


AIDJEX BULLETIN No. 36 
May 1977 

I C E  FORECASTING L I M I T A T I O N S  IMPOSED BY THE ACCURACY 
OF ATMOSPHERIC PREDICTION MODELS 

--John E. Walsh . . . . . . . . . . . . . . . . . . . . . . . . .  1 
B 

ARCTIC CONTINENTAL SHELF PROCESSES AND MORPHOLOGY RELATED TO 
SEA I C E  ZONATION, BEAUFORT SEA, ALASKA 

--E. R e i m n i t z ,  L. T o i m i l ,  and P. B a r n e s  . . . . . . . . . . . . .  1 5  

A SIMULATION OF I N E R T I A L  OSCILLATIONS OBSERVED I N  THE DRIFT  
OF MANNED I C E  STATIONS 

--M. G. McPhee . . . . . . . . . . . . . . . . . . . . . . . . .  65 p:*- 
PIBAL/ACOUSTIC RADAR DATA I N  MEASUREMENT AND COMPUTATION 
OF A I R  STRESS OVER PACK I C E  

--Frank C a r s e y  and E r i c  L e a v i t t  . . . . . . . . . . . . . . . . .  87 

F I E L D  CALIBRATION REPORT, A IDJEX METEOROLOGY PROGRAM, 
A P R I L  1 9 7 5 - A P R I L  1976 

--M. C l a r k e ,  D. B e l l ,  and E. L e a v i t t  . . . . . . . . . . . . . .  129 

COMPUTATION OF A I R  STRESS AND SENSIBLE HEAT FLUXES 
FROM SURFACE LAYER PROFILE DATA, AIDJEX, 1975 

--E. L e a v i t t ,  D. B e l l ,  M. C l a r k e ,  R. A n d e r s e n ,  and C. P a u l s o n  . . 157 

NCAR ELECTRA PLANETARY BOUNDARY LAYER FLIGHTS DURING AIDJEX 
--R. A.  B r o w n  . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

I 
1 

CONTENTS OF PAST BULLETINS . . . . . . . . . . . . . . . . . . . .  187 

DATA AVAILABLE FROM THE ARCTIC I C E  DYNAMICS J O I N T  EXPERIMENT 
AS OF 1 MAY 1977 

- - M u r r a y  J. S t a t e m a n  . . . . . . . . . . . . . . . . . . . . . .  203 

* * *  * * *  * * *  * * *  * * *  

Front cover: A Z o n e  a t  Zast i n  the soZitude of the evening, Madge 
recaZZed, with a thriZZ that  caught her breath, the wiZd 
ecstasy of Ernest's kisses, those mad, heedZess moments in 
his  arms, when the earth stood stiZZ as the inner pZanets spun 
i n  goZden frenzies. "Ernie!" the passionate cry rose unbidden from her anguished bosom and 

Back cover: The Nansen D r i f t  Station, a f ter  severaZ budget cuts, 
finaZZy gets under way. 



AIDJEX BULLETIN No. 36 

May 1977 

***** ***** ***** ***** ***** ***** ***** ***** ***** ***** ***** ***** 

Financial support for  AIDJEX is provided by 
the National Science Foundation, 

the Office of Naval Research, 
and other U.S. and Canadian agencies. 

***** ***** ***** ***** *** *** *** *** * * * * 

Arctic Ice Dynamics Joint  Experiment 
Divi  si on o f  Marine Resources 

University o f  Washington 
Seat t le ,  Washington 98105 

I 



UNIVERSITY OF WASHINGTON 

Division of M d n e  Resomces 

The AIDJEX Bul le t in  aims t o  provide both a fomun f o r  discussing AIDJEX 
problems and a source of information pertinent t o  a l l  AIDJEX pa&&- 
pants. Issues--numbered, dated, and sometimes subtitled--contain 
technical material closely re luted t o  AIDJEX, informal reports on 
theoretical and f i e l d  Work, translations of relevant s c i en t i f i c  reports, 
and discussions of interim AIMEX resul ts .  

Bulletin No. 36 contains reports from the 1975-76 f i e l d  work and from 
the modeling group, as well as a cautionary note from John Walsh, nm a t  
NCAR, on ice  forecasting limitations imposed by the accuracy of atmos- 
pheric prediction models. 
l i s t ing  of Bulletin reports since the ir  printing began. 
from No. 25 on are s t i l l  available i n  the ir  ent irety .  

A t  the end of Bulletin 36 can be found a 
Most issues 

“Hooray, hooray, the f i r s t  of May, outdoor funning begins today!“ A 
be t ter  cartoon or any correspondence concerning the Bulletin should be 
addressed t o  Alma Johnson, Editor, AIDJEX Bulletin,  4059 Rooseve lt Way 
N . E . ,  Seatt le,  WA 98105. 

”‘I really shouldn’t be here. ‘I should be out tYying to  get funderl.” 



ICE FORECASTING LIMITATIONS IMWSED BY THE ACCURACY 
OF ATHISPHERIC PREDICTION MODELS 

by 
John E. Walsh* 

National Center for Atmospheric Research 
Boulder, Colorado 80303 

ABSTRACT 

Forecasts  produced 

Meteorological Center a 

of sea i c e  model predic  

gradients  and geostroph 

i n  most mid-lati tude l a  

zero by 72 hours when t 

become as l a rge  as t h e  

t h e  app l i ca t ion  of t h e  

much more severely by t 

by t h e  formulation of t 

One of t h e  motivat 

i s  t h e  need f o r  b e t t e r  

by t h e  operat ional  p red ic t ion  model of t h e  National 

e examined f o r  e r r o r s  t h a t  may l i m i t  t h e  accuracy 

ions.  

c winds are found t o  be no worse i n  t h e  Arctic than 

d areas. However, t h e  fo recas t  s k i l l  approaches 

e e r r o r s  i n  t h e  predicted geostrophic winds t y p i c a l l y  

eostrophic winds themselves. It i s  concluded t h a t  

. IDJEX model t o  sea ice fo recas t ing  w i l l  be  l imited 

e accuracy of atmospheric pressure f o r e c a s t s  than 

e ice  dynamics. 

Errors  i n  the  predicted low-level height 

INTRODUCTION 

ng f a c t o r s  i n  t h e  development of t h e  AIDJEX model 

r ed ic t ions  of t h e  presence and movement of pack ice. 

*On leave from t h e  Laboratory f o r  Atmospheric Research, University of 
I l l i n o i s ,  Urbana. 
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The AIDJEX model has been described i n  considerable d e t a i l  by Coon e t  a l .  

[1974], and t h e  r e s u l t s  of some e a r l y  tests of t h e  model have been reported 

by Coon e t  a l .  [1976]. Encouraging agreement between computed and observed 

i c e  parameters was  obtained from a simulation i n  which t h e  a i r  stress w a s  

determined from observed su r face  pressures  and derived geostrophic winds. 

The use of such a model f o r  ice p red ic t ion  purposes w i l l  r e q u i r e  fore-  

casts of t he  q u a n t i t i e s  used i n  computing t h e  ex te rna l  fo rces  a c t i n g  on t h e  

ice. 

A I D J E X  model uses a boundary l aye r  subprogram t o  compute t h e  su r face  a i r  

stress from t h e  su r face  geostrophic winds. 

i ce  f o r e c a s t s  obtained from t h e  AIDJEX model w i l l  b e  l imited by t h e  accuracy 

with which t h e  atmospheric pressure gradients  o r  geostrophic winds can be 

fo recas t .  

The p r i n c i p a l  motive f o r c e  f o r  sea ice i s  t h e  su r face  a i r  stress. The 

It follows t h a t  t h e  accuracy of 

Unfortunately, t h e  high-lat i tude performance of atmospheric p red ic t ion  

models has received l i t t l e  a t t e n t i o n  from fo recas t ing  cen te r s ,  which are 

understandably more concerned with f o r e c a s t s  f o r  t h e  heavi ly  populated land 

areas of t h e  middle l a t i t u d e s .  This i s  one reason f o r  t h e  recommendation by 

t h e  U.S. POLEX Panel [National Academy of Sciences, 19741 t h a t  t h e  high- 

l a t i t u d e  performance of atmospheric models be reviewed. 

This paper w i l l  examine t h e  accuracy of high-lat i tude f o r e c a s t s  produced 

by t h e  operat ional  numerical model of t h e  National Meteorological Center 

(NMC). 

atmospheric p red ic t ion  model on t h e  ice p red ic t ion  model t o  which i t  may be 

coupled, t h e  focus w i l l  be on t h e  f o r e c a s t s  of t h e  low-level ho r i zon ta l  

gradients  of pressure o r ,  a l t e r n a t i v e l y ,  geopotent ia l  height.  It should be 

noted t h a t  t he  NMC model has  compared favorably with other  atmospheric pre- 

d i c t i o n  models i n  case s t u d i e s  by Houghton and I r v i n e  119761 and by Baumhefner 

and Downey 119761. 

Since t h e  primary concern h e r e  is t h e  l i m i t a t i o n  imposed by the  

THE MODEL AND THE DATA 

The ope ra t iona l  NMC model is  a 6-layer p r imi t ive  equation model. A 

polar  s tereographic  coordinate system is  used on an octagonal g r i d  covering 

the  northern hemisphere from approximately 1 5 O N  t o  t h e  pole. The gr id  
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contains  47 X 51 po in t s  a t  each level. 

Details of t h e  model formulation are given by Shuman and Hovermale [19681. 

The g r i d  spacing is 381 km a t  60°N. 

The model is  run t w i c e  d a i l y  beginning a t  OOZ and 122. The r e s u l t s  

t o  be showri h e r e  are f o r  t h e  24-, 48-, and 72-hour f o r e c a s t s  made a t  OOZ 

during t h e  period 1 J u l y  1974 - 30 June 1975. 

on tape a t  t h e  National Center f o r  Atmospheric Research provided 360 sets 

of t h e  t h r e e  f o r e c a s t s  and v e r i f i c a t i o n s .  

The f i l e s  of NMC da t a  s to red  

Of t h e  fo recas t  parameters t h a t  are rou t ine ly  output and saved from 

t h e  cpe ra t iona l  model runs ,  t h e  most appropriate  f o r  t h i s  study i s  the  1000 mb 

height  f i e l d .  The geostrophic wind i s  a l i n e a r  funct ion of t h e  height  gra- 

d i e n t  along a constant-pressure surface: 

where ug and vg are t h e  geostrophic wind components i n  t h e  x and y d i r e c t i o n s ,  

z is t h e  height  of t h e  p-surface, g i s  t h e  g r a v i t a t i o n a l  constant ,  and f is 

t h e  Cor io l i s  parameter. 

level implies t h a t  ug and vg computed from (1) with p = 1000 mb w i l l  c l o s e l y  

approximate t h e  su r face  geostrophic wind components. 

The proximity of t h e  1000 mb su r face  t o  mean sea 

RESULTS OF THE FORECAST ANALYSIS 

Before t h e  f o r e c a s t s  of t h e  height  gradients  are examined, t h e  accuracy 

of t h e  f o r e c a s t s  of t h e  height  f i e l d s  themselves w i l l  be i l l u s t r a t e d .  

t i o n  w i l l  be focused on t h e  sec to r  of t h e  Arctic Ocean shown i n  Figure 1. 

This s e c t o r  contains  16  NMC g r id  po in t s  and includes t h e  region of t h e  AIDJEX 

main experiment. The l i n e s  labeled "MA" i n  Figure 2 show t h e  mean magnitudes 

of t h e  e r r o r s  i n  t h e  height  fo recas t s  f o r  t h e  16  g r i d  po in t s  of t h e  Arct ic  

s ec to r .  

each: 

March), and Spring (April-June). 

15-25 m a t  24 hours t o  40-50 m a t  72 hours. 

i n  t h e  winter and smallest i n  t h e  summer. 

Atten- 

The e r r o r s  are p lo t t ed  f o r  four seasons of approximately 90 days 

Summer (July-September) , Autumn (October-December) , Winter (January- 

The fo recas t  e r r o r s  i n  Figure 2 range from 

The fo recas t  e r r o r s  are l a r g e s t  
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Fig. 1. NMC grid points for which the errors i n  the Arctic height and height 
gradient forecasts w e r e  computed. 
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Fig. 2. Mean magnitude ( i n  meters) of t h e  e r r o r s  i n  t h e  1000 mb height  
fo recas t s  of t h e  NMC model (M) and pe r s i s t ence  (P) .  Each dot  represents  
an  average over t h e  90 fo recas t  days i n  t h e  season (Su = Summer, Au = 
Autumn, W i  = Winter, Sp = Spring) and over e i t h e r  t h e  1 6  Arctic g r id  
po in t s  ( subsc r ip t  A) o r  t h e  e n t i r e  hemispheric cap north of 30°N 
( subsc r ip t  H) . 

Figure 2 a l s o  shows t h e  corresponding e r r o r s  f o r  pe r s i s t ence ,  which 

w a s  used as t h e  con t ro l  forecas t .  

t h e  fo recas t  q u a n t i t i e s  do n o t  change from t h e i r  i n i t i a l  values.)  The NCM 

f o r e c a s t s  are c l e a r l y  superior  t o  t h e  pe r s i s t ence  f o r e c a s t s  i n  a l l  seasons 

and a t  a l l  t h r e e  f o r e c a s t  intervals. 

(A pe r s i s t ence  fo recas t  assumes t h a t  

Final ly ,  Figure 2 shows t h a t  t h e  r o o t  mean square (rms) e r r o r s  i n  t h e  

Arctic he igh t  f o r e c a s t s  are general ly  smaller than t h e  r m s  height  e r r o r s  

averaged over a l l  g r i d  po in t s  north of 30’N. While t h e  sparseness of t h e  

d a t a  network i n  t h e  central Arctic might have been expected t o  con t r ibu te  

t o  more s e r i o u s  e r r o r s  i n  high l a t i t u d e s ,  t h e  Arctic’s pos i t i on  a t  the  cen te r  

of t h e  NMC gr id  may render i t  less suscep t ib l e  than lower l a t i t u d e s  t o  e r r o r s  

introduced by t h e  a r t i f i c i a l  lateral  boundaries. On t h e  o the r  hand, t h e  
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smaller e r r o r s  i n  t h e  Arc t ic  may simply be due t o  a general ly  weaker l e v e l  

of synopt ic  a c t i v i t y  i n  t h e  Arctic. The geographical d i s t r i b u t i o n  of t h e  

pers i s tence  e r r o r s  (Figure 3) implies  t h a t  t r a n s i e n t  synoptic a c t i v i t y  is 

considerably s t ronger  i n  middle l a t i t u d e s ,  e spec ia l ly  i n  t h e  northern ocean 

areas. A r epor t  by t h e  U.S. National Academy of Sciences [1974] descr ibes  

a s i m i l a r  d i s t r i b u t i o n  of synopt ic  a c t i v i t y  a t  500 mb. 

It should be mentioned t h a t  e r r o r s  i n  t h e  NMC high-lat i tude analyses 

have been noted by Brown et al .  [1974]. It is unl ike ly ,  however, t h a t  t h e  

v e r i f i c a t i o n  e r r o r s  would c o r r e l a t e  s i g n i f i c a n t l y  with t h e  fo recas t  e r r o r s ,  

s ince  t h e  v e r i f i c a t i o n  d a t a  are obtained from an objec t ive  ana lys i s  performed 

independently of t h e  fo recas t  data.  It is  therefore  assumed t h a t  t he  fore- 

cast e r r o r s  i n  Figure 2 are not  biased by systematic v e r i f i c a t i o n  e r ro r s .  

The r e l a t i o n  (1) between t h e  height  gradient  and t h e  geostrophic wind 

enables one t o  express the  percentage e r r o r ,  E ,  i n  a geostrophic wind pre- 

d i c t i o n  f o r  t h e  g r i d  poin t  (i,j) as 

-t 
where t h e  symbol I I i nd ica t e s  a magnitude, Vg is  the  geostrophic wind 

vec tor ,  6(x )  = xobs - xfcst is  the  e r r o r  i n  the  fo recas t  of t he  quant i ty  

x, and 

When an observed geostrophic wind vec tor  i s  expressed as the  sum of a fore-  

c a s t  vector  and an e r r o r  vec tor ,  t h e  quant i ty  ( E )  i n  (2) is t h e  r a t i o  of 

thq magnitude of t h e  e r r o r  vector  t o  t h e  magnitude of t he  observed vector .  

Figure 4 contains  seve ra l  p l o t s  of = I6(?,)ij I / I ("v ) - 1  , where the  

overbar denotes t h e  average over a season (approximately 90 days) f o r  t he  

gr id  poin ts  within a p a r t i c u l a r  region. The region cons i s t s  of e i t h e r  t he  

16 NMC g r id  poin ts  of t h e  Arctic sec to r  ( subscr ip t  A) of Figure 1 o r  a l l  

g 23 
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Fig. 3 .  Mean magnitude ( i n  meters) of t h e  e r r o r s  i n  the  72-hour pe r s i s t ence  
fo recas t s  of 1000 mb height.  
days. 

Errors  are averaged over t he  360 fo recas t  

7 
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Fig. 4. Mean e r r o r ,  E 5 ISVgl / lVg I , i n  t h e  geostrophic wind f o r e c a s t s  of the  

NMC model (M) and pe r s i s t ence  (P). Each dot  r ep resen t s  an average over t h e  
90 f o r e c a s t  days i n  t h e  season and over e i t h e r  t h e  16 Arctic g r id  po in t s  
( subsc r ip t  A) o r  t h e  e n t i r e  hemispheric cap no r th  of 30°N (subscr ipt  H ) .  
Resul ts  labeled "Y > 5" include only those cases where t h e  ve r i fy ing  
geostrophic wind exceeded 5 m sec-l. 

g r id  po in t s  i n  t h e  hemispheric cap no r th  of 30°N (subscr ipt  H ) .  Resul ts  are  

shown f o r  t h e  24-,48-,and 72-hour f o r e c a s t s  of t h e  NMC model (M) and pe r s i s -  

tence (P). 

45%-60% a t  24 hours t o  90%-110% a t  72 hours. The e r r o r s  are l a r g e s t  i n  

winter  and smallest i n  summer, although t h e  seasonal v a r i a t i o n  is  not as 

l a r g e  as i n  t h e  height  e r r o r s  of Figure 2. The e r r o r s  i n  the  NMC Arctic 

f o r e c a s t s  are smaller than t h e  mean NMC e r r o r s  (Q) f o r  t h e  region no r th  

of 30'N. 

casts of pe r s i s t ence  (PA), but  t he  NMC improvement over pe r s i s t ence  is  only 

on t h e  order  of 20% a t  72 hours. An examination of t h e  96- and 120-hour 

( 4 -  and 5-day) f o r e c a s t s  i n d i c a t e s  t h a t  t h e  mean e r r o r s  (E)  of t h e  NMC and 

pe r s i s t ence  f o r e c a s t s  approach each o the r  a t  E 
t h e  Arc t i c  and i n  middle l a t i t u d e s .  

The values  of E f o r  t h e  NMC Arctic fo recas t s  (MA) range from 

The NMC Arctic f o r e c a s t s  are again superior  t o  t h e  Arctic fore- 

1.3-1.4 by day 5 i n  both 

8 



A s  noted by Coon et  a l .  [1976], t h e  major p a r t  of pack i c e  motion and 

deformation occurs under condi t ions of s t rong  winds. Figure 4 shows the  

E values  of t h e  NMC Arct ic  fo recas t s  f o r  cases i n  which t h e  ve r i fy ing  geo- 

s t roph ic  winds exceeded 5 m sec-l .  

Arctic gr id  poin ts  ranged from 31% t o  58% of t h e  t o t a l  cases, depending on 

t h e  season and t h e  gr id  point . )  The percentage e r r o r s  (a are smaller f o r  

t h e  s t rong  wind s i t u a t i o n s ,  increasing from approximately 45% a t  24 hours 

t o  approximately 80% a t  72 hours. 

4 ,  t h e  ( M ~ > v < 5  points  tend t o  be about as f a r  above t h e  MA poin ts  as the  

  MA)^> 

(The frequency of such winds a t  t h e  

Although they are not p lo t ted  i n  Figure 

poin ts  are below the  MA points .  

The geographical d i s t r i b u t i o n  of t h e  quant i ty  E a t  24 and 72 hours is  

shown i n  Figure 5 (a,b) f o r  t h e  spr ing  fo recas t s  of the  NMC model. The 

r e l a t i v e l y  uniform e r r o r s  i n  t h e  c e n t r a l  Arc t ic  are comparable t o  t h e  e r r o r s  

over t h e  northern land areas (excluding t h e  elevated Greenland ice shee t ,  

where 1000 mb heights  are r a t h e r  meaningless). Somewhat smaller values of 

E are seen over t h e  northern ocean areas where the  geostrophic wind speeds 

are general ly  s t ronger .  

The values  of 

- 

shown i n  Figures 4 and 5 are t o  be compared with t h e  

corresponding values  obtained from t h e  r e s u l t s  of t he  ea r ly  tests of t he  

AIDJEX model. 

] V i ] ,  where V i  i s  the  observed i c e  d r i f t  vector  and 6(Vi) is the  vec tor  

d i f fe rence  between t h e  computed and observed d r i f t  vectors .  

of mid-day d r i f t  v e l o c i t i e s  from Coon e t  a l .  [1976, Fig. 111 give Ei = 0 . 3 6  

f o r  These percentage e r r o r s  

i n  the  ice d r i f t  vec tors  computed from observed geostrophic winds are com- 

parable  t o  t h e  percentage e r r o r s  i n  the geostrophic wind fo recas t s  f o r  24 

hours and are general ly  less than t h e  percentage e r r o r s  i n  t h e  geostrophic 

wind fo recas t s  f o r  48 and 72 hours. Since t h e  AIDJEX model r e s u l t s  used 

here  are from preliminary tests of t h e  "untuned" model, i t  is  reasonable 

t o  assume t h a t  t h e  values  of zi w i l l  eventual ly  be reduced even fu r the r  

below t h e  corresponding values  f o r  t h e  geostrophic wind forecas ts .  

The e r r o r  parameter f o r  t h e  ice model r e s u l t s  is E? E 16(Fi) I /  
+- + -+ 

The 10 sets 

+- 
> 5 cm sec-' and ET = 0.75 f o r  a l l  cases. 
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GEBSTRBPHIC &[NO ERRBR [ E l  NMC 24-HBUR SPRING FCST. 

- 
Fig. 5a. Mean e r r o r ,  E ,  i n  t h e  NMC 24-hour geostrophic wind fo recas t s  f o r  

t h e  sp r ing  season. 
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GEBSTRBPHIC WIND ERRBR ( E l  NMC 72-HBUR SPRING FCST. 

Fig. 5b. A s  i n  Figure 5a, but for the 72-hour geostrophic wind forecasts. 
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CONCLUSIONS 

The r e s u l t s  described i n  t h e  previous sec t ion  show t h a t  t h e  s k i l l  i n  

t h e  h igh- la t i tude  geostrophic wind fo recas t s  approaches zero by 72 hours. 

The r e s u l t s  imply t h a t  t h e  e r r o r s  i n  fo recas t s  of ice motion f o r  per iods 

exceeding 24 hours w i l l  be dominated by e r r o r s  i n  t h e  geostrophic wind 

forecas ts .  

o ther  ice model w i l l  be l imi ted  not  so much by t h e  formulation of t h e  ice 

dynamics but  by t h e  accuracy of the  atmospheric pressure forecas ts .  More 

s p e c i f i c a l l y ,  de t a i l ed  fo recas t s  of ice motion f o r  per iods exceeding 72  

hours w i l l  show l i t t l e  s k i l l  without an improvement i n  t h e  performance of 

atmospheric pred ic t ion  models. 

It follows t h a t  t he  p red ic t ive  value of t he  AIDJEX model o r  any 
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ARCTIC CONTINENTAL SHELF PROCESSES AND MORPHOLOGY RELATED TO 
SEA I C E  ZONATION, BEAUFORT SEA, ALASKA 

by 
E. Reimnitz, L. Toimil, and P. Barnes 

U.S. Geological Sumey 
MenZo Park,  CA 94025 

ABSTRACT 

Landsat-1 and N O M  satel l i te  images f o r  winter 1972-73 and i c e  
seaf loor  da ta  from several sources were used t o  s tudy sea i c e  
zonation and dynamics and t h e i r  r e l a t i o n  t o  bottom morphology 
and geology on t h e  Beaufort Sea cont inenta l  she l f  of a r c t i c  
Alaska. 

I n  e a r l y  winter t h e  loca t ion  of t h e  boundary between undeformed 
f a s t  ice and t h e  westward d r i f t i n g  pack i c e  of t he  P a c i f i c  Gyre 
is  cont ro l led  by major coas t a l  promontories. Pronounced l i n e a r  
pressure r idges ,  shear  r idges ,  and hummock f i e l d s  form along 
t h i s  boundary and are s t a b i l i z e d  by grounding, general ly  between 
t h e  10 m and 20 m isobaths.  Slippage along t h i s  boundary occurs 
i n t e r m i t t e n t l y  a t  o r  seaward of t h e  grounded r idges ,  forming new 
grounded r idges  i n  a widening zone, t h e  stamkhi  zone, which by 
la te  winter extends out  t o  t h e  40 m isobath.  Between in te rmi t -  
t e n t  events along t h e  stamukhi zone, pack ice d r i f t  and s l ippage 
are continuous along t h e  she l f  edge, a t  average rates of 3-10 km 
p e r  day. Whether s l ippage occurs along t h e  stamukhi zone o r  
along t h e  she l f  edge, i t  is r e s t r i c t e d  t o  a zone seve ra l  hundred 
meters wide and i c e  seaward of t h e  s l i p  f ace  moves a t  uniform 
rates f o r  tens  of kilometers ou t  i n t o  t h e  pack i c e  d r i f t  without 
d i sce rn ib l e  drag e f f e c t s .  

A causal  r e l a t i o n  is  seen between t h e  s p a t i a l  d i s t r i b u t i o n  of 
major i c e  r idge  systems and of fshore  shoals  downdrift of major 
c o a s t a l  promontories. The shoals  appear t o  have migrated shore- 
ward under t h e  inf luence of ice up t o  400 m i n  t h e  last  25 years.  
The seaf loor  seaward of these  shoals  within t h e  stamukhi zone 
shows high ice gouge dens i ty ,  l a r g e  inc i s ion  depths ,  and a high 
degree of d i s rup t ion  of i n t e r n a l  sedimentary s t ruc tu res .  The 
concentrat ion of l a r g e  ice r idges  and our seaf loor  da ta  i n  the  
stamukhi zone ind ica t e  t h a t  much of t h e  ava i l ab le  marine energy 
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is  expended here ,  while t h e  inner  she l f  and coas t ,  where t h e  rela- 
t i v e l y  undeformed f a s t  ice grows, are she l te red .  There is evidence 
t h a t  anomalies i n  t h e  o v e r a l l  a r c t i c  she l f  p r o f i l e  are r e l a t e d  t o  
sea ice zonation, ice dynamics, and bottom processes. The ice 
zonation proposed--(a) bottom-fast ice, (b) f l o a t i n g  f a s t  ice, 
(c) stamukhi, and (d) seasonal  pack ice--emphasizes ice i n t e r a c t i o n  
with t h e  she l f  sur face  and d i f f e r s  from previous zonation. 

Certain aspec ts  of t h e  r e s u l t s  reported here  are d i r e c t l y  appl icable  
t o  planned of fshore  developments i n  t h e  Prudhoe Bay o i l  f i e l d .  
Properly placed a r t i f i c i a l  s t r u c t u r e s  similar t o  offshore shoa ls  
should be a b l e  t o  withstand t h e  forces  of t h e  ice,  serve t o  modify 
t h e  observed ice zonation, and might be used t o  make t h e  environ- 
ment less h o s t i l e  t o  human a c t i v i t i e s .  

INTRODUCTION 

The presence of an ice cover over t h e  cont inenta l  shelves  of t h e  

Arc t ic  sea f o r  e i g h t o r n i n e  months of t h e  year may imply t o  many marine 

geologis t s  a period of quiescence, when t h e  f ami l i a r  processes con t ro l l i ng  

t h e  sedimentological environment are dormant. 

damped, sediment-laden river plumes are absent,  and the re  is  no wave 

a c t i v i t y .  It i s  t r u e  t h a t  beaches i n  many areas of t h e  Arc t ic  are rela- 

t i v e l y  s tagnant  f o r  a l a rge  p a r t  of t h e  year while they are protected by 

i ce .  But s eve ra l  recent  r epor t s  deal ing with t h e  Beaufort Sea she l f  po in t  

out t h a t  throughout t h e  year much of it has a dynamic environment i n  which 

ice plays a dominant r o l e  [Reimnitz and Bruder, 1972; Reimnitz e t  a l . ,  1972; 

Barnes and Reimnitz, 1974; Reimnitz e t  a l . ,  1974; Reimnitz and Barnes, 1974; 

Walker, 19741. 

Wind-driven cu r ren t s  are 

The shear zone i n  t h e  winter ice regime off northern Alaska occurs 

where ice ca r r i ed  along by t h e  Pac i f i c  Gyre of t h e  Beaufort Sea gr inds 

aga ins t  s t a t iona ry  f a s t  i c e  on the  inner  cont inenta l  s h e l f ,  r e s u l t i n g  i n  

t h e  formation of pressure  r idges ,  shear r idges ,  and hummock f i e l d s .  Ice 

dynamics and extremely rough sur face  r e l i e f  make t h e  shear zone a formidable 

b a r r i e r  t o  ice travel and t o  of fshore  petroleum explorat ion and development. 

Because many of t h e  r idges  surv ive  t h e  summer m e l t  season and remain grounded, 

t h e  shear  zone a l s o  represents  an obs t ac l e  t o  shipping. Much of t h e  marine 

energy of t h e  Beaufort Sea i s  expended within t h e  of fshore  shear zone. W e ,  
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therefore ,  are tempted t o  make an analogy between it  and t h e  sur f  zone of lower 

l a t i t u d e s ,  although t h e  processes and r e s u l t s  obviously are very d i f f e r e n t .  

This r epor t  descr ibes  a study of t h e  winter  shear  zone between the  

Arc t ic  pack ice and t h e  f a s t  ice, and discusses  its implicat ions t o  she l f  

geology, morphology, and bottom processes. Most s tud ie s  of t h e  shear zone 

have dealt: wi th  t h e  problem of dynamics i n  t h e  i n t e r i o r  of l a r g e  f i e l d s  of 

sea ice, with ice deformational processes,  and t h e  r e s u l t i n g  ice fea tures .  

The o v e r a l l  i n t e r a c t i o n  of t h e  Arctic pack with t h e  continent has received 

l i t t l e  att .ention. 

without s u f f i c i e n t  ground observations on t h e  shear zone, and on shipboard 

s t u d i e s  during t h e  summer, t h e  conclusions drawn can be considered only pre- 

liminary. 

geological. boundary on t h e  cont inenta l  s h e l f .  

Because t h e  present  work is based l a rge ly  on remote sensing 

But the  shear  zone appears t o  be an  important morphological and 

I n  t h i s  r epor t  we w i l l :  (1) de l inea te  t h e  shear zone of Alaska's north 

coas t  from Landsat-1 and NOM-2 satel l i te  images and consider its r e l a t i o n  

t o  bathymetry and c o a s t a l  configuration; (2) study i n t e r a c t i o n s  between t h e  

pack i c e  d r i f t  and t h e  s t a t iona ry  shore i c e  during winter ;  (3) attempt t o  

analyze t h e  f a c t o r s  t h a t  con t ro l  t h e  e a r l y  winter l oca t ion  of t h e  shear zone 

and i t s  subsequent s h i f t  seaward; (4) relate shear zone processes t o  seaf loor  

c h a r a c t e r i s t i c s  and bottom processes;  (5) specula te  on poss ib le  s i d e  e f f e c t s  

of t h e  shear zone on t h e  oceanographic and sedimentary environment; and (6) 

specula te  on some aspec ts  of of fshore  construct ion i n  the  shear zone. 

BACKGROUND INFORMATION 

For a general  descr ip t ion  of t h e  cont inenta l  she l f  and coas t  i n  t h e  

study areas (Fig. 1 )  and i t s  marine environment, including cu r ren t s ,  t i d e s ,  

wind, ice d r i f t ,  breakup, and river inflow, t h e  reader is re fe r r ed  t o  Barnes 

and Reimnitz [1974] and Reimnitz and Barnes [19741. The background informa- 

t i o n  given here  i s  concerned mainly with t h e  sea ice regime. 

The sea ice on the cont inenta l  she l f  of t h e  southern Beaufort Sea can 

be broadly divided i n t o  th ree  zones [Kovacs and Mellor, 19741: (1) a f a s t  

i c e  zone, extending from t h e  coast  t o  approximately t h e  20 m depth contour; 

1 7  



(2) a seasonal  pack i c e  zone t h a t  covers t h e  outer  she l f  and cont inenta l  

s lope;  and, beyond t h a t ,  (3) t h e  polar  pack ice zone. S i tua ted  between t h e  

f a s t  ice and seasonal  pack ice zones, but  general ly  considered p a r t  of t h e  

l a t te r ,  is a fou r th  zone, t h e  shear zone [Hibler et  al.,  1974; Kovacs and 

Mellor , 19741 . 

Fast Ice Zone 

The term f a s t  ice, as commonly used, r e f e r s  t o  t h e  ice near shore,  

which by v i r t u e  of being at tached t o  t h e  coas t ,  t o  i s l ands ,  and t o  shoals  

is  r e l a t i v e l y  immobile f o r  some unspecified t i m e  period during t h e  winter.  

It general ly  cons i s t s  mostly of seasonal ice grown i n  place,  undergoes l i t t l e  

deformation, and the re fo re  is r e l a t i v e l y  smooth. But varying amounts of 

o lde r  i c e  may be incorporated,  depending on i ts  d i s t r i b u t i o n  during freezeup. 

The seaward ex ten t  of t h e  f a s t  ice zone i n  t h e  Arctic varies from one 

region t o  another,  but  it is  similar from year t o  year i n  a given area. 

According t o  Jacobs e t  a l .  [1975], i t s  seaward boundary i n  t h e  eas t e rn  

Canadian Arc t ic  approximates t h e  180 m depth contour. They use as t h e  s o l e  

c r i t e r i o n  t h a t  t h e  ice be f a s t  and include any amount of newly deformed and 

multiyear ice. Disregarding ice types and morphology, most of t he  winter 

i c e  i n  t h e  Canadian Archipelago, including t h a t  covering some very deep areas 

may qua l i fy  as f a s t  ice, according t o  Dehn [Reed and Sater, 1974, p. 2991. 

I n  t h e  White Sea t h e  boundary lies on t h e  10 m depth contour, and along t h e  

Siber ian Arc t i c  coast  on t h e  25 m l i n e  [Zubov, 19451. I n  t h e  Beaufort Sea 

east of t h e  MacKenzie Delta t h e  f a s t  i c e  zone extends t o  t h e  20 m depth 

contour, while immediately w e s t  of t h e  d e l t a  t he re  may be no t r u e  f a s t  ice, 

but  r a t h e r  "quasi-landfast  ice"  as described by Cooper [1974]. 

Alaska t h e  20 m depth contour is commonly considered t o  be t h e  seaward l i m i t  

of f a s t  ice [Weeks e t  a l . ,  1971; Burns and Harbo, 1972; Kovacs and Mellor, 

1974; Reimnitz and Barnes, 19741. Here t h e  boundary is  marked by a change 

from r e l a t i v e l y  undeformed, smooth ice inshore t o  highly deformed i c e  offshore.  

S t r inge r  [1974], studying t h e  western Beaufort Sea, subdivided t h e  f a s t  i c e  

zone and added t h e  t e r m  attached ice,which i s  a f l o a t i n g  i c e  f i e l d  temporarily 

a t tached t o  t h e  shorefas t  ice. Many of t h e  authors  c i t ed  and st i l l  o the r s ,  

North of 
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including us ,  see problems with t h e  d e f i n i t i o n  of f a s t  ice, and Cooper [1974] 

has  suggested t h a t  t h e  terminology should be changed. 

Kovacs and Mellor [1974] give a general  desc r ip t ion  of t h e  growth, 

seasonal  v a r i a b i l i t y  i n  ex ten t ,  deformational f ea tu re s ,  and behavior of t h e  

f a s t  ice appl icable  t o  our s tudy area. 

shear  r idges ,  and hunnnock f i e l d s ,  which form mainly i n  e a r l y  winter  when new 

ice is  still th in .  Deformation of t h e  f a s t  ice decreases from midwinter t o  

spr ing,  as it  approaches maximum thickness  of about 2 m y  and as i t s  outer  edge 

becomes s t a b i l i z e d  by grounded pressure  r idges  and o lder  i c e  [S t r inger ,  1974; 

Kovacs and Mellor, 1974; Reimnitz and Barnes, 19741. Because t h e  outer  edge 

extends t o  t h e  10 o r  20 m depth contour, much of t he  f a s t  ice is f l o a t i n g  and 

f l u c t u a t e s  with astronomical and meteorological t i d e s .  

Sea t h e r e  are, however, extensive areas (up t o  10 km wide) landward of t h e  

2 m i soba th  where i c e  i s  r e s t i n g  on t h e  sea f loo r  a t  t h e  end of the  winter.  

This ice has been ca l l ed  bottom fas t  ice [Reimnitz and Barnes, 19741. 

s l i g h t l y  seaward of t h e  2 m depth contour t h e  ice is  o f t en  marked by t i d a l  

cracks. 

This i c e  can contain pressure  r idges ,  

I n  t h e  Alaska Beaufort 

A t  and 

Seasonal Pack Ice Zone 

This zone, which a l s o  has  been ca l l ed  t h e  Offshore Province [Weeks e t  

al.,  19711, extends from t h e  f a s t  ice boundary seaward f o r  100 t o  200 km, 

which i n  t h e  study area is i n  thC! v i c i n i t y  of t h e  base of t h e  cont inenta l  

slope.  The ice i n  t h i s  zone is  general ly  unstable  and mobile, and is l a rge ly  

composed of f i r s t -year  ice t h a t  is extensively deformed [Weeks et  a l . ,  1971; 

Kovacs and Mellor, 19741. 

Beaufort Sea [Campbell, 19651, which r o t a t e s  clockwise. Thus, t h e  ice moves 

general ly  westward, with mean n e t  long-term winter  d r i f t  of from 2 t o  2.5 km 
p e r  day [Coachman and Barnes, 19611. 

ca lcu la ted  from s tud ie s  of remote sensing images taken during Apr i l  1973 i n  

t h i s  area [Campbell e t  al . ,  19751. 

per  day has been reported by Hnatiuk and Johnston [1973]. 

The zone l ies  within t h e  P a c i f i c  G y r e  of t h e  

A d r i f t  rate of 3 km per day w a s  r ecen t ly  

A short-term maximum d r i f t  rate of 50 km 

Studies  of satel l i te  images obtained nor th  of A l a s k a  have led  t o  t h e  

conclusion t h a t  t h e  ice within t h e  P a c i f i c  Gyre behaves as a r e l a t i v e l y  
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cohesive mass, with boundary s l ippage  occurring i n  a zone 50 km wide immedi- 

a t e l y  seaward of t h e  f a s t  ice [Crowder e t  al . ,  1973; Hibler  e t  a l . ,  19741. 

Near t h e  f a s t  ice t h e  seasonal pack ice d r i f t  ve loc i ty  is  thought t o  be 

reduced by drag [Kovacs and Mellor, 19741. 

Shear Zone 

The zone of d i f f e r e n t i a l  ice motion, o r  s l ippage,  along t h e  f a s t  ice 

boundary has  been genera l ly  r e fe r r ed  t o  as t h e  shear zone. It i s  character-  

iaed by l a r g e  shear  r idges ,  pressure r idges ,  and hummock f i e l d s  [Kovacs and 

Mellor, 19741. 

Cer ta in  ice observat ions made by ea r ly  explorers  i n  t h e  Beaufort Sea 

f i t  t h i s  general  concept, i n  t h a t  t h e  roughest ice t e r r a i n  was  encountered 

j u s t  seaward of t h e  smooth f a s t  i c e  of t h e  coas t a l  zone [Stefansson, 19211. 

A winter shear r idge  f i e l d  16  km long was reported by Stockton 118801 t o  be 

grounded i n  24m o fwa te r  nor th  of Cross I s land ,  i n  t h e  middle of our study 

area.  

and he mentions many higher ones grounded i n  up t o  39 m of water off Banks 

Is land.  Zubov [1945] r epor t s  t h a t  stamkhi--grounded sea i c e  formations 

formed as a r e s u l t  of " ice  heaping"--occur over a d is tance  of about 500 km 

along the  20 m i soba th  east of t h e  New S iber ian  Is lands.  

A grounded pressure r idge  23 m high w a s  measured by Stefansson 119211, 

Recent s t u d i e s  by Klimovich [1972] show t h a t  i n  t h e  inner  5 km of t h e  

shear zone, adjacent  t o  t h e  f a s t  i c e ,  r idges  are up t o  20 percent higher 

than i n  t h e  outer  pa r t .  

dens i ty ,  he ight ,  and d r a f t  (keel  depth) of r idges  near t h e  coas t  have been 

summarized by Kovacs and Mellor [1974]. S t r inger  [1974] shows t h e  relat j .on 

of major shear  events i n  the  winter ice of t h i s  area t o  bathymetry. 

and Barnes [1974] repor t  a sudden increase  i n  ice gouge dens i ty  seaward of 

t h e  f a s t  ice edge, which they relate t o  shear zone processes,  and Barnes 

and Reimnitz 119741 f ind t h a t  i n t e r n a l  sedimentary s t r u c t u r e s  seen i n  box 

cores  show the  e f f e c t s  of physical  d i s rupt ion  by grounded i c e  i n  t h e  inner  

p a r t  of t h e  shear zone. 

R e s u l t s  from other  s tud ie s  showing the  increased 

Reimnitz 
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METHODS OF STUDY 

Our study is  based heavi ly  on i n t e r p r e t a t i o n s  of Landsat-1 and NOM-2 

satel l i te  images of 1972-73. 

observations gathered during Ice-based and shipboard operations.  

used are out l ined by Barnes and Reimnitz [1974] and Reimnitz and Barnes 

[1974]. 

surveys conducted i n  1975 have a l s o  been incorporated i n t o  t h i s  study. 

Coupled with these  da ta  are a v a r i e t y  of 

Methods 

More recent  side-scan sonar and p rec i se ly  cont ro l led  bathymetric 

U t i l i z a t i o n  of Landsat-1 r e p e t i t i v e  images over regions of high la t i -  

tude has t h e  advantage of image overlap of successive satel l i te  passes. 

Cloud cover permit t ing,  w e  w e r e  ab l e  t o  trace p a r t i c u l a r  ice f ea tu res  f o r  

t h ree  consecutive days every 18 days. 

I n  t h e  Landsat images the  shear zone is general ly  character ized by 

pronounced l i n e a t i o n s  i n  t h e  i c e  cover t h a t  approximately parallel t h e  shore. 

Shear r idges  are common fea tu res  along t h e  northern Alaskan coast  and are 

o f t en  tens  of kilometers long [Kovacs and Mellor, 19741, whereas pressure 

r idges  are i r r e g u l a r  and randomly d i s t r i b u t e d  [Anderson, 19701. Therefore,  

we  i n t e r p r e t  many of t h e  l ight-colored l i n e a r  f ea tu res  seen i n  t h e  images 

as shear r idges.  Narrow leads and frozen leads  are a l s o  o f t en  l i n e a r  but 

are darker than t h e  th icker  i ce .  Comparing ground observations with t h e  

p i c tu re s  we f ind  t h a t  l i n e a r  zonations less than 30 m wide.can be detected 

under favorable  conditions.  

RESULTS 

Remote Sensing 

Landsat-1 images discussed below cover t h e  period from freeze-up i n  the  

f a l l  of 1972 through t h e  breakup i n  t h e  s u m m e r  of 1973. 

obtained during t h e  Arctic night  from November through February. 

No p ic tu res  w e r e  

The formation of a new ice cover a t  t h e  onset of winter i s  shown i n  

Figure 2. This image, taken on 4 October 1972 (1073-21223) covers an area 

of about 180 km square. 

of t h e  rivers have stopped flowing. 

The coas t a l  p l a i n  is blanketed by t h i n  snow, and most 

New ice is  mainly seen on t h e  shallow 

2 1  



inner  s h e l f ,  where s a l i n i t y  is lower and water cools f a s t e r  than i t  does 

offshore.  

shore,  where i n  many spo t s  i t  is  trapped by i s lands .  The t o t a l  absence 

of o ld  ice on t h e  s h e l f ,  confirmed by Nimbus 5 microwave images f o r  16  

December 1972 and 10 February 1973 [Campbell et  a l . ,  19741 is  s i g n i f i c a n t  t o  

A l i g h t  southwesterly wind is  moving t h e  t h i n  ice obl iquely o f f -  

our later discussion.  Conditions therefore  d i f f e r e d  considerably from those 

of t h e  previous years ,  i n  which l a r g e  numbers of i c e  i s l and  fragments w e r e  

reported grounded on t h e  she l f  ( for  example, Breslau e t  a l . ,  1971). The last  

remnants of these  fragments w e r e  seen i n  Landsat images of August 1972. 

Early 1973 Landsat-1 images of t h e  Beaufort Sea w e r e  recorded from 

8 March t o  21 Apri l .  

Herschel I s land  i n  Canada and Point  Barrow, Alaska (Figure l), i s  w e l l  

s t a b i l i z e d  and approaching i t s  maximum thickness  of about 2 m. 

boundary of t h e  r e l a t i v e l y  undeformed f a s t  ice adjacent  t o  t h e  coast  is 

general ly  marked by pronounced l i nea t ions  i n  t h e  Landsat-1 images. These 

are in t e rp re t ed  as shear r idges  formed earlier during t h e  winter. 

pronounced shea r l ine  near t h e  coas t ,  o r  t h e  f i r s t  marked change i n  ice appear- 

ance from uniform t o  i r r e g u l a r ,  w a s  mapped as represent ing  the  seaward 

boundary of t h e  r e l a t i v e l y  undeformed f l o a t i n g  f a s t  ice (seaward extent  of 

A t  t h i s  t i m e  t h e  f a s t  ice along t h e  coast  between 

The outer  

The f i r s t  

s t i pp led  p a t t e r n  i n  Figure 1). 

where t o  place t h e  boundary. 

w e r e  enhanced by melting of t h e  sea i c e  sur face ,  w e r e  used. Comparing t h e  

var ious images obtained along the  coast  from ea r ly  March t o  i c e  breakup i n  

Ju ly  w e  found no new major ice deformational f ea tu re s  forming within the  

f l o a t i n g  f a s t  i c e  zone shown i n  Figure 1. 

coast i n  Figure 1 represents  regions i n  which water depth i s  less than 2 m,  

where t h e  f a s t  i c e  is  r e s t i n g  on the  seaf loor  a t  t h e  end of t he  winter .  

I n  some areas i t  w a s  d i f f i c u l t  t o  decide 

I n  these  cases  later images, when i c e  f ea tu res  

The cross-hatched area near the  

The most de t a i l ed  ana lys i s  of ice processes w a s  done i n  t h e  area between 

Cape Halket t  and Canning River,  where our previous seaf loor  s tud ie s  w e r e  

concentrated.  I n  t h i s  area, images made on 14-16 March (nos. 1234-21175, 

1235-21241, 1236-21297) show t h a t  t h e  most recent  events w e r e  t h e  formation 

of a pronounced lead t rending i r r e g u l a r l y  across  t h e  she l f  (B i n  Figure 3) 

and one trending p a r a l l e l  t o  t h e  coast  (A i n  Figure 3) .  

the  ice is  s t i l l  t h i n ,  as in t e rp re t ed  from i ts  r e l a t i v e l y  dark color .  

