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ABSTRACT
Climate variability and landscape characteristics interact to define specific
catchment hydrological response. Catchments are considered fundamental
landscape units to study the water cycle, since all aspects of the land surface
component of the hydrological cycle come together in a defined area, which
enables scientific research through mass, momentum and energy budgets. The
role of climate-landscape interactions in defining hydrologic partitioning,
particularly at the catchment scale, however, is still poorly understood.
In this study, a catchment scale process-based hydrologic model (hillslope
storage Boussinesq- soil moisture model, hsB-SM) was developed to investigate
such interactions. The model was applied to 12 catchments across a climate
gradient. Dominant time scales of catchment response and their dimensionless
ratios were analyzed with respect to climate and landscape features to identify
similarities in catchment response. A limited number of model parameters could
be related to observable landscape features. Several time scales, and their
associated dimensionless numbers, show scaling relationships with respect to the
investigated hydrological signatures (runoff coefficient, baseflow index, and
slope of the flow duration curve). Some dimensionless numbers vary
systematically across the climate gradient, pointing to the possibility that this
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might be the result of systematic co-variation of climate, vegetation and soil
related time scales.
Each of 12 behavioral hsB-SM models were subsequently subjected to each of 12
different climate forcings, in an attempt to decouple climate and landscape
properties. Mean deviations from Budyko’s hypothesis controlling long-term
hydrologic partitioning (represented by the evaporation index, E/P, dependence
on the aridity index, PET/P) were computed per catchment and per climate. The
trend observed per catchment could be explained by the dimensionless ratio of
perched aquifer storage release time scale and mean storm duration time scale.
The trend observed per climate could be explained by an empirical relationship
between the fraction of rainy days and the average daily temperature of those
rainy days.
Catchments that, on average, produce more E/P have developed in climates that,
on average, produce less E/P, when compared to Budyko’s hypothesis. Also,
climates that give rise to more (less) E/P are associated with catchments that
have vegetation with less (more) efficient water use parameters. These results
suggest the possibility of vegetation and soil co-evolution in response to local
climate that leads to predictable hydrologic partitioning at the catchment scale.
Further investigation of these relationships is needed to improve our predictive
capacity in ungauged basins.
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CHAPTER ONE: INTRODUCTION

1.1 Research motivation
Climate variability and landscape characteristics interact to define specific
hydrological partitioning at the catchment scale. Such partitioning can be
quantified by evaluating hydrologic signatures at various temporal and spatial
scales. Catchments are fundamental landscape units that are useful for the study
of the water cycle due to the fact that all aspects of the land component of the
hydrological cycle are present within a defined area, therefore, enabling scientific
research through mass, momentum and energy budgets. Catchment similarity is
based on the idea that if two catchments have similar climate and landscape
characteristics, then their hydrologic behavior should be similar as well. By
improving

our

understanding

of

climate-vegetation-soil

interactions

at

catchment scale we will improve our ability to properly identify hydrologic
similarity. A better understanding and quantification of those similarities will: (1)
improve our ability to make predictions in ungauged basins, which is the status
of most catchments in the world (Sivapalan et al., 2003), (2) provide guidelines
for efficient modeling and measurements efforts in the future (a critical condition
in times of economic stress), and (3) help to develop a general catchment
classification system (Wagner et al. 2007).
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1.2 Objectives
The overall goal of this research is to improve our understanding of how
landscapes filter climatic forcings to produce specific hydrologic behavior at the
catchment scale, and what factors control similarities observed in catchment
response.
In order to achieve this goal, a general method of hydrologic analysis by means
of a process-based hydrologic model has been developed and implemented for
the purposes to:
i.

study

relations

characteristics,

in

between
order

observable
to

explore

and
the

unobservable
possibilities

of

catchment
parameter

regionalization.
ii.

analyze time scales and time scale ratios (dimensionless numbers) of
catchment response to develop similarity indices of hydrologic catchment
behavior

iii.

gain insight into the role of climate-vegetation-soil interactions in long-term
hydrologic partitioning by decoupling climate and landscape properties.

1.3 Literature review
Catchment similarity indices are based on our best understanding of the different
physical mechanisms, and their underlying structure, to produce a characteristic
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hydrological response. Similar values observed in those indices or similarities in
the index distribution should result in similar hydrologic behavior (Blöschl and
Sivapalan, 1995; Aryal et al., 2002). Obviously, similarity indices have to be
related to a specific aspect of the processes under study. For example, similarities
in long-term hydrologic partitioning can be quantified with a climatic index, i.e.
Budyko’s (1974) aridity index. Also, similarities in channel flow processes can be
quantified by means of stream ordering schemes and other channel topology
attributes (e.g. Rodríguez-Iturbe and Valdés, 1979), and similarities in catchment
rainfall-runoff processes can be quantified by geomorphic indices like the
topographic wetness index (Beven and Kirkby, 1979). Similarity indices based on
process-based catchment hydrologic modeling for runoff production were
proposed by Sivapalan et al. (1987), accounting for the interaction of topography,
soil, and rainfall.
Similarities between the hydrologic responses of catchments can be quantified by
means of specific signatures of catchment behavior, such as the runoff coefficient,
the flow duration curve or the master recession curve. Gauged catchments can be
clustered into groups with similar hydrologic signatures, which hopefully will
provide information about what causes the apparent similarity of hydrologic
responses (Sawicz et al., 2011). Such similarity groups or classes can offer a
catalogue of hydrologic behavior within a region. However, this clustering
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method does not offer explanations on why certain catchments belong to certain
groups of hydrologic behavior, making it impossible to use this information in
ungauged catchment situations.
One way to search for explanations about similarity groups is to empirically
relate a set of climate and landscape characteristics to hydrologic behavior and
quantify the uncertainty of predicting the hydrologic response based on this
combination of climate and landscape characteristics. Such a classification
system, and the related prediction uncertainty, will be conditioned by the
particular

selection

of

hydrologic

signatures

and

climate/landscape

characteristics and can, therefore, result in different classifications depending on
the objective for doing the classification (e.g. water balance partitioning or
ecological services). In any case, this approach can be called the top-down
approach since it is based on measurable hydrologic drivers/responses and
landscape features. The measure of uncertainty quantifies the probability of
misclassification catchments within similarity groups, and provides insight into
how much information is contained in the selected climate and landscape
characteristics regarding the hydrologic response (Snelder et al., 2005; Oudin et al.,
2010). Since there are important surface and subsurface properties that cannot be
readily observed or translated into hydrologically relevant information, the
uncertainty of classification reflects, in part, (the lack of) the amount of cross-
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correlation between observable landscape properties (e.g. vegetation type) and
unobservable landscape characteristics (e.g. rooting depth).
An alternative approach, that can partially alleviate the above-mentioned issue of
observability, uses our current level of hydrological understanding, expressed in
the form of a process-based model, to interrogate how climate and landscape
characteristics interact to produce the observed hydrologic response at the
catchment scale (Sivakumar, 2008). Assuming that an appropriate process-based
model can be constructed for a wide range of catchments, it would then be
possible to use it to analyze the relationships between hydrologic response and
catchment functioning (Samuel et al., 2008). A catchment can be considered to be a
filter that transforms the climate signal into a hydrologic response by
partitioning, storing and releasing incoming energy and water (Black, 1997;
Wagener et al., 2007). The different catchment stores (e.g. interception store, root
zone store, aquifer store) interact with the different climate fluxes (e.g. rainfall
intensity, maximum evapotranspiration) to produce specific time scales of
hydrologic

behavior

(e.g.

time

to

empty

root

zone

store

through

evapotranspiration). The process-based model can thus be a very useful
instrument in analyzing different portions of the hydrologic response by
identifing important time constants of catchment functioning. For instance, the
recession limb of a catchment’s hydrograph during the dormant season can be
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used to inform the model about the time constant for aquifer storage release by
matching modeled recession flows using lumped aquifer descriptors, such as
lateral hydraulic conductivity or depth to bedrock (Brutsaert and Nieber, 1977;
Kirchner, 2009). Process-based modeling can, thus, identify estimates of hidden
catchment characteristics that are not available in the top-down approach, and
can ask questions about how these catchment characteristics relate to climate
gradients. Once a sufficient set of catchments have been analyzed across the
climate-landscape gradient of a specific region using this bottom-up approach,
time scales and time scale ratios can be used to explain observed hydrologic
similarity.
Certain model parameters can be assigned based on observable landscape
characteristics (e.g. mean catchment slope, dominant vegetation type). Others
cannot be determined a priori and need to be selected during the hydrologic
analysis phase. Such hydrologic analysis should not be considered to be an
automated calibration procedure but rather as a step-by-step methodology to
distill

relevant

information

about

different

catchment

functions

using

appropriate forcing and output variables (Boyle et al., 2000; Yilmaz et al., 2008).
The advantage of automated parameter calibration is that it is objective and does
not require interaction of the hydrologist with the optimization algorithm (Hogue
et al., 2006). The disadvantage is that typical objective functions used to optimize
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model performance cannot guarantee that inappropriate combinations of
parameter values lead to sets of ‘behavioral’ models (Fenicia et al., 2007), and the
functional role of specific parameters is often not preserved (Wagener et al., 2003).
Once a behavioral model is developed, dominant time scales of catchment
response and their dimensionless ratios can be analyzed with respect to climate
and landscape features to identify similarities in catchment hydrologic behavior.
Also, by using this behavioral model as a “virtual reality” (Weiler and
McDonnell, 2004; Wood et al., 2005), different components of the climatelandscape interactions can be decoupled, providing insights into the role of
climate-vegetation-soil interactions in long-term hydrologic partitioning.

1.4 Dissertation organization
This dissertation is organized into eight chapters. Chapter 1 (Introduction)
includes research motivation and objectives, as well as the theoretical
framework. Chapter 2 presents a detailed description of the proposed hydrologic
model (hillslope storage Boussinesq – Soil Moisture model). The model is built
around the hillslope-storage Boussinesq (hsB) equation developed by Troch et al.
(2003). The developed model uses geomorphologic functions to describe hillslope
and channel network topology required to compute subsurface and surface
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routing. This modeling approach was chosen because (1) it is parsimonious and
thus reduces the problem of equifinality (Beven and Freer, 2001), and (2) it was
shown that the hsB equation accurately represents saturated subsurface flow and
storage dynamics across complex landscapes (Paniconi et al., 2003). Chapter 3
describes the model identification process, consisting of a step-by-step procedure
to analyze the observed hydrologic response and to assign parameter values
related to specific components of the model. This procedure uses different parts
of the catchment hydrograph to separate hydrologic processes in an attempt to
reduce parameter uncertainty and to increase the probability of assigning a
reasonable range of parameter values to different components of the model.
Chapter 4 presents a description of the 12 catchments selected across a climate
gradient from the MOPEX dataset. In Chapter 5 results from the implementation
of the model, in the 12 catchments, are presented. Results are also analyzed in
terms of the model parameters, time scales, and time scale ratios (dimensionless
numbers) in order to identify regionalization and scaling relationships. In
Chapter 6, a parameter sensitivity analysis is performed on the model using five
objective functions (three hydrologic signatures and two indices of model
performance). The sensitivity analysis follows the one-at-a-time methodology. In
Chapter 7, the role of climate-vegetation-soil interactions in long-term hydrologic
partitioning is investigated. Finally, Chapter 8 presents a discussion and the

26
main conclusions of the research. Appendix A includes a list of symbols and
abbreviations used throughout the present document. Appendix B includes the
set of plots derived from the sensitivity analysis developed in Chapter 6.
Appendix C presents derived master recession curves, and Appendix D shows
observed and simulated regime curves for the 12 catchments.
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CHAPTER TWO: THE HILLSLOPE STORAGE BOUSSINESQ – SOIL
MOISTURE HYDROLOGIC MODEL (hsB-SM)

2.1 Modeling principles
The model developed for the purpose of this research is based on the following
principles: (1) the model should be process-based such that it can be used to
analyze catchment behavior derived from routine hydro-meteorological
observations at the catchment scale, such as daily discharge, temperature and
precipitation; (2) the model should be as parsimonious as possible to avoid
problems of over-parameterization and equifinality (Beven and Freer, 2001;
Wagener and Gupta, 2005) and reduce computer processing time; and (3) the
model should be applicable to a wide range of catchments across climate and
physiographic gradients. In order to represent the dominant functions of a
catchment, hillslopes and the channel network are considered as fundamental
hydrologic units (Troch et al., 2003). Hillslope land surfaces interact with the
atmosphere and partition water and energy fluxes, and drain surface runoff and
subsurface flow into the catchment channel network for routing towards the
outlet (i.e. point where discharge is measured). Instead of representing
individual hillslopes and how they are connected to the channel network, the
modeling approach of Troch et al. (1994) was adopted and use the hillslope width
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function and the channel width function at the catchment scale to represent the
geomorphologic structure of the catchment. Each catchment is thus characterized
by a hillslope width function (probability density function of water entering the
catchment at a given flow distance from the channel network; see also Bogaart
and Troch, 2006) and a channel width function (probability density function of
surface and subsurface flow entering the channel network at a given flow
distance from the outlet) that are derived from available digital elevation models
(DEMs). Important additional terrain properties such as average hillslope and
average channel slope are also estimated from available DEMs. Other landscape
properties, such as land use-land cover and soils, available from various spatial
databases are further used to assign initial values to process parameters that
control the different catchment functions, such as infiltration and interception.

2.2. Model structure and processes
Hillslope and channel routing
The semi-distributed hillslope-storage Boussinesq (hsB) model, developed by
Troch et al. (2003), is used to model perched groundwater dynamics at the
hillslope spatial scale:
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where S (= f Wh(x) h) [m2] is saturated storage at flow distance x from the
hillslope outlet and at time t, Wh(x) [m] is the hillslope width function at flow
distance x [m], h(x,t) [m] is water depth measured perpendicular to the bedrock,

 is bedrock slope angle [], kh [m/s] is the effective lateral saturated hydraulic
conductivity and f [-] is drainable porosity. The recharge rate N(x,t) [m/s]
depends on root zone hydrologic processes at flow distance x and thus varies
along the hillslope, as it is explained in the root zone water balance section on
this chapter. It was shown by Paniconi et al. (2003) that this model is an adequate
and parsimonious representation of three-dimensional saturated subsurface flow
along geometrically complex hillslopes. When saturated storage exceeds the local
storage capacity Sc (Sc = f Wh(x) D, where D is maximum perched aquifer depth)
the model produces saturation excess overland flow. The partial differential
equation is solved numerically for water table dynamics and outflow rate (see
Troch et al. (2003) for details).

Some fraction of the total percolation from the root zone (see below) is assigned
to enter a fractured bedrock aquifer below the perched groundwater table. It is
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assumed that the outflow from this bedrock aquifer is responsible for sustaining
drought flow at the outlet, and the aquifer dynamics are represented with a
lumped non-linear storage model:

Q bd  aS db
(2)
where Qbd [m3/s] is baseflow from the deep aquifer, Sd [m] is deep aquifer
storage and a [units depend on value of b] and b [-] are aquifer parameters (with
b=1 representing a linear reservoir).

Hillslope runoff (either infiltration excess or saturation excess) draining into the
channel network is routed by means of an analytical solution to the linearized de
St.-Venant equation of open channel flow:

 (x  ct)2 
qc (x,t) 
exp

(2)1/ 2 dt3/ 2  2d 2t 
x

(3)

where qc(x,t) [s-1] is specific discharge resulting from a Dirac impulse input at

 flow distance x upstream, and
c  (1  a0 )V
V3
dc2 
(1  a02 F 2 )
2
gS 0 F
(4)
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The parameters c [m/s] and dc2 [m2/s] are referred to as the absolute celerity or
drift velocity and the diffusion coefficient, respectively. V [m/s] is the flow
velocity, S0 [-] is the channel bed slope, F [-] is the flow’s Froude number, g
[m/s2] is the acceleration of gravity and a0 [-] is an empirical constant depending
on the friction slope parameterization (equals 2/3 if Manning’s equation is used).

The normalized channel width function, Wc(x) [m-1], is defined as:

Wc (x) 

1
N (x)
LT c

(5)

where Nc(x) is the number of channel links at a given flow distance from the

 catchment outlet and LT is the total channel length. Interpreting the normalized
channel width function as the probability density function of receiving lateral
inflow at flow distance x from the outlet, the response of the channel network to
an instantaneous unit input of water is:


f c (t) 

 q (x,t)W (x)dx
c

0

c

(6)

with qc(x,t) defined in (3) and Wc(x) defined in (5). This parsimonious model of

 channel routing can be used to compute discharge at the catchment outlet given
lateral inflows through either infiltration or saturation excess overland flow
(assumed to enter the channel network at time of generation). Shallow
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subsurface flow above a confining soil/bedrock layer draining from the hillslope
perched aquifer and deep fractured bedrock baseflow are produced at the
catchment outlet and thus do not need to be routed through the channel
network.

Root zone water balance
The hillslope perched aquifer interacts with the root zone and exchanges
recharge and capillary rise fluxes which depend on root zone moisture content
and the depth between the root zone and the local water table h(x,t), called the
transmission zone. The root zone water balance is given by:

Drz

d rz
 i  cr  t  r
dt

(7)

where Drz [m] is depth of the root zone, rz [-] is volumetric soil moisture content



of the root zone, i [m/s] is infiltration rate at the land surface, cr [m/s] is capillary
rise flux from the perched water table into the root zone, t [m/s] is transpiration
from the dry canopy and r [m/s] is recharge rate from the root zone into the
transmission zone. The root zone water balance is solved using a daily time step
such that all fluxes are daily averages.
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The infiltration rate i is given by:

i  min[ pt ,ic ]

(8)

where pt is throughfall rate and ic is infiltration capacity of the soil. If throughfall



rate exceeds the infiltration capacity surface runoff is produced, which is
instantaneously added to the lateral flow into the channel network. The
throughfall rate is computed as:

pt  0     c
pt  p     c

(9)

where  [m] is canopy storage, c [m] is canopy storage capacity and p is

 precipitation rate. The actual canopy storage is computed using a simple canopy
water balance that accounts for precipitation rate and evaporation from the wet
canopy and is bounded by [0, c]. The canopy storage capacity is related to the
leaf area index (LAI) of the catchment vegetation according to Dickinson (1984):

c = 0.0002*LAI.

The infiltration capacity of the soil is modeled by means of the time compression
approximation suggested by Milly (1986):
1 

 1 4Ic 1/ 2  
1  
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2  
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(10)
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where kv [m/s] is the vertical hydraulic conductivity, ss [m s-0.5] is the soil
sorptivity, and Ic [m] is the cumulative infiltration since start of rain/snow melt
event.

The rate of capillary rise is modeled according to Gardner [1958] for steady
upward flow from a water table:
cr   c

ac

(11)

Z  c b

c

where c [m] is the depth of the capillary fringe, c [-] is a reduction factor that
varies linearly with rz between residual moisture content and saturated
moisture content, and ac and bc are parameters that are related to the BrooksCorey soil water retention parameters (Eagleson, 1978). Z [m] is the depth
(distance) between the bottom of the root zone and the local water table, and
thus varies along the hillslope.

