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CO2 = 56%

CH4 = 32%

HaloC = 6%

N2O = 6%



Introduction

Montreal Protocol (1987)

= Solar Backscatter Ultra-Violet satellite
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Carbon dioxide (CO2)



10

9.1±0.5 PgC y-1

+0.9±0.7 PgC y-1

2.6±1.0 PgC y-1

26%
Calculated as the residual

of all other flux components

5.0±0.2 PgC y-1

50%

24%

2.4±0.5 PgC y-1

Average of 5 models

Global anthropogenic CO2 fluxes in 2010 (PgC y-1 = 1015 gC y-1)

www.globalcarbonproject.org/ 

Introduction



11

9.1±0.5 PgC y-1

+0.9±0.7 PgC y-1

2.6±1.0 PgC y-1

26%
Calculated as the residual

of all other flux components

5.0±0.2 PgC y-1

50%

24%

2.4±0.5 PgC y-1

Average of 5 models

Global anthropogenic CO2 fluxes in 2010 (PgC y-1 = 1015 gC y-1)

www.globalcarbonproject.org/ 

Introduction

National Reports
9.1 + 0.9 + 5.0
- 2.4
= 2.6
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Why is the terrestrial biosphere a CO2 sink ?
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The top four emitters in 2013 covered 58% of global emissions

China (28%), United States (14%), EU28 (10%), India (7%)
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www.globalcarbonproject.org/ 

China’s per capita emissions have passed the EU28 and are 45% above the global average
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Methane (CH4)
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??

CH4 life-time in atmosphere ~10 yrs
CO2 life-time in atmosphere ~100 yrs
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Natural wetlands (217)

Freshwaters (40)

Geological-land (36)
Wild animals (15)
Termites (11)
Oceans (18)

Natural sources 

Cattle (101)

Land fills & waste (63)

Rice (36)

Fossil fuels (96)
Biomass & biofuel burning (35)

Anthropogenic sources

Tropospheric OH- (528)

Soils (28)

Stratospheric Cl (25)

Stratospheric loss (51)

Sinks

Atmospheric
growth (2012) = 12

Sources and sinks of CH4 in Tg CH4 yr-1

= 337

= 331

= 632

Kirschke et al. (2013) Nature Geoscience, 6, 813-823
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Total = 1.5 TgCH4 yr-1
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Bottom-Up approach
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Bottom-Up approach

Pantropical wetland emission of 92 TgCH4 yr-1

Extrapolation of ~40 measurements to 1.4 106 km2
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Top-down approach

Tropical wetlands

Anthropogenic sources

Oceans = low sources
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Top-down approach

Atmospheric CH4

1.78 ppm
Atmospheric CH4

1.95 ppm

Air

Land

Atmospheric transport model

CH4 emission

??? ???
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Top-down approach
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Top-down approach

Atmospheric CH4

1.78 ppm
Atmospheric CH4

1.95 ppm

Air

Land

Atmospheric transport model

CH4 emission

Large variety of CH4 sources that overlap geographically
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How important are emissions of greenhouse-gas
from inland waters ?
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Raymond et al. (2013)

Source of 2.1 PgC yr-1
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Lauerwald et al. (2015) 3 x lower than Raymond et al.
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Raymond et al. (2013) Lauerwald et al. (2015)
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pCO2 = 277,076 ppm ?
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Raymond et al. (2013) & Lauerwald et al. (2015) used pCO2 computed
from pH and total alkalinity

Over-estimation up to 75 x 
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CO2 + H2O = HCO3
- + H+

HCO3
- = CO3

2- + H+

K1 = [CO2] / ([HCO3
-] + [H+])

K2 = [HCO3
-] / ([CO3

2-] + [H+])

= f(S,T)

= f(S,T)

pH = -log[H+]

Total Alkalinity = [HCO3
-] + 2 [CO3

2-] + borate

borate = f(S)

Carbonate Alkalinity (CA) = [HCO3
-] + 2 [CO3

2-]

[CO2] = CA*[H+]2 / (K1*([H
+]2 + 2K2)

4 equations = K1, K2, pH, Total Alkalinity

4 unknows = [CO2], [HCO3
-], [CO3

2-], [H+]

pCO2 = [CO2] / KH (Henry’s Law)

+ organic alkalinity
= humic acids

Unaccounted
fifth variable
solution is

wrong



Where’s the river/lake CO2 coming from ?
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Fluxes in PgC yr-1
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Fluxes in PgC yr-1
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Meuse Bassin

A.V. Borges (unpublished)
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Africa and global GHGs budgets
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Total CO2 emissions per country
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Total CO2 emissions per person
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TD = top-down
BU = bottom-up
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Congo river

Introduction



Congo

Wetland

GLC 2000

Humid
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Savannah
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Congo

WHRC

Wetland

Humid
Forest

Savannah

Savannah

Aboveground live woody biomass (Mg ha-1)



Wetland
= flooded forest

(Tributary)



Wetland
= floating macrophytes

(Tributary)



Wetland
= floating macrophytes

(Congo mainstem)



Metamorphic

Courtesy of J. Hartmann

Siliciclastic and 
unconsolidated

sed.

