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Two views of transport

Eulerian

Concentration at fixed points
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Lagrangian

Parcels moving through space
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Spatially aggregated versions

Eulerian

Mixing box models (built on lumped flow model)
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Spatially aggregated versions

Lagrangian
Transit Time
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If Q is steady-state

Lindsey et al (2003)
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Advantages of TTD approach

* Few parameters
e Captures ‘emergent’ effect of heterogeneity

e Can reproduce anomalous phenomena



Nitrate concentration

e ‘Steady-state’
requirement
restricts modeling Q(t)
applications
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Nitrate concentration

e ‘Steady-state’
requirement
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Sources of variability in TTD

Climate change

1. Temporal variability of input (Precip & irrigation)
2. Water balance partitioning variability (ET vs Q)

3. Hydrologic pathway variability
(e.g. overland flow under wet conditions)

4. Long term pathway change

(e.g. urbanization)

Land-use change
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RADIOACTIVE and che [1] We propose a mathematical framework for the general definition and computation of
- . n travel time distributions defined by the closure of a catchment control volume, where the

input flux is an arbitrary rainfall pattern and the output fluxes are green and blue water
flows (namely, evapotranspiration and the hydrologic response embedding runoff
production through soil water dynamics). The relevance of the problem is both practical,
owing to implications in hydrologic watershed modeling, and conceptual for the linkages
and the explanations the theory provides, chiefly concerning the role of geomorphology,
climate, soils, and vegetation through soil water dynamics and the treatment of the so-
called old water paradox. The work focuses in particular on the origins of the conditional
and time-variant nature of travel time distributions and on the differences between unit
hydrographs and travel time distributions. Both carrier flow and solute matter transport in
the control volume are accounted for coherently. The key effect of mixing processes
occurring within runoff production is also investigated, in particular by a model that
assumes that mobilization of soil water involves randomly sampled patticl&s from the
available storage. Travel time distributions are analytically expressed in terms of the major
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There is now a rigorous and convenient
theoretical framework for time-variable TTD

SAS - StorAge Selection functions

e aSAS - Botter et al, (2011)
* fSAS - Van der Velde et al, (2012)
* rSAS - Harman (in review)



Age-ranked storage
St(T,t

Volume in storage
with age less than T
at time t
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rank StorAge Selection (rSAS)

Conservation law for S,

OST « - OST
— = — Po(T|t) — ET(t)Per(T|t) — —
> J(\t) QUPo(T1) — BL() Per (T]t) —
Hydrotfogic timeseries
losure relations
Discharge TTD ETTTD
/ 0ST 0ST

po(T,t) = a—TWQ(STat) peT(T,t) = 6—TWET(STJ)
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Discharge rSAS function ET rSAS function



Shape of the rSAS function
determines transport
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Application to Lower Hafren stream

Long-term precip + stream chloride
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Lower Hafren stream

~3.67 km?

48% forest (mainly lower part)
68% peatland (mostly uplands)
Faulted mudstones and slate

Photos by Toma$ Formanék
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Extraordinary public dataset of stream and precip chemistry:
Long-term (20+ years of weekly samples)
and high frequency (3 years of daily, 2 years of 7-hourly)
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Previous modeling by Page et al (2007)

Dynamic TOPMODEL “Behavioral” NSE > 0.15
18+ calibrated parameters 703 of 60,000 parameter sets
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Application of the Omega function

Watershed modeled as a single control volume
No hydrologic model
Assumed functional forms for Qy & Qg PDFs

Parameters fit by minimizing RMSE
of predicted stream [CI]



rSAS function parameterization
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The difference between fixed and
storage-dependent: age variability
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Cs(f) [mg/L]

1 control volume, no hydrologic model
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Event-scale climate sensitivity
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Inter-annual climate sensitivity
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« Partnerships with EPA, USGS, USDA, Penn State
» Kickoff meeting this month at the CBPO, Annapolis




Possible rSAS implementation in
CBP Watershed Model
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“First-cut” parameterization linked to
USGS groundwater modeling?
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