Percolation or recharge from the bottom of the root zone is assumed to be solely
gravity driven and is computed as:
23B
B

   r 
r  kv  rz

 s   r 



(12)
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where r is residual moisture content and s is saturated moisture content, and B
is the Brooks-Corey pore size distribution index.

The transmission zone between root zone and perched aquifer transmits water
received from the root zone towards the perched aquifer at a rate defined
through (12) with a transmission zone specific vertical hydraulic conductivity
and moisture content. It also transmits capillary rise flux from the perched
aquifer to the root zone unaltered, without storage of water. The effective depth
of the transmission zone is dynamic and depends on the root zone and perched
aquifer storage dynamics (Z decreases as S increases). The difference between the
recharge flux from the transmission zone and the capillary rise flux, cr, defines
the net recharge, N, to the shallow aquifer.

Land surface energy balance Evaporation from wet canopy and transpiration from vegetation are estimated
by means of the land surface energy budget:
Rn  E  H  G

(13)

with Rn [W/m2] net radiation, E [kg/sm2] vaporization rate,  [J/kg] latent heat


of vaporization, H [W/m2] sensible heat flux and G [W/m2] soil heat flux. Net
radiation is estimated from the surface radiation budget accounting for incoming
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and outgoing shortwave and longwave radiation, depending on surface albedo
and emissivity. Since outgoing longwave radiation depends on surface
temperature, the energy budget it is solved iteratively while assuming the
surface emissivity constant. The latent heat flux can be approximated as
(Brutsaert, 2005):

E 

c p
 (ra  rc )

[es (Ts )  ea ]

(14)

where  [kg/m3] is the density of the air, cp [J/kgK] is the specific heat of the air


at constant pressure,  [Pa/K] is the psychrometric constant, ra [s/m] is the
aerodynamic resistance, rc [s/m] is the canopy (stomatal) resistance, es(Ts) [Pa] is
saturated vapor pressure at surface temperature Ts, and ea [Pa] is the vapor
pressure of the air. The aerodynamic resistance is given by:
2
1  z  d 
ln
ra 

u(z)k 2   z0 

(15)

with u(z) [m/s] wind speed at height z, k is von Karman’s constant (=0.41), d [m]

is zero plane displacement height and z0 [m] is the roughness length of the
canopy. The sensible heat flux is estimated from:

H

c p
ra

(Ts  Ta )

where Ta [K] is air temperature.



(16)
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The land surface energy budget is solved for surface temperature at daily time
steps such that it is possible to assume the net ground heat flux to be zero. When
the canopy is wet (>0) the canopy resistance is zero. Evaporation from wet
canopy is then given by:

ewc   wc E(rc  0)

(17)

and wc is the areal fraction of wet canopy estimated from Deardorff (1978):



wc  ( /c )2/3

(18)

The transpiration rate removing moisture from the root zone is given by (Teuling



and Troch, 2005):
t  (1   w c )VRF t (1  e   *LAI )E(rs,min )



(19)

where VRF [-] is the vegetation root fraction,  [-] is the vegetation light use
efficiency, E(rc,min) [m/s] is the potential vaporization rate using a minimal
canopy resistance, t is the transpiration reduction coefficient, given by:


  rz   w 

  c   w 

t  max 0,min 1,


(20)

with w soil moisture content at wilting point and c the critical moisture content


when transpiration reduction starts.
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Snow accumulation and melt A simple snow model was added for catchments with significant snow days (see
below). The snow model accumulates all incoming precipitation in a snow pack
when the air temperature is below a certain threshold Tm. When air temperature
rises above this threshold temperature, the snow melt rate is given by:
Qm  M(Ta  Tm )

(21)

with M [m s-1 K-1] a melt coefficient. The daily melt volume is subsequently


removed from the stored snow water equivalent in the snow pack and added to
the throughfall.

2.3 Model forcing
In this research, the model runs at daily time steps, even though it can be run at
shorter time steps (e.g. hourly). Required model forcing are daily precipitation,
air temperature, downward short and long wave radiation, relative humidity,
atmospheric pressure and wind speed. Other required model inputs include time
evolution of catchment-wide leaf area index (LAI) and albedo. The different
sources of these input variables will be discussed in Chapter Four. It should be
noted that since a semi-distributed version of the hsB-SM model is used, the
model forcing data is basin-averaged, and soil and vegetation type are effectively
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uniform, as in Woods (2003). This no doubt will add to modeling uncertainty but
is unavoidable in order to keep the number of model parameters to a minimum.

2.4 Characteristic time scales and dimensionless numbers
The different components of the process-based model, in combination with
catchment-scale climate forcing, reveal characteristic time scales of hydrologic
response that are related to catchment hydrologic functions of partitioning,
storage, and release of water. Therefore, such characteristic time scales are
important indicators of catchment behavior and can help to relate above and
below ground landscape characteristics to water balance dynamics. They can
also be combined to form dimensionless numbers that can be related to
hydrologic regimes through empirical or analytically derived scaling relations
(Berne et al., 2005; Harman and Sivapalan, 2009).

Canopy time scales The time scale associated with filling up the canopy interception storage
capacity, c, is given by:

 cf 



c
p

(22)
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where p is the average rainfall intensity when it rains. The time scale associated
with emptying the interception storage is given by:


 ce 



c
ewc

(23)

with ew c the average wet canopy evaporation. Obviously, both the average
rainfall intensity and average wet canopy evaporation vary throughout the year,



such that the seasonal canopy time scales can be either larger or smaller than the
annual averages defined above. In any case, the interception storage capacity is
at most a few mm such that in most climates the canopy time scales are of the
order of a few days at maximum, and typically less than one day. The time scales
are also of same order of magnitude and thus their ratio, reflecting the
competition between filling and emptying the interception storage, is close to 1.

Snow pack time scale The characteristic time scale of snowmelt can be defined as:

m 

s
Qm

(24)

where s is the average maximum snow accumulation, and Q m is the average



snow melt rate during snow melt season. This time scale is important to define



what type of runoff generation mechanism is likely to dominate (saturation
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excess vs. shallow subsurface flow) during snow melt by comparing it with
characteristic time scales of root zone and perched aquifer processes (see below).

Root zone time scales The time scale related to filling the root zone storage by rainfall is defined as:

 rfr 

Drz  s  
pt

(25)

where  is the average soil moisture content of the root zone and pt is the



average throughfall rate when Ta > Tm. Similarly, the time scale related to filling




the root zone by snow melt is given by:
 rfs 

Drz ( s  )
Qm  pt

(26)

It is possible to specify different average soil moisture contents during the rainy


season and the snow melt season to reflect different wetness conditions, if
necessary. Time scales related to emptying the root zone storage in the absence of
capillary rise are:

Drz ( s   FC )
r
D (   w )
 rz
t

 rer 
 ret

(27)

where  FC is soil moisture content at field capacity, r is the average recharge



rate and t is the average transpiration rate.
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Different combinations of these time scales express competition between
different processes affecting the water balance dynamics. For instance, the ratio
of the latter two reveals the competition in the catchment between baseflow
generation and vegetation water use.

Transmission zone time scales As mentioned earlier, the depth of the transmission zone is time variable as it
depends on the soil moisture dynamics in the root zone as well as on storage
dynamics in the perched aquifer. Nevertheless, an average transmission zone
storage capacity can be numerically derived from the model simulations and
used to define the following time scales of transmission zone filling and
emptying:

Z ( s  )
r
Z ( s   FC )
 te 
rt

 tf 

(28)

In (28), Z is average transmission zone depth, s is saturated moisture content of



the transmission zone,  is average moisture content and r and rt are average

recharge rate from root zone and transmission zone, respectively.




43
Perched aquifer time scales Much work has been done on defining characteristic time scales of shallow
aquifer dynamics (Brutsaert, 1994; Troch et al., 2004; Berne et al., 2005; Harman and
Sivapalan, 2009). The characteristic time scale of advection-driven (kinematic)
flow in perched aquifers is given by (Berne et al., 2005; Harman and Sivapalan,
2009):
U 



Lf
2kh sin   ac pDcos  

(29)

where L is hillslope length (maximum flow distance between divide and nearest
channel), pD is average saturated thickness, and

ac is the rate of

convergence/divergence of the hillslope width function. Likewise, the
characteristic time scale of diffusion-driven flow is given by:

K 



L2 f
4kh pDcos

(30)

Their ratio,  K /U , defines the hillslope Péclet number (Pe; Berne et al., 2005) and
high values of Pe indicate that shallow subsurface flow is mainly dominated by

gravity drainage.
Harman and Sivapalan (2009) extended the similarity framework of Berne et al.
(2005) to account for the responsiveness of the hillslope subsurface flow to
temporal variability of the recharge events, as well as for the effects of lower
boundary condition of hillslope drainage. They used the concept of hydrologic
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regimes of Robinson and Sivapalan (1997) to develop a hillslope subsurface flow
classification system based on the Pe number and the dimensionless
characteristic time of recharge events:

r 

r
 hc

(31)

where r is the average storm duration and hc is the concentration time of the


hillslope. Either the advection or the diffusion time scale defined above can be
used to estimate the hillslope concentration time. Their classification system
defines slow/fast, advection/diffusion dominated subsurface flow, depending
on the numerical value of Pe (below 1: diffusion; above 1: advection) and r
(below 1: slow; above 1: fast, although the separation between fast and slow flow
in the diffusion dominated case depends on the boundary condition assumed:
fixed (small) flow depth vs. kinematic).

Fractured bedrock (deep aquifer) time scales Time scales for non-linear reservoirs representing baseflow dynamics have been
proposed by Woods (2003). In many cases, the master baseflow recession curve of
a given catchment converges to a straight sloping line in semi-logarithmic plots
of ln(Qb) versus time, indicating that most deep aquifer dynamics are best
represented by a linear reservoir equation with b=1. In that case, the
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characteristic time scale of deep (fractured bedrock) aquifer dynamics is given by
1/a, the reservoir time constant.

Channel network time scales The advective characteristic time scale of channel flow is given by:

c 



Lc
V

(32)

where Lc is flow length along the channel network from the centroid to the
outlet and V is average flow velocity. Obviously, the channel flow Froude


number is an appropriate dimensionless number to characterize the flow regime.
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CHAPTER THREE: MODEL IDENTIFICATION PROCEDURE

The hydrologic model (hsB-SM) described in the previous Chapter is one of
many alternative process-based models that can be formulated to describe
different surface and subsurface stores and their interactions that generate
streamflow (Jothityangkoon and Sivapalan, 2009; Clark et al., 2008). Within the
context of such models, routine hydro-meteorological observations can be
analyzed to provide information about the different catchment functions of
partitioning, storage and release of incoming water and energy fluxes.

3.1. Linking parameter values to dominant process behavior
During different parts of the hydrologic response not all components of the
model are equally active, such that one can link parameter values to specific
storage dynamics to avoid unwanted parameter interactions often encountered
in automatic calibration procedures. In the following, a step-by-step procedure is
described in order to link model parameters to specific hydrologic responses
generated by the proposed model. This procedure can easily be modified when
other process-based models are used.
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Dormant vs. growing season First, the hydrologic year is divided into two periods: one when the vegetation is
dormant and one when the vegetation is active (growing season). This decision is
based on analyzing the average leaf area index (LAI) curve derived from several
years of remote sensing observations at the catchment scale. In this study,
MODIS (Moderate Resolution Imaging Spectroradiometer; http://modisland.gsfc.nasa.gov/lai.htm) data is used, and more specifically the LAI product
available at https://lpdaac.usgs.gov/lpdaac/products/modis_products_table
from 2000 to 2008. From the annual signals of LAI, the average LAI curve is
derived and subsequently rescaled using the minimum and maximum average
LAI. The hydrologic year is then separated into the dormant season and growing
season using the time instances when the rescaled LAI curve crosses the 50% cutoff level (Figure 1). This method is similar to the phenology model for
monitoring vegetation responses developed by White et al. (1997), and seems to
be able to capture the inflexion points of the average LAI curve well.
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FIGURE 1: Illustration of average leaf area index (LAI) curve derived from 9
years of MODIS observations over Tygart River Valley catchment. A cut-off level
of 50% of the rescaled LAI curve is used to separate the dormant and the
growing season.

Step 1: Baseflow recession and aquifer dynamics
An obvious starting point for hydrologic analysis of catchment response is when
the catchment is non-driven and relaxes from previous hydro-meteorological
fluxes that have replenished some or all stores. In order to isolate several possible
release fluxes from the catchment it is best to start focusing on baseflow
recessions during the dormant season. Such recession hydrographs will be
minimally affected by root water uptake and subsequent transpiration losses and
thus can be considered mainly controlled by aquifer properties. The processbased model considers two separate aquifer stores: the near-surface perched
aquifer that develops during wet period above a confining layer (i.e. fractured
bedrock with reduced vertical hydraulic conductivity), and a deep aquifer that
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receives a fraction of all percolation water from the root zone (i.e. a fractured
bedrock aquifer). To relate baseflow recessions to these aquifer stores a baseflow
separation is performed as follows:

Qb (t)  Qb (t 1) 

1 
Q(t)  Q(t 1)
2

(33)

with Q(t) total streamflow at time t, Qb the computed baseflow contribution to



total streamflow (Qb  Q), and  a low-pass filter parameter (Arnold and Allen,
1999; Eckhardt, 2005). The filter parameter  is set for all catchments at 0.925. Since
this research address hydrologic similarity across a climate gradient, the
selection of a different cut-off level would not change the relative differences
between the catchments (a desired characteristic of the data manipulation), but
obviously will affect to some degree the absolute values. Next, all recession
periods during the dormant season are selected for recession curve analysis
(Figure 2). The catchment master recession curve (MRC) is constructed by time
shifting individual recession curves to match the lower end of the baseflow
values, and progresses from low to high baseflow values. This procedure is
described in more detail in Posavec et al. (2006). Subsequently, the MRC is defined
as the smoothed lower envelope of all observed recession curves. According to
the adopted conceptual model of baseflow generation, it is possible to consider
the early part of the MRC as being composed of both perched and deep aquifer
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contributions while the late part of the MRC is solely composed of deep aquifer
contributions. Therefore, starting from the low flow end of the MRC, the deep
aquifer parameters are estimated to match that part of the MRC. In all
applications of the model to the study sites (see chapter Four) the lower end of
the MRC can be approximated by means of a linear reservoir model,
characterized by a time constant of storage release given by the reciprocal value
of the slope of the linear regression line through the lower end of the MRC
(Figure 2). Parameter values are estimated by fitting an exponential function to
the lower envelope of MRC late segment, using a least square error objective
function. The inset of Figure 2 shows a Brutsaert-Nieber plot of recession rates
versus baseflow of binned observations and MRC. The lower end reveals the
linear reservoir response of the deep aquifer whereas the upper end shows the
non-linear

recession

characteristics

Boussinesq equation is calibrated.

against

which

the

hillslope-storage
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FIGURE 2. Illustration of derivation of the master recession curve (MRC) for San
Marcos, TX catchment and the separation of recession flow derived from the
perched and the bedrock aquifer. The inset shows a Brutsaert-Nieber plot of
recession rates versus baseflow. The lower end reveals the linear reservoir
response of the deep aquifer whereas the upper end shows the non-linear
recession characteristics against which the hillslope-storage Boussinesq equation
is calibrated.

Using the deep aquifer model allows the identification of the perched aquifer
contributions to the early part of the MRC. Once isolated from the deep aquifer
contributions, the perched aquifer recession curve is used to estimate the
parameters controlling release from the hillslope-storage Boussinesq model (viz.
lateral hydraulic conductivity, kh, and drainable porosity, f). The maximum
perched aquifer baseflow contribution is used to define the steady-state recharge
rate required to generate this amount of drainage. This recharge rate is then
applied to the hsB model to bring it to steady-state, after which recharge is set to
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zero and the model parameters are estimated such that the time history of
relaxation from the maximum baseflow matches the observed recession. Since
these parameters also define the total storage during steady state, this procedure
is repeated until no further improvements, measured by means of least square
error, are obtained using the downhill Simplex parameter estimation algorithm
(Nelder and Mead, 1965). The maximum water table depth during steady state is
next used to define the upper boundary of perched aquifer storage capacity,
expressed as maximum perched aquifer depth, D.

Other conceptualizations of observed baseflow dynamics could have been
proposed to capture the early-time non-linear behavior, such as the
transmissivity feedback mechanism (Bishop, 1991). Given the size of the selected
catchments and the lack of biogeochemical data it is very difficult to
unambiguously decide which subsurface flow mechanism is responsible for the
observed baseflow dynamics and both conceptualizations (the one used in this
study and the one based on transmissivity feedback) are equally likely.

Step 2: Streamflow generation during dormant season
The total amount of baseflow produced by the model does not depend on the
parameters assigned during the previous step, but on the total amount of

53
infiltrated water that percolates down to the perched water table and the deep
aquifer. Likewise, total streamflow generated by the model during the dormant
season will include direct runoff produced either through infiltration excess or
saturation excess. The next step therefore is to assign values to parameters
controlling the infiltration and percolation processes in the root zone. From
available soil databases, such as STATSGO and SURGGO, the dominant soil type
was selected within a given catchment. From this soil type values of total
porosity and residual porosity, s and r, are assigned using look-up tables from
Clapp and Hornberger (1978). Other soil hydraulic parameters, viz. sorptivity and
vertical hydraulic conductivity, are estimated by means of the downhill Simplex
algorithm using a multi-objective function (ObjFun) that accounts for the sum of
the absolute values of normalized residuals (ANR) between modeled and
observed baseflow, direct runoff, and total streamflow volumes.

 Xsim (t )  Xobs (t ) 
ANR x   abs 

Xobs (t )
t 1



(34a)

ObjFun = ANRBF + ANRDR + ANRQ

(34b)

ND

Infiltration and percolation parameters are identified in a way that matches all
runoff generation mechanisms active in the catchment during the dormant
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season. Parameters that control root water uptake are set to typical values from
look-up tables associated with dominant vegetation type.

Once reasonable parameter values for the hydraulic properties of the root zone
soil are obtained, other critical processes such as deep aquifer percolation and
snow melt, are added to the list of parameters to be optimized. The fraction of
total percolation that enters the deep aquifer will control late time recession
dynamics. Snowmelt during the dormant season may or may not be an active
process, depending on the climate of the basin. Snowmelt process is active if
better modeling performance can be achieved by adding these three parameters
(fraction of total percolation rate, melt rate M, and threshold temperature Tm).
Since basin-average and daily averaged temperature are use to force the snow
melt model, the value of the temperature threshold and melt rate should be
interpreted with care.

Step 3: Streamflow generation during growing season
During the growing season, parameters that control root water uptake and
vegetation transpiration will have an important effect on hydrological
partitioning of incoming water and energy fluxes. These parameters include soil
and vegetation parameters such as critical moisture content, c, wilting point
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moisture content, w, vegetation root fraction, VRF, vegetation light use efficiency,

, as well as aerodynamic parameters, such as zero plane displacement height, d,
and roughness length, z0. These aerodynamic parameters are related to the
vegetation height through (Brutsaert, 2005):

d  0.67 H v
z0  0.123 H v

(35)

and therefore vegetation height, Hv, is used during the parameter estimation
procedure. The five parameters are estimated using the same procedure as
described above (downhill Simplex). Once reasonable parameter values are
obtained, the snowmelt parameters are revisited to investigate if better model
performance can be obtained by means of modified values from previous
iterations.

