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Abstract. Recent studies have called for a new unifying hy- ing of radiation input controls the spatiotemporal variability
drological theory at the hillslope and watershed scale, em-of moisture within the hillslope and the generation of lateral
phasizing the importance of coupled process understandingubsurface flow. The Biosphere 2 Hillslope Experiment will
of the interactions between hydrology, ecology, pedology,provide an excellent opportunity to test hypotheses, observe
geochemistry and geomorphology. The Biosphere 2 Hills-emergent patterns and advance the understanding of interac-
lope Experiment is aimed at tackling this challenge and ex-tions.

ploring how climate, soil and vegetation interact and drive
the evolution of the hydrologic hillslope behavior. A set
of three large-scale hillslopes (18 m by 33 m each) will be
built in the climate-controlled experimental biome of the

Biosphere 2 facility near Tucson, Arizona, USA. By mini- In a number of recent papers addressing future directions

mizing the initial physical complexity of these hillslopes, the ;| hydrology and related disciplines a common theme has
spontaneous formation of flow pathways, soil spatial hetero-

X _ emerged: that the spatial variability and temporal dynam-
geneity, surface morphology and vegetation patterns can big of the physical and biological processes controlling wa-

observed over time. This paper documents the hydrologic dege ,oyement in the landscape present a fundamental chal-
sign process forthg B|os_ph(_are 2 Hillslope Experiment, Wh'c_hlenge to our ability to improve hydrologic prediction, par-
was based on design principles agreed upon among the BiGye a1y under changing climates and land uses (Sivapalan,
sphere 2 science community. Main design principles Werenos5: McDonnell et al.. 2007: Lin et al., 2006: Wagener et
that the hillslopes should promote spatiotemporal variabilitya| 2007; Tetzlaff et al., 2008: Soulsby et al., 2008; Dunn et
of hydrological states and fluxes, facilitate transient lateral,, " 408" Troch et al. "2009)_’ There is recggnitior; that ob-
subsurface flow without inducing overland flow and be ca- o ations of these processes represent only the current state
pable Of SUDPO”'”Q vegetatlon. HeroIoglc mOde"”Q Was of the continuing co-evolution of the hydrologic systems
used to identify a hillslope configuration (geometry, soil teX- i the piota, soils, geomorphology and micro-climates that
ture, soil depth)_ that meets_the design opject|ves. The reCiake up the critical zone (Brantley et al., 2007). This co-
ommended design for the hillslopes consists of a zero-ordeg, ) iion creates patterns of interdependency and connec-
basin shape with a 10degree overall slope, a uniform soijo s hetween processes that may form the basis of new hy-
depth of 1m ar!d a loamy sand ,SO'I te>.<ture. The Sens't'v't.ydrologictheories that transcend the uniqueness of each catch-
of the hydrologic response of this design to different semi- o (K umar, 2007). Therefore there is a direct tie between
arid climate scenarios was subsequently tested. Our modeyaining a deeper understanding of the process interactions
ing showed that the timing of rainfall in relation to the tim- that occur in the landscape (and the patterns that emerge as
a result of this interaction) and improving hydrologic pre-
diction (Sivapalan, 2005). Field experiments to understand

Correspondence td-. Hopp how and why hydrologic co-evolution occurs are fundamen-
BY (luisa.hopp@oregonstate.edu) tally limited by unknown, and with today’s instrumentation,
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unknowable boundary conditions (McDonnell et al., 2007). dressed, such as: How do simple assemblages of parent ma-
In such open environmental systems, traditional field “exper-terial, slope, climate and vegetation lead to complex hills-
imentation” is limited largely to sampling for patterns of hy- lope system behavior? What controls subsurface flow net-
drological states and fluxes and sampling for model paramework evolution? When does the heterogeneity introduced by
ters (Eberhardt and Thomas, 1991). So how can we addreghe vegetation and weathering processes disable our ability to
our most fundamental research challenge of co-evolution irpredict the water and energy balances? Tackling these ques-
the short term, before the development of techniques thations amounts to a mechanistic assessment of the water bal-
will allow us to illuminate our subsurface boundary condi- ance unlike any work to date.
tions in the field? Controlled laboratory (indoor and outdoor)  So how does one begin to design such a grand experiment?
experiments may be an important way forward. There areThe spatial and temporal design of the Biosphere 2 Hillslope
a few examples of large-scale laboratories for environmen-Experiment represents a novel challenge, as the initial struc-
tal research, such as the Outdoor Streamlab of the St. Anture of the hillslopes and the climatic forcing must be chosen
thony Falls Laboratory (University of Minnesota), studying such that the individual and collective objectives of the scien-
interactions between a channel, its floodplain and vegetatiottists involved are met. We are specifically pursuing an inter-
(http://www.safl.umn.edu/facilities/OSL.htmor the Artifi- disciplinary approach to experimental design through culti-
cial Catchment “Chicken Creek” in Germany (Gerwin et al., vation of a collaborative group that brings together scientists
2009). In hillslope hydrology, controlled experiments have from diverse disciplines such as hydrology, geomorphology,
in the past yielded extraordinary new insights into hydrolog- soil geochemistry, atmospheric science, ecology, and ge-
ical processes: Hewlett and Hibbert's (1963) concrete-linednomics. We follow the Platt (1964) approach to strong infer-
hillslope experiment at the Coweeta Hydrologic Laboratory, ence, where he and others since then, have noted that certain
North Carolina, USA, that exposed the role of soils for base-systematic methods of scientific thinking may produce much
flow generation; the covered-roof experiments ardzpn, more rapid progress than others — most notably devising mul-
Sweden, that illustrated chemical transformations in the subtiple working hypotheses, then devising one or more crucial
surface with acid deposition (see Bishop and Hultberg, 199%xperiments with alternative possible outcomes that can ex-
and many others); Kendall et al.'s (2001) Hydrohill, China, clude one or more of the hypotheses (Platt, 1964, p. 347).
experiment that defined hillslope-scale flowpaths and mix-In the case of Biosphere 2, the multiple working hypothe-
ing. While such experiments and many others have proses revolve around two main research questions (Huxman et
vided new insights into how and where processes operatal., 2009): 1) How does water move through the landscape
with known boundary conditions, none have yet tackled whyto streams? and 2) How does vegetation affect these flow-
such processes occur from an evolutionary standpoint. Suchaths? The Biosphere 2 Hillslope Experiment will represent
experiments would require a degree of control of climate, soilvast informational detail and complexity, where much time
and topography that has until now been unimaginable. could be wasted on what Platt would call “low-information”
Here we report on plans for constructing and instrument-observations or experiments if one does not think carefully
ing three experimental hillslopes at Biosphere 2 near Tuc4in advance about what the most important and conclusive ex-
son, Arizona, USA, in order to observe the coupling of periments would be for advancement of the field. Our philos-
geochemical, biological and physical processes, and the resphy has been to have a group of leading researchers in the
sulting co-evolution of the hillslope structure and propertiesdifferent sub-fields debate every experiment ahead of time.
through time. Biosphere 2 is a large-scale earth science fa- Here we present one small but important element of the
cility under the management of The University of Arizona overall Biosphere 2 Hillslope Experiment. We outline the
(www.b2science.ong The facility presents a unique oppor- hydrologic design of the Biosphere 2 Hillslope Experiment
tunity to conduct large-scale physical experiments of land-and report on some of the challenges and opportunities it cre-
scape processes in a tightly controlled environment (Hux-ates for hydrologic research. These findings will form the
man et al.,, 2009). The hillslopes will be housed in threebasis for later development of multiple working hypotheses
33mx 18 m bays which will allow for controlling the at- in this community experiment. The design reported here has
mospheric conditions and the monitoring of fluxes of wa- been developed through discussions at a series of planning
ter, solutes, sediment and gases with a precision that is natorkshops at Biosphere 2, informed by hydrologic modeling
possible in the field, and at a scale that is infeasible in theefforts by the authors. It should be noted that the design pre-
typical lab setting. The hillslopes will be allowed to evolve sented here is only a preliminary recommendation from hy-
over an anticipated lifespan of 10 years. The physical experdrologists in the Biosphere 2 scientific community, and does
iments will be complemented with efforts to develop a cou- not necessarily represent the final design that will be used
pled process model that can be used to more deeply undein construction. Companion papers to this paper explore po-
stand the interacting hydrological, biological and geochemi-tential interactions between hydrology and the geochemistry
cal hillslope processes, and provide a basis for applying théDontsova et al., 2009) and vegetation (lvanov et al., 2009),
lessons learned at Biosphere 2 to other systems. The facikespectively. Specifically, our paper focuses on the following
ity will enable fundamental questions in hydrology to be ad- questions:
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1. What are the key considerations and constraints thabut with this breadth of opportunity come the pitfalls of try-
need to be incorporated into the hillslope design froming to do too much. There are cost and resource limitations
a hydrologic perspective? on what can be achieved. It is not possible to simultane-
ously span multiple treatment dimensions (e.g. climate, soil
2. How can modeling methodologies and results be usedype, vegetation type), and use the three bays for independent
to guide the design process and develop a base hillslopgeplicates. Nor is it possible to “reset” the hillslopes once the
design? experiments have begun, except at significant cost. Therefore
the hillslope experiment design must be simple (incorporat-
ing as few processes as is required to make the hillslope a
useful model of natural complexity, and no fewer) and effec-
tive (be able to answer a large suite of questions and generate
an interesting data set).

