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Figure SPM.1 | (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel:
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean
of 1961-1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary
Supplementary Material. {Figures 2.19-2.21; Figure TS.2}
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Figure SPM.1 | (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel:
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean
of 1961-1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary
Supplementary Material. {Figures 2.19-2.21; Figure TS.2}
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Figure SPM.5 | Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of climate change. Values are
global average radiative forcing (RF'¢), partitioned according to the emitted compounds or processes that result in a combination of drivers. The best esti-
mates of the net radiative forcing are shown as black diamonds with corresponding uncertainty intervals; the numerical values are provided on the right
of the figure, together with the confidence level in the net forcing (VH — very high, H — high, M — medium, L — low, VL — very low). Albedo forcing due to
black carbon on snow and ice is included in the black carbon aerosol bar. Small forcings due to contrails (0.05 W m~2, including contrail induced cirrus),
and HFCs, PFCs and SF; (total 0.03 W m~?) are not shown. Concentration-based RFs for gases can be obtained by summing the like-coloured bars. Volcanic
forcing is not included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total anthropogenic radiative forcing is provided
for three different years relative to 1750. For further technical details, including uncertainty ranges associated with individual components and processes,
see the Technical Summary Supplementary Material. {8.5; Figures 8.14-8.18; Figures T5.6 and TS.7}
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Nitrous Oxide (N,0): The Dominant
Ozone-Depleting Substance Emitted
in the 21st Century

A. R. Ravishankara,* John S. Daniel, Robert W. Portmann

Emergence of healing in the Antarctic ozone layer

Susan Solomon,'* Diane J. Ivy,' Doug Kinnison,> Michael J. Mills,*> Ryan R. Neely IIL,>* Anja Schmidt®

Methyl chloroform at Cape Grim, Tasmania
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Carbon dioxide (CO,)
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Global anthropogenic CO, fluxes in 2010 (PgC y-!' = 101> gC y-1)
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Global anthropogenic CO, fluxes in 2010 (PgC y-!' = 101> gC y-1)
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Why is the terrestrial biosphere a CO, sink ?

natre

PERSPECTIVE :
climate change

PUBLISHED ONLINE: 29 MAY 2013 | DOI: 10.1038/NCLIMATE1804

Untangling the confusion around land carbon
science and climate change mitigation policy

Brendan Mackey', I. Colin Prentice??, Will Steffen?, Joanna |. House®, David Lindenmayer?,
Heather Keith® and Sandra Berry*

Depletion of ecosystem carbon stocks is a significant source of atmospheric CO, and reducing land-based emissions and
maintaining land carbon stocks contributes to climate change mitigation. We summarize current understanding about human
perturbation of the global carbon cycle, examine three scientific issues and consider implications for the interpretation of
international climate change policy decisions, concluding that considering carbon storage on land as a means to ‘offset’' CO,
emissions from burning fossil fuels (an idea with wide currency) is scientifically flawed. The capacity of terrestrial ecosystems
to store carbon is finite and the current sequestration potential primarily reflects depletion due to past land use. Avoiding
emissions from land carbon stocks and refilling depleted stocks reduces atmospheric CO, concentration, but the maximum
amount of this reduction is equivalent to only a small fraction of potential fossil fuel emissions.
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China’s per capita emissions have passed the EU28 and are 45% above the global average

Data: CDIAC/GCP
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Methane (CH,)
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Sources and sinks of CH, in Tg CH, yr

Soils (28) Natural sources = 337
Stratospheric Cl (25)

Stratospheric loss (51)
Natural wetlands (217)
Tropospheric OH- (528) F(;Zit:zvgit:e;lsl;?l? (36)
% Wild animals (15)
=——

Termites (11)
— Oceans (18)

Rice (36)
Fossil fuels (96)

Atmospheric Biomass & biofuel burning (35)

Anthropogenic sources = 331

‘ Cattle (101)
Land fills & waste (63)

growth (2012) = 12

Kirschke et al. (2013) Nature Geoscience, 6, 813-823
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Sources and sinks of CH, in Tg CH, yr
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Freshwater Methane Emissions Offset
the Continental Carbon Sink

David Bastviken,™* Lars ]. Tranvik, John A. Downing,? Patrick M. Crill,* Alex Enrich-Prast’

