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Investigation othe hydrological response of three artificial hillslopes at the Landscape
Evolution Observatory
Katarena Mato$/eira, Peter Troch, Antonio Meira
ABSTRACT
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2 MATERIALS AND METHODS
2.1 Landscape Evolution Observatory at Biosphere 2

The Landscape Evolution Observat@yeO) consists of three (East, Center and
West) identically built, artificial Hislopes with dimensions of 3@ long by 1115m
wide. The hillslopes were built to emulate the topography of a-aster basinThe
geometry of the hillslopes is convergent with an average slopé lah#iGa maximum

slope of!"# found near the convergent zone.



The hillslopes are filled with n ground basaltic tephra ground to a homogenous
loamy sand texture.he landscapes sit inside a 2@8®environmentally controlled
facility located in Biosphere 2 with an air partition structure separating each hill8lope.
spatially dense network of sensors is placed inléiyers within each hillslopand is
ableto solve meter scale lateral heterogeneity anenseter scale verticdleterogeneity.
Figure 1 shows an artistic representatiothefLEO hillslopes insidéhree climate
controlled bayst Biosphere ZEachhillslope rests on 10 load cells allowing for the
measurement of totahassof the systemAdditionally, thehillslopes areequipped with
sprinkler heads, which allow for application of precipitation uporhtt&opes with rates
ranging from 345 mmhuniformly over the entire hillslope and the discharge out of the
seepage face is recorded by two different sets of flow meters. All of this allows us to
conduct rainfalirunoff experiments in which we are aldéeimpose a precipitation
regime,measure storageitiin the systemmeasurealischarge out of the system as well
as internal statesuch as soil moisture and matric potentigh a frequency and spatial
distribution not feasible in natural settings.
2.2 Rainfall-runoff experiment

The PERIodic Tracer ldrarchy (PERTH) method allows for the observation of
the timevariable transit time distributions of the hillslopes by bringing the hillslopes to a
periodic steady state and then applying a set of conservative tracers (Harman and Kim
2014). An initial stugt was conducted at Biosphere 2 following this method on a smaller
(1 n?) hillslope Kim et al, 2016). The irrigation sequence of the experiment done on the

LEO hillslopes was structured to bring the hillslopes to a periodic steady state in order to



obsenre the timevariable transit time distributions of the hillslopes. This paper will focus
on the hydrologic behavior of the three hillslopesingthe PERTH experiment.

In the fall of 2016a 5Gday rainfaltrunoff experimentvasconducted on the
three hilslopessimultaneously, whichegan on Novembef"&t 20:00 LT and ended on
December 28at 19:00 LT. The experiment consistefch total of 15 cycles where one
cycle lasts 3.5 days. Each irrigation cycle is made up of 2 individual pulses lasting 3
hourseach with an applietrigation rate of 12 muinr and 7 hours ibetween the pulses.
Figure 2 showsa schematic representation of the irrigation sequence.
2.3 Water Balance and Sensors

The water balance for each of the LEO hillslopes caexbeessed as:

Where 'I— is the change in storag® [L], per time, HL/T] is precipitation, QL/T] is

discharge and BL/T] is evaporation. A dense network of sensors designeeésure
changes in storagdischarge and precipitation for eachtlod hillslopes allows us to
track the water balance of the hillslopes through tifine. following is a description of
the sensors and gauges measuring data for each of the hillslopes. All of the sensors,
gauges and load cells recorded data every 15 mithutmsghout the PERTH experiment.
Each hillslopes rest on 10 Honeywell Model 3130 load cells specified with a
repeatability of 0!"# of full scale equivalent to less than 1 cm of precipitatibhe
load cells measure the total mass of the hillslopdadimgy the steel structuras well as
thesoil and water in the hillslopallowing us to keep track of the changes in storage

through time.



