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Abstract

Water-limited ecosystems are characterized by precipitation with low annual totals and significant temporal variability, tran-

spiration that is limited by soil-moisture availability, and infiltration events that may only partially rewet the vegetation root zone.

Average transpiration in such environments is controlled by precipitation, and accurate predictions of vegetation health require

adequate representation of temporal variation in the timing and intensity of plant uptake. Complexities introduced by variability in

depth of infiltration, distribution of roots, and a plant’s ability to compensate for spatially heterogeneous soil moisture suggest a

minimum vertical resolution required for satisfactory representation of plant behavior.

To explore the effect of vertical resolution on predictions of transpiration, we conduct a series of numerical experiments,

comparing the results from models of varying resolution for a range of plant and climate conditions. From temporal and spatial

scales of the underlying processes and desired output, we develop dimensionless parameters that indicate the adequacy of a finite-

resolution model with respect to reproducing characteristics of plant transpiration over multiple growing seasons. These parameters

may be used to determine the spatial resolution required to predict vegetation health in water-limited ecosystems.

� 2004 Published by Elsevier Ltd.
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1. Introduction

Ecohydrology is the investigation of the hydrologic

mechanisms that underlie ecologic patterns and pro-

cesses [1–3]. This broad definition includes a variety

of interactions among hydrologic processes and plant

and animal communities. An important aspect is the
quantitative prediction of the linkages among climate,

soil-moisture dynamics, and vegetation in natural water-

limited ecosystems. Vegetation health in such environ-

ments depends on a complex interplay among the timing

and amount of precipitation and the dynamics of infil-

tration and evapotranspiration. Effective models of

these interactions enable us to predict the responses of

these sensitive ecosystems to a changing global envi-
ronment. To be useful tools, such predictive models
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must appropriately address the interconnections among

modeling objectives, characterization of spatial and

temporal variability of parameters, representation of the

chemical, biological, and physical processes, and the

amount and quality of available information. As artic-

ulated by Rodriguez-Iturbe [3], one must avoid models

that are unrealistically oversimplified as well as those
that are so complex that they provide little insight to a

unifying picture. The goal of an efficient model is to

represent accurately those processes and characteristics

of a system that affect the particular behavior of interest

and to simplify or omit those that have little impact. The

objective is not necessarily the precise and accurate

representation of all processes and variables, but rather

the generation of reliable results with regard to ques-
tions of interest. This paper demonstrates that charac-

teristic temporal and spatial scales of plant, soil, and

climate conditions can be used to create parameters that

indicate a minimum level of vertical resolution required

to adequately predict transpiration in water-limited

ecosystems.
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Nomenclature

b soil parameter for retention curve and rela-
tive permeability [–]

I depth of infiltration (volume/area) [cm]

IDz
req depth of infiltration required such that pre-

dicted transpiration meets demand just fol-

lowing infiltration for a model with layers of

thickness Dz [cm]

Iseas average infiltration rate over a growing sea-

son [cm/day]
n porosity [–]

S saturation [water volume/pore volume]

Savg average saturation over the entire root zone

[–]

Sfc saturation at field capacity [–]

Sh saturation at the hygroscopic point [–]

Sw saturation at the wilting point [–]

S� uniform saturation for which the plant can
just meet Tpot [–]

Tact actual transpiration [cm/day]

Tpot potential transpiration [cm/day]

Tseas average transpiration rate over a growing

season [cm/day]

u local root-water uptake [1/day]

U total uptake from the root zone [cm/day]

Dz uniform layer thickness [cm]
Zr depth of root zone [cm]

Za wetting-front depth for a characteristic infil-

tration event [cm]

a average storm depth [cm]
b relative root density [–]

c plant compensation parameter [–]

D depth of interception [cm]

g fraction of the growing season for which

Tact ¼ Tpot [–]

k storm arrival rate [1/day]

k0 infiltration-producing storm arrival rate [1/

day]
n longest number of continuous days with

Tact < Tpot [day]

sinf characteristic time between rain events that

provide enough water to a dry soil such that

predicted transpiration meets demand just

following infiltration for a model with no

vertical discretization [day]

sDz characteristic time between rain events that
provide enough water to a dry soil such that

predicted transpiration meets demand just

following infiltration for a model with layers

of thickness Dz [day]

W water potential [cm]

We air entry potential [cm]

Ww minimum plant potential [cm]

W� uniform soil–water potential for which the
plant can just meet Tpot [–]

468 A.J. Guswa et al. / Advances in Water Resources 27 (2004) 467–480
1.1. Water-limited ecosystems

In water-limited ecosystems the dominant control on

vegetation is the availability of water. Often, precipita-

tion in such environments is characterized not only by

low annual totals, but also by extreme temporal vari-

ability [4]. Such environments include savannas, steppes,

and scrublands, and they have been the focus of recent
attention [4–11]. The intermittent and variable nature of

rainfall coupled with the non-linear processes of infil-

tration, evaporation, transpiration, and drainage lead to

rich and complex variability in soil moisture. The

dynamics of soil moisture, in turn, have a significant

impact on vegetation stress and the suitability of various

plant species to particular climate and soil conditions.

While many factors such as grazing, fire, and nutrient
limits impact the growth and persistence of plants, these

are secondary to water stress for a water-limited eco-

system. Another defining characteristic of these envi-

ronments is that the average transpiration over a

growing season is modulated by the availability of soil

moisture rather than atmospheric demand. Actual

transpiration will be significantly less than potential
transpiration, and if runoff and changes in storage are

negligible, actual transpiration will equal precipitation.

Also, unlike irrigated fields, natural ecosystems may

experience rain events that only partially rewet the root

zone. All of these characteristics have implications for

choices of model structure and scale.

