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Foreword 
 

The Center for Global Environmental Research (CGER) at the National Institute for 
Environmental Studies (NIES) was established in October 1990, with the main objectives of 
contributing to the scientific understanding of global environmental change and identifying 
solutions to critical environmental problems. CGER conducts environmental research from an 
interdisciplinary, multi-agency, and international perspective, and provides an intellectual 
infrastructure for research activities in the form of databases and a supercomputer system. 
CGER also ensures that data from its long-term monitoring of the global environment is made 
available to the public. 

CGER installed its first supercomputer system (NEC SX-3, Model 14) in March 1992, and 
this was subsequently upgraded to an NEC Model SX-4/32 in 1997, an NEC Model SX-6 in 
2002, an NEC Model SX-8R/128M16 in 2007, and an NEC Model SX-9/A(ECO) in June 2013. 
In June 2015, the system was further upgraded with the inclusion of an NEC Model SX-ACE, 
in order to provide an increased capacity for speed and storage. 

The supercomputer system is available for use by researchers from NIES and other research 
organizations and universities in Japan. The Supercomputer Steering Committee consists of 
leading Japanese scientists in climate modeling, atmospheric chemistry, ocean environment, 
computer science, and other areas concerned with global environmental research, and one of its 
functions is to evaluate proposals of any research requiring the use of the supercomputer system. 

To promote the dissemination of results, we publish both an Annual Report and occasional 
Monograph Reports. Annual Reports deliver the results of all research projects that have made 
use of the supercomputer system in a given year, while Monograph Reports present the 
integrated results of a particular research program.  

This Monograph Report presents the results of the development process of the National 
Integrated Catchment-based Eco-hydrology (NICE) model following the previously published 
11th publication (Part I), the 14th publication (Part II), the 18th publication (Part III), and the 
20th publication (Part IV). This process-based catchment model was further extended to couple 
with a biogeochemical cycle model on continental and global scales (NICE-BGC). The results 
obtained in this research will allow us to re-evaluate the greenhouse gas budget of the biosphere, 
quantify hot spots, and bridge the gap between top-down and bottom-up approaches in global 
carbon budget studies. This integrated system also contributes to the development of process-
based early tipping-point warning systems and the improvement in boundless biogeochemical 
cycles along the terrestrial-aquatic continuum. 

In the years to come, we intend to continue our support of environmental research by 
enabling the use of our supercomputer resources and continue to disseminate practical 
information based on our results. 
 
December 2019 

 
 

Nobuko Saigusa 
Director 

 Center for Global Environmental Research 
National Institute for Environmental Studies 
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Preface 
 

This volume of the CGER’S SUPERCOMPUTER MONOGRAPH REPORT series is the 
26th publication of research outcomes achieved by users of the supercomputer facilities at the 
Center for Global Environmental Research (CGER) at the National Institute for Environmental 
Studies (NIES). 

The author has developed an advanced process-based model, known as the National 
Integrated Catchment-based Eco-hydrology (NICE) model, for use in the evaluation of 
ecosystem dynamics in catchments. NICE is a 3-D, grid-based eco-hydrology model that 
simulates the complex interactions between forest canopy, surface water, unsaturated zones, 
aquifers, lakes, and rivers, and also simulates iteratively nonlinear interactions between hydro-
geomorphic and vegetation dynamics. The model is also able to couple with complex 
subsystems to simulate systems such as irrigation, urban water usage, stream junctions, and 
dams/canals, to develop integrated human and natural systems and to analyze the impact of 
anthropogenic activity on eco-hydrologic change. Water resources are vital for human activity, 
and their overuse has caused serious environmental degradation, economic stagnation, and an 
immense burden on the surrounding environment. This is particularly evident in Asia, where it 
is crucial to find a solution to such environmental pollution. 

This monograph (Part V) succeeds the previously published 11th publication (Part I), the 
14th publication (Part II), the 18th publication (Part III), and the 20th publication (Part IV). 
This volume reviews the NICE processes that have been newly developed since Part IV was 
published, and describes how the model has been applied for scaling-up to the continental and 
global scales. The model was further extended to couple with a biogeochemical cycle model 
(NICE-BGC). This new model incorporates the complex coupling of hydrologic-carbon cycle 
in terrestrial-aquatic linkages and the interplay between inorganic and organic carbon during 
the whole process of carbon cycling. NICE-BGC is expected to play an important role in re-
evaluating the greenhouse gas budget of the biosphere, quantifying hot spots, and bridging the 
gap between top-down and bottom-up approaches in global carbon budget. 

NICE is now being expanded to include the carbon cycle changes by anthropogenic 
activities like nutrient fertilizer in the field and pollution load from urban areas. The model is 
also being expanded to couple with an ocean carbon cycle model to evaluate land-ocean 
interactions. The new development of NICE to couple with an inverse model is also attractive 
for sensitivity analysis and parameter estimation at finer resolutions. Because recent research 
has begun to reconsider how inland water might play a role in carbon cycling, a further 
improvement of the simulation system will play an important role in the evaluation of spatio-
temporal hot spots and boundless biogeochemical cycles. This subsequent research will be 
reported in the next monograph (Part VI) in the near future. The author hopes that the 
publication will help to integrate knowledge and provide the understanding needed for reaching 
sustainability by 2030 in the UN Sustainable Development Goals, where climate action, clean 
water, sustainable cities, life below water, and life on land are important global goals greatly 
supported by this integrated approach. 
 
December 2019 
 

Tadanobu Nakayama 
Senior Researcher 

 Center for Global Environmental Research 
National Institute for Environmental Studies 
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1.1 Background 
 

Previous studies of the conventional/traditional carbon cycle have suggested that variations 
and uncertain aspects of the biogeochemical cycle in terrestrial ecosystems are larger than those 
in the atmosphere and ocean, and that the terrestrial biosphere sequesters most of the available 
carbon (Raupach, 2011). Recently, some studies have started to point out that inland waters 
including rivers, lakes, and groundwater may act as a gigantic transport pathway for both water 
and dissolved substances and play some role in continental biogeochemical cycling, so-called 
‘boundless carbon cycle’ (Cole et al., 2007; Battin et al., 2009; Tranvik et al., 2009). The vast 
majority of carbon dioxide (CO2) and methane (CH4) emissions are usually related to the natural 
cycles, but sometimes and in some places land-use change, hydraulic constructions, 
anthropogenic emissions, and climatic change affect the carbon cycle through water pollution, 
hydrologic change, and CO2 concentrations in the air. Their contribution to continental-scale 
carbon cycling has remained uncertain because they are generally more difficult to measure and 
the available data for global aquatic ecosystems are fewer and more heterogeneous than those 
for terrestrial ecosystems (Cole et al., 2007; Aufdenkampe et al., 2011). In particular, inland 
waters may play a significant role in sequestration, transport and mineralization of carbon 
(Battin et al., 2009). These processes would be further complicated by surface–groundwater 
interactions around wetland and riparian areas, where complex water movements drive carbon 
storage and fluxes. Further, the biogeochemical cycles of nitrogen and carbon are tightly 
coupled with each other owing to the metabolic needs of organisms for these two elements. So, 
CO2, CH4, and nitrous oxide (N2O) amount for up to 80% of the total radiative forcing from 
well-mixed GHGs (Ciais et al., 2013; Settele et al., 2014). 

Raymond et al. (2013) revealed a global CO2 evasion (degassing) rate of 2.1 PgC/year from 
inland waters (rivers and lakes) in a comprehensive analysis, which is much higher than 
previous estimates of 1.2 PgC/year (Aufdenkampe et al., 2011) and 1.4 PgC/year (Tranvik et 
al., 2009), and they predicted that global hotspots will account for 70 per cent of the flux 
occurring over just 20 per cent of the land surface. Recently, Lauerwald et al. (2015) also 
showed a global distribution of CO2 evasion similar to that reported by Raymond et al. (2013). 
While wetlands (the evasion rate of 2.1 PgC/year), that are functionally different from rivers 
and lakes because a vegetation canopy can alter the direction of atmospheric CO2 exchange 
(Raymond et al., 2013), play an important role in hydrologic and biogeochemical cycling and 
act as a reservoir for valuable species, boreal and subarctic wetlands store relatively high 
amounts of soil carbon as peat, thus affecting the dynamics of greenhouse gases such as 
methane (Limpens et al., 2008). Further, some research has shown that CO2 emissions from 
rivers may account for up to 10% of the net ecosystem exchange, thus possibly altering the 
carbon balance of terrestrial systems (Butman and Raymond, 2011). These results imply that 
inland waters should not be ignored and considered as ‘passive pipes’ or just as a residual term 
in the global carbon budget, but something that actively transform through outgassing and 
carbon burial (Cole et al., 2007; Aufdenkampe et al., 2011; Nakayama, 2016). 
 
 
1.2 Previous Progress in Process-Based Eco-Hydrology and Biogeochemical Cycle 
Models of Inland Water 
 

With regard to the scale similarity and discontinuity of eco-hydrological processes, it is 
heuristically important to identify the spatial coupling of local ecosystems including energy, 
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materials, and organisms, across ecosystem boundaries. Recent research has given rise to 
serious concerns about extrapolation of small-scale experimental results to entire landscapes, 
suggesting that it is imperative to bridge the gap between ecosystems on various scales (Deegan 
et al., 2012). It is therefore valuable to re-evaluate ecosystems by extrapolating the ‘metabolic 
theory of ecology’ (Brown et al., 2004) from the perspective of a meta-ecosystem analysis by 
considering multi-scaled aspects at the global–regional–micro level, similarly to the ‘river 
continuum concept’ (Vannote et al., 1980). This is also related to a previous result that 
geophysical and microbial capacities act as enhancement in net heterotrophy in inland waters 
(Battin et al., 2008). 

From this viewpoint, the author and his colleagues have developed the National Integrated 
Catchment-based Eco-hydrology (NICE) model, which includes surface-unsaturated–saturated 
water processes and assimilates land-surface processes, describing phenology variations on the 
basis of satellite data (Nakayama, 2008a-c, 2009, 2010, 2011a-d, 2012a-d, 2013, 2014a-b, 2015, 
2018; Nakayama and Fujita, 2010; Nakayama and Hashimoto, 2011; Nakayama and Shankman, 
2013a-b; Nakayama and Watanabe, 2004, 2005, 2006a-b, 2008a-c; Nakayama et al., 2006, 
2007, 2010, 2012) (Fig. 1.1). NICE has been so far applied to various basins/catchments on 
local and regional scales, such as Changjiang and Yellow Rivers in China, Ob River in West 
Siberia, Mekong River in the Southeast Asia, Tokyo Metropolitan area in Japan, Kushiro 
Wetland (the largest wetland in Japan), and Lake Kasumigaura catchment (a highly eutrophic 
lake in Japan). These studies are also summarized in previous monograph series; the 11th 
publication (Part I), the 14th publication (Part II), the 18th publication (Part III), and the 20th 
publication (Part IV). NICE is a 3-D, grid-based eco-hydrology model, and simulates iteratively 
non-linear interactions between hydro-geomorphic and vegetation dynamics. Because NICE 
incorporates a three-dimensional groundwater sub-model and has been expanded from previous 
one-/two-dimensional and steady-state – or so-called equilibrium – versions into a global scale 
model (Niu et al., 2007; Maxwell and Kollet, 2008; Fan et al., 2013), the advanced model is 
able to simulate the lateral transport of groundwater in addition to surface runoff, which is more 
pronounced in regions with steeper slopes or riparian/floodplain areas with frequent surface 
water-groundwater connectivity. This model also extends the traditional concept of a 'dynamic 
equilibrium' with atmospheric forcing on a global scale (Maxwell and Kollet, 2008), and would 
help to improve the accuracy of estimations of methane emission from wetlands, where 
groundwater plays a dominant role. Further, the model can simulate iteratively non-linear 
interactions between hydrologic, geomorphic, and ecological processes, and include new 
feedback through a process of down-scaling from regional to local simulation employing finer 
resolution. Because NICE includes vegetation succession and competition between invasive 
alder and native mire vegetation in addition to stochastic simulation of seedling establishment, 
mortality, and regeneration, the model improves the previous modeling approaches to the 
dynamic interaction between hydrological and biotic processes (Pastor et al., 2002; Rietkerk et 
al., 2004; Van de Koppel et al., 2005; Ridolfi et al., 2006; Saco et al., 2007). Using NICE, the 
author has previously attempted to extract the impacts of discharge and groundwater-level 
change, sediment deposition, and nutrient availability on the complex pattern of alder invasion, 
and vice versa (Nakayama, 2008a-b, 2009, 2010, 2012b, 2013, 2014a-b; Nakayama and 
Watanabe, 2004, 2006a-b).  
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Figure 1.1 Process-based National Integrated Catchment-based Eco-hydrology (NICE) model. 
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Previous research has evaluated the biogeochemical cycle in inland waters and indicated 
that carbon budgets are diverse at various basins/catchments and that there is a close and 
complex relationship between pCO2 (partial pressure of CO2 in water), DOC (Dissolved 
Organic Carbon), DIC (Dissolved Inorganic Carbon), and POC (Particulate Organic Carbon) 
in inland water (Yao et al., 2007; Tranvik et al., 2009; Zeng et al., 2010; Aufdenkampe et al., 
2011;Butman and Raymond, 2011; Hartman et al., 2014; Laruelle et al., 2013). While pCO2 
and pCH4 are necessary to evaluate the CO2 and CH4 fluxes to the atmosphere (evasion), DOC, 
DIC, and POC are also important to evaluate the carbon flux to the ocean (0.9 PgC/year) and 
sediment storage (0.6 PgC/year) in the global carbon cycle (Cole et al., 2007; Tranvik et al., 
2009; Aufdenkampe et al., 2011; Raymond et al., 2013). These studies were generally based on 
empirical methods for the hydrological and biogeochemical cycle. Specifically, these studies 
simply compiled various available data of CO2 concentrations and extrapolated them to 
compute the fluxes from the most reliable estimate of gas transfer velocity. Nevertheless, these 
authors found that the role of inland water should not be negligible in the global carbon cycle, 
which was a great improvement from previous common knowledge. 

In order to quantify the contribution of inland water on the carbon cycle, the main 
parameters needed for a more precise analysis are CO2 concentrations in surface waters, areal 
extent of rivers, and CO2 exchange rate between water and atmosphere (Melack, 2011). The 
distribution of pCO2 is available in previous databases (Yao et al., 2007; Zeng et al., 2010; 
Aufdenkampe et al., 2011; Butman and Raymond, 2011; Laruelle et al., 2013; Hartman et al., 
2014). Nakayama (2016) estimated the CO2 evasion in inland water using compiled data in the 
same way as Raymond et al. (2013) and Lauerwald et al. (2015) (Fig. 1.2). The partial pressure 
of carbon dioxide (pCO2) was calculated from alkalinity, pH, and water temperature data in the 
GloRiCh database (Hartman et al., 2014) at 11,699 sampling points after eliminating pH less 
than 5.2 (Raymond et al., 2013). Then, the author applied an inverse distance weighted (IDW) 
approach to create a pCO2 map. He used two types of river network data, GRDC (with a 
resolution of 30 min.) (GRDC, 2014), and HydroSHEDS (with a resolution of 15 arcsec) (U.S. 
Geological Survey, 2013) combined with HYDRO1K (with a resolution of 1 km) (U.S. 
Geological Survey, 1996) at latitudes north of 60N. The estimated CO2 evasion showed that the 
distribution greatly depended on river network data, which means that finer resolution river 
network data should be used in such analysis. This result in Nakayama (2016) was an extension 
of previous research and included the effect of both wind shear in the air and bed shear in water 
to calculate the exchange coefficient (Alin et al., 2011). An assumption about the relationship 
between the Strahler stream order and stream width worldwide (Downing et al., 2012; GRDC, 
2014) is also valuable in addition to the application of the correlation of surface area with 
temperature and precipitation (Butman and Raymond, 2011; Raymond et al., 2013), making it 
possible to estimate the area of inland water roughly but reasonably upon initial approximation. 
Though these studies greatly contributed to the understanding of the spatio-temporal 
distribution of boundless biogeochemical cycles (Battin et al., 2009; Regnier et al., 2013), water, 
heat, carbon, nitrogen, and phosphorus, were not necessarily conserved (Nakayama, 2016). 
From this point of view, it is very important to develop a process-oriented model which is 
conserved as water, heat, carbon, nitrogen, and phosphorus cycles, as described in the next 
section. 
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Figure 1.2 Estimation of CO2 evasion in inland water based on compiled data; (a) predicted map 

of pCO2 in water using GloRiCh observational data (Hartman et al., 2014) and an 
inverse distance weighted (IDW) approach, and (b) estimated CO2 evasion applying the 
formula shown in Fig. 1.2a for two types of river network data. 

 
 
1.3 Objective and Methods toward Process-Oriented Coupling of Eco-Hydrology and 

Biogeochemical Cycle Models 
 

To study the ecosystem dynamics in catchments in East Asia, the author previously 
developed a method to combine a grid-based numerical model, ground-truth observation 
network, satellite data, and statistical analysis (Fig. 1.1). The current monograph (Part V) 
succeeds our previous publications about NICE series; 
(i) 11th publication (Part I), 2006; - Governing Equation of NICE - (Nakayama and Watanabe, 
2006b) 
(ii) 14th publication (Part II), 2008; - For Nature Restoration and Urban Regeneration - 
(Nakayama, 2008c) 
(iii) 18th publication (Part III), 2012; - Application of NICE to Urban Areas in Japan and China 
- (Nakayama, 2012d) 
(iv) 20th publication (Part IV), 2014; - Continental scale in Changjiang and Yellow River 
Basins - (Nakayama, 2014b)  

It is necessary to further improve the process-oriented model to obtain a better grasp of the 
biogeochemical cycle in the biosphere (terrestrial and aquatic ecosystems) as ‘unifying 
currency’ in a holistic approach (Prairie and Cole, 2009). This would help to clarify the 
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mechanism of the carbon cycle in more detail, particularly the interplay between inorganic and 
organic carbon and its relationship to nitrogen and phosphorus in relation to the hydrologic 
cycle. This improvement of the model would help to simulate the connectivity between 
terrestrial and aquatic ecosystems and the parameters such as pCO2, pCH4, DOC, POC, and 
DIC in water more mechanistically. It would be also necessary to validate and calibrate this 
precisely through not only high-quality measurements of the carbon budget on the 
regional/local scale, particularly even in zero-order and first-order streams (Lynch et al., 2010), 
but also through global monitoring programs for the assessment of environmental conditions 
and changes (Melack, 2011). Actually, it is possible to clarify a more robust partitioning 
between natural and anthropogenic carbon fluxes in freshwater systems (Ciais et al., 2013) by 
using this improved model. This verification would also help to clarify why and how the more 
polluted water gives a stronger emission of CO2 in estuaries (Frankignoulle et al., 1998). Thus, 
it is important to improve the estimation accuracy of the carbon cycle in the mouth of rivers. 
There is, however, some research that demonstrates that evasion declines as lakes and 
freshwater become polluted (Pacheco et al., 2013). The uncertainty will be further increased 
when the calculated pCO2 is overestimated in acidic, poorly buffered and organic-rich waters, 
depending on the values of the coefficients employed (Abril et al. 2015). These previous studies 
imply that emissions are variable or biased, and sometimes promoted or sometimes 
underestimated depending on various conditions such as nutrient content, water depth, DOC, 
chlorophyll a, and dissolved oxygen. 

One of the fundamentals of eco-hydrology models is the relationship between the amount 
of carbon assimilated by plants and water availability. Further, the intensity of carbon cycling 
and the distribution among dead and living organic matter are related to temperature (Zalewski, 
2002). A grid-based approach to solving the one-dimensional, time-dependent equations for 
thermal energy balance in advective river systems is also powerful to estimate temperature with 
more accuracy (Yearsley, 2012) in addition to the empirical relation between air and water 
temperatures widely applied to many models. Porporato and Rodrigues-Iturbe (2002) also 
suggested a direct relationship between precipitation, biomass and biodiversity, and soil-water-
plant interactions are among others introduced in Zalewski et al. (2003).  

In order to fill the gap in the current eco-hydrology models, the author recently developed 
the NICE model to be coupled with various biogeochemical cycle models, including those for 
terrestrial ecosystems such as LPJWHyMe (Lund‐Potsdam‐Jena Wetland Hydrology and 
Methane) (Wania et al., 2010), those for water quality in aquatic ecosystems such as 
QUAL2Kw (Pelletier et al., 2006) and SWAT (Soil and Water Assessment Tool) (Neitsch et 
al., 2011), those for carbon weathering such as RokGeM (Rock Geochemical Model) (Colbourn 
et al., 2013), and CO2SYS (CO2 System Calculations) (Lewis and Wallance, 1998). This 
revised NICE model (NICE-BGC) (Nakayama 2017a-c, 2018; Nakayama and Pelletier, 2018) 
incorporates the connectivity of the biogeochemical cycle accompanied by the hydrological 
cycle between surface water and groundwater, hillslopes and river networks, and other 
intermediate regions (Fig. 1.3). In NICE-BGC, all sub-models in the revised versions were 
coupled together with the original NICE to conserve water and carbon budgets through 
coordinate transformation (Nakayama and Maksyutov, 2018). Each sub-model simulates 
iteratively the most efficient way of combining on-line and off-line modes. NICE-BGC 
calculates the whole process of carbon cycling including surface runoff, groundwater, 
weathering, CO2 evasion and sediment storage in water, and outflow to the ocean. From this 
point of view, it has a potential to evaluate the carbon budget in detail, as described in the next 
chapters. Because the proposed model is beyond the application of any static method based on 
available data and empirical relations used in previous research (Cole et al., 2007; Tranvik et 
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al., 2009; Aufdenkampe et al., 2011; Raymond et al., 2013), it can simulate the dynamic 
hydrology – carbon cycle coupling, by involving multiple dimensions of scales (Jenerette and 
Lal, 2005), carbon flows triggered/altered by extreme events (Reichstein et al., 2013), and 
anthropogenic perturbation of the carbon fluxes (Regnier et al., 2013). Most previous research 
on conventional carbon cycling has generally overestimated the accumulation of carbon in 
terrestrial ecosystems and underestimated the potential for lateral transport (Raupach, 2011). 
So, this new process-based model will be useful for estimating the role of inland waters in the 
global carbon cycle after comparison with and without the effects of inland waters in the same 
way as traditional research. Details are described in the next chapters. 
 

 
 
Figure 1.3 New development of eco-hydrologic and biogeochemical coupling model along the 

terrestrial-aquatic continuum (NICE-BGC). NICE-BGC incorporates various models of 
the biogeochemical cycle, coupled together with the original NICE to conserve carbon 
budget. 
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Abstract 
 

Wetlands intricately affect the hydrologic cycle, material transport, and biogeochemical 
processes, and they are also indispensable habitats for valuable species. In this chapter, the 
process-based National Integrated Catchment-based Eco-hydrology (NICE) model, which 
includes complex interactions between hydrologic, geomorphic, and ecological processes, was 
extended to incorporate coordinate transformation from a rectangular coordinate to a longitude–
latitude coordinate system, applicable to a continental scale and higher latitude regions, by 
implementing a map factor and a non-uniform grid. This revised model was applied to two 
different wetlands of northern Eurasia (West Siberian Lowland and Hokkaido Island in Japan) 
to evaluate eco-hydrological processes in higher latitude regions. The model results showed 
that the groundwater level is sensitive to hydraulic conductivity, specific storage, and specific 
yield. The model reproduced qualitatively the heterogeneous distribution of groundwater level 
and inundated water level in the flat region of both wetlands and revealed the connectivity 
between groundwater and inundated flow in these areas. The results indicate the effectiveness 
of the hypothesis that the horizontal transport component is predominant in the hydrologic cycle 
as a first approximation. This new simulation system should be effective as a method to expand 
a grid-based model to a broader area or to a higher latitude region. It can also play an important 
role in improving our understanding of biogeochemical activity in higher latitude regions along 
the terrestrial-aquatic continuum on a continental scale. 
 
Keywords: transformation; higher latitude region; eco-hydrology model; terrestrial-aquatic 
continuum 
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2.1 Introduction 
 

Recently, some researchers have started to reconsider the importance of inland waters, 
including rivers, lakes, and groundwater, as part of the so-called “boundless biogeochemical 
cycle” (Cole et al., 2007; Battin et al., 2009; Nakayama, 2016), because inland waters play a 
role in the transport, mineralization, and sequestration of carbon. A comprehensive analysis 
revealed a global CO2 evasion (degassing) rate of 2.1 PgC/year from inland waters (rivers and 
lakes), which is much higher than previous estimates of 1.2 PgC/year (Aufdenkampe et al., 
2011) and 1.4 PgC/year (Tranvik et al., 2009), and also predicted global hotspots where 70% 
of the flux occurs over just 20% of the land surface (Raymond et al., 2013). In particular, surface 
water–groundwater interactions around wetlands and riparian areas complicate the eco-
hydrological processes and biogeochemical cycles because water movement drives carbon 
storage and fluxes. Furthermore, the observed CO2 evasion is unreliable in the Boreal-Arctic 
zone owing to the presence of peatlands and permafrost (Lauerwald et al., 2015). This result 
implies that models need to capture the effects of extensive peat cover, snowmelt, and 
permafrost more accurately. 

There has been great development in grid-based eco-hydrology models using a rectangular 
coordinate system in recent years. Nakayama (2014a-b, 2015) developed the process-based 
National Integrated Catchment-based Eco-hydrology (NICE) model, which can iteratively 
simulate nonlinear interactions between hydrologic, geomorphic, and ecological processes (Fig. 
1.1). It also includes a process for downscaling regional simulations to local simulations with a 
finer resolution. However, the Mercator projection often presents a misleading view of the 
world map because of excessive areal distortion at higher latitudes (Vieux, 2001). Therefore, 
the application of this type of model at continental or global scale, is limited because the 
distortions in the map projection due to the curvature of the Earth can be large, especially at the 
corners of the projection, in the polar zone, and at higher latitudes. Therefore, to apply this 
model to a broad area, the governing equations must be converted through the implementation 
of a map factor and a non-uniform grid, particularly in the horizontal transport components. 

In this chapter, the original NICE is extended to include a coordinate transformation from 
the original rectangular coordinate system to a longitude–latitude coordinate system applicable 
at continental scale and in the higher latitudes by implementing a map factor and non-uniform 
grid (Nakayama and Maksyutov, 2018). The following hypothesis was applied in building this 
new model: the horizontal transport component is predominant in a regional hydrologic cycle 
as a first approximation. The model was applied to two different wetlands in northern Eurasia 
to evaluate eco-hydrological processes in higher latitude regions. Simulated results of the 
hydrologic cycle were compared between the original model and after coordinate 
transformation. The modified NICE revealed the importance of connectivity between 
groundwater and inundated flow, the effect of such connectivity on micro-topographic change 
through heterogeneous sedimentation, and the relation between this connectivity and vegetation 
succession and vice versa, similar to what has been reported in previous studies (e.g., Reeve et 
al., 2000). This new simulation system should be effective as a method to expand a grid-based 
model to a broader area or to a higher latitude region without the use of a complicated spherical 
coordinate system such as that used in global climate models. This advanced model will also 
be helpful for improving our understanding of biogeochemical activity in higher latitude 
regions and of boundless biogeochemical cycles along the terrestrial-aquatic continuum (Cole 
et al., 2007; Battin et al., 2009). 
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2.2 Regional Overview of the West Siberian Lowland and Hokkaido Island in Japan 
 

The West Siberian Lowland (WSL) contains the world’s most extensive peatlands (Smith 
et al., 2004). Boreal and subarctic peatlands such as those in the WSL store about 15–30% of 
the world’s soil carbon as peat (Limpens et al., 2008) and affect the dynamics of greenhouse 
gases such as methane. Wetlands also influence the hydrologic cycle, play an important role in 
biogeochemical processes, and help preserve valuable species. The WSL includes most of the 
lower Ob River basin and is located in a permafrost transition zone (Fig. 2.1). The lower Ob 
basin is frequently inundated during spring and summer, whereas the middle and upper Ob 
basin have a different in hydrological regime and require different watershed management. It 
is important to evaluate eco-hydrological processes in the entire basin by applying an advanced 
process-based model. 
 

