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Abstract. The cycling of carbon (C) in terrestrial ecosys- capture our preconception of the spatial patterns of water
tems is closely coupled with the cycling of water. An impor- table depth and saturation deficit across the watershed. Be-
tant mechanism connecting ecological and hydrological pro-cause soil moisture is fundamental to the exchange of wa-
cesses in terrestrial ecosystems is lateral flow of water alonger and C fluxes among soil, vegetation and the atmosphere,
landscapes. Few studies, however, have examined explicithecosystem and C cycle models therefore need to explicitly
how consideration of water routing affects simulated waterrepresent water routing in order to accurately quantify the
and C dynamics in terrestrial ecosystems. The objective omagnitude and patterns of water and C fluxes in terrestrial
this study is to explore how consideration of water routing ecosystems.

in a process-based hydro-ecological model affects simulated
water and C dynamics. To achieve that end, we rasterized

the regional hydro-ecological simulation system (RHESSys)

and employed the rasterized RHESSys (R-RHESSys) in & Introduction

forested watershed. We performed and compared two con-

trasting simulations, one with and another without water The cycling of carbon (C) in terrestrial ecosystems is closely
routing. We found that R-RHESSys was able to correctIyCOUP|ed with the cycling of water. Plants need water to sur-
simulate major hydrological and ecological variables regard_vive, and thus, the distribution, composition, and structure of
less of whether water routing was considered. When watePlant communities are directly influenced by spatial patterns
routing was considered, however, soil water table depth an@®f available water (Band, 1993; Band et al., 1993; Caylor
saturation deficit were simulated to be greater and spatiallyet al-, 2005; Ivanov et al., 2008). An important mechanism
more heterogeneous. As a result, water (evaporation, trarfhat connects ecological and hydrological processes in terres-
spiration, and evapotranspiration) and C (forest productiv-tria| ecosystems is lateral water flow along landscapes. Lat-
ity, soil autotrophic and heterotrophic respiration) fluxes also€ral water flow can redistribute water and nutrients through
were simulated to be spatially more heterogeneous compare¥Pace, which affects plant establishment and growth (Band et
to the simulation without water routing. When averaged for @l 1993); leaf phenology (Asbjornsen et al., 2011); ecosys-
the entire watershed, the three simulated water fluxes werém structure and function (Wang et al., 2009); and soil bio-
greater while C fluxes were smaller under simulation con-9eochemical processes, such as organic matter decomposi-
sidering water routing compared to that ignoring water rout-tion (Ju et al., 2006; Riveros-Iregui et al., 2011). For exam-
ing. In addition, the effects of consideration of water rout- ple, studies have demonstrated that lateral water flow and
ing on simulated C and water dynamics were more apparSonnectivity act as important determinants of ecological pat-
ent in dry conditions. Overall, the study demonstrated thatt€'s and processes in heterogeneous landscapes (Band et

consideration of water routing enabled R-RHESSys to bettefl-, 1993; Sponseller and Fisher, 2008), and contribute to
changes in surface water, energy, nutrients, and C in space
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1424 G. Tang et al.: Does consideration of water routing affect simulated water and carbon dynamics?

(Pockman and Small, 2010). In mountainous catchmentsGiven the elevational gradient in mountain forests plus grav-
Hwang et al. (2012) found that lateral water flow can pro- ity, lateral water flow — such as subsurface lateral flow along
duce important patterns in water and nutrient fluxes as welklopes — is common in humid mountain forests (Ridolfi et
as stores, which influences the long-term spatial developmerdl., 2003). In semi-arid and arid ecosystems, surface lateral
of forest ecosystems. Riveros-Iregui et al. (2011) suggesteflow also occurs when rainfall intensity exceeds the infiltra-
that landscape-imposed redistribution of soil water is a ma-tion capacity of dry soils (Kim and Eltahir, 2004) or on topo-
jor cause for distinct variation of growing-season soil CO graphically flat ground if the presence of the vegetation patch
efflux within small subalpine watersheds. creates a contrast in infiltration rate (Thomspon et al., 2011).
Hydrological connectivity via lateral water flow plays im- The universality and significance of lateral water flow in ter-
portant roles in the transport of water, nutrients and sedi+estrial ecosystems suggest that it should not be overlooked
ments at catchment scales (Smith et al., 2010). Corresponddy ecosystem and C cycle models. A better understanding
ingly, distributed hydrology models (DHM) that simulate lat- of how lateral water flow and its spatial connectivity may af-
eral water flow and its spatial connectivity along landscapedect water and C dynamics is therefore important for accurate
or among simulated grids have been developed increasinglguantification of terrestrial water and C budgets as well as
in recent years (Lane et al., 2009). These models — such asustainable management of water and forest resources (e.g.,
DHSVM (Wigmosta et al., 1994) and RHESSys (Band et Wang et al., 2011).
al., 1993; Tague and Band, 2004) — couple runoff genera- The overall objectives of this study are to investigate
tion and water routing mechanisms and thus are able to ex{) how consideration of water routing in a process-based,
plicitly simulate the effects of topographic and subsurfacehydro-ecological model affects simulated water and C dy-
heterogeneities on downslope redistribution of water and nunamics in terrestrial ecosystems; and (ii) if effects of consid-
trients (Doten et al., 2006). In fact, DHMs are used widely eration of water routing on simulated C and water dynamics
to identify saturated areas that produce runoff and non-poinare more remarkable in dry conditions. Toward these ends,
source pollution (Gérard-Marchanti et al., 2006), evaluatewe rasterized a regional hydro-ecological model designed to
irrigation systems (Singh et al., 2006), and examine floodsimulate integrated water, C and nutrient dynamics at water-
potential associated with disturbances such as deforestatioshed and regional scales. The rasterization aimed to (i) re-
(Doten et al., 2006). The representation of soil moisture vari-move the model’s hierarchical structure so that all hydrolog-
ability and water routing processes at grid cell level in DHMs ical and ecological processes would be simulated at the in-
also enables these models to account for spatial variability oflividual cell level; and (ii) add a new control interface so
runoff-generating mechanisms and infer model parameterithat the water routing algorithm built into the model could
zation from distributed geospatial data such as geology, tobe switched on or off. These modifications allowed us to
pography, soils, and land cover (Wang et al., 2011). Thes&keep all model parameters and their parameterization iden-
advantages greatly contributed to the accuracy of hydrologidical between two predesigned contrasting simulations: with
forecasting (Smith et al., 2012). vs. without water routing. In turn, this helped reduce the un-
Despite the fact that lateral water flow redistributes watercertainty of model-based comparisons that can result from
and nutrients in space and thus affects ecosystem structumifferences in model structure, parameters, and parameter-
and function as well as the cycling of water and C, the rep-ization — as commonly encountered in model-based inter-
resentation of lateral water flow and its spatial connectivity comparison studies. Based on the rasterized model, we per-
may not be adequate in existing ecosystem and C cycle modormed two contrasting simulations for each of the two con-
els. For example, Riveros-Iregui et al. (2011) indicated thattrasting forcing scenarios: “wet” vs. “dry”. We compared
the robust implementation of the lateral redistribution of soil simulated soil water table depth and saturation deficit, evap-
water into biogeochemical models is often lacking. Chen etoration, transpiration, evapotranspiration, forest productivity,
al. (2005) argued that most C cycle models at regional andand soil respiration from these simulations. Findings gained
global scales use bucket models to estimate soil moisture anfilom these comparisons provide insights into the future de-
ignore lateral exchanges of water among simulated units. The@elopment of ecosystem and C cycle models for terrestrial
causes for such inadequacy are (i) lack of detailed informa-ecosystems.
tion on how lateral water flow may affect vegetation, water,
and C dynamics in terrestrial ecosystems, and (ii) increased
burden of computing when water routing is included in the 2 Material and data
model’s simulation (Ju et al., 2006). This inadequacy, how-
ever, is likely to hinder better quantification of the spatial het-2.1  Study area
erogeneity and complex linkages of hydrological, ecological,
and biogeochemical processes in terrestrial ecosystems. The Biscuit Brook (hereafter Biscuit) watershed in the
Furthermore, mountain forests account for about 23 % ofCatskill Mountain region of New York State (Fig. 1) was se-
the earth’s forest cover and play an important role in mod-lected as the study region. This watershed is relatively humid,
ulating global cycling of water and C (Price et al., 2011). with annual total precipitation of about 145 cm and annual
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Catskill Mountain Region Biscuit Brook watershed

