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Abstract. Hydrologic response in natural catchments is con-1  Introduction
trolled by a set of complex interactions between storm prop-

erties, basin characteristics and antecedent wetness condge response of natural catchments to precipitation depends
tions. This study investigates the transient runoff responsgyn the mechanisms of runoff generation and their spatial and
to spatially-uniform storms of varying properties using a temporal distribution. Nevertheless, quantitative descriptions
distributed model of the coupled surface-subsurface systemys distributed runoff generation are difficult to acquire in
which treats heterogeneities in topography, soils and vegefie|d settings. To address this, a number of distributed hy-
tation. We demonstrate the control that the partitioning intodrologic models have been developed to represent multiple
multiple runoff mechanisms (infiltration-excess, saturation-,noff mechanisms and their variability in a catchment (e.g.,
excess, perched return flow and groundwater exfiltration) hassmith and Hebbert, 1983; Abbott et al., 1986; Ogden and
on nonlinearities in the rainfall-runoff transformation and its Julien, 1993; Paniconi and Wood, 1993; Wigmosta et al.,
scale-dependence. Antecedent wetness imposed through1@94; Garrote and Bras, 1995; VanderkKwaak and Loague,
distributed water table position is varied to illustrate its ef- 2001; Ivanov et al., 2004a; Rigon et al., 2006). To date, how-
fect on runoff generation. Results indicate that transitionsgyer |imited attention has been placed on model analyses
observed in basin flood response and its nonlinear and scalgnat identify the spatiotemporal variability of runoff gener-
dependent behavior can be explained by shifts in the surfacestion and its underlying causes. Few studies have quantified
subsurface partitioning. An analysis of the spatial organi-yynoff partitioning into the surface and subsurface mecha-
zation of runoff production also shows that multiple mecha- pisms that arise from interactions of a distributed groundwa-
nisms have specific catchment niches and can occur simulgr taple and variably-saturated catchment surface. Under-
taneously in the basin. In addition, catchment scale playstanding runoff production in these complex settings is criti-
an important role in the distribution of runoff production as ¢g| for identifying the mechanisms for flood generation, and
basin characteristics (soils, vegetation, topography and initiajg features (e.g., magnitude, timing, volume). More impor-
wetness) are varied with basin area. For example, we illuStantly, flood characteristics and their scale-dependence may
trate how storm characteristics and antecedent wetness playe |inked to the runoff mechanisms excited as rainfall proper-
an important role in the scaling properties of the catchmentjes interact with variable basin characteristics and pre-storm
runoff ratio. wetness conditions.

In this study, we investigate the transient basin response to
storm events using a coupled surface-subsurface model that
accounts for heterogeneities in catchment properties, pre-
storm hydrologic states and rainfall forcing. Our analysis
Correspondence tcE. R. Vivoni is based on the physical processes represented in the model
(vivoni@nmt.edu) and how these interact to generate runoff. Our objective is to
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identify nonlinearity and scale effects in the simulated flood wetness on the distributed basin response. In the experi-
response and their relation to the underlying runoff mech-ments, variations in rainfall duration and intensity are used to
anisms simulated in the basin. The nonlinearity in catch-mimic characteristic storms, while initial wetness conditions
ment response refers to the observation that a unit increasare altered by imposing a distributed water table at different
in rainfall may not produce an equivalent increase in mea-baseflow levels. The distribution of initial soil water con-
sured runoff. Numerous studies have recognized that catchtent in the unsaturated zone corresponds to hydraulic equi-
ment runoff response can be highly nonlinear (e.g., Bet-librium and explicitly depends on the initialized water table
son, 1964; Caroni et al., 1986; Troch et al., 1993b; Ris-position. Within the model construct, we seek to identify if
bey and Entekhabi, 1996). Nonlinearity is potentially re- exciting a range of different runoff mechanisms with inher-
lated to the runoff mechanisms operating in a basin, whichent variations in response time, magnitude and spatial orga-
have been shown to affect flood frequency (Sivapalan et al.nization can explain runoff nonlinearity. Furthermore, we at-
1990; Robinson and Sivapalan, 1997). A possible cause ofempt to understand how basin heterogeneities interact with
the observed runoff nonlinearity is the difference in responsestorm characteristics to create favorable sites for runoff pro-
times between surface and subsurface flows. Surface runofiuction. If persistent catchment niches exist for runoff gener-
is a quick response as infiltration is significantly reduced dueation, then the scale-dependence of flood properties may be
to soil properties or saturated conditions, while subsurfaceelated to how runoff partitioning changes with basin area.
runoff can be much slower as subsurface flow paths may subAs basins grow in size, the heterogeneous mix of catchment
stantially delay travel toward the channel network. Previouscharacteristics varies, possibly leading to predictable patterns
studies have identified that transitions in runoff mechanismsn runoff production. Understanding the effects of runoff par-
can be controlled by rainfall properties, such as storm du-itioning on catchment response at various scales is important
ration and intensity (e.g., Larsen et al., 1994; Menabde ando advance our capability to predict behavior in ungauged
Sivapalan, 2001). Nevertheless, antecedent wetness condbasins.
tions imposed by the water table position after long inter-
storm periods should also have an important effect on transi-
tions between surface and subsurface mechanisms. 2 Coupled surface-subsurface distributed model

In addition to influencing runoff nonlinearity, surface and
subsurface mechanisms may impart a signature on the runofRIBS is a continuous, physically-based, fully-distributed
scale-dependence, which refers to the effect of catchmentodel designed for hydrologic research and forecasting
area (or size) on runoff properties. Numerous studies havélvanov et al., 2004a). The model provides a spatially-
shown that discharge may exhibit stronger or weaker depenexplicit treatment of basin heterogeneities in topography,
dence on scale as areaincreases, depending on the hydrologioils and aquifer properties, vegetation and atmospheric forc-
processes in the basin (e.g., Goodrich et al., 1997; Morrisoring. As in grid models, runoff production and routing are
and Smith, 2001). Both antecedent wetness and storm propracked over complex terrain captured by individual nodes.
erties, through forcing particular runoff mechanisms, mayin tRIBS, Voronoi polygons (control volume associated with
also create differences in flood characteristics at differenta given TIN node) uniquely associated with a triangulated
scales. The scaling properties of interest in the runoff re-irregular network (TIN) are used as a finite-volume domain
sponse include the flood peak magnitude, time to peak anfbr mass balance and flux computations (Tucker et al., 2001).
volume. In small catchments, the short response times relin the following, we present a brief discussion of the model
ative to storm duration can lead to contributions from sur-physics, emphasizing those components most relevant to un-
face and subsurface runoff to the overall basin response. Aderstanding the coupled surface-subsurface basin response.
catchment scale increases, storm duration is shorter than thEnhe reader is referred to Ivanov et al. (2004a) for additional
response time from each mechanism, thus leading to timeeletails and discussions of model limitations.
varying partial contributions from various mechanisms (e.qg.,
Sivapalan et al., 2002). Thus, flood characteristics are antici2.1 Model domain representation
pated to result from the interrelationship of runoff processes
with multiple time constants and basin size. An important A catchment is represented in tRIBS through a TIN consist-
guestion is whether the catchment runoff ratio exhibits scaleing of elevation, channel, and basin boundary nodes (Vivoni
dependence and if this is linked to the runoff mechanismset al., 2004). Triangulated irregular networks are a piece-
excited at particular basin scales. wise linear interpolation of a set of points, sampled from a

