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Abstract. Lateral transfer of carbon (C) from terrestrial ecosystems into the inland water network is an important component 

of the global C cycle, which sustains a large aquatic CO2 evasion flux fueled by the decomposition of allochthonous C inputs. 

Globally, estimates of the total C exports through the terrestrial-aquatic interface range from 1.5 to 2.7 Pg C yr-1 (Cole et al. 15 

2007; Battin et al. 2009; Tranvik et al. 2009), i.e. in the order of 2-5% of the terrestrial NPP. Earth System Models (ESM) of 

the climate system ignore these lateral transfers of C, and thus likely overestimate the terrestrial C sink. 

In this study, we present the implementation of fluvial transport of dissolved organic carbon (DOC) and CO2 into ORCHIDEE, 

the land surface scheme of the Institut Pierre-Simon Laplace ESM. This new model branch, called ORCHILEAK, represents 

DOC production from canopy and soils, DOC and CO2 leaching from soils to streams, DOC decomposition and CO2 evasion 20 

to the atmosphere during its lateral transport in rivers, as well as exchange with the soil carbon and litter stocks on floodplains 

and in swamps. We parameterized and validated ORCHILEAK for the Amazon basin, the world’s largest river system with 

regard to discharge and one of the most productive ecosystems of the world.  

With ORCHILEAK, we are able to reproduce observed terrestrial and aquatic fluxes of DOC and CO2 in the Amazon basin, 

both in terms of mean values and seasonality. In addition, we are able to resolve the spatio-temporal variability in C fluxes 25 

along the canopy-soil-aquatic continuum at high resolution (1°, daily) and to quantify the different terrestrial contributions to 

the aquatic C fluxes. We simulate that more than 2/3 of the Amazon’s fluvial DOC export is contributed by the decomposition 

of submerged litter. Throughfall DOC fluxes from canopy to ground are about as high as the total DOC inputs to inland waters. 

The latter, however, are mainly sustained by litter decomposition. Decomposition of DOC and submerged plant litter 

contributes slightly more than half of the CO2 evasion from the water surface, while the remainder is contributed by soil 30 

respiration. Total CO2 evasion from the water surface equals about 5% of the terrestrial NPP. Our results highlight that 

ORCHILEAK is well suited to simulate carbon transfers along the terrestrial-aquatic continuum of tropical forests. It also 
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opens the perspective that provided parameterization, calibration and validation is performed for other biomes, the new model 

branch could improve the quantification of the global terrestrial C sink and help better constrain carbon cycle-climate feedbacks 

in future projections.. 

1 Introduction 

The 5th Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) acknowledges the transport of 5 

carbon (C) across the inland water network as a key component of the global C cycle (Ciais et al., 2013), involving a significant 

lateral C transfer along the flow path and stimulating vertical C fluxes in the form of greenhouse gases. However, Earth System 

models (ESMs) of the climate system and biogeochemical cycles used for the IPCC 5th Assessment currently omit lateral C 

transfers and simulate only local vertical exchange of C between atmosphere, vegetation and soils from photosynthesis, 

respiration and fires (Regnier et al., 2013). This is a major knowledge gap because recent evidence, from multiple disciplines, 10 

has highlighted that anthropogenic disturbances likely increase the lateral C transfers along hillslopes of upland catchments 

and through streams and rivers (Battin et al., 2009; Cole et al., 2007; Regnier et al., 2013). This perturbation may reduce 

significantly the estimated carbon stored in terrestrial vegetation and soils (Regnier et al., 2013) and increase the C evasion 

from inland waters to the atmosphere. Thus, it is suggested that lateral carbon transfers induce a positive feedback on the 

coupled carbon cycle-climate system, enhancing atmospheric CO2 levels and global temperature.  15 

Despite this important paradigm shift in carbon cycle science, it must be recognized that the quantitative significance of inland 

waters for the global C budget is entailed with large uncertainties. In particular, the horizontal flux of organic C through the 

terrestrial-aquatic interface is poorly constrained (Regnier et al., 2013). Global first-order estimates of this flux, calculated as 

the sum of estimates of fluvial total organic C (TOC) exports to the coastal ocean, particulate organic C (POC) burial in aquatic 

sediments and net-CO2 evasion through the air-inland water interface of the Land-Ocean Aquatic Continuum (LOAC, Fig. 1), 20 

range from 1.5 to 2.7 Pg C yr-1 (Battin et al., 2009; Cole et al., 2007; Tranvik et al., 2009), i.e. in the order of 2-5% of the 

terrestrial NPP. It is now broadly accepted that the CO2 outgassing from inland waters is the major export path in the LOAC 

C budget (Battin et al., 2009; Ciais et al., 2013; Le Quéré et al., 2014; Regnier et al., 2013; Tranvik et al., 2009), highlighting 

the highly reactive character of continental aquatic systems. However, it remains challenging to attribute and quantify the 

sources of the CO2 evasion, as it is generally not known how much of the evading CO2 originates from terrestrial soil 25 

respiration, from in-stream respiration of terrestrially derived organic C, or from other sources such as root respiration of 

wetland plants (Abril et al., 2014). This is not only true at the global scale, but also at the regional scale of large river catchments 

like the Amazon basin. Budget calculations from observations alone have limited capabilities to constrain such C exports from 

terrestrial ecosystems, in particular with regard to temporal and spatial variability. 
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Figure 1: Representation of C exports from terrestrial ecosystems through the Land-Ocean Aquatic continuum (LOAC). 

 

In this study, we present an integrated, physical-based modelling approach, which incorporates the various allochthonous 

sources of dissolved organic carbon (DOC) and CO2 to the inland water network, the lateral transfers of C along the inland 5 

water network, as well as transformation of C in transit and CO2 exchange with the atmosphere in a temporally resolved and 

spatially explicit manner. We parameterize and develop the model for the Amazon basin, although it is intended to be 

generalized in future works to be applied at global scale. We consider the Amazon basin as an appropriate while challenging 

benchmark test, as it is the world’s largest river system with regard to discharge (206 000 m3/s, Callede et al. 2010)  and one 

of the most productive ecosystem of the world (Grace et al., 2001). Richey et al. (2002) estimated the CO2 evasion from the 10 

Amazon River system and its connected floodplains at 0.47 Pg C yr-1, about 13 times the fluvial TOC exports to the Atlantic 

Ocean from this catchment. Such evasion flux corresponds to about 6% of the average terrestrial NPP within the Amazon 

basin. In the Amazon River and its major tributaries, in-stream respiration of allochthonous OC is likely the dominant source 

of CO2. The study by Mayorga et al. (2005) further revealed that a small pool of labile organic carbon maintains high CO2 

levels in the water column, likely linked to inputs from the riparian zone, while the bulk of TOC transported in the river channel 15 

is older and more refractory. Richey et al. (2002) also showed that the intense seasonal flooding in the central Amazon basin 

is a major control of river CO2 dynamics, suggesting submerged leaf-litter in flooded forests and root respiration of floating 

and emergent plants to be important sources of CO2. In a more recent study, Abril et al. (2014) estimated that riparian wetlands 

in the Amazon river system export about half of their gross primary production (GPP) to rivers as TOC and dissolved CO2 

produced by autotrophic root respiration in wetland plants, while terrestrial ecosystems export only a few percent of their GPP. 20 

Vascular wetland plants, including flooded forests and floating grasses clearly dominate primary production in the flooded 

areas, the autochthonous contribution from phytoplankton and periphyton being negligible (Melack et al., 2009). Another 
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specific challenge is the reproduction of the different DOC loadings from the different sub-basins of the Amazon. While most 

of the major tributaries are white or clear water rivers with low to moderate average DOC concentrations of up to 6 mg C L-1, 

the Rio Negro, which after the Rio Madeira is the second largest tributary of the Amazon, is a black water river with twice the 

concentrations of DOC (Moreira-Turcq et al., 2003). 

Recently, a first step in modelling the Amazon river C dynamics was performed using a river carbon model (RivCM) coupled 5 

to the land surface scheme LPJmL (Lund-Potsdam-Jena managed Land, Bondeau et al., 2007) to simulate fluvial C transfers 

in the Amazon basin (Langerwisch et al., 2016). While the model was able to roughly reproduce the annual DOC export to the 

coast, it still largely underestimated the CO2 evasion from the inland water network to the atmosphere, indicating that C inputs 

into the river network and their subsequent transformation would need to be reassessed. In our study, we go a step further with 

the direct implementation of the non-conservative transport of C through the inland water network into the ORCHIDEE land 10 

surface model (ORganising Carbon and Hydrology In Dynamic EcosystEms, Krinner et al., 2005). This approach has the 

advantage to account for the effects of the lateral exports on the carbon budgets of terrestrial ecosystems, and could thus help 

refining the assessment of the terrestrial C sink and its feedback on the climate system. The newly developed model branch, 

called ORCHILEAK, represents DOC production from soils and canopy, DOC and CO2 leaching from soils to river 

headstreams, DOC decomposition and CO2 evasion to the atmosphere during its lateral transport in rivers, as well as exchange 15 

with the soil carbon and litter stocks in riparian wetlands. The production and leaching of DOC relies on a new soil carbon 

module ORCHIDEE-SOM (Camino Serrano, 2015) with a vertically resolved soil column. We simulate all C fluxes and stocks 

at half-hourly to daily time steps, which allows representing seasonal and inter-annual variations. We focus on the lateral 

transfer of dissolved CO2 and dissolved organic C (DOC), which represents the major and more reactive proportion of TOC 

exports to the coasts in the Amazon basin (Moreira-Turcq et al., 2003). Although we neglect the lateral transport of POC, we 20 

simulate decomposition of submerged litter in floodplains and rivers as an important source of DOC and CO2 to the water 

column. While being of importance for the GHG exchange, CH4 evasion is assumed to be negligible with regard to C exports 

(Wilson et al., 2016). 

2 Model developments 

ORCHILEAK is based on the recent model branch ORCHIDEE-SOM (Camino Serrano, 2015) which relies on a novel module 25 

representing the vertical distribution of soil organic carbon (SOC) and associated transport and reaction processes. These 

processes include the production, consumption, adsorption/desorption and transport of DOC within the soil column as well as 

DOC exports from the soil column by drainage and surface runoff. In this study, the module is upgraded to represent DOC 

cycling in tropical rain forests, in particular by adding fluxes of DOC from the atmosphere and canopy with throughfall and 

by distinguishing soil carbon processes on non-flooded and flooded soils, including the direct input of DOC and CO2 from the 30 

decomposition of submerged litter and soil carbon to the water column. The trunk-version of ORCHIDEE, as well as the 

branch ORCHIDEE-SOM, includes a river routing module (Guimberteau et al., 2012; Polcher, 2003) that simulates the lateral 
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transfer of water from one grid to another, representing the river channel as well as connected wetlands. Here, this routing 

module has been upgraded with a tracer transport equation to simulate the fluxes of DOC and CO2 along the fluvial network, 

distinguishing two pools of DOC, labile and refractory DOC. In addition, the representation of the floodplain dynamics is 

improved in this study to better reproduce the seasonal flooding in the Amazon basin, which is a major controlling factor of 

the water (Guimberteau et al., 2012) and carbon flow dynamics along the river network (Richey et al., 1990). ORCHIDEE can 5 

be run at different spatial and temporal resolutions. Here, in line with Guimberteau et al. (2012), the model runs for calibration 

and model testing were performed at 1° spatial resolution over the period 1980-2000, using the regional climate and wetland 

forcing for the Amazon from Guimberteau et al. (2012), forcing of land cover and land use change after Belward et al. (1999), 

Olson et al. (1983) and Hurtt et al. (2006), river flow directions from Vörösmarty et al. (2000), as well as soil parameters after 

Reynolds et al. (1999) and the Harmonized World Soil Data base (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009) compiled by 10 

Guenet et al., in prep.  As temporal resolution, we use the default 30-minute time-step for all vertical exchanges of water, 

carbon and energy between atmosphere, vegetation, and soils, and the default 1-day time step for the lateral routing of water. 

In the following, the model description will be based on these spatial and temporal resolutions. 

This section starts with the representation of the soil hydrology and the river routing scheme in ORCHIDEE and ORCHILEAK 

(section 2.1). Here, we give an overview of the features that are shared between the original version of ORCHIDEE (the 15 

configuration used by Guimberteau et al., 2012) and ORCHILEAK and we then highlight the improvements that have been 

implemented in ORCHILEAK. In the second part, the mathematical formulation of DOC production and leaching from the 

soil as well as transport and transformation of DOC and CO2 along the fluvial network is described (section 2.2). Note that all 

model equations are presented in the appendix. 

2.1 Hydrology 20 

Like most land surface schemes of ESMs, ORCHIDEE distinguishes two kinds of surface hydrology processes: (i) the water 

budget processes, which are mostly vertical and control the partitioning of precipitation into evapotranspiration, infiltration, 

production of surface runoff and drainage (section 2.1.1); (ii) the horizontal transfer, or routing, of grid-based simulated surface 

runoff and drainage along the river network (section 2.1.2, with improvements described in 2.1.3). 

2.1.1 Water budget and soil hydrology 25 

In the vegetation canopy, rainfall is partitioned between interception loss and throughfall according to the leaf area index 

(LAI). The throughfall (possibly increased by snowmelt in cold climates and by return flow from the floodplains, cf. section 

2.1.2) is then further subdivided into infiltration into the soil and surface runoff produced by infiltration excess. In ORCHIDEE, 

the infiltration rate depends on precipitation rates, local slope, and vegetation and is limited by the hydraulic conductivity of 

the soil, which defines an Hortonian surface runoff (D’Orgeval et al. 2008). The corresponding parameterization is tightly 30 

linked to the soil moisture redistribution scheme, which is ruled by the Richards equation, solved here over a 2 m soil profile, 
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using an 11-layer discretization, with layers of geometrically increasing depth (de Rosnay et al. 2002; Campoy et al. 2013). 

The redistribution of soil moisture is controlled by the soil hydraulic properties, transpiration and evaporation within the soil 

column, and a gravitational drainage at the soil bottom. All these processes are simulated at a 30 min time step and a 1° 

resolution. In addition, a bottom return flow feeding the soil is also accounted for in presence of swamps, simulated at the daily 

time-step of the routing scheme (section 2.1.2). 5 

2.1.2 Routing of water along the river network, floodplains and swamps 

The river routing module simulates the water exports from the soil column as river discharge along a distributed routing 

scheme, and it is possible to simulate lateral flows at a higher spatial resolution than the rest of the model to better describe 

the borders of watersheds within each grid-box and the directions of incoming / outgoing water from distinct basins (Fig.2). 

For that, each ORCHIDEE grid cell x is divided into multiple subunits named “basins”. As in our case, we run simulations at 10 

1° resolution and use a routing scheme at 0.5° resolution (Vörösmarty et al., 2000), each grid cell is simply subdivided into 

four basins (Fig. 2). Note that all information derived from the forcing files or computed in the other modules has the resolution 

of the grid cell and is then downscaled to the basins within the routing module. In the following, variables at grid scale are 

denoted by the index ‘grid x’, while information at basin scale are denoted by the index ‘i’. For a full overview of the variables 

and the system of indices used here, consult Table S1 in the supplementary information.    15 

 

 
Figure 2. Schematic representation of 4 ORCHIDEE grids x at 1 degree spatial resolution for a simulation using a river routing scheme 

running at 0.5-degree resolution. 

 20 

The river routing aggregates the 30’ surface runoff and drainage computed by the soil hydrology module to the daily time step 

t of this module. As shown in Fig. 3, surface runoff and drainage initially feed a ‘fast‘ (Sfast,H2O) and a ‘slow‘ (Sslow,H2O) water 

reservoir, respectively (Eqs. 1,2). The proportions of runoff (FRO,H2O,grid x,t) and drainage (FDR,H2O,grid x,t) assigned to each basin 

i within the grid x are scaled to the area of the basin (Atotal,i) relative to that of the grid cell (Atotal,grid x.). Sfast and Sslow have 

distinct linear response time scales in each basin of the simulation domain, which are defined by a topographic index Topogrid 25 

x extracted from a forcing file (values range between 1 and 4 in our study area) and a factor τ which translates Topogrid x into a 

water residence time of each reservoir (Eqs. 3,4). Following the calibration of Guimberteau et al. (2012), both τfast and τslow are 

set to a value of 3.0 days. The river reservoir (Sriver) in each basin i is mainly fed by the outflows of Sfast, Sslow, and Sriver of the 

Outline of grid cells

Outline of basins

Flow direction
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basins i-1 lying immediately upstream (Eqs. 5,6,7), but can, in addition, interact with two kinds of hydraulic sub-systems, the 

floodplains and the swamps, the maximum extent of which are defined by forcing files. Swamps are intended to mimic ground 

water fed wetlands. Where swamps are present, a constant fraction of the upstream inflow Fup (Eq. 7), which is scaled to the 

areal proportion of swamps (%swamp) in a given basin i, is diverted from the Sriver and added to the bottom of the soil column 

of the grid x containing the basin i (Fup2swamp, Eq. 8). Contrarily to the floodplains, the swamps are not represented by an explicit 5 

water body (Sflood). In the original version of ORCHIDEE, if floodplains are present, all the water coming from upstream not 

diverted to swamps is first directed to the floodplains (Fup2flood, Eqs. 9,10, see section 2.1.3 for an improved representation). 

