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Abstract

West Siberian Lowland (WSL) contains the world’s most extensive peatlands, and also has important influ-
ences on hydrologic cycle, provides important role on biogeochemical process, and helps preserve valuable
species. In this study, the authors evaluated complex hydrodynamics and their relation to biogeochemical cy-
cles in the WSL by applying advanced process-based model. Though there were a lot of uncertainties about
model parameters, the model included reliable values as much as possible from previous studies. The model
reproduced reasonably inundated water level due to snowmelt runoff in the lower Ob River in comparison
with previous research, and further evaluated connectivity between groundwater and inundated flow affected
by complex micro-topography, vegetation, and lithology, which improved the clarification of influence of
groundwater on hydrodynamics and biogeochemical process. This simulation system will also play important
role in improvement in identification of hot spots of biogeochemical activity and help clarify boundless biogeo-
chemical cycle along terrestrial-aquatic continuum.

Keywords: Boundless Biogeochemical cycle, Eco-hydrology model, Terrestrial-aquatic continuum, West Si-
berian Lowland.

1 INTRODUCTION

West Siberian Lowland (WSL) contains the world’s most extensive peatlands (Smith et al., 2004).
In particular, boreal and subarctic peatlands in such as WSL store about 15-30% of the world’s soil carbon
as sink (Limpens et al., 2008), and affect the dynamics of methane emission as source. Wetlands have also
important influences on hydrologic cycle, provides important role on biogeochemical process, and helps
preserve valuable species. The WSL includes most of the lower Ob River basin, and is located in permafrost
transition (Figure 1). So, the lower Ob, frequently inundated during spring and summer, is different from the
middle and the upper Ob in terms of hydrological regime and watershed management. It is important to
evaluate eco-hydrological processes there by applying advanced process-based model from the view point of
biogeochemical cycle.

2 METHODS
2.1 Process-based NICE model

The original NICE (National Integrated Catchment-based Eco-hydrology) is consisted by complex
sub-compartments of surface hydrology model such as hillslope and stream flows, land-surface model in-
cluding urban and crop process, groundwater model, regional atmospheric model, mass transport model in
sediment and nutrient, and vegetation succession model, etc. based on rectangular coordinate after Albers
projection or UTM projection (Nakayama, 2008a-b, 2009, 2010, 201la-b, 2012a-c, 2013, Nakaya-
ma&Fujita, 2010, Nakayama&Hashimoto, 2011, Nakayama&Shankman, 2013a-b, Nakayama&Watanabe,
2004, 2006, 2008a-c, Nakayama et al., 2006, 2007, 2010, 2012). The model also includes 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. LAl and FPAR are
important parameters for evaluating vegetation growth (Nakayama&Watanabe, 2004).
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Figure 1. Elevation in the study area of this research (West Siberian Lowland).

2.2 Up-scaling of NICE through coordinate transformation

When we apply NICE to broader area in such as continental or global scale, its application is theoreti-
cally limited because it is estimated that curvature in earth and distortion through map projection will in-
crease, in particular, at the corner of projection and at polar zone. So, this application needs the up-scaling
of the model, in particular, in horizontal transport components through the implementation of map factor and
non-uniform grid in the same way as atmospheric model.

In the case of Mercator’s projection, all the metrics in horizontal plane are equal because angles or
shapes are preserved there. Therefore, the map factor m(¢) is calculated in the followings;

m(¢) = secg where x = ad, y = atang = aln[tan(#74+@/2)], Ay = asecgAp @

where ¢ and @ are the latitude (°) and longitude (°), a is a radius of the earth, x and y are the length from the
projection origin, respectively. This result shows the model has to use non-regular mesh and apply map fac-
tor to revise actual length because the distortion Ay and the m(¢) value increase greatly in the higher latitude
(Table 1).

The horizontal transport components in NICE should be converted. The governing equations of NICE
about surface hydrology based on kinematic wave theory and groundwater flow based on three-dimensional
partial differential equation are described in rectangular coordinate system in the following equations (2)
and (3);
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where Q = discharge; ¢’ = propagation velocity; »’ = effective rainfall intensity; »’(x’) = flow width; 8’(x") =
slope angle; hy = hydraulic potential head; Kj (i=x, y, z) = hydraulic conductivity; W = volumetric flux per
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Table 1. Variation of distortion and map factor in 5 (°) x 5 (°) grids.

