater than 20 m were chosen for comparison
and contrasting in this paper. In the 1960s to 1970s,
chains of Assmann thermometers with an accuracy of
+0.1°C were used in manually reading ground tem-
peratures in boreholes on a weekly basis. In the 1980s,
thermistor cables were more often used in combined
manual and automatic reading of ground temperatures
in boreholes. During the 1990s and early 2000s, ther-
mistor cables and data loggers with accuracies of bet-
ter than +0.1°C have been widely used. The exact
latitudes, longitudes and elevations of boreholes were
generally obtained either from 1:100,000 topography
maps, or measured by the global positioning systems
(GPS), levels or theodolites with accuracies of 1”

1) For ease of discussion, the mean annual ground temperature (MAGT) at the depth of zero annual amplitude of ground temperatures is differen-
tiated from the average annual soil temperature (AAST) at any depth in a soil temperature profile.
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(or less) in latitudes and longitudes and 1 m (or less) in
elevation. The data from the 60 boreholes are catego-
rized, and representative ground temperature curves
are plotted for analyses.

1 Typical permafrost temperatures curves

Ground temperatures are very important indicators of
thermal regimes in permafrost. Typical ground tem-
perature curves at depths greater than 15—30 m can
reveal the formation and evolution history of perma-
frost at various timescales, and can indicate present
thermal regimes and trends of probable changes. Un-
der a general degradation trend of permafrost, there
are three geothermal flow conditions in permafrost
layers. The three basic types of permafrost temperature
curves were divided accordingly based on ground
temperature data measured from the 60 boreholes.
Permafrost degraded when the overlying soils were
warmer than the underlying soils within the depth to
zero annual amplitude of ground temperatures, i.e.,
permafrost absorbed heat, resulting in a “degrading
permafrost temperature profile”'”). Otherwise, perma-
frost is stabilized by releasing heat, resulting in “stable
permafrost temperature curves”. However, in some
boreholes, soil temperatures in the upper and lower
parts were almost the same, or the soils at the upper
part are absorbing heat and those at the lower part
were cooling, and the thermal gradient was close to
zero, with significant lateral heat transfer. In some sec-
tions, permafrost has been degrading substantially
during the past several decades, with only 1 to 2 m
thickness of permafrost remaining. This type is called
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a “phase-changing transitory permafrost temperature
curve”. Degrading and phase-changing transitory
permafrost temperature curves accounted for 76.7% in
the total number of boreholes studied, while the stable
type for only 23.3%, indicating a conspicuous regional
trend of permafrost degradation (Table 1).

Table 1 Types of permafrost temperature curves and their percentage
in the studied 60 boreholes
Type Borehole number Percentage (%)
Degrading 31 51.7
Stable 14 233
Phase-changing transitory 15 25.0
Total 60 100.0

The characteristics of each type of permafrost tem-
perature curve are as follows:

1.1 Stable permafrost temperature curves

Stable permafrost temperature profiles were gener-
ally observed in alpine areas and in the foothills in the
continuous permafrost zone with mean annual ground
temperatures (MAGTs) colder than —1.5°C and
thicker permafrost. The average annual soil tempera-
tures (AASTs) in the upper part were generally lower
than that in the lower part, with geothermal gradients
of 0.03 to 0.05°C m ' within the depths subject to
seasonal fluctuations of ground temperatures. The
typical ground temperature curves were observed in
the Borehole No. 1 of the Hoh’xil Observation Site,
the Borehole at the Kunlun Mountain Pass Ground
Temperature Observation Site, and the Borehole at the
Meteorological Station in the Fenghuo Mountains (Fig.
1). However, in some boreholes, the AASTs at depths
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Fig. 1.

Typical stable permafrost temperature curves. (a) Borehole No. 1 at the Hoh’xil Observation Site; (b) ground temperature borehole at the

Kunlun Mountain Pass; (c) borehole at the Meteorological Site of the Fenghuo Mountains Permafrost Station.
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of 0 to 0.4 m are higher than the underlying soil layers
as a result of persistent warming during the past few
years (Fig. 1(a)).