Fluxes
" - — Area
Latitude Total open water Ebullition Diffusive Stored (km?)
Emiss. n CV Emiss. n CV Emiss. n CV Emiss. n CV
Lakes
>66° 6.8 17 72 64 17 74 0.7 60 37 288,318

>54°—-66° 6.6 5 155 91 9 60 1.1 271 185 0.1 217 2649 1,533,084
25°-54°  31.6 15 127 158 15 177 4.8 33 277 3.7 36 125 1,330,264

<24° 26.6 29 51 222 28 54 3.1 29 97 213 1 585,536*
Reservoirs

>66° 0.2 35,289

>54°-66° 1.0 24 176 1.8 2 140 0.2 4 93 161,352

25°-54° 0.7% 116,922

<24° 18.1 11 87 186,437
(rivers) Total = 1.5 TgCH, yr-

>66° ‘ ota > gc +Y 38,895

>54°—66° 80,009

25°-54° 302 61,867

<24° 176,856

Sum open 553 71 9.9 397 25.1 254

water

Plant flux 10.2
Sum all 103.3

*Likely underestimated. For comparison, the mean flooded areas for the major South American savanna wetlands and the lowland
Amazon (below 500 m above sea level) are 115,620 km? and 750,000 km?, respectively (14). tEstimated assuming similar
emissions per area unit at latitudes >54°. tEstimated assuming similar emissions per area unit at latitudes from 0° to 54°.
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The ecology of methane in streams and rivers: patterns, controls,
and global significance

Emiry H. STANLEY.!* NorA J. Casson.'* SAMUEL T. CHRISTEL.! JoHN T. CRAWFORD.? LUKE C. LOKEN.! AND
SAMANTHA K. OLIVER!

'Center for Limnology, University of Wisconsin, 680 North Park Street, Madison, Wisconsin 53706 USA
2U.S. Geological Survey, 3215 Marine Street Suite E127, Boulder, Colorado 80303 USA

Abstract.  Streams and rivers can substantially modify organic carbon (OC) inputs from
terrestrial landscapes., and much of this processing is the result of microbial respiration.
While carbon dioxide (CO,) is the major end-product of ecosystem respiration. methane
(CH,) is also present in many fluvial environments even though methanogenesis typically
requires anoxic conditions that may be scarce in these systems. Given recent recognition
of the pervasiveness of this greenhouse gas in streams and rivers, we synthesized existing
research and data to identify patterns and drivers of CH,, knowledge gaps, and research
opportunities. This included examining the history of lotic CH, research, creating a data-
base of concentrations and fluxes (MethDB) to generate a global-scale estimate of fluvial
CH, efflux, and developing a conceptual framework and using this framework to consider
how human activities may modify fluvial CH, dynamics. Current understanding of CH,
in streams and rivers has been strongly influenced by goals of understanding OC processing
and quantifying the contribution of CH, to ecosystem C fluxes. Less effort has been
directed towards investigating processes that dictate in situ CH, production and loss. CH,
makes a meager contribution to watershed or landscape C budgets, but streams and rivers
are often significant CH, sources to the atmosphere across these same spatial extents. Most
fluvial systems are supersaturated with CH, and we estimate an annual global emission
of 26.8 Tg CH,. equivalent to ~15-40% of wetland and lake effluxes, respectively. Less
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Sources and sinks of CH, in Tg CH, yr
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Sources and sinks of CH, in Tg CH, yr
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Bottom-Up approach Regionalization of methane emissions in the Amazon
Basin with microwave remote sensing

JOHN M. MELACK*, LAURA L. HESSt, MARY GASTILY, BRUCE R. FORSBERG,
STEPHEN K. HAMILTONS, IVAN B.T. LIMAY and EVLYN M.L.M. NOVOY

Table 1 Means and Monte Carlo-based uncertainties ex-
pressed as standard deviations (SD) of the means for
habitat-specific methane emissions calculated from individual
measurements, where n is the number of measurements (A.
Devol, personal communication; Devol et al., 1990)

Methane
emission
(kg Ckm *day™ ")
Aquatic habitat n Mean sD
Aquatic macrophyte 66 243 54
(high)
Aquatic macrophyte 55 92 25
(low)
Flooded forest 58 91 40
Open water 165 38 6

High and low refer to values during high and low water levels
as designated in Devol et al. (1990).