Step 4: Channel network routing
The next step takes the daily-generated surface runoff (both infiltration excess
and saturation excess) and uses (6) to route these volumes to the catchment
outlet. These routed volumes are added to the daily subsurface flow from the
perched aquifer and fractured bedrock aquifer. The two routing parameters, c
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and F, are estimated by maximizing the Nash-Sutcliffe efficiency measure for
streamflow values.

3.2. Matching hydrologic signatures
The final step in the model identification procedure is to compare modeled and
observed hydrologic signatures, such as the annual runoff coefficient, annual
baseflow index, and the slope of the flow duration curve (Gupta et al., 2008;
Yilmaz et al., 2008). The annual runoff coefficient, RQP, for any given hydrologic
year is defined as:
365

RQP 

 Q(t )
t 1
365

 P(t )

(36)

t 1

where Q(t) and P(t) are the total streamflow and precipitation at time t,
respectively. Index t is day in hydrologic year (October 1 - September 30).
Similarly, the annual baseflow index, IBF, is defined as:

365

I BF 

 Q (t )
t 1
365

b

 Q(t )
t 1

(37)
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where Qb(t) is the baseflow at time t. The Flow Duration Curve (FDC) is the
distribution of probabilities of streamflow being greater that or equal to a specific
magnitude. The slope of the flow duration curve, SFDC, is defined as (Yadav et al.,
2007; Sawicz et al., 2011):

SFDC 

ln(Q33% )  ln(Q66% )
0.66  0.33

(38)

where Q33% and Q66% are the flow values exceeded 33% and 66% of the time,



respectively. Between those percentiles, the FDC is relatively linear on a semilogarithmic scale.
Discrepancies between modeled and observed hydrologic signatures are used to
repeat the parameter estimation procedure after Step 1 until no further
improvements in reproducing these signatures are obtained.
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CHAPTER FOUR: STUDY SITES DESCRIPTION

4.1 Study sites across climate gradient
The above described hydrologic analysis procedure was applied to 12 Model
Parameter Estimation Experiment (MOPEX) catchments east of the Rocky
Mountains, USA. These catchments were previously used in the second and third
MOPEX workshops (Duan et. al., 2006), and also used by van Werkhoven et al.
(2008) to study SAC-SMA (Sacramento Soil Moisture Accounting) model
parameter sensitivities across a hydroclimate gradient using multiple time
periods between 1980-1989.

Figure 3: Location of study sites and their aridity index and runoff coefficient for
the period 1990-1999. Snow catchments are indicated with an *.
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As can be seen from the listed wetness indices and runoff coefficients in Figure 3,
these catchments represent a wide range of climate and hydrologic regimes.
Table 1 lists some catchment characteristics of the 12 study sites. Catchment area
ranges from 1,000 km2 to 4,500 km2. Mean catchment elevation ranges from
about 100 to 800 mASL. The mean annual precipitation ranges from 750 mm to
1500 mm, and the mean annual potential evapotranspiration ranges from 1,500
mm to 700 mm.

Table 1: Watershed Characteristics
ID

Area
(km2)

Mean
Elevation
(m)

Mean
Annual P
(mm)

Mean
Annual PE
(mm)

Mean
Annual
RQ/P

Spring Branch, TX

GUA

3,406

542

765

1,528

0.15

San Marcos

Luling, TX

SAN

2,170

295

827

1,449

0.22

English

Kalona, IA

ENG

1,484

254

893

994

0.30

Spring

Waco, MO

SPR

3,015

329

1,076

1,094

0.28

Rappahannock

Fredericksburg, VA

RAP

4,134

204

1,030

920

0.37

Monocacy

Frederick, MD

MON

2,116

194

1,041

896

0.40

East Fork White

Columbus, IN

EAS

4,421

268

1,015

855

0.37

S. Branch Potomac

Springfield, WV

POT

3,810

651

1,042

761

0.33

Bluestone

Pipestem, WV

BLU

1,021

787

1,018

741

0.41

Amite

Denham Springs, LA

AMI

3,315

77

1,564

1,073

0.39

Tygart Valley

Philip, WV

TYG

2,372

709

1,166

711

0.63

French Broad

Ashville, NC

FRE

2,448

819

1,383

819

0.58

River
Guadalupe

Outlet location

Next, a brief description of the main characteristics of the 12 catchments is
presented. Geomorphological characteristics were derived from 30m resolution
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DEM

data

from

ASTER

Global

Digital

Elevation

Model

(http://www.gdem.aster.ersdac.or.jp/). The soil fractional spatial coverage of
each of the 16 USDA soil type (12 soil plus 4 other categories) was compiled for
the MOPEX project based on 1-km gridded maps. The 1km gridded data sets
were produced by Miller (1999) based on STATSGO polygon representation of
soil texture. The vegetation type fractional coverage was derived from the
University of Maryland vegetation classification system. The average leaf area
index (LAI) curve is derived from several years of remote sensing observations at
the catchment scale. Data was provided by MODIS (Moderate Resolution
Imaging Spectroradiometer; http://modis-land.gsfc.nasa.gov/lai.htm).

4.2 Guadalupe River catchment
Guadalupe River catchment, located in Texas, has a drainage area of 3,046 km2
(1315 mi2), with a mean basin elevation of 542 m (1792 ft). The average channel
slope is 0.001733 [-] (9.15 feet/mile) with a stream length of 209 km (130 mi). The
average catchment slope is 0.093 [-] (5.31°). The USGS discharge station is
identified with the code 08167500, and is located near Spring Branch in Texas at
29° 51’ 38” N latitude, and 98° 22’ 58” W longitude. Figures 4a and 4b show the
hillslope width function at catchment scale and the channel width function for
Guadalupe River catchment

61

Figure 4a. Hillslope width function at catchment scale for Guadalupe, TX.

Figure 4b. Channel width function for Guadalupe, TX.
In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
clay (24%), clay loam (14%), loam (13%). Bedrock occupies 17% of the surface,
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and other type of soil (outside the typical 12 soil types) corresponds to 29%
fractional coverage. The Guadalupe river catchment is located in a karst geologic
region formed by the dissolution of Cretaceous-age carbonate rocks. Karst
systems are generally characterized by groundwater–surface-water connections,
such as losing streams, sinkholes, springs, and fracture and conduit connections
between surface water and groundwater.
Vegetation type fractional coverage mainly corresponds to wooded grassland
(78%), woodland (11%) and grassland (8%). Figure 4c shows the leaf area index
observations and average curve, for Guadalupe River catchment.

Figure 4c. Leaf area index signal for Guadalupe catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)
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Figure 4d shows the regime curves for Guadalupe catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
temperature (red curve) is 0.32 indicating that water supply and evaporative
demand are in-phase. The seasonality index, accordingly to Walsh and Lawler
(1981) is 0.22, corresponding to precipitation spread through the year, but with a
definite wetter season.

Figure 4d. Mean monthly precipitation and temperature for Guadalupe River
catchment.

4.3 San Marcos River catchment
San Marcos River catchment, located in Texas, has a drainage area of 2,170 km2
(838 mi2), with a mean basin elevation of 285 m (936 ft). The average channel
slope is 0.002159 [-] (11.4 feet/mile) with a stream length of 177 km (110 mi). The
average catchment slope is 0.063 [-] (3.60°). The USGS discharge station is
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identified with the code 08172000, and is located near Luling, TX at 29° 39’ 54”
North latitude, and 97° 38’ 59” West longitude. Figures 5a and 5b show the
hillslope width function at catchment scale and the channel width function for
San Marcos River catchment

Figure 5a. Hillslope width function at catchment scale for San Marcos, TX.

Figure 5b. Channel width function for San Marcos, TX.
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In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
clay (43%), clay loam (23%), and loam (17%); also, bedrock occupies 9% of the
surface. Vegetation type fractional coverage mainly corresponds to wooded
grassland (74%), grassland (10%), cropland (9%), and woodland (6%). Figure 5c
shows the leaf area index observations and average curve, for San Marcos River
catchment.

Figure 5c. Leaf area index signal for San Marcos catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)

The San Marcos River emerges from a series of 200 closely-spaced openings
forming a spring outfall with the second highest discharge in Texas (Brune 1981).
This artesian system is fed by the San Antonio portion of the Edwards Aquifer, a
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290 km long, crescent-shaped limestone aquifer running along the southern and
eastern edge of the Edwards Plateau (Abbott & Woodruff 1986).
Figure 5d shows the regime curves for San Marcos catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
temperature (red curve) is 0.15 indicating that water supply and evaporative
demand are in-phase. The seasonality index, accordingly to Walsh and Lawler
(1981) is 0.21, corresponding to precipitation spread through the year, but with a
definite wetter season.

Figure 5d. Mean monthly precipitation and temperature for San Marcos River
catchment.
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4.4 English River catchment
The English River is a tributary of the Iowa River in southeastern Iowa, has a
drainage area of 1,484 km2 (573 mi2), with a mean basin elevation of 259 m (850
ft). The average channel slope is 0.000795 [-] (4.2 feet/mile) with a stream length
of 106 km (65.8 mi). The average catchment slope is 0.057 [-] (3.26°). The USGS
discharge station is identified with the code 05455500, and is located near Kalona
in Iowa at 41° 27’ 59” North latitude, and 91° 42’ 56” West longitude. Figures 6a
and 6b show the hillslope width function at catchment scale and the channel
width function forEnglish River catchment

Figure 6a. Hillslope width function at catchment scale for English, IA.
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Figure 6b. Channel width function for English, IA

The catchment is located in the Southern Iowa Rolling Loess Prairies ecoregion,
characterized by irregular plains to open low hills with moderate to thick loess
(Griffith et.al., 1994). In the upper 100 cm of soil, the fractional spatial coverage
mainly corresponds to silty clay loam (92%) and silt (7%).

Vegetation type

fractional coverage mainly corresponds to cropland (60%) and wooded
grasslands (36%). Figure 6c shows the leaf area index observations and average
curve, for English River catchment.
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Figure 6c. Leaf area index signal for English catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)
Figure 6d, shows the regime curves for English catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
temperature (red curve) is 0.91 indicating that water supply and evaporative
demand are in-phase. The seasonality index, accordingly to Walsh and Lawler
(1981) is 0.42, corresponding to precipitation rather seasonal with short drier
season.
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Figure 6d. Mean monthly precipitation and temperature for English River
catchment.

4.5 Spring River catchment
The Spring River catchment, located in Missouri, has a drainage area of 3,015
km2 (1164 mi2), with a mean basin elevation of 335 m (1100 ft). The average
channel slope is 0.001152 [-] (6.08 feet/mile) with a stream length of 117 km (72.8
mi). The average catchment slope is 0.025 [-] (1.43°). The USGS discharge station
is identified with the code 07186000, and is located near Waco, MO at 37° 14’ 44”
North latitude, and 94° 33’ 58” West longitude. Figures 7a and 7b show the
hillslope width function at catchment scale and the channel width function for
Spring River catchment
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Figure 7a. Hillslope width function at catchment scale for Spring, MO.

Figure 7b. Channel width function for Spring, MO.

The Spring River Basin is located along the border between the Osage Plains and
the Springfield Plateau (MDNR 1986). The southern and eastern portions of the
Spring River Basin, including the eastern and southern portions of the North

72
Fork of the Spring River watershed have surface layers comprised primarily of
Mississippian age limestones, and the northwest portion of the basin, which
makes up the western portion of the North Fork of the Spring River watershed,
lies within deposits of shale, sandstone, siltstone, limestone, clay, and coal of
Pennsylvanian age (MDNR 1984).
In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
silt loam (29%), silty clay loam (29%), silty clay (14%), and clay loam (14%).
Vegetation type fractional coverage mainly corresponds to croplands (76%) and
wooded grasslands (18%). Figure 7c shows the leaf area index observations and
average curve, for Spring River catchment.
Figure 7d shows the regime curves for Spring catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
temperature (red curve) is 0.61 indicating that water supply and evaporative
demand are in-phase. The seasonality index, accordingly to Walsh and Lawler
(1981) is 0.30, corresponding to precipitation spread through the year, but with a
definite wetter season.
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Figure 7c. Leaf area index signal for Spring catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)

Figure 7d. Mean monthly precipitation and temperature for Spring River
catchment.
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4.6 Rappahannock River catchment –
The Rappahannock River flows southeastward from its source in the Blue Ridge
Mountains to the tide water of the Chesapeake Bay, through the rolling hills of
the Piedmont Provinces; however streamflow measurements are not affected by
the tidal effects because of the location of the monitoring station. The catchment
has a drainage area of 4,134 km2 (1596 mi2), with a mean basin elevation of 201m
(660 ft). The average channel slope is 0.001258 [-] (6.64 feet/mile) with a stream
length of 113 km (70.2 mi). The average catchment slope is 0.116 [-] (6.62°). The
discharge station is identified with the USGS code 01668000, and is located near
Fredericksburg, VA at 38° 19’ 20” North latitude, and 77° 31’ 05” West longitude.
Figures 8a and 8b show the hillslope width function at catchment scale and the
channel width function for Rappahannock River catchment

Figure 8a. Hillslope width function at catchment scale for Rappahannock, VA.
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Figure 8b. Channel width function for Rappahannock, VA.

In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
clay loam (36%), silt loam (35%), and silty clay loam (9%). Vegetation type
fractional coverage mainly corresponds to deciduous broadleaf forest (58%),
wooded grassland (20%), and mixed cover (13%). Figure 8c shows the leaf area
index observations and average curve, for Rappahannock River catchment.
Figure 8d shows the regime curves for Rappahannock catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
temperature (red curve) is 0.19 indicating that water supply and evaporative
demand are slightly in-phase. The seasonality index, accordingly to Walsh and
Lawler (1981) is 0.13, corresponding to precipitation spread through the year.
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Figure 8c. Leaf area index signal for Rappahannock catchment. Markers are
MODIS spatial averaged observations. Dotted line represents the 50% cutoff level
in the derived LAI curve (Black curve)

Figure 8d. Mean monthly precipitation and temperature for Rappahannock
River catchment.
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4.7 Monocacy River catchment –
Monocacy River catchment, located in Maryland, has a drainage area of 2,116
km2 (817 mi2), with a mean basin elevation of 71m (233 ft). The average channel
slope is 0.0028 [-] (14.5 feet/mile) with a stream length of 99.9 km (62.1 mi). The
average catchment slope is 0.073 [-] (4.18°). The USGS discharge station is
identified with the code 01643000, and is located near Fredericks, MD at 39° 24’
10” North latitude, and 77° 21’ 58” West longitude. Figures 9a and 9b show the
hillslope width function at catchment scale and the channel width function for
Monocacy River catchment

Figure 9a. Hillslope width function at catchment scale for Monocacy, MD.
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Figure 9b. Channel width function for Monocacy, MD.

Approximately 47% of the Monocacy River basin is in the Western Piedmont
physiographic province, which forms most of the eastern part of the basin. The
Western Piedmont within the Monocacy River basin is underlain by Precambrian
and Cambrian metamorphic and igneous rocks (82%), and by Cambrian age
carbonates (16%). The central portion of the Monocacy River basin is underlain
by rocks of the Mesozoic Lowland province. Overlying the fractured bedrock of
the basin is a layer of overburden, or regolith, composed of weathered bedrock,
soil, alluvium, and colluvium. The length of casing installed in ground-water
wells has been used as an indicator of the thickness of the regolith in many
studies in the region (e.g. Nutter and Otton, 1969, Richardson, 1982, and Low
and others, 2002). Richardson (1982) in a study in the Piedmont Upland in
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Maryland reported regolith thickness from 0 to more than 100 ft, generally
ranging between 20 and 40 ft.
In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
silt loam (64%), loam (10%), and sandy loam (9%). Vegetation type fractional
coverage mainly corresponds to cropland (38%), wooded grassland (29%),
deciduous broadleaf forest (17%), and mixed cover (10%). Figure 9c shows the
leaf area index observations and average curve, for Monocacy River catchment.

Figure 9c. Leaf area index signal for Monocacy catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)

Figure 9d shows the regime curves for Monocacy catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
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temperature (red curve) is 0.17 indicating that water supply and evaporative
demand are slightly in-phase. The seasonality index, accordingly to Walsh and
Lawler (1981) is 0.11, corresponding to precipitation spread through the year.

Figure 9d. Mean monthly precipitation and temperature for Monocay River
catchment.

4.8 East Fork White River catchment
The East Fork White River catchment, located in Indiana, has a drainage area of
4,421 km2 (1707 mi2), with a mean basin elevation of 239m (784 ft). The average
channel slope is 0.00072 [-] (3.80 feet/mile) with a stream length of 188 km (117
mi). The average catchment slope is 0.018 [-] (1.03°). The USGS discharge station
is identified with the code 03364000, and is located near Columbus, IN at 39° 12’
00” North latitude, and 85° 55’ 32” West longitude. Figures 10a and 10b show the
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hillslope width function at catchment scale and the channel width function for
East Fork White River catchment
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Figure 10a. Hillslope width function at catchment scale for East Fork, IN.

Figure 10b. Channel width function for East Fork, IN
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In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
silty clay loam (54%), and silt loam (42%). Vegetation type fractional coverage
mainly corresponds to cropland (66%), woodland (19), and deciduous needle-leaf
forest (12%). Figure 10c shows the leaf area index observations and average
curve, for East Fork White River catchment.

Figure 10c. Leaf area index signal for East Fork catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)

Figure 10d shows the regime curves for East Fork White catchment. The
correlation coefficient between mean monthly precipitation (blue curve) and
mean monthly temperature (red curve) is 0.48 indicating that water supply and
evaporative demand are in-phase. The seasonality index, accordingly to Walsh
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and Lawler (1981) is 0.23, corresponding to precipitation spread through the
year, but with a definite wetter season.

Figure 10d. Mean monthly precipitation and temperature for East Fork White
River catchment.

4.9 South Branch Potomac River catchment
The South Branch Potomac River catchment, located in West Virginia, has a
drainage area of 3,810 km2 (1471 mi2), with a mean basin elevation of 686m (2250
ft). The average channel slope is 0.00273 [-] (14.4 feet/mile) with a stream length
of 196 km (122 mi). The average catchment slope is 0.276 [-] (15.4°). The USGS
discharge station is identified with the code 01608500, and is located near
Springfield, WV at 39° 26’ 49” North latitude, and 78° 39’ 16” West longitude.
Figures 11a and 11b show the hillslope width function at catchment scale and the
channel width function for South Branch Potomac River catchment
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Figure 11a. Hillslope width function at catchment scale for South Potomac, WV.

Figure 11b. Channel width function for South Potomac, WV.

In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
loam (34%), sandy loam (29%), and silt loam (17%). Bedrock covers 10% of the
area.

Vegetation type fractional coverage mainly corresponds to deciduous
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broadleaf forest (64%), mixed cover (16%), and woodland (9%). Figure 11c shows
the leaf area index observations and average curve, for South Potomac River
catchment.