1.2. Models of plant uptake

Water flows through the soil–plant–atmosphere con-

tinuum along a path of decreasing water potential. The

rate of flow is determined by the steepness of the po-

tential gradient and the resistance to flow. When the

water content in a soil is high, evapotranspiration is

limited by the atmospheric demand for water vapor and

resistance to flow along the plant–atmosphere pathway.

At low soil saturations, however, the resistance to water
flow along the soil–plant pathway becomes significant.

The stomata of the plant will then begin to close to

maintain a minimum water potential and prevent run-

away cavitation in the xylem conduits. The cumulative

effect is a reduction in uptake and transpiration in re-

sponse to soil drying [12–14].
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Most models of root-water uptake that are com-

monly used in hydrology do not consider the details of

water flow within the plant or changes in plant water

content. Rather, the plant is represented as a valve be-

tween the supply of moisture in the soil and the demand
for water vapor in the atmosphere. In some represen-

tations, total uptake by the plant is fixed based on

atmospheric demand, and this total uptake is parti-

tioned throughout the soil column [15]. Such models are

not applicable to water-limited ecosystems where total

uptake is controlled by available soil moisture. Most

representations of plant uptake that incorporate the ef-

fects of soil-moisture depletion can be separated into
two categories: Type I and Type II models [16,17]. In

Type I models, water transport through the soil–atmo-

sphere–plant continuum is driven by a difference in

water potential from the soil to the leaf surface [5,18–

22]. Such models are consistent with the soil–plant–

atmosphere continuum representation, but particular

values for the parameters of these models are often

difficult to determine. Type II models use an empirical
reduction factor to limit transpiration below the po-

tential rate when soil moisture is low [10,23–28]. While

less mechanistic than the Type I models, the Type II

models rely on parameters that are perhaps more readily

identifiable from field experiments. In both representa-

tions, the spatial distribution of water over the root zone

can have a significant impact on total uptake by the

plant. Therefore, it is essential to understand how ver-
tical resolution affects predictions of evapotranspiration

in water-limited ecosystems and to know what levels of

resolution are appropriate under different conditions.

1.3. Objectives

In this work, we seek to quantify the impact of spatial

scale on predictions of plant transpiration and to de-

velop parameters that may indicate an appropriate level

of vertical resolution. Plant uptake as a fraction of

transpiration demand depends not only on the volume

of water available within the root zone, but also on the

distribution of that water. Therefore, a coarse resolution
that homogenizes soil moisture and does not allow for

an adequate representation of its spatial variability may

lead to erroneous predictions of transpiration and veg-

etation health. However, the dependence of uptake on

the variability of soil moisture is complex. Water uptake

is a self-limiting process that directs extraction to wet

locations, and some plants have an ability to compen-

sate for spatial variations in soil moisture by extracting
water from wet regions at particularly high rates.

Therefore, the appropriate spatial scale for representing

uptake is not obvious and will depend not only on the

soil, plant, and climate parameters, but also on the

output variables of interest. Through a conceptual

analysis coupled with numerical experiments, we seek to
develop dimensionless groups of characteristic parame-

ters that can indicate appropriate levels of vertical res-

olution. Our goal is not to present a new model for plant

uptake; rather it is to explore the effects of vertical res-

olution on predictions of transpiration with a mathe-
matical representation that provides reliable results and

is simple enough to facilitate insight to the governing

processes.
2. Methods

We present a series of numerical experiments and

theoretical calculations that demonstrate the depen-

dence of transpiration on spatial resolution. Included

among these are determinations of transpiration as a

function of average root-zone saturation, the change in

transpiration rate immediately following an infiltration

event as a function of vertical resolution, and the re-

sponse of plant transpiration to intermittent precipita-
tion events for models of varying resolution. For the last

set of experiments, we compare the results to determine

how a coarsening of vertical resolution affects predic-

tions of a variety of temporal characteristics of tran-

spiration. To generalize the results, we use dimensionless

groups of parameters related to the desired output and

pertinent soil, plant, and climate processes.

2.1. Model structure and scale

2.1.1. Spatial and temporal resolution

We consider an areally homogeneous patch of vege-

tation for which lateral inflows can be neglected. While

previous work has shown that such a simplification is

justifiable for some environments [29,30], it does limit

the scope of this work, as lateral fluxes can be significant
components of the local water balance in areas of

moderate to high topographic relief. Nonetheless, this

simplification allows us to focus this work on issues of

scale and representation related to vertical variations in

parameters and processes and to develop a methodology

that can be brought to bear on the interesting questions

of horizontal variability in future endeavors.

Soil-moisture dynamics are represented with a one-
dimensional volume-balance equation applied over the

root zone of a plant

oðnSðz; tÞÞ
ot

¼ � oqðz; tÞ
oz

� uðz; tÞ ð1Þ

where S is local saturation, n is the porosity, q is vertical
soil-moisture flux, and u is the local rate of uptake for

evapotranspiration with dimensions of depth (volume

per horizontal area) per depth per time. For solution,

Eq. (1) must be coupled with boundary conditions, an

expression for plant uptake, and a relationship (or set of

relationships) between flux and saturation (see below).
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In the vertical direction, we consider a wide range of

model resolutions, from fine layers (2 cm) to a very

coarse scale in which the entire root zone is represented

as a single layer. Because of the greater interest in the

limitations of water availability than atmospheric de-
mand, sub-daily variations in processes are not resolved.

Rather, the results are to be interpreted at the daily time

scale.