Each landscape is equipped with 14 sprinkler heads located approximately 3
meters above the soil surface andatde of imposing a precipitain rate ranging from 3
to 45 mmhr. Water flowing out of each sprinkler head is measured using an EX81
Seametrics electromagnetic flow meter.

The discharge out of each hillslope is measured at the seepage face boundary
where the outlet for the hillslope is located. The seepage face is subdivided into 6
different sectionsandeachsection isequipped with a PE102eametrics magnetic flow
meterand a Novalynx 2&501A tipping bucket. Water flowing out of thellslope is
first measured bythe magnetic flow meteand then by the tipping bucket. Eagiping
buckethas been manually calibratethe Novalynx tipping bucket is reliable during low
discharge periods ith an error of £ 2% up to 0.027 L/mwhile the PE102 flow meters
are calibrated for higher discharge of OE111.4 L/min with an error of £ 1%. The
manual calibration coefficients as well as the reliable range of each gauge weretaken i
account when aggregating the discharge for each hillslope.

Additionally, the Center hillslope experienced a leak; the exact location of the
leak is unknowrbutthe wateithat leaked ouslid down the stdestructure of the Center
slope and an additiahtipping bucket was able to recordTihe Centerdischarge
presented in the results section is therefore an aggregatioa discharge through the
seepag faceas well as the leak.

Buried within each hillslope are 496 5TM Decagon soilmetricwatercontent(VWC)
sensors @five depths: 154 sensors 0.06 154 sensrs at 0.2 m, 76 sensors at 0.35 m, 78
sensors at 0.5 m and 34 sensors at @8®lative to the soil surfac&he 5TM Decagon

sensors have an accuracy! df!l | 111l '11 3 of the measuredolumetric water



content.Co-located with the soil water content sensors are 496-RIB&cagorsoll
matric potentiakensors with a range € to-500 kPa and an accuracy-b0'25% of the
measured reading. Figure 3 shows the location of the sensors within the hillslopes
throughout the five layers.

Each hillslope islsoequipped with 15 CS451 Campbell Scientific pressure
transducers wit a range of @ 2 mof pressure and an accuyaaf 0.1% fullscale range.
These pressure transducersfarend atthe interface of the soil and the steel structure.
The pressure transducengasure the height of the water table and can be used to
approximate thextent of the saturated zone in eadlsloipein orderto compare
amongst the hillslopes.

Evaporation is not directly measured but can be estimated through the closure of

the water balanc&vaporation will therefore be approximated as:
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2.4 Data processing
Two differentmethods were used to monitor the amount of precipitation that fell

on the hillslopes. The first method derives precipitation from the water balance eqguation

!
Where precipitation is the sum of the change in storage with time and the distimarge
this case the evaporation during precipitation events is assumed to be nedligble.
second method uses the EX81 magnetic flow meters and the load cells. The EX81 flow

meters overestimate the amount of precipitatiat fallson the hillslope becae some



of the water that leaves the sprinktkres not fall on the hillslopeghe first cycle of the
irrigation sequence did not yield any dischaage therefore, this cycle can be used to

find what percentage of the flow recorded by the EX81 magreticrheters actually

falls on the hillslopes. Since no discharge is present during cycle 1, the dS/dt recorded by
the load cells will equal the precipitatidfigure 4below shows thdbr the East, Center

and West hillslope80%, 85% and 90% of the flow recorded by the EX81 magnetic flow
meters actually fell on the hillslopes.

The storage for the hillslopes was acquired using two different methods. In the
first method the 5TM volumetric water content sensors (VWC) were used. The 496 VWC
sensors were separated into the five different layers where they are found within each
hillslope. The average VWC of each layer wakulatedand this average was then
weighted by the thickness of the layer that they enconplasee layer hoes from ®
0.125 m, layer 2@es from 0.1280.275 m, layer 3 goes from 0.20®.425 m, layer 4
goes fom 0425D0.675 m and layer Sogs from 0.67®1 m. In order asseshé
uncertainty attached to the 5Tétbrage measurements 10% of the sensors for each layer
wereselected randomlgind storage was recalculated without th&his process was
then done ;D00 times for each hillslope.