Figure 11c. Leaf area index signal for South Potomac catchment. Markers are
MODIS spatial averaged observations. Dotted line represents the 50% cutoff level
in the derived LAI curve (Black curve)
Figure 11d shows the regime curves for South Potomac catchment. The
correlation coefficient between mean monthly precipitation (blue curve) and
mean monthly temperature (red curve) is 0.28 indicating that water supply and
evaporative demand are in-phase. The seasonality index, accordingly to Walsh
and Lawler (1981) is 0.15, corresponding to precipitation spread through the
year.
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Figure 11d. Mean monthly precipitation and temperature for South Potomac
River catchment.

4.10 Bluestone River catchment
The Bluestone River catchment, located in West Virginia, has a drainage area of
1,021 km2 (394 mi2), with a mean basin elevation of 783m (2570 ft). The average
channel slope is 0.00112 [-] (5.90 feet/mile) with a stream length of 161 km (100
mi). The average catchment slope is 0.235 [-] (13.22°). The discharge station is
identified with the USGS code 03179000, and is located near Pipestem, WV at 37°
32’ 38” North latitude, and 81° 00’ 38” West longitude. Figures 12a and 12b show
the hillslope width function at catchment scale and the channel width function
for Bluestone River catchment
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Figure 12a. Hillslope width function at catchment scale for Bluestone, WV

Figure 12b. Channel width function for Bluestone, WV

In the upper 100 cm of soil, the fractional spatial coverage mainly corresponds to
silty clay loam (34%), loam (32%), and silt loam (16%). Vegetation type fractional
coverage mainly corresponds to deciduous broadleaf forest (79%) and mixed
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cover (13%). Figure 12c shows the leaf area index observations and average
curve, for English Bluestone catchment.

Figure 12c. Leaf area index signal for Bluestone catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)
Figure 12d shows the regime curves for Bluestone catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
temperature (red curve) is -0.16 indicating that water supply and evaporative
demand are slightly out-of-phase. The seasonality index, accordingly to Walsh
and Lawler (1981) is 0.17, corresponding to precipitation spread through the
year.
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Figure 12d. Mean monthly precipitation and temperature for Bluestone River
catchment.

4.11 Amite River catchment
The Amite River in southeastern Louisiana has its headwaters in southwestern
Mississippi and drains into Lake Maurepas. It has a drainage area of 3,315 km2
(1280 mi2), with a mean basin elevation of 56m (184 ft). The average channel
slope is 0.000985 [-] (5.20 feet/mile) with a stream length of 128 km (79.5 mi). The
average catchment slope is 0.029 [-] (1.66°). The USGS discharge station is
identified with the code 07378500, and is located near Denham Springs, LA at 30°
27’ 50” North latitude, and 90° 59’ 25” West longitude. Figures 13a and 13b show
the hillslope width function at catchment scale and the channel width function
for Amite River catchment
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Figure 13a. Hillslope width function at catchment scale for Amite, LA

Figure 13b. Channel width function for Amite, LA

The drainage basin consists mainly of unconsolidated and semi-consolidated
clastic Qaternary sediments (Snead and McCulloh, 1984). In the upper 100 cm of
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soil, the fractional spatial coverage mainly corresponds to silt loam (58%), silty
clay loam (21%), clay loam (8%), and silt (6%). Vegetation type fractional
coverage mainly corresponds to evergreen needle-leaf forest (32%), woodland
(24%), mixed cover (22%), and wooded grassland (11%). Figure 13c shows the
leaf area index observations and average curve, for Amite River catchment.

Figure 13c. Leaf area index signal for Amite catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)
Figure 13d shows the regime curves for Amite catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
temperature (red curve) is -0.49 indicating that water supply and evaporative
demand are out-of-phase. The seasonality index, accordingly to Walsh and
Lawler (1981) is 0.17, corresponding to precipitation spread through the year.
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Figure 13d. Mean monthly precipitation and temperature for Amite River
catchment.

4.12 Tygart Valley River catchment
Tygart Valley River catchment, located in West Virginia, has a drainage area of
2,367 km2 (914 mi2), with a mean basin elevation of 390m (1280 ft). The average
channel slope is 0.0044 [-] (23.2 feet/mile) with a stream length of 140.2km (87.1
mi). The average catchment slope is 0.239 [-] (13.44°). The USGS discharge station
is identified with the code 03054500, and is located near Philippi, WV at 39° 09’
01” North latitude, and 80° 02’ 20” West longitude. Figures 14a and 14b show the
hillslope width function at catchment scale and the channel width function for
Tygart Valley River catchment
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Figure 14a. Hillslope width function at catchment scale for Tygart V., WV

Figure 14b. Channel width function for Tygart V., WV.

Geological formations in this area are of sedimentary origin corresponding to
Unglaciated Allegheny Plateaus and Allegheny Mountains sections of the
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Appalachian Plateaus province. The surface rocks belong to the Pennsylvanian
system of the Carboniferous period. In the upper 100 cm of soil, the fractional
spatial coverage mainly corresponds to loam (49%), silt loam (25%), silty clay
loam (9%), and bedrock (17%).

Vegetation type fractional coverage mainly

corresponds to deciduous broadleaf forest (73%), wooded grassland (15%),
mixed cover (6%), and woodland (5%). Figure 14c shows the leaf area index
observations and average curve, for Tygart Valley River catchment.

Figure 14c. Leaf area index signal for Tygart Valley catchment. Markers are
MODIS spatial averaged observations. Dotted line represents the 50% cutoff level
in the derived LAI curve (Black curve)
Figure 14d shows the regime curves for Tygart Valley catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
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temperature (red curve) is 0.07 indicating that water supply and evaporative
demand are slightly in-phase. The seasonality index, accordingly to Walsh and
Lawler (1981) is 0.16, corresponding to precipitation spread through the year.

Figure 14d. Mean monthly precipitation and temperature for Tygart Valley River
catchment.

4.13 French Broad River catchment
The French Broad River, the largest tributary to the Tennessee River, originates
near the North Carolina-South Caroline state line and flows north through the
Appalachian mountains into Tennessee. It has a drainage area of 2,447 km2 (945
mi2), with a mean basin elevation of 835m (2740 ft). The average channel slope is
0.00158 [-] (8.33 feet/mile) with a stream length of 138 km (85.6 mi). The average
catchment slope is 0.243 [-] (13.66°). The discharge station is identified with the
USGS code 03451500, and is located at Asheville, NC at 35° 36’ 33” North
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latitude, and 82° 34’ 43” West longitude. Figures 15a and 15b show the hillslope
width function at catchment scale and the channel width function for French
Broad River catchment

Figure 15a. Hillslope width function at catchment scale for French B., NC.

Figure 15b. Channel width function for French B., NC.
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The catchment is located in the Blue Ridge ecoregion (Omernick, 1987). This
mountainous basin is underlain by igneous and metamorphic geology. In the
upper 100 cm of soil, the fractional spatial coverage mainly corresponds to loam
(48%), clay loam (17%), clay (15%) and sandy loam (11%). Vegetation type
fractional coverage mainly corresponds to deciduous broadleaf forest (52%),
evergreen needle-leaf forest (17%), mixed cover (13%), and wooded grassland
(7%). Figure 15c shows the leaf area index observations and average curve, for
French B. River catchment.

Figure 15c. Leaf area index signal for French B. catchment. Markers are MODIS
spatial averaged observations. Dotted line represents the 50% cutoff level in the
derived LAI curve (Black curve)
Figure 15d shows the regime curves for French B. catchment. The correlation
coefficient between mean monthly precipitation (blue curve) and mean monthly
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temperature (red curve) is -0.27 indicating that water supply and evaporative
demand are out-of-phase. The seasonality index, accordingly to Walsh and
Lawler (1981) is 0.15, corresponding to precipitation spread through the year.

Figure 15d. Mean monthly precipitation and temperature for French B. River
catchment.
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CHAPTER FIVE: MODEL IMPLEMENTATION - PARAMETERS, TIME
SCALES, AND DIMENSIONLESS NUMBERS

5.1 Forcing data and a priori parameter assignments
Forcing data The model uses the following eight variables as input time series: precipitation,
land surface albedo, air temperature, long and short wave downward radiation,
atmospheric pressure, actual vapor pressure and wind speed. Daily precipitation
data is provided through the Model Parameter Estimation Experiment - MOPEX
website (ftp://hydrology.nws.noaa.gov/pub/gcip/mopex/US_Data/) (Duan et
al., 2006). The other seven variables are derived from the 3-hour, 1/8 degree
hydroclimate data set developed by Maurer et al. (2002), and available at
www.hydro.washington.edu. The 3-hour data are converted to daily averages
and then spatially averaged over the catchments using a weighted averaging
procedure that accounts for complete or partial coverage of data grid and
catchment boundaries.
A priori parameter assignments For each basin, the MOPEX database provides fractional spatial coverage of each
of the 16 USDA soil types, as well as the fractional spatial coverage of vegetation
type according to the University of Maryland vegetation classification system
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(see also http://www.geog.umd.edu/landcover/global-cover.html). From this
information, the dominant soil type and vegetation type is selected and typical
parameter values are selected from Clapp and Hornberger (1978) for total soil
porosity, and from the North American Land Data Assimilation System –
NLDAS (http://ldas.gsfc.nasa.gov/nldas/NLDASmapveg.php) database for
initial values of root zone depth and vegetation height.
5.2 Modeling results
Figure 16 compares observed and modeled average runoff coefficient for the
period 1990-1999 for all 12 catchments. The calibration period is 1990-1994, using
1989 as a warm-up period; the calibrated model was implemented for the period
1990-1999. As can be seen, the model has captured very well the average annual
water balance, and similar results were obtained for the inter-annual variability
of hydrologic partitioning. From Figure 17, the model also captured very well the
fraction of total streamflow that is generated as baseflow. The observed baseflow
indices in Figure 17 are computed after baseflow separation, as described in
Chapter Three, while the modeled baseflow indices are computed from the
generated baseflow volumes from the perched and deep aquifer in the model.
There is a slight tendency to underestimate the baseflow contribution to
streamflow but the differences between observed and modeled average baseflow
index are not statistically significant.
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Figure 16: Observed versus simulated runoff coefficients for all 12 catchments for
the period 1990-1999. The error bars represent ± one standard deviation of the
observed and modeled annual runoff coefficients, respectively.

Figure 17: Observed versus simulated baseflow indices for all 12 catchments for
the period 1990-1999. The error bars represent ± one standard deviation of the
observed and modeled annual baseflow indices, respectively.
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In order to evaluate the model performance at daily time steps, Figure 18 shows
the observed and modeled flow duration curves for the period 1990-1999 for all
catchments. Even though the model efficiency to reproduce observed
hydrographs is moderate (see inset values of Nash-Sutcliffe efficiencies in Figure
18), the match with observed flow duration curves is remarkable at all flow levels
(with a few exceptions). This suggests that the model captures the dynamic
transformation of climate forcing into streamflow rather well but that timing of
individual storm events may not be modeled accurately. For the purpose of this
study it is more important to be able to reproduce the different modes of
response (in terms of frequencies of low, medium and high flow) given certain
climate forcing than to match/over-parameterize the model to fit hydrographs.
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Figure 18: Observed (solid line) versus simulated (dashed line) flow duration curves for all 12 catchments for the
period 1990-1999. The inset shows the Nash-Sutcliffe efficiency (NSE), the Nash-Sutcliffe efficiency after logtransforming streamflow (NSE-Log) and the mean absolute error between observed and modeled ordinates of the
FDC (Mean AE; in mm/d).
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Figure 19: Observed and simulated regime curves of monthly precipitation,
evapotranspiration and discharge. Potential evapotranspiration is computed
from the model using minimal stomatal resistance. – Left = San Marcos,TX –
Right = Amite, LA – Vertical lines are ± one standard deviation.
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precipitation,

evapotranspiration and discharge for two catchments in different climate
settings. San Marcos catchment in Texas (left of Figure 19) is a water-limited
catchment, whereas Amite catchment in Louisiana (right of Figure 19) is a more
energy-limited catchment. The model reproduces the discharge regime curve for
both catchments remarkably well, illustrating that the model is capable of
filtering different climate signals in ways that are comparable with the real
catchment filters. Similar results were obtained for the other 10 catchments (See
Appendix D)

5.3 Model parameters and time scales
Table 2 lists all model parameters for all 12 catchments, together with catchment
characteristics derived from available geographic information, such as drainage
area, mean catchment slope and mean channel slope. Total porosity was selected
from look-up tables (Clapp and Hornberger, 1978) based on dominant soil type. All
other parameters were obtained using the methods described in chapter three.
From these model parameters, the different time scales discussed in Section 2.4
(see Table 3) are computed. Many different dimensionless numbers can now be
formulated as ratios of time scales. In the next chapter, these time scales and
dimensionless numbers are related to hydrologic signatures to reveal scaling
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relationships that could be used to determine hydrologic similarity between
different catchments.

5.4 Regionalization and scaling relationships
All readily available catchment characteristics, such as drainage area and mean
catchment slope, were regressed to the different model parameters, in an attempt
to reveal regionalization patterns. Not many linear regressions between
catchment characteristics and model parameters were statistically significant at
95% confidence limits. Table 4 shows all regression relationships. Regressions
that were significant with p<0.05 are in bold (some were significant at p<0.01,
indicated by *). Figure 20 shows some of these statistically significant
relationships for the no-snow dominated catchments. Only very few significant
relationships showed up for all 12 catchments or for the 6 snow dominated
catchments, indicating that the parameters of the snow dominated catchments
were not related to catchment characteristics and therefore could not be
regionalized.
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Table 2: Model Parameters
Parameter

GUA

SAN

ENG

SPR

RAP

MON

EAS

POT

BLU

AMI

TYG

FRE

3,406
0.093
0.0017

2,170
0.063
0.0022

1,484
0.057
0.0016

3,015
0.025
0.0012

4,134
0.116
0.0013

2,116
0.073
0.0028

4,421
0.018
0.0007

3,810
0.276
0.0027

1,021
0.235
0.0011

3,315
0.029
0.0010

2,367
0.239
0.0044

2,448
0.243
0.0016

Soil type
Moisture content at saturation
Wilting point

cl
0.476
0.214

cl
0.476
0.2856

cl
0.476
0.062

sil
0.485
0.146

sil
0.485
0.146

sil
0.485
0.034

scl
0.420
0.042

l
0.451
0.045

L
0.451
0.135

scl
0.420
0.042

l
0.451
0.032

sl
0.435
0.044

Critical moisture content
Infiltration hydraulic conductivity
(cm/d)
0.5
Soil sorptivity (cm/d )

0.286

0.333

0.381

0.412

0.364

0.340

0.399

0.446

0.361

0.378

0.446

0.431

5.0

5.0

2.0

7.0

2.0

1.70

5.0

2.0

0.9

2.7

1.0

2.8

5.0

9.0

2.5

7.0

2.0

1.75

1.0

2.0

1.0

3.0

0.3

2.0

Root zone depth (m)
Depth to bedrock (m)
Root zone hydraulic conductivity (cm/d)
Transmission zone hydraulic
conductivity (cm/d)
Drainable porosity ( - )
Horizontal hydraulic conductivity (m/d)
Recharge fraction to deep aquifer (%)

0.30
3.75
8.0

0.30
4.00
15.0

0.70
3.00
30.0

0.50
3.00
0.5

0.50
3.50
20.0

0.40
3.00
25.0

0.40
2.00
5.0

0.70
2.00
1.0

0.30
1.50
5.0

0.75
3.50
5.0

0.40
2.00
5.0

0.90
2.50
20.0

70

60

50

60

50

250

100

150

50

30

175

90

0.05
259
0%

0.055
147
70%

0.15
69
50%

0.10
86
10%

0.35
86
5%

0.20
346
90%

0.01
173
15%

0.15
104
70%

0.15
432
90%

0.10
173
80%

0.20
259
10%

0.15
104
30%

6
60%
60%
0.4
1.3
0.053
-

0.013
3.75
65%
60%
0.3
1.3
0.57
-

0.053
0.5
70%
70%
0.2
2.5
0.15
2
0.5

0.035
1.4
75%
90%
0.4
2.3
0.27
-

0.034
10
50%
50%
0.6
4.0
0.031
-

0.032
1.5
62%
62%
0.3
4.0
0.020
1
15

0.019
4
60%
50%
0.2
2.6
0.13
0.5
5

0.029
8
40%
40%
0.5
4.2
0.37
1
10

0.039
5
35%
40%
0.5
4.2
0.16
3
15

0.012
3
35%
40%
0.9
3.9
0.24
-

0.053
3
50%
60%
0.3
4.0
0.24
0.5
1

0.019
10
40%
50%
0.7
4.0
0.078
-

2

Area (km )
Mean catchment slope (-)
Mean channel slope (-)
‡

-1

Deep aquifer parameter (d )
Vegetation height (m)
Vegetation root fraction (%)
Light use efficiency (%)
Minimum leaf area index ( - )
Maximum leaf area index ( - )
Channel network velocity (m/s)
Snow temperature threshold ( C )
Snow melting rate (mm/d/C)
‡ cl:

clay; sil: silt; scl: sandy clay; l: loam; sl: sandy loam
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Table 4: Linear Correlation Coefficients between Catchment Characteristics and
Model Parameters

Bold prints are significant at 95% CL; * indicates significance at 99% CL

109
The remaining regression relations for the 6 no-snow catchments appear to be
rather strong. In particular, information of minimum and maximum LAI can be
translated to root zone and vegetation parameters in the model quite reliably.
Mean elevation of the 6 catchments seems to be strongly related to the saturated
hydraulic conductivity of the transmission zone, while catchment slope defines
vegetation height. The latter relationship is most likely caused by the a priori
choice of vegetation height from land cover databases that show a similar
relation between vegetation height and catchment slope (Sawicz, personal
communications). However, these regressions are mainly the result of the
hydrograph analysis to inform model parameters rather than from regression
catchment characteristics and hydrologic response. Obviously more work is
needed to define the robustness of these relationships, their physical meaning
(why is hydraulic conductivity of the transmission zone related to mean
elevation?), as well as answering the question why no significant relationships
showed up for the snow dominated catchments. It is possible that the soil
parameters defined during the dormant season are affected during the snow
accumulation period while in fact most partitioning processes controlled by these
soil parameters are inactive. Another possible explanation is that different
parameters of the model control different runoff generation mechanisms in
different climates (van Werkhoven et al., 2008).
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Figure 20: Significant (p<0.05; * indicates p<0.01) linear regression relationships
between catchment characteristics (minimum and maximum LAI, mean
elevation and mean catchment slope) and different model parameters for 6 nosnow dominated catchments.
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The model time scales were regressed to hydrologic signatures (runoff
coefficient, baseflow index and slope of the flow duration curve; Table 5). Figure
21 shows some of these regression relationships. Even though the initial
regression analysis is based on simple linear regression, some regression
functions were altered when non-linear relations were apparent from the data
trends. Again, no strong regression relationships showed up for the snowdominated catchments, so Figure 21 shows only significant relationships for no
snow catchments. It should be kept in mind that the reported R2 values apply to
Table 5: Linear Correlation Coefficients between Hydrologic Signatures and
Model Time Scales

Bold prints are significant at 95% CL; * indicates significance at 99% CL

the initial linear regression analysis (as well as the significance levels), even
though after inspection of the data trends it was clear that non-linear (power
law) regressions better represent the patterns. The runoff coefficient is related to
3 time scales of the models: the time scale related to emptying the canopy store
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(function of potential evaporation, and thus strongly related to climate), the time
scale associated with emptying the root zone by transpiration (a function of
actual evapotranspiration and thus part of the competition between ET and
drainage), the time scale related to emptying the transmission zone through
drainage (clearly defining the generation of slow flow at the expense of ET).
Runoff coefficient is also affected by the mean storm duration, a climate time
scale and not a model time scale. Zooming in on the latter two model time scales
and how they relate to runoff coefficient, it is interesting to note that the runoff
coefficient increases when it takes longer for the root zone to be emptied by ET,
indicating that in such situations water can move through the root zone to
become baseflow or is more likely to generate quick flow. Likewise, runoff
coefficient is higher when it takes less time to empty the transmission zone
through drainage, indicating the feedback between subsurface moisture storage
and ET through capillary fluxes (i.e. water in the perched aquifer is still available
for vegetation usage via capillary fluxes)
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Figure 21: Linear and non-linear regression relationships, significant at p<0.05 (*
indicates p<0.01), between hydrologic signatures and model time scales.
Triangles indicate no snow catchments and dots represent snow catchments.
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Baseflow index is strongly and linearly related to the time scale associated with
filling up the root zone by rainfall. When that time scale is short, less water will
leave the catchment as baseflow and more as surface runoff. This does not seem
to be affected much by climate, since even in the most arid catchments the
baseflow index can be high (e.g GUA which is a karst dominated catchment).

