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ABSTRACT: Oxygen  air-water gas  exchange  was m e a s u r e d  us ing  floating chamber s  in two shallow tidal es tuar ies  of  
differ ing ba thymet ry  and  local terrain,  nea r  Wacluoit Bay~ Massachuse t t s  (Uni ted  States). T h e  specific chamber  design 
p e r m i t t e d  m e a s u r e m e n t s  of  gas  flux in 15 mira allowing analysis of  the  relat ionship with w ind  s p e e d  a n d  tidal stage.  
Exchange  coeff icients  r anged  f r o m  0.5 to 2.5 g O~-m 2 h 1 arm 1 (equivalent  to p is ton  velocities of  1.5 to 7 cm h 1) for  
wind  speeds  of  0.3 to 9 m s i at 10 m elevation. While the  re la t ionships  fo r  each es tuary  appear  l inear (significant l inear 
regress ions  with wind  s p e e d  were  shown for  each estuary, and  the  s lopes  were d i f fe ren t  at the  99.5% emtf idenee  level), 
the  range  o f  s p e e d s  d i f fe red  at the  two si tes and  an exponent ia l  func t ion  of w ind  s p e e d  was em~sistent with the  c o m b i n e d  
data f r o m  both estuaries .  A power  func t ion  of  wind  s p e e d  was not  an acceptable  model .  The  exchange  coeff icients  for  
our  es tuar ies  are f r om 57% to as low as 9% of  that  p red ic ted  by previously pub l i shed  gener ic  equatiolts .  Becanse the  
a tmospher ic  correct ion can be  s ignif icant  in shallow, metabolical ly active coastal waters~ we sugges t  that  empirical ly 
d e t e r m i n e d  relat ionships  for  gas exchange  versus  wind  for  a specific es tuary  are p re fe rab le  to the  predic t ions  of  the  
genera l  equat ions .  While  the  floating c h a m b e r  m e t h o d  s h o u l d  be  u s e d  cautionsly~ at low winds speeds  (below 8 m s a) 
and in slowly flowing waters,  it provides  a convenien t  approach  for  quant i fy ing  these  site-specific di f ferences .  T h e  
dif ferences ,  especially those  between shallow she l t e red  sys tems  and the  open  waters  best  fit by s o m e  pub l i shed  relation- 
ships,  are ecologically impor tan t  and  do no t  appear  yet  to be  measu rab l e  by o ther  methods .  

In t roduc t ion  

In studies of  watershed-estuary coupl ing and  
coastal eut rophica t ion ,  we have sought  to assess 
and  compare  ecosystem metabol i sm in estuaries 
that have different  n u m b e r s  of houses  in their  wa- 
tershed and thus differing nu t r i en t  loading rates. 
Such case studies were par t  of the Waquoi t  Bay 
Land  Margin Ecosystem Research project  (Cape 
Cod, Massachusetts,  Uni ted  States). Metabol ism 
m e a s u r e m e n t s  based on changes  in f iee-water ox- 
ygen were done  in two shallow, tidal sites of  differ- 
ing geography  and hydrology: Childs River and  
Sage Lot  Pond.  

Measu remen t s  of  ecosystem metabol i sm based 
on diel changes  in free-water oxygen require  a cor- 
rect ion for the physical flux of gas between the 
a t m o s p h e r e  and water ( O d u m  1956; O d u m  and 
Hoskin  1958; Murphy  and Kremer  1988). This  cor- 
rect ion is especially i m p o r t a n t  to evaluate in shal- 
low waters. O u r  goal was to d e t e r m i n e  the rela- 
t ionship between the gas exchange  coefficient  and  
wind speed,  p resumably  an impor t an t  indepen-  
dent  variable. Since our  research seeks a quanti- 
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tative compar i son  of ecosystem p roduc t ion  and  
respirat ion in the estuaries, we sought  to deter- 
mine  if oxygen gas-water exchange  varied signifi- 
cantly be tween our  estuaries that  differ in local to- 
pography,  basin bathymetry,  freshwater  stratifica- 
tion, and  prevail ing winds. We compared  our func- 
tions for these sheltered,  shallow tidal sites with 
publ i shed  generic  funct ions suggested for  predict-  
ing the exchange  coefficient  versus wind speed.  

Gas exchange  is an i m p o r t a n t  ecological restor- 
ing process that  depends  on m a n y  factors. Fick's 
law defines a p h e n o m e n o l o g i c a l  t ransfer  coeffi- 
cient, K, such that  the actual flux (J) is in p ropor -  
tion to the sa turat ion deficit (SD), i.e., J - K x 
SD. Different  authors  prefer  different  units and  
fo rms  of the equat ion,  but  mos t  are inter-convert-  
ible. We define the permeabi l i ty  coefficient  K in g 
Oe m ~ h 1 arm 1, and a saturat ion deficit for the 
water  in a tmospheres  as 