The results of the design modeling will be used to further B1. Relevance of the results to the semi-arid setting
refine the design and generate hypotheses that can be test@fithe Biosphere 2 facility. The facility is located in the
against future observations. These design works provide £°noran Desert, an area which has a mean annual rainfall

background to ultimately specifying the questions that the®f 330 mm and a mean annual potential evapotranspiration
hillslopes might answer hydrologically — in particular, those ©f 1600 mm. The average minimum and maximum temper-

that can be falsified within the spatial and temporal scaletures are & and 18C for January and 2& and 38C for

of the Biosphere 2 Hillslope Experiment framework. Ulti- July. While it is technically possible to simulate a wide va-

mately, the usefulness of the Biosphere 2 experiments geliety of climates inside the Biosphere 2 dome, there are sev-
| reasons for choosing similar semi-arid climates. About

pends on the robustness of the hypotheses and questions tHd&

will be addressed using the hillslopes. This paper provides38% of the world's population live in semi-arid areas cov-

the structural underpinning for this next stage of research affing 41% of the earth's terrestrial surface (MEA, 2005).

These areas are expected to be significantly affected by cli-

3. What are the effects of different climate regimes (as
possible treatments in the overall experiment) on the
hydrologic behavior of the simulated base hillslope de-
sign?

the facility. / . e
mate change, making research in these landscapes a priority
(Reynolds et al., 2007). It is also more cost efficient to simu-
2 Biosphere 2 hillslope design late a climate that is not too different from the outside.
B2. Spatially variable moisture regimes, including con-
2.1 Design criteria vergence.The convergence of lateral flows in channel heads

and the differential soil moisture dynamics across hillslopes

Our design of the Biosphere 2 hillslope incorporated nineare an important driver of the evolving soil and vegetation
principal criteria to ensure that the hillslopes would be ca-spatial structure. These can drive the occurrence of “hot
pable of answering the key scientific questions posed by th&pots” where reactants and resources are brought together
community of scientists (Huxman et al., 2009). These crite-to produce disproportionately high rates of transformation of
ria fall into three categories: (A) philosophical, (B) scientific the hillslope. The chosen hillslope geometry should provide
and (C) practical and arose out of the discussions at the plaran opportunity to examine how lateral connectivity and con-
ning workshops. vergence produce modes of spatial variability in soil mois-

Al. Minimize the imposed structure, and maximize the  ture regimes, and the consequences of this variability on the
emergent structure. Observing the spontaneous emergencehillslope evolution.
of structure within the hillslope is central to the scientific ob-  B3. Lateral connectivity of processes through transient
jectives of the Biosphere 2 project (Huxman et al., 2009).subsurface flow. One of the unique opportunities of doing
Therefore it is important to minimize the structure imposed experimental hydrology at this scale is the ability to examine
on the hillslope by the initial conditions, for example through the role that lateral hydraulic connectivity across the hills-
the spatial structure of the soils. This would not be possible iflope plays in controlling the diversity and structure of phys-
the hillslope was designed to mimic the structure of any par-ical, geochemical and biological processes. The saturated
ticular hillslope observed in the field. However, this objective lateral flow that occurs in many hillslopes underlain by low-
must be tempered by the fact that many common landscappermeability layers has been the subject of a number of the-
properties, such as the surface and subsurface morphology afetical, modeling and experimental studies in recent years
a hillslope, are the result of many thousands of years of de{e.g. Woods and Rowe, 1996; Tani, 1997; Buttle and Mc-
velopment. It will be necessary to impose some structure orDonald, 2002; Troch et al., 2003; Tromp-van Meerveld and
the system in order to create a hillslope that allows for someMcDonnell, 2006a, b; Kampf and Burges, 2007; Fiori and
of the complex hydrological processes observed in the field.Russo, 2007) because of its importance in runoff generation