R

s
R

r

Fig. 1. Schematic representation of resistance to water flow through

the soil–plant–atmosphere continuum. The resistance between Wp and

WA incorporates shoot and stomatal resistance and is dominant when

soil–water is not limiting.
2.1.2. Infiltration

Coarsening vertical resolution can affect not only the

spatial distribution of soil moisture, but also the tem-

poral characteristics of infiltration. If the root zone is

represented with a single layer, infiltrating water in-

stantly reaches all of the roots; this is in constrast to a

vertically resolved model in which the infiltrating front

must make its way downward over time. For clarity of
the effects caused by spatial variability in soil moisture,

we represent both infiltration and drainage as instanta-

neous for all levels of vertical resolution. Given a vol-

ume of infiltration, the soil column fills from the top

down, and each layer is saturated to field capacity until

either all infiltrating water is accommodated or the en-

tire root zone is saturated to field capacity. The move-

ment of soil moisture between layers is neglected, except
for infiltration during precipitation events. This repre-

sentation is the same as that employed by Scholes and

Walker [11]. Making these simplifications preserves the

intermittency of rainfall events and allows us to isolate

the effects of spatial variation of soil moisture and up-

take while facilitating theoretical analysis. Despite these

simplifications, comparison of this piston-type model to

a full Richards representation showed the two to give
very similar predictions of daily transpiration for the

environmental conditions discussed in Section 2.2.
2.1.3. Plant uptake

Plant uptake is represented by a Type I model, fol-

lowing the early work of Gardner [20] and Cowan [18]

and subsequent extensions [5,19,21,22,27,31,32]. These

works represent water uptake as being driven by a dif-

ference in water potential between the soil and the plant.

Movement of water is limited by a network of resis-

tances through the soil to the roots, through the roots
and into the shoots, and from the plant to the atmo-

sphere (see Fig. 1). Since the soil-to-plant and plant-

to-atmosphere pathways are in series, the total flux will

be controlled by the dominant resistance: the atmo-

sphere when soil moisture is plentiful and the soil when

water availability is limited. As a result, the mathemat-

ical representation of this system can be simplified to

focus solely on the soil-to-plant pathway with the caveat
that total uptake will not exceed a specified maximum

rate of transpiration [18,33,34].

Local uptake is described mathematically by
uiðtÞ ¼
WiðtÞ � WpðtÞ
Rs;iðtÞ þ Rr;i

ð2Þ

where Rs;i represents the soil resistance in layer i and Rr;i

represents the root resistance; Wi is the soil–water po-

tential in layer i, Wp is the potential in the plant, and the
dimensions of uiðtÞ are depth per depth per time. Local

uptake is constrained to be greater than or equal to zero

(see the discussion of hydraulic lift below), and the rate

of total uptake is given by the sum of uiðtÞ over the root

zone:

UðtÞ ¼
Xnz
i¼1

uiðtÞ � Dz ð3Þ

where dimensions of UðtÞ are depth per time, Dz is the

uniform layer thickness, and nz is the number of layers.
As the soil dries, the plant potential will decrease in

order to maintain uptake. However, to prevent runaway

cavitation and cell embolism a plant will close its sto-

mata to reduce transpiration and keep the plant poten-

tial above a minimum value, Ww, referred to as the

wilting potential. For given soil-moisture conditions, the

maximum rate of water uptake will occur when the plant

potential is at this minimum value:

UmaxðtÞ ¼
Xnz
i¼1

WiðtÞ � Ww

Rs;iðtÞ þ Rr;i
� Dz ð4Þ

The actual transpiration rate of the plant is taken as the

lesser of the transpiration demand (potential transpira-

tion, Tpot) and the maximum rate of uptake, similar to

Federer et al. [34]:

Tact ¼ minðUmax; TpotÞ ð5Þ

Like many prior efforts, the local root and soil resis-

tances are inversely proportional to the local root den-

sity (length of roots per volume of soil), and the soil

resistance is also inversely proportional to the unsatu-
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Fig. 2. Maximum relative local uptake versus local saturation for

varying degrees of plant compensation. The ordinate represents the

maximum local uptake per unit of roots relative to the uptake per unit

of roots needed to meet transpiration demand. Note that all three

curves pass through the point (S�; 1). Soil and plant parameters are

given in Table 1.
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rated hydraulic conductivity, K, which is a function of

saturation [20,22,32,35]:

Rr;i ¼
Cr

bi
ð6Þ

Rs;iðtÞ ¼
Cs

biKðSiðtÞÞ
ð7Þ

where bi is a local relative root density, and Cr and Cs

are constants.
Note that this representation of the plant roots as a

network of parallel and series resistances leads to some

intriguing behavior. If soil moisture is distributed non-

uniformly over the root zone, additional water will be

extracted from a wet region to compensate for some of

the roots being dry [5,16]. Split root experiments have

indicated that plants may require from less than 50% to

nearly 100% of their roots to be wetted in order to meet
transpiration demand, depending on the species [25,36–

39]. Because the model results are interpreted at the

daily scale, this compensating behavior could also be

used to represent the redistribution of water from wetter

to drier regions at night, and its subsequent uptake

during the day, i.e., hydraulic lift [33,40–42].

This representation of the plant–soil–atmosphere

continuum can represent many observed behaviors of
water-limited ecosystems. The determination of the

constants Cs and Cr, however, presents a significant

challenge. In this work, the values are determined from

two behavioral constraints:

(1) From field data, we select a minimum value of soil

suction, W�, or the corresponding saturation, S�,

uniform over the entire root zone, for which the
plant can just meet daily transpiration demand.

(2) We choose a value for c, the maximum possible up-

take per unit of roots relative to what is needed to

meet transpiration demand if all roots are contribut-

ing equally. The inverse, 1=c, indicates the minimum

fraction of roots needed to meet demand, if the soil

around those roots is wetted to field capacity and

extraction from all other roots is zero. For plants
with large values of c, even a small amount of infil-

tration may be enough to bring evapotranspiration

to its potential rate, and the water will be depleted

quickly. A plant with a smaller value of c, however,

may not meet transpiration demand for the same

amount of infiltrated water, and the supply will be

used more slowly.