Table 3 Annual methane emission (TgCyr™') from each

Fig. 1 Location of Amazon regions used for calculations of floodplain aquatic habitat and from the river channel of the
methane emission. The background image is the high-water Solimdes/ Amazon mainstem
Japanese Earth Resources Satellite-1 (JERS-1) mosaic displayed et
. . ethane
as a gray scale of radar backscatter (Siqueira et al., 2000). Yellow e
. iyt . emission
line indicates boundary of the lowland Amazon basin less than (TeCyrY)
500 m above sea level; rectangle in magenta delimits 1.77 million 5%
square kilometers area examined by Richey et al. (2002) and Hess Aquatic habitat Mean SD
et al. (2003) and used as part of our analyses. Areas for which
: : 5 Y z Aquatic macrophyte 0.63 0.1
inundation mapping from the passive microwave data were )
;i . ) y Flooded forest 0.61 02

used are shown in orange (Solimdes/Amazon mainstem flood-

lai tical & ¢ 585 W delincat ; 1 4 Open water 0.087 0.02

T 58. ss weste saste 4

plain; vertical line a elinea _&S western and Las_un RivE kAl 0.0078 0.001
reaches), dark blue (Llanos de Mojos) and red (Roraima Total 13 03
wetlands). Three wetland regions outside of Amazon basin for
which emissions were estimated (Bananal, Pantanal and Llanos Means and standard deviation (SD) of the means (derived

del Orinoco) are not shown here. from Monte Carlo error analysis) are presented.
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Bottom-Up approach | Tropical wetlands: A missing link
in the global carbon cycle?

Sofie Sjogersten’, Colin R. Black’, Stephanie Evers’, Jorge Hoyos-Santillan', Emma L. Wright',
and Benjamin L. Turner®

Tabled. Csan Dicxide ((D;) 3nd Methone (CHa) Fluxes From Trapicsl Wetlsnds Showing the Mesn Flues” snd (Renges) # Available