Sflood then sustains a delayed return flow (Fflood out,H2O) to the river reservoir of the same basin i (Eqs. 11,12).  The water balance 

of the Sflood is in addition controlled by input from throughfall (FWD,H2O), evaporation (Fflood2atm,H2O) , or infiltration into the soil 

(Fflood2soil,H2O) in the floodplain (Eq. 11), depending on the temporarily changing areal extent of the inundation %flood. The 10 

values of τriver and τflood used by Guimberteau et al. (2012) are 0.24 days and 2.5 days, respectively. Note that both Fflood out (Eq. 

12) and Friver out (Eq. 6) are dependent on %flood as well. For further details see the publications of d’Orgeval et al. (2008) and 

Guimberteau et al. (2012). 
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Figure 3. Simulated flows of water and C along the vegetation-soil-aquatic continuum. For reasons of simplicity, the fluxes (F) and storages 

(S) are characterized by subscripts indicating path or environmental compartment only (see Table 1). Basin i-1 is the basin upstream of basin 

i, basin i+1 is the basin downstream of basin i. In this hypothetical example, swamps and floodplains are only present in basin i+1. The 

depiction of water and soil-river C fluxes in basins i+1 and i-1 were omitted for reasons of readability. Straight arrows represent water and 5 

C fluxes between the canopy (Scan), soil (Ssoil), fast (Sfast), slow (Sslow), river (Sriver) and flood (Sflood) reservoirs. Circular arrows represent 

carbon transformations within the reservoirs. See text for further details. 
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2.1.3 Improved floodplain dynamics 

Seasonal flooding in the Amazon is a major control of the hydraulic and C dynamics of the river system (Abril et al., 2014; 

Melack et al., 2009; Rasera et al., 2013; Richey et al., 1990, 2002). This is particularly true in the central basin where the extent 

of flooded areas can increase from 4 to 16% of the total area (Hamilton et al., 2002; Hess et al., 2003; Richey et al., 2002). In 

the following, we first present how flooding is simulated in the trunk-version of ORCHIDEE, summarizing mainly the work 5 

of D’Orgeval et al. (2008) and Guimberteau et al. (2012); next we describe improvements in simulated floodplain dynamics 

undertaken for ORCHILEAK in this study. 

 

Original trunk version 

When floodplains are present in a given basin, all water inputs from upstream basins (Fup) which are not infiltrating in swamps 10 

(Fup2swamp) are routed to Sflood instead of Sriver (Eq. 9). After floodplain and river reservoirs have been updated with in- and 

outflows for each basin (Eqs. 5,11), the inundated fraction %flood is calculated firstly for each grid-cell, and secondly for each 

basin within the grid cell. This sequential procedure is necessary, because the maximum floodable proportion (%floodmax), 

which is prescribed by the forcing file, is given at the resolution of the grid cells. %flood per grid x is calculated from the total 

water storage in the floodplain reservoirs (Sflood,H2O,grid x,t, Eq. 13) of all basins i contained in that grid cell, assuming a slightly 15 

convex slope of the floodable area (Eqs. 14,15), as this shape is typical of large lowland rivers like the Amazon (Hamilton et 

al., 2002; Huggett, 2016). In the original version of ORCHIDEE (Fig. 5), the computation is performed as follows: first, a 

potential fraction of flooded area (%floodpot) is calculated based on the total area of the grid cell (Atotal,grid x) and a potential 

water level height on the floodplain (floodcri, set to 2m by default) for which it is assumed that the whole grid cell is inundated 

(Eq. 14, Fig 5). The maximum flooded proportion (%floodmax) of the grid cell is defined by values reported in the PRIMA 20 

forcing file (see below), that is, %flood cannot exceed %floodmax (Eq. 15). Second, the actual water level over the floodplain 

area (floodh) is calculated from %flood and the water storage in the floodplain reservoir Sflood,H2O (Eq. 16). Finally, the %flood 

of each basin i within the grid x is calculated based on the Sflood,H2O of the basin compared to that of the grid box and Atotal of 

the basin i compared to Atotal of grid x (Eq. 17).  
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Figure 4. Overview of the Amazon Basin, with highlighted boundaries (thick grey) between the three major sub-basins (R. Solimoes, 

Madeira and Negro). The central Amazon basin (green box) and the sampling locations discussed in this study are also shown. River sampling 

locations include:  Rio Japura at Acanaui (AC), Rio Xingu at Altamira (AL), Rio Araguaia (AR), Rio Jurua at Gaviao (G), Rio Tapajos at 

Itaituba (I), Rio Purus at Labrea (L), Rio Solimoes at Manacapuru (M), Amazon River at Obidos (O), Rio Madeira at Porto Velho (PV), Rio 5 

Negro at Serrinha (SE), Rio Solimoes at Sao Paulo de Olivenca (SP) and Tabatinga (T). The contributing areas are shown by the different 

colour codes on the map, except for location T as it is very similar to location SP. Sampling locations for throughfall DOC are indicated by 

“TF” and report data from Tobon et al. (2004) (TF1), Filoso et al. (1999) (TF2), Johnson et al. (2006) (TF3) and Williams et al. (1997) 

(TF4). Sampling location for DOC concentration in surface runoff and/or head waters are indicated by “RO” and report data from Waterloo 

et al. (2006) (RO1), Saunders et al. (2006) (RO2) and Johnson et al. (2006) (RO3). The red box and red line represent large floodplain areas 10 

outside the central Amazon basin for which observations are available. 

 

Figure 5. Schematic representation of the floodplain dynamics in the trunk version of ORCHIDEE. The bold line corresponds to the assumed 

shape of the floodplain. In ORCHILEAK, floodcri is replaced by floodh95th, which represent the 95th percentile of the water level above the 

floodplain (floodh) over the simulation period 1980-2000. 15 
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The PRIMA forcing file was introduced by Guimberteau et al. (2012) to represent the maximum spatial extent of swamps and 

floodplains at the scale of the entire Amazon basin. The available global wetland (swamps and floodplains) forcings (Lehner 

and Döll, 2004) are underrepresenting swamp and floodplain areas in this region, and were thus not sufficient to simulate water 

retention needed to reproduce the hydrograph of the Amazon River. The PRIMA dataset was obtained using the maximum 5 

floodable areas derived from satellite imagery (Prigent et al., 2007), after subtraction of the vegetated proportion reported by 

Martinez and le Toan (2007). The vegetated part of the maximum floodable area was assigned to ‘swamp’ areas, which, as 

stated above, does not include a specific water body in ORCHIDEE. 

 

Changes in ORCHILEAK 10 

Although water retention in floodplains was validated by reproducing the water height over the floodplains (Guimberteau et 

al., 2012), the seasonality in flooded areas extent is still not well captured in the trunk version. Furthermore, according to the 

PRIMA forcing, the maximum floodable area in the central Amazon basin is < 5%, while according to Richey et al. (2002) the 

areal proportion of inundated area is comprised between 4 and 16%, leaving a temporarily flooded proportion of 12%. For the 

simulations with ORCHILEAK, we merged back the swamp and floodplain areas, thus relying directly on the maximum 15 

inundated area of Prigent et al. (2007), while, at the same time, keeping swamp areas as zone of return flow from the river to 

the bottom layer of the soil column (Fig. 6). With this modified forcing, %floodmax increases to 10% within the Central Amazon 

basin, in better agreement with observations. 

To improve the representation of seasonal flooding using updated values of %floodmax, the original equations to calculate the 

inflow of water to the floodplains and the extent of flooded area in each grid cell were altered as follows. Firstly, floodplains 20 

are now only inundated when a threshold in river discharge is exceeded (Fup lim, Eq. 18), and it is only the excess part of the 

river discharge that contributes to the flooding while the remainder is directly entering the next river reservoir (Eq. 19). The 

threshold is defined for each grid by the median river reservoir water storage of each grid cell over the simulation period (1980-

2000), which is derived in a first simulation with flooding deactivated, and then used as a forcing file for the model (Fig. 6). 

The choice of the median as threshold provides the advantage of a robust statistical measure and is similar to threshold of 90% 25 

of long-term mean discharge used by Vörösmarty et al. (1989) for the Amazon. This modification assumes that a fraction of 

river water continues to be transported by the river instead of being entirely diverted to the floodplains. 

While the default value for floodcri, as to be used in global modelling, was set to 2 m in the trunk version, this value is not 

applicable to the Amazon, where water levels of up to 12  m have been reported in the Central Amazon floodplain (Trigg et 

al., 2009). Thus, instead of using a single value for floodcri as previously done, we now first compute for each grid cell the 30 

95th percentile of all simulated water level heights over the floodplain area for the simulation period 1980-2000 (floodh95th, Eq. 

21, cf. Fig. 5). We used the regional data set of monthly inundated areas from Hamilton et al. (2011) for validation in the 
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Roraima and Llanos de Moxos wetland areas, which covers part of our simulation period. For inundation in the central Amazon 

basin, we used the data from Hess et al. (2003) as summarized in Richey et al.  (2002) for validation.  

Following the changes in the flooding scheme, we recalibrated two parameters in order to reproduce the monthly discharges 

from the Amazon and its major tributaries: 1) We decrease the water residence time on the floodplains by changing τflood from 

2.5 days as used by Guimberteau et al. (2012) to 1.4 days (Eq. 12); and 2) we halved the proportion of water diverted to 5 

swamps by setting fswamp from 0.2 to 0.1 (Eq. 8), while using the same forcing for %swamp as Guimberteau et al. (2012). In 

addition, because %flood can now take values close to 100% in some areas, we modified the equation to calculate the outflow 

from the river reservoir, which is not decreased anymore depending of %flood (Eq. 22). The simulated river discharges were 

validated against gauging data from ORE-HYBAM (Cochonneau et al., 2006) and mean monthly discharges provided by the 

Global Runoff Data Centre (GRDC, n.d.).  10 

In ORCHILEAK, for the purpose of calculating CO2 evasion from the river network, the river reservoir is now assigned a 

surface area as well (Ariver).  The base surface area Ariver (Ariver basic) per grid cell is extracted from a forcing file derived from 

the global river surface maps of Lauerwald et al. (2015). Following the findings by Rasera et al. (2013), we assume that the 

surface area of small rivers (Ariver small, width < 100m) can increase by about 20% from low to high water stages, whereas the 

area of larger rivers (Ariver large, width ≥ 100m) increases by about 10%. Assuming the 10th and 90th percentile of Sriver,H2O over 15 

the simulation period 1980-2000 (Sriver,H2O,grid x,10th, Sriver,H2O,grid x,90th, Fig. 6) as representative for the low and high water stages, 

an actual Ariver (Ariver act) is calculated at each time-step depending on Sriver,H20 (Eqs. 23-26). As the Ariver forcings likely 

underestimate the total Ariver (Lauerwald et al., 2015), it is assumed that Ariver basic represent Ariver at low water stage. Ariver act per 

basin i is calculated from Ariver per grid x containing that basin, scaling to the square root of Sriver,H2O, because Sriver,H2O is linearly 

related to discharge (Eq. 22) and it was empirically shown that stream width scales roughly with the square root of discharge 20 

(Raymond et al., 2012, 2013). Assuming that stream length does not change significantly, the relative change in stream width 

equals the relative change in Ariver act. 

The difference between Ariver act and Ariver basic gives a seasonally flooded area directly adjacent to the river (%floodriver, Eqs. 28, 

29). This flooded area induced by changes in water levels in the river was then added to the total flooded proportion of soils 

(%floodtotal, Eqs. 30,31). Note, however, that for the calculation of C inputs from flooded soils to the water column (section 25 

2.3), Sflood and Sriver need again to be distinguished. 
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Figure 6. Overview of forcing files. Climatic forcings comprise, among others, variables like precipitation (FWD,H2O) and air temperature 

(Tair). The climatic forcings used here are based on the CRU-NCEP data set, only FWD,H2O was replaced by a regional data set created by 

Guimberteau et al. (2012). The forcing of maximum floodable areas %floodmax was adopted from Guimberteau et al. (2012) after merging 

swamp areas (%swamp) into %floodmax.  Simulations of inundation in ORCHILEAK are based on 10th, 50th and 90th percentile of water 5 

storage in the river reservoir Sriver (Sriver,H2O,10th, Sriver,H2O,50th, Sriver,H2O,90th), here given in mm which equals kg H2O m-2
 assuming a density of 

water of 10-3 kg m-3,  and the 95th percentile of water table level over the floodplains floodh (floodh95th), all derived from simulation results 

over the period 1980 to 2000. Surface areas of small (width < 100 m) and large (width ≥ 100 m) rivers (Ariver small, Ariver large) are taken from 

Lauerwald et al. (2015). Of importance for representation of DOC cycling in watersheds of black water rivers is the identification of ‘poor 

soils’ (Podzols, Arenosols and soils in black water swamps), which we derived from the Harmonized World Soil Database (HWSD, 10 

FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009) and %swamp. 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



14 
 
 

2.2 Carbon dynamics along the vegetation-soil-aquatic continuum 

2.2.1 Overview of the DOC transport scheme 

DOC and CO2 are exported through the terrestrial-water interface by runoff (FRO) and drainage (FDR), respectively (Fig. 3). 

Part of the terrestrial DOC stems from throughfall (FTF = FWD2ground + Fcan2ground, see below), the other part stems from the 

decomposition of litter and soil organic carbon (Fdec terr). DOC exports from flooded areas to the river network are another 5 

important source, because FTF and the decomposition of submerged litter and soil carbon in the floodplains (Fsoil2flood) add 

directly to the DOC storage in the overlying water column and, from there, a delayed flux (Fflood out) feeds Sriver.  In addition, 

streams and rivers extend laterally during high flow periods (see section 2.1.3) and there is thus a direct input of DOC from 

litter and SOC decomposition on/in seasonally inundated soils immediately adjacent to the stream bed into Sriver (Fsoil2river). 

DOC and CO2 are transported as passive tracers with the fluxes of water through the different reservoirs of the routing scheme 10 

(see section 2.1) and can feed back into the soil system via two mechanisms: 1) re-infiltration from the floodplain reservoir 

into the first layer of the soil column (Fflood2soil); 2) infiltration of DOC into the bottom layer of the soil column entrained with 

water entering swamps (Fup2swamp) (Fig. 3). In addition, DOC is mineralized to CO2 in transit and CO2 is evading to the 

atmosphere from the water surface. Depending on the relative magnitude between inputs, outputs and in-situ transformations, 

the storage of DOC in canopy, soil, fast, slow, river and floodplain reservoirs (Scan, Ssoil, Sfast, Sslow, Sriver, and Sflood) can thus 15 

increase or decrease over different time periods. For the routing of DOC, we distinguish two pools, a labile and a refractory 

pool. The allochthonous inputs of DOC from Scan and Ssoil into the inland water network are computed at a 30 min time-step 

and at the spatial resolution of the grid cell. The lateral transfer between the Sfast, Sslow, Sriver and Sflood are simulated at a one-

day time step and at the spatial resolution of the basin.  

The following subsections describe in more detail the simulation of DOC in precipitation and throughfall (section 2.2.2), 20 

production of DOC and its export through the terrestrial-aquatic interface (section 2.2.3), CO2 inputs through the terrestrial-

aquatic interface (2.2.4), and in-transit DOC mineralisation and CO2 evasion along the inland water network (section 2.2.5).  

2.2.2 DOC in precipitation and throughfall 

Reported average rain DOC concentrations in the Amazon basin are significant with 1.3 to 3.9 mg C L-1 (Table 2, in most 

temperate regions average concentrations < 1 mg C L-1 are common, see Michalzik et al. 2001), of the same magnitude as 25 

observed concentrations in white and clear water rivers of the region (Moreira-Turcq et al., 2003). The spatial variation in rain 

DOC concentration is unknown and we thus assumed a constant value of 2.4 mg C L-1 throughout the Amazon basin, from the 

average of reported literature values (Table 2).  Observed average DOC concentrations in throughfall are higher than in 

precipitation because of the DOC enrichment of leaf-intercepted water due to evaporation losses and dissolution of organic 

carbon from leaf-leachates and dry deposition. Reported annual throughfall DOC flux (FTF) in the Amazonian rain forest varies 30 

little, from 14.8 to 19.0 g C m-2 yr-1 (see Table 2). The temporal variability in throughfall DOC concentrations is mainly 
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controlled by the amount of throughfall, which acts as a dilution factor, and by the duration of preceding dry periods, which 

favours the accumulation of soluble organic C on the canopy (Johnson et al., 2006). Here, we used the time-series data on 

throughfall DOC fluxes in South Amazonia from Johnson et al. (2006) to set up and calibrate a simple model of throughfall 

DOC fluxes.  