- Biscuit Brook watershed

®  Weather stations
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A Gauge (01434025)
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Fig. 1. The location of the Biscuit Brook watershed (red area) and the United States Geological Survey gauge station within the Catskill
Mountain region of New York State. The map on the left depicts boundaries of the West of Hudson watershed and reservoirs of the New
York City water supply system. The black points are 10 Cooperative Observer Program weather stations used to derive meteorological data
for the watershed.

mean temperature about 4@. The slopes vary from 0.04 to structures existing in RHESSys to exist no longer. As a
37°, and the maximum slope length is 4.73 km in a northeastresult, arrangement of some initial-state variables according
to southwest direction (Fig. 1). We selected this watershedo the prescribed template (i.e., the World file in RHESSys)
as the study region because (i) long-term historical streamwas no longer needed. In addition, R-RHESSys excluded
flow observations from one USGS gauge station (01434025jhe TOPMODEL (Beven and Kirkby, 1979) embedded
for this watershed are available to calibrate and evaluatén its predecessor but retained the explicit water-routing
model simulations; (ii) this watershed is forested and thusalgorithm (Wigmosta et al., 1994) for simulating surface
well suited for investigating the linkages between ecologicaland subsurface lateral flow as well as movement of solutes
and hydrological processes; (iii) there are no human-relatedhrough space. The water routing algorithm in R-RHESSys
land use activities; and (iv) the watershed has spatially vari-can be switched on or off and thus provides users two
able terrain with elevation ranging from 270 to 1270 m, pro- ways (i.e., with vs. without water routing) to quantify C,
viding a natural hydro-ecological laboratory to examine thewater, and nutrient dynamics in terrestrial ecosystems. As
effects of lateral water flow and its spatial connectivity on in its predecessor, surface and subsurface lateral flow for
water, C and vegetation dynamics in terrestrial ecosystems.stream-type patches are channelized in R-RHESSys.
Because specific algorithms for C, water, and nutrient dy-
2.2 Rasterizing the regional hydro-ecological namics are maintained mostly as in Tague and Band (2004),
simulation system we briefly introduced calculation of subsurface and sur-
face flow that was slightly modified for reference. In R-
The Regional Hydro-Ecological Simulation System RHESSys, the saturated subsurface flow,(Sf) (m day™*)
(RHESSys, Tague and Band, 2004) is a process-basefiom patcha to b is calculated as follows:
hydro-ecological model designed for simulating integrated
water, C and nutrient dynamics, as well as vegetation growtrsf,_, , =
at watershed and regional scales. Although RHESSys is

capable of being run in fully distributed mode, its hierar- \\hore (m) is saturation deficit in patch; m (dimension-
chical framework requires that some initial-state variables|ess) is the decay rate of soil hydraulic conductivity with

associated with the spatial hierarchy of basins, hiIIsIopesdepth in patchu; smax (M) is the water equivalent of soil
and zones be arranged per a prescribed template. In thigeyih s (dimensionless) is the empirical sensitivity param-
study, we further rasterized RHESSys (version 5.12) iNgter ith a value of 1.2 when water routing is considered and
an attempt to remove the model's hierarchical structureg y5)ye of 0.16 when water routing is ignored. The values 1.2
The rasterized RHESSys (hereafter R-RHESSys) adopted,4 0.16 are based on model calibrations (see below): and

almost all features of its predecessor except for (i) exclusior‘S/ (mday™1) is the percent of subsurface flow going from
of the hierarchical model framework of RHESSys, and patcha to patchb. It is expressed as