Loation Type SoilType CO,EMluximgm™h~")  OH, Efluimgm ™ ") Rederence
—1 Kshmantsn, Indoness. Forested pestisnd Organic na 114061 Irubushi & al 1998]
Kalimantan, indonesia Secandary forest Organic 501 £ 180(146-843) Q18 4005 ©-1) Inubushi et al. [2003]
Kahmantan, indanesa Forested peatisnd Organc 317-950 ™ Himro etal. 2009)
Kabmaran, Indaness Secondary forest Organic 513 a1 Hadi et al [2001]
Kalimantan, indonesia Secandary borext Orgaric 395 (183-4055) 050 -333) Hadi et al. [2005]
° Kalmartan, indonesis Forested pestisnd Orgarnic 3992 36(50-550) Q16+ 065 (-01-035) Jauhiainen etol. [2005]
90 N Ksbmatsn, Indeness Ferested pestisnd Organic 563 (79-1580 - Sundad et ol. 2012)
Sumata, Indonesa Forested peatiand Organic 3804 55 089 s 08 Furakoma et ol [2005)
Sumata, Indonesia Forested peatiand Organic 2781 16 121 4136 Furulorma et al. 2005
Sumata, Indonesia Forested peatisnd Organic 3764 107 a7 s0z Fursloma et al. [2005]
Malayss Forested peatisnd Organic 905 (366-1953) ™ Melling et al [2005s]
Malsyss Forested pestisnd Organic na Q.0029(-0.006-001 1) Meling et ol (20055
® Maisyss Forested pestisnd Organic 4 Mrayama and Bokar [1996]
60 N Thaitand Forst peatand Organic na 112 427(019-1268 Ueda et ol (20001
Micmness Forested peatiand Organic 396+ 36340202 ™ Chimner [2008]
Msuim, Hawsi Mantane pestand Orgaric 2854 75 Chimnes [2
Bocas del Toro, Panama Forested peatisnd Organic 212011-1690 23(-535-140 Waght etal [011]
Bocas del Toro, Psrams Forested peatisnd Orgarc 238 (62-801) 17(-153.9a%) wlﬂalm"]
delTaro, Params ‘Open peatand Orgaric 29 (7-950 3(-6%0-780 Wiight etal [2011]
30'N Cobn, Panama Forested peatisnd Organic na 144 28 Keler N990]
Kafimantan, indonesia Forested peatiand Organic na Pangalaet al. 2013]
Ka'su, Howsii Montsne swamp Orgaric 127+ @ £y Chimes [2004]
Orinoco Lisnas, Venezuels Paim swomp Organic 30(17-59 ™ Buchaand San José [1990]
Sumota, Indoness Forested floadplan Mneni 4104 35 - AF @ al [2006]
Sumsts, Indonesia forested flocdplsin ~ Minenl 8881 212 ™ Al & al [2006]
Ka'su caster, Howaii Forested flocdplsm  Minesl na 5254 042(208-1417) Guand and Gaidos [2010]
09 La Seiva, Costa Rica Flooded Mineal na 034146 Nahlik and Mitsch [2011]
La Sebva, Costa Rica Flaoded forest Miness! na 042131 Nahlik and Misch[2011]
Earth wetlsnds, Costa Rics Secandary forest Miness! na 57414 Nahlik and Mitsch [2011]
Earth wetlsnds, Costs Rica Secondary forest Mineni na as:07 Nohlik and Mitsch [2011]
Orinoca, Vene zuels Forested floadplan Mines! na as Smith et ol [2000)
Orinoca Venezuela Forested floadplain ~ Mineal na 107 078 Semith and Lewis [1992]
Orinoca Veneuels Forested flocdplsin  Mineal na 128(0.125-95.3) Semith and Lewis [1992]
30’8 Orinoca Veneziels Forested floadplan na 7.7 p-687) Semith and Lawis [1992)
Orinocq Venezuels Forested floadplam  Minesl na 103(0-114 Semith and Lewis [1992]
Amazon river, Brazi Forested floodplsin Mineal na 46(02831.7 Dewl et ol. 1988]
Amazon river, Brasi Forested flocdplsn  Mnes! 188 0-833) Wozsmarn et ol [1992]
Amazan rives, Brazl Forested floadplain ~ Mineal na 229+ 054(0014-47.9) Devol et al. [1990)
Amazan rives, Brazl Forested flocdplain ~ Mineal na 8112 Bortlet etal. [1988]
s Amazon river, Brazl Forested flocdplam  Mineal na 525 s0m Bortlart etal [1990]
60 S Amazon rrver, Brazl Forested floadplan  Minessl 23 at Richey et ol [1988]
Amazon rives, Brasl Forested floadplan Mneny » 5 Richey et of. [1 98]
Iy, Negmo rives Bazil Forested Mineal s 19 Belger & al [2011]
imerflavial wetiand
Araca, Negro éver, Brazl Forested Mineal sa 25 Beiger o al [2011]
imerfluvisl wetisnd
Partansl Brazl Fioodpisin Miness! na 594111 (002-91.1) Marani and Aol 2007
Partanal Brazl Foodpiain Mineal 554 58 Hamiton et al. 119951
Partans) Brazl Floodpisn Miness! au 29 Hamiton et al. [1995]
Parzanal Brazl Floodpisin Miness! sa7 29 Hamiton et al.11995]
0 1 5 10 15 20 30 45 60 80 100 Partana) Brazl Floodpian Mineal 317 a6 Hamiton et ol [1995]
Paresnal Brasl Floodpisn Miness! 364 as Harmiton et al.[1995]
i Partanal Brazl Flood, Minea an 15272 Hamiton et ol [1
Wetland extent (percent of gridcell) o R st o ko e bt
Pantanal Brazl Foodpian Minesl 1062 173 Hamiton et al. [1995]
Congo éver basin, Canga Flaoded forest Mines! na an Tathy 4 al [1992]
“Errar is standand deviston. As hew difemnt y used for
Bustate the range of fluxes in wetlands e [} ta mlease of COz0r

CH, fram the pest, and negative CH, fluxes indicase CH, oxidation in the peat na, not avalsble.

Pantropical wetland emission of 92 TgCH,

Extrapolation of ~40 measurements to 1.4 10° km?
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Top-down approach
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Top-down approach
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Top-down approach
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Top-down approach
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Top-down approach

Atmospheric CH, Atmospheric CH,
1.78 ppm 1.95 ppm

>

Atmospheric transport model

CH, emission

Large variety of CH, sources that overlap geographically
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ATMOSPHERIC SCIENCE

Methane on the Rise—Again

Euan G. Nisbet,' Edward J. Dlugokencky,? Philippe Bousquet®

Atmospheric concentrations of the greenhouse gas methane are rising, but the reasons remain
incompletely understood.