Lon or Lat X (m) Ax (M) y (m) Ay (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 2.36620158
60 6,671,708 555,976 8,390,355 1,036,712 2

55 6,115,732 555,976 7,353,642 914,567 1.7434468
50 5,559,757 555,976 6,439,075 823,833 1.55572383
45 5,003,781 555,976 5,615,242 754,735 1.41421356
40 4,447,805 555,976 4,860,507 701,277 1.30540729
35 3,891,830 555,976 4,159,230 659,594 1.22077459
30 3,335,854 555,976 3,499,636 627,104 1.15470054
25 2,779,878 555,976 2,872,532 602,040 1.10337792
20 2,223,903 555,976 2,270,492 583,179 1.06417777
15 1,667,927 555,976 1,687,313 569,673 1.03527618
10 1,111,951 555,976 1,117,640 560,957 1.01542661
5 555,976 555,976 556,683 556,683 1.00381984
0 0 0 1

unit volume representing sources and/or sinks of water; and Ss = specific storage, respectively. The above
equations (2) and (3) are converted by applying map factor in the following;

aQ aQ = . .

E+C~m(¢)5 =c-r(x,t)cosd(x)-b(x) 4)
o 5 ohg 3 > ohg Kl ohg . Ohg
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where &(x)=tan"*(m(¢)4Z/L); b(x)= b’(x’)/m(4); and ¢ = the propagation velocity at &x), respectively. In this
way, the revised NICE can be applicable to global scale through up-scaling by applying non-uniform grid
and map factor into slope angle (topography), flow width, propagation velocity, and hydraulic conductivity.

2.3 Model input data

Six-hour re-analyzed data of downward radiation, precipitation, atmospheric pressure, air tempera-
ture, air humidity, wind speed, FPAR, and LAI were input into the model after interpolation of ERA-interim
(ECMWE, 2013) in inverse proportion to the distance back-calculated in each grid. Observed meteorological
data of BMDS (Baseline Meteorological Data in Siberia) created by the Japan Agency for Marine-Earth
Science and Technology (2011) in West Siberia was also used to correct ERA precipitation data because the
global ECMWEF precipitation sometimes had the least reliability and underestimated observed peak values
(Nakayama, 2011a-b, 2012c, Nakayama&Shankman, 2013a-b, Nakayama&Watanabe, 2008b, Nakayama et
al., 2006). Mean elevation was calculated by using a global digital elevation model (DEM; GTOPO30) (U.S.
Geological Survey, 1996a). In West Siberia wetland, 161 stream channels were selected out from river net-
work data (HYDRO1K) (U.S. Geological Survey, 1996b) by evaluating Pfafstetter level and Strahler stream
order and previous materials (Mean river width for lower Ob = 2 km, Biancamaria et al., 2009; Main Ob’s
channel = 3 km, Kouraev et al., 2004). Though there were a lot of uncertainties about model parameters, the

46



model included reliable values as much as possible from previous studies, for example, the river width men-
tioned in the above, and peat depth (Kremenetski et al., 2003, Smith et al., 2004, National Snow and Ice Da-
ta Center, 2004). Land cover was categorized on the basis of Global Land Cover 2000 (European Commis-
sion, 2013). Though there were a lot of uncertainties about model parameters in West Siberia wetland, the
model included reliable values as much as possible from other valuable information such as peat type, peat
depth, and geology, etc. was used from West Siberian Lowland Peatland GIS Database (National Snow and
Ice Data Center, 2013). The geological structures were divided into four types on the basis of hydraulic con-
ductivity, the specific storage of porous material, and specific yield based on the previous materials. These
model parameters of hydrologic and ecological characteristics, soil and vegetation properties, and geological
structures were calibrated by comparison between simulated and observed values within the initial estimated
known range and published in the literature (Clapp&Hornberger, 1978, Rawls et al., 1982).

2.4 Boundary conditions and running simulation

At the upstream boundaries, reflecting condition on hydraulic head was used assuming that there is
no inflow from the mountains in the opposite direction. In the hillslope hydrology, flow depth and discharge
at the uppermost ridges of the mountains 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 hydraulic heads of
groundwater and river. At sea boundary, constant head was set at 0 m. Details are described in
Nakayama&Watanabe (2004).