(ii) modification of the user interface for controlling model
simulation. The exclusion of the hierarchical structure in R-y = Kqa0 x tanB,_p» x Wauisp, @)
RHESSys caused the basin, hillslope, and zone hierarchical

§ x Y x e*S/m _ e*SmaX/m) s > 0 1
§ x Y x (E_‘Y/(S‘Sm) _ e—smax/m) 5 < 0’ ( )
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where Ksaro (mday 1) is saturated hydraulic conductivity Supplement shows examples of interpolated daily maximum
at the surfacep (degree) is the local slope from pateh  and minimum temperatures as well as precipitation for the
to patchb; and W (dimensionless) is the flow width from Biscuit watershed in July 1994.

patcha to patchb. The flow widths are assumed to be 0.5

times the grid size for cardinal directions and 0.354 times the2.4 Land cover, soil and elevation data

grid size for diagonal directions (Quinn et al., 1991; Tague

and Band, 2004). The land cover data used to pre-define vegetation types

The saturation overland flow (R} for patcha is ex-  for the Biscuit watershed were based on the National Land
pressed as follows: Cover Dataset 1992 (NLCD 1998ttp://landcover.usgs.gov/
usmap.php The NLCD 1992 data were derived from Land-

RF, = max(RS+ Usais— 5, 0.0), ()  sat Thematic Mapper satellite data at 30 m spatial resolution

where RS (m) is soil water storage in the root zone layer: and"‘”d classified land covers into 21 typeg for_the United States
Usars(m) is soil water storage in the unsaturated soil layer. (Vogelmann et al., 1998a, b). For the Biscuit watershed, only

When water routing is considered in R-RHESSys, theth.ree types exist in NLCD 1992: evergreen, deciduous and
saturated subsurface flow input from the upslope patch r_mxed forests_. Our soil texture_ data f_;lt 30 m spatial reso!u-
(Eq. 1) is added to the downslope paterand accounted tion were derived _from the digital Soil Survey G_quraphlc
for in patchb’s local water budget. When routing is turned Database hitp://soils.usda.goy/ We classified soil in the
off, Eq. (1) is still used to calculate subsurface flow out of BiSCUit watershed into four types: sandy loam, loamy skele-

each patch. However, rather than being routed to downstOn: Silt loam and rocky (Fig. S1d in the Supplement). Soil-

lope patches, the subsurface outflows from all patches argexture-related parameters and their parameterization are in

summed and assumed to flow out of the basin as the basél’_able 1. The USGS National Elevation Dataset at 1 arcsec

flow component of streamflow. The value of the sensitivity SPatial resolution (about 30 m) was used in this study.
parametes in Eq. (1) for the non-routing case is reduced to ) ) ) ) )

reflect the change in function of this parameter from a lat-2-> Modeling protocol, model simulation, calibration,

eral flow between patches adjustment to what is effectivelya ~ and evaluation

baseflow recession coefficient. The other difference between . ) ) . . )

routing and non-routing is that with routing on, the surface Gl_ven that cll_m_ate_ in the B'Scu_'t yvatershed is relatively hu-
flow generated by Eq. (3) is routed following the same topol-Md and precipitation has no distinct dry and wet cycles, we
ogy as subsurface flow and is allowed to re-infiltrate alongPerformed four simulations under two climate forcing sce-
its flow path, whereas with no routing, the surface flow gen-"arios: one wet and one dry. Under the wet scenario, time
erated by Eq. (3) for all patches is summed and assumed tSeries of daily climate data for the period 1961-2008 were

flow out of the basin as the runoff component of streamflow. directly used without modification. Under the dry scenario,
we set time series of daily precipitations for days in May,

2.3 Meteorological data June, July and August in 1995 at zero while keeping others
identical to those under the wet scenario. For each of the two
Time series of daily maximum and minimum temperature scenarios, the two contrasting simulations (i.e., with vs. with-
(°C) as well as total precipitation (mm) are required to run out water routing) were performed, respectively.
R-RHESSYys. Because there is no weather station located Our initial simulations under the wet scenario suggested
in the Biscuit watershed, our climate data for the periodthat soil water table depth, leaf area index (LAI) and for-
1961-2008, a period having as long as possible availablest productivity tended to reach the equilibrium state af-
climate records and preselected for model spin-up simulater 50 simulation-years. In contrast, soil C took more than
tion, were derived from 10 Cooperative Observer Program200 simulation-years to reach the equilibrium state (Fig. S2
stations (COOP) (Fig. 1). Specifically, daily climate data for in the Supplement). In order to have vegetation and soil
each day in each year for the watershed were estimated u€ reach equilibrium state with long-term local climate, we
ing the ordinary Kriging interpolation approach (Goovaerts, spun up R-RHESSys for 240 years repeatedly using 48-year
1998). Before interpolation, daily records of temperatures(1961-2008) daily-step meteorological data. After spin-up
that exceeded the long-term (1961-2008) mean of all availsimulations, we continued to run R-RHESSys for an addi-
able records from that station by four standard deviationgtional 48 years using data from 1961 to 2008. This modeling
or greater were manually removed on a case-by-case bagrotocol applied to all four simulations under both wet and
sis (e.g., Tang and Arnone lll, 2013). In addition, local dry forcing scenarios.
lapse rates 0f-0.0085°Cm~! for daily maximum tem- Based on results under the wet scenario, we calibrated R-
perature,—0.0054°C m~1 for daily minimum temperature, RHESSys for the period 1992-1993 and evaluated it for the
and 0.0014 mm m! for daily precipitation were used to ad- period 1994-1995. The period 1992-1995 was selected be-
just temperature and orographic precipitation changes alongause observed climate records in this period from 10 COOP
the elevation gradient in the study sites. Figure S1 in thestations were more consistent than during other periods. This
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Table 1. Major soil parameters and their parameterizations used in this study.