The only relationship that holds for all 12 catchments is between the slope of the
FDC and the time scale of the deep aquifer. This relationship is especially robust
because of the physical link between short time scales of the linear reservoir
behavior and the release of water from the catchment, as captured by the slope of
the FDC.

Finally, hydrologic signatures were regressed with different dimensionless
numbers, created as ratios of the model time scales. The symbol i-j is used to
indicate the dimensionless number created by time scale i over time scale j, with i
and j indices referring to time scales listed in Table 3. For instance, 2-8 is defined
by the ratio of the time scale to empty canopy storage by potential ET and the
time scale of the perched aquifer advection. It is clear from Figure 22 that the
aridity index is a strong control on the runoff coefficient, for all 12 catchments
(but somehow stronger for the no-snow catchments). This is no surprise since the
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left panels of Figure 22 are nothing but the Budyko hypothesis for the 12
catchments. However, for the no-snow catchments, a dimensionless number
defined by the time scale to empty the canopy storage (linked to PET) and the
diffusion time scale of perched aquifer drainage (linked to catchment early-stage
drainage), does equally well to explain the observed variance compared to the
aridity index (R2 of 0.935 at p<0.01 vs. 0.926 at p<0.05, respectively).

Figure 23 suggests that the same dimensionless number (15-12: ratio of interstorm
duration to deep aquifer time constant) explains both the baseflow index and the
slope of the FDC for all 12 catchments, even though stronger relationships are
possible when separating snow from no-snow catchments and when using
different dimensionless numbers. In any case, the time scales of aquifer drainage
always play an important role to explain these hydrologic signatures, indicating
that subsurface catchment characteristics are controlling release of water stored
in the saturated zone.
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Figure 22: Significant linear and non-linear regression relations between the
runoff coefficient and different dimensionless numbers: Left: aridity index; Right:
three dimensionless numbers related to different time scales in the models (2:
canopy emptying; 6: root zone emptying by drainage; 8: transmission zone
filling; 9: transmission zone emptying). Triangles indicate no-snow catchments
and dots represent snow catchments.
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Figure 23: Significant linear relationships between baseflow index and slope of
the FDC and different dimensionless numbers related to model time scales (4:
root zone filling by rain; 9: transmission zone emptying; 11: Boussinesq aquifer
diffusion; 12: deep aquifer; 15: mean inter-storm duration). Triangles indicate no
snow catchments and dots represent snow catchments.
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5.5 Co-variation of climate, vegetation and soil time scales
Finally, different ratios of time scales were analyzed with respect to the relation
among them. If significant (linear or non-linear) relationships exist between
different dimensionless numbers characterizing the catchments, this could
indicate that different time scales interact to create systematic emerging patterns
of hydrologic partitioning across the climate gradient. For example, Figure 24
shows a strong linear relationship (R2 = 0.86; p < 0.0001) between 14-9 and 2-8.
Catchments with low values of these two dimensionless numbers have climates
characterized by high PET and short storm durations, have low canopy storage
capacity (low LAI), slowly drain the root zone and transmission zone, and have
low perched aquifer storage capacity and hence high transmission zone storage
capacity. The opposite is true for catchments with high values for these 2
dimensionless numbers. The data suggest either a linear trend between those two
extremes or a non-linear (sigmoid) trend. The latter has a lower mean absolute
error regarding the data points. All this indicates that climate, vegetation and
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Figure 24: Top: relationship between two dimensionless numbers characterizing
co-variation between climate forcing, canopy storage and belowground storage
and release characteristics of the 12 catchments. The data suggest either a linear
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or a sigmoid functional relationship, with MAE (mean absolute error) smallest
for the latter; Bottom: Lack of significant relationship between mean storm
duration and potential evapotranspiration illustrating that trend in top panel is
not due to climate gradient only.

subsurface characteristics of root zone, transmission zone and perched aquifer
somehow co-evolve along the climate gradient.
To test whether the observed trend can be explained solely by trends in mean
storm duration (time scale 14 in y-axis) and mean potential evapotranspiration
(denominator of time scale 2 in x-axis), these two climate variables were plotted
against each other in the bottom panel of Figure 24. It is clear that the trend of the
top panel cannot be explained by climate only, and that vegetation and
subsurface characteristics identified through the process-based hydrograph
analysis have to be taken into account. This reinforces the notion that climate,
vegetation and subsurface storage and release properties of these basins co-vary
systematically across the climate gradient.
Apparently, the implemented hydrograph analysis with the aid of the processbased model resulted in a systematic variation of subsurface properties,
expressed as time scales related to the root zone and transmission zone, between
dry less vegetated and wet more vegetated catchments. At the far left in Figure
24 appear the catchments situated in Texas (GUA and SAN) and Missouri (SPR)
and at the far right are catchments situated in West Virginia (POT and TYG). If
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such relationship between climate, vegetation and soil time scales can be shown
to hold for other catchments along similar climate gradients, it can provide
guidance for catchment model parameterization that would apply to ungauged
basins. Obviously more research is required to support this conclusion.

5.6 Limitation of bottom-up modeling approach to explain hydrologic similarity
There are a number of disadvantages associated with the procedure outlined in
this study. First, model construction is to some degree subjective and different
hydrologists will develop different generic catchment models with the same
purpose of capturing hydrologic response. Therefore, model time scales derived
from individual model components are not universal and will depend on the
model construction. Model inter-comparison is needed to check to what degree
different model formulations will lead to different conclusions about the cause of
hydrologic similarity. The observed scaling relations between model time scales
and hydrologic signatures presented in this study should therefore be
interpreted with care, as they are probably unique to the modeling procedure
used in this study, and more work is needed to test their robustness.

Second, the described hydrograph analysis to select appropriate model
parameters is time consuming. Some of the hydrograph analysis can be
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performed with the aid of computer scripts, but still requires supervision of a
skilled hydrologist. Applying our procedure to all 280 catchments used by
Sawicz et al. (2011) is therefore beyond the scope of this work, but will ultimately
be required to test the robustness of these preliminary results.

Third, the presented method requires daily observations of precipitation,
temperature, streamflow, and other hydrometeorological variables. These are, by
definition, not all available in ungauged basins. Even though several model
parameters can be selected a priori from available databases and remote sensing
products, it is unclear whether this can lead to the construction of behavioral
models that can guide catchment classification methods in ungauged basins.
However, the observed co-variation between model time scales along a climate
gradient is an encouraging result for application in ungauged basins.
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CHAPTER SIX: PARAMETER SENSITIVITY ANALYSIS (SA)

6.1 Introduction
Some processes in nature of scientific interest are so complex that to do physical
experimentation would require excessive amounts of resources (i.e. economic
resources or time resources), or may simply not be possible because of lack of
control on initial and boundary conditions that characterize true experimentation
(Kleinhans et al., 2010). Therefore, in order to gain insights about those processes,
researchers make use of mathematical or computational models. A mathematical
model is defined by a series of equations, input factors, parameters, and state
variables, arranged in accordance with a conceptual model with the purpose of
characterizing the phenomena under consideration.

Sensitivity analysis is the study of how the variation in the output of a model can
be apportioned, qualitatively or quantitatively, to different sources of variation in
the model input and/or model structure. Sensitivity analysis is closely related to
uncertainty analysis that deals with the quantification of the overall uncertainty
associated with the model response as a result of uncertainties in the model
input. In general, sensitivity analysis examines the relationship between
information flowing in and out of the model (Saltelli et al., 2000)
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When performing a sensitivity analysis, one should consider the following:


Does the model adequately simulate the process under study? Inadequacies
in the model behavior can be identified if the outputs show strong
dependence on non-influential factors, as predicted by our current
knowledge of the process; also, unexpected magnitudes in the model output
might suggest an inappropriate model structure.



What are the factors/processes that mainly contribute to the output
variability? This can help to prioritize future research efforts and to focus the
estimation of those factors.



Are there “insignificant” parameters for output variability? This type of
parameters can be fixed with their a priori values reducing computational
time during the model identification (calibration) processes, while also
keeping the model structure as simple as possible.



What are the optimal regions in parameter space? This requires global
sensitivity analysis techniques due to the fact that behavioral models are not
necessarily close to the parameters’ nominal values.



Are there possible parameters interactions that might lead into equifinality
issues?
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There are different types of sensitivity analysis techniques, although the
boundaries between these methods are somewhat subjective. SA techniques can
be divided into three classes: screening methods, local SA methods, and global
SA methods. (i) Screening methods deal with computationally expensive models
that usually have a large number of parameters. Their main purpose is to
identify the parameters that control most of the output variability in a qualitative
manner (i.e. ranking of sensible parameters). (ii) Local SA techniques focus on
the local impact of parameters when these are allowed to vary within a small
interval around a nominal value. Typically, partial derivatives of the output
functions are computed with respect to the input variables. (iii) Global SA
techniques quantify the output uncertainty compared to the uncertainty in the
input factors. These are characterized by a probability distribution function that
covers the entire range of parameter values. (Sobol’, 1990; Helton et al., 1991; and
Saltelli and Homma, 1992)

In this chapter, a simple local sensitivity analysis is developed in order to
identify the factors that primarily contribute to the output variability. The one-ata-time (OAT) method was selected as an appropriate approach for conducting
the sensitivity analysis. In this method the impact of changing the values of each
factor is evaluated successively (Daniel, 1973). For this study the factors under
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consideration are the hsB-SM parameters; 21 parameters for models without a
snow component, and 23 parameters for models with a snow component
(including two additional snow parameters, which are the snow temperature
threshold and the snow melting rate coefficient). The sensitivity analysis is
performed locally around the parameter values identified for each of the 12
models, following the model identification process described in Chapter 3. The
variability in the model response will be measured in five model outputs for a
10-year simulation period (1990-1999). These five model outputs are: mean
runoff coefficient (RQP), mean baseflow index (IBF), slope of the flow duration
curve (SFDC), Nash-Sutcliffe efficiency evaluated on the daily discharge time
series (NSE_Q), and the Nash-Sutcliffe efficiency evaluated on the log
transformed values of the daily discharge time series (NSE_LogQ).

6.2 SA Methodology
Following the OAT method, each parameter was varied up to 50% above and
below its base value while the remaining parameters were held constant at their
base value. This was done while keeping in mind that the range of variation for
each parameter is subject to physical constrains. For example, the parameter that
defines recharge partitioning between shallow and deep aquifers can only take
on values between zero and one, in those cases the parameter were allowed to
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vary until its physical limit only. The base value for each parameter is obtained
after the model identification process. The list of those base values for the 12
catchments is presented in Table 2. The hsB-SM model was evaluated for each
new parameter value, and the change in response was measured by the variation
in the five model outputs previously mentioned (RQP, IBF, SFDC, NSE_Q, and
NSE_LogQ), of which three are hydrologic signatures and two are fitness
measures of the simulation. Two different metrics were used to quantify the
variation in the model’s output: the slope and the range between the normalized
change in the maximum and minimum in model output caused by the
normalized change in the parameter under consideration (See Figure 25).

Finally, the influence of each parameter is qualified by ranking the values of the
slope and range from high to low. The ranking is performed per catchment, and
per model output.
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FIGURE 25. Metrics to quantify model output variability under the one-at-a-time
sensitivity analysis. Two metrics are evaluated; the slope and the range between
the change in minimum and maximum model output. Each parameter was
varied ±50% around its base value.

6.3 SA Results
Plots similar to Figure 25 and tables with the slope and ranges values for the
changes in model output can be found in Appendix B. Table 6(a) presents the
ranking of the top-five parameters that cause the largest change in slope in the
variability of the model output for catchments without a snow component.
Parameters (rows in Table 6) are grouped by different physical characteristics of
the catchment. Parameters one to five are related to vegetation characteristics.
Parameters six to twelve are related to soil characteristics. Parameters thirteen to
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seventeen are related to hydrogeological characteristics and finally, parameters
eighteen to twenty-one are related to geomorphologic characteristics. Each
column in Table 6 corresponds to an individual catchment identified by three
letters (See Table 1), and each group of columns corresponds to a specific model
output. In order to facilitate visual pattern recognition in Table 6, each value has
a different color. Colors range from red for the first ranked parameter to blue for
the fifth ranked parameter. The color code was implemented for each catchment
or column. Table 6(b) is similar to Table 6(a), but in this case, results for
catchments with a snow component are shown. Parameters twenty-two and
twenty-three (bottom two rows) correspond to snow processes.

Table 7(a) and Table 7(b) are similar to Table 6(a) and Table 6(b) respectively, but
in this case, the parameter sensitivity was quantified by the range in output
variability.
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TABLE 6(a) - Ranking of parameter sensitivity based on the slope of output variability for catchments without snow.
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TABLE 6(b) - Ranking of parameter sensitivity based on the slope of output variability for catchments with snow.

132
TABLE 7(a) - Ranking of parameter sensitivity based on the range of output variability for catchments without snow.
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TABLE 7(b) - Ranking of parameter sensitivity based on the range of output variability for catchments with snow.
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6.4 SA Discussion
Both the slope and range of output variability, seen when applying the OAT
method parameter perturbation, produce very similar results regardless of
whether or not a snow component is present (Compare Figure 6 and Figure 7). It
is important to remember that the performed sensitivity analysis focuses on
model parameters only; therefore, climatic forcing remains constant for each
catchment.
Based on the sensitivity analysis results, the model behavior seems to agree with
the expected behavior of different physical components under consideration. For
example, Figure 26 presents the fractional change in the response for three
hydrologic signatures when the vegetation root fraction parameter varies ±50%
around its nominal value for San Marcos catchment.

Figure 26. Example of the fractional change in the model response, for 3
hydrologic signatures, when vegetation root fraction varies ±50% around its
nominal value for San Marcos catchment.
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Left and central panels on Figure 26 show how the runoff coefficient and the
baseflow index increases 60% and 8% from their base value, when the vegetation
root fraction parameter (VRF) decreases 50% from its optimized value. This result
clearly agrees with the expected behavior for this parameter that controls the
transpiration rate. A lower transpiration rate will allow more water to become
runoff and baseflow.

The right panel on Figure 26 shows the response for the slope of the flow
duration curve. Curiously, the increasing trend (when moving from right to left
on that panel) is interrupted when VRF is reduced by 50%, however Figure 27
explains this result.

Figure 27 shows the flow duration curve for San Marcos catchment for three
different values of the parameter VRF. Vertical dashed lines indicate the
thresholds for the SFDC evaluation (Q33 and Q66). Clearly, when VRF is reduced
(purple dashed line) there is a positive bias on the amount of runoff released by
the catchment (FDC shifts upwards), and Q66 increases relatively more than
Q33, which reduces the SFDC. The opposite behavior occurs when VRF is increased
(purple dotted curve), but now Q66 decreases relatively less than Q33 reducing
the SFDC as well. Although apparently a contradiction, increasing or decreasing
the root fraction by 50% will reduce the SFDC for San Marcos catchment; this is
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because of the change on the controlling discharge ranges (either controlled by
the low flows, Q66, or controlled by the high flows, Q33).

Figure 27. Flow duration curves for San Marcos catchment. Vegetation root
fraction (RF) varying ±50% around its base value. Vertical lines indicates the
thresholds to calculate SFDC (33% and 66% exceedance probability)

The above detailed analysis for San Marcos catchment response to changes in the
root fraction parameter is presented as an example of physical consistency of the
hsB-SM model behavior. The complete set of figures, for the 12 catchments,
similar to Figure 26 can be found in Appendix B.
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Mean annual runoff coefficient –
The mean annual runoff coefficient (RQP) is mainly controlled by vegetation
parameters, in particular by vegetation root fraction (VRF), vegetation light use
efficiency (), and root zone moisture critical point (c). This last parameter
defines the threshold moisture content when vegetation is stressed and
transpiration rate is reduced from its potential value.

In 9 of the 12 catchments, VRF was the most sensitive parameter, which agrees
with the relationship found in Chapter 5 between the runoff coefficient and the
root zone emptying due to transpiration (Figure 21). In the remaining 3
catchments FRE, MON*, and TYG* (star symbol indicates a snow-dominated
catchment), the most sensitive parameters were vegetation height, pore size
distribution index, and depth to bedrock respectively.

Of the 12 catchments, FRE has the tallest vegetation height. This may explain
why vegetation height was the most sensitive parameter for this catchment. In
MON* and TYG*, soil parameters are the most sensitive parameters with respect
to the runoff coefficient. This can be explained because these two catchments
have the lowest root zone and transmission zone emptying time scales (Table 3),
therefore, water moves relatively quickly across the soil profile to become aquifer
recharge.
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Mean annual baseflow index –
The mean baseflow index (IBF) is mainly controlled by both soil and vegetation
parameters, in particular by the vertical saturated hydraulic conductivity for
infiltration and the vegetation root fraction. The first parameter controls the
partitioning of throughfall between infiltration and surface runoff via infiltration
excess. The second parameter controls the partitioning between transpiration and
aquifer recharge processes.