A2. Simplicity and effectiveness.The Biosphere 2 ex- and controlling the export of leached mineral and nutrient
periments offer the chance to tackle questions related to prospecies (e.g. van Verseveld et al., 2008; McHale et al., 2002).
cess coupling in a way that has not been possible previouslyThe hillslope was designed to facilitate the occurrence of this
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process. Although lateral subsurface flow as a runoff procesare constructed, it is difficult to predict how they will evolve

is considered to be more important in humid areas, it doeglue to the network of process connections. Because of these

occur in semi-arid areas (Lyon et al., 2008; Newman et al.,uncertainties, in this paper we will restrict our discussion to

1998; McNamara et al., 2005). the modeling that was done to design the initial configuration
B4. Ensuring sufficient water availability in the root of the hillslope, which will consist of a uniform soil material

zone.A key component of the scientific research planned forand no vegetation. For a more detailed analysis of the inter-

the hillslopes is concerned with the dynamics of grasses anglay between hydrology and geochemistry and vegetation,

shrubs that will be planted, most likely in several stages overespectively, readers are referred to the companion papers by

the course of the experiment. Highly conductive soils like Dontsova et al. (2009) and Ivanov et al. (2009).

sands and gravels tend to have low water retention capacities,

which could lead to desiccation of the vegetation during the2.2 A priori design decisions

dry season. Thus, in designing the hillslope there is a need to

find a balance between avoiding overland flow (see C1) andt WS suggested in an early stage in the workshops that the
maintaining sufficient water retention capacity. basic design should consist of three hillslopes with identi-

B5. Temporal dynamics and response to climatic varia- €@l 9éometry and soils.  They could be subjected to vari-
tion. Similar to spatial variability, the temporal variability of ©US climates, and be seeded with various vegetation types,

the soil moisture regime can drive processes that would noYith subsequent vegetation evolution through time (Huxman
occur under an (unrealistic) constant soil moisture condition £t @l-, 2009). Assuming these parameters were fixed, the
“Hot moments” can occur (typically in conjunction with “hot key decisions to be made from a hydrologic perspective con-

spots”) that contribute disproportionately to the system O|y_cerned the following parameters: 1) hillslope _;urface topog-
namics and evolution (McClain et al., 2003). To examine "aPNY 2) subsurface topography, 3) permeability of the base,

this important class of phenomena, it is crucial that the tem-4) overall slope, 5) soil depth and 6) soil texture (i.e. hy-

poral variability of a realistic semi-arid precipitation and ra- draulic properties of the soil) _
diative forcing regime is preserved in the Biosphere 2. The These parameters must be chosen before construction of

experiment is also an opportunity to more deeply understand€ hillslopes can begin. Values of these parameters for a
how the temporal variability of the climate and its control on Proposed design were based on the design considerations

water availability and atmospheric water demand influencediStéd above and informed by hydrologic modeling. How-
vegetation dynamics in semiarid areas. ever, a number of basic decisions were made prior to the bulk

C1. Avoiding significant erosional overland flow. Sur-  ©f the modeling efforts. A zero-order basin geometry was
face erosion is an example of a hot spot/hot moment thatdentified as providing a realistic landscape form that would
could have a potentially catastrophic effect on the experi-Promote transient saturated lateral subsurface flow (B3) and
ment. While the evolution of the microtopography of the spatial and temporal variability of soil moisture and water

hillslopes will be one focus of research, the hillslopes musti@Ple development (B2, BS), as compared to a simpler pla-

be designed to avoid large-scale gullying or mass wasting™a" hillslope with uniform slope. This represents a degree of

In the experiment mass wasting could occur if slopes are toFtructure imposed on the system, rather than arising sponta-
steep. Overland flow could initiate gullying if soils become N€OUSlY (A1), but was regarded as essential to meeting the

saturated to the surface, or if precipitation rates exceed infiloPiectives. While soil depths are often highly variable at
tration rates. Both of these can be avoided for a given set of1€ hillslope scale (Freer et al., 2002), it was decided — in
infiltration inputs to the soil by the selection of a soil with the interests of imposing as I|_tt|_e initial structure as possible
sufficiently high saturated hydraulic conductivity. Once a (A1) andfor the sake of simplicity (A2) — that the soil depths
soil texture is chosen rainfall rates will be adjusted such thaShould be uniform throughout the domain, meaning that the
the generation of overland flow is minimized. Even so, it base and surface tc_)pograph|es b_e identical. '_I'he ba3|c. ge-
is expected that rain-splash and localized overland flow will®Metry used for going forward with the modeling work is

cause some movement of surface sediments, generating sti’@Wn in Fig. 1. Since bedrock permeability has been shown
face microtopography. to be a first-order control on hillslope hydrological processes

C2. Technical feasibility. In addition to the consider- (Tromp-van Meerveld and McDonnell, 2006D), introducing
ations discussed above, there are constraints on the hill Permeable base was considered, and efforts were made to
lope configurations imposed by the technical feasibility of Mdel the effects of bedrock permeability on the hillslope
constructing hillslope structures at this scale within the Bio- 10Ws. However, this component was abandoned for reasons
sphere 2. In many cases these constraints were identified duff SImPplicity (A2) and technical feasibility (C2). _
ing the design process through consultation with engineers 1 NUS, the design modeling described in the following sec-
and contractors. tions focused on the remaining three parameters overall slope

Designing a hillslope that satisfies all of these considera-2n9!€, soil depth and soil texture.
tions is complicated by the very knowledge-gaps that the hill-
slope experiment is aimed at addressing. Once the hillslopes
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5 . _ climates were not considered in detail in the design model-
Uniform soil depth . . . .

M o ing process, which focused on the physical properties of the

o

an 25 20 16 10 g o

hillslopes that were needed to begin the engineering design
and construction.

)
F\V/:‘ 2.3.1 Initial modeling: constraining the parameter

1)
space

A i 5 10 15

The initial modeling was carried out using tools that could
provide answers to pressing design questions quickly, allow-
ing the more detailed modeling to go forward. For this rea-
son, models were used that were familiar to the design team,
and ran quickly. The initial modeling focused on identifying
an overall slope angle and a soil texture and soil depth that
would allow for lateral flow (B3), avoid overland flow (C1),
and have sufficient water holding capacity to sustain vegeta-
tion (B4). The mean slope was varied by linearly scaling the
elevations of a base digital elevation model (DEM).