Both are frozen>but 

Matching 
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t h e  s i d e s  of t h e  shore-paral le l  lead (A) i nd ica t e s  t h a t  t h e  pack i c e  w a s  

displaced eastward relative t o  t h e  f a s t  ice landward of t h e  lead by 2 km. 

Wind records f o r  t h e  North Slope suggest t h a t  t h i s  may have occurred on 7 

March [Str inger ,  19741 during r e l a t i v e l y  s t rong  wester ly  winds. Because 

shear ing along t h e  shore-paral le l  lead w a s  associated with t h e  ice movement, 

t h i s  f e a t u r e  may be ca l l ed  a shear l ine .  It is located seaward of t h e  unde- 

formed f a s t - i ce  edge (Figure l ) ,  i nd ica t ing  accre t ion  of t h e  f a s t  ice zone. 

The shore-paral le l  shea r l ine  and t h e  lead trending obl iquely across  

t h e  cont inenta l  she l f  were w e l l  preserved between 14-16 March and 1-3 Apr i l  

when new images w e r e  obtained i n  t h e  area (nos. 1252-21175, 1253-21233, 

1254-21292). No changes could be detected by matching these images and t h e  

earlier ones to .  coas t a l  f ea tu re s  and comparing t h e  loca t ion  and configurat ion 

of ice f ea tu res .  This match is accura te  t o  within about 300 m. Thus, a l l  

ice across  t h e  width of t h e  she l f  moved less than 300 m, i f  a t  a l l ,  during 

a 20-day period. 

E a r l y  Apr i l  images showa la rge  lead (D) and an a c t i v e  shea r l ine  (C) 
bare ly  seaward of and p a r a l l e l  t o  t h e  edge of t he  cont inenta l  she l f  ( s t ipp led  

area, Figure 3). The shea r l ine  may have been active €or several weeks, but  

no image is ava i l ab le  t o  confirm such a c t i v i t y .  Matching p a r t i c u l a r  i c e  

f ea tu res  seen i n  t h e  images of 1 and 2 Apri l ,  a 4 kmlday westward displace-  

ment of t h e  pack ice relative t o  t h e  s t a t iona ry  ice sheet  over t h e  she l f  i s  

indicated.  

seaward of t he  shear l ine ,  as indicated by t h e  length of t he  ice-displacement 

vec tors  on Figure 3. 

The rate of i c e  movement w a s  uniform through a 24-km-wide zone 

No drag e f f e c t s  along t h e  shea r l ine  were noted. 

Visible-band NOM-2 satell i te images taken during t h e  same t i m e  period 

permit a large-scale  view of i c e  condi t ions i n  t h e  e n t i r e  Beaufort Sea. 

Figure 4 is an  example of a small por t ion  of such an image, taken on 5 Apri l  

1973. 

t h e  she l f  edge (Figure 3,C) can be seen i n  t h e  N O M  image. 

pronounced l i n e a r  lead ( t raced i n  Figure 5) extending hundreds of kilometers 

i n t o  t h e  Arc t ic  Ocean. Using t h i s  lead as a marker, large-scale  pack ice 

movement and i t s  r e l a t i o n  t o  t h e  associated shea r l ine  along the Beaufort Sea 

she l f  were monitored. 

i The a c t i v e  shea r l ine  seen i n  t h e  Landsat images of 1-3 Apr i l  along 

It a l s o  shows a 

I 
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Figure 5 shows t h e  loca t ion  of t h e  major lead on NOAA-2 p i c tu re s  of 

26 March, 31 March, and 1 April .  

be matched with a f a i r  degree of confidence t o  northern Alaska. 

place i n  t h e  shea r l ine  along t h e  edge of t h e  cont inenta l  she l f  is the  l a r g e  

open lead (40 X 15 km) seen i n  Landsat images a t  t h i s  t i m e  (Figure 3,D). 
The l a r g e  do t s  are i d e n t i f i a b l e  po in t s  seen along t h e  lead i n  a l l  t h ree  

images. 

of t h e  shea r l ine  i s  moving westward r a t h e r  uniformly a t  about 10 km per  day. 

The lead seems t o  be l i t t l e  a f f ec t ed  by drag along t h e  shea r l ine ,  which 

corresponds roughly t o  t h e  edge of t h e  she l f .  

Landsat s t u d i e s  shown i n  Figure 3. 

The images are somewhat d i s t o r t e d  but  can 

The wide 

This  compilation shows t h a t  t h e  pack ice i n  a 350-km-wide zone nor th  

This confirms t h e  more de t a i l ed  

There is  no usable  Landsat-1 image i n  t h e  study area between 3 Apr i l  

and 26-27 Yay. 

21290). 

i n  images from 1 4  March t o  3 Apr i l  have disappeared. 

have been destroyed by deformation o r  displacement of t h e  e n t i r e  i c e  canopy 

seaward of t h e  ea r ly  winter  shea r l ine  (Figure l ) ,  leaving only t h e  t r u e  f a s t  

i c e  landward of t h i s  l i n e  in t ac t .  Such deformation is suggested by t h e  

formation of sho r t ,  i r r e g u l a r ,  f rozen,  nor theas t - s t r ik ing  leads  about 10 k m  

w e s t  of Cross I s land  (Figure 6 ) ,  which have been previously noted by S t r inge r  

[1974]. 

by new o r  d r i f t i n g  snow. 

present  on 3 Apri l  i s  seen i n  the  image of Figure 6. 

traced westward across  Harrison Bay, where it bulges northward roughly follow- 

ing  the  20 m depth contour, f a r  seaward of t h e  ea r ly  winter  shear l ine .  

bulge w a s  pointed out  by S t r inger  [1974] using t h e  s a m e  images and by Burns 

I c e  condi t ions on 27 May are shown i n  Figure 6 (no. 1308- 

The pronounced coas t -para l le l  shea r l ine  and coast-normal lead seen 

These f ea tu res  may 

The lead and shea r l ine  under discussion may a l s o  have been masked 

A new pronounced coas t -para l le l  l i n e a t i o n  not 

This l i n e a t i o n  can be 

This 

and Harbo [1972]. It w i l l  be discussed again below. 

The onset of summer, marked by r i v e r  flooding of t h e  f a s t  i c e  i n  the  

eas te rn  p a r t  of t h e  image area (Sagavanirktok River) ,  is evident i n  Figure 6. 

A s t rongly  l i n e a r  a c t i v e  shea r l ine  can be seen on t h i s  and t h e  previous day's 

image. Overlaying these  images, w e  f ind  t h a t  t h e  ice landward of t h e  shear- 

l i n e  is immobile. Seaward of t he  l i n e  i t  is moving westward. Comparing the  

loca t ion  of i d e n t i f i a b l e  ice f ea tu res  during t h i s  24-hour period, ind ica ted  

by do t s  on Figure 6, i nd ica t e s  ice displacement westward a t  a rate of 6 km 
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per day. Close t o  t h e  shea r l ine  t h e  ice d r i f t  vec tors  are p a r a l l e l .  Far ther  

seaward a small onshore component is  indica ted ,  implying that some por t ion  

of t h e  ice canopy is used up i n  t h e  formation of shear and pressure r idges .  

The e n t i r e  ice canopy out  t o  90 km from t h e  shea r l ine  is highly f rac tured  

butapparentlymoving as a r a t h e r  coherent mass. 

rates do not seem t o  be a f fec ted  by drag along t h e  shea r l ine ,  but are instead 

somewhat higher t he re  than f a r t h e r  offshore.  

The westward displacement 

Visible-band NOM-2 satel l i te  images can be used during t h i s  t i m e  period 

t o  study large-scale  ice movement i n  t h e  Arctic Ocean north of Alaska. 

images of 5 Apri l  and 27 May (Figure 7) show t h e  long lead discussed earlier 

and presented i n  Figures 4 and 5. The pro jec t ion  of these  images i s  not t h e  

same as t h a t  of t h e  o thers ,  r e s u l t i n g  i n  a d i f f e r e n t  d i s t o r t i o n  of t h e  Earth 's  

surface.  But t h e i r  match t o  t h e  cont inent  is more r e l i a b l e  and t h e  i c e  d i s -  

placement of t h e  lead during t h e  52 days preceding 27 May ranges from 160 km 

(3 km/day) near t h e  cont inent  t o  80 km (1.5 km/day) a t  a point  450 km seaward 

o f f  t hecoas t .  

The 

, 

The next Landsat images i n  t h e  study area cover t h e  period from 13 June 

t o  15 June. A t  t h a t  t i m e  no coas t -para l le l  shear could be seen on t h e  contin- 

e n t a l  s h e l f ,  and east of Oliktok Point a l l  ice on t h e  she l f  w a s  s t a t iona ry  

during t h e  two-day period. 

onshore toward Cape Halket t  along a conspicuous lead. 

c l e a r l y  seen seaward of t h e  50 m isobath but apparently did not a f f e c t  t h e  

shea r l ine  f i r s t  seen along t h e  c e n t r a l  she l f  on 26 May. 

West of Oliktok Point ,  ice was  moving obl iquely 

This movement is  

From t h e  above discussion of Landsat and NOM-2 images, i t  is  apparent 

t h a t  shear events along t h e  inner and c e n t r a l  she l f  are in t e rmi t t en t ,  whereas 

westward ice d r i f t  along t h e  shelf  edge i s  continuous. 

shear ing occurs seaward of t h e  she l f  edge between t h e  t i m e s  of shear  events 

on t h e  s h e l f ,  as w a s  seen i n  e a r l y  Apri l .  

This implies t h a t  

Figure 8 shows t h e  beginning of sea ice breakup, as seen i n  t h e  follow- 

ing  d a t a  cycle  (30 June, no. 1342-21170; 2 and 3 Ju ly ,  nos. 1344-21283, 1345- 

2142). 

leaving t h e  ice and snow white, and c o l l e c t s  on smooth ice, enhancing image 

d e f i n i t i o n  of morphological fea tures .  E a s t  of Oliktok Poin t ,  t h e  i c e  is 

A t  t h i s  t i m e  of t h e  year ,  m e l t w a t e r  d ra ins  from r e l i e f  f ea tu re s ,  
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st i l l  i n t a c t  and no active shea r l ine  is seen on t h e  she l f .  Preserved shear  

f ea tu res  are c l e a r l y  v i s i b l e .  

t o  break up and move westward c lose  t o  t h e  Co lv i l l e  Delta and along t h e  outer  

she l f .  

t h e  20 m isobath,  and coinciding with major shear  events of la te  winter ,  t h e  

ice remains i n t a c t .  

West of Oliktok Point ,  t h e  ice is beginning 

However, i n  a 15-km-wide zone bulging seaward across  Harrison Bay along 

Figure 9 shows a s t r i p  of U-2 photographs, taken from an a l t i t u d e  of 

20,000 m on 21 June 1974. 

t h e  var ious  i c e  zones and f ea tu res  discussed above i n  g rea t  d e t a i l .  

i c e  morphology is s i m i l a r  t o  t h a t  of t h e  previous year ,  with t h e  r e l a t i v e l y  

undeformed f a s t  ice extending a shor t  d i s tance  beyond Reindeer Is land.  

followed by a zone of highly deformed and probably grounded ice i n  t h e  stamukhi 

zone, and t h e  mobile i c e  beyond. 

This s t r 5 p  extending nor th  from Prudhoe Bay shows 

The sea 

It is  

The most pronounced l i n e a r  i c e  f ea tu res ,  taken mainly from t h e  e a r l y  

Ju ly  1973 Landsat images, which recordmajor shear events along t h e  inner  p a r t  

of t h e  shear  zone, are shown i n  Figure 10. The r e s u l t a n t  i c e  d r i f t  vec to r s ,  

implying t h e  general  d i r ec t ion  i n  which t h e  pack ice is moved along t h e  shear- 

l i n e s ,  and t h e  dominant wind d i r ec t ion ,  are a l s o  shown, along with t h e  loca t ions  

and approximate ex ten t  of charted shoals  (hachured a reas ) .  

The s t r i k i n g  co r re l a t ion  between t h e  d i s t r i b u t i o n  of shoals  and ice 

l i n e a t i o n  ( t h a t  is, shear r idges ,  pressure r idges ,  and l i n e a r  hummock f i e l d s  

which are a l l  known t o  have considerable d r a f t )  suggests t h a t  t h e  i c e  is 

i n t e r a c t i n g  with t h e  seaf loor .  

Summer Ice Observations 

During summer, grounded i c e  is comonly found on of fshore  shoals  

[Reimnitz e t  a l . ,  1972, 19741. This i c e  general ly  appears t o  be of pressure- 

r idge  o r i g i n ,  with s a i l  heights  of 5 t o  8 m, kee l  depth of a t  least 10 m, and 

is elongated p a r a l l e l  t o  isobaths .  Dr i f t i ng  smaller f l o e s  f requent ly  accumulate 

along t h e  seaward s i d e  of these  grounded f l o e s ,  which a c t  as fences.  

t h e  grounded r idges  occur i n  long l i n e s  pa ra l l e l ing  isobaths ,  marking a d i s t i n c t  

boundary between sca t t e red  i c e  on the  inner  she l f  and t i g h t l y  packed ice on 

t h e  c e n t r a l  s h e l f .  

Sometimes 

Figure 11 is an example of such a boundary, photographed 
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from t h e  a i r  nor theas t  of Barrow on 31 August 1975. 

roughly correspond with t h e  seaward boundary of t h e  f a s t  ice. 

approaches major promontories and of fshore  i s l ands ,  as a t  Herschel I s land ,  

Barter I s land ,  and Cross Island. North and east of Cross I s land ,  l a r g e  

s t a t iona ry  f l o e s  i n  average years  block small-boat passage offshore,  

Such boundaries 

It c lose ly  

A continuous b e l t  of apparent ly  grounded f l o e s  w a s  observed along 

near ly  the  e n t i r e  Alaskan Beaufort Sea coast  by W. Stanley Hugget (Ocean 

and Aquatic Af fa i r s ,  Dept. of Environment, Canada) i n  la te  August, 1966 

[personal communication, 19741. This b e l t  s t raddled  t h e  18 m isobath,  

separa t ing  r e l a t i v e l y  ice-free waters on e i t h e r  s i d e ,  and w a s  impenetrable 

t o  s m a l l  vessels. Its loca t ionagainroughly  corresponds with t h e  zone of 

major ice r idges  formed along t h e  seaward boundary of t h e  undeformed f a s t  

ice (Figure 1). 

Interaction of  Ice and Continental Margin 

The r e l a t i o n  between pronounced i c e  l i nea t ion  preserved by t h e  end of 

t h e  winter (Figures 8 and 10) and she l f  bathymetry, t h e  s t a b i l i z i n g  e f f e c t  

of ice r idges  on t h e  f a s t  i c e ,  and t h e  loca t ion  of grounded i c e  i n  summer 

i n d i c a t e  t h a t  t h e  zone broadly s t r add l ing  t h e  20 m isobath is t h e  locus of 

t h e  s t ronges t  i n t e r a c t i o n  between t h e  ice pack and t h e  seaf loor .  

Ice r idg ing  is  bes t  defined, most concentrated,  and c l o s e s t  t o  land 

of f  Narwhal and Cross Is lands.  

spread i n  a widening zone, following t h e  pa t t e rn  of shoa ls  a t  increasing 

d i s t ance  from shore. On t h e  seaward-facing beaches of Narwhal and Cross 

I s lands ,  where r idges  are formed c lose  t o  shore,  one can observe year a f t e r  

year t h e  e f f e c t s  of pronounced ice push and remnant ice p i l e s  from t h e  pre- 

vious winter.  

I s land  taken i n  June 1970. 

what protected by Cross I s land ,  are r e l a t i v e l y  l i t t l e  af fec ted  by ice push. 

S t i l l  f a r t h e r  downdrift and seve ra l  kilometers from t h e  major ice r idge  systems, 

beaches are l i t t l e  a f f ec t ed  by winter ice push. 

Downdrift (westward) from Cross I s land  r idges  

Figure 12 is a photograph of ice deformation on Narwhal 

Argo and Reindeer I s lands ,  downdrift of and some- 
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Figure 13  i s  a t y p i c a l  example of such a b a r r i e r  i s land  beach, as photo- 

graphed i n  May 1972 on Long Is land.  

beach f ace  and seaf loor  out  t o  t h e  v i c i n i t y  of t h e  2 m isobath,  which i s  

marked by several t i d a l  cracks. Beyond the  cracks t h e  f a s t  ice i s  f l o a t i n g  

and undeformed out  t o  t h e  f i r s t  major shoals ,  discussed later. S t i l l  f a r t h e r  

westward, across  Harrison Bay, t h e  undeformed f a s t  i c e  s t r e t c h e s  f o r  many 

kilometers from shore,  p ro tec t ing  t h e  coast. Nearshore bottom p r o f i l e s  off  

Cross I s land ,  where t h e  shear zone impinges on t h e  coas t ,  and Spy Is land ,  

where it  lies some d i s t ance  offshore,  are very d i f f e r e n t  (Figure 14).  Spy 

Is land  (Figure 15) ,  t y p i c a l  of regions protected from the  d r i f t i n g  ice pack, 

has a gen t l e  and smooth seaward s lope,  while t h e  bottom a t  Cross I s land  i s  

s teep  and i r r egu la r .  

The f a s t  ice rests smoothly aga ins t  t h e  

The inner  she l f  bathymetry of t h e  centka l  p a r t  of our study area i s  

shown i n  Figure 15, as surveyed from 1949 t o  1951. 

1975, t h e  U.S.  Geological Survey’s R/V KarZuk w a s  used t o  run bathymetric 

surveys across  some of t h e  shoals .  

During t h e  summer of 

With a D e l  Norte Trisponder system and 

shore con t ro l  s t a t i o n s  a t  t h e  es tab l i shed  bench marks indicated by t r i a n g l e s  

i n  Figure 15, t h e  navigat ional  con t ro l  f o r  t h e  surveys w a s  accura te  t o  within 

5 meters. 

c ross  sec t ions  and t h e i r  loca t ions  w a s  made. 

16, with ind iv idua l  p r o f i l e s  keyed t o  Figure 15 by letters A through H. The 

1949-51 bottom configurat ion i s  represented by t h e  dashed l i n e ,  t h e  new con- 

f igu ra t ion  by a s o l i d  l i n e ,  which a l s o  shows microrel ief  due t o  ice gouging. 

From t h e  1949-51 and 1975 surveys a comparison of c e r t a i n  r idge  

These are presented i n  Figure 

The shoals  are very s u b t l e  f ea tu res ,  considering t h a t  the  v e r t i c a l  

exaggeration i s  about 1:30. 

a r e  about 3 m high. 

r e t a i n i n g  i t s  shape, while t h e  landward one (B) s h i f t e d  only 120 m y  but 

increased i n  s i ze .  Among the  shoals  north of Co t t l e  I s land ,  C i s  c loses t  t o  

shore. Considering t h a t  t h e  dashed l i n e  represents  an average drawn through 

a number of da t a  poin ts  on t h e  contour cha r t ,  while t h e  s o l i d  l i n e  w a s  t raced 

d i r e c t l y  from t h e  fathogram with a l l  d e t a i l ,  t he  two p r o f i l e s  are remarkably 

s i m i l a r .  Ridge c ross  sec t ions  D through H ,  located f a r t h e r  offshore,  show 

pronounced changes i n  p r o f i l e  and locat ion.  

400 m (an average of 2001, 

Shoals A and B y  located north of Spy Is land ,  

The seaward one (A) has s h i f t e d  landward by about 200 m y  

A l l  have migrated landward 100- 

and a l l  but D have undergone considerable changes 
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i n  shape. 

changed more than those f a r t h e r  inshore.  

unsui tab le  f o r  evaluat ing any shore-paral le l  migration of shoals .  

sonar records obtained i n  1973 across  t h e  f a s t  ice/pack ice boundary of t h e  

previous winter show a change i n  ice gouge dens i ty  i n  t h e  v i c i n i t y  of t h e  

boundary [Beimnitz and Barnes, 19741. 

events on t h e  she l f  has enabled us  t o  look more c lose ly  a t  how these  relate 

t o  gouge dens i ty  on t h e  she l f .  

I n  general ,  t h e  of fshore  r idges  ly ing  within t h e  shear zone have 

The 1975 bathymetric d a t a  are 

Side-scan 

The present  de t a i l ed  ana lys i s  of shear 

Shear events on t h e  she l f  t h a t  w e r e  ac tua l ly  observed i n  Landsat images, 

o r  t o  which some broad time l i m i t s  could be assigned, are shown i n  Figure 17.  

I n  t h e  eas t e rn  p a r t  of t h e  f igu re ,  where s i x  sonar survey l i n e s  w e r e  run t h e  

following summer, ice gouge dens i ty  pa t t e rns  are shown by cross  hatching. 

Figure 17 dis t inguished between areas with from 50 t o  100 gouges and areas 

wi th  more than 100 gouges per kilometer of sh ip ' s  t rack.  

d e n s i t i e s  occur i n  a zone 8-14 km wide seaward of t h e  r e l a t i v e l y  undisturbed 

f a s t  ice shown i n  Figures 1 and 17 .  The average gouge depths a l s o  are 

grea te r  i n  t h i s  zone than on e i t h e r  s i d e  [Reimnitz and Barnes, 19743. 

I n  seve ra l  of our crossings of t he  undeformed f a s t - i c e  edge ( ea r ly  

The highest  gouge 

winter  shear l ine)  t h e  change i n  gouge dens i ty  w a s  very abrupt and corres-  

ponded with t h i s  l i n e  t o  within t h e  l i m i t s  of reso lu  

The lower p a r t  of Figure 18 is a l i n e  drawing of ice 

along both s ides  of t h e  sh ip ' s  t r ack  (represented by 

i n  t h e  middle of t h e  record) across  t h e  e a r l y  winter 

Island. I n  t h e  f a s t - i ce  zone the re  are only a few m 

the  bottom is  densely gouged. 

ion  of Landsat images. 

gouges seen i n  sonographs 

t h e  two p a r a l l e l  l i n e s  

shea r l ine  near Cross 

nor gouges, but seaward 

The upper p a r t  of Figure 18 is a l i n e  drawing based on a high-resolution 

seismic r e f l e c t i o n  record obtained along exac t ly  the  same t r ack  as t h e  sono- 

graph below. It shows t h e  highly i r r e g u l a r  na ture  of i n t e r n a l  r e f l e c t o r s  

within t h e  area of abundant gouges, and r a the r  evenly bedded materials i n  the  

area of smooth bottom. 

Both t h e  seismic record and t h e  sonograph show a s l i g h t  break i n  s lope  

a t  t h e  boundary between t h e  two bottom morphologies. 

t h e  seaf loor  is about 1 m shallower. 

Landward of t h e  break 

The same phenomenon can be seen i n  
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several o the r  crossings of t h e  i c e  boundary, and w e  t he re fo re  do not consider 

t h i s  a m e r e  coincidence. I f  indeed a causal  r e l a t i o n  e x i s t s  between ice zona- 

t i o n  and bottom morphology, t h e  smooth high ground over la in  by a t h i n  u n i t  of 

evenly bedded materials landward of t h e  gouged area may be t h e  r e s u l t  of (1) 

acc re t ion  from sediment-laden waters re ta ined  inshore of t h e  f i r s t  major 

grounded ice b a r r i e r ,  (2) f a s t e r  sediment accre t ion  due t o  lower rates of ice 

gouging and r e l a t e d  resuspension and winnowing, o r  (3) curren t  scour and 

redeposi t ion along a grounded r idge  system serv ing  as a c i r c u l a t i o n  boundary. 

Other poss ib le  explanations unrelated t o  t h e  present  i c e  zonation include t h e  

outcropping of more r e s i s t a n t  o lder  sediments or  t h e  presence of permafrost 

a t  t h e  seaf loor .  While w e  f e e l  t h a t  t h e  phenomenon observed is  s i g n i f i c a n t ,  

and probably r e l a t e d  t o  ice zonation, t he re  are i n s u f f i c i e n t  da t a  t o  make an 

i n t e r p r e t  a t  ion. 

DISCUSS I O N  

Ice Zonation and Terminology 

The r e s u l t s  of t h i s  i nves t iga t ion  ind ica t e  t h e  presence of a d i s t i n c t  

i c e  zonation on t h e  Alaskan Beaufort Sea s h e l f ,  a pa t t e rn  t h a t  usua l ly  recurs  

(annually) and is  process-controlled. The da ta  a l so  suggest t h a t  previously 

used terms " f a s t  i c e  zone" and "seasonal pack ice zone" are too broad and 

ill defined,  and r equ i r e  subdivision. 

Fast ice  zone. 
or  t h e  seaf loor  f o r  an  unspecified period of t i m e ,  and ignoring ice types and 

in t e rmi t t en t  events,  a l l  ice on t h e  she l f  may qua l i fy  as f a s t  ice, including 

t h e  l a r g e  e a r l y  winter  r idges  of t h e  shear zone, which are f i rmly grounded on 

t h e  seaf loor  (Figure 19) .  The zone i n  which these  occur i s  very important i n  

terms of i c e  morphology, dynamics, i n t e r a c t i o n  with t h e  she l f  surface,  and 

fu tu re  commercial o f fshore  development. This zone should be dis t inguished 

from t h e  zone landward. 

Using as the  s o l e  c r i t e r i o n  t h a t  t h e  i c e  be f a s t  t o  shore 

, 

I n  t h i s  r epor t  w e  include within t h e  f a s t  ice zone those areas i n  

which t h e  sea ice (a) has  e s s e n t i a l l y  grown i n  place,  (b) has undergone 

r e l a t i v e l y  l i t t l e  deformation, (c) i s  t r u l y  f a s t  a f t e r  formation of t h e  



f i r s t  major shore-paral le l  grounded shear o r  pressure  r idge  system ( i n  water 

depth general ly  ranging from 10 t o  20 m), and (d) l ies between land and t h e  

f i r s t  major r idge  system (Figures 1 and 19).  The f a s t  i c e  zone does not  

include t h e  system of grounded r idges  along i ts  seaward boundary, and i n  

t h i s  respec t  we d i f f e r  from t h e  d e f i n i t i o n  used by St r inger  [1974] and Kovacs 

and Mellox [1974]. While it is  the  most meaningful one f o r  t h e  northern coas t  

of Alaska, our d e f i n i t i o n  may not  be use fu l  everywhere along the  margin of 

t h e  Arctic Ocean. 

The f a s t  ice zone as defined here  is  on t h e  average 15 km wide between 

Point  Barrow and Herschel I s land  (Figure l), with a minimum of less than 5 km 

a t  Herschel I s land  and a maximum of about 30 km w e s t  of t he  Co lv i l l e  Delta. 

I n  t h e  eas te rn  p a r t  of t h e  area of Figure 1 t h e  outer  edge approximates t h e  

20 m depth contour; i n  t h e  western p a r t  i t  lies between t h e  10 and 15 m depth 

contours. Figures 8 and 10 show t h a t  seaward of t h e  ea r ly  winter shea r l ine  

i n  Harrison Bay l i es  another broad zone of r e l a t i v e l y  undeformed i c e  extend- 

ing  seaward t o  the  20 m depth contour, up t o  80 km from shore. Our observa- 

t i ons  of t h e  i c e  breakup i n  1973 and of i c e  gouge d e n s i t i e s  i nd ica t e  t h a t  t h e  

major grounded r idges  l i e  along t h e  20 m depth contour i n  t h i s  area. 

an increase  i n  t h e  gouge dens i ty  along t h e  ea r ly  winter shea r l ine  inshore 

(10 m depth contour) ind ica tes  t h a t  some of t h e  inshore r idges  w e r e  a l so  

grounded. 

t h i s  Harrison Bay ice between t h e  10 m and the  20 m depth isobath might have 

t o  be included under f a s t  i c e ,  o r  i t  may r equ i r e  s t i l l  another t e r m .  

However, 

On t h e  bas i s  of i ts  morphology and s t a b i l i t y  during la te  win ter ,  

Ten toseventy-five percent of t h e  f a s t  i c e  zone along t h e  coast  of 

northern Alaska l ies between t h e  shore and t h e  2 m depth contour. 

by la te  winter  t h e  f a s t  i c e  reaches a thickness  of 2 m,  i t  rests on t h e  bottom 

i n  most of these  areas. 

u re  1 ) .  

by t i d a l  cracks (Figures 13  and 19).  

t h e  bottom from t h i s  point  seaward drops of f  sharply [Reimnitz and Bruder, 

19721, and t h e  bottom sediments change abrupt ly  from well-sorted sand 

inshore t o  poorly sor ted  mud offshore.  

Because 

I n  Harrison Bay t h i s  zone i s  up t o  15 km wide (Fig- 

The seaward boundary of t h e  bottom-fast i c e  zone commonly is  marked 

Where t h e  2 m contour is f a r  from shore,  

These f a c t s  and var ious o ther  observations [Barnes and Reimnitz, 1974; 

Reimnitz and Barnes, 19741 lead us to conclude t h a t  i n  terms of ice, bottom, 
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hydraul ic ,  and thermal processes t h e  2 m depth contour represents  an  impor- 

t a n t  boundary. 

subdivided i n t o  f l o a t i n g  f a s t  ice and bottomrfast  ice (Figures 1 and 19) ,  

with t h e  boundary a t  2 m w a t e r  depth. Kovacs and Mellor [1974, Figure 31 

use t h e  t e r m  ice-foot f o r  t h i s  p a r t  of t h e  f a s t  ice, This term, however, 

has  general ly  been used f o r  narrow b e l t s  of ice along beaches, rocky shores ,  

o r  i c e  i n  contact  with open w a t e r ,  formed by var ious  processes of adfreezing 

on top o r  a t  t h e  margin during onset  of winter [ f o r  example, Zumberge and 

Wilson, 1953; Nichols, 1961; Owens and McCann, 1970; Gary et a l . ,  1972; 

McCann and Carlisle, 1972; and Marsh e t  a l . ,  19731. An ice-foot,  therefore ,  

should be d is t inguished  from f a s t  ice by i t s  means of formation. 

For these  reasons we propose t h a t  t h e  f a s t  ice zone be f u r t h e r  

Stamukhi zone. 
zone seaward of t h e  f a s t  ice. 

major ice-deformational lineament (heading out  from shore) seen i n  Landsat 

images. I n  t h e  area of our de t a i l ed  s tud ie s  t h i s  shea r l ine  runs t angen t i a l  

t o  Cross Island. Westward t h e  l i n e  swings landward and again c lose ly  

approaches t h e  next i s l and  chain some 60 Ian downdrift. 

follows t h e  10 m isobath i n  a broad landward curve across  Harrison Bay and 

then seaward p a s t  Cape Halket t  [Figures 1 and 101. 

Large grounded r idges  form along t h e  inner  p a r t  of t h e  shear  

The f a s t  ice boundary is marked by t h e  f i r s t  

From here i t  roughly 

Once formation of a grounded r idge  s t a b i l i z e s  t h e  f a s t  i c e ,  successive 

shear events genera l ly  occur f a r t h e r  seaward. These events commonly are 

loca l ized  by of fshore  shoals  (Figures 10 and 19) ,  where r idges  i n t e r a c t  with 

t h e  sea f loo r .  Grounded i c e  r idges  forming on well-developed shoals  i n  the  

area between Cross I s land  and Harrison Bay eventual ly  s t a b i l i z e  t h e  i c e  canopy 

to  such a d i s t ance  from shore t h a t  t h e  westward d r i f t  of pack i c e  within t h e  

P a c i f i c  Gyre i s  def lec ted  of fshore  across  Harrison Bay. 

bay and allows t h e  formation of another extensive sheet  of undeformed and 

immobile ice seaward of t h e  e a r l y  winter shea r l ine  inshore.  The edge of t h e  

d r i f t i n g  pack i c e  of f  Harrison Bay is then loca l ized  along t h e  20 m i soba th ,  

where r idges  form i n  contact  with shoals  (Figure 10).  

This p ro tec t s  t h e  

There appear t o  be g rea t  similarities between t h e  Alaskan Beaufort 

Sea and t h e  S iber ian  Sea i n  t h e  loca t ion  of t h e  f a s t  i c e  edge near t h e  20 m 

isobath,  and i n  i t s  pro tec t ion  by grounded i c e  seaward. A s  pointed out  
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earlier, stamukhi--grounded sea-ice features-occur f o r  hundreds of kilometers 

along t h e  20 m i soba th  i n  t h e  S iber ian  Arctic. Zubov [1945] states t h a t  

stamukhi (1) o f t en  occur on shoals ,  (2) are made up i n i t i a l l y  of heaped 

blocks of var ious  dimensions and forms, (3) usual ly  last a few years ,  and 

(4) act  l i k e  i s l ands  i n  t h e  shallow regions of t h e  Arctic Seas in so fa r  as 

they p ro tec t  t h e  shore from t h e  pressure  of ice, thereby causing t h e  ice 

between t h e  shore and t h e  row of stamukhi t o  be f la t  and even, not  heaped 

and jumbled. 

The t e r m  stamukha (s ingular  f o r  stamukh;) as defined i n  English-language 

g los sa r i e s  does not convey t h e  meaning implied by Zubov [1945]. 

t o  t h e  GZossary of GeoZogy [Gary e t  a l . ,  19721, a stamukha is "a fragment of 

sea i c e  stranded on a shoal  o r  a shallows." Burke [1940] and Zubov [1945] 

include t h e  grounding of f l o e s  as a mechanism t h a t  t r i g g e r s  t h e  formation of 

stamukhi, but i n d i c a t e  t h a t  they a l so  form by hummocking of t h i n  i c e  Over 

shoals .  

According 

The zoneof groundedr idges tha t  forms seawardof the  r e l a t i v e l y  undeformed 

f a s t  i c e  of f  northern Alaska is  a very important f a c t o r  i n  t h e  ove ra l l  marine 

environment and f o r  fu tu re  of fshore  development. 

p r i a t e  t o  introduce a new term f o r  t h i s  zone. 

t h e  t e r m  stamukhi, we propose stamukhi zone f o r  t h e  recur r ing  b e l t  of grounded 

r idges  and hummocks (Figure 19) .  

It therefore  seems appro- 

Following t h e  Russian use of 

I n  t h e  area of our de t a i l ed  s tud ie s  t h e  stamukhi zone i s  encompassed 

by t h e  area of heavy black arrows i n  Figure 10. 

zone is  about 20 km wide and is  w e l l  defined. 

than 50 km wide, but a c t u a l l y  cons i s t s  of two zones separated by a broad 

expanse of r e l a t i v e l y  undeformed ice. Previous s tud ie s  of t h i s  area have 

assigned t h e  ice of t h i s  zone t o  t h e  fast  ice zone [Str inger ,  1974; Kovacs 

and Mellor, 19741. 

winter is  a p a r t  of t h e  shear  zone [Kovacs and Mellor, 19741, where t h e  pack 

i c e  of t h e  P a c i f i c  Gyre rubs along t h e  cont inent  (Figure 10) .  

Off Cross Is land t h e  stamukhi 

Off Harrison Bay it  i s  more 

Considering ice dynamics, t h e  stamukhi zone i n  ea r ly  
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Pack Ice Drift 

Studying r e p e t i t i v e  Landsat and NOAAr2 satel l i te  images from t h e  middle 

of March t o  t h e  end of May 1973, w e  found t h a t  t h e  pack ice i n  t h e  P a c i f i c  

Gyre moves westward along t h e  cont inenta l  she l f  a t  3-10 km per day. But 

much higher  short-term d r i f t  v e l o c i t i e s  have been reported by o thers  [Hibler 

e t  a l . ,  1974; Hnatiuk and Johnston, 19731. During t h e  period covered by our 

images, s l ippage  between t h e  P a c i f i c  Gyre and s t a t iona ry  ice along t h e  coast  

general ly  occurred a t  t h e  she l f  edge. Ice on t h e  cont inenta l  she l f  remained 

s t a t i o n a r y  wi th in  t h e  s p a t i a l  r e so lu t ion  of Landsat imagery (300 m) f o r  up 

t o  20 days and probably longer. Slippage occurred in t e rmi t t en t ly  within o r  

along the  seaward edge of t h e  stamukhi zone on t h e  cont inenta l  s h e l f ,  where 

much of t h e  ava i l ab le  energy is expended on t h e  sea f loo r .  

Regardless of where t h e  s l ippage  occurs,  we found indiv idua l  events t o  

be r e s t r i c t e d  t o  a zone several hundred meters wide and not d i s t r i b u t e d  over 

a 50-km-wide zone as s t a t e d  by Crowder et  al .  [19731 and Hibler  et  a l .  

[1974]. Thus t h e  calculated i c e  movement vec tors  d id  not i n d i c a t e  drag 

e f f e c t s  near t h e  edge of t h e  s t a t iona ry  i c e  as postulated by Kovacs and 

Mellor [1974]. 

a t  t h e  shea r l ine  than it  w a s  t en  or  more kilometers seaward. 

I n  f a c t ,  t h e  ra te  of movement i n  several instances w a s  higher 

Factors Controll ing Location o f  Fast Ice Edge 

Because the  edge of t h e  f a s t  i c e  and t h e  stamukhi zone forms year a f t e r  

year a t rough ly  t h e  same loca t ions  i n  t h e  Arc t ic ,  i t  i s  of i n t e r e s t  t o  examine 

t h e  causes t h a t  l o c a l i z e  t h e  formation of major grounded r idges  and hummocks 

i n  our study area. 

Croasdale [Reed and Sater, 1974, p. 2981 has pointed out  t h a t  t he  f a s t  

i c e  boundary,being similar from year t o  year regard less  of t h e  presence of 

multiyear 

be f i r s t - y e a r  r idges.  

formed r idges  may therefore  seldom have kee ls  deeper than 18 m y  t h e  presumed 

water depth a t  t h e  f a s t  i c e  edge. Indeed, according to  Hibler ,  submarine 

sonar da ta  i n d i c a t e  t h a t  only 1 percent of a l l  r idge  kee l s  are deeper than 

f l o e s ,  implies  t h a t  grounded r idges  along t h e  f a s t  i c e  edge must 

H e  a l s o  mentions t h e  fu r the r  implicat ion t h a t  newly 
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18 m [Reed and Sater, 1974, p. 2991, 

mechanisms and s t r u c t u r e  of pressure r idges  [Parmerter and Coon, 19721. 

Hibler [Reed and Sa te r ,  1974, p. 3003 be l ieves  t h a t  more important than t h e  

d i s t r l b u t i o n  of kee l  depths may be t h e  increased cur ren t  drag on r idge  

kee ls ,  where t h e  boundary layer  under a moving ice cover impinges on the  

bottom i n  shallow water. The f a s t  ice general ly  grows from t h e  shore out- 

ward i n  response t o  t h e  f a s t e r  cooling rate of shallow water and t h e  lower 

s a l i n i t y  inshore. 

a depth t h a t  may be r e l a t e d  t o  the  

Is t h e r e  some f a c t o r  of f a s t  ice thickness  o r  s t r eng th  at: a p a r t i c u l a r  

t i m e  of t he  season t h a t  determines a t  what d i s tance  from shore t h e  forces  

of t h e  pack ice are a r r e s t ed?  

i c e  i s  determined by t h e  configurat ion of land masses, providing s h e l t e r  

aga ins t  t h e  forces  of t he  d r i f t i n g  pack. A l l  of t h e  above f a c t o r s  w e r e  

considered i n  our attempt t o  answer what con t ro l s  t he  loca t ion  of t he  f a s t  

i c e  edge i n  our study area. 

I n  some areas of t h e  Arctic t h e  ex ten t  of f a s t  

Conditions i n  the  winter  of 1972-73 w e r e  i d e a l  f o r  determining what 

ice types are involved i n  t h e  stamukhi zone pro tec t ing  the  f a s t  i c e  edge. 

There w a s  no multiyear ice on t h e  she l f  from f r eeze  up u n t i l  midwinter and 

therefore  t h e  r idges  of t h e  stamukhi zone were formed from f i r s t -yea r  ice .  

Our study of ice morphology and behavior i nd ica t e s  t h a t  t h e  stamukhi zone 

s t r add le s  t h e  10-30 depth range. Ice gouge dens i ty  pa t t e rns  off Harrison 

Bay, surveyed i n  1972, imply t h a t  t h e  stamukhi zone extends t o  a t  least  

40 m depth. 

of f ree- f loa t ing  r idges  seems t o  have no s p e c i a l  s ign i f icance  f o r  shallow 

Thus, t h e  18  m ridge-keel depth l i m i t  reported f o r  99 percent 

w a t e r  depth. I f ,  on t h e  other  hand, increased cur ren t  drag on ice kee ls  i n  

shallow water were e f f e c t i v e  i n  s t a b i l i z i n g  t h e  edge of pack ice d r i f t  on 

t h e  s h e l f ,  t h i s  should a l s o  r e s u l t  i n  t h e  formation of hydraul ic  bedforms. 

Side-scan sonar techniques used i n  our s tud ie s  are w e l l  su i t ed  f o r  t h e  detec- 

t i o n  of hydraul ic  bedforms, w e  have not  not iced anomalous increases  of cur ren t -  

produced bottom fea tu res  i n  t h e  stamukhi zone. Therefore, current  drag 

probably i s  not an  important f ac to r  i n  cont ro l l ing  the  loca t ion  of t he  f a s t  

ice edge and t h e  stamukhi zone. 
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Evaluating how t h e  s t r eng th  of t h e  f a s t  ice inf luences t h e  loca t ion  of 

t h e  stamukhi zone is d i f f i c u l t  without adequate seasonal data .  The f a s t  ice 

growth rate and s t r eng th  should be influenced by v a r i a t i o n s  i n  sur face  water 

s a l i n i t y  and temperatures on t h e  s h e l f .  

August and September 1972 i n  t h e  s tudy area [Hufford e t  al . ,  19741. 

configurat ion of t h e  f a s t  Ice edge during t h e  following winter  does not  show 

i r r e g u l a r i t i e s  t h a t  can be a t t r i b u t e d  t o  changes inwa te r  c h a r a c t e r i s t i c s  along 

t h e  coast .  Also, t h e  g rea t e r  width of f a s t  ice i n  Harrison Bay, where post-  

summer w a t e r  cooling rates i n  extensive shallow areas should be higher than 

elsewhere, apparent ly  is  b e s t  explained i n  terms of ice dynamics, as out l ined  

earlier. For these  reasons w e  f e e l  t h a t  t h e  f a s t  ice i t s e l f  i s  not  a primary 

f a c t o r  i n  determining where shear ing events and r idge  formation occur on t h e  

s h e l f .  

These parameters were p lo t t ed  f o r  

The 

The las t  f a c t o r  t o  consider i s  t h e  r e l a t i o n  of coas t a l  configurat ion 

t o  pack i c e  d r i f t  and how t h i s  may inf luence t h e  loca t ion  of t h e  f a s t  ice 

edge and stamukhi zone. The reg iona l  s e t t i n g  is t h a t  of an i r r e g u l a r  coast-  

l i n e  t angen t i a l  t o  t h e  arctic pack-ice d r i f t  within t h e  P a c i f i c  Gyre. Hibler  

e t  a l .  [1974] thought of t h i s  gyre as "a l a rge  cohesive wheel s l i pp ing  at t h e  

edge." I n  t h i s  model, t h e  loca t ion  of t h e  wheel's (gyre 's)  r i m  is determined 

by t h e  bumps i n  t h e  road surface--the coas t a l  promontories. 

Major promontories i n  t h e  area are Herschel I s land ,  Barter I s land ,  

Cross I s land ,  Cape Halket t ,  and Point  Barrow (Figure 1). A t  t h e  f i r s t  t h ree  

promontories our observations are cons is ten t  with t h e  assumed model. The 

f a s t  i c e  zone i s  narrow, and r idge  systems seaward are c lose ly  spaced and 

p a r a l l e l ,  descr ibing t h e  t r a j e c t o r i e s  along which t h e  wheel s l i p s  (Figures 

8 and 10). Downdrift from t h e  promontories t h e  ea r ly  winter  s l i p  sur faces  

tend t o  swing landward, following the  broad indentat ions i n  the  coas t l ine .  

Later i n  t h e  season t h e  s l i p  surfaces  general ly  l i e  f a r t h e r  seaward, along 

r a t h e r  s t r a i g h t  l i n e s  extending from one promontory t o  t h e  next.  I n  keeping 

with t h e  assumed model, t h e  widely spaced s l i p  sur faces  i n  t h e  regions between 

promontories can be r e l a t e d  t o  changes i n  r o t a t i o n  rate of t h e  s l i pp ing  wheel. 

When i t  slows down, the  pressure of t h e  pack is appl ied between t h e  promon- 

t o r i e s  on t h e  f a s t  i c e  i n  e a r l y  winter ,  o r  on t h e  s t rongly  r e s i s t a n t  stamukhi 

zone later i n  winter.  
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The configurat ion of t h e  f a s t  ice zone i n  t h e  v i c i n i t y  of Cape Halket t  

needs fu r the r  explanation i n  terms of our assumed model. The ea r ly  winter 

shea r l ine  and ice r idges  descr ibe  a broad landward curve across  t h e  90-km- 
wide Harrison Bay ('Figures 8 and l o ) ,  roughly following t h e  10 m depth con- 

tour.  

and is def lec ted  seaward for some d i s t ance  nor th  of t he  cape. Later i n  t h e  

season, shear  events pro jec t ing  s t r a i g h t  across  t h e  bay i n t e r a c t  with t h e  

ea r ly  r idge  systems a t  an angle. 

with la te  winter  ice d r i f t  nor th  of Cape Halket t  r e s u l t s  i n  t h e  formation 

of major but highly i r r e g u l a r  r i dge  and hummock pa t t e rns  (Figure 10).  

of these  apparent ly  are grounded and provide s h e l t e r  f o r  t h e  growth of another 

extensive sheet  of undeformed i c e  seaward of t h e  ea r ly  winter shea r l ine  i n  

Harrison Bay. 

Ice s l ipp ing  westward along t h i s  l i n e  p i l e s  up toward Cape Halket t  

The i n t e r a c t i o n  of e a r l y  winter r idges  

P a r t s  

The d a t a  analyzed suggest t h a t  t h e  configurat ion and loca t ion  of t he  

recur r ing  stamukhizoneand extent  of t h e  f a s t  ice i n  t h e  study area may be 

bes t  explained i n  terms of a model i n  which t h e  westward pack i c e  d r i f t  

i n t e r a c t s  with an i r r e g u l a r  coas t l i ne  and of fshore  shoals.  

Effects of Ice Zonation on Marine Geology and Bottom Processes 

For t h e  greater p a r t  of t h e  year t h e  r e l a t i v e l y  undeformed f a s t  i c e  

rests q u i e t l y  aga ins t  t h e  shoreface,  unaffected by t h e  forces  of t h e  marine 

environment. 

winter time is  l a rge ly  r e s t r i c t e d  t o  t h e  major promontories such a s  Cross 

Island. Even during t h e  sho r t  summers, t h e  grounded r idges  of t he  stamukhi 

zone commonly s h e l t e r  t h e  inner shelf  and shore from d r i f t i n g  ice and l i m i t  

t h e  f e t c h  fo r  wave generation. 

Pronounced deformation of beach depos i t s  by sea i c e  during 

The stamukhi zone, s t r add l ing  t h e  midshelf region, is  where much of 

t he  ava i l ab le  marine energy i s  expended on t h e  she l f  sur face  on a year-round 

basis .  

ing t h e  f a s t - i ce  edge. Ridge accre t ion  aga ins t  t h e  i n i t i a l  r idge  system and 

s t a b i l i z a t i o n  by bottom contact  gradually s h i f t s  t h e  dynamically a c t i v e  zone 

seaward (Figure 19).  