1.2 Degrading permafrost temperature curves

The degrading permafrost temperature curves were
generally observed in valleys and basins on the high
plateaus along the margins of the discontinuous per-
mafrost zone and in the island permafrost zones, with
MAGTs of —0.5 to —1.5°C. This type of permafrost is
generally thin and thermally unstable. The AASTs,
between ground surface and the depth of zero annual
amplitude of ground temperatures, are higher near the
surface, then decline with depths sometimes to even
below that of zero change, before increasing with
depth due to the positive geothermal gradients. Typical
ground temperature curves were observed in the
Borehole at the Undisturbed Observation Site at
Highway Maintenance Squad (HMS) 66, Borehole
K2596, Borehole 113-5, and the borehole at the
Northern Outlet of the Jingxiangu Valley (Fig. 2).

1.3 Phase-changing transitory permafrost tempera-
ture curves

Phase-changing transitory permafrost temperature
curves are mainly encountered on the margins of per-
mafrost islands and around taliks with MAGTs gener-
ally higher than —0.5°C. Generally, permafrost in these
areas is very thin and unstable; geothermal gradients
are generally less than 0.03°C m™', sometimes even
zero. This type of permafrost temperature curve re-
sembles those of degrading permafrost in the upper
part, but with the strong influence of lateral heat fluxes.
Under a persistently warming climate, vertical geo-
thermal gradients in permafrost have changed substan-
tially. At a given position, this change can modify sta-
ble permafrost to degrading or even the phase-chang-
ing transitory type, and ultimately to seasonally frozen
ground (SFG). The typical permafrost temperature
curves are illustrated by data from the Boreholes at
No. 1 and No. 2 Observation Sites at Liangdaohe,
Boreholes No. 3 and No. 4 at Xidatan, Borehole
103-II-1, and the four boreholes in the Liangdaohe
Basin (Fig. 3).

The permafrost temperature curve at the Liang-
daohe No. 1 Observation Site can be divided into three
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Fig. 2. Typical degrading permafrost temperature curves. (a) Borehole
No. 1 at the Undisturbed Site at the HMS 66 on the Cumar River High
Plateau; (b) borehole K2596 at the western side of the Qingshui River;
(c) borehole 113-5 on the southern foothill of the Taoerjiu Mountains;
(d) borehole at the Northern Outlet of the Jingxiangu Valley in the
western section of the Xidatan.

sections: the section of permafrost above 4 m in depth
fluctuates under the influence of seasonal freeze-thaw
processes; the section from 4 to 18 m is affected by the
overlying and underlying permafrost with geothermal
gradients approximating zero; the section between 18
to 40 m has a slight positive geothermal gradient of
about 0.015°C m™'. This indicates that the upper part
of permafrost in the Liangdaohe Basin, formed early
in geohistory, has been degrading under a warming
climate. As a result, the zero geothermal gradient sec-
tion between depths of 4 and 18 m has been gradually
deepening. In comparison, the geothermal gradient
between depths of 15 to 59.8 m is only 0.01°C m™" in
the adjacent Borehole CK7. The observations on 1
July 1995 indicates that the ground temperature at the
depth of 59.8 m had risen by 0.1°C, which is attributed
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Fig. 3.

Typical phase-changing permafrost temperature curves. (a) Boreholes at the Observation Sites No. 1 and No. 2 in Liangdaohe; (b) borehole

Xidatan-3; (c) borehole Xidatan-4; (d) borehole 103-1I-1 in the Wenquan Valley; (e) boreholes in the Liangdaohe Basin (16 April, 1976).

to the warming during the last few decades.

The three types of permafrost temperature curves
are clear manifestations of different stages of perma-
frost formation, development and degeneration at dif-
ferent spatio-temporal scales; therefore, the division is
relative. One type can be transformed to the other at
one position under external influences such as climatic
change.

2 Modes of permafrost degradation

The direction and intensity of heat flows in perma-
frost soils change in accordance with shifts in envi-
ronmental conditions, mainly including air and ground
surface temperatures and geothermal flows. If there
are only changes in the intensity of heat exchanges,
permafrost still can exist or develop. However, when
the heat flow reverses in direction, permafrost eventu-
ally thaws when MAGTSs are persistently no less than
the freezing temperatures of soils. Under a warming
climate, and subsequent rising ground surface tem-
peratures, heat transfer in soil strata have been chang-

ing, resulting in marked changes in geothermal gradi-
ents. Permafrost with degrading and phase-changing
transitory temperature curves degrades more readily,
conspicuously and rapidly™”'*"*. Horizontally, deg-
radation of permafrost occurs first in the vicinity of the
northern and southern LLPs, and on the margins of
taliks®"*'2. Vertically, permafrost can degrade
downwards, upwards and laterally. Three modes of
permafrost degradation exist in almost any area (or
depth of soil), with varying degrees of mode combina-
tions. The ultimate results of permafrost degradation
are either thinning of permafrost layer(s), or transfor-
mation of permafrost to SFG.

