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S1. SUPPLEMENTAL SENSITIVITY ANALYSIS 

S1.1 Inputs to Monte Carlo Analysis 

Table S1.1. The surface area, CO2, and CH4 fluxes used to upscale to global carbon flux in the 

Monte Carlo analysis.  As the sample size for CO2 flux from lakes >100 km2 was 1, we used the 

mean as the standard deviation. 

Size Class (km2) Surface Area (km2) CO2 flux (SD) CH4 flux (SD) 
<0.001 147,763 – 861,578 35.18 (36.81) 2.275 (3.571) 
0.001- 0.01 406,576 21.21 (27.56) 0.653 (0.725) 
0.01 – 0.1 675,234 21.57 (19.44) 0.280 (0.428) 
0.1 – 1 984,651 23.87 (31.80) 0.157 (0.340) 
1 – 10 782,074 22.42 (12.61) 0.116 (0.426) 
10 – 100 597,789 20.90 (12.90) 0.102 (0.217) 
> 100 2,024,016 11.49 0.059 (0.106) 
 

S1.2 Discussion of Monte Carlo Analysis 

The Monte Carlo sensitivity analysis indicates that variation in CO2 and CH4 

concentrations among lakes within a size class is responsible for the large coefficients of 

variation (Table S1.2). 

 

Table S1.2. Results of Monte Carlo analysis to estimate global diffusive CO2 and CH4 flux from 

lakes and ponds. 

Size Class (km2) CO2 flux 
(Pg C yr-1) 

CO2 CV CH4 flux  
(Pg C yr-1) 

CH4 CV 

<0.001 0.0890 92.0% 0.00643 111.1% 
0.001- 0.01 0.0425 94.2% 0.00125 87.3% 
0.01 – 0.1 0.0689 74.7% 0.00101 95.6% 
0.1 – 1 0.0121 93.6% 0.00102 107.8% 
1 – 10 0.0802 53.2% 0.00079 124.4% 
10 – 100 0.0537 60.2% 0.00037 108.6% 
> 100 0.1152 77.3% 0.00067 105.0% 
TOTAL 0.571  0.012  
25 – 75th quantiles 0.439 – 0.683  0.006 – 0.015  
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S1.3 Additional Monte Carlo sensitivity analysis 

 Because our study is the first to use the most recent satellite imagery analysis of global 

lakes and ponds > 0.002 km2, our analysis uses different surface areas for the global distribution 

of lakes and ponds than previous studies1.  To evaluate uncertainty between the range of surface 

areas used in our study and previous studies, we conducted a second Monte Carlo analysis that 

allowed for uncertainty in surface area in addition to the uncertainty in CO2 and CH4 flux 

described above.  For surface area, we randomly and iteratively (n=1,000 runs) selected a 

number from a uniform distribution bound by Verpoorter et al.’s (2014) recent satellite analysis 

and the older estimates from Downing et al. (2006) (Table S1.3). 

 The results were similar to the Monte Carlo analysis that just incorporated uncertainty in 

gas concentration, indicating that uncertainty in surface area of lakes >0.001 km2 is minimal 

(Table S1.3).  The proportion of diffusive CO2 and CH4 emissions from small ponds is also 

similar: 16.2% (25 – 75th percentiles: 3.8 – 25.4%) and 40.7% (25 – 75th percentiles 0 – 68.4%). 

 

Table S1.3. The surface area estimates used to upscale to global diffusive CO2 and CH4 flux in 

this second Monte Carlo analysis.   

Size Class 
(km2) 

Verpoorter et 
al. 2014: 

Surface Area 
(km2) 

Downing et 
al. (2006): 

Surface area 
(km2) 

CO2 Flux 
(Pg C yr-1) 

CO2 CV CH4 flux  
(Pg C yr-1) 

CH4 CV 

<0.001 147,763 861,578 0.088 94.7% 0.00636 113.7% 
0.001- 0.01 406,576 692,600 0.059 92.0% 0.00175 86.4% 
0.01 – 0.1 675,234 602,100 0.065 76.4% 0.00098 97.0% 
0.1 – 1 984,651 523,400 0.090 98.3% 0.00075 108.7% 
1 – 10 782,074 455,100 0.060 56.4% 0.00065 119.4% 
10 – 100 597,789 392,362 0.043 60.1% 0.00030 113.7% 
> 100 2,024,016 1,573,441 0.099 80.1% 0.00060 106.8% 
TOTAL   0.501  0.011  
25 – 75th Quantiles  0.375 – 0.610 0.006 – 0.015 
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S2. SUPPLEMENTAL DISCUSSION 