. |
g
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g
Latitude

CH, (ppb year™)

— Tropic of Capricorn

‘ : - 30
=15 |
|
I /

Antarctic . .
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Year
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Atmospheric data show that global emis-
sions were ~15 to 22 Tg (million tons) CH,
per year greater in 2010 than in 2005. Global-
scale modeling of these methane observa-
tions (4, 5, 11) suggests that in 2007, tropi-
cal wetland emissions dominated growth,
with output from high northern latitudes
also important. Since then, the increase has
mostly been driven by the tropics (9 to 14 Tg/
year) and northern mid-latitudes (6 to 8 Tg/
year) (11).
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A 21st century shift from fossil-fuel to biogenic methane
emissions indicated by “CH,
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Between 1999 and 2006, a plateau interrupted the otherwise continuous increase of atmospheric
methane concentration [CHa4] since pre-industrial times. Causes could be sink variability or a temporary
reduction in industrial or climate sensitive sources. We reconstruct the global history of [CH4] and its
stable carbon isotopes from ice cores, archived air and a global network of monitoring stations. A box-
model analysis suggests that diminishing thermogenic emissions, probably from the fossil-fuel industry,
and/or variations in the hydroxyl CHs-sink caused the [CH4]-plateau. Thermogenic emissions didn’t
resume to cause the renewed [CH4]-rise after 2006, which contradicts emission inventories. Post-2006
source increases are predominantly biogenic, outside the Arctic, and arguably more consistent with
agriculture than wetlands. If so, mitigating CHs-emissions must be balanced with the need for food
production.
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How important are emissions of greenhouse-gas
from inland waters ?
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Global carbon dioxide emissions from
inland waters

Peter A. Raymond', Jens Hartmann®*, Ronny Lauerwald®>*, Sebastian Sobek**, Cory McDonald>, Mark Hoover!,
David Butman'®, Robert Striegl®, Emilio Mayorga’, Christoph Humborg®, Pirkko Kortelainen®, Hans Diirr'°, Michel Meybeck'?,

Philippe Ciais & Peter Guth"

Carbon dioxide (CO,) transfer from inland waters to the atmosphere, known as CO, evasion, is a component of the global
carbon cycle. Global estimates of CO, evasion have been hampered, however, by the lack of a framework for estimating
the inland water surface area and gas transfer velocity and by the absence of a global CO, database. Here we report
regional variations in global inland water surface area, dissolved CO, and gas transfer velocity. We obtain global CO, evasion
rates of 1.8 7032 petagrams of carbon (PgC) per year from streams and rivers and 0.327032 PgCyr™" from lakes and
reservoirs, where the upper and lower limits are respectively the 5th and 95th confidence interval percentiles. The
resulting global evasion rate of 2.1PgCyr~" is higher than previous estimates owing to a larger stream and river evasion
rate. Our analysis predicts global hotspots in stream and river evasion, with about 70 per cent of the flux occurring over just
20 per cent of the land surface. The source of inland water CO, is still not known with certainty and new studies are needed to

research the mechanisms controlling CO, evasion globally.

Source of 2.1 PgC yr-1

Raymond et al. (2013)
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Global anthropogenic CO, fluxes in 2010 (PgC y-!' = 101> gC y-1)
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Spatial patterns in CO, evasion from the global
river network

Ronny Lauerwald'?*?, Goulven G. Laruelle'#, Jens Hartmann®, Philippe Ciais®, and Pierre A. G. Regnier’
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Abstract co, evasion from rivers (FCO,) is an important component of the global carbon budget. Here we
present the first global maps of CO, partial pressures (pCO,) in rivers of stream orders 3 and higher and the
resulting FCO, at 0.5° resolution constructed with a statistical model. A geographic information system based
approach is used to derive a pCO, prediction function trained on data from 1182 sampling locations. While
data from Asia and Africa are scarce and the training data set is dominated by sampling locations from the
Americas, Europe, and Australia, the sampling locations cover the full spectrum from high to low latitudes.
The predictors of pCO; are net primary production, population density, and slope gradient within the river
catchment as well as mean air temperature at the sampling location (r?=0.47).The predicted pCO, map