SD - 0,209.(C~ - Co) x C~ -1 

where  Co is the concen t ra t ion  (g O~ m -s) observed 
in the surface water  and  C~ is the concen t ra t ion  in 
water  that is in equi l ibr ium with the a tmosphere ,  
given the partial  pressure  of oxygen in air of 0.209 
arm, Many ecologists use this fo rmula t ion  of gas 
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exchange (e.g., Roques 1985), perhaps because 
the permeabili ty coefficient K is more  obviously re- 
lated to fluxes of  oxygen per unit  volume or sur- 
face area. Physicists and geochemists  often use a 
mass transfer coefficient (e.g., Ha r tman  and Ham- 
mond  1985). In this form, SD - (G~ - Go) has 
units of concentra t ion for the specific gas, and the 
transfer coefficient K L has the units length X 
time ~, thus the name piston velocity. The  two 
forms are related by K L - K X 0.209 (arm) X S(g 
02 m-~)-L We present  our results here both as K 
and as K L (cm.h 1). The  f luxJ  is in g Oe m : h 1. 
Any change in the flux J at a given value of SD can 
be related to changes in the value of K, and K may 
depend  on various factors. For example, bot tom 
friction is a dominan t  factor in flowing streams 
( O ' C o n n o r  and Dobbins 1958). At specific field 
sites, empirical relationships might  be expected be- 
tween K and wind speed, wind direction, current  
speed, or near-surface velocity shear, and such re- 
lationships might  differ by location. While data 
combined from many estuaries may suggest a gen- 
eral trend, site-specific factors certainly contr ibute 
to variability. We sought  the most  defensible func- 
tional equation by a comparison of measurements  
from two estuaries with each other  and with two 
published suggestions for a generic equation. 

We measured the air-water flux of oxygen di- 
rectly using a floating chamber.  Concerns  have 
been raised that the presence of the floating device 
interferes with the processes governing gas ex- 
change resulting in artificially high rates. A num- 
ber of papers have discussed the issue (Broecker 
and Peng 1984; Har tman  and H a m m o n d  1984, 
1985; most  recently Raymond and Cole 9001), and 
the me thod  continues to be widely used. Marino 
and Howarth  (1998) present  a good synopsis of the 
strengths and weaknesses of various methods  in- 
cluding the chamber  method ,  plus a favorable 
comparison of results from domes and other  meth- 
ods. Based on a review of a n u m b e r  of direct com- 
parisons unde r  laboratory and natural conditions, 
we believe that there is good reason to accept tim'; 
estimates using the floating chamber  me thod  with- 
in certain practical limits: wind speeds up to per- 
haps 8-10 m s -1 with limited fetch and no white- 
caps, and care to minimize chamber  mot ion  rela- 
tive to surface water motion.  An accompanying 
technical note addresses the methodological  con- 
cerns (Kren:ter et al. 2003). 

M e t h o d s  

Childs River is a narrow tidal river, about  1.5 m 
deep in the channel,  100 m wide and 9 km in 
length, su r rounded  by trees and dense housing de- 
velopment.  Sage Lot Pond is a shallow salt marsh 
lagoon, generally less than 1 m deep, oval in shape, 
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Fig. 1. Schematic diagram of the floating chamber  used to 
measure the oxygen exchange coefficient. Use of  a low shallow 
metal cake pan (19 • 19 • 4.5 cm) minimized wind drag while 
providing a high sm ' face- to -vdume ratio allowing precise rnea- 
surernents in about  15 rnin. 

with a narrow, constricted inlet. The tidal river is 
often stratified at 90-50 cm by freshwater and tem- 
perature,  while Sage Lot Pond,  which receives little 
freshwater inflow, is generally well mixed or slightly 
temperature  stratified. Adjacent  forest cover re- 
stricts winds in Childs River, while the low marsh 
sur rounding  Sage Lot and its proximity to Vine- 
yard Sound allow prevailing local winds to blow rel- 
atively un impeded  (see more  complete site de- 
scription in D'Avanzo et al. 1996). 

Gas exchange was measured 12 times at Childs 
River and 11 times at Sage Lot Pond during 10 
separate days in Augus t -Sep tember  1991. Five ad- 
ditional points were added in J u n e  1994 to add low 
wind condit ions at Sage Lot, plus two more  to aug- 
merit the Ghilds River set. Air-sea gas flux was mea- 
sured using the floating chamber  me thod  (Cope- 
land and Duffer 1964; Roques 1985), in which the 
influx of oxygen into the head space of a floating 
chamber  initially filled with oxygen-flee gas at 1 
arm was measured th rough  time. To enhance  the 
response time of our  device, permit t ing f requent  
short-term measurements  of K during changing 
wind conditions, we chose a shallow metal cake 
pan (19 X 19 X 4.5 cm) with large surface area- 
to-head space volume as the chamber  (Fig. 1). The 
pan was painted inside and out with white enamel 
to minimize solar heating and avoid rusting. Flo- 
tation was achieved by a rectangular  foam collar 38 
X 40 cm, 5 cm thick. The low, wide design reduced 
wind drag compared  to hemispherical  domes with 
taller rectangular  floats often used. A skirt of flex- 
ible plastic sheet extended 7 cm from the foam 
collar on all sides to suppress direct aerat ion by 
wave-generated bubbles at higher  wind speeds. 

