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ABSTRACT 

Col lec t ing  water  samples i s  a c r i t i c a l  s t e p  i n  de te rmin ing  a r i v e r ' s  
suspended-sediment discharge. Samples u s u a l l y  a r e  c o l l e c t e d  w i t h  depth- 
i n t e g r a t i n g  samplers  designed f o r  use i n  f r e e - s u r f a c e  f lows.  Unfortu- 
na te ly ,  a problem develops when t h e  san\~!srs  Trs us-d i- ice-covered 
r i v e r s .  Each sampling v e r t i c a l  spans a lower zone t h a t  ex tends  from t h e  
r iver ' s  bed t o  t h e  bottom s u r f a c e  of t h e  i c e  cap; t h i s  zone inc ludes  
moving water  and sediment. The upper zone i s  c r e a t e d  when a ho l e  i s  
augered through t h e  ice.  This  zone extends from t h e  bottom s u r f a c e  of t h e  
ice-cap t o  t h e  su r f ace  of t h e  water  s t and ing  i n  t h e  hole.  The upper zone 
includes only s tagnant  water  t h a t  does no t  c o n t r i b u t e  t o  wa te r  o r  sediment 
discharge. However. when a depth i n t e g r a t o r  is  lowered t o  sample t h e  
lower zone, some water  from t h e  upper zone f lows  i n t o  t h e  sample conta iner .  
Because t h i s  upper-zone water  t ends  t o  be d e f i c i e n t  i n  sand-s ize  p a r t i c i e s  
an e r r o r  a r i s e s  because t h e  sediment concen t r a t i on  i n  t h e  composite sample 
i s  l e s s  than t h e  discharge-weighted concen t r a t i on  i n  t h e  lower zone. 

The sampling e r r o r  depends on t h e  g r a i n - s i z e  d i s t r i b u t i o n  of t h e  t r a n s -  
ported sediment and t h e  depth of t h e  upper zone. For sand-s ize  p a r t i c l e s ,  
t h e  sampling e r r o r ,  i n  percent ,  may be a s  l a r g e  a s  10 t i m e s  t h e  upper 
zone's depth i n  meters.  For c l ay - s i ze  and s i l t - s i z e  p a r t i c l e s ,  t h e  
sampling e r r o r  probably i s  l e s s  than 1 o r  2 percent .  

A depth- in t  e g r a t  ing sampler can be lowered and r a i s e d  through a sampling 
v e r t i c a l  by us ing  two types of suspension rods. One type - - s t r a igh t  
shaf t - -holds  t h e  sampler i n  a h o r i z o n t a l  p o s i t i o n  a s  t h e  sampler  i s  
s h i f t e d  through t h e  two zones. The o t h e r  type  of rod, which i s  f i t t e d  
w i th  a manually-operated l eve r ,  holds  t h e  sampler i n  a v e r t i c a l ,  ta i l -down 
p o s i t i o n  wh i l e  it i s  moving through t h e  upper zone. The ope ra to r  t hen  
samples t h e  lower zone a f t e r  p u l l i n g  t h e  l e v e r  and r o t a t i n g  t h e  sampler 
i n t o  a h o r i z o n t a l  pos i t i on .  Regardless  of which rod i s  used, water  from 
t h e  upper zone always d i l u t e s  t h e  sample from t h e  lower zone. Spec i a l  
procedures f o r  c o n t r o l l i n g  t h e  sampling e r r o r  introduced by d i l u t i o n  a r e  
discussed. Pf t h e s e  procedures a r e  fol lowed,  sampling e r r o r s  a s soc i a t ed  
w i th  use of t h e  two rods a r e  equal. 

Hydrologist .  U.S. Geological  Survey. St. Anthony F a l l s  Hydraul ic  
Laboratory. Minneapolis,  Minnesota 55414, USA. 



INTRODUCTION 

In  t h e  nor thern  United S t a t e s ,  many r i v e r s  a r e  covered wi th  i c e  during t h e  
winter .  Col lec t ing  suspended-sediment samples from these  r i v e r s  
involves an  i c e - d r i l l i n g  ope ra t ion  t h a t  c r e a t e s  an  a r t i f i c i a l  zone of 
sediment s t r a t  i f  i c a t  ion. When t h e  d r i l l  (or  c h i s e l )  breaks through t h e  
i c e  cover, sediment-bearing water  w e l l s  up i n t o  t h e  ho le  and then, a f t e r  a 
few seconds, t h i s  flow stops.(a) Water s tanding  i n  t h e  ho le  begins  t o  
calm and sediment p a r t i c l e s  t h a t  were c a r r i e d  i n t o  the  opening begin t o  
s e t t l e  and a r e  swept away by t h e  under-ice flow. Using present  methods. a 
sampler on a wading rod is lowered through t h e  i c e  hole  and pushed down t o  
t h e  r i v e r  bed. When t h e  sampler touches bottom, t h e  opera tor  qu ick ly  
r eve r se s  d i r e c t i o n  and proceeds t o  l i f t  t h e  sampler up through t h e  
opening. Normally, t h e  sampler is  lowered and r a i s e d  a t  a s teady  speed 
and t h e  e n t i r e  t r a v e r s e  i s  completed wi th  t h e  sampler held i n  a h o r i z o n t a l  
posi t ion.  The composite sample c o n s i s t s  of a mixture  of water  and sed i -  
ment from two zones: An upper zone t h a t  extends from t h e  water  s u r f a c e  t o  
t h e  bottom edge of t h e  i c e  cap and a lower zone t h a t  extends from t h e  
under su r f ace  of t h e  ice-cap down t o  t h e  r i v e r  bed ( see  f i g .  1). Inf low 
from the  upper zone c r e a t e s  an e r r o r  i n  sediment concent ra t ion  i n  t h e  
composite sample. 