Fig. 1. Basic geometry of the proposed hillslope surface and base The initial modeling consisted of a 1-D model of infil-

is a zero-order (unchannelized) basin with overall dimensions 30 nmtration through the unsaturated zone using an approxima-
by 15m. tion of the Richards’' equation known as a Multiple Wet-
ting Front model (Struthers et al., 2006). This model pre-
dicts fluxes through a free-draining unsaturated zone of fixed
depth. Evapotranspiration processes are modeled as a frac-
Hydrologic modeling was used in a two-stage approach tot|on of the (seasonally varying) potential rate, where the frac-

. : g tion depends on the relative saturation of the entire unsatu-
investigate the parameter space for the remaining parameter,

. . . 3ted zone. Overland flow occurs if the precipitation rate ex-
tq be dete_rmmed and_ to analyze t_he hydrologic be_hawor Of::eeds the saturated hydraulic conductivity. The lower bound-
different hillslope designs. Major hillslope hydrological pro-

. L ! . ary output (recharge or leakage) of this unsaturated zone
cesses that we expect include infiltration of rainfall, unsat- y put ( 9 ge)

model was used as input to a simple 2-D model of saturated
ulrated gofw aﬂd gatL_Jrated Ig\t(la_ral subsurfallce flgw, andd_moldﬂow through a hillslope domain based on the Boussinesq
els use or.t € cesigh modeling were se ected accordingly, quation (Harman and Sivapalan, 2009). This model predicts
First, a parsimonious modeling scheme was used that coul e build-up of the saturated zone, and the lateral flow over

be run rapldl_y and sa_mple_ a large region of the_ paramete[he bed and downslope towards the hillslope lower boundary.
space. Metrics were identified to determine regions of th he lower boundary condition is kinematic (i.e. the water ta-

parameter space that conformed to the design consideration le gradient is parallel to the local bed slope), so the subsur-
This constrained the parameter space that was subsequen Y6 flow drains freely. In this modeling approach the wa-

explored_m detail by a more qomplex mode_l. . ... ter table dynamics are decoupled from the unsaturated zone
Selection of t.he precise cllm_at.e prop.ert_les (preqpnatlpn,depth' so that the depth of the unsaturated zone is fixed, even
temperature, wind-speed, humidity, radiation etc) is not 'M"\vhen the water table has saturated a depth equivalent to the
. . C&ssumed unsaturated soil depth. For this reason the results
the performance of the hillslopes depends on the climate thaéhould be interpreted with particular caution. The model

'S. applied to it, representq’_uye climates were used in the qeaoes not simulate saturation excess overland flow and return
sign process. The sensitivity of the recommended deS|gq|0W (exfiltration)

to climate was assessed in this study (see Sect. 3), and ex . .
y( ) The model was run using the generated semi-arid Sky Is-

plored in more detail in lvanov et al. (2009). For this de- land f t rainfall X d with oth " ied
sigh modeling a rainfall scenario representative of a semj-andforestraintall scenario and with other parameters vare

arid Sky lIsland forest (Brown-Mitic et al., 2007), a sub- as follows:

set of the US western sub-alpine forest, was generated as a

marked Poisson point process with a semi-annual total rain- — Two scenarios of potential evapotranspiration: one at
fall of 367 mm distributed over 90 days (34 storms, maxi- 500 mma' and one at 1000 mnTa, both varying sea-
mum intensity 7.9 mmht, storm duration 4 h or 8 h, maxi- sonally according to a sinusoidal curve out of phase
mum storm size 31 mm, interstorm period ranging from 8 h with the precipitation, with an amplitude of 250 mm'a

to 212 h), followed by a dry period of 90 days (see Fig. 3 for and 500 mmal, respectively. Diurnal variations were
the rainfall scenario used in the design modeling). Multiple not considered.

2.3 Modeling approach

www.hydrol-earth-syst-sci.net/13/2105/2009/ Hydrol. Earth Syst. Sci., 13, 21082009
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— Four unsaturated zone depths: 0.5m, 1m, 1.5m s 1 SR ) - - EDesign rogion
and 2m. g 08 ® Loamy sand
<o
— Twelve soil texture classes: van Genuchten (1980) soil E .' Z 2!:;“’
hydraulic parameters were used for each of the standar: 0.6 :
USDA soil texture classes, obtained from class averagesRW 3 |_-2mloamy sand
in the Rosetta database (Schaap et al., 2001). 504 @k
g v
Simulations were run initially with an overall slope of 6 de- § 02 7 vV v,
grees. In addition, the sensitivity to slope was examined for = . wV w“ v . vv Y Y %
a subset of the parameter sets for overall slopes ranging fror ™05 i 15 2 25 3 35 4
2 degrees to 16 degrees. Two metrics were used to interpre Max sat flow depth / Unsat domain depth
the results of the initial modeling. First, the raiky, of to- Rs

tal lateral subsurface flow to the total precipitation over the

180 day simulated period gives an indication of the water ) ;
balance (though it does not account for the partition betwee evaluated against the design metikisandR,,. Results are shown
or the 6 degree mean slope angle. The grey box indicates the com-

overlz_ind flow, evapotranspiration and stor_age remaining inoinations of the design metrics that meet the design specifications.
the hillslope at the end of the modeled period). A very high

value of this metric g, > 0.8) would suggest that the hills-

lope drains too quickly, and does not store sufficient water forbetween the swale and the side slopes. At high mean slope,
transpiration (B4). Low valuesR(, < 0.2) suggest that either the water table drained more quickly, but there was a higher
there is minimal subsurface flow (B3), or overland flow dom- degree of convergence in the swale, increasing the water ta-
inates (C1). ble depth slightly compared to the lower slopes.

Second, the ratidk; of the peak saturated thickness and  These results suggested that a texture of loamy sand with
the assumed depth of the unsaturated zone was calculated telatively high hydraulic conductivity, of the order of 1 mH
examine the likelihood of overland flow. Because the water-(Table 1), would be required to meet the design considera-
table feedback between saturated and unsaturated modelstisns. They also suggested that the soil depth is a critical
not accounted for in this parsimonious model approach, wecontrol on whether lateral flows, but not surface saturation,
cannot predict saturation to the surface directly. However, ifoccurred in the hillslope. These considerations informed the
we take the assumed depth of the unsaturated zone as repore detailed modeling using HYDRUS-3D.
resenting the whole soil depth, the region of the parameter
space that produces a saturated thickness of similar or large2.3.2 HYDRUS-3D modeling: exploring lateral subsur-
depth is likely to produce saturation excess overland flow in face flow and spatiotemporal patterns of moisture
a coupled model. Thus parameter sets that produce small
values of this ratio R, < 0.8) will be less likely to produce HYDRUS-3D, a three-dimensional finite element model that
overland flow (C1). solves the Richards’ equation for variably saturated flow