Two sensors, each measuring oxygen and tem- 
perature,  were moun ted  on the floating device, 
one with a stirrer to moni tor  ambient  water con- 
ditions just below the water surface, and another  
without a stirrer in the head space of the floating 
pan (Fig. 1). Sensor cables were connected  to two 
meters in a small skiff. Deployments  were at an- 



c h o r e d  s ta t ions so the c h a m b e r  was n o t  drif t ing 
freely, with the  cables trailing f rom a b o o m  ex- 
t end ing  1 m laterally f r o m  the skiff, o r i en ta ted  to 
min imize  in t e r fe rence .  Advec t ion  o f  the sur face  
water  was slow ( ~  1 cm s ~ by visual es t imate) ,  so 
that  m u c h  less t u rbu l ence  was i n t r o d u c e d  by the 
t e the red  c h a m b e r  in this case than  if it were al- 
lowed to f loat  with the  wind.  

O n  d e p l o y m e n t ,  the pa n  plus f lo ta t ion  was in- 
ve r t ed  and  comple te ly  s u b m e r g e d ,  t h e n  r igh ted  
and  gent ly  f loa ted  to the sur face  with the  c h a m b e r  
filled with water. N i t r o g e n  gas was let into the pan  
gent ly  t h r o u g h  plastic tub ing  unti l  bubb les  emerg -  
ing f r o m  the u n d e r s i d e  ind ica ted  that  all the water  
had  b e e n  displaced.  To ensure  the  c h a m b e r  h e a d  
space was of  k n o w n  v o l u m e  a nd  at 1 a tm,  the  tub- 
ing was then  d i s c onne c t e d  f r o m  the gas cylinder,  
he ld  o p e n  for  5 -10  s to allow pressure  to equili- 
bra te  at a m b i e n t  a t m o s p h e r i c  pressure  (assumed 
to be 1.0 arm) ,  a nd  then  r emoved .  This  p r o c e d u r e  
isolated an  oxygen-f ree  a t m o s p h e r e  o f  k n o w n  and  
r e p r o d u c i b l e  v o l u m e  inside the h e a d  space with 
the b o t t o m  of  the f loat  a nd  the lip o f  the p a n  ex- 
t end ing  a b o u t  1 cm be low the water  surface.  

O x y g e n  c o n c e n t r a t i o n  within  the  h e a d  space was 
m o n i t o r e d  con t inuous ly  over  10-80 rain us ing  a 
digital oxygen  m e t e r  (YSI Mode l  58).  T h e  rate of  
increase  in to  the  c h a m b e r  was m e a s u r e d  precisely 
by r e c o r d i n g  the t ime to the neares t  s e c o n d  when-  
ever the  oxygen  in the c h a m b e r  increased  0.01 
p p m .  Shor t - t e rm changes  (5 rain or  less) in the 
inf lux ra te  were  detectable ,  appa ren t ly  re la ted  to 
changes  in wind,  boa t  wakes, etc. For  this analysis, 
we specifically se lected data  f r o m  times w h e n  wind 
cond i t ions  were  s teady p r io r  to and  du r ing  the ex- 
c h a n g e  m e a s u r e m e n t s .  

A r e c o r d i n g  a n e m o m e t e r  l ogged  1 rain averages  
of  wind speed  and  d i rec t ion  before  and  du r ing  all 
gas f lux m e a s u r e m e n t s .  T h e s e  i n s t r u m e n t s  (Digi tar  
#7902 A n e m o m e t e r s  with O n s e t  Tatt letale 2-g  data- 
logg ing  compu te r s )  were  cal ibrated within _+1 m 
s 1 by c o m p a r i s o n  to a G.M. Young m e t e r  on  a Na- 
t ional  O c e a n i c  and  A t m o s p h e r i c  Adm i n i s t r a t i on  
(NOAA) buoy. W i n d  sensors  were m o u n t e d  at ou r  
two estuaries,  one  at 1.5 m and  the o the r  at 2.5 m 
above  m e a n  sea level. M e a s u r e d  wind speeds  in this 
p a p e r  have b e e n  conve r t ed  to wind at 10 m (U10) 
us ing the  loga r i thmic  co r r ec t ion  U,0 - U z (0.097 
l n ( z / 1 0 )  + 1) ~ ( P o n d  1975; H a r t m a n  and  H a m -  
m o n d  1985). 

Dissolved oxygen,  t e m p e r a t u r e ,  a nd  salinity were  
r e c o r d e d  in the  sur face  water  at the  start  and  end  
of  each  run .  Water  level was r e c o r d e d  be fore  and  
after  each series a nd  used  to est imate tidal stage 
and  rate  of  c h a n g e  in water  level. 

T h e  specific r eae r a t i on  coeff ic ient ,  k~ (h ') was 
calcula ted as the  e xpone n t i a l  s lope o f  the c h a n g e  
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in oxygen  in the chamber .  T h e  coeff ic ient  may  be 
d e t e r m i n e d  as the s lope of  the  least squares  re- 
gress ion of  i n ( c o n c e n t r a t i o n )  versus t ime (Roques  
1985). We used a 2-poin t  a p p r o x i m a t i o n  of  this 
slope,  which  is near ly  ident ical  for  da ta  tha t  fit the 
exponen t i a l  m o d e l  well. 

1 [(cw q)] 
k, = T m [ ( C ~  ~e) ( I )  

where  G,~ - average  c o n c e n t r a t i o n  of  oxygen  in 
the water  du r ing  the i n c u b a t i o n  (g O 2 m-S);  a n d  
Ci, Ce - c o n c e n t r a t i o n  of  oxygen  in the c h a m b e r  
at the  b e g i n n i n g  and  the end  of  the i n c u b a t i o n  
interval ,  t (h). 