In this study, we utilize the “TIN-based Real-time Inte- digital elevation model (DEM), resulting in triangular facets
grated Basin Simulator” (tRIBS) (lvanov et al., 2004a) with of varying size. The triangulation represents topographically
spatially-uniform forcing to identify the surface and subsur- complex surfaces that include hillslopes, valleys, floodplains
face runoff mechanisms occurring in a complex basin. Theand ridges. The stream network is composed of a set of
numerical model is used as an interpretive tool for addressehannels ranging from headwater tributaries to large, me-
ing the control exerted by storm properties and antecedenéndering rivers. The channel cross section is established
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through geomorphic relations to contributing area (lvanov etwhere D is the bedrock depth ang. is the anisotropy ra-
al., 2004b). The soil profile and shallow aquifer are boundedtio (K,,/K,,). Water table dynamics are computed from
by a spatially distributed bedrock assumed to be an impergroundwater fluxes, vertical recharge and exfiltration. Over-
meable surface. A shallow aquifer interacts with the streamall, the water table position anchors the soil moisture profile
network and land surface to produce saturated areas that eand determines regions of saturation prior to a storm.

pand and contract (e.g., de Vries, 1995; Lamb et al., 2000).
2.3 Runoff generation processes

2.2 Coupled unsaturated and saturated dynamics

The coupled nature of the unsaturated and saturated pro-
Basin hydrologic response requires an appropriate depictioesses results in a robust set of runoff mechanisms. Four
of the two-way interaction between surface and subsurfacgasic runoff types are simulated in the tRIBS model:
processes. The model accounts for moving infiltration fronts,infiltration-excess runoff §;) (Horton, 1933), saturation-
water table fluctuations and moisture losses due to evapotrarexcess runoff Rs) (Dunne and Black, 1970), groundwater
spiration and groundwater drainage. Each element consistexfiltration (R;) (Hursh and Brater, 1941), and perched re-
of a sloped column of heterogeneous, anisotropic soil withturn flow (Rp) (Weyman, 1970). Total runoffR) is com-
an exponential decrease in saturated hydraulic conductivityyosed of the four production mechanisms:
(e.g., Beven and Kirkby, 1979; Beven, 1982):

Ksi(z) = Koi €Xp(—f2), (1)

where R;+Rs andRp+Rs are the surface and subsurface
whereK;(z) is the saturated hydraulic conductivity at depth components. Infiltration- and saturation-excess runoff are
z in the normal or parallel directions=tn or p), K,; is the  rapid surface responses as infiltration is limited by soil con-
saturated hydraulic conductivity at the soil surfage), and  gitions, while perched return flow and groundwater exfiltra-
[ is a hydraulic conductivity decay parameter. A kinematic tjon are slower mechanisms as subsurface flow delays the re-
approximation for unsaturated flow is used to compute in-sponse to rainfall. Over complex terrain, the occurrence and
filtration and propagate moisture fronts in the soil C0|Um”frequency of runoff generation depends on the spatiotempo-
(Cabral et al., 1992; Garrote and Bras, 1995; Ivanov, 2002)5| characteristics of catchment topography, soils, climate,
The unsaturated moisture profile is determined from hydro-ajnfall and antecedent wetness. Given this variability, it is
static equilibrium using the Brook and Corey (1964) param-yecognized that watershed response can correspond to runoff

R =R;+ Rs+ Rp + Rg, (5)

eterization as: production from multiple mechanisms arranged in spatially
A L distinct areas or possibly due to a single dominant type in

0(z) = 0, + (65 — ;) [z N } , (2)  the basin (e.g., Freeze, 1974; Dunne, 1978; Smith and Heb-
- Nwt

bert, 1983). Runoff production from multiple mechanisms
where6 (z) is the soil moisture at depth, 6, and6; are  will vary with the rainfall and landscape factors influencing
the residual and saturation soil moisture conteNtg, is the  the coupled unsaturated-saturated dynamics.

depth to the local water tabldy; is the air entry bubbling

pressure and, is the pore-size distribution index (Ilvanov et 2.4 Surface energy balance and evapotranspiration

al., 2004a).

Coupled to the vertical dynamics is lateral moisture redis- The soil moisture state resulting from the interaction of infil-
tribution in the vadose zone and shallow aquifer driven bytration, rgnoff and subsurface_ ro_ws is coupled to losses from
gradients in surface and groundwater topography. In the unévaporation and plant transpiration. The surface energy bal-
saturated zone, horizontal flow between contiguous element@NCe, R, —G=AE+H, is solved as function of surface tem-
is computed over the saturated wedge and along the steepddgrature using parameterizations for net radiatigp){ la-
direction. In the shallow aquifer, a quasi-three-dimensionaltént ¢.E), sensible f/) and ground ¢) heat fluxes. Total
model based on the Dupuit-Forchheimer approximation re-€vapotranspirationg[) is determined from moist bare soil,
distributes groundwater from recharge zones to discharge afltercepted water and plant transpiration based on soil and
eas. Lateral exchanges between elements are controlled I¥ggetation parameters that include vegetative caversir-

hydraulic gradient as: face albedod), canopy height/f), stomatal resistance(
and an optical coefficientk), in addition to atmospheric
QOs = —Twtang,, (3) conditions (e.g., air temperature, relative humidity, pressure,

wind speed) and solar radiation. Moisture in the top sur-
face layer, root zone and canopy storage play a key role in
limiting ET when the atmospheric demand is high (Ilvanov
et al., 2004a). Conversely, evapotranspiration impacts the

unsaturated-saturated processes and leads to differences in
[eXp(—f Nur) — exp(—f D)] . (4)  runoff production.

whereQs is the groundwater outfluxy is the flow width, tan
B is the local water table slope afitis the depth averaged
aquifer transmissivity:

T — arKon
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Fig. 1. Model representation of catchment topography and land c@agimIN model including stream network and gauging stations for
Baron Fork (BF, outer basin), Peacheater Creek (PC, black inner basin), and Dutch Mills (DM, white innerbaSipatial distribution of
land cover (urban, forest, grassland) with the subbasin outlet locations and the weather station.

2.5 Hillslope and channel flow routing travel time is faster than groundwater pathways, the parti-
tioning of precipitation into surface and subsurface flow is

Runoff generated at each element is routed across an indivictritical for determining the basin response.

ual hillslope overland flow path and then through the chan-

nel network. The hillslope paths are defined over the edges , )

of the triangular facets that connect a node to the closest Hydrometeorological observations and catchment

downstream stream node (Tucker et al., 2001). A nonlinear Simulations

relation is used to determine velocity over a hillslope path

(lvanov et al., 2004a): We investigate the effects of storm properties and antecedent

catchment wetness on basin response through the use of
o\ tRIBS in a complex, humid watershed in northeastern Ok-
Vp = Cy (A—> , (6) lahoma. The basin is well-suited for investigating the rela-

h tion between runoff mechanisms and flood response due to
where vy, is the hillslope velocity,A, is the upslope con- @ _spatially—variable groundwater table that reacts quickly to
tributing area,Q is the discharge at the downstream chan-rainfall (Imgs and Emmett, 1994; Slogn, 2000). Furth.ermore,
nel node, and andc, are spatially-uniform parameters of the Springfield Plateau aquifer provides baseflow discharge
the velocity relation. Thus, overland travel timg=/,/v,)  throughout the year. Large flood occurrences are typically
is a function of discharged) and hillslope path lengthi(). due_t to mid-latitude fronfcal storms d.urlng early fall and late
Overland flow from multiple hillslope nodes serves as lat- SP"ing (Bradley and Smith, 1994; Michaud et al., 2001).
eral inflow into a kinematic wave, one-dimensional routing 31 Studv catchments
scheme solved in the channel network (lvanov et al., 2004a)>" y