2.1 Downward degradation of permafrost

The responses of permafrost to changes in air tem-
peratures are determined by initial ground surface
temperatures, soil temperatures, thermal properties of
soils, water contents, distribution of ground ice, and
geothermal flows. Except ground surface temperatures,
other factors can be regarded as largely constant in the
reasonably long-term. Therefore, seasonal freezing
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and thawing can be approximated as a single variable
function of air temperatures. At a given location, when
air temperatures reach a threshold, the maximum sea-
sonal thaw penetration is greater than the maximum
seasonal frost penetration, and subsequently the per-
mafrost table drops, disconnecting permafrost from the
seasonal frost layer with a layered talik. When the
talik thickens year after year, permafrost is eroded
downwards”"'¥. Observations indicate that in most of
the boreholes, there was a conspicuous warming in
ground temperatures in the upper part of permafrost
between the 1970s and 1980s or 1990s. The AASTSs at
various depths were calculated in order to study the
evolution processes of ground temperature curves in
downward degrading permafrost from 12 boreholes
with data series longer than 1 to 3 years in the 1990s
(Table 2).

According to the changes in ground temperatures
near the permafrost table during the past several years,
the process of downward degradation of permafrost
can be further divided into four stages from permafrost
to SFG (Fig. 4).
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Fig. 4. Schematic diagram for downward permafrost degradation
stages.

(i) Initial degradation. This stage of permafrost
degradation can be illustrated by the results obtained
from Boreholes K3363+800 and K3411+810 (Table 2).
The AASTs at all depths are subzero and in the sea-
sonally thawed layer decrease downwards, to depths
below the permafrost table, when the geothermal gra-
dients approximate zero or AASTs fluctuate in prox-
imity to freezing/thawing temperatures of ambient
soils. The AASTs were —1.04+£0.01°C, i.e.,
thermal gradient of about zero at depths from 3 to 10 m
in the Borehole K3363+800. The AASTs were
—0.35+0.02°C, i.e., with a thermal gradient of about
zero at depths from 5.15 to 10.65 m in Borehole K3411
+ 810. These types of ground temperature curves in-
dicate that permafrost has started to degrade down-
wards.

with a

(i1) Intensive degradation. With the continued rising
of air temperatures, the AASTs become positive at
certain depths in the seasonally thawed layer in some
areas. The AASTs in the seasonally thawed layer de-
cline downwards and reach the freezing temperatures
of soils. Then, thermal gradients approximate zero,
and the soil temperatures fluctuate around the freezing
points of ambient soils at certain depths below the
permafrost table. This phenomenon was observed in
Borehole K2936+400, with positive AASTs at depths
shallower than 1 m. A similar situation also was ob-
served in Borehole K2959+970, where the vertical
section with positive AASTs was as thick as 1.5 m. In
the borehole at the Sino-Japan Joint Observation Site
(S1JOS) D66, AASTs were greater than 0°C at depths
above 4 cm, and those above 2.63 m in depths were
warmer than —0.3°C. They all indicate that permafrost
in these areas is degrading intensively.

(ii1) Layered talik. With further rising of ground
temperatures, when the depth with positive AASTs
above the permafrost table surpasses the depth of sea-
sonal frost penetration, permafrost is disconnected
from seasonal frost, forming a thawed layer (layered
talik). If the degradation process continues downwards,
deeply buried permafrost remains. In Borehole K3393
+ 950, the AASTs were positive at depths above 3.5 m,
and permafrost was insulated from the seasonal frost.
Similarly, AASTs were positive at depths above 2.45
m at the SJJOS Noda and a layered talik is starting to
develop. Similar phenomena also were detected at the



Table 2  Statistics of annual average soil temperatures ('C) in shallow boreholes along the Qinghai-Tibet Highway

Elev.