T h e  gas e x c h a n g e  coeff ic ient  K (g 02  m -2 h -1 
a rm- i )  was c o m p u t e d  f r o m  k,, the d i m e n s i o n s  of  
the chamber ,  m o l a r  p rope r t i e s  of  oxygen,  and  the 
part ial  p ressure  o f  oxygen  in air: 

V ( m  s ) 32 ( g O 2 )  
K - k, (h -~) • >.< 

A (m 2) 22.4 (1 O2) 

0.209 (1 02)  1000 1 air 
x x ( 2 )  

1 air X Pz (atm) 1 m s 

where  V and  A - v o l u m e  and  a rea  o f  c h a m b e r  
(0.00109 m s and  0.0959 m2); Pz - total gas pres- 
sure in the c h a m b e r  (]  arm).  

For  c o m p a r i s o n  with the p i s ton  veloci ty (KL, cm 
h -1) r e p o r t e d  by o t h e r  au thors ,  the gas exchange ,  
or  permeabi l i ty  coeff ic ient  K was conve r t ed  using 
the oxygen  c o n c e n t r a t i o n  at sa turat ion.  For  tern- 
pe r a tu r e s  and  salinities of  ou r  m e a s u r e m e n t s ,  K L 
- S.0 K (r 2 - 0.99, n - $5). 

Regress ions  with 95% c o n f i d e n c e  limits were  
c o m p u t e d  by m o d e l  I l inear  a s sumpt ions  (Sokal 
and  Roh l f  1981) on  raw and  na tu ra l  log trans- 
f o r m e d  data. T h e  average  accuracy  of  each  statis- 
tical m o d e l ' s  p r e d i c t i o n  (Pi) versus obse rved  data  
(O~) was calcula ted as �9 - (:lP  - O J ) l n  for  a 
sample  o f  n points .  

Results  

M e a s u r e m e n t s  o f  oxygen  f lux and  calculat ions  of  
the e x c h a n g e  coeff ic ients  were  d o n e  14 t imes in 
the Childs River and  16 t imes in Sage Lo t  Pond .  
T h e  oxygen  increase  into the c h a m b e r  was readi ly 
m e a s u r a b l e  in all cases (Fig. 2). T e m p e r a t u r e  
c h a n g e  within the c h a m b e r  was less than  0.5~ dur-  
ing these shor t  incubat ions .  

T h e  ability to make  shor t - t e rm m e a s u r e m e n t s  of  
the oxygen  inf lux p e r m i t t e d  a deta i led analysis of  
the re la t ionsh ip  with wind.  For  data  used  in this 
analysis, wind speeds  were steady (_+0.5 m s ~) pri- 
or  to and  du r ing  the gas e x c h a n g e  m e a s u r e m e n t s  
(Fig. 2),  and  the oxygen  increase  was at a near ly  
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Fig. 2. Sample of data from w-hich atmospheric exchange 
coefficients were calculated. Wind speeds (open diamonds) are 
1-rnin averages that were automatically logged by a nearby an- 
emometer, while the increase of oxygen was measured within 
the floating metal chamber (solid dots). 

c o n s t a n t  ra te  (r e - 0.996 + 0.002 [ s t anda rd  devi- 
a t i on  for all cases of 5 to 20 po in t s ] ) .  Cases where  
a wind  c h a n g e  a l te red  the rate of inc rease  were n o t  
u s e d  u n l e s s  c o n d i t i o n s  were  s t e a d y  for  l o n g  
e n o u g h  to achieve  a n e w  c o n s t a n t  rate. A n  average 
wind  speed was ca lcula ted  f rom l - ra in  averages 
logged  d u r i n g  the  gas f lux i n c u b a t i o n  a n d  the  pre-  
ced ing  15 min .  T h e s e  va lues  were conve r t ed  to 
wind  at 10 m. T h e  r a n g e  of conve r t ed  wind  speeds  
was f rom 0.3 to 9 m s-L 

T h e  gas t ransfer  coef f ic ien t  K was positively re- 
la ted to w ind  speed for b o t h  es tuar ies  (Fig. 3). T h e  
slopes of the two pred ic t ive  l i nea r  regress ions  were 
s ignif icant ly  d i f f e ren t  at the  99.5% level. 

T h e  l i nea r  co r r e l a t i on  coef f ic ien t  was qu i t e  h igh  
(r z - 0.88) for Sage Lot, where  the  o p e n  t e r ra in  
allows a cons i s t en t  w ind  field l e ad ing  to a s t rong  
re la t ionsh ip .  In  Chi lds  River, wind  speeds  were 
genera l ly  lower, due  to the  n a r r o w  g e o m e t r y  of the 
bas in  a n d  the  she l te r  of n e a r b y  houses  a n d  trees. 
T h e  va lues  of K were c o r r e s p o n d i n g l y  lower there ,  
with the  smal le r  r a n g e  r e su l t ing  in  a weaker  l i nea r  
co r r e l a t i on  (r e - 0.43) despi te  a cons i s t en t  t r end .  