Channel travel timetf{=v./.) depends on the channel link {RIBS is applied to the Baron Fork at Eldon, OK (BF,

distanc_ei(c) and the discharggd=v.Ac) through eachlink.  ggg kn?) that includes two gauged subbasins, the Peacheater
For a wide, rectangular channel (=bH), discharge for each Creek at Christie, OK (PC, 65 K and the Baron Fork at

link is: Dutch Mills, AR (DM, 107 kn?). Figure la presents the
119 53 basins, gauging stations, and stream network overlaid on a
0= r—lS 12H°3p, (7)  TIN derived from a USGS 30-m DEM. Parts of the basin are

rugged and heavily dissected while others are flat or gen-
wherer is the Manning coefficient§ is the channel slopé, tly sloping. The basin is composed of a mixture of for-
is the channel width, anff is the water depth. As overland est (52.2%), croplands (46.3%), and towns (1.3%) (Fig. 1b),
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Table 1. Catchment runoff ratio=R/P, dimensionless) and spe- ;‘:Z T T ™ B = 0
cific discharge {s=Q/A, in mm) for selected events (labeled 1, 2 | | L “ ) e )"
and 3 in Fig. 2) during April-May 1999 for the three stream gauges | ™g
in the Baron Fork watershed. Basin-averaged rainfall depths in the g 2ol 1"
Baron Fork are 34.05mm, 35.11 mm and 60.51 mm for events 1, 2, § s 1“5
and 3, respectively. 8 oo ZZ
527 AL e e
BF DM PC 9 95 100 105 110 Ju|1i;f‘ Day 120 125 130 135 140
(808kn?)  (107kn?) (65 kn?)
Runoff Ratio () Fig. 2. Nonlinearity and scale effects in basin response from
Event 1: 2-5 April 1999 0.21 0.38 0.08 NEXRAD-based mean areal rainfall (mm/h) and USGS observed
Event 2: 22—-24 April 1999 0.11 0.17 0.06 discharge (rﬁ/s) at the BF (light gray), DM (dark gray) and PC
Event 3: 4-5 May 1999 0.61 0.68 0.41 (black) catchments over the spring period, 1 April 1999 to 22 May
Specific Dischargeg, mm) 1999.
Event 1: 2-5 April 1999 6.86 12.95 2.60
Event 2: 22—24 April 1999 3.85 5.83 1.96
Event 3: 4-5 May 1999 36.82 41.20 2453 and P are the event runoff and rainfall volumes). The ob-

servations depicted here provide an indication of the runoff
magnitudes and the effects of catchment scale on the basin
response. For example, the maximum flood for 1999 oc-
while surface soil texture is silt loam (94%) and fine sandy curred on 4-5 May (event 3) with discharges of 351, 206
loam (6%). The channel network has a maximum length ofand 12 ni/s in the BF, DM and PC basins. The high flood
67.3km and a mean drainage density of 0.86kmChan-  magnitude resulted from wet antecedent conditions, as evi-
nel geometry is parameterized using geomorphic relationglenced by the high baseflow prior to the event. Pre-storm
from Carpenter et al. (2001). In addition to the gaugingwetness is also reflected in high runoff ratick=0.41 to
sites, twelve (12) ungauged interior basins were delineated.68). In contrast, a storm of similar magnitude in 22-24
to represent a range of catchment aréa0.78 to 808 kri April (event 2) led to a weaker runoff response and lower
(Fig. 1b). Several studies have focused on the Baron Forkunoff ratio (®=0.06 to 0.17). Prior to this event, the an-
due to its unregulated nature, high stream gauge density an@cedent wetness and baseflow in the basin were low due to a
long time series of radar rainfall data (e.g., Johnson et al.Jong interstorm period. Similarly, the runoff response during

1999; Smith et al., 2004a). 2-5 April (event 1) was weaker than the annual flood. Nev-
. . ertheless, the runoff ratio for each basib=0.08 to 0.21),
3.2 Rainfall and streamflow observations was higher than for event 2 despite having similar rainfall

. ) ) volumes and a lower rainfall peak.
Hydrologic measurements in the catchment consist of three ag jjustrated in this example, the interactions between

USGS gauges (BF, PC, DM), overlapping NEXRAD radars giorm properties and antecedent wetness are expected to par-
and one meteorological station (Fig. 1b). In the basin, gaugeya|ly explain the observed nonlinearity in flood response
corrected radar is a reliable source of hourly (4-km by 4-km)ith respect to rainfall. Systematic variations in the runoff
precipitation data (€.g., Smith etal., 1996; Young etal., 2000} atig among the nested basins also reveal scale-dependence
Grassotti etal., 2003). The mean annual rainfall of 1240 MMgye to internal differences in basin runoff dynamics. These
is distributed in two wet periods (March to June; Septem-jimited observations, however, do not allow rigorous study
ber to November). Over the years 1993 to 2000, the meany the runoff nonlinearity and scale-dependence as a function
areal rainfall in the Baron Fork varied from light rain (€.9., of storm and initial wetness conditions. In this study, we ad-
less than 1 mm/h for one hour) to intense storms (€.9., great&jress this observed behavior through numerical experiments
than 20 mm/h over 6 h). The variability in rainfall duration, designed to identify the effects of storm conditions and an-

intensity and spatial distribution, in addition to prior wet- tacedent wetness on the simulated rainfall-runoff processes.
ness in the basin, leads to a complex runoff response during

storms (Smith et al., 2004b). Multiple runoff mechanisms 3.3 Hydrologic model calibration and verification

occur due to the heterogeneity in basin properties and lead

to flood hydrographs of varying magnitudes (Finnerty et al., Hydrologic model calibration was accomplished by adjust-

1997; Carpenter et al., 2001; lvanov et al., 2004b). ing soil, vegetation and routing parameters to match the ob-
Large flood events in the basin have a tendency to occuserved hydrograph at the basin outlet over the 1993-2000

in early fall and late spring due to frontal storms (Bradley period. The multi-step calibration procedure, fully described

and Smith, 1994). As an example, Fig. 2 shows rainfall andin Ivanov et al. (2004b), ensures that the model performance

runoff observations for April-May 1999. For each indicated is reliable at the element, hillslope and catchment scales. Ini-

event, Table 1 presents the runoff ratb=£R/P, whereR tial parameter estimates were based on physical relationships
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Table 2. Distributed model parameters for the Baron Fork obtained etation cpntrols on basin respon;e, although data to verify
from the multiple year calibration and verification procedure de- the predicted patterns are unavailable for the area. Overall,

tailed in Ivanov et al. (2004b). Ivanov et al. (2004b) obtained a robust parameter set for the
basin through the multi-year application with radar rainfall
forcing.

Parameter Units Soil and land cover classification
Forest Grassland Urban

3.4 Numerical simulations of catchment response
Soils properties

Ky [mm/h] 35 2.8 0.5 The spatiotemporal variability in catchment response and its
O -] 0.4 0.3 0.3 relation to runoff generation mechanisms is explored in this
ir - %035 8-2? %025 study through a set of numerical simulations. Given the
WD [rL_%] ~100 —200 400 calibrated model parameter set, the sensitivity of the basin
b 1 runoff response is assessed as a function of the initial dis-
f [mm~1] 0.0009  0.0004 0.0007 X > .
ar ] 400 400 200 tributed water table position and storm event properties (du-
Vegetation properties ration, 7, and intensity,/). For the experiments, a set of
a -] 0.16 0.2 0.13 dlsc_rete, spaually-un_lfor_m storm events are u§ed as model
h [m] 12 0.7 0.1 forcing as our objective is to identify nonlinearity and scale
K, [ 0.8 0.9 0.8 effects in the flood response and its relation to underlying
rs [s/m] 60 40 100 runoff mechanisms. Our analysis considers the total runoff
v -l 0.6 0.65 0.1 response consisting of both the baseflow and stormflow con-
Channel properties ) . tributions. Selected storm durations and intensities represent
€v -] Spatially-uniform, 70 conditions leading to flooding in the Southern Great Plains
r -] Spatially-uniform, 0.4

(Michaud et al., 2001). We focus on flood events in the fall

n ] Spatially-uniform, 0.2 iod L f f It th ind

b [m] Spatially-variable, 35 m at outlet period to minimize effects from snowmelt that may induce
Bedrock properties ' antecedent wetness not related to the water table position. In