The values of the two metric®,, (y-axis) andrR, (x-axis), (Simunek et al., 2006; Simunek et al., 2008), was subse-
for each of the parsimonious modeling simulations are plot-quently used to explore the effects of slope angle and soil
ted against each other in Fig. 2. This figure also shows thelepth on lateral subsurface flow and internal moisture distri-
region that meets the design criteria set out in the above disbution. As an initial base case, the zero-order basin geometry
cussion. Only the two simulations with a 2m thick loamy with a 20 degree overall slope and 1.5 m soil depth was cho-
sand produced results that fell within the design region. Thesen. Using this base case, the slope angle was changed to
very high permeability of sandy soils allowed all incoming 10 degrees and 30 degrees, respectively, and the soil depth
precipitation to be translated quickly into subsurface runoff.was changed to 1 m and 2 m, respectively, resulting in five
Consequently, only a very small fraction was available to susdifferent scenarios. Based on results of the initial modeling,
tain vegetation. For all other soils except loamy sand, thea loamy sand soil texture was chosen. Soil hydraulic param-
permeability was too low, and the majority of precipitation eters for the van Genuchten-Mualem soil hydraulic model
either evaporated before it reached the base of the unsatyvan Genuchten, 1980) were obtained from the Carsel and
rated zone, or lateral flow rates were too low, producing aParrish soil catalog (Carsel and Parrish, 1988) (Table 1). The
build up of the water table within the hillslope. flow domain was discretized based on a 1 m by 1m DEM

Varying the slope was found to have a second-order effectvith a vertical spacing between mesh layers of 0.1 m. The
on the dynamics of the water balance (results not shown)initial conditions were defined in the pressure head, start-
A higher slope produced a higher peak discharge, but its efing with a uniform pressure head ef0.5 m throughout the
fect on the likelihood of saturation was minor. At low slopes model domain, followed by a 10 day drainage period. An
more water remained in the hillslope, but it was distributed atmospheric boundary condition including hourly records of

Fig. 2. Performance of various combinations of design parameters
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Table 1. Soil hydraulic parameters used in the design modeling (initial modeling and detailed modeling) and the climate testing modeling.
In the initial modeling, the twelve soil textural classes of the USDA soil classification were tested (using the ROSETTA database) but only
the parameters of loamy sand that was the selected texture for subsequent modeling are listed.

Model step o [Mm3m=3] 6, [m3m3] omY n[H Ksmh

design: initial 0.049 0.39 3.47 1.747 0.044

design: detailed 0.057 0.41 124 2.28 0.146

climate testing 0.062 0.41 9.13 2.02 0.078

Mean slope = 10° Mean slope = 20° Mean slope = 30°
£ £ MM Jo £ Mk
- Enz b Em o
L 0.1 \ 0.1 r '.
p=l
2z a0 160 90 1680
5 days days
W
£ = 0 = 0 = 0
o = 1 ] = v } = 1 }
- ED 2 b ED 2 o ED 2 o
_:Iz 0.1 \ 0.1 \ 0.1
p=l
8 90 180 90 180 20 180
5 days days days
W
£ 0.6 £ pwnﬁn
fl\ll 05 Eu.z o
= Thickness of saturation 04 0.1 \
al at peak discharge (m)
L 03 a0 180
5 02 days
4]
0.1

Fig. 3. Subsurface flow hydrographs and spatially distributed thickness of saturation for the slope angle and soil depth variations of the initial
base case, simulated with HYDRUS-3D. Thickness of saturation is shown for the time step at which peak discharge occurred. Also shown
are the results for the final design (10 degree overall slope and 1 m soil depth).

precipitation (the same generated semi-arid Sky Island for- For all five scenarios simulated with HYDRUS-3D, sub-
est rainfall scenario that was used in the initial modeling) surface flow accounted for approximately 33% of the rainfall,
and of potential evaporation rates was specified at the sumwith actual evaporation accounting for the remaining 67%.
face of the domain. Potential evaporation was modeled a3 he hydrographs of the lateral subsurface flow consisted of
a sinusoidal curve, with the maximum potential evaporationone seasonal peak, with little response to individual storm
(4.5mmd1) at the start of the rainy season (start of sim- events (Fig. 3). With decreasing soil depth, subsurface flow
ulation), dropping to 1 mmd! at 180 days. This seasonal started earlier and also peak discharge was slightly higher
evaporation trend was overlain with a truncated sinusoidaland occurred earlier. Increasing the slope angle had a slight
diurnal variation, assuming 12h of evaporation during theintensifying effect on the hydrologic response as well.
day and 12 h of no evaporation during the night. Total mod-  conrary to the parsimonious modeling results, saturation
eled potential evaporation was 1000 mntaThe downslope  of the entire profile did not occur in any of the scenarios
boundary of the hillslope consisted of a seepage face wher(g:ig_ 3), meaning that saturation excess overland flow was
water can leave the domain laterally through the saturated,ccessfully avoided with the chosen soil texture and the
part of the boundary. tested slope angle and soil depths (C1). In each simula-
tion, a transient water table developed at the base of the flow
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profile. Figure 3 also shows the general pattern of moisture g
in the swale and towards the downslope boundary and drier% y 1
zones upslope and on the side ridges (B2). The percentage cg
area that experienced saturation in the soil profile increasecg P RT ‘ i cr ‘ ‘
and the bulk of the subsurface flow left the domain around 1
the center of the downslope boundary. . ]
Discrepancies in the occurrence of saturation between theg -2r rRH ] CH
ences in soil parameters and 3) differences in climatic forc-
the unsaturated zone that can significantly affect the positions = 0 1m0 o = o0 1m0
predicts a higher hydraulic conductivity for loamy sand than Fig. 4. Pressure head time series at six different locations in the
ity given the high variability in conductivity values within a below surface) for the recommended final design.
Thirdly, the climate scenarios used in the parsimonious mod &Ny season. The comparison with the hydrographs in Fig. 3
ality of evapotranspiration relative to precipitation, and to tions from experimental hillslope sites (Tromp-van Meerveld
water availability to increase the proportion of water lost asSIOpe and 1m soil depth promotes spatially as well as tem-
ditions for extended periods of time (predominantly in the

2.4 Recommended design
The results of the design modeling were presented to andlecided yet. One option could be to construct a transition
(e.g. construction stability) led to a refined final design ter flow. Once the toe design has been finalized additional
zero-order basin geometry with a 10 degree overall slope anf§lillslope discharge.
As with all the HYDRUS-3D design simulations, the rainfall

Pressure heads near the surface were strongly influOne suggestion for the temporal design of the experiment has
responses to the dynamics of atmospheric fluxes (Fig. 4)ferent climate scenarios that represent common rainfall dis-

markedly at lower slope angles and also with shallower soils.

parsimonious and more complex modeling can be ascribed™

ing. The simple model did not account for a range of pro- W

of the water table. The detailed modeling used soil parame- Time [days] Time [days]

the Rosetta class averages. While this appears inconsistehtlslope (see Fig. 2 for locations) and in three depths per location

class, and the fact that these are design suggestions for a soil

eling were refined for the HYDRUS-3D modeling to include showed that subsurface flow did not start until transient water

include diurnal variations. The improved representation ofand McDonnell, 2006b). The simulation demonstrated that

ET in the shallower soils. Together these three aspects led tBoraIIy variable moisture regimes (design considerations B2
swale) to zones that remained unsaturated.