I n t e r e s t  i n  t h i s  '*upper zone" e r r o r  stemmed from an increase  i n  w in te r -  
sampling a c t i v i t i e s  which, i n  turn,  spurred t h e  development of a new 
device f o r  r a i s i n g  and lowering suspended-sediment samplers. The device, 
termed t h e  " t i l t i n g  mechanism" (see  f ig .  21, was designed by Thomas 
Popowski of t h e  U.S. Geological Survey. The t i l t  ing-mechanism has a 
labor-saving advantage: It enables  opera tors  t o  sample through smal l ,  
0.15-m-(meter) i c e  holes.  By comparison, ope ra to r s  equipped w i t h  a 
sampler on a s tandard wading rod ( see  f ig .  3)  must d r i l l  o r  c h i s e l  
0 .3-m diameter  holes.  The t i l t i n g  mechanism i s  s imple  t o  use. The opera- 
t o r  pushes down on the  spring-loaded handle t o  p ivot  t he  D H - ~ ~ Q ( ~ )  sampler 
i n t o  the  v e r t i c a l  pos i t ion .  Af t e r  lowering the  sampler through an augered 
hole ,  t h e  opera tor  r e l e a s e s  t h e  handle and a l lows  t h e  sp r ing  t o  r o t a t e  t he  
sampler i n t o  a horizonal  pos i t ion .  Af te r  sampling t h e  lower-zone by depth 
in tegra t ion .  t h e  opera tor  r o t a t e s  t h e  sampler back i n t o  a v e r t i c a l  pos i -  
t i o n  and then l i f t s  t he  sampler up through t h e  opening. 

(a)  A t  some s i t e s ,  sampling v e r t i c a l s  pass  through seve ra l  l a y e r s  of i c e  
i n t e r spe r sed  wi th  f lowing water. This paper d iscusses  s i t e s  where only 
a s ing le ,  cap-layer of i c e  e x i s t s .  

(b) DH-75Q samplers a r e  suppl ied by t h e  Federal Interagency Sedimentat ion 
P ro jec t ,  S t .  Anthony F a l l s  Hydraulic Laboratory, 3rd Ave. S.E. and 
Hennepin I s l and ,  Minneapolis, MN 55414. 
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The study descr ibed i n  t h i s  paper compares sampling e r r o r s  a s soc i a t ed  wi th  
two methods of moving a  DH-75Q sampler through the  upper zone. In  one 
method, t h e  sampler i s  fas tened  t o  t h e  t i l t i n g  mechanism and t h e  sampler's 
nozzle i s  he ld  v e r t i c a l l y ;  i n  t h e  o the r  method, t h e  sampler i s  f a s t ened  t o  
a  wading rod which holds t h e  nozzle  hor izonta l ly .  Before comparing t h e s e  
e r ro r s ,  a b r i e f  review of some equat ions and concepts p e r t a i n i n g  t o  
movement of water  and sediment under i c e  i s  presented. 

FLOW-VELOCITY PROFILES 

The f low-veloc i ty  p r o f i l e  ( f i g .  1) f o r  an  ice-covered r i v e r  i s  inf luenced 
by roughness i n  t he  bed-forms and undulat ions i n  t h e  bottom of t h e  i c e  
layer.  Larsen (1969) mathematical ly  descr ibed v e l o c i t y  p r o f i l e s  by 
d iv id ing  under-ice f low i n t o  two sec t ions .  For t h e  lower s ec t ion ,  which 
extends from t h e  r i v e r  bed up t o  about mid-depth, he presented the  
equat ion 

U = A loge ( B ~ ) ,  (1) 
where U i s  f low-veloc i ty  and y  i s  d i s t a n c e  above a M; A and B a r e  
constants.  For t h e  upper sec t ion ,  which extends from t h e  underside of t h e  
i c e  down t o  about mid-depth, Larsen aga in  used equat ion (1) but s u b s t i -  
t u t ed  new va lues  f o r  A and B. His equat ion f o r  t h e  upper s ec t ion  g ives  U 
a t  a  d i s t ance  "'y" u n i t s  M..QH h vnderside Q£ ice. Many of t h e  
p r o f i l e s  Larsen measured i n  t h e  f i e l d  show a  high degree of symmetry: 
Within each v e r t i c a l ,  t h e  maximum v e l o c i t y  Umax ( f i g .  1) occurred a t  mid- 
depth and the  p r o f i l e  f o r  t h e  upper s ec t ion  was a  m i r r o r  image of t h e  
p r o f i l e  f o r  t he  lower sect ion.  The fo l lowing  equat ion f i t s  most of h i s  
symmetrical p r o f i l e s :  