Soil texture

Variables Unit Sandy Silt Loamy Rocky
loam loam  skeleton

K o mday'l  89.05 4862 4836  109.56
m* DIM 0.09 0.12 0.13 0.09
Porosity % 0.435 0.410 0.451 0.485
Porosity decay DIM 4000 4000 4000 4000
Pore size index (PSI) DIM (0-1) 0.204 0.189 0.186 0.228
PSI air entry % 0.218 0.386 0.478 0.480
Soil depth m 5.0 5.2 4.8 5.0
Active zone depth m 10 10.0 10.0 10.0
Maximum energy capacity °C -10. -10. -10. —-10.
Albedo DIM 0.258 0.253 0.320 0.200
Sand % 0.70 0.20 0.80 0.75
Clay % 0.10 0.15 0.02 0.05
Silt % 0.20 0.65 0.18 0.20

* Ksat ois saturated hydraulic conductivity at the surfaeeis the decay rate of hydraulic conductivity with
depth.Ksat pandm were manually calibrated against observed streamflow and derived baseflow at the
USGS gauge station.

can minimize the effects of the quality of atmospheric forc- the calculated NS is 0.61 for streamflow (Fig. 2c) and 0.74
ing data on simulated water and C dynamics. Correspondfor baseflow (Fig. 2d) for the simulation that neglected wa-
ingly, model calibration and evaluation for each of the two ter routing. For the evaluation period, the calculated NS was
pre-specified periods were performed for the two contrastingnore than 0.57 for both streamflow and baseflow regardless
simulations under the wet scenario, respectively. of whether or not water routing was considered (Fig. 2a—d).
To investigate how consideration of water routing may af- In addition, the simulated average daily streamflow for the
fect simulated C and water dynamics, monthly average dailyevaluation period 1994-1995 approximated each other be-
values of major hydro-ecological variables in July of 1994 tween the two simulations (2.54 vs. 2.50 mmd&y The dif-
from the two contrasting simulations under the wet scenaridference in average daily streamflow between model simula-
were compared. The July of 1994 was selected because tenions and observation was less than 1.25% under both sim-
perature in July is generally higher than in other months andulations. These statistics (Table S1 in the Supplement) sug-
thus the effects of consideration of water routing on simu-gested that R-RHESSys was able to accurately simulate daily
lated water and C dynamics as well as vegetation growthstreamflow and baseflow regardless of whether water routing
were assumed to be more detectable. To test if effects ofvas considered.
consideration of water routing on simulated C and water
dynamics are more remarkable in dry conditions, we com-3-2 Comparison of simulated soil water table depth and
pared the differences in simulated monthly values of major ~ Saturation deficit

hydro-ecological variables in 1995 between the wet and dry, . . .
scenarios. When water routing was considered, the simulated depth to

the soil water table ranged from 0.15 to 2.92 m among cells

and averaged 1.20m for the entire watershed. In contrast,

3 Results when water routing was ignored, the simulated depth ranged
from 0.02 to 1.20m among cells, and averaged 0.72 m for

3.1 Calibration and evaluation of simulated streamflow  the entire watershed. In other words, the simulated water ta-
and baseflow ble depth was spatially more variable when water routing was

simulated as indicated by the calculated standard deviations

Figure 2 shows the time series of simulated daily stream<or soil water table depth among cells (Table 2 and Fig. 3a
flow and baseflow for the Biscuit Brook in the watershed for vs. b). A similar situation applied to the simulated satura-
the calibration period 1992-1993 and the evaluation periodion deficit, which had a wider range from 0.08 to 1.42m
1994-1995. For the calibration period, the calculated Nash-under simulation with water routing but a narrower range
Sutcliffe coefficients (NS; Nash and Sutcliffe, 1970) is 0.58 from 0.01 to 0.54 m under simulation without water routing
for streamflow (Fig. 2a) and 0.63 for baseflow (Fig. 2b) un- (Table 2). The simulated saturation deficit also was spatially
der the simulation that considered water routing. In contrastmore variable under simulation with water routing than that
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Table 2. Comparison of simulated hydrological and ecological variables between the two contrasting simulations: with vs. without water
routing.

Variables Water Minimum  Maximum Mean STD
routing

Water table depth (m) Yes 0.15 2.92 1.20 040
No 0.02 1.20 0.72 0.19

Saturation deficit (m) Yes 0.08 1.42 0.54 0.17
No 0.01 0.54 0.33 0.08

Evaporation (mm) Yes 0.22 3.11 0.87 042
No 0.52 1.05 0.74 0.05

Plant transpiration (mm)  Yes 0.00 3.86 1.41 0.49
No 0.92 1.95 135 0.13

Evapotranspiration (mm)  Yes 0.28 6.65 227 0.79
No 1.44 2.99 2.09 0.18

NPP (gCnT2day 1) Yes 0.01 5.79 333 084
No 2.50 5.79 3.60 0.17

RA (gCnr2day1) Yes 0.00 0.97 0.58 0.18
No 0.35 0.97 0.63 0.08

RH (gC 2 day 1) Yes 0.01 1.3 0.75 0.20
No 0.44 1.3 0.84 0.08

1 (a) Routing H 1 (b) Routing

NS=0.58 ~ "] NS=063

1 ©No routing ; | (d) No routing

NS=0.61 NS=0.74

7/1/92  1/1/93  7/1/93 1/1/94 7/1/94 1/1/95 7/1/95 7/1/92  1/1/93  7/1/93 1/1/94 7/1/94 1/1/95 7/1/95
Month/Day/Year Month/Day/Year

Fig. 2. Calibration (for the period 1 January 1992-31 December 1993) and evaluation (for the period 1 January 1994—-31 December 1995) of
R-RHESSys simulated daily streamflow (SF) and baseflow (BF) (solid red line) against observed/derived data (solid black line). Simulations
in (a) and(b) considered water routing while simulations() and(d) ignored water routing. NS is short for the Nash—Sutcliff coefficient.