In ORCHILEAK, the wet deposition of DOC, FWD is calculated from precipitation and the prescribed constant concentration 5 

of 2.4 mg C L-1, which also equals the minimum throughfall concentration in the time-series by Johnson et al. (2006). For each 

of the 13 ORCHIDEE plant functional types (PFTs) which are potentially present in a grid cell, the wet deposition of DOC 

onto the canopy (FWD2can) and the direct precipitation of DOC onto the ground (FWD2ground) directly scales to the corresponding 

water fluxes simulated in the hydrology module. According to our simulation, FWD contributes to only about one third of the 

FTF at our calibration site (14.9 g C m-2yr-1 (Johnson et al., 2006)). Thus we assumed that the unaccounted flux of 10 g C m-2 10 

yr-1 must originate from dry deposition onto the canopy or leaf leachates. We further assumed that this dry addition of soluble 

organic carbon (Fadd2can) does not vary over time and scales to the leaf biomass (which, in the model, is directly related to leaf 

area). Based on the simulated leaf biomass of 457±1 g C m-2 for tropical rain forests at the field-site location, we calibrated 

Fadd2can at 6*10-5 g C per day and per g C in the leaf biomass (Eq. 32). For agricultural and grass lands, we set Fadd2can to zero. 

Whenever intercepted water from the canopy falls to the ground (Fcan2ground), the related flux of DOC (Fcan2ground) will empty 15 

the storage of DOC in the canopy (Scan) at once unless a maximum concentration DOCmax of 100 mg DOC kgH2O
-1 (Eq. 33) in 

Fcan2ground is exceeded. This value corresponds to the maximum concentration observed by Johnson et al. (2006). Beyond this 

threshold, Fcan2ground is set as the product of the water flux and the maximum concentration, and the DOC in excess is assumed 

to remain in the canopy reservoir Scan. This threshold prevents unreasonably high DOC concentrations in the first throughfall 

events after dry periods and allows simulation of progressive depletion of the Scan reservoir after a time of significant DOC 20 

accumulation.  At each 30 min time step, FWD2can, Fadd2can and Fcan2ground are calculated and subsequently used to update the 

DOC storage in the canopy at each grid x and PFT v (Eq. 34).  

FTF is calculated as the sum of the non-intercepted wet deposition FWD2ground and Fcan2ground (Eq 35).  Based on the range of 

values reported in the literature (Aitkenhead-Peterson et al., 2003), we assume that half of the DOC reaching the ground is 

labile (DOClab) while the other half is refractory (DOCref) (Eq. 36). FTF then infiltrates into the topsoil or adds to Sflood in areas 25 

where it falls on inundated land (see section 2.2.4). 

2.2.3 Production and export of soil DOC through the terrestrial-aquatic interface 

ORCHILEAK is largely based on ORCHIDEE-SOM, the new soil carbon module simulating microbial production and 

consumption of DOC, its adsorption and desorption onto/from mineral surfaces, the vertical advective and diffusive fluxes of 

DOC within the soil profile and the exports of DOC from the soil via surface runoff and drainage (Camino Serrano, 2015). 30 

Consistent with the soil hydrology module (Campoy et al., 2013; de Rosnay et al., 2002), the carbon dynamics are resolved 
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using a discretization of a 2m-soil profile into 11 layers geometrically increasing in depth and running at a 30 minutes time-

step (Camino Serrano, 2015). 

DOC is produced from the decomposition of litter and soil organic carbon (SOC) (Eqs. 37-40), and consumed by further 

decomposition (Eqs. 41,42).  Here, the soil carbon module has been modified to better represent the soil DOC dynamics in the 

Amazon. First, decomposition on non-flooded (Fdec terr) and flooded (Fdec flood) soils is distinguished, with decomposition rates 5 

of the litter, SOC and DOC pools 3 times slower when soils are flooded (Rueda-Delgado et al., 2006). Second, in ‘poor soils’ 

characterized by low pH and low nutrient levels such as Podzols, Arenosols or soils located in black water swamps (referred 

to as Igapo in the Amazon basin), decomposition rates are significantly reduced. Here, we assume a reduction by a factor of 2, 

following findings from the literature (Bardy et al., 2011; Vitousek and Hobbie, 2000; Vitousek and Sanford, 1986). This 

feature was implemented in the model by adding a layer defining the areal proportion of ‘poor soils’ in the soil-forcing file. 10 

The spatial distribution of Podzols and Arenosols was derived from the Harmonized World Soil Data base 

(FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009). To determine the spatial distribution of Igapo forest soils, we used the PRIMA 

forcing for swamps in combination with the boundaries of the Rio Negro catchment as derived from the 0.5° river network 

(Fig. 6).  

The soil carbon module distinguishes 3 different pools of DOC depending on the source material: active, slow and passive 15 

(Camino Serrano, 2015). The DOC derived from the active SOC pool and metabolic litter is assigned to the active DOC pool, 

while the DOC derived from the slow and passive SOC pools are assigned to the slow and passive DOC pools, respectively 

(Eqs. 43-45). A part of DOC derived from structural plant litter, which is related to the lignin structure of the litter pool (Krinner 

et al., 2005), is allocated to the slow DOC pool, while the remainder feeds the active DOC pool. The proportion of the 

decomposed litter and SOC that is transformed into DOC instead of CO2 depends on the carbon use efficiency (CUE), set here 20 

to a value of 0.5 (Manzoni et al., 2012). Taken that the same residence time for the slow and passive DOC pools is used in 

ORCHIDEE-SOM (Camino Serrano, 2015), we merge these two pools when computing throughfall and lateral transport of 

DOC. Thus, the labile pool is identical to the active pool of the soil carbon module, while the refractory pool combines the 

slow and passive pools.  The labile (FTF,DOClab) and refractory (FTF,DOCref) proportions of throughfall DOC are added to the 

active and slow DOC pools of the first soil layer, respectively.  25 

Alongside with decomposition, DOC is lost from the soil column through lateral exports with surface runoff and / or drainage, 

which occur at the top and bottom of the soil column, respectively. The DOC export by drainage at the bottom of the soil is 

proportional to the DOC concentration in the deepest (11th) soil layer (Eq. 46). Surface runoff occurs when the maximum 

infiltration rate is exceeded, beyond which the excess water does not enter the soil column anymore. Because the first soil 

layers are extremely thin, it is assumed here that surface runoff can entrain DOC from the first five layers of the soil column, 30 

which together have a thickness of 4.5 cm (Eq. 47). In each basin, the DOC release is proportional to the mean DOC 

concentration in this zone of the soil column as well as to the areal extent of the saturated zone around headwaters, as detailed 

below. To simulate the DOC production in flooded areas, we assume that the DOC produced from the decomposition of litter 
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and SOC within these same 5 topsoil layers adds directly to the DOC storage in the overlying surface water body Sflood (see 

Fig. 3, Eqs. 48-50). Accordingly, the inputs of DOC to the non-flooded soils via Fdec terr are estimated using the non-flooded 

proportion of the grid cell (1-%������,�) (Eqs. 37, 39, 41). 

The usually higher DOC concentration in the topsoil compared to the subsoils is mainly due to the higher inputs of plant litter 

into and onto the topsoil. However, DOC is efficiently transported between the soil layers along with the vertical flow of water 5 

through the soil matrix (Fsoil adv, Eqs. 51-52).  Therefore, a part of the DOC exported with the drainage is not produced in-situ 

but rather originates from percolation across the entire soil column.  The vertical DOC transport within the soils, as well as for 

the export of DOC with surface runoff are not directly computed as the product of water flux and DOC concentration. Instead, 

a reduction factor (	
���) is applied to account for the effect of preferential vertical flow paths, e.g. along macrospores 

produced by the root system (Karup et al., 2016), and zones of reduced flow rates which increase the DOC residence time in 10 

the remaining parts of the soil. Following the model approach of Braun (2002), 	
��� 	is set to 0.2 except in the ‘poor soils’ 

where this factor is set to 1 (no reduction, Eq. 54). This allows to account for their poor filtering capacity which is the cause 

of the very high DOC concentrations in groundwater below Podzols and black water swamps (Brinkmann, 1984; McClain et 

al., 1997). While the effect of preferential flow path should be envisioned as a general concept in ORCHILEAK, the 

introduction of ‘poor soils’ is specific to tropical black water systems. It remains to be shown in future work how their effects 15 

will have to be parametrized in other climate zones, for instance in the Boreal zone where Podzols are abundant.  

DOC exports with surface runoff is even further reduced, because the riverine DOC mostly derives from saturated soils in 

direct vicinity to surface waters (Idir et al., 1999). As we do not have direct information on the density of headwater streams 

at small scale and the extent of the saturated, riparian zone, the reduction in DOC exports with surface runoff (redconnect) was 

scaled to the storage of water in Sfast and Sslow (Eq. 55). We assumed these reservoirs to represent the water stored in 20 

groundwater and headwater streams (Sriver being attributed to wider water bodies due to the coarse resolution (0.5°) of the river 

network). Next, based on model calibration, we set a threshold value for the sum of Sfast,H2O and Sslow,H2O (����������,���,���) at 

which a 100% connection between top soils and headwaters is achieved. When ����������,���,��� does not reach the threshold, 

a lower proportion of topsoil is in connection with the headwaters. Consistent with our approach in section 2.1.3, we assumed 

here that the extent of saturated soils around headwaters (i.e. the connected topsoils) increases linearly with the square root of 25 

the sum of Sfast,H2O and Sslow,H2O. Finally, the maximum amount of DOC that can be exported through surface runoff and drainage 

is limited by the storage of DOC in the top and bottom soil layers (Eqs. 46-47). 

2.2.4 Export of dissolved CO2 through the soil-aquatic network interface 

Although mineralization of litter, SOC, DOC in the soil are simulated in ORCHIDEE, the CO2 partial pressure in the soil air 

and soil solution of the different layers is not represented. Thus, we implemented simple estimates of these soil-derived CO2 30 

inputs in order to reproduce the observed CO2 evasion fluxes from the water surface of the fluvial network. For simulating the 

export of CO2 with surface runoff and drainage, we use fixed concentrations of 20 mg C L-1 (pCO2 of 50,000 µatm at 25°C) 
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and 2 mg C L-1 (pCO2 of 5,000 µatm at 25°C), respectively, derived from reported literature values (Davidson et al., 2010; 

Johnson et al., 2008; Saunders et al., 2006). The lateral exports of CO2 dissolved in soil water are then calculated by multiplying 

these CO2 concentrations with the water fluxes from surface runoff and drainage simulated at half-hourly time-step in the soil 

hydrology module (Eqs. 56,57). Next, the computed lateral fluxes of CO2 exported out of soils are subtracted from the total 

soil respiration and the remainder, by far the dominant fraction (Davidson et al., 2010), is assumed to evade directly to the 5 

atmosphere through the topsoil (Eq. 58). Carbonate chemistry and export of alkalinity are neglected. 

In floodplains, mineralisation of submerged litter and soil carbon are considered to be sources of CO2 to Sflood (Eq. 59). In 

addition, we allocated the root respiration in inundated areas to the “CO2 inputs to Sflood” term. The lateral transfer of CO2 by 

advection and the re-infiltration of dissolved CO2 into swamps and on floodplains are simulated following the approach 

implemented for DOC (Fig. 3, and preceding subsections). 10 

2.2.5 Carbon transport and transformation along the inland water network 

Transport and transformation of terrestrially derived C in the river system are implemented into the river routing module. The 

lateral transport of DOC and CO2 between reservoirs are assumed to be proportional to the water fluxes, that is, the exports 

from each reservoir to the next have the same concentration of DOC and CO2 as in the reservoir from which they originate 

(Eq. 60). The same holds true for infiltration on the floodplains (Fflood2soil, Eq. 61). The inputs from upstream Fup are the sum 15 

of Ffast out, Fslow out, Friver out of all basins i-1 lying directly upstream (Eq. 62), and inputs into swamps (Fup2swamp, Eq. 63), Sflood 

(Fup2flood, Eq. 64) and Sriver (Fup2river, Eq. 65) have all the same concentrations as Fup.      

As discussed above, in the routing scheme, we distinguish two pools of DOC: the labile (DOClab), which corresponds to the 

active DOC pool of the soil carbon module, and the refractory pool (DOCref), which combines the slow and passive pool of 

the soil carbon module. For each pool, the DOC stocks in Sfast and Slow are then updated from the balance between the C inputs 20 

simulated in the soil carbon module at 30 minute time-step and aggregated to the one day time step of the routing module, and 

the outflows of C which are proportional to the water fluxes (Eqs. 66, 67). Sriver in basin i is augmented by the sum of outflows 

from the fast, slow and river reservoirs of the basins located directly upstream (i-1), minus the flows diverted to the subsoil of 

swamps and into floodplains (Eq. 68). The floodplains (Sflood) receive inputs from upstream (���������) and transfer C to the 

river reservoir (������	���) and via infiltration into the soil (Fflood2soil) (Eq. 69). The inputs of DOC from the decomposition of 25 

inundated SOC and litter are added to Sriver and Sflood according to their contribution to the total fraction of inundated soil 

(%floodtotal).  

At each daily time-step, after the lateral transfers along the flow path have been calculated, DOC decomposition and CO2 

evasion within the river and floodplain reservoirs are simulated. The continuous CO2 production and CO2 evasion from the 

aquatic network are computed using a much finer integration time step of 1/240 day (6 min) than the one of the river routing 30 

scheme to ensure precision of our numerical scheme. In addition, CO2 inputs from the decomposition from flooded SOC and 
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litter are also added at the same time-step to represent the continuous additions of CO2 during the water-atmosphere gas 

exchange. 

For each 6-min time step, the pCO2 in the water column is calculated from the concentration of dissolved CO2 and the 

temperature dependent solubility of CO2 (KCO2) (Eq. 70). The water temperature (Twater) needed to calculate KCO2 (Telmer and 

Veizer, 1999) (Eq. 71) is derived from the average air temperature close at the ground (Tground) over the whole one-day-time-5 

step of the routing scheme  (Eq. 72, R2=0.56, σ=0.91°C). This equation was empirically derived using values from the ORE-

HYBAM dataset (Cochonneau et al., 2006) observed at a 10 day interval over the years 1999 and 2000 at 3 sampling locations 

(Fig. 7, see Fig. 4 for location). As the linear fits for each sampling location are quite similar (Fig. 6 a), we consider the 

prediction equation derived for the total of observed data as representative. Note that the slope is quite similar to that (0.82) 

found by Lauerwald et al. (2015) for average monthly Twater using a global data set. Furthermore, we investigated whether the 10 

correlations could be improved by introducing a time-lag between Twater and Tground, as suggested in the literature (Ducharne, 

2008; Van Vliet et al., 2011). However, no significant improvement could be achieved (Fig. 7 b), and we thus maintained Eq. 

(72) as predictor of water temperature.  

 
Figure 7. Predictability of water temperature (Twater) from simulated ground temperature (Tground). a) Linear regressions between Twater and 15 

Tground recorded on the the same day. The black line represents the linear fit trough all data combined, while the coloured dashed lines 

represent the linear fits per sampling location. b) Changes in RMSE (σ) of the prediction equation per sampling location after applying 

different time lags to the predictor, Tground.  
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The same water temperature is used for the calculation of the Schmidt number (SC) (Wanninkhof, 1992) (Eq. 73), which is 

needed to calculate the actual gas exchange velocity from the standard conditions k600 (Eqs. 74, 75). We used distinct values 

of k600 for rivers (kriver,600), and for swamps (kswamp,600) to account for the reduced effect of the wind in flooded forests. The 

value kswamp,600 = 0.65 m d-1 is taken from Richey et al. (2002) while the value for kriver,600 = 3.5 m d-1 corresponds to the average 5 

of the values reported in Alin et al. (2011). For the calculation of kflood,600 on the floodplains, we assumed that open floodplains 

have the same gas exchange velocity than the rivers, while within flooded forests (represented by %swamp), the gas exchange 

velocity is set to kswamp,600. As the gas exchange is calculated for the whole floodplain, and is thus a combination of open-water 

floodplain and swamps, the average kflood is calculated according to the vegetated and open proportions (Eq. 75). In rivers and 

floodplains, the CO2 evasion is calculated based on the pCO2, the gas exchange velocity, and the surface water area available 10 

for gas exchange, which changes at the daily time-step (Eqs. 76, 77). The maximum possible CO2 evasion per time-step is 

constrained by the amount of dissolved CO2 in excess to the hypothetical equilibrium with the atmospheric pCO2. For Sfast, for 

which a surface area is not known, full equilibration with the atmosphere is assumed (Eq. 78). For Sslow, which we consider as 

groundwater storage even though a ground water table itself is not simulated, no gas exchange is assumed. 