Thaw depth Deptl

Type Borehole N.La  ElLong (o Year ) 0.34(‘“) 0.10 020 040 050 0.60 080 1.00 1.15 130 150 1.60 1.65 1.80 2.00 2.15 230 234 242 245 250 2.63 2.65 271 2.80
K2936+400  35°31'43" 93°43'50" 4,557 1997—1999  2.1—2.2 0.16 0.09 -0.27 -0.68 -0.70
K2959+970  35°2330" 93°31'40" 4,485 1997—1999 32—33 055 028 021 -0.12 -0.10
K3363+800  32°4210" 91°5235" 4,980 1998—1999  2.6—2.7 -0.77 -0.78 -0.95 -0.96 -0.98
K3393+950  32°29'33" 91°49'30" 4,850 1998—1998 3.5—3.6 0.64 0.59 035 021
K34114810  32922'53"  91°42'54” 4720 1998—1999  1.7—1.8 -0.07 0.16 -0.21 -0.26
SIJOS D66 35°3124" 93°%47'50" 4,560 1998—1998  3.0—3.2 0.00 ~0.10 -0.10 -0.10 -0.10 -0.20 -0.20 0.20 -020 -030
SITOSDII0  32°4129" 91°5234" 4977 1998—1998  22—2.3 0.50 020 030 0.10 -0.10 -0.30 ~0.30 0.40 -0.50
SIJOSNoda ~ 32°27'36" 91°48'00" 4,850 1998—1998  2.6—2.7 1.10 0.80 0.90 0.80 0.70 0.60 0.50 0.50 020 0.10
De';fgo(m) 315 330 350 3.65 3.80 400 415 430 450 465 480 500 515 530 550 565 580 600 6.15 630 650 6.65 680 7.00
E K2936+400 -0.77 -0.86 -0.87 ~0.86 -0.86 -0.87 -0.88 -0.88 -0.88
E, K2959+970 -0.10 -0.29 0.32 -0.53 -0.51 -0.50 -0.53 -0.60 -0.70
K3363+800 -1.03 -1.03 -1.04 -1.03 -1.03 -1.03 -1.03 -1.03 -1.04
K3393+950 0.02 ~0.15 -0.21 -0.24 -0.25 -0.25 0.26 ~0.25
K3411+810 -029 031 -033 ~0.34 0.36 -0.36 -0.36 -0.37
De';ft]‘s(m) 730 7.50 7.65 7.80 8.00 8.15 830 850 865 8.80 9.00 9.15 930 9.50 9.65 9.80 10.00 10.15 10.30 10.65 10.80
K2936+400 -0.94 -0.98
K2959+970 -0.72 -0.81
K3363+800 -1.03 -1.04 -1.03 -1.04 -1.05 -1.04
K3393+950 -025 -025 -025 -0.24 ~0.24 -0.23 -0.23 -0.22
K3411+810 -037 -0.37 -0.36 -0.36 -0.36 -0.36 -0.36 -035
Degfgjm) 0.10 020 040 050 0.60 080 1.00 1.15 130 150 1.60 1.65 1.80 2.00 2.15 230 234 242 245 250 2.63 2.65 271 2.80
SJJOS Tuotuohe  34°13'017  92°26'02" 4,533  1998—1998 35 1.60 1.60 130 140 1.20 1.20 1.10 130 1.40 1.50
SFG  gJjOSAmdo  32°1428" 91°37'30" 4,710 1998—1998 35 130 130 1.60 130 130 1.30 1.40 1.30 130 120
SIJOS MS3608  31°1336"  91°47'01" 4,610 1998—1998 2.1 3.10 3.00 2.90 290 2.80 2.80 2.80 2.80 270 270
SIJOS MS3637  31°0103"  91°3926" 4,660 1998—1998 1.6 270 290 2.50 270 290 3.00 330 3.40 330 330
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southern and northern LLPs along the QTH”’M].

(iv) Seasonally frozen ground (SFG). When the
AASTs at all depths are significantly greater than 0 °C
(generally about 1 —3°C), permafrost thaws com-
pletely, and is replaced with SFG. The AASTs ranged
from 1.1 to 1.6°C at depths above 2.71 m at the SJJOS
Tuotuohe Riverside. The drilling indicates that this
location is now in the talik area. The SJJOS Amdo is
now in the SFG area near the southern LLP. The
maximum depth of seasonal frost penetration was 3.5
m. The AASTs varied from 1.2 to 1.6°C at depths
from 1 to 2.79 m. For another example, the AASTSs at
the depth of maximum frost penetration (2.1 m) was
2.7°C, and those at depths from 0 to 2.42 m ranged
from 2.7 to 3.1°C at the SJJOS MS 3608. The AAST
at the maximum frost penetration (1.6 m) was 3.4°C
at the SJJOS MS 3637, and those at depths from 0 to
2.34 m ranged from 2.7 to 3.1°C. These observations
indicate that permafrost in these areas has been com-
pletely transformed to SFG.