W h e n  the da ta  f i o m  b o t h  es tuar ies  were  com- 
b i n e d ,  the r e l a t i onsh ip  was no  l o n g e r  l i nea r  (Fig. 
3). Var ious  f u n c t i o n a l  fo rms  were evaluated.  T h e  
e x p o n e n t i a l  m o d e l  p rov ided  the best  cu rv i l i ne a r  fit 
( l inear  r 2 - 0.78 in  log d o m a i n ) .  T h e  average ac- 
curacy was be t t e r  for the  l i nea r  m o d e l s  (e - 0.14 
a n d  0.19 g Oe m ~ h a arm a for l i n e a r  e q u a t i o n s  
at Chi lds  River a n d  Sage Lot  P o n d ,  respectively) 
t h a n  the u n t r a n s f o r m e d  e x p o n e n t i a l  with the com- 
b i n e d  da ta  (e - 0.22). 

O u r  a t t emp t s  to a c c o u n t  for m o r e  of the ob- 
served variabi l i ty  in  K have b e e n  unsuccessfu l .  An-  
t i c ipa t ing  that  advec t ion  a n d  shear  cou ld  i n f l u e n c e  
the air-water b o u n d a r y  layer, changes  in  water  level 
d u r i n g  each m e a s u r e m e n t  ( p r e s u m a b l y  re la ted  to 
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Fig. g. Relationships between wind speed at 10 m (W) and 
gas exchange coefficient (K) for two estuaries near Waquoit Bay, 
Massachusetts. The predictive linear regressions (solid lines) m-e 
significantly different at the 99.5% level�9 The combined data 
were well fit by an exponential curve. Dashed lines indicate the 
95% confidence intervals for the three regressions�9 The gas ex- 
change coefficients m-e plotted both as a permeability coeffi- 
dent (K) and piston velocity (KL). Equations shown are for the 
permeability coefficient K. Equivalent equations for KL are Sage 
Lot Pond: KL = 0.9 + 0.6W; Childs River: KL = 1.98 + 0.18W; 
and Combined: KL = 1.65e (~ 

tidal velocity) were i n c l u d e d  in  m u l t i p l e  regres- 
sions. In  o n e  estuary, the coef f ic ien t  of de t e rmi -  
n a t i o n  i m p r o v e d  for  the m u l t i p l e  l i nea r  r egress ion  
(Chi lds  River, where  r 2 i nc r e a se d  f rom 0.48 to 
0.67), b u t  this was n o t  the case for the  data  f rom 
Sage Lot  P o n d .  P r e se n t  da ta  are insu f f i c i en t  to 
evaluate  the possible  c o n t r i b u t i o n  of w ind  direc- 
t ion  a n d  fetch. F u r t h e r  s tudies  are n e e d e d  to de- 
f ine a m o r e  c o m p l e t e  r e l a t i onsh ip ,  p r o b a b l y  in- 
c l ud i ng  water  veloci ty in  a d d i t i o n  to wind,  for dif- 
f e r en t  tidal r anges  a n d  ba thymet ry .  

D i s c u s s i o n  

Despi te  the s t rong  d e p e n d e n c e  of K o n  wind  at 
b o t h  estuaries,  the choice  of the  best  descript ive 



equation is not  straightforward. We ultimately 
chose an exponential  equation, but consider brief- 
ly two other  models suggested in the literature. 
The key question is whether  published generic 
equations are acceptable for shallow coastal em- 
bayments or whether  different equations are pref- 
erable for different localities? Our  answer is that 
the generic equations are seriously inaccurate for 
shallow coastal sites such as ours, but it remains 
unclear  whether  different functions are appropri-  
ate for each of these separate sites. 

Considering both  estuaries independently,  each 
shows a strong linear trend. Assuming this model,  
the 95% confidence limits leave little doubt  that 
the regressions differ by estuary (Fig. g). This mod-  
el is the simplest and provides the best predictions. 
Al though most  authors  recognize a curvilinear re- 
lationship, Liss and Merlivat (1986) proposed sep- 
arate straight lines for each of three domains of 
wind speed. Prevailing winds in Childs River are 
consistently lower than those in Sage Lot Pond. 
The lack of high wind speeds (W < 6 m s -1) for 
Childs River is unfor tunate ,  since the difference in 
slope would make curvature detectable. The y-in- 
tercept seems more  likely to vary with site-specific 
hydrodynamics  than the wind-dependent  slope. 
Despite their statistical validity, the linear equations 
are questionable outside of the measured wind 
speeds at their respective sites. 

Har tman  and H a m m o n d  (1985) review litera- 
ture that t~  (cm h 1) may be a power funct ion of 
wind. They suggest a fitted exponent  

K L - g4.6R~(Drn~0)~ r~ (3) 

where R~ is kinematic viscosity ratio of pure  water 
at 90~ to that at the temperature  and salinity of 
interest, Dm~0 is the molecular  diffusivity of the gas 
at 20~ in cm ~ s ~, and U~0 is the average wind 
speed at a height  of 10 in in m s -1. A recent  study 
of GOz exchange in the Nor th  Atlantic (Wannink- 
hof  and McGillis 1999) uses an analogous equation 
but  fixes the exponent  and defines the exchange 
coefficient to be a cubic funct ion of wind. 