D [m] Spatially-uniform, 10 addition, the impact of evapotranspiration is reduced during

the autumn due to tree leaf-fall and low atmospheric demand.
Moisture conditions in the basin during the fall period are
a strong function of the interannual fluctuations in summer
rainfall. We capture this interannual variability through the
to soils and vegetation types (e.g., Rawls et al., 1982; Brasdifferent initial water table states corresponding to pre-storm
1990). Calibration is focused on a limited number of parame-baseflow levels. In this manner, rainfall forcing in the fall
ters to which the model is most sensitive within narrow, phys-is applied to the expected baseflow conditions given possible
ically plausible ranges. Table 2 presents the set of calibrateémounts of summer precipitation.

model parameters derived from lvanov et al. (2004b). Spatial

parameter variability is captured by the use of soil and vege- ) _

tation classes where within-class parameter variations are ndt Results and discussion

allowed. For this study, as in lvanov et al. (2004b), the spatial
variability of soils and vegetation are overlapping and corre-
spond to forest, grassland and urban classifications. In thi

Numerical simulations of basin response to uniform rainfall
are discussed with respect to the variations in the antecedent

manner, the potential for over-parameterization is reducec?’(‘;emeSS and storm properties. Model predictions of hydro-

and the overall strengths of the distributed approach (e.g.\29IC response are related to the underlying runoff mecha-
capturing spatial variability) are highlighted. nisms and to catchment scale. Both spatially-averaged and

) distributed metrics are used to quantify surface-subsurface
Ivanov et al. (2004a, b) present an analysis of the mode|nteractions and their impact on the basin response. Prior to
performance in the Baron Fork during a long-term simula- yescribing the response to storm forcing, we present the an-

tion in terms of discharge at the gauging stations and the disgecedent conditions imposed by a set of initial groundwater
tribution of hydrologic states in the basin. NEXRAD rainfall jistriputions.

data from Smith et al. (2004a) and weather data from Maurer

et al. (2002) were used to force the distributed model over4.1 Role of antecedent groundwater conditions in nonlin-

separate calibration and verification periods (see Smith et al., earity and scale-dependence

2004a). Results indicate that model simulations capture the

flood response at the gauging stations and reproduce the oB key to partitioning runoff into surface and subsurface com-

served nonlinearities in the rainfall-runoff dynamics via the ponents in complex terrain is the position of the water ta-

multiple runoff mechanisms. Spatial distributions of runoff ble depth and its control on surface soil moisture state (e.g.,
production also illustrated the topographic, soils and veg-Troch et al., 1993a; Salvucci and Entekhabi, 1995). The
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groundwater table position relative to the surface topography 25 : :
determines basin conditions, including: (1) the location and Basin i o |
extent of saturated areas near channels, hillslope hollows o BF @ O
riparian zones; (2) the partitioning of rainfall into distinct
runoff mechanisms associated with exceeding soil storage
capacity; and (3) the moisture conditions and evapotranspi-
ration rate within the upper most soil layers. As a result,
determining the basin response to rainfall using a coupled
surface-subsurface model requires appropriate treatment o
the initial water table position. Here, we study the effect
of water table depth on the catchment response by selectin¢
three groundwater table positions that represent a range o
initial baseflow states. Furthermore, we quantify the spatial
variability, temporal evolution and scale-dependence of the
antecedent wetness in the catchment. % 7 % 5 4 3 2 0
To initialize the model, both the saturated zone thickness N, (M)
and soil moisture profile must be specified. As shown in
Eqg. (2), the initial moisture profil@(z) is determined en-  Fig. 3. Groundwater rating curve for the Baron Fork basin ex-
tirely by the soil hydraulic properties and the depth to waterpressed as a relation between baseflow disch@ggdnd the depth
table (V). Ivanov et al. (2004a) describe a method for con- to groundwater tableNy;), measured from the surface=0) in
structing an initial groundwater distribution based on the to-negative units (m). The meam (Nu,]) and standard deviation
pographic or wetness index following Sivapalan et al. (1987).(—¢ [Nur]) of the spatial distribution of the groundwater depth are
As an alternative, we determine a model-based initial Wa_presenteda [Nyl is expre_ssed in negative units for wsua_llzatlon
ter table position through a basin drainage experiment as ir?urposes Ofly' Dashed “nfs represent th? Correfpondmg values
Vivoni et al. (2005). By allowing a fully-saturated catchment o Wet (0p=51P/S, 1 [Nur]=—4.57 m), medium 0,=2 1els, K
ord - B _ _ [Nw:]=—5.49m) and dry ©;,=0.5 n?/s, j1 [ Nw:]=—6.79 m) condi-
to draln for a long period of time~<10 y_ears)’ the tranS|ent tions determined from discharge records at the Baron Fork gauge
readjustment of the subsurface head field occurs in the congyring 1993-2000. For clarity, only the drainage experiment
text of the basin geomorphology following subsurface flow pelowg,=25 n¥/s is depicted.
pathways and gradients. In the absence of rainfall and evap-
otranspiration, the discharge (or baseflow) produced in the
catchment is due exclusively to drainage from the saturatedhe nonlinear groundwater rating curve. To capture this non-
zone. Baseflow drainage is governed by the calibrated moddinearity, we selected three initial states from the observed
parameters as well as by the geometry of the hillslope andlischarge record: wetd,=5m/s), medium Q,=2m’/s)
channel system. Vanderkwaak and Loague (2001) used and dry 2,=0.5m?/s). These baseflow levels represent pre-
similar strategy to initialize a surface-subsurface model priorstorm basin conditions with exceedence probabilities of 0.48
to a storm event simulation. (wet), 0.75 (medium), and 0.99 (dry) derived from USGS
Figure 3 presents the basin response to the long-terngauging records.
drainage experiment in the form of the groundwater rating The spatial organization of the groundwater table reces-
curve, which relates subsurface dischar@g)(to the wa-  sion is further explored in Fig. 4 as the time evolution of the
ter table position §/,,;) (Eltahir and Yeh, 1999). The depth water table dropAN;,,) at different basin locations. Model
to the water table is captured by the first and second spatiag¢lements are classified according to an index of hydrologic
moments of theV,,, field (mean,u and standard deviation, Similarity:
o). Note the nonlinearity in th@,—u [N,,] relation arises ( A, )

due to the interaction of the groundwater level with the sur-1 = In (8)
face topography and aquifer thickness (Marani et al., 2001). tang

As an aquifer initially drains, sharp baseflow decreases ocwhere A, is the upslope area and tg@nis the terrain slope.
cur as the saturated zone is rapidly depleted along seepaderge A occur for flat regions along channels, while small
faces. As drainage continue@,, declines at a slower rate 1 depict high slope upland areas. is similar to the to-

in response to a deepé¥,,, with limited surface interac- pographic index of Beven and Kirkby (1979), but does not
tions. Interestingly, the spatial variability in the water tatble  weight A, by the flow width. As a result, this index is
[Ny:] exhibits an inflection point as the water table deepensused simply here to classify a diverse set of basin loca-
(0,~1m3/s). This inflection is an indication of the water tions according to hydrological behavior. For each ele-
table disconnecting from the surface along the stream netment, the water table drop is computed between different
work, resulting in a reduction af [N,,]. In light of this, the ~ states: ANT  (initial-dry), ANL (initial-wet), AN2 ~(wet-
catchment response to rainfall should be a strong function ofnedium),ANi, (medium-dry). Water table drops over the
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Fig. 4. Time evolution of the topographic control on the ground- Fig. 5. Catchment scale _dependen@em km ) Of the mean depth
. ) - - : to groundwater i [Ny;] in m) for the three initial moisture con-
water recession during the drainage experiment in the Baron Fork,

Mean values in bins (symbols) and standard deviation in bitis ( ditions (Wet’ medium gn_d_ dry). D_ashed Ilnes represent log-linear
. o regressions for each initial state: weY¥=0.39(log gA)-5.48),

as bars) of the change in the water table positidN{ ;) over four - _ -

: . L . medium (V5t=0.37(log gA)—6.38) and dry #5t=0.32(logoA)—

time periods versus a topographic index of basin locatign The . S S

. - T . 7.58). Regressions are shown to aid visualization.