In 9 of the 12 catchments, equilibrium infiltration, kv, ranks as the most sensitive
parameter. In the other 3 catchments, SPR, MON* and TYG*, the most sensitive
parameters were the vegetation root fraction, the pore size distribution index,
and the depth to bedrock respectively. SPR has the largest VRF value among the
12 catchments, which can explain why this parameter ranks first for this
catchment. MON* and TYG* have the same two most sensitive parameters for
both runoff coefficient and baseflow index. Possible reasons for this condition
were discussed in the runoff coefficient section (see above).
Slope of the flow duration curve –
The slope of the flow duration curve is affected by a diverse type of parameters.
SFDC is mainly sensitive to vegetation, soils, and hydrogeological parameters, in
particular by vegetation root fraction, depth to bedrock (D), root zone depth

139

(Drz), pore size distribution index (B), horizontal hydraulic conductivity (kh), and
deep aquifer parameter –b-. The SFDC shows sensitivity to a larger number of
parameters since this hydrologic signature can be modified by changes in high
flows, changes in low flows, or a combination of both. Parameters like Drz and D
affect the high flows via saturation excess overland flow. Drz clearly controls the
water holding capacity of the root zone, and variations in D modify the distance
between the capillary fringe depth and the bottom of the root zone, increasing or
decreasing the capillary flux toward the root zone. Parameters like B, kh, and b
control intermediate to low flows. B affects aquifer recharge rate, while kh and b
affect the release of baseflow from perched and deep aquifers, respectively.

NSE_Q –
Not surprisingly, NSE_Q is mainly controlled by parameters affecting the
magnitude and timing of the peak discharges (related to overland flow), i.e. root
zone depth, depth to bedrock, average channel velocity, and snow parameters.
In 3 catchments without snow (GUA, SAN, and RAP), NSE_Q is most sensitive
to parameters that control runoff generation, i.e. root zone depth (controls
saturation excess runoff) and kv for infiltration (controls infiltration excess
runoff). In 3 other catchments (SPR, AMI, and FRE), NSE_Q is most sensitive to
the mean channel velocity parameter that obviously controls the channel
network routing effect. In the snow-dominated catchments, NSE_Q is most
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sensitive to channel network routing parameters (channel mean velocity and the
Froude number) and the snow temperature threshold.

NSE_LogQ –
The logarithmic transformation rescales the magnitude of the discharges,
increasing the relative importance of the low flows with respect to the high
flows. NSE_LogQ is mainly controlled by vegetation and soil parameters. In the
case of vegetation parameters, root fraction is ranked in first place in 8 of the 12
catchments. In catchments without snow component, vegetation parameters rank
in second place and in catchments with snow component soil parameters rank in
second place. In the case of soil parameters, NSE_LogQ is most sensitive to
parameters related to storage capacity (root zone depth and depth to bedrock),
and in second place to infiltration and drainage parameters.

Parameter interaction in transpiration flux parameterization –
Given that all three hydrological signatures and NSE_LogQ show high
sensitivity to vegetation parameters, it is important to analyze the interaction
between the parameters that control transpiration fluxes, in order to better
understand their relative roles. As previously presented in Chapter 2, the
transpiration rate that removes moisture from the root zone is given by (Teuling
and Troch, 2005):
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t  (1   w c )VRF t (1  e   *LAI )E(rs,min ) ,



where

(19)

wc [-] is the areal fraction of wet canopy, VRF [-] is the vegetation root

fraction,  [-] is the vegetation light use efficiency, E(rc,min) [m/s] is the potential
vaporization rate using a minimal canopy resistance, and

t [-] is the

transpiration reduction coefficient that depends on the root zone moisture
content.
The following analysis considers the relationship between VRF, , and LAI, while
keeping the remaining parameters at assigned nominal values. Figure 28
presents the parameter interaction between VRF and , characterized by the
transpiration rate surface response. Transpiration values are expressed as a
fraction of E(rs,min). Three different values of the LAI were considered based on
the range of maximum LAI values for the 12 catchments. The areal faction of wet
canopy, wc, was set equal to zero (completely dry canopy condition), and t was
set equal to one (un-stressed vegetation condition).

Figure 28 shows how LAI controls the maximum transpiration rate (i.e when VRF
and  are equal to 1). In the Figure 28a, with LAI = 0.5 [-], vegetation can
transpire a maximum of 35% of the potential vaporization rate. In Figure 28c,
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with LAI = 5.0 [-], vegetation can transpire 100% of the potential vaporization
rate, E(rc,min).

In terms of parameter interaction, the trend presented in Figures 28a, 28b, and
28c (LAI values of 0.5, 2.5, and 5.0 respectively), shows that the larger the value
of LAI the more insensitive transpiration becomes to the light use efficiency
parameter (i.e. horizontal bands Figure 28c). Transpiration seems to always be
sensitive to vegetation root fraction independent of the LAI value. This condition
suggests lower uncertainty in the derived VRF values in comparison with 
values.

Figure 28a. Surface response for transpiration as a fraction of E(rc,min) and as a
function of vegetation root fraction and light use efficiency parameters LAI = 0.5
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Figure 28b. Surface response for transpiration as a fraction of E(rc,min) and as a
function of vegetation root fraction and light use efficiency parameters LAI = 2.5

Figure 28c. Surface response for transpiration as a fraction of E(rc,min) and as a
function of vegetation root fraction and light use efficiency parameters LAI = 5.0
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Implications on model identification –
Just three of the twenty-three parameters under consideration never ranked in
the top-five for parameter sensitivity in any model output for any catchment.
These three parameters are the root zone moisture content at wilting point ( w),
the vertical saturated hydraulic conductivity for the transmission zone (ktz), and
the channel bed slope (S0). This result suggests that w and ktz may be fixed at
their a priori values during the model identification process, reducing the
computational cost during that process. Hillslope bedrock slope () and channel
bed slope are fixed parameters with a priori values derived from DEM analysis.
The sensitivity analysis results indicate that fixing S0 is an acceptable
assumption. However, improvements in model behavior may be achieved if  is
allowed to vary around its a priori value, which will mainly affect the SFDC.

Limitations –
One limitation of the OAT method is that it only allows for the evaluation of the
first-order effects. This means that the effect of parameter interaction is not
included. Also, the parameter perturbations are located near the parameter base
values, so this method does not consider the full range of parameter variability.
These limitations can often be overcome by implementing a Global Sensitivity
Analysis. However, the attempt to perform a Global Sensitivity Analysis failed
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due to the highly coupled and non-linear character of the model equations,
which caused instabilities in the numerical solution of the governing equation for
the perched aquifer (Eq. 1).

In future work, the presented model can be reformulated so that the dynamic
groundwater equation is replaced with derived storage-discharge relationships.
This will remove most of the issues of numerical instability and will allow for the
testing of parameter uncertainty and parameter sensitivity required to assess the
suitability of the listed parameter values in Table 2.
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CHAPTER SEVEN: THE ROLE OF CLIMATE-VEGETATION-SOIL
INTERACTIONS IN LONG-TERM HYDROLOGIC PARTITIONING –
SIGNATURES OF CATCHMENT CO-EVOLUTION

7.1 Introduction
Catchment hydrologic partitioning, regional vegetation composition and soil
properties are all strongly affected by climate. The Budyko hypothesis (1974)
empirically predicts the ratio of the mean annual actual evaporation over the
mean annual precipitation (E/P, Evaporation index) as a function of the ratio of
the mean annual potential evaporation over the mean annual precipitation
(PE/P, Aridity index). Budyko’s hypothesis constitutes a good example of how
climate becomes a first-order predictor of the water balance for a broad array of
catchments in spite of differences in geology, soils, and vegetation. This suggests
that soil and vegetation evolve in characteristic ways in response to their local
climate. Wolock and McCabe (1999) explain the majority (91%) of the spatial
variability in mean annual runoff for the climate divisions in the conterminous
U.S. by the spatial variability in the mean annual precipitation minus mean
annual potential evapotranspiration. They

found that

by

taking

into

consideration both soil moisture-storage capacity and seasonality in supply and
demand that this provided the most improvement in divisions where seasonal
supply and demand are out of phase.
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Climate also exerts the dominant control on the distribution of the major
vegetations types in the world. This distribution can be predicted through the
combination of temperature and precipitation data (Shuttleworth, 1983;
Woodward, 1987). At a global scale, there is a clear climatic pattern from the
equator to the poles, and vegetation follows a closely analogous pattern. The
existence of vegetation zones identified as boreal, temperate and rain forest,
imply that there is a climatic influence on global vegetation distribution. One
possible mechanism to explain climatic control on vegetation is through basic
physiological processes that explain why a particular species is able to survive in
a particular area (Walter and Box, 1976); however, this approach does not
generally separate cause and effect and is, therefore, limited as predictive tool.
Alternatively, Holdridge (1967) and Box (1981) try to understand climatic control
of plant distribution based on taxonomy of vegetation and climate. For example,
the vegetation of a particular region can be classified in overall physiognomic
terms (following Holdridge ideas) or in more detail as an overall life form but
composed of individual species differing in plant and leaf size (following Box
ideas). Again, in this second alternative, vegetation types are predicted by
correlation and not on a fundamental physiological basis. Nevertheless, there are
very strong correlations between physiognomy and two particular climatic
factors: water availability (measured as the difference between rainfall and
evapotranspiration) and temperature. Water availability (scarcity) influences the
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pattern in the physical mass of vegetation (i.e. leaf area index), and the range of
vegetation temperature tolerance is associated with specific physiognomy (i.e.
broad-leaved deciduous or evergreen forest).

Jenny (1941) proposed that soil properties are correlated with independent
variables called soil formation factors.

He identified these factors as time,

parental material, topography, organisms, and climate. Two main climatic
characteristics were considered to affect the soil formation process: precipitation
and temperature. The essential criterion for a distinctive climatic soil type is the
presence of similar morphological characteristics that are preserved under a
variety of geographical environments and geological strata. For example, podsols
develop in humid cool climates and occur on moraines, alluvial sands, granites,
gneisses, diorites, loess, peaty deposits, and even in limestones. They are also
found in both flat and rough topographical areas, under forest and heath as well
as under grass vegetation.

The role of climate-vegetation-soil interactions in hydrologic partitioning at the
catchment scale is still poorly understood. By using a physically-based
hydrologic model as a “virtual reality” (Weiler and McDonnell, 2004; Wood et
al., 2005), it is anticipated that insight can be gained regarding the role of climatevegetation-soil interactions in long-term hydrologic partitioning.
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In an attempt to decouple climate and landscape properties, the hillslope storage
Boussinesq – Soil Moisture model, hsB-SM, was applied to a group of MOPEX
catchments in the United States across a climate gradient. The model, hsB-SM, is
a

process-based

hydrologic

model

that

accounts

for

topographic,

geomorphologic, soil and vegetation information at catchment scale and
conditions its parameter values using readily available data on precipitation,
temperature

and

streamflow.

Details

about

the

model

structure

and

parameterization can be found in Chapter 2. The model was applied to 12
catchments from the Model Parameter Estimation Experiment (MOPEX) dataset.
The catchments are all located east of the Rocky Mountains (USA), and these
catchments represent a wide range of climate and hydrologic regimes. For
example, the aridity index (PE/P) ranges from 2.0 to 0.3. High values of the
aridity index correspond to catchments in Texas, and low values correspond to
catchments in North Carolina and West Virginia. Details about the catchment
characteristics can be found in Chapter 4.
Once a behavioral model was identified for each of the 12 selected catchments,
each catchment (filter) could be subjected to different forcings in a type of
catchment response sensitivity analysis to climate. In this type of virtual
experiment, not only are variations in precipitation or temperature time series
allowed, as has been commonly done in other studies, but complete forcing sets
are shuffled maintaining that their variables (i.e. precipitation, temperature,
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relative humidity, vapor pressure) behave in accordance with the inherent
physical relationships among them. This virtual experimentation can be
extended to analyze catchment response to changes in soil, vegetation,
hydrogeologic and geomorphologic characteristics, with the aim of gaining
insights and generating hypothesizes that can be tested with observations, to
ultimately lead to increased understanding of catchment co-evolution.

7.2 Methodology
Following the model identification process, described in Chapter 3, behavioral
models were found for the 12 catchments along a climatic gradient. Each of the
models was subjected to 12 different climatic forcings over a 10-year simulation
period (1990 – 1999). This resulted in a total of 144 simulations. Long-term
hydrologic partitioning was analyzed in two ways, first, by catchment (i.e. one
catchment model subjected to 12 climates), and secondly, by climate (i.e. one
climate filtered by 12 different models).
The simulated mean annual evaporation index, defined as the ratio E/P, where E
is the total annual evaporation and P is the total annual precipitation, was
compared to the predicted evaporation index based on Budyko’s hypothesis
(1974),
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where PE is the long term potential evaporation and the ratio PE/P is commonly
known as the Aridity Index. Deviations between simulated and predicted
evaporation index (E/P) are computed by the following equation:
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Figure 29 illustrates the hydrologic partitioning for Spring River catchment, in
Missouri, compared to Budyko’s hypothesis. The top frame corresponds to the
Spring River model response when forced by 12 different climates, and the
bottom frame corresponds to the Spring River climate filtered by 12 different
models.
Mean E/P values were calculated, both per catchment and per climate, and the
resulting sign indicates the tendency of a specific catchment or climate to
produce more or less E/P than what Budyko’s hypothesis would predict. Finally,
model parameters (Table 2) and time scales (Table 3) were analyzed to identify
which model (filter) characteristics explain the observed catchment’s tendency.
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Figure 29. Illustration of E/P calculation. Markers correspond to the evaporation
index (E/P) vs. Aridity Index (PE/P) for Spring River, MO. The continuous black
line corresponds to Budyko’s hypothesis (Eq. 39). The diamond shaped marker
corresponds to the Spring River catchment with its own climate. – (Top) Results
for the Spring River catchment under 12 climates - (Bottom) Results for the
Spring River climate filtered by 12 catchments.
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7.3 Results and discussion
Figure 30 shows E/P values as a function of the aridity index on Budyko’s type
plot. Each curve corresponds to an individual catchment response while subject
to 12 different climates. Large markers (colored circles) indicate the catchment
response when forced with its own climate. Curves were created using a
smoothed cubic polynomial function (cubic spline). It is important to notice that
there are certain climates, identified by their aridity index, that cause all of the
catchments (filters) to generate lower values of E/P resulting in a concave
bending of the curves (i.e. Spring River, MO in yellow). Similarly, convex
bending in the spline curves corresponds to climates that generate higher E/P
regardless of the catchment that they act upon (i.e. South Branch of Potomac
River in black).

Values of E/P are presented in Table 8. Rows correspond to individual
catchments forced with 12 different climates. Columns correspond to individual
climates filtered by 12 different catchments. There are four blank cells in Table 8
that correspond to four cases, out of 144, where that specific climate-catchment
combination resulted in numerical instability while solving the governing
equation of the perched aquifer dynamics. Mean E/P values were calculated by
catchment and by climate. The background color scale ranges from red to blue
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denoting low to high E/P values, respectively. The star symbol (*) identifies
catchments with a snow component.

Figure 30. Evaporation index as a function of the aridity index for individual
catchments forced by 12 climates. Star symbol (*) indicates catchments with a
snow module. Large markers correspond to catchments with their own climate.
Both sets of mean E/P values, evaluated by catchment and by climate, were
regressed on model parameters, time scales and dimensionless numbers (derived
from time scales ratios), in an attempt to gain insights about the controls on the
observed patterns. Only regressions significant at the 95% confidence level were
analyzed.
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Table 8 – E/P values according to Eq. 40 - Values are averaged by rows (one
catchment forced by 12 climates) and by columns (one climate filtered by 12
catchments) - Color scale ranges from red to blue denoting low to high E/P
values, respectively.
Scaling relationships –
Table 9 presents significant correlations between mean E/P values and model
parameters. Averaged values by catchment are correlated to the catchment and
channel slopes and to the Kv parameter for infiltration. The three correlations are
shown in Figure 31. Catchment and channel slopes are inversely correlated with
mean E/P values. This indicates that the steeper the slope, the less time water
resides in the catchment, in consequence, reducing the opportunity for
evapotranspiration. The infiltration parameter, Kv, is positively correlated with
catchment E/P. Larger soil infiltration capacities will favor infiltration rather
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than Hortonian runoff processes, which increases the water availability for
vegetation consumption.

Table 9. Significant correlations between mean E/P and model parameter

Mean E/P by climate is positively correlated to the maximum LAI and
catchment slope, and inversely correlated to the vegetation root fraction (VRF),
light use efficiency (), and infiltration Kv parameter. Climates that have a
tendency to produce more E/P have catchments that have more vegetation mass
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Figure 31. Significant relations between mean E/P by catchment and model
parameters
(i.e. higher LAI) with lower transpiration efficiencies (i.e. lower VRF and ).
Interestingly, catchment slope and infiltration Kv are also related to catchment
E/P, but with opposite correlation signs. The three correlations with the highest
coefficient of determination (R2) values are shown in Figure 32.
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Figure 32. Correlations between mean E/P by climate and model parameters.
Only the three correlations with the highest R2 are shown.
Table 10 presents significant correlations between mean E/P values and
characteristic time scales. The same three time scales are related to both mean
E/P values by catchment and by climate, but with reverse correlation signs. (i.e.
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when a time scale is positively correlated to catchment E/P, the same time scale
is inversely correlated to climate E/P). These time scales are the perched aquifer
advective time scale, the canopy filling time scale, and the mean storm duration.
The first two time scales are derived from the model, and the latter is a climatic
time scale.
Table 10. Significant correlations between mean E/P and characteristic time
scales.

Catchments with relatively longer perched aquifer storage-release time scales
produce significantly more E/P (Figure 33 top) than predicted by Budyko’s
hypothesis. Since the hsB-SM model structure allows vegetation to use water
from the perched aquifer, via capillary rise flux, the longer the water resides in
this aquifer, the longer the vegetation will have access to this additional
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groundwater source, and thus vegetation will be less water stressed. The other
two time scales are related to climatic characteristics, for example the
relationship shown in Figure 33 (middle) suggests that catchments that evolve in
climates with long storm durations tend to have lower E/P values.

