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DISTRIBUTION OF ZONAL PERMAFROST LANDFORMS
WITH FREEZING AND THAWING INDICES

'Abstract

.. In areas w1th under 50 cm snow cover in winter, the permafrost zopes can be defined by freezmg mdxces and thaw-
mg mdlces "The relauonshlp works for Norway, Spitsbergen, Canada and Mongolia, and since these include a very
wide range of thermal ehvironments; it s-possible to trace the thétmal'fanges of the various active periglacial landforms.

_ The zone -of.continuous permafrost- maxkedly transgresses, the isotherms of mean annual air temperature and is
delimited by the area of Holocene felsenmeer find ice wedge polygons in mineral soils. Active ice wedges in peats, con-
traction cracks in mineral soils, the édrth Humimocks of arctic’ Canada, and cemetery mounds of Siberia, non-sorted
polygons and open system pingos.extend ;nto the zone of dlscontmuous permafrost Sorted polygons and closed system
pingos extend even further.

‘Palsas, peat plateaﬁx and'ice cavés éxtend from the zone of contmuous petmafrost into that of sporadic perma-
frost in Norway and Quebec, while ice-cored string bogs and thufurs occur in both the discontinuous and sporadxc
'permafmst zZones. Rate of growth and Iongev1ty of the palsas depend on the chmatxc zone.

Résumé qe 'l’aut,e\n" S

Dans des régions o la couverture de neige hivernalé est inférieure 4 50 cm, les zones de pergélisol peuvent étre
définies par les indices de gel et les indices de dégel. La relation s’applique bien pour la Norvége, le Spitzberg, le Ca-
nada et la Mongohe Bien qu’ une trés grande variété d’envxronnements soient considérés, il est possible, sur la base
dées ces indices, de reconnaitte et de dessinér les domiaines' thermiques d’apparition de diverses formes périglaciaires.

- La-aone de pergélisol continu n’est pas étxoxtement limitéée par des isothermes de la température moyenne annu-
elle de l’au elle correspond 4 la zone des champs de blocs holocénes et cellé des polygones de fente de gel développés
dans e sol minéral: Des fentes- dé gel ‘actives’ dans les tourbes, des fissures de contraction dans les sols minéraux, des -
buttes de terre de l’A:qthue canadien, des: pelygones 4 centres surélevés de Sibérie, des polygones non triés et des pin-
gos en systéme ouvert existent dans la zone du permafrost dxscontmu Des polygones trids et des pmgos en systcme
fermé s’étendent méme plus loin.

- Des palsas, des plateaux de tourbe et des grottes contepant: de la glace s’étendent de la zone du. pergéhsol continu
3 celle du pergehso! sporadique en Norvége et au Québec tandis que les tourbiéres cordées a noyau de glace et les thu-
furs existént a la fois ‘dans les Zohes de pergélisol discontinu et pergélisol sporadxque La vitesse de croissance et 1a lon-
gévité des palsas dépend de la zone chmathue o ils se trouvent.

: INTRODUCTION

Permafrost refers to a temperature condition of the ground ‘where it remaines
frozen for more: than one year. As such, it should be closely related to the net
heat balance in the. surface layers of the ground and there should be a predlctable
relatlonshlp between the landforms that are confmed to permafrost regions
(zonal permafrost land.forms) and sultable climatic parameters.
~ This has been, realized for a long time and many attempts have been made
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to use the mean annual air temperature as a suitable indicator. Unfortunately
this has not proved very successful and recently, other parameters have started
to be scrutinized (THOMPsON, 1963; ScotT, 1964; Harris, 1980). The parame-
ters with the greatest promise appear to be the freezing and thawing indices
(Harris, 1980), and it is the purpose of this paper to explore the relationship
between the distribution of the zonal permafrost landforms and the related
freezing and thawing indices.