These two constraints enable the determination of Cs

and Cr.

While explicit relative permeability and retention

functions are not needed for infiltration and soil-mois-

ture redistribution (see Section 2.1.2), they are required

to compute plant uptake according to the representation
we have outlined here. We use functional forms similar

to those used by Clapp and Hornberger [43]

WðSÞ ¼ WeðS � ShÞ�b ð8Þ
KðSÞ ¼ KsatðS � ShÞ2bþ3 ð9Þ

where We is the air-entry potential, Ksat is the saturated
hydraulic conductivity, b is a soil texture parameter, and

Sh is the hygroscopic saturation, i.e., the saturation at

which the conductivity is zero and no water can be ex-

tracted from the soil.

Fig. 2 presents examples of the rate of local uptake,

given by Eq. (2), normalized by relative root density, as

a function of local soil moisture when the plant potential

is at Ww. Parameter values are for a woody species on a
sandy soil from an African savanna [11] discussed below

(Section 2.2) and given in Table 1. Because the com-

pensation parameter is not known, we use three values

of c, representing vegetation that requires 25%, 50%,

and 75% of the roots to be wet to meet transpiration

demand.
2.2. Plant, soil, climate, and model parameters

The particular water-limited ecosystem that we use to

demonstrate the impact of spatial resolution on predic-

tions of transpiration is a savanna from South Africa as
described in Scholes and Walker [11]. The climate is

characterized by two seasons: one hot and wet (the

growing season) from October through April, and one

warm and dry from May through September. Average

annual rainfall is 620 mm, and we allocate approxi-



Table 1

Parameter values for an African savanna used in numerical experi-

ments

Variable Values

a 1.2, 1.5, 1.8 cm

a � k0 0.219 cm/day

c 1.33, 2.0, 4.0

D 0.2 cm

Dz 2, 5, 10, 25, 50, 100 cm

Zr 100 cm

n 0.42

Ksat 109.8 cm/day

b 1.7

We )11.6 cm

Ww )31,600 cm ()3.1 MPa)

Sh 0.02

Sw 0.03

S� 0.11

Sfc 0.30

Tpot 0.475 cm/day
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mately 500 mm of this total to the 200-day growing

season. Rainfall events are dominated by short convec-

tive storms of high intensity. Because the duration of a
rainfall event is shorter than the daily time scale, storm

events over the growing season are modeled as shots of

water concentrated in time, arriving as a Poisson process

with rate k. The depth of precipitation is modeled as an

exponentially distributed random variable with mean, a,
and the depth of interception, D, is taken to be a fixed

quantity. This implies that the depths of infiltration are

exponentially distributed with mean, a, and the rate of
arrival of storms that generate infiltration is k0 ¼ ke�D=a

[10].

For vegetation, we focus on the common woody

species, Burkea africana, which grows on a very sandy

soil. Mean potential evapotranspiration during the

growing season is 4.75 mm/day. To simplify the inter-

pretation of results, the distribution of active roots is

taken to be uniform, which is very similar to the root
distribution reported for Burkea africana [11]. Data on

the plant compensation parameter, c, however, are not

available. Consequently, we choose three values: 1.33,

2.0, and 4.0, corresponding to plants that require 75%,

50%, and 25% of their roots to be taking up water in

order to meet potential transpiration, respectively. This

range allows us to investigate how an ability to com-

pensate for spatial variations in soil-moisture affects the
needed level of model resolution. All other parameter

values are given in Table 1.
2.3. Transpiration characteristics of interest

The degree of vertical resolution appropriate for a

particular ecohydrologic application depends not only

on the soil, plant, and climate parameters, but also on

one’s questions and objectives. To explore this, we
consider the effect of resolution on a number of tran-

spiration characteristics. First, we investigate the impact

of spatial upscaling on predictions of soil drying be-

tween storms. Second, we consider the effect of resolu-

tion on predictions of transpiration immediately
following an infiltration event. Third, we explore sea-

sonal characteristics of transpiration in response to

intermittent rain events. Through these investigations,

we elucidate the interconnections among modeling

objectives, parameter values, and spatial and temporal

resolution.

2.3.1. Non-unique relation between transpiration and root-

zone saturation

An interesting observation in the work of Guswa

et al. [5] is that the relationship between total evapo-

transpiration and average saturation can be non-unique.

This behavior may be explained by soil-moisture varia-

tion within the root zone and the nature of local

extraction. For example, total uptake for a plant with all
of its roots in soil at 50% saturation will be different

from a case where half of its roots are in fully saturated

soil and half are dry, even though the average root-zone

saturation is the same in both cases. A number of split-

root and localized irrigation experiments support this

result [36,38,39,44–47].

This non-uniqueness may preclude the use of a simple

relationship between total plant uptake and average
saturation over the root zone. If the entire root zone is

consistently rewetted to field capacity, as in agricultural

applications or natural ecosystems with wet climates,

such an upscaled relationship may appear to be one-

to-one, since the spatial pattern of drying will be similar

from event to event. As noted by Federer [19,35], how-

ever, the non-uniqueness becomes significant under

conditions of partial rewetting of the root zone. For
some plant species, the effect of spatial variability in soil

moisture may be mitigated by significant plant com-

pensation ability (either through hydraulic lift or dif-

ferential uptake). To explore the relationship between

average root-zone saturation and plant uptake, we

simulate soil drying for Burkea africana (parameters

given in Table 1). Initial conditions range from the en-

tire root zone being at field capacity to just the top 20%
of the roots being wetted in order to highlight the effect

of spatial variability in soil moisture on uptake. Water is

extracted from the soil column according to the repre-

sentation described in Section 2.1.3, and plots of total

uptake versus average root-zone saturation are pre-

sented for two levels of plant compensation ability.