Congo



Ferralsols

Arenosols
Acrisols
Cambisols
Plinthosols

Gleysols

Congo



Kisangani

Kinshasa

1700 km

Congo

375 m

280 m



Cruises & Methods

164 stations
29 variables

> 23,000 continuous measurements
pCO2, cond, temp, pH, O2, TSM, cDOM
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Mainstem High W

Tributaries High W
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Tributaries Falling W
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Denitrification
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Congo & other African rivers
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Limitation of bacterial growth ?
Low pH ?
Low O2 ?
Low P ?
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→ short residence time
→ smaller flood areas
→ high exchange + air

Steeper
→ short residence time
→ smaller flood areas
→ high exchange + air
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Congo versus Amazon
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    Amazon Congo 

Catchment area (km
2
) 6,025,735 3,705,222 

Slope (°) 1.4 0.6 

Discharge (km
3
 yr

-1
) 5,444 1,270 

Specific discharge (L s
-1

 km
-2

) 29 11 

Precipitation (mm) 2,147 1,527 

Air temperature (°C) 24.6 23.7 

River-stream surface  area (km
2
) 74,904 26,517 

Wetland surface area (%) 14 10 

Above ground biomass (Mg km
-2

) 909 748 

Land cover     

  Dense Forest (%) 83 49 

  Mosaic Forest (%) 4 18 

  Woodland and shrubland (%) 4 27 

  Grassland (%) 5 3 

  Cropland/Bare soil (%) 4 2 

 

>

>

>

>

>

<
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pCO2 is ± similar

CH4 is 3-4 times
higher in Congo
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Q
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Qmax:Qmin = 2.85 Qmax:Qmin = 1.99

Hmax - Hmin = 10-12 m Hmax - Hmin = 3-4 m
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Amazon Congo

Flooded land = 80 % flooded forest

Numerous permanent & temporary lakes

Flooded land = 100 % flooded forest

Only a few large permanent lakes
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Amazon Congo

Flooded land = 80 % flooded forest

Numerous permanent & temporary lakes

Flooded land = 100 % flooded forest

Only a few large permanent lakes

Seasonally inundated wetlands Permanently inundated flooded forest

Flooding from river overflow Wetland water from upland runoff

Macrophytes only present in floodplains Extensive macrophyte meadows in river 

channels (mainstem + tributaries)

Explains why CH4 is 3-4 times higher in Congo



Results

Emissions of greenhouse-gases from Africa & tropics ?
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Computation of diffusive CO2 and CH4 flux 

F = k ΔCO2 or F = k ΔCH4

where k is the gas transfer velocity

water
air

sediment

current

wind
heat

convective

cooling

rain

Surfactants

air

bubbles

k = f (turbulence)

Rivers Lakes
Ocean



Results

Computation of diffusive CO2 and CH4 flux 

F = k ΔCO2 or F = k ΔCH4

where k is the gas transfer velocity

V = stream velocity (m s-1)
S = slope
D = depth (m)
Q = discharge (m3 s-1)
Fr = Froude number = V/(gD)0.5



Results

Ebullition of CH4
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Ebullition of CH4

Floating chamber Inverted funnel



Results

Ebullition of CH4

FCO2 Total FCH4

FCO2 = k ΔCO2

k = FCO2 / ΔCO2 

Diffusive FCH4 = k ΔCH4 

Total FCH4 = diffusive FCH4 + Ebullitive FCH4 
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Ebullition of CH4
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CH4 ebullition rates = 0.25 x diffusive CH4 flux (n=68)
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Using gas transfer velocity + river/stream areas from GIS of 
Raymond et al. (2013)

African rivers/streams
CO2 = 0.27 – 0.36 PgC yr-1

CO2 + CH4 = 0.31 – 0.42 PgC yr-1 (CO2 equivalents)

Sink of C = 0.6 PgC yr-1

Off-set by 2/3 !



Results

Using gas transfer velocity + river/stream areas from GIS of 
Raymond et al. (2013)

African rivers/streams
CO2 = 0.27 – 0.36 PgC yr-1

CO2 + CH4 = 0.31 – 0.42 PgC yr-1 (CO2 equivalents)

Cuvette Centrale Congolaise (wetland)
CO2 = 0.39 PgC yr-1

CO2 + CH4 = 0.62 PgC yr-1 (CO2 equivalents)

Cuvette Centrale Congolaise + rivers/streams
CO2 + CH4 = 0.93 – 1.04 PgC yr-1 (CO2 equivalents)
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Where’s the CO2 coming from ?

African rivers/streams
CO2 = 0.27 – 0.36 PgC yr-1

>800 aquatic community respiration (R)
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median R was 99.4 mmolC m-2 d-1

Upscaled → 11% of the CO2 emission from rivers

CO2 emission from rivers sustained by external CO2 inputs 
(wetlands or soils)
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Using gas transfer velocity + river/stream areas from GIS of 
Raymond et al. (2013)
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Field versus model data in the Congo River
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Results

Using gas transfer velocity + river/stream areas from GIS of 
Raymond et al. (2013)

+ GLWD (Lehner & Döll 2003)
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CO2 emissions from tropical 
rivers = 1.8 PgC yr-1

Raymond et al. (2013)
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Further Reading
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