 
 
Figure 2.1 Elevation in the study area of this research (West Siberian Lowland and Hokkaido 

Island in northern Japan). 
 
 

The second wetland studied is located on Hokkaido Island in northern Japan. Kushiro 
Wetland (176.7 km2, the largest wetland in Japan), in the eastern Hokkaido (Fig. 2.1), has been 
converted to urban or agricultural uses since the end of the 19th century. The Japanese 
government started a new project, the Kushiro Mire Conservation Plan, to restore the 
meandering river channels of the Kushiro River and its tributaries and to reduce the sediment-
load influx for mire recovery in 2002 (Ministry of Environment, 2004). Nakayama (2012b, 
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2013) and Nakayama and Watanabe (2004) intensively studied this area by applying NICE to 
quantify the impacts of groundwater-level change, sediment deposition, and nutrient 
availability on the complex invasion pattern of alder trees and vice versa. 
 
 
2.3 Methods 
 
2.3.1 Process-Based Eco-Hydrology Model (NICE) 
 

The author developed the NICE series of process-based catchment models for application 
to natural, agricultural, and urban regions in various catchments and basins (Nakayama, 2008a-
c, 2009, 2010, 2011a-d, 2012a-d, 2013, 2014a-b, 2015, 2018; Nakayama and Fujita, 2010; 
Nakayama and Hashimoto, 2011; Nakayama and Shankman, 2013a-b; Nakayama and 
Watanabe, 2004, 2005, 2006a-b, 2008a-c; Nakayama et al., 2006, 2007, 2010, 2012) (Fig. 1.1). 
The NICE model consists of complex submodels: a surface hydrology model, a land-surface 
model including urban and crop processes, a groundwater model, a regional atmospheric model, 
a mass transport model of sediment and nutrients, and a vegetation succession model, among 
others. NICE applies a rectangular coordinate system based on the Albers or Universal 
Transverse Mercator (UTM) projection (Nakayama, 2014a-b, 2015). It also incorporates 
surface–groundwater interactions assimilating land-surface processes to describe variations of 
LAI (leaf area index) and FPAR (fraction of photosynthetically active radiation) derived from 
satellite data. The surface hydrology model of NICE consists of a hillslope hydrology model 
based on kinematic wave theory and a distributed stream network model based on both 
kinematic and dynamic wave theories. NICE also solves a partial differential equation 
describing three-dimensional groundwater flow for both unconfined and confined aquifers. The 
integration of submodels consider water and heat fluxes from the ground to the surface, 
including the gradient of hydraulic potential between the deepest layer of unsaturated flow and 
the groundwater level; the effective precipitation calculated from actual precipitation, 
infiltration into the upper soil moisture store, and evapotranspiration; and the seepage between 
river water and groundwater.  

To study various aspects of agricultural water use, NICE is coupled with the Decision 
Support Systems for Agro-technology Transfer (DSSAT) (Ritchie et al., 1998), in which an 
automatic irrigation mode supplies crop water requirements for the cultivation of fields 
(Nakayama et al., 2006; Nakayama, 2011a-b) and paddy fields (Nakayama and Watanabe, 
2008b) (Fig. 1.1). DSSAT includes various functions for representative crops such as wheat, 
maize, soybean, and rice, and automatically simulates their dynamic growth processes. Most 
of this water is transferred via dams (reservoirs) and canals to main cities and cultivated fields. 
Because there are few available data about discharge control at most of the dams, a constant 
ratio of inflow to outflow was used at the major dams for which no data were available, as a 
simpler alternative to the storage–runoff function (Nakayama, 2011a). This reservoir model 
was further modified to couple NICE with a simple one-dimensional water budget (Nakayama 
and Watanabe, 2008a) and a reservoir operation similar to SWAT (Soil and Water Assessment 
Tool) (Neitsch et al., 2011) by considering the relationship between water level and storage 
volume for the estimation of water release from TGD (Three Gorges Dam) in the Changjiang 
River during very severe floods, such as occurred in 1998 (Nakayama and Shankman, 2013a-
b) (Fig. 1.1). In urban areas, NICE is coupled with the UCM (urban canopy model) to include 
the effect of the hydrothermal cycle for various pavement types, and with the RAMS (Regional 
Atmospheric Modeling System) (Pielke et al., 1992) to include hydrothermal interactions 
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(Nakayama and Fujita, 2010; Nakayama and Hashimoto, 2011; Nakayama et al., 2012) (Fig. 
1.1). This procedure means that the feedback processes of water and heat transfers between the 
atmosphere and the land surface are implicitly included in the simulation process.  

Model details are described in the papers cited above and in the CGER Supercomputer 
Monograph Report Series, Vols. 11 (Part I), 14 (Part II), 18 (Part III), and 20 (Part IV). 
 
2.3.2 Upscaling of the Process-Based NICE through Coordinate Transformation 
 

In the Mercator’s projection, all of the metrics in the horizontal plane are equal because 
angles and shapes are conserved. Therefore, the map factor m() is calculated as follows: 
 

m() = sec   where x = a, y = atan= aln[tan(/4+/2)], y = asec  (2.1) 
 
 and  are the latitude (°) and longitude (°), a is the radius of the earth, and x and y are the 
distance (m) from the projection origin, respectively. Table 2.1 shows the variation of the 
distortion and map factor m() in 5° × 5° grids calculated by equation (2.1). The data show that 
y and m() values increase in the higher latitudes, which means there are variations in the flow 
path lengths between model elements that are artificially driven by the UTM projection. 
Therefore, the horizontal transport components in NICE need to be converted to the reflect the 
actual length. The governing equations of NICE concerning surface hydrology based on 
kinematic wave theory, and groundwater flow based on three-dimensional partial differential 
equations, are described in the rectangular coordinate system as follows (Nakayama and 
Watanabe, 2004): 
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where Q is discharge, c′ is propagation velocity, and c is the propagation velocity at (x), r is 
effective rainfall intensity, b′(x′) is flow width, ′(x′) is slope angle, hg is hydraulic potential 
head, Kii (i = x′, y′, z′) is hydraulic conductivity, W is volumetric flux per unit volume 
representing sources and/or sinks of water, and Ss is specific storage. Equations (2.2) and (2.3) 
can be converted by applying the map factor as follows: 
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where (x) = tan-1(m()Z/L) and b(x) = b’(x’)/m(). In this way, the revised NICE can be 
upscaled by applying a non-uniform grid and map factor to the slope angle (topography), flow 
width, propagation velocity, and hydraulic conductivity (Nakayama and Maksyutov, 2018).  
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Table 2.1 Variation of distortion and map factor m() in 5 ° x 5 ° grids. is the latitude (degree), 
x and y are the lengths from the projection origin (m), and x and y are the distortions 
in the x and y directions, respectively. 

 
Latitude() x (m) ⊿x (m) y (m) ⊿y (m) m() 

70 7,783,660  555,976  11,056,351  1,458,713  2.9238044 
65 7,227,684  555,976  9,597,638  1,207,283  2.366201583 
60 6,671,708  555,976  8,390,355  1,036,712  2 
55 6,115,732  555,976  7,353,642  914,567  1.743446796 
50 5,559,757  555,976  6,439,075  823,833  1.555723827 
45 5,003,781  555,976  5,615,242  754,735  1.414213562 
40 4,447,805  555,976  4,860,507  701,277  1.305407289 
35 3,891,830  555,976  4,159,230  659,594  1.220774589 
30 3,335,854  555,976  3,499,636  627,104  1.154700538 
25 2,779,878  555,976  2,872,532  602,040  1.103377919 
20 2,223,903  555,976  2,270,492  583,179  1.064177772 
15 1,667,927  555,976  1,687,313  569,673  1.03527618 
10 1,111,951  555,976  1,117,640  560,957  1.015426612 
5 555,976  555,976  556,683  556,683  1.003819838 
0 0   0   1 

 
 
 
2.4 Input Data and Boundary Conditions for Simulation 
 
2.4.1 Model Input Data 
 

Six-hour reanalysis data of downward radiation, precipitation, atmospheric pressure, air 
temperature, air humidity, wind speed, FPAR, and LAI were input to the model after 
interpolation of ERA-Interim data (ECMWF, 2013) in inverse proportion to the distance back-
calculated in each grid. Baseline Meteorological Data in Siberia, a dataset created by the Japan 
Agency for Marine-Earth Science and Technology (2011), for West Siberia and AMeDAS 
(Automated Meteorological Data Acquisition System) data, collected by the Japan 
Meteorological Agency (2000-2001), for northern Japan were also used to correct ERA 
precipitation data, because the ECMWF precipitation data were usually less reliable and 
underestimated observed peak values (Nakayama, 2011a-b; Nakayama and Shankman, 2013a-
b). Mean elevation was calculated by using a global digital elevation model (DEM; GTOPO30) 
(U.S. Geological Survey, 1996a). In the West Siberia wetlands, 161 stream channels were 
selected from river network data (HYDRO1K) (U.S. Geological Survey, 1996b) by evaluating 
the Pfafstetter Level and Strahler Stream Order; the mean river width for the lower Ob was set 
at 2 km (Biancamaria et al., 2009) and the main Ob channel at 3 km (Kouraev et al., 2004). 
Land cover was categorized on the basis of Global Land Cover 2000 (European Commission, 
2013). To the extent possible, the model used reliable parameters such as peat type, peat depth, 
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and geology obtained from the West Siberian Lowland Peatland GIS Database (National Snow 
and Ice Data Center, 2013). The geological structures were also divided into four types on the 
basis of hydraulic conductivity, specific storage of porous material, and specific yield, based 
on data from the National Snow and Ice Data Center (2013). 
 
2.4.2 Boundary Conditions and Running the Simulation 
 

At the upstream boundaries, conditions at the hydraulic head were based on the assumption 
of no inflow from the mountains in the opposite direction (Nakayama and Watanabe, 2004; 
Nakayama and Shankman, 2013a-b). In the hillslope hydrology, flow depth and discharge at 
the uppermost boundaries of basins were set to zero throughout the simulation. Inflows or 
outflows from the riverbeds were simulated at each time step, depending on the difference in 
the groundwater and river hydraulic heads. At the sea boundary, a constant head was set at 0 m. 

In the northern Japanese region (Hokkaido), the simulation areas were 500 km wide by 460 
km long in Albers (World Geodetic System 1984) coordinates and 6.5° wide by 4.5° long in 
longitude–latitude coordinates. These areas were discretized with a grid spacing of 1–5 km and 
0.05° in the horizontal direction and into 20 layers with a weighting factor of 1.1 layers (finer 
in the upper layers) in the vertical direction (Fig. 2.1). In the WSL, the simulation was 
conducted in area about 2100 km wide by 3000 km long, with a resolution of 10 km and 0.15° 
(Fig. 2.1). The upper land layer (the highest vertical layer) was set at 0–2 m below the ground 
surface, and the 20th land layer (the lowest vertical layer) was defined as an elevation of 200 
m below mean sea level. Simulations were performed with a time step of t = 6 h for 2000–
2001 after a 1-year warm-up period until equilibrium was reached. The simulated results were 
respectively calibrated and validated in hydrologic, geomorphic, and ecological parameters, as 
detailed in Nakayama (2014a-b, 2015). 
 
 
2.5 Results and Discussion 
 
2.5.1 Effect of Spatio-Temporal Scales on Eco-Hydrological Processes in a Japanese 
Wetland 
 

Nakayama (2012b, 2013) showed that soil moisture and groundwater levels decreased in 
areas where alders had invaded the mire because of river channelization and increased sediment 
load. These results revealed that there is a positive feedback between hydrologic, geomorphic, 
and ecological processes in the flat mire region. The new simulated results show a complex 
distribution of the hydrologic cycle more clearly in the downstream of Kushiro Mire (Fig. 2.2); 
greater accuracy was observed after downscaling and considering feedback processes (x = 100 
m). This result also indicates the close connectivity between surface water and groundwater 
around river corridors (Nakayama, 2013). The simulation system developed after upscaling (x 
= 1 km) qualitatively reproduces the heterogeneous distribution of groundwater level in the 
mire where the hydrologic cycle is little affected by topography as compared to the steeper 
upstream region (Fig. 2.2). This result reveals that equations (2.4) and (2.5) of the revised model 
are applicable, given the assumption that horizontal transport components predominate as a first 
approximation. 
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Figure 2.2 Comparison of simulated groundwater level (G.W.L.) around Kushiro Mire in 

northern Japan; (a) mean elevation as model input data (x = 1 km and 100 m), and 
(b) simulated G.W.L. in different resolutions (x = 1 km, smoothed 1 km, 500 m, and 
100 m, respectively). 

 
 

The simulated groundwater level (GWL) results were compared between the longitude-
latitude and rectangular coordinate systems for all of Hokkaido Island (Fig. 2.3). Although the 
difference in spatial resolution affects the reproduction of peak GWL values around 
mountainous areas, the general characteristics were reproduced reasonably well in both 
coordinate systems, even in the coarser resolution (x = 5 km) as compared with the finer 
resolution (x = 1 km) (Fig. 2.3c and d). The patterns in surface water CO2 in stream networks 
have infrequently been explored (Teodoru et al., 2009), but first-order streams such as the 
smaller streams that typically appear in mountainous regions contribute to a larger CO2 efflux 
to the atmosphere (Butman and Raymond, 2011). This result implies we have to choose the best 
resolution, depending on the final objective. Most importantly, the simulated groundwater 
levels after the coordinate transformation (x = 0.05°) were similar to the original results (x = 
5 km) in the same way as river discharge (data is not shown). This result indicates the 
effectiveness of the conversion through the implementation of a map factor and non-uniform 
grid in equations (2.4) and (2.5) and that the model can be applied at continental scale. 
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Figure 2.3 Comparison of simulated groundwater level (G.W.L.) through coordinate 

transformation; (a) mean elevation as model input data, (b) simulated G.W.L. in 
longitude-latitude coordinate system with x = 0.05 °, (c) simulated G.W.L. in 
rectangular coordinate system with x = 1 km, and (d) simulated G.W.L. in 
rectangular coordinate system with x = 5 km (almost the same as 0.05 °). 

 
 
 
2.5.2 Evaluation of Inundated Water Level in the Lower Ob River Basin in West Siberia 
 

NICE can simulate both groundwater and surface water because it incorporates surface 
water–groundwater interactions in addition to geomorphic changes and vegetation succession 
processes (Nakayama, 2013; Nakayama and Shankman, 2013a-b). This interaction is 
complicated in the WSL because of the presence of expansive flat regions, shallow aquifers 
with little flow, and heterogeneously distributed continuous or discontinuous permafrost (Fig. 
2.1). NICE includes various sub-compartments to iteratively simulate these hydrodynamics. 
The GWL is one of the dominant factors influencing methane emission in wetlands, so the 
GWL simulated by NICE was calibrated with observed values in the WSL near Tomsk 
(56°51’18’’N, 82°50’54’’E) from 10 May to 18 September 2012 (Fig. 2.4). The simulated 
results indicated that the source area of methane emission (Kim et al., 2011) is related to 
groundwater dynamics. Because the observed GWL was reliable only as a relative value, we 
assumed on the basis of our field survey experience that the absolute level would be 2.0 m 
below the observed value. The observed values revealed a gradual decrease until the end of 
July, followed by a sudden recovery, with an amplitude of about 15–20 cm (Fig. 2.4) when the 
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wetland CH4 flux peaked (Smith et al., 2004). The result derived from the model shows that the 
level is sensitive to parameters such as hydraulic conductivity (Kh), specific storage (Ss), and 
specific yield (Sy). The model result after the calibration procedure (case 2) could reproduce the 
amplitude, minimum value, and date of the GWL in the wetland by considering the best value 
within the ranges documented previously for West Siberia and other wetlands (Carey and Woo, 
1999; Borren and Bleuten, 2006; Reeve et al., 2006; Letts et al., 2012). 

 
 

 
 
Figure 2.4 Sensitivity of G.W.L. fluctuations relative to the surface through comparison between 

simulated and observed results in the West Siberian Lowland near Tomsk (56°51’18’’N, 
82°50’54’’E) from 10 May to 18 September, 2012. Clear circles show the observed values, 
the dashed line (case 1) shows the simulated values before calibration (Kh = 1.e-3 – 1.e-1 m/h, 
Ss = 1.e-5 – 1.e-3 1/m, and Sy = 1.e-2 – 1.e-1), and the solid line (case 2) shows the simulated 
value after calibration (Kh = 1.e-3 – 1.e-1 m/h, Ss = 1.e-6 – 1.e-4 1/m, and Sy = 2.e-3 – 2.e-2). 

 
 
 

We evaluated the spatial distribution of GWL in the entire Ob River basin and compared 
the simulated results between the two coordinate systems (Figs 2.5a-b). The simulated GWL 
with x = 0.15° in Fig. 2.5b reasonably reproduces the spatial characteristics of the hydrologic 
cycle with x = 10 km in Fig. 2.5a, although there are some discrepancies in the upstream of 
the Ob River and the downstream of the Yenisei River caused by differences in water head as 
boundary conditions. The simulated results agree well with those of previous studies employing 
more simplified models (Niu et al., 2007; Fan et al., 2013). The GWL is shallower in the 
southern WSL, where methane emission is greater, which indicates that GWL is the dominant 
factor affecting methane emission in the wetland (Smith et al., 2004). Fig. 2.5d shows inundated 
flow in the lower Ob River in July 1998 (spring snowmelt season) simulated by NICE. The 
model showed higher inundation downstream during snowmelt runoff and reasonably 
reproduced inundated water level estimated by multi-satellite approaches (Frappart et al., 2010; 
Fig. 2.5c). This result reveals the connectivity between groundwater and inundated flow, and 
the improved mechanism of nonlinear interaction around the low altitude region described 
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(Reeve et al., 2000). It is still necessary to clarify in the future the effect of different latitudes 
on hydrologic change because the distortion and the map factor increase in the higher latitudes. 
 
 
 

 
 
Figure 2.5 Hydrologic cycle in the West Siberian Lowland; (a) simulated G.W.L. relative to the 

ground surface in rectangular coordinate system (x = 10 km), (b) simulated G.W.L. 
after the coordinate transformation (x = 0.15 °), (c) inundated water level in the lower 
Ob River basin in July 1998 estimated using a combination of TOPEX/POSEIDON 
radar altimetry and GRACE (Frappart et al., 2010), and (d) inundated water level in 
July 1998 simulated by the model. 
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2.6 Conclusion 
 

In this chapter, NICE was extended to include coordinate transformation applicable to 
higher latitude regions or the continental scale by implementing a map factor and a non-uniform 
grid. The revised model was applied to two different wetlands of northern Eurasia to evaluate 
eco-hydrological processes in higher latitude regions. The simulation system after coordinate 
transformation qualitatively reproduced the heterogeneous distribution of groundwater level in 
the flat areas of both wetlands. The model results showed that the groundwater level is sensitive 
to hydraulic conductivity, specific storage, and specific yield. The revised model also revealed 
the connectivity between groundwater and inundated flow in flat areas of the wetlands, 
indicating the effectiveness of the hypothesis that the horizontal transport component is 
predominant as a first approximation. This new simulation system is expected to be effective 
as a method to expand a grid-based model to a broader area or a higher latitude region without 
the use of a complicated spherical coordinate system such as that used in global climate models. 
In addition, NICE has been extended to continental and global scales, as described in the 
following chapters (Fig. 2.6). The model presented in this chapter can play an important role in 
improving our understanding of biogeochemical activity in the higher latitude region along the 
terrestrial-aquatic continuum on a continental scale. 

 
 

 
 
Figure 2.6 Hydrologic simulation for better understanding of the global biogeochemical cycle. 

Previous model applications to various basins/catchments (black circled areas in the top 
figure) were extended to continental and global scales in the current monograph (Part V). 

 

- 27 -



Chapter 2  Upscaling of the National Integrated Catchment-Based Eco-Hydrology (NICE) Model to Continental and Global Scales 

 

- 28 - 
 

References 
 
Aufdenkampe, A.K., Mayorga, E., Raymond, P.A., Melack, J.M., Doney, S.C., Alin, S.R., Aalto, R.E., Yoo, K. 

(2011) Riverine coupling of biogeochemical cycles between land, oceans, and atmosphere. Frontiers in 
Ecology and the Environment, 9(1), 53-60, doi:10.1890/100014 

Battin, T.J., Luyssaert, S., Kaplan, L.A., Aufdenkampe, A.K., Richter, A, Tranvik, L.J. (2009) The boundless 
carbon cycle. Nature Geoscience, 2, 598-600 

Biancamaria, S., Bates, P.D., Boone, A., Mognard, N.M. (2009) Large-scale coupled hydrologic and hydraulic 
modelling of the Ob river in Siberia. Journal of Hydrology, 379, 136-150, doi:10.1016/j.jhydrol.2009.09.054 

Borren, W., Bleuten, W. (2006) Simulating Holocene carbon accumulation in a western Siberian watershed mire 
using a three-dimensional dynamic modeling approach. Water Resources Research, 42, W12413, 
doi:10.1029/2006WR004885 

Butman, D., Raymond, P.A. (2011) Significant efflux of carbon dioxide from streams and rivers in the United 
States. Nature Geoscience, 4, 839-842 

Carey, S.K., Woo, M.-K. (1999) Hydrology of two slopes in subarctic Yukon, Canada. Hydrological Processes, 
13, 2549-2562 

Cole, J.J., Prairie, Y.T., Caraco, N.F., McDowell, W.H., Tranvik, L.J., Striegl, R.G., Duarte, C.M., Kortelainen, 
P., Downing, J.A., Middelburg, J.J., 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 

European Centre for Medium-Range Weather Forecasts (ECMWF) (2013) ERA-Interim. 
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim 

European Commission (2013) Global Land Cover 2000. 
http://bioval.jrc.ec.europa.eu/products/glc2000/products.php 

Fan, Y., Li, H., Miguez-Macho, G. (2013) Global patterns of groundwater table depth. Science, 339, 940-943, 
doi:10.1126/science.1229881 

Frappart, F., Papa, F., Guntner, A., Werth, S., Ramillien, G., Prigent, C., Rossow, W.B., Bonnet, M.-P. (2010) 
Interannual variations of the terrestrial water storage in the Lower Ob’ basin from a multisatellite approach. 
Hydrology and Earth System Sciences, 14, 2443-2453, doi:10.5194/hess-14-2443-2010 

Japan Agency for Marine-Earth Science and Technology (2011) Baseline Meteorological Data in Siberia (BMDS) 
Version 5.0 

Japan Meteorological Agency (JMA) (2000–2001) AMeDAS (Automated Meteorological Data Acquisition 
System) Annual Reports at 2000–2001. Japan Meteorological Business Support Center (CD-ROM) 

Kim, H.-S., Maksyutov, S., Glagolev, M.V., Machida, T., Patra, P.K., Sudo, K., Inoue, G. (2011) Evaluation of 
methane emissions from West Siberian wetlands based on inverse modeling. Environmental Research Letters, 
6, 035201, doi:10.1088/1748-9326/6/3/035201 

Kouraev, A.V., Zakharova, E.A., Samain, O., Mognard, N.M., Cazenave, A. (2004) Ob’ river discharge 
fromTOPEX/Poseidon satellite altimetry (1992-2002). Remote Sensing of Environment, 93, 238-245, 
doi:10.1016/j.rse.2004.07.007 

Lauerwald, R., Laruelle, G.G., Hartman, J., Ciais, P., Regnier, P.A.G. (2015) Spatial patterns in CO2 evasion from 
the global river network. Global Biogeochemical Cycles, 29, 534-554, doi:10.1002/2014GB004941 

Letts, M.G., Roulet, N.T., Comer, N.T., Skarupa, M.R., Verseghy, D.L. (2000) Parametrization of peatland 
hydraulic properties for the Canadian land surface scheme. Atmosphere-Ocean, 38(1), 141-160 

Limpens, J., Berendse, F., Blodau, C., Canadell, J.G., Freeman, C., Holden, J., Roulet, N., Rydin, H., Schaepman-
Strub, G. (2008) Peatlands and the carbon cycle: from local processes to global implications – a synthesis. 
Biogeosciences, 5, 1475-1491 

Ministry of Environment (2004) Nature restoration project in Kushiro Shitsugen Wetland. 
http://www.kushiro.env.gr.jp/saisei/english/top_e.html 

Nakayama, T., Watanabe, M. (2004) Simulation of drying phenomena associated with vegetation change caused 
by invasion of alder (Alnus japonica) in Kushiro Mire. Water Resources Research, 40, W08402, doi: 
10.1029/2004WR003174 

Nakayama, T., Watanabe, M. (2005) Re-evaluation of groundwater dynamics about water and nutrient budgets in 
Lake Kasumigaura, Annual Journal of Hydroscience and Hydraulic Engineering, 49, 1231–1236 (Abst. in 
English) 

Nakayama, T., Watanabe, M. (2006a) Simulation of spring snowmelt runoff by considering micro-topography and 
phase changes in soil layer. Hydrology and Earth System Sciences Discussions, 3, 2101-2144 

- 28 -



CGER-I148-2019, CGER/NIES 
 

- 29 - 
 

Nakayama, T., Watanabe, M. (2006b) Development of process-based NICE model and simulation of ecosystem 
dynamics in the catchment of East Asia (Part I). CGER's Supercomputer Monograph Report, 11, NIES, 100p., 
http://www.cger.nies.go.jp/publications/report/i063/I063e 

Nakayama, T., Yang, Y., Watanabe, M., Zhang, X. (2006) Simulation of groundwater dynamics in North China 
Plain by coupled hydrology and agricultural models. Hydrological Processes, 20(16), 3441-3466, doi: 
10.1002/hyp.6142 

Nakayama, T., Watanabe, M., Tanji, K., Morioka, T. (2007) Effect of underground urban structures on eutrophic 
coastal environment. Science of the Total Environment, 373(1), 270-288, doi: 
10.1016/j.scitotenv.2006.11.033 

Nakayama, T. (2008a) Factors controlling vegetation succession in Kushiro Mire. Ecological Modelling, 215, 225-
236., doi: 10.1016/j.ecolmodel.2008.02.017 

Nakayama, T. (2008b) Shrinkage of shrub forest and recovery of mire ecosystem by river restoration in northern 
Japan. Forest Ecology and Management, 256, 1927-1938, doi: 10.1016/j.foreco.2008.07.017 

Nakayama, T. (2008c) Development of process-based NICE model and simulation of ecosystem dynamics in the 
catchment of East Asia (Part II). CGER's Supercomputer Monograph Report, 14, NIES, 91p., 
http://www.cger.nies.go.jp/publications/report/i083/i083_e 

Nakayama, T., Watanabe, M. (2008a) Missing role of groundwater in water and nutrient cycles in the shallow 
eutrophic Lake Kasumigaura, Japan. Hydrological Processes, 22, 1150-1172, doi: 10.1002/hyp.6684 

Nakayama, T., Watanabe, M. (2008b) Role of flood storage ability of lakes in the Changjiang River catchment. 
Global and Planetary Change, 63, 9-22, doi: 10.1016/j.gloplacha.2008.04.002 

Nakayama, T., Watanabe, M. (2008c) Modelling the hydrologic cycle in a shallow eutrophic lake. Verh 
International Verein Limnology (International Association of Theoretical and Applied Limnology), 30(3), 
345-348 

Nakayama, T. (2009) Simulation of ecosystem degradation and its application for effective policy-making in 
regional scale. In: River pollution research progress, Mattia N. Gallo, Marco H. Ferrari (eds), pp.1-89 
(Chapter 1), Nova Science Pub., Inc., New York 

Nakayama, T. (2010) Simulation of hydrologic and geomorphic changes affecting a shrinking mire. River 
Research and Applications, 26(3), 305-321, doi: 10.1002/rra.1253 