Ridging i n i t i a l l y  occurs between t h e  10 m and 20 m i soba ths ,  s t a b i l i z -  

The end r e s u l t  is  a wide stamukhi zone. The high amount 
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of energy expended on t h e  seaf loor  during t h i s  process and t h e  eventual d i s -  

lodging of grounded i c e  i n  t h e  succeeding summers are manifested i n  t h e  high 

i c e  gouge i n t e n s i t i e s  i n  t h i s  zone and the  chaot ic  na ture  of i n t e r n a l  sedi-  

mentary s t ruc tu res .  Also, a sediment t e x t u r a l  boundary [Barnes and Reimnitz, 

19741 roughly corresponds with t h e  f a s t  i c e  edge as del ineated i n  Figure 1, 

suggesting a poss ib le  r e l a t i o n  between i c e  zonation and sediment t ranspor t .  

There is a s t r i k i n g  r e l a t i o n  between i c e  r idge  l i n e a t i o n  i n  the  stamukhi 

zone and bathymetric shoals  (Figure 10) .  

events may be a f fec ted  by i c e  in t e rac t ion  with these  shoals .  

t i o n  has  been in fe r r ed  f o r  regions along t h e  S iber ian  coas t ,  where r ecu r ren t  

stamukhi form on of fshore  shoals  [Zubov, 19451. Offshore shoa ls  between 

Harrison Bay and Cross Is land have been s tudied with seismic p r o f i l i n g  tech- 

niques. 

s eve ra l  meters th i ck  on a f l a t - ly ing  sub-bottom r e f l e c t o r .  The shoals  corres-  

pond t o  a thickening marine sec t ion ,  ind ica t ing  t h a t  they are cons t ruc t iona l  

f ea tu re s  postdat ing the  l as t  marine t ransgression.  

This suggests t h a t  i c e  deformational 

A similar rela- 

The Holocene marine sediments i n  t h i s  region general ly  are only 

The shoals  and t h e  modern b a r r i e r  i s land  have r a the r  s i m i l a r  c ross  

sec t ions .  However, t h e  shoals  are composed of well-sorted sand with some ' 

ind iv idua l  pebbles [Reimnitz and Barnes, 19741, while t h e  b a r r i e r  i s l ands  

cons i s t  of sandy grave l  t o  gravel ly  sand. 

composition t h e  shoa ls  do not  appear t o  represent  drowned b a r r i e r  i s l ands .  

Nearshore bars  2-3 m high are present  along Pingok and adjacent  i s l ands .  

These are migrating under t h e  inf luence of summer waves and cu r ren t s  [Short ,  

19751. 

under t h e  inf luence of similar nearshore processes. 

Because of t h i s  d i f fe rence  i n  

The much l a rge r  shoa ls  under discussion c l e a r l y  do not  form o r  migrate 

A l l  ava i l ab le  evidence leads  t a  t h e  conclusion t h a t  t he  shoals  are not  

hydraul ic  bedforms r e l a t e d  t o  open-water condi t ions,  but w e r e  formed and 

present ly  are migrating under t h e  inf luence of ice-related processes. 

s t u d i e s  w i l l  have t o  show whether such shoals  form by (a) t h e  bulldozing ac t ion  
of i c e  during one o r  several major events,  (b) t h e  cumulative e f f e c t s  of sev- 

e r a l  thousand years  of i c e  push by grounded r idges  along t h e  edge of t he  

P a c i f i c  Gyre rubbing aga ins t  t h e  cont inent ,  o r  (c) winter cur ren ts  being 

channeled along major grounded r idge  systems t o  concentrate  ava i l ab le  sediments 

Future 
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i n t o  sand r idges ,  o r  whether several of these  processes act together  t o  form 

t h e  shoals .  

Shoals i n  t h e  stamukhi zone are not r e s t r i c t e d  t o  t h e  region of our 

s t u d i e s  but  extend westward t o  Point  Barrow, according t o  National Ocean 

Survey cha r t  No. N.O. 16004 (1973 ed i t ion) .  E a s t  of Cross I s land  s i m i l a r  

shoa ls  are shown, but  they are not  so numerous the re  as i n  the  western 

sec tor .  This may be due t o  a lack  of sounding data .  

Where t h e  stamukhi zone l ies c lose  t o  coas t a l  promontories, as off 

Cross Is land,  t h e  seaf loor  s lopes s t eep ly  away from t h e  beach. 

several ki lometers  offshore,  bottom s lopes  are gent le .  

Where i t  l ies  

I n  summary then, w e  see a causal  r e l a t i o n  between t h e  ove ra l l  she l f  

p r o f i l e  and w i n t e r  i c e  dynamics and ice zonation. On low-lati tude shelves  

t h e  high-energy sur f  zone shapes t h e  she l f  p r o f i l e  i n  the  coas t a l  environ- 

ment. Along t h e  Beaufort Sea coas t ,  i c e  dynamics i n  t h e  stamukhi zone of 

t h e  c e n t r a l  she l f  leave an imprint i n  t h e  form of pronounced shelf  p r o f i l e  

anomalies. But t h e  e f f e c t s  of t he  stamukhi zone are probably not  r e s t r i c t e d  

t o  marine geology, geomorphology, and seaf loor  dynamics. 

I f  major ice r idge  systems conform t o  t h e  bottom f o r  considerable d is -  

tances ,  t h e  stamukhi zone may be an oceanographic b a r r i e r  separa t ing  t h e  

inner she l f  from t h e  open ocean. The reported sediment boundary along the  

f a s t  i c e  edge may be r e l a t e d  t o  t h i s  i n  some st i l l  unknown way. 

Winter temperature p r o f i l e s  of f l o a t i n g  r idges  with values  as low as 

-24'C i n  t h e  upper p a r t ,  increasing t o  seawater temperature a t  t he  kee l ,  

have been reported.  Elimination of water c i r c u l a t i o n  by bottom contact  would 

r e s u l t  i n  lower kee l  temperatures of a grounded r idge ,  and such lowered t e m -  

pera tures  would u l t imate ly  reach t h e  sea f loo r .  

of grounded r idges  i n  t h e  stamukhi zone may a f f e c t  t he  na ture  and d i s t r i b u t i o n  

of of fshore  permafrost. 

Thus, t he  thermal e f f e c t s  

Imp1 ications For Offshore Development 

Several  aspec ts  of r e s u l t s  reported here  are of relevance t o  planned 

of fshore  deirelopmenc of t h e  Prudhoe Bay o i l  f i e l d .  I n  the  near f u t u r e  of fshore  
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development probably w i l l  be r e s t r i c t e d  t o  t h e  she l f  landward of t h e  stamukhi 

zone, t h e  least  h o s t i l e  environment, Such developments may include construc- 

t i o n  of a r t i f i c i a l  i s l a n d s ,  as i n  t h e  Mackenzie Delta region, and s p e c i a l  

d r i l l i n g  platforms t o  withstand t h e  fo rces  of d r i f t i n g  ice f l o e s  and i c e  

i s l a n d  fragments. 

The ex ten t  of t h e  f a s t  i ce  zone of f  Prudhoe Bay i s  con t ro l l ed  by Cross 

I s land ,  which appears t o  be a t y p i c a l  b a r r i e r  i s l and .  This i s l a n d  has changed 

l i t t l e  s i n c e  i t  w a s  mapped accura t e ly  some 25 years  ago. 

t h i s  i s l and  has  been unaffected by ice push f o r  some 30 t o  40 years.  

shoals  between Cross Is land and Harrison Bay, whatever t h e i r  o r i g i n ,  today 

t ake  t h e  brunt  of t h e  ice fo rces  year round. Moreover, they seem t o  inf luence 

winter ice  dynamics and extent  of t h e  f a s t  ice. The shoals  have migrated 

s e v e r a l  hundred meters during a 25-year period, y e t  they have r e t a ined  t h e i r  

o v e r a l l  i d e n t i t y .  

A s m a l l  house on 

The 

From these  observations i t  appears t h a t  a r t i f i c i a l  d r i l l i n g  i s l a n d s ,  

placed wi th in  t h e  f a s t  ice  zone shoreward of t h e  stamukhi zone, have a good 

chance of withstanding t h e  fo rces  of t h e  ice i n  t h i s  area. Furthermore, 

similar s t r u c t u r e s  properly placed i n  t h e  stamukhi zone might be used t o  

extend t h e  area of f a s t  i ce  seaward. 

SUMMARY OF CONCLUSIONS 

(1) The ice  pack r o t a t i n g  clockwise wi th in  t h e  P a c i f i c  Gyre rubs along t h e  

con t inen ta l  margin north of Alaska, r e s u l t i n g  i n  t h e  formation of major 

l i n e a r  r i d g e  systems every winter.  I n i t i a l l y ,  t h e i r  l oca t ion  is  p r inc i -  

p a l l y  con t ro l l ed  by major promontories. 

grounding, which is  focused by shoals  downdrift of major promontories. 

These r idges  are s t a b i l i z e d  by 

(2) Slippage occurs i n t e r m i t t e n t l y  along or  seaward of t h e  grounded r idges ,  

forming new grounded r idges  i n  a widening zone, t h e  "stamukhi zone," 

a t  depths of 10 t o  40 m. 
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(3) During long periods between these intermittent events along the stamukhi 

zone, pack ice drift and slippage are contfnuous along the shelf edge at 

average rates of 3-10 km per day. 

(4) Slippage is observed to occur in a zone several hundred meters wide, 
the ice for tens of kilometers seaward of the slip boundary moving at 
uniform rates, generally with no observed drag effects. 

(5) The seasonal fast ice grows in the protected belt between the stamukhi 

zone and the land, remaining relatively undeformed. 

( 6 )  This fast ice zone is further subdivided into floating and bottom-fast 

ice. 
as mueh as 75 percent of the total fast ice zone. 

The latter may extend up to 15 km from land, and can constitute 

(7) This zonation is different from previously used zonations, in that the 

stamukhi zone is not part of the fast ice zone. The proposed nomen- 

clature emphasizes ice interaction with the shelf surface. 

( 8 )  Much of the available marine energy is expended on the seafloor within 

the stamukhi zone, while the inner shelf and coast are relatively pro- 
tected year round. 

(9) Energy expended on the seafloor is manifested in the high ice gouge 

density, deep ice gouges, and intensely disrupted internal sedimentary 
structures within the stamukhi zone. 

the stamukhi zone influences distribution of sediment textures on the 
shelf. 

There also is strong evidence that 

(10) Shoals that presently localize major linear shear ridge elements within 

the stamukhi zone may originally have formed in response to ice-bottom 
interaction within the shear zone and today appear to be migrating under 

the influence of ice-bottom interaction. 

(11) Anomalies in the arctic shelf profile are related to sea ice zonation 
and sea ice dynamics. 
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(12) A r t i f i c i a l  i s l ands  similar i n  na tu re  and loca t ion  t o  t h e  shoa ls  s tudied 

should be a b l e  t o  withstand t h e  fo rces  of t h e  ice f o r  10-20 years .  

(13) It seems poss ib le  t h a t  a r t i f i c i a l  i s l ands ,  properly placed, may be used 

t o  modify t h e  loca t ion  of the shear  zone and open l a r g e r  areas of t h e  

she l f  t o  development. 
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Fig. 1. Study area showing bathymetry and place names, The extent of relatively undeformed fast ice was 
Extent of bottomfast ice determined largely from Landsat-1 images between 8 March and 21 April 1973. 

2 m thick has been traced from bathymetric contours. 



70' - 

Fig. 1. Study area showing bathymetry and place names, The extent of relatively undeformed fast ice w a s  
Extent of bottomfast ice determined largely from Landsat-1 images between 8 March and 21 April 1973. 

2 a thick has been traced from bathymetric contours. 
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Fig. 3 (above). Landsat images for 14-16 March 1973 (1234-21175, 1235-21241, 
1236-21297) show recent shore-parallel lead (A) and roughly shore-normal 
lead (B). Configuration of A indicates that seaward ice has been dis- 
placed eastward 2 km relative to the stationary ice. 
(1252-21175, 1253-21233, 1254-21292), an active shearline (C) paralleling 
the shelf edge was associated with westward pack ice displacements of 4 km 
per day, The displacement, shown by length of arrows, was uniform through 
a zone 24 km wide seaward of the slip face. 

In early April 

Fig. 4 (facing page). Visible-band NOAA-2 satellite image taken 5 April 1973. 
The large (40x15 km) polynya shown in Fig. 3 (D) can be identified on this 
image. A curvilinear lead extends from the shelf-parallel shearline for 
hundreds of kilometers into the Arctic Ocean. 
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Fig,  5 .  Comparison of t h e  loca t ion  of major lead seen 
on N O M - 2  images f o r  26 March, 31March, and 1 Apr i l  
1973, 
i d e n t i f i a b l e  i n  a l l  t h ree  images, The pack i c e  i n  
a zone 350 km wide nor th  of t h e  coas t -para l le l  shear- 
l i n e  moved uniformly a t  about 10 km per  day. 

The l a r g e  dots  mark poin ts  along t h e  lead  
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Fig. 6. Landsat image (no. 1308-21290) of 27 May 1973 showing recent 
irregular refrozen cracks about 10 km west of Cross Island produced 
by ice deformation along early winter shearline. 
parallel, active shearline follows the 20 m isobath across Harrison 
Bay. Comparison with ice features identifiable on previous day’s image 
(solid lines) reveals uniform westward displacement of 6 km per day 
over the shown strain network extending some 90 km seaward of the shear- 
line. No drag effects are visible near the stationary iceldrifting 
pack ice boundary. 

A pronounced coast- 



SHEAR LINE 

~ 

Fig. 7. Tracing from NOAA-2 visible-band images of 5 
April and 27 May 1973, showing westward displacement 
of long lead seen in Figures 4 and 5.  
52-day period, displacements ranged from 160 km 
( 3  km per day) near the continent to 80 km (1.5 km 
per day) at a point 450 km seaward of the coast. 
Differences in displacements are considered to be 
representative of points at various distances from 
the center of the clockwise rotation within the 
Pacific Gyre. 

During the 



Fig. 8. Landsat-1 image (1344-21283) made 2 July 1973, showing i n i t i a t i o n  
Ice on inner  and outer  she l f  w e s t  of Oliktok Point  of sea i c e  breakup. 

i s  breaking up and moving westward. 
zone of major shear  events  during winter  remains i n t a c t .  
pattern.  suggests  t he  presence of stamukhi along t h e  20 m isobath.  

A zone 15 km wide coinciding with 
This breakup 



Fig. 9 .  Mosaic of U-2 color  i n f r a red  photos taken from an a l t i t u d e  of 20,000 m on 2 1  Ju ly  1974. 
F l igh t l ine  extends nor th  from Prudhoe Bay. 
Smooth f a s t  i ce ,  l i g h t l y  deformed shor t ly  a f t e r  freezeup, extends t o  j u s t  beyond Reindeer I s land ,  
followed by s t rongly  l i nea t ed  and rough i ce  i n  the  stamukhi zone and a zone of mobile ice  on 
the  outer  she l f .  

Sea i ce  morphology i s  s imi la r  t o  t h a t  of 1973. 
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Fig. 10. Generalized model of ice drift within area of detailed study, showing predominant movement of pack 
ice along well-defined shearlines, dominant wind direction, and location of charted shoals. 
correlation between distribution of shoals and major ice lineations,traced from Landsat images, which 
represent shear ridges, pressure ridges, and linear hummock fields, 

Note striking 



Fig. 11 (facing page). Oblique aerial  photograph taken northeast  
of P t .  Barrow on 1 3  August 1975. Grounded r idges (stamukhi) 
occur along l i n e s  p a r a l l e l i n g  isobaths  (upper qua r t e r  of photo),. 
marking a d i s t i n c t  boundary between sca t t e red  ice on inner  
she l f  ( c e n t r a l  p a r t  of photo) and t i g h t l y  packed ice  beyond. 
Water a t  bottom of photo i s  a lagoon. 

Fig. 1 2  (facing page). June 1970 photograph of ice  push f ea tu res  
on Narwhal I s l and .  Such f ea tu res  and associated beach deforma- 
t i o n  recur  annually on major coas t a l  promontories such as 
Narwhal I s l and  and Cross I s l and  t h a t  are exposed t o  shear zone 
dynamics. 

Fig, 13 ( fac ing  page). Example of b a r r i e r  i s l and  beaches t h a t  l i e  
downdrift of major promontories and landward of shoa ls .  Photo- 
graphed i n  May 1972 on Long I s l and ,  The 2 m isobath seaward of 
beach is marked by c h a r a c t e r i s t i c  t i d a l  crack i n  r e l a t i v e l y  
smooth f a s t  i c e .  
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Fig. 1 4 .  Comparison of bottom profiles off Cross Island, where the shear zone 
impinges on the coast, and Spy Island (Fig. 1 5 ) ,  protected by stamuk-hi on 
offshore shoals. 



Fig. 15. Bathymetry of inner  she l f  wi th in  cen t r a l  p a r t  of s tudy area,  The contours are based on U . S ,  
Coast and Geodetic Survey smooth shee ts ,  surveyed from 1949 through 1951 along a dense pa t t e rn  of 
accurately cont ro l led  sounding l i n e s ,  Theloca t ions  of ind iv idua l  shoa l  p r o f i l e s  shown i n  Fig. 1 6  
are keyed by letter. 
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Fig. 16. Cross-sectional profiles of shoals as sur- 
veyed 1949-1951 (dashed line) and 1975 (solid line). 
All but one of the shoals have migrated landward 
through distances of 100-400 m over 25 years. 
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Fig. 17. Locations of several major 1973 shear events (dotted 
lines) that were actually observed in Landsat images or could 
be dated within narrow time limits, Related to these events 
are ice gouge density values (hachures) from 1973 sonographic 
surveys after Reimnitz and Barnes [1974]. The dark area off 
the Sagavanirktok River defines the extent of freshwater over- 
flow during the shear event of 26-27 May. 
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EARLY WINTER SHEAR LINE 
M SEAWARD 2 LANDWARD 

0 io00 2000 
Fig. 18, Line drawing of 1973 highFresolut ton seismic r e f l e c t i o n  

(top) and i c e  gouges on side-scan sonar (bottom) records,  ob? 
ta ined concurrent ly  across  e a r l y  win ter  (1972) shea r l ine  boundary 
of f  Cross I s land .  
of sub-bottom r e f l e c t o r s  coincide wi th  s l i g h t  break i n  bottom 
slope.  Landward of t h e  shea r l ine  only minor gouges are apparent ,  
.while seaward t h e  bottom i s  densely gouged. 

Abrupt break in  i c e  gouge dens i ty  and na tu re  
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a. 

b.  

Fig. 19. Seasonal development of ice zonation in relation 
to bottom morphology: (a) fall, (b) winter. Drawings 
by Tau Rho Alpha. 
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C .  

Fig. 19 (continued). Seasonal development of ice zonation in relation to 
bottom morphology: (c) spring. Drawing by Tau Rho Alpha. 
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A SIWLATrON OF INERTIAL OSCILLATIONS OBSERVED 
I N  THE DRIFT OF MANNED ICE STATIONS 

by 
M. G. McPhee 

AIDJEX 

ABSTRACT 

A simple model f o r  simulating t h e  motion of pack ice  during periods 
of ene rge t i c  i n e r t i a l  o s c i l l a t i o n  is developed by wr i t i ng  an in t e -  
grated momentum equation f o r  t h e  ice-upper ocean system driven by 
su r face  wind stress. 
damping t e r m  proport ional  t o  t h e  component of m a s s  t r anspor t  par- 
a l l e l  t o  t h e  wind stress. 
p o r t  by considering an i d e a l i z a t i o n  of mean boundary l a y e r  cu r ren t s  
measured a t  AIDJEX camp Jumpsuit i n  1972. 
s imulate  t h r e e  periods of d r i f t  measured a t  AIDJEX ice  s t a t i o n s  i n  
summer and e a r l y  f a l l  of 1975. 
b e t t e r  reproduces observed i n e r t i a l  v e l o c i t i e s  than does a similar 

f r e e  d r i f t "  model i n  which t h e  ocean e x e r t s  a passive quadrat ic  
drag. A t  c e r t a i n  t i m e s  t h e  model p r e d i c t s  too much amplitude f o r  
t h e  i n e r t i a l  waves, and t h i s  is  in t e rp re t ed  as ind ica t ing  t h a t  
t he  i n t e r n a l  stress gradient  i n  t h e  ice is then s t rong enough t o  
i n h i b i t  o s c i l l a t i o n .  

Dissipat ion i n  t h e  system is modeled by a 

Ice v e l o c i t y  is  r e l a t e d  t o  t o t a l  t rans-  

The model is used t o  

It i s  shown t h a t  t h e  model much 

11 

1. INTRODUCTION 

T r a j e c t o r i e s  of measured pos i t i on  f o r  manned camps i n  t h e  1975-1976 

A I D J E X  (Arc t ic  Ice Dynamics J o i n t  Experiment) f i e l d  experiment are sometimes 

character ized by what appears t o  be approximately c i r c u l a r  motion superimposed 

on s t r a i g h t  d r i f t  t o t h e r i g h t  of t h e  su r face  wind. 

persists for several cyc les ,  each cycle  taking c l o s e  to  12 hours. Hunkins 

[1967] i n f e r r e d  a similar cyc lo ida l  t r a c k  from t h e  speed of deep ocean cu r ren t s  

The looping motion o f t e n  
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measured relative t o  ice  s t a t i o n  T-3. H e  ruled ou t  t i d a l  motions,and went 

on t o  suggest q u a l i t a t i v e l y  a mechanism by which i n e r t i a l  waves exci ted by 

abrupt changes i n  t h e  observed wind could explain t h e  d r i f t .  

Po l l a rd  and Mil lard [1970] presented observations of i n e r t i a l  o s c i l l a -  

t i o n s  i n  upper ocean cu r ren t s  records from which they formulated a model f o r  

wind-driven m a s s  t r anspor t  with l i n e a r  damping; 

l a y e r  model t o  relate cu r ren t  v e l o c i t y  t o  t r anspor t ,  they simulated cu r ren t  

response t o  measured wind and demonstrated w e l l  t h e  tendency of t h e  upper 

ocean t o  "ring" i n  response t o  sudden wind s h i f t s .  

estimate a su r face  cu r ren t ,  which would be required,  f o r  i n s t ance ,  t o  t r a c k  

a f l o a t i n g  ob jec t .  

Using a r a t h e r  simple mixed- 

Their model did n o t  

Besides being i n t r i n s i c a l l y  i n t e r e s t i n g ,  study of i n e r t i a l  motions may 

a i d  our understanding of ice  dynamics by ind ica t ing ,  f o r  example, how t h e  

i n e r t i a  of t h e  oceanic boundary l aye r  compares with t h a t  of t h e  ice  cover, 

under what condi t ions r ap id  changes i n  the wind stress f i e l d  are passed 

through t h e  ice t o  t h e  ocean, and what e f f e c t  t h e  waves have on ice produc- 

t i on .  I n  t h i s  paper a simple point  model f o r  t h e  in t eg ra t ed  momentum ( m a s s  

t r anspor t )  of t h e  ice-ocean system is  proposed; the equations are solved 

using wind stress observed a t  d r i f t i n g  ice s t a t i o n s  i n  t h e  1975-1976 AIDJEX 

a r r ay ;  t h e  ice  v e l o c i t y  is r e l a t e d  t o  t h e  t o t a l  t r anspor t  by means of a simple 

boundary l a y e r  model; and t h e  r e s u l t s  are compared with ice d r i f t  da ta .  

i n t e n t  here  is not a r igorous inves t iga t ion  of t h e  time-dependent boundary 

l a y e r ,  but  r a t h e r  t o  see i f  a simple model cons i s t en t  with our present  know- 

ledge can s imulate  t h e  observed i n e r t i a l  response i n  t h e  ice-ocean system. 

The 

2. THE MOMENTUM EQUATION 

W e  can write an equation of motion f o r  any element i n  t h e  ice-ocean 

system as t h e  following 

where t h e  over-arrow i n d i c a t e s  a vec to r ,  

an i n f i n i t e s i m a l  stress tensor,  and f i s  t h e  Cor io l i s  parameter. I n  most 

is  t h e  ver t ica l  u n i t  vec to r ,  z '  is  
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t reatments  of ice dynamics [e.g., Rothrock, 19751, condi t ions are considered 

uniform through t h e  ice thickness ,  h = m/pice, where m is  t h e  mass of the  

i c e  column per  u n i t  area, and t h e  equation i s  wr i t t en  

- 

-+ 
where Vi is the  ice ve loc i ty ;  g1 is  a stress tensor in tegra ted  through t h e  

i c e  thickness  and including i n  some form e f f e c t s  l i k e  sea-surface tilt ,  the  

atmospheric pressure gradient ,  and contact  stress between f loes ;  and T, and 
-F 

7 -rW are sur face  t r a c t i o n s  exerted by t h e  a i r  and t h e  ocean. 

t i ons ,  T~ i.s d i f f i c u l t  t o  assess because t h e  water column as w e l l  as the  

i c e  responds a t  t h e  i n e r t i a l  frequency. 

For rap id  var ia -  
-f 

. 
An a l t e r n a t i v e  approach, t h e  one taken here ,  is  t o  consider t he  momentum 

of t h e  whole ice-upper ocean column as shown schematically i n  Figure 1. 

can def ine  t h e  t o t a l  m a s s  t ranspor t  ( i . e . ,  t h e  in tegra ted  momentum) as 

W e  

+ - +  -+ h a3 
a t  - + f k x M = T~ + F, 

-t 
where U is  t h e  ve loc i ty  vector  a t  each level i n  t h e  water and H i s  the  maximum 

depth of f r i c t i o n a l  influence.  

with the  geostrophic sur face  current  i n  t h e  ocean. 

-+ 
As wri t ten ,  MT includes t ranspor t  associated 

-+ -+ 
A s  long as the  underlying geostrophic flow Ug (equal t o  U(z = -H) is 

r e l a t i v e l y  constant ,  we  can write t h e  momentum equation i n  t e r m s  of t he  wind- 

driven t ranspor t  relative t o  Ug, without l o s s  of genera l i ty ,  as 
+ 

and equation (1) can be wr i t t en  
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where t h e  e f f e c t  of sea-surface tilt on both i c e  and water is impl i c i t  i n  

t h e  Cor io l i s  term on t h e  lef thand s ide .  

zonta l  d i f f e r e n t i a l  forces  ac t ing  i n  t h e  ice-water column and would include,  

f o r  example, an i n t e r n a l  stress gradient: in tegra ted  through t h e  i c e ,  t i m e -  

dependent o r  ba roc l in i c  pressure  grad ien ts  i n  t h e  boundary l aye r ,  or o ther  

such phenomena. 

t o  f ind  a t i m e  when t h e  e f f e c t  of Fa, which is i n  general  q u i t e  complex, i s  

minimized. 

f a l l  when t h e  pack is  weakened by open leads  and melting. 

seasons, w e  might look f o r  per iods of divergence i n  t h e  pack, bu t  caut ion 

is  required here  s ince  divergence i n  t h e  pack implies divergence and upwell- 

i n  t he  w a t e r  column, which might add appreciably t o  Fa. 

3a represents  the  sum of a l l  hori-  

To inves t iga t e  the  i n e r t i a l  response of t he  system, w e  wish 

I n t u i t i v e l y ,  i t  seems pa should be s m a l l  i n  t h e  summer and ea r ly  

+- 

During o ther  

+ 

On t h e  o ther  hand, t he re  w i l l  always be some d i s s i p a t i v e  process i n  the  
+ 

system and thus Fa cannot be i d e n t i c a l l y  zero. 

acknowledged t h i s  by including l i n e a r  damping i n  t h e i r  model ( i . e . ,  F, = eM). 
I n  t h e  present  model t h e i r  philosophy is  taken, but the  approach is modified 

somewhat t o  account f o r  an add i t iona l  f ac to r :  under most circumstances the  

i c e  w i l l  be much more e f f e c t i v e  than the  upper ocean a t  damping d i f f e r e n t i a l  

motions. However, t he re  may e x i s t  times when even a highly dampening ice 

cover may come t o  equilibrium under a uniform stress. This happened i n  1972 

when t h e  i c e  tracked s t r a i g h t  f o r  several i n e r t i a l  periods with stress bal-  

anced approximatelybytransport 90 degrees t o  the  r igh t .  

Pol la rd  and Millard [1974] 
+- +- 

-f 
Therefore we  wanted an expression f o r  Fa which would allow a steady- 

s t a t e  

and would model t h e  tendency of 

during per iods of rap id  change. 

t he  ice t o  j a m  and d i s s i p a t e  k i n e t i c  energy 

A simple expression s a t i s f y i n g  these  con- 

s t r a i n t s  fo r  any f i n i t e  wind stress is  given by 

68 



3 -+ -+ 
Thus Fo depends on the  component of M p a r a l l e l  t o  T, and acts t o  oppose 

+- 
changes i n  T a .  

Given t h e  forc ing  a i r  stress, equation ( 4 )  can be  written 

and solved i t e r a t i v e l y .  The t a sk  s t i l l  remains t o  provide a q u a n t i t a t i v e  

r e l a t i o n s h i p  between ice v e l o c i t y  and t h e  t o t a l  t ranspor t .  

and Mil lard [1970] model, the subsurface cu r ren t  is r e l a t e d  t o  the  t ranspor t  

by assuming t h e  momentum t o  be uniformly d i s t r i b u t e d  throughout t h e  mixed- 

l aye r  depth,  i . e . ,  

I n  t h e  Pol la rd  

+ -+ 
M = pHU 

This ignores  t h e  f a c t  t h a t  t h e r e  is a complicated s t r u c t u r e  t o  the  boundary 

l aye r ,  and t h a t  t h e  su r face  ve loc i ty  (which would be the  i c e  v e l o c i t y  i n  our 

case) is not  perpendicular t o  t h e  stress. 

i s t i c  model i s  developed. 

I n  t h e  next s ec t ion  a more real- 

3. THE ICE-OCEAN BOUNDARY LAYER 

I n  order  t o  relate the  t ranspor t  i n  t h e  w a t e r  column t o  t h a t  of t h e  

i c e ,  we  considered de ta i l ed  measurements of t h e  flow s t r u c t u r e  made during 

t h e  1972 AIDJEX p i l o t  s tudy [McPhee and Smith, 19761. Figure 2a shows a 

hodograph of cu r ren t s  measured r e l a t i v e  t o  t h e  cu r ren t  a t  32 m over 5 hours 

of uncommonly s teady flow. 

2 cm see-’ of t he  r e l a t i v e  ve loc i ty  of t h e  bottom and thus 32 m w a s  taken 

as a re ference  level f o r  wind-driven t ranspor t .  

l aye r  w a s  a0out 38 m th ick .  

l a s t e d  seve ra l  days i n  Apri l ,  t h e r e  w a s  very l i t t l e  ind ica t ion  of t h e  i n e r t i a l  

waves described l a t e r  i n  t h i s  paper and, f o r  t h e  t i m e  period shown, flow i n  

the  boundary l aye r  approached a s teady state f o r  several i n e r t i a l  per iods.  

The x-axis is p a r a l l e l  t o  t he  r e l a t i v e  cur ren t  a t  2 m,  which is  taken t o  be 

The  r e l a t i v e  ve loc i ty  a t  32 m w a s  wi th in  about 

A t  t he  t i m e  shown the  mixed 

It is worth not ing t h a t  during t h i s  storm, which 
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t he  d i r e c t i o n  of stress between water and ice. 

and i n t e r f a c i a l  stress is  8. 
components relative t o  32 m. 

The angle  between ice ve loc i ty  

Figure 2b shows v e r t i c a l  p r o f i l e s  of Ux and Uy 

For a s teady state t h e  stress a t  t h e  i n t e r f a c e  is  proport ional  t o  t h e  

t r anspor t  of w a t e r  m a s s  i n  t h e  y-direct ion,  which is given by t h e  area under 

t h e  Uy p r o f i l e .  Although U, is l a r g e  a t  the  surface,  t h e  ne t  area under i t s  

p r o f i l e  is  small. 

elsewhere [McPhee, 19741, t h e  Uy p r o f i l e ,  represent ing t h e  average n e t  t rans-  

por t ,  is taken t o  be approximately l i n e a r  from its value a t  t h e  sur face  t o  

zero a t  t h e  base of t h e  boundary l aye r ,  hbl.  

when t h e  turning angle,  6 ,  and t h e  relative ice ve loc i ty ,  V = V i  - Ug, are 

known, t h e  area can then be estimated from hbl. 

Smith [1976] ind ica t e s  t h a t  hb l  is  proport ional  t o  u,/fand we can i d e a l i z e  

t h e  Uy p r o f i l e  as shown i n  Figure 3, where t h e  propor t iona l i ty  constant  

2cw/sin 6 is  chosen s o  t h a t  t h e  t ranspor t  magnitude i s  given by 

From considerat ions of inhomogeneity discussed i n  d e t a i l  

Since t h e  sur face  va lue  i s  known 
+ +  -+ 

Evidence from McPhee and 

P&"V2 
P w l  = f 

Referr ing t o  Figure 2a, i t  is  c l e a r  t h a t  t h e  t ranspor t  is d i rec ted  a t  an 

angle  (90° - 6) clockwise form V ;  t h i s  is  represented v e c t o r i a l l y  by 
+= 

where is a r o t a t i o n  operator 

For steady s ta te  condi t ions 
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and 

which is  t h e  expression f o r  t h e  w a t e r  stress t e r m  now used i n  t h e  AIDJEX i ce  

model [McPhee, 19751. 

The t o t a l  relative t r anspor t  is  given by 

when t h e  d r i f t  i s  steady. I n  t h e  present  model, w e  assume t h a t  t h i s  r e l a t ion -  

s h i p  i s  s a t i s f i e d  a t  a l l  t i m e s ,  i n  e f f e c t  ignoring t h a t  t h e  water column a t  

any level w i l l  no t  a d j u s t  instantaneously t o  changes i n  ice veloci ty .  This 

assumption i s  c r u c i a l  i f  s imp l i c i ty  i s  t o  be maintained, and i s  not overly 

r e s t r i c t i v e  as long as t h e  somewhat a r t i f i c i a l  damping t e r m  i n  t h e  momentum 

equation i s  s t i p u l a t e d .  Thorndike, i n  a r e l a t e d  work (unpublished manuscript), 

has analyzed t h e  time-dependent behavior of a simple two-layer system coupled 

by stress proport ional  t o  t h e  v e l o c i t y  d i f f e rence  between layers .  

t h a t  t h e  t r a n s i e n t  adjustment i n  t h e  system t o  t h e  sudden onset  of a constant 

wind stress is  both short-l ived and s m a l l  i n  amplitude when compared with t h e  

undamped i n e r t i a l  o s c i l l a t i o n s  i n  each layer .  

stress t h e  e f f e c t  would be more pronounced, but  i t  seems reasonable t o  param- 

e t e r i z e  i t  as a damping term i n  t h e  momentum balance as we have done here. 

There is  a l s o  experimental evidence [McPhee, i n  preparat ion]  t h a t  shows t h e  

reZative i n e r t i a l  (high frequency) motion between ice and t h e  current  measured 

a t  2 m t o  be q u i t e  s m a l l ,  even though i n  t h e  mean t h e r e  is  s u b s t a n t i a l  shear 

between t h e  two levels. This implies t h a t  t h e  magnitude of i n e r t i a l  motions 

a t  2 m is  almost as l a r g e  as t h a t  of t h e  ice,  emphasizing t h e  importance of 

t h e  i n e r t i a  of t h e  w a t e r  column. 

H e  showed 

With a real time-varying wind 

-k 
Once M is  determined, t h e  i m p l i c i t  equations f o r  components of $ can be 

r e a d i l y  solved. 
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4. OBSERVATIONS 

Pos i t ions  of manned camps i n  t h e  1975-1976 AIDJEX f i e l d  experiment w e r e  

determined by use  of Navy Navigation S a t e l l i t e .  Each f i x ,  of which t h e r e  are 

t y p i c a l l y  30 per  day poss ib l e  a t  i c e  camp l a t i t u d e s ,  i s  accurate  t o  wi th in  

50-80 m y  but  t h e  accuracy can be improved by s p a t i a l  and temporal e r r o r  smooth- 

ing by a process ca l l ed  Kalman f i l t e r i n g  [Thorndike, 19741. The output of 

t h e  f i l t e r  i s  t i m e  series of pos i t i on ,  ve loc i ty ,  and acce le ra t ion  a t  three- 

hour i n t e r v a l s .  

along with t h e  e r r o r s ,  with enough f i x e s  it is  estimated t o  pass about 40%- 

50% of t h e  s p e c t r a l  power a t  12.4 hours [A. Thorndike, personal conununica- 

t i o n ] ,  which corresponds t o  t h e  i n e r t i a l  period a t  75'N. I n  order  t o  i n f e r  

t h e  re la t ive  ice  ve loc i ty ,  V ,  from t h e  absolute  pos i t i on ,  some knowledge of 

t h e  geostrophic flow i n  t h e  region is necessary. It is thought t o  be s m a l l  

from previous work [Newton, 19741 and t h i s  has  been borne out  by observation, 

although i t s  exact magnitude and o r i e n t a t i o n  are not  known. 

Although t h e  f i l t e r  a t t enua te s  real short-period motion 

-b 

A d i f f e r e n t  approach t o  measuring ice  ve loc i ty ,  p a r t i c u l a r l y  with respect  

t o  geostrophic flow i n  t h e  ocean, i s  t o  suspend cu r ren t  meters a t  some l e v e l  

below t h e  wind-driven boundary layer .  

environmental d a t a  c o l l e c t i o n  a t  t h e  manned AIDJEX camps with current  samples 

every 30 seconds a t  30 m below t h e  ice  [Hunkins, 19751. A s  long as t h e  

boundary l aye r  does not  exceed t h i s  depth and ba roc l in i c  cu r ren t s  are s m a l l ,  

t h e  negat ive of t h e  measured v e l o c i t y  should be t h e  quant i ty ,  V = V i  - Ug. 

The current  m e t e r  measurements are subject  t o  d i r e c t i o n a l  e r r o r s  of a t  least 

+5 degrees; each meter has a dead band of 10'-15" about i t s  zero crossing,  

and as cu r ren t s  become s m a l l ,  threshold problems are encountered. 

a l s o  be taken i n  i n t e r p r e t i n g  measurements made below t h e  mixed l a y e r ,  s i n c e  

ba roc l in i c  c u r r e n t s  i n  t h e  upper pycnocline are not  uncommon. 

of appreciable  i ce  d r i f t ,  STD p r o f i l e s  i n d i c a t e  t h a t  t h e  w a t e r  column is 

usual ly  w e l l  mixed t o  below t h e  30 m level,  although during c a l m  periods i n  

summer s t r a t i f i c a t i o n  can extend t o  t h e  surface.  

This w a s  done as p a r t  of t h e  rou t ine  

- + +  -f 

Care should 

During periods 

Figure 4 shows t h e  f i l t e r e d  NavSat t r a j e c t o r y  of Big Bear f o r  t h e  period 

7 August 1975 t o  1 7  August 1975 (00 GMT, calendar day 219 t o  00 GMT day 229). 

The period chosen e x h i b i t s  t he  c h a r a c t e r i s t i c  s ca l lops  associated with i n e r t i a l  
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waves. 

above: t h e  absolu te  f i l t e r e d  NavSat v e l o c i t i e s  ( top t r ace )  and t h e  negat ive 

of t h e  cur ren t  measured a t  30 m (bottom t r a c e ) .  

used, U i s  t h e  east-west ve loc i ty  (zonal) and V is north-south (meridional) .  

Figure 5 shows ice ve loc i ty  components from t h e  two sources discussed 

I n  t h e  coordinate system 

For t h e  most p a r t  t h e  curves coincide f a i r l y  w e l l .  Gaps i n  t h e  cur ren t  

record i n d i c a t e  l a r g e  var iance i n  t h e  hourly means, probably caused by t h e  

dead-band problem mentioned above. The f a c t  t h a t  excursions a r e  g rea t e r  i n  

t h e  cur ren t  meter record i s  taken as confirmation t h a t  t h e  i n e r t i a l  wave i s  

b e t t e r  defined by t h e  more rap id  sampling. 

i n  t h e  NavSat components from day 225 t o  227 r e f l e c t  a reduced number of 

ava i l ab le  f i x e s ,  and serve  t o  emphasize t h a t  t h e  sampling is  not  uniform i n  

time. The curves demonstrate t h e  general  conclusion t h a t  ice ve loc i ty  with 

respec t  t o  t h e  30 m l e v e l  provides a be l ievable  es t imate  of V ,  including t h e  

i n e r t i a l  content.  I n  what follows, ve loc i ty  s imulat ions are compared with 

t h e  negat ive of t h e  r e l a t i v e  cur ren t  a t  30 m. 

The comparatively smooth peaks 

-b 

5. S IMULAT I ON 

The motion of Big B e a r  f o r  t h e  10-day period was simulated by ca l cu la t -  

ing a i r  stress from t h e  wind measured a t  10 m according t o  

with cl0 = 0.0027 [E. Leav i t t ,  personal comunica t ion] .  The stress components 

i n  t h e  2 ( eas t )  and y (north) d i r ec t ions  are shown i n  Figure 6 .  

For comparison purposes, i n  a l l  t he  simulatfons the  ve loc i ty  was f i r s t  

p red ic t ed  using a " f ree  d r i f t "  vers ion of equation (2) ,  with "passive drag," 

i .e.,  

with 
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so t h a t  t h e  s imulat ion includes only t h e  i n e r t i a  of t h e  ice. 

traces of Figure 7 show t h e  r e s u l t s  of t h e  ca l cu la t ions  with m = 300 gm cm-2, 

cw = 0.0055, and B = 23'. 

damped by the passive w a t e r  drag and t h e  response follows t h e  wind stress 

c lose ly .  Comparison between measured ( top  trace) and predicted (middle 

trace) components shows t h a t  t h e  mean trend is f a i r l y  w e l l  represented, but  

t h a t  t h e  i n e r t i a l  response is badly under estimated. 

The middle 

The i n e r t i a  of t h e  ice appears t o  be quickly 

The t o t a l  mass t r anspor t  equation, (5), w a s  then in t eg ra t ed  f o r  t h e  

same wind stress with d o ,  t h e  damping f a c t o r ,  equal o t  0.25. 

w a s  4 minutes, wi th  M solved f o r  V a t  hourly i n t e r v a l s  and the r e s u l t s  

p lo t t ed  as t h e  bottom traces of Figure 7. 
record,  t h e  i n e r t i a l  simulation s e e m s  t o  q u i t e  successful ly  reproduce t h e  

observed o s c i l l a t i o n s  perhaps showing a l i t t l e  too much response t o  t h e  

i n i t i a l  wind pu l se  and d r i f t i n g  slowly out of phase as t h e  r ing ing  d i e s  down. 

After day 226 t h e  waves are s m a l l ,  which could be due t o  a general  t i gh ten ing  

of t h e  ice  t h a t  would, i n  e f f e c t ,  i nc rease  do. 

The model w a s  a l s o  t e s t e d  using winds and cu r ren t s  measured a t  s t a t i o n  

Caribou f o r  a 20-day run from 29 August 1975 (day 241) t o  18 September 1975 

(day 261). 

Big Bear, except d o  = 1.0, which appeared t o  give t h e  b e s t  f i t  ove ra l l .  

Although t h e r e  are some periods (e.g., days 241-244) when t h e  damping appears 

somewhat s t rong  and o t h e r s  where t h e r e  is phase d r i f t ,  t h e  model does a 

remarkable job considering t h e  crudeness of t h e  boundary l a y e r  treatment. 

Note t h a t  inert.ia1 r inging i s  present  throughout t h e  whole period, i n  con- 

trast  t o  t h e  Big Bear study i n  wh ic l fosc i l l a t ions  were very s m a l l  on days 

The time s t e p  
-f -f 

For t h e  f i r s t  p a r t  of t h e  10-day 

Resul ts  are shown i n  Figure 8 using t h e  same parameters as f o r  

226-229. 

tseful  f o r  i 

6. INERTIAL OSCILLATIONS AND INTERNAL ICE STRESS 

The previous examples suggest t h a t  t h e  model might be I- 

l a t i n g  periods of f r e e  d r i f t ,  t h e  theory being t h a t  i f  t h e  observed wind 

drove i n e r t i a l  waves i n  t h e  model when none w e r e  a c t u a l l y  observed, one 

might then i n f e r  q u a l i t a t i v e l y  t h a t  t h e  ice  w a s  supporting an i n t e r n a l  stress 
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gradient .  

Caribou has  again been simulated using t h e  same parameters as f o r  t h e  run 

on day 241-261. 

c l e a r l y  evident  a t  t h e  start  and near  t h e  middle of t h e  period, but  t he re  

are a l s o  times when t h e  motion is  severely damped. 

An i n t e r e s t i n g  example is shown i n  Figure 9, where the  motion of 

For brevf ty ,  only t h e  U component is  shown. Waves are 

It is  germane t o  poin t  out  t h a t  on day 275 (2 October 1975), t h e  main 

AIDJEX camp Big Bear, which w a s  about 70 km nor theas t  of Caribou, suf fe red  

enough deformation and cracklng t o  cause most of i ts  s c i e n t i f i c  program t o  

be discontinued. 

about eleven days later (day 286) i t  again broke up and w a s  subsequently 

abandoned. The motion record f o r  Caribou, e spec ia l ly  when compared with 

t h e  s imulat ion,  suggests t h a t  during those times the re  may have been a gen- 

eral t igh ten ing  of t h e  ice with enough stress gradient  t o  cause f a i l u r e  a t  

weak points .  

There was  hope t h a t  t h e  camp might be re-established, bu t  

A notable  s i d e l i g h t  on t h i s  is  t h a t  Fr idjof  Nansen, during t h e  d r i f t  of 

t he  Fram, noted per iodic  increases  i n  ice pressure  on the  s h i p ' s  h u l l .  

h i s  d i a ry  dated 13  October 1893, he  wrote: 

I n  

"It occurs with g r e a t e s t  r egu la r i ty .  The i c e  slackens t w i c e  and 
packs t w i c e  i n  twenty-four hours. The pressure has happened about 
four ,  f i v e ,  and s i x  o 'clock i n  t h e  morning, and almost exac t ly  the  
same hour i n  t h e  afternoon, and i n  between w e  have always l a i n  f o r  
some p a r t  of t h e  t i m e  i n  open water." [Nansen, 19681 

H e  n a t u r a l l y  enough a t t r i b u t e d  t h e  f luc tua t ions  t o  t i d a l  motion ( the  i n e r t i a l  

period a t  78'N, about where t h e  Fram w a s  loca ted ,  i s  12.27 hours) ,  and i n  

f a c t  cor re la ted  them with t h e  new moon. Later he expanded on h i s  observations:  

"But these  t i d a l  pressures  d id  not  occur during t h e  whole t i m e  of 
our d r i f t i n g .  W e  noticed them espec ia l ly  t h e  f i r s t  autumn, while 
we w e r e  i n  t h e  neighborhood of t h e  open sea nor th  of S ibe r i a ,  and 
t h e  las t  year ,  when t h e  Fram was drawing near t h e  open At l an t i c  
Ocean; they were less not iceable  while w e  were i n  t h e  polar  basin." 
[Nansen, 19681 

From a cursory reading of h i s  d i a ry  excerpts ,  i t  appears as i f  t h e  per- 

i od ic  pressures  w e r e  a l s o  cor re la ted  with t h e  changes i n  t h e  wind, and i t  

seems p laus ib l e  t h a t  t he  va r i a t ions  were caused by i n e r t i a l  acce le ra t ions  

r a the r  than by t i d a l  motion. During t h e  summer, t h e  waves are l a r g e l y  
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unconstrained, and pe rcep t ib l e  only with highly accura te  navigat ion o r  cur ren t  

meters. However, i n  t h e  f a l l  t h e  pack must go through a t r a n s i t i o n  t o  i t s  

compact winter  state and a t  these  t i m e s ,  when p a r t  of t h e  pack is f r e e l y  

o s c i l l a t i n g  and p a r t  is constrained, t he re  must be zones with much per iodic  

deformation. It may have been j u s t  such a zone t h a t  Nansen w a s  descr ibing.  