time periods correspond taN, ;: total water table decrease be-

AN -
tween saturated state ay, (dry); ANy,,: decrease between satu-

ration andQ;, (wet); AN%,: decrease betweefd;, (wet) andQy,
(medium); andANf’U,: decrease betwee@; (medium) andQ,
(dry). A unitx bin width is selected (e.g., IM(./tan 8)=1).

becomes progressively shallower (closer to the land surface,
z=0) as more low lying areas near the stream network are
sampled. Since lowland regions have less effective drainage
in natural settings, inclusion of these areas in the basin av-
) . - . erage reduceg [N,,]. Furthermore, the spatial variability
total drainage periodXN,,,) are strongly related to basin lo- of the depth to groundwates, [N,,], increases withd (not

cation. Larger decrgasesm, are observe(_j for regions with shown), suggesting that heterogeneity in pre-storm wetness
A=9 'to 18, sugges_tlng these areas dominate baseflow Pr9hcreases with catchment scale. Thus, the initial condition in
duction. Total drainage, however, is composed of separatg, ey pasins appears to be wetter than in smaller basins, on
periods with dlffere?t spatial contributions. From the |n|tlgl average, but exhibits a higher spatial variation. While a lim-
to the wet stateAN;,,), water table decreases are larger in joq sampling of the internal basins is performed, the results
steep upland regions.£7.5 to 15). This pattern continues j,qicate the potential scale-dependence in the initial ground-
for ANi, suggesting that upland areas are initially respon-, o+er conditions. As storage capacity dependsvgn, the

sible for baseflow. Flat lowland regions<20 to 27) do not spatial distribution of the antecedent wetness should play an

exhibit water table decreases uriiN;, ,, indicating these ar- important role in the catchment runoff response.

eas contribute to baseflow during drier states. Note the shift

in the peak of the spatial distribution @N.,, to larger’. 42 Effect of storm properties and antecedent wetness on
values as the water table becomes progressively more dis-  yynoff response and nonlinearity

connected from the land surface.

Given the spatial heterogeneity in the groundwater recesThe variation of catchment runoff response with storm forc-
sion, it is possible that catchment scale influences the aning and antecedent wetness is explored by altering the
tecedent wetness conditions. Figure 5 presents the scalapatially-uniform rainfall properties (duration, and inten-
dependence of the mean depth to groundwat§w,,], for sity, i) and the distributed groundwater table position. Rain-
the three initial states (wet, medium, dry). Catchment scaldall properties are varied over a range of intensities (ten val-
(A) variation is captured by sampling fifteen subbasins rang-ues fromi=1 to 40 mm/h) for three durations.€1, 6, 12 h)
ing in area from 0.78 to 808 kfn(see Vivoni et al., 2006, to obtain thirty ¢,7,) storm pairs for each initial groundwa-
Table 5, for subbasin properties). Note the degpé¢N,,] ter condition (90 total runs). The selected storm properties
for smaller basins at all initial wetness states, an indica-mimic the rainfall attributes of autumn events in the region
tion of rapid groundwater drainage in upland areas primar-with respect to storm duration and intensity (Bradley and
ily composed of steep hillslopes for the selected subbasinsSmith, 1994; Michaud et al., 2001). For each simulation,
As catchment scale increases, the basin-averaggd,,| the uniform and stationary storm event arrives 120 h into the
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Fig. 6. Hyetographs and flood response to storm events at multiple catchment scales under varying rainfall and initial groundwater conditions
(wet, medium, and dry). The top rof@, c, e)represent a combination of low rainfall rates{ mm/h) and long rainfall duration,&12 h).

The bottom row(b, d, f) illustrates results for a high rainfall rate=40 mm/h) and short rainfall duration. €1 h). The two events represent

a drizzle and a thunderstorm, the extreme cases in our set of sampled storm characteristics. The thick solid line correspond to the outlet
discharge at the Baron Fork (808 kmwhile the thin gray lines represent discharge in basins with are4s4%$0.26, 182.91 and 65.06 Em

arranged from high to low flood response.

simulation period which lasts for 15 days, sufficiently long discharge. Under dry conditions, the basin storage capac-
to capture the flood recession in the basin. As indicatedty leads to low runoff generation; whereas under wet con-

previously, the initial water table distributions vary signif- ditions, the shallower water table promotes a more intense
icantly in the mean groundwater depth: [N,:]=—4.57m  flood response. Differences in flood response between the
(wet), —5.49 m (medium) and-6.79m (dry). In terms of the  dry and wet conditions are not constant within the storms,

pre-storm surface saturation, however, the three initial condisuggesting that interplay between rainfall and initial wetness

tions vary only slightly, with saturated surface area fractionsis responsible for runoff nonlinearity.

(Ag/A) of 0.06 (wet), 0.03 (medium) and 0.01 (dry), where

A; is the basin area with saturated conditiofisd) in the charge §,) and the time to peak ) with storm properties
top 10cm. and antecedent wetness. The changeg,irand, repre-
Figure 6 presents the simulated flood hydrographs forsent the full range of simulated conditions. With respect to
two selected combinations of storm duration and intensitystorm intensity, two hydrologic regimes can be identified at
at multiple basins in the Baron Fork. The first storm type low and high rainfall intensities, with a transition neéafi0
(i=1mm/h, t,=12 h) corresponds to a long-duration, low- to 20 mm/h. Note the variation in the rate of increasg jn
intensity drizzle while the second storm typé<40 mm/h,  and in the rate of decrease dp with increasing rainfall in-
t,=1h) is more reflective of a short-duration, high-intensity tensity ¢) in the two regimes. This variation is indicative of a
thunderstorm Storm types represent fall frontal storms (driz- shift in the underlying runoff mechanisms. The transition is
zle) and squall lines (thunderstorm) in the area (Grassotti epotentially due to the saturated hydraulic conductiviky
al., 2003; Van Horne et al., 2006). Differences in the stormand its control on runoff generation. For the Baron Fork, the
properties impact the flood response as rainfall interacts irbasin-average&’;=19.7 mm/h agrees well with the transi-
complex ways with the coupled surface-subsurface systention in hydrologic regime. For interior basins, the transition
For example, the peak magnitude, time to peak and recessiomay occur at values near the areal-averaeavhich varies
behavior vary dramatically for the two storms. Note, how- with subbasin properties. Interestingly, the two regimes re-
ever, the storms do not have the same rainfall volume andpond differently to changes in the antecedent wetness. At
are selected simply to show the range of basin responsefow i values, the variation af, andz;, with . [Ny, ] is more
Antecedent wetness also has important effects on the floogronounced than at high rainfall rates for all storm durations.

Figure 7 further explores the variation of the peak dis-
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Fig. 7. Variation of flood hydrograph characteristics with storm properties and antecedent wetness. The(&gg reydepicts the variation

in peak dischargeg(, in m?3/s) with rainfall intensity {) and duration ) for the wet, medium and dry conditions. The bottom rgyd,

f) presents the variation in the time to peak discharger( h) for the same conditions. For each case, the hydrograph characteristics are
presented for the Baron Fork outlet (8084<)m

Dry Conditions : Medium Conditions : Wet Conditions
@ t=1hr 2.6 6.3
- t=6hr
0.8 > t=12ne| 08 08
0.6 0.6
04 0.4
0.2 0.2
b C
0 (b) 0 (c)
0 20 40 0 20 40 0 20 40
i (mm/hr) i (mm/hr) i (mm/hr)

Fig. 8. Runoff nonlinearity in the Baron Fork basin captured by the catchment runoff ratio as a function of storm properties and antecedent
wetness.® is computed aR/P, whereR and P are the runoff and rainfall volumes, respectively, during the entire simulation (15 days).