ZONAL PERMAFROST LANDFORMS

Tricart and Camieux (1950) divided permafrost landforms into zonal,
polyzonal and azonal groups. Zonal permafrost landforms are those which are
confined to regions with permafrost. Polyzonal permafrost landforms are those
which occur both inside and outside permafrost regions, but are only occasionally
sufflclently well developed outside the permafrost areas to produce distinctive
landforms. Azonal processes are those affecting most. of the world that are
especially effective in permafrost regions, e. g. wind action. The distinction
between zonal and polyzonal landforms is currently difficult in some cases, and
when there i is doubt, probable polyzonal landforms are included in the present
study. -
There is an abundant body literature dealing with zonal permafrost land-
forms, although care must be taken to ensure that the landforms are adequately
differentiated before using the data. Active landforms must be separated from
inactive, fossil forms for the purposes of this paper.

The concept of freezing and thawing indices (°C/year) is not new. The
freezing index is the total of the mean daily temperatures below freezing point
in a year, while the thawing index is the total of the mean daily temperatures
above freezing point in the year. As used here, the means are calculated from
the maximum and minimum screen (air) temperatures in degrees Celsius for
a given day, and represent a convenient way of approximating the net heating
and cooling applied to the surface of the ground during the year. There should
therefore be a meaningful relationship between zonal permafrost landforms
and freezing and thawing indices.

This possibility has not been explored exhaustxvely in the past. 'THOMPSON
(1963a; 1963b) calculated freezing and thawing indices (°F/year) for many
Class A weather stations in the Canadian Arctic, but did not relate them to indi-
vidual permafrost landforms. Additional maps of freezing and thawing indices
for parts of Eurasia and North America are found in WiLkINs and Dujpy (1954),
ScorT (1964), and WasHBURN (1973), and data is also scattered through the
literature in the form of tabular data for specitic regions,e. g. Gravis et al. (1978)
for Mongolia. Further information can be obtained by calculating the freezing
and thawing indices from the raw climatic data when this is available. -

As noted by Harris (1980), the sites where more than 50 cm of snow covers
the ground in winter will be insulated from the cold and will therefore tend
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to show abnormally warm ground temperatures compared to the air temperatures.
These sites must be indentified by inspecting the available climatic data and
descriptions of the sites and must be eliminated from the present study For
Notth America, this mainly affects the data for the western slopes of the Rocky
Mountains and Quebec.

METHOD USED

The literature was examined to identify the locations of the active zonal
permafrost landforms. Then a search was made to determine which stations
were close to sites for which climatic data was available. These sites where mean
winter snow depth (Jan.-March) was greater than 50 cm were then eliminated
and the freezing and thawing indices were collated for the remaining stations.
Thus only about 40%, of the sites could be used. Apart from winter snow depth,
the main problem proved to be lack of suitable climatic data at the permafrost
locations. Data was used from Norway, Spitsbergen, Canada, USA, Iceland,
Greenland, USSR, and Mongolia.

The distributions of the freezing and thawing indices for the sites of a land form
were plotted on the same freeze and thaw diagrams used in obtaining the limits
for continuous, discontinuous and sporadic permafrost (Fig. 1, after Harris,
1980). Typical results for a zonal permafrost landform (felsenmeer of Holocene
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Fig. 1. Distribution of permafrost zones w1th freezmg and thawmg indices (modlfled from HAR—
‘ris, 1980)
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" age) and for an example of intrazonal permafrost landforms (loess and sand
dunes) are shown in Fig. 3. The felsenmeer shows a marked dependence on
the freezing and thawing indices a_n,d_‘_a"cts as.a good marker for the presence of
continuous permafrost, whereas the distribution of loess and windblown sand
shows no such 'relationship. . L o

The limits of distribution for a landform on the freeze—thaw graphs may
be interpreted as in Fig. 2. For feature I, the boundary A suggests that the feature
requires a minimum degree of thawing if it is to develop. Boundary B is in a zone
for which we have no data and is therefore probably of no significance. Boundary
C parallels the boundaries for the continuous or discontinuous permafrost zones
and suggests a similar thermal control. For feature II, the boundaries can be
interpreted in the same way except for boundary D which suggests that
a minimum freezing index is required for the feature to appear. At other times
a critical minimum mean annual air temperature may be indicated by a boundary
parallel to the line of equal mean annual air temperature. ' ‘
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Fig. 2. Interpretation of the boundaries of distribution of a landform on the freezing and thawing
) index graph