Forthe second method, the load cell datarecorded as the mass of the steel
structure the hillslopes rest on as well as the Boll this reason, it isecessary to
assume a weight of the structuaed soil The following equation was used to acquire

storage of water within each hillslope
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Where S is the total water stored in the hillslope, m is the mass recorttezllbgd cells

T isthe average mass aflry hillslope,!, is the density of water and A is total area of

the hillslope. This method requires an average mass of the dry hillalbjoh,was found

by taking the total mass recorded by the load cells over a period of one week, prior to the
beginning of the PERTH erpiment when the hillslopes were dry. This yielded the

average mass of the steel structure, the soil and the water present. In order to subtract the
small amount of water found in each hillslope prior to the beginning of the experiment

the average VWC fahe hillslope was found and subtracted from the total. This yielded

the mass of the hillslope including the steel structure and the soil.

The colocation of the volumetric water content sensors and the matric potential
sensors allows for the4situ deriation of the soil water retention characteristic curve
(SWC). With 496 paired sensors recording data every 15 minutes one hillslope has over
5,000 data points for the duration of the PERTH. In order to better see the soil water
retention curve for each lalope the data was binned by matric potentials. To do this, the
range of measuredatric potential was diviel into 200 bins from 0 t&600cm and the
median of the volumetric water content within each bin was taken as the observed
volumetric water conténAdditionally, the West slope bBa dualSWCrelationship
where 79 sensors recordasolutenighermatric potentials for the same volumetric
water content value, this data was binned separately.

The Van Genuchte(1980)modelsummarizes the relationghbetween soil water
content and matric potential based on two paraméteasd n:

RO




Where! is the volumetric water content, is the residual water contemht,is the matric
potential and and n are fitting paramexts related to the aentry pressure and pore size
distribution. TheVan Genuchten modetas fitted to the binned SWC curviesm each
hillslope by minimizing the sum of the square errors between the binned SWC and the
Van Genuchten model.

The CS451 pressire transducers found in each hillslope provide the height of the
water table at 15 locations in each hillslopke hillslope was subdivided into grids 0.5
m wide and 1 m long in order toterpolatethe water tabl®etween the 15 locations as
well as toextrapolate to regions outside of the convex hull encompassed by the pressure
transducersThe result of the interpolation and extrapolation is the water table height at
each gridThis allows us to see how the saturated region expands and contracts
throughout the PERTH experimeiiitiis dynamic water tables then used to calculate the
Volume of Saturate(VSA) area for each of the hillslopes through time where the

following equation was used.
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Where VSAis the vdume ofsaturated aredl_°], H is the height of the water
table for a given grid point within the hillslope [Jo calculate the VSAhevolume of
each grid cell was calculated by using the height of the water table and then summing all
of the gid wells withinthe hillslope.
3 RESULTS
3.1 Precipitation
The PERTH rainfall-runoff experimentegan on November"s 2016 at 20:00