The instream decomposition of terrestrial DOC is calculated using base rate constants for labile and refractory DOC, kDOClab = 15 

0.3 day-1 and kDOCref = 0.01 day-1, respectively (Eqs. 79, 80). These values correspond to half-live times of 2 days and 80 days 

respectively. The value for kDOClab is thus in agreement with Devol and Hedges (2001) who conclude that DOClab in the Amazon 

river must have a very short half-life of hours to a few days.  kDOCref also corresponds to the lower range of respiration rates 

found for Rio Solimoes of 0.2 µM h-1 (Amon and Benner, 1996) if an average concentration of about 5 mg C L-1 is assumed 

(cf. Moreira-Turcq et al., 2003). We assumed that the values for the rate constants are valid for an average Twater of 28°C 20 

(consistent with experiments of Amon and Benner, 1996 and the average temperature simulated here) and apply a temperature 

sensitivity factor on decomposition rates after Hanson et al. (2011) (Eqs. 79,80). 

At each 6-min time-step, the CO2 produced from the decomposition of DOC is added to the relevant reservoirs (Eqs. 81-84). 

For Sfast, Sriver, and Sflood, the amount of evading CO2 is subtracted from the CO2 stocks (Eqs. 82-84). For Sriver and Sflood, the 

inputs of CO2 from the decomposition of inundated SOC and litter are added to these reservoirs, based on the relative 25 

contribution of swollen rivers (%������� ��) and floodplains (%flood) on the total fraction of inundated soils (%����������) 
(Eqs. 83-84). 

3 Model results and discussion 

3.1 Seasonal flooding and river discharge 

The upgraded river routing scheme allows us to reproduce seasonal inundation in the Amazon basin (Fig. 8). The improvement 30 

using ORCHILEAK instead of the trunk version of ORCHIDEE is in particular visible for the central Amazon basin (Fig. 8a, 

see Fig. 4 for location). However, compared to the observed inundation reported by Richey et al. (2002), our simulation 
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underestimates the total areal extent of inundation. This is not surprising as our forcing data derived from space borne 

microwave remote sensing (Prigent et al., 2007) excludes flooded forests with dense canopies covering free water surfaces and 

does not capture small water bodies. In contrast, the observed inundation from Richey et al. (2002) was derived from airborne 

radar imagery, which is able to detect flooded areas in more detail and at higher resolution (Hess et al., 2003). The observed 

inundation data for the Roraima and Llanos de Moxos wetlands (Hamilton et al. 2002; Hamilton et al. 2011) were here derived 5 

from space borne microwave imagery, and are thus, in terms of spatial resolution and detail, more directly comparable to our 

forcing data. Therefore, the good match between observed and simulated inundation in these regions highlights the good 

performance of our new flooding module in ORCHILEAK (Fig. 8b). Nevertheless, it is important to keep in mind that while 

the overall seasonality of inundation is well reproduced in all regions, the total inundated area across the Amazon basin is 

likely underestimated because of our choice of forcing data. 10 

After recalibrating the outflow velocity from the floodplains and reducing the amount of water redirected to swamps, the 

simulated discharges are in general quite close to those simulated by Guimberteau et al. (2012) (Fig. 9). In the southern 

tributaries of the Amazon basin (Rio Jurua, Purus, Madeira, Tapajos, Xingu), we overestimate the discharge during high-flow 

periods (Feb. to April) while for the rest of the year our simulation is well in line with observations.  This might be due to a 

bias in the meteorological forcing data, which could give too much weight to very rainy spots during the interpolation process, 15 

or to an underestimation of simulated evapotranspiration compared to flux tower measurements (Guimberteau et al., 2012). 

For the northern tributaries (Rio Japura and Rio Negro), such an overestimation during high flows is not visible. Along the 

main stem (Amazon at Obidos, Rio Solimoes at Sau Paulo de Olivenca), the seasonality is reproduced very well except for 

Rio Solimoes at Manacapuru where the simulated discharge peak occurs one month too early, due to backwater effects by Rio 

Negro and Rio Madeira (Meade et al., 1991), process which are not accounted for in ORCHILEAK nor in the trunk version of 20 

ORCHIDEE. 
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Figure 8. Simulated versus observed flooded area in the Amazon basin. a) Central Amazon basin. Observed data from Richey et al. (2002) 

after Hess et al. (2003). Inundation corresponds to the sum of water surfaces of main channel, tributaries and floodplains recorded during 

the period October 1995 to September 1996. b) Llanos de Moxos and Roraima floodplains over the period January 1980 to September 1987. 

Observed data from Hamilton et al. (2011). 5 
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Figure 9. Simulated versus observed monthly discharge in the Amazon River and its major tributaries. The simulated discharge represents 

the average over the simulation period 1980-2000. For the stations at Rio Negro, Rio Purus, Rio Tabajos as well as for the Amazon at Obidos, 

observed discharges are derived from ORE-HYBAM gauging data for the same period. For the other stations, long-term average monthly 

discharges from GRDC data set have been used, which cover a longer period: Amazon at Sao Paolo de Olivenca (1973-2010), Rio Madeira 5 

at Porto Velho (1967-2007), Rio Japura at Acanaui (1973-1997), Rio Jurua at Gaviao (1972-2010), Rio Xingu at Atamira (1971-2008). 
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3.2 C cycling and DOC exports through the terrestrial-aquatic system’s interface 

3.2.1 Vegetation, litter and soil carbon 

The Amazon basin is largely dominated by tropical rain forest. Other notable plant functional types (PFTs) in the study area 

are rain green forest, i.e. deciduous tropical forest with litter fall during the dry period, and tropical C3 and C4 grasslands 

(Table 1). C4 cropland contributes with an areal proportion of 1%, mainly in the form of sugar cane plantations. All other PFTs 5 

have an areal proportion smaller than 1%. Over the simulation period (1980-200), the land use forcings give a slight increase 

in C4 grasslands and croplands at the expense of tropical rain forest (Table 1). 

Table 1a summarizes yearly-mean NPP per PFT reported in the literature and simulated with ORCHILEAK, using the default 

settings for vegetation simulation. Overall, simulated values are in good agreement with those reported in the literature, 

especially for the dominant PFTs (rain forests). Values for C3 grassland are compared to a study in the Andes, as most C3 10 

grassland in the Amazon basin is found in high altitudes at the western rim of the study area. For C4 grassland, a rather wide 

range of NPP has been reported, with highest values for grass dominated wetland systems which are important for the C 

biogeochemistry in the Amazon floodplains (Melack et al., 2009). In that specific area, the average annual NPP for this PFT 

is simulated at around 2900 g C m2 yr-1, i.e. still at the lower end of the reported value range for C4 wetland grasses. In the 

southernmost part of our study areas, the average simulated NPP for simulated C4 grassland goes below 1500 g C m-2yr-1. Fig. 15 

10 shows the spatial heterogeneity in simulated average NPP 1980 to 2000.  The spatial pattern reflects the relatively low NPP 

of rain forest compared to tropical grasses. Within the Amazon basin, the tropical grasses in the lower Amazon floodplains 

and in the Llanos de Mojos show the highest average NPP. The simulated soil carbon stocks in the Amazon basin are in good 

agreement with the Harmonized Worlds Soil database (Table 1b).  

 20 
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Table 1a. Yearly-mean simulated NPP in the Amazon basin (period 1980-2000) reported for the five dominant Plant Functional Types 

(PFT). 

PFT Areal proportion NPP [gC m-2 yr-1] 

  1980 2000 simulated literature 
Tropical rain 

forest 
83.1% 81.6% 1,086 1,250 Saugier et al. 

(2001) 

Rain-green 
forest 

3.1% 2.9% 1,001 1,200  Martinez-Yrizar 
et al. (1996) 

C3 grass land 4.1% 4.0% 835 460 - 1530 (Andean grass 
lands) 

Oliveras et al. 
(2014) 

C4 grass land 6.9% 8.0% 2,202 100-500 (low rainfall) 500-
2,000 (high rainfall) 2,500-

7,000 (wetland) 

Long et al. (1991) 

C4 crop land 1.0% 1.6% 2,566 3,000-5,500 (sugar cane 
plantation) 

Long et al. (1991) 

 

 5 

Table 1b. Simulated and observed mean soil organic carbon (SOC) stocks in the Amazon basin. Values are reported for the top 30 cm, the 

top 100cm and the whole 200cm profile used in the simulation. 

Depth Soil carbon stocks [kg C m-2] 

  This study HWSD* Literature** 

30 cm 6.6±5.2 6.4±5.6 4.0-4.8 

100 cm 9.4±7.4 11.2±9.5 7.9-9.0 

200 cm 10.5±8.0  
 

  
* Derived from the Harmonized World Soil Database (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009). 
** After literature review in Ceddia et al. (2015) 10 
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Figure 10. Averages of simulated net primary production (NPP), dry deposition of soluble organic C onto the canopy and leaching of DOC 

from leaves (Fadd2can,DOC), wet deposition of DOC (DOC in rain, FWD,DOC), throughfall DOC flux (FTF,DOC), as well as  total DOC and CO2 

exports into the inland water network (FRO+FDR+Fsoil2flood+Fsoil2river) over the simulation period 1980-2000. 

3.2.2 DOC in precipitation and throughfall 5 

Figure 10 shows the spatial patterns in simulated averages of DOC production in canopy (sum of dry deposition of soluble 

organic C and leaching of DOC from leaves, Fadd2can,DOC), wet deposition of DOC (DOC in rain, FWD,DOC), and throughfall 

DOC flux (FTF,DOC).  In most parts, Fadd2can,DOC contributes more to FTF,DOC than FWD,DOC. The patterns in Fadd2can,DOC is mainly 

controlled by the distribution of tropical rain forest and rain-green tropical forests, because, due to limitations in calibration 

data, we do not simulate this flux for grass lands nor crop lands. FWD,DOC follows the patterns of precipitation, as we use fixed 10 

DOC concentrations for this flux. Simulated average values for FTF,DOC range from 0 g C m-2yr-1 to about 20 g C m-2yr-1, with 

the highest fluxes to be found where dense rain forests coincide with highest average precipitation, like in the NW Amazon 

basin. 

Our simple representation of throughfall DOC fluxes is able to reproduce the yearly-mean and seasonal variations in 

throughfall DOC concentrations observed by Johnson et al. (2006) in Southern Amazonia (Fig. 11). Although the throughfall 15 

DOC was calibrated only for this study area, it reproduces the observed yearly mean fluxes in NW and Central Amazonia 
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(Filoso et al., 1999; Tobón et al., 2004) in a satisfying way as well (Fig. 11a, Table 2). Interestingly, the annual throughfall 

DOC fluxes do not differ much among these very different regions of the Amazon. In particular, the average annual 

precipitation differs substantially from 3400 mm yr-1 in the NW part of the basin (locations 1, 2, 3 correspond to points TF1 

TF2, and TF3 in Fig. 4) to only about 2000-2200 mm yr-1 at the other two locations in the central and southern part of Amazonia 

(see Table 2). Similar throughfall flux has also been reported for tropical rainforest in Indonesia (12.6 to 16.4 g C m-2yr-1, 5 

(Fujii et al., 2011)) as well as for primary, sub-tropical rain forests in Puerto Rico (13.2 g C m-2yr-1, (Heartsill-Scalley et al., 

2007)) and Taiwan (18.9 g C m-2yr-1 (Liu and Sheu, 2003)). 

 

 

 10 

Figure 11. Simulated versus observed DOC in throughfall (FTF). a) Yearly-mean throughfall DOC flux vs. literature values for the following 

three locations: 1) NW Amazonia (TF1 in Fig. 4) - Tobon et al., (2004); 2) Lower Rio Negro (TF2 in Fig. 4) – Filoso et al., (1999); 3) S 

Amazonia (TF3 in Fig. 4) – Johnson et al., (2006). b) Seasonality in throughfall DOC concentrations for the site in S Amazonia (TF3, 

Johnson et al., 2006). Note the sharp concentration increase during dry season from May to September. As the sampling period is outside of 

our simulation period, we compare the observed concentration with simulated average DOC concentrations over the entire run (1980-2000). 15 
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Table 2. Simulated versus observed DOC concentrations (conc.), water and DOC fluxes in precipitation (rain) and throughfall (TF). 

 

   Literature Simulated 

   DOC conc. Water-Flux DOC-Flux Ref DOC conc. Water-Flux DOC-Flux 

   [mg C L-1] [mm yr-1] [g C m-2yr-1]   [mg C L-1] [mm yr-1] [g C m-2yr-1] 

  Lon Lat Rain TF Rain TF Rain TF   TF Rain TF TF 
Pena Roja,      
   sedimentary plain 72°06'W 0°45'S 3.9 5.5 

 
3400 

 
2689* 

 
 14.8 1 5.8 

 
3374 

 
2951 18.2 

   high terrace " " " 6.7 " 2841*  19.0 1 " " " " 

   low terrace " " " 6.7 " 2603*  17.4 1 " " " " 

   floodplain " " " 6.3 " 2783*  17.6 1 " " " " 

Lower Rio Negro 60°47'W 2°41'S 1.3 9.7 2083 1635  15.9 2 8.4 2172 1671 15.1 

    rainy season " " 1.4 8.6     2 6.9    

    dry season " " 1.3 11.3     2 10.4    

Southern Amazonia 58°28'W 10°28'S   6.2 2200   14.9 3 8.8 2055 1690 14.9 
Lake Calado, 
Central Amazon 60°34' W 3°15' S 1.9    4.8  4 2.4 2319 2319 5.6 
   

* Calculated from the (flux-weighted) average concentration and throughfall DOC flux 

1) Tobón et al., 2004 based on samples taken from January 1995 and August 1997, simulation results for 1995-1997 
2) Filosos et al., 1999 based on samples March to December 1991, rainy season is from December to May,  

here, rainy season: March to May + December 1991, dry season: June to November 1991 

3) Johnson et al, 2006 based on samples taken during 2003/2004, here simulation results for 1980-2000 (no newer forcing file available) 

4) Williams et al., 1997 July 1989 to June 1990, here throughfall is assumed to equal rain, as there is no vegetation on the lake 
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3.2.3 DOC and dissolved CO2 exports from soils and floodplains 

With an arithmetic mean of about 22 g C m-2 yr-1, the simulated total DOC inputs to the inland water network of the Amazon 

are significant (Table 3, Fig. 10), and about 5 times larger than the lateral DOC export from the Amazon basin at Obidos (4.6 

g C m-2yr-1, Moreira-Turcq et al. 2003). More than half of the inputs are delivered by surface runoff (FRO) (Table 3). More 

specifically, the total DOC input associated to FRO is more than 3 times higher than that originating from drainage (FDR) 5 

although the simulated FRO contributes only to 44% of the total runoff. This result can be explained by the much higher basin-

scale average DOC concentration in FRO than in FDR (see Table 3). The simulated DOC inputs from FRO can reach very high 

values (Table 3) in the presence of swamps, where a constant fraction of river water is redirected to the soil column, leading 

to a very high runoff from the topsoil than can be several times higher than the precipitation flux. Note that a substantial part 

of this DOC export from swamps is fed by the DOC from the infiltrating river water. Thus the very high basin-scale DOC 10 

input associated to FRO of 369 g C m-2yr-1 (Table 3) is reduced to 71 g C m-2yr-1 when swamp areas are excluded from the 

analysis. The simulated return flow of river water into the soil column in swamps (Fup2swamp) averages 2.2 g C m-2yr-1 throughout 

the Amazon basin. The simulated infiltration of DOC on floodplains reaches a similar value of 2.5 g C m-2yr-1 (Fflood2soil). 

