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SYUOPSIS 

A computer  model for mapping permafrost   d is t r ibut ion was developed t h a t  uses vege ta t ion ,   t e r r a in  
uni t   and   equiva len t   l a t i tude  maps and  regional  air   temperature  data as  the  geographic  data  base  for 
ca lcu la t ing   the   hea t   ba lance  of t he  ground surface.  The r a t i o  of t h e  amount of hea t   en te r ing   the  
s o i l   i n   t h e  summer,  when t h e  ground was seasonal ly  thawed,  and l o s t  du r ing   t he   w in te r ,  when t h e  
ground was s e a s o n a l l y   f r o z e n ,  was ca l cu la t ed   f rom  the  degree-day sums a t   t h e   s u r f a c e  and s o i l  
thermal  conductivit ies.  Thermal parameters  used i n  the  computations were assigned t o  the   vege ta t ion  
a n d   t e r r a i n   u n i t   t y p e s   a n d   m o d i f i e d  by t h e   e q u i v a l e n t   l a t i t u d e  map.  The simulated  permafrost 
d i s t r ibu t ion   wi th in   the   Spinach  Creek Watershed  near  Fairbanks,  Alaska,  agreed  closely  with  the  dis- 
t r i b u t i o n  mapped  by photointerpretat ion.  The e f f e c t s  of  c l imat ic  warming  on permafrost   d is t r ibut lon 
were a l so   assessed .   Wi th in   the  mapping area,  permafrost  covered  100% of the   a r ea  below a  mean annual 
a i r  temperature of -7.7OC, 37.3% a t  -3.SoC, 21.3% a t  O°C and  was el iminated above 2,6OC. 

IITROWCTIOIP 

Recent e f f o r t s  t o  develop  models  for  predicting 
p e r m a f r o s t   d i s t r i b u t i o n   h a v e   e m p h a s i z e d   t h e  
re la t ionships  between  permafrost  and  vegetation, 
soi l ,   topography,   a i r   temperature  and  snowcover, 
A s i t e - s p e c i f i c  approach   us ing   d ig i ta l   t e r ra in  
data ,   developed by Morrisey  (1986) , in tegra ted  
vegeta t ion ,   topography  and   thermal   imagery .  
Nelson  (1986)  developed a computational method 
f o r  the   reg iona l  mapping of permafrost   d is t r i -  
bu t ion   baeed   on   min ima l  c l i m a t i c  da ta   and  
subsurface  information. The  model presented   in  
t h i s  paper uses both  Landscape component maps, 
d e l i n e a t i n g   v e g e t a t i o n ,   t e r r a i n  u n i t s ,  and 
e q u i v a l e n t   l a t i t u d e   v a l u e s ,   a n d   r e g i o n a l  
c l i m a t i c  d a t a   f o r   s i t e - s p e c i f i c   l a r g e   s c a l e  
mapping of permafrost.  This  approach  allows  the 
model t o  be r e spons ive  t o  t h e   s p a t i a l   v a r i a -  
b i l i t y  of  a landscape  and t o  changes  in  cl imate.  

An e s s e n t i a l   p r e r e q u i s i t e  f o r  p e r m a f r o s t  
d i s t r i b u t i o n   m o d e l s  i s  t h e   s i m p l i f i c a t i o n  of 
su r f ace   hea t   ba l a r . ce   computa t ions   i n   o rde r   t o  
r e d u c e   t h e  number of s i t e - s p e c i f i c   v a r i a b l e s  
needed   in   the   geographic   da ta   base .   Energy  
budget  models (Goodwin and Outcalt  1975, Ng and 
M i l l e r   1 9 7 7 )   t h a t   u t i l i z e  a l a r g e  number of 
radiative,   thermal and  aerodynamic  parameters of 
the   sur face ,  more r ea l i s t i ca l ly   accoun t   fo r  the 
p a t h w a y s   i n v o l v e d   i n   e s t a b l i s h i n g   t h e   h e a t  
balance a t   t h e   s u r f a c e ,   b u t   a r e   n o t   f e a s i b l e   f o r  
r e g i o n a l   m a p p i n g   m e t h o d o l o g i e s .  M o r e  
a p p r o p r i a t e   t o   r e g i o n a l  mapping  models a t e  
gimpler  approaches  that   relate  soil   temperature 
OK s o i l   h e a t   f l u x  t o  a i r  temperature  (Lunardini 
1978, Haugen e t  al. 1983) , ne t   r ad ia t ion  (Abbey 
e t  al. 1978) , and t o  b iophys ica l   fac tors  of t he  
surf ace (Jorgenson 1986  1 . 
Large-scale  permafrost mapping models m u s t  also 

b e   a b l e  t o  incorporate  remote  sensing  products 
t h a t   i d e n t i f y   a n d   c l a s s i f y   c h a r a c t e r i s t i c s  of  
the   landscape  that  have d i f fe r ing   microc l imat ic  
and s o i l  thermal  properties. Much progress   has  
been made in   c lass i fy ing   and   charac te r iz ing   the  
v e g e t a t i o n   ( V i e r e c k   e t  a l .  1983)  & n d  t e r r a i n  
u n i t  (Krelg  and  Reger  1982)  components of t he  

d a t a ,   i n c l u d i n g  s a t e l l i t e  imagery  and  aer ia l  
l andscape   t h rough   t he  use of  remotely  sensed 

photography. However, the w e a k e s t   a r e a   f o r  
model   development  i s  t h e   l i m i t e d   d a t a   b a s e  
c h a r a c t e r i z i n g  the microc l ima tes  of a broad 
range of v e g e t a t i o n   t y p e s   a n d   a n a l y s e s   t h a t  
account  for  the   geographic   var iab i l i ty  of s o i l  
temperature. 