Figure 34 shows the relationship between mean E/P by climate and time scales.
The center and bottom panels reflect a similar climatic condition. Longer canopy
filling time scales are related to low precipitation intensity and clearly
precipitation intensity is inversely related to storm duration. A possible
explanation for this relationship is that in climates with long storm duration (low
precipitation intensity) there is more opportunity for water to infiltrate,
replenishing

the

root

zone

and

making

that

water

available

for

evapotranspiration. Favorable infiltration conditions also imply the reduction of
Hortonian runoff generation. Both conditions, more water available for
transpiration and less runoff, favor an increase in evapotranspiration.
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Figure 33. Significant relationships between mean ∆E/P by catchment and model
time scales
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Figure 34. Significant relationships between mean ∆E/P by climate and model
time scales
Significant correlations between dimensionless numbers and E/P by catchment
and by climate are listed in Table 11 and Table 12 respectively. The subscripts in
each dimensionless number represent the two time scales that define that
number. The corresponding number to each time scale is listed in Table 3.
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Table 11. Significant correlations between E/P and dimensionless numbers

- Mean by catchment

i-j

R

R

10-14
10-1
10-12
10-15
10-2
10-13
4-10
10-8
10-6
10-7
10-9
11-1
11-4
15-14
11-14
11-2
1-15
6-14
8-4
2-15
6-1

0.89

0.79

0.00025

0.86

0.74

0.00072

0.86

0.73

0.00076

0.84

0.71

0.0012

0.82

0.67

0.0020

0.81

0.66

0.0024

-0.81

0.65

0.0027

0.80

0.63

0.0033

0.77

0.59

0.0058

0.77

0.59

0.0060

0.75

0.57

0.0073

0.75

0.56

0.0077

0.73

0.54

0.0103

0.68

0.46

0.016

0.67

0.45

0.025

0.65

0.43

0.029

-0.62

0.39

0.031

0.60

0.36

0.038

0.60

0.36

0.040

-0.59

0.35

0.044

0.58

0.34

0.047

2

p-val

164

Table 12. Significant correlations between E/P and dimensionless numbers
- Mean by climate

i-j

R

R

10-12
10-2
10-14
10-1
1-15
10-15
10-6
10-9
10-13
15-14
11-1
2-15
10-8
10-7
1-8

-0.77

0.60

0.0053

-0.77

0.59

0.0060

-0.76

0.58

0.0061

-0.75

0.56

0.0077

0.71

0.51

0.0090

-0.71

0.51

0.014

-0.71

0.50

0.015

-0.69

0.48

0.018

-0.68

0.47

0.020

-0.66

0.44

0.019

-0.65

0.42

0.030

0.65

0.42

0.022

-0.64

0.40

0.036

-0.63

0.40

0.036

0.59

0.35

0.043

2

p-val

Figure 35 shows the relationships with the highest coefficient of determination
for E/P evaluated by catchment (top) and by climate (bottom). This figure
suggests a strong interaction (co-evolution) between climate and catchment
characteristics. Large values of

10-14

(top panel) can be achieved by a long

perched aquifer time scale (a hydrogeology characteristic), by short duration
storms (a climatic characteristic of the geographic location where each catchment
evolved), or by a combination of both conditions. The bottom panel indicates that
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climates that have lower E/P values are correlated with the hydrogeology ( 1012)

of the catchments that evolve under those specific climates.

Figure 35. Relationships between dimensionless numbers and mean E/P by
catchment (top) and by climate (bottom). Only relationships with the highest R 2
are shown.
Tables 11 and 12, also show correlation with other dimensionless numbers
derived from catchment process time scales (TS10: Perched aquifer time scale,
TS12: Deep aquifer time scale, and TS6: Root zone emptying by drainage) and
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climate controlled time scales (TS14: Mean storm duration, TS1: Canopy filling,
TS2: Canopy emptying, and TS15: Mean inter-storm duration)

Finally, Figure 36 shows a significant anti-correlation between average
evaporation index deviations computed per catchment and per climate.
Catchments that, on average, produce more E/P have developed in climates that,
on average, produce less E/P when compared to Budyko’s prediction.

Figure 36. Correlation between average E/P evaluated by catchment and by
climate. The marker colors correspond to individual catchments.
The results indicate that the catchments compensate for climate properties, when
climate, on average, generates more E/P, the local catchments produces in
average less E/P, an vice versa.
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7.3.2 Hydrologic partitioning analyzed by climate
The previous section (7.2.1 Scaling relationships) discussed correlations between
E/P values, by catchment and by climate, and different time scale factors
derived from the model. 79% of the variance in observed values of E/P by
catchment can be explained by the dimensionless number

10-14 that relates the

perched aquifer time scale and the mean storm duration for the local climate
(Figure 34 - top). Both time scales (TS14 and TS10) characterize physical
processes that can be related to the evaporation index, as previously discussed.
When E/P was examined by climate, it was found to be mainly correlated with
the catchment characteristics that evolve under each specific climate. Strong
correlation was found between E/P by climate and vegetation efficiency
parameters, like vegetation root fraction and light use efficiency (Figure 32 - top
and middle), and hydrogeology processes such as the ratio of the perched
aquifer time scale to the deep aquifer time scale (Figure 34 - bottom). Although,
these results seem to support the idea of climate-catchment co-evolution, they do
not provide a physical explanation for the observed pattern in E/P by climate.

Revisiting Figure 30, seen at the beginning of this Chapter, the concave and
convex bending of the curves indicate that some climates tend to produce more
or less E/P than the predicted value given by Budyko’s hypothesis. This same

168

observation can be made in Figure 36 where the local climates of the Spring
(yellow marker) and English (brown marker) catchments are located along the
left side of the horizontal axis. The position of these markers means that these
climates have the tendency to produce low values of E/P, independent of the
selected catchment (filter). On the other hand, the local climates of Amite (light
blue marker) and South Branch of Potomac (Black marker) catchments are at the
right side of the horizontal axis in the same figure. These climates tend to
produce more E/P regardless of the selected catchment filter they pass through.

The aridity index, an annual scale climatic index, does not explain the
aforementioned pattern created by climate. At a monthly scale, seasonality
should be a good candidate for explaining the observed pattern, based on the
concept of in/out-of-phase climates. For example, when evaporative demand
occurs during the same period as considerable precipitation input (in-phase), the
evaporation index should be larger than when both conditions occur at different
periods of the year (out-of-phase). Exploring this idea, the seasonality index, SI,
(Walsh and Lawler, 1981) was evaluated for the 12 climates. The SI was
calculated as

SI 

1
R

12

X
m1

m



R
12

,

Eq. 41
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where R is the total mean annual precipitation, and Xm is the mean monthly
precipitation for the month, m. Table 13 provides the values and qualitatively
description of SI for the 12 climates.

Table 13. Seasonality index for the 12 MOPEX catchments
Seasonality
Index
GUA
0.22
SAN
0.21
ENG*
0.42
SPR
0.30
RAP
0.13
MON*
0.11
EAS*
0.23
POT*
0.15
BLU*
0.17
AMI
0.17
TYG*
0.16
FRE
0.15

Climate

Precipitation regime
Precipitation spread throught the year , but with a definite wetter season
Precipitation spread throught the year , but with a definite wetter season
Rather seasonal with short drier season
Precipitation spread throught the year , but with a definite wetter season
Precipitation spread throughout the year
Precipitation spread throughout the year
Precipitation spread throught the year , but with a definite wetter season
Precipitation spread throughout the year
Precipitation spread throughout the year
Precipitation spread throughout the year
Precipitation spread throughout the year
Precipitation spread throughout the year

Following Walsh and Lawler’s (1981) precipitation regime scale, the maximum
level is described as “Extreme seasonality, with almost all precipitation in 1-2
months”, and corresponds to SI > 1.20. Because none of the 12 climates even
reached a “Seasonal” classification, corresponding to SI values between 0.60 and
0.79, an alternative index was devised to quantify seasonality. Using the
correlation coefficient between mean monthly precipitation and mean monthly
temperature, RP-T, the effects of seasonality could be examined.
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In a study to explain spatial variability in mean annual runoff, Wolock and
McCabe (1999) calculated RP-T for 344 climate divisions in the conterminous
United Sates in order to account for seasonality effects. They clustered R P-T
values in five groups, having the most out-of-phase regions with RP-T values
lower than -0.61, and the most in-phase region with RP-T values higher than
+0.61. Table 14 shows RP-T values, in ascending order, for the 12 catchments in
the present study. Even the most negative RP-T value (-0.49 for AMI) is still far
from the threshold for strong seasonality effects (RP-T < -0.61). In fact, some RP-T
values for the 12 catchments imply an opposite effect on water partitioning when
compare to observations. For example, the Amite climate has positive values for
E/P but it also has the most negative correlation (out-of-phase) between
monthly precipitation and temperature. The opposite situation is illustrated with
Spring climate, which has negative values for E/P but has one of the highest
positive RP-T values (in-phase).

Although these results are contradictory, Wolock and McCabe (1999) noted that
seasonality effects improve the explanatory power in their models only for
climate regions on the west coast (RP-T < 0.61), whereas seasonality has little
effect in regions of the country where water supply and demand are in-phase.
Their study also classified regions as out-of-phase, where the evaporation index
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was significantly higher than expected according to Budyko’s hypothesis (Figure
8 in Wolock and McCabe, 1999).
Table 14 - Correlation coefficient between mean monthly precipitation and mean
monthly temperature (RP-T) for the 12 MOPEX catchments
Catchment
ID
RP-T

Amite, LA
French B., NC
Bluestone, WV
Tygart valley, WV
San Marcos, TX
Monocay, MD
Rappahanocck, VA
South Potomca, WX
Guadalupe, TX
East Fork, IN
Spring, MO
English, IA

AMI
FRE
BLU*
TYG*
SAN
MON*
RAP
POT*
GUA
EAS*
SPR
ENG*

-0.49
-0.27
-0.16
0.07
0.15
0.17
0.19
0.28
0.32
0.48
0.61
0.91

Finally, from the analysis of daily precipitation and temperature time series, two
climatic variables have been identified that may explain the observed pattern in
the mean E/P values by climate. These variables are: the fraction of rainy days,
FRD, and the mean temperature during rainy days, TRD. Two empirical models
were developed to test the relationship between mean E/P by climate and the
two variables. The first model considers a linear relationship between the two
variables FRD and TRD and E/P by climate (Figure 37 top), as expressed in
Equation 42,
E/Pby climate = -0.7150 + 0.7707 * FRD + 0.0081 * TRD
R2 = 0.59

p-value = 0.018

Eq. 42
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The second model (Figure 16 bottom) also includes an interaction term defined
by the product of FRD and TRD squared, as expressed in Equation 43,
E/Pby climate = -0.0346 + 0.3473 * FRD – 0.0449 * TRD + 0.0025 * FRD * TRD2
R2 = 0.67
p-value = 0.026

Eq. 43

Figure 37. Linear (top) and non-linear (bottom) empirical models to relate mean
E/P by climate with two climatic variables, fraction of rainy days, F RD, and
rainy days mean temperature, TRD.
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7.4 Summary
The hsB-SM hydrologic model is used to decouple climate and landscape
properties in an attempt to gain insight into the role of climate-vegetation-soil
interactions in long-term hydrologic partitioning. Each of the behavioral models
was subjected to 12 different climatic forcings corresponding to a 10-year
simulation period (1990 – 1999). This resulted in a total of 144 simulations. Longterm hydrologic partitioning was analyzed in two approaches, first, by
catchment (i.e. one catchment model subjected to 12 climates), and secondly, by
climate (i.e. one climate filtered by 12 different models), and compared to
hydrologic partitioning predictions based on Budyko’s hypothesis (E/P).

In the case of E/P by catchment, 79% of the variance can be explained by the
dimensionless number

10-14 that relates the perched aquifer advective time scale

and the mean storm duration (Figure 34 - top). In catchments with relatively
longer perched aquifer storage release time scales, vegetation has longer access
to this additional groundwater source (via capillary flux) and thus will be less
water stressed. Climates with longer storm duration are associated with lower
values of precipitation intensity, which favors water infiltration instead of
Hortonian runoff, increasing the water availability for evapotranspiration.
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In the case of E/P by climate, 67% of the variance can be explained by an
empirical equation that relates the fraction of rain days with the mean
temperature of these rainy days (Eq. 43; Fig 37 bottom). The fraction of rainy
days is an index related to water availability, and the mean temperature of the
rainy days express a kind of seasonality effect but are evaluated at a daily time
scale (at a monthly time scale, averaging seems to smooth out the seasonality
effect, at least for the metrics and catchments under consideration).

Significant

anti-correlation

between

average

deviations

from

predicted

evaporation index (E/P) computed per catchment vs. per climate was found (Fig.
36). Catchments that, on average, produce more E/P have developed in climates
that, on average, produce less E/P when compared to Budyko’s prediction.
Climates that give rise to more (less) E/P are associated with catchments that
have vegetation with less (more) efficient water use parameters. In particular, the
climates with a tendency to produce more E/P have catchments with a lower
vegetation root fraction and less light use efficiency. Also, E/P deviations from
Budyko’s hypothesis averaged by climate are correlated with the ratio of two
hydrogeology time scales, perched and deep aquifer time scales (Figure 34 bottom). These results appear to support the idea of catchment co-evolution,
given the strong interactions between climate, vegetation and soil properties that
lead to specific hydrologic partitioning at the catchment scale.
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CHAPTER EIGHT: DISCUSSION AND CONCLUSIONS

The present dissertation provides insights on hydrologic catchment similarity,
particularly on the topic of hydrologic partitioning. Catchment similarity is
identified by similarities in catchment response, and such response can be
quantified by means of specific hydrologic signatures (i.e. runoff coefficient,
baseflow index, and flow duration curve). In the case of gauged catchments,
hydrologic signatures can be promptly evaluated. This allows catchments to be
clustered into groups of similar behavior. However, the results of this clustering
process, by itself, do not provide explanations on why certain catchments belong
to certain groups of hydrologic behavior. Therefore the results are rendered
meaningless to improve predictions in ungauged catchments.
One way to search for explanations in catchment similarities is via a top-down
approach. In this approach, measurable hydrologic drivers and landscape
characteristics are empirically related to hydrologic behavior within an
uncertainty framework (i.e. Sawicz et. al., 2011). Results from this approach
depend on the chosen measurable variables and hydrologic signatures. There are
important surface and sub-surface properties that cannot be readily measured or
translated into hydrologically relevant information. This implies, therefore, that
there is an observability issue.
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An alternative approach, the one followed in the present dissertation, is the
bottom-up approach. This approach uses our current level of hydrological
understanding, expressed in the form of a process-based model, to interrogate
how climate and catchment characteristics interact to produce the observed
hydrologic response. The process-based model enables the analysis of
relationships

between

hydrologic

response

and

catchment

functioning.

Characterization of catchment functioning processes is achieved by the
evaluation of correspondent time scales. The process-based model also allows the
implementation of “virtual” experiments in an attempt to decouple different
climate and landscape properties (i.e. vegetation, soil. geomorphology) to gain
insights on their respective roles in producing a specific hydrologic response.

Model implementation Following the bottom-up approach, a new catchment scale hydrologic model
was developed, the hillslope storage Boussines – Soil Moisture (hsB-SM) model.
The hsB-SM model was implemented in 12 catchments from the MOPEX dataset.
These catchments represent a wide range of climate and hydrologic regimes
(Figure 3 and Table 1)
The implementation of the hsB-SM model followed a specific model
identification procedure. This step-wise procedure linked parameter values to
specific processes within the model. For example, aquifers parameters (perched

177

and deep aquifers) were derived from a baseflow recession analysis during the
dormant season period of the hydrologic year, and vegetation parameters were
identified using an objective function evaluated during the growing season.
The model appears to adequately capture the relevant hydrologic signatures.
Figure 16 illustrates a good agreement for the average annual water balance,
although in some catchments the runoff coefficients for inter-annual variability
have lower simulated values than observed values. Figure 17 shows that the
model also captured very well the fraction of total streamflow that is generated
as baseflow. There is a slight tendency to underestimate baseflow contribution to
streamflow but the differences between observed and modeled average baseflow
index are not statistically significant. At a monthly time scale, the model
reproduces the discharge regime curve for the catchments remarkably well,
illustrating that the model is capable of filtering different climate signals in ways,
which are comparable with the real catchment filters (Appendix D). At a daily
time scale, Figure 18 compares observed and modeled flow duration curves, and
also exhibits model efficiencies in reproducing observed hydrographs. Simulated
and observed flow duration curves match remarkably well at all flow levels
(flow levels typically extend over three orders of magnitude); however, model
efficiency in reproducing observed hydrographs is moderate, This suggests that
the model captures the dynamic transformation of climate forcing into
streamflow rather well but that timing of individual storm events may not be
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modeled accurately. For the purpose of this research, it is more important to be
able to reproduce the different modes of response (in terms of frequencies of low,
medium and high flow) given a certain climate forcing than to match/overparameterize the model to fit hydrographs.

Regionalization In the search for regional regionalization patterns, readily available catchment
characteristics were regressed onto the different model parameters. Only a very
few significant relationships showed up for all 12 catchments, including the 6
snow-dominated catchments. This indicates that the parameters for the snowdominated catchments were not related to catchment characteristics and,
therefore, could not be regionalized. Regression relations for the 6 non-snow
catchments indicate highly correlated variables (Figure 20). In particular,
information of minimum and maximum leaf area index can be translated to root
zone and vegetation parameters in the model. Mean elevation of the 6 non-snow
catchments appears to be strongly correlated with the saturated hydraulic
conductivity of the transmission zone, while catchment slope is correlated with
vegetation height. It is important to remember that these regressions are mainly
the result of the hydrograph analysis to inform model parameters rather than
from regression catchment characteristics and hydrologic response. Obviously
more work is needed to define the robustness of these relationships, their
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physical meaning, as well as answering the question of why no significant
relationships showed up for the snow-dominated catchments. In the case of
snow-dominated catchments, it is possible that the soil parameters, defined
during the dormant season, are affected during the snow accumulation period,
which is, in fact, the time when most partitioning processes controlled by these
soil parameters are inactive. Another possible explanation is that different
parameters of the model control different runoff generation mechanisms in
different climates as identified by van Werkhoven et al. (2008).

Time scales and hydrologic signatures –
Different components of the hsB-SM model, in combination with climate forcing,
reveal characteristic time scales of hydrologic response that are related to
catchment hydrologic functions (partitioning, storage, and release of water).
These time scales were regressed onto three hydrologic signatures (runoff
coefficient, baseflow index, and slope of the flow duration curve; Table 5). Figure
21 shows some of these regression relationships for non-snow catchments.
Again, no strong regression relationships are present for the snow-dominated
catchments.
The runoff coefficient is related to four time scales, three of them were derived
from the model and the fourth one corresponds to a climatic characteristic. Those
time scales are: (1) the time scale related to emptying the canopy storage, (2) the
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time scale associated with emptying the root zone by transpiration, (3) the time
scale related to emptying the transmission zone through drainage, and (4) the
mean storm duration. The first two and the last time scales are directly
proportional to the runoff coefficient. The rational for these relationships is that
(1) the long time scale for emptying the canopy storage is related to relatively
low evaporation flux values, (2) the long time scale for emptying the root zone by
transpiration increases the opportunity to produce both more aquifer recharge
and saturation excess runoff conditions, and (3) the long mean storm duration is
associated with long periods of low atmospheric evaporative demand. The third
time scale, transmission zone emptying, is inversely related to the runoff
coefficient, i.e. the runoff coefficient is higher when it takes less time to empty the
transmission zone through drainage, indicating that there is feedback between
subsurface moisture storage and ET through capillary fluxes.
The Baseflow Index, for non-snow catchments, directly correlates with the root
zone filling by rainfall time scale (Figure 21). Large values for this time scale can
result from relatively large root zone storage capacities (which decrease
saturation excess runoff), relatively low throughfall rates (which decrease
infiltration excess runoff), or a combination of both conditions. Any of those
mechanisms certainly will result in favorable conditions for baseflow generation
vs. runoff generation processes.
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Finally, the slope of the flow duration curve is inversely correlated with the deep
aquifer time scale, for all 12 catchments (Figure 21). This time scale controls the
slope of the flow duration curve affecting the variability of the discharge in the
low ranges of the curve. Since the hydrological analysis results in all deep
aquifers being simulated by a linear reservoir, large values for the deep aquifer
time scale correspond to low values for the deep aquifer coefficient –a-, which
produces less variability in the low values for discharge (droughts periods),
resulting in a shallower slope in the flow duration curve.

hsB-SM parameter sensitivity analysis –
After performing a parameter sensitivity analysis, following the one-at-a-time
methodology, the model behavior seems to agree with the expected behavior of
the different physical components under consideration (Appendix B).
The mean annual runoff coefficient (RQP) is mainly controlled by vegetation
parameters, in particular by vegetation root fraction (VRF), vegetation light use
efficiency (), and root zone moisture critical point (c). The mean baseflow
index (IBF) is mainly controlled by both soil and vegetation parameters, in
particular by the vertical saturated hydraulic conductivity for infiltration and the
vegetation root fraction. The slope of the flow duration curve is mainly sensitive
to vegetation, soils, and hydrogeological parameters, in particular to vegetation
root fraction, depth to bedrock (D), root zone depth (Drz), pore size distribution
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index (B), horizontal hydraulic conductivity (kh), and the deep aquifer parameter
–b-. A larger number of parameters show sensitivity to the SFDC, since this
hydrologic signature can be modified by changes in high flows, changes in low
flows, or a combination of both (Tables 6a and 6b).
Just three of the twenty-three parameters under consideration never ranked in
the top-five for parameter sensitivity in any model output for any catchment.
Those three parameters are the root zone moisture content at wilting point ( w),
the vertical saturated hydraulic conductivity for the transmission zone (ktz), and
the channel bed slope (S0). This result suggests that w and ktz may be fixed at
their a priori values during the model identification process, reducing the
computational cost during that process. Fixing S0, based on the DEM analysis, is
an acceptable assumption. However, improvements in model behavior may be
achieved if the hillslope slope, , is allowed to vary around its a priori value,
which was derived from the DEM analysis as well.