LT. Figure5 shows hetime series of theainfall sequence described in sectib@. The
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total precipitationfor the East,Center, and West hillslopes approximatelyl120 mm,
1147 mm and 1135 mmespectively This estimate wascquired using the load cellzs
described in Sectiop.4.
3.2 Storage
Figure 6showsthe time series of the storage for all three hillsldpesel on the load cell
measuremeni®rior to the first rainfallthe East, Center and West hillslopes had an
initial water storage of 10.40 mm, 12.94 mm and 30, mspectively. This initial water
storage was removdbm the storage time serigsorder to consider only tretorage
due to the PERTH rainfatunoff experimentThe average storage for the East, Center
and West hillslope i207.14nm, 175.83nm and192.96nm, respectively. The East and
West hillslopes have ansilar storage behavioHowever the average storage from the
Center hillslope is lower than tl¢herhillslopes. Figure Bhows the storage time series
based on the 5TM volumetric water content sensors. The average storage for the East,
Center and West hillslopés185 mm, 166/8 mm and 216.33 mm respectively. The
Center hillslope has the lowest amount of water stored, this
behavior is the same as the storage derived from the loadHmiNever, the storage
behavior of the East and West hillslopes is different using thisadeffhe East
hillslope has a lowesveragestorage than the West hillslopad the spectrum of storage
values forthe East hillslopé&s much lowercompared to the West slope.
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i The storagalischarge relationships capture how a hillslope fills up and drains in
response taainfall forcing. The storagelischarge relationships of the three LEO
hillslopesare givenn Fig. 11 The storagalischarge curve for the East hillsloige
further to the right than the Center and West slopmaning that for a given discharge
value the East hillslope haggherwater storage. The West hillslope relationship looks
similar to theEast hillslopeThe Center hillslopshows a different behavior between the
wetting and drying endf the storagalischarge curve. In the wetting end, before the

rainfall stopbthedischargeseems to increase lineamyth increases in storage. Once

the rainfall stops, thstoragebegins to decrease as the discharge continues to increase



until it reates the maximum discharge. In the drying end the discharge seems to
decease linearly with the storage. This overall behavior breaks the storage discharge
relationship into 3 differerdectionsThe rate of change of the wetting end is sendhan
the dryng end, meaing the Center slope requires more storage in order to reach the same
discharge as on the drying end of tueve. Thessectionsare only observed in the
Center slope, the East and West hillslopes experience a small ambystevésis
between the drying and wetting end but overall, they follow the same Ibet=vior
throughout a wetting and drying cycle.
3.5 Soil Water Retention Characteristic Curve

The Soil WateCharacteristic (SWC) curve represents the relationship between
the volumetric watecontent andhe matric potentidior soils. The measured volumetric
water content and matric potential for each hillslapeesummarized by the binned values
in Fig. 13, aswell as by the optimized Van Genuchten cuethebinned values. The
Van Genuchten relationship is summarized by tleed n parameters related to pore
water entry pressure and soil psreedistribution, respectively. The values for each of
the cunesare givenn Table 1. The West hillslope shows potentially two different soil
water retentiomynamics and the hillslope has therefore been subdivided into two
different regions: West Upper and West LowErere are a total of 75 sensors in the
West Upr region with 52 found in the two upper layers andli@dn the center (trough)
of the hillslope. The location of the sensors that make up the West Upper resiooe
found inFig. 12
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Whenlooking at panel four dfigure13as well asTablel we can segraphically
and througtthe parameters how the hillslopes compare to each ctherporosity was
assumed to be 0.396r all three hillslopes based on laboratory measurements of 19 core
performed at the University of ArizonR#ngle et aJ 2015).Although there are
measurements by the M23natric potentiabnd 5TMVWC sensors fothe entire range
of saturationonly valuesator below0.18 ni/m® were reliable enough to use due to the
matric potential values being out of the range ofMiRS-2 sensorsWe will therefore
focus on the region of the SWC curve below 0%m As the soil drainsFigure13
panel 4 shows that the West Upper region has a higher wadimdhobpacityup to a
volumetric water contemtear0.1 n¥/m?>. Once the hillslopes move toward volumetric
water contents below 0.1%m?® the East hillslopés able to hold on to more water and the
West Upper region dries faster than the Center and West Lower régisrbehavior is
exemplified by the Van Genuchten parameterBahble1l. The West Upper region has the
largestair-entry pressur@ ' '), meaning it can hold on to water for longer before air
enters the pores arlde soilbegins draining. On the other harnide East hillslope has the
highest residual wat€l, ) content As the soil experiences drying or negative pressure
the East hillslope is able to hold on to the most amount of water in comparison to the
other two hillslopes, including the Wesppker egion.
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4 DISCUSSION

In the previous section we have explored the hydrologic response of the three
LEO hillslopes to the 5@ay rainfall runoff experiment. In order sgnthesizehe
hydrologic behavior of the hillslopege will summarize the characterizing features of
each hillslopsand then bring this togetherdevelop an holisticnderstanthg onhow
they relate toand/or are different froraach other.