Nakayama, T., Fujita, T. (2010) Cooling effect of water-holding pavements made of new materials on water and 
heat budgets in urban areas. Landscape and Urban Planning, 96, 57-67, doi: 
10.1016/j.landurbplan.2010.02.003 

Nakayama, T., Sun, Y., Geng, Y. (2010) Simulation of water resource and its relation to urban activity in Dalian 
City, Northern China. Global and Planetary Change, 73, 172-185, doi: 10.1016/j.gloplacha.2010.06.001 

Nakayama, T. (2011a) Simulation of complicated and diverse water system accompanied by human intervention 
in the North China Plain. Hydrological Processes, 25, 2679-2693, doi: 10.1002/hyp.8009 

Nakayama, T. (2011b) Simulation of the effect of irrigation on the hydrologic cycle in the highly cultivated Yellow 
River Basin. Agricultural and Forest Meteorology, 151, 314-327, doi: 10.1016/j.agrformet.2010.11.006 

Nakayama, T. (2011c) Feedback mechanism and complexity in ecosystem－development of integrated assessment 
system towards eco-conscious society－, Chemical Engineering of Japan, 75, 789-791 (in Japanese) 

Nakayama, T. (2011d) Construction of integrated assessment system for win-win solution of hydrothermal 
degradations in urban area towards eco-conscious society, Chemical Information and Computer Sciences, 
29(4), 63-65 (in Japanese) 

Nakayama, T., Hashimoto, S. (2011) Analysis of the ability of water resources to reduce the urban heat island in 
the Tokyo megalopolis. Environmental Pollution, 159, 2164-2173, doi: 10.1016/j.envpol.2010.11.016 

Nakayama, T. (2012a) Visualization of missing role of hydrothermal interactions in Japanese megalopolis for win-
win solution. Water Science and Technology, 66(2), 409-414, doi: 10.2166/wst.2012.205 

Nakayama, T. (2012b) Feedback and regime shift of mire ecosystem in northern Japan. Hydrological Processes, 
26(16), 2455-2469, doi: 10.1002/hyp.9347 

Nakayama, T. (2012c) Impact of anthropogenic activity on eco-hydrological process in continental scales. 
Procedia Environmental Sciences, 13, 87-94, doi: 10.1016/j.proenv.2012.01.008 

Nakayama, T. (2012d) Development of process-based NICE model and simulation of ecosystem dynamics in the 
catchment of East Asia (Part III). CGER's Supercomputer Monograph Report, 18, NIES, 98p., 
http://www.cger.nies.go.jp/publications/report/i103/en/ 

Nakayama, T., Hashimoto, S., Hamano, H. (2012) Multi-scaled analysis of hydrothermal dynamics in Japanese 
megalopolis by using integrated approach. Hydrological Processes, 26(16), 2431-2444, doi: 
10.1002/hyp.9290 

Nakayama, T. (2013) For improvement in understanding eco-hydrological processes in mire. Ecohydrology and 
Hydrobiology, 13, 62-72, doi: 10.1016/j.ecohyd.2013.03.004 

- 29 -



Chapter 2  Upscaling of the National Integrated Catchment-Based Eco-Hydrology (NICE) Model to Continental and Global Scales 

 

- 30 - 
 

Nakayama, T., Shankman, D. (2013a) Impact of the Three-Gorges Dam and water transfer project on Changjiang 
floods. Global and Planetary Change, 100, 38-50, doi: 10.1016/j.gloplacha.2012.10.004 

Nakayama, T., Shankman, D. (2013b) Evaluation of uneven water resource and relation between anthropogenic 
water withdrawal and ecosystem degradation in Changjiang and Yellow River basins. Hydrological Processes, 
doi: 10.1002/hyp.9835 

Nakayama, T. (2014a) Hydrology–ecology interactions. In Handbook of Engineering Hydrology - Vol. 1: 
Fundamentals and Applications, Saeid Eslamian (ed) , pp.329-344 (Chapter 16), Taylor and Francis 

Nakayama, T. (2014b) Development of process-based NICE model and simulation of ecosystem dynamics in the 
catchment of East Asia (Part IV). CGER's Supercomputer Monograph Report, 20, NIES, 102p., 
http://www.cger.nies.go.jp/publications/report/i114/en/ 

Nakayama, T. (2015) Integrated assessment system using process-based eco-hydrology model for adaptation 
strategy and effective water resources management. In Remote Sensing of the Terrestrial Water Cycle 
(Geophysical Monograph Series 206), Venkat Lakshmi (ed), pp.521-535 (Chapter 33), AGU, 
doi:10.1002/9781118872086.ch33 

Nakayama, T. (2016) New perspective for eco-hydrology model to constrain missing role of inland waters on 
boundless biogeochemical cycle in terrestrial-aquatic continuum. Ecohydrology and Hydrobiology, 16, 138-
148, doi: 10.1016/j.ecohyd.2016.07.002 

Nakayama, T. (2018) Interaction between surface water and groundwater and its effect on ecosystem and 
biogeochemical cycle. Journal of Groundwater Hydrology, 60(2), 143-156, doi: 10.5917/jagh.60.143 (in 
Japanese) 

Nakayama, T., Maksyutov, S. (2018) Application of process-based eco-hydrological model to broader northern 
Eurasia wetlands through coordinate transformation. Ecohydrology and Hydrobiology, 18, 269-277, doi: 
10.1016/j.ecohyd.2017.11.002 

National Snow and Ice Data Center (NSIDC) (2013) West Siberian Lowland Peatland GIS Database. 
http://nsidc.org/data/arcss131.html 

Neitsch, S.L., Arnold, J.G., Kiniry, J.R., Williams, J.R. (2011) Soil and water assessment tool: Theoretical 
documentation version 2009. Texas Water Resources Institute Technical Report No. 406, Texas A&M 
University, http://swat.tamu.edu/software/swat-model/ 

Niu, G.-Y., Yang, Z.-L., Dickinson, R.E., Gulden, L.E., Su, H. (2007) Development of a simple groundwater 
model for use in climate models and evaluation with Gravity Recovery and Climate Experiment data. Journal 
of Geophysical Research, 112, D07103, doi:10.1029/2006JD007522 

Pielke, R.A., Cotton, W.R., Walko, R.L., et al. (1992) A comprehensive meteorological modeling system-RAMS. 
Meteorology and Atmospheric Physics, 49, 69-91 

Raymond, P.A., Hartmann, J., Lauerwald, R., et al. (2013) Global carbon dioxide emissions from inland waters. 
Nature, 503, 355-359, doi:10.1038/nature12760 

Reeve, A.S., Siegel, D.I., Glaser, P.H. (2000) Simulating vertical flow in large peatlands. Journal of Hydrology, 
227, 207-217 

Reeve, A.S., Evensen, R., Glaser, P.H., Siegel, D.I., Rosenberry, D. (2006) Flow path oscillations in transient 
ground-water simulations of large peatland systems. Journal of Hydrology, 316, 313-324, 
doi:10.1016//j.jhydrol.2005.05.005 

Ritchie, J.T., Singh, U., Godwin, D.C., Bowen, W.T. (1998) Cereal growth, development and yield. In 
Understanding Options for Agricultural Production, Tsuji, G.Y., Hoogenboom, G., Thornton, P.K. (eds), 
pp.79–98, Kluwer, Great Britain 

Smith, L.C., MacDonald, G.M., Velichko, A.A., Beilman, D.W., Borisova, O.K., Frey, K.E., Kremenetski, K.V., 
Sheng, Y. (2004) Siberian peatlands a net carbon sink and global methane source since the Early Holocene. 
Science, 303, 353-356 

Teodoru, C.R., del Giorgio, P.A., Prairie, Y.T., Camire, M. (2009) Patterns in pCO2 in boreal streams and rivers 
of northern Quebec, Canada. Global Biogeochemical Cycles, 23, GB2012.doi:10.1029/2008GB003404 

Tranvik, L.J., Downing, J.A., Cotner, J.B., et al. (2009) Lakes and reservoirs as regulators of carbon cycling and 
climate. Limnology and Oceanography, 54(6), 2298-2314 

U.S. Geological Survey (USGS) (1996a) GTOPO30 Global 30 Arc Second Elevation Data Set. USGS. 
http://www1.gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html 

U.S. Geological Survey (USGS) (1996b) HYDRO1K. USGS. https://lta.cr.usgs.gov/HYDRO1K 
Vieux, B.E. (2001) Distributed hydrologic modeling using GIS. Kluwer Academic Publishers, U.S.A. 

- 30 -



CGER’S SUPERCOMPUTER MONOGRAPH REPORT Vol.26 
CGER-I148-2019, CGER/NIES 

 
 

- 31 - 
 

 
 
 
 
 
 
 
 
 
 
 

Chapter 3 
 

Development of an Advanced Eco-Hydrologic and Biogeochemical 
Coupling Model in the Terrestrial-Aquatic Continuum (NICE-BGC) 

  
 
 
 
 

- 31 -



Chapter 3  Development of an Advanced Eco-Hydrologic and Biogeochemical Coupling Model  
in the Terrestrial-Aquatic Continuum (NICE-BGC) 

 

- 32 - 
 

Abstract 
 

Recent research has shown that inland waters, including rivers, lakes, and groundwater, 
may play a role in carbon cycling, but the nature of their contribution has remained uncertain 
because of the limited amount of reliable data available. In this chapter, an advanced model 
coupling eco-hydrology and the biogeochemical cycle (NICE-BGC) is described. This new 
model incorporates complex coupling of the hydrologic-carbon cycle in terrestrial–aquatic 
linkages and the interplay between inorganic and organic carbon during the entire carbon 
cycling process. The model simulated both horizontal transports (export from land to inland 
water, 2.01 ± 1.98 PgC/yr, and to the ocean, 1.13 ± 0.50 PgC/yr) and vertical fluxes (degassing, 
0.79 ± 0.38 PgC/yr, and sediment storage, 0.20 ± 0.09 PgC/yr) in major rivers with good 
agreement with previous research. The simulated results also showed that the global net land 
flux including the effect of inland water decreased the carbon sink (–1.05 ± 0.62 PgC/yr) 
compared with results from the revised LPJWHyMe (Lund-Potsdam-Jena Wetland Hydrology 
and Methane) model (–1.79 ± 0.64 PgC/yr) and previous studies (–2.8 to –1.4 PgC/yr) that did 
not include the effects of inland water. This difference in net land flux could be attributed to 
CO2 evasion and lateral carbon transport, which are explicitly included in the new model. The 
results suggest that most previous studies have generally overestimated the accumulation of 
terrestrial carbon and underestimated the potential for lateral transport. The results also imply 
that the difference between inverse techniques and budget estimates suggested by previous 
research can be explained to some extent by the net source of carbon from inland water. NICE-
BGC can play an important role in the re-evaluation of the greenhouse gas budget of the 
biosphere, quantification of hotspots, and bridging the gap between top-down and bottom-up 
approaches to the global carbon budget. 
 
Keywords: biogeochemical cycle; eco-hydrology; coupling model; net land flux; inland water 
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3.1 Introduction 
 

Previous studies of the carbon cycle have suggested that variations and uncertain aspects 
of the biogeochemical cycle in terrestrial ecosystems are larger than those in the atmosphere 
and ocean (Le Quéré et al., 2009), and that the terrestrial biosphere absorbs more carbon dioxide 
(CO2) by sequestration than the ocean does, but most CO2 emissions stay in the atmosphere 
(Raupach, 2011). Some recent studies have pointed out that inland waters, including rivers, 
lakes, and groundwater, may act as a gigantic transport pathway for both water and dissolved 
substances and play a globally significant role in continental biogeochemical cycling, the so-
called “boundless carbon cycle” (Cole et al., 2007; Battin et al., 2009; Tranvik et al., 2009). 
Other studies that have evaluated the biogeochemical cycle in inland waters have also indicated 
that carbon budgets are diverse in various basins/catchments and that there is a close and 
complex relationship between pCO2 (partial pressure of CO2 in water), DOC (dissolved organic 
carbon), DIC (dissolved inorganic carbon), and POC (particulate organic carbon) in inland 
waters (Yao et al., 2007; Tranvik et al., 2009; Zeng and Masiello, 2010; Aufdenkampe et al., 
2011; Butman and Raymond, 2011; Hartman et al., 2014; Laruelle et al., 2013). The vast 
majority of CO2 and methane (CH4) emissions are usually related to the natural cycle, but 
changes in land use, hydraulic construction, anthropogenic emissions, and climate also have 
significant effects on the carbon cycle through water pollution, hydrologic change, and CO2 
concentration in the atmosphere (Regnier et al., 2013). 

A recent comprehensive analysis (Raymond et al., 2013) revealed a global CO2 evasion 
(degassing) rate of 2.1 PgC/year from inland waters (rivers and lakes), which is much higher 
than previous estimates of 1.2 PgC/year (Aufdenkampe et al., 2011) and 1.4 PgC/year (Tranvik 
et al., 2009); the analysis also predicted global hotspots in which 70% of the flux occurs over 
just 20% of the land surface (Raymond et al., 2013). Recently, Lauerwald et al. (2015) and 
Nakayama (2016) reported a global distribution of CO2 evasion similar to that reported by 
Raymond et al. (2013) (Fig. 1.2). Although pCO2 and pCH4 are necessary for the evaluation of 
CO2 and CH4 fluxes to the atmosphere (evasion), DOC, DIC, and POC are also important for 
the evaluation of the CO2 flux to the ocean (0.9 PgC/year) and sediment storage (0.6 PgC/year) 
in the global carbon cycle (Cole et al., 2007; Tranvik et al., 2009; Aufdenkampe et al., 2011; 
Raymond et al., 2013). All of these studies have greatly improved our understanding of the 
spatio-temporal distribution of the boundless biogeochemical cycle by using an empirical 
approach that simply compiled various available data on CO2 concentrations to the extent 
possible and computed the fluxes from the most reliable estimates of gas transfer velocity 
(Battin et al., 2009; Regnier et al., 2013), but most evaluated horizontal transport to the ocean 
and vertical fluxes separately and did not include aquatic metabolism and terrestrially derived 
carbon together.refore need to use a holistic approach to better understand the biogeochemical 
cycle in the biosphere (terrestrial and aquatic ecosystems) as a “unifying currency” (Prairie and 
Cole, 2009; Nakayama, 2016).  

One of the fundamental relationships in the eco-hydrology model is that between the 
amount of carbon assimilated by plants and water availability. Furthermore, the intensity of 
carbon cycling and its distribution among dead and living organic matter is related to 
temperature (Zalewski, 2002). From this viewpoint, Nakayama (2014a-b, 2015) developed the 
National Integrated Catchment-based Eco-hydrology (NICE) model, which takes into account 
complex interactions between the forest canopy, surface water, water in the soil unsaturated 
zone, aquifers, lakes, and rivers (Fig. 1.1). Because NICE incorporates a three-dimensional 
groundwater sub-model and has been expanded from previous one- and two-dimensional and 
steady-state versions to a global scale (Niu et al., 2007; Maxwell and Kollet, 2008; Fan et al., 
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2013), the advanced model is able to simulate lateral transport of groundwater in addition to 
surface runoff, and these interaction is more pronounced in riparian/floodplain areas with 
frequent surface water–groundwater connectivity. This model also extends the traditional 
concept of a steady state with atmospheric forcing to a global scale (Maxwell and Kollet, 2008) 
and helps to improve the accuracy of biogeochemical cycle predictions, particularly estimates 
of CH4 emission from wetlands, where groundwater plays a dominant role in addition to soil 
temperature and decomposable substrate (Daulat and Clymo, 1998; Moore et al., 1998; 
Limpens et al., 2008).  

In spite of these previous studies, the contribution of inland waters to continental-scale 
carbon cycling has remained uncertain because it is generally more difficult to measure and the 
available data for global aquatic ecosystems are fewer and more local site-specific than those 
for terrestrial ecosystems (Cole et al., 2007; Aufdenkampe et al., 2011). In particular, inland 
waters may play a significant role in the sequestration, transport, and mineralization of carbon 
(Battin et al., 2009), and that role is complicated by surface–groundwater interactions around 
wetland and riparian areas, where complex water movements drive carbon storage and flux. 
Furthermore, because the biogeochemical cycles of nitrogen and carbon are tightly coupled, 
owing to the metabolic needs of organisms for these two elements, CO2, CH4, and nitrous oxide 
(N2O) amount to 80% of the total radiative forcing by well-mixed greenhouse gases (Ciais et 
al., 2013; Settele et al., 2014). The degree of uncertainty is further increased when the calculated 
pCO2 of acidic of poorly buffered, and organic-rich waters, which depends on the values of the 
coefficients employed, is overestimated (Abril et al. 2015). The previous studies have indicated 
that emissions are variable or biased, and sometimes increase or decrease, depending on various 
conditions related to nutrients, water depth, DOC, chlorophyll a, and dissolved oxygen. From 
this viewpoint, it is very important to develop a process-oriented model in which water, heat, 
carbon, nitrogen, and phosphorus, are conserved in their respective budgets. Such a process-
oriented model would help to clarify the mechanism of the carbon cycle in more detail, 
particularly the interplay between inorganic and organic carbon and its relationship to nitrogen 
and phosphorus. We need to base verification procedures not only on high-quality 
measurements of the carbon budget on a regional/local scale, particularly in zero-order and 
first-order streams (Lynch et al., 2010), but also on data from global monitoring programs for 
the assessment of environmental conditions and changes (Melack, 2011). Use of an improved 
model should also help to clarify more robustly the partitioning between natural and 
anthropogenic carbon fluxes in freshwater systems (Ciais et al., 2013).  

In this chapter, NICE is expanded by coupling it with five biogeochemical cycle models, 
including ones for terrestrial ecosystems, for water quality in aquatic ecosystems, and for 
carbon weathering (Figs 1.3 and 3.1) (Nakayama, 2017). Two hypotheses were used in building 
this new model: (1) inland waters are a significant missing component of global carbon budget 
estimates, and (2) coupling process-based eco-hydrologic and biogeochemical models will 
improve estimates of the net carbon flux from inland waters and identify global hotspots of 
these fluxes. The revised NICE model (NICE-BGC) incorporates the connectivity of carbon, 
nitrogen, and phosphorus cycles accompanying hydrologic cycling between surface water and 
groundwater, hillslopes and river networks, and other intermediate regions described previously 
(Nakayama, 2016, 2017). The model was applied to evaluate continental and global 
biogeochemical cycles closely associated with the complex hydrological cycle. The simulated 
hydrologic and biogeochemical cycles were then compared with previous data compiled from 
as many sources as possible. The model was able to clarify quantitatively and in detail 
mechanisms of rock weathering, degassing above water bodies, sediment storage, and transport 
to the ocean, and showed that the carbon budget exhibited great variability among continents. 
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Because of the close interplay of these mechanisms (Jenerette and Lal, 2005; Regnier et al., 
2013; Kiel and Cardenas, 2014) and because carbon cycling may be triggered or greatly altered 
by extreme events (Reichstein et al., 2013), this coupled simulation approach will be important 
for integration of the biosphere greenhouse gas budget, quantification of hotspots in the 
boundless biogeochemical cycle along a terrestrial–aquatic continuum, and bridging the gap 
between the top-down (satellite data and atmospheric inverse modeling) and bottom-up (site-
level observations and process-based modeling) approaches (Cole et al., 2007; Battin et al., 
2009; Frei et al., 2012; Regnier et al., 2013; Kiel and Cardenas, 2014). 
 

 
Figure 3.1 Flow diagram of new development of eco-hydrologic and biogeochemical coupling 

model along the terrestrial-aquatic continuum (NICE-BGC). Dotted arrows indicate that 
land temperature, runoff, ET (evapotranspiration), WTP (water table position), and NPP (net 
primary production) were substituted to input from the other sub-models to improve the 
accuracy of the eco-hydrologic and biogeochemical cycle in NICE-BGC. “B.C.” means 
boundary conditions for the model simulation.  
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3.2 Description of the NICE-BGC Model 
 
3.2.1 General Model Framework 
 

The original NICE model includes surface–groundwater interactions assimilating land-
surface processes to reproduce variations of LAI (leaf area index) and FPAR (fraction of 
photosynthetically active radiation) derived from satellite data (Nakayama, 2008a-c, 2009, 
2010, 2011a-d, 2012a-d, 2013, 2014a-b, 2015, 2018; Nakayama and Fujita, 2010; Nakayama 
and Hashimoto, 2011; Nakayama and Shankman, 2013a-b; Nakayama and Watanabe, 2004, 
2005, 2006a-b, 2008a-c; Nakayama et al., 2006, 2007, 2010, 2012) (Fig. 1.1). The author has 
so far applied the original NICE model to basins such as the Kushiro River (including the largest 
wetland in Japan), the Changjiang and Yellow Rivers, the Mekong River in Southeast Asia, and 
the Ob River in West Siberia, after detailed verification and assimilation of eco-hydrological 
processes through ground-truth data, satellite data, and results from previous studies 
(Nakayama, 2014a-b, 2015) (Fig. 2.6). To fill gaps in current eco-hydrology models, Nakayama 
(2016, 2017) coupled the original NICE model with five biogeochemical cycle models (Fig. 
1.3), including ones for terrestrial ecosystems, such as LPJWHyMe (Lund-Potsdam-Jena 
Wetland Hydrology and Methane) (Wania et al., 2010); water quality in aquatic ecosystems, 
such as QUAL2Kw (Pelletier et al., 2006) and SWAT (Soil and Water Assessment Tool) 
(Neitsch et al., 2011); and carbon weathering, such as RokGeM (Rock Geochemical Model) 
(Colbourn et al., 2013) and CO2SYS (CO2 System Calculations) (Lewis and Wallance, 1998). 
The modified NICE model (NICE-BGC) incorporates the connectivity of carbon, nitrogen, and 
phosphorus cycles that accompany hydrologic cycling between surface water and groundwater, 
hillslopes and river networks, and other intermediate regions (Fig. 3.1). This modification 
enabled us to estimate parameters of vertical fluxes (CO2 evasion and sediment storage) and 
horizontal transport to the ocean (DOC, DIC, and POC fluxes) simultaneously. Here the author 
describes in detail each of the modified versions of NICE-BGC that were not addressed by 
Nakayama (2016, 2017). 
 
3.2.2 Coupling NICE with Biogeochemical Cycle Models 
 

Governing equations for NICE-BGC prognostic variables are as follows (Nakayama, 2017) 
(Fig. 3.1). 
 
Terrestrial ecosystems: 
 

      (3.1) 
 

      (3.2) 
 
where heterotrophic respiration Rh is the sum of the litter, soil, and exudate decomposition terms 
(Wania et al., 2010); litter, inter, slow, and exu are the carbon emissions from litter, 
intermediate and slow soil pools, and exudates, respectively. The net land flux (NEP; Net 
Ecosystem Production) (gC/m2/yr) was calculated as the sum of CO2 evasion Ev (gC/m2/yr), 
heterotrophic respiration Rh (gC/m2/yr), and biomass burning Br (gC/m2/yr) minus net primary 
production (NPP) (gC/m2/yr) and the biomass increment due to establishment Eb (gC/m2/yr). A 
positive NEP indicates a carbon source, and a negative value means a carbon sink. Br is 

exuslowerlitterhR  int

brhv ENPPBRENEP 

Φ Φ Φ Φ

- 36 -



CGER-I148-2019, CGER/NIES 
 

- 37 - 
 

simulated as a function of temperature, above-ground litter, and litter moisture by the original 
LPJWHyMe (Wania et al., 2010) in the same way as in the original LPJ (Sitch et al., 2003). 
 
Diffuse sources from the upland watershed: 
 

(3.3) 
 

      (3.4) 
 

  (3.5) 
 
where cbodsurq is carbonaceous biochemical oxygen demand (CBOD) in surface runoff (mg 
CBOD/L); cs is slowly reacting CBOD (mgO2/L); cf is fast reacting CBOD (mgO2/L); roc is O2 
for C oxidation (gO2/gC); orgCsurq is the organic carbon in surface runoff (kg orgC); orgCsurf is 
the percentage of organic carbon in the top 10 mm of soil (%); sed is the sediment loading from 
the HRU (Hydrologic Response Unit) (tonnes); C:sed is the carbon enrichment ratio (unitless); 
Qsurf is the surface runoff on a given day (mm H2O); areahru is the HRU area (km2); concsed,surq 
is the concentration of sediment in surface runoff (Mg sed/m3 H2O); TSS is the total suspended 
sediment concentration (mg/L); and POCc is the particulate organic carbon content of TSS (%). 
 
Carbon weathering: 
 

       (3.6) 
 

      (3.7) 
 

     (3.8) 

 

     (3.9) 

 
where FDIC and FAlk are the fluxes of DIC and alkalinity, respectively; FCaCO3 and FCaSiO3 are 
the carbonate and silicate weathering fluxes of calcium ions; T, R, and P are land temperature, 
runoff, and plant productivity (Colbourn et al., 2013); 0 is the initial value in the feedback ({T, 
R, P} = {T0, R0, P0} for switched off feedbacks); kCa is a constant derived by correlating the 
temperature and bicarbonate ion concentration of groundwater (= 0.049); Ea is the activation 
energy of the silicate weathering reaction (= 63 kJ/mol);  is a fractional power dependent on 
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lithology; and Foutgas is a prescribed input of carbon from volcanic outgassing used to counter 
the prescribed silicate weathering flux so as to keep the system in long-term equilibrium. 
 
Conversion of parameters under the equilibrium condition: 
 

In NICE-BGC, the revised LPJWHyMe simulates DIC, and pCO2 is assumed to be a 
relatively high constant value (=10,000 atm) in the shallow groundwater of wetlands (where 
the soil type is organic) because of their high CO2 supersaturation (Cole et al., 2007). These 
values are then automatically converted to alkalinity and pH with the revised CO2SYS. The 
revised RokGeM simulates alkalinity and DIC in relatively deep groundwater of other 
terrestrial ecosystems (where the soil type is not organic), and these are also automatically 
converted to pCO2 and pH with the revised CO2SYS. These data are then merged to create an 
alkalinity and pH grid map in global groundwater at a 1° × 1° resolution. 
 
Water quality in aquatic ecosystems: 
 

Slowly reacting CBOD (cs) increases as a result of detritus dissolution and is lost via 
hydrolysis and oxidation as follows: 
 

   (3.10) 

 
where Ff is the fraction of detrital dissolution that goes to fast reacting CBOD (unitless); mo is 
the detritus as a function of plant death, dissolution, and settling (mgD/L); rod is the ratio of 
oxygen consumed in producing detritus during bottom algae respiration (mgO2/mgD); kdt(T) is 
the temperature-dependent detritus dissolution rate (/d); khc(T) is the temperature-dependent 
slow CBOD hydrolysis rate (/d); kdcs(T) is the temperature-dependent slow CBOD oxidation 
rate (/d); and Foxc is attenuation due to low oxygen (unitless). 

Fast reacting CBOD (cf) is gained via dissolution of detritus (DetrDiss) and hydrolysis of 
slowly reacting CBOD (SlowCHydr) and is lost via oxidation (FastCOxid) and denitrification 
(Denitr): 
 

    (3.11) 

 
where kdc(T) is the temperature-dependent fast CBOD oxidation rate (/d); kdn(T) is the 
temperature-dependent denitrification rate of nitrate nitrogen (/d); rondn is the ratio of oxygen 
equivalents lost per nitrate nitrogen that is denitrified (gO2/mgN); Foxdn is the effect of low 
oxygen on denitrification as shown in equation (3.10) (unitless); and nn is concentration of 
nitrate nitrogen (gN/L) determined by solving another partial differential equation for nitrate 
nitrogen as described in the original QUAL2Kw (Pelletier et al., 2006). 