In the West Siberia wetland, the simulation was conducted in horizontally about 2100 km wide by
3000 km long with a resolution of 10 km and 0.15 ° (Figure 1), and the area was discretized into 20 layers
with a weighting factor of 1.1 layers (finer at the upper layers) in the vertical direction. The upper layer was
set at 2 m depth, and the 20th layer was defined as an elevation of —200 m from the sea surface. Simulations
were performed with a time step of At = 6 h for 1998-1999 after 1 year of warm-up period until equilibrium.
The simulated results were calibrated and validated in hydrologic, geomorphic, and ecological aspects re-
spectively in the author’s previous researches (Nakayama, 2008a-b, 2009, 2010, 2012b, 2013, Nakaya-
ma&Watanabe, 2004, 2006). Then, the simulated results before and after coordinate transformations were
compared with each other and then up-scaled to the global scale with a resolution of 1.0 °.

3 RESULTS AND DISCUSSIONS
3.1 Impact of coordinate transformation on eco-hydrological processes

The simulated result after coordinate transformation into longitude-latitude coordinate system was
compared with the original one in rectangular coordinate system in the WSL (Figure 2). The simulated
groundwater level after the coordinate transformation (Ax = 0.15 °) reproduces reasonably the spatial char-
acteristics of hydrologic cycle in comparison with the original one (4x = 10 km) in the island scale in the
same way as river discharge though there are some discrepancy at the upstream of Ob River and the down-
stream Yenisei River because of the slight difference in boundary conditions. NICE can simulate not only
groundwater but also surface water because the model includes surface—groundwater interaction in addition
to geomorphic change and vegetation succession processes (Nakayama, 2008a-b, 2009, 2010, 2011a-b,
2012a-c, 2013, Nakayama&Fujita, 2010, Nakayama&Hashimoto, 2011, Nakayama&Shankman, 2013a-b,
Nakayama&Watanabe, 2004, 2006, 2008a-c, Nakayama et al., 2006, 2007, 2010, 2012). This interaction be-
comes complicated in the West Siberian Lowland where almost flat region expands, shallow aquifer flows,
and continuous and discontinuous permafrost exists heterogeneously. NICE includes various sub-
compartments to simulate these hydrodynamics iteratively.

3.2 Evaluation of inundated flow in the lower Ob
Figure 3 shows inundated flow in the lower Ob River in July 1998 (spring snowmelt season) simu-

lated by NICE. The model reproduced reasonably inundated water level due to snowmelt runoff there in
comparison with the previous research estimated by multisatellite approach (Frappart et al., 2010), and fur-
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ther clarified connectivity between groundwater and inundated flow, which improved the clarification of
nonlinear interaction in previous study (Reeve et al., 2000). Though the model reproduced reasonably the
observed value there, it is necessary to clarify the effect of different latitude on hydrologic change in the fu-
ture because the distortion and the map factor increase in the higher latitude, which revise to preserve the
governing equations through coordinate transformation as a first approximation. From the view point of the
role of inland water on biogeochemical cycle where the patterns in surface water CO- in stream networks
have been seldom explored (Teodoru et al., 2009), first-order streams, the smallest streams that typically ap-
pear on mountainous regions, contribute the largest proportion of the CO; efflux to the atmosphere (But-
man&Raymond, 2011), which implies we have to choose the best resolution depending on the final objec-
tive. This result indicates the effectiveness of up-scaling and converting of governing equations of NICE by
applying map factor and non-uniform grid, which can be applicable to global scale.

Lon.-lat. coordinate: Ax=0.15"
240 x 200 mesh

Rectangular coordinate: Ax=10km

210 x 300 mesh

Figure 2. Comparison of simulated G.W.L. relative to the ground surface through coordinate transfor-
mation.
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Figure 3. Comparison of inundated water level in the lower Ob River basin (July 1998).

4 CONCLUSIONS

The revised NICE (National Integrated Catchment-based Eco-hydrology) in this study further shed
light on the extension of applying this model from local/regional scale to global scale. The model repro-
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duced reasonably the surface water — groundwater interaction at the lower altitude regions and showed the
possibility of expansion to the global eco-hydrological process.
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