The storage deriveddm the load cells (Fig. 6) indicate that the East hillslope
stored more water during the rainfall runoff experimeittile the discharge time series

(Fig. 9 confirm that the East hillslope released less water and at a slower rate than the



other two hillsopes. This behavior isaptureddy the storag discharge relationship (Fig.

11) in which the East hillslopes storage discharge curve is furthest to the right, indicating
that for a given discharge value the East hillslope has a higher storage tGantdreand
West hillslopes. When looking at the time series of the storage derived from the 5TM
moisture sensors (Fig. 7) we see that the slope of the recession for the Center and West
hillslopes look linear while the East hillsldpstorage recession ks negatively
exponentiglmeaninghatinitially the storage decreases quickly but the lower the storage
in the hillslope is the slower water is released. Additionally, wbhekihg at the SWC

curve (Fig. 13 we see that in the drier end of the spectriaenEast hillslope is able to

hold on to more water under the saruetion or negative pressure. We are therefore left
with the notion that the East hillslope has a higher water holding capacity than its
counterparts.

The Center hillslope is characteriZeyllower storage, lower discharge and a
shallowerwater table. This hillslope experienced a leak during the PERTH rainfall runoff
experiment somewhere along the sataicturealthough the exact locatimf the leak is
unknown t is important to note #t an additional water balance analysis was done for
this hillslope in order to have a second estimate of the Center hillslope discCHagge
additional step was takem order to ensure that all of the Center discharge was
accounted for, including thedk. We can conclude that tligschargecorrectedhrough
the water balance analysiscounts forll of thedischarge from th€enterillslope
While the leak was captured with an extra tipping buc¢kete is compelling evidence
thatthe leak itself cased several hydrologic differences to arise. Stoeage from the

Center hillslopevas lower than thEast and the Westhe storage discharge relationship



indicates a different behavior for the Centemwhich ths hillslope requires more storage
than tke East and the Wesst order to reackthe same discharge valu@se pressure
transducers (Fig. 34how that the Center hillslope had a much lower water table near the
seepage face when compared to the East and West,ganels 2 and 3 of Figure e
can see that as we move further upslope, away from the seepage face, the Center has
similar water table depths to the other two hillslodée SWC curves ar@key piece of
evidence that the Center hillslope coblvebehave hydrologicallysimilar to the East
and Westf there had not been a leak and the water table was alie to same depths
When looking at the Van Genuchten parameters the Center hillslogethe same air
entry pressure as the West lower region (Table 1) and wheally assessing the Van
Geruchten curves (Figure Janel 4) the Center hillslopes curve looks similar to the East
hillslope but slightly shifted downwards. It is therefore possible that the leak left the
Center hillslope with a corggentlylower wate table and an entirely different hydrologic
behavior of the hillslopaas therefore observed.

The West hillslope is primarily characterized by a specific region with a higher
water retention capaty. While thestorage derived from the load cells for iNest
hillslope (Fig. 6) showed storage lower than the Eé& storagelerivedfrom the 5TM
moisture sensors (Fig. 7) showed the West hillslope having the highest storage
throughout the duratioof theexperiment. Since the storage from the 5TM moisture
sensors was acquired using a layer averageare able to break down the storage by
layersand see thahe West hillslope has a much higher storage at the deepest layer in
comparison to the East and Center hillsI{feig. 8). When looking at the data frothe

matric poéntial and moisture sensors (Fig) ¥& can see that the West hillslope has two