2.2 Upward degradation of permafrost

When the rates of heat loss in permafrost are less
than the geothermal flows as a result of continual rising
ground temperatures and subsequent diminishing geo-
thermal gradients, permafrost degrades upward. Al-
though local factors such as thermal conductivity, ice
contents and ground water activities have great influ-
ences, the intensity and rates of upward permafrost
degradation are determined by the ratio of the geother-
mal gradient in unfrozen soils below the bottom of
permafrost and that in permafrost (qun¢/q,). The greater
the ratio, the more rapidly permafrost degrades upward.

Systematic analyses of geothermal data from 10
boreholes penetrating through permafrost thicker than
the depths of zero annual amplitude of ground tem-
peratures, and with observations over significantly
long periods“g], indicate that the geothermal gradients
of unfrozen soils (g.,f) below the base of permafrost
were greater than those in permafrost (¢,)in 8 out of
the 10 boreholes. The geothermal gradients in perma-
frost generally ranged from 0.04 to 0.07°C m™', with a
minimum of 0.02°C m™". Those of unfrozen soils var-
ied from 0.05 to 0.10°C m™', with a minimum of

0.03°C m'. Therefore, the ratios (qun'qp) varied from

1.1 to 2.0. The average upward geothermal flow from
underlying unfrozen soils was 83 mW mﬁz, while the
average upward geothermal flow from permafrost to
ground surface was 64 mW m 7, i.e., the permafrost
layer received a net heat flow of 19 mW m 2. Compu-
tations indicate that upward thawing rates in perma-
frost would range from 1.2—3.2 cm per year without
considering climatic warming. However, under the
combined influences of these geothermal flows and
warming climate during the past several decades, the
majority of ground temperatures have been rising and
geothermal gradients in the warm permafrost layer
have been approximating zero. When the unfrozen
soils below permafrost are warmed, geothermal fluxes
would further increase, subsequently enlarging the
ratio of qun/q, and accelerating the upward degrada-
tion of permafrost.

The permafrost degradation in the Borehole at the
Northern Outlet of Jingxian’gu Valley near the north-
ern LLP is representative of upward permafrost deg-
radation (Fig. 2(d)). Based on geothermal data in 1979,
the bottom of permafrost then was at the depth of 14 m,
and the MAGT +0.2°C. The geothermal gradient in the
permafrost layer was 0.07°C m™', while that in the
unfrozen layer below permafrost was 0.08°C m .
Thus, the ratio of q,n¢/q, approximated 1.3 and perma-
frost had been degrading upwards at a rate of 2.7 cm
per year, without considering climatic warming and
lateral heat fluxes. The geothermal data from the same
borehole in 1998 indicated that the bottom of perma-
frost had risen to 8 m in depth, and the MAGT had
risen to +0.4°C. The geothermal gradient in the per-
mafrost layer was 0.03°C m™' while that in the unfro-
zen layer below permafrost was 0.11°C m™". Thus, the
ratio of qunf/g, approximated 3.7. The increased ratio
resulted in accelerated thawing rates. During the past
20 years, 6 m of permafrost has been degraded in this
borehole, with an average rate of upward degradation
at 30 cm per year.

The borehole at the CAS Xidatan Observation Site
also is located on a high flood plain 2 km away from
the Borehole at the Northern Outlet of Jingxiangu
Valley. The bottom of permafrost had been at 24.58 m
in the CAS Xidatan Borehole drilled to a depth of
30.65 m in 1983; the MAGT observed at this borehole
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had been —0.4°C in 1983. The bottom of permafrost
rose to the depth of 20 m, and the MAGT was —0.1°C
based on measurements on 15 July 1998. During the
period from 1983 to 1998, about 4.58 m (in thickness)
of permafrost had thawed by upward degradation, with
an average rate of degradation of 30 cm per year. Ap-
parently, permafrost at these two boreholes has been
degrading at similar rates.

Upward degradation of permafrost also was ob-
served in Borehole 103-1I-1 on a permafrost island in
the Wenquan Valley (Fig. 3(d)). The borehole was
drilled to a depth of 20 m on 5 August, 1976. The
permafrost table then was at 3.5 m, the base of perma-

frost at the depth of 7.0 m, and the MAGT was +2.5°C.

Based on the measurements on 13 August, 1998, the
bottom of permafrost had already risen to the depth of
4.5 m. About 2.5 m (in thickness) of permafrost had
degraded upwards from 1976 to 1998, with an average
rate of permafrost degradation at 12.5 cm per year.
Permafrost is now absent at this location.