A conspicuous feature of such a funct ion (Eq. 
3) is that it passes th rough  the origin, i.e., K L must 
approach  zero with no wind. Hartrnan and Ham- 
m o n d  (1985) lacked data below 2.5 m s-L Away 
from coastal influences very low fluxes are ob- 
served under  some circumstances, and Wannink- 
hof  and McGillis (1999) found the higher  order  
curvature was necessary to fit both the high values 
at high wind speeds and the fluxes at low winds 
that were quite low attributable to the action of 
surfactants. For our  Waquoit  Bay data and in some 
other  cases, a positive intercept  is definitely indi- 
cated. Whether  the power exponen t  of wind speed 
is specified as a fitted parameter,  or fixed as a cubic 
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relation, this model  is incapable of approaching  
the positive fluxes at low wind speeds in these data. 

While a near-zero intercept  might  be physically 
meaningful  in still water, when a significant inter- 
cept is present  it suggests that processes other  than 
wind are maintaining turbulent  renewal of the sur- 
face boundary  layer. In estuaries and coastal wa- 
ters, there are a host of processes that could be 
responsible, including freshwater flow, tidal advec- 
tion, or bo t tom friction, so the appearance  of a 
significant flux at zero wind is not  only plausible 
but  likely. For our  data set, and probably for any 
coastal situation, this model  is unacceptable.  

Marino and Howarth  (199S) selected an expo- 
nential model  to describe gas exchange coeffi- 
cients f rom oceans, estuaries, and lakes. They  re- 
por ted  the least squares fit on a semi-log transfor- 
mat ion of the data to be: 

K L - 2.97e ~~176 (r ~ - 0,55 in semi-log domain) 
(4) 

This expression allows positive exchange coeffi- 
cients at low winds. Applying this model  for our 
combined data (Fig. 3 bot tom) yields: 

KL - 1.GSe (~176 (r z - 0.7S) (5) 

Two reviews that consider data f rom floating 
chambers  and other  methods  (Har tman and Ham- 
m o n d  1985; Marino and Howarth  1993) offer ge- 
neric functions to estimate gas exchange coeffi- 
cients. When data from various sources are com- 
bined, the scatter increases so that the choice of 
the best model  becomes less clear. For many of the 
c o m p o n e n t  data sets the within-site variability is 
small, an impor tant  point  no ted  by Marino and 
Howarth.  Their  data from estuaries show a differ- 
ent trend from the regression of all sites. Their  
data for just the Hudson  River are quite well con- 
strained relative to the combined variability of oth- 
er systems and had a different slope (Fig. 4; see 
also Fig. 4 in Marino and Howarth  1993). A more  
recent  study in the Hudson  using a dual tracer 
technique (Clark et al. 1994) also found exchange 
rates that were less varied and well below the pub- 
lished generic trend for the open  ocean, and in 
fact 25% below the coefficients repor ted  for the 
Hudson  River by Marino and Howarth  (1993). 

The  wide scatter of generic regressions is ex- 
pected, since they are combinat ions  of coefficients 
measured in different systems by different people 
with differing methods.  A consequence of this is 
that using generalized functions must in t roduce 
substantial errors for a given specific site. While it 
seems obvious that measurements  in a particular 
estuary are to be preferred over predictions from 
generic regressions, it is not  necessarily so. If  the 
scatter in measurements  for one estuary were typ- 
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Fig. 4. Comparison of the exponential regression for two 
estuaries in this study (Solid line with dashed 95% confidence 
limits; also see Fig. 3, bottom) with general functions suggested 
by Hartman and Hammond (1985) and Marino and Howarth 
(1995). Stippled areas are the 95% limits of the two punished 
multi-site regressions, which are asyrnmelrical when untrans- 
formed. Solid diamonds are Marino and Howarth's measure- 
ments using floating chambers for the Hudson River only. 

ically as large  as with c o m b i n e d  data  for  m a n y  sites, 
genera l i zed  func t ions  would  be acceptable ,  even 
preferable .  But  the fact that  this is n o t  the case 
conf i rms  that  d i f fe rences  a m o n g  water  bodies  are 
be ing  o b s c u r e d  by g r o u p i n g  them.  

In  the  exponen t i a l  mode l ,  it seems logical  tha t  
the in t e rcep t  r ep resen t s  e n h a n c e d  e x c h a n g e  at low 
winds, due  m o s t  likely to water  currents ,  shear,  or  
b o t t o m  friction. I f  these add i t iona l  sources  of  near-  
surface t u r b u l e n c e  act i n d e p e n d e n t l y  o f  wind,  
then  a logical  gene ra l  f o r m  for  the  equa t ion  m i g h t  
be K L - K o + e (K-U10), T h e  non-wind  effect (Ko) 
m i g h t  be re la ted  to c u r r e n t  speed  and  b o t t o m  
dep th  in shal low systems ( O ' C o n n o r  and  Dobb ins  
1958; O ' C o n n o r  1984; Rober t s  1984), and  a m o r e  
consis tent  wind effect  ( e x p o n e n t )  m i g h t  e m e r g e  
a m o n g  estuaries. I t  does  n o t  a p p e a r  that  the wind 
effect  itself (K,,) is u n i f o r m  and  i n d e p e n d e n t  o f K  o. 
It is clear f r o m  Fig. 4 tha t  the  exponen t i a l  curva- 
ture  o f  data  f r o m  W a q u o i t  Bay, H u d s o n  River, and  
the two gener ic  equa t ions  are  n o t  consis tent  with 
each  other.  It appea r s  e i ther  tha t  the s lope o f  the 
wind effect  is itself var iable  f rom es tuary  to estuary, 
or  tha t  there  is an in te rac t ion  with non -wind  con-  
t r ibut ion.  In  s i tuat ions  w h e r e  fe tch  is shor t ,  it is 
sensible that  the effect  of  a given wind speed  on  K 
is well be low what  is seen in m o r e  o p e n  sites, and  

may even a p p r o a c h  values in e xpe r imen t a l  condi-  
t ions ( H a r t m a n  1988; Smi th  1985). 