The blue-dashed line represents 1 January 1994.

without water routing (Fig. 3d vs. ), as indicated by the stan-mostly at upslope areas (Fig. 3a and d) when water routing
dard deviations for saturation deficit among cells (Table 2).was considered. This situation, however, did not always ap-
Further comparison suggested that water table depth and sgtly to simulations ignoring water routing, under which water
uration deficit were about 0.5m (for water table) and 0.2 mtable depth and saturation deficit were found to be greater at
(for saturation deficit) greater in the hills or ridges of the wa- steeper slopes (Fig. 3b and e).

tershed when water routing was considered. In the valleys or

flat areas, however, there are regions where the simulated we.3 Comparison of simulated evaporation,

ter table depth and saturation deficit were smaller when water  transpiration, and evapotranspiration

routing was considered compared to the simulation ignoring

water routing (Fig. 3c and f). Spatially, deeper water table Compared to the simulation ignoring water routing, simu-
depth and higher saturation deficit were simulated to occutiated monthly average daily evaporation, transpiration, and
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Fig. 3. Comparison of simulated monthly average daily soil water table depth and saturation deficit in July 1994 between the two contrasting
simulations(a) and(d) considered water routing whill) and(e) ignored water routing(c) and(f) show differences in simulated soil water
table depth and saturation deficit between the two contrasting simulations.

actual evapotranspiration (ET) with water routing had a S
wider range among cells. For example, monthly average

daily evaporation for July 1994 was simulated to vary from 2

0.22 to 3.11 mmday* among cells under simulation with

water routing. In contrast, evaporation had a narrower range

from 0.52 to 1.05mmday* under the simulation with-

out water routing (Table 2). When averaged for the en-

tire watershed, monthly average daily evaporation, plant
transpiration, and ET were 18% (0.87 vs. 0.74mm), 4% e
(1.41 vs. 1.35mm) and 9% (2.27 vs. 2.09 mm) greater, re- '
spectively, under simulation considering water routing than
that ignoring water routing (Table 2). In addition, regardless Evap Evap(NO) T
of the actual magnitudes of simulated water fluxes, the spa-

tial patterns of evaporation, transpiration, and ET were mod-Fig. 4. Comparison of simulated monthly average daily evaporation

eled to be more variable under simulation considering watef€VaP). transpiration (Tran), and actual evapotranspiration (AET) in

routing than that ignoring water routing, largely because ex-JUI}‘" 19,,9 4 between the two simulations with and without (indicated
y “NO”) consideration of water routing.

treme high and low values of evaporation, transpiration an
ET were simulated to occur under the simulation with water

routing (Fig. S3 in the Supplement and Fig. 4). Spatially, thesimulation considering water routing, which ranged from

gﬁects of c_ons_lderlng water routlng on 5|ml_J|_ated evaporay 1 9 5.79 gC m? among cells. In addition, although the
tion, transpiration, and ET can be either positive or negative

: : . . ; pattern of simulated NPP was extremely similar in most ar-
compared to the simulation neglecting water routing (Fig. S3 ; : :
. eas of the watershed between the two simulations (Fig. 5a
in the Supplement).

and b), simulated monthly average daily NPP among cells
was spatially more variable when water routing was con-
3.4 Comparison of simulated forest net primary sidered, as suggested by the calculated standard deviations
productivity (NPP) for NPP among cells (Table 2). When averaged for the en-
tire watershed, the simulated monthly average daily NPP
At the individual cell level, simulated monthly average daily was 8 % (3.33 vs. 3.60 gC™) lower under simulation con-
NPP in July, 1994 (when ignoring water routing) ranged sidering water routing than that ignoring water routing (Ta-
from 2.50 to 5.79gC m?, narrower than results from the ble 2). Nevertheless, the simulated maximum NPP between

1]
1T+

Daily water flux (mm day™)

e ®

n  Tan(NO)  AET  AET(NO)

o

www.hydrol-earth-syst-sci.net/18/1423/2014/ Hydrol. Earth Syst. Sci., 18, 14213437, 2014



1430 G. Tang et al.: Does consideration of water routing affect simulated water and carbon dynamics?

(b) No routing

™ (a) Routing

NPP (gC m™)

| . | |
0 3253354 6 0 3253354 6

Fig. 5. Comparison of simulated monthly average daily net primary productivity (NPP) in July 1994 between the two sim({tamrsid-
ering water routing an¢b) ignoring water routing(c) Shows percentage difference betwégrand(b) divided by the result from simulation
(a) considering water routing. The white areas show no significant differences.

the two simulations was identical (5.79 gC#), although  without water routing (Fig. 6f). The difference in simulated
there were regions where simulated NPP was distinctly lowersoil RH between the two simulations ranged fref.8 to
(< 3.09C nT2) under the simulation considering water rout- 0.12 gC n72 across cells.

ing than that ignoring water routing-(3.0 gC n12). Overall,

the simulation that neglected water routing had a tendency t$.6  Comparison of the differences (with vs. without

overestimate forest NPP in ridges of the watershed or areas  routing) in monthly values of hydro-ecological
with steeper slopes (Fig. 5¢). variables between the wet and dry scenarios

Figure 7 shows comparisons of the simulated differences
(with vs. without water routing) in monthly values of C and
water dynamics in 1995 between the wet and dry scenarios.
When averaged for the entire watershed, the magnitude of the
differences in monthly average water table depth and satura-
tion deficit was not distinct for months before July between
the two scenarios, while the differences diverged for months
after July: greater under the wet and smaller under the dry
Ecenario (Fig. 7a and b). For water fluxes, the absolute mag-
itude of the differences in monthly transpiration and AET
. . . X . was greater under the dry scenario for May, June, July, Au-
.S|mulat|on'v.wth water routing thap that W|thout'water rout-_ gust, and September, and bottomed in August (Fig. 7d and e).
ing. In addition, although the spatial pattern of simulated sonln other months, the magnitude of the differences in monthly