U = A loge ( 2 5 0 ~ )  
where y  i s  i n  meters  (m) and U i s  i n  meters  per  second (m/s). For any .. .. 
chosen v e r t i c a l ,  A i s  picked so t h a t  Urnax obtained from t h e  equat ion 
matches Umax obtained from t h e  experimental  data .  

Some ve loc i ty  p r o f i l e s  a r e  not symmetrical because t h e  r e t a r d i n g  i n f l u -  
ences of the  bed and i c e  a r e  d i f f e r e n t .  For example, Rantz and o the r s  
(1982) show a  v e l o c i t y  p r o f i l e  i n  which Umax occurs  a t  about 0.4 of t h e  
t o t a l  depth. The exact shape of an asymmetrical p r o f i l e  can bes t  be 
determined by p l o t t i n g  current-meter  readings taken a t  s eve ra l  depths i n  
t he  flow. 

SEDIMENT-CONCENTR-ATION PROFILES 

Sediment-concentration p r o f i l e s  ( f ig .  1) a r e  i nva r i ab ly  asymmetr ical :  Con- 
cen t r a t ions  near  the  bed a r e  almost always g r e a t e r  than concent ra t ions  
near  t h e  bottom su r face  of t he  ice.  To be more p rec i se ,  we should th ink  



of each p a r t i c l e - s i z e  c l a s s  a s  having i t s  own concen t r a t i on  p r o f i l e .  For 
example, i f  we s t a r t  a t  t h e  bed and move up through t h e  flow. t h e  concen- 
t r a t i o n  of c l ay - s i ze  and s i l t - s i z e  p a r t i c l e s  decreases  s l i g h t l y . .  By 
comparisonb t h e  concen t r a t i on  of sand-size p a r t i c l e s  decreases  much 
f a s t e r .  

I s m a i l  (1952) c i t e d  t h e  fo l l owing  equa t ion  f o r  sediment-concentrat ion pro- 
f i l e s  i n  a r ec t angu la r  conduit:  

loge (c/Ca) = (W/ES) ( y  - a ) .  (2 )  
I n  t h i s  equat ion,  C i s  concent ra t  ion a t  an  e l e v a t i o n  ')" u n i t s  above t h e  
condui t  f l o o r s  Ca is  a r e f e r ence  concen t r a t i on  a t  an e l e v a t i o n  "a" u n i t s  
above t h e  f l oo r .  W is  t h e  v e l o c i t y  of t h e  sediment p a r t i c l e s  f a l l i n g  i n  
s t i l l  water.  and ES i s  a t u r b u l e n t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  p a r t i -  
c les .  Ismail ' s  equa t ion  i s  an approximation because he assumed ES was .. .. 
i n d e p e n d e n t  of y. 

Hsu and o t h e r s  (1980) s tud i ed  concen t r a t i on  p r o f i l e s  i n  a round p ipe  and des-  
c r ibed  each p r o f i l e  w i t h  two equat ions.  One equa t ion  f i t  t h e  lower h a l f  of .. 
t h e  p r o f i l e  and t h e  o t h e r  f i t  t h e  upper ha l f .  Hsu's lower-half" equa t ion  
i s  

Z C = C o e ,  (3  
where Z = Wy/Ayo, Co i s  t h e  concen t r a t i on  a t  t h e  cen t e r  of t h e  pipe,  C i s  
t h e  concen t r a t i on  a t  a d i s t a n c e  **y" u n i t s  below t h e  p ipe ts  cen t e r ,  W i s  
t h e  s e t t l i n g  v e l o c i t y  of t h e  sediment p a r t i c l e s  i n  s t i l l  water ,  A i s  a 
constant  t h a t  inc ludes  c e r t a i n  hyd rau l i c  p r o p e r t i e s  of t h e  f low,  and yo is .. 
t h e  r a d i u s  of t h e  pipe. Hsu's upper-half" equa t ion  i s  

- Z C = C o e  , (4)  
where t h e  exponent Z i s  t h e  same a s  i n  equa t ion  3. However i n  equa t ion  4, 
C i s  t h e  concent ra t ion  *)" u n i t s  t h e  p ipe t s  center .  