Total inorganic carbon (TIC or DIC) (cT) (mgC/L or mole/L) increases by fast and slow 
carbon oxidation (FastCOxid and SlowCOxid), phytoplankton respiration (PhytoResp), and 
bottom algae respiration (BotAlgResp), and is lost via phytoplankton photosynthesis 
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(PhytoPhoto) and bottom algae photosynthesis (BotAlgPhoto). Depending on whether the water 
is under or super-saturated with dissolved CO2, it is gained or lost via reaeration (CO2Reaer): 
 

   (3.12) 

 
where rcca and rcco are stoichiometric coefficients (gC/mgA and gC/gO2, respectively); kac(T) is 
the temperature-dependent carbon dioxide reaeration coefficient (/d); [CO2]s is the saturation 
concentration of carbon dioxide (mole/L); and 0 is the ratio of dissolved CO2 to total inorganic 
carbon. 
 
Integration of models: 

 
In NICE-BGC, the revised versions of five sub-models were coupled together with the 

original NICE to conserve the carbon budget (Figs 1.3 and 3.1). Table 3.1 shows a list of 
parameters from terrestrial ecosystems that are input into the revised QUAL2Kw. The author 
assumed other some parameters were constant, and the units of the input values were converted 
to those used by the revised QUAL2Kw simulation. Each sub-model in NICE-BGC implements 
iterative simulation in the most efficient way by combining on-line and off-line modes (on-line: 
data input/output through I/O memory; off-line: data input/output through files) (Nakayama, 
2016, 2017). This integration of sub-models means that this newly coupled model incorporates 
the connectivity of the biogeochemical cycle with the hydrologic cycle among surface water 
and groundwater, hillslopes and river networks, and other intermediate regions. This 
connectivity enables NICE-BGC to be a process-oriented biogeochemical cycle model of 
human-nature–coupled phenomena. These include mechanisms of transport, mineralization, 
and sequestration of carbon in terrestrial–aquatic linkages, the interplay between inorganic and 
organic carbon (DOC, POC, DIC, pCO2, etc.) and its relationship to nutrients (e.g., nitrogen 
and phosphorus), chemical weathering, food chains in aquatic ecosystems (e.g., photosynthesis 
and respiration of phytoplankton and bottom algae), degassing of supersaturated CO2 
particularly in lakes and the upstream stretches of rivers, CH4 emission to the atmosphere 
sensitively affected by groundwater level in wetlands and paddy fields; fertilizer application to 
agricultural fields of about 20 crops, pollutant loading from urban areas, CO2 and CH4 
emissions from reservoirs and bottom sediments, and DOC, POC, and DIC efflux to the ocean. 
Therefore, this new process-based model is able to separate more clearly the carbon sources of 
inland waters from the terrestrial carbon sink, whereas most previous research on conventional 
carbon cycling has generally overestimated the accumulation of carbon in terrestrial ecosystems 
and underestimated the potential for lateral export of carbon from land to rivers (Raupach, 
2011). 
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Table 3.1 List of input parameters from terrestrial ecosystems into the revised QUAL2Kw. 
 

Parameter in 
QUAL2Kw 

Unit in 
QUAL2Kw 

Input from 
Hillslope 

Input from 
Groundwater 

Unit in Input 
Parameter 

Inflow m3/s SURQ GW_Q mm 
Temperature C° TMP 15.0  C° 
Conductivity S/cm 25C° 100.0  100.0  S/cm 25C° 

Inorganic Suspended 
Solids (ISS) 

mgD/L SYLD  0.0  metric tons/ha 

Dissolved Oxygen (DO) mgO2/L DOXQ DOXQ kg O2 
Slow CBOD mgO2/L CBODU/2 0.0  kg/cbod 
Fast CBOD mgO2/L CBODU/2 0.0  kg/cbod 

Organic Nitrogen gN/L ORGN 0.0  kg N/ha 
Ammonia Nitrogen 

(NH4
+) 

gN/L 0.0  0.0  kg N/ha 

Nitrate Nitrogen (NO3
-) gN/L NSURQ LATQ + GWNO3 kg N/ha 

Organic Phosphorus gP/L ORGP 0.0  kg P/ha 
Inorganic Phosphorus gP/L SOLP + SEDP GWSOLP kg P/ha 

Phytoplankton gA/L POC 0.0  mg/L 
Detritus mgD/L POC 0.0  mg/L 
Pathogen cfu/100 mL 0.0  0.0  cfu/100 mL 
Alkalinity mgCaCO3/L ALK ALK mol/kg 

pH - PH PH - 
 
 
 
 
3.3 Input Data and Boundary Conditions for the Simulation 
 
3.3.1 Model Input Data and Boundary Conditions 
 

Six-hourly reanalysis data for downward radiation, precipitation, atmospheric pressure, air 
temperature, air humidity, wind speed, cloud cover, FPAR, and LAI were input to the original 
NICE after interpolation of the ECMWF-Reanalysis Interim Product (ERA-interim) (ECMWF, 
2013) in inverse proportion to the back-calculated distance in each grid. These meteorological 
data were used to calculate daily averaged values, which were then input to NICE-BGC in 
addition to land temperature, evapotranspiration, surface runoff, and groundwater level 
simulated by NICE (Fig. 3.1). The input data for the global simulation were prepared and 
arranged by using ArcGIS v10.1 software; elevation, land cover, soil texture, vegetation type, 
river networks, lakes and wetlands, and geological structures were categorized according to a 
global digital elevation model (DEM; GTOPO30) (U.S. Geological Survey, 1996a), Global 
land Cover 2000 (GLC2000) (European Commission, 2015), Harmonized World Soil Database 
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(HWSD) (European Commission, 2012), GLDAS Vegetation Class (NASA, 2013), 
HYDRO1K (U.S. Geological Survey, 1996b), Global Lakes and Wetlands Database (GLWD) 
(Lehner and Döll, 2004), and Global Lithological Map Dataset (GLiM) (Hartmann and 
Moosdorf, 2012) and Gibbs and Kump Weathering Model (GKWM) (Gibbs and Kump, 1994), 
respectively.  

The agricultural regions of GLC2000 were subdivided into 17 major crops belonging to 26 
crop classes for both irrigated and rain-fed crops in MIRCA2000 (Portmann et al., 2010), 
corresponding to crop commodity classifications and definitions reported previously (Leff et 
al., 2004). The author also applied the Global Map of Irrigation Areas (GMIA) (FAO, 2016) to 
determine the irrigation type (surface water, groundwater, and other), and the Global Crop 
Water Model (GCWM) (Siebert and Döll, 2010) to determine irrigation water use. Total 
fertilizer consumption amounts (nitrogen, phosphorus, and potassium) from Earth Stat (Mueller 
et al., 2012) were used to calculate the average fertilizer consumption for each crop by using 
ArcGIS software to merge it with MIRCA2000 in each 5 arc-minute grid (≈ 10 km).  

Furthermore, a crude rule was applied whereby the anisotropy ratio  and hydraulic 
conductivity Kh (m/h) were based on soil texture class, with = 2–48 and Kh = 0.088–1.267 
m/h. The author also used the general relationship whereby permeability decreases 
exponentially with the ratio of depth to the e-folding length (a function of the slope) (Fan et al., 
2013), which means higher permeability in thicker soil on a shallower slope. 
 
3.3.2 Running the Simulation 
 

At the upstream boundaries, conditions at the hydraulic head were based on an assumption 
of no interbasin transfer. For the hillslope hydrology, flow depth, discharge, and other aqueous 
concentrations on the uppermost ridges of the mountains were set to zero throughout the 
simulation. Water temperature at the upstream boundary of each river was calculated as an 
exponential function of daily averaged air temperature (Yearsley, 2012) as follows: 

 

)(1 airTwater e
T







        (3.13) 

 
where Twater is the daily headwater temperature (C°), Tair is the smoothed air temperature (C°), 
and , , , and  are regression parameters (16.1, 12.1, 0.12, and 0.1, respectively). Inflows or 
outflows from the riverbeds were simulated at each time step according to the difference in the 
groundwater and river hydraulic heads. At the sea boundary, a constant head was set at 0 m. 
Details are described in Nakayama and Watanabe (2004). NICE simulation of eco-hydrological 
processes was performed at a 1° × 1° resolution in the horizontal direction and in 20 vertical 
layers with a weighting factor of 1.1 (where the upper layers were thinner and the deeper layers 
were thicker) through coordinate transformation (Nakayama and Maksyutov, 2018) (Fig. 2.6). 
The upper layer (the top layer) was set at 0 –5 m below the ground surface, and the 20th layer 
was defined as 200 m below sea level. Even though the model simulated the major rivers in the 
world (153 basins/watersheds and 325 river channels), the hydrologic and carbon cycles were 
simulated within the range of previous studies, which are described below. Simulations were 
performed with a time step of t = 6 h for 1998 –1999 after a 1-year spin-up period until the 
model reached steady state. The simulated results were respectively calibrated and validated in 
terms of hydrologic, geomorphic, and ecological aspects, as detailed in Nakayama (2014a-b, 
2015).  
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The NICE-BGC simulation was conducted at a 1° × 1° spatial resolution with a time step 
of t = 1 day for the same period, after calculating the daily-averaged data from the 6-hourly 
data, by inputting some of the results (land temperature, surface runoff, and groundwater level) 
simulated by NICE iteratively (Nakayama, 2016, 2017). In particular, the spin-up of the revised 
RokGeM was conducted for much longer periods (for as long as 20,000 years) under control 
conditions (no emissions) to allow complete equilibration of silicate weathering versus CO2 
outgassing at a pre-industrial level (atmospheric pCO2 of about 278 ppm). This spin-up period 
was much longer than the periods used in other sub-models, such as 1,000 years in the revised 
LPJWHyMe and 6 months in the revised SWAT and QUAL2Kw. Then, historical fossil fuel 
emissions of 292 PgC and historical land use change emissions of 171 PgC during 1750–2001 
(Boden et al., 2010; Ciais et al., 2013) were input after control conditions (no emissions) in the 
revised RokGeM; these values were slightly different from those used in the original RokGeM 
(Colbourn et al., 2013). In this revised RokGeM, the carbon isotopic signature of volcanic CO2 
outgassing was assigned a value of 13C = -6.0‰, and weathered CaCO3 was assigned a value 
of 13C = 12.8‰ during spin-up, following the original procedure (Colbourn et al., 2013), 
before model validation. These carbon isotopic values are based on ice core samples of pre-
industrial age, which give a rough estimate of isotopic composition of sources of CO2 in the 
pre-industrial atmosphere. The spatial distribution of annual-averaged CO2 evasion simulated 
by NICE-BGC was compared with the value estimated by a regression model of various 
compiled datasets (Raymond et al., 2013) and was in reasonable agreement with the distribution 
found in Nakayama (2016). Nakayama (2016) used GLORICH data for 11,699 sampling points 
(Hartman et al., 2014) and two types of river network data — GRDC (Global Runoff Data 
Centre) (resolution 30 min) (GRDC, 2014) and HydroSHEDS (resolution 15 arcsec) (U.S. 
Geological Survey, 2013) — to show the effect of river network data on the change in CO2 
evasion (Nakayama, 2016). Because there are few data on the spatial distribution of the carbon 
cycle, the CO2 evasion estimated by compiling these datasets is valuable for the validation of 
NICE-BGC. 
 
 
3.4 Results and Discussion 
 
3.4.1 Evaluation of Complex Eco-hydrological Processes on a Global Scale 
 

In this chapter, the original NICE (Nakayama, 2014a-b, 2015) was extended to simulate 
eco-hydrological processes from a regional to global scale. The annual-averaged groundwater 
level simulated by the model, which ranged from a few meters below the ground surface in 
wetter regions to a hundred meters or deeper in arid or mountainous regions (Fig. 3.2), agreed 
reasonably well with one-/two-dimensional and steady-state versions used in previous studies 
(Niu et al., 2007; Fan et al., 2013). The simulated groundwater levels for northern Eurasia, 
Europe, and the Changjiang River basin in China are similar to those obtained by Niu et al. 
(2007), whereas the simulated values for the Himalayas and Andes agree well with those 
reported by Fan et al. (2013) (Fig. 3.2c). This may be because Niu et al. (2007), which adds a 
single-layer aquifer to the bottom of the soil column to concentrate on global climate–
groundwater interaction, is relatively suitable for reproduction of a vast plain area, whereas Fan 
et al. (2013) aims to estimate the effects of land topography and geologic forcing on the 
watershed, regional, and continental scales by applying a simple two-dimensional model for 
construction of a steady-state water table. 

NICE also incorporates a three-dimensional dynamic groundwater sub-model to expand 
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from the previous simplified steady-state models. The advanced model employed in this study 
is able to simulate the horizontal transport of groundwater, which is more pronounced in regions 
with steeper slopes or with riparian/floodplain areas characterized by frequent surface water–
groundwater interaction (Fig. 3.2c), although the present simulation employs a 1.0° grid 
resolution (≈ 100 km at the equator), which is much coarser than that used in previous studies 
employing a 30 arc-second grid (≈ 1 km) (Niu et al., 2007; Fan et al., 2013). Studies conducted 
by the author and other researchers (Nakayama, 2011a-b; Nakayama and Shankman, 2013a-b; 
Kiel and Cardenas, 2014) have indicated that lateral subsurface flow also has an important 
impact on hydrologic and biogeochemical cycles, even on a continental scale, and this lateral 
flow contributes to improve the accuracy of a relative stable groundwater with atmospheric 
forcing (Maxwell and Kollet, 2008). This improvement is because most of the previous studies 
on a global scale have considered groundwater as a water stock or water pool and have almost 
entirely ignored lateral transport. The simulated results of groundwater recharge from the 
extended model are also in reasonable agreement with those of previous studies (Döll and 
Fiedler, 2008; Wada et al., 2010) and of previously reported mean annual continental water 
storage (Guntner et al., 2007). 

 

 
 
Figure 3.2 Evaluation of eco-hydrological cycling on the global scale. (a) Topographical contour 

calculated using GTOPO30 (U.S. Geological Survey, 1996a), (b) Global river network 
categorized by the Global Runoff Database (GRDC, 2014), and (c) annual-averaged 
groundwater level relative to the surface simulated by NICE. In Fig.3.2c, negative value 
means the water level below ground. 
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3.4.2 Comparison of Carbon Flux in Inland Waters between Compiled Data and 
Simulations 
 

The author compiled as much previous data as possible and calculated average values of 
CO2 evasion to the atmosphere, and discharge, TOC (total organic carbon), DOC, POC, and 
DIC fluxes to the ocean for 27 different basins (Table 3.2) (Degens et al., 1991; Frankignoulle 
et al., 1998; Schlunz and Schneider, 2000; Jones et al., 2003; Coynel et al., 2005; Yao et al., 
2007; Ciais et al., 2008; Rasera et al., 2008; Dubois et al., 2010; Alin et al., 2011; Aufdenkampe 
et al., 2011; Butman and Raymond, 2011; Ludwig et al., 2011; Dai et al., 2012; Striegl et al., 
2012; Hartman et al., 2014; Abril et al., 2015; Borges et al., 2015; Lauerwald et al., 2015; Long 
et al., 2015). NICE-BGC results of river discharge, CO2 evasion, and annual carbon flux in 
inland waters on a watershed basis were compared to these published data for 27 different rivers 
and some regions (Fig. 3.3). Generally, simulated river discharge was in good agreement with 
previous data, except for some rivers, such as the Nile and Indus, because the discharge from 
these rivers is greatly affected by reservoir operations. CO2 evasion simulated by the NICE-
BGC was in reasonable agreement with the reference values, except for underestimation in the 
Amazon River and over-estimation in the Boreal-Arctic zone. There are limited sample data for 
pCO2 in the non-flood season in the Amazon because of a high degree of seasonal variation of 
discharge, which might result in decreased accuracy of the observed data (Richey et al., 2002). 
The underestimation of simulated values can also be attributed to problems with reproducibility 
of extreme flow in some time steps. The observed values are also less reliable owing to the 
presence of peatlands and permafrost in the Boreal-Arctic zone (Lauerwald et al., 2015). In the 
future, NICE-BGC needs to capture the effects of extensive peat cover, snowmelt, and 
permafrost more accurately. Simulated values of annual carbon fluxes (DOC, DIC, and POC) 
to the ocean are similar to the reference data except for some scattering in tropical regions. In 
particular, Nakayama (2016) showed that there were limited available data of alkalinity and pH, 
and the comparison between the simulated values and observed data showed some scattering in 
their distributions. This means that the model’s accuracy concerning the carbon weathering 
process needs to be improved and further evaluated against observational data. Nakayama 
(2016) also showed that the assumption of a relationship between the Strahler stream order and 
stream width worldwide (Downing et al., 2012; GRDC, 2014) is valuable in addition to 
assumed correlations of surface area with temperature and precipitation (Butman and Raymond, 
2011; Raymond et al., 2013), making it possible to estimate the area of inland water easily and 
reasonably as an initial approximation. 
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Table 3.2 Averaged carbon flux in 27 major rivers calculated by previous studies. The range of 
data is also added in each averaged value. The range of data is equal to 0 (± 0.0 or ± 0.00) when 
there is only one data to calculate averaged value. “N/A” means no previous data for 
calculation. 

 

 

River
Discharge
(km3/yr)

TOC-flux
(TgC/yr)

DOC-flux
(TgC/yr)

POC-flux
(TgC/yr)

DIC-flux
(TgC/yr)

CO2-flux
(TgC/yr)

Reference

Yangtze(Changjiang) 925.0±70.0 13.5±3.00 7.02±4.78 5.20±0.80 25.70±0.00 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Mekong 601.1±65.0 N/A 12.87±0.00 N/A 4.30±0.00 3.06±1.90 Degens et al.(1991), Alin et al.(2011), Dai et
al.(2012), Long et al.(2015)

Lena 525.1±20.1 4.77±0.33 3.79±0.29 0.60±0.00 3.23±0.00 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Ob 414.2±18.8 3.70±0.16 3.40±0.30 0.30±0.00 3.57±0.00 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Yenisei 567.6±52.4 4.31±0.21 4.69±0.22 0.20±0.00 6.00±0.00 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Amur 325.0±19.0 3.50±0.00 2.32±0.22 1.40±0.00 N/A N/A Coynel et al.(2005), Dai et al.(2012)

Brahmaputra 573.7±97.2 3.00±0.00 2.33±1.27 1.30±0.00 0.90±0.00 N/A Degens et al.(1991), Coynel et al.(2005), Dai et
al.(2012)

Ganges 457.5±130.5 12.70±9.60 1.63±0.32 9.85±8.15 7.90±0.00 N/A Degens et al.(1991), Coynel et al.(2005), Dai et
al.(2012)

Indus 256.9±252.1 N/A 0.75±0.00 N/A 3.07±0.00 N/A Degens et al.(1991), Dai et al.(2012)

Yellow(Huanghe) 41.2±7.0 3.65±2.76 0.34±0.20 3.33±2.98 1.67±0.00 N/A Degens et al.(1991), Coynel et al.(2005), Dai et
al.(2012)

Haihe 1.1±0.0 N/A 0.01±0.00 N/A N/A N/A Dai et al.(2012)
Danube 200.9±2.9 N/A 1.12±0.00 N/A N/A N/A Degens et al.(1991), Dai et al.(2012)

Rhine 69.6±0.9 0.62±0.04 0.29±0.08 0.21±0.00 2.31±0.00 0.07±0.05 Degens et al.(1991), Frankignoulle et al.(1998),
Yao et al.(2007), Dai et al.(2012)

Murray 23.6±0.0 0.20±0.00 0.20±0.00 0.10±0.00 N/A N/A Coynel et al.(2005)

Mississippi 469.4±110.6 3.63±0.67 2.80±1.00 0.90±0.15 11.60±0.00 11.07±1.93
Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dubois et al.(2010), Dai et
al.(2012), Lauerwald et al.(2015)

St Lawrence 358.5±133.8 1.81±0.22 1.42±0.45 0.25±0.07 7.02±0.00 1.19±0.64
Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Yao et al.(2007), Dai et
al.(2012)

Columbia 154.2±27.8 0.58±0.02 0.43±0.07 0.11±0.01 2.60±0.00 N/A Degens et al.(1991), Dai et al.(2012)

Mackenzie 266.4±41.6 3.31±0.40 1.37±0.19 1.94±0.20 4.90±0.00 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Yukon 214.3±12.7 1.72±0.78 1.59±0.76 0.33±0.03 4.00±0.00 4.14±3.55
Degens et al.(1991), Schlunz&Schneider(2000),
Dai et al.(2012), Striegl et al.(2012), Lauerwald
et al.(2015)

Amazon 5761.7±838.3 34.18±6.40 25.32±9.25 10.28±3.45 31.70±0.00 318.75±159.80

Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Rasera et al.(2008),
Butman&Raymond(2011), Dai et al.(2012),
Abril et al.(2015), Lauerwald et al.(2015), Long
et al.(2015)

Orinoco 1061.6±177.6 6.90±0.30 4.57±1.31 1.98±0.24 1.69±0.02 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Parana 499.9±68.1 6.12±1.66 4.82±2.30 1.22±0.45 3.01±0.01 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Congo(Zaire) 1321.8±128.2 11.65±2.75 9.63±2.77 1.78±1.02 2.57±0.76 155.00±22.00
Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012), Abril et
al.(2015), Borges et al.(2015)

Niger 170.3±33.7 1.24±0.05 0.56±0.04 0.68±0.02 1.24±0.00 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)

Orange 10.1±3.2 0.04±0.00 0.03±0.01 0.01±0.00 0.03±0.00 N/A Degens et al.(1991), Dai et al.(2012)

Zambezi 106.0±0.0 1.10±0.00 0.60±0.00 0.50±0.00 N/A 11.30±2.20 Coynel et al.(2005), Abril et al.(2015), Borges
et al.(2015)

Nile 49.8±33.2 0.76±0.40 0.21±0.08 0.30±0.11 0.94±0.00 N/A Degens et al.(1991), Schlunz&Schneider(2000),
Coynel et al.(2005), Dai et al.(2012)
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Figure 3.3 Comparison of (a) river discharge, (b) CO2 evasion in inland water, and annual carbon 

flux to the ocean between NICE-BGC and previous data in 27 different rivers and some 
regions; (c) TOC, (d) DOC, (e) POC, and (f) DIC. Error bar shows the range of data 
compiled by previous studies. Dotted line means that the NICE-BGC value is equal to the 
reference value. 

 
 
 

Fig. 3.4 shows the global carbon budgets of inland water simulated by NICE-BGC. 
Although the model simulated only the major river basins, and all river basins should be 
included in the future, the results suggest that there is active interplay between inorganic and 
organic carbon through inland waters (Fig. 3.5). The global carbon fluxes simulated by the 
model are generally within the ranges published in previous studies (Table 3.3 and Fig. 3.4b); 
carbon export from land to inland water was about 2.01 ± 1.98 PgC/yr (export from soil, 1.64 
± 1.99 PgC/yr; rock weathering, 0.37 ± 0.17 PgC/yr), degassing above the water about 0.79 ± 
0.38 PgC/yr, sediment storage about 0.20 ± 0.09 PgC/yr, and the amount transported to the 
ocean about 1.13 ± 0.50 PgC/yr (Cole et al., 2007; Tranvik et al., 2009; Aufdenkampe et al., 
2011; Raymond et al., 2013). The error values are the standard deviation of simulated values 
for the major rivers in the world (153 basins/watersheds and 325 river channels). Although there 
is some scattering of the simulated results as compared with the range of compiled data, for 
example, the overestimation of TOC and DOC in South America (Figs 3.3c-d), the carbon 
budget in each continent is highly variable, being greatly affected by latitudinal differences. 
More organic carbon is exported from wetlands located in humid tropical and non-carbonate 
boreal regions (particularly South America and Asia), and more inorganic carbon is exported 
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from areas with high carbonate weathering, soil respiration, and groundwater flow in temperate 
and boreal carbonate terrain regions (particularly Africa) (Tranvik et al., 2009). 
 
 
 

 
 
Figure 3.4 Carbon flux budgets in inland water in 1999 simulated by NICE-BGC; (a) total river 

discharge to the ocean in each continent, (b) global carbon budget, and regional carbon 
budget in; (c) Asia, (d) Europe, (e) Oceania, (f) Africa, (g) North America, and (h) South 
America, respectively. In Fig.3.4a, “AS”, “EU”, “OC”, “AF”, “NA”, “SA” mean Asia, 
Europe, Oceania, Africa, North America, and South America, respectively. In Fig.3,4b-h, 
“TOC”, “DOC”, “DIC”, “POC” mean carbon flux outflow to the ocean, “CO2” means CO2 
evasion from inland water to the atmosphere, and “Bed” means sediment storage. Circle 
shows the mean value of data compiled by previous studies, error bar in solid-line shows the 
range of data, and another error bar in bold dotted-line shows the standard deviation of 
simulated values. 
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Figure 3.5 Global carbon flux simulated by NICE-BGC; (a) daily-averaged values, and (b) 

monthly-averaged values. 
 
 
 
Table 3.3 Comparison of global carbon flux between simulated values and values estimated by 

previous studies. The range of data is also added in each averaged value. The error in 
simulated values means the standard deviation of the major rivers in the world (153 
basins/watersheds, 325 river channels); + and - mean the increase and decrease of fluxes 
(horizontal transport, vertical flux from water to air, and vertical flux from water to bottom 
sediment) from the averaged values, respectively. 

 

River 
Simulated Value 

(PgC/yr) 
Previous Materials 

(PgC/yr) 

Carbon Export from Soil 1.64±1.99 1.75±0.50 
Rock Weathering 0.37±0.17 0.45±0.05 

Degassing above Water 0.79±0.38 0.81±0.58 
Sediment Storage 0.20±0.09 0.40±0.20 

Transport to Ocean 1.13±0.50 0.75±0.27 
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3.4.3 Change in the Global Carbon Budget with Reference to the Terrestrial-Aquatic 
Continuum 
 

Fig. 3.6 and Table 3.4 show the effect of inland waters on net land flux NEP simulated by 
NICE-BGC, where NEP was calculated as shown by equation (3.2). The global net land flux 
simulated by the revised LPJWHyMe without the effect of inland waters was –1.79 ± 0.64 
PgC/yr (a negative value indicates a carbon sink) in 1999 (Table 3.4), which is within the range 
of values reported by previous studies (–2.8 to –1.4 PgC/yr around 2000; Prentice et al, 2001; 
Canadell et al., 2007; Le Quéré et al., 2009, 2015). The author also estimated net flux by 
summing up the net land flux simulated by the revised LPJWHyMe and the CO2 evasion 
estimated empirically by compiling materials from a previous study (Nakayama, 2016) (Fig. 
1.2) and using the approach of Raymond et al. (2013). These estimated values depend on two 
types of river network data (GRDC and HydroSHEDS), and the global net fluxes ranged from 
– 0.71 PgC/yr (sink) to 0.02 PgC/yr (source) (Table 3.4). Although this combined method is 
easier to apply, the net flux is estimated without taking account of the effect of horizontal 
transport under the assumption that there is no interaction between terrestrial and aquatic 
ecosystems. The empirical estimation of CO2 evasion also generally has a large amount of 
uncertainty owing to a lack of measurements of gas transfer velocity, surface area, and pCO2 in 
water; the error in pCO2 estimates can be as high as 60% (Raymond et al., 2013). This means 
that the combined method might overestimate the actual net flux and increase the uncertainty 
range as compared with the results based only on the process-based model. It is necessary to 
obtain better measurements of gas transfer velocity, surface area, and pCO2 in the water to 
improve the accuracy of these empirical estimations and validate the NICE-BGC results. 