RA across the watershed was extremely similar in most ar'transpiration and ET approximated each other between the

eas between the two simulations (Fig. 6a and b), there Werg, . s .onarios especially for transpiration (Fig. 7e). How-

patche§ where S|mul_ated soil .RA was much lower when Wa'ever, this pattern of differences in monthly transpiration and
ter routing was considered (Fig. 6¢). Overall, neglect of wa-

. : AET did not apply to evaporation (Fig. 7c). For C fluxes,
ter 'routlng has the p.otennal to cause R-RHESSys to OVETihe absolute magnitude of the difference in monthly average
estimate soil RA, while such overestimates mainly occur in

. NPP, soil RA, and RH was greater under the dry scenario
areas of steeper slopes or near the ridges of the Watersh(? r May, June, July, August, and September, and bottomed

(;'E" ?\C)d S|m|(IjarIy, S|mu]!atedosgll rtwetle;otrg%r:c (;esp|_rat|on in August (Fig. 7f—h). In other months, the simulated differ-
(I t') a 't{; Wi ter range ron:j DLt l.eg nf er S(I)ITz]l-4t ences in the three C fluxes approximated each other between
ulation with water routing and a narrower range Irom .44 10y, v scenarios. These results indicated that consideration

2 i i i i - . .
él'?’ %C r‘lr'L undet_r tlhe tstlmulatl;)n_Wltlh(:u;tjwaFﬁr?Lc'Jutlng (Ta of water routing has greater effects on simulated water and C
e 2). The spatial patterns of simulated soi were moredynamics in dry conditions.

variable under simulation with water routing than that with-
out water routing (Fig. 6d and e). Besides, when averaged
for the entire watershed, monthly average daily soil RH was
11% (0.75 vs. 0.84) lower under the simulation consider-
ing water routing than that ignoring water routing. Differing

from soil RA, the effects of water routing on soil RH can be

either positive or negative when compared to the simulation

3.5 Comparison of simulated soil autotrophic and
heterotrophic respiration

Simulated monthly averaged daily soil autotrophic respira-
tion (RA) in July 1994 ranged from 0.0 to 0.97 gCfun-

der the simulation with water routing. This range was slightly
broader than that from the simulation without water routing,
which ranged from 0.35 to 0.97 gC1h(Table 2). When av-
eraged for the entire watershed, monthly average daily soi
RA was 8% (0.58 vs. 0.63gCT4, Table 2) lower under
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(b) No routing
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Fig. 6. Comparison of simulated monthly average daily soil autotrophic (RA) and heterotrophic respiration (RH) in July 1994 between the two

simulations(a) and(d) considering water routing whil@) and(e) ignoring water routing(c) and(f) show percentage differences between
the two simulations divided by results from the simulation considering water routing. The white areas show no significant differences.
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Fig. 7. Comparison of the simulated differences (with vs. without water routing) in monthly values of major hydro-ecological variables
between the wet (solid black line) and dry (solid red line) scenarios.

4 Discussion and forest NPP — all fell within the ranges of correspond-
ing field observations. For example, modeled LAI during the
4.1 Performance and accuracy of R-RHESSys growing season (May to September) averaged 3.tn?

for the entire watershed and ranged from 1.2 to 3.4 m—2
Our model evaluation against observed streamflow and deacross grid cells, agreeing well with observed and mod-
rived baseflow from the USGS gauge station indicated thakled values ranging from 2.90 to 4.5m~2 in mixed oak—
R-RHESSys was able to accurately simulate river flow athickory forests and northern hardwoods (Scurlock et al.,
watershed scales, largely because all algorithms for water001; Tang and Beckage, 2010), dominant forest types in
C and nutrient dynamics as well as model parameters arghe study watershed. Our modeled annual forest NPP av-
maintained as in RHESSys, which itself has been app”ecbraged 4749C rr?yr—l, falling within the range of 391 to
and evaluated in a number of studies (e.g., Christensen &74 gC nr2yr—! of field observations in oak-hickories (e.g.,
al., 2008; Hwang et al., 2012; Tague and Band, 2001). InPan et al., 2006; Tang et al., 2010). Nevertheless, we
addition, the simulated ecological variables — such as LAl
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acknowledge that the lack of spatially distributed field mea-
surements — such as observed soil moisture, water table
depth, and forest NPP — hinder us from further evaluating
the patterns of simulated major ecological and hydrologi-
cal variables across the watershed. Such limitations in theg
model’s evaluation are encountered commonly in many other®
distributed-model-based studies (Brooks et al., 2007) and
need improvement in the future.

(a) Routing (b) No routing
R*=0.56; p<0.001 R?*=0.37; p<0.001

978.6

~
%
2
]