Subtracting these fluxes from the inputs, we obtain an average net-input from the soil-vegetation system into the inland water 

network of about 17 g C m-2yr-1.  15 

Comparing our simulation results to observed export fluxes through the terrestrial-aquatic interface is rather difficult, because 

studies with robust data are rare and the coarse resolution of our simulation in combination with the global soil forcing data 

may not reproduce the soil-hydrology at the plot scale. Nevertheless, we attempted such comparison for three headwater 

catchments located far apart in the Amazon basin (Table 4, RO1-3, Fig. 4). All three case studies have more recent sampling 

times than our simulation period, and we thus compared observations with simulation results averaged over the 1980-2000 20 

period. The first basin used for comparison is a small black-, head-water catchment in the lower Rio Negro basin (RO1 in 

Table 4) (Waterloo et al., 2006). While our forcing data agrees with the reported annual precipitation in the region, 

ORCHILEAK underestimates the contribution of surface runoff to total runoff by a factor of two. Nevertheless, the simulated 

DOC concentrations in FDR and FRO agree well with the observed values (Table 4). We can also compare to reported 

concentrations in headwater catchments, which are not represented by Sriver due to the coarse resolution of the routing scheme, 25 

but which can be roughly be estimated from the concentration associated to the summed flux of Ffast out and Fslow out. Here, we 

underestimate the DOC concentration in the headwaters by a factor of about two, which is consistent with the underestimation 

of FRO contributions with high DOC concentrations. In the second case for comparison, a small headwater in the Peruvian 

mountains (RO2, Table 4, Fig. 4), our simulated headwater DOC concentrations are close to observed values. The third case 

study RO3 (Johnson et al., 2006, 2008) is for two neighbouring headwater catchments in S-Amazon, and was also used for 30 

calibrating the throughfall DOC component. At this location, we have again good agreement for the annual precipitation, but, 

for the grid cell corresponding to the sampling location, we overestimate the contribution of FRO to total runoff, due to the 
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contribution of swamps. Thus, we also compare observations to the simulation results for a neighbouring grid cell without 

swamps (Simulation b, Table 4). Here, the simulated contribution of FRO is closer to the observations. The simulated DOC 

concentration in FRO is about the same for both cells and lies between the values observed for the two headwater catchments. 

The simulated headwater DOC concentration agrees well with the observed values for the second cell, for which the simulated 

FRO contribution is more in agreement with the observation. For the first grid cell, for which the contribution of FRO is 5 

overestimated, the headwater DOC concentration is overestimated accordingly. 

As explained in the method section, a “poor soils” forcing was implemented to represent coarsely textured, acidic and nutrient 

depleted soils in which DOC decomposition is reduced and vertical advection is more effective. For nine grid cells in the 

Amazon basin where the areal proportion of “poor soils” is higher than 75% (Fig. 6), the simulated DOC export is dominated 

by such soils. Here, the DOC export flux associated to FDR averages at 35.6 g C m-2yr-1, i.e. nearly nine times the basin average 10 

value. The average DOC concentration in drainage (23.1 mg C L-1) is more than six times the basin average. For the two grid 

cells having 100% “poor soils”, the average DOC concentration reaches 33.5 mg C L-1, i.e. quite close to the value of 36 g C 

L-1 reported for groundwater seeping through the Podzols of the Rio Negro basin (McClain et al., 1997).  

 

Table 3. Statistical distributions of simulated export fluxes and concentrations within the Amazon basin. 15 

    Mean  Min 1th perc. 5th perc. Median  
95th 
perc. 

99th 
perc. Max 

DOC fluxes [g C m-2yr-1]        

 Surface runoff 11.2 0.0 0.0 0.1 4.1 42.1 175.7 369.4 

 Drainage 3.9 0.0 0.0 0.1 2.2 12.7 33.0 45.8 

 Floodplain 6.6 0.0 0.0 0.0 0.4 33.8 75.9 117.4 

Labile proportion [%]        

 Surface runoff 34.2 7.6 10.4 18.4 31.5 61.1 66.1 68.6 

 Drainage 3.4 0.5 1.0 1.7 3.6 4.2 4.4 5.4 

 Floodplain 60.8 51.5 57.6 59.3 60.9 61.9 64.4 66.2 

DOC concentration [mg L-1]        

 Surface runoff 14.6 0.2 0.7 4.8 13.9 27.6 41.5 54.1 

 Drainage 3.4 0.0 0.1 1.8 2.8 6.4 18.9 53.8 

CO2 fluxes [g C m-2yr-1]        

 Surface runoff 1.6 0.0 0.0 0.0 0.6 3.4 25.7 72.4 

 Drainage 19.9 0.0 0.0 0.8 15.9 51.7 63.4 125.3 

 Floodplain 39.5 0.0 0.0 0.0 2.6 179.3 455.3 548.2 
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Table 4. Observed and simulated DOC concentrations in overland flow (=FRO) and headwater streams (=Ffast out+Fslow out). 

Source Rain Runoff 
Surface 
runoff Component DOC conc. 

 mm yr-1 mm yr-1 mm yr-1   mg C L-1 

RO1 - Igarapé Asu rainforest catchment, 6.8 km², Lower Rio Negro Basin (60°12'W,2°36'S) 

Waterloo et al. 2442  1071  Overland flow, avg. 16.6 

    ~, range 8-27 

    Drainage <5 

    Stream 9.5 - 15.4 

Simulation 2412 1480 526  Overland flow, avg. 21 

(60.5°W,2.5°S)    ~, range 6.2-37.3 

    ~, 5th-95th percentile 9.9-29.7 

    Drainage 4.0 

    Stream 5.9 

RO2 - Upland Peruvian headwater catchment (58°28'W,10°28'S) 

Saunders et al. (2006) 1800   Stream (May to Sept) 3.1 
Simulation 
(75.5°W,10.5°S) 

1434 
  

Stream (May to Sept) 2.9 

RO3 - Southern Amazonia 
Johnson et al. 
(2006a,2006b,2008) 

2200  2.5%* Overland flow 10.7 

"  3.2%*   25.2 

"   Stream, 1st order 2.3 

"   Stream, 2nd order 3.7  

      
Simulation a 2055 862 68%* Overland flow 14.6 

(58.5°W,10.5°S) " " " Stream 7.5 

Simulation b 2090 959 4.9%* Overland flow 14.6 

(59.5°W,10.5°S) " " " Stream 3.2 
 

 

The simulated total inputs of CO2 to the inland waters is significantly higher than that of DOC (Table 3). However, for inputs 

via FRO only, the CO2 load is one order of magnitude lower than that of DOC. This is compensated by the inputs via FDR, where 

the simulated CO2 exports are more than 5 times higher than that of DOC. Overall, FDR is responsible for about 90% of the 

CO2 exports from non-flooded soils to inland waters, in agreement with the relative CO2 concentrations set for the two export 5 

pathways (see section 2).  

Although the maximum floodable area in the Amazon basin does not exceed 6.4% according to our forcing files (Fig. 6), the 

simulated DOC input from submerged litter amounts to one third of total DOC inputs to the inland waters. Similarly, the CO2 

inputs from root respiration and heterotrophic respiration in the flooded soils gives an average flux of 39.5 g C m-2yr-1, nearly 
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twice as large as the input from non-flooded soils. Abril et al. (2014) estimate the C inputs (CO2 + DOC) to the water column 

per floodable area to 1100 ± 455 g C m-2 yr-1 for the Central Amazon basin. Relating our simulated Fsoil2flood to %floodmax, we 

obtain a similar average flux rate 1036 g C m-2yr-1 within the Central Amazon basin.  

3.3 Transport and transformation of C through the river network 

At Obidios, the most downstream location in our simulation domain for which we have observational data, the simulated DOC 5 

export flux is 716 kg C s-1 on average, with a standard deviation in mean monthly fluxes of 184 kg C s-1. The integrated, yearly 

DOC export fluxes during our simulation period is in the range 19-27 Tg DOC yr-1, with a mean value of 22.6 Tg C yr-1. Our 

estimate is very close to that of 22.4 Tg DOC yr-1 (710 kg C s-1) calculated by Richey et al. (1990) and slightly lower than the 

27 Tg DOC yr-1 (856 kg C s-1) estimated by Moreira-Turcq et al. (2003). This mean simulated annual DOC export flux 

corresponds to a flux of about 4 g C m-2yr-1 if normalized to the whole catchment area, a value which is 80% lower than the 10 

simulated net input flux of DOC from precipitation, vegetation and the soil system (see section 3.2.3). The Amazon basin can 

be sub-divided into three major sub basins: 1) The Rio Solimoes, i.e. the Amazon mainstem down to Manacapuru: 2) The Rio 

Negro, and 3) The Rio Madeira. Our simulation results show that Rio Solimoes contributes about half (10.9±1.4 Tg DOC yr-1) 

of the total DOC export flux at Obidos, while the remainder is roughly attributed equally to the Rio Negro 

(7.1±1.3 Tg DOC yr-1) and Rio Madeira (7.0±0.9 Tg DOC yr-1). 15 

To validate the simulated DOC fluxes in terms of temporal variations, we can use data from the CAMREX (Carbon in the 

AMazon River EXperiment) program (Richey et al., 2008). During that program, 13 cruises were performed over the period 

1982-1991, with the aim to obtain representative biogeochemical matter fluxes of the Amazon main stem and it’s major 

tributaries. In Fig. 12, we restrict our validation to the period 1982 to 1986, during which sampling frequency was highest (9 

of the 13 cruises in that first half of the total period). In Figure 13, we collate various data sources (CAMREX, the Ore-Hybam 20 

sampling network (Cochonneau et al., 2006), and the data from Moreira-Turcq (2003)) to validate the simulated seasonality 

in DOC fluxes at the sampling location Manacapuru (Rio Solimoes) and Porto Velho (Rio Madeira). Overall, the simulation 

reproduces the observed mean and seasonal variability in DOC fluxes quite well (Figs. 12 and 13). We find very good 

agreement for the Rio Solimoes at Sao Paulo de Olivenca, which drains the Andes in the Western part of the Amazon Basin, 

the Rio Negro as the major black water tributary, and Rio Jurua (Fig. 12, see Fig. 7 for locations). For Rio Solimoes at 25 

Manacapuru, the simulated peak in DOC fluxes occurs one month too early (Fig. 13), in agreement with the simulation of 

discharge (Fig. 9). This slight time lag can be attributed to backwater effects from the two main tributaries, Rio Negro and Rio 

Madeira, which are not accounted for in our simulation (see section 3.1). For Rio Japura, we overestimate the DOC fluxes 

although the simulated discharge agrees quite well with observations (Fig. 9) and, thus, we generally overestimate the DOC 

concentrations (Fig. 14). For the Rio Madeira (Fig. 12), we have only observed DOC fluxes for years (2003-2006) beyond our 30 

simulation period (1980-2000). Comparing the mean monthly fluxes for the respective periods, we observe that simulated 

fluxes are generally overestimated, particularly during high flow periods, a result which is consistent with the overestimation 
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of river flow (section 3.1). Our simulations reproduce well the DOC concentrations along the mainstem from Sao Paulo de 

Olivenca down to Obidos (Fig. 14). For Rio Jurua and Rio Japuru, concentrations are generally underestimated and 

overestimated, respectively. These discrepancies could likely result from the coarseness of the river routing scheme, soil and 

wetland forcing files, thereby limiting our ability to reproduce the contributions of a specific flow path (FRO high in DOC vs. 

FDR low in DOC) to stream flow and additional inputs from riparian wetlands.  5 

  
Figure 12. Simulated versus observed DOC fluxes in the Amazon main stem and its major tributaries. Observed data are taken from the 

CAMREX data set (Richey et al., 2008). 
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Figure 13. Seasonality in DOC fluxes in rivers at two sampling locations with more than 10 samples. Simulated data report the mean of 

simulated values per month over the simulation period 1980-2000, including standard deviations of monthly means over the same period. 

Observed data are from Moreira-Turcq et al. (2003), Cochonneau et al. (2006) and Richey et al. (2008). For the observed data, we report 5 

median values (instead of the mean, which is more sensitive to single outliers). 

 
Figure 14. Observed versus simulated DOC concentrations. For simulated values, each point represents the average during the year and 

month for which field data are available. The dashed line represents the 1:1 line. 
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The spatial pattern in our simulated CO2 evasion (Fig. 15) correlates, naturally, strongly with %floodmax (Fig. 6), because 

floodplains represent the largest contribution to the total inland water surface area. Thus, highest average fluxes are found in 

the central Amazon floodplain and the Llanos de Mojos. As we use constant gas exchange velocities and do not account for 

in-river autotrophic production by algae, our simulated CO2 evasion cannot reproduce short-term variation in evasion fluxes. 5 

However, our average CO2 evasion rate per water surface area are in good agreement with average observed evasion rates 

from several large rivers of the Amazon basin (Fig. 16). In addition, the simulated CO2 evasion can be compared to the values 

reported by Richey et al. (2002). For the central Amazon basin (cf. Fig. 4), our simulation results give an average CO2 evasion 

of 232 Tg C yr-1, which is close to Richey et al.’s (2002) estimate of 210 ± 60 Tg C yr-1. In addition, the simulation reproduces 

well the observed seasonal variations in CO2 fluxes (Fig. 17). According to our results, floodplains contribute half (51%) of 10 

the yearly-mean CO2 evasion, rivers contribute another 39% while the remainder (10%) evades from the fast reservoir. The 

latter can be regarded as small headwaters without inputs of CO2 rich groundwater, which, in our model, do not exchange CO2 

with the atmosphere until they enter the river reservoir. Although our estimates of CO2 evasion from inland waters of the 

central Amazon basin is slightly higher than those of Richey et al. (2002), the same conclusion does not hold when assessing 

the CO2 budget for the whole Amazon basin. The upscaling of Richey et al. (2002) led to a total CO2 evasion estimate of 470 15 

Tg C yr-1 while our simulation, which explicitly accounts for spatial heterogeneities across the basin leads to a total CO2 

evasion of only about 373 Tg C yr-1. 

 

 

Figure 15. Simulated average CO2 evasion from rivers, floodplains, and headwaters (summed up as Fwater2atm) for the period 1980-2000. The 20 

evasion flux is reported relative to the total area of each grid cell. 
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Figure 16. Observed versus simulated CO2 evasion rates per water surface area. Observed data are from Rasera et al., 2013. Reported are 

means and standard deviation of the observed values between 2006 and 2010. Note that due to the coarse resolution of our model, only data 

from the largest rivers (catchment area> 100,000 km²) are taken into account. The simulated values refer to the average evasion rate during 

low (monthly avg. discharge < yearly avg. discharge) and high flow periods (monthly avg. discharge > yearly avg. discharge) across the 5 

whole simulation period (1980-2000). The whiskers represent the standard deviations from the inter-annual variations. 
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Figure 17. Seasonality in CO2 evasion from inland waters (rivers plus floodplains, including swamps) within the central Amazon basin (see 

map in Fig. 4). The simulation result report the mean monthly CO2 evasion during the simulation period 1980-2000 as well as the standard 

deviation of monthly mean simulated values during the same period. The CO2 evasion from headwaters is here represented by the CO2 5 

evasion from Sfast. Simulation results are compared with the observation-based estimate by Richey et al., 2002, given here as the sum of the 

evasion from the Amazon main channel, the tributaries, and the floodplains.   

3.4 Simplification of biogeochemical processes in the river network 

The representation of biogeochemical transformation processes between different C species in the water column of the inland 

water network is rather simplistic. In the light of the limited empirical basis for calibration and validation on the one side, as 10 

well as the rather uncertain boundary conditions provided by the forcing data and structural model uncertainties to represent 

terrestrial biogeochemical processes for tropical forests on the other side, a more detailed representation of in-river processes 

is, for the time being, hardly achievable. Moreover, the validation supports the idea that ORCHILEAK represents the dominant 

aquatic C cycle processes at the scale of the major sub-basins in a rather satisfactory way. In the following, we shortly discuss 

the main limitations and future perspective towards improving the simulation of in-stream biogeochemical processes. 15 

One of the major future steps would be the implementation of particulate organic C (POC) fluxes in ORCHILEAK. Of the 

TOC fluxes at Obidos, the most downstream sampling location on the Amazon main stem, POC contributes less than one 

fourth of the total flux (Moreira-Turcq et al., 2003; Ward et al., 2015), and was reported to further decrease to only about 10% 

downstream to the river mouth (Ward et al., 2015). The decomposition of this POC, which is mainly derived from floodplain 

litter, has been reported to contribute substantially to the in-river CO2 production in the lower part of the Amazon (Ward et al., 20 

2013). Our simulation results also highlighted the substantial contribution of submerged leaf litter to the CO2 evasion. 
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However, in our simulation, POC is not transported downstream with the water flow, i.e. it is assumed to decompose locally, 

and only the DOC and dissolved CO2 produced from this decomposition are transferred laterally. Thus, if downstream transport 

of POC had been represented, the simulated in-stream CO2 production and evasion would not have necessarily increased, but 

would likely have shifted downstream. Nevertheless, a more complete representation of fluvial POC and DOC exports would 

be highly beneficial to constrain dynamic boundary conditions for an ocean biogeochemical model of the Amazon plume. The 5 

application of ORCHILEAK to rivers with substantial soil erosion driven POC exports will require the implementation of soil 

erosion and sediment transport modules (Naipal et al., 2015, 2016). 