discussed with the Biosphere 2 scientific community. Bal-Nto @ gravel or sand buffer and a permeable screen, with ad-

of the hillslopes that was used for further modeling work Simulations may become necessary as the toe design will in-

a 1 m soil mantle with a loamy sand soil texture (see Fig. 3

was partitioned in approximately 33% lateral subsurface flow3 1 Modeling approach

enced by atmospheric fluxes, i.e. infiltration and evaporationpeen to apply three different climates to the hillslopes (Hux-

Transient water tables, i.e. positive pressure heads, developedbution in semi-arid regions, using the proposed final hills-

domain as a response to the rainfall, rising up to 0.6 m in the Ridge Center

distribution with high relative saturation in the soil profile 3 o

The main flow path in downslope direction was in the swale,

to three sources: 1) difference in model structure, 2) differ-

cesses, including capillary rise and the variable moisture of & :2 CB |

ters from the Carsel and Parrish (1988) soil catalogue, which

it is not unreasonable to adopt a higher design conductiv{red: 0.1 m below surface, green: 0.5m below surface, blue: 0.9m

that will be manufactured, rather than estimates of a real soil.

a more accurate representation of the timing of the seasont-_ables developed. This behavior is consistent with observa-

seasonality led to higher potential ET rates coinciding with the chosen zero-order basin shape with a 10 degree overall

a much reduced water table in HYDRUS-3D results. and B5), ranging from zones that experienced saturated con-
The actual design of the toe of the hillslope has not been

ancing the principal design criteria and technical constraint<Jitional options to measure both surface and subsurface wa-

(e.g. Ivanov et al., 2009). This refined design consisted of thé!uence the buildup of saturation along the seepage face and

for hydrograph and spatial pattern of thickness of saturation)3 Testing three different semi-arid climate scenarios

and 67% evaporation.

whereas pressure heads in deeper zones did not show distingtan et al., 2009). This was the motivation to test three dif-

in the swale (locations CH and CT) over the course of thelope design and the model HYDRUS-3D. The objective was
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to evaluate the importance of the relationship between tim-
ing of rainfall and radiation input for the hillslope hydrologic
response. These climate scenarios were different to the one
used in the design modeling. The first scenario consisted of a
climate with 60% of the rainfall falling during three months
of summer and another third during the six winter months.
This means that the majority of rainfall is falling during the
months with high radiative input, a climate typical, for ex- ¢
ample, of the southwest of the United States. For this sce-%
nario, meteorological data from 2001 from the Lucky Hills

site within the USDA-ARS Walnut Gulch Experimental Wa- o
tershed, Arizona, USA, were used as atmospheric boundaryz sc
conditions (for site description see e.g. Scott et al., 2000). ;- "
A second scenario adopted the same radiation input but with” .
the rainfall from the original scenario shifted by six months,
so that the majority of rain fell in winter. This created a
climate with the maximum of rainfall and maximum of ra-
diation input being out of phase, as is typically the case in
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Mediterranean climates (such as southern Europe, southern
California and southwestern Australia). In a third scenario,Fig. 5. Hydrologic hillslope response to three different semi-arid
the same radiation input was again used but the rainfall waglimates, simulated with HYDRUS-3D. SSF is the lateral subsur-
distributed statistically uniformly throughout the year. face flow, mean theta is the mean volumetric water content, aver-
Total annual rainfall was 371 mm for all three scenarios. 29€d over the entire flow domain, pE and aE are potential and ac-
The uniform distribution of rainfall was generated stochasti- U2l €vaporation, respectively. Pressure head time series from 0.9m
- . - . below the surface for the three locations in the center of the domain
cally as a Poisson process with approximately the same dls(—see Fig. 2).
tribution of storm durations, interstorm periods, and mean
intensities as the original data. The generated interstorm
duration and storm duration were exponentially distributed
whereas the storm depth was gamma-distributed (lvanow-2 Results
et al.,, 2009). Maximum rainfall intensities in the sum-
mer and winter rain climate were 20 mnThwhereas in-  Although the total annual rainfall was the same for all
tensities in the uniform rainfall distribution did not exceed three scenarios, the differences in rainfall timing resulted
55mmhl. The hillslope was assumed to be free of veg- in marked differences in boundary fluxes (actual evapora-
etation. Potential evaporation fluxes were calculated withtion, lateral subsurface flow) and internal moisture dynamics
the Penman-Monteith combination equation that combineqFig. 5). The summer rain scenario produced two peaks in
radiation and aerodynamic terms (Monteith, 1981; Monteithlateral subsurface flow. A smaller peak occurred during the
and Unsworth, 1990) using hourly records of air tempera-winter months because, although storm sizes were smaller
ture, relative humidity, wind speed and net radiation from compared to the summer events, the atmospheric demand
the Lucky Hills site. Calculated annual potential evaporationwas low during those months leading to higher lateral sub-
was 1545 mm. surface flow generation. In summer, storm sizes were large
In order to avoid numerical instabilities due to the high enough to produce subsurface runoff despite the high poten-
evaporative fluxes at the soil surface, soil hydraulic param-ial evaporation. The winter rain scenario produced only one
eters were changed to values between those of loamy sandajor peak in lateral subsurface flow in the winter months.
and sandy loam (Table 1). This modification also reflectedThe storms in summer, when the radiation input was at its
the preliminary results of particle size analyses performedmaximum, were too small and infrequent to result in signifi-
in the meantime with various potential soil materials for the cant subsurface runoff. The uniform rainfall climate, despite
Biosphere 2 hillslope construction (Jon Chorover, personahaving the same total rainfall amount, did not produce a ma-
communications). A one year simulation of the same respecjor peak in subsurface flow, and flow rates remained at a low
tive climate was used as initial condition. Apart from these and relatively constant level. Surface runoff did not occur in
changes, the model setup was identical to the simulation ofiny of the simulations. The pressure head time series demon-
the final design. Total simulation time was 365 days for eachstrated again that the presence of a transient water table was
climate scenario. required to trigger a significant subsurface flow response. No
transient water tables developed in the case of the uniform
rainfall climate, whereas the occurrence of transient satura-
tion in the summer and winter rain scenarios preceded the
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rise of the lateral subsurface flow hydrograph. Subsurfacel Discussion

runoff accounted for approximately 20% of the total rainfall

in both the summer rain and winter rain scenarios and lesg 1 pifficult tradeoffs in the Biosphere 2 hydrologic
than 5% in the case of the uniform rainfall distribution. The design

mean water content (mean theta in Fig. 5), averaged over

the entire hillslope, represents a measure for storage. Th

summer rain and winter rain climates both led to a higherhiIIsIopes is clearly different from traditional benchtop-scale
temporal variability of hillslope soil moisture storage, rang- . i
P y P g 9 and hillslope-scale efforts of the last few decades. Labora-