7. CONCLUSIONS 

Resul ts  shown here  ind ica t e  t h a t  f o r  short-term response (periods l e s s  

than a day) t h e  i n e r t i a  of t h e  water column is  an important p a r t  of t h e  

t o t a l  momentum balance. 

our present  conceptual model of t h e  ice-ocean boundary l aye r ,  we can s imulate  

t h e  i n e r t i a l  response with some suc'cess. It is not clear, however, what 

implicat ion t h e  study may have f o r  large-scale  modeling of pack ice, f o r  even 

i f  short-term response were a desired goal,  i t  i s  questionable whether realis- 

t i c  models can p red ic t  t h e  l o c a l  wind f i e l d  w e l l  enough f o r  t h i s  type of 

ca lcu la t ion .  Over longer t i m e  periods,  t h e  d i f fe rence  made by including t h e  

i n e r t i a  of t h e  ocean i n  dynamical simulations might not  appear above t h e  

uncer ta in ty  i n  drag coe f f i c i en t s ,  although t h i s  i s  by no means es tab l i shed .  

They a l s o  show t h a t  by a f a i r l y  simple extension of 

n 

The s p a t i a l  v a r i a t i o n  and coherence of t h e  waves are subjec ts  of consi-  

derable  i n t e r e s t  (although not  addressed here) because of t he  p o t e n t i a l  r o l e  

they play i n  producing new ice. I f  t h e  waves cause divergence and compression 

over l a r g e  areas i n  newly forming i c e ,  they would tend t o  mechanically thicken 

young i c e  and open new water t o  rapid freezing,  thus g rea t ly  increasing t h e  

ove ra l l  production of i ce .  

Aside from these  considerat ions,  t he  exerc ise  emphasizes an important 

aspect of t h e  ice-ocean system t h a t  may sometimes be overlooked: namely, 

t h a t  because i c e  accounts f o r  only a f r a c t i o n  of t h e  t o t a l  mass t ranspor t  

rightward from t h e  wind (em s o l e ) ,  tendencies toward convergence o r  diver- 

gence of m a s s  are a t  least as pronounced i n  the  oceanic boundary layer  as 

they are i n  t h e  i c e  i t s e l f ,  and may have an important e f f e c t  on the  long- 

t e r m  momentum balance. 

a r e a l i s t i c  pack i c e  model is st i l l  an open question. 

How these  boundary l aye r  phenomena are included i n  

76 



Fina l ly ,  i t  seems appropriate  t o  stress t h e  p o s s i b i l i t y ,  by d e t a i l e d  

study of t h e  summertime boundary l aye r  under pack ice, of enhancing g rea t ly  

our general  knowledge of time-dependent Ekman layer  dynamics. 

survey of mean and f luc tua t ing  cur ren ts  a t  several levels i n  t h e  upper ocean, 

along wi th  r ap id  sampling of t h e  dens i ty  f i e l d  as t h e  ice d r i f t s  through 

episodes l i k e  those described i n  t h i s  paper, could be an invaluable  d a t a  set .  

An accura te  
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Fig. 2a. Hodograph of measured mean ve loc i t ies  with respect to the 32 m 
Depths leve l  at  AIDJEX station Jumpsuit, afternoon of 12 April 1972. 
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F i g .  2b. Vertical profi les  of mean velocity.  Us i s  i n  direction of 
surface stress .  
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Fig. 3. Ideal ized 
p r o f i l e  of mean 
v e l o c i t y  perpen- 
d i c u l a r  t o  sur- 
f a c e  stress i n  
t h e  upper ocean. 
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Fig. 4. Trajectory of ice  s t a t i o n  Big Bear, 7 August 1975 t o  1 7  
August 1975 (calendar days 219 t o  229). Dots are three-hour 
samples from smoothed NavSat posi t ions.  
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from curren t  meter suspended 30 m below ice (bottom t r ace )  
a t  Big Bear. 
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Fig. 5b. Meridional (V) component. 
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Fig. 6a. Zonal component of wind stress at  Big Bear from 10 m 
wind with cl0 = 0.0027. 
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Fig. 6b. Meridional component of wind stress. 
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Fig. 7a. Observed and simulated zonal velocity at Big Bear. 
Top trace: observed; middle: simulated using passive water 
drag; bottom: simulated with inertial model, do = 0.25. 
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Fig. 7b. Same except meridional component. 
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Fig. 8a. Observedand sinulated zonal velocity at Caribou, 29 
August 1975 to 18 September 1975. Top trace: observed; middle: 
simulated, passive water drag; bottom: simulated with inertial 
model do = 0.100. 
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Fig. 8b. Meridional component 

84 



\ 
I 

F i g .  9 .  Observed and simulated zonal velocity at  Caribou, 28 
September 1975 to 18 October 1975. Top: observed; middle: 
simulated, passive drag; bottom: simulated inert ial ,  d o  = 1.00. 
Note transition to conditions more typical of winter after 
day 274 and again after day 283. 
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PIBAL/ACOUSTIC RAtYIR DATA IN MEASUREMENT AND C Q M A T I O N  
OF AIR STRESS OVER PACK ICE 

Frank Carsey and E r i c  Leavitt 
AIDJEX 

ABSTRACT 

The use  of planetary boundary l aye r  thickness derived by acous t ic  
radar i n  t h e  estimation of air  stress over pack ice is  discussed. 
P i l o t  balloon winds are normalized and evaluated through t h i s  
thickness p r i o r  t o  momentum in t eg ra t ion  of t h e  Ekman fo rce  balance 
equation and p r i o r  t o  t h e  construction of seasonal mean p r o f i l e s .  
Examination of ind iv idua l  and constructed mean p r o f i l e s  leads t o  
a stress r e l a t i o n  T = (0.5 f 0.1) pf Z i  G s i n  a, where stress T 
is obtained from Cor io l i s  parameter f ,  inversion height (boundary 
l aye r  thickness) Z i ,  geostrophic wind speed G,  and t o t a l  wind 
turning a. The d i rec t ion  of mean stress from t h e  in tegra ted  
p r o f i l e s  over t h e  e n t i r e  year is  s i g n i f i c a n t l y  skewed some 16' t o  
t he  l e f t  of t he  sur face  wind. 
as e r r o r  due t o  ba roc l in i c  wind, a boundary layer  thermal gradient 
paral le l  t o  t h e  pressure gradient is  indicated.  

When t h i s  skewing is  in te rpre ted  

INTRODUCTION 

Because a i r  stress is  the  dominant force  t h a t  d r ives  t h e  pack ice, pa r t  

of t h e  AIDJEX program t o  model pack ice behavior is t o  develop a i r  stress 

models s u i t a b l e  t o  pack ice, eva lua te  t h e  model parameters, and test the  

models with r e s u l t s  from t h e  year-long main f i e l d  experiment. 

simple way t o  measure t o t a l  stress i n  the  f i e l d ;  t h e o r e t i c a l  devices must be 

employed. 

stress, the  modeling methods t h a t  are inevi tab ly  incorporated produce a s e m i -  

empirical stress model. Each handling of t h e  da t a  influences t h e  theory, and 

v i c e  versa.  

There is no 

I n  the  search f o r  proxy measurables t o  y i e ld  an "observed" a i r  
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The purpose and l i m i t s  of AIDJEX call  f o r  a model driven by measured 

sur face  atmospheric pressure.  

derived and a synoptic sur face  cha r t  drawn by computer-fitting a polynomial 

t o  t h e  measured pressures  [Brown et  a l . ,  19741. Noise i n  t h e  pressure measure- 

ment r e s u l t s  i n  some 10% uncer ta in ty  i n  t h e  va lue  of G, which l eads  t o  con- 

From these  da t a  t h e  geostrophic wind can be 

s ide rab le  d i f f i c u l t y  i n  evaluating t h e  c u r l  and divergence of t h e  G f i e l d .  

For these  reasons t h e  AIDJEX air stress model should be one s t rongly  dependent 

on t h e  geostrophic wind f i e l d ,  weakly dependent on t h e  f i e l d  de r iva t ives ,  and 

completely independent of measured winds and f luxes .  

A I R  STRESS MODELING 

The f i r s t  success i n  measuring and modeling a i r  stress was t h a t  of Ekman 

[1905], who w a s  i n  f a c t  studying a i r  stress on a r c t i c  pack% ice .  Ekman con- 

sidered a s i n g l e  l aye r  planetary boundary l aye r  (PBL); Taylor [1915] i m p l i c i t l y  

subdivided t h e  PBL i n t o  two layers ;  Rossby 119321 examined a two-layer system. 

Their r e s u l t s  are: 

1 1  
Ekman [19051: u,/G = (KE fIT/GT 

I 

Taylor [1915] : 

Rossby [1932]: u,/G = 12 KR s i n  a, KR = 0.065 

u,/G = ( ~ K E  f)l s i n  a/G 

3 

where u, = is ca l l ed  the  f r i c t i o n  ve loc i ty  f o r  stress T and a i r  dens i ty  

p ,  G i s  t h e  geostrophic wind speed, KE and KR are eddy v i s c o s i t y  parameters, 

f = 252 s i n  8 i s  t h e  Cor io l i s  parameter f o r  e a r t h ' s  r o t a t i o n  52 and l a t i t u d e  8 ,  

and a is  t h e  t o t a l  turning of t h e  wind from above t h e  PBL t o  t h e  surface.  

More recent  modeling of t h e  r a t i o  u,/G has generally r e su l t ed  i n  param- 

e t e r i z a t i o n  schemes involving extensive input f i e l d s .  

[19741 and Blackadar and Tennekes [19681, f o r  example, construct models of 

u,/G which involve knowledge of hea t  f l u x  and eddy v i scos i ty  f i e l d s .  Brown 

[1974a] has devised a two-layer model including secondary flow which y i e l d s  

t h e  r e s u l t  

Malgarejo and Deardorff 



u,/G = [sin a + C, (cos a - s i n  a) 1 /C, 

where C, and C, are defined as 

C, = b/h 

c, = 6 / z s  

6 is t h e  outer l aye r  c h a r a c t e r i s t i c  scale he ight ,  h is t h e  height of t h e  

interface,and z s  is the  scale height of t h e  su r face  layer .  

and C, mustbe taken  as near ly  f r e e  parameters with C, r e f l e c t i n g  su r face  

roughness. 

apparently I:, may vary with s t a b i l i t y  a l so .  

I n  general ,  C, 

The t o t a l  turning c1 is the  major s t r a t i f i c a t i o n  parameter, although 

MOMENTUM INTEGRAL MODELING 

The modeling method t o  be discussed i n  t h i s  r epor t  is  a s t ronger  empirical 

approach which relies heavily on t h e  e a r l y  stress ca l cu la t ions  of Ekman and 

Taylor as i n i t i a l l y  applied by Brown [1974bl. 

equations can be wr i t t en  f o r  G = ( G , O , O )  and hor i zon t i a l  homogeneity: 

The Ekman fo rce  balance component 
-+ 

i n  t h e  coordinate system where ~ ( z )  is t h e  wind component normal t o  t h e  geo- 

s t roph ic  d i r e c t i o n  and U ( Z )  is t h e  wind component along t h e  geostrophic d i rec-  

t ion .  H e r e  T is t h e  stress i n  t h e  z, o r  geostrophic, d i r ec t ion .  The above 

equations y i e l d  independent x and y components of stress (and hence a stress 

d i r e c t i o n  as w e l l  as magnitude) upon being supplied with wind p r o f i l e s  i n  

t h e  vertical. 

t o  t h e  PBL top a t  z = Z i ,  where the  stress is taken t o  be zero. Clearly,  wind 

wind p r o f i l e s  can be generated a pz&ri and in tegra ted  t o  produce "reasonable" 

X 

To use t h e  equations, both s ides  are in tegra ted  from the  sur face  
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r e s u l t s .  

stress a t  z = 0: 

These operations each y i e ld  a v a r i a t i o n  of a general  equation f o r  

where A and S(a) depend on t h e  d e t a i l s  of t h e  shapes of u ( z )  and u ( z )  chosen. 

Examination of t h e  PBL models f o r  u,/G l i s t e d  above suggests t h a t  S(a)  = 

s i n  ct is a s u i t a b l e  tr ial  function. For t h e  constant A ,  Brown [1974b] obta ins  

A = 1, Taylor [1915] suggests A = l / n ,  and S .  P. S .  Arya (p r iva t e  communication) 

suggests A = 0.4 f o r  t h e  neu t r a l  PBL t o  A = 1.0 f o r  t h e  uns tab le  PBL. 

average of these  numbers is 0.57. 

equation would be 

The 

Merging a l l  of t h e  above, a tr ial  stress 

T~ = 0 . 5 7 ~  f 2% G s i n  (a) ( 6 )  

While t h i s  is not an acceptable model, s ince  2% and a must be supplied i n  

addi t ion  t o  G, t h i s  equation i s  a vehic le  f o r  a t r a n s i t i o n  from measured t o  

modeled stress. 

I n  general, t h e  Ekman force  balance equation can be applied only with 

grea t  care. The equations, as wr i t t en ,  are t r u e  a t  every point i n  the  flow 

which is i n  steady s ta te  and f r e e  of hor izonta l  inhomogeneity. 

su r f ace  l aye r  is not f r e e  of these  contaminants and t h e  equations cannot be 

applied here. Above t h e  sur face  l aye r  one must be confident t h a t  t he  l o c a l  

pressure gradient as measured a t  t he  sur face ,  over l a r g e  hor izonta l  scales, 

is appropr ia te  throughout t he  PBL. 

e f f e c t  of temperature grad ien ts  on the  stress computation w i l l  be discussed. 

I n  the  a c t u a l  i n t eg ra t ion  of wind da ta ,  a steady s ta te  wind r a t h e r  than a 

high degree of turbulence should be represented. 

by t h e  averaging of l a r g e  numbers of p ro f i l e s .  

Clearly,  t h e  

I n  a later sec t ion  of t h i s  paper t h e  

This problem is  d e a l t  with 

THE DATA SET 

The t o t a l  AIDJEX meteorological da t a  set is extensive,  including sur face  

pressure maps, winds and temperatures from masts a t  four camps, a p r o f i l e  
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tower, satell i te cloud photographs, and NCAR Electra instrumented a i r c r a f t  

data. I n  t h i s  r epor t  t h e  focus w i l l  be on PBL data ,  which cons i s t s  of a 

continuous acous t ic  radar  record and regular  p i l o t  balloon (pibal)  derived 

winds. Some references will be made t o  sur face  (10 m) wind speed and com- 

puted geostrophic wind speed. 

radar  r e s u l t s  i n  a f u t u r e  discussion and some aspec ts  of t h i s  d a t a  set 

w i l l  be f u r t h e r  analyzed t o  obta in  improved seasonal and synoptic v a r i a t i o n  

of important var iab les .  

Electra r e s u l t s  w i l l  be compared with acous t ic  

Acoustic radar  d a t a  w e r e  taken i n  t h e  usual way [Carsey, 19761 i n  which 

echo s t r eng th  i s  recorded on dry paper facs imi le  format. 

operation 13 Apri l  1975 and w a s  removed from the  ice 18 Apr i l  1976. 

month of October 1975 w a s  l o s t  t o  d a t a  taking due t o  t h e  breakup on 1 October 

of t h e  floe on which t h e  main camp (Big Bear) w a s  located. 

rees tab l i shed  a t  a satel l i te  camp (Caribou) on 5 November 1975. Otherwise, 

t h e  u n i t  performed w e l l  and continuously except f o r  maintenance and r epa i r .  

The radar  went i n t o  

The 

The r ada r  w a s  

Results of Shi r  [1972] and Taylor [1970] suggest t h a t  t he  Lagrangian 

behavior of t h e  whole s t a b l e  PBL changes slowly with a change i n  e i t h e r  

su r face  hea t  f l ux  o r  sur face  roughness. I n  t h e i r  models t h e  PBL wind p r o f i l e  

e s t ab l i shes  a new form some 100-300 PBL he ights  downstream of t h e  change. 

This l eads  t o  t h e  conclusion t h a t  i n  t h e  Arctic where sur face  property changes 

are s m a l l ,  t h e  Eulerian PBL should change on a bas i ca l ly  synoptic t i m e  scale. 

In t h e  Arctic a system can e n t i r e l y  overhaul a given point i n  about 24 hours. 

This calls  f o r  r e so lu t ion  which is f i n e  with respec t  t o  one day. One hour 

w a s  chosen, While it can be argued t h a t  small t i m e  scale phenomena such as 

g rav i ty  waves influence PBL dynamics and hence should not be ignored, these  

processes are very rare i n  t h e  Arctic. Also, synoptic s c a l e  subsidence alters 

t h e  acous t ic  radar record on shor t e r  t i m e  sca les .  While the  subsidence doubt- 

l e s s l y  a f f e c t s  t h e  PBL flow and t ranspor t  and t h e  echo s t r u c t u r e s  a l o f t  do 

s i g n a l  t h e  subsidence, t h e  s t r u c t u r e s  themselves have no bearing on PBL measure- 

ments s ince  they are almost c e r t a i n l y  above t h e  t r u e  dynamic boundary layer .  

The radar  record i t s e l f  shows much less v a r i e t y  than a typ ica l  record 

from a cont inenta l  site. Most important,  t h e  inversion in t e rp re t ed  as the  

PBL top w a s  e s s e n t i a l l y  always present as a slowly moving echo top some 
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100-500 m above t h e  surface. I f  t h a t  l aye r  w a s  not ground based, such an 

echo usua l ly  ex is ted  t o  about one t h i r d  t h e  t o t a l  PBL thickness.  

wind t h e  upper echo o f t e n  b i f u r c a t e s  with t h e  produced echo-free region 

p e r s i s t i n g  a t  a s m a l l  s i z e  o r  growing t o  a s u b s t a n t i a l  f r a c t i o n  of t h e  PBL 

thickness.  During high winds ( l a r g e s t  recorded gust:  

lone inversion echo was  q u i t e  steady a t  300-600 m f o r  hours a t  a t i m e .  

I n  higher 

18.5 m sec-l) t h e  

Beneath t h e  p e r s i s t e n t  arctic summer s t r a t u s  t h e  radar  occasionally 

recorded weak plumelike echoes. 

showed a s t rong  echo--taken t o  be t h e  (lowest) cloud top--more than 100 m 

above t h e  s t r a t u s  base (determined by balloon observation).  

A t  t h e  same t i m e ,  t h e  record cons i s t en t ly  

On a few 

occasions l a r g e  plumes--some 500 m high and 10  minutes i n  duration--were 

observed. I n  t h e  summer t h e  record indicated t h a t  t h e  s t r a t u s  top has t h e  

e f f e c t  of changing t h e  thermodynamic l aye r  i n t o  a dynamic boundary layer .  

Wind p r o f i l e s  w e r e  taken by dual t heodo l i t e  t racking  of slow-ascent 
o f  am\ 

p i l o t  balloons (p iba l s ) ,  with typ ica l  observation spacing i n  t h e  vertical. 

A goal of two ascents  per day f o r  t h e  e n t i r e  year w a s  not q u i t e  r ea l i zed ,  

but 240 p i b a l s  w e r e  released when winds were s u f f i c i e n t l y  high (grea te r  than 

5 m sec-’ a l o f t )  f o r  usefu l  data. 

dens i ty  w a s  increased t o  5-7 per day. 

r\ 

During NCAR Electra ove r f l i gh t s ,  release 

Individual p iba l  p r o f i l e s  o f t en  look l i k e  t h e  p lo t  of a random var iab le .  

For t h i s  reason t h e  p i b a l  measurements from a given season were normalized 

with t h e  PBL thickness derived by acous t ic  radar and then averaged t o  produce 

a mean p r o f i l e .  Each p iba l  p r o f i l e  w a s  in tegra ted  as i n  equation ( 4 )  t o  

generate a t o t a l  stress value. I n  t h i s  process the  upper l i m i t  of integra- 

t i o n  w a s  taken t o  be t h e  radar-derived height. 

taken t o  be t h e  pibal-derived wind i n  the  observational i n t e r v a l  above t h e  

inversion height Z i  . 

The geostrophic wind w a s  

Figure 1 shows wind p r o f i l e s  from p i b a l  t racking  with simultaneous 

acous t ic  radar  echo s t r u c t u r e  a t  release t i m e  f o r  19 Ju ly  1975. 

p r o f i l e s  and PBL thicknesses are s i m i l a r ,  but they vary considerably poin t  

f o r  point.  

Figure 2 shows f i v e  p iba l s  from 7 February 1976. 

s i g n a l  i s  not shown, but i t  i s  employed t o  construct t h e  ord ina te  va r i ab le  

The f i v e  

S t i l l ,  t hese  p r o f i l e s  are very w e l l  behaved compared with many. 

Here the  acous t ic  radar 
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Fig.  1. Pibal-der ived wind speed and d i r e c t i o n  p r o f i l e s  far 19 J u l y  
1975 a t  Big Bear. 
d u p l i c a t e s  of a c o u s t i c  r ada r  d a t a  taken  s imultaneously w i t h  bal loon 
releases; wh i t e  spaces  i n  t h e  l i n e  s i g n a l  weaker echoes. 

Vertical l i n e s  t o  t h e  l e f t  of each p r o f i l e  are 
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Z / Z i  and t h e  geostrophic wind speed G. 

varies. 

i n  general ,  is smoothly behaved. The 20202 release, by con t r a s t ,  produces 

Individual behavior of these  p i b a l s  

The 02202 release produces a small U/G r a t i o  a t  t h e  sur face  and, 

a high su r face  U / G ,  tu rbulen t  flow,and a regime of backing. 

t h e  7 February p r o f i l e s  is shown a t  lower r i g h t  i n  Figure 2. 

The mean f o r  

Constructing 

a mean from only f i v e  p r o f i l e s  does not produce a smooth mean (and one may 

not e x i s t ) .  

Figure 3 shows mean p r o f i l e s  constructed f o r  t h e  f i e l d  year broken i n t o  

s i x  seasons. 

i n t o  t h e  periods a t  t h e  f i r s t  and last  of t h e  experiment, and t h e  warm months 

w e r e  divided i n t o  more sunny (April-June) and less sunny (July,  August, and 

September) periods. The less sunny periods are examined separa te ly  because 

p i b a l  releases i n t o  t h e  rare and i so l a t ed  clear periods produced da ta  t h a t  

are s t rongly  biased synoptically.  

This unusual number w a s  chosen because t h e  spr ing  was  halved 

I n  general, t h e  mean p r o f i l e s  have t h e  same shape. There is  v a r i a t i o n  

i n  sur face  values 0 - 0 and U/G from season t o  season. This v a r i a t i o n  is  

expected s ince  t h e  t o t a l  tu rn ing  and t o t a l  shear should respond t o  seasonally 

varying s t a b i l i t y  and sur face  hea t  f lux.  

p r o f i l e  behavior j u s t  below 2/25 = 1. 

tendency f o r  U / G  t o  go t o  1 a t  a somewhat lower height and s teeper  s lope  

than f o r  t h e  cooler seasons. 

t o  zero somewhat higher than U/G tends toward 1. 

agreement with strengthened secondary flow during t h e  less s t a b l e  warmer 

periods. 

g 

There is a l s o  v a r i a t i o n  i n  t h e  

I n  t h e  warmer seasons the re  is a s l i g h t  

I n  g e n e r a 1 , i n t h e  warmer seasons 0 - €jg tends 

This behavior would be i n  

Figure 4 contains t h e  same da ta  as Figure 3,  but they are p lo t t ed  

d i f f e r e n t l y .  

f o r  each height i n t e r v a l  and nondimensionalized by t h e  geostrophic wind. 

One component, u / G ,  is  d i r ec t ed  i n  t h e  d i r e c t i o n  of t h e  geostrophic wind and 

the  o ther  component, u/G, is normal t o  t h e  geostrophic flow d i r e c t i o n  ( t h e  

Here f o r  each season t h e  winds are divided i n t o  two components 

ageostrophic, o r  lateral ,  flow). Once again t h e  p r o f i l e s  from t h e  various 

seasons look bas i ca l ly  a l ike .  

is repeated i n  Figure 4 and is shown t o  be more a t t r i b u t a b l e  t o  changes i n  

u / G  than i n  v / G .  

The v a r i a t i o n  i n  sur face  U / G  seen i n  Figure 3 

Also, t h e  seasonal d i f fe rences  i n  t h e  relative behavior of 
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Fig.  3 .  P i b a l  p r o f i l e s  of seasonal  mean wind speed and d i r e c t i o n  over  
Beaufort  Sea pack ice. 
he igh t  measured by a c o u s t i c  radar ;  t h e  measured geos t rophic  wind 
i s  taken from t h e  p i b a l  i n t e s v a l  j u s t  above t h a t  containing Zi, 
and 0 = 0 is  o r i en ted  along G. 

The PBL th ickness  Z i  i s  the  inve r s ion  

96 



Fig. 4 .  Pibal-derived seasonal mean prof i les  of ageostrophic 
and along-geostrophic winds over pack i c e  i n  the Beaufort 
Sea. Zi  and G are obtained using acoustic radar data. 
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Bg - 8 and U/G as Z/Z i  -t 1 are seen i n  t h i s  f i g u r e  t o  be due t o  t h e  behavior 

of v/G as Z/Zi + 1. The v/G p l o t  f o r  1 February through 1 5  March 1976 seems 

t o  be lumpier than t h e  u/G p lo t .  I n f l e c t i o n  poin ts  i n  the  lateral flow have 

been predicted by Brown [1974c, p. 981. Vertical va r i a t ions  i n  t h e  lateral 

flow required t o  produce such i n f l e c t i o n  would necessar i ly  r e s u l t  i n  a lumpy 

p r o f i l e  which would by smoothed only by averaging p r o f i l e s  with Zi e r r o r s  

(which could be had by using a d a i l y  o r  seasonal average Z i ) .  

Figure 5 shows a sample of acous t ic  radar  da t a  f o r  5-7 February 1976 

(AIDJEX days 401-403, where 1 January 1975 is day 1 and 1 January 1976 is  day 

366). The o v e r a l l  behavior of t h e  top of t h e  highest  echo is  as expected; 

s u b s t a n t i a l  f ea tu re s  changing very rap id ly  compared with 24 hours are not  found 

and a ground-based echo is common. The measured geostrophic wind speed is  

6 m sec-' a t  OOOOZ on 5 February and increases t o  20 m sec-' a t  OOOOZ on 7 

February. For so  g rea t  a wind speed, appreciable subsidence is  unl ike ly ,  so  

t h a t  t h e  only source of an inversion i s  PBL dynamics and sur face  cooling. 

With t h i s  i n  mind, i t  is su rp r i s ing  t o  find as many as four echo levels 

The mechanism crea t ing  and maintafning these  inversions i n  t h e  a t  one time. 

presence of l a r g e  stress is unclear. 

are s p l i t t i n g  and therefore  increasing i n  number, winds are generally increas- 

ing  i n  i n t e n s i t y .  

increas ing  wind brings about i n s t a b i l i t i e s  i n  t h e  flow. 

several v e r t i c a l  regimes, each characterized by a flow of l a r g e  scale compared 

with t h e  i n e r t i a l  subrange. 

suggests a r o l l  regimeof similar dimension. 

t h e  lowest o r  second echo sometimes climbs above about 225 m y  an echo is 

usua l ly  rees tab l i shed  near t h a t  height. 

taken during periods of mul t ip le  echoes would be i n s t r u c t i v e  i n  descr ib ing  the  

dynamics of t h e  high-energy planetary boundary layer.  

During t h e  t i m e s  t h a t  i d e n t i f i a b l e  l a y e r s  

This lead9 t o  t h e  conclusion t h a t  PBL growth brought on by 

The flow breaks i n t o  

The r e g u l a r i t y  of spacing from l aye r  t o  l aye r  

It is i n t e r e s t i n g  t h a t  although 

Wind measurements with high r e so lu t ion  

The inf luence  of ba roc l in i c i ty  on PBL dynamics is not understood. I n  

t e r m s  of momentum in t eg ra t ion  measurements of a stress v i a  t h e  Ekman equation, 

t h e  presence of ba roc l in i c i ty  introduces an e r r o r  which can be considered due 

t o  an e r r o r  i n  G. 

t h a t  wind p r o f i l e s  above t h e  PBL can be examined. 

Figure 6 shows t h e  d a t a  f o r  7 February 1975 p lo t ted  so 

Clearly,  t he re  is  a s t rong ,  
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e s s e n t i a l l y  l i n e a r  v a r i a t i o n  with height (approximately 16 m sec-’ km-l) 

which is  considered due t o  constant ba roc l in i c i ty ,  a l i n e a r  hor izonta l  t e m -  

pera ture  grad ien t  throughout t h e  troposphere. There has been no ind ica t ion  

i n  t h e  AIDJEX d a t a  t h a t  sur face  temperature grad ien ts  taken from point measure- 

ments on a 100 km scale reproduce t h e  grad ien ts  required f o r  measured winds. 

I n  general, t h e  su r face  temperature grad ien ts  are f a r  too la rge .  I f  G > 5 m 

sec  and the re  is no average cont r ibu t ion  t o  t h e  seasonal means, an individ- 

u a l  p r o f i l e  would r a r e l y  look l i k e  t h e  averaged p r o f i l e  i n  Figure 6. 

-1 

Boundary l aye r  b a r o c l i n i c i t y  independent of upper a i r  grad ien ts  have an 

impact on t h e  stress ca lcu la t ions  discussed below. However, thermal e f f e c t s  

have l i t t l e  influence on t h e  a c t u a l  PBL flow; t h i s  is because t h e  e f f e c t  is 

zero a t  t h e  sur face  and increases  l i n e a r l y  through a t h i n  PBL. An e r r o r  i n  

G of 1 m sec-’ i n  a PBL of 250 m height--an e r r o r  comparable t o  experimental 

error--would r equ i r e  a thermal wind shear above the  PBL top i n  excess of 4 m 

sec  Jan-’, which is l a r g e  compared with noise  i n  the  seasonal mean p r o f i l e s .  

The impact of thermally induced turning on PBL s t a b i l i t y  [Brown, 19761 is not 

addressed i n  t h i s  repor t .  

-1 

r I 1 1 1 1 1  

v / G  . u/G 

F i g .  6 .  P r o f i l e  averaged from 5 p i b a l  r e l eases  on 7 February 
1976 over the Beaufort Sea pack i ce .  Height is divided 
i n t o  0.1 Z i  i n t e r v a l s  f o r  averaging; a few poin ts  have 
only one value t o  average. Extremely strong ba roc l in i c i ty ,  
about 16 m sec-’ km’l, is  v i s i b l e  above z/Zi  = 1. 
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RESULTS O F  COMPUTATION 

The stress ca lcu la t ion  implied i n  Equation (4) is performed on each p iba l  

p r o f i l e  as sums i n  which t h e  east-west and north-south stress components are 

evaluated respec t ive ly  as 

N 

and (7) 

where Vi is thenorth-south wind i n  t h e  i - t h  observation (height) i n t e r v a l ,  

U i  is t h e  east-west wind i n  t h a t  i n t e r v a l ,  V and U are components of wind 

i n  t h e  observational i n t e r v a l  above the  in t e rva l ,  containing t h e  inversion 

he ight ,  and Zi and 25-1 are the  he ights  defining the  height i n t e rva l .  The 

Z i  are t h e  a c t u a l  he ights  f o r  which p iba l  coordinates are recorded i n  t h e  

f i e l d .  Appendix A shows t h e  r e s u l t s  f o r  each p iba l  p r o f i l e .  

There a r e  two r e s u l t i n g  q u a n t i t i e s  f o r  each p iba l  p r o f i l e .  These can 

be taken t o  be geographical stress components as above, o r  they can be taken 

as a measured stress magnitude 

and d i rec t ion .  For t h i s  discussion t h e  re ference  d i r e c t i o n  chosen i s  the  

d i r e c t i o n  of t h e  sur face  wind; pos i t i ve  angles y w i l l  be taken counterclock- 

w i s e  t o  t h e  sur face  wind.' 

u,lG where 

Figure 7 shows the  stress magnitude i n  the  form 

p lo t t ed  aga ins t  t h e  appropriate dimensionless measured va r i ab le  aggregate 

from Equation (6): 

winter 1976 shows some tendency t o  c l u s t e r  around t h e  l i n e  of s lope  0.71. 

1 
(f Zi s i n  a/G)T. The r e s u l t  f o r  a l l  p iba l s  of l a t e  
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F i g .  7 .  Measured d r a g  c o e f f i c i e n t  p l o t t e d  a g a i n s t  model f o r  a l l  
d a t a  t a k e n  i n  e a r l y  s p r i n g  1976. 
r e p r e s e n t  a b e s t  f i t ,  b u t  i s  shown f o r  r e f e r e n c e .  

The s o l i d  l i n e  does n o t  
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Sta t i s t i c s  of t h e  stress d i r e c t i o n s  f o r  each season are shown i n  Figure 

8. Here t h e  a c t u a l  number of p i b a l s  with angle y within l i m i t s  shown is  

p lo t t ed  aga ins t  y. High wind da ta  with G > 5 m sec-' 

a l l  da t a  f o r  which 0 < a < 75 are shown unshaded. I n  

t h a t  f o r  1.5 March - 18 Apr i l  1976 t h e  most probable y 

I n  every period t h e  d i s t r i b u t i o n  is  skewed toward y > 
t h e  e n t i r e  year are shown i n  t h e  lower l e f t  corner of 

are shown shaded, and 

every i n t e r v a l  except 

is between 10" and 30". 

0. The statist ics f o r  

t h e  f igu re .  The d i s t r i -  

bution has a mean y = 19" k 2 O  and is not s i g n i f i c a n t l y  skewed except f o r  

l a rge  negative values of y. The standard deviation is 20'. 

The combined acous t ic  radar /p iba l  study of boundary l aye r  winds is 
Previous workers have not had t h e  advantage of a unique i n  t h i s  r e s u l t .  

known PBL thickness,  and have l o s t  t h e  independent measure of along-geostrophic 

and ageostrophic wind stress components. 

t ha t  of Lettau 119501, Sheppard e t  a l .  119521, Johnson [1965], and, of course 

Rossby and Montgomery [19351. Brown [1974b] i n  an ana lys i s  of AIDJEX 1972 

da ta  uses t h e  momentum equation method, but cons t ra ins  t h e  stress d i r ec t ion  

t o  provide closure.  

Earlier work i n  t h i s  area includes 

An examination of stress p r o f i l e s  is i n  order. Figure 9 shows p r o f i l e s  

of u,/G with height. 

near t h e  PBL top. 

[1975], but i t  is  not p a r t i c u l a r l y  informative; t h e r e  is no ind ica t ion  of a 

problem i n  t h e  vertical. 

p r o f i l e  f o r  each season, i s  somewhat more i l l u s t r a t i v e .  

bas i c  form of -cX(z/Zi) and -cg(z/Zi) is t h e  same. 

0 a t  z/Zi = 1, and both f l a t t e n  out t o  sur face  values a t  z/Zi + 0. 

case the  y component has a smaller s lope  as z /Zi+  0. 

e a r l y  spr ing  1976 and summer 1975, .ry(O) > . r X ( O )  i n  v i o l a t i o n  of t h e  alignment 

of sur face  wind and sur face  stress f o r  a values less than 45", which is  t h e  

case i n  these  r e s u l t s .  However, where p ( 0 )  > -$(O)--as it  should be--the 

form of t h e  p r o f i l e  is t h e  same as t h a t  f o r  cases .rY(O) > fl(0). 
of alignment is not due t o  e r r o r  i n  in t eg ra t ion  due t o  "bad" poin ts  i n  the  

averages. 

of t h e  method of sca l ing  and averaging s ince  t h e  curves are q u i t e  s i m i l a r .  

The e r r o r  fs c l e a r l y  a smoothly varying contribution t o  the  p r o f i l e s  which 

goes t o  zero a t  Z / Z i  = 1. 

A l l  are remarkably l i n e a r  except f o r  an upward departure 

This behavior is e s s e n t i a l l y  t h a t  modeled by Wyngaard 

Figure 10, showing each component of stress i n  

I n  each season t h e  

Both are tangent t o  T = 

I n  each 

I n  a l l  seasons except 

The v i o l a t i o n  

It is unl ike ly  t h a t  t h e  lack  of alignment is  due t o  general  f a i l u r e  
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F i g .  8. Histograms 
o f  s e a s o n a l  v a l u e s  
of y, t h e  d i r e c -  
t i o n a l  e r r o r  
b e  tween measured 
stress and 
s u r f a c e  
wind. 
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Fig. 9.  Seasonal p r o f i l e s  
of stress ve loc i ty .  
For t h i s  p l o t  w e  are 
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The f a i l u r e  of ~ ~ ( 0 )  > ~ g ( 0 )  is g r e a t e s t  i n  winter and f a l l  and least 

i n  summer. 

e f f e c t s  are ava i l ab le  t o  explain why the  sur face  stress vec tor  T~ is  or ien ted  

some 20' t o  t h e  l e f t  of t h e  sur face  wind ul0: 

This poin ts  t o  a thermal explanation, although several candidate 
-c 

-+ 

1) There is turning continuing below 10 m; t h e  a c t u a l  sur face  wind and 

stress are more near ly  aligned. 

2) Baroclinic behavior p e r s i s t s ,  y ie ld ing  wrong stress values and geo- 

s t roph ic  wi.nds when the  in t eg ra t ion  is performed. 

3) A constant stress is  impressed upon t h e  e n t i r e  PBL and hence does 

not appear i n  t h e  fo rce  balance, but does appear a t  t h e  sur face  as momentum 

flux. 
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F i g .  10 .  Seasonal  
stress p r o f i l e s  
from s e a s o n a l  
average  wind pro- 
f i l e s .  The x: 
c o o r d i n a t e  i s  . 

a l i g n e d  w i t h  t h e  
g e o s t r o p h i c  wind. 

F i g .  11. Vectors  of 
i n t e r e s t  i n  t h e  
c o r r e c t i o n  of 
t h e  measured 
stress. 

1 15Ap.-30 June,1975 

A rx 0 I .ob, 
I@ .8p A ry 

O A  
O A  

0 20 40 60 

f 27 Oct. -30 NOV. 

A 0  

0 20 40 60 

- 0 P  
4 

Y 

1 I July-30 Sept. 

~ o ~ ~ A o , A A ,  ~ 

0 A 1 0 ~ ~  
0 20 40 60 

I Dec.,1975-31 Jan., 1976 8 p:;o, , 0 

A 0 
A 0 

A 

0 20 40 60 70 

1 O A  
+ lo5r O A  

0 20 40 60 

X 

106 



None of t h e  above can be  discounted.  

v i t i a t e  the  p o s s i b i l i t y  of t u rn ing  a t  a l l  levels. 

The turn ing  p r a f i l e s  do not  

Near t h e  s u r f a c e  

s o  t h a t  w e  can expect  t he  turn ing  t o  10 m t o  be  a t  most e, ,  = 1.5 k 1". 

choose e, ,  = 1 t o  account f o r  reduced tu rn ing  i n  the  s u r f a c e  l a y e r .  

We 

The prospect  of a stress cons tan t  throughout t h e  PBL w a s  included by 

Sheppard et a l .  [1952] during a d i scuss ion  of b a r o c l i n i c  wind p r o f i l e s ,  

AIDJEX d a t a  (unpublished) taken from NCAR Electra f l i g h t s  permit t h e  estimate 

U,(Z = 2Zi) 6 , (0 .25 f 0.1) u,(Z z 0.16Z.i) 

and t h e  cons tan t  stress ' rC  should be a l igned  wi th  t h e  geos t rophic  flow. 

Figure 11 shows t h e  vec to r s  of i n t e r e s t  i n  t h i s  d i scuss ion .  

on 'r is  

The e f f e c t  of 'rc 

T~ = 0.06 T, 

and 

o r  

s i n  6 = - T C  s i n  (y + a) 
TO 

6 2" 

The n e t  remaining angle  y '  between s u r f a c e  wind and stress is  

For t h i s  tu rn ing  t o  be due t o  b a r o c l i n i c i t y  i t  i s  necessary t o  modify t h e  bas ic  

equat ions.  

always p o i n t s  along t h e  geos t rophic  wind d i r e c t i o n .  

The coord ina te  system used is  e s s e n t i a l l y  a synopt ic  one where 

With h o r i z o n t a l  homogeneity and s teady  s ta te ,  equat ion (5) i s  

where p i s  the  a i r  d e n s i t y ,  f t h e  C o r i o l i s  parameter,  U ( z )  t h e  component of 

wind along x ,  and Ug = -VPis t h e  he igh t  dependent geos t rophic  wind speed -1 
Pf 
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along 3. 

t h i s  w a s  r e w r i t t e n  

Requiring TY t o  become zero a t  Zi and p o s t u l a t i n g  Ug(z) = cons tan t ,  

Equation (8) could be  w r i t t e n  f o r  Ug(z) l i n e a r  i n  Z as 

dz 

where - is taken he re  t o  be a constant .  For t h i s  r e l a t i o n s h i p ,  w e  g e t  dz 

From Figure  11 t h e  y component stress e r r o r  Te t o  c o r r e c t  T i s  

-rY = T s i n  y/cos (y + a> e 

I t  i s  use fu l  t o  e s t ima te  f o r  T from above: 

T N - 1 pf Zi G s i n  a 
2 

and combine t o  g e t  

N 0.16 f o r  a = 28", y = 16" 
z i  

and 

Plugging i n  mean va lues  f o r  1 February - 
Zi = 230 m y  t h e  g rad ien t  is  

~li 0.008 
dz 

15 March 1976, G = 11.2 m sec-l, 

- 1  s e c  

and the  e r r o r  component a t  t h e  PBL top  i s  

Au N 1.8 m sec-' 
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This  is  

he igh t  z/Zi = 

a l a r g e  e r r o r .  

S, w e  g e t  

I n  reduced wind wi th  u' = U ( z ) / G  and reduced 

This  s l o p e  would be  r e a d i l y  d i s c e r n i b l e  i n  t h e  mean wind p r o f i l e  above z/Zi = 1 

i n  Figure  4 i f  i t  w e r e  t h e r e .  

b a r o c l i n i c i t y  is  a boundary l a y e r  b a r o c l i n i c i t y .  This  h o r i z o n t a l  temperature  

could b e  due t o  several e f f e c t s :  t h e  entrainment of warmer a i r  i n  h ighe r  

p re s su re  reg ions ;  t h e  suppress ion  of t h e  inve r s ion  and subsequent onse t  of 

s lop ing  isotherms a t  h ighe r  p re s su re  reg ions ;  and t h e  synopt ic  v a r i a t i o n  i n  

It is  n o t ,  The alternative t o  t ropospher ic  

s u r f a c e  h e a t  f l u x .  

t o  and symmetric wi th  t h e  p re s su re  g rad ien t .  

f e r ence  i n  h e a t  f l u x  due t o  t h e  s i g n  of t h e  ice  convergence, which is  p o s i t i v e  

i n  h igh  p res su re  areas. 

the  p re s su re  g rad ien t .  Also,  thermal g r a d i e n t s  produced by s o l a r  i n s o l a t i o n  

v a r i a t i o n s  would be  gene ra l ly  p a r a l l e l  t o  t h e  p re s su re  g rad ien t .  

The f i r s t  two terms produce a temperature  g rad ien t  p a r a l l e l  

The las t  term r e f l e c t s  t he  d i f -  

Hence t h i s  term i s  a n t i p a r a l l e l  t o  t h e  o t h e r  two and 

I f  t he  e n t i r e  b a r o c l i n i c i t y  were due t o  t h e  inve r s ion  he igh t  suppress ion ,  

t h e  magnitude could be  modeled by assuming 

dT - dT dz 
CZCC dz dx 
- _ - -  

and 

dz dzi 
d x - d x  
- - -  

The r e s u l t i n g  g rad ien t  would then be given by 

- - N  2K per  100 km 
dx 

f o r  dT/dz of +10K pe r  200 m [Belmont, 19581 and dZi/dx of 200 m pe r  500 km. 

The wind shea r  r equ i r ed ,  

e 0.008 sec-l, dz 

impl ies  a temperature  g r a d i e n t  of 

- - N  dT 3K per  100 km, dx 

which leaves a s m a l l  temperature g rad ien t  due t o  subsidence p lus  entrainment .  
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Some of t h e  estimates above can be  checked wi th  da t a .  F igure  1 2  shows 

p l o t s  of p i b a l  drag  c o e f f i c i e n t  r e s u l t s  f o r  -10" \< y 4 10". These are t h e  

p r o f i l e s  which show no n e t  b a r o c l i n i c i t y  i n  t h e  stress d i r e c t i o n .  

squares  s l o p e  of  0.71 k 0.08 is  obtained when t h e  r e s u l t s  from camps Caribou 

and Big Bear are combined wi th  proper  weighting. 

15 April-30 September 1975, have only 13 p i b a l s  w i th  0 < ff < 75 and -10 < 
y < 10. A t  Caribou, 

27 October 1975-18 A p r i l  1976, t h e  30 p i b a l s  t h a t  were s u i t a b l e  f o r  ca lcu la-  

t i o n  provide a s l o p e  of 0.68 f 0.08. 

wi th  the  t r end  t o  less s t a b l e  air ind ica t ed  by S.  P. S. Arya (personal  

communication). 

(fZi s i n  a / G )  w a s  performed i n  which t h e  l i n e  w a s  forced  t o  con ta in  t h e  

o r i g i n .  I n  t h e  lower p a r t  of Figure 1 2  t he  drag c o e f f i c i e n t  is  p l o t t e d  

aga ins t  t h e  turn ing  angle  t o  8 compare wi th  t h e  behavior  p red ic t ed  by Brown 

[1974a]. 

comparison unpromising, i f  inconclus ive .  A d i f f i c u l t y  of t h i s  a n a l y s i s  is  

t h a t  con t r ibu t ions  t o  stress due t o  random v a r i a t i o n  i n  t h e  ba l loon  pa th  tend 

t o  en la rge  t h e  stress f o r  t h e  p o i n t s  wi th  l a r g e r  ff and t h e r e f o r e  t o  b i a s  t h e  

mean. 

A least 

Data from Big Bear, 

For t h e s e  p r o f i l e s  a s l o p e  of 0.76 2 0.24 i s  obtained.  