I sma i l  and Hsu s tud i ed  movement i n  condui t s  w i t h  smooth-surfaces and 
s imple c ros s - sec t iona l  shapes. The i r  equa t ions  only approximate p r o f i l e s  
i n  r i v e r s  which have rough beds, rough i c e  covers ,  and i r r e g u l a r  c ross -  
s e c t i o n a l  shapes; however, t h e i r  equa t ions  show t h a t  - concen t r a t i on  
p r o f i l e s  e x i s t  a t  r i v e r  v e r t i c a l s .  Each computed p r o f i l e  a p p l i e s  only t o  
p a r t i c l e s  i n  a narrow f a l l - v e l o c i t y  range cha rac t e r i zed  by ".w." 

Sampling and ana lyz ing  d a t a  f o r  s e v e r a l  sediment-concentrat ion p r o f i l e s  i s  
a t ed ious  process .  For tuna te ly ,  i s o k i n e t i c  sampling combined w i t h  depth 
i n t e g r a t i o n  e l i m i n a t e s  some of t h e  work. I n  i s o k i n e t i c  sampling, a f i l a -  
ment of water  main ta ins  a uniform speed and a uniform d i r e c t i o n  a s  t h e  
f i l amen t  leaves  t h e  r i v e r  and e n t e r s  a sampler's nozzle. A t  t h e  nozz l e  
entrance. t h e  s t r eaml ines  remain s t r a i g h t  and p a r a l l e l .  Nei ther  t h e  water  
nor t h e  p a r t i c l e s  a r e  ac t ed  upon by a c c e l e r a t i v e  forces ;  consequently,  t h e  
inf low process  occurs  without  a l t e r i n g  t h e  sediment concent ra t  i o n  (u.s. 
Inter-Agency Report, 1941). An i d e a l  suspended-sediment sampler ope ra t e s  



i s o k i n e t i c a l l y  a t  a l l  times. I f  t h e  sampler i s  lowered i n t o  f lowing water  
wi th  t h e  nozzle  fac ing  upstream, t h e  sampler qu ick ly  a d j u s t s  i t s  sampling 
r a t e  t o  match t h e  loca l  f low ve loc i ty .  

I f  we v i s u a l i z e  a  sampling v e r t i c a l  a s  h o r i z o n t a l  l a y e r s  s tacked one above 
the  o ther ,  we can discover  some p r o p e r t i e s  of depth- in tegra ted  samples. 
For convenience. assume a l l  l a y e r s  have t h e  same thickness .  A s  t h e  
sampler moves downward through t h e  l aye r s  a t  a  uniform speed, t h e  sampling 
nozzle  spends a  f i xed  t ime- in t e rva l  i n  each and every layer .  Because f low 
always e n t e r s  t h e  nozzle a t  i s o k i n e t i c  r a t e s ,  each l aye r  makes a  ve loc i ty -  
weighted con t r ibu t ion  t o  t h e  water-sediment mixture  accumulating i n  t h e  
sample container .  Furthermore, each l a y e r  c o n t r i b u t e s  sediment from a l l  
p a r t i c l e - s i z e  f r a c t i o n s  (or  W f r a c t i o n s )  moving w i t h i n  t h e  layer .  Af t e r  
t he  sampler c u t s  through a l l  l a y e r s  and touches t h e  r i v e r  bottom, t h e  
downward t r a v e r s e  i s  stopped and an  upward t r a v e r s e  i s  s t a r t e d  immedi- 
a te ly .  A l l  l aye r s  a r e  sampled aga in  before  t h e  nozzle  f i n a l l y  breaks 
through t h e  water  surface. The sample has now been i n t e g r a t e d  w i t h  
respec t  t o  both depth and f low ve loc i ty .  The mass of sediment i n  t h e  
sample i s  a  f r a c t i o n  of t he  sediment discharged through t h e  e n t i r e  v e r t i -  
cal.  Furthermore, t he  volume of water  i n  t h e  sample is  a f r a c t i o n  of t h e  
water  discharged through t h e  e n t i r e  v e r t i c a l .  These two f r a c t i o n s  a r e  
equal;  consequently t h e  d ischarge  of sediment a t  t h e  v e r t i c a l  can be 
obtained by mul t ip ly ing  t h e  concent ra t ion  of sediment i n  t h e  sample by t h e  
water  d i scharge  computed Prom current-meter  readings. Water d i scharge  i s  .. 
expressed on a  unit-width" b a s i s  so  t h e  sediment d ischarge  a t  t h e  v e r t i -  .. 
s a l  must a l s o  be expressed on t h i s  same uni t -width" basis .  

The DH-75Q samples i s o k i n e t i c a l l y  but only i f  t h e  fo l lowing  condi t ions  a r e  
met: (a) t h e  in t ake  end of t h e  nozzle  must f a c e  d i r e c t l y  i n t o  t h e  ap- 
proaching flow, (b) the  speed of t h e  approaching f low must be g r e a t e r  than 
about 0.3 m / s ,  (c) t h e  p re s su re  of t h e  a i r  i n s i d e  t h e  sample b o t t l e  must 
be s l i g h t l y  lower than the  h y d r o s t a t i c  p re s su re  a t  t h e  in t ake  end of t h e  
nozzle,  and (dl t h e  discharge end of t h e  nozz le  must be above t h e  water  
sur face  i n s i d e  t h e  sample container .  Conditions (c) and (dl and t h e i r  
r e l a t i o n s h i p  t o  t he  sampler's maximum t r a v e r s i n g  speed and t h e  sampler's 
maximum ope ra t ing  depth a r e  d iscussed  i n  U.S. Inter-Agency Report No. 6 
(1952). 