(a, b, c)Dry, medium and wet antecedent wetness conditions. Note that two valdes bfn (b) and (c) indicate greater contributions to

runoff from catchment storage than from incoming precipitation.

For example, the ratio of,, (wet) to g, (dry) varies from  stant, while for a nonlinear responsk,depends on rainfall
14.2 ati=1 mm/h, to 1.6 at=40 mm/h forz,=1h. This sug- amounts (Risbey and Entekhabi, 1996). Clearly, the runoff
gests that the initial water table position plays a more criticalresponse exhibits a large variation @fwith storm proper-
role for the low intensity rainfall regime, whose upper limit ties and is modulated by pre-storm wetness. Interestingly,
is set to some extent by the basin-averaged infiltration charthree general types of nonlinearity are exhibited: (1) asymp-
acteristics. totically increasing® (i) (e.g., dry,z,=12h); (2) asymptoti-
cally decreasing (i) (e.g., wety,=1 h); and (3) ab (i) func-
The effects of storm properties and antecedent wetnesgon with a minimum value (e.g., medium=1h). For each

on runoff nonlinearity are shown in Fig. 8 through use of type, a transition is present between the low and high rainfall
the runoff ratio ¢=R/P). For a linear systemp is a con-
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Fig. 9. Runoff component hydrographs at the Baron Fork outlet from various mechanisms: infiltration-excess Rynoffafuration-
excess runoffRs), perched return flowK p) and groundwater exfiltrationR;). (a) Drizzle event:i=1 mm/h,t-=12 h, dry conditions(b)
Thunderstorm eveni=40 mm/h =1 h, dry conditions. Note the varying axes in (a) and (b) for the rainfall and discharge amounts.

intensity regimes. Higher nonlinearity is observed for low vestigate the process controls on nonlinearity. To facilitate
across all wetness states as the runoff production is limitedthe comparison, the runoff rati@( and runoff components
In general, increasing rainfall intensity leads to an asymptotic(R;, Rs, Rp andRg) are normalized as:
rise in®, which under certain circumstances can exhibit lin- ®
earity (e.g.,® constant for wety,=1h, i=20 to 40 mm/h). P* = o 9)
The minima observed in th& (i) relation at various wetness max. . . .
conditions suggests a transition from subsurface to surfac¥/N€'€®maxis the maximum value ob (i) over the rainfall
regimes that may be associated with the relative importancd€nsity interval (=1 to 40 mm/h), shown as connected cir-
of pre-storm and flood contributions. A closer look at the cular symbols, and:
various runoff me_chan_lsms can reveal their potential linkage L= & Fo— ﬁ Fp— &’ Fo— & (10)
to the runoff nonlinearity. R R R R
depicted as shaded regions corresponding to the fraction of
4.3 Process controls on runoff response, nonlinearity andhe total runoff volume R). As noted previously, the total
spatial distribution surface runoff consists df;+Fs (dark shaded area), while
the subsurface component#%+ F¢ (light shaded region).
Multiple runoff mechanisms arise within a particular basin Clearly, a strong relation exists between the runoff nonlin-
location due to the interaction between infiltration fronts, earity and the surface-subsurface partitioning, as the shape
the water table position and lateral moisture transport (e.g.of the ®*(i) function is tied to changes in the shaded re-
Ivanov et al., 2004a). The superposition of different runoff gions. For instancep* (i) decreases withwhen subsurface
mechanisms generated at individual catchment sites leadsinoff (Fg+Fp) is the primary mechanism (e.g., wetz1,
to the flood hydrograph in the channel network. Thus, theg, 12 h). The transition in runoff nonlinearity, characterized
effects of storm properties and antecedent wetness condby a minima in®* (i), occurs when surface runoff exceeds
tions on runoff nonlinearity should be mediated by transi- F; 4 F¢>0.25. Note the position of thé* (i) minima varies
tions in runoff generation. To illustrate this, Fig. 9 presentsalongi according to the runoff fractions. For cases with
the total runoff response decomposed into infiltration-excessigh surface runoffg* (i) increases with (e.g., drys,=1, 6,
(R;), saturation-excessRfs), perched return flowKp) and 12 h). This comparison suggests that surface-subsurface in-
groundwater exfiltration k) for the drizzle and thunder- teractions control the degree and functional form of the non-
storm events. Total discharge from the drizzle event isfinearity.

dominated byRs during the flood, with relatively higiRg It is interesting to consider the spatial distribution of runoff
throughout the period. In contrast, the thunderstorm event igyeneration to further explore its link with runoff nonlinear-
composed primarily oR; with minor contributions fronRs ity. As an example, Fig. 11 shows the time-averaged runoff

andR¢. The different runoff mechanisms result in a ten-fold rate from each component as a function of the topographic
variation in the runoff ratio®=0.033 (drizzle) an@=0.336  index () for the drizzle and thunderstorm events. Runoff
(thunderstorm). These two examples clearly indicate the porate distributions indicate the basin locations that produce
tential for process controls on runoff response and nonlineartarge runoff peaks via a particular mechanism (lvanov et al.,
ity, as explored further in the following. 2004b). The drizzle exhibits a response dominate® byt
Figure 10 presents a more direct comparison of the runofthigh A locations in flat, near channel areas. As wetness in-
ratio and the individual runoff generation mechanisms to in-creases, saturated areas contributingRtoexpand towards
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Fig. 10. Relation between runoff nonlinearity, expressed as the normalized runoff ftioc{osed circles) and the runoff generation
mechanisms, captured by the runoff fractioAs<£R;/R, shaded regions). Larger shaded regions represent the dominant runoff mechanisms
at each rainfall intensity, duration and antecedent wetness condition. For clarity, the individual sEffaég ) and subsurfacefp+Fg)
contributions have been combined into two shaded regions.

lower A and produce higher runoff. In additio®s is ob- Menabde et al., 2001; Ogden and Dawdy, 2003). For indi-
served at high. for the wet condition, indicating subsurface vidual events, the flood hydrograph peak and time to peak
stormflow. For the thunderstorm everR; is the primary  may follow scaling relations of the form:

runoff mechanism and occurs at a range of intermediate lo- N

cations,A=10 to 22. InterestinglyR; decreases for wetter 9r = cqA”, (11)
conditions and shifts toward lower indicating that the shal-

lower water table positions decrease infiltration capacity. Atlp = G

the same time, smaller contributions fraRg occur at high wherec,, c;, « and are parameters. Studies from numer-

e o D381 e found 0. (11 10 o i 053,
P prop IEending on return period (Gupta and Dawdy, 199%)d8hl

ness interact with the basin to simultaneously generate runo Lnd Sivapalan, 1997). In addition, Robinson and Sivapalan
mechanisms in specific catchment niches. As the distributiorhgw) dgrived' a resp.onse time s,caling similar to Eq p(12)

T e o o gl 08 Figre 12 hovs h varaon f ancs, wi
section A for a limited set .of sgbbasms (0.78 to 808%mNote that
' a power law relation is apparent i), andr, for the two
storm types. Scaling exponents vary with wetness and storm
4.4 Catchment scale-dependence of runoff response, norproperties in the range of 0.24<0.88 and 0.348<0.86.

linearity and process controls An increase in initial wetness leads to a higlerindicat-

ing that scale-dependence is stronger as the basin becomes

The variation of runoff with catchment scale captures thewetter. Initial wetness also has a larger effect on the driz-
complex interactions between storm properties and internatle event, composed primarily &s and R, suggesting the
hydrologic processes. Runoff statistics, such as the peak discaling relations may be related to the runoff mechanisms.
charge of a specific return period, have been shown to fol-As storm properties are varied, changes are anticipated in the

low scaling laws with basin area (e.g., Gupta et al., 1994;scaling parameters.