Because NICE-BGC can simulate the net flux in both terrestrial and aquatic ecosystems 
(Fig. 3.6d and Table 3.4), the land flux might change somewhat in hotspots such as tropical 
regions, including the Amazon, Congo, Southeast Asia, and boreal regions such as West Siberia 
(Nakayama, 2017). It is clear that NICE-BGC could simulate carbon sources around the middle 
of the Amazon River (Fig. 3.6a) because NICE-BGC explicitly considered the effect of inland 
waters. The global net land flux simulated by NICE-BGC was –1.05 ± 0.62 PgC/yr, which 
decreases the carbon sink value as compared to that of the revised LPJWHyMe and the values 
presented in previous materials (Table 3.4). This difference is attributable to CO2 evasion and 
lateral carbon transport across continents and from continents to oceans, because the carbon 
originating from wetlands and peat drainage, soil leaching and erosion, and chemical 
weathering of soil minerals (Ciais et al., 2008) is explicitly included in NICE-BGC (Table 3.3). 
This result is also supported by evidence from previous studies indicating that terrestrial CO2 
sinks might become smaller than previously thought as models improve, or some may even 
shift from a CO2 sink to a source (Cole et al., 2007; Battin et al., 2009; Tranvik et al., 2009). 
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Figure 3.6 Effect of inland water on net land flux around Amazon River basin around 2000 

simulated by NICE-BGC; (a) annual averaged net land flux simulated by the revised 
LPJWHyMe (without the effect of inland water), (b) net flux both in terrestrial and 
aquatic ecosystems estimated by GRDC, (c) the flux estimated by HydroSHEDS and 
HYDRO1K, and (d) the net flux simulated by NICE-BGC. Positive value means carbon 
source, and negative value means carbon sink. 

 
 
Table 3.4 Comparison of global net flux in land between simulated results and previous materials. 

Positive value means carbon source, and negative value means carbon sink. The range of data 
is also added in each averaged value. 

 

Simulated Results or Previous Materials 
Net Land Flux 

(PgC/yr) 
Year 

Prentice et al. (2001) -1.4±0.7 2000 
Canadell et al. (2007) -2.8±1.0 1990-2006 
Le Quéré et al. (2009) -2.6±0.7 1990-2000 
Le Quéré et al. (2015) -2.1±0.9 1990-2000 

Rev. LPJWhyMe (without Inland Water) -1.79±0.64 1999 
Rev. LPJWhyMe + GRDC Estimation -0.71±0.74 1999 

Rev. LPJWhyMe + HydroSHEDS Estimation 0.02±0.74 1999 
NICE-BGC including Inland Water -1.05±0.62 1999 
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3.5 Conclusion 
 

The new process-based NICE-BGC model incorporates the entire carbon cycling process, 
including surface runoff, groundwater, weathering, CO2 evasion and sediment storage in water, 
and outflow to the ocean. The model simulates both horizontal transport to the ocean and 
vertical fluxes and includes both carbon from aquatic metabolism and terrestrially derived 
carbon in major rivers, which is a potential improvement from previous studies. The model 
helped to identify some hotspots of CO2 evasion, such as the Amazon River basin, on a global 
scale. The global carbon fluxes simulated by the model were generally within the ranges of 
previous studies; carbon export from land to inland water was about 2.01 ± 1.98 PgC/yr, 
degassing above the water about 0.79 ± 0.38 PgC/yr, sediment storage about 0.20 ± 0.09 PgC/yr, 
and transport to the ocean about 1.13 ± 0.50 PgC/yr. The simulated results showed that the 
global net land flux (–1.05 ± 0.62 PgC/yr) indicated a smaller carbon sink as compared with 
those of the revised LPJWHyMe (–1.79 ± 0.64 PgC/yr) and other previous studies ( –2.8 to 
–1.4 PgC/yr). This result is attributable to CO2 evasion and lateral carbon transport, which are 
explicitly included in NICE-BGC. It suggests most previous research on conventional carbon 
cycling has generally overestimated the accumulation of carbon in terrestrial ecosystems and 
underestimated the potential for lateral transport. Previous research has generally considered 
the accumulation of carbon in terrestrial ecosystems without explicitly considering the effect of 
inland waters, and therefore, the effect of inland waters has been implicitly included within the 
uncertainty range in the global carbon cycle of earth system consisting of land, oceans, and the 
atmosphere. The results imply that the difference between inverse techniques and budget 
estimates suggested by previous research can be explained to some extent by the net source of 
carbon from inland water. If this component proves to be important, it is likely that the terrestrial 
CO2 sink will be found to make a smaller contribution to the global carbon cycle than previously 
considered. It will also be necessary to reduce the uncertainty ranges of simulated results and 
analyze their biases more strictly in each process. 
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Abstract 
 

Recent research has shown that inland waters may play some role in carbon cycling, 
although the extent of their contribution has remained uncertain owing to the limited amount of 
reliable data available. In this chapter, NICE-BGC, the new process-based model developed in 
Chapter 3, was applied to Eurasian wetlands by using three types of river network data to 
evaluate the scaled-dependence of the carbon cycle in those areas. The model improved the 
accuracy of simulating areas with low pH and alkalinity and high DOC flux in wetlands in the 
northern part of the study area with finer river network data. It showed that differences in the 
carbon flux among the different river network data were larger in the downstream region, and 
that this difference was more predominant in stream channels than on hillslopes, implying the 
importance of dry watercourses and intermittent rivers. Latitudinal effects and human impacts 
on hydrologic and carbon cycles were evaluated for the boreal Ob River, temperate Yangtze 
River, and subtropical Mekong River basins in Asia by using different resolutions of river 
network data. The model simulated more heterogenous distributions of water and carbon flux 
in the finer river network data in these regions and helped to identify peak DOC flux shifts from 
spring to fall in the southern latitudes. The model was extended to the continental scale at a 1° 
× 1° resolution with a time step of t = 1 day for 1998–2015 to evaluate seasonal and diurnal 
variations in carbon flux parameters. Results showed a seasonal variability of horizontal 
transport and vertical fluxes among boreal, temperate, and tropical regions and among the 
continents. These results emphasize the important role of Asian river systems on the global 
carbon cycle and the biogeochemical contrast among different latitudes. Finally, the model was 
extended to the global scale to evaluate seasonal variations of the carbon cycle on hillslopes 
and in rivers to clarify that (1) soil temperature has some effect on carbon transport by biological 
processes responsible for carbon production and there is a clear relationship between runoff and 
carbon export, (2) high runoff occurs during April to June and large DOC and POC fluxes 
(about 458.38 ± 474.41 TgC/season and 239.25 ± 289.90 TgC/season) occur during January to 
March on hillslopes, (3) CO2 evasion reaches a maximum of about 294.66 ± 93.80 TgC/season 
during January to June and is primarily affected by the Amazon River, and (4) sediment storage 
is greatest, reaching about 76.80 ± 13.19 TgC/season, during July to September, particularly in 
Asian and North American rivers. These results help to bridge the gap between carbon transport 
in the longitudinal direction and gas emission to the atmosphere obtained in previous research. 
This simulation system should be helpful in future field observations and with remotely sensed 
imagery and satellite datasets, and should play an important role in improving our 
understanding of biogeochemical activity in spatio-temporal hotspots. 
 
Keywords: latitudinal effect; seasonal variations; eco-hydrology model; coupling model; 
inland water 
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4.1 Introduction 
 

Previous studies have suggested that variations and uncertainties in the biogeochemical 
cycle in terrestrial ecosystems are relatively larger than those in the atmosphere and ocean, and 
that the terrestrial biosphere sequesters most of the available carbon there. Recently, some 
research has started to reconsider the importance of inland waters, including rivers, lakes, and 
groundwater (Cole et al., 2007; Battin et al., 2009). In particular, inland waters play a role in 
transport, mineralization, and sequestration of carbon, which might also be complicated by 
surface–groundwater interactions around wetland and riparian areas, and water movement in 
these areas may drive carbon storage and flux. 

The author developed the process-based National Integrated Catchment-based Eco-
hydrology (NICE) model, which includes complex interactions between the forest canopy, 
surface water, the unsaturated zone, aquifers, lakes, and rivers (Fig. 1.1) (Nakayama, 2008a-c, 
2009, 2010, 2011a-d, 2012a-d, 2013, 2014a-b, 2015, 2018; Nakayama and Fujita, 2010; 
Nakayama and Hashimoto, 2011; Nakayama and Shankman, 2013a-b; Nakayama and 
Watanabe, 2004, 2005, 2006a-b, 2008a-c; Nakayama et al., 2006, 2007, 2010, 2012). The 
model can iteratively simulate nonlinear interactions between hydrologic, geomorphic, and 
ecological processes, and it includes feedback and downscaling processes from regional to local 
simulations with a high resolution. The author previously attempted to extract the impacts of 
groundwater-level change, sediment deposition, and nutrient availability from a complex alder 
invasion pattern and vice versa by using the NICE model (Nakayama, 2012b, 2013; Nakayama 
and Watanabe, 2004). From the point of view of scale similarity and discontinuity of eco-
hydrological processes, it is heuristically important to identify spatial coupling of local 
ecosystems, including energy, materials, and organisms across ecosystem boundaries. Recent 
research suggests serious concerns about the extrapolation of experimental results obtained at 
small scale to entire landscapes, which highlights the necessity of bridging the gap between 
ecosystems at various scales (Deegan et al., 2012). Brown et al. (2004) noted the importance of 
re-evaluating the ecosystem as an extension of the “metabolic theory of ecology” from the 
perspective of a meta-ecosystem analysis by considering multi-scaled aspects between global–
regional–micro levels, which is similar to the approach used in the “river continuum concept” 
(Vannote et al., 1980). From this point of view, Nakayama’s (2012b, 2013) previous 
improvements in feedback and downscaling processes in the model become more powerful to 
evaluate this complex ecosystem metabolism by coupling upscaling processes with it. 

Previous research on the carbon cycle in inland waters has evaluated the biogeochemical 
cycle in inland waters and found that carbon budgets are diverse in various basins/catchments 
and that there is a close and complex relationship between pCO2 (partial pressure of CO2 in 
water), DOC (dissolved organic carbon), DIC (dissolved inorganic carbon), and POC 
(particulate organic carbon) in inland waters (Cole et al., 2007; Tranvik et al., 2009; 
Aufdenkampe et al., 2011; Raymond et al., 2013). While pCO2 and pCH4 (partial pressure of 
CH4 in water) are necessary to evaluate CO2 and CH4 fluxes to the atmosphere (evasion), DOC, 
DIC, and POC are also important to evaluate the CO2 flux to the ocean and sediment storage. 
From this viewpoint, it is necessary to develop a process-oriented model to obtain a better grasp 
of the biogeochemical cycle in the biosphere (terrestrial and aquatic ecosystems) as a “unifying 
currency” through a holistic approach (Prairie and Cole, 2009; Nakayama, 2016). This kind of 
model would help to clarify the mechanism of the carbon cycle in more detail, particularly the 
interplay between inorganic and organic carbon and its relationship to nitrogen and phosphorus 
in the context of the hydrologic cycle. 

As described in Chapter 3, Nakayama (2016, 2017a-b) recently expanded NICE to couple 

- 59 -



Chapter 4  Scale-Dependence and Seasonal Variations of the Carbon Cycle in Inland Waters 

 

- 60 - 
 

it with various biogeochemical cycle models (NICE-BGC), including those for terrestrial 
ecosystems, water quality in aquatic ecosystems, and carbon weathering. NICE-BGC 
incorporates the connectivity of the biogeochemical cycle accompanying hydrologic cycling 
between surface water and groundwater, hillslopes and river networks, and other intermediate 
regions (Figs 1.3 and 3.1). In this chapter, NICE-BGC was applied at regional and global scales 
to evaluate scaled-dependence and seasonal variations of the carbon cycle (Nakayama, 2017b-
c). This new model relies on the following two hypotheses: (1) latitudinal difference is an 
important factor that constrains the variability of horizontal and vertical carbon fluxes in Asian 
rivers, and (2) seasonal and diurnal variations are important components in the evaluation of 
the impact of Asian rivers on global carbon cycle change. On the basis of these hypotheses, 
NICE-BGC was applied to the Ob River basin, including the West Siberian Lowland (WSL) 
(approximately 47°N to 67°N), and the Yangtze River basin (approximately 25°N to 35°N), 
and Mekong River basin (approximately 10°N to 34°N) for the evaluation of latitudinal effect 
and human impact on eco-hydrological processes and biogeochemical cycles (Fig. 4.1). To the 
extent possible, previously published data on the carbon cycle in these three river basins was 
used to improve the accuracy of simulated results. The model was applied to these three rivers 
because they are representative of boreal, temperate, and tropical/subtropical regions and 
evaluated the diurnal carbon cycle in the downstream of the rivers.  

The model showed different seasonal variations in the carbon budgets of these three areas. 
In particular, the wetlands located in the WSL contribute to the carbon cycle through the 
respiration of flooded roots and non-flooded vegetation, and by providing labile organic carbon 
to sustain bacterial degradation (Borges et al., 2015). The model was extended to continental 
and global scales to evaluate the eco-hydrological cycle and the role of Asian river systems in 
seasonal and diurnal biogeochemical cycle changes. The model was able to clarify 
quantitatively and in detail the mechanism of rock weathering, degassing above water bodies, 
sediment storage, and transport to the ocean. In particular, the new model showed that there is 
great variability in DOC, POC, and DIC transport to the ocean, reflecting biological and 
hydrological processes. The model also showed that CO2 degassing was affected by both 
terrestrially derived CO2 and CO2 production through aquatic metabolism, which in the 
previous research have usually been evaluated separately, so this represents a great 
improvement from previous studies (Nakayama, 2016, 2017a-c). Recent research has shown 
that increasing carbon retention in ecosystems is a major determinant of enhanced biological 
productivity and biodiversity (Zalewski, 2015). The NICE-BGC model, which integrates our 
current understanding of environmental processes, should prove useful in developing climate 
change adaptation and mitigation strategies and as a tool for preventing biodiversity decline in 
the ecosystems. 
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Figure 4.1 Geographical characteristics and elevation of the study area at Ob, Yangtze, and 

Mekong River basins representative of Asian river systems. 
 
 
 
4.2 Regional Overview of the Ob River, Yangtze River, and Mekong River Basins  
 

Because latitudinal differences in the carbon cycle in basins are assumed to be an important 
factor that constrains the variability of horizontal and vertical carbon fluxes, three basins located 
at different latitudes were chosen to represent the Asian carbon cycle. The analysis was then 
extended to continental scale to evaluate the impact of Asian rivers on the global carbon cycle. 

The Ob River basin includes the WSL, which contains the world’s most extensive peatlands 
(Smith et al., 2004). In particular, boreal and subarctic peatlands such as the WSL are a carbon 
sink and store about 15–30% of the world’s soil carbon (Limpens et al., 2008); they also affect 
the dynamics of methane emission as a source. Wetlands also have important influences on the 
hydrologic cycle, play an important role in biogeochemical processes, and help preserve 
valuable species. The WSL is located in the lower Ob River basin in an area of permafrost 
transition (Fig. 4.1). It is frequently inundated during spring and summer and differs from the 
middle and the upper Ob in terms of hydrological regime and watershed management 
(Nakayama and Maksyutov, 2018).  

The Yangtze River basin is in the humid south (Fig. 4.1), and deforestation and land 
reclamation have led to serious soil erosion and increased flooding; the shrinkage of flood 
storage ability around lakes in the area is particularly serious (Nakayama and Watanabe, 2008b; 
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Nakayama and Shankman, 2013a-b). Although the Three Gorges Dam (TGD) provides flood 
control and other benefits, changes in the aquatic environment of the estuary and the East China 
Sea might have been induced by changes in pollutant loads caused by the deposition of large 
amounts of sediment carried from the upper region above the dam and the artificial control of 
discharge volume (Yang et al., 2006). Recent studies have pointed out that the impact of the 
TGD on flood occurrence in Yangtze River (downstream) have justified some of the original 
arguments against building the dam (Nakayama and Watanabe, 2008b; Nakayama and 
Shankman, 2013a-b). 

The Mekong River originates in the Himalayas and is longest river in the Southeast Asia 
(Fig. 4.1). Supersaturated pCO2 conditions are typical in this subtropical river, and suspended 
sediment loads are dynamic, similar to those of the Amazon River (Alin et al., 2011). Currently, 
there are no dams on the lower mainstream, but many dams for hydropower are planned or 
under construction in the river system. These dams will transform the original river by altering 
natural flow patterns, affecting the suspended matter load (potentially causing problems in the 
Mekong delta), changing nutrient and carbon fluxes to the East China Sea, and disrupting 
fisheries and other ecosystem services (Grumbine et al., 2012). 
 
 
4.3 Input Data and Boundary Conditions for Simulation 
 
4.3.1 Model Input Data 
 

Six-hour reanalysis data for downward radiation, precipitation, atmospheric pressure, air 
temperature, air humidity, wind speed, cloud cover, fraction of photosynthetically active 
radiation, and leaf area index (LAI) were input to the original NICE after interpolation of the 
ECMWF-Reanalysis Interim Product (ERA-interim) (ECMWF, 2013) in inverse proportion to 
the distance back-calculated in each grid. These meteorological data were used to calculate 
daily averaged values and then input to NICE-BGC in addition to soil temperature, surface 
runoff, and groundwater level simulated by NICE (Fig. 3.1). The input data for the global 
simulation were prepared and arranged by using ArcGIS v10.1 software; elevation, land cover, 
soil texture, vegetation type, river networks, lakes and wetlands, and geological structures were 
categorized on the basis of the global digital elevation model (DEM; GTOPO30) (U.S. 
Geological Survey, 1996a), Global land Cover 2000 (GLC2000) (European Commission, 2015), 
Harmonized World Soil Database (HWSD) (European Commission, 2012), GLDAS 
Vegetation Class (NASA, 2013), HYDRO1K (U.S. Geological Survey, 1996b), Global Lakes 
and Wetlands Database (GLWD) (Lehner and Döll, 2004), and Global Lithological Map 
Dataset (GLiM) (Hartmann and Moosdorf, 2012) and Gibbs and Kump Weathering Model 
(GKWM) (Gibbs and Kump, 1994), respectively. For the regional simulation of Ob River and 
Mekong River basins, three resolutions of river data were used for each simulation: 12 stream 
channels and 128 stream channels by HYDRO1K (U.S. Geological Survey, 1996b) and 1160 
stream channels by the Global Runoff Data Centre (GRDC, 2014) in the Ob River basin, and 
19, 82, and 449 stream channels by HYDRO1K (U.S. Geological Survey, 1996b) in the Mekong 
River basin (Fig. 4.2 and Table 4.1). Only one type of river data was used for simulation in 
Yangtze River basin, nine stream channels by HYDRO1K (U.S. Geological Survey, 1996b), as 
compared to the more detailed simulation of the hydrologic cycle (Nakayama and Watanabe, 
2008b; Nakayama and Shankman, 2013a-b). Although there were many uncertainties regarding 
the model parameters, the model included reliable values taken from previous studies to the 
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extent possible, for example, river width, and peat depth (Kremenetski et al., 2003; Smith et al., 
2004; National Snow and Ice Data Center, 2004). 

The author further subdivided the agricultural regions of GLC2000 into 17 major crops of 
26 crop classes for both irrigated and rain-fed crops in MIRCA2000 (Portmann et al., 2010), 
corresponding to the crop commodity classifications and definitions reported previously (Leff 
et al., 2004). The author also applied the Global Map of Irrigation Areas (GMIA) (FAO, 2016) 
to decide the irrigation type (surface water, groundwater, and other), and the Global Crop Water 
Model (GCWM) (Siebert and Döll, 2010) to decide irrigation water use. Total fertilizer 
consumption amounts (nitrogen, phosphorus, and potassium) from Earth Stat (Mueller et al., 
2012) were used to calculate the average fertilizer consumption for each crop. These data are 
important to assess human impacts on Asian river systems, where human activity has 
dramatically changed the hydrologic cycle, biogeochemical cycle, and ecosystem dynamics 
(Nakayama, 2015). Furthermore, a crude rule was applied whereby the anisotropy ratio and 
hydraulic conductivity were based on the soil texture class. The author also used the general 
relationship whereby permeability decreases exponentially with the ratio of depth to the e-
folding length (a function of the slope), as described by Fan et al. (2013). These model 
parameters of hydrologic and ecological characteristics, soil and vegetation properties, and 
geological structures were calibrated by comparing simulated and observed values within the 
initial estimated known range and those published in the literature (Clapp and Hornberger, 
1978; Rawls et al., 1982). 

 
 
Figure 4.2 Comparison of network data for the simulation; (a) West Siberian Lowland (12, 128, 

and 1160 stream channels), and (b) Mekong River basin (19, 82, and 449 stream 
channels). 
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Table 4.1 Number of segments in stream order of each network data for the simulation shown in 
Fig. 4.2. Stream order is according to Downing et al. (2012). 

 

 
 
 
 
 
4.3.2 Boundary Conditions and Running the Simulation 
 

At the upstream boundaries, conditions at the hydraulic head were based on an assumption 
of no inflow from the mountains in the opposite direction. For the hillslope hydrology, flow 
depth, discharge, and other water concentrations at the uppermost boundaries of basins were 
set to zero throughout the simulation. In order to calculate these boundaries, the author first 
used GTOPO30 to calculate each basin boundary at a resolution of 1 km × 1 km and then 
calculated a 1° × 1° grid by using ArcGIS v10.1 software for the model simulation. Water 
temperature in the uppermost boundary of each river was calculated as an exponential function 
of daily averaged air temperature (Yearsley, 2012). Inflows or outflows from the riverbeds were 
simulated at each time step in accordance with the difference in the groundwater and river 
hydraulic heads. At the sea boundary, a constant head was set at 0 m. Details are described in 
Nakayama and Watanabe (2004). 

The simulation was conducted for an area about 2,100 km wide by 3,000 km long, with 
resolutions of 0.15° and 1° in the Ob River basin, and about 1,700 km wide by 2,600 km long, 
with resolutions of 0.10° and 1° in the Mekong River basin (Figs 4.1 and 4.2). These areas were 
discretized into 20 layers with a weighting factor of 1.1 (layer thicknesses were graduated from 
thinner in the upper layer to thicker in the deeper layer) in the vertical direction. The upper land 
layer was set at 0–2 m below the ground surface, and the 20th land layer was defined as an 
elevation of 200 m below sea level. The total thickness of the 20 layers varied from 200 m to 
5,282 m in the Mekong River basin, and from 200 m to 1,952 m in the Ob River basin. The 
model simulates the river network among elements and the terrestrial ecosystem in grid cells. 
The contribution of the river in each grid cell was estimated by calculating the proportion of 
river area in each grid (relative to the total grid area). Simulations were performed with a time 
step of t = 6 h for 1998–2015 after a 1-year spin-up period until a time-varying equilibrium 
was reached. The model was also extended to the global scale at a 1° × 1° resolution through 
coordinate transformation (Nakayama and Maksyutov, 2018) with the same time step used in 
the WSL and Mekong River basin (Fig. 2.6). The simulated results were calibrated and 
validated with respect to hydrologic, geomorphic, and ecological aspects by using results from 
Nakayama (2014a-b, 2015).  

A NICE-BGC simulation was then run for the terrestrial ecosystem at the same spatial 
resolution with a time step of t = 1 day for the same period by inputting some of the results 

HYDRO
(12 reaches)

HYDRO
(128 reaches)

GRDC
(1160 reaches)

HYDRO
(19 reaches)

HYDRO
(82 reaches)

HYDRO
(449 reaches)

5 0 14 0 0 12 226
6 1 33 647 0 27 100
7 2 32 270 10 21 86
8 3 22 164 5 7 17
9 3 12 55 4 15 20

10 3 15 24 0 0 0

Stream
Order

West Siberia Mekong Riv.
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simulated by NICE (soil temperature, surface runoff, and groundwater level) in the offline mode 
after calculating the daily averaged data from the 6-hour data (Fig. 3.1). Then, a NICE-BGC 
simulation for the aquatic ecosystem was conducted with a time step between t = 0.044 min 
and 0.70 min to improve the stability of the model. This time step was shorter than the time 
required for the diurnal processes affecting carbon cycle and water quality, including CO2 
evasion and sediment storage. The spin-up in the revised RokGeM was conducted for much 
longer periods (e.g., 20,000 years) under control conditions (no emissions) to allow complete 
equilibration of silicate weathering versus CO2 outgassing at a pre-industrial level (atmospheric 
pCO2 was about 278 ppm). This period is much longer than the periods used in other sub-
models, such as 1,000 years in the revised LPJWHyMe and 6 months in the revised Soil and 
Water Assessment Tool and QUAL2Kw. The continental values were estimated by compiling 
values for the major river basins in the world (153 basins/watersheds, 325 river channels) as in 
Nakayama (2017a-b). The annual-averaged carbon fluxes of both horizontal transports (total 
organic carbon (TOC), DOC, POC, and DIC fluxes to the ocean) and vertical fluxes (degassing 
above the water and sediment storage) in major rivers simulated by NICE-BGC were verified 
and found to be in good agreement with the values estimated in previous research (Cole et al., 
2007; Tranvik et al., 2009; Aufdenkampe et al., 2011; Raymond et al., 2013) in Nakayama 
(2017a-b). 
 
 
4.4 Results and Discussion 
 
4.4.1 Scaled-Dependence of Hydrologic and Carbon Cycles in Ob River and Mekong River 
 

Alkalinity and pH are important parameters in carbon cycle modeling, but data for these 
are lacking on a global scale, with a few exceptions, such as the Global River Chemistry 
Database (GLORICH) (Hartman et al., 2014). Fig. 4.3 shows pH and alkalinity for the NICE-
BGC simulation and the observed GLORICH data (Hartman et al., 2014) in West Siberia. pH 
values were generally lower in wetlands (Fig. 4.3b) as a result of the acidic, poorly buffered, 
and organic-rich waters (Abril et al. 2015). A similar trend was observed in Nakayama (2016). 
Alkalinity was higher in the middle reaches of the Ob River and lower in wetlands in the 
northern part of study area (Fig. 4.3d). The model generally reproduced a heterogeneous 
distribution of pH and alkalinity, and agreement between the observed and simulated results 
improved in the simulated results with the finer river network data. 
 
 
 
 
 
 

- 65 -



Chapter 4  Scale-Dependence and Seasonal Variations of the Carbon Cycle in Inland Waters 

 

- 66 - 
 

 
 
Figure 4.3 Comparison of pH and alkalinity between NICE-BGC simulation and observed data 

of GLORICH (Hartman et al., 2014) in West Siberia; (a) simulated pH in two types of 
river network data (left; 12 reaches, and right; 128 reaches in Fig. 4.2a), (b) observed 
pH, (c) simulated alkalinity, and (d) observed alkalinity. 

 
 
 

Fig. 4.4 shows annual-averaged water and carbon flux per basin from terrestrial to aquatic 
ecosystems for three types of river data (Fig. 4.2) simulated by NICE-BGC. The simulated 
results were compared in the different latitudes of the Ob and Mekong rivers. The model 
simulated more heterogenous distributions of water and carbon flux in the finer river network 
data in both regions. Although it was difficult to validate these fluxes, the author validated the 
water and carbon flux in major rivers as mentioned later and against previous research to the 
extent possible (Nakayama, 2016, 2017a-c). The model shows a clear difference in the 
hydrologic and carbon cycles between these regions, which is caused by different conditions of 
meteorology, topography, land use, soil properties, and geological characteristics (Jenerette and 
Lal, 2005). Fluxes were greater in the downstream region of the Ob River but in the upper 
region in the Mekong River. Because surface water is more dominant than groundwater in West 
Siberia (percentage of total flux to the ocean: surface water = 77.4%, groundwater = 22.6%), 
DOC flux, mainly originating from the wetlands, has a large effect on TOC flux (= DOC + POC 
+ DIC flux) (Figs 4.4a-b). The DOC flux is clearly greater in the wetlands, and more organic 
carbon is exported from these areas. POC flux increases in the downstream of the Ob River, 
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where the land cover changes from forest to wetlands. DIC flux is greatest in areas where peat 
depth is greatest, so peat distribution has a great effect on the distribution of the total carbon 
flux (Nakayama, 2017c). In contrast, DIC flux is highest in the Mekong basin, particularly in 
the upper Mekong region because groundwater is more dominant than surface water in this area 
(surface water = 11.2%, groundwater = 88.8%) (Figs 4.4c-d). In the upper Mekong in Yunnan 
Province of China (the Himalayas), the river cuts deep gorges into the rock and most of the 
inflows are probably via surface pathways, whereas in the lower Mekong most inflow into the 
tributary rivers is likely via subsurface pathways. The higher proportion of groundwater flow 
can be seen in the spatial distribution of surface water and groundwater runoff (Nakayama, 
2017c). This higher groundwater ratio agrees with a previous study of the Mekong basin above 
Kratie (Lauri et al., 2012). This phenomenon is also related to the fact that there is much more 
rainfall in the rainy season (June to September) in the lower gradient, vast agricultural region 
of the middle-lower Mekong than in the narrow area of the upper Mekong basin (Costa-Cabral 
et al., 2008). Subsurface runoff is generally higher than surface runoff on a continental or global 
scale because of the greater reserve of water in groundwater, as noted in several previous studies 
(Oki and Kanae, 2006; Good et al., 2015; Nakayama, 2017a). 