INFLOW TO THE DH-75Q SAMPLER 

Let us  now r e t u r n  t o  the sampling ver t i ca l  shown on f i g u r e  1. This  
v e r t i c a l  p re sen t s  a  problem when we at tempt  t o  sample it  wi th  a DH-75Q. 
The main problem cen te r s  on t h e  s tagnant  water  i n  t h e  upper zone labe led  .. .. 
r. This zone should con t r ibu te  nothing t o  t h e  depth- in tegra ted  sample 

but, i n  r e a l i t y ,  some inf low does occur. The r a t e  of inf low t o  t h e  DH-75Q 



i s  s t rong ly  inf luenced by t h e  sampler's o r i en t a t ion .  Two o r i en t a t ions - -  
nozzle  fac ing  t h e  horizon and nozzle  f ac ing  s t r a i g h t  up--are of primary 
concern. 

Inf low r a t e s  t o  a  DH-75Q w i t h  i t s  nozzle  f ac ing  t h e  horizon were measured 
i n  a  labora tory  experiment. A stopwatch was s t a r t e d  and a t  t h e  same t ime  
the  sampler was quick ly  submerged i n  a  b a r r e l  of s t i l l  water  and then  he ld  
s t a t i o n a r y  w i t h  t h e  in t ake  end of t h e  nozzle  a t  a  depth of 0.3 meters.  
Af t e r  a  few seconds, t h e  sampler was quickly l i f t e d  and the  watch was 
c l i cked  of f  when t h e  nozzle  broke the  water  surface.  Elapsed t i m e  and t h e  
volume of water  i n  t h e  sample conta iner  were recorded. An a n a l y s i s  of 
da t a  co l l ec t ed  i n  s e v e r a l  t e s t s  showed t h a t  t h e  inf low occurred i n  two 
stages.  During t h e  f i r s t  3 seconds t h e  sampler c o n s i s t e n t l y  co l l ec t ed  
about 30 mL of water.  Af t e r  3 seconds, t h e  inf low r a t e  became e r r a t i c .  
In  some t r i a l s ,  t h e  inf low stopped because s u r f a c e  t ens ion  t rapped  and 
he ld  water  i n  t h e  a i r -exhaus t  tube; however, i n  t h e  remaining t r i a l s ,  t h e  
inf low s t a b i l i z e d  a t  about 6  m ~ / s  a s  water  en tered  through t h e  nozzle  and 
a i r  vented through t h e  exhaust tube. I n  another  s e r i e s  of runs, t h e  
sampler was submerged and then held s t a t i o n a r y  a t  a  depth of 0.45 meters.  
During t h e  f i r s t  3 seconds, t h e  sampler c o l l e c t e d  about 35 mL of water. 
Af te r  3 seconds, t h e  inf low e i t h e r  stopped o r  s t a b i l i z e d  a t  about 6  m ~ / s .  

When t h e  DH-75Q was plunged i n t o  s t i l l  water  w i th  t h e  nozz le  f ac ing  ups 
inf low aga in  occurred i n  two stages.  The f i r s t  s t age  was marked by a  
r ap id  inrush  t h a t  l a s t e d  f o r  about 3 1 / 2  seconds. When he ld  a t  a depth of 
0.3 meters,  t h e  sampler always co l l ec t ed  about 45 mL of water.  The second 
s t age  of inf low was accompanied by an i n t e r m i t t e n t  -bubbling a c t  ion. 
F i r s t ,  an a i r  bubble ro se  through t h e  bore of t h e  nozzle. This  a c t i o n  
lowered t h e  p re s su re  i n s i d e  t h e  b o t t l e  and al lowed water  t o  f l o w  i n  
through the  a i r -exhaus t  tube and e n t e r  t h e  sample container .  When t h e  
bubble sprang f r e e  of t h e  nozzle,  t h e  a i r  p re s su re  i n c r e a ~ e d  8 ~ d  stooped 
the  inflow. A f r a c t i o n  of a  second l a t e r ,  a  new bubble formed i n  t h e  
nozzle  and then t h e  cyc le  repeated. The average inf low r a t e  was between 
6 m ~ /  s  and 8 mL/ s. 