A p o r t i o n  of t h e   S p i n a c h   C r e e k   W a t e r s h e d ,  
l o c a t e d   2 5  km NW of Fa i rbanks ,  Alaska, was 
s e l e c t e d  a s  t h e  t e s t  s i t e  f o r   m o d e l  
development.   This  mountainous  watershed i s  
r e p r e s e n t a t i v e  of much of t h e  Yukon-Tanana 
uplands.  The s l o p e s  have a shallow  mantle of 
l o e s s  or have  shallow  residual soils on s teeper  
s i t e s .  The v a l l e y  bottom is g e n e r a l l y   f i l l e d  
with  f ine-grained  retransported  deposits removed 
f r o m   t h e   h i l l s i d e s .   C l o s e d   s t a n d s  of aspen, 
birch,   and  white   spruce  predominate  on upland 
s l o p e s ,   f a c i n g   e a s t ,  s o u t h  and west. The 
v a l l e y   b o t t o m ,   r i d g e   t o p s   a n d   n o r t h - f a c i n g  
s l o p e s   a r e   d o m i n a t e d  by b l a c k   s p r u c e .   I n  
va l ley   bo t toms,   tussock   bogs   occur  i n  smal l  
patches and low shrubs occur along  small  creeks 
and  drainages. 

STRUCTURE AWD THEORETICAL BASIS FOR mD&L 

The  model uses the   s imple   re la t ionship   o f fe red  
by Car l son   (1952)   a s  the approximate   c r i te r ia  
f o r  permafrost   formation.  For any p a r t i c u l a r  
s i t e ,  t h e   r a t i o  of t h e   a n n u a l  amount of heat 
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SYNOPSIS 

A c o m p u t e r   m o d e l   f o r   m a p p i n g   p e r m a f r o s t  
d i s t r i b u t i o n   w a s   d e v e l o p e d   t h a t  u s e s  
v e g e t a t i o n ,   t e r r a i n   u n i t   a n d   e q u i v a l e n t  
L a t i t u d e  maps  and r e g i o n a l   a i r   t e m p e r a t u r e   d a t a  
a s   t h e   g e o g r a p h i c   d a t a   b a s e   f o r   c a l c u l a t i n g  t h e  
h e a t   b a l a n c e  o f  t h e  g r o u n d  s u r f a c e .  The r a t i o  
o f  t h e  amount  of h e a t   e n t e r i n g   t h e   s o i l   i n   t h e  
summer, when t h e  ground  was  seasonal ly   thawed,  
and l o s t   d u r i n g  t h e  w i n t e r ,  when t h e  ground  was 
s e a s o n a l l y   f r o z e n ,   w a s   c a l c u l a t e d   f r o m  t h e  
degree-day sums a t   t h e   s u r f a c e  and s o i l   t h e r m a l  
c o n d u c t i v i t i e s .   T h e r m a l   p a r a m e t e r s   u s e d   i n  t h e  
c o m p u t a t i o n s   w e r e   a s s i g n e d   t o  t h e  v e g e t a t i o n   a n d  
t e r r a i n   u n i t  t y p e s  a n d   m o d i f i e d  b y  t h e  
e q u i v a l e n t   l a t i t u d e  map. 

T h e   s i m u l a t e d   p e r m a f r o s t   d i s t r i b u t i o n   w i t h i n  

A l a s k a ,   a g r e e d   c l o s e L y   w i t h  t h e  d i s t r i b u t i o n  
t h e   S p i n a c h  Creek W a t e r s h e d   n e a r   F a i r b a n k s ,  

mapped by  p h o t o i n t e r p r e t a t i o n .  The e f f e c t s  of  
c l i m a t i c   w a r m i n g   o n   p e r m a f r o s t   d i s t r i b u t i o n  were 
a l s o   a s s e s s e d .   W i t h i n  t h e  m a p p i n g   a r e a ,  
p e r m a f r o s t   c o v e r e d  100% o f  t h e  a rea   be low a mean 
a n n u a l   a i r   t e m p e r a t u r e   o f   - 7 , 7 O c ,   3 7 . 3 %   a t -  
3.5OC,  21.3X a t  O°C a n d   w a s   e l i m i n a t e d   a b o v e  
2.6OC. 

INTRODUCTION 

R e c e n t   e f f o r t s   t o   d e v e l o p   m o d e l s   f o r   p r e d i c t i n g  
p e r m a f r o s t   d i s t r i b u t i o n   h a v e   e m p h a s i z e d   t h e  
r e l a t i o n s h i p s   b e t w e e n   p e r m a f r o s t   a n d   v e g e t a t i o n ,  
s o i l ,   t o p o g r a p h y ,   a i r   t e m p e r a t u r e   a n d   s n o w c o v e r .  
A s i t e - s p e c i f i c   a p p r o a c h   u s i n g   d i g i t a l   t e r r a i n  
d a t a ,   d e v e l o p e d  by M o r r i s e y   ( 1 9 8 6 1 ,   i n t e g r a t e d  
v e g e t a t i o n ,   t o p o g r a p h y   a n d   t h e r m a l  imagery. 
N e l s o n  ( 1 9 8 6 )  developed  a computa t iona l   method 

b u t i o n  b a s e d   o n  m i n i m a l  c l i m a t i c   d a t a   a n d  
f o r   t h e  r e g i o n a l  mapping  of p e r m a f r o s t  d i s t r i -  

subsu r face   i n fo rma t ion .   The   mode l   p re sen ted  in 
t h i s  paper   uses   bo th   l andscape   component   maps ,  
d e l i n e a t i n g   v e g e t a t i o n ,   t e r r a i n   u n i t s ,   a n d  
e q u i v a l e n t   l a t i t u d e   v a l u e s ,   a n d   r e g i o n a l  
c l i m a t i c   d a t a   f o r   s i t e - s p e c i f i c   l a r g e   s c a l e  
mapping of  p e r m a f r o s t .  T h i s  approach   a l lows  t h e  
model  t o  b e  r e s p o n s i v e  t o  t h e  s p a t i a l   v a r i a -  
b i l i t y  of  a l a n d s c a p e   a n d   t o   c h a n g e s  i n  c l i m a t e ,  

g e t  m o d e l s   ( G o o d w i n   a n d   O u t c a l t   1 9 7 5 ,  Ng and 
Miller 1 9 7 7 )  t h a t   u t i l i z e  a l a r g e   n u m b e r  o f  
r a d i a t i v e ,   t h e r m a l  a n d  aerodynamic   parameters   o f  

p a t h w a y s   i n v o l v e d   i n   e s t a b l i s h i n g   t h e   h e a t  
t h e   s u r f a c e ,   m o r e   r e a l i s t i c a l l y   a c c o u n t   f o r  t h e  

b a l a n c e   a t   t h e   s u r f a c e ,  b u t  a r e   n o t   f e a s i b l e   f o r  
r e g i o n a l   m a p p i n g   m e t h o d o l o g i e s .   M o r e  
a p p r o p r i a t e   t o   r e g i o n a l   m a p p i n g   m o d e l s   a r e  
simpler a p p r o a c h e s   t h a t   r e l a t e  s o i l  t e m p e r a t u r e  
o r  s o i l  h e a t   f l u x   t o   a i r   t e m p e r a t u r e   ( L u n a r d i n i  
1978, Haugen e t  a l .   1 9 8 3 1 ,   n e t   r a d i a t i o n  (Abbey 
e t  a l .  19781, and to b i o p h y s i c a l   f a c t o r s   o f   t h e  
su r face   ( Jo rgenson   1986  1 .  