The next major simplification in ORCHILEAK is the exclusion of autochthonous sources of TOC. In most parts of the Amazon 

River system, in-river autotrophic production is inhibited by the high water turbidity due to sediment fluxes from the Andes 

and, thus, most of the exported TOC is of allochthonous sources (Moreira-Turcq et al., 2003). For the application to more 10 

eutrophic, heavily dammed rivers, autotrophic production plays a non-negligible role in the aquatic organic C cycle (Maavara 

et al. accepted). However, the simulation of in-river autotrophic production requires the synchronous simulation of potentially 

limiting nutrients, nitrogen (N) and phosphorous (P), as well as of the light conditions as another limiting factor of algae growth 

(Billen et al., 1994). Taken the recent efforts in coupling the terrestrial C-N-P cycles in ESMs (e.g. Goll et al., 2012), the 

simulation of nutrient lateral transfers along the land-aquatic continuum seems a realistic target in the coming years. The 15 

implementation of dams into a river routing scheme (Lehner et al. 2011; Zarfl et al. 2014, Maavara et al. accepted) could also 

support this development.  

For the decomposition of DOC in-transit, we considered here two pools of DOC with different, water temperature dependent 

decomposition rates. So far, our approach does not distinguish between heterotrophic respiration of DOC and photo-oxidation, 

which would make the simulation of the DOC fate more complex. For heterotrophic respiration, inclusion of priming effects 20 

of more labile organic carbon on the decomposition of more refractory fractions could also be implemented (Guenet et al., 

2014; Ward et al., 2016). Here, in particular, the labile pools produced by autotrophic processes could be of importance. 

Moreover, the production and decomposition of organic C, N and P would need to be coupled if the effect of the C:N:P ratios 

of organic matter on its degradability is to be accounted for. In addition, particularly if POC is concerned, a representation of 

the heterotrophs in the ecosystem could be useful, including the “shredders” responsible for the physical breakdown of POC 25 

(Yoshimura et al., 2010) and “grazers” that feed on algae (Billen et al., 1994).  Finally, photo-oxidation plays an important 

role in the breakdown of chromatic dissolved organic matter (CDOM), which is usually highly resistant to heterotrophic 

degradation. This process is likely important in black water systems like e.g. the Rio Negro (Amon and Benner, 1996). If this 

process was to be simulated, one would need to distinguish CDOM as a distinct species and precise information on light-

penetration depth and river-channel geometry would be required. For further developments in the modelling of DOC and POC 30 

decomposition in transit, a stronger empirical basis is needed, in particular for tropical river systems like the Amazon. 
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4 Conclusion and Outlook 

ORCHILEAK reproduces observed DOC and CO2 fluxes in the Amazon basin, and their seasonal to interannual variability, at 

least at the scale of the major sub-basins. As highlighted in the introduction, we consider that the explicit simulation of lateral 

export of soil and litter material to river headstreams and further down to the tropical ocean using an approach consistent with 

existing representations of terrestrial ecosystem carbon and water budgets, is a major step forward in physically based, 5 

integrated modelling approaches of the global C cycle. Currently, the empirical basis for calibration and validation of these 

lateral fluxes and their fate within the aquatic system is still limited for the Amazon basin. Nevertheless, the simulated 

terrestrial inputs are within the ranges reported in the literature, and the basin-scale export fluxes agree well with observed 

fluxes. An improved representation of spatial heterogeneities and peculiar environments such as black-water systems will 

require even higher spatial resolution (0.25° or less), improved regional soil, wetland, and climate forcings as well as 10 

observations with higher spatial and temporal coverage for calibration and validation.   

In this study, ORCHILEAK was applied to the Amazon using upgraded regional wetland and climate forcing files. In order to 

apply ORCHILEAK to other river systems, similar forcings will have to be constructed using the methodology described in 

Guimberteau et al. (2012) and in this study. In the future, ORCHILEAK is intended for global scale applications. Before this 

objective can be reached, however, the new model branch will have to be tested at regional scale in other river basins pertaining 15 

to different climate zones and ecosystem types. Adaption of the parameterization and, if required, implementation of additional 

key processes will need to be considered. The latter will, for instance, be important in high latitude rivers under the influence 

of permafrost, an ecosystem subject to distinct physical and biogeochemical processes currently not included in ORCHILEAK. 

ORCHILEAK will in future be augmented with additional transported species, in particular POC and nutrients. The simulated 

export fluxes to the coast will also provide useful time-dependent boundary conditions for ocean biogeochemistry models. 20 

Finally, ORCHILEAK will be useful to better assess the terrestrial C sink in ESM simulations by taking into account the 

permanent leakage of C from the plant-soil system. In the long run, our new model could also help better constrain terrestrial 

C cycle-climate feedbacks, future atmospheric CO2 levels and temperature for different scenarios of anthropogenic CO2 

emissions. 

5 Code availability 25 

ORCHILEAK is derived from ORCHIDEE with the modifications presented in Sect. 2. A description of the general code of 

ORCHIDEE can be found here: http://forge.ipsl.jussieu.fr/orchidee/browser#tags/ORCHIDEE_1_9_6/ORCHIDEE. For  

ORCHIDEE,  the  main  part  of  the  code  was  written   by   Krinner   et   al.   (2005).   For the general description of the 

basic river routing scheme see d’Orgeval et al. (2008). For the upgraded soil C module see Camino Serrano (2015). In the 

supplement information of this MS, you find the source-code of ORCHILEAK and a short instruction how to install the code. 30 

For more general information about how to install ORCHIDEE and its different branches, please consult: 

http://forge.ipsl.jussieu.fr/orchidee/wiki/Documentation/UserGuide. 
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Appendix Model equations 
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If	��� ��,���,%���	&,� ≤ ��� ��,���,%���	&,!R�L:	  

(�� ��	�N�,%���	&,� =	(�� ��	M���N,%���	& 

 

(24) 

 

If	��� ��,���,%���	&,!R�L < ��� ��,���,%���	&,� < ��� ��,���,%���	&,JR�L:	  

(�� ��	�N�,%���	&,� = :1 + ��� ��,���,%���	&,� −	��� ��,���,%���	&,!R�L	��� ��,���,%���	&,JR�L ∙ 0.2> ∙ (�� ��	�3���,%���	&

+	:1 + ��� ��,���,%���	&,� −	��� ��,���,%���	&,!R�L	��� ��,���,%���	&,JR�L ∙ 0.1> ∙ (�� ��	���%�,%���	& 

 

(25) 

 

 

 

If	��� ��,���,%���	&,� ≥ ��� ��,���,%���	&,JR�L:  

(�� ��	�N�,%���	&,� = 1.2 ∙ (�� ��	�3���,%���	& +	1.1 ∙ (�� ��	���%�,%���	& 

 

(26) 

 

(�� ��	�N�,�,� = (�� ��	�N�,%���	&,� ∙ 	 /��� ��,���,�,�/��� ��,���,%���	&,� 
 

(27) 

 

%������� ��,%���	&,� =	(�� ��	�N�,%���	&,� −	(�� ��	M���N,%���	&(�����,%���	&  

 

(28) 

 

%������� ��,�,� =	 -(�� ��	�N�,%���	&,� −	(�� ��	M���N,%���	&0 ∙ /��� ��,���,�,�(�����,� ∙ /��� ��,���,%���	&,� 	 
 

(29) 

 

%����������,%���	&,� =	%�����%���	&,� +%������� ��,%���	&,� 
 

(30) 

 

%����������,�,� =	%������,� +%������� ��,�,� (31) 

�����N�W,��,%���	&, ,� = �
6�	X=�7644%���	&, ,�	 ∙ 102K �Y�6Z	
 

(32) 

 

�N�W�%���W�,��,%���	&, ,�	 = max	(�N�W�%���W�,���,%���	&, ,� ∙ 0.1	^	_^2! �̀a, �N�W,��,%���	&, ,�)		
(33) 

 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



43 
 
 

�N�W,��,%���	&, ,��!
= �N�W,��,%���	&, ,� + �b��N�W,��,%���	&, ,� + �����N�W,��,%���	&, ,�
+ �N�W�%���W�,��,%���	&, ,�		

(34) 

 

 

 

�89,��,%���	&, ,� = �b��%���W�,��,%���	&, ,� + �N�W�%���W�,��,%���	&, ,�		
(35) 

 

�89,��cde,%���	&, ,�	 =	�89,��fgh,%���	&, ,�	 = 0.5 ∙ �89,��,%���	&, ,�		
	

(36) 

 

���N	����,j�	����,%���	&, ,�,� =	�����,j�	����,%���	&, ,�,� ∙ _j�	����1 +%,��	4�=�4%���	& 	 ∙ -1 − %����������,%���	&,�0	
	

(37) 

 

���N	�����,j�	����,%���	&, ,�,� =	�����,j�	����,%���	&, ,�,� ∙ _j�	����1 +%,��	4�=�4%���	& 	 ∙ %����������,%���	&,�3  

	
(38) 

 

���N	����,������	����,%���	&, ,�,� =	�����,������	����,%���	&, ,�,� ∙ _������	����1 +%,��	4�=�4%���	& 	 ∙ -1 − %����������,%���	&,�0 
	

(39) 

 

���N	�����,������	����,%���	&, ,�,� =	�����,������	����,%���	&, ,�,� ∙ _������	����1 +%,��	4�=�4%���	& 	 ∙ %����������,%���	&,�3  

 

(40) 

 

���N	����,��	����,%���	&, ,�,� =	�����,��	����,%���	&, ,�,� ∙ _��	����1 +%,��	4�=�4%���	& 	 ∙ -1 −%����������,%���	&,�0 

 

(41) 

 

���N	�����,��	����,%���	&, ,�,� =	�����,��	����,%���	&, ,�,� ∙ _��	����1 +%,��	4�=�4%���	& 	 ∙ %����������,%���	&,�3  

 

(42) 
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∆�����,��	�N�� �,%���	&, ,� 	
= 	1 l-���N	����,������	���,%���	&, ,�,� 	+ 	���N	�����,������	���,%���	&, ,�,�0!!

�m!∙ 	 -1 − %�=^@=@%���	&, ,�,�0 + ���N	����,������	3��,%���	&, ,�,� 	+ 	���N	�����,������	3��,%���	&, ,�,�
+ ���N	����,j�	�N�� �,%���	&, ,�,� +	���N	�����,j�	�N�� �,%���	&, ,�,�n	 ∙ 	opq
−1 -���N	����,��	��M���,%���	&, ,�,� +	���N	�����,��	��M���,%���	&, ,�,�0!!

�m!+ �89,��cde,%���	&, ,� ∙ -1 − %�����%���	&,�0 −	�$�,��	�N�� �,%���	&, ,� 	
− 	��$,��	�N�� �,%���	&, ,� 	− 	�9����	�W�,��	�N�� �,%���	&, ,� 

 

(43) 

 

 

 

 

 

 

 

 

 

∆�����,��	����,%���	&, ,� 	
= 	1 l-���N	����,������	���,%���	&, ,�,� 	+ 	���N	�����,������	���,%���	&, ,�,�0!!

�m!∙ 	%�=^@=@%���	&, ,�,� + ���N	����,j�	����,%���	&, ,�,� 	+ 	���N	�����,j�	����,%���	&, ,�,�
+ ���N	����,j�	����� �,%���	&, ,�,� +	���N	�����,j�	����� �,%���	&, ,�,�n	 ∙ 	opq
−1 -���N	����,��	����,%���	&, ,�,� +	���N	�����,��	����,%���	&, ,�,�0 + �89,��fgh,%���	&, ,�!!

�m!∙ -1 − %�����%���	&,�0 −	�$�,��	����,%���	&, ,� 	− 	��$,��	����,%���	&, ,� 	
− 	�����������,��	����,%���	&, ,� 

 

(44) 

 

 

 

 

 

 

 

 

 

∆�����,��	����� �,%���	&, ,� 	
= 	1 -���N	����,j�	����� �,%���	&, ,�,� +	���N	�����,j�	����� �,%���	&, ,�,�0	!!

�m! ∙ 	opq
−1 -���N	����,��	����� �,%���	&, ,�,� +	���N	�����,��	����� �,%���	&, ,�,�0!!

�m!−	�$�,��	����� �,%���	&, ,� 	− 	��$,��	����� �,%���	&, ,� 	− 	�����������,��	����� �,%���	&, ,� 
 

(45) 

 

 

 

 

 

FDR,DOC	pool,grid	x,v,t	=	min(��$,���,�, ,� ∙ 	 j���c,���	���c,�f��	�,�,c���,�j���c,���,�f��	�,�,c���,� 	,	
Ssoil,DOC	pool,grid	x,v,l=11,t)	

 

(46) 
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FRO,DOC	pool,grid	x,v,t	=	min(�$�,���,%���	&, ,� ∙ 	∑ j���c,���	���c,�f��	�,�,c,��c��∑ j���c,���,�f��	�,�,c,��c�� 	 ∙ 	
�$�,%���	&,� ,	
∑ �����,��	����,%���	&, ,�,�K�m! )	

 

(47) 

 

 

�����������,��	�N�� �,%���	&, ,�
=	1 -���N	�����,������	���,%���	&, ,�,� ∙ 	 -1 − %�=^@=@%���	&, ,�,�0K

�m!+ ���N	�����,������	3��,%���	&, ,�,� +	���N	�����,j�	�N�� �,%���	&, ,�,�0	 ∙ 	opq 

 

(48) 

 

 

 

�����������,��	����,%���	&, ,�
=	1 -���N	�����,������	���,%���	&, ,�,� ∙ 	%�=^@=@%���	&, ,�,�K

�m!+	���N	�����,j�	����,%���	&, ,�,�0	 ∙ 	opq 

	

(49) 

 

 

 

�����������,��	����� �,%���	&, ,� =	1 ���N	�����,j�	����� �,%���	&, ,�,�	K
�m! ∙ 	opq 

 

(50) 

 

�����	�� ,��	����,%���	&, ,�→��!,�
= 76F :�����	�� ,���,%���	&, ,�→��!,� 	 ∙ 	 �����,��	����,%���	&, ,�,������,���,%���	&, ,�,� ∙ 	
���,%���	& , 0> 

 

(51) 

 

 

�����	�� ,��	����,%���	&, ,�→�2!,�
= 76F :�����	�� ,���,%���	&, ,�→�2!,� 	 ∙ 	 �����,��	����,%���	&, ,�,������,���,%���	&, ,�,� ∙ 	
���,%���	& , 0> 

 

(53) 

 

 

 

	
�$�,%���	&, ,� = 	
��� 	 ∙ 	
�N�WW�N�,%���	&,� 
 

(53) 

 

	
���,%���	& = (1 −%,��	4�=�4) ∙ 	
���,M��� +%,��	4�=�4 

 

(54) 

 

	
�N�WW�N�,%���	&,� = 7=@ :-�����,���,%���	&,� + �����,���,%���	&,�0	R.K����������,���,���R.K , 1> 

 

(55) 
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�$�,��,%���	&,� = �$�,���,%���	&,�	 ∙ 5$�,��  

 

(56) 

 

��$,��,%���	&,� = ��$,���,%���	&,�	 ∙ 5�$,�� 	
 

(57) 

 

��������3,��,%���	&,� =	�����	����,��,%���	&,� −	�$�,��,%���	&,� −	��$,��,%���	&,� 
 

(58) 

 

�����������,��,%���	&,�
=	1 :1 �:1 ���N	�����,������	����,%���	&, ,�,�������	���� 	!!

�m!
!?
 m!

+1 ���N	�����,j�	����,%���	&, ,�,�j�	���� +1 ���N	�����,��	����,%���	&, ,�,���	���� >
∙ (1 − opq)� + �����	����������W,%���	&, ,� ∙ %�����%���	&,�>	

 

(59) 

 

 

 

 

 

 

�∗	���,	���N,�,� = �∗	���,���,�,� ∙ 	�∗,	���N,�,��∗,���,�,� 		
*:	‘fast’,	‘slow’,	‘stream’,	or	‘flood’	reservoir;	C	spec:	DOClab,	DOCref,	CO2	

 

(60) 

 

 

 

�����������,	���N,�,� = �����������,���,� ∙ 	 ������,	���N,�,�������,���,�,�  

 

(61) 

 

���,	���N,�,� =	1(�����	���,	���N,�2!,� +	�����	���,	���N,�2!,� +	��� ��	���,	���N,�2!,��2!
	