.. 
I n  summary, s t i l l - w a t e r "  inf low occurs  i n  two stages.  The f i r s t  s tage ,  
which l a s t s  only a  few seconds, i s  accompanied by rap id  inf low through 
both t h e  a i r  exhaust and t h e  nozzle. Cumulative volumes a r e  c o n s i s t e n t  
from run t o  run, and a r e  a l t e r e d  t o  only a  s l i g h t  degree by s h i f t i n g  t h e  
nozzle's o r i en t a t ion .  Cumulative volume depends on depth-of-submergence: 
Both f a c t o r s  i nc rease  together .  A t  t h e  end of t h e  f i r s t  s tage ,  t h e  a i r  
p ressure  i n s i d e  t h e  con ta ine r  i s  nea r ly  equal  t o  t h e  water  p re s su re  
ou t s ide  t h e  container .  The second s tage,  which l a s t s  u n t i l  t h e  b o t t l e  i s  
completely f u l l ,  i s  an e r r a t i c  process. The inf low r a t e  i s  no t  cons i s t en t  
from run-to-run and t h e  r a t e  depends on t h e  nozzle 's o r i e n t a t i o n :  
s h i f t i n g  t h e  nozzle  from a ho r i zon ta l  p o s i t i o n  t o  a  v e r t i c a l  p o s i t i o n  



increases  t h e  in f low r a t e .  but s h i f t i n g  t h e  depth of submergence does n o t  
a l t e r  t h e  in f low r a t e .  

MAGNITUDE OF TEE SAMPLING ERROR 

The e r r o r  i n  sampling an ice-covered r i v e r  depends on t h e  f l o w  v e l o c i t y  
and sediment-concentrat ion p r o f i l e s  under t h e  i ce ,  t h e  sediment  concentra-  
t i o n  w i th in  t h e  augered hole. and t h e  depth of t h e  upper zone. An a n a l y s i s  
of t h e  sampling e r r o r  i s  based on t h e  fo l lowing  assumptions: 

1. The water  i n  t h e  augered ho le  i s  mot ion less  and f r e e  of sediment 
p a r t i c l e s .  

2. When t h e  sampler  reaches depth "re* ( f ig .  1) dur ing  t h e  downward 
t r ave r se ,  t h e  accumulated volume is governed by t h e  f i r s t  s t a g e  of 
f i l l i n g ;  fur thermore,  we assume t h i s  accumulated volume is governed by 
Boyle's Law. 

3. The DH-75Q samples i s s k i ~ = ~ i c a l r y  a n i l e  it i s  being lowered and 
r a i s e d  through t h e  under- ice  flow. 

4. No water  e n t e r s  t h e  sample b o t t l e  wh i l e  t h e  sampler i s  being 
l i f t e d  through t h e  augered hole.  

The water t h a t  e n t e r s  t h e  sampler  when i t  reaches depth 'k*' i s  ca l cu l a t ed  
from t h e  second assumption. Because a i r  i n s i d e  t h e  con ta ine r  i s  com- 
pressed i so thermal ly ,  t h e  fo l l owing  form of Boyle's Law a p p l i e s :  

PatVc = PrVr . (5) 

I n  t h i s  equat ion;  
3 Pat = atmospheric p re s su re  (101. x 10 p a s c a l s ) ,  

Vc = volume of sample con ta ine r  (1.06 x M ~ ) ,  .. .. 
Pr = abso lu t e  h y d r o s t a t i c  p r e s su re  ( i n  pasca l s )  a t  a depth of r 

meters  and 

V, = volume ( i n  cubic  meters )  of a i r  i n s i d e  t h e  sample c o n t a i n e r  .. .. 
a t  d e p t h  r . .. .. 
The abso lu t e  p re s su re  a t  depth r i s  

P, = 101. x lo3 + (9.71 x 103) ( r )  

Let Vi des igna te  t h e  volume of in f low i n  cubic  meters. Solving 

equat ion 5 f o r  Vr and s u b s t i t u t i n g  t h e  r e l a t i o n s h i p  i n t o  t h e  equa t ion  

Vi = Vc - Vr we ob ta in  

V. 1 = V, - (pat V ~ ~ P , )  = V ~ C ~ - ( P , ~ / P , ) I  (7 

S u b s t i t u t i n g  equat ion ( 6 )  i n t o  equa t ion  (7) and then s u b s t i t u t i n g  



re 

- 
la- 

1.06 x f o r  Vc. we ob ta in  

Vi = (0.0103 r ) / ( l O l .  + 9.71 r )  (8) 

Let us  now w r i t e  an expression f o r  t h e  concent ra t ion  of an i sok ine t i c ,  
depth-integrated sample c o l l e c t e d  e n t i r e l y  under t he  ice.  Being undi lu ted  
by inf low from t h e  upper zone. t h i s  sample has a  sediment concent ra t ion  .. .. 
equal t o  t h e  discharge-weighted concent ra t ion  through t h e  zone ;d  on 
f i g u r e  1. Denoting t h i s  concent ra t ion  a s  CTs we w r i t e  

CT = M,/VS ( 9 )  
where MS i s  t h e  mass of sediment i n  t h e  sample and V is  the  volume of 
water  i n  t h e  sample. 