was then combined with spatially explicit estimates of stream surface area A, and gas exchange velocity k
calculated from published empirical equations and data sets to derive the FCO, map. Using Monte Carlo
simulations, we assessed the uncertainties of our estimates. At the global scale, we estimate an average river
pCO, of 2400 (2019-2826) natm and a FCO, of 650 (483-846) Tg C yr ' (5th and 95th percentiles of confidence
interval). Our global CO, evasion is substantially lower than the recent estimate of 1800 Tg Cyr ' although the
training set of pCO, is very similar in both studies, mainly due to lower tropical pCO, estimates in the present
study. Our maps reveal strong latitudinal gradients in pCO,, Ajyer and FCO,. The zone between 10°N and 10°S
contributes about half of the global CO, evasion. Collection of pCO, data in this zone, in particular, for African and
Southeast Asian rivers is a high priority to reduce uncertainty on FCO,.

EICLELEENCUDE 3 X lower than Raymond et al.
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Raymond et al. (2013)
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pCO, = 277,076 ppm ?

90"
I

30°N=

pCO, [patm]

® < 500

® 500...1000
1000 ... 2500
2500 ... 5000

®*  >5000

150"W 90°wW 30'W 0° 30°E &0'E 120°E 180*
1 1 1 1 I I 1 1 1 1 ] I

f.
7 )
»
X
‘\ {J.‘
-
-~ e
5 data !
-
. »
| ] ] 1 1 I 1 1 | | 1 |
150"W So"w 30'W 0" 30°E 60'E 120"E 180"

60°S

=30"N

-30°S




Introduction

Raymond et al. (2013) & Lauerwald et al. (2015) used pCO, computed

from pH and total alkalinity

]
Technical Note: Large overestimation of pCO, calculated from pH
and alkalinity in acidic, organic-rich freshwaters

G. Abrill2, S. Bouillon?, F. Darchambeau?, C. R. Teodoru®, T. R. Marwick?, F. Tamooh?, F. Ochieng Omengo?,

N. Geeraert’, L. Deirmendjian!, P. Polsenaere!, and A. V. Borges*
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CO, + H,O = HCO; + H* K, =[CO,]/ ([HCO4] + [H*]) =1(S,T)

HCO; = CO42 + H* K, =[HCO;]/ ([CO52] + [H*]) =1f(S,T)
PH = -log[H+]

Total Alkalinity = [HCO4] + 2 [CO4%] + borate + organic alkalinity
borate = f(S) = humic acids
Carbonate Alkalinity (CA) = [HCO;] + 2 [CO5%] RVLGET eI 3] Lo
4 equations = K, K,, pH, Total Alkalinity fifth variable

4 unknows = [CO,], [HCOg7, [CO5*], [H"] = solution is

[COz] L CA*[H+]2/ (K1*([H+]2 + 2K2) wrong
pCO, = [CO,] / Ky (Henry's Law)
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Where’s the river/lake CO, coming from ?
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Plumbing the Global Carbon Cycle:
Integrating Inland Waters into the
Terrestrial Carbon Budget
J. ]. Cole,’ Y. T. Prairie,”* N. F. Caraco,” W. H. McDowell,® L. J. Tranvik,*

R. G. Striegl,” C. M. Duarte,® P. Kortelainen,” J. A. Downing,®
J. J. Middelburg,” and J. Melack,"’
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CO , evasion
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Amazon River carbon dioxide outgassing fuelled
by wetlands

Gwenaél Abril"?, Jean-Michel Martinez?, L. Felipe Artigas®, Patricia Moreira-Turcq?, Marc F. Benedetti*, Luciana Vidal®,

Tarik Meziane®, Jung-Hyun Kim’, Marcelo C. Bernardes®, Nicolas Savoye', Jonathan Deborde', Edivaldo Lima Souza®,
Patrick Albéric'®, Marcelo F. Landim de Souza'' & Fabio Roland®
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Catchment productivity controls CO, emissions
from lakes

Stephen C. Maberly'*, Philip A. Barker?, Andy W. Stott® and Mitzi M. De Ville'
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Figure 3 | Links between lake CO, concentration, CO, efflux and catchment productivity. a, Relationship between mean CO, concentration measured
four times a year in 1984, 1991, 1995, 2000, 2005 and 2010 and mean NPP estimated from area of different land cover categories in the catchment.