curves describing the hillslopeOs soil water retention characteristic. One of the curves
lines up closely to the East and Center hillslope but the second(cured in Figure 1)L
shows a higher water holding capacity for given matric potentials. This second curve is
composed of around 20% of the total sensors in the West hillslope, which are all
concentrated through the trough of the hillslope in all fiveray&hen looking at the
snapshot oftte water table dynamics (Fig.)Wwe see that the West hillslope has a larger
region that appears wetter (dark blue) than the other two hillslepescially around the
trough and further upslope. Additionally, the Whtlslope had the highest average for
the volume of saturated area indicating that the extent of the water table for the West
hillslope is larger than for the East hillslope. While the possibility of systematic sensor
failure has not been ruled out as ttause for the West upper region, the pressure
transducers used to derive the dynamicewtdble as well as the VSA pototward the
same direction of the trough having a higher water retention capacity than the same
region in the other two hillslopes.

The LEO hillslopes experienced identical precipitation during thdagOrainfall
runoff experimentyet the results show that there are clear differences in the hydrologic
behavior of the hillslopes. While there have been individual studies of the East hillslope
(Niu et al 2014, Geagt 2013, Scudeler 2016) and a comparative study of the Center and
Westhillslope recently published/én derHeuvel 2018)this is the first comparative
study for the same rainfallinoff experiment on the three LEO hillslopes. The East
hillslope shows a higher holding capacity as seen in the storage discharge relationships.
This led the East hillslope to retain water for longer, and to release less water at a slower

rate than the Center and West. Additionally, the snapshots of the water table show a



deepemwater table near the seepage fageh respect to theteel structu supporting the
soil. It is important to note that during the first experiment performed on this hillslope in
2013 there was overland flow and erosion (see Niu et al 2014 for details). During this
experiment finer sediments could have been carried totvarseepage face increasing
the water holding capacity of the seepage region and slowing down the discharge out of
the East hillslope.

The Center hillslope experienced a leak throughout the ramfadiff experiment.
This leak was approximately 10%tbie total discharge and makes it difficult to parse out
any other reasons for the different hydrologic behavior experienced by this hillslope. The
Center slope experienced a lower storage shatlowerwater table dept Additionally,
the discharge timseries showed completely different behavidhe peak®f the Center
dischargeoccurred later anthe slope of the recessiorcreased during therying
periods.On the other hand, the soil water retention characteristic curve for the Center was
not highHy variable from the East and West lower region hillslopes. It is therefore
possible that if the leak was responsible for the hydrologic differences, the Center
hillslope could have behagtenore like either of its counterpartdhe water tablavas
able b build up to the same depths as the East and the West hillslopes

The West hillslope has regionwith higher water holding capacity concentrated
around the troughThere is a possibility that this is artifactcaused by systematic
sensor errc@ However, if this is not due to sensor malfunction then the geometry of the
hillslopes could come into play. The convergent topography could be responsible for
finer sediment transport from the outskirts of the hillslope toward the convergenttzone.

is importnt to mention thathis hillslope has slightly more soil; abd®i86m? than the



other two hillslopesnd in this case more soil could mean additional fine particles that
could be transported to increase water holding capacity in the trough region.

In order to further explore the observed hydrologic behavior of the LEO
landscapes the CATchment HYdrology (GAY) hydrologic model, which haseen
previously used to model the LEO landscapes (Niu et al 28t4derHeuvel et al 2018)
will be used in the fuire. The goal of the modeling being (1) to test if the hillslope scale
Van Genuchten parameters along with a boundary condition simulating the leak for the
Center hillslope are able to simulate the storage and discharge behavior observed for the
Cener hillslope (2) to test if theobserved storage discharge behavior for the West
hillslope can be captured using ottt West lower regiolan Genuchten parameters or
if the trough region will have to be included in the modeimgrder to capture the
observe behaviorand(3) to test if the Van Genuchten parameters alone are sufficient
to simulate the higher storage discharge relationship observed for the East hillslope.
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