The l a r g e r  summer va lue  is  i n  agreement 

I n  a l l  t h e  above, a least squares  f i t t i n g  of u,/G versus  

The l a r g e  s c a t t e r  i n  t h e  p i b a l  p r o f i l e  i n t e g r a t i o n  renders  t h i s  

I f  t h e  d i s t r i b u t i o n  of computed stress d i r e c t i o n s  is  due t o  a boundary 

l a y e r  b a r o c l i n i c i t y  wi th  symmetry s i m i l a r  t o  t h e  p re s su re  g r a d i e n t ,  t h i s  should 

show up i n L t h e  computed drag c o e f f i c i e n t .  

measured wind Gm i s  l a r g e r  than t r u e  ( sur face)  G by 

This  p o s t u l a t e  supposes t h a t  t h e  

G = 0.84 Gm 

f o r  those  p i b a l s  wi th  y = 16" and 

G = 0.37 G, 

f o r  those  p i b a l s  w i th  7 = 36" .  

each p o i n t  are co r rec t ed  f o r  these changes , the r e s u l t i n g  "bes t  f i t "  ca lcu la-  

t i o n  should produce l a r g e r  s lopes  f o r  l a r g e r  7 values .  

geometry sugges ts  

When t h e  o r d i n a t e  and absc i s sa  va lues  f o r  

I n  t h i s  case t h e  

B , ,  = 1.10 B o  

B 3 6  1 . 4 2  Bo 
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F i g .  1 2 .  V a r i a t i o n  of t h e  d r a g  c o e f f i c i e n t  f o r  p i b a l  p r o f i l e s  
t h a t  have d i r e c t i o n  w i t h i n  10' of t h e  1 0  m wind d i r e c t i o n .  
The s o l i d  l i n e  i n  t h e  upper p l o t  i s  a best S i t .  
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and t h e  b e s t  f i t  a n a l y s i s  y i e l d s  

B , ,  = (1.08 f 0.09) B o  

B, ,  = (1.30 f 0.18) Bo 

Clear ly ,  t h e  s m a l l  numbers of usable  p r o f i l e s  i n  each category--at Caribou 

30 f o r  7 = 0 ,  37 f o r  7 = 16,  and 34 f o r  7 = 36--reduce t h e  s t r e n g t h  of t h e  

conclusion.  One can only say  t h a t  t h e  d a t a  do not  c o n t r a d i c t  t h e  s ta tement  

t h a t  t h e  c o r r e c t  s l o p e  i s  0.71 and t h a t  t he  b a r o c l i n i c i t y  i s  d i r e c t e d  p a r a l l e l  

t o  t h e  p re s su re  g rad ien t .  The main conclusion of t h i s  s e c t i o n  and of t h i s  

r e p o r t  i s  t h a t ,  according t o  p i b a l  a c o u s t i c  r ada r  a n a l y s i s ,  

, 

% = (0.71 2 0.08) ( f Z i  s i n  a/G)% G (16) 

RESULTS, SEASONAL STRESS VARIATION 

The seasonal  averages f o r  t h e  parameters d i scussed  above are shown i n  

Table 1, wi th  averages cons t ruc ted  from 10 m tower measurements of wind speed,  

a c o u s t i c  r ada r  he igh t s  , and p i b a l  observat ions.  

p r o f i l e s  used are those  wi th  wind speeds less than 5 m sec-’at t h e  radar-  

l oca t ed  PBL top  and those  wi th  a tu rn ing  angle  a which f a i l s  t he  tes t  

0 < a < 75. The p r o f i l e s  made during per iods of low wind appear erratic,  

Excluded from t h e  p i b a l  

suggest ing t h a t  subsidence and wave a c t i v i t y  dominate t h e  synopt ic  d r iv ing ;  

p r o f i l e s  t h a t  d i sp l ay  turn ing  i n d i c a t i v e  of t r a n s i e n t  behavior  tend t o  g ive  

stress va lues  g r e a t l y  d ivergent  from t h e  mean, and t h e  AIDJEX d a t a  set  is  

not  l a r g e  enough t o  average out  t h e s e  va lues .  Fewer than 10% of a l l  p i b a l s  

are r e j e c t e d  f o r  a out  of range. 

The f i r s t  column i n  Table 1 i s  t h e  mean of u*/G values  obtained from 

t h e  along-geostrophic stress component by i n t e g r a t i n g  t h e  average p r o f i l e .  

From t h e  preceding d i scuss ion ,  an e r r o r  of 10% i n  t h a t  column seems reasonable .  

The second column has t h e  drag c o e f f i c i e n t  from (16) using seasonal  mean 

va lues  of v a r i a b l e s .  The s tandard  dev ia t ion  of a i s  50%, t h e  s tandard  e r r o r  

of t h e  mean of a is  10%. This  small e r r o r  of t h e  mean i n d i c a t e s  t h a t  t h e  

seasonal  a v a r i a t i o n  is  s i g n i f i c a n t .  The e s s e n t i a l l y  cons tan t  va lues  of t h e  

e n t r i e s  i n  t h e  second column are a t  odds wi th  t h e  v a r i a t i o n s  i n  the  f i r s t ,  

implying t h a t  t h e  f a c t o r  0 .71 i n  

u*/G = (0.71 f 0.08) ( f Z i  s i n  a/G) 4 
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TABLE 1 

SEASONAL PARAMETER VALUES, PIBAL OBSERVATIONS 
- 

u,/G a G 
P i b a l s  : 

'i Usable vs. 
D a t e  Average Best F i t  Average Average Average Average T o t a l  

15 Apr-30 Jun 
19 75 

1 Jul-30 Sep 
1975 

27 Oct-30 NOV 
1957 

1 Dec 1975- 
31 Jan  1976 

1 Feb-15 Mar 
19 76 

16 Mar-18 Apr 

0.024 

0.027 

0.023 

0.019/ 

0.020" 

0.026 

0.026 19.2 0.62 9 .1  264 42/95 

0.027 28.6 0.52 9.2 204 26/49 

0.028 31.4 0.50 10.6 228 18/28 

0.027 28.3 0.52 10.0 222 47/77 

0.026 28.5 0.54 1 1 . 2  229 66/99 

0.026 26.5 0.61 9.2 204 41/66 

has  seasonal  v a r i a t i o n  hidden i n  i t s  s tandard  dev ia t ion  o r  t h a t  t h e  processes  

are not  l i n e a r  s o  t h a t  (16) cannot be  evaluated using average va lues .  

Examining the  seasonal  v a r i a t i o n  of t h e  parameters ho lds  few s u r p r i s e s .  

The summer months must be  t r e a t e d  wi th  care. The clear days from J u l y  (and 

probably la . te  June) through September are f e w  bu t  n o t  p a r t i c u l a r l y  cha rac t e r i zed  

by t h e  low winds a s soc ia t ed  wi th  subsidence.  The data set i s  s m a l l  and 

probably s y n o p t i c a l l y  b iased .  

m e l t  ponds l i g h t  i n  c o l o r ,  and darker ,  deeper ponds and l eads .  When t h e  sky 

is clear ,  t h e  s u r f a c e  cools  because t h e  ice and shallow w a t e r  r e f l e c t  s o l a r  

r a d i a t i o n  and r a d i a t e  long-wave r a d i a t i o n .  The darker  water bodies  f a i l  t o  

w a r m  t h e  s u r f a c e  because the  water t h a t  absorbs t h e  s o l a r  r a d i a t i o n  warms  

toward t h e  dens i ty  maximum and s i n k s ,  exposing coo le r  water t o  t h e  a i r ,  and 

t h e  evaporat ion of w a t e r  from t h e  su r face  has  a cool ing e f f e c t .  Hence, a c l e a r  

sky per iod  creates s u r f a c e  cool ing and produces an extremely s t a b l e  lower PBL 

and s u r f a c e  l aye r .  This  is  r e f l e c t e d  i n  the  high va lue  of a and low va lue  of 

U,,/G. 

I n  summer t h e  su r face  shows ba re  i ce ,  shal low 

On t h e  o t h e r  hand, t h e  humid PBL i t s e l f  absorbs some s o l a r  energy and, 

possibly, 'warms s l i g h t l y  compared with the  rest of 

tending t o  i n c r e a s e  u*/G. Mean Z i  may r e f l e c t  t h e  

t h e  c l e a r  sky,  bu t  t he  high wind va lues  l eave  t h i s  

t he  lower t roposphere,  . 

subsidence r e spons ib l e  f o r  

uncer ta in .  
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The least  s t a b i l i t y  and t h e r e f o r e  t h e  l a r g e s t  u,/G, Z i ,  and U , , / G  and 

smallest  a values  occur  i n  l a t e  sp r ing  and e a r l y  summer. The s t a b l e s t  a i r  i s  

found i n  f a l l ,  w i n t e r ,  and e a r l y  sp r ing  a n d - i s  marked by smaller va lues  of 

U , , / G  and Zi and l a r g e r  a. The f a l l  is  aperiodoflocalcontractionforthe ice 

shee t .  

f l uxes  of h e a t  and w a t e r  vapor ,  poss ib ly  r e s u l t i n g  i n  an i n c r e a s e  i n  Zi. 

Seasonal v a r i a t i o n  i n  Zi and G are d i f f i c u l t  t o  assess because synop t i c  varia- 

t i o n  of each i s  f a r  l a r g e r .  Therefore ,  t he  q u a l i t y  of t h e  mean i s  dependent 

on a l a r g e  d a t a  set which does no t  e x i s t .  

The con t r ac t ion  exposes comparatively more open water and hence l a r g e r  

According t o  Brown [1974c, p. 661,  t h e  v a r i a t i o n  i n  u*/G with  a .is 

comparable t o  t y p i c a l  e r r o r s  i n  u * / G  f o r  ci v a r i a t i o n  of some 20°, but  u,/G 

gene ra l ly  decreases  as ci i nc reases .  This  t r end  is  j u s t  v i s i b l e  i n  t h e s e  d a t a ,  

al though i t  i s  smaller than t y p i c a l  e r r o r s .  To examine t h e  r e l a t i o n s h i p  be- 

tween u*/G and a ( t h e  gene ra l  i n f luence  of  s t a b i l i t y  on u * / G ) ,  much l a r g e r  

s p a t i a l  o r  temporal d a t a  dens i ty  i s  requi red .  An examination of t he  next  b e s t  

t h ing ,  t h e  v a r i a t i o n  of the  above parameters w i th  t i m e ,  w i l l  be  d iscussed  i n  

a la ter  r e p o r t .  

CONCLUSIONS, MEASURING AND MODELING STRESS 

I n  t h e  preceding s e c t i o n s  d a t a  have been shown which demonstrate t h a t  

p i b a l  wind p r o f i l e s  can be  i n t e g r a t e d  t o  produce a reasonable  measure of a i r  

stress. This  stress has exhib i ted  a v a r i a t i o n  which sugges ts  t h e  importance 

of synop t i c  modeling of stress. 

poss ib l e ,  and so the  e f f o r t  i s  turned t o  modeling t h e  fou r th  r o o t  of t h e  sum 

of the  squares  of t h e  i n t e g r a l s  i n  t h e  form 

The modeling of t h e  wind p r o f i l e s  is  no t  y e t  

where t h e  stress v e l o c i t y  i s  u* = 

f i s  t h e  C o r i o l i s  parameter;  Zi i s  t h e  inve r s ion  he igh t  measured by a c o u s t i c  

r ada r ;  a i s  t h e  t o t a l  t u rn ing  of t h e  wind; arid G i s  t h e  measured geos t rophic  

wind. I n  o r d e r  t o  d e r i v e  u t i l i t y  from t h i s  r e l a t i o n s h i p ,  a l l  the  v a r i a b l e s  

must be expressed i n  terms of synopt ic  da t a .  For f rozen  seas t h e  inpu t  d a t a  

are r e s t r i c t e d  t o  p re s su re  maps and su r face  temperature maps. Therefore ,  

even i f  t h e  r e l a t i o n  f o r  u * / G  is  v a l i d ,  t h e  job  i s  not  r e a l l y  done. 

f o r  s u r f a c e  stress T and d e n s i t y  p; 
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A seasona l  v a r i a t i o n  i n  drag c o e f f i c i e n t  and angle  of t u rn ing  is  

ind ica t ed  i n  t h e  p i b a l  ana lys i s .  Ear ly  summer has  a s i g n i f i c a n t l y  smaller 

turn ing  angle  than  o t h e r  seasons,  wh i l e  w in te r  has  a somewhat smaller drag 

c o e f f i c i e n t .  

We have a l s o  seen  (although i t  i s  no t  r e l a t e d  t o  modeling stress from 

s u r f a c e  geos t rophic  wind) t h e  i n d i c a t i o n  of a s t rong  boundary l a y e r  baro- 

c l i n i c i t y .  On t h e  average, t h i s  b a r o c l i n i c i t y  i s  ppobably p a r a l l e l  w i th  the  

p re s su re  g r a d i e n t  and has  a va lue  of about 3K p e r  100 h. It is  s u b s t a n t i a l l y  

caused by suppress ion  of t h e  inve r s ion  s u r f a c e  i n  reg ions  of high pressure .  

Geographical f e a t u r e s s u c h  as ice  roughness and land  masses may p lay  a r o l e  

i n  maintaining t h e  temperature g rad ien t .  
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APPENDIX A 
PIBAL PROFILES 

The fol lowing pages con ta in  r e s u l t s  from p i b a l  p r o f i l e s  

measured during t h e  1975-76 AIDJEX main experiment. 

f o r  a scen t s  f o r  which t h e  tu rn ing  angle  i s  0 < c1 < 75 are 

included.  

Only d a t a  

For t h e  main experiment AIDJEX adopted a convention of 

numbering days consecut ive ly ,  beginning wi th  day 1 = 1 January 

1975 and ending wi th  day 500 = 14 May 1976. 

from AIDJEX days t o  ca lendar  days can be  found i n  Thorndike 

and Cheung, AIDJEX Bulletin 35 (January 1977),  p. 19.  AIDJEX 

days 105.85-273.86 i n  t h e  appendix are d a t a  from camp Big Bear; 

days 300.99-474.85 are from camp Caribou. 

A conversion t a b l e  
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7 
32 0 
304 

260 
1 0 5  

95 
9 5  
7 1  

1 1 2  
56 
83  

200  
180 

2 1  0 
50 

2 2 5  
520 
130 

60 
1 9  0 
115  

70 
127  

325 
230 

80 
160  
22  0 

265 
490 
350 
350 
21 0 

a00504 
0 0 0 0 6 5  
a00310 
a00163 
.ooc)37 

a002 17  
0001 22 
000113  
e00054 
e 00141 

a00407 
a 00427 
a01055 

00279 
a 00206 

a 0 0  396 
00114 

000190 
a 00346 
000553 

a 00444 
a03275  
00305 

e00588 
a00388 

a 0 1  1 6 9  
03897 

001526 
a00189 
.00202 

2.1 
2.9 
2.0 
2.5 
3 08 

3.7 
2 09 
5.7 
6.2 
5.0 

5.0 
2 02 
2.7 
4 08 
5.4 

2.5 
415 
5 r 3  
2.8 
2.7 

5.0 
4.8 
3.5 
3.4 
5.8 

3.7 
2 06 
3. 1 
4.5 
7.0 

2 5 2  
243 
250 
260 
2 4 1  

108  
2 1 0  
210 
267 
289 

315 
324 

20 
345 
262 

2 70 
1 0 1  

67 
178 
103  

148  
159 
1 + 6  
1 4 9  
128 

97  
31 

351 
29 4 
284 

a46 
a93 
a67 
a 98 
a 7 1  

a51 
055 
a58 
0 6 4  
a 6 1  

a65 . 5 4  
040 . 74 
06 8 

a 36 
a51 
a 43 
a 9 3  

2 002 

. 49 
76 . 34 

a 2 4  
a43 

a32 
40 

a 3  5 
a 7  5 
a 5 5  

4 
162  

8 
-49  

28 

33  
- 3 3  
-1 2 
*8m 

40  

2 1  
9 

86 - 39 
-5 8 

50 
36 
34 

-80  
* O .  

6 
4 4 .  

3 
49 
1 5  

1 3  
9 5  

1 1 9  
1 2  
3 5  

000 0 
a0047 
a 0044 
a 0052 
moo1 9 

.002 1 
a 001 5 
moo12 
a 0029 
a002 7 

I , 

a0038 
a0017 
0046 

0011 2 
0023 

.0012 
a 0 0 2 8  
00013 
a0032 
a0133 

a0045 
00051 
030 11 
e 0016 
a 002 3 

a 0032 
a 0  106 
a 0 0 5 5  
.0081 
a0023 

I . 



t * I f 

AIDJEX 
DAY 

377.90 
37a.15 
378 090 
373.14 
379.96 

380.16 
381 0 1  5 
381.90 
3 82 015 
383.15 

383.89 
384.19 
38'ie90 
385 e 1  4 
386.15 

P 
k 
w 

386.91 
388.15 
389.10 
389 090 
390.15 

390.94 
391.11 
391 e90 
392.10 
392 090 

39 3.10 
393.84 
394.09 
394.85 
395 10  

fzi Y - UlO UlO - 
3 G 

&le U*/G U G G zi 0 
MEAS. MOD. ("1 (m sec-'1 ("1 (m) '10 (m sec-1) (m) G 

e 025 0023 35 8 e 0  300 110 e00271 3.9 265 0 4 9  38 00019  
e 021 . 019 33  7.5 302 7 4  e 0 0 1 3 1  4m3 269 e57  7 ,0014 
e 022 0023 2 1  6.2 311 130  000083 4.7 290 076 44 e0030 
mO30 . 022 37 6e4  315 7 1  0302 85 3 . 6  278 056 2 3  s0015  

3 . 3  140 065 11 e0016 0 0 2 4  . 021  31 5.1 1 7 1  60 000132 

024 0030 67 4.3 1 5 5  6 0  0 0 0 4 1 3  1.6 88 037 -36  o0020 
0040 . 028 2 5  3e9 301  100  o00101 5.0 276 1.27 9 4  e0036 
e036 026 44 4.8 308 65 000913 1.8 264 0 3 8  22 00019 

178 e086 80 0 8  300 8 0  000449 2.0 219 2.66 -62 ,0149 
0040 . 020 6 4.1 16 Z O O  ,00344 2 e 8  9 0 6 9  105 00069  

1 2  .0080 0 0 2 7  044 28 3 e 3  32 190 000214 1.9 4 057 . 021 0030 43 4.8 5 9 0  o0017 2 2.5 3 2 2  0 5 2  14 e 0 0 2 6  
.022 024 53 9.9 312 100  .00207 4.8 259 0 4 9  -15 0 0 0 1 4  
0021 . 020 38 1 3  0'6 295 120 000263 5.6 256 0 4 1  29 00012  

035 e013 4 2 .2  234 76 000118 2.2 230 l e 0 1  1 3 5  00069  

. 020 
002 9 
e 060 
0 0 2 5  
047 

e 031 
0 2 7  

0074 
0 2 8  
015 

0027 
e 0 4 5  
0026 
0038 
0026  

0016  
e 0 4 2  
e047 
e043 
0056 

0039 
e025 
e063  
0 0 2 3  

016 

029 
048 
050 

0021 
0 0 1 9  

14 
45 
54 
46 
5 0  

30 
30 
7 2  
18 
1 4  

52  
45  
44 
16 
2 4  

1 2 . 1  
1 0  m7 
10.9 

9.6 
7.8 

11e6  
1 2 . 9  

l e 9  
3 0 0  
5.3 

4.8 
4.9 
6.4 

1 6 . 1  
18.6 

7 5  153 e00657 
32 380 000617 

357 4 2 5  003283 
337 340 e00194 

7 448 . 0 0 8 l l  

5 500 000412 
9 2 2 1  e00422 

1 2  110 000263  
42  75 oOO134 

4 75  000055 

38 74 000307  
104 230 e00312 
111 330 000187  
109 345 e00998 
1 1 5  240 000395 

4 0 1  61 e 3 4  5 9  00019 
3.9 347 036 21 e 0 0 5 0  
3.6 303 033 1 7  0 0 0 5 5  
504 290 0 5 6  1 6  0 0 0 5 0  
4 . 1  317 0 5 2  -24 o0080 

n 
c3 
0 
[n 
tD w 

5.6 335 048 2 5  0 0 0 6 1  
503  339 e41  32 00024 
2.7 300 1.43 -59 00083 !% 

r 304 350 0 6 4  1 0 6  00020 (D 

2 . 3  346 048 7 00022 W 

3 09 59 0 8 0  -29 00066 
3.8 67  0 3 9  32 0 0 0 7 2  

76 e0030 6 . 1  9 3  038 
7.6 91 0 4 1  40 -0018 

p. 2.2 24 072 9 3  : e 0 0 3 5  

P, 
4 
P. 
R 
t-t 



39 5.8 5 
396.09 
396.85 
397.10 
398 0 8 5  

- 
399.85 
399 090 
399.96 
400.89 
402.86 

403.10 
403 85  
403 089 
403.93 
403.97 

E- 

404.01 
404.05 
404.85 
405.10 
405 e85 

406.02 
406.14 
406.86 
407 85 
408 089 

408 097 
409.10 
409.55 
409 08 5 
410.10 

e 0 3 0  
0028 
0028 
0038 
0025 

e096 
0 0 5 5  
e067 
e039 

023 

.020 

. 0 2 8  
0027 

026  
0030 

0 0 2 7  
024 

0 0 1 5  
a027 
0030 

0025 
027 

e030 
0021  
0 0 2 9  

0022 
e026 

0 4 1  
0049 
0011 

d 

0023 
0 0 2 5  
mO26 
e035 
027 

074 
0067 
0067 

036 
001  8 

-018  
0 0 2 9  

026 
,028 
e030 

0027 
026 

0011 
.020 
0031 

0026 
002 5 
0033 
e o 2 0  

018 

030 
0028 

047 
048 

0023 

37 
32 
2 2  
3 1  
20  

5 9  
66  
63  
24 
32 

34 
3 3  
35 
38  
43 

32 
2 8  
5 

22 
28 

22 
29 
37 
31 
8 

2 7  
27 
56 
56 
30 

23.8 
17.7 
1 5  09 
11 0 1  
11.7 

4.4 
4.6 
6.0 
5 06 

16  06 

20.4 
11 0 1  
14.4 
1 3 . 1  
14.8 

13.7 
11 e 9  
16.6 
19.9 
1 3  0 3  

12.2 
1 5 0  1 

8.8 
14 .1  
12.0 

10.3 
9 a 2  
6.6 
5.7 
6 00 

12 0 
119 
1 3 4  
146 
220 

1 7 5  
1 4 6  
136 
9 5  

302 

290 
297 
298 
300 
3 09 

306 
308 
293 
301 
2 9 0  

28 6 
287 
300 
265 
28 0 

2 80 
284 
276 
2 8 1  
266 

300 
300 
410 
380 
350 

405  
330 
42 8 
250 
1 5 0  

180 
240  
240  
2 5  0 
27 0 

270  
24 0 
330 
2 90 
38 0 

300 
270 
23 0 
1 5 0  
430 

2 90 
2 3 0  
2 5 0  
2 3 0  

9 0  

e005 48 
e00318 
0005 10  

00864 
0 0 0 4 3 2  

002520 
001037 

00665 
00298 

oOO404 

000293 
t o 0 1 0 4  . 0018 0 

00131 
0002 3 8  

0 0 0 1 4 7  
e 0  0109  
a00049 
000335 
o00145 

000 12 8 
0 0 0 3 2 6  
000 172 
oOO154 
0 0 0 2 4 3  

oOO129 
e00176 
e00525 
e00501  

00029 

9 .  6 
8.7 
602 
4.6 
4.5 

2.7 
2.5 
4.9 
4.0 
5.9 

7.6 
9.6 
9 0 1  
9.5 
9.0 

9.6 
8 08 

11.4 
9.2 

10.6 

8. 4 
7 .0  
6. 3 
7.7 
7 . 1  

6 e4 
5.8 
3. 8 
4.0 
3.9 

83 
87  

112 
1 1 5  
2 0 0  

1 1 6  
80 
7 3  
7 1  

2 70  

256 
264 
263 
262  
266 

274 
2 80 
2 8 8  
279 
2 6 2  

264 
25 8 
263 
234 
272 

253 
257 
2 2 0  
225 
236 

e40 . 49 
e 39 
042 
0 3 8  

61 
054 

82 
0 7 1  
36 

037 
87 

e63 . 7 3  
061 

0 7 0  . 7 4  
69 

0 4 6  
0 8 0  

069 
0 4 6  
e71 
0 5 5  
059 

062 
063 . 57 

70  
065 

25 
-1 4 

6 0  
56 
46  

-6 0 
- 7 1  
-5 6 
-19  

2 6  

35 
-5 0 

25  
-14  
-1 6 

- 0  
- 3 9  

4 9  
5 2  
1 7  

2 
3 1  

-2 9 
3 

7 2  

6 
-13 
-55 
- 5  2 
16 6 

e 0018 
00024 
00036 

0048 
0004 2 

00127 . 01 00 
.0101 
e0065 
0001 3 

.0012 
0030 

00023 
0 0 0 2 7  
00026 

00028 
00028 
e 0 0 2 8  
.0020 
0 0 0 4 0  

003 5 
o O O 2 5  
e 0 0 3 6  
0 0 0 1 5  
0 0 0 4 7  

00040 
00035 
0005 3 
e0056 
.0021 

n 
n 

m 
m cc 

PI 

P, 



A I  DJEX V*/& V*/G 
DAY MEAS. MOD. 

fzi - Y - 4 0  UlO UlO 
(m sec'l) (m) G G 

3.2 247 e70 68 e0031 
2 . 6  262  0 5 5  1 1 6  e0027 

6 9  00022 2.8 2 7 9  047 
2.7 254 056 -1 o 0 0 2 5  
3 . 0  262  0 6 7  - 1 3  ,0031 

4 . 6  
4.7 
6.0 
4.8 
4 0 5  

277 1 0 0  o00064  
272 9 0  e00086 
28 9 95  e00267 
296 9 5  oOO229 
297 1 0 0  0 0 0 0 4 6  

410.84 
410.89 
410 892 
410.97 
411.01 

0 1 8  
016 
0 2 4  

e027 . 014 

. 028  
8015 
a013 
8028 
0 0 3 0  

30 
1 0  
1 0  
42 
35 

3 34 6 5  o00741  
3 08 6 8  oOO121 

34 1 2 0  000997 
5 4  7 0  .00190 
1 3  80  o00167 

2.7 267  0 3 8  -7 00013 
2.9 266 094 - 5 0  8 0 0 3 1  
2.4 335 0 3 6  21 0 0 0 2 5  
2.3 38 0 5 6  90 e0024  
1.6 1 2  0 7 7  *5. 00054  

411.06 
411.10 
412.10 
412.84 
41 3 m09 

033 
e 033  
0 0 3  6 
0025 
e032 

e024 
0 0 3 2  
0033 
0018 

006 

6 7  
4 2  
59 
16 
1 

7.1 
3 . 1  
6.7 
4.1 
2.1 

413 84 
413.09 
413.93 
41 3 097 
4 1 4 0 0 1  

P 
h, cn 

414 e 0 5  
414.09 
414.89 
416.10 
416.84 

0 0 2 5  
e041 

034 
0047 

043 

e024 
009 

0 0  32 
042  
00 50 

27 
2 

32 
3 5  
42 

11 e 4  
9.1 
6 e 1  

8.8 
8 00 

306 215 000355 
3 0 5  2 8 0  000725 
352 1 6 0  e00214 
345 380 e 0 0 8 4 0  
3 5 8  420 .00701 

4.7 279 041 9 9  00026 
4.4 3 0 3  .4a * 8 .  0043 
4 . 4  320  0 7 2  -37  80037  
4 0 5  310 0 5 1  32  0 0 0 6 1  
4 .1  316 a 5 1  -10 00073  

0 2 5  
8023 
.020 

047 
032 

, 0 2 8  
028 
0018 
8034 
.020 

37 
43 
23  
75 
29 

8.5  
9.1 
7 e 3  
3.5 
2.9 

359 1 5 0  o00224  
7 150  0 0 0 2 4 5  

5 6  8 0  e00207 
63 5 0  0 0 1 1 7 5  
46 3 5  000384 

4.4 322 e52 -11 e 0 0 2 5  
4.3 3 2 4  0 4 7  3 00023 
3 . 3  3 3  045 55  .0015 
1 .5  3 4 8  0 4 3  - 5  00024 
1.5 1 7  e51 1 3  00017 

h 

4 1 7 0 1 0  
418.10 
418 084 
419.10 
419.83 

e044 
0011 
0028 

027 
.020 

e046 
0 0 3  1 

024 
.021 
e 0 2 4  

24 
3 6  
2 9  
1 7  
1 8  

3 .3  
8 0 4  

1 5 . 3  
17.1 
12.4 

71  2 4 0  e00314 
5 1  200  000075 
55 2 5 0  moo376 
6 4  380 e00384 
74  3 2 5  .00121 

2.6 47 079 3 0  o0102 
3.5 1 5  042 1 4 9  80033  
7.0 26  e 4 6  3 4  00023 
7 .4  4 7  043 63  80031 
7. 3 56 0 5 9  7 2  00037 

r 
ID 
P, c 
P. 
4-t 
R 
v 

420.09 
4 2 0 . 8  5 
421.09 
4 2 1 . 8 4 .  
422.09 

0034 
0 2 4  

e 020  
.028 
0045 

8025 
8016 
e01 8 . G39 
,047 

2 0  
2 3  
27  
3 5  
38 

20.3 8 1  5 2 0  0 0 0 8 5 2  
15.7 8 6  1 6 0  800377 
1 4  07 85 1 4 2  o00320 

7.4 62 2 8 0  .00914 
5.9 8 3  3 0 0  001602 

7.5 61 0 3 7  6 5  80036 
6 .1  6'3 . 39 41  a0014 
5 . 2  58 e 3 5  4 2  ,0014 
2.2 27  e30 5 1  a0053 
2 .1  45 0 3 6  2 7  80071 



423.84 
424.11 
425.10 
425.80 

426.06 
427 e 8 5  
428.10 
42 8.84 
429.09 

429e84 
430.15 
430.8 5 
431.15 
431 e84 

P 
hl 
Q\ 

432.14 
432.89 
433 011 
433.84 
434. 14 

434.85 
435.15 
435.85 
436.14 
438.16 

438 08 4 
439.14 
439 . 85 
440.14 
440 084 
- 

.022 
026 

e025 
e024 

0026 
002 0 
.022 . 042 
0027 

0034 . 028 
e015 
0029 
e019 

. 021 
e021 
e024 
e023 
.020 

032 
0015 
e030 
035 

0048 

a 0 2  9 
0023 
0034 
a 0 2 4  
002 0 

0018 
0021 
a 035 
0019 

e 0  19 
016 

0 0 2 4  
e009 
0023 

. 028 

.020 
0016 
029 

e026 

0022 
0021 
e016 . 020 
e027 

0017 
0016 
026 
0027 
. O l d ,  

a 0 2 8  
e029 
037 

0026 
0013 

18 
24 
3 5  
29 

28 
4 

43 
4 

31 

3 5  
2 5  
14 
42 
2 3  

2 3  
39 
22 
36 
24 

1 5  
IO 
23 
11 
4 

15  
34 
3 8  
24 
10 

14 e6 
9.6 
8.5 

18.6 

19 03 
5.0 
4.1 
5.1 

14.3 

13.7 
15.3 
5.9 
4 07 
6.1 

9.0 
13.4 
13 08 
10.8 
8 01 

4.5 
5.5 
3.6 
2 03 
2.0 

4.1 
9.5 
9.6 

11 01 
10.1 

28 3 
3 2 3  
167 
175 

175 
322 
293 
9 4  
97 

97 
76 
29 
3 2  
84 

96 
102 
90 

107 
99 

6 1  
71 
9 5  
59 

3 38 

304 
304 
3 2 2  
319 
3 3 2  

21 5 
140 
2 50 
20 0 

2 10 
270 
50 
90 

290 

280 
205 
90 
86 

15 3 

15 3 
1 3 5  
142 
106 
206 

74 
11 5 
90 

124 
80 

180 
20 5 
330 
250 
130 

000224 
e002 76 
000398 

00472 
o O O 1 1 3  
00099 
oOO401 
o0025l 

000264 
000227 
000041 
000128 
00277 

e00225 
e00 176 
000357 
.00211 
000157 

oOO754 
o O O O 4 2  
o O O 2 2 4  
e00113 
oOO180 

000 149 
e00203 
00418 
oOOl30 
.00124 

5.3 
4. 0 
7.2 

7.3 
4 0 1  
2.8 
3.4 
7.7 

9 . 2  
8.9 
4.3 
3 08 
2.2 

4.0 
6.8 
5.5 
5.5 
4.0 

1.7 
4.0 
2.3 
2 04 
2.2 

3.1 
4.9 
5.0 
7.3 
5.8 

265 
29 9 
1 3 2  
146 

147 
31 8 
250 
90 
66 

62 
51 
15 

35 0 
6 1  

73 
63 
68 
7 1  
75 

46 
61 
72 
48 

334 

28 9 
270 
284 
295 
3 2 2  

05 9 . 5 5  
047  . 39 
038 . 8 3  
e6 9 
066 
05 4 

06 7 
58 

073 . 80 
e 36 

. 44 
e 5 1  
040 
0 5 1  
e 5 0  

0 3 7  
073 
064 

1.05 
1.12 

e76 
e51 
0 5 2  
066 
0 5 8  

36 
31 
-1 
4 7  

30 * 3. 
-10 
*4 . 
21 

- 1 3  
19 
6 

-28 
7 2  

46 
3 

5 8  
11 
1 5  

7 4  
-32 
30 

-6 5 
-56 

135 
-5 
26 
-5 
50 

n 

P, 

00021 
00020 c3 

00041 e 
00015 5 
0015 a 

r 00076 (D 0017 P, z- 00025 R 

.0020 W 
R 

00029 
00019 
.0021 
0025 
00035 

e0024 
00014 
e0014 
e00 14 
00036 

0023 
e0029 
003 5 

00076 
0 0 0 5 7  

00062 
0030 
00044 
00032 
*0018 

1 I 



AIDJEX V*/& U*/G 
DAY MEAS. MOD. 

f Z i  - zi 4 0 UlO - UlO Y 
G 

a G G 
("1 (m sec-') ("1 (m) '10 (m sec-1) (m) G 
2 5  8.0 344 200 a00226 4.8 319 a 6 0  1 a0035 
23  9.1 340 286 000144 507 317 062 -1 00044 
9 10.1 326 1 2 0  a00081 7.1 317 a70 77 a0017 
36 10.6 331 250 a00400 5.9 295 a 3 6  -3 a0033 
20 7 e 6  3 1 3  1 5 Q  a00186 4.4 293 a59  18 00028 

441.14 
441.8 5 
442.14 
442 86 
443. 14 

028 
a 0 2 4  
a 0 2 0  
035 
025 

0027 
029 . 011 
0031 
a 022 

443.84 
444.85 
445.14 
445.65 
446.14 

21 1.0 80 45 r00082 1. 9 59 1.9s -06 00065 
30 2 00 5 30 a00233 1.9 335 096 * b o  a0057 
27 6 .  3 38 220 000244 3.2  11 0 5 0  -20 . a0049 
16 7 0 2  1 3  192 a00100 4.3 357 060 -5 a0037 
39 6. 7 356 180 000349 3.9 317 0 5 8  - 2 5  00038 

0056 
a 046 
0 0 2 5  
0019 
a 0 3  4 

a 034 
0038 
0033 
0023 
034 

29 
16 
50 
42 
3 1  

7.5 
6.9 
8 01 
9.2 
3. 6 

330 1 5 0  e00450 
338 2 0 4  a00020 
5 2  250 000542 
62 124 a00324 
17 90 o00106 

3.8 307 051 2 5  0 0 0 2 8  
3.9 3 2 2  057 171 0 0 0 4 2  
4.0 2 049 2 00043 
4.4 20 a 4 8  -16 00019 
30 5  346 a97 -38 ,0035 

0034 
0008 
036 

a 027 
a 032 

026 
a 023 
004 1 
0 0 2 5  
0031 

4 4 6 . 8 5  
447.14 
447.85 
448.15 
448.85 

P 
N 

449.14 
449.84 
450. 14 
4 5 0 . 8 5  
431al'i 

a 031 
0018 
0 0 2 5  
a 024 
a 028 

0041 
014 

0023 
a021 
a 0 2 5  

61 
2 3  
28 
20 
2 4  

4 02 
13.3 
12.2 
10.5 

7 . 4  

339 115 oOO221 
268 100 000165 
284 190 000196 
263 183 000232 
2 5 3  160 *00151 

0038 2.8 278 066 -41 
6.0 245 a45 50 a0011 
7.0 256 a58 2 .0022 
5.2 243 049 48 0 0 0 2 4  
5.3 229 e72 -31 e0030 

451.85 
452. 15 
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FIELD CALIBRATION REPORT, AIDJEX METEOROLOGY PROGRAM 
APRIL 1975 - APRIL 1976 

by 
M e 1  Clarke,  Dave B e l l ,  E r i c  Leavitt 

AIDJEX 

ABS TRACT 

This  r e p o r t  summarizes meteoro logica l  d a t a  c o l l e c t e d  dur ing  
r o u t i n e  systems c a l i b r a t i o n s  and t h r e e  s p e c i a l  c a l i b r a t i o n  
v i s i t s  t o  t h e  AIDJEX ice camps i n  s p r i n g  1975, summer-fall 
1975, and s p r i n g  1976. The r e p o r t  lists t h e  f a c t o r y  c a l i b r a -  
t i o n  va lues  f o r  t h e  senso r s  and desc r ibes  o f f s e t s  introduced 
by t h e  d a t a  reading  and recording.  A set of equat ions i s  given 
f o r  t ransforming t h e  measurements i n t o  phys ica l  u n i t s .  

INTRODUCTION 

The main object-ve of t..e I D J E X  meteorological  program w a s  t o  o , ta in  

a i r  stress and s u r f a c e  h e a t  f l u x  estimates f o r  use  i n  t e s t i n g  i ce  models. 

A s  descr ibed  by Paulson and B e l l  [19751, observa t ions  a t  each camp included 

wind speed and d i r e c t i o n  a t  10 m and temperature a t  2 m and 9 m; dew po in t  

temperature  w a s  measured only  a t  t h e  main camp. These d a t a  were c o l l e c t e d  

as cont inuously as p o s s i b l e  throughout t h e  A I D J E X  main experiment. 

no t  on ly  provide t i m e  series of mean winds and temperature ,  bu t ,  when coupled 

by NISSI c i r c u i t s  wi th  simultaneous measurements of t h e  va r i ance  of wind 

speed i n  t h e  frequency band 0.02-1.0 Hz, a l s o  serve as an  independent means 

of measuring t h e  v a r i a t i o n  of t h e  s u r f a c e  drag  a t  each camp [see Leavi t t ,  

1975, f o r  d e t a i l s ] .  

They 
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Because i t  w a s  important t h a t  t h e  c a l i b r a t i o n  of t h e  senso r s  and record- 

i n g  system be accu ra t e ,  a program of t e s t i n g  w a s  c a r r i e d  out  p e r i o d i c a l l y  

dur ing  t h e  exper2ment. This  r e p o r t  desc r ibes  t h e  r e s u l t s  of t h e  t e s t i n g  

program and sugges ts  how and when t o  apply c o r r e c t i o n s  t o  t h e  va r ious  d a t a  

sensors .  

DATA ACQUISITION SYSTEM 

The block diagram i n  F igure  1 o u t l i n e s  t h e  d a t a  system. Wind speed, 

wind d i r e c t i o n ,  and a i r  temperature  w e r e  sensed, r e spec t ive ly ,  by cup 

anemometers, vanes,  and a s p i r a t e d  platinum r e s i s t a n c e  elements,  a l l  manu- 

f ac tu red  by C l i m a t e ,  Inc.; dew po in t  w a s  measured w i t h  a Cambridge Research 

Labora tor ies  cooled mi r ro r  sensor  manufactured by EG&G. Table 1 summarizes 

t h e  sensor  s p e c i f i c a t i o n s .  Sensor s i g n a l s  were inpu t  t o  t h e  va r ious  s i g n a l  

cond i t ione r s  ( t r a n s l a t o r s ) ,  which produced output  i n  t h e  range 0-5 v o l t s  

f o r  recording.  The NavSat system, t h e  primary d a t a  c o l l e c t o r ,  cons i s t ed  of 

a Data General Nova 2-10 minicomputer w i th  ana log- to-d ig i ta l  c a p a b i l i t y  and 

LLL 
Stanal 

T 

Nav-  Sat 
Data Acquisition 
System 
Mnn Tripe Output 

Data Logger 

Grocery Tope Output 

Fig.  1. System block diagram. 
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A/ D R F Instrument 

0 24 Wind speed (60 sec  11  
11 I f  

time-weighted 
average) 

Quant i ty  Sensor Channel fu l l - s ca l e  

Wind d i r e c t i o n  vane, potenti-  25 360" 
ome t er 

o f f s e t  Accuracy 

23 " 
I f  Wind d i r ec t ion  

(60 s e c  t i m e -  
weighted avg.) 

0 + 2 O  

0 II 

-60 " C f0.05"C Temperature, platinum resis- 20 80°C 
9 m  tance 

thermometer 

Temperature, 
2 m  

-60°C 11 19 11 II 

-- 22 5 v o l t s  0 NISSI Lo -- 

-- 0 11 28 NISSI H i  -- 

EG&G temp e r a  t u r  e bead -- 100°F -50°F k0.5"F 
thermistor 

I f  
EG&G dew poin t  cooled mirror 26 ' I  -50°F 

magnetic tape  recorder. The A/D system w a s  10 b i t s  (0-1023 d i g i t i z e r  u n i t s  

over t h e  0-5 v o l t  range) with a r e so lu t ion  of 0.005 vo l t s .  

da ta  were sampled from a l l  sensors once every 30 seconds. 

later provided back-up recording and monitoring capab i l i t y  with a pr in ted  

paper tape  output. Its reso lu t lon  w a s  0.001 vo l t s .  

During recording, 

The Digitec Data 
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CALIBRATIONS 

Errors in the sytem may result from voltage offsets or calibration changes 

in the digitizers or translators and changes in the calibrations of the 

sensors. A general equation relating voltages recorded by the NavSat systems 
to a given meteorological parameter can be written as 

+ b + Vmp) + F 

where 
V = D *  5.0/1023 is the voltage as reported by the NavSat system, D being 

the recorded output in digitizer units; 
b = NavSat A/D bias in volts; 

Vmn = minimum voltage obtained during zero check of signal conditioner, 
= 0 volts; 

Vr = voltage output range of signal conditioner, Vr = V,-V,, = 5 volts; 
Vm = maximum voltage obtained during full-scale check, N 5 volts; 

R = range of environmental parameters between 0 and 5 volts, in physical 
units (obtained from equipment manufacturer); 

F = value in physical units that corresponds to the zero volt output. 
X = environmental data in physical units, after corrections. 

Values of R and F for each sensor are given in Table 1. 

The NavSat A/D and the data logger biases were measured by placing a 

known voltage from a precision voltage source at the input and observing 
the recorded output. These voltages were monitored by an HP3460A digital 
voltmeter and were accurate to 0.0005 volts. Measurements were made over 
the range of 0-5 volts. 
sequent spot checks comparing the A/D output with the data logger confirm 
the results tabulated in Table 2. These bias values should be considered 
if the NavSat records 

An average bias was calculated for each camp. Sub- 

are to be compared with the data logger records. 