b, Estimated CO; efflux from the lake surface (filled circles) and loss of CO; to the downstream river (open circles) for lakes without another major lake
upstream. The grey horizontal line in a is the approximate mean air-equilibrium concentration.
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Sources of and processes controlling CO,
emissions change with the size of streams
and rivers

E. R. Hotchkiss'", R. O. Hall Jr?, R. A. Sponseller’, D. Butman?, J. Klaminder’, H. Laudon?, M. Rosvall®
and J. Karlsson'
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Significant fraction of CO, emissions from boreal
lakes derived from hydrologic inorganic
carbon inputs

Gesa A. Weyhenmeyer'*, Sarian Kosten?, Marcus B. Wallin'?, Lars J. Tranvik ', Erik Jeppesen*®
and Fabio Roland®
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Figure 3 | Sources and magnitude of net CO; emissions along a theoretical stream-river continuum. Terrestrially derived CO; and organic carbon inputs
per unit aquatic area decline downstream, decreasing net CO> emission rates in rivers compared to streams. Rapid loss of CO3 results in a downstream
shift in the source contributions to CO3 emissions, from dominance of external CO3 in streams to a mare balanced supply of internal and external sources
in rivers. Thus, aquatic mineralization of terrestrial OC (CO> from NEP) should contribute to a higher proportion of annual net CO2 emissions in large rivers

relative to small streams.
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Africa and global GHGs budgets
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® Total CO, emissions per country

World Total: 35890 MtCO,
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Total CO, emissions per person

World Average: 4.9 tCO,/person
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The terrestrial biosphere as a net source of
greenhouse gases to the atmosphere

Hangin Tian!, Chaoqun Lu"?, Philippe Ciais®, Anna M. Michalak?, Josep G. Canadell®, Eri Saikawa®, Deborah N. Huntzinger’,
Kevin R. Gurney?®, Stephen Sitch?, Bowen Zhang', Jia Yang', Philippe Bousquet?, Lori Bruhwiler'?, Guangsheng Chen!!,
Edward Dlugokencky'?, Pierre Friedlingstein'2, Jerry Melillo'?, Shufen Pan', Benjamin Poulter'¥, Ronald Prinn'®,

Marielle Saunois®, Christopher R. Schwalm”'® & Steven C. Wofsy!”
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A full greenhouse gases budget of Africa: synthesis, uncertainties,
and vulnerabilities

R. Valentini'>, A. Arneth’, A. Bombelli’, S. Castaldi’*, R. Cazzolla Gatti!, F. Chevallier’, P. Ciais’, E. Grieco?,
J. Hartmann®, M. Henry’, R. A. Houghton®, M. Jung’, W. L. Kutsch!®, Y. Malhi'!, E. Mayorga'?, L. Merbold'?,
G. Murray-Tortarolo!>, D. Papale!, P. Peylin’, B. Poulter’, P. A. Raymond'*, M. Santini’, S. Sitch!’, G. Vaglio
Laurin?!®, G. R. van der Werf!’, C. A. Williams!®, and R. J. Scholes'®

The majority of results agree that Africa i1s a small
sink of carbon on an annual scale, with an average value of
—0.61 £0.58 PgC yr~!. Nevertheless, the emissions of CH,
and N> O may turm Africa nto a net source of radiative forc-
ing m CO; equivalent terms.
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Congo river
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Cruises & Methods
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Congo & other African rivers
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Congo versus Amazon



Catchment area (km?)

Slope (°)

Discharge (km® yr™)

Specific discharge (L s km™)
Precipitation (mm)

Air temperature (°C)
River-stream surface area (km®)
Wetland surface area (%)

Above ground biomass (Mg km™)

Land cover
Dense Forest (%)
Mosaic Forest (%)
Woodland and shrubland (%)
Grassland (%)
Cropland/Bare soil (%)

Amazon Congo
6,025,735 > 3,705,222
1.4 0.6
5,444 1,270
29 11
2,147 1,527
24.6 23.7
74,904 26,517
14 10
909 748
83 49
4 18
4 27
5 3
4 2
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Flooded land = 80 % flooded forest Flooded land = 100 % flooded forest
Numerous permanent & temporary lakes Only a few large permanent lakes
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Amazon _________________Congo

Flooded land = 80 % flooded forest Flooded land = 100 % flooded forest
Numerous permanent & temporary lakes 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 CH, is 3-4 times higher in Congo



Emissions of greenhouse-gases from Africa & tropics ?