 
 
 

 
 
Figure 4.4 Comparison of annual-averaged water and carbon flux per each basin from terrestrial 

into aquatic ecosystems in three types of river data (river channel becomes finer from 
left to right as shown in Fig. 4.2) simulated by NICE-BGC in West Siberia; (a) total 
inflow (= surface water + groundwater), (b) TOC flux (= DOC + POC + DIC flux), and 
in Mekong River; (c) total inflow, (d) total flux. 
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Table. 4.2 shows annual runoff and carbon flux for three types of river data in the WSL and 
the Mekong River basin. The simulated results are generally in the range of the values obtained 
in previous studies (Schlunz and Schneider, 2000; Coynel et al., 2005; Alin et al., 2011; Dai et 
al., 2012; Lauri et al., 2012; Long et al., 2015), as evaluated in Nakayama (2017a-b). The 
simulated results show runoff and carbon fluxes increase as the river network data become finer 
in the Ob River, whereas the flux variations are more complicated in the Mekong River. This 
variation is mainly because of the narrow strip in the upstream region in the Mekong (Fig. 4.4) 
in spite of a relatively large stream order in the simulation (Table 4.1), and the larger variations 
of the total thickness of the vertical layers in the model in this area, as described in section 4.3. 
It is also interesting that there is not a great difference in the fluxes in the upstream regions in 
the three types of river data. The differences in flux are larger in the downstream regions, and 
this difference is more predominant in stream channels than in hillslopes. The simulated results 
imply the effect of river network data on carbon cycle variability, which is also related to the 
importance of dry watercourses, intermittent rivers, and temporary waterways (Von Schiller et 
al., 2014). Other research has also indicated the importance of dry rivers, which constitute more 
than 30% of the total length and discharge of the global river network (Datry et al., 2014), and 
that 69% of first-order streams below 60° latitude flow only intermittently (Raymond et al., 
2013). Although the present study treats only relatively large stream order (5–10) (Downing et 
al., 2012) (Table 4.1) to keep the computational load as small as possible in the regional scale 
model, it is necessary to evaluate the effect of dry or intermittent watercourses on carbon cycle 
change at smaller stream orders in the future. The dry phase of intermittent rivers can be 
biogeochemically active and may release substantial amounts of CO2 to the atmosphere, 
whereas large quantities of organic material and nutrients can produce hot moments of 
biogeochemical transfer and transformation processes during flood seasons. 
 
 
 
 
Table 4.2 Comparison of annual runoff and carbon flux in three types of river data in Ob River 

and Mekong River basins shown in Fig. 4.2. 
 

 
 
 
 
 
 

Case Area
SW-Inflow
(km3/yr)

GW-Inflow
(km3/yr)

Total-Inflow
(km3/yr)

DOC-flux
(TgC/yr)

POC-flux
(TgC/yr)

DIC-flux
(TgC/yr)

Total-flux
(TgC/yr)

HYDRO
(12 reaches) West Siberia 175.0 51.745 226.761 17.527 1.972 12.259 31.757

HYDRO
(128 reaches) West Siberia 228.1 69.003 297.112 23.913 1.884 15.882 41.679

GRDC
(1160 reaches) West Siberia 239.7 76.641 316.381 33.797 2.464 16.663 52.925

HYDRO
(19 reaches) Mekong Riv. 94.0 668.159 762.204 1.926 1.557 19.970 23.452

HYDRO
(82 reaches) Mekong Riv. 78.5 619.794 698.295 1.571 9.093 16.139 26.803

HYDRO
(449 reaches) Mekong Riv. 77.0 623.412 700.389 2.259 4.892 13.738 20.889

- 68 -



CGER-I148-2019, CGER/NIES 
 

- 69 - 
 

4.4.2 Diurnal and Monthly Variations of Carbon Flux in Asian Rivers 
 

Fig. 4.5 shows the simulated result of daily and monthly averaged DOC flux in the Ob 
(Salekhard station; boreal) (Figs 4.5a, d), Yangtze (Datong station; temperate) (Figs 4.5b, e), 
and Mekong (Stung Treng station; tropical/subtropical) (Figs 4.5c, f) rivers. The model 
generally reproduced the observed discharge (Changjiang Water Conservancy Committee, 
1998, 1999; Lammers and Shiklomanov, 2000; Mekong River Commission, 2011) during 
1998–2015 in the three regions (Nakayama, 2017a-c). The correlation coefficient of discharge 
between simulated and observed values is higher (Cor =0.983) in the Yangtze River than in Ob 
(Cor =0.339) and Mekong (Cor =0.791) rivers because the original NICE was verified in detail 
by using observation data of river discharge, soil moisture, and groundwater level in the 
Yangtze River basin in Nakayama and Watanabe (2008b). The discharge data at the Stung 
Treng gauging station in the downstream Mekong River (Mekong River Commission, 2011) 
was digitized from a figure in Lauri et al. (2012). Data about time-series and seasonal variations 
of DOC flux was used to the extent possible to compare seasonal changes of these quantities in 
different Asian rivers; specifically, data from the available literature were compared with the 
simulated result for the Ob River (Kohler et al., 2003; Gebhardt et al., 2004; Hartman et al., 
2014; McClelland et al., 2016), the Yangtze River (Wang et al., 2012; Shi et al., 2016; Ran et 
al., 2017), and the Mekong River (Li and Bush, 2015; Borges et al., 2017). Existing data are 
limited, however, except concerning DOC flux.  

The model results show clear seasonal variations in the carbon cycles, which imply a 
complicated interaction between inorganic and organic carbon in the rivers (Jenerette and Lal, 
2005). For example, there was a serious flood in summer 1998 in the Yangtze River, and the 
model implies that this flooding caused high carbon flux variations during this extreme period 
(Reichstein et al., 2013). Interestingly, the peak DOC flux shifts from spring (snowmelt) to fall 
(typhoon) from north to south (Figs 4.5d-f). This result indicates biogeochemical differences at 
different latitudes, and it is expected that these differences will become more complicated by 
anthropogenic activity and climate change in the future. The model also calculated the diurnal 
carbon cycle, and CO2 evasion clearly increases and sediment storage decreases at night, 
particularly in the Yangtze River (Nakayama, 2017c). This result suggests that temperature-
induced physico-chemical processes cannot be ignored in aquatic metabolism, whereas the 
hydrologic cycle primarily affects the dominance of organic or inorganic carbon in rivers, as 
some studies have noted (Hope et al., 1994; Leach et al., 2016). This trend is similar to one 
found in a temperate region of Austria (Peter et al., 2014), which suggests that (1) enhanced 
outgassing reduces CO2 accumulation in stream water and hence depresses pCO2 as stream 
water temperature increases during the daytime and (2) primary production adds to the diurnal 
reduction of stream water pCO2 in addition to temperature-induced physical processes. The 
model further clarified that these mechanisms are closely related to slight increases in DIC and 
decreases in POC during the nighttime in these three river basins. 
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Figure 4.5 Simulated result of daily- and monthly-averaged DOC flux in Ob (boreal), Yangtze 

(temperate), and Mekong (tropical/subtropical) Rivers representative of Asian river 
systems in; (a)-(c) 18 years during 1998 – 2015, and (d)-(f) monthly-averaged values. In 
Figs 4.5a-c, solid-line shows the daily-averaged values, blank plots are values from previous 
literature (Wang et al., 2012; Hartman et al., 2014; Shi et al., 2016). In Figs 4.5d-f, solid-line 
shows the monthly-averaged values during 1998–2015, open-circles are the monthly-
averaged values in each year, and dashed-line shows values from previous literature (Kohler 
et al., 2003; Wang et al., 2012). 

 
 
4.4.3 Seasonal Variation of the Carbon Cycle in Asian Rivers and Globally 
 

Fig. 4.6 shows seasonal variations of carbon flux in the three Asian rivers simulated by 
NICE-BGC. In addition, existing data were added to the previously compiled data of Nakayama 
(2017a-b) to calculate the average values in these rivers to estimate the carbon cycle with 
respect to both the vertical flux, such as CO2 evasion to the atmosphere and sediment storage, 
and horizontal transport, such as TOC, DOC, POC, and DIC fluxes to the ocean (Degens et al., 
1991; Schlunz and Schneider, 2000; Coynel et al., 2005; Gordeev and Kravchishina, 2009; Alin 
et al., 2011; Dai et al., 2012; Wang et al., 2012; Guo et al., 2015; Li and Bush, 2015; Long et 
al., 2015; Mann et al., 2016; McClelland et al., 2016; Shi et al., 2016; Borges et al., 2017; Gao 
et al., 2017; Kaiser et al., 2017; Ran et al., 2017) (Table. 4.3). Because there were no existing 
data on CO2 evasion from the Mekong River, CO2 evasion was estimated by multiplying the 
average efflux (gC/m2/yr) and water area (km2) (Alin et al., 2011; Long et al., 2015). The model 
was able to capture a variety of carbon budgets in these three rivers, and the results showed 
great differences in the carbon cycle among these boreal, temperate, and tropical regions. 
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Figure 4.6 Seasonal variations of carbon flux in (a) Ob, (b) Yangtze, and (c) Mekong Rivers 

around 2000 simulated by NICE-BGC. “TOC”, “DOC”, “DIC”, “POC” mean carbon flux 
outflow to the ocean, “CO2” means CO2 evasion from inland water to the atmosphere, “Bed” 
means sediment storage, and “Q” means discharge to the ocean in each river. Circle shows 
the mean value of data compiled by previous studies, and error bar shows the range of data 
calculated in Table 4.3. 
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Table 4.3 Averaged carbon flux in Ob (boreal), Yangtze (temperate), and Mekong 
(tropical/subtropical) Rivers representative of Asian river systems calculated by 
previous studies. The range of data is also added in each averaged value. 

 
River 

Discharge 
(km3/yr) 

TOC-flux 
(TgC/yr) 

DOC-flux 
(TgC/yr) 

POC-flux 
(TgC/yr) 

DIC-flux 
(TgC/yr) 

CO2-flux 
(TgC/yr) 

Reference 

Yangtze 
(Changjiang) 

905.1    1.74        Dai et al.(2012) 

  883.0   11.80      Degens et al.(1991), Chap.9 

  917.0   7.65      
Degens et al.(1991), 
Chap.14 

  925.0  16.20  11.80  4.40  25.70    
Degens et al.(1991), 
Chap.15 

    16.20       Schlunz&Schneider(2000) 
  995.0  8.10  2.10  6.00     Coynel et al.(2005) 

    30.00  1.80  5.25  18.60    
Gao et al.(2017), originated 
from 
Cauwet&Mackenzie(1993) 

       19.56    
Gao et al.(2017), originated 
from Liu et al.(2002) 

      4.70     
Gao et al.(2017), originated 
from Zhu et al.(2012) 

     1.85      
Gao et al.(2017), originated 
from Shi et al.(2016) 

     1.47      
Gao et al.(2017), originated 
from Wang et al.(2010) 

     1.17      
Gao et al.(2017), originated 
from Zhang et al.(2014) 

     1.58      
Gao et al.(2017), originated 
from Wang et al.(2012) 

        5.39  Ran et al.(2017) 
        3.28  Guo et al.(2015) 

average 925.0±70.0 17.63±9.53 4.29±3.12 5.09±0.69 21.29±2.69 4.34±1.00   
Mekong 536.1   12.87      Dai et al.(2012) 

  666.0     4.30    
Degens et al.(1991), 
Chap.15 

       23.40    Li&Bush(2015) 
  567.6  10.22  1.14  2.27  6.81    Borges et al.(2017) 
        1.15 - 4.96 Alin et al.(2011) 

average 589.9±53.8 10.22±0.00 7.00±5.87 2.27±0.00 11.50±7.20 3.06±1.90   
Ob 396.1   3.71      Dai et al.(2012) 

  419.0  3.69    22.05    Degens et al.(1991), Chap.4 
  419.0  3.70       Degens et al.(1991), Chap.9 

  433.0  3.86    3.57    
Degens et al.(1991), 
Chap.15 

    3.86       Schlunz&Schneider(2000) 
  404.0  3.40  3.10  0.30     Coynel et al.(2005) 
     3.91      Kaiser et al.(2017) 

    7.10  3.68  0.36  2.87    
Gordeev&Kravchishina(200
9) 

     4.19  0.57     McClelland et al.(2016) 
  414.2   4.09      Mann et al.2016 

average 414.2±18.8 4.27±0.87 3.78±0.41 0.41±0.11 9.50±6.63 N/A   
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In the boreal region (Ob River), about half of the annual carbon export occurred in the 
spring snowmelt period (April–June) (Fig. 4.6a), similar to the result of Leach et al. (2016). 
The DOC, POC, and DIC fluxes were more highly correlated to surface runoff than to 
groundwater (correlation coefficient between carbon flux and runoff: CorDOC-SW = 0.42, CorPOC-
SW = 0.22, CorDIC-SW = 0.45, CorDOC-GW = – 0.11, CorPOC-GW = 0.18, and CorDIC-GW = 0.03, 
respectively) (Figs 4.4a-b) (Nakayama, 2017c), implying a close relation of these fluxes to 
biological productivity in the soil-plant system, as suggested by Dinsmore et al. (2013). The 
simulated discharge results were generally slightly underestimated as compared to previous 
data, whereas the simulated horizontal carbon transports were generally overestimated. The 
vertical carbon flux of CO2 evasion simulated by the model was proportionally more important 
in the early summer when downstream carbon export was limited. 

In contrast, more carbon is transported during July–September in the Yangtze and Mekong 
rivers because of the effect of monsoons (Figs 4.6b and c). In the Mississippi River, model 
results show that more carbon is transported during April–June in the upper Mississippi, similar 
to the Ob River, and during July–September in the lower Mississippi, similar to the Yangtze 
and Mekong Rivers (data not shown). The Mississippi River goes through a wide range of 
climate zones, from boreal in the north to subtropical in the south (the latitude difference is 
20°35’54’’ as calculated by GTOPO30, HYDRO1K, and ArcGIS v10.1 software). Although 
the comparison data are quite limited, the simulated DOC values in Mekong River appear to be 
underestimated (Fig. 4.6c). There are only two published reports with DOC data for the Mekong 
River, so it is necessary to obtain more data to decrease the range of uncertainty in the future. 
The simulated values were generally in the range of previous data for the Yangtze (Fig. 4.6b, 
Table 4.3), although the simulated POC and CO2 evasion values were overestimated. 

In the Amazon River, Richey et al. (2002) observed a seasonality in evasion corresponding 
to both elevated water levels and increased CO2 concentrations in the river and wetlands. The 
model results showed a higher evasion from large tributaries as compared to mainstream 
channels, which was also observed in Nakayama (2017a-b), and that the values peaked during 
the higher water periods in May–June (data not shown). These trends imply the predominance 
of the seasonality in in-stream respiration of organic carbon originally fixed on land and along 
river margins and mobilized into flowing waters, as suggested by previous studies (Richey et 
al., 2002; Rudorff et al., 2011). 

Although the resolution of the river network data affected the carbon flux variation on a 
regional scale, each component of flux was similar across scales (Fig. 4.4). Fig. 4.7 shows 
seasonal variations of soil temperature, runoff, and carbon flux from terrestrial into aquatic 
ecosystems simulated by NICE-BGC on a global scale. The model simulated seasonally 
averaged values for four periods: January–March (JFM), April–June (AMJ), July–September 
(JAS), and October–December (OND). There is a clear relationship between runoff (Fig. 4.7b) 
and carbon export (Figs 4.7c and 4.7d) and higher amounts of runoff have a great effect on the 
transport of DOC and the total carbon flux from terrestrial into aquatic ecosystems. The model 
results also show that soil temperature (Fig. 4.7a) has some effect on the carbon transport; this 
might be caused by seasonal variations in the biological process responsible for production of 
carbon in the terrestrial ecosystem (Leach et al., 2016). In particular, this effect is dominant in 
the northern boreal and peatland areas, and DOC originates predominantly from these areas. 
The results also show that South America, Africa, and Asia play a dominant role in hydrologic 
and carbon cycles on the global scale, with the former two continents having greater variations 
from January to June and the latter becoming more active from April to September (Nakayama, 
2017b). 
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Figure 4.7 Seasonal variations of soil temperature, runoff, and carbon flux from terrestrial into 

aquatic ecosystems simulated by NICE-BGC on the global scale; (a) surface soil 
temperature, (b) total inflow (= surface water + groundwater), (c) DOC flux, and (d) 
total flux (= DOC + POC + DIC flux). Four periods were used as Jan.-Mar., Apr.-Jun., Jul.-
Sept., and Oct.-Dec., respectively. 

 
 

Fig. 4.8 shows seasonal variations of carbon flux in inland waters of each continent 
simulated by NICE-BGC. In addition, the author compiled existing materials (Schlunz and 
Schneider, 2000; Coynel et al., 2005; Aufdenkampe et al., 2011; Dai et al., 2012; Raymond et 
al., 2013; Hartman et al., 2014; Borges et al., 2015) and calculated an average value for each 
site to estimate CO2 evasion to the atmosphere, sediment storage, and TOC, DOC, POC, and 
DIC flux to the ocean. Although the model simulated only the world’s major river basins, the 
results suggest that there is active interplay between inorganic and organic carbon throughout 
inland waters. There is some scattering of the simulated results as compared with the range of 
compiled data, for example, overestimation of TOC and DOC in South America (Fig. 4.8f). 
The seasonal carbon budget in each continent varied greatly, being affected by various hydro-
meteorological conditions, land use, topography, and latitudinal differences, among other 
factors. More organic carbon is exported where wetlands are located in humid tropical and non-
carbonate boreal regions (particularly in Asia and South America, Fig. 4.8a, f), and more 
inorganic carbon is exported in areas of high carbonate weathering, soil respiration, and 
groundwater flow in carbonate terrain of temperate and boreal regions (particularly Africa, Fig. 
4.8d) (Tranvik et al., 2009). 
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Figure 4.8 Seasonal variations of carbon flux in inland water of each continent in 2000 simulated 

by NICE-BGC; (a) Asia, (b) Europe, (c) Oceania, (d) Africa, (e) North America, and (f) 
South America. In Fig. 4.8, “TOC”, “DOC”, “DIC”, “POC” mean carbon flux outflow to 
the ocean, “CO2” means CO2 evasion from inland water to the atmosphere, and “Bed” means 
sediment storage. Circle shows the mean value of data compiled by previous studies, error 
bar in solid-line shows the range of data, and another error bar in bold dotted-line shows the 
standard deviation of annual-averaged values simulated by the model. 

 
 
 

Fig. 4.9 shows seasonal variations of global carbon flux from terrestrial into aquatic 
ecosystems and in inland waters. Nakayama (2017a) showed that annual-averaged values 
obtained by NICE-BGC were generally in the ranges reported in previous studies (Cole et al., 
2007; Tranvik et al., 2009; Aufdenkampe et al., 2011; Raymond et al., 2013); carbon export 
from land to inland water was about 2.01 ± 1.98 PgC/yr (from soil: 1.64 ± 1.99 PgC/yr; from 
rock weathering: 0.37 ± 0.17 PgC/yr), degassing above the water was about 0.79 ± 0.38 PgC/yr, 
sediment storage was about 0.20 ± 0.09 PgC/yr, and the amount transported to the ocean was 
about 1.13 ± 0.50 PgC/yr. In terms of seasonal terrestrial carbon flux (Fig. 4.9a), higher amounts 
of DOC and POC are exported (about 458.38 ± 474.41 TgC/season and 239.25 ± 289.90 
TgC/season) during JFM; these amounts are dominantly affected by transport in rivers of South 
America (e.g., the Amazon and Orinoco Rivers) and secondarily by spring snowmelt in boreal 
and subarctic peatlands (e.g., the WSL) in northern latitudes. On the other hand, the DIC flux 
is smallest (about 45.22 ± 50.31 TgC/season) during JFM because the higher discharge of rivers 
of South America and Africa dilutes the concentration during this period. Interestingly, the 
seasonal variation of the inland carbon flux is affected by both terrestrially derived carbon 
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inflow and carbon production through aquatic metabolism (Fig. 4.9b). DOC and DIC fluxes 
show similar trends as the terrestrial carbon flux, but CO2 degassing is much higher (about 
294.66 ± 93.80 TgC/season) during AMJ because of the dominant effect in South America, 
Africa, and Asia (Richey et al., 2002; Borges et al., 2015). Sediment storage is greater (about 
76.80 ± 13.19 TgC/season) during JAS and is greatly affected by higher flow in Asia and North 
America during this period. 
 

 
 
Figure 4.9 Seasonal variations of global carbon flux (a) from terrestrial into aquatic ecosystems 

and (b) in inland water. Each component of the carbon flux in inland water in Fig. 4.9b 
means the same as in Fig. 4.8. Error bar in solid-line shows the standard deviation of 
seasonally averaged values simulated by the model. 

 
 
 
4.5 Conclusion 
 

In this chapter, NICE-BGC, the new process-based model developed in Chapter 3, was 
applied at regional and global scales to evaluate scaled-dependence and seasonal variations of 
the carbon cycle. First, the model simulated carbon flux budgets in the Ob River basin in West 
Siberia by using three types of river network data. The model improved the accuracy of 
identifying areas with low pH and alkalinity and with high DOC flux in the wetlands in the 
northern part of study area with finer river network data. Differences in the hydrologic and 
carbon cycles among three representative Asian river systems were also evaluated by using 
three different resolutions of river network data. The model simulated more heterogenous 
distributions of water and carbon flux in the finer river network data in these regions, and it 
clarified the latitudinal effect and human impacts on carbon cycle change and helped to identify 
some hotspots on a regional scale.  

Then, the model was extended to the continental scale at a 1° × 1° resolution with a time 
step of t = 1 day to evaluate seasonal and diurnal variations of the carbon cycle in the 
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terrestrial–aquatic continuum. Model results showed that there is great variability in horizontal 
transport to the ocean as well as in vertical fluxes among boreal, temperate, and tropical regions 
and among the continents. Overall, the variability reflects diurnal and seasonal variations of 
biological and hydrological processes in the various regions. The model results emphasize the 
important role of Asian river systems in the global carbon cycle and imply the vulnerability of 
Asian rivers to anthropogenic activity and climate change in the future. The model was further 
extended to the global scale to evaluate seasonal variation of the carbon cycle. The results 
showed that (1) soil temperature has some effect on carbon transport by biological processes 
responsible for carbon production and there is a clear relationship between runoff and carbon 
export, (2) runoff is high during April–June and DOC and POC fluxes are large (about 458.38 
± 474.41 and 239.25 ± 289.90 TgC/season, respectively) during January–March on hillslopes, 
(3) CO2 evasion reaches a maximum of about 294.66 ± 93.80 TgC/season from January to June 
and is primarily affected by the Amazon River, and (4) sediment storage is highest, reaching 
about 76.80 ± 13.19 TgC/season, during July–September, particularly in Asian and North 
American rivers.  

The model results showed that there is a great variability of DOC, POC, and DIC transport 
to the ocean, reflecting different biological and hydrological processes, and of CO2 degassing, 
which is affected by both terrestrially derived CO2 and CO2 production through aquatic 
metabolism. Terrestrial and aquatic production of CO2 have usually been evaluated separately 
in previous research, so these findings represent a great improvement over previous methods. 
This simulation system should be helpful in future uses involving field observations, remotely 
sensed imagery, and satellite datasets. It should also play an important role in improving our 
understanding of biogeochemical activity in spatio-temporal hotspots.  
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Abstract 
 

Recent research suggests that reservoirs might be a potentially important source of 
greenhouse gases to the atmosphere that is often unaccounted for in the carbon cycle. In this 
chapter, NICE-BGC, the new process-based model coupling eco-hydrology with a 
biogeochemical cycle, was extended to apply to river basins and include the effects of 82 major 
reservoirs created by dams on hydrologic and biogeochemical cycles. Horizontal carbon 
transport decreased globally when reservoirs were included as compared to when they were not  
(DOC flux = – 66.4 TgC/yr, POC flux = –11.8 TgC/yr, and DIC flux = – 43.5 TgC/yr), whereas 
vertical fluxes increased (CO2 evasion = 76.6 TgC/yr, and carbon burial = 45.0 TgC/yr). The 
estimated CO2 evasion and carbon burial values for the 82 reservoirs were 66.5 ± 35.9 TgC/yr 
and 54.7 ± 29.1 TgC/yr, respectively. The results also showed that the land carbon sink is less 
with reservoirs included (–0.97 ± 0.61 PgC/yr) than without (–1.05 ± 0.62 PgC/yr). These 
results represent great improvements from previous studies based only on field measurements 
that accounted only for direct emissions from reservoirs and did not evaluate the total carbon 
cycle, whereas this model includes downstream emissions. Field observations of emissions 
from rivers downstream from reservoirs are still needed to quantify the total emissions resulting 
from reservoirs. Overall, these findings provide valuable insights for the re-evaluation of carbon 
cycle changes induced by reservoirs. 
 
Keywords: reservoirs; biogeochemical cycle; eco-hydrology; coupling model 
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5.1 Introduction 
 

Previous studies about the carbon cycle have suggested that variability and uncertainty in 
the biogeochemical cycle in terrestrial ecosystems are larger than those in the atmosphere and 
ocean (Le Quéré et al., 2009), and that the terrestrial biosphere absorbs more carbon dioxide 
(CO2) by sequestration than the ocean, but most CO2 emissions stay in the atmosphere (Raupach, 
2011). Some recent studies have pointed out that inland waters including rivers, lakes, and 
groundwater may act as a gigantic transport pathway for both water and dissolved substances 
and play a globally significant role in continental biogeochemical cycling, the so-called 
“boundless carbon cycle” (Cole et al., 2007; Battin et al., 2009; Tranvik et al., 2009). A 
comprehensive analysis has revealed a global CO2 evasion (degassing) rate of 2.1 PgC/year 
from inland waters (rivers and lakes) (Raymond et al., 2013), which is much higher than 
previous estimates of 1.2 PgC/year (Aufdenkampe et al., 2011) and 1.4 PgC/year (Tranvik et 
al. 2009); the analysis also predicted global hotspots in which 70% of the flux occurs over just 
20% of the land surface. Recently, Lauerwald et al. (2015) and Nakayama (2016) also reported 
a global distribution of CO2 evasion similar to that reported by Raymond et al. (2013) (Fig. 1.2). 
Although the partial pressure of CO2 and methane in water (pCO2 and pCH4) are necessary for 
the evaluation of CO2 and CH4 flux to the atmosphere (evasion), dissolved organic carbon 
(DOC), dissolved inorganic carbon (DIC), and particulate organic carbon (POC) are also 
important for the evaluation of CO2 flux to the ocean (0.9 PgC/year) and sediment storage (0.6 
PgC/year) in the global carbon cycle (Cole et al., 2007; Tranvik et al., 2009; Aufdenkampe et 
al., 2011; Raymond et al., 2013).  