AP, (12)
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Fig. 11. Spatial organization of runoff generation mechanisiRg, (Rs, Rp, R;) as a function of antecedent wetness conditions (wet,
medium, dry) for the two storm types: drizzle evemt;12 h,i=1 mm/h(a, c, €) and thunderstorm event,=1 h,i=40 mm/h(b, d, f). The
average runoff production (mm/h) from the various mechanisms is bin-averaged as a functioh=dnhtfxe./tan 8) distribution using a unit

A bin width. Note the varying runoff ranges for the drizzle (0 to 0.75 mm/h) and thunderstorm (0 to 25 mm/h) events.
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Fig. 12. Catchment scale-dependenceif km?) of the hydrograph pealgf,) and time to peaksf,) for the three initial wetness conditions
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Fig. 13. Catchment scale-dependeneeilt km?) of the runoff ratio () for the three initial wetness conditions (wet, medium and dry) for
two combinations of storm properties: drizzle evaptl2 h,i=1 mm/h) in(a) and thunderstorm event-€1 h,i=40 mm/h) in(b). Dashed
lines represent log-log regressions for each relation and are shown to aid visualization.

To further explore the runoff scale-dependence, Fig. 13 Figure 14 presents a more in-depth analysis of the relation-
shows the runoff ratio®) as a function of catchment area ship of the runoff ratio and the underlying runoff mechanisms
(A). Despite the variability inb with A, scale-dependence at three catchment scalea$0.78, 65.06 and 808.39 Kn
is observed in the runoff ratio in the limited set of subbasins.and for the three initial conditions (wet, medium and dry).
For the drizzle eventp decreases withl, with a stronger Here, the normalized runoff ratia*=d/®,4y) is presented
scale-dependence in the wet condition. In this case, smalhs a function of the peak dischargg, ) resulting from each
basins have high subsurface fractiofg ¢ Fp) (not shown),  storm condition (e.g., thirty pairs efands,.). Peak discharge
thus leading to high runoff ratiosi(~0.8). AsA increases, is used as a surrogate for event intensity suchdtiay ) re-
® decreases as the relative amount of subsurface runoff diflects runoff nonlinearity (e.g., variabte*(g,,) implies non-
minishes. This suggests that larger basins are less sensitive limearity). The normalized runoff ratio is compared to the
the initial water table position for drizzle events. Consistentunderlying mechanisms represented by the space-time aver-
with this, the dry condition, wheré&s+Fp are small, has aged runoff fractions¥;, ¥s, ¥p, W) calculated over the
a runoff ratio which does not vary with (®~0.04), indi-  full ¢, range in each basin. Time-averaged runoff produc-
cating that the impact of the initial condition has been effec-tion at a basin locatiorr{ is computed over the simulation
tively reduced across all basin scales. In contrast, the thunduration () as:
derstorm event exhibits opposing runoff ratio scaling behav- )

. o . . Jj=Ta
ior. For the three wetness conditiordsjs generally increas- o i - (13)
ing with A, with greater scale-dependence for the dry condi- Ta = I
tion. As this event is dominated by surface rundff  Fy), =
variations of® with A depend on internal surface properties. wherer; is the runoff rate at thgth time step. The space-
Small forested basins have a low@rdue the lowF;+Fg time averaged runoff productiof;), is estimated from the
relative to the rainfall (not shown). A4 increases, surface time-averaged runoff rates at all basin locations (totaNof
runoff increases in basins with large fractions of non-forestedelements) as:
area, generally leading to highér. Note that a maximum hN
value in® is observed at=20 to 60 kn?, depending on the 7y = 1 arFE (14)
initial wetness. The pealp identifies basins with surface A ’
properties that promote higher runoff (e.g., lower forest frac- . ]
tions). Interestingly, a slight decreasednoccurs for the ~ Whereay is the area of théth element andA is the total
largest basins, which results from lower runoff production asPasin area. For each mechanism=(, S, P and G), the
more permeable regions are sampled. Since this occurs fetPace-time averaged runoff fractiof,() is estimated as:
all wetness conditions in the thunderstorm event, it is likely ()
due to the fraction of forested areas rather than initial wet-Wx = (rT) (15)
ness. Overall, this preliminary evidence suggests that runoff T
mechanisms are responsible for the variation in runoff ratiowhere(rr) is the total space-time averaged runoff rate. Sur-
with catchment scale and that storm forcing and antecederfece runoff consists ob;+ Wy (dark shaded area), while the
wetness play important roles. subsurface componentisp 4+ (light shaded region).
A strong relation exists between tle (¢,,) form and the
runoff partitioning into surface or subsurface components.

k=1
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Fig. 14. Relation between runoff nonlinearity, expressed as the normalized runoff datioc{osed circles) and the runoff generation
mechanisms, captured by the space-time averaged runoff fractions for three catchmemta0ez8, (65.06 and 808.39 Kmnand three
initial conditions. The normalized runoff ratio and the space-time averaged runoff fractions are shown as a function of peak disgharge (
capture the full range of conditions in each catchment. For clarity, the individual sudfagel(s) and subsurfacel(p+W¥ ) contributions
have been combined into two shaded regions. The larger basins correspond to USGS gauge80BR9 knf) and PC 4=65.06 kn?).

Note the existence of two regimes in each catchment: (1) de- It is also interesting to note how runoff fractions change
creasingd*(q,,) for low values ofy,,, where total runoff pro-  with catchment scale and initial wetness. At one extreme,
duction is primarily subsurface flomi(p+W¢); and (2) in-  the small basin under the dry condition has primarily surface
creasingd*(g,) for high values ofy;,, where surface runoff  runoff (¥;+Wy), indicating a relatively deep groundwater
(W;+Wy) is the principal mechanism. The minima in the with negligible subsurface runoff. At the other extreme, the
®*(qp) relation indicates a transition from subsurface to sur-largest basin under the wet condition has a mixture of runoff
face runoff as event intensity {) increases. This transition mechanisms, implying a strong surface-subsurface interac-
occurs at different values qf, for each basin suggesting that tion. Under all initial conditions, each basin exhibits a non-
scale-dependence influences process controls on runoff notinear runoff response ag*(g,) varies withg,, except pos-
linearity. For example, the smallest basin exhibits a minimasibly for cases where surface runoff is overwhelmingly dom-
in ®*(gq,) at low g, (~1072-10"1 m¥s) as the fraction of inant (e.g., small basin, wet conditia),>0.1 n/s). Runoff
subsurface runoff decreases sharply for larger events. Fumproduction variations with catchment scale and initial wet-
thermore, the dry condition exhibits an increas®y(q,) ness are linked to the interaction between the water table and
throughout they,, range due to low subsurface runoff frac- land surface. As basin area increases, a higher fraction of
tions. For the larger basins, the minima @i (g,) oc- low-lying locations exist in the catchment which can inter-
curs at higherg, (10-1-10n?/s) when surface runoff in-  act with the shallow water table. As basin wetness increases,
creases relative to subsurface contributions. While shifts inthe water table is closer to the land surface, leading to higher
the runoff fractions are not smooth due to the effects of vary-amounts of subsurface contribution. Thus, increases in either
ing storm forcing along thg, range, there is a general in- catchment scale or initial wetness promote the existence of a
crease in surface runoff for more intense events (e.g., frondiverse set of runoff production mechanisms.