2.3.2. Effect of vertical resolution on transpiration imme-

diately following precipitation

The non-linear behavior depicted in Fig. 2 indicates

that the spatial distribution of soil moisture over the

root zone will affect total plant uptake. Because varia-
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tions in soil moisture cannot be resolved beyond model

resolution, the choice of resolution will affect predictions

of total plant uptake. To demonstrate the effect of res-

olution, we consider a plant with a uniform root dis-

tribution in a dry soil (S ¼ SðWwÞ ¼ Sw) subjected to
infiltration events of variable magnitude, I . According

to our simplified representation of infiltration, after soil-

moisture redistribution the resulting soil-moisture pro-

file should be a step function. Water saturations at

depths less than or equal to the depth of the wetting

front, ZI ¼ I=ððSfc � SwÞ � nÞ, should be at field capacity;

deeper in the soil, the saturation should equal the initial

saturation, Sw. For a model with finite resolution,
however, the depth ZI may not correspond precisely to

the boundary of a model layer. Therefore, the saturation

in the cell at the edge of the wetting front will have a

saturation between Sfc and Sw. The resulting distribution

of soil moisture will lead to a particular intensity of

plant uptake as described by the representation outlined

in Section 2.1.3. Thus, without doing any simulation, we

can calculate the uptake that would be predicted
immediately following an infiltration event for models

with varying vertical resolution. Correspondingly, we

can calculate the depth of infiltration which will supply

enough water to a dry soil such that transpiration is

predicted to just reach the potential rate immediately

following the infiltration event.

For example, for infinite resolution in the vertical, the

depth of water required is given by the amount of water
that will cover 1=c of the roots. For a uniform root

distribution, this corresponds to a wetting-front depth

of Zr=c. In such a case, the required volume of infiltra-

tion per unit area is given by

I infreq ¼ Zr � n � ðSfc � SwÞ
c

ð10Þ

where the superscript on I denotes vertical resolution. If

the root-zone is represented by a single layer, however,
the detail of the spatial distribution of soil moisture is

lost. In this case, predicted uptake will equal potential

transpiration if the average root-zone saturation is

brought to S�. The depth of infiltration needed to

achieve this is given by

Ionereq ¼ Zr � n � ðS� � SwÞ ð11Þ

To generalize these results for models with multiple fi-

nite layers, we first determine the number of layers, N , of

thickness, Dz, needed to meet or exceed Zr=c. We then

approximate the local uptake function (presented in Fig.

2) by a step function: zero for S < S� and c for S P S�.

With this simplification, the required volume of water is

estimated by

IDz
req ¼ Dz � n � ½ðN � 1ÞðSfc � SwÞ þ ðS� � SwÞ
 ð12Þ

Eq. (12) indicates that potential transpiration will be

reached when N � 1 layers are filled to field capacity,
and the N th layer, which contains the wetting front,

reaches an average saturation of S�. Note that while all

of these calculations were performed presuming a uni-

form root distribution for the sake of clarity, the

extension to a non-uniform distribution is straightfor-
ward.

To demonstrate the effect of resolution on predicted

uptake immediately following an infiltration event, we

present a plot of total uptake as a function of the

amount of infiltrating water for three levels of vertical

resolution: infinite vertical resolution, a model with 10

layers, and a model with no vertical resolution for which

the entire root zone is represented by a single layer.
Relevant soil and plant parameters are given in Table 1.

2.3.3. Transpiration response to intermittent rainfall

As articulated in the introduction, the utility of a

model must be judged with respect to the particular
behaviors of interest to be reproduced. Here the goal is

to predict accurately plant vitality in water-limited

ecosystems. While vegetation responses to water stress

are quite complex and plant specific, and not completely

understood, there are some common features. As the

availability of soil moisture declines, a plant begins

closing stomata with the goal of maintaining cell turgor

and relative water content. Due to this tight coupling
between water stress and evapotranspiration, the latter

can be used to indicate vegetation health. The signifi-

cance of water stress is strongly time dependent and

increases in intensity the longer it lasts [48–50]. Given all

this, three characteristics of transpiration are used to

indicate plant health over a growing season:

(1) Tseas, the average transpiration rate over the growing
season.

(2) g, the fraction of the growing season for which ac-

tual transpiration equals the potential daily rate.

(3) n, the longest number of continuous days during a

growing season for which actual transpiration is be-

low potential.

These variables are not intended to indicate the onset
of particular physiological damage; rather, they char-

acterize the suitability of a particular plant to given soil

and climate conditions and can be used to compare

models of varying resolution.

We consider three sets of climate parameters that

vary in the timing and intensity of rainfall, but share the

same mean seasonal infiltration, and three levels of plant

compensation (c ¼ 1:33, 2.0, and 4.0). For each of the
nine combinations of climate and plant parameters, we

represent the root zone with six degrees of vertical res-

olution, ranging from 1 to 50 layers (Dz ranges from 2 to

100 cm). For each of these 54 scenarios, soil-moisture

dynamics and evapotranspiration are simulated over

100 growing seasons, each 200 days long. Because of the
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dry nature of the winter, the initial saturation at the start

of each simulation is set to S� uniformly over the root

zone. From these 5400 realizations, we investigate the

impact of vertical resolution on predictions of Tseas, g,
and n.

2.4. Characterization of scenarios

As noted above, water-limited ecosystems are char-

acterized by uptake that is limited by soil-moisture

availability, actual transpiration significantly less than

potential transpiration, and rain events that may only

partially rewet the root zone. For these ecosystems, we
would like to determine what model resolution is re-

quired to adequately represent various characteristics of

transpiration dynamics. Doing so on a case-by-case

basis is laborious and offers no advantage. Instead, we

would like to develop simple indicators that represent

key characteristics of these environments and would

enable us to determine appropriate levels of resolution a

priori. Guswa et al. [5] proposed that dimensionless
groups of relevant time and space scales may prove

successful in this regard.