In some areas, permafrost has been degrading both
upwards and downwards. For example, the
31.4-m-deep Borehole Xidatan III-4 (Fig. 3(c)) was
drilled on 23 June 1975. The bottom of permafrost
was estimated at 20 m. However, on 25 May 1989,
permafrost was found only from 8 to 11 m in depth,
and AASTs from 13 to 30 m rose by 0.3 to 0.4°C!H4,
The 2-directional thawing had accelerated permafrost
degradation. At present, the site is free of permafrost.

2.3 Lateral degradation of permafrost

On the margins of permafrost islands, because of
the higher temperatures of unfrozen soils and zero ver-
tical thermal gradients, heat is more easily transferred
laterally to permafrost. Therefore, lateral permafrost
degradation is predominant in this case. In some areas,
combined with upward and downward degradation,
permafrost degradation can be greatly accelerated.
Two examples well illustrate this phenomenon.

There was a permafrost island at Xidatan 150 m
north of Milestone K2882 along the QTH. The island
was about 150x100 m in size in the 1970s. Borehole
No. 3 was drilled to a depth of 12 m on 15 June, 1975.
The base of permafrost was at the depth of 11 m, and
the thermal gradient was about 0 (Fig. 3(b)). However,
permafrost was absent in Borehole No. 2, which is
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only 110 m away. On 25 May, 1989, the ground tem-
peratures were positive at depths below 4 m in Bore-
hole No. 3, and the thermal gradient was still almost
zero. The drilling in June 1991 indicated that perma-
frost island had been converted to SFG.

Island permafrost is present in the Liangdaohe Ba-
sin, with a total area of about 4.74 kmz, in the southern
section of the QTH. There are three types of frozen
soils in this basin: 1) stable permafrost, 2) degrading
permafrost, and 3) SFG (Fig. 5). The thicknesses of
permafrost vary significantly from 0 on the margins of
permafrost islands to 80 m near Borehole CK7 south-
west of the QTH. The change is abrupt in the spatial
distribution of permafrost, and permafrost is absent
about 200 m away. By comparison of permafrost dis-
tribution maps compiled in 1975!"*! (Fig. 5A) and
1996 (Fig. 5B), it is obvious that the areal extents of
different types of frozen soils had changed during the
20 year period (Table 3). These two maps also reveal
the complicated situations of permafrost degradation
in the Laingdaohe Basin. Horizontally, stable perma-
frost (Area I) was partially transformed into degrading
permafrost (Area II). Some degrading permafrost was
changed to SFG (Area III). As a result, the areal extent
of stable permafrost was reduced by 28.9%, whereas
the areal extents of degrading permafrost and SFG
were increased by 18.8 and 35.6%, respectively (Table
3). Although there are differences in the degradation
modes of permafrost of varying thermal stability, lat-
eral degradation has been playing a major role in the
transformation from stable to degrading permafrost, or
further to SFG. Ground temperature curves on a per-
mafrost island in the Liangdaohe Basin on 16 April
1976 are shown in Fig. 3(e). Boreholes CK7 and CK2
were then in the center of the permafrost island,
Borehole CK5 was on the edge, and Borehole CK4
was in the outside area of SFG (Fig. 5). From the
ground temperature curves in the four boreholes, it is
obvious that there were approximately zero vertical
thermal gradients in all boreholes, and inward hori-

Table 3 Changes in areal extent (km?) of various types of frozen
ground in Liangdaohe Basin

