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Two views of transport

Eulerian
Concentration at fixed points

Lagrangian
Parcels moving through space

LTRANS Larval transport model (North et al 2006)
from www.usglobec.org

DO above the bed
Courtesy of Jeremy Testa, UMCES



Spatially aggregated versions

Eulerian
Mixing box models (built on lumped flow model)

USGS 2005

Solute source



Spatially aggregated versions

Lagrangian
Transit Time

Distributions PQ(T)

Older Younger

Age T = 0

Residence time distribution PS(T)

Age T

Inflow
Outflow



“Convolution”

Lindsey et al (2003)
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Mahantango WS from
steady-state GW model

Exponential transit
time distribution

If Q is steady-state



Advantages of TTD approach

• Few parameters

• Captures ‘emergent’ effect of heterogeneity

• Can reproduce anomalous phenomena



• ‘Steady-state’ 
requirement
restricts modeling 
applications

• Non-steady flow 
will not conserve 
mass

Time

N
it

ra
te

 c
o

n
ce

n
tr

at
io

n

Mout(t) = Q(t) × Cout(t)
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• ‘Steady-state’ 
requirement
restricts modeling 
applications

• Non-steady flow 
will not conserve 
mass
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Missing mass!



Land-use change

Climate change

Sources of variability in TTD

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)





There is now a rigorous and convenient 
theoretical framework for time-variable TTD

SAS - StorAge Selection functions 
• aSAS - Botter et al, (2011)

• fSAS - Van der Velde et al, (2012)

• rSAS - Harman (in review)



Q(t)

ET(t) Age-ranked storage

Volume in storage
with age less than T

at time t

J(ti)



Precipitation
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Hydrologic timeseries

rank StorAge Selection (rSAS)

Conservation law for ST

Discharge rSAS function ET rSAS function

Discharge TTD ET TTD

Closure relations



Water age T
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Shape of the rSAS function 
determines transport
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Thanks to Jim Kirchner for
gap-filled hydroclimatic data 

Application to Lower Hafren stream

Lower Hafren stream
~3.67 km2

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

Photos by Tomáš Formánek

Long-term precip + stream chloride
~27 years weekly
~3 years daily samples
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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)



Bell (2005)



Previous modeling by Page et al (2007)

Dynamic TOPMODEL

18+ calibrated parameters
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“Behavioral” NSE > 0.15

703 of 60,000 parameter sets

Could not capture

spectral structure



Application of the Omega function

• Watershed modeled as a single control volume

• No hydrologic model

• Assumed functional forms for ΩQ & ΩET PDFs

• Parameters fit by minimizing RMSE
of predicted stream [Cl-]
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rSAS function parameterization

Fixed uniform Fixed gamma

Storage-dependent uniform Storage-dependent gamma

Scale parameter S0

varies with relative storage





Fixed 
uniform
(1 param)

Discharge rSAS
functional form

Nash-Sutcliffe Efficiency =          0.35 calibration       0.13 validation



Fixed 
gamma
(2 param)

Fixed 
uniform
(1 param)

Nash-Sutcliffe Efficiency =          0.54 calibration       0.48 validation

Discharge rSAS
functional form



Fixed 
gamma
(2 param)

Storage-
dependen
t
gamma
(3 param)

Fixed 
uniform
(1 param)

Nash-Sutcliffe Efficiency =          0.66 calibration       0.53 validation

Remember: 1 control volume, no hydrologic model

Discharge rSAS
functional form



The difference between fixed and 
storage-dependent: age variability



1 control volume, no hydrologic model

27

Observed stream concentration

rSAS predicted stream concentration

Calibration period (10 years) RMSE = 0.74 mg/L
Validation period (10 years) RMSE = 0.77 mg/L



S(t) - S = +43 mm

High storage

S(t) - S = -52 mm

Low storage

Mean ST = 307 mm

Mainly younger water

Mean ST = 7001 mm

Wide range of ages



Fixed 
uniform

Fixed 
gamma

Storage-dependent 
uniform

Storage-dependent 
gamma



Event-scale climate sensitivity

Dano Wilusz



Inter-annual climate sensitivity

Dano Wilusz



Water, Sustainability and Climate (Cat III)

Impacts of climate change on the phenology of 

linked agriculture-water systems

Johns Hopkins, UMCES, U Maine, Cornell, Virginia Tech

• Partnerships with EPA, USGS, USDA, Penn State

• Kickoff meeting this month at the CBPO, Annapolis



Possible rSAS implementation in
CBP Watershed Model

Recharge in Baseflow out



“First-cut” parameterization linked to 
USGS groundwater modeling?

Recharge rate R Modflow/Modpath

Land-water segment TTD for 
ages T > 1 year

Equivalent rSAS for

ST > 1 year of recharge

1-parameter calibration

for shorter ST

Regionalization at 
physiographic province level
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