Large-sca le   permafros t   mapping   models  m u s t  a l s o  
be  a b l e   t o   i n c o r p o r a t e   r e m o t e   s e n s i n g   p r o d u c t s  
t h a t   i d e n t i f y   a n d   c l a s s i f y   c h a r a c t e r i s t i c s   o f  
t h e   l a n d s c a p e   t h a t   h a v e   d i f f e r i n g   m i c r o c l i m a t i c  
and s o i l  t h e r m a l   p r o p e r t i e s .  Much p r o g r e s s   h a s  
been made i n   c l a s s i f y i n g   a n d   c h a r a c t e r i z i n g   t h e  
v e g e t a t i o n   ( V i o r e c k  e t  a l .  1 9 8 3 )  a n d   t e r r a i n  
u n i t  (Kre ig  and   Rege r  1982)  components  o f  t h e  
l a n d s c a p e   t h r o u g h  t h e  use of r e m o t e l y   s e n a e d  
d a t a ,   i n c l u d i n g   s a t e l l i t e   i m a g e r y   a n d   a e r i a l  

m o d e l   d e v e l o p m e n t  i s  t h e  l i m i t e d  d a t a  b a s e  
p h o t o g r a p h y .   H o w e v e r ,  t h e  w e a k e s t  a r e a  f o r  

c h a r a c t e r i z i n g   t h e   m i c r o c l i m a t e s  o f  a b r o a d  
r a n g e   o f   v e g e t a t i o n  t y p e s  a n d   a n a l y s e s   t h a t  
a c c o u n t  for  t h e  g e o g r a p h i c   v a r i a b i l i t y   o f  s o i l  
t e m p e r a t u r e .  

A p o r t i o n   o f  t h e  S p i n a c h  Creek  W a t e r s h e d ,  
l o c a t e d  2 5  km NW of F a i r b a n k s ,   A l a s k a ,   w a s  
s e l e c t e d  a s  t h e  t e s t  s i t e   f o r   m o d e l  
d e v e l o p m e n t .   T h i s   m o u n t a i n o u s   w a t e r s h e d  i s  

u p l a n d s .  T h e  s l o p e s   h a v e  a s h a l l o w   m a n t l e   o f  
r e p r e s e n t a t i v e   o f  much o f  t he   Yukon-Tanana  

l o e s s   o r   h a v e   s h a l l o w   r e s i d u a l  so i l s  o n   s t e e p e r  
s i t e s .  T h e  v a l l e y   b o t t o m  is g e n e r a l l y  f i l l e d  
w i t h  f i n e - g r a i n e d   r e t r a n s p o r t e d   d e p o s i t s   r e m o v e d  
f r o m  t h e  h i l l s i d e s .  C l o s e d   s t a n d s   o f   a s p e n ,  
b i r c h ,  a n d  w h i t e  spruce  predominate  on upland  
s l o p e s ,   f a c i n g   e a s t ,   s o u t h   a n d  west .  The 
v a l l e y   b o t t o m ,  r i d g e  t o p s   a n d   n o r t h - f a c i n g  
s l o p e s   a r e   d o m i n a t e d  b y  b l a c k   s p r u c e .  In 
v a l l e y   b o t t o m s ,   t u s s o c k  bogs o c c u r  i n  s m a l l  
patches   and   low s h r u b s  o c c u r   a l o n g  small c r e e k s  
a n d   d r a i n a g e s .  

STRUCTURE AUD THEORETICAL BASIS FOR NODEL 
An e s s e n t i a l   p r e r e q u i s i t e   f o r   p e r m a f r o s t  
d i s t r i b u t i o n   m o d e l s  i s  t h e  s i m p l i f i c a t i o n  of   The  model   uses  t h e  simple r e l a t i o n s h i p   o f f e r e d  
s u r f a c e   h e a t   b a l a n c e   c o m p u t a t i o n s  i n  o r d e r   t o  by C a r l s o n   ( 1 9 5 2 )  a s  t h e  a p p r o x i m a t e   c r i t e r i a  
r e d u c e  t h e  number o f  s i t e - s p e c i f i c   v a r i a b l e s   f o r   p e r m a f r o s t   f o r m a t i o n .  For any p a r t i c u l a r  
needed i n  t h e  g e o g r a p h i c   d a t a   b a s e .  Ene rgy  bud- s i t e ,  t h e  r a t i o   o f   t h e   a n n u a l  amount of h e a t  
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e n t e r i n g   t h e   s o i l   c o m p a r e d   t o   t h e   a m o u n t   l e a v i n g  
( A ) ,  i s  dependent  o n  t h e   t e m p e r a t u r e   d e g r e e - d a y s  
s u m s  a t   t h e   s u r f a c e   a n d   t h e   t h e r m a l  
c o n d u c t i v i t i e s  o f  t h e  s o i l  when i t  i s  thawed o r  
f r o z e n :  

R =  ( D D T , / D D F , ) / ( K f / K t )  ( 1 )  

w h e r e  D D T ,  a n d  DDF, a r e   s u r f a c e   t h a w i n g   a n d  
f r e e z i n g   i n d i c e s   b a s e d  on  degree-day sums and K f  
and K t  a r e  t h e  t h e r m a l   C o n d u c t i v i t i e s   o f   f r o z e n  
and  thawed s o i l .  

