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Globally,	  lakes	  of	  all	  sizes	  	  
are	  warming	  faster	  than	  the	  air	  

Schneider	  and	  Hook,	  2010	  GRL	  





Air: 1.9 F decade-1 vs Lake: 2.2 F decade-1 

AusRn	  and	  Colman	  2008	  

Desai	  2009	  



AusRn	  and	  Colman	  2008	  

0

10

20

30

40

50

60

70

80

90

100

1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005

P
e
rc

e
n

t 
Ic

e
 C

o
v
e
r



•  DT	  =	  Lake	  temp	  –	  	  
Air	  temp	  



0.43	  knots	  dec-‐1	  

0.29	  knots	  dec-‐1	  

Desai	  et	  al.,	  2009	  



An	  Alternate	  Hypothesis	  
Klump	  2002	  



What	  about	  small	  lakes?	  

Trout	  Lake(Oligotrophic)	   Lake	  Mendota(Eutrophic)	  



Global Carbon Budget 

The cumulative contributions to the Global Carbon Budget from 1870 
Contributions are shown in parts per million (ppm) 

Figure concept from Shrink That Footprint 
Source: CDIAC; NOAA-ESRL; Houghton et al 2012; Giglio et al 2013; Joos et al 2013; Khatiwala et al 2013;  

Le Quéré et al 2014; Global Carbon Budget 2014 
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There are between 100-300 million lakes in the world 
Taking up <0.5% of all terrestrial surfaces 

Verpoorter,	  2014	  
Winslow,	  PhD	  diss.	  



Buffam	  et	  al.,	  2011,	  GCB	  



Lakes	  and	  riverine	  
systems	  	  

process	  a	  lot	  of	  carbon!	  

and quality of OC produced in the watershed (Canham et al.
2004; Sobek et al. 2007). Higher temperatures induce
alterations in forest tree species (Petit et al. 2008), replace-
ment of forest ecosystems with grassland-dominated ecosys-
tems (Anderson 1991), upward shifts of alpine plants
(Walther et al. 2005), and primary succession in newly
deglaciated landscapes (Engstrom et al. 2000). Changes in
plant species influence litter fall and humus accumulation in
forest ecosystems (Kalbitz et al. 2000). Increases in watershed
net primary production are likely to result in higher DOC
concentrations, bacterial production, bacterial respiration,
and emission of CO2 to the atmosphere in subarctic lakes
(Jansson et al. 2008). Warming-induced decomposition of
soil organic matter, especially in arctic and subarctic soils
(Anderson 1991), will result in greater transport of
allochthonous DOC to lakes that previously received low
inputs (e.g., alpine lakes, or those resulting from glacial
retreat) as well as altered DOC quality (e.g., replacement of
herbs with less productive shrubs) (Shaver et al. 2000).

The direct effects of increased CO2 on vegetation and
DOC quality may be particularly pronounced. At present,
atmospheric CO2 is nearly 35% higher than preindustrial
levels and is increasing (IPCC 2007). Elevated CO2

conditions lead to increased carbon fixation, subsequently
increasing the concentration of carbohydrates and phenolic
compounds (e.g., lignin and condensed tannins) in plant
tissues (Tuchman et al. 2002). Overflow of carbon to
secondary structural and defense compounds leads to
higher C : nitrogen ratios and reduced bioavailability. Shifts
in peatland plant species composition under elevated CO2

concentrations and air temperatures boost DOC export
(Fenner et al. 2007).

The carbon flow from watersheds to lakes may also be
modified by the cumulative effects of atmospheric nutrient
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Fig. 2. Schematic diagram showing pathways of carbon
cycling mediated by lakes and other continental waters. The
letters correspond to rows in Table 1.

Lakes, carbon, and climate 2305

Adrian	  et	  al	  2009	  

Raymond	  et	  al.,	  2013	  

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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Fig. 5. Revision of the ‘active pipe’ hypothesis advanced by
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Significant	  uncertainRes	  in	  these	  global	  esRmates	  	  
owing	  to	  methogological	  and	  spaRal	  sampling	  issues	  

RMSE	  =	  1484	  
uatm	  
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Trout	  Lake	  

M.	  Ballie9,	  UW	  
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+	  source	  

>	  56°	  N	  

>	  40	  °	  N	  



subtropical	   temperate	   boreal	  







•  Land cover type and temperature of 
different surfaces changes properties of 
the air above 

•  Lakes of many sizes generate their own 
micro or even macro climates and trends 
in lake properties can alter these 

•  While lakes cover a small portion of the 
globe, they could be a major player in 
the global carbon cycle that drives 
current and future climate change 



Thank	  you!	  
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