Evidence of catchment co-evolution –
Perhaps, the most intriguing results in this research are those in support of the
catchment co-evolution concept. Two main results are presented in regard to this
concept. The first is from the analysis of the relationship between dimensionless
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numbers, and the second is from a “virtual” experiment where each behavioral
model was subject to 12 different climatic forcings.
Different dimensionless numbers (i-j), derived from the ratio of time scales –iand –j- (See list of time scales in Table 3), were analyzed with respect to the
relationship between them. Figure 24 (Top), shows a strong linear relationship
between 14-9 and 2-8. This relationship reinforces the notion that climate,
vegetation and subsurface storage and release properties of these basins co-vary
systematically across the climate gradient. Interestingly, the relationship
disappears when only the climatic components of both dimensionless numbers
are considered (mean storm duration and potential evaporation), as shown in
Figure 24(Bottom). Apparently, the implemented hydrograph analysis with the
aid of the hsB-SM model resulted in a systematic variation of subsurface
properties, expressed as time scales related to the root zone and transmission
zone, between dry less-vegetated and wet more-vegetated catchments. At the far
left in Figure 24 appear the catchments situated in Texas (GUA and SAN) and
Missouri (SPR) and at the far right are catchments situated in West Virginia (POT
and TYG). If such a relationship between climate, vegetation and soil time scales
can be shown to hold for other catchments along similar climate gradients, it can
provide guidance for catchment model parameterization that would apply to
ungauged basins.
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Aiming to investigate the role of climate-vegetation-soil interactions in
hydrologic partitioning at catchment scale, and in an attempt to decouple climate
and landscape properties, each of the behavioral models was subjected to 12
different climatic forcings. From those 144 simulations, the evaporation index
deviation, E/P, (deviations from the value predicted by Budyko’s hypothesis)
was calculated (Figure 29). Mean E/P values were evaluated by catchment and
by climate (Table 8).

In the case of E/P by catchment, 79% of the variance can be explained by the
dimensionless number

10-14 that relates the perched aquifer advective time scale

and the mean storm duration (Figure 34 - top). In catchments with relatively
longer perched aquifer storage release time scales, vegetation has longer access
to this additional groundwater source (via capillary flux) and thus will be less
water stressed. Climates with longer storm duration are associated with lower
values of precipitation intensity, which favors water infiltration instead of
Hortonian runoff, increasing the water availability for evapotranspiration.

In the case of E/P by climate, 67% of the variance can be explained by an
empirical equation that relates the fraction of rain days with the mean
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temperature of these rainy days (Eq. 43; Fig 37 bottom). The fraction of rainy
days is an index related to water availability, and the mean temperature of the
rainy days express a kind of seasonality effect but are evaluated at a daily time
scale (at a monthly time scale, averaging seems to smooth out the seasonality
effect, at least for the metrics and catchments under consideration).

Significant

anti-correlation

between

average

deviations

from

predicted

evaporation index (E/P) computed per catchment vs. per climate was found (Fig.
36). Catchments that, on average, produce more E/P have developed in climates
that, on average, produce less E/P when compared to Budyko’s prediction.
Climates that give rise to more (less) E/P are associated with catchments that
have vegetation with less (more) efficient water use parameters. In particular, the
climates with a tendency to produce more E/P have catchments with a lower
vegetation root fraction and less light use efficiency. Also, E/P deviations from
Budyko’s hypothesis averaged by climate are correlated with the ratio of two
hydrogeology time scales, perched and deep aquifer time scales (Figure 34 bottom). These results appear to support the idea of catchment co-evolution,
given the strong interactions between climate, vegetation and soil properties that
lead to specific hydrologic partitioning at the catchment scale.
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Summary –
Implementing a process-based model (hsB-SM) in catchments along a climatic
gradient provides interesting insights on the issues of catchment similarities as
well as appealing evidence in support the idea of catchment co-evolution.
Process-based modeling allows for the characterization of diverse processes by
the evaluation of their time scales. Such time scales combine observable and
unobservable characteristics revealing similarities in catchment scale hydrologic
behavior.
Finally, relating time scale ratios (dimensionless numbers) and analyzing the
hydrologic partitioning when different climates are imposed on individual
catchments, produces results that suggest the existence of strong interactions
between climate, vegetation and soil properties leading to specific hydrologic
partitioning at the catchment scale. Those results can also provide guidance for
catchment model parameterization that would apply to ungauged basins.
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APPENDIX A

LIST OF SYMBOLS AND ABBREVIATIONS
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LIST OF SYMBOLS & ABBREVIATIONS



Hillslope bedrock slope angle []

c

Capillary rise reduction factor [-]

t

Transpiration reduction coefficient [-]



Psychrometric constant [Pa/K]

E/P Deviations between simulated and predicted evaporation index [-]



Low-pass filter parameter to derive baseflow component [-]

c

Volumetric soil critical moisture content [-]

FC

Volumetric soil moisture content at field capacity [-]

r

Volumetric residual moisture content [-]

rz

Volumetric soil moisture content of the root zone [-]

s

Volumetric saturated moisture content [-]

tz

Volumetric transmission zone moisture content [-]

w

Volumetric soil moisture content at wilting point [-]



Latent heat of vaporization [J/kg]



Vegetation light use efficiency [-]

i-j

Dimensionless number created by time scale i over time scale j



Density of the air [kg/m3]

c

Channel flow advective time scale [d]

ce

Canopy empting time scale [d]

cf

Canopy filling time scale [d]
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K

Perched aquifer diffusive time scale [d]

m

Snowmelt time scale [d]

rer

Root zone empting by drainage time scale [d]

ret

Root zone empting by transpiration time scale [d]

rfr

Root zone filling by rain time scale [d]

rfs

Root zone filling by snow time scale [d]

te

Transmission zone empting time scale [d]

tf

Transmission zone filling time scale [d]

U

Perched aquifer advective time scale [d]

c

Depth of the capillary fringe [m]



Canopy storage [m]

c

Canopy storage capacity [m]

wc

Areal fraction of wet canopy [-]

ANRx

Sum of normalized residuals for variable x.

a

Deep aquifer parameter (coefficient)

a0

Channel network routing parameter (equals 2/3 if Manning’s
equation is used) [-]

acr

Capillary rise parameter (related to the Brooks-Corey soil water
retention parameters) [-]

B

Brooks-Corey pore size distribution index [-]
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b

Deep aquifer parameter (exponent)

bcr

Capillary rise parameter (related to the Brooks-Corey soil water
retention parameters) [-]

c

Channel network drift velocity [m/s]

cr

Capillary rise flux from the perched water table into the root zone
[m/s]

cp

Specific heat of the air at constant pressure [J/kgK]

D

Maximum perched aquifer depth [m]

DEM

Digital elevation model

Drz

Depth of the root zone [m]

d

Zero plane displacement height [m]

dc2

Channel network diffusion coefficient [m2/s]

E

Vaporization rate [kg/sm2]

ET

Evapotranspiration [m]

ea

Vapor pressure of the air [Pa]

es

Saturated vapor pressure [Pa]

ewc

Evaporation from wet canopy [m/s]

F

Channel network Froude number [-]

FDC

Flow duration curve

f

Perched aquifer drainable porosity [-]

G

Soil heat flux [W/m2]

g

Acceleration of gravity [m/s2]

H

Sensible heat flux [W/m2]
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Hv

vegetation height [m]

h(x,t)

Perched aquifer water depth measured perpendicular to the
bedrock [m]

hsB-SM

Hillslope storage Boussinesq soil moisture hydrologic model

IBF

Annual baseflow index [-]

Ic

Cumulative infiltration since start of rain/snow melt event [m]

i

Infiltration rate at the land surface [m/s]

ic

Infiltration capacity of the soil [m/s]

k

von Karman’s constant (k=0.41)

kh

Perched aquifer effective lateral saturated hydraulic conductivity
[m/s]

kv

Vertical hydraulic conductivity [m/s]

LAI

Leaf area index [-]

Lc

Flow length along the channel network from the centroid to the
outlet [m]

LT

Total channel length [m]

M

Snowmelt coefficient [m s-1 K-1]

MODIS

Moderate Resolution Imaging Spectroradiometer

MRC

Master Recession Curve

N

Perched aquifer recharge rate [m/s]

Nc(x)

Number of channel links at a given flow distance from the
catchment outlet

NSE_LogQ Nash-Sutcliffe efficiency evaluated on the log transformed values
of the daily discharge time series
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NSE_Q

Nash-Sutcliffe efficiency evaluated on the daily discharge time
series

OAT

One-at-a-time method for sensitivity analysis

ObjFun

Objective function

PE

Potential evapotranspiration [m]

p

Precipitation rate [m/s]

pt

Throughfall rate [m/d]

Q

Total streamflow [m3/s]

Qb

Baseflow [m3/s]

Qbd

Deep aquifer baseflow component [m3/s]

Qm

Snow melt rate [m/s]

qc(x,t)

Specific discharge entering the channel network [s-1], at distance x
from the outlet

Rn

Net radiation [W/m2]

RQP

Annual runoff coefficient [-]

r

Recharge rate from the root zone into the transmission zone [m/s]

ra

Aerodynamic resistance [s/m]

rc

Canopy (stomatal) resistance [s/m]

STATSGO

State Soil Geographic data base

SURGGO

Soil Survey Geographic data base

S

Perched aquifer saturated storage [m2]

Sc

Perched aquifer local storage capacity [m2]

SFDC

Slope of the flow duration curve [-]
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S0

Channel bed slope [-]

ss

Soil sorptivity [m s-0.5]

Ta

Air temperature [K]

Tm

Snow temperature threshold [K]

Ts

Surface temperature [K]

t

Transpiration from the dry canopy [m/s]

u(z)

Wind speed at height z [m/s]

V

Channel network flow velocity [m/s]

VRF

Vegetation root fraction [-]

Wh(x)

Hillslope width function at flow distance x [m]

Wc(x)

Normalized channel width function [m-1]

Z

Distance between the bottom of the root zone and the local water
table [m]

z0

Roughness length of the canopy [m]
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APPENDIX B
SENSITIVITY ANALYSIS FIGURES
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Result OAT Sensitivity Analysis – Guadalupe, TX
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point
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Result OAT Sensitivity Analysis – Guadalupe, TX
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index

197
Result OAT Sensitivity Analysis – Guadalupe, TX
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-

198
Result OAT Sensitivity Analysis – Guadalupe, TX
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number

199
Result OAT Sensitivity Analysis – San Marcos, TX
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

200
Result OAT Sensitivity Analysis – San Marcos, TX
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – San Marcos, TX
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-

202

Result OAT Sensitivity Analysis – San Marcos, TX
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number
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Result OAT Sensitivity Analysis – Spring, MO
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

204
Result OAT Sensitivity Analysis – Spring, MO
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – Spring, MO
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-
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Result OAT Sensitivity Analysis – Spring, MO
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number
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Result OAT Sensitivity Analysis – Rappahannock ,VA
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

208
Result OAT Sensitivity Analysis – Rappahannock ,VA
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – Rappahannock ,VA
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-
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Result OAT Sensitivity Analysis – Rappahannock ,VA
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number
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Result OAT Sensitivity Analysis – Amite, LA
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

212
Result OAT Sensitivity Analysis – Amite, LA
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index

213
Result OAT Sensitivity Analysis – Amite, LA
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-
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Result OAT Sensitivity Analysis – Amite, LA
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number
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Result OAT Sensitivity Analysis – French Broad, NC
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

216
Result OAT Sensitivity Analysis – French Broad, NC
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – French Broad, NC
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-
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Result OAT Sensitivity Analysis – French Broad, NC
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number

219
Result OAT Sensitivity Analysis – English, IA
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

220
Result OAT Sensitivity Analysis – English, IA
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – English, IA
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-

222
Result OAT Sensitivity Analysis – English, IA
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number
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Result OAT Sensitivity Analysis – English, IA
Snow Parameters

TempThresh: Temperature threshold; MeltingCoeff.: Melting rate coefficient

224
Result OAT Sensitivity Analysis – Monocacy, MD
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

225
Result OAT Sensitivity Analysis – Monocacy, MD
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – Monocacy, MD
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-
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Result OAT Sensitivity Analysis – Monocacy, MD
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number

228
Result OAT Sensitivity Analysis – Monocacy, MD
Snow Parameters

TempThresh: Temperature threshold; MeltingCoeff.: Melting rate coefficient

229
Result OAT Sensitivity Analysis – East Fork White, IN
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

230
Result OAT Sensitivity Analysis – East Fork White, IN
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – East Fork White, IN
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-
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Result OAT Sensitivity Analysis – East Fork White, IN
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number

233
Result OAT Sensitivity Analysis – East Fork White, IN
Snow Parameters

TempThresh: Temperature threshold; MeltingCoeff.: Melting rate coefficient
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Result OAT Sensitivity Analysis – South Branch Potomac, WV
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

235
Result OAT Sensitivity Analysis – South Branch Potomac, WV
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – South Branch Potomac, WV
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-
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Result OAT Sensitivity Analysis – South Branch Potomac, WV
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number

238
Result OAT Sensitivity Analysis – South Branch Potomac, WV
Snow Parameters

TempThresh: Temperature threshold; MeltingCoeff.: Melting rate coefficient
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Result OAT Sensitivity Analysis – Bluestone, WV
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

240
Result OAT Sensitivity Analysis – Bluestone, WV
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index

241
Result OAT Sensitivity Analysis – Bluestone, WV
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-

242
Result OAT Sensitivity Analysis – Bluestone, WV
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number
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Result OAT Sensitivity Analysis – Bluestone, WV
Snow Parameters

TempThresh: Temperature threshold; MeltingCoeff.: Melting rate coefficient

244
Result OAT Sensitivity Analysis – Tygart Valley, WV
Vegetation Parameters

H: Veg. height; RF = Root fraction; LUE: Light Use Efficiency; Wilt: Wilting point; Crit: Critical Point

245
Result OAT Sensitivity Analysis – Tygart Valley, WV
Soil Parameters

RZD: Root zone depth; D: Depth to bedrock; K-Inf: Infiltration K; SORP: Sorptivity; K-RZ: Root zone K; K-TZ:
Transmission zone K; PSDI: Pore-size distribution index
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Result OAT Sensitivity Analysis – Tygart Valley, WV
Hydrogeology Parameters

FTDA: Fraction to Deep Aquifer; f: Drainable porosity; K-Hor: Horizontal K; DA-A: Deep aquifer –a-; DA-B: Deep
aquifer –b-

247
Result OAT Sensitivity Analysis – Tygart Valley, WV
Geomorphology Parameters

Hill-S: Hillslope slope; Chan-S: Channel slope; V: Channel velocity; Fr: Channel Froude number

248
Result OAT Sensitivity Analysis – Tygart Valley, WV
Snow Parameters

TempThresh: Temperature threshold; MeltingCoeff.: Melting rate coefficient
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APPENDIX C
MASTER RECESSION CURVES FIGURES
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Figure C1. Master recession curve derived from dormant season baseflow
recessions. Guadalupe TX.

Figure C2. Master recession curve derived from dormant season baseflow
recessions. San Marcos TX.
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Figure C3. Master recession curve derived from dormant season baseflow
recessions. English ,IA.

Figure C4. Master recession curve derived from dormant season baseflow
recessions. Spring, MO.
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Figure C5. Master recession curve derived from dormant season baseflow
recessions. Rappahannock, VA.

Figure C6. Master recession curve derived from dormant season baseflow
recessions. Monocacy, MD.
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Figure C7. Master recession curve derived from dormant season baseflow
recessions. East Frok White, IN.

Figure C8. Master recession curve derived from dormant season baseflow
recessions. South Branch Potomac, WV
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Figure C9. Master recession curve derived from dormant season baseflow
recessions. Bluestone, WV

Figure C10. Master recession curve derived from dormant season baseflow
recessions. Amite, LA
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Figure C11. Master recession curve derived from dormant season baseflow
recessions. Tygart Valley, WV

Figure C12. Master recession curve derived from dormant season baseflow
recessions. French B., NC

256

APPENDIX D
MEAN MONTHLY PRECIPITATION,
EVAPOTRANSPIRATION, AND DISCHARGE.
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Guadalupe River catchment, TX

Figure D1. Guadalupe (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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San Marcos River catchment, TX

Figure D2. San Marcos (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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English River catchment, IA

Figure D3. English (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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Spring River catchment, MO

Figure D4. Spring (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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Rappahannock River catchment, VA

Figure D5. Rappahannock (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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Monocacy River catchment, MD

Figure D6. Monocacy (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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East Fork White River catchment, IN

Figure D7. East Fork White (Top) observed mean monthly precipitation.
(Middle) Simulated mean monthly potential and actual evapotranspiration.
(Bottom) Observed vs. simulated mean monthly discharge. Vertical lines indicate
± 1 standard deviation.
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South Branch Potomac River catchment, WV

Figure D8. South B. Potomac (Top) observed mean monthly precipitation.
(Middle) Simulated mean monthly potential and actual evapotranspiration.
(Bottom) Observed vs. simulated mean monthly discharge. Vertical lines indicate
± 1 standard deviation.
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Bluestone River catchment, WV

Figure D9. Bluestone (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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Amite River catchment, LA

Figure D10. Amite (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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Tygart Valley River catchment, WV

Figure D11. Amite (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.

268
French Broad River catchment, NC

Figure D12. French B. (Top) observed mean monthly precipitation. (Middle)
Simulated mean monthly potential and actual evapotranspiration. (Bottom)
Observed vs. simulated mean monthly discharge. Vertical lines indicate ± 1
standard deviation.
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