Are  site-specific func t ions  just if ied? We feel tha t  
ou r  analysis proves  the  n e e d  for  d i f fe ren t  predic-  
tive equa t ions  for  large o p e n  systems ( the gener ic  
funct ions)  and  the  shal low tidal systems such as 
ou r  two sites. T h e  ques t i on  of  w h e t h e r  these two 
sites also differ  f r o m  each o t h e r  is n o t  as clear. 
Statistically, two s t raight  l ines are  n o t  sufficiently 
be t te r  than  the c o m b i n e d  exponen t ia l ,  bu t  the dif- 
fer ing geog ra ph i c a l  const ra in ts  on  the  prevai l ing 
winds limit the r eg ion  of  overlap that  would  allow 
a d i f fe rence  to be con f i rmed .  

W h e n  dispara te  data  f r o m  var ious  sites are  com- 
b ined ,  large c o n f i d e n c e  limits s u r r o u n d  the  re- 
gressions. Mar ino  a nd  H o w a r t h  (1998) show 95% 
c o n f i d e n c e  limits o f  - 6 0 %  and  + 9 5 0 %  of  the  pre-  
dic ted coeff ic ient  ( the limits are asymmetr ica l  after  
b a c k t r a n s f o r m i n g  the  p r ed i c t ed  in KL). C o m p a r e  
this with Mar ino  a nd  H o w a r t h ' s  es t imated  empir i-  
cal p rec i s ion  o f  + 3 0 %  associated with field mea-  
s u r e m e n t s  o f  KL in the H u d s o n  River. This  is con-  
sistent with ou r  results  as well (Fig. 3) in which  the 
s t anda rd  e r r o r  of  the exponen t i a l  m o d e l  was 10-  
g0%. 

Despi te  i m p r o v e d  precis ion,  we mus t  also con-  
sider the  accuracy  of  the field me thods .  Mar ino  
and  H o w a r t h  (1998) suggest  tha t  u n c e r t a i n  accu- 
racy of  the d i f fe ren t  m e t h o d s  p r ec ludes  m o r e  pre-  
cise analyses o f  field data. This  is especially t rue  for  
the f loa t ing c h a m b e r  m e t h o d .  If  this m e t h o d  is n o t  
accura te ,  i m p r o v e d  prec i s ion  is no  advantage .  
T h e r e  are  c redib le  reasons  to believe that  the 
m e t h o d  works. Mar ino  a nd  H o w a r t h  (1998) pre-  
sent  deta i led theore t ica l  a r g u m e n t s  tha t  the sur- 
face a rea  a f fec ted  by the device is small c o m p a r e d  
to the  scales over which  surface t u r b u l e n c e  are  de- 
t e rmined .  M o r e  impor tant ly ,  s imu l t aneous  direct  
c o m p a r i s o n s  of  f loa t ing c h a m b e r  m e a s u r e m e n t s  
with non-invasive t racer  s tudies in a diverse r ange  
o f  lab a nd  field cond i t i ons  have ag reed  well, and  
a n u m b e r  of  ind i rec t  in fe rences  are also favorable  
(Roques  1985; th-emer  et al. 200g).  Cer ta in ly  the 
f loat ing c h a m b e r  m e t h o d  has l imitat ions;  the ver- 
if ication tests have b e e n  at wind speeds  be low 5 m 
s -x, with wave ac t ion  be low the  th resho ld  for  white- 
caps and  b u b b l e  inject ion.  T h e  actual  wind  cu to f f  
for  safe use at a site will d e p e n d  on  local  condi-  
tions, bu t  wi thin  these pract ical  limits, and  with 
careful  i m p l e m e n t a t i o n  in a p p r o p r i a t e  systems, 
empir ica l  data  s u p p o r t  its accuracy. 

Trad i t iona l  al ternat ives simply c a n n o t  p rovide  
data  at a p p r o p r i a t e  t ime scales for  d i d  ecological  
studies. S o m e  ne w t echn iques  (e.g., de l ibera te  trac- 
ers, d i rect  covar iance ,  a t m o s p h e r i c  profiles) may  
eventual ly prove  useful  at hour ly  t ime scales, b u t  
this is by no  m e a n s  clear at this t ime, a nd  all ap- 



pl ica t ions  to date  have e m p h a s i z e d  l o n g e r  t ime 
scales that  are n o t  usefu l  for diel  ecological  s tudies  
(Car in i  et al. 1996; McGill is  et al. 2001; D o n e l a n  
a n d  W a n n i n k h o f  2002).  Each n e w  m e t h o d  has as- 
socia ted  u n c e r t a i n  a s sumpt ions ,  is m o r e  expens ive  
a n d  t i m e - c o n s u m i n g ,  a n d  the t racer  m e t h o d s  in- 
volve extensive s a m p l i n g  of water  c o l u m n  c o n c e n -  
t r a t ion  a n d  bas in  b a t h y m e t r y  to s u p p o r t  mass bud -  
get  ca lcula t ions .  Th i s  po t en t i a l  of  these a p p r o a c h e s  
is discussed m o r e  fully in  a n  a c c o m p a n y i n g  n o t e  
(Kremer  et al, 2003),  