	
(62) 

 

�������3�,	���N,� = �������3�,���,� ∙ 	���,	���N,�,����,���,�,� 		
(63) 

 

���������,	���N,�,� = ���������,���,� ∙ 	���,	���N,�,����,���,�,� 		
(64) 

 

������ ��,	���N,�,� = ���,	���N,�,� − �������3�,	���N,�,� − ���������,	���N,�,�	
	

(65) 
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�����,	���N,�,��! = �����,	���N,�,� + �$�,	���N,�,� − �����	���,	���N,�,�	
	

(66) 

 

�����,	���N,�,��! = �����,	���N,�,� + ��$,	���N,�,� − �����	���,	���N,�,� 
 

(67) 

 

��� ��,	���N,�,��! = ��� ��,	���N,�,� + ������ ��,	���N,�,� + ������	���,	���N,�,� − ��� ��	���,	���N,�,�
+1 -�����������,	���N,%���	&, ,�0!?

 m! ∙ �Y�6Z ∙ %������� ��,�,� ∙ (�����,�%����������,%���	&,� ∙ (�����,%���	& 

 

(68) 

 

 

 

������,	���N,�,��! = ������,	���N,�,� + ���������,	���N,�,� − �����������,	���N,�,� + �89,	���N,�,� ∙ %������,�
− ������	���,	���N,�,� +1 -�����������,	���N,%���	&, ,�0!?

 m! ∙ �Y�6Z
∙ %������,� ∙ (�����,�%����������,%���	&,� ∙ (�����,%���	& 

 

For Eqs. 68, 69: Fsoil2flood only for DOC; for CO2, see Eqs. 83, 84 

 

(69) 

 

 

 

 

 

 

 

,oa����,∗,�,� = �∗,��,�,��∗,���,�,� ∙ 12.011 ∙  ��  

* stands for slow, fast, river, flood 

 

(70) 

 

 

 ��,�,� =	10-�.��∙!R¡¢∙8£d�gf,�f��	�,�¤�!.J!∙!R¡�∙8£d�gf,�f��	�,��2!.¥?∙!R¡�∙8£d�gf,�f��	�,��!.!!0 
 

(71) 

 

+�����,%���	&,� = 	6.13°o + 0.80 ∙ 	+%���W�,%���	&,� 
 

(72) 

 

�o�,� = 	1911 − 118.11 ∙ +�����,%���	&,� + 3.453 ∙ +�����,%���	&,�� − 0.0413	 ∙ +�����,%���	&,�? 

 

(73) 

 

_�� ��,�,� = _�� ��,¥�� ∙ 	«600�o�,� 
 

(74) 
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_�����,�,� = �D1 − %���3�%�����3�&E ∙ _�� ��,¥�� +	D %���3�%�����3�&E ∙ 	_���3�,¥RR� ∙ «600�o�,� 
 

(75) 

 

��� �����3,��,�,� = min	( ��,�,� ∙ -,oa�	�� ��,�,� − ,oa�	��3,�0 ∙ 12.011 ∙ (�� ��	�N�,�,� ∙ _�� ��,��,�,� ∙ �Yday
∙ 10?,  ��,�,� ∙ -,oa�	�� ��,�,� − ,oa�	��3,�0 ∙ 12.011 ∙ ��� ��,���,�,� ∙ 10³) 

 

(76) 

 

 

���������3,��,�,� = min	( ��,�,� ∙ -,oa�	�����,�,� − ,oa�	��3,�0 ∙ 12.011 ∙ (�����,�,� ∙ _�����,��,�,� ∙ �Yday
∙ 10?,  ��,�,� ∙ -,oa�	�����,�,� − ,oa�	��3,�0 ∙ 12.011 ∙ ������,���,�,� ∙ 10³) 

 

(77) 

 

 

��������3,��,�,�= ��,�,� ∙ -,oa�	����,�,� − ,oa�	��3,�0 ∙ 12.011 ∙ �����,���,�,� ∙ 10? 

 

(78) 

 

�∗,®¯°cde,�,��! = �∗,®¯°cde,�,�−�∗,®¯°cde,�,� ∙ _��cde ∙ �Y�6Z ∙ 1.073-8£d�gf,�,�2�²0 
 

(79) 

 

�∗,®¯°fgh,�,��! = �∗,®¯°fgh,�,�−�∗,®¯°fgh,�,� ∙ _��fgh ∙ �Y�6Z ∙ 1.073(8£d�gf,�,�2�²) 
*: fast, slow, river, flood 

 

(80) 

 

 

 

�����,°¯�,³,´�! = �����,°¯�,³,´�! + �����,®¯°cde,�,� ∙ _��cde ∙ �Y�6Z + �����,®¯°fgh,�,� ∙ _��fgh ∙ �Y�6Z  

 

(81) 

 

�����,°¯�,³,´�! = �����,°¯�,³,´�! + �����,®¯°cde,�,� ∙ _��cde ∙ �Y�6Z + �����,®¯°fgh,�,� ∙ _��fgh ∙ �Y�6Z
− ��������3,�� ,�,� 

 

(82) 
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��� ��,°¯�,³,´�! = ��� ��,°¯�,³,´�! + ��� ��,®¯°cde,�,� ∙ _��cde ∙ �Y�6Z + ��� ��,®¯°fgh,�,� ∙ _��fgh ∙ �Y�6Z
− ��� �����3,�� ,�,� +1 -�����������,��,%���	&, ,�0!?

 m! ∙ �Y�6Z
∙ %������� ��,�,� ∙ (�����,�%����������,%���	&,� ∙ (�����,%���	& 

 

(83) 

 

 

 

 

 

������,°¯�,³,´�! = ������,°¯�,³,´�! + ������,®¯°cde,�,� ∙ _��cde ∙ �Y�6Z + ������,®¯°fgh,�,� ∙ _��fgh ∙ �Y�6Z
− ���������3,�� ,�,� +1 -�����������,��,%���	&, ,�0!?

 m! ∙ �Y�6Z
∙ %������,� ∙ (�����,�%����������,%���	&,� ∙ (�����,%���	& 

 

(84) 

 

 

 

 

 

 

Acknowledgements Funding was provided from the French National Research Agency (“Investissement d’Avenir”, n°ANR-
10-LABX-0018), from the Université Libre de Bruxelles, through the Bureau des relations internationales (BRIC), the 
European Union’s Horizon 2020 research and innovation program under grant agreement no.703813 for the Marie 
Sklodowska-Curie European Individual Fellowship “C-Leak” and the European Union’s Horizon 2020 research and 5 
innovation program under Marie Sklodowska-Curie grant agreement no. 643052 (C-CASCADES project). We are particularly 
grateful to Camille Risi who shared her version of the river routing code with tracer transport equations at the early stage of 
the project, as well as Laurent Bopp and Marion Gehlen for discussions regarding the river’s carbonate system. 

References 

Abril G, Martinez J-M, Artigas LF, Moreira-Turcq P, Benedetti MF, Vidal L, Meziane T, Kim J-H, Bernardes MC, Savoye N, 10 

Deborde J, Souza EL, Alberic P, Landim de Souza MF, Roland F (2014) Amazon River carbon dioxide outgassing fuelled by 

wetlands. Nature 505:395–398. doi: 10.1038/nature12797 

Aitkenhead-Peterson JA, McDowell WH, Neff JC (2003) Sources, Production and Regulation of Allochthonous Dissolved 

Organic Matter Inputs to Surface Waters. In: Findlay SEG, Sinsabaugh RL (eds) Aquatic Ecosystems: Interactivity of 

Dissolved Organic Matter: Interactivity of Dissolved Organic Matter, 1st edn. Academic Press, pp 71–91 15 

Alin SR, Rasera MDFFL, Salimon CI, Richey JE, Holtgrieve GW, Krusche A V, Snidvongs A (2011) Physical controls on 

carbon dioxide transfer velocity and flux in low-gradient river systems and implications for regional carbon budgets. J Geophys 

Res. doi: 10.1029/2010jg001398 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



50 
 
 

Amon RMW, Benner R (1996) Photochemical and microbial consumption of dissolved organic carbon and dissolved oxygen 

in the Amazon River system. Geochim Cosmochim Acta 60:1783–1792. doi: 10.1016/0016-7037(96)00055-5 

Bardy M, Derenne S, Allard T, Benedetti MF, Fritsch E (2011) Podzolisation and exportation of organic matter in black waters 

of the Rio Negro (upper Amazon basin, Brazil). Biogeochemistry 106:71–88. doi: 10.1007/s10533-010-9564-9 

Battin TJ, Luyssaert S, Kaplan LA, Aufdenkampe AK, Richter A, Tranvik LJ (2009) The boundless carbon cycle. Nat Geosci 5 

2:598–600. doi: 10.1038/ngeo618 

Belward AS, Estes JE, Kline KD (1999) The IGBP-DIS global 1-km land-cover data set DISCover: A project overview. 

Photogramm Eng Remote Sensing 65:1013–1020. 

Billen G, Garnier J, Hanset P (1994) Modeling Phytoplankton Development in Whole Drainage Networks - the Riverstrahler 

Model Applied to the Seine River System. Hydrobiologia 289:119–137. 10 

Bondeau A, Smith PC, Zaehle S, Schaphoff S, Lucht W, Cramer W, Gerten D, Lotze-campen H, Müller C, Reichstein M, 

Smith B (2007) Modelling the role of agriculture for the 20th century global terrestrial carbon balance. Glob Chang Biol 

13:679–706. doi: 10.1111/j.1365-2486.2006.01305.x 

Braun FJ (2002) Mesoskalige Modellierung der Bodenhydrologie. Wissenschaftliche Berichte des Instituts für Meteorologie 

und Klimaforschung der Universität Karlsruhe, 30. Universitaet Karlsruhe 15 

Brinkmann WLF (1984) Particulate and Dissolved Materials in the Rio-Negro-Amazon Basin. In: Sly PG (ed) Sediments and 

Water Interaction. Springer New York, New York et al., pp 3–12 

Callede J, Cochonneau G, Ronchail J, Vieira Alves F, Guyot J-L, Guimarães VS, De Oliveira E (2010) The river amazon water 

contribution to the atlantic Ocean . Rev des Sci l’Eau 23:247–273. 

Camino Serrano M (2015) Factors controlling dissolved organic carbon in soils: a database analysis and a model development. 20 

PhD thesis, Universiteit Antwerpen 

Campoy A, Ducharne A, Cheruy F, Hourdin F, Polcher J, Dupont JC (2013) Response of land surface fluxes and precipitation 

to different soil bottom hydrological conditions in a general circulation model. J Geophys Res Atmos 118:10725–10739. doi: 

10.1002/jgrd.50627 

Ceddia MB, Villela ALO, Pinheiro TFM, Wendroth O (2015) Spatial variability of soil carbon stock in the Urucu river basin, 25 

Central Amazon-Brazil. Sci Total Environ 526:58–69. doi: 10.1016/j.scitotenv.2015.03.121 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



51 
 
 

Ciais P, Sabine C, Bala G, Bopp L, Brovkin V, Canadell J, Chhabra A, DeFries R, Galloway J, Heimann M, Jones C, Quéré 

C Le, Myneni RB, Piao S, Thornton P (2013) Carbon and Other Biogeochemical Cycles. In: Stocker TF, Qin D, Plattner G-

K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Climate Change 2013: The Physical Science 

Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,  5 

Cochonneau G, Sondag F, Guyot J-L, Geraldo B, Filizola N, Fraizy P, Laraque A, Magat P, Martinez J-M, Noriega L, Oliveira 

E, Ordonez J, Pombosa R, Seyler F, Sidgwick J, Vauchel P (2006) The environmental observation and research project, ORE 

HYBAM, and the rivers of the Amazon basin. In: Demuth S, Gustard A, Planos E, Scatena F, Servat E (eds) Climate Variability 

and Change - Hydrological Impacts. pp 44–50 

Cole JJ, Prairie YT, Caraco NF, McDowell WH, Tranvik LJ, Striegl RG, Duarte CM, Kortelainen P, Downing JA, Middelburg 10 

JJ, Melack J (2007) Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget. Ecosystems 

10:171–184. doi: 10.1007/s10021-006-9013-8 

D’Orgeval T, Polcher J, De Rosnay P (2008) Sensitivity of the West African hydrological cycle in ORCHIDEE to infiltration 

processes. Hydrol Earth Syst Sci 12:1387–1401. 

Davidson EA, Figueiredo RO, Markewitz D, Aufdenkampe AK (2010) Dissolved CO2 in small catchment streams of eastern 15 

Amazonia: A minor pathway of terrestrial carbon loss. J Geophys Res G Biogeosciences. doi: 10.1029/2009jg001202 

de Rosnay P, Polcher J, Bruen M, Laval K (2002) Impact of a physically based soil water flow and soil-plant interaction 

representation for modeling large-scale land surface processes. J Geophys Res D Atmos 107:ACL 3--1-- ACL 3--19. 

Devol AH, Hedges JI (2001) Organic Matter and Nutrients in the Mainstream Amazon River. In: McClain ME, Victoria R, 

Richey JE (eds) The Biogeochemistry of the Amazon Basin. Oxford University Press, Oxford, pp 275–306 20 

Ducharne A (2008) Importance of stream temperature to climate change impact on water quality. Hydrol Earth Syst Sci 

12:797–810. 

FAO/IIASA/ISRIC/ISS-CAS/JRC (2009) Harmonized World Soil Database (version 1.1). FAO, Rome 

Filoso S, Williams MR, Melack JM (1999) Composition and deposition of throughfall in a flooded forest archipelago (Negro 

River, Brazil). Biogeochemistry 45:169–195. doi: 10.1023/A:1006108618196 25 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



52 
 
 

Fujii K, Hartono A, Funakawa S, Uemura M, Kosaki T (2011) Fluxes of dissolved organic carbon in three tropical secondary 

forests developed on serpentine and mudstone. Geoderma 163:119–126. doi: 10.1016/j.geoderma.2011.04.012 

Goll DS, Brovkin V, Parida BR, Reick CH, Kattge J, Reich PB, Van Bodegom PM, Niinemets Ü (2012) Nutrient limitation 

reduces land carbon uptake in simulations with a model of combined carbon, nitrogen and phosphorus cycling. Biogeosciences 

9:3547–3569. doi: 10.5194/bg-9-3547-2012 5 

GRDC Global Runoff Data Center. http://www.bafg.de/GRDC. Accessed 12 Dec 2016 

Guenet B, Danger M, Harrault L, Allard B, Jauset-Alcala M, Bardoux G, Benest D, Abbadie L, Lacroix G (2014) Fast 

mineralization of land-born C in inland waters: First experimental evidences of aquatic priming effect. Hydrobiologia 721:35–

44. doi: 10.1007/s10750-013-1635-1 

Guimberteau M, Drapeau G, Ronchail J, Sultan B, Polcher J, Martinez J-M, Prigent C, Guyot J-L, Cochonneau G, Espinoza 10 

JC, Filizola N, Fraizy P, Lavado W, De Oliveira E, Pombosa R, Noriega L, Vauchel P (2012) Discharge simulation in the sub-

basins of the Amazon using ORCHIDEE forced by new datasets. Hydrol Earth Syst Sci 16:911–935. doi: 10.5194/hess-16-

911-2012 

Hamilton SK, Sippel SJ, Melack JM (2002) Comparison of inundation patterns among major South American floodplains.  

Hamilton SK, Sippel SJ, Melack JM (2011) LBA-ECO LC-07 Monthly Inundated Areas, Amazon, Orinoco and Pantanal 15 

Basins: 1978-1987. Data set.  

Hanson PC, Hamilton DP, Stanley EH, Preston N, Langman OC, Kara EL (2011) Fate of allochthonous dissolved organic 

carbon in lakes: A quantitative approach. PLoS One. doi: 10.1371/journal.pone.0021884 

Heartsill-Scalley T, Scatena FN, Estrada C, McDowell WH, Lugo AE (2007) Disturbance and long-term patterns of rainfall 

and throughfall nutrient fluxes in a subtropical wet forest in Puerto Rico. J Hydrol 333:472–485. doi: 20 

10.1016/j.jhydrol.2006.09.019 

Hess LL, Melack JM, Novo EMLM, Barbosa CCF, Gastil M (2003) Dual-season mapping of wetland inundation and 

vegetation for the central Amazon basin. Remote Sens Environ 87:404–428. 

Huggett R (2016) Fundamentals of Geomorphology, 4th edn. Taylor & Francis, London 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



53 
 
 

Hurtt GC, Frolking S, Fearon MG, Moore B, Shevliakova E, Malyshev S, Pacala SW, Houghton RA (2006) The underpinnings 

of land-use history: three centuries of global gridded land-use transitions, wood-harvest activity, and resulting secondary lands. 