T h e   f r e e z i n g   a n d   t h a w i n g   d e g r e e - d a y  sums and 
t h e   f r o z e n  a n d   u n f r o z e n   t h e r m a l   c o n d u c t i v i t i e s  
o f   t h e  soil a r e   c o n s i d e r e d   t h e   m o s t   i m p o r t a n t  
v a r i a b l e s .  The   use  o f  n - f a c t o r s   ( L u n a r d i n i  
1 9 7 8 )   a n d   r e g i o n a l   c l i m a t i c   d a t a   p r o v i d e d   t h e  

which i s  a f u n c t i o n   o f   t h e  t o t a l  h e a t   t r a n s f e r  
s i m p l e s t  way t o   e s t i m a t e  s u r f a c e  t e m p e r a t u r e ,  

a t   t h e   s u r f a c e .  O n  t h e   o t h e r   s i d e   o f   t h e  
e q u a t i o n ,   t h e   i m p o r t a n c e  o f  t h e   r a t i o   o f   f r Q z e n  
t o   u n f r o z e n   t h e r m a l   c o n d u c t i v i t i e s   t o   p e r m a f r o s t  
f o r m a t i o n   h a s   l o n g   b e e n   r e c o g n i z e d   f o r   o r g a n i c  
s o i l   h o r i z o n s  and i s  o f   e q u a l   s i g n i f i c a n c e   f o r  
m i n e r a l   s o i l s ,  The r a t e   a t  wh ich   hea t  is l o s t  

t h e  r a t e  a t  w h i c h   h e a t   e n t e r s  t h e   p r o f i l e  
from f i n e -  and c o a r s e - g r a i n e d   s o i l s  r e l a t i v e  t o  

i n c r e a s e s   r a p i d l y   w i t h   i n c r e a s i n g   m o i s t u r e  
c o n t e n t   o f   t h e   s o i l   ( F i g .  1 ,  K e r s t e n   1 9 4 9 ) .  
T h i s   m a k e s   w e t   m i n e r a l  s o i l s ,  s u c h   a s   t h o s e  
f i n e - g r a i n e d   d e p o s i t s   i n   v a l l e y   b o t t o m s   a n d  
d e p r e s s i o n s ,   p a r t i c u l a r l y   s u s c e p t i b l e   t o  
p e r m a f r o s t   f o r m a t i o n .   T h e   f r o z e n / u n f r o z e n  
c o n d u c t i v i t y   r a t i o  i s  even h i g h e r   f o r   s a t u r a t e d  
o r g a n i c s   a p p r o a c h i n g   t h a t  o f  w a t e r ,   a b o u t  4 
( F a r o u k i   1 9 8 1 ) .   H o w e v e r ,   a t   v e r y  Low m o i s t u r e  
c o n t e n t s   t h e   c o n d u c t i v i t y   o f   f r o z e n   s o i l  i s  l e s s  
t h a n   t h a t  o f  u n f r o z e n   s o i l   p r e s u m a b l y  because 
f r e e z i n g   r e d u c e s   s o m e  o f  t h e   b r i d g e   w a t e r  
b e t w e e n   p a r t i c l e s .   T h i s   m a k e s  d r i e r  s i tes ,  such  
a s   w e l l - d r a i n e d   s o i l s   b e n e a t h   a s p e n   s t a n d s ,  less 
s u s c e p t i b l e  t o  p e r m a f r o s t   f o r m a t i o n .  

2-T I 

0.4- 

Lowell sand o*2: 

Data points: - Foirbonka silt clay loom 

01  1 - 1  f 1 1 I 
0 10 20 30 

MOISTURE CONTENT ( X )  

F i g u r e  1 .  E f f e c t s   o f  s o i l  m o i s t u r e   o n   t h e  
r a t i o   o f   f r o z e n  ( K f )  t o   u n f r o z e n  ( K  1 t h e r m a l  
c o n d u c t i v i t i e s .   R a t i o s  o f  e q u a t i o n s  (!)/(4) and 
( 7 ) / ( 6 )  a r e   p l o t t e d   ( s e e   t e x t ) .   D a t a   a n d  
e q u a t i o n s   a r e   f r o m   K e r s t e n   ( 1 9 4 9 ) .  

S u r f a c e   t e m p e r a t u r e s   a r e   r e l a t e d   t o   a i r  
t e m p e r a t u r e s   u s i n g   n - f a c t o r s  i n  t h e   f o l l o w i n g  
e q u a t i o n :  

w h e r e  DDT, i s  the   thawing   degree-days   and  DDF, 
i s  t h e   f r e e z i n g   d e g r e e - d a y s   o f  t h e  a i r   ( a b o v e  
O ° C )  and N t  ,and N f  a r e   t h a w i n g   a n d   f r e e z i n g  n- 
f a c t o r s .  P IS a p o t e n t i a l   i n s o l a t i o n  i n d e x  t h a t  
m o d i f i e s  t h e  summer n - f a c t o r   a c c o r d i n g  t o  t h e  
p o s i t i o n   o n   t h e   l a n d s c a p e   a n d  i s  c a l c u l a t e d  by: 

P = L / L e ,  

w h e r e  L i s  t h e   l a t i t u d e   a n d  L e  i s  t h e  
e q u i v a l e n t   l a t i t u d e  o f  t h e   s i t e .  The e f f e c t  i s  
t o   i n c r e a s e   t h e   n - f a c t o r   o n   w a r m e r   s i t e s   a n d  
reduce  t h e  n - f a c t o r   o n   c o l d e r   s i t e s .  

Kers ten ' s  ( 1 9 4 9 )   e m p i r i c a l   e q u a t i o n s   w e r e   u s e d  
t o  c a l c u l a t e  t h e  t h e r m a l   c o n d u c t i v i t i e s   o f  
f r o z e n   a n d   ' u n f r o z e n   s o i l s .  The e q u a t i o n s   g i v e  
t h e   t h e r m a l   c o n d u c t i v i t y  ( K )  o f   t h e   s o i l  i n  
terms o f  i t s  m o i s t u r e   c o n t e n t  w (%I and i t s  dry 
d e n s i t y   7 6 .   F o r   u n f r o z e n   f i n e - g r a i n e d   s o i l s  