ing between 0.12 and 0.2fm™S (Fig. 5, mean theta). The tory experiments are generally designed around a focused
uniform rainfall scenario showed considerably less variations y exp 9 y gned
uestion or set of questions, and the experimental systems are

over time. Comparing the mean theta, subsurface flow and

pressure head curves suggests that a mean water content $f Y ER U WL IR P 208 2 S BEEED RC
0.16 m m~3, corresponding to 38% relative saturation of the P '

hillslope, is required to lead to the development of a tran_lated hillslope segments at the benchtop-scale (Anderson and

sient water table and, thus, to significant lateral subsurfaceBurt’ 1977) or hilislope scale (Hewlett and Hibbert, 1963)

flow. The uniform rainfall distribution with frequent, low in- ?Jzes)i(r?n;'?;ersr;;ev;?é:e Se(:slteig; Glz(gir)lrr?gvr\]/tzlréjaelftﬁrnoyipspgg
tensity storms did not produce sufficient filling of storage and 9 q 9

the development of transient water tables, a prerequisite fog'r?r?;egyoor]: F:;F:]Ctzlr?;rﬂ:ogvo?rgg‘ ngnesb;es'gf'lghea?:hgf snmtl)
the generation of significant lateral subsurface flow. inag . W wn by

Because only bare soil evaporation was considered, the a Hewlett and Hibbert (1963)). More recent examples at the

S } %—enchtop-scale (i.e. Kosugi et al., 2004) and hillslope-scale
tual evaporation is primarily controlled by the near-surface i.e. Kendall et al., 2001) have continued in this tradition of

soil moisture conditions. Because of the relatively Coarsei(solatin sinale features of a svstem and elucidating particu-
texture of the soil material used in the simulations, the wa- g sing Y 9p

ter content of the soil near the surface quickly dropped toIar flow processes (e.g. macropore flow contributions to pore

residual water contents during dry periods, and the upwarcp ressures or stream chemistry dynamics).
transport of water from deeper regions became negligible. The Biosphere 2 design is different to these previous fo-
Therefore, the ratio between actual and potential evaporacused efforts. Itis perhaps more akin to what was attempted
tion was significantly less than unity (19% for the summer With the roof-covered catchment experiment &re@spn,
rain climate, 18% for the winter rain climate and 22% for Sweden (see Bishop and Hultberg, 1995 and many others)
the uniform rainfall scenario). Actual evaporation was high Where compromises where made to accommodate interdisci-
only during and shortly after storms and decreased strongI)P"”ary research and multi-faceted research objectives. Iden-
during interstorm periods. While pressure heads at the soififying the fundamental considerations that transcended the
surface reached very low values due to evaporation, pressuﬂ@dividual scientific objectives of each scientist involved in
heads in the rest of the domain remained greater than -4 nihe experimental design of the Biosphere 2 hillslopes pro-
indicating that sufficient water would be available to supportvided the conceptual scaffolding on which the details of the
vegetation in these climate scenarios. design could be built. These considerations emerged from a
The simulation of the three semi-arid climates showed theong period of interactions, in a way analogous to the emer-
importance of the relative timing between rainfall and poten-9ence of complexity expected in the hillslope experiment it-
tial evaporation (i.e. surface energy input) for the movementSelf. Inevitably, the design criteria and considerations them-
of water in the hillslope. The interplay between evapora-sewes limit the type of questions that can be answered with
tion and infiltration determines the amount of water that is this hillslope design, e.g. by minimizing the occurrence of
available for percolation into deeper zones, filling of stor- certain processes such as overland flow. Nevertheless, the
age and the generation of lateral subsurface flow. Under théocus of the overall Biosphere 2 experiment is to advance
assumed high radiation input typical for the region surround-the understanding of critical zone processes (Huxman et al.,
ing the Biosphere 2, either a number of large more intense2009). We argue that the presented hillslope design will al-
storms during the summer months and/or sufficiently largelow us to better understand how hydrological, biological and
storms during the winter months are required to ensure temgeochemical processes interact, creating subsurface structure
poral variability of the hillslope moisture regime (B5) and to and temporal patterns.
initiate lateral hillslope-scale hydraulic connectivity (B3). The overall Biosphere 2 hydrological design was con-
strained by philosophical, scientific and technical consider-
ations. However, decisions made even before these tradeoffs
were discussed philosophically, scientifically and practically
as a group also shaped the final design — quite profoundly
— in three ways: (1) we chose not to replicate a previously
well-studied hillslope, (2) we chose an impermeable lower

