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Hillslope scale water flow and transport dynamics have been extensively studied (Burt & McDonnell, 2015; Hewlett 10 
& Hibbert, 1963), but observing subsurface flow and transport dynamics at high spatial and temporal resolution 11 
remains challenging. The lack of observations limits our understanding of the subsurface dynamics and our ability 12 
to explain spatially-lumped dynamics based on internal observations. In this study, we uncover and explain internal 13 
water flow and transport dynamics in an artificial hillslope in the Landscape Evolution Observatory (LEO), 14 
Biosphere 2, University of Arizona, Tucson, USA, using the experimental dataset collected in December 2016. The 15 
LEO has three hillslopes that were constructed to be identical, and this study focuses on describing the dynamics 16 
observed in one of the hillslopes, the LEO East hillslope. Based on the observed internal dynamics, we explain a 17 
characteristic of the StorAge Selection (SAS) function observed in this hillslope. The SAS function captures spatially-18 
lumped transport dynamics using water age (see time 13:38-17:20 in Animation S1 for more detailed explanation), 19 
whose shape has been widely utilized to infer flow pathways in catchments (e.g., Rinaldo et al., 2015). However, 20 
we still lack a process-based understanding of the form of the SAS function, and the shape has not yet been 21 
explained based on observations of internal transport dynamics.  22 

The LEO provides a unique opportunity to observe the subsurface flow and transport dynamics at high spatial and 23 
temporal resolution at a scale useful for upscaling. Complete information about the hillslope can be found 24 
elsewhere (Pangle et al., 2015; Volkmann et al., 2018); Here, we only summarize some relevant information (time 25 
00:10-05:33 in Animation S1). The LEO hillslope is a 330 m3 (30 m long, 11 m wide, and 1 m deep) sloping soil 26 
lysimeter. The hillslope is primarily made up of loamy-sand textured basaltic tephra, and the downslope 5.5 m3 is 27 
filled with gravel-textured basaltic tephra. A custom irrigation system supplies reverse osmosis filtered water onto 28 
the LEO surface. The downslope boundary is exposed to atmospheric pressure, creating the seepage face 29 
boundary condition. The sensor networks (including pressure transducers and volumetric water content sensors) 30 
and the sampling locations and intervals for isotope analysis are illustrated in Animation S1 (time 02:29 – 03:23). 31 
The isotope composition of subsurface water is obtained from laser-based online measurements of vapor that is 32 
extracted via custom gas probes through equilibrium calculation (Volkmann & Weiler, 2014). Note that the LEO 33 
hillslope only mimics certain types of landscapes (time 03:24-04:31 in Animation S1). For example, as the LEO 34 
hillslope does not contain deep layers (e.g., the saprolite layer and the bedrock layer) and the water within them, it 35 
emulates hillslopes with shallow depth to bedrock and a minimal contribution of the bedrock groundwater to the 36 
outflow. (Note also that the contribution may vary over time.) The LEO hillslope can also be thought of as an 37 
unconfined aquifer above an aquiclude or an aquitard such as a fragipan or a clay layer. 38 

The experiment was designed to observe the subsurface dynamics and the SAS function (time 05:34 – 06:47). We 39 
designed the irrigation sequence to generate a periodic steady state, which allows the application of the PERidoic 40 
Tracer Hierarchy method (Harman & Kim, 2014) for the direct observation of the SAS functions. The design criteria 41 
for the experiment also include preventing overland flow. The maximum water level allowed in the design was 0.7 42 
m, taking into account the capillary fringe height of about 0.3 m for the loamy-sand textured soil. Deuterium-43 
labeled water was irrigated during the first two irrigation events. More details about the experimental design and 44 
setup can be found in Kim et al. (2020). 45 



We first illustrate and explain features of the water flow dynamics focusing on the (perched) water table dynamics 46 
(time 06:48 – 09:42).  The extent of the saturated zone was estimated using the pressure transducer data and 47 
Delaunay triangulation (Delaunay, 1934). The experimental data illustrate two dynamics: 1) the wetting up from 48 
the bedrock surface into the soil profile (McDonnell, 1997), and 2) the saturation from downslope to upslope. The 49 
water table profile inside the soil layer forms a wedge-like shape, which is a characteristic of hillslopes with a high 50 
hillslope number (Brutsaert, 1994). The hillslope number is a dimensionless number that explains the relative 51 
importance of the advective water dynamics to the diffusive water dynamics. The hillslope number of the LEO 52 
hillslope during the experiment is high (> 10) (Kim et al., 2020), meaning that the advective water dynamics 53 
dominate over the diffusive water dynamics. In addition, significant time delays in the water table dynamics are 54 
observed at some upslope locations (e.g., at 13 m upslope), which is mostly due to the delayed water supply from 55 
the convergent upslope area. The water content data indicate that the convergent upslope water content began to 56 
decrease around the timing of the water table peak at 13 m upslope.  57 

We also present the observed tracer dynamics (from time 09:43). The animated experimental data reveal two 58 
notable water transport dynamics. First, the vertical tracer movement is faster at the upslope region. This faster 59 
movement at the upslope region is, in a sense, counter-intuitive because the upslope region is drier than the 60 
downslope region. It is because the lateral flow zone, i.e., the tension saturated zone (the capillary fringe) and the 61 
saturated zone, is thicker at the downslope region. While water velocity is higher in the downslope area, the 62 
direction of the velocity is not vertical and is directed more to the downslope in the thicker lateral flow zone. 63 
Second, the animated data illustrate that old water is present only at the downslope region. This observation is a 64 
characteristic of hillslopes with a high hillslope number, in which old water is preferentially discharged (Kim et al., 65 
2020). Indeed, the observed SAS function in this hillslope is concave (Kim et al., 2020), indicating that the hillslope 66 
preferentially discharges old water that is stored only at the downslope region.  67 
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