K t  = 0.1442(0.910gw-0.2)10~~~~~~~d ( 4 )  

and f o r   f r o z e n   f i n e - g r a i n e d   s o i l s  

For u n f r o z e n   c o a r s e - g r a i n e d   s o i l s  

K t  0.1442(0.710gw + O . ~ ) I O O . ~ ~ " ~ ~  ( 6 )  

a n d   f o r   f r o z e n   c o a r s e - g r a i n e d   s o i l s  

K f  = 0 . 0 1 0 ~ 6 ~ 1 0 ~ o * 8 1 ' 6 ~ d  + 

The w a t e r   c o n t e n t  of  t h e  s o i l  was   modi f ied  by 
t h e   e q u i v a l e n t   l a t i t u d e   o f  t h e  s i t e  u s i n g :  

w h e r e  w m  i s  t h e   t y p i c a l   s o i l   m o i s t u r e   f o r  a 
g i v e n   v e g e t a t i o n   t y p e .  T h i s  h a s   t h e   e f f e c t   o f  
r e d u c i n g  s o i l  m o i s t u r e   o n   s o u t h - f a c i n g  s i tes  and 
i n c r e a s i n g   m o i s t u r e  on n o r t h - f a c i n g   s i t e s .  

A l t h o u g h   t h e   e f f e c t s   o f  snow  cove r  on w i n t e r  
s o i l  t e m p e r a t u r e s ,   a n d   t h u s   p e r m a f r o s t  
d i s t r i b u t i o n ,   w e r e   r e c o g n i z e d   a s   i m p o r t a n t  
f a c t o r s ,   s n o w   d e p t h   a n d   d e n s i t y   w e r e  n o t  
d i r e c t l y   i n c o r p o r a t e d   i n t o   t h e   m o d e l .  
D i f f i c u l t i e s  i n  mapping snow c o v e r   d i s t r i b u t i o n  
p r e c l u d e d   t h e  use of snow e f f e c t s  i n  t he   mode l .  
I n s t e a d ,   t h e  snow c o v e r   e f f e c t s   a r e   i n h e r e n t  i n  
t h e   w i n t e r   n - f a c t o r s   a s s o c i a t e d  w i t h  e a c h  
v e g e t a t i o n   t y p e .  

MODEL IUPUTS 

P e r m a f r o s t  i s  mapped  by c a l c u l a t i n g   t h e   h e a t  
b a l a n c e   a t :  t h e  g r o u n d   s u r f a c e   f o r   e a c h   p i x e l  
( p i c t u r e   e l e m e n t )   o f   t h e   m a p p i n g   a r e a .  T h e  
FORTRAN p r o g r a m   r e a d s   t h e   v e g e t a t i o n ,   t e r r a i n  
u n i t   a n d   e q u i v a l e n t   l a t i t u d e  map f i l e s ,  i n  
r a s t e r   f o r m a t ,  and   a s s igns   l andscape   componen t  
c l a s s e s   t o   e a c h   p i x e l .   T h e r m a l   p a r a m e t e r s   c h a r -  

178 



VEGETATION PUP TERRAIN UNIT HAP LQUIVALENT LATITUDE MAP PHOTOINTERPRLTED PERMAFROST MAP 

$.lo* shrub Y-ClOsld whqtm spruce 
Vturrock bo9 Wclosed  ulxod forlst 
0.0 n b gpr A-closmd arpln 
P.Ck*d*b.spr B-ClOSM LlPch 

LEGEND 
L.lW$S 

LIGEN0 

F-rltrans  rttd dtposjts 
U . r t ~ i d u r ~ s o l l / n t h c r l d  bedrock 

Equivallnt Lltltude-SO+(Jx) 
LEGEND 

a c t e r i s t i c   o f   e a c h   l a n d s c a p e   c o m p o n e n t   c l a s s  
w e r e   t h e n   a s s i g n e d   t o   e a c h   p i x e l   f o r   t h e   h e a t  
b a l a n c e   c o m p u t a t i o n ,   d e p e n d i n g   o n   t h e   c l a s s  
a s s i g n e d  t o  e a c h   p i x e l .  Summer a n d   w i n t e r  n- 
f a c t o r s   a n d   s o i l   m o i s t u r e   v a l u e s   a s s i g n e d   t o  
e a c h   v e g e t a t i o n   t y p e   a r e   p r e s e n t e d   i n   T a b l e  I. 
T h e   b u l k   d e n s i t i   a s s i g n e d   t o   e a c h   t e r r a i n   u n i t  
w e r e ;   1 . 3 0   g / c m T   f o r   l o e s s ,  1 . 2 0  f o r   r e t r a n s -  
p o r t e d   d e p o s i t s ,   a n d  1.60 f o r   r e s i d u a l   s o i l s .  
T h u s ,   t h e   f r o z e n   a n d   u n f r o z e n   t h e r m a l  
c o n d u c t i v i t i e s  of  e a c h   p i x e l   a r e  a f u n c t i o n   o f  

v e g e t a t i o n  t y p e  a n d   b u l k   d e n s i t i e s  
s o i l   m o i s t u r e  v a l u e s  c h a r a c t e r i s t i c  o f  e a c h  

c h a r a c t e r i s t i c  of  e a c h   t e r r a i n  u n i t .  A t h a w i n g  
d e g r e e - d a y   v a l u e  ( O C )  o f  1 7 0 0  a n d  a f r e e z i n g  
d e g r e e - d a y   v a l u e  of  2950 were u s e d  f o r  t h e  
F a i r b a n k s   l o n g - t e r m   a i r   t e m p e r a t u r e   a n n u a l  sums. 

T h e  model w a s   a p p l i e d  t o  a d a t a   b a s e   i n c o r p -  
o r a t i n g   v e g e t a t i o n ,   t e r r a i n  u n i t  a n d   e q u i v a l e n t  
l a t i t u d e   m a p s .   T h e   v e g e t a t i o n   a n d   t e r r a i n  u n i t  
m a p s  were d e l i n e a t e d   f r o m   a i r p h o t o s  ( 1 : 6 3 , 0 0 0  
CIR) f o r  a p o r t i o n  (1 .6  x 3.0 km) o f  t h e   S p i n a c h  
Creek W a t e r s h e d   a n d   t h e n   c o n v e r t e d  t o  r a s t e r  

w a s  b a s e d  o n  a 1 :63,000 USGS t o p o g r a p h i c  map 
f o r m a t   ( F i g .  2). T h e   e q u i v a l e n t   l a t i t u d e  map 

u s i n g   t h e   a p p r o a c h  o f  Dingman  and  Koutz ( 1 9 7 4 ) .  
E a c h   p i x e l   c o v e r s  43 x 74 m on t h e   g r o u n d .  To 
a s s e s s   t h e   v a l i d i t y  o f  t h e   m o d e l   o u t p u t ,  
p e r m a f r o s t   d i s t r i b u t i o n  was a l s o  d e l i n e a t e d  from 
t h e   a i r p h o t o s  and a g r e e m e n t   b e t w e e n   m e t h o d s   w a s  
compared .  