734
SD (mm)

489.3

2447

4.2 Effects of water routing on soil water table depth TVii
and saturation deficit
Fig. 8. Comparison of the relationships of simulated saturation
Lateral water flow and associated water redistribution acrossleficit (SD) to topographic wetness index (TWI) across the water-
the landscape considerably influence hydrologic responséhe_d bet_vveen the two '_simulatiOt(ls)consideringWater routing and
in terrestrial ecosystems, including movement and storagdP) 1gnoring water routing.
of water in the soil (Guntner and Bronstert, 2004; Thomp-
son and Moore, 1996). Some studies (e.g., Kim and Eltahir,
2004) indicated that topography drives lateral transport ofprevious studies. Hopp et al. (2009) found that relatively high
water downslope, and water converges into concave areas @aturation in the soil profile occurs in the swale, and drier
valleys through surface or subsurface runoff. As a result, wazone often occurs upslope and on the side ridges of hillslopes
ter table depth tends to be significantly shallower in valleyswhen water routing and topography were both considered
compared to hills. However, this contrasting pattern did notin the model simulation. Crave and Gascuel-Odoux (1997)
occur in simulations that ignored water routing, in which the indicated that the steeper upslope parts of a watershed will
simulated water table depth and saturation deficit approxibe drained laterally more rapidly than the gentler downs-
mated each other between valleys and hills/ridges of the walope parts, resulting in drier slopes at the catchment scale.
tershed (Fig. 3b and e). In other words, simulated water taThese patterns were captured by simulation with water rout-
ble depth and saturation deficit with water routing captureding (Fig. 3d) while not always by simulation without wa-
better our preconception of their spatial patterns across théer routing (Fig. 3e). In addition, most previous studies in-
watershed. A similar study in a humid watershed (Hotta etdicated that the upslope contributing area, as incorporated
al., 2010) indicated that lateral flow and local infiltration de- into the TOPMODEL (Beven and Kirkby, 1979), is probably
scending from hillslopes often causes lower elevation sites téhe major topographic influence on soil moisture distribution
have a higher water table level and higher elevation sites tde.g., Hotta et al., 2010; Thompson and Moore, 1996). This
have a lower water table level. relationship also was captured better by simulation consid-
A similar model-based comparison study additionally sup-ering water routing as suggested by the strength of the lin-
ported our findings. Sonnentag et al. (2008) compared simuear relationship of simulated saturation deficit to calculated
lated water table depth between simulations with and withoutopographic wetness index (Fig. 8a vs. b) between the two
considering lateral water flow in a peatland. They found thatsimulations.
the magnitude of simulated water table depth without wa-
ter routing was considerably underestimated because laterdl.3 Effects of water routing on water fluxes from land
subsurface flow moves water toward the margins of the peat to the atmosphere
body. The neglect of lateral flow resulted in the simulated
water table at or very close to the ground surface, which exSlope, aspect and surrounding topography control incident
plains why the simulated water table depth was much greatedirect solar radiation, and lower-elevation regions in moun-
under simulation ignoring water routing (Table 2). Further- tainous watersheds have more incoming longwave radiation
more, Moore and Thompson (1996) found that the combinafrom the surrounding landscapes plus temperature decreases
tion of slope curvature, microtopography, and resulting wa-as elevation increases. The highest ET values often occur in
ter movement produce significant variability in water table valleys, and the lowest ET in north-facing, high-elevation ar-
depth across the landscape. This explains why the calculategas (Bertoldi et al., 2006; Christensen et al., 2008), which ex-
standard deviation of water table depth among cells douplains why the modeled spatial patterns of evaporation and
bled (0.40) under simulation considering water routing com-transpiration in the watershed were generally higher in low
pared to that (0.19) ignoring water routing (Table 2). elevations and valleys and lower in high elevations under
Similar to water table depth, saturation deficit under simu-the two contrasting simulations (Fig. S3 in the Supplement).
lation with water routing showed a distinct pattern in the wa- Water routing is a major determinant of soil water table and
tershed: higher in the valleys and lower in the hills or ridges moisture distribution, however, both of which play important
of the watershed, which agreed better with findings fromroles in modulating water fluxes from land to the atmosphere.
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Fig. 9. The relationships of saturation deficit (SD) w{tl) net primary productivity (NPP)p) soil autotrophic respiration (RA), ar{d) soil
heterotrophic respiration (RH). Data shown here are based on the simulation considering water routing.

For example, Salvucci and Entekhabi (1995) indicated that acorrelated with water redistribution processes. Plants in the
deeper water table typically indicates drier areas where evaplower physiographic units (e.g., footslope, channel) should
oration is often suppressed. This explains why there are arrespond well to improved water and soil conditions and,
eas where evaporation under simulation with water routingtherefore, should be more productive. In contrast, the inter-
was lower than those without water routing (Fig. S3c in the fluve, shoulder, and backslope areas often had lower vegeta-
Supplement). tive greenness values because of poor water availability. In
In addition, changes in vegetation growth resulting from this study, the effects of differences in simulated soil mois-
moisture alteration also can affect water fluxes from land toture condition on forest productivity were not very noticeable
the atmosphere due to changes in canopy leaf area. Confdefined as-2 % < NPP difference< 2 %) in 80 % of areas
paring the two simulations, for cells where simulated NPPin the study watershed between the two contrasting simula-
decreased (less tharR %, Fig. 5¢), 60 % experienced an in- tions (Fig. 5). This is largely because incoming solar radi-
crease in evaporation while 48 % experienced a decrease iation and temperature are major determinants of forest pro-
transpiration due to decrease in canopy leaf area. This exductivity, and these radiative forcings were identical between
plains why there are areas where simulated evaporation ithe two simulations. Nevertheless, because changes in soil
higher while transpiration is lower under simulation with wa- moisture can affect forest productivity and because the sat-
ter routing than that without water routing (Fig. S3c and f in uration deficit was simulated to be greater under the simu-
the Supplement). At the individual cell level, because tem-lation with water routing, simulated forest NPP was signif-
perature, soil moisture and vegetation dynamics interact tacantly lower in steeper slope areas of the watershed when
jointly control evaporation and transpiration, differences in water routing was considered. In these areas where differ-
simulated evaporation, and transpiration can be either posiences in NPP were less thar %, average soil saturation
tive or negative (Fig. S3 in the Supplement). When averagedieficit (722 mm) was 45 % higher than that (498 mm) in ar-
for the entire watershed, because evaporation showed sigeas where differences in NPP were not noticeable (defined as
nificant increase by 18 % under simulation with water rout- —2 % < NPP difference< 2 %) (Fig. 5). In fact, forest NPP
ing, the resultant AET also showed an increase by 9% undewas significantly and negatively correlated with saturation
simulation with water routing compared to that without wa- deficit in our simulation (Fig. 9a) because the deterioration
ter routing. In addition, because forest productivity is mod- of soil moisture condition can limit vegetation growth (e.g.,
eled to be similar in 80 % of areas between the two simu-Urgeghe et al., 2010).
lations and because transpiration accounts for two-thirds of
total ET plus water is not limited, simulated transpiration and4.5 Effects of water routing on soil respiration
ET were extremely similar in 70 % of areas in the watershed

