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Why	
  Lakes?	
  

•  Inland	
  waterbodies	
  comprise	
  significant	
  components	
  of	
  many	
  landscapes	
  
•  Rarely	
  included	
  in	
  esamates	
  of	
  energy	
  and	
  CO2	
  fluxes	
  
•  When	
  they	
  are,	
  based	
  on	
  measurements	
  at	
  low	
  frequencies	
  (1-­‐2x/yr	
  up	
  to	
  weekly	
  at	
  

1-­‐2	
  points)	
  and	
  high	
  uncertainty	
  (>100%!)	
  which	
  prevents	
  from	
  studying	
  drivers	
  at	
  
shorter	
  amescales	
  

•  Several	
  dozens	
  of	
  fluxes	
  towers	
  located	
  over	
  inland	
  water	
  bodies	
  allowing	
  for	
  study	
  
of	
  short	
  ame	
  variaaon	
  of	
  fluxes	
  and	
  mechanisms	
  controlling	
  them	
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Lakes	
  and	
  riverine	
  systems	
  process	
  a	
  
lot	
  of	
  carbon,	
  maybe.	
  

Adrian	
  et	
  al	
  2009	
   reported by Cole et al. (2007), but for streams, which were
not analyzed by Cole et al. (2007), they add another 0.32 Pg
C yr21. This number is based on in-stream heterotrophy
and does not take into account release of CO2 imported as
DIC from soils and groundwater. Hence, the total current
emissions from inland waters, adding streams and a revised
number for lakes to the budget of Cole et al. (2007), may be
as high as 1.4 Pg C yr21. Similarly, the carbon burial in
sediments, considering larger lake area estimates and
revised numbers for the burial in small impoundments,
may amount to 0.6 Pg C yr21 (Fig. 5).

Given the annual transport of 0.9 Pg C to the ocean, and
given the loss from inland waters via outgassing and burial
(a total of 2 Pg), the total amount of OC imported to inland
waters from the terrestrial environment must be on the
order of 2.9 Pg yr21. The outgassing of CO2 in the inland
waters corresponds largely to respiration of terrestrial OC,
directly in the aquatic environment or in soils followed by
export to inland waters as DIC. The annual loss of 2 Pg is
similar to the total global net ecosystem production (about
2 Pg C yr21; Randerson et al. 2002). For comparison, the
annual emissions of carbon from inland waters, previously
not considered in global C budgets, constitute a number
(1.4 Pg) of the same order of magnitude as fossil fuel
combustion, carbon emissions caused by deforestation, and
carbon uptake by the oceans (6.4 Pg, 1.6 Pg, and 2.6 Pg,
respectively; Burgermeister [2007]; likewise for carbon
burial in inland waters [0.6 Pg]).

Given the large amounts of carbon being processed,
improved quantification of these fluxes is crucial to
understanding of the global C cycle and climate system.
In addition, as also pointed out by Benoy et al. (2007),
better knowledge of the mechanisms regulating degrada-
tion and preservation of OC in inland waters is essential to
assessing the ultimate net effect of carbon processing in
these systems. For example, increased burial of OC in
inland waters represents a net sequestration of carbon only
if it would not have been sequestered in the terrestrial
habitats that exported the carbon and if the carbon would
not have been otherwise sequestered downstream in the sea.
Likewise, increased evasion of CO2 to the atmosphere as a
result of enhanced mineralization in lakes where the DOC
concentration has been increased is not a new source of

CO2 to the atmosphere unless the same OC would have
escaped mineralization if kept in soils or if transported to
the ocean.

The mass of methane emission is of minor importance
for the carbon mass transfer and hence is not included in
the calculations above. As a result of its 20 times higher
greenhouse warming potential (GWP) compared to CO2,
however, it is of great interest. The contribution from lakes
(8–48 Tg yr21; Bastviken et al. 2004a) in combination with
the likely emissions from large impoundments (70 Tg yr21;
St. Louis et al. 2000) and an expected high but unknown
amount of emission from the globally abundant small
impoundments such as farm ponds (Downing et al. 2008)
points to emissions from inland waters that are on the
order of 100 Tg yr21 or more. This is roughly an addition
of 20% to the previously estimated global emissions (410–
660 Tg CH4 yr21, including 92–232 Tg from wetlands, but
without specifically considering lakes and reservoirs;
Wuebbles and Hayhoe 2002). This also places CO2 and
CH4 from inland waters roughly equal in terms of GWP.
Considering that impoundments are increasing worldwide,
the substantial contribution of impoundments, including
tropical hydroelectric reservoirs, will increase substantially.