SIMULATION  RESULTS 

d e v e l o p e d   f r o m   a i r   a n d   s u r f a c e   t e m p e r a t u r e  i n  
T h e   m o d e l   w a s   i n i t i a l l y  r u n  u s i n g   n - f a c t o r s  

r e p o r t s  b y  L i n n e l l   ( 1 9 7 3 1 ,   V i e r e c k  e t  a l .  
( 1 9 8 3 ) ,   a n d   H a u g e n  e t  31. ( 1 9 8 3 ) .  The i n i t i a l  
r u n   m a p p e d  33.4$ o f  t h e   a r e a   a s   p e r m a f r o s t ,  
s i m i l a r   t o   t h e  3 2 . 1 %  m a p p e d  b y  p h o t o -  
i n t e r p r e t a t i o n .   H o w e v e r ,   t h e   p h o t o -  
i n t e r p r e t a t i o n   a l s o  mapped 2.6% o f  t h e   a r e a  a s  
q u e s t i o n a b l y   f r o z e n   a n d  4 . 4 $  a s   q u e s t i o n a b l y  
u n f r o z e n ,   t h u s   t h e   p e r c e n t a g e  of f r o z e n   a r e a  

a r e a s   w e r e   a d d e d   o r  d e l e t e d .  S m a l l   a d j u s t m e n t s  
r a n g e d   f r o m  25 .1% t o  39.1% when t h e   u n c e r t a i n  

w e r e   t h e n  made t o   t h e   t h e r m a l   p a r a m e t e r s   o f   t h e  
v e g e t a t i o n   t y p e s  so t h a t  several  of t h e   n o r t h -  
f a c i n g   d e c i d u o u s   s t a n d s   a n d   v a l l e y - b o t t o m   w h i t e  
s p r u c e   s t a n d s   w e r e   m a p p e d  i n  s u b s e q u e n t  r u n s  a s  
f r o z e n   i n s t e a d  o f  u n f r o z e n .   T h e   t r a n s i t i o n  
z o n e s   a l o n g   r i d g e s   a n d   t o e s   o f  s l o p e s  a l s o  

T a b l e  I. T h e r m a l   p a r a m e t e r s   a s s i g n e d   t o   e a c h  
v e g e t a t i o n   t y p e .  

~~ ~~ ~~ 

N - f a c t =   S o i l  
V e g e t a t i o n   t y p e  N t  N f  M o i s t u r e  

( %  w t . )  

C l o s e d   a s p e n   f o r e s t  1 . O O  0.30 15 
C l o s e d   b i r c h   f o r e s t  0 . 9 0  0 . 3 5  20 
M i x e d   b i r c h - s p r u c e   f o r e s t  0 .85  0.35 20 
C l o s e d   w h i t e   s p r u c e   f o r e s t  0.80 0 . 3 5  50 
Open b l a c k   s p r u c e   f o r e s t  0 .60 0.30 50 
Closed  b l a c k   s p r u c e   f o r e s t  0 .50 0.30 45 
Low s h r u b  s c r u b  0 .85  0.30 4 0  
T u s s o c k  bog , 0.90 0.30 55  
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PERCENT OF AREA FROZEN-6.2 

r i q u r e  3 .  S i m u l a t e d  e f f ec t s  of d i f f e r e n t  mean a n n u a l  a i r  t cmpera t l l r e s  on pe~-mafrost. d i s t r i b u t i o n .  

180 



' '5 ", . . 

c h a n g e d   s l i g h t l y ,  I n  t h e   f i n a l   v e r s i o n   u s e d   f o r  
s e n s i t i v i t y   a n a l y s i s ,  3 7 . 3 2  o f   t h e   a r e a   w a s  
mapped a s  f r o z e n .  

T h e  s e n s i t i v i t y   o f   p e r m a f r o s t   d i s t r i b u t i o n   t o  
c h a n g e s  i n  s o i l   m o i s t u r e   a n d   n - f a c t o r s ,  
p a r a m e t e r s   w h i c h   a f f e c t   t h e   c a l c u l a t i o n   o f  
s u r f a c e   h e a t   b a l a n c e ,   w e r e   t e s t e d .  When s o i l  
m o i s t u r e   w a s   r e d u c e d   o r   i n c r e a s e d  by 308, t h e  
f r o z e n   a r e a   c o v e r e d   2 6 . 4 %   a n d   4 5 . 4 %  
r e s p e c t i v e l y .  

N - f a c t o r s   w e r e   i n c r e a s e d   a n d   d e c r e a s e d  by 30% i n .  
v a r i o u s   c o m b i n a t i o n s .  When o n l y   t h e   t h a w  n- 
f a c t o r s  ( N t )  were i n c r e a s e d   a n d   d e c r e a s e d ,  
p e r m a f r o s t   c o v e r a g e   v a r i e d   f r o m   2 6 . 0 1   t o  79.2%. 
When o n l y   f r e e z e   n - f a c t o r s  ( N  w e r e   c h a n g e d ,  
t h e  f r o z e n  a r e a   v a r i e d   f r o m   5 5 . 6 %   t o  53.7%. 
When N t  w a s   i n c r e a s e d   a n d  N f  w a s   d e c r e a s e d ,   t h e  
f r o z e n   a r e a   c o v e r e d  2 0 . 5 2 .  When N t  w a s  
d e c r e a s e d   a n d  N f  i n c r e a s e d ,   t h e   f r o z e n   a r e a  
c o v e r e d   9 4 . 9 $ .  