The signal conditioner normalizes the various sensor outputs to voltages 
between 0 and 5 volts. 
check the zero and full-scale voltage levels routinely. A summary of these 

Provision was made on the signal conditioner to 
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TABLE 2 

NAVSAT A I D  AND DATA LOGGER BIAS ( b )  
Data 

Camp A I D  Logger 

Big Bear 0.000 0.000 

Caribou +O. 004 0.000 

Blue Fox -0.007 0.000 

Snow Bird 
before 17-8-75 +0.018 0.000 

a f t e r  17-8-75 -0,011 0.000 
~~~ 

Note: b = (voltage standard) 
- (recorded voltage) v o l t s .  

checks i s  included i n  Appendix 1. I f  t h e  assumption is  made t h a t  the  zero 

and fu l l - sca l e  levels are 0.000 v o l t s  and 5.000 v o l t s  respec t ive ly ,  then 

t h e  maximum e r r o r  from t h e  s i g n a l  conditioner would be 0.1 m s-' fo r  wind 

speed, 0.4" f o r  wind d i r ec t ion ,  and 0.95"C f o r  temperature. 

and d i r e c t i o n  t h e  e r r o r  is  wi th in  t h e  accuracy of t h e  wind instruments (Table 11, 
but f o r  t he  temperature da ta  t h i s  assumption is  a po ten t i a l  source of e r ro r .  

For wind speed 

Wind Speed Cal ibra t ion  

To apply t h e  general  equation t o  wind speed da ta ,  some s impl i f i ca t ion  

can be made. 

t i one r  is  t rue ,  t h e  equation f o r  wind speed, S, becomes 

Assuming t h a t  t h e  i d e a l  0-5 v o l t  output f o r  t h e  s igna l  condi- 

R s = -  
5 

The worst case e r r o r  cont r ibu t ion  of 

which i s  wi th in  t h e  sensor accuracy, 

fu r the r  t o  

s -  

b ,  t h e  AID b i a s ,  i s  only 0.08 m s-l , 
and t h e  equation f o r  wfnd speed reduces 
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o r  

S = 4.48 V, i n  m s-l 

The wind speed system w a s  checked per iodica l ly  t o  ensure t h a t  i t  was  

functioning properly. 

t h a t  any windspeed problem would have to  be r e l a t e d  t o  t h e  sensor. 

be noted t h a t  t h e  wind speed system w a s  provided with switches t o  select any 

of t h ree  ranges (0-25 mph, 0-50 mph, 0-100 mph). Ranges set t o  o ther  than 

the  standard 0-50 mph are poss ib le  f o r  b r i e f  periods because of operator 

e r ro r .  

forming on t h e  cups. 

i l l u s t r a t e s  t h i s  problem: "30 Sept. 75, 1740-17452: Climbed tower and 

cleaned heavy f r o s t  from a l l  sensors. 

It w a s  not poss ib le  t o  make on-site ca l ib ra t ions  of t h e  wind speed sensors,  

so  t h e  manufacturer's c a l i b r a t i o n  had t o  be r e l i e d  upon. 

Electrical  tests of t h e  s i g n a l  conditioner demonstrated 

It should 

The most se r ious  d i f f i c u l t y  with t h e  system w e r e  e r r o r s  caused by i c e  

An e x t r a c t  from t h e  Caribou meteorology log  (page 27)  

Wind speed jumped from 5 t o  8 m / s . "  

Wind Direction Cal ibra t ion  

Application of t h e  general equation f o r  t h e  wind d i r e c t i o n  gives t h e  

r e l a t i v e  wind d i r ec t ion ,  which must be corrected f o r  camp azimuth changes 

as described below t o  obta in  t h e  t r u e  wind d i rec t ion .  

t h e  s i g n a l  conditioner produces an i d e a l  0-5 v o l t  output i s  a l s o  adequate 

f o r  wind d i r e c t i o n  da ta .  

The assumption t h a t  

The equation f o r  r e l a t i v e  wind d i r ec t ion ,  d r y  then 

becomes 
R 
5 dr = - ( V  + b )  

The method used -0 compu e t h e  t rue l  wind d i r ec t ion ,  d t ,  w i l l  absorb b ( t h e  

A/D b i a s ) .  Thus, t h e  usable equation becomes 

or  

dr = 7 2  V, i n  degrees 
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The placement and o r i en ta t ion  of towers, theodol i tes ,  sensors,  and 

antennas vary considerably from camp t o  camp. 

t h e  theodo l i t e  somewhere on t h e  l i n e  t h a t  i n t e r sec t ed  t h e  two NavSat antennas, 

making poss ib le  a uniform method of determining t h e  "true" wind d i r ec t ion .  

Figure 2 should be r e fe r r ed  t o  as the  following de f in i t i ons  are developed. 

However, each camp positioned 

dt = dr + 8, - 8 0  

H e r e  dt is  t h e  t r u e  wind d i r ec t ion ;  dr is t h e  r e l a t i v e  wind d i r ec t ion ;  8, 

i s  t h e  camp azimuth ( the  clockwise angle from t r u e  North t o  t h e  A-tB l i n e  as 

determined by t h e  NavSat system); and 0, i s  t h e  r e l a t i v e  zero azimuth. This 

l a s t  term i s  equal t o  a + B,  where ci is t h e  clockwise angle from t h e  theodo- 

l i t e  m e t  tower l i n e  (between t h e  theodol i te  and t h e  tower wind-direction 

' 

Antenna Antenna 

Fig. 2.  True wind d i r ec t ion  determination. 
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sensor housing) t o  t h e  NavSat antenna A+B l i n e ,  and B is t h e  ind ica ted  

d i r e c t i o n  when t h e  t a i l  of t h e  wind d i r e c t i o n  vane w a s  pointed a t  t h e  

theodolite.  

Camp azimuths a t  3 h r  i n t e r v a l s  are ava i l ab le  from t h e  AIDJEX da t a  

bank. 

rou t ine  c a l i b r a t i o n  checks using t h e  above de f in i t i ons .  

Appendix 2 includes a tabula t ion  of e,, a, and B as measured during 

Per iodic  checks of t h e  wind d i r e c t i o n  systems ensured proper opera t ion ,  

but some s l ippage  of t h e  vane s h a f t  r e l a t i v e  t o  t h e  sensor element w a s  found; 

t h e  r e s u l t s  are r e f l e c t e d  i n  the  per iodic  8, checks. During these  tests t h e  

vane had t o  be held by hand, and t h i s  introduced s m a l l  va r i a t ions  i n  t h e  

8, measurements. 

Temperature Cal ibra t ion  

For t h e  b e s t  estimation of t h e  absolute temperature, T, t he  f u l l  general 

equation is required. This gives t h e  temperature as 

A s impl i f i ca t ion  can be made i f  i t  is  des i red  only t o  observe t h e  d i f f e rence  

i n  temperatures between t h e  9 m and 2 m l eve l s .  

i n  Appendix 3 . )  

pera ture  probes were placed together a t  t h e  2 m level f o r  a side-by-side 

comparison. The r e s u l t s  of these  tests are tabulated i n  Appendix 4 using 

t h e  assumption t h a t  t h e  zero and fu l l - sca l e  outputs from the  s i g n a l  condi- 

t i one r  w e r e  0.000 and 5.000 v o l t s ,  respectively.  The A/D b i a s ,  b ,  w a s  set 

a t  zero, as t h i s  term w i l l  drop out  when t h e  d i f fe rence  is  taken. The 

r e s u l t i n g  idea l ized  equation f o r  air temperature becomes 

(The exact heights are given 

Per iodic  rout ine  tests w e r e  performed i n  which t h e  two t e m -  

R 
5 T = -  ( V )  + F  

or  

T = (16 V - 60), i n  degrees Celsius (3)  
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A few checks of the temperature system were made by placing the sensor 

elements in a controlled temperature bath, usually an ice bath. Where 

possible, a precision Hewlett Packard 2801A quartz thermometer was used to 

monitor the bath temperatures. 
the temperature computed using both the general form of the equation and 
the idealized form. 

Table 3 summarizes these tests and includes 

The most serious problem with the temperature data was the variations 
in the recorded differences between sensors. We believe these variations 
to be a result of inadequate aspiration. 
evidence that temperatures changed when the wind direction varied or when 
the aspirator motors failed completely. 
aspirator motor failed at Caribou on 5 March 1976, the temperature increased 
about l0C relative to the 2 m probe. 
sudden increase disappeared. 

This argument is supported by 

For example, when the 9 meter 

When the motor was repaired, that 

- Dew Point Calibration 

Dew-point temperature was monitored only at the main camp: first at 
Big Bear, then, from 2 November 1975 on, at Caribou. At both camps, the 
sensor was positioned approximately 2 m above the snow or ice surface. 

Since no provision had been made to calibrate the unit during its use, the 
manufacturer's calibrations and specifications were relied on heavily. It is 
necessary to assume that a temperature range of -50°F to +50°F corresponds to 

the specified output range of 0.000-5.000 volts. With this assumption, the general 
equation for dew/frost-point temperature, E, reduces to 

R 
5 E = - ( V + b ) + F  

or 

E = 20 ( V  + b)  - 5O0F 

The conversion from degrees Fahrenheit to degrees Celsius is 

5 OC = (F - 32) - 9 
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TABLE 3 
TEMPERATURE BATH TESTS 

+ 3.36 --- 
+ 0.09 --- 
+ 0.27 + 0.04 

- 0.10 + '0 .11  
+ 0.01 + 0.11 - 0.03 + 0.04 
- 0.03 + 0.04 

-28.52 -28.94 
+18.31 +18.64 

Date T ime  

Big Bear  
27 Apr 75 0037-0046 
27 Apr 75 0623-0631 
28 J u l  75 0704-0725 

+ 3.30 ---- 
+ 0.03 --- 
+ 0.21 + 0.03 

+ 0.02 - 0.02 
+ 0.06 - 0.02 
+ 0.62 - 0.13 
+ 0.62 - 0.13 

-28.21 -29.06 
+19.18 +18.43 

Caribou 
13 Aug 75 0027-0058 
13 Aug 75 0123-0140 
16 Mar 76 2120-2310 

1.Apr 76 2225-2321 

3 Apr 76 1651-1730 
2 Apr 76 0007-0038 

- 0.08 + 0.23 
- 0.14 + 0.24 
- 0.14 + 0.24 
- 0.21 + 0.01 
-21.11 -21.00 
+ 7.56 + 7.82 - 0.22 + 0.06 
+15.60 +15.88 

1 B Z U ~  FOX 
12 J u l  75 0704-0725 
23 Feb 76 2158-0001 
22 Mar 76 2128-0015 
27 Mar 76 2134-2204 
27 Mar 76 2312-2330 
27 Mar 76 2358-0023 

19 Apr 76 2134-2300 
19 Apr 76 2003-2120 

+ 0.08 - 0.11 
- 0.11 
- 0.18 
-21.01 
+ 7.57 
- 0.19 
+15.58 

sncro Bird 
18 Aug 75 0218-0236 
18 Aug 75 0327-0340 
21 Mar 76 0115-0145 
21 Mar 76 0301-0332 
21 Mar 76 0442-0515 

7 Apr 76 2128-2330 
19 Apr 76 2320-0020 

- 0.08 + 0.04 
+ 0.01 + 0.04 
+ 0.32 - 0.06 
+19.05 +18.69 
-25.43 -25.80 
+ 0.03 - 0.06 

0.00 - 0.18 

Monitor 
Temp. 

("C) 

+ 0.02 
0.00 

+ 0.01 

- 0.01 
- 0.01 

+ 0.01 
+18.54 
-28.79 

--- 

+ 0.01 --- 
--- 

+ 0.01 
-20.40 
+ 7.73 

+15.80 
--- 

+ 0.01 
+ 0.01 
+ 0.01 
+18.60 
-25.57 
+ 0.08 --- 

+ 0.14 + 0.14 
+ 0.21 + 0.14 
+ 0.43 + 0.05 
+19.14 +18.77 
-25.28 -25.65 
+ 0.14 + 0.05 
+ 0.11 - 0.06 

Volts  
T9 T2 

3.956 --- 
3.752 --- 
3.763 3.752 

3.751 3.749 
3.754 3.749 
3.789 3.742 
3.789 3.742 
4.949 4.902 
1.987 1.934 

3.755 3.768 
3.743 3.763 
3.743 3.763 
3739 3.749 
2.437 2.439 
4.223 4.236 
3.738 3.752 
4.724 4.738 

3.759 3.759 
3.763 3.759 
3.777 3.753 
4.946 4.923 
2.170 2.147 
3.759 3.753 
3.757 3.746 

General Eaua- I Ideal ized Eaua- 
t i o n  ('6) t i o n  ("C) 

+ 0.29 
+ 0.21 
+ 0.21 
- 0.02 
-20.98 
+ 7.78 
+ 0.03 
+15.81 

Notes 

o ld  probe 
new probe 

ad j .  t o  s i g .  con. 
ice  bath 

i c e  bath 
ice bath 

ice ba th  

a d j  . t o  s i g .  con. 

ice  bath 

Combining t h i s  information g ives  a usuable  equat ion of 

5 
9 E = - [20 (V + b )  - 821, i n  degrees  Cels ius  ( 4 )  

For temperatures  below O°C t h e  temperature  recorded by t h i s  system is 

t h e  f r o s t  po in t .  

s i o n  from f r o s t  po in t  t o  a t r u e  dew po in t .  

from t h i s  t a b l e  t o  a i d  i n  t h e  c a l c u l a t i o n  of dew po in t  d i r e c t l y  from t h e  

.recorded vo l t age .  Define A as 

A t a b l e  has  been included i n  Appendix 5 t o  make t h e  conver- 

The fol lowing equat ion  w a s  der ived  

A = 20 (V + b)  - 82 

138 



If the air temperature IT, is 0°C or higher, then the dew point temperature 

is 5/9A; if T is lower than O'C, then the dew point temperature is 

(1.129A + 0.0005 A2) (5) 9 

Once every twelve hours the cooled mirror in the dew/frost point sensing 
system was heated automatically to above the ambient temperature to clear 

away ice and moisture. It took the system about 10 minutes to return to its 
normal temperature-balancing mode and about 15 minutes to return to a stable 

temperature that indicated the dew/frost point. 

SUMMARY 

In general, the meteorological systems performed well during the AIDJEX 
The accuracies given below should be considered typical for all activities. 

camps. 
helped to minimize the effect of such environmental influences as icing of 

the anemometers and snow packing into the aspirators and temperature shields, 

The camps were maintained by a dedicated group of observers who 

Combining the basic wind speed accuracy of the larger of 0.07 m sec-' 
and 1% with the observed influence of the recording system of 0.1 m sec-l, 
the overall accuracy is 0.17 m sec-' or 1%, whichever is greater. 
tion of the wind speed data is 0.11 m sec-' from the NavSat records. 
assumes that the instruments were clear of ice. 

The resolu- 

This 

The true wind direction canbegiven to +5" by combining the basic sensor 
accuracy of 22" over the range 0"-354" with 0.4" contribution from the record- 
ing system and +-2" from the routine relative zero measurements. 
of the wind direction data was 0.36". 

The resolution 

During controlled bath tests the absolute temperature was observed to be 
accurate to O.O5"C, with a standard deviation of 0.19"C after using the gen- 
eral form of the equation with all bias values accounted for. The idealized 
equation gives the same accuracy, but increases the standard deviation of all 
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tests to 0.27OC. 

standard deviation of their differences was 0.25. The resolution available 

was 0.08OC. 

For clean aspirated probes operating side by side, the 

The dew point temperatures should be good to 0.5OC with a resolution of 
0.3OC. 
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APP END1 CE S 

Appendix 
1 ..... Zero and full-scale summaries. 
2 ..... Relative zero azimuths. 
3 ..... Instrument heights. 
4 ..... Side-by-side comparison of temperature probes 
5 ..... Conversion from dew point to frost point. 

Note: 
consecutively, beginning with day 1 = 1 January 1975 and ending with day 
500 = 14 May 1976. Some of the appendices use this system, under columns 
headed "AIDJEX Day. " 

For the main experiment AIDJEX adopted a convention of numbering days 
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APPENDIX 1 
ZERO AND FULL-SCALE SUMMARIES 

Values t abu la t ed  are averages of vo l t ages  obtained from D i g i t e c  

records  during r o u t i n e  zero  and f u l l - s c a l e  checks. 

Z 
E 
R 
0 

C 
H 
E 
C 
K 

F 
U 
L 
L 

S 
C 
A 
L 
E 

C 
H 
E 
C 
K 

Q u a n t i t y  Big Bear Caribou Blue Fox Snow Bird 

Wind speed 0.000 0.000 0.000 0.000 

Wind speed +o . O O l  -0.001 0.000 0 .ooo 

Wind d i rec-  0.000 0.000 0.000 0.000 

Wind d i r ec -  +0.001 ' 0.000 +0.001 0.000 

(t .w.a.)  

t i o n  

t i o n  -0. O O l a  

9 m  -0. 005b -0.002a 

0.  OOOd 

(t .w.a.)  

Temperature, 0.000 -0.014 -0.007 -0.005 

-0 .  ooze 

Temperature, -0.006 0.000 -0.001 0 .ooo 
2 m  -0.002c 

Q u a n t i t y  Big Bear Caribou Blue Fox Snow Bird 

Wind speed +4.998 +4.994 +4.987 +4.996 
+4. 99lC +5. OOOe +4.99lC 

+4.992' 

Wind speed +5.002 +5.001 +5.001 +5.001 
( t  .w. a , )  +5. 004c 

Wind d i r ec -  +4.998 +5.000 +4.997 +4.994 

Wind d i r ec -  +4.997 +5.004 +5.001 +5.000 

t i o n  +4. 997c +4. 998a 

t i o n  + 4 .  99ga 
( t  .w. a . )  

Temperature, +4.995 +4.982 +4.988 +4.992 
9 m  +4.998b +4.977' +4. 997a 

+4. 995c +4. 990c 
+5. 060d 

2 m  +4.99lC +4. 986c +4. 99OC 
Temperat.ure, +4.985 +4.995 +4.993 +4.994 

aaf t er 18 August 19 75. 
b a f t e r  13 August 1975. 
Cafter 1 October 1975. 

daf ter  24 November 1975. 
eafter 1 2  J u l y  1975. 
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APPENDIX 2 
RELATIVE ZERO AZIMUTHS 

Relative zero azimuth (e , )  is  t h e  sum, of' a and B ,  where a i s  t h e  

clockwise angle  from t h e  theodol i te+met  tower l i n e  (between the  t h e o d o l i t e  

aqd t h e  tower wind d i r e c t i o n  sensor  housing) t o  t h e  NavSat antenna A+B l i n e ,  

and B i s  the  ind ica t ed  d i r e c t i o n  when t h e  t a i l  of t h e  wind d i r e c t i o n  vane 

w a s  pointed a t  the  theodo l i t e .  The t a b u l a t i o n  below g ives  e,, a, and B as 

measured dur ing  r o u t i n e  c a l i b r a t i o n  checks using t h e  above d e f i n i t i o n s .  

B I G  BEAR 

Time  a +  ~ = e ,  Notes AIDJEX Date 
DAY 
99 9 Apr 75 140.3" 2.0" 142.3" B assumed from later 

measurements. 

141  21 May 75 140 3 2.0 142.3 6 measured here .  

160 9 Jun 75 2039 2.0 

253 10 Sep 75 28.95 114.48 143.4 One-time-only measurement 
from d i f f e r e n t  t h e o d o l i t e  
p o s i t i o n  on A+B l i n e .  

258 15 Sep 75 140.3 2.0 142.3 

266 23 Sep 75 1713 140.4 2.0 142.4 

269 26 Sep 75 140.4 2.0 142.4 

--camp breakup; end of data-- 

CAR I BOU 

116 26 Apr 75 1030 131.1" 3.4' 134.5' 

125 5 May 75 2304 131.1 179.9 311.0 Wind d i r e c t i o n  sensor  turned 

130 10 May 75 1820 131.1 3.4 134.5 Sensor re turned  t o  normal. 

133 13 May 75 1900 131.1 3 . 4  134.5 

150 30 May 75 0045 131.1 5.0 136.1 

157  6 Jun 75 2145 131.1 5.1 136.2 

165 14 Jun 75 0100 131.1 4.2 135.3 

180" i n  i t s  mounting. 
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Appendix 2 (cont inued)  

CARIBOU (cont inued)  

. *IDJEX Date T i m e  a + 8 =  60 Notes DAY 

1 7 3  22 Jun 75 

182  1 J u l  75 

187 6 J u l  75 

1 9 3  1 2  J u l  75 

201 20 J u l  75 

209 28 J u l  75 

214 2 Aug 75 

223 11 Aug 75 

225 13 Aug 75 

234 22 Aug 75 

242 30 Aug 75 

251 8 Sep 75 

251 8 Sep 75 

257 1 4  Sep 75 

263 20 Sep 75 

270 27 Sep 75 

278 5 Oct 75 

279 6 O c t  75 

285 1 2  Oct 75 

291 18 O c t  75 

297 24 O c t  75 

306 2 Nov 75 

307 3 Nov 75 

312 8 Nov 75 

320 16 Nov 75 

334 30 Nov 75 

372 7 J a n  76 

379 1 4  J a n  76 

393 28 J a n  76 

401 5 Feb 76 

416 20 Feb 76 

2310 

0001 

2245 

2212 

0120 

0042 

2341 

0020 

1951 

2204 

2330 

2224 

2343 

2250 

2146 

0241 

2 340 

1740 

2150 

0020 

1852 

2310 

2020 

2030 

2310 

2320 

2128 

2319 

2109 

0020 

1910 

131.1' 

131.1 

131.1 

131.1 

131.1 

131.1 

131.5 

132.0 

131.8 

131.4 

131.4 

131.4 

82.0 

82.0 

82.0 

82.0 

82.0 

81.9 

81.9 

91.5 

91.5 

91.5 

91.4 

91.4 

91.5 

91.4 

91.4 

91.4 

91.3 

91.2 

4.0' 

3.4 

4.6 

5 .2  

4.3 

3.9 

2.7 

2.2 

. 2 . 2  

2.2 

1.9 

3.2 

50.3 

52.7 

51.7 

50 .1  

5 2 . 1  

51.3 

52.6 

41.0 

38.7 

40.4 

40.8 

40.1 

40.5 

41.. 2 

41.9 
41 .1  

41.2 

40.4 

135.0' 

134.5 

135.7 

136 e . 3  

135.4 

135 .O 
134.2 Tower s t r a i g h t e n e d .  

134.2 

134.0 

133.6 

133.3 

134.6 

132.3 

134.7 

133.7 

132.1 

1 3 4 . 1  

New t h e o d o l i t e  p o s i t i o n  on A+B 
l i n e ;  windy weather .  

-- Vane r e p l a c e d .  

133.2 

134.5 

132.5 

130.2 

131.9 

132.2 

131.50 

131.97 T a i l  h e l d  toward t h e o d o l i t e .  

132.6 

133.27 

132.48 

132.5 

131.6 

New t h e o d o l i t e  p o s i t i o n  on A-tB l i n e .  
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Appendix 2 (cont inued)  

CAR1 BOU (cont inued)  

Notes a + B =  8 0  *IDJEX Date T i m e  Day 

422 26 Feb 76 0056 91.3' 40.4' 131.7' 

428 3 Mar 76 2110 91.3 41.5 132.8  

443 1 8  Mar 76 0020 91.3 39.5 130.8  

457 1 Apr 76 0338 91.3 40.6 131 .1  Assumed va lue .  

--end of data-- 

BLUE FOX 

109 19  Apr 75 

148 28 May 75 

164  1 3  Jun 75 

193 1 2  J u 1  75 

194  1 3  J u l  75 

207 26 J u l  75 

213 1 Aug 75 

228 16 Aug 75 

230 18  Aug 75 

245 2 Sep 75 

256 1 3  Sep 75 

265 22 Sep 75 

272 29 Sep 75  

279 6 Oct 75 

281 8 O c t  75 

287 1 4  O c t  75 

287 1 4  Oct 75 

293 20 O c t  75 

293 20 O c t  75 

294 2 1  O c t  75 

304 31  O c t  75 

307 3 Nov 75 

314 10 Nov 75 

0400 

2141 

0220 

2330 

0036 

2037 

2342 

0602 

0454 

2002 

1933 

1913 

1911 

2114 

1944 

0028 

2030 

2038 

2040 

0012 

0045 

1849 

1857 

33.3' 182.4' 215.7' $ assumed from next  measurement, 
when procedure w a s  changed. 

33.3 182.4 

33.3 179.9 

33.3 181 .1  

33.3 179 .8  

33.3 177.6 

33.3 178.0 

33.3 180.3 

33.4 178.9 

33.4 177.2 

33.3 178.0 

33.3 176.6 

33.3 172.7 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

169.1  

170.0 

,167.5 

185.4 

186.2 

191.6 

175.8  

175.6 

176.0 

175.0 

215.7 

213.2 

214.4 

213.1 

210.9 

211.3 

213.6 

212.3 Theodol i te  moved s l i g h t l y .  

210.6 

211.3 

209.9 

206.0 

Tower stump found loose  i n  t h e  ice.  

202.4 High winds during measurement. 

203.3 

200.8 Suspect changes caused by loose  
sensor  vane coupl ing set screw. 

218.7 New sensor  s e t  i n  p lace .  

219.5 

224.9 Coupling screw t igh tened .  

209.1 Sensor ad jus t ed  s l i g h t l y .  F ina l  

208.9 

209.3 

208.3 

value  obtained . 
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Appendix 2 (continued) 

BLUE FOX (continued) 

Date Time a + B =  8 0  Notes DAY 
321 17 Nov 75 2052 33.3" 174.3" 207.6" 

328 24 Nov 75 2003 33.3 176.0 209.3 
335 1 Dec 75 2024 33.3 177.0 210.3 Darkness hampered measurement. 
342 8 Dec 75 2129 33.3 176.9 210.2 

349 15 Dec 75 2145 33.3 176.3 209.6 
360 26 Dec 75 2150 33.3 176.1 209.4 

370 5 Jan 76 2119 33.3 176.6 209.9 
378 13 Jan 76 2113 33.3 176.9 210.2 
384 19 Jan 76 2040 33.3 177.0 210.3 

388 23 Jan 76 0600 32.5 -- -- Theodolite moved during deriming. 
391 26 Jan 76 2110 33.3 176.2 209.5 Theodolite back in original position. 
398 2 Feb 76 2050 33.3 177.0 210.3 
398 2 Feb 76 205Ot 108.7 107.2 210.9 Oceanographer's theodolite used. 

407 11 Feb 76 2319 33.3 177.5 210.8 

412 16 Feb 76 1958 33.3 177.2 210.5 
412 16 Feb 76 1958+ 108.7 102.0 210.7 Oceanographer's theodolite used. 
421 25 Feb 76 2028 33.3 177.3 210.6 

1 426 1 Mar 76 2116 33.3 177.3 210.6 

433 8 Mar 76 2123 33.3 176.9 210.2 

440 15 Mar 76 2030 33.1 177.0 210.1 

447 22 Mar 76 1956 33.3 177.2 210.5 
b 

447 22 Mar 76 1956+ 108.7 101.8 210.5 Oceanographer's theodolite used. 

452 27 Mar 76 1844 33.3 177.2 210.5 

452 27 Mar 76 1844+ 108.7 101.5 210.2 Oceanographer's theodolite used. 

463 7 Apr 76 0017 33.3 177.3 210.6 

468 12 Apr 76 2047 33.3 177.1 210.4 

476 20 Apr 76 1955 33.3 177.5 210.8 
--end of data-- 

145 



Appendix 2 (continued) 

SNOW B I R D  

A'DJEX Date T i m e  a + B = 8 ,  Notes DAY c 

135 15  May 75 2230 113.2' 2.2' 115.4' 

165 14 Jun 75 0230 113.2  351.3 104.5 Loose set  screw suspected i n  vane 

166 15  Jun 75 0406 113.2 352.0 105.2 

181 30 Jun 75 0610 113.2 351.6 104.8 

197 16 J u l  75 0705 113.2 350.3 103.5 

215 3 Aug 75 0730 113.2 350.5 103.7 

229 1 7  'Aug 75 113.2 348.6 101.8 

235 23 Aug 75 2350 113.2 353.6 106.8 

236 24 Aug 75 0001 113.2 352.4 105.6 S e t  screws t igh tened .  

coupling. .. 

257 14 Sep 75 

269 26 Sep 75 

277 4 oc t  75 

283 10 Oct 75 

292 1 9  O c t  75 

298 25 O c t  75 

299 26 Oct 75 

2215 

2215 

0040 

2250 

0100 

0030 

2p 10 

113.2 

113.2 

113.2  

113.2 

113 .2  

113.2 

351.7 

351.0 

350.6 

351.1 

351.9 

351.8 

104.9 

104.2 

103.8 

104.3 

105.1 

105.0 

Wind d i r e c t i o n  system not  opera t ing ;  
power supply problem. 
Wind d i r e c t i o n  vane replaced.  307 3 Nov 75 

311 7 Nov 75 

314 10 Nov 75 

315 11 Nov 75 

b 

2330 113.2 

113.2 

113.2 

6.0 

4 .3  

352.22 

119.2 

117.5 

105.42 
4 

New wind sensor  11142 ( o r i g i n a l )  
r ep laces  11151. 

11151 rep laces  11142 a f t e r  11142 s l i p s  
i n  s h a f t .  

Changed theodo l i t e  p o s i t i o n  s o  ob- 
se rve r s  could see both antennas.  

1955 

329 25 Nov 75 2330 113.2 3.82 117.02 

333 29 Nov 75 3.46 116.66 2303 113.2  

339 5 Dec 75 

346 1 2  Dec 75 

353 19 Dec 75 

360 26 Dec 75 

381 16 Jan  76 

384 19 Jan  76 

384 19 Jan  76 

388 2 3  Jan  76 

397 1 Feb 76 

2105 

2105 

2113 

2131 

2126 

0000 

0000 

2142 

2325 

101.34 

101.34 

101.34 

101.35 

101.6 

101.37 

100.7 

100.7 

100.7 

13.68 

13.82 

13.97 

13.82 

12.74 

13.97 

13.39 

13.03 

13.03 

115.02 

115.16 

115.31 

115.17 

114.34 

115.34 

114.09 

113.73 

113.73 

Measured a f t e r  A-tB l i n e  w a s  sheared.  

Before B antenna was reconnected. 

Af te r  t heodo l i t e  w a s  moved. 
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Appendix 2 (continued) 

SNOW BIRD (cont inued)  

*IDaX Date T i m e  a + B =  0 0  Notes DAY 
403 7 Feb 76 -- -- -- -- New l e a d  causes  shear ing .  Antenna 

406 10 Feb 76 -- -- -- -- Antenna A hooked up again.  Angle 
A disconnected.  

i n t e r s e c t i n g  A+theodolite+B 
i s  now 180'31'. 

t i v e  t o  A. Moved B 31 f t  t o  o ld  
A+B l i n e .  

409 1 3  Feb 76 0101 100.7' 13.32' 114.02' Theodol i te  i n  same p o s i t i o n  rela- 

416 20 Feb 76 2346 100.7 13.2 113.9 

425 29 Feb 76 0028 100.8 12.67 113.47 

428 3 Mar 76 -- -- -- -- Lead through camp s e p a r a t e s  anten- 

431 6 Mar 76 0013 100.8 13.25 114.05 Using A antenna as if B w e r e  s t i l l  

437 12 Mar 76 0030 100.8 13.39 114.19 

444 19 Mar 76 0249 100.8 13.32 114.12 

451 26 Mar 76 2110 280.8 12.6 293.4 Resul t s  from reve r s ing  A+B l i n e .  

nas A and B .  

i n  pos i t i on .  

B pu t  on oppos i te  s i d e  of A 
some t i m e  be fo re  22 March. 

463 7 Apr  76 0235 280.8 13.54 294.34 

468 12 Apr 76 2041 280.8 13.97 294.77 Slan ted  wind vane? 

474 18 Apr  76 2325 280.8 15.05 295.85 A/D b i a s  may b e  reason f o r  change 
i n  8 .  

--end of data-- 

. 
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APPENDIX 3 
INSTRUMENT HEIGHTS 

The he igh t s  of t h e  ins t ruments  on t h e  t h e  o the r  camps, e l e v a t i o n  h i s t o r i e s  have 
tower were measured relative t o  t h e  been cons t ruc ted  from t h e  snow dep th / i ce  
tower b a s e p l a t e  (Table A) .  The he ight  a b l a t i o n  measurements of Arne Hanson. 
of basep la t e s  relative t o  t h e  s u r f a c e  The he igh t  of t h e  instrument  r e l a t i v e  t o  
(Table B) v a r i e d  wi th  snowfal l  and i c e  t h e  s u r f a c e  is  found by adding the  base- 
a b l a t i o n .  A t  Blue Fox, a c a r e f u l  rec- p l a t e  he igh t  above the  s u r f a c e  t o  t h e  
ord of basep la t e  e l e v a t i o n  w a s  made; a t  he ight  recorded i n  Table A. 

A. HEIGHTS ABOVE BASEPLATE ( i n  cm) 

Wind 
Camp Sensors T9 T2 

Big Bear 965 875 154 

Caribou 
u n t i l  day 198 963 881 192 
a f t e r  day 198 963 841 152 

Blue Fox 963 839 149 
days 193-256 only ..................... 110 
days 406-408 only .............. 799 

(approx. 1 
Snow Bird 

u n t i l  day 291 964 881 192 
964 841 152 a f t e r  day 291 

B. TOWER BASEPLATE HEIGHTS ABOVE SNOW ( i n  cm) 

Day Big Bear Caribou Blue Fox Snow Bird 

110 
130 
150 
170 
190 
210 
2 30 
250 
2 70 
290 

310 
330 
350 
370 
390 

. 410 
4 30 
450 
4 70 
490 

0 
0 
0 

10 
25 
40 
45 
42 
40 

- 8  28 
- 8  18 
- 8  25 
- 4  20 

1 2  32 
36 32 
43 32 
50 32 
50 28 
48 22 

47 21 
47 20 
47  17 
46 15 
46 15 
45 13 
43 1 4  
41  15  
38 1 5  
38 -- 

8 
8 
8 

13 
32* 
50* 
49* 
49* 
4 7* 
4 7* 
46 
45 
44 
43 
42 
41  
40 
38 
38 
37 

4 

(*) These va lues  good only t o  + l o  cm. 
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APPENDIX 4 
SIDE-BY-SIDE COMPARISON OF TEMPERATURE PROBES 

The temperature  senso r s  were compared w i t h  each o t h e r  by temporar i ly  

r epos i t i on ing  t h e  sensor  from t h e  9 m level next  t o  t h e  sensor  a t  2 m. The 

t a b l e  below gives  t h e  t i m e  of t h e  test ,  the mean temperature  as measured by 

t h e  2 m s enso r  during t h e  t e s t ,  t h e  average d i f f e r e n c e  between t h e  sensors  

(Tg - T2),  and t h e  s tandard  d e v i a t i o n y o ,  of t h i s  d i f f e r e n c e .  

B I G  BEAR 

A I D  JEX T2 T9-T2 (J 

111 2 1  Apr 75 1845-2100 -21.6 +1.60 0.10 Suspect problem wi th  9 m 

113-114 23-24 Apr 75 2330-0420 -19.8 +3.30 0.10 Continued problem. 

116 27 Apr 75 0752-0818 -26.2 -0.17 0.02 9 m probe rep laced .  

142-143 22-23 May 75 1920-0540 -10.4 +0.07 0.18 Wind d i r e c t i o n  change dur ing  

Day Date T i m e  ("e> ("C) ("e) Notes 

probe. 

test corresponding t o  change 
of s i g n  of Tg-T2 i n  test .  

171-172 20-21 Jun 75 2000-0000 - 3.8 +0.12 0.06 

199 18  J u l  75 0213-0637 + 0 .3  +0.18 0.05 

215-216 3-4 Aug 75 1915-0630 - 0.2 +0.29 0.04 

248-249 5-6 Sep 75 2230-0030 - 3.9 -0.02 0.02 

CAR1 BOU 

123 

133 

139 

149 

155-156 

162 

170 

176-177 

183- 184 

190-191 

3 May 75 

13 May 75 

19 May 75 

29 May 75 

4-5 Jun  75 

11 Jun 75 

19 Jun  75 

25-26 Jun  75 

2-3 J u l  75 

9-10 J u l  75 

0211-0700 -16.1 -0.10 0.06 

0124. ........................... T2 CH19 placed on CH26. 

1918-2331 -12.6 -0.22 0.18 

1845-2126 - 5.5 -0.14 0.02 

2200-0230 - 2 . 1  -0.06 0.10 

1936-2334 - 1 .5  +0.30 0.16 

0031-0430 - 2.0 +0.04 0.05 

2122-0215 3 . 0 . 0  +0.02 0.10 

2225-0215 0.0 +0.11 0.04 

2240-0216 + 0.5 +0.17 0.04 
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Appendix 4 (continued) 

CARIBOU (continued) 

AIDJEX T2 T9-T2 0 
Day Date T i m e  ("0 ("C) ("0 Notes 

19 7-19 8 

204-205 

2 11- 2 12  

218 

224 

224 

232 

239 

246 

253 

260-261 

274-275 

282 

289 

296 

30 3 

310 

330 

353 

374 

380-381 

387-388 

39 5 

403 

409-410 

416-417 

422-423 

4 30 

430 

442 

457 

16-17 J u l  75 

23-24 J u l  75 

30-31 J u l  75 

6 Aug 75 

12  Aug 75 

12  Aug 75 

20 Aug 75 

27 Aug 75 

3 Sep 75 

10 Sep 75 

17-18 Sep 75 

1-2 O c t  75 

9 O c t  75 

16  O c t  75 

23 O c t  75 

30 O c t  75 

6 Nov 75 

26 Nov 75 

19 Dec 75 

9 Jan  76 

15-16 Jan  76 

22-23 Jan  76 

30 Jan  76 

6 Feb 76 

12-13 Feb 76 

19-20 Feb 76 

26-27 Feb 76 

5 Mar 76 

5 Mar 76 

1 7  Mar 76 

1 Apr 76 \ 

2147-0319 + 0.8 +0.02 0.02 

2230-0234 - 1.5 +0.16 0.06 

2140-0240 - 0.5 -0.05 0.08 

1931-2343 + 0.2 -0.13 0.07 

0359 .......................... 
1940-2320 - 1 . 7  -0.15 0.15 

1820-2220 + 0.4 +0.18 0.04 

1800-2200 + 0 . 1  +0.10 0.01 

1940-2340 - 0 .3  +0.27 0.03 

1940-2340 - 0.4 -0.07 0.05 

1820-0120 - 1.9 +0.20 0.10 

2008-0043 - 1 2 . 1  +0.09 0.04 

0230-0600 ..................... 
0250-0620 

0320-0510 

16 30-1 7 30 

0550-0740 

0050-0410 

0220-0500 

0020-0600 

2350-0340 

2 15 2-003 7 

0040-0440 

0240-0409 

2300-0500 

2243-0229 

1940-0040 

0400-0440 

0600-0720 

0030-0250 

1920-2130 

-12.1 

-26.2 

-24.8 

-28.2 

-27.4 

-32.7 

-33.6 

-39.3 

-29.8 

-31.8 

-25.3 

-29.4 

-33.1 

-32.8 

-25.5 

-28.9 

-23.2 

-30.3 

+0.18 

+0.07 

-0.07 

+O. 41 

+O. 85 

+O. 96 

+O .84 

+O. 88 

+O. 78 

+O. 82 

+O. 78  

+0.83 

+O. 76 

+l. 11 

+2.08 

+o. 99 

+O. 83 

-0.64 

0.02 

0.30 

0.02 

0.02 

0.05 

0.05 

0.04 

0.01 

0.01 

0.01 

0.01 

0.08 

0.06 

0.24 

0.18 

0.07 

0.02 

0.03 

T2 r e tu rned  t o  CH19. 

High winds noted i n  log. 

High winds blowing i n t o  
a s p i r a t o r .  

No Dig i t ec  record.  

I 

I 

i 

J 
t 

Data obtained from very  
s h o r t  t i m e  series. 

Short  t i m e  series. 

Short  t i m e  series. 

Wind s h i f t ,  blowing i n t o  

9 m a s p i r a t o r  n o t  working. 

Aspi ra tor  probe r epa i r ed .  

horn a t  end of run. 

. 

-- end of d a t a  -- 
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Appendix 4 (cont inued)  

BLUE FOX 

A I D J E X  
Day 

113-114 

126-127 

136-13 7 

148-149 

156-157 

163 

169 

176-177 

184  

190-191 

19 2-19 3 

197-198 

204-205 

212-213 

218 

225-226 

2 32 

240-241 

246 

25 3- 2 54 

260-2 61 

268 

272 

279 

286-287 

293-294 

307-308 

321 

321-322 

335 

349-350 

35 2- 35 3 

Date 

23-24 Apr 75 

6-7 May 75 

16-17 May 75 

28-29 May 75 

5-6 Jun 75 

1 2  Jun  75 

1 8  Jun 75 

25-26 Jun 75 

3 J u l  75 

9-10 J u l  75 

11-12 J u l  75 

16-.17 J u l  75 

23-24 J u l  75 

31-1 Aug 75 

6 Aug 75 

13-14 Aug 75 

20 Aug 75 

28-29 Aug 75 

3 Sep.  75 

10-11 S e p  75 

17-18 Sep 75 

25 Sep  75 

29 Sep  75 

6 O c t  75 

13-14 Oct 75 

20-21 O c t  75 

3-4 NOV 75 

1 7  Nov 75 

17-18 NOV 75 

1 Dec 75 

15-16 Dec 75 

18-19 Dec 75 

35 3 19 Dec 75 

T i m e  

2337-1900 

2000-0020 

2200-0320 

2100-0100 

2020-0300 

0410-0620 

2140-2340 

2140-0100 

0 300-0600 

2140-0140 

2200-0150 

2200-0150 

2300-0140 

2350-0220 

2130-2340 

2200-0020 

1830-2040 

2200-0230 

1900-2130 

2200-0260 

2200-0010 

0200-0440 

1840-2340 

1920-2320 

1955-0045 

1940-0000 

1900-0000 

1825-2 330 

2330-0205 

1849-2 34 5 

1920-0145 

1843-0120 

0607-0907 

T2 *9-T2 
("C) ("C) 

-21.2 -0.35 

- 7.9 -0.08 

- 8.5 -0.19 

- 8.8  -0.20 

- 2 . 1  -0.24 

- 3.7 -0.12 

- 2 .1  -0.04 

+ 0.2 -0.01 

+ 0.4 -0.20 

+ 0.6 -0.05 

- 0.2 +0.01 

+ 0.5 -0.02 

- 0.3 -0.06 

+ 0.3  -0.31 

- 0.4 -0.29 

+ 0.6 -0.27 

+ 0.5 -0.19 

- 1.1 -0.32 

- 2 . 1  -0.24 

- 1 . 7  -0.17 

- 4 .1  -0.37 

- 8.2 -0.34 

-12.5 -0.35 

- 4.8 -0.25 

-24.6 -0.77 

-14.8 -0.45 

-33.4 -0.45 

-28.5 -0.33 

- 2 7 . 1  -0.33 

-33.6 -0.53 

-34.2 -0.61 

-29.7 -0.42 

-32.6 -0.36 

0 

("C) Notes 

0.23 

0.03 

0.06 

0.06 

0.12 

0.05 

0.09 

0.06 

0.02 

0.04 

0.07 

0.05 

0.06 

0.02 

0.04 

0.03 

0.02 

0.09 

0.04 

0.07 

0.02 

0.05 

0.04 

0.04 

0.04 

0.04 

0.05 

0.03 Before a s p i r a t o r  c leaned.  

0.01 A f t e r  a s p i r a t o r  c leaned.  

0.03 

0.04 

0.03 

0.02 Both probes cleaned.  

T 2  c l ean ,  Tg no t ;  beacon 
on during tes t .  
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Appendix 4 (continued) 

BLUE FOX (continued) 

A I D J E X  l''2 Tg-l'2 CJ 

Day Date T i m e  ("C) ("C) ("c) 
356-357 22-23 Dec 75 2207-0234 -28.6 -0.52 0.04 

358 . 24 Dec 75 0220-0520 -20.4 -0.47 0.12 

363-364 29-30 Dec 75 2056-0022 -19.8 -0.32 0.03 

377 12  Jan  76 1842-2340 -38.1 -0.42 0.02 

39 1 26 J a n  76 1912-2255 -41.4 -0.37 0.02 

406-407 9-10 Feb 76 2117-0114 -31.4 -0.37 0.01 

419 23 Feb 76 1845-2122 -35.7 -0.10 0.14 

420 24 Feb 76 0112-0454 -39.2 -0.07 0.01 

421 25 Feb 76 1818-2045 -37.8 -0.05 0.02 

4 2 3  27 Feb 76 1928-2046 -18.0 -0.23 0.01 

426 1 Mar 76 1840-1928 -24.8 -0.06 0.01 

428 3 Mar 76 1836-2157 -37.8 -0.03 0.02 

440 15  Mar 76 1903-2120 -24.2 -0.21 0.04 

440 1 5  Mar 76 2202-2320 -24.6 -0.11 0.02 

447 

448 

452 

453 

46 1-46 2 

46 8 

475-476 

477 

22 Mar 76 

23 Mar 76 

27 Mar 76 

28 Mar 76 

5-6 Apr 76 

1 2  Apr 76 

19-20 Apr 76. 

21 A p r i l  75 

1821-2110 -24.6 -0.14 0.05 

0100-0406 -25.5 -0.05 0.05 

1813-2100 -21.4 +0.21 0.08 

0051-0508 -21.3 +0.04 0.03 

1822-0054 -20.3 +0.17 0.13 

1838-2340 -15.9 -0.13 0.11 

2350-0400 -19.1 -0.31 0.08 

--end of data-- 

Notes 

Both probes have new 
a s p i r a t o r s .  

Snow i n  probes,  b u t  no t  

Probes d r i e d  and cleaned.  
blocking a i r  flow. 

Probes c l ea red -  of snow. 

A f t e r  snow removed from 
probes.  

~ 

SNOW BIRD 

119 29 Apr 75 1825-1844 -24.4 -0.24 0.02 

133 13 May 75 1810-1829 -11.0 -0.31 0.01 

149 29 May 75 0018-0037 - 6.9 +0.39 0.07 

158 7 Jun  75 0900 ......................... Tg senso r  rep laced;  

158 7 Jun 75 2213-2249 + 0.7 -0.28 0.06 
a s p i r a t o r  motor s topped.  

2' 

. 
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Appendix 4 (cont inued)  

SNOW B I R D  (cont inued)  

A I D J E X  T2 T9-T2 CT 
Day Date Time ("a ("0 ("0 Notes 

f 

159 8 J u n  75 0043-0104 + 0.5 +0.04 0.03 
173 22 J u n  75 2125-2155 - 0.2 -0.19 0.01 

189 8 .Jul 75 0630-0649 - 0.9 -0.10 0.01 

206 25 J u l  75 2332-2351 - 0.9 -0.03 0.01 

229 17-18 Aug 75 2140-0100 - 1.6 +0.03 0.31 

249 6 Sep 75 2012-2310 - 9.8 +0.38 0.05 

272 29 Sep 75 1932-2320 -11.8 +0.51 0.06 

2 79 6 O c t  75 1900-2050 - 9.6 +0.45 0.03 

2 86 13 O c t  75 1918-2338 -23.8 +0.75 0.08 

29 3 20 O c t  75 1838-2045 -13.0 +0.61 0.04 

307-308 3-4 NOV 75 1915-0040 -32.9 +0.07 0.02 

314 10 Nov 75 2020-2200 -33.8 +0.05 0.03 

317 13 Nov 75 0130-0400 -24.94 +0.04 0.01 Sensors  d r i e d  i n  m e t  h u t .  

321 17 Xov 75 1840-2200 -34.15 -0.05 0.02 

329-330 25-26 Nov 75 2350-0150 -28.97 -0.03 0.04 Tg r e a d i n g  h i g h e r  t h a n  T2 

335 1 Dec 75 2030-2140 -35.58 +0.10 0.02 
by 0.02"C a t  end of t e s t .  

336 2 Dec 75 2140-2330 -37.71 -0.003 0.04 Tg r e a d i n g  h i g h e r  t h a n  T2 
by 0.03"C a t  end of t e s t .  

34 2 8 Dec 75 1910-2100 -30.92 +0.04 0.02 

349 15 Dec 75 2120-2340 -35.77 +0.05 0.01 

357-338 22-23 Dec 75 2350-0150 -32.0 +0.02 0.02 Using v a l u e s  as computed. 

363 29 Dec 75 2130-2350 -21.0 +0.03 0.03 

370 5 J a n  76 2010-2210 -26.0 

370-371 5-6 J a n  76 2330-0130 -28.0 +0.097 0.02 A f t e r  d e f r o s t i n g .  

378-379 13-14 J a n  76 2220-0200 -38.7 -0.12 0.02 