T h e  ecologica l  imp l i ca t ions  of e m p l o y i n g  the 
d i f f e ren t  r e l a t i onsh ips  discussed h e r e  shou ld  be 
cons ide red .  In  large bas ins  with deep  water, the 
c o r r e c t i o n  fo r  a t m o s p h e r i c  e x c h a n g e  is o f t e n  
small ,  a n d  the issue is moot .  I n  shallow, p roduc t i ve  
coastal systems co r r ec t i ng  for air-water e x c h a n g e s  
can be very  i m p o r t a n t .  Pub l i shed  gene r i c  m o d e l s  
are readi ly  avai lable to p rov ide  f lux est imates,  bu t  
this s tudy suggests  tha t  the i r  use is inval id  with sig- 
n i f i can t  c o n s e q u e n c e s .  For  shal low tidal rivers n o t  
u n l i k e  the W a q u o i t  Bay sites, Cai et al. (1999) used  
l i t e ra tu re  es t imates  of K L that  were a b o u t  twice the 
average we m e a s u r e d ,  u n q u e s t i o n a b l y  with conse-  
q u e n c e s  for the i r  es t imates  of m e t a b o l i c  rates. For  
Chi lds  River, ou r  ca lcu la ted  air-sea flux usual ly  ac- 
c o u n t e d  for be tween  5 - 2 0 %  of the s u m m e r  day- 
t ime a p p a r e n t  p r o d u c t i o n .  For Sage Lot P o n d ,  
which  is shal lower  a n d  m o r e  exposed,  the  air-sea 
f lux was even m o r e  s ignif icant ,  ha l f  the t ime  ac- 
c o u n t i n g  for 2 0 - 5 0 %  of the s u m m e r  dayt ime ap- 
p a r e n t  p r o d u c t i o n .  In  Sage Lot  P o n d  for one  day 
w h e n  winds  r a n g e d  f rom 4-6 .5  m s -1 day t ime  ne t  
p r o d u c t i o n  i nc r ea sed  fi-om 0.29-0.93 g 0~ m ~ h 1 
w h e n  cor rec ted  for  air-water e x c h a n g e - - a  c h a n g e  
of 320%. Use of gene r i c  e q u a t i o n s  f rom the liter- 
a tu re  would  inc rease  the ca lcula ted  c o r r e c t i o n  an  
a d d i t i o n a l  150-230% above the  best  empi r i ca l  es- 
t imate  m e a s u r e d  in  this study. These  are la rge  ef- 
fects, 

Because  of d i u r n a l  a s y m m e t r y  in  winds,  c h a n g e s  
in  the a t m o s p h e r i c  c o r r e c t i o n  can  dramat ica l ly  al- 
ter the P r o d u c t i o n : R e s p i r a t i o n  ratio. H igh  winds  
in  the late a f t e r n o o n  w h e n  oxygen  levels are su- 
p e r s a t u r a t e d  p r ed i c t  large eff luxes tha t  are  a d d e d  
to the m e a s u r e d  c h a n g e  to inc rease  the  dayt ime 
p r o d u c t i o n ;  calm winds  d u r i n g  pre-daval  oxygen  
m i n i m a  r e d u c e  the in f lux  f rom the  a t m o s p h e r e  
used  to c o m p u t e  n i g h t t i m e  resp i ra t ion .  For  Wa- 
q u o i t  Bay, use of the gene r i c  r egress ion  of M a r i n o  
a n d  H o w a r t h  (1998) shifts the  average a n n u a l  Pro- 
d u c t i o n : R e s p i r a t i o n  fi-om 1.05 to 1,3, with a cor- 
r e s p o n d i n g  a p p a r e n t  e x p o r t  of 900 g O~ m -~ y-1 
( ~  g40 g C) r a the r  t h a n  ou r  best  es t imate  of 4,6 
( ~  2 g C). T h e  choice  of the gas e x c h a n g e  equa-  
t ion  has m a j o r  imp l i ca t i ons  for a t t emp t s  to deter-  
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m i n e  w h e t h e r  or n o t  coastal waters are  e x p o r t i n g  
s ign i f ican t  o rgan ic  matter .  

T h e  c o n f i d e n c e  l i m i t s  of  p u b l i s h e d  g e n e r i c  
e q u a t i o n s  are  large. T h e s e  u n c e r t a i n t i e s  are maxi-  
mized  in  h ighly  p roduc t i ve  coastal systems where  
d ramat ic  u n d e r s a t u r a t i o n  a n d  s u p e r s a t u r a t i o n  oc- 
curs in  shal low waters. Use of a n  a p p r o p r i a t e  gas 
e x c h a n g e  r e l a t i o n s h i p  can  s igni f icant ly  a l ter  esti- 
ma te s  of ecosystem m e t a b o l i s m ,  a n d  d i rec t  mea-  
s u r e m e n t s  of the e x c h a n g e  f u n c t i o n  in  the local 
site shou ld  be d o n e  w h e n e v e r  possible.  
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