T h e   a n a l y s e s   i n d i c a t e d   t h a t   t h e   m o d e l   w a s  very 
s e n s i t i v e   t o   n - f a c t o r s   b u t  l e s s  s e n s i t i v e   t o  
s o i l   m o i s t u r e   v a r i a t i o n s ,   T h e r e f o r e ,   s o m e  

w h i c h  by t h e i r   n a t u r e   a r e   q u i t e  v a r i a b l e   f r o m  
u n c e r t a i n t y   a c c o m p a n i e s   t h e  use o f   n - f a c t o r s ,  

month t o  m o n t h   a n d   f r o m   y e a r   t o   y e a r   e v e n   w i t h i n  
a g i v e n   s i t e   ( L u n a r d i n i   1 9 7 8 ) .   H o w e v e r ,   t h e r e  
w a s   o n l y  a l i m i t e d   r a n g e   t h a t   p r o d u c e d  a 
p e r m a f r o s t  map s i m i l a r   t o  t h e  p h o t o i n t e r p r e t e d  
p e r m a f r o s t  map. 

RESPONSE OF PERUAFROST TO CLIMATIC CHANGE 

The  model  was  used t o   a s s e s s   t h e   e f f e c t s   o f   a i r  
t e m p e r a t u r e ,   a n d   t h u s   c l i m a t i c   c h a n g e ,   o n  
p e r m a f r o s t   d i s t r i b u t i o n  w i t h i n  t h e   S p i n a c h  Creek 
t e s t   a r e a   ( F i g .  3). P e r m a f ' r o s t   c o v e r a g e   w a s  
1 0 0 %  a t  a m e a n   a n n u a l   a i r  tern e r a t u r e  ( M A A T )  
b e l o w   - 7 . 7 O C .  From - 7 . 7  t o  -6 C ,  t h e   w a r m e s t  
s o u t h - f a c i n g   s l o p e s   b e c a m e   u n f r o z e n .  From -6 t o  
- 4 O C ,  e a s t   a n d  west p o r t i o n s   o f   m i d s l o p e s ,   a b o v e  
t h e   r e t r a n s p o r t e d   d e p o s i t s   b e c a m e   t h a w e d .  From 
- 3 . 5  t o   - 2 . 7 O C   ( t h e   d i f f e r e n c e   b e t w e e n   t h e  
F a i r b a n k s   l o n g - t e r m   a v e r a g e   a n d   1 4   y e a r   a v e r a g e ,  
1 9 6 8 - 1 9 8 2 1 ,   d e c i d u o u s   f o r e s t s  on  NE a n d  N W  
f a c i n g   s l o p e s   a n d   s t e e p   s o u t h - f a c i n g   d r a i n a g e s  
became  thawed.   Between  -2   and  O°C, change   was  
l i m i t e d   t o   b l a c k   s p r u c e   s t a n d s   o c c u r r i n g   a l o n g  

Between 0 and 2OC, a l l   b l a c k   s p r u c e   s t a n d s   a n d  
t h e   l o w e r   p o r t i o n s   o f   s o u t h - f a c i n g   s l o p e s .  

t u s s o c k   b o g s   o n   r e t r a n s p o r t e d   d e p o s i t s   i n   t h e  
v a l l e y   b o t t o m s   b e c a m e   t h a w e d .   A b o v e  2OC, 
p e r m a f r o s t   p e r s i s t e d   o n l y   o n   l i m i t e d   p o r t i o n s   o f  
s t e e p   n o r t h - f a c i n g   s l o p e s .  A t  2.6'C, a l l  
p e r m a f r o s t   w a s   e l i m i n a t e d .  

g 

EVALUATION OF HODEL 

T h e   v a l i d i t y   o f   t h e   m o d e l   c a n   b e   p a r t i a l l y  
e v a l u a t e d  by i n d i r e c t   m e a n s .   A l t h o u g h   n o   f i e l d  
v e r i f i c a t i o n   w a s   d o n e   o n   t h e   p e r m a f r o s t   m a p  
( p r e s e n t   c l i m a t i c   c o n d i t i o n s ) ,  good a g r e e m e n t  
( 9 2 . 7 % )  w a s   a c h i e v e d   b e t w e e n   t h e   s i m u l a t e d  map 
(MAAT=-3.5'C) a n d   t h e   p h o t o i n t e r p r e t e d  map. 

G o o d   a g r e e m e n t   w a s   a l s o   f o u n d   b e t w e e n  t h e  
r e s u l t s  o f  t h e   t e m p e r a t u r e   e f f e c t   s i m u l a t i o n s ,  
i n  w h i c h   p e r m a f r o s t   b e c a m e   c o n t i n u o u s   b e l o w  

' 80 ,-Five Mile Comp (Yukon River) 

\ !*Fairbanks (30 year  ave.) 
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Figure ,4. S i m u l a t e d   e f f e c t s   o f   c h a n g e s   i n  mean 
a n n u a l   a i r   t e m p e r a t u r e s   o n   t h e   p e r c e n t   o f   a r e a  
f r o z e n .  Air t e m p e r a t u r e s   a t   F i v e   M i l e  Camp and 
A n c h o r a g e   a r e   i n c l u d e d  for c o m p a r i s o n .  

- 7 . 7 O C  M A A T  a n d   a b s e n t   a b o v e   2 . 6 O C  MAAT,  and 
o t h e r   e v i d e n c e   ( F i g .   4 ) .   A c c o r d i n g   t o   H a u g e n  
( 1 9 8 2 1 ,  MAAT'S  o n   t h e   s o u t h   s i d e  of t h e   B r o o k s  
R a n g e ,   w h e r e   p e r m a f r o s t  i s  d i s c o n t i n u o u s ,   r a n g e d  
f r o m  -5 .9  t o   - 6 . g 0 C   a n d  M A A T ' s  i n   t h e   A r c t i c  
f o o t h i l l s ,   w h e r e   p e r m a f r o s t  i s  c o n t i n u o u s ,  
r a n g e d   f r o m  -6 .7 t o   - 1 1 . I o C   ( y e a r s   1 9 7 5   t o  
1 9 7 9 ) .   B r o w n   ( 1 9 6 7 )   u s e d   t h e   - 8 . 3 O C  M A A T  
i s c t h e r m   t o   d e l i m i t   t h e   b o u n d a r y   b e t w e e n  
c o n t i n u o u s  a n d  d i s c o n t i n u o u s   p e r m a f r o s t   a n d -  
1 . 1  O C  t o  d e l i m i t  t h e   b o u n d a r y   b e t w e e n  
d i s c o n t i n u o u s   a n d   s p o r a d i c   p e r m a f r o s t .   H a r r i s  
( 1 9 8 1  1 c o n c l u d e d   t h a t   t h e   b o u n d a r y   b e t w e e n  
d i s c o n t i n u o u s   a n d   s p o r a d i c   p e r m a f r o s t   l i e s  just  
o n   t h e   c o l d   s i d e  o f  O'C. I n  o u r  m o d e l ,  
p e r m a f r o s t   b e c a m e   s p o r a d i c  ((25%) i n   t h e   m a p p i n g  
a r e a   a t  M A A T  of  -1.OOC. H a r r i s  also n o t e d  
s p o r a d i c   p a t c h e s   o f   i c e   b e n e a t h  p e a t  h a v e   b e e n  
f o u n d   a t  M A A T ' S  a s  warm a s  5OC b u t   w e r e   m o r e  
f r e q u e n t l y   f o u n d   a t  MAAT'S  below 3OC. 