384-385 19-20 J a n  76 2040-0100 -41.2 -0.07 0.06 

391 26 J a n  76 1940-2120 -42.3 -0.04 0.02 

391-392 26-27 J a n  76 2340-0130 -41.8 -0.08 0.03 A f t e r  thawing i n  h u t .  

39 9 3 Peb 76 1840-2240 -31.7 -0.019(0.05) Much s c a t t e r .  T changed 
by 6°C d u r i n g  tes t .  

405 9 Feb 76 1940-2320 -34.1 -0.034(0.02) 
412 16 Feb 76 1900-2320 -35.3 +0.046(0.03) 
419 23 Feb 76 1900-2220 -35.2 +0.18 (0.08) 
420 24 Feb 76 0100-0340 -36.3 +0.01 0.02 A f t e r  warming i n  h u t .  
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Appendix 4 (continued) 

SNOW B I R D  (continued) 

AIDJEX T2 T9-T2 CT 
Day Date T i m e  ("a ("a ("0 Notes 

426 1 Mar 76 1900-2300 -19.11 -0.01 0.03 

440-441 15-16 Mar 76 1820-0100 -23.77 +0.15 0.10 

445 20 Mar 76 0750-1200 -27.96 +0.42 0.05 

454 29 Mar 76 1940-2340 -28.21 -0.06 0.11 

463 7 Apr 76 1740-2100 -18.86 -0.03 0.07 Before i c e  bath. 

464 8 Apr 76 0020-0200 -17.96 +0.12 0.06 Back outside. 

469 13 Apr 76 1940-2340 -14.56 +0.003 0.09 

475 19 Apr 76 1820-2300 -19.71 -0.05 0.10 Before ice  bath. 

476 20 Apr 76 0045-0500 -18.77 +0.04 0.03 Back outside. 

-- end of data -- 
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APPENDIX 5 

CONVERSION FROM DEW P O I N T  TO FROST P O I N T  

b 

Below O"C,  dew p o i n t  hygrometers  measure t h e  f r o s t  p o i n t  tempera tures  

r a t h e r  t h a n  t h e  dew p o i n t .  

p o i n t  t o  f r o s t  p o i n t ;  v a l u e s  from t h e  EG&G equipment manual have been 

conver ted  from d e g r e e s  F a h r e n h e i t  t o  d e g r e e s  C e l s i u s .  For a more a c c u r a t e  

convers ion ,  c o n s u l t  Smithsonian Meteorological T d l e s ,  page 371, Table  102. 

The t a b l e  below p e r m i t s  convers ion  from dew 

( i n  d e g r e e s  C e l s i u s )  

FP DP FP DP IT DP 

0.0 0.0 -16.7 -19.2 -33.9 -37.2 - 0.6 - 0.7 -17.8 -19.8 -34.4 -37.8 
- 1.1 - 1.3 -18.3 -20.4 -35.0 -38.4 
- 1.7  - 1 . 9  -18.9 -21.0 -35.6 -39.0 
- 2.2 - 2.5 -19.4 -21.6 -36.1 -39.6 

- 2.8 - 3.1 -20.0 -22.2 -36.7 -40.2 
- 3.3 - 3.8 -21.6 -22.8 -37.2 -40.8 
- 3.9 - 4.4 -21.1 -23.4 -37.8 -41.3 

-21.7 -24.1 -38.3 -41.9 - 4.4 - 5.1 
-22.2 -24.7 -38.9 -42.5 - 5.0 - 5.7 

- 5.6 - 6.3 -22.8 -25.3 -39.4 -43.1 
- 6 . 1  - 6.9 -23.3 -25.9 -40.0 -43.7 
- 6.7 - 7.5 -23.9 -26.4 -40.6 -44.3 
- 7.2 - 8 . i  -24.4 -27.1 -41.1 -44.8 
- 7.8 - 8.8 -25.0 -27.7 -41.7 -45.4 

- 8.3 - 9.4 -25.6 -28.3 -42.2 -46.0 
- 8.9 -10.0 -26.1 -28.9 -42.8 -46.6 
- 9.4 -10.6 -26.7 -29.5 -43.3 -47.2 
-10.0 -11.2 -27.2 -30.1 -43.9 -47.8 
-10.6 -11.8 -27.8 -30.7 -44.4 -48.3 

-11.1 -12.4 
-11.7 -13.1 
-12.2 -13.7 
-12.8 -14.3 
-13.3 -14.9 

-13.9 -15.5 
-14.4 -16.2 
-15.0 -16.8 
-15.6 -17.4 
-16.1 -18.6 

-28.3 
-28.9 
-29.4 
-30.0 
-30.6 

-31.1 
-31.7 
-32.2 
-32.8 
-33.3 

-31.3 -45.0 -48.9 
-31.9 -45.6 -49.5 
-32.4 -46.1 -50.1 
-33.1 -46.7 -50.7 
-33.7 -47.2 -51.3 

-34.2 
-34.8 
-35.4 
-36.0 
-36.6 
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COMPUTATION OF A I R  STRESS AND SENSIBLE HEAT FLUXES 
FROM SURFACE LAYER PROFILE DATA, AIDJEX, 1975 

by 
E r i c  Leavitt,  David B e l l ,  M e 1  Clarke,  Roger Andersen 

AIDJEX 

and 

Clayton Paulson 
Oregon State University 

Corval lis, Oregon 

ABSTRACT 

During s p r i n g  1975, mean atmospheric s u r f a c e  l a y e r  p r o f i l e s  of 
wind and temperature  were measured a t  t h e  Big Bear camp of AIDJEX. 
Sur face  a i r  stress and s e n s i b l e  h e a t  f l u x  have been computed from 
t h e s e  p r o f i l e s .  The mean 10 m drag  c o e f f i c i e n t  is  1.2 X 

bu t  t h e r e  is a s i g n i f i c a n t  v a r i a t i o n  of 40% i n  t h e  c o e f f i c i e n t  
which c o r r e l a t e s  wi th  wind d i r e c t i o n .  

A primary o b j e c t i v e  of t h e  AIDJEX experiment is  development and t e s t i n g  

of a model of i ce  dynamics in t h e  Beaufort  Sea [Coon e t  a l . ,  19741. An exten- 

s i v e  program of meteorological  observa t ions  [Paulson and B e l l ,  19751 w a s  

designed t o  provide estimates of t h e  s u r f a c e  a i r  stress requi red  f o r  d r i v i n g  

t h e  i c e  model. The a i r  stress (T) is generated from T = p a C ~ G 2  ra, where pa 

is a i r  dens i ty ,  C, is a geos t rophic  drag c o e f f i c i e n t ,  G i s  t h e  geos t rophic  

wind speed computed from t h e  measured s u r f a c e  p re s su re  f i e l d ,  and rC1 is a 

u n i t  vec tor  o r i e n t e d  a t  an ang le  a from t h e  geos t rophic  wind d i r e c t i o n .  

-+ -+ -+ 

-+ 

Severa l  d i r e c t  measurements of a i r  stress w e r e  made t o  provide d a t a  f o r  

e s t ima t ing  t h e  magnitude of CD and a. 
ments of wind and temperature p r o f i l e s  i n  t h e  lowest  20 m of t h e  atmosphere 

a t  two sites--Big Bear ( sp r ing  1975) and Caribou ( sp r ing  1976).  This  paper 

desc r ibes  t h e  r e s u l t s  of  an a n a l y s i s  of t h e  Big Bear p r o f i l e s  t o  o b t a i n  stress 

and s e n s i b l e  h e a t  f l uxes .  

Included i n  t h i s  program w e r e  measure- 
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The ExPeriment 

The p r o f i l e  tower, 22 m high, was erected at  Big Bear i n  Apr i l  1975 and 

A plan of t he  camp giving t h e  tower observations w e r e  continued u n t i l  July. 

l oca t ion  is  shown i n  Figure 1. 

w e r e  not used f o r  f l u x  ana lys i s  because t h e  camp w a s  then upwind of t h e  tower. 

(Wind d i r e c t i o n  is  t h e  d i r e c t i o n  from which t h e  wind is blowing.) 

and tower w e r e  located on a f l o e  t h a t  w a s  f a i r l y  smooth, but on aerial photo- 

graphs it appeared rougher (more hummocky) i n  t h e  120°-270" sec to r  than i n  

t h e  5O0-1OO0 sec tor .  The neares t  hummocks g rea t e r  than 0.5 m high w e r e  about 

70-100 m away from t h e  tower i n  t h e  240" d i r ec t ion .  

True wind d i r ec t ions  between 270" and 50" 

The camp 

Sensors were mounted i n i t i a l l y  a t  f i v e  l e v e l s  f o r  both wind speed (1.66, 

2.97, 5.99, 12.09, and 21.48 m) and temperature (0.9, 2.9, 6.7, 12.35, and 

20.0 m). 

level a t  0.48 m w e r e  added, and t h e  0.9 m temperature sensor w a s  moved t o  

1.68 m. Wind d i r e c t i o n  w a s  measured a t  t h ree  l eve l s :  2.59, 11.89, and 20.85 m. 

The he ights  of t h e  sensors var ied  i n  t i m e  as ab la t ion  o r  d r i f t i n g  occurred, 

with t h e  ne t  change from 20 Apr i l  t o  23 Ju ly  being -0.52 m. 

w e r e  measured from a v i s u a l  average of t h e  snow-ice cover around t h e  immediate 

base of t he  tower. Level t raverses  by Banke e t  a l .  119761 ind ica t e  t h a t  t he  

mean l e v e l  t y p i c a l l y  varied less than 0.05 m i n  the  50 m around t h e  tower. 

Af te r  run 23 an e x t r a  wind l e v e l  a t  0.72 m and an e x t r a  temperature 

These he ights  

The sensors used were 3-cup anemomenters, asp i ra ted  platinum r e s i s t a n c e  

thermometers, and wind vanes, a l l  manufactured by C l i m a t e ,  Inc. ( Iden t i ca l  

sensors were used on the  10 m tower located a t  each camp [Paulson and B e l l ,  

19751; a de t a i l ed  desc r ip t ion  of sensor performance and ca l ib ra t ions  are given 

i n  a paper by Clarke, Leavi t t ,  and B e l l  i n  t h i s  Bul le t in . )  

manufacturer spec i f i ed  an absolu te  temperature measurement e r r o r  of +O.O5OC, 

t h e  e r r o r s  w e r e  a t  least  + O . l " C ,  l a r g e  enough t o  cause an e r r o r  i n  t h e  s ign  

of t h e  sens ib l e  hea t  f l u x  during nearly neu t r a l  conditions. 

decrease t h i s  e r r o r  by side-by-side comparisons w e r e  not successfu l ,  as d i f f e r -  

ences between sensors w e r e  random. W e  have concluded t h a t  t h i s  w a s  t he  va r i -  

ab l e  e f f e c t  of r a d i a t i o n  due t o  va r i a t ions  i n  the  sensor a s p i r a t i o n  rate. 

Although the  

Attempts t o  

Cup anemometer e r r o r s  are d i f f i c u l t  t o  give estimates fo r .  One side-by- 

s i d e  comparison of t h e  p r o f i l e  tower sensors indicated agreement within 
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Fig. 1. Map of camp Big Bear in April 1975. The locations of the three towers 
are indicated, as well as the relative wind direction zero line. 
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spec i f i ca t ions  f o r  t h e  s i x  profile-tower anemometers ( the  l a r g e r  of 1% and 

0.7 m sec"). 

occurrence w a s  usua l ly  manifest i n  t h e  performance of t h e  anemometers, and 

riming periods can be detected i n  t h e  mean p ro f i l e s .  

Riming w a s  a t  times a d e f i n i t e  problem; fo r tuna te ly  i t s  

The wind d i r e c t i o n  sensors behaved very w e l l ;  riming on those sensors 

d id  not  a f f e c t  t h e  measurements as long as t h e  wind speed exceeded 3 m sec-l. 

The zero d i r e c t i o n  reference of t h e  2 m sensor w a s  f ixed relative t o  t h a t  of 

the  10 m m e t  tower, which w a s  located about 100 m away from t h e  p r o f i l e  tower. 

Then t h e  th ree  p r o f i l e  tower sensors were matched by assuming a mean zero 

wind d i r e c t i o n  change during high winds. During the  profile-measuring period 

t h e  wind d i r e c t i o n ,  as determined by sensors on t h e  two towers, agreed within 

+ 2 O .  

Data from t h e  sensors w e r e  recorded d i g i t a l l y  using a mini-computer 

The wind sensors w e r e  (Data General Nova 2/10) with a 12-bit d i g i t i z e r .  

sampled a t  5, 10, o r  20 Hz, depending on t h e  wind speed, and t h e  temperature 

sensors were sampled a t  about 1 Hz. 

Flux Computation 

The semi-empirical theory used fo r  computation of stress and hea t  f luxes  

i s  e s s e n t i a l l y  t h a t  described by Paulson [1970] and de ta i l ed  by Leavitt [1975]. 

The mean v e r t i c a l  g rad ien ts  of hor izonta l  wind and temperature can be w r i t t e n  

as 

Here k i s  von Karman's constant,  ud [= ( - T / P ) " ~ ]  is  t h e  f r i c t i o n  ve loc i ty ,  

0 ,  [= -we/u,] is  a temperature scale, W e  [= H , / p  Cp] is  t h e  v e r t i c a l  f l u x  of 

temperature; and 

- - 

Z / L  = -kz We u ' ; ~  g/T 

is a nondimensional he ight ,  where L is t h e  Monin-Obukhov length. 

(3) 
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For t h e  p r o f i l e  a n a l y s i s  w e  chose 

Equation (4) i s  t h e  log- l inear  law.  The va lue  of y1 has been found equal  t o  

5.2 by Webb [1970], 4.7 by Businger e t  al .  [19711, and 7 by Paulson [1970]. 

A va lue  a = 0.75 w a s  suggested by Businger e t  a l .  Equation (5) w a s  suggested 

independently by Businger E19661 and Dyer (unpublished).  

cons tan t  y2 are 16 according t o  Paulson 119701 and 15 according t o  Businger 

e t  a l .  [1971]. 

[Businger e t  a l . ,  19711. Businger e t  a l .  a l s o  determined t h a t  k i s  equal  t o  

0.35 r a t h e r  than  t h e  commonly accepted 0.4. 

Values of t h e  

Estimates of y 3  range between 16  [Paulson, 19701 and 9 

Equations (1) and (2) can be in t eg ra t ed :  

H e r e  z o  is the roughness length .  

(5) are given by Paulson [19701. 

obtained from t h e  s l o p e  and z,, from t h e  i n t e r c e p t  of a s t r a i g h t  l i n e  f i t t e d  

t o  t h e  observa t ions  of U versus  l o g  z - q 1 .  
temperature p r o f i l e  y i e l d s  a n  estimate of 0,. 

curves  and t h e  observa t ions  provide a measure of how w e l l  t h e  theory f i t s  

t h e  observa t ions  f o r  d i f f e r e n t  choices  of y l ,  y2 and y,; bu t  k and a must be 

assumed known o r  be evaluated by comparison wi th  independent f l u x  estimates. 

The forms of q l ,  $2 appropr i a t e  t o  ( 4 )  and 

Using t h e  method of least squares ,  il, is  

A similar procedure f o r  t h e  

Dif fe rences  between t h e  f i t t e d  

1 6 1  



A drag  c o e f f i c i e n t  can b e  def ined  as 

c,, = u:/u:, 

. ,  
where t h e  10 r e f e r s  t o  10  m he ight .  

i t y ,  and a n  a l t e r n a t i v e  d e f i n i t i o n  of C,,which is  independent of s t a b i l i t y  

w i l l  be used i n  t h i s  paper: 

However, t h i s  C , , i s  dependent on s t a b i l -  

c,, = (k / log  2 / Z , ) 2  

The computation procedure i s  t o  f i r s t  determine t h e  Richardson number, 

R i ,  from a leas t - squares  f i t  of U and 0 ve r sus  log  Z :  

* 
% For loga r i thmica l ly  vary ing  p r o f i l e s ,  R i  i s  ca l cu la t ed  a t  he igh t  zr = (zUz&) 

where zU is t h e  upper he ight  and zR t h e  lower. 

and ( 3 ) ,  w e  can rewrite (8) as 

S u b s t i t u t i n g  from (l), (2), 

A s  a f i r s t  approximation, l e t  zr/L = R i  on t h e  right-hand s i d e  of (9 ) ;  then 

This  va lue  of L is used t o  compute I), and I)2 va lues ,  and u, and 6 ,  are calcu-  

l a t e d  from a leas t - squares  f i t  us ing  (6) and ( 7 ) .  Corrected va lues  of U and 

0 are a l s o  computed from t h e  leas t - squares  f i t ,  and t h e s e  co r rec t ed  va lues  

are then used t o  compute a new va lue  of R i .  Th is  i t e r a t i o n  cont inues  ( t h e  

o r i g i n a l  U and 0 d a t a  are used i n  t h e  computation of u* and 0,) u n t i l  t h e  

change i n  u* between i t e r a t i o n s  is s m a l l .  

The va lues  s e l e c t e d  f o r  t h e  cons t an t s  i n  t h e  f l u x  equat ions  w e r e  y, = 4 .5 ,  

a = 1.0, a2 = clg = 16.0, and k = 0.4. 
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Von Karman's cons tan t  w a s  l e f t  as 0.4 al though t h e r e  is  d i s p u t e  about  

i ts  t r u e  v a l u e  [see Businger e t  a l . ,  19711. 

from Paulson [1970]. 

bu t  t h i s  va lue  made t h e  s t a b l e  drag  c o e f f i c i e n t s  appear smaller than  t h e  

near-neutral  va lues ;  t h e r e f o r e ,  y1 w a s  set equal  t o  4 .5 ,  which is  c l o s e  t o  

t h e  va lues  suggested by Webb [1970] and Businger, e t  a l .  S u b s t i t u t i n g  these  

cons t an t s  i n  equat ion  (9) g ives  

The va lues  of y2 and y3 are 

I n i t i a l l y ,  y1 w a s  set equal  t o  7.0 [ a l s o  from Paulsonl ,  

zr/L = R i ,  R i  < 0 

Z,/L = R i / ( l  - y,R i ) ,  R i  > O  

A i r  dens i ty  (p) w a s  set  a t  1.35 kg ~ n - ~  and s p e c i f i c  h e a t  of a i r  (C ) equal led 

1012 J kg-'K-'. 
P 

P r o f i l e s  were r e j e c t e d  f o r  a n a l y s i s  i f  t h e  camp w a s  upwind of t h e  tower, 

i f  winds w e r e  less than  3.5 m sec-' , o r  i f  t h e  p l o t t e d  p r o f i l e s  showed evidence 

of severe riming o r  o t h e r  s i g n i f i c a n t  dev ia t ion  from logar i thmic  behavior.  

During a n a l y s i s ,  p r o f i l e s  f o r  which R i  L 0.19 w e r e  a l s o  r e j e c t e d  s i n c e  f o r  

t h e s e  cases eq. (9) cannot be used t o  p r e d i c t  zr/L. 
stress w a s  brought c l o s e r  t o  t h e  observed stress by d e l e t i n g  t h e  upper two 

wind speed levels from t h e  p r o f i l e s ,  a course chosen because of riming on t h e  

upper anemometers o r  because of t h e  p o s s i b i l i t y  t h a t  t h e  assumed p r o f i l e  shapes 

w e r e  i nco r rec t .  A s  mentioned earlier, t h e  temperature sensors  showed random 

e r r o r s  on t h e  order  of *O. l "C .  

f i t  of a l l  temperature  senso r s ,  bu t  i n  t h e  f i n a l  computations t h e  senso r s  t h a t  

devia ted  t h e  most from t h i s  f i t  w e r e  de l e t ed  from t h e  p r o f i l e s .  This  i s  a 

somewhat s u b j e c t i v e  approach, bu t  we were t r y i n g  t o  produce r e s u l t s  t h a t  were 

c o n s i s t e n t  wi th  t h e  observed wind p r o f i l e  and wi th  t h e  temperature g rad ien t  

measured on a nearby 10 m m e t  tower. 

temperature senso r s  should be de l e t ed ,  they w e r e  a l l  used ii t h e  f l u x  computation. 

I n  some cases t h e  computed 

A t  f i r s t ,  f l u x e s  w e r e  computed us ing  a l i n e a r  

I f  i t  w a s  no t  poss ib l e  t o  dec ide  which 

Results 

The r e s u l t s  of t h e  f l u x  a n a l y s i s  are given i n  Table 1. The usua l  averaging 

per iod w a s  one hour,  which is s h o r t  enough t o  be considered as pseudo-stationary 
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TABLE 1 

FLUX COMPUTATIONS FROM MEAN P R O F I L E ,  23 A P R I L  - 28 JULY 1975 

S A  
4c 
40 
4E 
4 i  
4 s 
4H 
:A 
5 6  
5c 
9 1  

12A 
129 
1 2 c  
1 3 6  
14: 
1 4 3  
I i C  
151 
i 5 3  
16A 
l7L 
i 7 3  
1cL. 
:s3 
19c 
IS0 
2 C A  
2 3 3  
iCt 
2 2 2  
2 :A 
2 1 3  
2 1 c  
2 i O  
2 i E  
2lF 
215 
2 2 P  
2 2 2  
2sc 
z z ;  
2: z 

z z :  
22: 
2 2 H  
2 3 4  
2 3 3  
22C 
2 4 :  

2'3 

-. 

113.39 
113.45 
112.46 
113.51 
113.55 
112.55 
i13.61 
L13.75 
113.77 
113.P4 
117.97 

? ? E . 9 1  
lIS.F7 
1ZL'.u'3 
*iL.i6 
12c. 21 
120.27 
123.35 
1 2 2 . 6 0  
IL".P4 
12S.FO 
1ZC.94 
122.F1 
122.95 
123.C3 
123.04 
123.F5 
rc3.99 
12'.G3 
l24.07 
124.:2 
124.16 
i24.21 
124.25 
124.29 
124.33 
124.37 
174.46 
124.50 
154.54 
L r v . 5 . :  
124.t2 
it4.66 
124.71 
124.75 
125.C9 
1 2 5 . ? 4  
1 2 5 . 1 3  
125.55 
i 2 5 . 2 9  

:;9.e5 

1 - .. 

7 - I I  

1 -  

. - ,  

4 / 2 3  
4 / 2 3  
4 / 2 3  
4 / 2 3  
4 / 2 3  
4f 23 
4 / 2 3  
4 / 2 3  
4 / 2 3  
4 / 2 3  
4 / 2 7  
4/29 
4 / 2 9  
4 /  29 
4 / 2 0  
4 / 3 c  
4 / 2 C  
4 / 2 0  
4 / 3 0  
4 / 3 0  
4 / 3 0  
4 1 2 s  
413'2 
5 1  2 
5 /  2 
5 /  2 
51 3 
5 /  3 
5 /  3 
5 1  4 
5 /  4 
5 /  4 
51 4 
5 /  4 
51 4 
5 /  4 
51 4 
51 4 
5 1  4 
5 /  4 
5 /  4 
5 /  4 
5 /  4 
5 /  4 
5 /  4 
5 1  4 
5 1  5 
51 5 
5 /  5 
5 1  5 
51 5 

9iz 
1052 
1137 
1 2 2 1  
13C6 
135i 
1436 
lecl 

20C7 
2316 
2c44 
2145 
2310 

43 
3 5 4  
5c3 
6 2 4  
e 2 0  
9 4 2  

2c34 
2 1 2 1  
2230 
2155 
2254 
2354 

:c 
2249 
2349 

49 
14E 
257 
357 
4 57 
556 
556 
756 
?5t 

I553 
1 1 5 3  
1557 
1557 
i457 
1556 
1656 I", 

2 i 6  
316 
4 1 5  
e 2 0  
5 z i  

1828 

I d G  

45 
44 
4 4  
45 
45 
44 
44 
27 
27 
t.3 
31 
6 2  
6 1  
8 2  
c 2  
6 9  
63 

i C 2  
e2 
e2 
6 8  
59 
6 3  
59 
CC 
6 2  
45 
6 0  
6 0  
59 
45 
60 
€0 
59 
60 
6 0  
6 0  
89 
69 
59 
63 
6 C  
59 
60  
63 
75 
60 
59 
SO 
0 ;  
61 

. G e t  
.072 . I30 
.ic3 
.1Cl . I. 09 
-125 
.159 
e163 
-138 
.l:b 
- 2 5 3  
.255 
-315 
.325 
.3c3 
. 4 c 2  

.41e 

. 4 2 1  

.303 

.2E7 
,279 
-169 
.165 
-155 
.1&9 
-192 
.2c2 
.I90 
.:e3 
.146 
.I61 
.I52 
e124 
-134 
.I43 . I C 2  
.1 i 9  
.lo? 
-132 
.14i . I74 
,170 
.163 
.I76 
.278 
.224 
. 2  39 

- 2  7 i  

.4oa 

. ? e a  

-5.6 
-4.4 

-11.8 
-7.2 
-5.3 
-6. b 
-6.3 
5.8 
2.5 -. 2 

34.1 
9.4 
5.5 

10.1 
3.9 

- 1 3 . 8  
-9.8 
-8.3 
-9.4 
-9.4 
9.6 
6.6 
5.7 

21.8 
15.0 
6.3 
2.2 
4.7 
3r 1 

-1.0 
-3.1 
-5.2 
-9.0 

-10.7 
-9.6 

-12.3 
-14.2 
-16.4 
-9.6 
-7.6 
-10.9 
-1c.3 
-e.4 
-6.2 

. -2.1 
4.2 

15.3 
3.1 
3.9 
4.2 
3.7 

2 .oo 
2.37 
.97 

1.20 
1.10 
e 9 0  
-52 

-.13 
-.Ob 

-1.11 
-.07 
-.C4 
-.04 
-.Ol 
-03 
.c2 
.01 
.01 
.GI 

-.c4 
-.e3 
-.03 
-.55 
-.41 
-.20 
-.Cf 
-.os 
-.04 

.02 

.c5 

.21 

.23 
~ 4 1  
.71 
.73 
.70 
.55 
.84 

1 .C6 
.6? 
.45 
- 2 0  
.16 
-06 

-.C8 
-.07 
-.c1 
-.C2 
-.02 
- . a2  

-007 

3.9 
3.8 
4.4 
4.2 
4.1 
4.2 
4.2 
3.8 
4.1 
3.7 
3.5 
6.5 
6.8 
e.3 
8.4 
9.1 
9.8  

10.5 
1C.5 
1C.5 
8.2 
7.9 
7.6 
4.7 
4.6 
4.6 
4.9 
5.1 
5 . 1  
5.1 
4.8 
5.0 
4.9 
5.0 
4.8 
4.8 
5.2 
5.1 
4.6 
4.3 
4.5 
4.7 
5.3 
5.3 
5.4 
5.4 
7.6 
8.1 
9.1 
7.9 
7.7 

26 1 
257 
is4 
2 5 5  
2 5 7  
2 54 
i7 6 
25 G 
L46 
2 4 6  
237 
205 
2G4 
2c1 
2 C l  
I94 
196 
196 
201 
210 
2 19 
224 
229 
53 
53 
50 
53 
45 
44 
46 
52 
45 
45 
50 
44 
40 
44 
51 
56 
51 
53 
'I 9 
50 
57 
6 0  
6 4  
50 
53 
56 
53 
56 

313 
3 59 
356 
357 
359 
3'26 

3 5 2  
350 
349 
338 
3C6 
305 
303 
3C2 
2S5 
297 
2S7 
302 
$11 
3 19 
324 
330 
152 
152 
150 
151 
142 
142 
143 
149 
144 
1 4 2  
147 
142 
138 
141 
1 4 8  
153 
148 
147 
li6 
147 
154 
157 
161 
147 
150 
153 
151 
153 

358 

- 2 7 . 6  
- 2 8 . 3  
-2e.2 
-26.0 
-27.9 
- 2 7 . c  
-27.0 
-24.5 
-24.3 
-22.1 
-1e.5 
-1S.8 
-lS.O 
-18.1 
-17.4 
-1C.4 
-16.1 
-15.8 
-15.9 
- 1 6 . 2  
-12.c 
-12.0 
-11.6 
- 1 E . 6  
-1e.2 
-17.8 
-17.8 
-14.9 
-14.9 
-15.0 
-15.0 
- 2 5 . 4  
-15.3 
-17.1 
-1e.2 
-19.1 
-1s .c  
-2C.2 
-21.2 
-21.5 
-21.4 
-iC.9 
-2c.z 
-15.3 
-13.5 
-17.5 
-12.2 
-11.8 
-11.5 
-11.3 
-11.9 

1-13 
92 

1.58 
1.12 
1.C8 
1.C6 
1.19 
1.63 
1.55 
1.39 
1.53 
1.48 
1.37 
1.42 
1.49 
1.63 
1.70 
1.53 
1.59 
1.62 
1.35 

1.22 
1.13 
1.12 
1.04 
1. I6 
1.37 

1.40 
1.52 . F7 
1.31 
1.22 
1.C5 
1-25 
1.14 
1.47 
1.08 
1.C3 
1.33 
1.20 
1.26 
1.15 
.94 

1.co 
1.27 
1.22 
1.24 
1.31 
1.25 

1.28 

1.52 

.cc7 
. o c z  
5c43 
.0c7 
.0c5 
.ccs 
.cc5 
.c49 
.C38 
-022 
. C ? C  
.c3c 
.a21 
.C24 
.C?1 
.C5C 
.Ctl 
-027 
,044 
.c49 
.@IS 
.c14 
.c11 . CC7 
.GCl 
.0c4 
.cis 
.ozc 
.G35 
.C?3 
. a 3 4  
.cc3 
.C16 
.Oil 
.0c4 
-013 . c c7 
.c3c 
.cc5 
.0c4 
.c:e 
.c15 
.c13 
.cc7 
.0c2 
.cc3 
-013 . c: 1 
.c12 
.c16 
.Cl? 
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TABLE 1 ( con t inued)  

R U N  J L L I b N  D A T E  T I r E  R U N  U S T A R  H E A T  ZIL U ( l 0 f l )  YID U I D  P l R  c 10 z c  
S T A R T  L C Y G T H  FLUX T R U E  R E L  T F r P  x i o o o  . 

i4c 
2 4 s  
24E 
24F 
2 4 G  
24k 
2 6 2  
Zt? 

2 5 2  
2t .E 
26F 
2 6 t  
26H 
27: 
2 7 2  
27C 
2 s i  
25? 
28C 
28 5 
2 9 A  
2 9 3  
2 4 c  
29: 
311. 
215 
31C 
3 1 )  
3 2 C  
3 2 3  
32: 
32C 
3 4 5  
3 4 5  
2 4 i  
3 5 L  
353  
3 5 C  
353 
35;  
365 
36C 
2 5 3  
3 7 :  
4 c  I 
G t 3  
4CC 
4 c 2  
‘.:A 
4:3 

, A -  &-. 

1 2 5 . 4 3  
l t 5 . 4 7  
:25.52 
125 .56  
125 .60  
1 2 5 . 5 5  
::5.34 
L25.33 
1 2 6 . 4 2  
125 .47  
1 2 5 . 5 1  
1 2 6 . 5 5  
125 .59  
1 2 . 6 3  
125 .77  
126 .22  
1 2 6 . 8 6  
1 2 7  ,2 6 
1 2 7 . 1 9  
1 2 7 .  L4 
127 .19  
1 2 7 . 2 7  
127 .38  
127 .42  
127 .47  
137 .42  
1Z7 .96  

132.Cf. 
i3?.79 
153 .83  

13E.52 
1 4 1 . 5 7  
141 .52  
1 4 1 . 6 5  
1 4 1 . 4 0  
141 .94  
1 4 1 . 4 8  
142.:2 
145 .73  
145 .77  
165.51 
1 4 5 . ? 5  
145 .55  
1 4 7 . 2 2  
147 .26  
147.?C 
1 4 7 . 2 4  
1 4 7 . 4 1  
? 4 7 . & 5  

i2a .c :  

1 2 z . a 7  

5 /  5 
5 1  5 
5 /  5 
5 /  5 
5 1  5 
5 /  5 
5 1  6 
4 1  b 
5 /  6 
5 1  c 
5 1  6 
5 1  6 
5 1  6 
5 1  6 
5 1  6 
5 1  6 
5 1  6 
5: 7 
5 /  7 
5 1  7 
5 /  3 
5 /  7 
5 1  7 
5 /  7 
5 /  7 
5 / 1 7  
5 / 1 7  
5 / 1 8  
5 / 1 6  
5 / 1 8  
5 / 1 2  
5 f  1 8  
5 /  18 
5 / 2 1  
5 / 2 1  
5 / 2 1  
5 / 2 1  
5 / 2 1  
5 / 2 1  
5 / 2 2  
5 / 2 5  
5 / 2 5  
5 / 2 5  
5 / 2 5  
5 / 2 5  
5 / 2 7  
5 / 2 7  
5 1 2 7  
5 / 2 7  
5/27 
5 / 2 7  

1C23  
1 1 2 4  
1 2 2 6  
1 3 2 7  
142G 
153C 

@ i o  
“ 1 C  

131: 
:11c 
12C9 
13;9 
14CS 
15C8 
1 3 2 3  
1 9 4 2  
2110 

1 2 7  
2 5 1  
3 2 6  
4 3 0  
6 2 7  
5 0 2  

l O C C  
1 1 1 0  
2 2 0 3  
2 ? S 3  

2 
IC2  

1 9 c c  
1 4 5 9  
2 3 5 9  
2 1 5 9  
1 3 L 8  
1 4 4 7  
1 5 4 7  
2134  
2 2 3 3  
2 3 3 3  

3 3  
1 7 2 7  
1‘56 
1 4 2 6  
2 3 2 5  
2 2 5 3  
, -0 
t l C  
71C 
e o s  
445  

I C 4 5  

r ,  

6 1  
6 1  
6 1  
6 1  
6 1  
6 1  
6 0  
63 
60 
5 9  
6 0  
6 0  
5 9  
60 
6 1  
6 1  
4 8  
6 4  
5 5  
6 4  
6 4  
6 4  
6 4  
6 4  
6 4  
60 
59  
60  
60 
59 
69 
60 
60 
5 9  
6 0  
6 0  
59  
6 0  
6 3  
6 0  
S9 
60 
60  
6 0  
9 0  
6 2  
60 
5 9  
6 0  
69  
57  

.262  

.243 . ‘60 
- 2 7 6  
. 2 i 5  
.?62 
- 2 3 0  
- 2 1 9  
.IS5 
, 2 1 6  
. 2  33 
- 2 3 5  
,220 
.218 
, 2 4 2  
- 2 3 2  
- 2 3 4  
- 2 0 3  . 2c2  
- 1 9 3  
-166 
. 2c4  
- 1 9 2  
. i 5 7  
- 1 3 5  
- 2 4 1  
a257  
,260 
, 2 4 2  
- 2 5 6  
- 2 4 5  
- 2 7 4  
. 2 1 8  
. 171  
.171 
. 175  
.1 t 9  
* 1 7 2  
, 1 6 5  
.150 
,101 
. 1 7 6  
.2c5 
. z c 4  
. 2 2 5  
- 2 1 2  
. 2 2 2  
-2 19 
- 2 2 5  
.210 
.I70 

.4 
-3.6 
-5.1 
- 2 . 3  
-1.2 
-1.0 
1.3 

-1.3 
-1.6 
-1.9 
-1.5 

2.0 
1.5 

.7 
1 2 . 5  

4.0 
8.2 
5 . 0  
3.9 
2.2 

.4 
-1.6 -. 4 

- 2  
-.7 

le.5 
18.P 
1 4 . 3  

8.2 
25 .2  
29.5 
27.9 
25.7 

4.0 
4.4 
6.3  

1 3 . t  
1G.1 

8 . 2  
4.5 

10 .7  
:1.7 
l P . 3  
1 6 . 7  
2 5 . 3  

6.5 
5.3 
5.5 
3.4 
?.: 

e .5  

-.C03 
.03 
. 03  
.01 
.CC6 
.OC6 

-.or . c 10 
.C2 
. c 2  
.01 

-.02 
- . a2  
-.OC7 
-.e9 
-.03 
-.07 
- .C6 
-.a5 
- .c3 -. 009 

. 0 2  

.e07 
-.005 

e 0 3  
- . 1 4  
-.I1 
- . O R  
-.!I6 
-.I6 
-.21 
-.I4 
- . 2 5  
-.IO 
-.1c 
- .I3 
-.32 
- . 2 2  
-.21 
- . 15  
- . I 7  
- . 2 4  
-.16 
-.22 
- .23 
-.C9 
- . C E  
-.c5 
-.05 
- .a4 
- .05 

7.4 
7.4 
7.8 
8.0 
8 -0 
7.9 
7.1 
7 . 2  
6.7 
7.1 
7.3 
7.6 
6.9 
6.5 
C.6 
6.7 
6.4 
5.7 
6.0 
5.7 
4.8 
6.0 
5.1 
4.5 

‘ 4 . 0  
7.3 
7.7 
7.7 
7 . 3  
7.3 
7.0 
7.8 
6.6 
3.9 
4.1 
4.1 
4.0 
4 . 3  
4.0 
3.9 
4 . 8  
4 . 4  
5.2 
5.2 
5 . E 
6 . 4  
t.9 
6 . 6  
6.9 
6.4 
c.0 

5 5  
47 
50 
57 
56 
59  
cle 
6 0  
6 5  
6 7  
7 4  
64 
7 3  
7 9  
8 4  
8 5  
9 1  
88 

88 

84  
92 
67 
81 
7 7  
7 1  
7 7  
76 
5 4  
5 9  
7 2  
6 4  

1 6 4  
1 6 5  
169 
1 5 6  
164 
1 5 8  
1 7 5  
1 1 6  
1C7 
117 
113 

6 9  
7 3  
7 8  
7 7  
75 
7 4  
7h 

a a  

a 7  

1 5 2  
144 
1 4 8  
1 5 4  
1 5 3  
1 5 7  
105 
1 5 3  
163 
165 
172 
1 0 2  
171 
177 
1 8 3  
1 8 4  
I F 0  

?E6  
1 8 0  

1 8 3  
1 9 1  
1 6 6  
1 7 9  
171  
1 6 5  
1 7 0  
1 7 2  
1 4 7  
1 5 2  
1 6 6  
1 5 7  
2 5 6  
2 5 7  
2c13 
2 4 7  
2 5 5  
25 0 
2 6 7  
2 0 8  
1 9 7  
226 
2 2 2  
1 7 9  
i C 1  
IC6  
1 0 5  
163 
1 6 2  
1 6 5  

l e 6  

l a 6  

-11 .7  
-11.1 
-1C.5 
- 1 c . c  
-1c.5 

-9.9 

-7 . c  
-”? 
-e.c 
- e . i  
-8.5 
- 5 . 9  

-1c.4 
- lC.f  

-5.0 
-8.4 
-7.6 
-t.O 
- 5 . 8  
- 5 . 7  
-5.4 
-5,.7 
-7.1 
-7.7 
-5.2 

-12 .1  
-11.5 
- 1 2 . 2  
-12 .0  
-14.5 
- 1 4 . C  
-1Z.4 
-12.0 
-1C.8 
-11.0 
-1c.e 
-1c.2 

-5.6 
-4.9 
-4.4 

-11.7 
-11 .3  
- 1 l . l  
-1C.9 
-1i.l 

-5.4 
- 1 C . l  
-1C.4 
-1c.e 
-11.2 
-1i.l 

1.26 
1.11 
1 .14  
1 . 2 0  
1 - 4 9  
1 .09  
1.C6 

- 5 2  

.93 
1.01 

.95  
1.c2 
1.11 
1.27 
1.18 
1 .29  
1.23 
1.12 
1 . 1 4  
1 .17  
1.18 
1.27 
1 .24  
1.18 
1 . 0 3  
1.cs 
1 . c 9  
1.Cb 
1 .15  
1.11 
1.15 
1 . C l  
l.@O 
1.64 
1 - 6 9  
1 . 5 9  
1.44 
1.57 
1 . 4 1  
1 . 4 7  
1 .46  
1 - 4 4  
1 - 4 2  
1 . 3 6  
1.C7 
1 . C l  
1.C6 
1.C5 
1.05 

- 5 8  

. e6 

.c:3 

.CC6 

. c c 7  

.01c 

. C C F  

. C C t  

. c c 4  

. ccz  

.$C1 

.0c2 

.0c4 

. ccz  

.0c4 

.Ctb 

.C13 

.0c9 
5015 
.g11 
.CCt 
. c c 7  
.CC8 
. c c 9  
. 0 1 3  
.c12 
. c c s  
. cc4  
.c15 
.0c5 
.CC5 
. c c 9  
. c c c  

‘.CC4 
. C E l  
.c:2 
.cco 
. e44  
.C27 
.G41 
.C23 
.c;9 
. C t E  
. c 2 7  
.c:4 
. C ? C  
.c ;5  
.0c4 
. c c 5  
. c c 4  
. c c 4  
.CC? 

. c c a  



TABLE 1 (continued) 

41C 
413 
41F 
4: i 
4iS 
415 
L i h  
428 
42t 
42> 

433 
43c 
i 5 3  
45: 
453 
45; 
453 
4 5 5  
4 f F  
i 5 5  
453 
4 t d  
4 63 
46i 
40: 
47A 
47 2 
47: 
4 E L  
sea 
48C 
4e: 
4Ef 
4Y F 
s?: 
4i,% 
45L 
44 3 
49C 
4 9 3  
: > A  
5;: 
5:c 
5 : ;  

, - .  
L.3 -  

Cr.' 

s - c  
2.-- -.. 
5: ;  
5 5 3  
51; 
58:. 

i47.49 
i47.53 
1G7.57 
147.61 
147.65 
147.70 
147.92 
147.96 
: - ? a . o o  
1LS.Ck 
i4e.C9 
: L S . i L  

i4E.18 
1LS.22 
142.49 
l49.53 
14e.57 
iL9.61 
1 L 8 . 5 5  
i4?.&9 
i49.74 
l i ? . 7 B  
14e.85 
148.59 
142.93 
1 i 3 . 9 e  
1 4 c . 0 5  
149.14 
' - 4 P .  ;9 
i45.35 
149.39 
149.43 
149.47 
1L4.51 
147.56 
149.50 
1 4 9 . 6 4  
145.73 
145.78 
149.e2 

15C.42 
15'1.46 
159.50 
152.54 

155.63 
15C.67 
15C.71 
L>".83 
167.76 

149.86 

. C ^  . , u .5e  

. - -  

5/27 
5/27 
5 / 2 7  
5/27 
5 / 2 7  
5 / 2 7  
5 / 2 7  
5/?7 
5 / 2 3  
5 / 2 8  
5 / z s  
5 f i E  
5 / 2 8  
5 / 2 3  
5 / 2 8  
5 / 2 5  
5 / 2 5  
5 : 2 e  
5 / 2 9  
5 / 2 8  
5 / 2 8  
5/26 
5/2? 
5/28 
5 1 2 6  

5 / 2 9  
5 /  24 
5 / 2 4  
5 / 2 9  
5 / 2 9  
5 / 2 9  
5/29 
5 / 2 9  
5 / 2 4  
5 f  29 
5/29 
5 / 2 9  
5/29 
5/29 
5 / 2 9  
5 / 3 2  
5 / 3 C  
513C 
5/20 
5 /  2 0  
5 / 3 0  
5 / 3 0  
5130 
5/20 
611t 

5/28 

11C4 
1244 
1344 
1444 
1543 
is43 
22Cl 
23C1 

1 
:cPJ 
2x2 
324 
4 2 3  
523 

11'1 
1241 
1340 
144C 
154: 
1'40 
173; 
1239 
2326 
2125 
2225 
2 3 2 5  

1 2 0  
2 7 5  

4 4 G  
8 2 2  
9 2 2  

1321 
1121 
1221 
1 3 2 1  
1420 
1520 
1732 
I t 4 2  
1942 
2C42 
1co3 
1123 
1 S C 3  
13C2 
1492 
::c2 
1651 
1701 
1 9 5 5  
154C 

- -  

0 0  
6 3  
60 
59 
b o  
90 
6 0  
60 
59 
6 0  
6 0  
59 
6 0  
9 0  
6 0  
59 
6 0  
60 
6s 
5 9  
60 
90 
59 
60 
60 
6 0  
6 0  
85 
9 0  
6 0  
5 9  
6 0  
6 0  
6 3  
59 
60 
93 
7 0  
6 0  
60 
6 5  
60 
6 0  
59 
t o  
6 3  
59 
6 3  
9 9  
9 0  
60 

.218 

. 2 1 5  
- 2 3 6  
, 2 5 4  
-267 
a243 
-265 . i 50 
. 2 t 5  
,255 
,207 
.it9 
.236 
.242 
,244 
.246 
.257 
. z 5 2  
.2 50 
.2E3 
. 2 E 5  
.252 
.290 
.2 76 

.277 
-265 

-241 
-217 
.188 
-166 
.i97 
.183 
-2CS 
. 1 F 3  
-219 
-234 

a265 

237 

.250 
- 2 3 4  
-226 
.1?7 
.I51 - 167 
.194 
.i44 
- 1 7 5  
,166 
.167 
.I65 
-130 

3.3 
5.4 
6.3 
7.9 
9.9 

12.7 
25.2 
24.2 
17.5 
17.5 
14.9 
4.9 
1.0 

-1.3 
2.2 
3.2 

7.3 
6.7 

1C.5 
17.6 
11.5 
9.0 
9.7 

11.6 
11 .o 
8.7 
4.3 
1.2 

-3.2 
-7.. 
-4.1 

.3 
-2.7 

.9 
-2.3 

.1 
6.9 
7.9 
7.5 
4.3 

-7.3 
-6.8 
-6.3 
-6.1 
-2.2 -. 1 
4.0 
6.9 
9.5 

11.9 

e.1 

-.03 
-.CO 
-.c5 
-.05 
-.OS 
-a09 
- . I 4  
-.14 
-.lo 
- . I 1  
-.07 
-.03 
-.SC8 
.OlO 

-.02 
- . 0 2  
-.os 
-.c5 
-.05 
-.05 
-.C6 
-.c5 
-.c4 
-.05 
-.05 
-.05 
-.05 

-.SO9 
.03 
- 1 3  
.10 

-.004 
.c5  

-.Ol 
.04 

-.001 
-.co 
-.C6 
-.C6 
-.c4 

e 3 6  
.24 
.11 
.1c 
. c3  
.OCl 

-.04 
-.15 
-.22 
-.54 

-.a3 

6.6 
6.6 
7.0 
7.8 
8.0 
7.4 
7.6 
7.5 
7.9 
7.7 
E . 2  
7.9 
7.3 
7.5 
7.6 
7.4 
7.6 
7.5 
7.5 
8.1 
8.0 
8.4 
8.1 
7.9 
8.0 
7.8 
7.5 
7.0 
7.2 
6 .8 
6.4 
5.6 
6.2 
6.2 
6 . 2  
5.9 
6.6 
6 .8 
7.4 
7.1 
7.4 
5.2 
5.7 
6.3 
6.2 
6.0 
5.3, 
5.2 
5.2 
5.0 
4.2 

77 
71 
81 
7 7  
7 6  
75 
89 
89 

8 8  
$ 4  
9 4  
95 
9 1  
7 0  
84 
84 
85 
8 5  
86 
89 
91 

1cz 
104 
104 
104 
105 
1C5 
103 
1C6 
IO8 
106 

96 
97 
99 
97 
96 
96 
96 
9c 
95 
93 
94 
98 
99 
98 
e7 
9 7  
94 
90 

ao 

98 

165 
ItC 
169 
165 
164 
lt4 
177 
178 
159 
176 
163 

183 
180 
166 
173 
172 
174 
174 
175 

180 
191 
lG4 
193 
193 
144 
194 
193 
155 
198 
196 
188 
le5 
lE7 
189 
le7 
186 
185 
186 
le4 
184 
l Y 2  
163 

1 8 0  
186 
185 
165 
162 
171 

l e 2  

176 

197 

-11.4 
-11.9 
- 1 2 . 2  
-12.6 
-12.3 
-12.c 
-11.1 
-11.0 
-11.3 
-11.2 
-11.7 
-12.1 
-12.3 
- 1 2 . 6  
-12.5 
-13.1 
-12.5 
-11.9 
-11.2 
-1C.5 
-5.4 
-4.4 

-8.3 
-7.9 
-7.5 
- 7 . C  
-6.1 
-5.5 
-5.4 
-5.7 
-6.C 
-6.C 
-C.6 
-e.e 
-7.1 
-7 .0 
- c . 5  
-e.3 
- 5 . c  
a.6 

-1c.o 
- 1 c . 2  
-1c.c 

- 5 . 5  
- 5 . 1  
- 8 . 8  
-@.l 
- C . ?  
-3.6 

-e.a 

-c 

-5.8 

1.07 
1.c2 
1.10 
1.05 
1.09 
1.05 
1.13 
1.14 
1.C8 
1 . C 5  
1.17 
1-14 
1.04 
1.04 
1.01 
1.10 
1.12 
1.10 
1.10 
1.16 
1.25 
1.18 
1.25 
1.20 
1.23 
1.22 
1.22 
1.14 
1.11 
1.06 
.93 
.'13 

1.c1 
-91 

1.09 
1.C8 
1.11 
1.13 
1.11 
1.04 
.9t 
86 

. 8 1  

.44 
1.03 
1.C8 
1.07 

. $ 9  

.98 
1.c1 
.84 

e0c5 
.cc4 
. o c c  
.0c4 
.ccc 
.0c4 
.cc7 
.cc7 
.cc5 . 
.cc4 

.CC7 

.0c4 

.cc4 

.cc4 

.ccc 

. c c c  

.ccc 

.ccc 

. cca  

.011 

.occ 

.012 

.O?C 

. c11  

.Cll 

.Oll 

.cc7 

.cce 

.CG5 

.0Ct 

.0C2 

.cc4 

.cc2 

.cc: 

.cc5 

.ace . OC7 

. c c e  

.cc4 

. c c z  

.cc1 

.CCI 

.CCt 

.CC4 

. c c 5  

.cc5 

.0c3 

.cc3 

. c c 3  

.CCl 

.cce 



5 5 3  
58: 

5s: 

59C 
5 9 0  
t O A  
6 2 3  
6JC 
C C D  
63A 
6 3 9  
63: 
6 3 0  
6 4 1  
6 4 :  
64C 
E 4 3  
65A 
6 5 3  
65C 
6 5 0  
66C 
66 3 
6CE 
67: 
6 7 3  
67C 
6 7 3  
ts: 
6 6 3  
t9A 
e 9 3  
hSC 
7C0 
71A 
7 1 3  
71C 
72 A 
7 2 3  
72C 
7 5 1  
7 5 2  
7:: 
750  
7d s 
78E 
78  F 

5 3 3  

5 9 8  

7 a ~  
7en  

1c7.,92 
; 6 7 . € 6  
' 67 .90  
1 6 7 . 9 7  
168 .01  

16e .10  
lCR.27 
1 6 3 . 3 1  
1 6 6 . 3 5  
1 6 8 . 3 9  
1 7 2 . 6 9  
1 7 2 . 7 3  
1 7 2 . 7 8  
172 .62  
1 7 3 . 0 2  
i 7 3 . 0 7  
1 7 3 . 1 1  
173 .15  
1 7 4 . 2 6  
1 7 4 . 3 1  
1 7 4 . 3 5  
1 7 4 . 2 9  
176 .46  
176 .50  
172 .54  

1 7 6 . 9 3  
1 7 6 . 9 7  
1 7 7 . 0 1  
171.05 
1 7 8 . 1 0  
179 .29  
179 .33  
1 7 4 . 3 7  
iZC.91  
181 .70  
181 .75  
1 8 1 . 7 9  
1 5 3 . 9 9  

124 .07  
1 8 7 . 0 3  
1 5 7 . 0 7  
1 9 7 . 1 1  
1 2 7 . 1 5  
254 .96  
2i9.0s 
209.04 
209 .03  
205 .12  

168.06 

1 7 6 . e 9  

ia4.03 

6 / 1 6  
6 / 1 6  
Cllt  
6 1 1 6  
6/ :7 
6 / 1 7  
6 / 1 7  
6 / 1 7  
6 1  1 7  
6 l i 7  
6 / 1 7  
6 / 2 1  
6/21 
6 / 2 1  
6 / 2 1  
6 / 2 2  
C I 2 2  
6 / 2 2  
6 / 2 2  
6 / 2 3  
6 1 2 5  
5 / 2 3  
6 / 2 3  
6 / 2 4  
6 / 2 5  
6 / 2 5  
6 / 2 5  
t l Z 5  
6 1 2 5  
6 / 2 6  
6 / 2 7  
6 / 2 7  
6 / 2 8  
6 / 2 8  
t 1 2 8  
6 1 2 s  
6 / 3 0  
5 / 3 0  
6/30 
7 1  2 
7 1  3 
7 1  3 
71 6 
7 /  6 
7 1  6 
7 1  t 
7 / 2 7  
7 / 2 7  
7 / 2 8  
7 / 2 8  
7 / 2 3  

1 9 4 0  
2 0 3 9  
2139  
2315  

14 
1 3 1  
2 3 1  
6 2 6  
726  
e 2 6  
9 2 5  

1 6 3 7  
1 7 3 7  
1 8 3 7  
1 9 3 7  

3 4  
1 3 4  
2 3 4  
2 2 3  
6 2 1  
7 2 0  
8 2 0  
9 2 0  

1 0 5 9  
1 1 5 9  
1 2 5 8  
2 1 1 5  
2 2 1 5  
2 3 1 5  

1 5  
119 
2 1 9  
6 5 1  
7 5 1  
8 5 1  

2 1 4 9  
1 6 5 5  
1 7 5 4  

2 3 4 4  
4 4  

1 4 3  
3 9  

? 3 c i  
2 3 9  
3 3 8  

2250  
2356 

55 
1 5 5  
2 L 5  

l e 5 4  

5 9  
6 0  
6 0  
5, ? 
60 
6 0  
6 0  
6C 
60 
5 5  
6 0  
6 0  
60 
60 
5 9  
6 0  
6 0  
5 9  
60 
5 9  
6 0  
6 0  
60 
6 0  
5 9  
6 0  
6 0  
6 0  
60 
5 9  
6 0  
9 0  
6 0  
6 3  
8 9  
5 9  
5 9  
6 3  
9 0  
6 0  
59  
6 0  
6 0  
t o  
5 9  
60 
60 
5 9  
6 0  
6 3  
9 5  

. 140  

. 1 6 1  

.155 

. 1 7 3  

.2C6 
- 2 2 7  
- 2 5 2  
. ?39  
- 2 3 7  
, 2 3 2  
.247  
.2Cl  
.2  15  
. 2 1 3  
, 2 3 0  
.296 
.297  
. 2 7 3  
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whi le  i t  can s t i l l  be expected t o  con ta in  most of t h e  momentum-transferring 

eddies .  

20.7 cal cm-2 day-') ; and cons ider ing  poss ib l e  e r r o r s  i n  temperature measure- 

ments, an  approximate e r r o r  is  +3 w m . Based on t h e  comparison wi th  d a t a  

from Banke e t  a l .  [19761 given below and t h e  changes i n  stress when d i f f e r e n t  

p r o f i l e  levels are used i n  t h e  f l u x  computation, t h e  e r r o r  i n  t h e  computed 

stresses i s  est imated t o  be +15%. 

bu t ,  as shown i n  F igure  2, C,, e x h i b i t s  a s i g n i f i c a n t  v a r i a t i o n  wi th  r e l a t i v e  

wind d i r e c t i o n .  Relative wind d i r e c t i o n  i s  used because t h e  camp azimuth 

r o t a t e d  about  50" dur ing  t h e  experiment. I n  t h e  fol lowing d iscuss ion ,  D152 

r e f e r s  t o  p r o f i l e s  w i th  wind d i r e c t i o n  152"-185", D 1 8 5  t o  p r o f i l e s  w i th  wind 

d i r e c t i o n  185"-220" and D220 t o  p r o f i l e s  w i th  wind d i r e c t i o n  220°+. Where 

L is g r e a t e r  than  100 m y  1000 c,, is 1.07 .t 0.14 f o r  D152, 1.18 k 0.16 f o r  

Sens ib le  h e a t  f l u x e s  are genera l ly  very  s m a l l  (10 w m-2 = 1 mw cm'2 = 

-2 

The mean va lue  of C,, is 1 .2  k 0.26 X 

2.00- 
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1 .oo- 

0 
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RELRTIVE WIND DIRECTION 

Fig .  2 .  Varia t ion  of C,, with  r e l a t i v e  wind d i r e c t i o n :  + i s  p r o f i l e  
d a t a ;  X i s  son ic  da t a  from Banke e t  a l .  [ 1 9 7 6 ] .  
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D185, and 1.46 f 0.14 f o r  D220. 

i n  F igures  3 and 4,  b u t  no dependence on e i t h e r  parameter can expla in  t h e  

v a r i a t i o n  of  C,,with wind d i r e c t i o n .  

140°-152" probably r e f l e c t s  an in f luence  of the camp o r  tower on t h e  p r o f i l e s ,  

and t h e s e  va lues  have no t  been included i n  computation of t h e  mean va lues .  

C , , i s  a l s o  shown p l o t t e d  ve r sus  U,,and z / L  

The increase i n  C,, f o r  d i r e c t i o n s  

1.75- 

1.50- 

1.25- 
I 

1 moo 

Banke et a l .  [1976] r e p o r t  f l u x e s  measured wi th  a son ic  anemometer a t  

10 m he igh t  on a tower loca t ed  about  100 m sou theas t  of t h e  p r o f i l e  tower. 

Unfortunately,  t h e i r  data- taking per iod a t  t h a t  s i t e  ended j u s t  as t h e  p r o f i l e  