Y, 4+Ws=~0.2 to~0.8 for the largest basin).
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5 Discussion and conclusions power law relations over a range of catchment areas
for two selected storm types. Scale-dependence of the
The coupled surface-subsurface model utilized in this study  runoff ratio varies with initial wetness and storm prop-
has afforded the opportunity to examine the links between  erties and is related to the fraction of forested basin area
hydrograph characteristics and the underlying mechanisms  at each scale.
leading to runoff production. In particular, the observed non-
linearity in the rainfall-runoff transformation has been tied 5. Scale-dependence was identified in the internal runoff
directly to the partitioning of a storm event of particular in- production and nonlinearity for three basin sizes. In-
tensity and duration into surface and subsurface contributions creases in catchment scale promote the existence of a
as simulated in the distributed model. Runoff mechanisms diverse set of runoff mechanisms as greater complex-
can vary in their spatiotemporal distribution as a function of ity is present in surface-subsurface interactions. Initial
storm properties and initial wetness and may occur simulta- conditions modulate runoff production and may lead to
neous and preferentially in different catchment locations. An runoff linearity for wet cases and large flood events.
analysis of runoff production in a limited set of subbasins
also illustrated the scale-dependence of the flood responssights from the modeling experiments reveal that the basin
(magnitude, timing, volume) and its relation to the underly- flood response is related to the runoff mechanisms excited as
ing runoff mechanisms. In particular, we identified variations storm properties interact with particular catchment locations
in the event runoff ratio with catchment scale. In the coupledand their wetness state. Identification of the intimate link
system, the interaction of the water table position with thebetween runoff response characteristics and the underlying
surface topography was identified as an important determimechanisms provides a process-based explanation for non-
nant of runoff characteristics and influences the shift in hy-linear responses in gauged and ungauged basins. An impor-
drologic regimes from surface to subsurface dominance. tant result emerging from our modeling exercise is that large
Several important conclusions arise from the analyses othanges in basin response occur when the dominant mecha-
the fully-distributed watershed model response to a series ofiism transitions between surface and subsurface runoff. If
storm events in a complex, humid basin in Oklahoma. Therunoff partitioning can be properly captured in numerical
events under study are representative of storm characteristiagrodels, there is the possibility of reproducing observed non-
in the fall period and pre-storm baseflow conditions arisinglinear responses across a range of real watersheds. Dis-
during the preceding summer. Results from the study indi-tributed modeling results also provide a physical explana-
cate the following: tion for the scale-dependence of runoff generation in com-
. ) ~ plex basins. A testable hypothesis arising from our experi-
1. Astrong relation was found between runoff nonlinearity ments is that the scale-dependence of the runoff ratio exhibits
and the partitioning of total flood response into surface gifferent regimes which vary according to the underlying
and subsurface components. Transitions in runoff NoNmechanisms. Our results indicate that spatial heterogeneities
linearity are clearly due to shifts in the dominance of j, |andscape and initial wetness interact with storm forcing
runoff mechanisms. This behavior is robust as it occurstg produce runoff generation patterns that exhibit variations
across a wide range of storm properties, initial wetnessyjth aggegration scale. Capturing surface-subsurface dy-
conditions and catchment scales. namics in numerical models of gauged and ungauged basins
2. The water table position relative to the surface to- may allow understanding of process controls on runoff scale-
pography dictates the temporal and spatial distributiondependence'
Understanding the nonlinearity and scale-dependence of

of runoff production and flood response in the basin.h drologic r 0 nd its relation to the underlving runoff
Depth to groundwater varies with catchment scale lead- ydrologic response a S fefation fo the underiying runo

ing to different initial conditions in particular subbasins. mechanisms is important 1o advance our capability to pre-

In limited cases, high initial wetness can lead to Iineardlctt Eehavtl(r)]r ('jn L:ngau\?vehql basmsé ‘;n |_m?0rtantdchallen_ge||n
basin response for intense storm events. catchment hydrology. 1€ our study 1S focused on a singie

basin, the watershed exhibits similar hydrologic behavior to
3. Runoff production mechanisms and groundwater dy-Other regions in the Great Plains (Garbretch et al., 2004). As
namics can preferentially occur in specific catchment@ result, basin response characteristics identified in this study
niches related to a range of topographic indices. Stormmay be applicable to similar settings in the broader region. It
properties and the water table position influence the spalS important to consider, however, that the behavior in other
tial dynamics of runoff production. In particular, satu- Pasins with different climate and surface characteristics may
rated regions near channels expand with initial wetnesg/ary from our study results. Despite this, the metrics intro-
and can contribute to high runoff production. duced here to assess the mechanistic causes of catchment re-
sponse can be useful tools for detailed investigations in other
4. Flood magnitude, time to peak and the runoff ratio were basins or with different numerical models. Examples of these
found to be scale-dependent and approximately followmetrics include the linkage between runoff partitioning and
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nonlinearity over a range of storm conditions and the scaleBradley, A. A. and Smith, J. A.: The hydrometeorological environ-
dependence of the runoff ratio for specific storms. Testingthe ment of extreme rainstorms in the Southern Plains of the United
robustness of our results in alternative settings or with other States, J. Appl. Meteor., 33, 1418-1431, 1994.
model structures would be a fruitful avenue that may lead toBras. R. L. Hydrology: An Introduction to Hydrologic Science,
generalizable conclusions on the role played by runoff mech-_Addison-Wesley Longman, 643 pp., Reading, MA, 1990.
anisms on basin response nonlinearity and scale-dependend&°kS: R. H. and Corey, A. T.. Hydraulic properties of porous
. L . media, Hydrol. Pap., 3, Colorado State University, Fort Collins,
The results of this study are also limited to spatially- 1964,
uniform storms with no account made for spatial patternScapral M. C.. Garrote, L., Bras, R. L., and Entekhabi, D.: A kine-
or within-storm rainfall variability. This assumption allowed  matic model of infiltration and runoff generation in layered and
us to focus on the process controls on runoff production for  sjoped soils, Adv. Water Resour., 15, 311-324, 1992.
simple, rectangular rainfall pulses. As a result, the spatialcaroni, E., Rosso, R., and Siccardi, F.: Nonlinearity and time-
patterns and scale-dependence exhibited in surface and sub-variance of the hydrologic response of a small mountain stream,
surface runoff are due exclusively to the interaction of storm in: Scale Problems in Hydrology, edited by: Gupta, V. K.,
properties with the basin characteristics, including its dis- Rodiiguez-Iturbe, I., and Wood, E. F., D. Reidel Publishing, Dor-

tributed water table position. Nevertheless, the distributedC dreCtthv 13“31 1(?86. calos. K. P and Soerfs Ao
hvdroloaic model | for explorin inr nsdoarpenter, T. M., Georgakakos, K. P., and Sperfslagea, J. A.: On
ydrologic model could be used for exploring basin response the parametric and NEXRAD-radar sensitivities of a distributed

undgr more Complex Stor_m forcing.  For exampl_e, madel hydrologic model suitable for operational use, J. Hydrol., 253,
forcing can consists of either observed radar rainfall or a 169-193, 2001.

SthChaStiC rainfall model conditioned on region?' observa-ge Vries, J. J.: Seasonal expansion and contraction of stream net-
tions (e.g., Ivanov et al., 2004b, 2007). The spatial and tem- \yorks in shallow groundwater systems, J. Hydrol., 170, 15-26,
poral variability of the precipitation forcing is expected to 1995,

resonate with the runoff production mechanisms and the disbunne, T.: Field studies of hillslope flow processes, in: Hillslope
tribution of travel times to influence basin response and its Hydrology, edited by: Kirkby, M. J., John Wiley, Chichester,
scaling behavior, a topic of current investigation. Ultimately, 227-293, 1978.

the distributed hydrologic model can be used as an interpreDunne, T. and Black, R. D.: An experimental investigation of runoff
tive tool to assess the surface-subsurface processes that con-Production in permeable soils, Water Resour. Res., 6(2), 478

. : : 490, 1970.
trol runoff production resulting from a range of possible forc- '
P 9 9 P Eltahir, E. A. B. and Yeh, P. J.-F.: On the asymmetric response of

ing conditions. Furthermore, this approach is a useful means . AR
to identify the effects of catch t | hvdroloai aquifer level to floods and droughts in lIllinois, Water Resour.
o identify the effects of catchment scale on hydrologic re- Res., 35(4), 1199-1217, 1999,

sponse. Finnerty, B. D., Smith, M. B., Seo, D.-J., Koren, V., and Moglen,

G. E.: Space-time scale sensitivity of the Sacramento model to
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