PFhe process of designing an experiment like the Biosphere 2
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boundary and (3) we chose a convergent hollow as our topo- We chose a convergent hollow as our topographic
graphic blueprint. blueprint mainly to increase options for hydrological and
So why did we choose to not replicate a previously well- ecological heterogeneity at the scale of our experiment. The
studied hillslope? Previous trenched hillslope experiments aslope angle range that we could reproduce at Biosphere 2
a scale very similar to the Biosphere 2 hillslope bays havewould rarely if ever form such a distinct convergent hollow
been completed in the past decade at Georgia, USA (FregiCarson and Kirkby, 1972). Nevertheless, we chose a con-
et al., 2002), New Zealand (Woods and Rowe, 1996), Orevergent hollow as hillslope shape (as opposed to a planar
gon, USA (McGuire et al., 2007), Japan (Uchida et al., 2005)slope) to provide some heterogeneity in radiative input and
and Canada (Buttle and Turcotte, 1999). Intense discussioroil moisture conditions. These subtle differences in inci-
revolved around possibly replicating one of these systemslent radiation and upslope contributing area for water flux
within the Biosphere 2 bays. The main rationale for not will exert qualitative changes on slope processes. With the
choosing to replicate an existing site was the awkward jux-other factors held constant (soil type, soil depth, bedrock
taposition of site specificity with local climate constraints. permeability, etc.), the spatial patterns stemming from the
While the Biosphere 2 climate can be controlled, it seemedconvergent topography will allow comparison of responses
that imposing the boundary conditions from a very differ- within treatments. Spatial patterns of soil moisture at the
ent geographic setting might condition the results too greatlyhillslope scale (Tromp-van Meerveld and McDonnell, 2006)
for the Biosphere 2 experiments. The more generic hillslopeand catchment scale (e.g. Wilson et al., 2004) have shown
form — as described in this paper — was agreed upon as qualitatively how vegetation begins to obscure topographic
better option for initial conditions that would best serve the controls on moisture distribution after leaf-out. Within the
overall goals of the project. Biosphere 2 experimental design, we will be able to quan-
We chose an impermeable lower boundary for our Bio-tify such influences and strike at the mechanistic controls of
sphere 2 slopes largely out of practicality. Bedrock perme-vegetation on soil water dynamics, and vice versa. Conse-
ability has been shown in several recent hillslope studies tayuently, a planar slope would greatly restrict our ability to ex-
influence the development of transient saturation (Ebel eamine coupled processes and reactions, given that we would
al., 2008) and connectivity of saturated patches at the soilbe restricted to only one solar aspect realization.
bedrock interface (Hopp and McDonnell, 2009). Several re-
cent field studies have quantified bedrock permeability at thet.2 How modeling has informed design
hillslope scale through sprinkling experiments (e.g. Tromp-
van Meerveld et al., 2007) so that some bedrock permeabilitModeling was a critical part of the design process. The mod-
values are already known. In the end, the issue of bedrocleling work so far has suggested that the proposed hillslope
permeability was “decided” based on technical feasibility. design is likely to meet the principal design considerations.
It was not possible, within the constraints of the budget, tolt is capable of supporting vegetation under the semi-arid cli-
consider how a permeable bedrock might be incorporatednates of the South-West (B1, B4). It will permit the devel-
into the design and how that water would be sampled, re-opment of transient lateral connectivity across the hillslopes
cycled and linked to the soil mantle above. This was a dif-(B3) and it will facilitate spatial and temporal variability in
ficult constraint to accept as we know that fully imperme- soil moisture (B2, BS). Together with the vegetation, the
able bedrock is not found in nature and will condition lat- evolution of the soil profile is likely to produce spatial het-
eral flow processes and experimental results. Artificial hill- erogeneity in hydrologic properties and behavior (Al1). The
slopes constructed in the past have also used impermeabkimulations suggest that the current design is also likely to
bedrock (usually poured concrete) as the layer below theébe stable geomorphically (C1) while remaining technically
soil (e.g. Hewlett and Hibbert (1963) at Coweeta Hydrologic feasible (C2). Finally it embodies the principles of simplic-
Laboratory; Kendall et al. (2001) at Hydrohill, China). Based ity and elegance (A2), and will allow further refinements to
on these findings and other work from natural experimentalbe made to the experimental design in the selection of the
hillslopes, we know a priori that the impermeable bedrockclimate and vegetation treatments across the three hillslopes
at Biosphere 2 will influence the longevity of water table and through time.
development. Notwithstanding, the main science question It is notable that the behavior of the hillslope, as predicted
is to examine the co-evolution of a vegetation-hillslope sys-by the modeling, is strongly seasonal, and does not show a
tem. As such, knowledge of the lower boundary in this sensesignificant response to individual events. Given that the char-
trumps bedrock permeability “realness” as an impermeableacteristic subsurface flow timescale — given by the time for a
lower boundary shifts our focus exclusively to the soil man- kinematic wave to travel through the hillslope (Harman and
tle and ecohydrological processes within it. Thereby, the deSivapalan, 2009) — is on the order of 50 days, this is unsur-
grees of freedom about these biological-hydrological inter-prising. The smoothly-varying pressure heads deeper in the
actions are reduced and our system is greatly simplified irsoil profile (Fig. 4) suggest that the unsaturated zone is also
terms of its response. playing a role in filtering the high-frequency variability. In
essence, though, the lack of an event-scale response can be
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attributed to the lack of any threshold-like runoff mechanism, The Biosphere 2 experiment itself aims to overcome these
like overland flow, bedrock storage or preferential flow, to uncertainties in two ways. One way is bottom-up, through
turn on in sufficiently large or intense storms. Such mecha-the development and testing of an integrated process model
nisms, particularly preferential flow, may develop in the hill- that can reproduce and predict the evolution of the hillslope
slope over time once vegetation and geochemical changesydrologic behavior through time, along with the evolution
begin to alter the properties of the hillslope, leading to theof the geochemical, biological, pedological and geomorphic

formation of an event-scale response. systems. The other is through observing and interrogating
o _ _ patterns that emerge in the data (top down), and using these
4.3 Projecting future behavior of the Biosphere 2 for the formulation of new theory, hypotheses and models.
hillslopes

Due to the large uncertainties about the feedback betweeB Conclusions

hydrology and geochemistry, biology and geomorphology,

however, the design modeling could not be used to projectlhe Biosphere 2 Hillslope Experiment is being designed to
the hydrologic behavior of the hillslope into the future with address fundamental questions about how natural landscape
any degree of confidence. These uncertainties are the raisdifocesses interact and co-evolve through time. The Bio-
d'étre of the Biosphere 2 Hillslope Experiment, and it is the Sphere 2 facility’s unique spatial scale provides the opportu-
complex behavior not fully anticipated in advance that will nity for controlled experiments at a large scale, bridging the
likely produce the greatest advances in our knowledge. Fron@ap between controlled, laboratory-scale experiments and
a hydrologic perspective, some of the outstanding question§eld experiments under natural conditions. The first phase

about the evolution of the Biosphere 2 hillslopes are: of the experiment has included pre-construction modeling
efforts in hydrology, ecology and geochemistry that aim at

— How will the vegetation dynamics adapt to the hydro- supporting the design and construction process of the hill-
logic conditions and in turn alter the water balance slopes as well as providing initial model predictions of the
through transpiration? anticipated evolution of the vegetation-hillslope systems.

. ) , The Biosphere 2 Hillslope Experiment will serve as an

— How will the structure of the soil change over time due gy ceient basis to test hypotheses, validate existing models
to geochemical and biological factors? How will these 5nq develop coupled process models. Furthermore, the aim
changes in turn alter the hydraullc_prope_rtles and flow ¢ this extraordinary community effort is to not only ob-
pathways through the subsurface (including the forma-gerye and qualitatively describe interactions and feedbacks
tion of preferential flow networks)? between hydrology, soil evolution, biota and geomorphol-

— How will spatial patterns of occasional overland flow ©9Y but also to quantify the relationships and mechanisms,
and infiltration drive changes in surface morphology thereby advancing our ability to predict the evolution of hy-

and soil properties, and how will these changes alter thelrologic systems in general (Troch et al., 2009).

?
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— How will these effects combine to create evolving pa
terns of variability and connectivity in the unsaturated
and saturated zones of the subsurface?

Work is already underway to address some of these uncer: . .
. . . . . ited by: F. Laio

tainties using available models, and their results will generate

more confidence in the design, and more refinements to the

final experimental set-up. The geochemical model Crunch-

Flow07 (Steefel and Lasaga, 1994) has been used to examine

how the soil oxygen levels, pH, and mineralogy will change

over time, including the production of secondary clay min-

erals (Dontsova et al., 2009). The distributed hydrology —

dynamic vegetation model tRIBS-VEGGIE (lvanov et al.,

2008) is being used to investigate how vegetation-hydrology

feedbacks over time affect water-use and primary productiv-

ity (lIvanov et al., 2009).
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