Let u s  now consider  t h e  concent ra t ion  of a  sample co l l ec t ed  by lowering a  .. .. .. .. 
DH-75Q through t h e  zone r and then t r a v e r s i n g  zone d a t  t h e  same 
t r a n s i t  r a t e  used t o  c o l l e c t  t h e  sample w i t h  t h e  concent ra t ion  CT ( s ee  
equat ion 9). When t h e  operat  ion is  completer t h e  composit e  sam'ple 
conta ins  inf low of volume Vi. According t o  t h e  f i r s t  assumption. t h i s  
volume of water  i s  f r e e  of sediment; consequently, concentrat ion of t h e  
composite sample i s  

Cr = MS/(V + v;) (10) 
The sampling e r r o r  E i s  r e l a t e d  t o  t h e  d i f f e r e n c e  between CT and Cr. 
Expressing E a s  a  percentage e r r o r ,  we ob ta in  

E = 100 (cT - cr)/CT (11) 
Af te r  s u b s t i t u t i n g  equat ion 9 and equat ion 10 i n t o  equat ion 11 and then  
s impl i fy ing  t h e  r e s u l t ,  we ob ta in  

E = 100Cvi/(v + Vi)l (12) 

Numerical va lues  f o r  E can now be evaluated from equat ion 8 and equat ion 
12. For example, assume r i s  0.25 meters.  From equat ion 8, we o b t a i n  

Vi = 2.5 x c u b i c  m e t e r s .  .. 
The mavirnum volume c o l l e c t e d  i n  zone do* i s  s e t  by Vi, and by t h e  r equ i r e -  
ment t h a t  t h e  water  sur face  i n  t h e  conta iner  l i e  below t h e  ends of 
t h e  nozzle  and air-exhaust  tube. To s a t i s f y  t h i s  water-surface requi re -  
ment, t h e  volume of t h e  composite sample must be l e s s  than 0.93 x 
cubic meters;  t h e r e f o r e  t h e  maximum value  f o r  V i n  equat ion 9 i s  0.93 x 

- 2.5 x = 90.5 x Values f o r  Q and Vi a r e  now s u b s t i t u t e d  
i n t o  equat ion 12 t o  o b t a i n  E = 3 percent.  The t h i r d  row of t a b l e  1 shows 
r e s u l t s  of our  computation. The o t h e r  rows i n  t h e  t a b l e  show accumulated 
volumes and sampling e r r o r s  f o r  s eve ra l  o the r  values of r. Notice t h a t  
each E va lue  bears  a  s imple r e l a t i o n s h i p  t o  i t s  corresponding r value--E 
is approximately equal t o  r m u l t i p l i e d  by 10. 



Table 1.--Computed sampling e r r o r s  f o r  s eve ra l  ice-cover th icknesses .  

r, depth of Via accumulated upper-zone E, sampling-error,  
upper zone. i n  meters  volume, i n  m i l l i l i t e r s  i n  percent  

The sampling e r r o r s  i n  t a b l e  1 a r e  uppe r - l imi t s  because t h e  a n a l y s i s  i s  
based on t h e  assumption t h a t  sediment-free water  f i l l s  t h e  upper-zone. A t  
mc-t f ie ld-sampling s i t e s ,  c l ay - s i ze  and s i l t - s i z e  p a r t i c l e s  w i l l  be sus-  
pended i n  t h i s  upper zone; consequently,  e r r o r s  i n  f i e l d  samples w i l l  be 
l e s s  than t h e  e r r o r s  l i s t e d  i n  t h e  tab le .  It is important  t h a t  we use  a 
sampling procedure cons i s t en t  w i t h  c o n s t r a i n t s  incorporated i n  t h e  mathe- 
mat i c a l  development. 

SUGGESTED SAMPLING PROCEDURES 

Sampling e r r o r s  depend on two c r i t i c a l  f a c t o r s  i n  t h e  sampling procedure. 
The f i r s t  f a c t o r  is  t h e  t ime spent  i n  lowering t h e  sampler t o  t h e  depth r. 
A t r i a l  and e r r o r  process  i s  probably t h e  s imp les t  way of determining the  
co r r ec t  t r ave r s ing  speed f o r  t h i s  upper zone. Af t e r  d r i l l i n g  t h e  hole. 
measure t h e  depth r ( f ig .  1) and then lower t h e  sampler t o  t h i s  depth wi th  
a smooth, s teady motion. Now l i f t  t h e  sampler from t h e  water  a s  qu ick ly  
a s  poss ib l e  and measure (o r  e s t ima te )  t h e  volume of water  i n  t h e  
container .  I f  t h i s  volume i s  s i g n i f i c a n t l y  l a r g e r  than Vi ( t a b l e  11, 
shor ten  t h e  lowering time; conversely, i f  t h e  volume i s  l e s s  than  Vis 

lengthen lowering time. Be s u r e  t o  empty t h e  b o t t l e  a f t e r  each run. 