tower became o p e r a t i o n a l  and t h e r e  w e r e  on ly  t h r e e  simultaneous prof i le -sonic  

runs.  I n i t i a l  computation of f l u x e s  gave p r o f i l e  stresses and corresponding 

- 

m 
0 

0 
d 

50 
2 .GO 

X 
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x>oc xx 
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. .  
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Fig. 3 .  Var ia t ion  of t h e  p r o f i l e  C,, with  10 m wind speed separa ted  
by r e l a t i v e  wind d i r e c t i o n s :  
0 is wind d i r e c t i o n  185'-220'; and X is wind d i r e c t i o n  g r e a t e r  
than 220'. 

+ i s  wind d i r e c t i o n  152"-185"; 
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2 
0 
0 
0 + 1  

Z/L AT 10 METERS 

F i g .  4 .  Variation of p r o f i l e  C,,  with z / L  a t  10 m separated by r e l a t i v e  
wind d i r ec t ion  as  i n  F i g .  3 .  

drag coe f f i c i en t s  approximately th ree  t i m e s  t h e  sonic measurements. 

pu ta t ion  of t h e  f luxes  using only t h e  lower two p r o f i l e  levels gave b e t t e r  

agreement between t h e  two sets of d a t a  (Table 2). The assumption t h a t  t h e  

sonic  da ta  are more co r rec t  permits f luxes  t o  be computed f o r  Runs 3 and 5 

using j u s t  t h e  lower two levels of wind speed. Banke e t  al. 's [1976] wind 

d i r ec t ions  were l imi ted  t o  D185, D220; t he  mean value of t h e i r  C,, estimates 

is 1 .42  x 

Recom- 

which agrees very w e l l  with the  p r o f i l e  estimates. 

They a l s o  made measurements a t  a more hummocky s i t e  about 1 km away from 

t h e  p r o f i l e  tower w e r e  t h e  mean C,, of s i x  runs w a s  1.69 X 

p r o f i l e s  were run simultaneously during t h i s  period; t he  r e s u l t s  are a l s o  

given i n  Table 2. 

and t h e  hea t  f luxes  show considerable disagreement, 

Several 

The p r o f i l e  u*'s are s l i g h t l y  lower than t h e  sonic values 
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TABLE 2 

COMPARISON O F  P R O F I L E S  AND D I R E C T  S O N I C  MEASUREMENTS BY BANKE E T  AL. [ 1 9 7 6 ]  

Run No. 

P r o f i l e .  Sonic  

3A 27 

4E 28 

5A 29 

12c 34b 

1 4 B  3 51' 

17A,B 3 8b 

T i m e  (GMT) 

P r o f i l e  Sonic  

0531-0615 0545-0614 

1220-1303 1221-1306 

1801-1828 1736-1820 

2310-0032 2346-0020 

0503-0611 0545-0620 

2131-2330 2213-2257 

a Not co r rec t ed  f o r  s t a b i l i t y .  

u* (m s-'1 
P r o f i l e  Sonic 

too  0.11 S t a b l e  

0.10 0.11 

0.16 0.14 

0.32 0.34 

0.40 0.38 

0.28 0.32 

Heat Flux (w m-') 
P r o f i l e  Sonic 

- 7.2 

- 7.2 - 2.7 

-- 

5.8 0.96 

10 .1  0.82 

- 9.8 -11.6 

6.2 3.6 

c,, (X1000) 

? r o f i l e  Sonic 

-- 0. 4ga 

1.12 0.55a 

1.63 1 . 2 9  

1.42 1 . 4 1  

1 .70  1.45 

1.25 1 .58  

These d a t a  from rougher s i t e .  

Equation (6) p red ic t s  t h a t  U p lo t t ed  versus  log  z - $ would be a s t r a i g h t  

l i n e ,  and averaging many p r o f i l e s  of V ( Z )  versus log  z - $J would r evea l  any 

systematic  devia t ions  from t h i s  l i n e a r  r e l a t ionsh ip .  Such an ensemble averag- 

ing  i s  shown i n  Figure 5. 

and l imi ted  t o  L values  g rea t e r  than 100 m, The D152 cases appear t o  f i t  the  

t h e o r e t i c a l  shapes extremely w e l l  f o r  t h e  lower four  p r o f i l e  l e v e l s  i n  both 

s t a b l e  and uns tab le  s t r a t i f i c a t i o n .  The D220 cases are not  so w e l l  behaved 

(here t h e  d a t a  are subdivided by t i m e  as we l l ) .  The uns tab le  da t a  from the  

e a r l y  p a r t  of t h e  experiment are w e l l  behaved, but t h e  s t a b l e  da t a  appear t o  

be kinked. 

show a similar kink. 

The da ta  have been separated by wind d i r e c t i o n s  

The da ta  f o r  D220 from the  la t ter  p a r t  of t he  experiment a l s o  

These kinks are probably induced by riming of the  middle level anemometers 

during these  periods.  

co r rec t ing  t h e  a f f ec t ed  anemometers w i l l  increase  the  computed stresses by 

less than 5% an2 w i l l  c e r t a i n l y  not  reduce t h e  v a r i a t i o n  of t h e  drag coef f ic -  

i e n t  with d-lrection. Curvature i n  the p r o f i l e s  can a l s o  r e s u l t  from (1) 

v a r i a t i o n  i n  su r face  roughness upwind of t h e  tower, (2) i nco r rec t ly  es t imat ing 

t h e  heat flux, (3) i nco r rec t  p r o f i l e  formulation, o r  ( 4 )  underestimating the  

height  of t h e  wind speed instruments.  Both (3) and (4) seem unl ike ly  as 

Although t h e  problem looks s i g n i f i c a n t  on t h i s  s c a l e ,  
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Fig. 5. Ensemble averages of l og  z - JI versus wind speed. Groups 
a r e  a s  given i n  Table 3 .  

the p r o f i l e s  would be a f f ec t ed  equal ly  over a l l  wind d i r ec t ions ,  and the  required 

he ight  e r r o r  is  about 20 cm. Using only p r o f i l e s ,  t h e r e  is no way t o  d i s t i n -  

guish between (1) and (2 ) .  I n i t i a l l y ,  we had hoped that t h e  curvature  i n  t h e  

p r o f i l e  w a s  evidence f o r  Arya's [1975] simple model of t h e  e f f e c t  of upwind 

obs tac les  on t h e  measured wind p r o f i l e s ,  This w a s  e spec ia l ly  i n t e r e s t i n g  

since, as mentioned earlier, t h e  hummocks were neares t  t he  tower i n  t h e  D220 

d i rec t ion .  

t h a t  su r f ace  f ea tu res  with r e l a t i v e l y  small v e r t i c a l  ex ten t ,  which were a 

func t ion  of wind d i r e c t i o n  and f e t c h ,  are respons ib le  f o r  t h e  observed varia- 

t i o n  i n  drag coe f f i c i en t .  

that even g rea t e r  v a r i a t i o n  e x i s t s  over t h e  f u l l  range of sea i c e  sur faces .  

Accepting instrument e r r o r  as the  cause of t he  curvature  suggests  

A 40% v a r i a t i o n  occurr ing over such t e r r a i n  suggests  
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TABLE 3 
CRITERIA FOR GROUP SELECTION IN FIG. 5 

Wind Number of 
Group Direction Period z / L  Profiles 

1 220"- before day 120 - 7 
2 220"- before day 120 + 5 
3 220"- after day 120 - 
4 152"-185" -- - 
5 152 O -185 " -- 

19 
44 

+ 10 
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NCAR ELECTRA PLANETARY BOUNDARY U Y E R  FLIGHTS 
WRING AIDJEX 

by 
R. A. Brown 

AIDJEX 

ABSTRACT 

During t h e  AIDJEX main experiment i n  1975-76, t h e  NCAR E l e c t r a  
f lew two missions of four  f l i g h t  days each over  t h e  manned camps. 
Half the f l i g h t s  w e r e  d i r e c t e d  toward a s tudy  of t h e  p l ane ta ry  
boundary l a y e r ,  t h e  o the r  h a l f  toward a s tudy  of a rc t ic  s t r a t u s  
clouds.  The b a s i c  d a t a  set  from t h e  PBL f l i g h t s  are d iscussed  
here ,  wi th  some " f i r s t  look" observa t ions .  

INTRODUCTION 

I n  J u l y  1975 and February 1976 t h e  NCAR Electra a i r c r a f t  f lew missions 

over t h e  AIDJEX s tudy  area t o  make measurements i n  t h e  p l ane ta ry  boundary 

l a y e r  and t o  i n v e s t i g a t e  t h e  r a d i a t i v e  and macrophysical p r o p e r t i e s  of a r c t i c  

s t r a t u s  clouds.  The J u l y  mission comprised four  f l i g h t s ,  t h r e e  of them 

devoted p r imar i ly  t o  t h e  cloud s tudy  and one t o  t h e  boundary l a y e r ;  i t  i s  

covered by a r e p o r t  i n  AIDJEX B u l l e t i n  30 [1975]. I n  February t h e  balance 

s h i f t e d ,  wi th  t h r e e  f l i g h t s  f o r  t h e  boundary l a y e r  and one f o r  t h e  s t r a t u s  

s tudy.  (This mission w a s  a reschedul ing of one o r i g i n a l l y  s e t  f o r  October 

1975 bu t  postponed when Big Bear, t h e  AIDJEX main camp, broke up.) This  

paper d i scusses  only  t h e  boundary l a y e r  f l i g h t s ,  which w e r e  made on 19 J u l y  

1975 and 7 ,  14, and 1 7  February 1976. 

The Nat iona l  Science Foundation through t h e  Nat ional  Center f o r  Atmospheric 

Research funded t h e  program, and t h e  Naval A r c t i c  Research Laboratory a t  Barrow, 

Alaska, suppl ied  f u e l  and l o g i s t i c  support .  

s tudy  w a s  organized and c a r r i e d  ou t  under t h e  d i r e c t i o n  of R. A. Brown and 

F. Carsey of AIDJEX, t h a t  f o r  t h e  a rc t ic  s t r a t u s  cloud s tudy  by G. Herman of 

Harvard Univers i ty .  

The re sea rch  program f o r  t h e  PBL 
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THE FLIGHTS 

The f l i g h t  pa t t e rns ,  shown i n  Figures 1 and 2 ,  were designed t o  allow 

v e r t i c a l  p r o f i l i n g  (assuming steady state) and ca l cu la t ion  of crosswind 

spec t r a  t o  de l inea te  secondary flows, with f l l g h t  l egs  long enough t o  permit 

averaging of t hese  long-wave var ia t ions .  Each pa t t e rn  included reverse check 

l egs  t o  assure  t h e  bes t  poss ib le  evaluation of b i a s  e r ro r s .  

loops, a f t e r  they pass over t h e  camps, a l s o  allow b i a s  checks on each l e g  

i n t e r s e c t i n g  over t he  camp [see Grossman, 19761. The last l e g  of each f l i g h t  

w a s  extended an add i t iona l  100 km t o  provide hor izonta l  va r i a t ion  data. 

f l i g h t s  were or ien ted  p a r a l l e l  and perpendicular t o  observed wind. 

The outs ide  

The 

Fig. 1. NCAR Elec t ra  f l i g h t  pa t t e rn  f o r  inves t iga t ion  of t he  planetary 
boundary Layer over the AIDJEX area ,  19 J u l y  1975. 
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ELECTRA 
FLIGHT 
PATHS 
2 / 7 / 7 6  

Reverse checks 
6 

Fig.  2 .  NCAR E l e c t r a  f l i g h t  pa’ttern f o r  i n v e s t i g a t i o n  of t h e  p lane tary  
boundary l a y e r  over the A I D J E X  area,  7 February 1976. 

To a s s u r e  some q u a l i t y  c o n t r o l  of t h e  d a t a ,  a continuous readout  of 

b a s i c  parameters was  ava i l ab le :  

ambient (Rosemount) and s u r f a c e  (PRT5) temperatures ,  wind speed, and wind 

d i r e c t i o n .  A TV readout  

of f l i g h t  data--those parameters and a i r c r a f t  speed, d i r e c t i o n ,  and a l t i t ude - -  

and forward-looking TV and r a d a r  were on d i s p l a y  a t  several s t a t i o n s  aboard 

t h e  Electra. 

t i m e ,  geometric ( r ad io )  and p res su re  a l t i t u d e s ,  

The s t r i p  c h a r t s  are s to red  i n  t h e  AIDJEX Data Bank. 

The f l i g h t s  included several levels wi th in  t h e  PBL, beginning as low as 

p o s s i b l e  and ending w i t h  levels immediately below and above t h e  inve r s ion  

he ight .  The i n f l i g h t  temperature  ve r sus  h e i g h t  readout  gave a good check on 
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t h i s  re ference  height and could be used with t h e  p i b a l  and sounder da t a  t o  

l o c a t e  t h e  inversion and ind ica t e  i t s  hor izonta l  va r i a t ion ,  

t h e  readout is shown i n  Figure 3. 

temperature records c l e a r l y  showed t h e  capping inversion level. 

ruary  t h e  invers ion  height a t  Pt. Barrow w a s  approximately 300-320 m; a t  t h e  

AIDJXX s i te  260 km t o  t h e  north, i t  was  about 300-350 m (Fig. 3) .  

A segment of 

During ascent and descent, continuous 

On 14 Feb- 

During t h e  J u l y  1975 f l i g h t ,  t h e  sur face  of t h e  AIDJEX area w a s  covered 

by turquoise-colored m e l t  ponds. Many leads  were open, t h e i r  widths ranging 

from meters t o  kilometers. I n  February 1976, t h e  e n t i r e  area from t h e  AIDJEX 

s i t e  t o  t h e  shore w a s  under compression, and open leads  were rare and never 

wider than tens  of meters. During t h e  February f l i g h t s ,  observers noted 

s i g n i f i c a n t  buoyant ( l i f t i n g )  e f f e c t s  on t h e  low-level f l i g h t s  when the  air-  

c r a f t  passed over t h e  thinner ice i n  frozen leads.  Excerpts from the  obser- 

vers '  f l i g h t  l og  appear i n  t h e  Appendix; systematic e r r o r s  have not been 

corrected.  

DATA PROCESSING 

Some a i r c r a f t  motion and systematic b i a s  were eliminated form the  da t a  

by standard NCAR processing and r e su l t ed  i n  approximately th ree  tapes per 

f l i g h t .  These a r e  s tored  i n  t h e  AIDJEX Data Bank. 

Programs are now being developed a t  AIDJEX t o  ca l cu la t e  mean v e l o c i t i e s  

and temperature from 1 per sec da ta  and t o  perform averaging and s p e c t r a l  

ana lys i s  on t h e  ve loc i ty  and temperature records which w e r e  taken a t  20 

measurements p e r  second. 

va r i a t ions  i n  t h e  mean values of ve loc i ty ,  temperature, and humidity, we  must 

f i r s t  el iminate fromthemeasurements as many systematic e r r o r s  as possible.  

The n e t  random e r r o r  introduced by t h e  system c a p a b i l i t i e s  y i e l d s  winds t o  

0.1 m sec-l f o r  t h e  short-term ( l e s s  than 2 minute) averages. 

t e r m  averages are ca lcu la ted ,  t h e  e r r o r  increases t o  k1.0 + 0.5t, where t i s  

i n  hours, a s  described by Lenschow [1975]. The l a rge r  e r r o r  i s  a r e s u l t  of 

b i a s  introduced by t h e  d i f f e rences  between measured and t r u e  a i r  speed and 

d i r ec t ion .  This d i f f e rence  is the  t r u e  wind vec tor ,  and the  accuracy i n  

determining i t  is  proportional t o  t h e  accuracies and magnitudes of t h e  two 

loca t ion  vectors.  

Since our f i r s t  i n t e r e s t  i s  i n  e s t ab l i sh ing  v e r t i c a l  

When long- 

These vec tors  are shown i n  Figure 4 f o r  check l egs  1 and 2 
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Fig. 3 
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Fig. 4 .  Wind t r i a n g l e  showing vec to r s  d i f f e renced  t o  o b t a i n  wind 
speed and vec to r  c o r r e c t i o n  t o  mean wind ve loc i ty .  

on 19  J u l y  1975. The d i f f e r e n c e s  between t h e  two va lues  of wind vec to r  are 

then used t o  determine t h e  e r r o r s  i n  t h e  a i r  and ground v e l o c i t y  v e c t o r s ,  

g iv ing  t h e  c o r r e c t i o n  f o r  a l l  mean wind values .  

l u t i o n  formulas are given by Grossman [1976]. 

The geometric v e l o c i t y  reso-  

EARLY RESULTS AND PLANNED CALCULATIONS 

I n i t i a l  programs f o r  c a l c u l a t i n g  t h e  mean winds and temperature,  t h e  b i a s  

Since and f l u x  components inc luding  stress have been developed by David Katz. 

t h e  s u r f a c e  uni formi ty  and t h e  PBL s t r a t i f i c a t i o n  and s t a b i l i t y  of t h i s  d a t a  
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Fig. 5. Preliminary r e s u l t s  showing hor izonta l  v a r i a t i o n  of measured G 
(above invers ion) ,  u*.~ from f l u x  measurements a t  30 m ,  and drag coef- 

f i c i e n t  u,,,/G. Also shown i s . t h e  momentum i n t e g r a l  ca l cu la t ion  

- - - s i n  a u* - f z i  
G .  G 

where zi  is  inversion height  and a i s  wind turning through the PBL. 

set are unique, we are encountering many new problems i n  t h e  da t a  reduction. 

The bas i c  procedure i s  t o  look a t  t i m e  averages w i t h  r e spec t  t o  per iods of 

from 10 seconds t o  30 minutes. 

and downwind l e g s  have been ca lcu la ted  f o r  t he  Ju ly  1975 f l i g h t  and are shown 

i n  Figure 5 .  

su r face  geostro,  , i c  wind f i e l d  as determined from t h e  AIDJEI’ su r face  pressure 

analyses  (Figure 6) .  The f l u x  values  of u* are preliminary only. 

values  of u,/G a t  30 m are low, approximately ha l f  those of t he  values  de te r -  

mined by Frank Carsey [AIDJEX, 19761 using t h e  geostrophic departure  method on 

The 10 km (100 sec)  averages f o r  c ros s  wind 

The v a r i a t i o n  i n  geostrophic ve loc i ty ,  G, corresponds t o  the  

The indicated 
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a .  19 July 1975, 1400 local 
150' 140' 130" 120' 

b. 4 February 1976 ,  1400 loca3. 
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c .  1 4  February 1976, 1400 l o c a l  

_.- 

PRESSUXE MB GEOSTROPHIC WIND - 10 M/SEC 

d .  17 February 1976 
140' 130' 120' 

GEOSTROPHIC WINU - 10 M/SEC 

Fig. 6 (cont inued)  

Fox; BI, Barter I s l a n d ;  I ,  Inuvik ;  SH, Sachs Harbour;  JP, Johnson P o i n t ;  
6, Barrow. Circle  toward c e n t e r  of g e o s t r o p h i c  wind maps i n d i c a t e s  
l o c a t i o n  of main A I D J E X  camp (Big Bear i n  J u l y  1975, Caribou i n  February 
1976) .  
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p i b a l  and a c o u s t i c  sounder da ta .  However, t h e  va lue  o f  u,/G = 0.02 obtained 

by l i n e a r l y  e x t r a p o l a t i n g  t o  t h e  su r face ,  agrees  w e l l  wi th  t h e  tower p r o f i l e  

values .  

The process  of determining t h e  p e c u l i a r  c h a r a c t e r i s t i c s  of tu rbulence  

i n  the n e u t r a l  t o  s t a b l y  s t r a t i f i e d  PBL r e q u i r e s  sys temat ic  averaging tech- 
n iques ,  and de t rending  and f i l t e r i n g  programs. These are being developed. 

P r i o r i t y  c a l c u l a t i o n s  inc lude  h o r i z o n t a l  and vertical v a r i a t i o n s  of wind, 

temperature ,  and stress; h e a t  f l u x  v a r i a t i o n s ,  wave number s p e c t r a ,  secondary 

f low r e s o l u t i o n ,  and implied eddy v i s c o s i t y  d i s t r i b u t i o n .  Subsequent calcu-  

l a t i o n s  w i l l  i nc lude  humidity f l u x e s  and higher-order moments. 
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APPENDIX 

EXCERPT FROM NCAR ELECTRA FLIGHT LOG 

Local A l t i t u d e  Temp. Wind 
Lat .N,  L0ng.W T i m e  (meters) ( 'c) m s-l O N  Remarks 

7 Feb 1976 

71'53' 153'05' 
72'47' 146'52' 

14 Feb 1976 

71'17' 156'48' 

72'55' 143'39' 

72'25' 149'26' 
71'22' 156'43' 

17 Feb 1976 

71'58' 153'50' 
72'33' 149'45' 
72'51' 143'29' 

1040 0 

1100 6025 
1130 350 
1132  250 

1211 30 

1240 60 

1317 150 

1406 200 
14 36 100 

1040 0 

1115 5750 
1135 200 

1205 100 

1233 J O O  
1253 60 
1325 30 
1402 150 
14 30 100 
1513 100 
1530 
1612 0 

-- 

1045 0 
1110 6041 
1130 5855 
1155 200 
1235 60 
1312 30 
1415 250 
1450 150 
1520 10 0 
1545 100 
1630 6670 

50 -- 

-38 

-45 
-33 
-27 
-- 

-31 

- 32 

-31 
-2 8 

-29 

-40 
-26 

-31 

-29 
-32 
-33 
-27 
-31 
- 30 

-31 
-- 

-33 
-38 
-37 
-29 
- 32 
-32 
- 29 
- 31 
-32 
- 30 
.-43 
- 30 

--- 
9.5 180 

16 .8  330 
16.4 285 

18.0 201 

11.4 260 

14.8 280 

15.6 280 
15.3 300 

1 .3  321 

12.0 092 
7.0 272 

11.1 260 

7.1 269 
3.4 290 
7 . 1  294 
4.5 300 
3.5 290 
6.8 327 

2 . 1  110 
-- 

-- 
11.6 090 
14.4 010 

9.9 323 
6.5 324 
8.4 294 
8.2 030 
8.6 345 
9.5 351 
9.5 017 

25.4 340 
5.7 1 1 7  

Takeoff . 
Ferry .  
On s t a t i o n  at inve r s ion  he igh t .  
Leg 1. 

90% snow-covered i c e ;  l eads  
f rozen  from downwind s i d e .  

Few open l e a d s ,  narrow r i d g e s  
smooth , snow covered. 

Takeoff . 
Sta r t  descent  on s i t e ,  no l eads .  
Inve r s ion  a t  300-320, AT-7', AV-3 m / s .  

Patchwork r i d g e s ,  some new exten- 
s i v e  ones SE and SW of camp. 

Over camp. 
Occasional  f rozen  l eads .  

Over camp. 
Ground speed about 102 m / s .  
Climb ou t .  
Barrow a i r p o r t .  

Barrow a i r p o r t .  
Fer ry .  
Begin descent .  
Ice packed, many r i d g e s ,  no l eads .  

Some cracking observed. 
Extended l e g ,  100 km SW. 
Fer ry  l e g .  
Leg over  rough nearshore  i ce  W 

of Barrow, 50 km long. 
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DATA AVAILABLE FROM THE ARCTIC I C E  DYNAMICS J O I N T  EXPERIMENT 
AS OF 1 MAY 1977 

Murray J .  Stateman 
AIDJEX Data Bank 

INTRODUCTION 

The A I D J E X  Data Bank is  t h e  primary r e p o s i t o r y  f o r  d a t a  acquired on t h e  

Beaufort  Sea pack ice  dur ing  t h e  AIDJEX p i l o t  s tudy  i n  1972 and t h e  A I D J E X  

main experiment i n  1975-76. AIDJEX B u l l e t i n  No. 19 (March 1973) shows t h e  

d a t a  sets from t h e  f i r s t  per iod .  This  n o t e  o u t l i n e s  t h e  d a t a  which have been 

v a l i d a t e d  and en te red  i n t o  t h e  AIDJEX Data Bank from t h e  main experiment.  

I n  a d d i t i o n  t o  the source  d a t a ,  t h e r e  are some post-processed d a t a  sets and 

several supplementary suppor t ive  d a t a  sets suppl ied  by o u t s i d e  sources .  

These d a t a  are being used f o r  t h e  a n a l y s i s  of a i r - ice-sea  i n t e r a c t i o n s  

and a s s o c i a t e d  phenomena. 

re la te  t o  t h e s e  ana lyses ,  and some of t h e  a r t i c l e s  i nc lude  a b r i e f  overview 

of t h e  a c t u a l  d a t a .  

Many a r t ic les  publ ished i n  t h e  A I D J E X  B u l l e t i n  

Data i n  d i g i t a l  form are s t o r e d  on magnetic t ape  and are housed i n  t h e  

Computer Center a t  the  Un ive r s i ty  of Washihgton. Dupl ica te  copies  are he ld  

a t  t he  A I D J E X  o f f i c e  f o r  s e c u r i t y .  Nondig i ta l  d a t a ,  such as s a t e l l i t e  photo- 

graphs and sample  p r i n t o u t s ,  are a l s o  housed a t  t h e  A I D J E X  o f f i c e .  

Any f i l e s  o r  s u b f i l e s  l i s t e d  below may be  obtained by w r i t i n g  t o  A I D J E X ,  

no t ing  t h e  f i l e s  d e s i r e d  and the  medium on which they should be produced. 

D i g i t a l  d a t a  can be  provided as a p r i n t o u t ,  as a set  of key-punched c a r d s ,  o r  

on ha l f - inch  7- t rack magnetic t a p e .  These would be  accompanied by a n a r r a t i v e  

d e s c r i p t i o n  of t h e  f i l e  con ten t s  and t h e  format of t h e  d a t a  s e t s .  The c o s t  

of t h e s e  ou tpu t s  w i l l  be approximately t h e  c o s t  of reproduct ion  and mai l ing .  

Supplementary d a t a  such as s a t e l l i t e  photos o r  weather maps are a v a i l a b l e  f o r  
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i n spec t ion  a t  the  AIDJEX o f f i c e  during bus iness  hours .  Copies of t hese  materials 

are b e s t  obtained from t h e  o r i g i n a l  source.  

A l l  comments and i n q u i r i e s  concerning the  AIDJEX Data Bank should be  

addressed t o  Murray J. Stateman, AIDJEX Data Manager, 4059 Roosevelt  Way N.E. ,  

Seatt le,  Washington 98105. 

DATA FILES 

1. Position o f  the manned camps and buoys, i n  lat4tude and longitude vs. time 

Approximately 10 p o s i t i o n s  were ca l cu la t ed  each day f o r  each opera t ing  

s t a t i o n  using the  T r a n s i t  Navigat ional  S a t e l l i t e  o r  t h e  Nimbus F s a t e l l i t e .  

Data f o r  t h e  manned camps were taken from 10 A p r i l  1975 t o  20 A p r i l  1976. 

Data f o r  buoys i n  t h e  Beaufort  Sea were taken from A p r i l  1975 up t o  November 

1976. Note t h a t  t he  l i f e t i m e  of most buoys is  about s i x  months, These d a t a  

c h a r a c t e r i z e  t h e  motion of the  pack i c e  i n  the  Beaufort  Sea f o r  a l l  seasons 

of t h e  year .  

Data are organized i n  a t i m e  series f o r  each s t a t i o n  wi th  a sepa ra t ion  

marker a t  t h e  end of each 20-day per iod.  

2 .  
i n Cartesian coordinates 

Smoothed posi t ion,  veloci ty ,  and acceleration for manned camps and buoys, 

Data from f i l e  1 above have been post-processed using a Kalman f i l t e r  

technique. I n  one form--sorting on t ime--posit ion,  v e l o c i t y ,  and a c c e l e r a t i o n  

from each opera t ing  buoy are arrayed toge ther  a t  three-hour i n t e r v a l s .  

another  form--sorting on s t a t ion - -pos i t i on  and v e l o c i t y  are given as a t i m e  

series, s e p a r a t e l y  f o r  each s t a t i o n .  A var i ance  measure accompanies each 

element of d a t a  t o  c h a r a c t e r i z e  i t s  e r r o r .  

I n  

3 .  Source data f o r  RAMS buoys tracked by Nimbus F s a t e l l i t e  

P o s i t i o n  d a t a  acquired from the  s tar t  of Nimbus F opera t ion  i n  June 1975 

have been provided by t h e  NASA Goddard Space F l i g h t  Center and, a f t e r  decoding 

and e d i t i n g ,  have been incorpora ted  i n t o  f i l e  1 above. Severa l  land-based 
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RAMS packages are included i n  o rde r  t o  determine t h e  temporal and s p a t i a l  

accuracy of the  t r ack ing  system. 

4. Rota t ion  o f  the  manned camp floes 

The o r i e n t a t i o n  of t h e  camp f l o e s ,  t o  which the  Navigat ional  S a t e l l i t e  

pos i t i on ing  system w a s  a l igned ,  w a s  determined toge the r  wi th  the  camp posi-  

t i o n .  Each camp azimuth, wi th  r e s p e c t  t o  t r u e  North,  has been snoothed f o r  

t h e  per iod  10 A p r i l  1975 t o  22 A p r i l  1976. Angular p o s i t i o n  and rate of 

r o t a t i o n  f o r  a l l  camps are given a t  three-hour i n t e r v a l s  i n  a t ime-sorted 

d a t a  f i l e  t oge the r  wi th  e r r o r  estimates f o r  each datum. 

5. I c e  th ickness and snow depth 

P e r i o d i c  measurements were made a t  var ious  sites nea r  t h e  manned camps. 

S t a t i s t i c a l  eva lua t ion  of i ce  and snow condi t ions  were made from f requent  

measurements around a given s i te .  Data are not  continuous.  Tabulat ions of 

a v a i l a b l e  d a t a  f o r  t h e  per iod  10 Apr i l  1975 t o  29 June 1975 have been publ ished 

i n  A I D J E X  B u l l e t i n  32 (June 1976). Data t o  A p r i l  1976 are a v a i l a b l e  i n  a 

s i m i l a r  form. 

6. I c e  sur face p r o f i l e  

One p r o f i l e  of the  i c e  s u r f a c e  w a s  taken using a laser alt imeter i n  the  

NASA 990 as i t  t r ave led  a 72 km t r a c k  between two manned camps. A d a t a  poin t  

i s  a he igh t  above a r e fe rence  plane every 0 . 4  m along t h e  t r ack .  The measure- 

ments were made on 24 A p r i l  1975. 

7. Landsat (ERTS) 1 and 2 images 

S a t e l l i t e  photos of t he  Beaufort  Sea reg ion  have been obtained from the 

EROS Data Center f o r  q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s .  About 1500 

photos taken when v i s i b i l i t y  and cloud cover permit ted are OL f i l e .  Each photo 

covers a square region 100 miles on t h e  s i d e .  T i m e  per iods  are  the  sp r ing  and 

. f a l l  seasons of 1972, 1973, and 1975. 
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8. NOAA-4 and NOAA-5 sate1 1 i t e  images 

Photos of t he  Arctic from Greenland t o  t h e  Bering S t r a i t s  have been 

received d a i l y  from NESS s i n c e  2 January 1975. Two images cover the  b e l t  

between 70" and 80" N l a t i t u d e ;  t h a t  i s ,  each photo covers a square area 

about 600 m i l e s  on t h e  s i d e .  Only i n f r a r e d  photos are a v a i l a b l e  f o r  t h e  

win te r  (November through January);  both I R  and v i s i b l e  photos are taken 

during t h e  rest of t h e  year .  These are source d a t a  f o r  examining la rge-  

scale ice movements i n  the  A r c t i c  as w e l l  as l a rge - sca l e  weather p a t t e r n s .  

9. Surface-level a i r  pressure (derived da ta)  

From the  combination of Nat ional  Weather Serv ice  su r face  pressure  maps 

and pressures  measured a t  s c a t t e r e d  po in t s  i n  t h e  Beaufort  Sea, two-dimensional 

p re s su re  contours have been der ived f o r  every six-hour i n t e r v a l .  These con- 

t o u r s  are a s ix th-order  polynomial i n  X and Y ,  t h e  g r i d  coord ina tes  overlying 

t h e  Beaufort  Sea region.  The g r i d  is  r ec t angu la r  and each element is  75 m i l e s  

on t h e  s i d e .  The c o e f f i c i e n t s  of t h e  polynomial are the  d a t a  of t h i s  f i l e .  

They can be used t o  determine the  s u r f a c e  pressure  a t  any po in t  i n  the  area a t  

any six-hour i n t e r v a l  by t r a n s l a t i n g  l a t i t u d e  and longi tude  of t he  po in t  t o  

the  g r i d  coordinates  and employing the  polynomial c o e f f i c i e n t s  f o r  t h e  t i m e  

des i red .  

To d a t e  the  c o e f f i c i e n t s  have been ca l cu la t ed  f o r  t he  per iod  11 A p r i l  

1975 t o  19 J u l y  1975. This work w i l l  cont inue u n t i l  a l l  c o e f f i c i e n t s  t o  30 

A p r i l  1976 are obtained.  

10. Geostrophic surface winds (derived) 

From the  der ived pressure  d a t a  of f i l e  9 above, geos t rophic  wind speed 

and d i r e c t i o n  are obtained and are a v a i l a b l e  i n  f i l e s  separa ted  i n t o  one f o r  

t h e  g r i d  po in t s  and one f o r  t h e  A I D J E X  s t a t i o n s ,  wi th  d a t a  given a t  six-hour 

i n t e r v a l s .  
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11. Pressure char ts  (source data) 

Surface  and 850 mb p res su re  c h a r t s  prepared by the  Nat iona l  Meteorological  

Center f o r  t h e  Northern Hemisphere have been rece ived  f o r  0000 GMT and 1200 GMT 

each day s i n c e  A p r i l  1975. These analog c h a r t s  are used i n  the  d e r i v a t i o n  of 

t h e  d i g i t i z e d  d a t a  of f i l e s  9 and 10 above. 

12. Surface-level meteoro log ica l  data 

Weather s t a t i o n s  w e r e  opera ted  a t  t h e  AIDJEX manned camps from A p r i l  1975 

through A p r i l  1976. 

10 m and a i r  temperatures a t  2 m and 9 m above t h e  s u r f a c e  have been prepared.  

T i m e  series f o r  each camp are a v a i l a b l e  f o r  t h e  f u l l  opera t ing  pe r iod  of t h e  

main experiment. There are s e p a r a t i o n  markers between each 20-day i n t e r v a l .  

Hourly averages of observed wind speed and d i r e c t i o n  a t  

13. Atmospheric i nve rs ion  l e v e l s  

Inve r s ion  h e i g h t s  i n  t h e  atmosphere were monitored cont inuously by 

a c o u s t i c  r ada r  a t  t h e  manned camp designated as the  main camp. Analog records 

were d i g i t i z e d  a t  hourly i n t e r v a l s  f o r  t h e  per iods  1 3  April-1 October 1975 and 

5 November 1975-18 Apr i l  1976. 

given when t h e y e x i s t  s imultaneously.  

A s  many as seven d i s t i n c t  i nve r s ion  he igh t s  are 

14. Ocean cur ren ts  (combined f i l e s  f o r  manned camps) 

The manned camps served as f l o a t i n g  platforms from which ocean c u r r e n t s  

r e l a t i v e  t o  ice  motion were measured cont inuously a t  depths  of 2 m and 30 m. 

Hourly averages of ocean cu r ren t s  combined wi th  hourly geos t rophic  winds and 

three-hour smoothed ice  v e l o c i t y  ( f i l e s  10 and 2) from each manned camp f o r  

t he  f u l l  opera t ing  per iod  of t h e  A I D J E X  program are a v a i l a b l e  i n  a s i n g l e  f i l e .  

They are s o r t e d  by camp by t i m e ,  wi th  sepa ra t ion  markers between 20-day 

i n t e r v a l s .  

15. Ocean cur ren ts  combined w i t h  p o s i t i o n  measured from RAMS buoys 

Two RAMS spa r  buoys deployed o f f shore  i n  the  Beaufort  Sea i n  November 

1975 contained sensors  which measured ocean c u r r e n t s  a t  depths of 2 m and 30 m. 
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A magnetic compass heading f o r  t h e  buoy and i n t e r n a l  bear ing of t h e  sensors  

are given wi th  t h e  d a t a  a t  three-hour i n t e r v a l s .  These d a t a  have been combined 

wi th  buoy p o s i t i o n s  t o  allow f o r  abso lu t e  cu r ren t  determinat ion.  

operated u n t i l  1 October 1976; t he  o t h e r  provided meaningful d a t a  only u n t i l  

28 March 1976. 

One buoy 

16. Oceanic mixed layer characterist ics 

The upper ocean mixed l a y e r  i s  def ined  i n  depth by t h e  p o i n t ,  o r  p o i n t s ,  

a t  which a r ap id  change i n  s a l i n i t y  occurs.  This  l a y e r  w a s  measured f o r  

su r face  temperature ,  su r f ace  s a l i n i t y ,  and depth twice d a i l y  a t  each manned 

camp. 

i n  AIDJEX B u l l e t i n  32 (June 1976). 

A l l  a v a i l a b l e  measurements (one p e r  day) were published i n  t a b u l a r  form 

17. Ocean depth 

The depth of t h e  ocean beneath the  pa th  of t h e  main AIDJEX camp w a s  

measured during two per iods .  Acoustic soundings were taken every hour from 

25 May t o  3 August 1975 and from 18 December 1975 t o  25 A p r i l  1976. Round- 

t r i p  t i m e  of sound travel i s  given toge ther  wi th  i n t e r p r e t e d  depth.  

18. Surface pressure (validated), offshore RAMS buoys 

Four RAMS buoys deployed o f f shore  i n  the  Beaufort  Sea measured su r face  

These measurements have been cor rec ted  f o r  scale and sensor  d r i f t  p ressure .  

and have been smoothed and i n t e r p o l a t e d  t o  three-hour readings.  

ope ra t iona l  f o r  t h e  following per iods :  

buoy 1015, 23 March-30 September 1976; buoy 1245, 4 November 1975-1 October 

1976; and buoy 1416, 5 November 1975-28 March 1976. 

Buoys were 

buoy 207, 18 March-28 August 1976; 

The d a t a  are s o r t e d  by buoy by t i m e ,  and are merged with buoy p o s i t i o n  

i n  l a t i t u d e  and longi tude .  

19. Surface pressure (validated),  AIDJEX camps and selected buoys 

NavSat systems a t  t h e  four  manned camps and n ine  Navigat ional  S a t e l l i t e  

buoys had p res su re  sensors  t o  make d e t a i l e d  measurements not  s p e c i f i c a l l y  
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included i n  t h e  s u r f a c e  p re s su re  c h a r t s  of f i l e  11 above. 

co r rec t ions  and c a l i b r a t i o n ,  t hese  v a l i d a t e d  measurements were incorpora ted  

i n t o  t h e  d e r i v a t i o n  of area-wide geos t rophic  winds ( f i l e  l o ) .  These source  

d a t a  are a v a i l a b l e  wi th  t h e i r  geographic p o s i t i o n  a t  three-hour i n t e r v a l s .  

Data are s o r t e d  by s t a t i o n .  

t o  A p r i l  1976. Some of t he  buoys (supplemented by nearby RAMS buoys) continued 

t o  ope ra t e  as la te  as 6 December 1976. 

A f t e r  app ropr i a t e  

The manned camps w e r e  ope ra t iona l  from A p r i l  1975 

20. Weather observations , manned camps 

Handwritten weather notes- logged d a i l y  by observers  i n  t h e  manned camps 

noted wind v e l o c i t y ,  s u r f a c e  p re s su re ,  temperature,  v i s i b i l i t y ,  and weather.  

They back up t h e  d i g i t i z e d  d a t a  i n  t h e  f i l e s  noted above. 

21. Logbook e n t r i e s ,  manned camps 

Members of t he  s c i e n t i f i c  groups recorded informal  notes  about even t s ,  

equipment performance, changes o r  c a l i b r a t i o n  of s enso r s ,  etc.  Their  logbooks 

back up t h e  d a t a  c o l l e c t i o n  procedures followed during the  main experiment. 

DATA BEING PROCESSED BUT NOT YET AVAILABLE 

The fol lowing d a t a  sets are i n  t h e  process  of being va l ida t ed  and cali-  

b ra t ed .  They w i l l  be  added t o  the  AIDJEX Data Bank f i l e s  and made a v a i l a b l e  

t o  t h e  s c i e n t i f i c  community toge ther  wi th  t h e  f i l e s  noted above. 

22. Wind speed and d i r e c t i o n  measured by p i l o t  bal loon 

P i b a l  measurements using two t r ack ing  theodo l i t e s  were made each day a t  

t h e  main c a p  during t h e  A I D J E X  experiment. 

23. Ocean current  p r o f i l e  

Twice a day a t  each manned camp, a cu r ren t  meter w a s  lowered t o  a depth 

of 194 m and r a i s e d  a t  a s teady  rate t o  determine t h e  s t r a t i f i c a t i o n  of t h e  

209 



ocean layers.  

and direct ion a t  uniform depth increments. 

The analog outputs w i l l  b e  d ig i t i zed  t o  show t i m e ,  depth, speed, 

24. Salinity and temperature versus depth a t  manned camps 

Standard STD measurements w e r e  made twice a day a t  each manned camp during 

the main AIDJEX experiment. 
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