In spite of these previous studies, the contribution of inland waters to continental-scale 
carbon cycling has remained uncertain because it is generally more difficult to measure and the 
available data for global aquatic ecosystems are fewer and more locally site-specific than those 
for terrestrial ecosystems (Cole et al., 2007; Aufdenkampe et al., 2011). In particular, inland 
waters may play a significant role in the sequestration, transport, and mineralization of carbon 
(Battin et al., 2009), and that role is further complicated by surface–groundwater interactions 
around wetland and riparian areas, where complex water movement drives carbon storage and 
flux. Furthermore, because the biogeochemical cycles of nitrogen and carbon are tightly 
coupled with each other owing to the metabolic needs of organisms for these two elements, 
CO2, CH4, and nitrous oxide (N2O) amount to 80% of the total radiative forcing from well-
mixed greenhouse gases (GHGs) (Ciais et al., 2013; Settele et al., 2014). These previous studies 
have indicated that estimates of emissions are variable or biased, and sometimes increase or 
decrease, depending on various conditions related to nutrients, water depth, DOC, chlorophyll 
a, and dissolved oxygen. From this viewpoint, it is very important to develop a process-oriented 
model that is conserved in water, heat, carbon, nitrogen, and phosphorus budgets to clarify the 
carbon cycle mechanism in more detail, particularly the interplay between inorganic and 
organic carbon and its relationship to nitrogen and phosphorus and biogeochemical processes. 

The vast majority of CO2 and CH4 emissions are usually related to natural cycles, but land 
use change, hydraulic modifications, anthropogenic emissions, and climate change also have 
significant effects on the carbon cycle through water pollution, hydrologic change, and CO2 
concentration in the atmosphere (Regnier et al., 2013). In particular, recent research has 
suggested that reservoirs created by dams (Fig. 5.1) (Lehner and Döll, 2004) might be a 
potentially important source of GHGs to the atmosphere in addition to providing a variety of 
services such as hydropower, flood control, navigation, irrigation, recreation, and water supply, 
and creating negative impacts on fish migration and other riverine biota (St. Louis et al., 2000; 
Barros et al., 2011; Deemer et al., 2016). Barros et al. (2011) estimated that hydroelectric 
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reservoirs emit about 48 TgC/yr as CO2 and 3 TgC/yr as CH4, together corresponding to 4% of 
global carbon emissions from inland waters. These values are similar to those estimated by 
Deemer et al. (2016) (36.8 TgC/yr as CO2) and Hertwich (2013) (76 TgC/yr as CO2), whereas 
they are much smaller than those estimated by Cole et al. (2007) (280 TgC/yr as CO2) and St. 
Louis et al. (2000) (270 TgC/yr as CO2). Sediment processes in reservoirs are also important in 
the carbon cycle, including burial (90.4 TgC/yr), as well as the emission of CH4 (Mendonça et 
al., 2012). Other studies also showed carbon burial ranges from 100 to 300 TgC/yr, depending 
on the reservoir age, type, and water temperature (Mulholland and Elwood, 1982; Downing et 
al., 1993; Dean and Gorham, 1998; Stallard, 1998; Cole et al., 2007; Clow et al., 2015), whereas 
estimates by Maavara et al. (2017) and St. Louis et al. (2000) were 26.2 TgC/yr and 600 TgC/yr, 
respectively. 
 

 
 
Figure 5.1 Location of 82 major reservoirs and their height in the end of the last century used in 

the model simulation (Lehner et al. 2011). Size of the circle means the height of reservoirs. 
 
 

The author developed the National Integrated Catchment-based Eco-hydrology (NICE) 
model, which takes into account complex interactions between the forest canopy, surface water, 
the unsaturated zone, aquifers, lakes, and rivers (Fig. 1.1) (Nakayama, 2008a-c, 2009, 2010, 
2011a-d, 2012a-d, 2013, 2014a-b, 2015, 2018; Nakayama and Fujita, 2010; Nakayama and 
Hashimoto, 2011; Nakayama and Shankman, 2013a-b; Nakayama and Watanabe, 2004, 2005, 
2006a-b, 2008a-c; Nakayama et al., 2006, 2007, 2010, 2012). NICE incorporates a three-
dimensional groundwater sub-model and is able to simulate lateral transport of groundwater in 
addition to surface runoff. As described in the chapter 3, NICE was further developed to couple 
it with five biogeochemical cycle models, including ones incorporating terrestrial ecosystems, 
water quality in aquatic ecosystems, and carbon weathering (Figs 1.3 and 3.1). The revised 
NICE model (NICE-BGC) incorporates the connectivity of carbon, nitrogen, and phosphorus 
cycles accompanying the hydrologic cycling between surface water and groundwater, hillslopes 
and river networks, and other intermediate regions (Nakayama 2016, 2017a-c). The model 
simulates both horizontal transport to the ocean and vertical fluxes and includes aquatic 
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metabolism and terrestrially derived carbon together in major rivers without the presence of 
reservoirs, which is a potential improvement from previous studies (Cole et al., 2007; Tranvik 
et al., 2009; Aufdenkampe et al., 2011; Raymond et al., 2013). 

In this chapter, NICE-BGC was extended to apply to river basins that include the effect of 
control structures on hydrologic and biogeochemical cycles (Nakayama and Pelletier, 2018). 
Three basic scientific questions are addressed. (1) How do reservoirs influence land carbon sink 
dynamics and carbon dynamics in inland waters? (2) How do reservoirs change the relative 
importance of land–ocean interactions to land–atmosphere interactions (i.e. the land carbon 
sink) on global carbon dynamics? (3) How do reservoirs change the composition of carbon (i.e., 
DOC, DIC, POC) exported to oceans from land? The model results can show how the presence 
of dams affected changes in horizontal carbon transport and vertical fluxes separately, whereas 
previous research, which generally relied on field measurements, accounted only for direct 
emissions from the reservoirs and did not evaluate the total carbon cycle of each component. A 
benefit of this process-based model is that changes in carbon fluxes can be related to changes 
in the rates of various simulated ecosystem processes to provide potential explanations for the 
simulated changes in carbon fluxes based on model assumptions and thereby provide useful 
new insights. Outside of the United States, where some cases of dam decommissioning are 
occurring (Deemer et al., 2016; Maavara et al., 2017), the number of large hydroelectric dams 
is expected to double in the next 15–20 years, so it is urgently necessary to quantify the impact 
of river damming on carbon cycle change by using a robust hybrid model that includes a carbon 
linkage between land and aquatic systems. This coupled simulation approach is also important 
for the re-evaluation of the biosphere GHG budget, quantification of hotspots in the 
biogeochemical cycle associated with hydraulic modifications, and bridging the gap between 
the top-down (e.g., satellite data and atmospheric inverse modeling) and bottom-up (e.g., site-
level observations and process-based modeling) approaches (Cole et al., 2007; Battin et al., 
2009; Frei et al., 2012; Regnier et al., 2013; Kiel and Cardenas, 2014). 
 
 
5.2 Methods 
 
5.2.1 Process-Based NICE and NICE-BGC Models 
 

The original NICE framework includes the following complex sub-compartments 
(Nakayama, 2014a-b, 2015): a surface hydrology sub-model; a land-surface sub-model that 
includes urban and crop processes; a groundwater sub-model; a regional atmospheric sub-
model; a mass transport sub-model for constituents in sediment and water; and a vegetation 
succession sub-model (Fig. 1.1). The model also includes surface–groundwater interactions 
assimilating land-surface processes to describe variations of the leaf area index (LAI) and 
fraction of photosynthetically active radiation (FPAR) derived from satellite data. LAI and 
FPAR are both important parameters for evaluating vegetation growth (Nakayama and 
Watanabe 2004). 

To fill the gap in the current eco-hydrology, Nakayama (2016, 2017a-b) coupled the 
original NICE framework with various biogeochemical cycle models, including those for 
terrestrial ecosystems such as LPJWHyMe (Lund-Potsdam-Jena Wetland Hydrology and 
Methane) (Wania et al. 2010); water quality in aquatic ecosystems, such as QUAL2Kw 
(Pelletier et al. 2006) and SWAT (Soil and Water Assessment Tool) (Neitsch et al. 2011); and 
carbon weathering, such as RokGeM (Rock Geochemical Model) (Colbourn et al. 2013), and 
CO2SYS (CO2 System Calculations) (Lewis and Wallance 1998) (Figs 1.3 and 3.1). In NICE-
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BGC, all sub-models were coupled together with the original NICE to conserve the carbon 
budget (Nakayama 2016, 2017a). Each sub-model offers iterative simulation in the most 
efficient way by combining on-line and off-line modes. The newly coupled model incorporates 
the connectivity of the biogeochemical cycle and the hydrologic cycle for surface water and 
groundwater, hillslopes and river networks, and other intermediate regions (Nakayama, 2016, 
2017a), including several modifications of the original versions of the sub-models. These 
modifications improved the accuracy of the simulated weathering fluxes of alkalinity and DIC, 
which were input to the revised CO2SYS simulation as described in the following.  

The integration of sub-models enables the NICE-BGC to be a process-oriented 
biogeochemical cycle model of human-nature–coupled phenomena. These include mechanisms 
of transport, mineralization, and sequestration of carbon in terrestrial-aquatic linkages, the 
interplay between inorganic and organic carbon (DOC, POC, DIC, pCO2, etc.) and its 
relationship to nutrients (e.g., nitrogen and phosphorus), chemical weathering; food chains in 
aquatic ecosystems (photosynthesis and respiration of phytoplankton, bottom algae, and 
detritus); degassing of supersaturated CO2, particularly in lakes and the upstream stretches of 
rivers; CH4 emission to the atmosphere sensitively affected by groundwater level in wetlands 
and paddy fields; fertilizer application to agricultural fields; pollutant loading from urban area; 
CO2 and CH4 emissions from reservoirs and bottom sediments; and DOC, POC, and DIC 
effluxes to the ocean. Therefore, the NICE-BGC framework is able to separate more clearly the 
carbon sources of inland waters from the terrestrial carbon sink (Nakayama 2017a-c), whereas 
most previous research on conventional carbon cycling has generally overestimated the 
accumulation of carbon in terrestrial ecosystems and underestimated the potential for lateral 
export of carbon from land to rivers (Raupach 2011). 
 
5.2.2 Effect of Control Structures on Hydrologic and Biogeochemical Cycles 
 

Control structures such as weirs, dams, reservoirs, locks, and waterfalls change hydrologic 
and biogeochemical cycles. In this chapter, the following major changes to the source and sink 
terms for organic and inorganic carbon resulting from control structures are discussed (Fig. 5.2) 
(Nakayama and Pelletier, 2018): 
(1) CO2 uptake increases with the increased production of organic carbon by phytoplankton 
owing to decreased water velocity and longer hydraulic residence times in reservoirs as 
compared with free-flowing rivers. 
(2) Sequestration of organic carbon increases owing to increased deep burial of organic carbon 
deposited in reservoirs as compared with free-flowing rivers. This might be the main reason 
why reservoirs lead to a greater net loss of carbon from the air and water compartments. 
(3) The increased mass transfer of CO2 between air and water resulting from entrainment with 
the drop in water surface elevation at the control structure leads to higher levels of DIC in river 
reaches located downstream from reservoirs. 
(4) The longer residence times in reservoirs lead to increased CH4 oxidation (respiration), which 
leads to higher levels of DIC in the water column of the reservoirs. 
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Figure 5.2 Flow diagram of new development of eco-hydrologic and biogeochemical coupling 

model along the terrestrial-aquatic continuum (NICE-BGC). Dotted frames indicate the 
newly developed processes in NICE-BGC to simulate the effect of control structures on 
hydrologic and biogeochemical cycle changes in the extension of the author's previous paper 
(Nakayama 2017a) (Fig. 3.1). Dotted arrows indicate that land temperature, runoff, ET 
(evapotranspiration), WTP (water table position), and NPP (net primary production) were 
substituted to input from the other sub-models to improve the accuracy of the eco-hydrologic 
and biogeochemical cycle in NICE-BGC. “B.C.” means boundary conditions for the model 
simulation. 

 
 
 

In particular, CO2 gas transfer in streams is influenced by the presence of control structures, 
and the following formula holds, similar to the process for dissolved oxygen (Pelletier et al. 
2006): 

 

    (5.1) 
 

where rd is the ratio of the deficit above and below the dam (unitless), Hd is the drop in water 
elevation over the control structures (the water level difference on one side as compared to the 
other) simulated by the original NICE (Nakayama and Watanabe 2008a-b; Nakayama and 
Shankman, 2013a-b) (m), Twater is water temperature (C°), and ad and bd are coefficients that 
correct for water quality and dam type (ad =1.25, assuming a slightly polluted state, and bd = 
0.9, assuming a sharp-crested dam face). Thus, the inorganic carbon mass balance for the 

)046.01)(11.01(38.01 waterddddd THHbar 
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element immediately downstream of the structure can be written as follows where the element 
means the model’s fundamental computational unit which consists of an equal length 
subdivision of a reach: 

 

   (5.2) 

 

    (5.3) 

 
where c'T,i-1 is the concentration of inorganic carbon entering the element (mgO2/L); Qi is the 
flow of the i-th element (m3/s); Vi is the volume of the i-th element (m3); E′i is the bulk 
dispersion coefficient between elements i and i + 1 (m3/d); Wi is the external loading of the 
constituent to element i (g/d or mg/d); Si is sources and sinks of the constituent owing to 
reactions and mass transfer mechanisms (g/m3/d or mg/m3/d); CO2,s,i-1 is the saturation 
concentration of CO2 (mole/L); and 0, 1, are 2 are the fractions of total inorganic carbon in 
dissolved CO2, bicarbonate, and carbonate, respectively.  

The influence of reservoirs on DOC, POC, and nutrients, that is, whether reservoirs increase 
or decrease the amount of organic carbon, is more complicated. It is difficult to generalize 
whether reservoirs increase or decrease POC or DOC because each reservoir differs in the 
balance of factors that affect the DOC and POC concentrations. So, for simplicity, the same 
partial differential equations were used to calculate the derivatives either with or without the 
reservoirs, except for the extra reaeration effect of the dams after solving for the DIC 
concentration (as mass balance) in equations (5.1)–(5.3). These sets of partial differential 
equations therefore implicitly include the effect of reservoirs on both organic and inorganic 
carbon and nutrients (Nakayama and Pelletier, 2018). These modifications mean that primary 
production in reservoirs consumes inorganic carbon and available forms of nutrients (NO3 and 
soluble reactive phosphorus (SRP)) and produces organic carbon in algae cells. When algae die, 
they contribute to detrital POC. When algae and detritus settle to the bottom, a portion of the 
settled organic carbon is sequestered by deep burial. Some of the POC is converted to DOC and 
oxidized through heterotrophic respiration, thereby releasing DIC. The above equations also 
mean that hydrologic and carbon cycles are affected by control structures such as reservoirs 
(Fig. 5.2). 
 
 
5.3 Input Data and Boundary Conditions for Simulation 
 
5.3.1 Model Input Data and Boundary Conditions 
 

Six-hour reanalysis data for downward radiation, precipitation, atmospheric pressure, air 
temperature, air humidity, wind speed, cloud cover, FPAR, and LAI were input to the original 
NICE after interpolation of the ECMWF-Reanalysis Interim Product (ERA-interim) (ECMWF 
2013) in inverse proportion to the back-calculated distance in each grid. These meteorological 
data were used to calculate daily-averaged values, which were then input to NICE-BGC in 
addition to land temperature, evapotranspiration, surface runoff, and groundwater level 
simulated by NICE (Fig. 5.2). The input data for the global simulation were prepared and 
arranged by using ArcGIS v10.1 software (Table 5.1); elevation, land cover, soil texture, 
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vegetation type, river networks, lakes and wetlands, reservoir types and storage, and geological 
structures were categorized on the basis of the global digital elevation model (DEM; 
GTOPO30) (U.S. Geological Survey 1996a), Global land Cover 2000 (GLC2000) (European 
Commission 2015), Harmonized World Soil Database (HWSD) (European Commission 2012), 
GLDAS Vegetation Class (NASA 2013), HYDRO1K (U.S. Geological Survey 1996b), Global 
Lakes and Wetlands Database (GLWD) (Lehner and Döll 2004), Global Reservoirs and Dams 
(GRanD) (Lehner et al. 2011), and Global Lithological Map Dataset (GLiM) (Hartmann and 
Moosdorf 2012) and Gibbs and Kump Weathering Model (GKWM) (Gibbs and Kump 1994), 
respectively. Specifically, NICE-BGC simulated the world’s major rivers (153 
basins/watersheds, 325 river channels), 82 of which had major dams (Fig. 5.1) by inputting 
information about dam location, height, width, and type from GRanD (Lehner et al. 2011) (Fig. 
5.2 and Table 5.1). 
 
 
 

Table 5.1 List of input data sets for NICE and NICE-BGC. 
 

 
 
 
 

The agricultural regions of GLC2000 were subdivided into 17 major crops of 26 crop 
classes for both irrigated and rain-fed crops in MIRCA2000 (Portmann et al. 2010), 
corresponding to crop commodity classifications and definitions reported previously (Leff et al. 
2004). The Global Map of Irrigation Areas (GMIA) (FAO 2016) were applied to decide the 
irrigation type (surface water, groundwater, and other), and the Global Crop Water Model 
(GCWM) (Siebert and Döll 2010) to decide irrigation water use. Total fertilizer consumptions 
(nitrogen, phosphorus, and potassium) from Earth Stat (Mueller et al. 2012) were used to 
calculate the average fertilizer consumption amounts for each crop by using ArcGIS software 
to merge it with MIRCA2000 in each 5 arc-minute grid (≈ 10 km). Furthermore, the anisotropy 
ratio  and hydraulic conductivity Kh (m/h) were based on soil texture class, with  = 2– 48 and 
Kh = 0.088 –1.267 m/h. Permeability was assumed to decrease exponentially with the ratio of 
depth to e-folding length (a function of the slope) (Fan et al. 2013), which means higher 
permeability was assumed in thicker soil on a shallower slope. 
 
 

Data set Resolution Year Source and reference

Climatology 1.0° 1998-1999 (1980-2010) ERA-interim; ECMWF (2013)
Elevation 1.0km around 1996 GTOPO30; U.S. Geological Survey (1996a)
Land cover 1.0km around 2000 GLC2000; European Commission (2015)
Soil texture 1.0km around 1970-2000 HWSD; European Commission (2012)
Vegetation type 0.25° around 2000 GLDAS Vegetation Class; NASA (2013)
River networks 1.0km around 1996 HYDRO1K; U.S. Geological Survey (1996b)
Lakes and wetlands 0.5 min around 1990-2000 GLWD; Lehner and Döll (2004)
Reservoirs and dams 82 major dams around 2000 GRanD; Lehner et al.(2011)
Geological structures 0.5° around 1970-2000 GLiM; Hartmann and Moosdorf (2012)
Crop type 5 min around 2000 MIRCA2000; Portmann et al. (2010)
Irrigation type 5 min around 2000 GMIA; FAO (2016)
Irrigation water use 5 min 1998-1999 GCWM; Siebert and Döll (2010)
Fertilizer consumptions 5 min around 2000 Earth Stat; Mueller et al. (2012)
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5.3.2 Running the Simulation 
 

At the upstream boundaries, conditions at the hydraulic head were based on the assumption 
of no inflow from the mountains in the opposite direction. For the hillslope hydrology, flow 
depth, discharge, and other water concentrations at the uppermost boundaries of basins were 
set to zero throughout the simulation. To calculate these boundaries, GTOPO30 was used to 
calculate each basin boundary at 1 km × 1 km resolution, which was then calculated as a 1° × 
1° grid by using ArcGIS v10.1 software for the model simulation. Water temperature in the 
uppermost boundary of each river was calculated as an exponential function of daily-averaged 
air temperature (Yearsley 2012). Inflows or outflows from the riverbeds were simulated at each 
time step depending on the difference in the groundwater and river hydraulic heads. At the sea 
boundary, a constant head was set at 0 m. Details are described Nakayama and Watanabe (2004) 
and Nakayama (2015).  

NICE simulation of eco-hydrological process was performed at a 1° × 1° resolution of the 
globe in the horizontal direction and into 20 layers with a weighting factor of 1.1 (layer 
thicknesses being graduated from thinner in the upper layers to thicker in the deeper layers) in 
the vertical direction through coordinate transformation (Nakayama and Maksyutov, 2018) (Fig. 
2.6). The upper land layer was set at 0–5 m below the ground surface, and the 20th land layer 
was defined as 200 m below sea level. The model simulates river networks among elements 
and terrestrial ecosystems in grid cells. The contribution of a river on the grid cell was estimated 
by calculating ratio of river area in each grid. The model is conserved in water, heat, carbon, 
nitrogen, and phosphorus budgets. Details about the model set-up and sensitivity analysis are 
described in Nakayama (2014a-b, 2015). Although the model simulated only the major rivers 
(325 rivers as in Chapter 3) in the world, the hydrologic and carbon cycles were simulated 
within the range of previous observed data (Nakayama 2016, 2017a-c). Simulations were 
performed with a time step of t = 6 h for 1998–1999 after a 1-year spin-up period until a time-
varying equilibrium was reached. The simulated results were respectively calibrated and 
validated in terms of hydrologic, geomorphic, and ecological aspects, as detailed in Nakayama 
(2014a-b, 2015).  

A NICE-BGC simulation was then run for the terrestrial ecosystem at the same spatial 
resolution with a time step of t = 1 day for the same period by inputting some of the results 
(land temperature, surface runoff, and groundwater level) simulated by NICE iteratively after 
calculating the daily averaged data from the 6-hour data. Then, a NICE-BGC simulation for the 
aquatic ecosystem was conducted with a smaller time step between t = 0.044 min and 0.70 
min for the stability of the model. The spin-up in the revised RokGeM was conducted for much 
longer periods (e.g., 20,000 years) under control conditions (no emissions) to allow complete 
equilibration of silicate weathering versus CO2 outgassing at a pre-industrial level (atmospheric 
pCO2 was about 278 ppm). This was much longer than the periods used in other sub-models, 
such as 1,000 years in the revised LPJWHyMe (Wania et al. 2010) and 6 months in the revised 
SWAT and revised QUAL2Kw. 

Nakayama (2016, 2017a-b) already showed a reasonable agreement within the range of 
previously observed data in annual-averaged river discharge, horizontal carbon fluxes (TOC, 
DOC, POC, and DIC) and vertical flux (CO2 evasion and sediment storage) in major global 
rivers without reservoirs. Details about the NICE-BGC set-up and calibration/validation 
processes are described in Nakayama (2016, 2017a-b). Recently, Nakayama (2017c, in press) 
further conducted long-term simulations during 1980–2015 without the presence of reservoirs 
in the global scale after comparing the results with available data in GLORICH database 
(Hartman et al., 2014). Table 5.2 presents the values of r2, RMSE (root mean square error), and 
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Nash-Sutcliffe efficiency (NS) to show quantitative measures of the model’s performance with 
regard to reproducing seasonal and inter-annual variability in carbon fluxes. The table shows 
values for rivers with 10 or more measured data points before the construction of reservoirs to 
guarantee the reliability of the data. The statistical values show the model can reproduce 
seasonal and inter-annual variability of carbon fluxes for some river basins with a relatively 
high accuracy. Based on these successful verification processes for major global rivers without 
reservoirs, a simulation was conducted for rivers with reservoirs (Fig. 5.1 and Table 5.1) as 
described below. 
 
 
 
Table 5.2 Statistical results of r2, RMSE, and the Nash-Sutcliffe efficiency (NS) to show 

quantitative measures of model performance in carbon fluxes for a few river basins 
with sufficient data in the GloRiCh database (Hartman et al., 2014). 

 

River 
  r2     RMSE     NS   Number 

of  
Periods 

of  
TOC 
Flux 

DOC 
Flux 

POC 
Flux 

TOC 
Flux 

DOC 
Flux 

POC 
Flux 

TOC 
Flux 

DOC 
Flux 

POC 
Fllux 

GloRiCh 
data 

GloRiCh 
data 

Niger 0.91  0.70  0.74  2.06  3.74  3.48  0.88  -0.79 0.10  16 1980-
1981 

Kolyma 0.93  0.78  0.82  0.98  1.09  0.96  0.63  0.45  -
31.28 17 2003-

2006 
Lena 0.69  0.73  0.35  10.24 8.00  3.91  0.65  0.69  -0.22  17 2003-

2006 
Ob 0.95  0.87  0.84  5.84  9.04  4.39  0.77  0.21  -2.26  17 2003-

2006 
Yukon 0.88  0.43  0.99  3.48  12.98  1.84  0.95  -0.09 0.48  83 1980-

2008 
 
 
 
 
5.4 Results and Discussion 
 
5.4.1 Effect of Reservoirs on Differences in Horizontal Carbon Transports 
 

Simulated global carbon fluxes were compared with values estimated by previous studies 
(Table 5.3). Nakayama (2017a) showed that NICE-BGC could simulate both horizontal 
transports (export from land to inland water of 2.01 ± 1.98 PgC/yr and export to the ocean of 
1.13 ± 0.50 PgC/yr) and vertical fluxes (degassing 0.79 ± 0.38 PgC/yr and sediment storage 
0.20 ± 0.09 PgC/yr) in major rivers without reservoirs in good agreement with previous research 
(Table 5.3). Fig. 5.3 shows the spatial distribution of simulated horizontal carbon flux 
differences downstream in each basin with and without the presence of the reservoirs shown in 
Fig. 5.1. Horizontal carbon transport decreased globally with reservoirs included (with reservoir 
– without: DOC flux = – 66.4 TgC/yr, POC flux = –11.8 TgC/yr, and DIC flux = – 43.5 TgC/yr); 
moreover, the decrease was correlated with reservoir height. Beusen et al. (2005) estimated 
global river export of sediments (total suspended solids; TSS) and organic carbon, nitrogen, 
and phosphorus transported as particulate matter (POC, PN, and PP) associated with sediments 
by using a multiple linear regression model. They found that POC export changed from 226 
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TgC/yr to 197 TgC/yr without and with sediment trapping in regulated basins, respectively. The 
presence of dams decreased simulated horizontal carbon transport by 1.00 ± 0.40 PgC/yr (Table 
5.3), which was supported by previous study values. 

Fig. 5.4 shows simulated horizontal carbon flux changes without and with reservoirs. The 
horizontal carbon flux decreases with increases in both discharge and reservoir height. DIC and 
POC fluxes are smaller (variable ratios of 0.826 and 0.847) with reservoirs as compared to TOC 
and DOC (variable ratios of 0.972 and 0.974) because more carbon is trapped in the sediment 
of reservoirs. This result indicates that reservoirs cause a carbon transformation among the 
components of DOC, POC and DIC (Maavara et al. 2017). It also shows that decreased water 
velocity and longer hydraulic residence times in reservoirs might promote an increased uptake 
of CO2 for increased production of organic carbon by phytoplankton and that increased deep 
burial of organic carbon deposited in reservoirs might accelerate sequestration of organic 
carbon. Total phosphorus concentration might also increase greatly by being trapped in 
reservoir sediments, which could contribute to eutrophication (Harrison et al. 2010). 
Consideration of the presence of reservoirs improved the model estimates of total horizontal 
carbon flux at river mouths (Table 5.3). 
 
 
 
Table 5.3 Comparison of global carbon flux between simulated values and values estimated by 

previous studies. Simulated values without the presence of reservoirs in the author’s previous 
paper (Nakayama 2017a) were also plotted. The range of data is also added in each averaged 
value. The error in simulated values means the standard deviation of the major rivers in the 
world (153 basins/watersheds, 325 river channels); + and - mean the increase and decrease of 
fluxes (horizontal transport, vertical flux from water to air, and vertical flux from water to 
bottom sediment) from the averaged values, respectively. 

 

 
 

River
Simulated Value

 without Dam
(PgC/yr) *

Simulated Value
with Dam
(PgC/yr)

Previous Materials
(PgC/yr)

Carbon Export from Soil 1.64±1.99 1.64±1.99 1.75±0.50
Rock Weathering 0.37±0.17 0.37±0.17 0.45±0.05

Degassing above Water 0.79±0.38 0.87±0.47 0.81±0.58
Sediment Storage 0.20±0.09 0.24±0.13 0.40±0.20

Transport to Ocean 1.13±0.50 1.00±0.40 0.75±0.27
* Nakayama (2017a)
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Figure 5.3 Spatial distribution of simulated horizontal carbon flux changes in inland waters with 

and without the presence of reservoirs shown in Fig. 5.1; (a) TOC, (b) DOC, (c) POC, 
and (d) DIC flux. The locations and heights of reservoirs are also plotted in the figure. 
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Figure 5.4 Difference of simulated horizontal carbon flux in inland waters with and without the 

presence of reservoirs. The size of the circles represents (a) magnitude of discharge, and 
(b) height of reservoir in the river. Dotted line means that the horizontal flux without the 
presence of reservoirs is equal to that with the presence of reservoirs. Solid line shows the 
linear regression as depicted as a slope and intercept in each figure. 