Appropriate spatial resolution depends upon the

relevant processes, scales of parameter heterogeneity,

and the desired spatial and temporal scales of the out-

put. Since we simplify this analysis by considering a

homogeneous soil column with a uniform root distri-

bution, spatial variability is driven by the stochastic
nature of infiltration events. For output, this work fo-

cuses on temporal characteristics of daily transpiration

(see Section 2.3). The spatial scale of the output is the

root zone, and the temporal scales range from daily to

seasonal.

Transpiration rate, the variable of interest in this

work, can be described by the following root-zone bal-

ance equation:

Tact ¼ i� q� nZr

dSavg

dt
ð13Þ

where i is infiltration rate, and q is the rate of drainage

and runoff. Seasonal transpiration is determined by

integration of Eq. (13) over a growing season:Z
season

Tact dt ¼
Z

season

idt �
Z

season

qdt � nZrDSseason ð14Þ

Runoff in this water-limited ecosystem is expected to be

negligible, as the soil is very sandy; according to our

representation of infiltration, Hortonian runoff is iden-

tically zero. The index of dryness, DI ¼ Tpot=ða � k0Þ, is
2.2, indicating that little water will be lost to drainage

[5,51]. Also, the change in root-zone water content over

a growing season is small compared to total transpira-

tion and precipitation. This will not be the case for all

environments, especially those which receive most of the

annual precipitation during a period of vegetation
dormancy. For this ecosystem, however, Eq. (14) indi-

cates that average transpiration over a growing season

will be approximately equal to infiltration. This result is

independent of vertical resolution as well as the

expression for uptake as a function of saturation.
Therefore, we expect that model resolution will have no

impact on predictions of seasonal transpiration.

For transpiration over shorter time scales, however,

the change in root-zone saturation may not be negligi-

ble. Thus, we need to investigate the functional rela-

tionship between local saturation and uptake,

specifically Eq. (4). In this expression, uptake depends

on the number and size of the vertical layers from which
water is being extracted. Because the spatial variability

of soil moisture is driven by infiltration, one might ex-

pect that a model need be resolved enough to adequately

capture the spatial heterogeneity of infiltration. For a

typical infiltration event of depth a (see Section 2.2), the

resulting wetting front will reach a depth of

Za ¼
a

nðSfc � SwÞ
ð15Þ

This formulation is based on the premise that the soil

column dries to the wilting saturation between rain
events. Given that the index of dryness for this soil is

2.2, this is reasonable. Presumably, model resolution of

this scale will be adequate to describe soil-moisture

dynamics, and the dimensionless ratio Za=Dz can be used

to characterize different scenarios. Values of Za=Dz
greater than one indicate adequate resolution, while

models with values less than one may not be resolved

enough. This ratio is a more general version of the
spatial infiltration index used in Guswa et al. [5].

Note, however, that while the dimensionless ratio

Za=Dz accounts for climate, soil, and model character-

istics, it does not adequately represent plant behavior.

Given that plants may compensate for spatial variations

in soil moisture (see Section 2.1.3), the above criterion

for model resolution may be overly conservative, i.e.,

sufficient, but not necessary. Thus, we would like a
better dimensionless parameter that includes character-

istics of soil, plant, climate, model, and study objectives.

Both g and n are temporal statistics that depend on

the frequency with which plant uptake meets transpi-

ration demand. The discussion in Section 2.3.2 above

indicates that the amount of infiltration required to

supply a dry soil with enough water such that actual

transpiration reaches potential is a function of model,
plant, and soil parameters (see Eqs. (10)–(12)). This re-

quired volume is independent of climate, however.

Therefore, to develop a parameter that also incorporates

climate characteristics, we consider the return period

between storms that generate enough infiltration to

bring transpiration up to potential. Given our stochastic

representation of infiltration events as a Poisson process
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with rate k0 and exponentially distributed depths with

mean a, the return period for an event with depth I is

s ¼ 1

k0 � expð�I=aÞ

This time scale provides us with a diagnostic parameter

that incorporates characteristics of the climate, soil,

plant, and model. Calculation of this time scale for the
cases of infinite and finite vertical resolution gives

sinf ¼
1

k0 � expð�I infreq=aÞ
ð16Þ

sDz ¼
1

k0 � expð�IDz
req=aÞ

ð17Þ

where I infreq and IDz
req are given by Eqs. (10) and (12),

respectively. We hypothesize that the closer sDz is to sinf ,
the better the predictions of g and n will be. Thus, the

ratio, sDz=sinf , can be used to indicate the appropriate-

ness of a given resolution.
3. Results

3.1. Non-unique relation between transpiration and root-

zone saturation

Fig. 3 presents a set of relationships between average

saturation over the entire root zone and total plant

uptake as a soil dries from a range of initial conditions.

The left-hand plot shows the results for a plant with

c ¼ 1:33, i.e., one that requires uptake from at least 75%

of its roots in order to meet demand. The impact of the

spatial distribution of soil moisture is evident. An
average saturation of 0.13 corresponds to actual tran-

spiration equal to potential if the water is spread over

most of the root zone (d ¼ 0:8 or 1.0). If the water is

concentrated over a smaller fraction of the root zone,

however, total uptake can be significantly less for the

same average saturation.
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Fig. 3. Total plant uptake ersus average root-zone saturation under drying co