Applying this system of interpretation to Fig. 3, the distribution of the Holoce-
ne felsenmeer shows a minimum- requirement of about 200 degree days/year
of thawing index, but otherwise is controlled in a similar fashion to continuous
permafrost. The loess-dune sand shows a minimum thawing requirement, but
no other thermal controls, ' ' ' h '
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RESBULTS

(ICE WEDE) TUNDRA POLYGONS

These were named by LErFINGWELL (1915) and are a form of unsorted
polygon of WasHBURN (1956). They are referred to frequently in the literature
and are divided into two groups on the basis of the nature of the ground (mineral
soil or peat) for the purposes of this paper (following Zorrtar and TArRNoOcCaI,
1975).

Fig. 4 A shows the results. It appears that ice wedge polygons in mineral
soils require only a minimum 100 degree/days/year thawing index and are an
indicator of continuous permafrost. In peats, they require a minimum thawing
index of 900 degree/days/year but can form under discontinuous permafrost
conditions. There is marked thermal control in both cases and the difference in
requirement in peat soils can be ascribed to the abnormal thermal conductivity
of peat. '

THERMAL CONTRACTION CRACKS

There is considerable confusion in the literature between desiccation cracks
- and thermal contraction cracks (see the discussion in WasHBURN, 1973). However,
it is generally thought that most of the cracking at low temperatures is due to
thermal contraction, so that the main confusion arises at the warmer temperatures.
Unless measurements of both soil temperatures and moisture content are taken
before and after cracking, the problem cannot be reliably solved.

Fig. 4 B shows the results for sites where thermal contraction is claimed
to have caused cracking. Once again, cracks in peat and in mineral soils plot
in different fields. There certainly appears to be a minimum requirement for
freezing index of about 1000 degree days/year, and the peat requires a higher
thawing index for cracking to appear than is necessary in mineral soils. The main
difference in distribution from the ice wedge polygons is in the lack of a clear
similarity in thermal control to the permafrost zones. Thermal contraction
cracks can occur where ice wedge polygons are absent. As more data is collected,
the extent of these features may change, but their potential status as zonal per-
mafrost features remains to be proven.

NONSORTED POLYGONS (MUDBOILS)

These are commonly described in the literature and their distribution plots
as in Fig. 5 A. They show a good correlation in thermal controls with the limit
of continuous permafrost, and their distribution just extends beyond it. A mi-
nimum thawing index of about 200 degree days/year is required..
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SORTED POLYGONS AND SORTED STRIPES

Widely distributed and described from many places, these show a wider
distribution relative to freezing and thawing indices (Fig. 5 B). The minimum
thawing index is 200 degree days [yﬁar and they can occur through most of the
zone of discontinuous permafrost: Foo little data is presently available to show
whether the miniature forms (less than 1 m. diameter) have a different thermal
regime.

' PINGOS

- Named by PorsiLp (1929 1938) these were divided into closed system
(Mackenzie) and open system (East Greenland) types by MULLErR (1959).
They are the Bulgunniakhi of the Russian literature (Mackay, 1979). Much
of the literature suggests that the open system pingos are found in areas of dis-
continuous permafrost, whereas closed system pingos are features of continuous
permafrost. The present study (Flg 6 A) -suggests that there are only small
differences in the climatic range “of the twa types, although there is a considerable
difference in their abundance inthe two ‘permafrost zones. There appears to
be a limiting mean annual air temperature of —2.5°C for the open system pingos
and —4°C for the closed system pingos. Correlation with the thermal controls
of permafrost zones is weak. Thére is a2 minimum thawing index of 250 degree
days /year for the open system pingos as compared with under 100 degree days/
year for the closed system pingos.