Af t e r  determining t h e  c o r r e c t  upper-zone speed, we t u r n  t o  t h e  second 
c r i t i c a l  fac tor - - the  t ime spent i n  lowering and r a i s i n g  t h e  sampler 
through t h e  e n t i r e  sampling v e r t i c a l .  S t a r t  w i th  an empty conta iner  and .. 
lower t h e  sampler t o  t he  depth 'Or. I f  t h e  t i l t i n g  mechanism i s  used, 
immediately r o t a t e  t h e  sampler i n t o  t h e  h o r i z o n t a l  p o s i t  ion then, without  
pausing* lower t he  sampler a t  a uniform speed u n t i l  it touches t h e  r i v e r  
bottom. When contact  i s  made, immediately r eve r se  d i r e c t i o n  and s t e a d i l y  .. .. 
r a i s e  t h e  sampler back t o  t h e  depth r. Without h e s i t a t i n g ,  r o t a t e  t h e  
sampler i n t o  a v e r t i c a l  pos i t i on  and quick ly  l i f t  i t  through t h e  i c e  hole. 
I f  a wading rod i s  used, fo l low t h e  same procedure but hold t h e  sampler 



l e v e l  throughout t h e  e n t i r e  t r ave r se ,  A t  t h e  end of t h i s  round- t r ip  
i n t eg ra t ion ,  t h e  wa te r  l e v e l  i n  t h e  sample con ta ine r  should l i e  a few 
m i l l i m e t e r s  below t h e  nozzle  when t h e  sampler r e s t s  i n  a h o r i z o n t a l  posi-  
t ion .  I f  t h e  wa te r  l e v e l  i s  t oo  high, d i sca rd  t h e  sample then  r epea t  t h e  
process  a t  a h ighe r  t r a n s i t  r a t e .  Conversely, i f  t h e  water  l e v e l  is  too  
lowe use a t  a s lower  t r a n s i t  r a t e .  Af te r  t h e  optimum r a t e  has  been 
es tab l i shed ,  p l a c e  a c lean  con ta ine r  i n  t h e  DH-75 sampler and then  c o l l e c t  
a sample f o r  l abo ra to ry  ana lys is .  

The sampling e r r o r s  i n  t a b l e  1 a r e  based on an optimum t r a n s i t  r a t e  f o r  
each v e r t i c a l  i n  a t r ansec t .  The optimum r a t e  u sua l ly  d i f f e r s  from one 
v e r t i c a l  t o  another ,  so  a problem a r i s e s  i n  sampling a t r a n s e c t  by the  EWI 
(equal-width-increment) method (National Handbook of Recommended Methods 
of Water Data Acquisi t ion.  1978). This method r equ i r e s  t h a t  t h e  same 
t r a n s i t  r a t e  be used a t  a l l  v e r t i c a l s  i n  a t r ansec t .  Fortunately,  t h e  ED1 
(equal-discharge increment) method circumvents t h i s  t r a n s i t - r a t e  problem. 
The ED1 method, ( i b id ,  1978) a l l o w s  d i f f e r e n t  t r a n s i t  r a t e s  a t  d i f f e r e n t  
v e r t i c a l s ;  however, t h e  l o c a t i o n  of t he  v e r t i c a l s  must be c a r e f u l l y  
se lec ted .  A t r a n s e c t  must f i r s t  be divided i n t o  segments having equal 
water discharge.  then  a sampling v e r t i c a l  i s  s i t u a t e d  a t  o r  near  t h e  
center  of each segment. 

SUMMARY AND CONCLUSIONS 

On an ice-covered r i v e r ,  each sampling v e r t i c a l  spans two zones. The 
upper zone c o n s i s t s  of s t i l l  water  s tanding i n  t h e  i c e  hole; t h e  lower 
zone c o n s i s t s  of sediment-bearing water f lowing  under t h e  ice.  A sampling 
e r r o r  i s  caused by inf low t h a t  occurs  a s  a depth- in tegra ted  sampler i s  
lowered through t h e  upper zone. I f  t h i s  zone conta ins  no sediment, t h e  
sampling e r r o r  ( i n  percent)  i s  approximately 10 t imes  t h e  upper zonets 
th ickness  i n  meters .  The sampler may be lowered through t h e  upper zone 
wi th  t h e  nozz le  he ld  i n  a ho r i zon ta l  p o s i t i o n  (wauing-rod a ~ o p e n s i o n ]  o r  
i t  may be lowered w i t h  the  nozzle  held i n  a v e r t i c a l  p o s i t i o n  ( t i l t i n g  
mechanism). Technique i s  an important f a c t o r  i n  c o n t r o l l i n g  sampling 
e r r o r s  f o r  i n c o r r e c t  t r a n s i t  r a t e s  can lead t o  la rge ,  unpredic tab le  
e r rors .  Optimum t r a n s i t  r a t e s  vary from v e r t i c a l  t o  v e r t i c a l ;  eonse- 
quently,  t h e  ED1 (equal-discharge increment) method i s  t h e  most accu ra t e  
way of sampling a t r a n s e c t  f o r  sediment discharge.  
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