(b) c ¼ 4:0. d represents the fraction of roots wetted to field capacity before
The right-hand figure presents a similar set of rela-

tionships, but for a plant with c ¼ 4:0. In this case, the

plant has a stronger ability to compensate for soil-

moisture heterogeneity, and transpiration demand can

be met with as few as 25% of the roots taking up water.
This behavior manifests itself in the result that, at the

onset of drying, transpiration is at the potential rate for

all cases except d ¼ 0:2. The left-right shift in the loca-

tion of the drop-off in transpiration results from the fact

that as d decreases, larger and larger fractions of the

root zone are dry, which pushes the average saturation

to the left for the same level of saturation over the

wetted roots. These curves demonstrate the non-unique
character of the relationship between Tact and Savg when

the root zone is variably wet, especially when the vege-

tation has little ability to compensate.
3.2. Effect of vertical resolution on transpiration immedi-

ately following precipitation

Fig. 4 presents the rate of plant uptake immediately

following a rain event onto a previously dry soil as a

function of the volume of infiltration for three levels of

spatial homogenization. Note that the x-axis is labeled

as volume of infiltration per horizontal area to avoid
confusion between depth of infiltration and depth of

penetration of the wetting front. The curves are gener-

ated for a plant with c ¼ 2:0 and a uniform distribution

of roots with other soil and plant parameters given in

Table 1. The solid line shows the intensity of predicted

uptake if vertical resolution is infinite, i.e, if there is no

spatial discretization. In this limiting case, saturation at

a point above the wetting front is at field capacity, and
adding more water has the effect of moving the front

downward. This is in contrast to the opposite case of a

single layer, in which the water instantly penetrates to

cover the entire root zone, and adding more water re-

sults in an increase in saturation. For the former, be-

cause of the uniform root distribution, increases in

wetting front depth result in a linear increase in plant
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growing season. The left-hand ordinate shows actual transpiration

normalized by potential; the right-hand ordinate presents infiltration

depth normalized by root-zone pore volume. g indicates the fraction of

the growing season for which Tact ¼ Tpot. The variable n indicates the

longest number of continuous days for which Tact < Tpot.

Table 2

Variation of the ratio of seasonal transpiration to infiltration as a

function of model resolution for realizations with a ¼ 1:5 cm,

k ¼ 0:167 days�1, and c ¼ 2

Dz [cm] Tseas=Iseas

2 1.007

5 1.002

10 0.999
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Fig. 4. Effect of vertical resolution on predicted plant uptake imme-

diately following an infiltration event into dry soil for a plant with

c ¼ 2. Other soil and plant parameters are given in Table 1.
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uptake until 50% of the roots are covered. At that point,

plant uptake meets demand, and it no longer increases

with additional infiltration. For this fully resolved case,

the depth of infiltration required to bring transpiration

up to Tpot, given by Eq. (10), is 5.7 cm. The curve for the

single-layer case mimics that of Fig. 2 up to Tact ¼ Tpot.

In this case, the depth of infiltration required, given by
Eq. (11), is 3.4 cm. An intermediate case with 10 vertical

layers is also shown for comparison.
25 0.996

50 1.000

100 0.995

3.3. Transpiration response to intermittent rainfall

Fig. 5 presents an example of the simulated behavior
of Burkea africana over a single growing season in an

African savanna. The thin solid line represents daily

evapotranspiration, which fluctuates between Tpot and

values approaching zero. The dark bars indicate infil-

tration normalized by the root-zone pore volume, and

the response of the vegetation to these events is clear.

The interpretation of the output variables, g and n, is

also shown on this figure. g is the fraction of the growing
season with transpiration equal to potential, and n is the

longest number of continuous days for which transpi-

ration is less than potential.

Based on the analysis presented in Section 2.4, we

expect the ratio of average transpiration to infiltration

over a growing season to be close to one and indepen-

dent of vertical resolution. Indeed, we find this to be the

case. Over all 5400 realizations, the average ratio of Tseas

to Iseas is 0.992, and the season to season variation is

greater than that caused by changes in resolution. For

example, for the realizations with a ¼ 1:5 cm, k ¼ 0:167
days�1, and c ¼ 2, the average values of Tseas=Iseas are

presented in Table 2 as a function of Dz. An analysis of

variance shows that the variance of Tseas=Iseas within each
level of resolution is 0.0036, while the variance between

levels of resolution is 0.0019, indicating that spatial

resolution has no effect on the seasonal value of tran-

spiration. Results from the other climate and plant

scenarios are similar. This result is as expected and the

same as that found by Federer et al. [34] for dry eco-

systems.

While mean transpiration is independent of resolu-
tion, spatial scale does affect other temporal character-

istics of transpiration. Fig. 6 presents histograms of g
and n over 100 growing seasons for two of the 54 sce-

narios. The two left-hand histograms show results from

a highly resolved model (Dz ¼ 2 cm), and the right-hand

plots present results from a model with the same climate,

soil, and plant, but for which the entire root zone is

represented with a single vertical layer. There are clear
differences in both the shape of the histograms and mean

values of g and n for models with differing levels of

spatial resolution.

To succinctly characterize the results from all sce-

narios, Figs. 7–10 present the mean values of g and n
determined over 100 growing seasons: hgi and hni.
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Fig. 6. Comparison of predictions of vegetation health between models with one vertical layer and 50 vertical layers for 100 growing seasons. Plots a
(50 layers) and b (one layer) compare histograms of the fraction of the growing season for which Tact ¼ Tpot. Plots c (50 layers) and d (one layer)

compare historgrams of the maximum number of continuous days during a growing season for which Tact < Tpot.
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Fig. 7. Effect of vertical resolution on predictions of the mean fraction

of a growing season for which Tact ¼ Tpot. The ordinate is the mean of g
over 100 growing seasons for vertical resolutions ranging from 1 to 20

layers, normalized by the mean of g for a model with 50 vertical layers.

The x-axis presents the ratio of the characteristic depth of an infiltra-

tion event to the thickness of a model layer. Plus symbols represent

those scenarios with c ¼ 1:3; open circles are those with c ¼ 2; and

diamonds are those with c ¼ 4.