Year Total area Area | Areall  Arealll
1975 (Map A) 2.49 0.48 1.77
1996 (Map B) 4.74 1.77 0.57 2.40
Area change (%) 100 -28.9 +18.8 +35.6
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flows at the bottom of permafrost along the QTH!®!.
Therefore, while the lateral degradation is obvious,
upward and downward degradation of permafrost also
have been working. The ground temperature at the
depth of 59.8 m has risen by 0.1°C, confirming the
upward degradation. The lateral degradation of per-
mafrost has been causing the areal shrinkage and has
caused the rise of ground temperatures in the stable
permafrost (Area I). For example, a general rise of 0.1
to 0.2°C in ground temperatures at depths from 15 to
59.8 m in Borehole CK7 in the center of the perma-
frost island was observed from the 1970s to 1990s.
Permafrost on the edges had been transformed to SFG
(Fig. 5). Borehole CKS5 drilled to a depth of 19.5 m on
17 June, 1975 was originally located inside the OS No.
2 in the stable permafrost area. The MAGT was about
0°C and there was a section of zero geothermal gra-
dients above 8 m in depth on 15 September, 1975. At
the base of permafrost at 19.5 m, the average annual
heat flow was +11 mW m™2, indicating heat-absorbing
permafrost. Ground temperature measurements on 6
August, 1984 indicate the absence of permafrost,
which might have been caused by lateral thawing. The
lateral degradation enlarged the area of degrading
permafrost (Area II) by reducing the area of stable
permafrost (Area I), and increased the area of SFG
(Area III) by the reduction in area of degrading per-
mafrost (Area II). The rising of ground temperatures is
a general trend in the Liangdaohe Basin'”), At present,
permafrost around Borehole 123-5 has been com-
pletely changed to SFG (Fig. 5B). The SFG area (Area
IIT) increased by 35.6% from 1975 to 1996 (Table 3).
The ground temperatures also had risen by about 0.2
to 0.3°C at depths from 15 to 19.5 m in Borehole CK4
from 1975 to 1983.

The modes of permafrost degradation in the Liang-
daohe Basin fully illustrate the characteristics of per-
mafrost degradation along the QTH. The ground tem-

peratures of thicker, stable permafrost have been rising.

On the margins of stable permafrost areas, permafrost
has been degrading remarkably. The original degrad-
ing permafrost has been converted to SFG. Horizon-
tally, permafrost has been retreating toward the center
of permafrost islands. Vertically, upward and down-
ward degradation of permafrost of different types at
various depths has occurred simultaneously with lat-
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eral degradation, forming the present distribution of
permafrost.

3 Summaries and discussions

Based on the observations and analyses of ground
temperatures and the degradation modes of permafrost
along the QTH, it is summarized that:

1) In recent years, permafrost along the QTH has
been degrading and retreating regionally under a
warming climate. Based on the features of ground
temperature curves, permafrost has been divided into
three types: stable, degrading, and phase-changing
transitory permafrost.

2) Spatially, permafrost can degrade downwards,
upwards and laterally. The ultimate results are thinning
and/or the complete disappearance of permafrost.
However, there are strong differentiations in localities
and at depths.

3) When seasonal thaw penetration exceeds sea-
sonal frost penetration, downward degradation of per-
mafrost starts. Under the influence of warming surface
temperatures, the geothermal gradients in permafrost
keep dropping. Upward or lateral degradation begins
when geothermal gradients in permafrost are smaller
than in the underlying or ambient unfrozen soils.

4) In the type of downward degradation of perma-
frost, four stages can be subdivided based on the
characteristics of changes in ground temperatures near
the permafrost table. They are: initial degradation,
intensive degradation, layered talik, and disappea-
rance of permafrost to SFG. These four stages illustrate
the entire degradation process from permafrost to
SFG.

5) Recent climatic warming has led to regional re-
treat and degradation of permafrost as evidenced by
the reduction of permafrost area and the rising of
ground temperatures to as deep as 60 m. It is projected
that the trend of permafrost degradation will persist
and affect permafrost in wider areas and to deeper
depths during the 21st century.

6) The major factors controlling the thickness of
elevational permafrost and its changes include ground
surface temperature and its evolutional history, topog-
raphy, geothermal flow and its variability, and the ver-
tical zonation of permafrost”*?"). Permafrost has been
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retreating poleward and to higher elevations in the
northern hemisphere due the climatic warming since
the Holocene. The retreating has been accelerating
since the end of the Little Ice Age. For example, the
upward thawing rate of warm permafrost in the dis-
continuous permafrost zone in Alaska reportedly has
been about 4 cm per year under a warming of 0.5 to