Glob Chang Biol 12:1208–1229. doi: 10.1111/j.1365-2486.2006.01150.x 

Idir S, Probst A, Viville D, Probst JL (1999) Contribution of saturated areas and hillslopes to the water and element fluxes 

exported during a storm event: tracing with dissolved organic carbon and silica. The Strengbach catchment case study (Vosges, 5 

France). Comptes Rendus L Acad Des Sci Ser Ii Fasc a-Sciences La Terre Des Planetes 328:89–96. doi: 10.1016/s1251-

8050(99)80003-2 

Johnson MS, Lehmann J, Riha SJ, Krusche A V, Richey JE, Ometto J, Couto EG (2008) CO(2) efflux from Amazonian 

headwater streams represents a significant fate for deep soil respiration. Geophys Res Lett. doi: 10.1029/2008gl034619 

Johnson MS, Lehmann J, Selva EC, Abdo M, Riha S, Couto EG (2006) Organic carbon fluxes within and streamwater exports 10 

from headwater catchments in the southern Amazon. Hydrol Process 20:2599–2614. doi: 10.1002/hyp.6218 

Karup D, Moldrup P, Paradelo M, Katuwal S, Norgaard T, Greve MH, de Jonge LW (2016) Water and solute transport in 

agricultural soils predicted by volumetric clay and silt contents. J Contam Hydrol 192:194–202. doi: 

10.1016/j.jconhyd.2016.08.001 

Krinner G, Viovy N, de Noblet-Ducoudré N, Ogée J, Polcher J, Friedlingstein P, Ciais P, Sitch S, Prentice IC (2005) A dynamic 15 

global vegetation model for studies of the coupled atmosphere-biosphere system. Global Biogeochem Cycles 19:1–33. doi: 

10.1029/2003GB002199 

Langerwisch F, Walz A, Rammig A, Tietjen B, Thonicke K, Cramer W (2016) Climate change increases riverine carbon 

outgassing, while export to the ocean remains uncertain. Earth Syst Dyn 7:559–582. doi: 10.5194/esd-7-559-2016 

Lauerwald R, Laruelle GG, Hartmann J, Ciais P, Regnier PAG (2015) Spatial patterns in CO2 evasion from the global river 20 

network. Global Biogeochem Cycles 29:534–554. doi: 10.1002/2014GB004941 

Le Quéré C, Peters GP, Andres RJ, Andrew RM, Boden TA, Ciais P, Friedlingstein P, Houghton RA, Marland G, Moriarty R, 

Sitch S, Tans P, Arneth A, Arvanitis A, Bakker DCE, Bopp L, Canadell JG, Chini LP, Doney SC, Harper A, Harris I, House 

JI, Jain AK, Jones SD, Kato E, Keeling RF, Klein Goldewijk K, Körtzinger A, Koven C, Lefèvre N, Maignan F, Omar A, Ono 

T, Park G-H, Pfeil B, Poulter B, Raupach MR, Regnier P, Rödenbeck C, Saito S, Schwinger J, Segschneider J, Stocker BD, 25 

Takahashi T, Tilbrook B, van Heuven S, Viovy N, Wanninkhof R, Wiltshire A, Zaehle S (2014) Global carbon budget 2013. 

Earth Syst Sci Data 6:235–263. doi: 10.5194/essd-6-235-2014 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



54 
 
 

Lehner B, Döll P (2004) Development and validation of a global database of lakes, reservoirs and wetlands. J Hydrol 296:1–

22. doi: 10.1016/j.jhydrol.2004.03.028 

Lehner B, Liermann CR, Revenga C, Vörömsmarty C, Fekete B, Crouzet P, Döll P, Endejan M, Frenken K, Magome J, Nilsson 

C, Robertson JC, Rödel R, Sindorf N, Wisser D (2011) High-resolution mapping of the world’s reservoirs and dams for 

sustainable river-flow management. Front Ecol Environ 9:494–502. 5 

Liu CP, Sheu BH (2003) Dissolved organic carbon in precipitation, throughfall, stemflow, soil solution, and stream water at 

the Guandaushi subtropical forest in Taiwan. For Ecol Manage 172:315–325. doi: 10.1016/S0378-1127(01)00793-9 

Long SP, Jones MB, Roberts MJ (1991) Primary productivity of grass ecosystems of the tropics and sub-tropics. Chapman & 

Hall, London & New York 

Maavara T, Lauerwald R, Regnier P, Cappellen P Van (accepted) Global perturbation of organic carbon cycling by river 10 

damming. Nature Comm. 

Manzoni S, Taylor P, Richter A, Porporato A, Ågren GI (2012) Environmental and stoichiometric controls on microbial 

carbon-use efficiency in soils. New Phytol. doi: 10.1111/j.1469-8137.2012.04225.x 

Martinez-Yrizar A, Maass JM, Perez-Jimenez LA, Sarukhan J (1996) Net primary productivity of a tropical deciduous forest 

ecosystem in western Mexico. J Trop Ecol 12:169–175. 15 

Martinez J-M, Le Toan T (2007) Mapping of flood dynamics and spatial distribution of vegetation in the Amazon floodplain 

using multitemporal SAR data. Remote Sens Environ 108:209–223. doi: 10.1016/j.rse.2006.11.012 

Mayorga E, Aufdenkampe AK, Masiello CA, Krusche A V, Hedges JI, Quay PD, Richey JE, Brown TA (2005) Young organic 

matter as a source of carbon dioxide outgassing from Amazonian rivers. Nature 436:538–541. doi: 10.1038/nature03880 

McClain ME, Richey JE, Brandes JA, Pimentel TP (1997) Dissolved organic matter and terrestrial-lotic linkages in the central 20 

Amazon basin of Brazil. Global Biogeochem Cycles 11:295–311. 

Meade RH, Rayol JM, Da Conceicão SC, Natividade JRG (1991) Backwater effects in the Amazon River basin of Brazil. 

Environ Geol Water Sci 18:105–114. doi: 10.1007/BF01704664 

Melack JM, Victoria RL, Tomasella J (2009) Surface waters in Amazonia: Key findings and perspectives. In: Geophysical 

Monograph Series. pp 485–488 25 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



55 
 
 

Michalzik B, Kalbitz K, Park J-H, Solinger S, Matzner E (2001) Fluxes and concentrations of dissolved organic carbon and 

nitrogen - A synthesis for temperate forests. Biogeochemistry 52:173–205. doi: 10.1023/A:1006441620810 

Moreira-Turcq P, Seyler P, Guyot JL, Etcheber H (2003) Exportation of organic carbon from the Amazon River and its main 

tributaries. Hydrol Process 17:1329–1344. doi: 10.1002/hyp.1287 

Naipal V, Reick C, Pongratz J, Van Oost K (2015) Improving the global applicability of the RUSLE model – adjustment of 5 

the topographical and rainfall erosivity factors. Geosci Model Dev 8:2991–3035. doi: 10.5194/gmdd-8-2991-2015 

Naipal V, Reick C, Van Oost K, Hoffmann T, Pongratz J (2016) Modeling long-term, large-scale sediment storage using a 

simple sediment budget approach. Earth Surf Dyn 4:407–423. doi: 10.5194/esurf-4-407-2016 

Oliveras I, Girardin C, Doughty CE, Cahuana N, Arenas CE, Oliver V, Huaraca Huasco W, Malhi Y (2014) Andean grasslands 

are as productive as tropical cloud forests. Environ Res Lett. doi: 10.1088/1748-9326/9/11/115011 10 

Olson J, Watts J, Allison L. (1983) Carbon in Live Vegetation of Major World Ecosystems (ORNL-5862). Oak Ridge, 

Tennessee 

Polcher J (2003) Les processus de surface à l’échelle globale et leurs interactions avec l’atmosphère. Habilitation à diriger des 

recherches. Université Paris VI 

Prigent C, Papa F, Aires F, Rossow WB, Matthews E (2007) Global inundation dynamics inferred from multiple satellite 15 

observations, 1993-2000. J Geophys Res. doi: 10.1029/2006jd007847 

Rasera MFFL, Krusche A V, Richey JE, Ballester MVR, Victória RL (2013) Spatial and temporal variability of pCO2 and 

CO2 efflux in seven Amazonian Rivers. Biogeochemistry 116:241–259. 

Raymond PA, Hartmann J, Lauerwald R, Sobek S, McDonald C, Hoover M, Butman D, Striegl R, Mayorga E, Humborg C, 

Kortelainen P, Durr H, Meybeck M, Ciais P, Guth P (2013) Global carbon dioxide emissions from inland waters. Nature 20 

503:355–359. doi: 10.1038/nature12760 

Raymond PA, Zappa CJ, Butman D, Bott TL, Potter J, Mulholland P, Laursen AE, McDowell WH, Newbold D (2012) Scaling 

the gas transfer velocity and hydraulic geometry in streams and small rivers. Limnol {&} Oceanogr Fluids {&} Environ 2:41–

53. doi: 10.1215/21573689-1597669 

Regnier P, Friedlingstein P, Ciais P, Mackenzie FT, Gruber N, Janssens IA, Laruelle GG, Lauerwald R, Luyssaert S, Andersson 25 

AJ, Arndt S, Arnosti C, Borges A V, Dale AW, Gallego-Sala A, Goddéris Y, Goossens N, Hartmann J, Heinze C, Ilyina T, 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



56 
 
 

Joos F, Larowe DE, Leifeld J, Meysman FJR, Munhoven G, Raymond PA, Spahni R, Suntharalingam P, Thullner M (2013) 

Anthropogenic perturbation of the carbon fluxes from land to ocean. Nat Geosci 6:597–607. doi: 10.1038/ngeo1830 

Reynolds C, Jackson T, Rawls W (1999) Estimating available water content by linking the FAO soil map of the world with 

global soil profile databases and pedo-transfer functions. Am Geophys Union Fall Meet EOS Trans Spring Meet Suppl 

80:S132. 5 

Richey JE, Hedges JI, Devol AH, Quay PD, Victoria R, Martinelli L, Forsberg BR (1990) Biogeochemistry of carbon in the 

Amazon River. Limnol {&} Oceanogr 35:352–371. doi: 10.4319/lo.1990.35.2.0352 

Richey JE, Melack JM, Aufdenkampe AK, Ballester VM, Hess LL (2002) Outgassing from Amazonian rivers and wetlands 

as a large tropical source of atmospheric CO2. Nature 416:617–620. doi: 10.1038/416617a 

Richey JE, Victoria RL, Hedges JI, Dunne T, Martinelli LA, Mertes L, Adams J (2008) Pre-LBA Carbon in the Amazon River 10 

Experiment (CAMREX) Data. Data set. Available online from http://daac.ornl.gov.  

Rueda-Delgado G, Wantzen KM, Tolosa MB (2006) Leaf-litter decomposition in an Amazonian floodplain stream: Effects of 

seasonal hydrological changes. J North Am Benthol Soc 25:233–249. doi: 10.1899/0887-

3593(2006)25[233:LDIAAF]2.0.CO;2 

Saugier B, Roy J, Mooney HA (2001) Estimations of global terrestrial productivity, converging toward a single number? In: 15 

Roy J, Saugier B, Mooney HA (eds) Global terrestrial productivity. Academic Press, San Diego, CA, pp 541–555 

Saunders TJ, McClain ME, Llerena CA (2006) The biogeochemistry of dissolved nitrogen, phosphorus, and organic carbon 

along terrestrial-aquatic flowpaths of a montane headwater catchment in the Peruvian Amazon. Hydrol Process 20:2549–2562. 

doi: 10.1002/hyp.6215 

Telmer K, Veizer J (1999) Carbon fluxes, pCO2 and substrate weathering in a large northern river basin, Canada: Carbon 20 

isotope perspectives. Chem Geol 159:61–86. 

Tobón C, Sevink J, Verstraten JM (2004) Solute fluxes in throughfall and stemflow in four forest ecosystems in northwest 

Amazonia. Biogeochemistry 70:1–25. doi: 10.1023/B:BIOG.0000049334.10381.f8 

Tranvik LJ, Downing JA, Cotner JB, Loiselle SA, Striegl RG, Ballatore TJ, Dillon P, Finlay K, Fortino K, Knoll LB, 

Kortelainen PL, Kutser T, Larsen S, Laurion I, Leech DM, McCallister SL, McKnight DM, Melack JM, Overholt E, Porter 25 

JA, Prairie Y, Renwick WH, Roland F, Sherman BS, Schindler DW, Sobek S, Tremblay A, Vanni MJ, Verschoor AM, von 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



57 
 
 

Wachenfeldt E, Weyhenmeyer GA (2009) Lakes and reservoirs as regulators of carbon cycling and climate. Limnol Oceanogr 

54:2298–2314. doi: 10.4319/lo.2009.54.6_part_2.2298 

Trigg MA, Wilson MD, Bates PD, Horritt MS, Alsdorf DE, Forsberg BR, Vega MC (2009) Amazon flood wave hydraulics. J 

Hydrol 374:92–105. doi: 10.1016/j.jhydrol.2009.06.004 

Van Vliet MTH, Ludwig F, Zwolsman JJG, Weedon GP, Kabat P (2011) Global river temperatures and sensitivity to 5 

atmospheric warming and changes in river flow. Water Resour Res. doi: 10.1029/2010WR009198 

Vitousek PM, Hobbie S (2000) Heterotrophic nitrogen fixation in decomposing litter: Patterns and regulation. Ecology 

81:2366–2376. 

Vitousek PM, Sanford RL (1986) Nutrient Cycling in Moist Tropical Forest. Annu Rev Ecol Syst 17:137–167. 

Vörösmarty CJ, Fekete BM, Meybeck M, Lammers RB (2000) Geomorphometric attributes of the global system of rivers at 10 

30-minute spatial resolution. J Hydrol 237:17–39. 

Vörösmarty CJ, Moore B, Grace AL, Gildea MP, Melillo JM, Peterson BJ, Rastetter EB, Steudler PA (1989) Continental scale 

models of water balance and fluvial transport: An application to South America. Global Biogeochem Cycles 3:241–265. doi: 

10.1029/GB003i003p00241 

Wanninkhof R (1992) Relationship Between Wind-Speed and Gas-Exchange Over the Ocean. J Geophys Res 97:7373–7382. 15 

doi: 10.1029/92jc00188 

Ward ND, Bianchi TS, Sawakuchi HO, Gagne-Maynard W, Cunha AC, Brito DC, Neu V, de Matos Valerio A, da Silva R, 

Krusche A V, Richey JE, Keil RG (2016) The reactivity of plant-derived organic matter and the potential importance of priming 

effects along the lower Amazon River. J Geophys Res Biogeosciences 121:1522–1539. doi: 10.1002/2016JG003342 

Ward ND, Keil RG, Medeiros PM, Brito DC, Cunha AC, Dittmar T, Yager PL, Krusche A V, Richey JE (2013) Degradation 20 

of terrestrially derived macromolecules in the Amazon River. Nat Geosci 6:530–533. 

Ward ND, Krusche A V., Sawakuchi HO, Brito DC, Cunha AC, Moura JMS, da Silva R, Yager PL, Keil RG, Richey JE (2015) 

The compositional evolution of dissolved and particulate organic matter along the lower Amazon River-??bidos to the ocean. 

Mar Chem. doi: 10.1016/j.marchem.2015.06.013 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



58 
 
 

Waterloo MJ, Oliveira SM, Drucker DP, Nobre AD, Cuartas LA, Hodnett MG, Langedijk I, Jans WWP, Tomasella J, de 

Araújo AC, Pimentel TP, Múnera Estrada JC (2006) Export of organic carbon in run-off from an Amazonian rainforest 

blackwater catchment. Hydrol Process 20:2581–2597. doi: 10.1002/hyp.6217 

Williams MR, Fisher TR, Melack JM (1997) Chemical composition and deposition of rain in the central Amazon, Brazil. 

Atmos Environ 31:207–217. doi: 10.1016/1352-2310(96)00166-5 5 

Wilson C, Gloor M, Gatti L V, Miller JB, Monks SA, McNorton J, Bloom AA, Basso LS, Chipperfield MP (2016) Contribution 

of regional sources to atmospheric methane over the Amazon Basin in 2010 and 2011. Global Biogeochem Cycles 30:400–

420. doi: 10.1002/2015GB005300 

Yoshimura C, Fujii M, Omura T, Tockner K (2010) Instream release of dissolved organic matter from coarse and fine 

particulate organic matter of different origins. Biogeochemistry 100:151–165. doi: 10.1007/s10533-010-9412-y 10 

Zarfl C, Lumsdon AE, Berlekamp J, Tydecks L, Tockner K (2014) A global boom in hydropower dam construction. Aquat 

Sci 77:161–170. doi: 10.1007/s00027-014-0377-0 

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-79, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.