Computation of diffusive CO, and CH, flux

F=kACO, or F=kACH,
where kis the gas transfer velocity

k = f (turbulence)

wind

water

m/@
O
e ()

sediment



Computation of diffusive CO, and CH, flux

F=kACO, or F=kACH,
where kis the gas transfer velocity

Scalingthe gas transfervelocity and hydraulic
geometry in streams and small rivers

Peter A. Raymond,’ Christopher J. Zappa,’ David Butman,’ Thomas L. Bott,’ Jody Potter,*
Patrick Mulholland,’ Andrew E. Laursen,® William H. McDowell,* and Denis Newbold?

1. kg = (V/5)089+00020 5 05420030 % 5037 + 604
2 Kpn = 5987 606 K |1 — 25450223 X [ 3 {I5) =00 i J) ioesons
3. kspg = 1162 £ 192 x §977+0028)/085+0.045

4. ksgp = (V/5)076+0027 % 951.5 + 144

5. kgoo = VS x 2841 £ 107 + 2.02 + 0.209

6. ksgo = 929 + 141 X (V/S)075£0027 5 (0.011:£0016

7. ksoo = 4725 + 445 x (V/S)086+0016 5 ()=014£0012 5 [)0.66+0.029

V = stream velocity (m s)

S = slope

D = depth (m)

Q = discharge (m3 s™)

Fr = Froude number = V/(gD)%5
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Ebullition of CH,

Floating chamber Inverted funnel



Results

Ebullition of C 4 &

FCO, = k ACO,
k = FCO, / ACO,

Diffusive FCH, = k ACH,
Total FCH, = diffusive FCH, + Ebullitive FCH,
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Using gas transfer velocity + river/stream areas from GIS of
Raymond et al. (2013)

African rivers/streams
CO, =0.27 - 0.36 PgC yr!
CO, + CH, = 0.31 - 0.42 PgC yr1 (CO, equivalents)

A full greenhouse gases budget of Africa: synthesis, uncertainties,
and vulnerabilities

R. Valentini'2, A. Arneth’, A. BombelliZ, S. Castaldi>*, R. Cazzolla Gatti!, F. Chevallier”, P. Ciais’, E. Grieco?,
J. Hartmann®, M. Henry’, R. A. Houghton®, M. Jung®, W. L. Kutsch'?, Y. Malhi'!, E. Mayorga'2, L. Merbold®3,
G. Mun*ay-l’ortarolols. D. Papalel, P. Pe_\'lins, B. Poulters, A Raymond“, M. Santiniz_. L SitchlS, G. Vaglio
Laulin2-16, G. R. van der \\'erfn_. L B \\'illiamsls, and R. J. Scholes!?

Sink of C = 0.6 PgC yr'
Off-set by 2/3 !



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

African rivers/streams
CO, =0.27 - 0.36 PgC yr-1
CO2 + CH4 =0.31-0.42 PgC yl"1 (C02 equivalents)

Cuvette Centrale Congolaise (wetland)
CO, = 0.39 PgC yr1
Coz + CH4 = 0.62 ch yr'1 (CO2 equivalents)

Cuvette Centrale Congolaise + rivers/streams
CO2 + CH4 - 0-93 — 1.04 PgC yl"1 (C02 equivalents)



Global anthropogenic CO, fluxes in 2010 (PgC y-!' = 101> gC y-1)

9.1%0.5 PgC y~' 5.0£0.2 PgC y-
50%

2.6+1.0 PgC y' [ foit-
0. 9_07 PgC y'1 + ) 26%

Calculated as the residual &
of all other flux components

24%
2.4+0.5 PgC y-1

Average of 5 models

www.globalcarbonproject.org/



African rivers/streams
CO, =0.27 - 0.36 PgC yr!
Where’s the CO, coming from ?
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median R was 99.4 mmolC m2 d-1
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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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Using gas transfer velocity + river/stream areas from GIS of
Raymond et al. (2013)
+ GLWD (Lehner & Doll 2003)

10,000
O Mainstem Small
O Large tributaries tributaries
A Small tributaries r?=0.96 A . . .
8,000-| Amazon CO, emissions from tropical
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8 tributaries Raymond et al. (2013)
o m =055 1.4 PgC yr1
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