. PALSAS

As used here, these refer to mounds of peat and mineral material with
numerous thin ice lenses and partings which have caused the updoming. They
are smaller than pingos and are widespread: in wet lowland areas in the dis-
continuous permafrost zone. The results of this study (Fig. 6 B) confirm the
excellent correspondence between the limit of the discontinuous permafrost
zone as mapped by many authors and the distribution of active palsas. Also
shown are the relict palsas at Lakselv in Norway (Amman, 1977). Either the
climatic data for Lakselv is based on 0800 and 1600 hour observations or the
site is a relic from an earlier colder period (AEMAN, personal communication,
1979) The thawing index is in excess of 300 degree days/year but they occur
in the high Arctic. ; ,

ICE CORED PEAT PLATEAUX

These are called palsa-plateau in Scand1nav1a (see ‘AHMAN 1977; PRIESNITZ
and ScHUNKE, 1978), whereas in North America, they are differentiated by name.
They plot in a different zone of freezing and thawing indices to the palsas (Fig.
7 A) and can also be used to map the outér limit of the discontinuous permafrost



Freezing Index (°C.days/yr.)’

-20°C -15eC -20°C -15°C
£ ~10°C
7000- 70001 =
=
- /
6000 6000
~50C
> )
@
g
4000 ZHZ Mac Kenzie 4000 0°C 52 active Raisas
N E. Greenland ) 5 ” Relic
—— s Limit of Continuous Permafrost g - .
3000+ —— —- Limit of Discontinuous Permafrost 3000 ) L‘«m‘.t o . I : ® Permarost
g ~— — Limit of Discontinuous Permafrost
----- Limit of Sporadic Permafrost I ~——~ Limit of Sporadic Permafrost
2 -5eC/ Mean Annual lsotherm E2000~ 5°C/-5'Cl Mean Annual Isotherm
000-| : /-
19°C 10°C
1000+ 1000
15°C 15°C
1 T T . T T T T
) 1000 2000 3000 4000 BOOO . 6000 oo 200 3000 adoo 5000 6000
Thaw Index (*C days/yr) - Thaw Index (*C days/yr)
A B

* Fig. 6. Distribution of active pingos (A) and palsas (Bj with freezing and thawing indices

GLT

SILUDH Y 'S



6000+

i 8

Freezing Index (°C days/yr)
g .
3

- 50C

Zx= Active ke cored Peat Plateaux

(® Relic features
-— .~ Limit of Continuous Permafrost

—- — Limit of Discontinuous Permafrost
e Limit of Sporadic Permatrost
~-5¢C/ Mean Annuai fsotherm

10°C
15°C

Thaw Index (°C days/yr)
A

- T
000 2000 00 4000 5000 60

Freezing index (*C daysf/yr)

7000

8000~

5000+

4000+

3000+

2000+

-20°C

-15°C

-10°C

A2 Ice cared String Bogs

~—-= Limit of Continuous Permafrost
— — Limit of Discontinuous Permafrost
———= Limit of Sporadic Permafrost
-§¢C/ Mean Annual isotherm’

10°C

}OC

350

k) T T

Thaw Index (°C days/yr.)

B

Fig. 7. Distribution of active ice-cored peat plateaux (A) and ice-cored string bogs (B) with freezing and thawing indices

SwLofpuD] S0.4f0Wiad (DUCZ fO UOUNQILISLT

gL



174 SRR ‘S.~A. Harris

zone. They extend some distance into the continuous permafrost zone. The boun-
daries suggest similar thermal controls to the zones, apart from a minimum
thawing index of 750 degree days/year.

ICE-CORED STRING BOGS

Again, these are included with palsas in Scandinavia and care must be taken
to differentiate these from string bogs lacking an icy core (ScHENCK, 1963)
which extend into warmer areas. The ice-cored string bogs occur in both the
discontinuous and sporadic permafrost zones in Canada, Finland and Norway
and the boundaries closely parallel those of the permafrost zones (Fig. 7 B).
A minimum thawing index of about 1000 degree days/year is suggested but
it could also be due to lack of data.

ICE-CORED-EARTH HUMMOCKS

These are one .of the characteristic features of the Arctic (TARNOCAI and
Zortar 1978) and were also called ,,turf-hummocks” by Raup (1966). They
plot through the zone of continuous permafrost into the colder part of the disconti-
nuous permafrost zone (Fig. 8 A). The outer boundary is parallel to the limit of
the permafrost zones and they can form where there is a thawing index of a mere -
100 degree days/year. '

THUFURS

These are ice-cored peat hummocks called pouna or pounika in Finland
(SepPALA, 1979, personal communication). There is a problem in differentiating
them from ice-cored earth hummocks in the bulk of the literature, while other
authors have omitted to confirm the presence or absence of the ice core. Working
with the limited available data, it appears that they fall in the discontinuous and
cooler part of the sporadic permafrost zones (Fig. 8 B). However, the limitations
of the literature make it impossible to be certain as to possible overlap with the
ice-cored earth hummocks. '

ICE CAVES

These are a common form of permafrost in many regions of sporadic perma-
frost (Harris, 1979). The limited available data suggests that they plot with
boundaries paralleling the boundaries of the permafrost zones (Fig. 9 A). Pre-
sumably in the zone of continuous permafrost, the caves become full of ice.