between the two contrasting simulations, although signifi-_ocal topography can generate considerable spatial variabil-
cant differences occurred in some areas (Fig. S3f and i inty in soil temperature, incoming solar radiation, and soil wa-
the Supplement). ter content (Running et al., 1987; Kang et al., 2004). Al-
though each of these factors differentially affects soil res-
4.4 Effects of water routing on vegetation productivity piration, soil temperature plays a major role in soil respira-
tion. Kang et al. (2004) found that about 75 % of seasonal
Changes in soil moisture condition affect canopy photosyn-variation in soil respiration in such mesic ecosystems can
thesis and forest productivity (Band et al., 1993). Hwangbe explained by variation in soil temperature. Because soil
et al. (2012) found that soil moisture content has profoundtemperature is simulated to be the same between the two
effects on plant growth in forested watersheds. Svoray andimulations, this greatly contributed to the similarity (de-
Karnieli (2011) indicated that plant productivity is strongly fined as—2 % < RA difference< 2 %) of the spatial pattern

www.hydrol-earth-syst-sci.net/18/1423/2014/ Hydrol. Earth Syst. Sci., 18, 14213437, 2014



1434 G. Tang et al.: Does consideration of water routing affect simulated water and carbon dynamics?

Saturation deficit (m)

I |
0402 0 02 04 06 08

Fig. 10. (a)Deteriortation of soil moisture condition under the dry scenario compared to the wet scenario resulted in NPP decreases occurring
in more areas of the watersh@) under the dry scenario than th{) under the wet scenario. The white areas show no significant differences.

of simulated soil RA in 79.9% of areas in the watershedon RH. Overall, soil RH was negatively correlated to satura-
(Fig. 6). Indeed, the calculation of root RA in R-RHESS tion deficit in our simulation, suggesting that neglect of water
is mainly treated as a function of soil temperature, follow- routing has the potential to cause the model to overestimate
ing Ryan (1991). Because saturation deficit was higher whersoil RH (Fig. 9c).
water routing was considered, and because soil water deficit
limits root production resulting from reduced NPP, the con-4.6 Effects of water routing on C and water dynamics
sequent soil RA is smaller under the simulation considering under dry conditions
water routing (Fig. 6a—c). In fact, for cells where simulated ) ) o . )
NPP decreased by less tha % between the two contrast- Consideration of water routing in model S|mul_at|ons had
ing simulations (Fig. 5¢), 99.9 % experienced a decrease jgreater eff(_ects on simulated C and Wate_r dynamics under the
RA, ranging from—1.4 to—100 % (Fig. 6¢). Linear regres- dry scenario than qnder_ the wet scenario, largely because of
sion also suggested that soil RA is negatively and signifi-det?”or?t'on of soil moisture condition under the dry sce-
cantly correlated with saturation deficit (Fig. 9b). nario (Fig. 10a). For example, when averaged for the entire
Although soil temperature plays a dominant role in r(__,gu_Watershed,_son saturation deficit increased by 14 % u_nderthe
lating soil RH, changes in soil water content due to laterald"y scenario (0.72m) compared to the wet scenario (0.63
flow and connectivity affect litter production and soil micro- m). The deterioration of soil .m0|sture .con.dltlon caused the
bial activity, which in turn affect soil RH. Riveros-Iregui et number of cells where the difference in simulated monthly
al. (2011) indicated that growing-season soil Oflux is NPP was greater than 2%. to increase by 138 % under the
known to vary laterally by as much as sevenfold within small dry scenario (6031 cells) (Fig. 10c) compared to the wet sce-
subalpine watersheds in the northern Rocky Mountains, and@rio (2531 cells, Fig. 10b). This explained why the absolute
the variability was strongly related to the landscape-imposednagnitudes of the simulated differences in monthly values of
redistribution of soil water. Because soil RH in R-RHESSys € and water fluxes were greater for those months, in which
is treated as a function of soil moisture following Parton et ime series of daily precipitation were set to zero under the
al. (1996), this explains that the simulated soil RH is spatiallydry scenario. Our findings of the greater effects of consid-
more variable (higher standard deviation) among cells wherfration of water routing on simulated C and water dynamics
water routing is considered (Table 2). In our simulation, for Under the dry scenario was consistent with Band (1993), who
cells where forest NPP decreased by less thaf (Fig. 5¢), fqun.d_ that spatial variations in available soil water can have
97 % experienced a decrease in RH due to reduction of |it_S|gn.|f|cant effects on areal ayeraged C and water fluxes rates,
ter production (Fig. 6f). In a semiarid subalpine watershed Particularly under dry conditions.
Riveros-Iregui and McGlynn (2009) observed that the high-
est soil CQ efflux rates often occur in areas with persistently 5 Conclusions
high soil moisture, whereas lower soil Géfflux rates are on

forested uplands in subalpine watersheds. Such patterns wegg,caq on R-RHESSys and by keeping all model parameters

captured better under simulation considering water routingnq theijr parameterizations identical, this model-based com-
(Fig. 6d) than that ignoring water routing (Fig. 6e), partially 5rison study indicated the following:
because soil RH was generally simulated to be low in areas o?

steeper slopes (Figs. 1 and 6) and because forest NPP and lit- 1. R-RHESSys is able to correctly simulate streamflow

ter production were low in these areas. Compared to soil RA, and baseflow for Biscuit Brook regardless of whether
differences in simulated soil RH between the two contrasting water routing is considered in the model simulation
simulations can be either negative or positive due to com- or not. When water routing is considered, however,
bined effects of soil temperature, moisture, and litter inputs R-RHESSYys captures better our preconception of the
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spatial patterns of water table depth and saturationSupplementary material related to this article is

deficit. In contrast, when water routing is neglected, available online athttp://www.hydrol-earth-syst-sci.net/
the simulation has a tendency to underestimate wa-18/1423/2014/hess-18-1423-2014-supplement.pdf
ter table depth and saturation deficit. Simulated pat-
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