It is clear from this synthesis that lakes, impoundments,
and other inland waters (1) constitute a significant
component of the global C cycle, (2) have changed in their
contribution, significantly as a result of human activities,
and (3) will continue to change in the future in response to
climate change coupled with increases in the small and
large impoundments. These changes include sequestration
in sediments and emissions to the atmosphere as well as
altered transport to the sea. Strong feedback effects on the
climate system from inland waters are expected from
increased methane emissions with continuing permafrost
thaw and with continued construction of impoundments; in
both cases, the result will be enhanced emissions of
methane. Lakes are active, changing, and important
regulators of the carbon cycle and global climate.
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Globally,	
  lakes	
  are	
  warming	
  faster	
  
	
  than	
  the	
  atmosphere	
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•  Inland	
  water	
  energy	
  and	
  carbon	
  fluxes	
  are	
  highly	
  
dynamic	
  in	
  space	
  and	
  ame	
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Our	
  goal	
  

•  THEREFORE:	
  We	
  conduct	
  the	
  world’s	
  first	
  synthesis	
  
of	
  eddy	
  fluxes	
  across	
  lakes	
  that	
  vary	
  in	
  size,	
  type,	
  
locaaon	
  

	
  



Lakes	
  	
  
(n	
  =	
  16)	
  

Reservoirs	
  
(n	
  =	
  7)	
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  =	
  2)	
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  190	
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  Flux:	
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Lakes	
  are	
  much	
  harder	
  to	
  make	
  good	
  flux	
  
measurements	
  than	
  other	
  surfaces	
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Sink	
  of	
  CO
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Source	
  of	
  CO
2	
  

•  Majority	
  of	
  water	
  bodies	
  are	
  source	
  of	
  CO2	
  to	
  atmosphere	
  
•  Large	
  emissions	
  from	
  reservoirs	
  
•  No	
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  pa#ern	
  (i.e.	
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  characterisacs	
  play	
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  controls	
  of	
  heat	
  fluxes	
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Wind	
  speed	
  and	
  
temperature	
  
gradient	
  at	
  air-­‐
water	
  interface	
  
control	
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heat	
  flux	
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warming	
   cooling	
  

Wind	
  speed	
  and	
  
temperature	
  gradient	
  
explains	
  >50%	
  of	
  varia8on	
  
in	
  H	
  flux	
  in	
  majority	
  of	
  lakes	
  
	
  

•  Fairly	
  universal	
  
control	
  	
  

•  Steeper	
  slopes	
  
in	
  mid-­‐
laatudes	
  

•  No	
  clear	
  
laatudinal	
  
gradient	
  



warming	
  cooling	
  

•  Poor	
  controls	
  
during	
  cooling	
  
season	
  

Variable	
  H	
  response	
  to	
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  temperature	
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  Lakes	
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  with	
  
wind	
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  were	
  
binned	
  into	
  0.5	
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Summary	
  
•  Water	
  temperature	
  and	
  meteorological	
  characterisacs	
  of	
  over-­‐

water	
  air	
  masses	
  (e.g.	
  wind	
  speed,	
  air	
  temp,	
  humidity)	
  control	
  
short	
  term-­‐variaaon	
  of	
  sensible	
  and	
  latent	
  heat	
  fluxes	
  	
  

	
  
•  Responses	
  of	
  LE	
  and	
  H	
  in	
  Great	
  Lakes	
  vary	
  by	
  warming/cooling	
  

seasons	
  
–  Time-­‐lags	
  
–  Poor	
  predictors	
  à	
  too	
  short	
  amescales	
  presented	
  here	
  
	
  

•  Higher	
  wind	
  speed	
  promotes	
  greater	
  CO2	
  exchange,	
  but	
  large	
  
variability	
  suggests	
  other	
  physical	
  and	
  biological	
  driving	
  factors	
  

•  Carbon	
  fluxes	
  probably	
  can	
  not	
  be	
  reliably	
  extrapolated	
  from	
  
single	
  point	
  measurements	
  given	
  high	
  temporal	
  variability	
  



•  Eddy	
  covariance	
  quality	
  is	
  highly	
  variable	
  and	
  
sensiave	
  to	
  screening,	
  footprints,	
  type	
  of	
  lake,	
  
stable	
  boundary	
  layers	
  over	
  cold	
  surfaces	
  

•  Lack	
  of	
  in-­‐water	
  data	
  on	
  pCO2	
  or	
  temperature	
  
profiles	
  in	
  many	
  systems	
  limit	
  interpretaaon	
  
and	
  derivaaon	
  of	
  gas	
  transfer	
  coefficients	
  

•  Ice-­‐covered	
  lakes	
  rarely	
  have	
  winter	
  data	
  
•  Data	
  sharing	
  is	
  never	
  simple	
  

Challenges	
  



Thank	
  you	
  
•  Analysis	
  plans:	
  Gap-­‐filling,	
  wavelet	
  coherence	
  analysis,	
  

derivaaon	
  of	
  gas	
  transfer	
  velocity	
  
•  Manuscript	
  in	
  preparaaon	
  (fall	
  submission),	
  open	
  dataset	
  to	
  

be	
  placed	
  in	
  repository	
  awerwards	
  
•  Contact	
  Gosia	
  Golub	
  mgolub@wisc.edu	
  if	
  you	
  want	
  to	
  

paracipate	
  or	
  analyze	
  data	
  
•  Funding:	
  NSF	
  DEB-­‐1440297,	
  NTL	
  LTER,	
  NSF	
  DEB-­‐0845166	
  +	
  PI	
  

support	
  for	
  each	
  site	
  