ICINGS (AUFEIS)

Although not true permafrost features, these are very widspread and of
considerable economic importance, and grade into the frost mound type of
palsa (Van EverpiNgeNn, 1978). They plot in a wide zone (Fig. 9 B) which
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appears to cease at the boundary of sporadic permafrost. Intuitively, one might
expect them to occur outside this zone but the locations in the literature do not
support this. More work is needed.

THERMOKARST

Thermokarst features have been observed throughout the permafrost zones
(Fig. 10), as would be expected. Even in the high Arctic, the thermal regime

can be disturbed sufficiently by man or by fire to produce thermokarst fea-
tures.
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Fig, 10, Distribution of active thermokarst features with freezing and thawing indices

OTHER LANDFORMS
- N

Other landforms such as rock glaciers and glaciers have been examined in a
similar way, but either there are inadequate definitions (rock glaciers) or there
are other climatic factors which can override the thermal controls (glaciers and
rock glaciers), or there may be too little climatic data for the regions in which they
occur (glaciers and rock glaciers). They are therefore omitted from this paper.

IDENTIFICATION OF PERMAFROST ZONES
BY THE ASSOCIATED LANDFORMS

From the foregoing studies, it will be apparent that certain combinations
of landforms are characteristic of each permafrost zone. This can be shown
diagrammatically in Fig. 11. Since it is based on a large amount of published
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data, it should be more complete than individual studies. On the other hand,
one should not expect all the possible landforms of a periglacial zone to appear
in any given area.
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INFLUENCE OF CLIMATIC VARIABILITY

There is considerable variability in freezing and thawing indices from one
permafrost region to another (Fig. 12). The Alps represent one of the more
maritime regions, while Canada, the U.S.S.R. and Mongolia arz examples of
"continental situations. The coldest temperatures are found in northern Axel
Heidberg Island at Alert.

-20°C - -18°C
73 CANADA
14T MONGOLIA (after G’la;riiova,
ESST NORWAY 978)

T ICELAND

"©  spiTzeERGEN
CALPS

—.—" Limit of Continuous Permatrost
—'— Limit of Discontinuous Permafrost
==~— Limit of Sporadic Permafrost
-5eC/ Mean Annual Isotherm

Freezing Index (*C days/yr)

- neC

0 1000 2000 3000 4000
Thaw Index (*C-days/yr)

Fig. 12. Variability in freezing and thawing indices for some of the major regions where permafrost
studies have been carried out

* Clearly, the stability and longevity of permafrost landforms will vary consi-__i
" derably with the climate, and here, attention must also be paid to climatic varia-
bility from year to year. The palsas near Alert are likely to have a much longer
life and greater stability than those in Norway. Again, there will be a nmezfr
greater chance for survival of permafrost landforms at a station with a fairl
constant annual climate such as Plateau Mountain in the Rocky Mount#ins;
than at Karasjok in Norway (Fig. 13). The latter shows remarkable variability
from year to year across the critical boundaries from the sporadic permafrost
climatic zone to the continuous permafrost zone. When a palsa starts to form,
the climate during the ensuing two or three years will determine its fate. It is
not surprising that active permafrost landforms are relatively rare in areas of
maritime permafrost, so that identification of the. distribution of permafrost
in such regions is virtually impossible without usinig ground temperature ca-
bles. ™ "~ IR '

s
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Fig. 13. Yearly variability in freezing and thawing indices for Plateau Mountain and Karasjok (A). Note the tremendous oscillations for Karasjok
(B) which is probably the reason why active permafrost landforms are'not widely distributed in Scandinavia
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