T h e   i d e n t i f i c a t i o n  of  n o r t h - f a c i n g  s l o p e s  a s   t h e  
l a s t   l o c a l i t y   f o r   p e r m a f r o s t   t o   p e r s i s t  i s  
i n c o n s i s t e n t   w i t h  some o b s e r v e d   o c c u r r e n c e s ,  
h o w e v e r ,   a n d   m a y   b e   d u e   t o  t h e  l a c k   o f  
g r o u n d w a t e r   e f f e c t s   i n   t h e   m o d e l .   E x p e r i e n c e  i n  
s o u t h - c e n t r a l   A l a s k a   a n d   o t h e r   a r e a s   a t   t h e  
s o u t h e r n  limit of p e r m a f r o s t   i n d i c a t e s   t h a t   t h e  
l a s t   p o c k e t s   o f   p e r m a f r o s t   w o u l d   n o r m a l l y   b e  
e x p e c t e d   t o   o c c u r   a r o u n d   t h e   e d g e s  o f  bogs   and  
p e a t l a n d s   t h a t   d o   n o t   r e c e i v e   g r o u n d w a t e r  
d i s c h a r g e   f r o m   ( w a r m e r )   h i g h e r   u p l a n d   s l o p e s .  
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CONCLUSIONS 

S e v e r a l   c o n c l u s i o n s   c a n   b e   d r a w n   f r o m  t h i s  

w o r k   q u i t e   w e l l  i n  m o d e l l i n g   t h e   n a t u r a l  
p r e l i m i n a r y   e f f o r t .   T h e   a p p r o a c h   a p p e a r s   t o  

d i s t r i b u t i o n  of p e r m a f r o s t  in t h e   S p i n a c h  Creek 
t e s t   a r e a .  The model i s  r e l a t i v e l y   s i m p l e   a n d  
t h e   r e q u i r e d  i n p u t s  a r e   f a c t ' o r s   t h a t   c a n   b e  
m a p p e d  b y  s k i l l e d   p h o t o i n t e r p r e t e r s   a n d / o r  
d e r i v e d   f r o m   d a t a b a s e   a n a l y s e s   o f  s o i l  t e s t  d a t a  
a n d   c l i m a t i c   d a t a .   H o w e v e r ,  i t  s h o u l d  be n o t e d  
t h a t   m o d e l l i n g   ( a s  wel l  a s   p h o t o i n t e r p r e t i v e  
p e r m a f r o s t   m a p p i n g )   c a n   b e   e x p e c t e d   t o  b e  
e a s i e r   i n   h i l l y   t e r r a i n ,   s u c h   a s   t h e  t es t  a r e a ,  
t h a t   h a s  1) r e l a t i v e l y   t h i n   l o e s s   c o v e r ,   a n d  2 )  
s t r o n g   g r a d i e n t s  i n  i n c i d e n t   s o l a r   r a d i a t i o n .  
I n   a d d i t i o n ,   t h e   r o l e   o f   g r o u n d w a t e r  is 
i m p o r t a n t   a n d   c a n n o t  be n e g l e c t e d ,   e s p e c i a l l y  i n  
l a n d s c a p e s   t h a t   a r e   f l a t t e r ,   h a v e   m o r e   c o m p l e x  
g e o l o g y   a n d   v e g e t a t i o n ,   a n d  in m o r e   m a r i t i m e  
c l i m a t e s .  

A l t h o u g h   t h i s   m o d e l   w a s  run on a s p e c i f i c   a r e a  
n e a r   F a i r b a n k s ,   t h e   r e s u l t s   o f   t h e  mean  annual  
a i r   t e m p e r a t u r e   s i m u l a t i o n s   c a n   b e   a p p l i e d   t o  
A l a s k a ' s   I n t e r i o r  i n  a g e n e r a l  way a n d   h a v e  
i m p l i c a t i o n s   f o r   h u m a n   d e v e l o p m e n t   o n  
p e r m a f r o s t .   R e l a t i v e l y  l i t t l e  c h a n g e   m i g h t  be 
e x p e c t e d   t o   o c c u r   f r o m  a c l i m a t i c   w a r m i n g   f r o m -  
3 . 5  t o  O'C, e x c e p t   a t   t r a n s i t i o n   z o n e s   a l o n g  
p e r m a f r o s t   b o u n d a r i e s ,   p a r t i c u l a r l y   o n  
r e t r a n s p o r t e d   d e p o s i t s  on t h e   l o w e r   p o r t i o n s  of  
s o u t h - f a c i n g   s l o p e s .   A b o v e  O ° C ,  p e r m a f r o s t  
d e g r a d a t i o n   w o u l d   a c c e l e r a t e   a n d  a l l  v a l l e y  
b o t t o m s ,   w h e r e  much i n f r a s t r u c t u r e   d e v e l o p m e n t  
o c c u r s ,  w o u l d   b e c o m e   t h a w e d ,   T h e   t h a w i n g  of 
r e m n a n t   p e r m a f r o s t  on s t e e p   n o r t h - f a c i n g   h i l l s  
a t  MAAT's be tween  2 and 2 . 5 O C  w o u l d   l i k e l y   h a v e  
l i t t l e   e f f e c t  on human use s i n c e   t h e s e   s i t e s   a r e  
r a r e l y   d e v e l o p e d .  
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