S2.1 Uncertainty in k600 Values 

 Estimating k600 and using the same k600 for all lakes in a given size class introduces some 

error and uncertainty into our analysis.  Air-water gas exchange, and the gas transfer velocity 

k600, is largely driven by turbulence at the air-water interface2.  In large lakes, turbulence is 

primarily generated by wind, and wind speed is often used to model k600
3,4.  Yet, recent studies 

show that there is substantial spatial and temporal heterogeneity in wind speed over lakes that 

complicates estimating k600 from a single point measurement5.  Additionally, the relationship 

between wind speed and k600 breaks down under low-wind conditions (~3 m s-1), typical of small 

and sheltered ponds and lakes4,6,7.  In these small lakes and ponds, convection tends to dominate 

turbulence production; yet, much uncertainty remains regarding k600 estimates from convection8.  

Specifically, k600 appears higher under periods of heat loss and particularly when the water 

temperature exceeds air temperature and creates instability at the air-water interface8-11.  Periods 

of cooling and times when the water is warmer than the air occur at night, translating to higher 

overnight fluxes12,13.  As the k600 values used in this study for ponds < 0.01 km2 were daily 

averages and may not represent short-lived but significant increases in k600 due to heat loss, we 

may underestimate gas flux. 

In addition to the problems estimating k600 mentioned above, recent studies using eddy 

covariance techniques to directly measure turbulent scalar flows from water bodies typically 

calculate larger k600 estimates than those predicted from gas concentrations and wind speed11,14-

16.  This suggests that our global flux estimates are underestimated; but more work will be 

needed to scale up eddy covariance measurements from single lakes to regional and global 

scales.  It will be especially fruitful to compare eddy covariance k600 to wind and convection 
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models across the entire lake size gradient.  Overall, while our study uses commonly accepted 

methods to scale up to global gas flux, estimates will only be improved as technological 

advances and additional studies constrain k600 estimates. 

S2.2 Uncertainty in Global Size Distribution of Very Small Ponds (< 0.001 km2) 

We used a lower and upper bound to incorporate uncertainty in the global size 

distribution of very small ponds (0.0001 – 0.001 km2), estimating that these ponds comprise 

between 147,763 and 861,578 km2 of surface area globally (see Methods).  The upper bound is 

based on the Pareto Distribution, which can accurately estimate the number of lakes in some flat 

regions of Earth, but overestimates the number of lakes in mountainous regions17.  The Pareto 

distribution has also been shown to fit the upper tail of the size distribution of lakes in arctic 

regions, but the relationship broke down at different size thresholds depending on the study 

region (thresholds: 30 m2, 100 m2, and 400 m2)18.  As less than 25% of the Earth’s surface is 

considered mountainous19, the Pareto Distribution may represent lake surface area for much of 

the globe, but does represent an upper bound. 

The midrange estimate of our range is supported by a few small-scale studies using high-

resolution satellite imagery or light-detection and ranging (LiDAR) data.  Multiple studies 

throughout the northern and eastern United States found between 1 and 15 small ponds (~100 to 

3,000 m2) per km2 of forested landscape20-23.  Assuming this density across the globe and a mean 

surface area of 0.00027 km2 would equate to between 35,921 to 538,812 km2 of surface area 

covered by ponds between 0.0001 and 0.001 km2.  In the Northern Highland Lake District in 

Wisconsin, all lakes > 0.0001 km2 have been mapped24.  When the Pareto Distribution is 

modeled to these lakes, the β parameter was estimated to be -0.1924 (in comparison to -1.06 used 

here based on Downing et al. (2006)).  Using this β at a global scale yields 334,366 km2 of 
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surface area covered by ponds between 0.0001 and 0.001 km2.  While the density of very small 

ponds is likely to vary greatly across the globe, our range – particularly mid-range estimates—

seems reasonable. 

S2.3 Ebullition Analysis 

 We conducted a separate literature review for studies where both CH4 ebullition and 

diffusion were directly measured from freshwater lakes and ponds.  We compiled data from 47 

water bodies, which ranged in size from 0.002 to 1.449 km2 (Supplemental Table 2).  Assuming 

ebullition occurred 365 days a year25, we calculated annual CH4 ebullition.  The relationship 

between ebullition to surface area was weak on a square meter basis (linear regression, R2 = 

0.19, p = 0.02), which was largely driven by variability in ponds and lakes between 0.001 and 

0.01 km2.  We also evaluated the possibility to estimate ebullition from diffusion, but there was 

no significant relationship between the ratio of diffusion and ebullition and lake surface area 

(linear regression, R2 = 0.002, p = 0.56).  This analysis was limited by low sample size and a 

small range in lake surface area; perhaps with more global data we will be able to upscale 

ebullitive flux from inland waters. 
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