(22231 This number is

1.5°C during the past 20 years
much smaller than that (12 to 30 cm per year) along
the QTH. One of the major reasons for better protec-
tion of permafrost and thus slower degradation in
south-central Alaska is due to the larger thermal off-
sets of generally thick organic and moss surface layers.
However, in the sporadic permafrost zone, lateral
degradation is active, which works together with
downward degradation, resulting in widespread ther-
mokarsts in ice-rich permafrost areas''®. In com-
parison, downward thawing rates of ice-rich perma-
frost in central Mongolia are 3 to 7 cm per year under
a warming of 0.15 to 0.45°C during the past 30
years**l. It is predicted that permafrost thinner than 25
m would disappear and an upward thawing of 1.0 to
2.5 m of permafrost would occur in areas with perma-
frost thickness greater than 50 m by the middle 21st
century. Although island and sporadic permafrost
would be lost, continuous and discontinuous perma-
frost would not decline as remarkably (<20%—25%).
Downward and upward thawing of deeply buried per-
mafrost in central part of western Siberia'**! also sup-
ports the observed 3-directional global degradation of
warm permafrost. However, there are reports that the
thermal state of the upper 15 m of permafrost in cen-
tral Yakutia, Siberian Russia has remained stable under
a warming climate, which is attributed to the modes of
rising air temperatures and decreasing snowfall®®!.
Under a warming continental climate, abrupt interan-
nual or substantial warming enormously impacts the
degradation of permafrostm]. For example, an occa-
sional or consecutive hot summer(s) with average
summer temperatures 5 to 6°C warmer than normal
would greatly enhance the deepening of seasonal thaw
penetration and development of layered talik at time-
scales of 10 to 20 years". Sudden changes in mi-

cro-topography and surface coverage, such as the re-
moval of vegetation and organic layers necessitated by
engineering construction, or by flooding, greatly in-
fluence the thermal stability of permafrost. For exam-
ple, a warmer winter with less snowfall may tend to
cool the soils more than a cold winter with more
snowfall in central Yakutial*®. Therefore, the uncer-
tainties in degradation processes of permafrost remain
large.

The present rates of downward and upward degra-
dation of permafrost along the QTH were 6—25 and
12—30 cm per year, respectively. Compared to the
values in the arctic, permafrost along the QTH de-
grades much more rapidly, which is attributed to the
higher initial ground temperatures, geothermal flows
by active tectonics, thin permafrost, and substantial
and persistent climatic warming. However, in the sec-
tions with strong influences from abnormally high
geothermal flows, ground and surface waters, and en-
gineering activities, the rates of permafrost degrada-
tion are remarkably larger. For example, lateral degra-
dation of permafrost ranges from 62 to 94 cm per year
in Xidatan in the island permafrost zone. However, the
upward thawing of thicker permafrost would be
smaller because the effects of surface and atmospheric
climatic warming are relatively minor at depths. It is
projected that island permafrost would disappear, the
taliks in the interior of the QTP would expand signifi-
cantly, and the predominant MAGTs would shift from
the present —1.5—-0.5'C to —0.4—0°C, with a total
reduction of permafrost area of about 18% by the
middle of the Twenty-first century, assuming a warm-
ing of 1.1°C (28] Another prediction indicates that per-
mafrost in the eastern, northern, and southern QTP
would largely disappear, and its total area would
shrink by 58% by 2100, assuming a 2.91°C increase
in air temperature[zg]. However, many assumptions and
simplifications compromise the accuracies of models
because the stochastical processes of climatic change
in reality differ significantly from the climatic change
scenarios assumed in prediction models. There also is
a great unevenness in the distribution of data on the
plateau and the spatial parameterization of data needed

1) Jin H, Brewer M C. Highway roadway stability influenced by warm permafrost and seasonal frost action. J Cold Reg Eng, 2006, accepted
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in models becomes quite challenging. As a result,
these models and their outputs still require more sub-
stantial research by observations and spatio-temporal
down- or up-scaling of permafrost models. Paleo-
reconstruction using relic permafrost phenomena and
ground temperatures is still rudimentary along the
QTH and on the QTP, compared with other paleo-
reconstruction using ice cores, tree rings and lacustrine
sediments. Further research is needed on the degrada-
tion modes, and processes of permafrost since the
hypsithermal and postglacial periods.

In summary, the major inadequacies of research on
the modes of permafrost degradation include inade-
quate and uneven spatial distribution of data, too short
and frequently interrupted data series, insufficient ob-
servations from boreholes that cut through permafrost,
information on geothermal fluxes, inadequate in-depth
simulation and modeling, and lack of resolution of
disputes on the relationships between the evolution of
permafrost, glaciers, and lakes. More urgent issues on
the modes of permafrost degradation would include
observations, modeling and forecasting of permafrost
degradation under influences of sudden, gradual or
oscillating climatic change, and engineering activities.
It is only possible to correctly or more objectively
evaluate the ecological, environmental, hydrological
and engineering impacts of permafrost degradation,
and make policies that look for engineering and
managerial solutions for these impacts when the deg-
radation modes and processes of permafrost are un-
derstood.
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