 
 
 
 
5.4.2 Effect of Reservoirs on Differences in CO2 Evasion and Carbon Burial 
 

Fig. 5.5 shows simulated vertical flux of CO2 evasion and sediment storage without and 
with reservoirs. The vertical fluxes generally increase in the presence of a reservoir and are 
affected by the height of the reservoir (Fig. 5.5a-b). These results are the opposite of those for 
horizontal carbon transport (TOC, DOC, POC, and DIC fluxes in Figs. 5.3 and 5.4). The 
difference can be seen clearly in the comparison of vertical flux in the same rivers in Fig. 5.5c-
d, which implies the flux increases not only in a river with a reservoir, but also in a river 
downstream of reservoir. This effect is more pronounced for CO2 evasion than for sediment 
storage, and it can be seen that CO2 evasion increases even in a river downstream of a reservoir, 
which has also been observed in previous studies (Guérin et al. 2006; Yang et al. 2014). 
Simulated global differences in CO2 evasion and carbon burial in the presence of reservoirs 
were 76.6 TgC/yr (a 9.6% change; median = 42.4 TgC/yr, 25th–75th percentile = 2.2–132.3 
TgC/yr) and 45.0 TgC/yr (a 22.5% change; median value = 26.0 TgC/yr, 25th–75th percentile 
= 3.2–78.1 TgC/yr). Consideration of the presence of reservoirs improved the model estimate 
of sediment storage somewhat in comparison with field measurements, but CO2 evasion was 
overestimated (Table 5.3). 
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Figure 5.5 Simulated vertical flux (CO2 evasion and sediment storage) without and with 
reservoirs; (a) spatial distribution of CO2 evasion changes, (b) spatial distribution of 
sediment storage changes, (c) difference of CO2 evasion in the function of reservoir 
height, and (d) difference of sediment storage in the function of reservoir height. The 
locations and heights of reservoirs are also plotted in Figs 5.5a-b. Dotted line means that 
the flux without the presence of reservoirs is equal to that with the presence of reservoirs 
in Figs 5.5c-d. In Figs 5.5c-d, red filled circle means a river with reservoir and green filled 
triangle means a river downstream of a reservoir, and the circle and triangle sizes represent 
reservoir height. 

 
 
 

Because the above changes were different from the carbon fluxes in the reservoirs, carbon 
fluxes at 82 major reservoirs were estimated by multiplying the simulated carbon flux per unit 
area by the surface area of GRanD database (Lehner et al. 2011). Fig. 5.6 shows the CO2 evasion 
in the major reservoirs created by dams from previous studies (Barros et al. 2011; Yang et al. 
2014; Deemer et al. 2016) and the NICE-BGC simulation. The spatial distribution of CO2 
evasion in both sets of results is relatively similar, particularly the relatively large flux in South 
America (Figs 5.6a-b). Fig. 5.6c shows that the simulated flux values are in good agreement 
with the observed data from the same locations (Cor =0.846) (Barros et al. 2011; Yang et al. 
2014; Deemer et al. 2016), although the observed values are affected by local conditions (e.g., 
season, surface area, reservoir age, latitude, water temperature, and water quality). 
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Figure 5.6 Comparison of CO2 evasion in the major reservoirs between previous studies and 

NICE-BGC simulation; (a) previous data (Barros et al. 2011; Deemer et al. 2016), (b) 
simulated results, and (c) comparison of each value in the same reservoirs. In Fig. 5.6c, 
dotted line means that the NICE-BGC value (vertical axis) is equal to previous data 
(horizontal axis) (Barros et al. 2011; Deemer et al. 2016). 

 
 
 

Table 5.4 shows the simulated CO2 evasion and carbon burial values for the reservoirs and 
the results from previous studies (Mulholland and Elwood 1982; Downing et al. 1993; Dean 
and Gorham 1998; Stallard 1998; St. Louis et al. 2000; Cole et al. 2007; Tranvik et al. 2009; 
Barros et al. 2011; Mendonça et al. 2012; Hertwich 2013; Raymond et al. 2013; Yang et al. 
2014; Clow et al. 2015; Deemer et al. 2016; Maavara et al. 2017). The simulated results of total 
CO2 evasion and carbon burial were 66.5 ± 35.9 and 54.7 ± 29.1 TgC/yr, respectively, which 
are generally within the ranges of 21.8 –280 and 26.2– 600 TgC/yr from the human-made 
freshwater systems in the previously compiled data. The previous data have extremely large 
ranges, implying large uncertainties as well (Table 5.4). These large differences are also related 
to differences in definitions used in each paper, extrapolations from some local point data to a 
global budget, and the fact that the analyses are usually not conserved in the carbon budget 
(Nakayama and Pelletier, 2018). The simulated results in this chapter also show large 
uncertainties (Table 5.4) as compared with the results of previous studies that did not consider 
the influence of reservoirs on inland water carbon dynamics (Nakayama 2017a-c). This implies 
the effects of reservoirs on even the direction of changes in carbon fluxes vary from basin to 
basin across the globe and are influenced by various factors such as land use, soil characteristics, 
and geological structures. A future task is to conduct and compile detailed field observations of 
carbon cycle changes in entire river basins including different types of reservoirs to reduce the 
model uncertainties. 
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Table 5.4 Comparison of CO2 evasion and carbon burial in global reservoirs between simulated 
values and values estimated by previous studies. Positive value means carbon source in 
CO2 evasion, while negative value means carbon sink in carbon burial. The error in simulated 
values means the standard deviation; + and - mean the increase and decrease of fluxes from 
the averaged values, respectively. “N/A” means no previous data. 

 

Simulated Results or Previous Materials CO2 evasion 
(TgC/yr) 

Carbon burial 
(TgC/yr) 

Maavara et al.(2017) 21.8 **** 26.2 **** 
Deemer et al.(2016) 36.8(31.8 - 42.8) N/A 

Raymond et al.(2013) 320 * N/A 
Raymond et al.(2013) 40 ** N/A 

Hertwich (2013) 76 N/A 
Mendonça et al.(2012) N/A 90.4 

Barros et al.(2011) 48 N/A 
Cole et al.(2007) 280 *** 180(160 - 200) *** 

St.Louis et al.(2000) 270 *** 600 *** 
Stallard (1998) N/A 290 *** 

Dean & Gorham(1998) N/A 160 *** 
Downing et al.(1993) N/A 100 

Mulholland & Elwood(1982) N/A 200 *** 
NICE-BGC simulation 66.45±35.90 54.69±29.13 

* Including lakes   

** Corrected value by using a regionalized lake to reservoir surface area ratio 
*** All human-made freshwater systems   

**** only organic carbon burial/mineralization   

 
 
 
5.4.3 Impact of Reservoirs on Water Quality and Carbon Cycle Changes 
 

Table 5.5 presents the results for simulated global net land carbon flux with the presence 
of reservoirs, results from previous studies, and Nakayama’s (2017a) simulated values without 
the presence of reservoirs. NICE-BGC strictly conserves the carbon budget, and the model 
simulates photosynthetic uptake of CO2 and CO2-rich groundwater flowing to streams. In 
addition, CH4 uptake is sensitive to soil temperature and moisture. Whether CO2 and CH4 
become uptake or emission depends on the difference of pCO2 and pCH4 between water and 
air. The model therefore explicitly includes the effect of inland water on land carbon flux with 
and without the presence of reservoirs. The land carbon sink decreases more with the presence 
of reservoirs (– 0.97 ± 0.61 PgC/yr) (this study) than without the presence of reservoirs (–1.05 
± 0.62 PgC/yr) (Nakayama 2017a). Although most previous studies estimated CO2, CH4, and 
N2O emissions within the reservoirs (i.e., upstream of dams), there are several other emission 
pathways (e.g., drawdown emissions, downstream emissions, emissions from decomposing 
wood, and emissions from dam spillways and turbines) (Guérin et al. 2006; Yang et al. 2014; 
Deemer et al. 2016). The carbon flux simulated by NICE-BGC includes not only CO2 emission 
within the reservoirs but also downstream emissions (Fig. 5.5) because the ratio of the deficit 
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above and below the dam is calculated as the function of the drop in water elevation over the 
control structures as shown in equations (5.1) – (5.3). It is important to consider all emission 
pathways, not only the processes within the reservoirs, to clarify the mechanisms of 
biogeochemical cycling and quantify total emissions from the reservoirs. The simulated result 
is supported by previous studies, which have indicated that the terrestrial CO2 sink might be 
smaller than originally thought if the effect of reservoirs is included (Cole et al. 2007; Battin et 
al. 2009; Tranvik et al. 2009).  
 
 
Table 5.5 Comparison of global net flux in land between simulated results and estimates from 

previous studies. Simulated value without the presence of reservoirs in the author’s previous 
paper (Nakayama 2017a) was also plotted. Positive value means carbon source, and negative 
value means carbon sink. The range of data is also added in each averaged value. 

 

Simulated Results or Previous Materials 
Net Land Flux 

(PgC/yr) 
Year 

Prentice et al.(2001) -1.4±0.7 2000 

Canadell et al.(2007) -2.8±1.0 1990-2006 

Le Quére et al.(2009) -2.6±0.7 1990-2000 

Le Quére et al.(2015) -2.1±0.9 1990-2000 

Rev. LPJWhyMe (without Inland Water) * -1.79±0.64 1999 

Rev. LPJWhyMe + GRDC Estimation * -0.71±0.74 1999 

Rev. LPJWhyMe + HydroSHEDS Estimation * 0.02±0.74 1999 

NICE-BGC including Inland Water (without Dam) * -1.05±0.62 1999 

NICE-BGC including Inland Water (with Dam) -0.97±0.61 1999 

* Nakayama (2017a)   

 
 

Harrison et al. (2010) evaluated the effect of dissolved inorganic phosphorus (DIP) yields 
on carbon cycle change and showed the DIP yield downstream of the river basin with dams is 
more than threefold higher than the global average DIP yield. It is possible that many reservoirs 
are highly productive, nutrient-rich, and support high CH4 emission rates (Deemer et al. 2016). 
Fig. 5.7 shows the simulated water quality in the presence of reservoirs along with water 
temperature and DIP data in major reservoirs from previous studies (Harrison et al. 2010; 
Deemer et al. 2016). Even though the model assumes that dams release depth-averaged water 
and concentrations as described in equations (5.1) – (5.3), a reasonable correlation coefficient 
between the NICE-BGC results and previous results is evident for water temperature (Cor 

=0.613) (Figs 5.7a,  b, and e). The model simulated depth-averaged and annually averaged 
temperature, whereas most of the previous observations reported surface-water temperature 
data collected during a limited sampling period (usually only in the daytime and non-flood 
season). In addition, the current model cannot simulate dam release water from the hypolimnion 
of reservoirs, which often contains water with cooler temperatures and larger concentrations of 
CO2 and CH4 (Guérin et al. 2006). It remains as a future task to decrease the uncertainty related 
to water temperature and simulate the vertical distribution of water temperature in the reservoir. 

between the NICE-BGC results and previous results  evident for water temperature
 (Cor =0.613) (Figs 5.7a,   b,  and  e). The  model  simulated  depth-averaged  and  annually  averaged 

is
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There was a linear relation between NICE-BGC and previous results for DIP, but the correlation 
was low (Cor =0.137) (Figs 5.7c, d, and f). These results imply that the total phosphorus 
concentration increases greatly in the presence of a reservoir as a result of sediment trapping. 
As with the water temperature, the accuracy of the simulated result in the vertical direction 
needs to be improved, and gathering more observation data would be useful. 
 
 

 
 
Figure 5.7 Comparison of water quality in major reservoirs between previous studies and NICE-

BGC simulation; (a) water temperature in previous data (Deemer et al. 2016), (b) 
simulated results, (c) DIP yield in previous data (Harrison et al. 2010; Deemer et al. 
2016), (d) simulated results, (e) comparison of water temperature, and (f) comparison 
of DIP yield in the same reservoirs. In Figs 5.7e-f, dotted line means that the NICE-BGC 
value (vertical axis) is equal to previous data (horizontal axis) (Harrison et al. 2010; Deemer 
et al. 2016). 

 
 
 

The present model in this chapter does not include the areal reduction of upland vegetation 
induced by the creation of reservoirs because the area of reservoirs is much smaller than the 
land area and is within the range of uncertainty in the simulation of a 1° × 1° grid. The study 
therefore assumed that the land carbon sink and the terrestrial loading of DOC, DIC, and POC 
to inland waters were same with and without reservoirs. In addition, it did not simulate the 
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difference of carbon stored on land between with and without the presence of reservoirs, and 
only evaluated the difference in carbon burial, CO2 evasion, and the export of transported DOC, 
DIC, and POC to oceans with and without reservoirs (Table 5.3). However, the results implied 
changes in ecosystem processes, such as instream photosynthesis; consumption, decomposition, 
and burial of POC; the uptake and release of CO2, oxygen, and CH4 along with their distribution 
in the water column; and DOC dynamics. In the future, it will be necessary to include the effects 
of changes in terrestrial loading on inland water and carbon dynamics by using a finer resolution 
or regional studies (Nakayama and Pelletier, 2018). 

This chapter does not present all of the sources and sinks that are computed though NICE-
BGC. Vertical carbon fluxes are conserved as the sum of CH4 gas bubbles, gaseous CO2 and 
CH4, burial flux of POC, and other factors in addition to CO2 evasion and sediment storage. 
However, it is reasonable to assume the missing items make minor contributions to the carbon 
budget as a first approximation (Nakayama and Pelletier, 2018). Presenting a complete budget 
of all of the computed sources and sinks of organic and inorganic carbon would entail a great 
deal of additional work. To improve the simulated results of the carbon cycle in reservoirs (Figs 
5.6 and 5.7, and Table 5.4), we also need to compare model predictions not only with high-
quality measurements of the carbon budget on the regional/local scale, particularly in zero-
order and first-order streams (Lynch et al. 2010), but also with data from global monitoring 
programs (Melack 2011).  
 
 
5.5 Conclusion 
 

In this chapter, NICE-BGC was extended to include the effect of 82 major reservoirs 
created by dams on hydrologic and biogeochemical cycles. The model simulated both 
horizontal transport to the ocean and vertical fluxes and included aquatic metabolism and 
terrestrially derived carbon together in major rivers, which is a significant improvement from 
previous studies. The model results for global carbon flux in major basins, vertical flux in major 
reservoirs, and net flux in lands agreed with observed values within the scope of the limited 
available data. The model results showed differences in horizontal carbon transport (DOC flux 
= – 66.4 TgC/yr, POC flux = –11.8 TgC/yr, and DIC flux = – 43.5 TgC/yr) and vertical fluxes 
(CO2 evasion = 76.6 TgC/yr and carbon burial = 45.0 TgC/yr) in the presence of reservoirs on 
a global scale. The model also calculated CO2 evasion and carbon burial values in 82 reservoirs 
(66.5±35.9 TgC/yr and 54.7±29.1 TgC/yr, respectively), and the results were generally in the 
range of previously compiled data describing human-made freshwater systems.  

The land carbon sink was shown to decrease more with reservoirs (– 0.97 ± 0.61 PgC/yr) 
than without (–1.05 ± 0.62 PgC/yr). These results represent a great improvement from those of 
previous studies of emissions from reservoirs, which were based only field measurements. 
Because the model calculated not only emissions within reservoirs but also implicitly included 
downstream emissions, it is reasonable that the total simulated CO2 evasion with reservoirs was 
overestimated. The results also highlight the need to include field observations of emissions 
from rivers downstream from reservoirs to help quantify total emissions resulting from 
reservoirs in future work. The findings indicated that reservoirs might be a potentially important 
source of GHGs to the atmosphere and including them might help to reduce the uncertainty 
ranges of the carbon cycle in inland waters in future analyses. 
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6.1 Final Conclusions   
 

In a previous work, the author developed the National Integrated Catchment-based Eco-
hydrology (NICE) model, which includes surface–groundwater interactions and assimilates 
land-surface processes, describing phenology variations on the basis of satellite data 
(Nakayama, 2008a-c, 2009, 2010, 2011a-d, 2012a-d, 2013, 2014a-b, 2015, 2018; Nakayama 
and Fujita, 2010; Nakayama and Hashimoto, 2011; Nakayama and Shankman, 2013a-b; 
Nakayama and Watanabe, 2004, 2005, 2006a-b, 2008a-c; Nakayama et al., 2006, 2007, 2010, 
2012) (Fig. 1.1). NICE has been so far applied to various basins/catchments on local and 
regional scales such as Changjiang and Yellow Rivers in China, Ob River in West Siberia, 
Mekong River in Southeast Asia, the Tokyo Metropolitan area in Japan, Kushiro Wetland (the 
largest wetland in Japan), Lake Kasumigaura catchment (a highly eutrophic lake in Japan) in 
the previous monograph series (Part I - IV) (Fig. 2.6). In this monograph (Part V), NICE was 
further extended to the continental and global scales, and coupled with five biogeochemical 
cycle models, including those for terrestrial ecosystems, those for water quality in aquatic 
ecosystems, and those for carbon weathering (NICE-BGC) (Figs 1.3 and 3.1). 

In Chapter 2, NICE was extended to incorporate coordinate transformation from 
rectangular to longitude-latitude coordinate system applicable to continental scale and the 
higher latitude region by implementing a map factor and a non-uniform grid. The results 
showed that the new simulation system would be effective as one of the methods to expand a 
grid-based model to a broader area or to the higher-latitude region, and it would also play an 
important role in the further understanding of biogeochemical activity in the higher-latitude 
region along the terrestrial-aquatic continuum on the continental scale (Nakayama, 2016; 
Nakayama and Maksyutov, 2018). 

In Chapter 3, the author developed an advanced model coupling eco-hydrology and 
biogeochemical cycle (NICE-BGC). This new model was applied to the global scale and 
quantified the horizontal and vertical carbon fluxes in major rivers. The results showed that the 
NICE-BGC would play an important role in re-evaluating the greenhouse gas budget of the 
biosphere, quantifying hot spots, and bridging the gap between top-down and bottom-up 
approaches to global carbon budget (Nakayama, 2017a). 

In Chapter 4, NICE-BGC was used to evaluate the latitudinal effect and human impact on 
the hydrologic and carbon cycles in Asian rivers. Then, the model was extended to continental 
and global scales to evaluate seasonal and diurnal variations in carbon flux parameters. This 
scale-dependence and seasonal variation of the carbon cycle helped to bridge the gap between 
carbon transport to longitudinal direction and gas emissions to the atmosphere in previous 
studies. This simulation system would also help further field observations, remotely-sensed 
imagery, and satellite datasets, and play an important role in the improvement of the simulation 
of biogeochemical activity in spatio-temporal hot spots (Nakayama, 2017b, 2017c). 

In Chapter 5, NICE-BGC was further extended to apply to global river basins to include 
the effect of 82 major reservoirs created by dams on hydrologic and biogeochemical cycles. 
The results showed differences in horizontal carbon transport and vertical fluxes in the presence 
of the reservoirs. This finding provides valuable insights for re-evaluation of carbon cycle 
change in the biosphere in reservoirs (Nakayama and Pelletier, 2018). 

NICE-BGC simulated the global carbon budget along the terrestrial-aquatic continuum (Fig. 
6.1). The above results are crucial for estimating the role of inland waters in the global carbon 
cycle after comparison with and without the effects of inland waters in the same way as 
traditional research, because most previous research on conventional carbon cycling has 
generally overestimated the accumulation of carbon in terrestrial ecosystems and 
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underestimated the potential for lateral transport. Recently, NICE-BGC simulated the global 
trends of carbon flux in terrestrial ecosystems during the last 4 decades (Fig. 6.2) (Nakayama, 
in press). Generally, the simulated results of NPP, Rh, and NEP were in the range of the standard 
deviation of the data means ensembled in nine dynamic global vegetation models (Sitch et al., 
2015). In particular, the modification of NICE-BGC included the feedbacks between soil 
organic carbon content and overland carbon fluxes, and the simulated Rh was a little bit smaller 
than the average of previous data (Fig. 6.2b). It is also assumed that models not representing 
lateral exports might have been compensating for the effects of those lateral exports by too high 
SOC (soil organic carbon) mineralization rates in previous studies. Because NICE-BGC 
explicitly considers the effect of inland water, the simulated land flux might be more 
complicated in hotspots such as tropical regions like the Amazon, Congo, Southeast Asia, and 
the boreal region of West Siberia where the role of inland water is dominant (Nakayama, 2017a-
c; Nakayama and Maksyutov, 2018). Fig. 6.2c shows that the net land flux simulated by NICE-
BGC including the effect of inland water led to a slight decrease in the carbon sink (– 1.49±0.50 
PgC/yr) in comparison with the value simulated by the revised LPJWHyMe without the effect 
of inland water (– 2.33±0.50 PgC/yr). This difference is attributable to CO2 evasion and lateral 
carbon transport over continents and from continents to oceans, originating from wetlands and 
peat drainage, soil leaching and erosion, and chemical weathering of soil minerals, as explicitly 
included in NICE-BGC (Figs 1.3 and 3.1). This result also implies that, as the models improve, 
the terrestrial CO2 sink might become smaller than previously considered, or sometimes shift 
from CO2 sink to CO2 source because lateral carbon export and CO2 evasion in inland water 
become larger during the decades (Cole et al., 2007; Battin et al., 2009; Sitch et al., 2015). 
 

 
 
Figure 6.1 Global carbon budget estimated by NICE-BGC and its application to entire Japan at 

a finer resolution. 
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Figure 6.2 Global trends of annual-averaged carbon flux in terrestrial ecosystems estimated by 

NICE-BGC; (a) net primary production (NPP), (b) heterotrophic respiration Rh, and 
(c) net land flux. Dotted line shows linear regression of the simulated values (clear and solid 
circles). Previous simulated values are also plotted. A positive value means carbon source, 
and a negative value means carbon sink. In Figs 6.2a-b, the range of data means standard 
deviation ensembled in nine dynamic global vegetation models (Sitch et al., 2015). In Fig. 
6.2c, the net land fluxes simulated by NICE-BGC both with and without considering the 
effect of inland water bodies are plotted. 

 
 
 
6.2 Future Work 
 

This monograph (Part V) indicates that the previous empirical estimation should be 
extended to this process-oriented model and higher resolution data to further clarify the 
mechanistic interplay between inorganic and organic carbon and their relationship to nitrogen 
and phosphorus in terrestrial-aquatic linkages (Nakayama, 2016). The results also strongly 
suggest that this model would play an important role in re-evaluating the greenhouse gas budget 
of the biosphere, quantifying hot spots, and bridging the gap between top-down and bottom-up 
approaches to global carbon budget. 

Yet there are still areas for improvement to increase the precision and accuracy of the 
simulations; carbon assimilated by plants and water availability, weathering process, and the 
carbon cycle in the estuary, etc. It is therefore, necessary to evaluate more accurately the lateral 
export of carbon from land to rivers in order to bridge the gap between the top-down and the 
bottom-up approaches in conventional carbon balance estimations (Battin et al., 2009; Raupach, 
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2011; Bauer et al., 2013; Regnier et al., 2013; Kiel and Cardenas, 2014). Because this offset 
also seems to be within the uncertainty bands of both estimates and might be caused by the 
difference in methods to estimate the global budget, it is further necessary to reduce the 
uncertainty ranges of simulated result and analyze their biases more strictly in each eco-
hydrological process. In order to separate more clearly the carbon source in inland waters from 
the terrestrial carbon sink, it is further necessary to couple this process-oriented model with 
scaling up site-level observations of aquatic ecosystems in addition to conventional land-use 
types (Battin et al., 2009), and to improve the spatial resolution of atmospheric transport models, 
so-called inverse models, assimilated with bias-corrected satellite data such as data from the 
Greenhouse gases Observing SATellite (GOSAT) (Basu et al., 2013). If this component proves 
to be important, it is likely that the terrestrial CO2 sink will prove to have a smaller contribution 
to the global carbon cycle than considered up till now. The further improved simulation system 
will play an important role in the evaluation of spatio-temporal hot spots on the regional scale 
(Frei et al., 2012), and of boundless biogeochemical cycles on the global scale (Cole et al., 
2007; Battin et al., 2009). This system will also help to contribute to an improvement of the 
early tipping-point warning system for sustainable development under the constraint of global 
security and environmental degradation.  

Now NICE is being extended to quantify the eco-hydrological and biogeochemical cycles 
in more detail on both regional and global scales with respect to the following: 
(i) NICE is being expanded to include the carbon cycle changes by anthropogenic activities like 
nutrient fertilizer in the fields and pollution load from urban areas. The model attempts to clarify 
why and how the expected CO2 evasion might decline as inland waters become polluted with 
nutrients and eutrophication increases from agricultural and urban areas (Pacheco et al., 2013). 
The simulated results also showed that the incorporation of the nutrient cycle improved the 
estimates of the net land flux and carbon budget in inland water. 
(ii) The model is also being expanded to couple with an ocean carbon cycle model to evaluate 
the land-ocean interaction. While estuaries are considered to be net heterotrophic ecosystems 
and show significant supersaturation of CO2, the order of magnitude of the emission is still a 
matter of debate and is sensitive to intense anthropogenic disturbances reflected by increasing 
nutrient load, carbon supply, deoxygenation, and ocean acidification (Frankignoulle et al., 
1998; Regnier et al., 2013; Laruelle et al., 2014; Sharples et al., 2017). The actual mechanisms 
and interaction of carbon cycle in land and ocean margins on the continental and global scale 
remain unclear. 
(iii) NICE is further being extended to inverse estimation of model parameters, sensitivity 
analysis, and factorial analysis (Hill et al., 2000; Hinnell et al., 2010; Abbaspour et al., 2015) 
in order to improve the inventory data about irrigation, fertilization, urbanization, and mine 
development. Uncertainty analysis of the hydrologic cycle also helps to improve the accuracy 
of hydrologic budgets in basins. This methodology is powerful to evaluate spatio-temporal 
variations of water availability in regions with less data, for example, in most areas of East Asia 
(Fig. 6.3). 
(iv) The modified model described in the above (i)-(iii) is also being applied to all the first-class 
river basins in entire Japan (109 river basins) in order to improve the carbon budget of land and 
to evaluate the impact of climatic change and anthropogenic activity on the variations in eco-
hydrological and biogeochemical cycles (Fig. 6.1). The same model is also being applied to 
entire East Asia at finer resolutions. These NICE applications will contribute greatly to an 
improvement in the guidelines of greenhouse gas emission estimation, a more reasonable 
adaptation strategy for climate change, and the achievement of the long-term goal of the Paris 
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Agreement (UN, 2015), which are indispensable to Japan’s national security and international 
contributions in the future (Fig. 6.1). 
 
 
 

 
 
Figure 6.3 Evaluation of water availability for improvement in pasture carrying capacity in 

Mongolia by coupling NICE with an inverse model. 
 
 
 

Because recent research has begun to reconsider how inland water might play a role in 
carbon cycling, a further improvement of the simulation system will play an important role in 
the evaluation of spatio-temporal hot spots and boundless biogeochemical cycles. This 
improvement will also help to integrate knowledge and provide the understanding that is needed 
for reaching sustainability by 2030 in UN Sustainable Development Goals (SDGs) (UNDP, 
2015), where climate action, clean water, sustainable cities, life below water, and life on land 
are important global goals greatly contributed to by this integrated approach. 

The author hopes to report these studies (i)-(iv) currently being underway in a following 
monograph (Part VI) in the near future. 
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