10-2 10-1
-

100 101
0

0.5

1

1.5

Zα/∆ z [-]

〈 ξ
 〉 

/ 〈
 ξ

∆ 
z=

2 
cm

 〉

Fig. 8. Effect of vertical resolution on predictions of the longest

number of continuous days during a growing season for which

Tact < Tpot. The ordinate is the mean of n over 100 growing seasons for

vertical resolutions ranging from 1 to 20 layers, normalized by the

mean of n for a model with 50 vertical layers. The x-axis presents the

ratio of the characteristic depth of an infiltration event to the thickness

of a model layer. Plus symbols represent those scenarios with c ¼ 1:3;

open circles are those with c ¼ 2; and diamonds are those with c ¼ 4.
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Additionally, we choose to show not the absolute values

of hgi and hni, but rather the values normalized by hgi

and hni determined from the models with the highest

resolution (Dz ¼ 2 cm). In this way, the figures show
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Fig. 9. Effect of vertical resolution on predictions of the mean fraction

of a growing season for which Tact ¼ Tpot. The ordinate is the mean of g
over 100 growing seasons for vertical resolutions ranging from 1 to 20

layers, normalized by the mean of g for a model with 50 vertical layers.

The x-axis presents the ratio of the characteristic time between rain

events that provide enough water to a dry soil to enable the plant to

transpire at Tpot for a finite-resolution model to the characteristic time

for a model with infinite vertical resolution. Plus symbols represent

those scenarios with c ¼ 1:3; open circles are those with c ¼ 2; and

diamonds are those with c ¼ 4.
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Fig. 10. Effect of vertical resolution on predictions of the longest

number of continuous days during a growing season for which

Tact < Tpot. The ordinate is the mean of n over 100 growing seasons for

vertical resolutions ranging from 1 to 20 layers, normalized by the

mean of n for a model with 50 vertical layers. The x-axis presents the

ratio of the characteristic time between rain events that provide enough

water to a dry soil to enable the plant to transpire at Tpot for a finite-

resolution model to the characteristic time for a model with infinite

vertical resolution. Plus symbols represent those scenarios with

c ¼ 1:3; open circles are those with c ¼ 2; and diamonds are those with

c ¼ 4.
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how a coarsening of model resolution affects predictions

of these characteristics of transpiration.

Figs. 7 and 8 present the normalized hgi and hni re-

sults versus the ratio of the characteristic infiltration

depth to model resolution (see Section 2.4). Results for
scenarios with c ¼ 1:3 are presented as crosses, those

with c ¼ 2 are open circles, and those with c ¼ 4 are

diamonds. Fig. 7 indicates that hgi increases as Dz in-

creases for some of the scenarios; i.e., models with

coarser resolution may overestimate the health of veg-

etation. This figure also shows that the models with

Dz6 Za all give similar results for hgi, indicating that

layers of thickness close to the depth of a typical infil-
tration event are sufficient. This resolution may be

overly conservative, however, as many of the scenarios

with Za=Dz < 1 also predict values of hgi close to those

from the highest resolution models. The separation of

the results for different values of c in Fig. 7 emphasizes

that the ratio Za=Dz does not account for plant behavior.

For example, a value of Za=Dz ¼ 0:1 may be adequate

for c ¼ 4, but inappropriate for c ¼ 1:3. Fig. 8 shows
that hni tends to decrease as Dz increases, and the results

are qualitatively similar to those presented in Fig. 7.

Figs. 9 and 10 present the same normalized results for

hgi and hni as Figs. 7 and 8 but plotted against sDz=sinf

(see Section 2.4). Scenarios with sDz=sinf close to one give

good predictions of hgi and hni. This dimensionless

parameter appears to be a better indicator of appro-

priate model resolution than Za=Dz, especially for pre-
dictions of hni. The ratio sDz=sinf incorporates plant

behavior, and the separation as a function of c that is

seen in Figs. 7 and 8 is absent from Figs. 9 and 10.
4. Discussion

Figs. 4, 6–10 all show clear effects of model resolution

on predictions of evapotranspiration and vegetation

health. For models to be effective tools, choices of res-

olution must be made with full awareness of these

implications. For the scenarios considered here, a

coarsening of model resolution did not affect predictions
of average transpiration, but led to overestimates of g
and underestimates of n over multiple growing seasons.

Figs. 7–10 show that there are many choices of model

resolution that lead to similar results for these variables.

The parameters, Za=Dz and sDz=sinf , arising from com-

binations of relevant climate, soil, plant, and model

parameters prove to be reasonable indicators of ade-

quate vertical resolution. The dimensionless group,
Za=Dz, requires knowledge of the difference in volumet-

ric water content between field capacity and the wilting

point and a characteristic depth of rainfall. While sim-

pler to determine than sDz=sinf , this parameter does not

sufficiently incorporate plant behavior and may be

overly conservative. A more precise indicator of
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appropriate model resolution is sDz=sinf , but the data

requirements are more significant. This parameter re-

quires the same knowledge as for Za=Dz, plus a charac-

teristic rate of storm arrivals and the depth to which

plant roots must be wetted to supply enough water to
meet the potential evapotranspiration demand.

Underlying the results of this work are a series of

modeling choices, the impact of which must be dis-

cussed. In simulating soil-moisture dynamics and vege-

tation uptake, we chose to work at a daily time scale, we

neglected bare-soil evaporation, we simplified the rep-

resentation of infiltration, we limited our analysis to a

single soil type, and we employed a Type I model for
plant uptake. Diurnal variations in potential evapo-

transpiration were not included in this work. This pre-

cludes analysis of the effects of midday wilting that arise

from rate limitations on the movement of water from

the soil to the roots [35,52]. We chose to focus instead on

the more severe reductions in transpiration that persist

from day to day, and our conclusions should be inter-

preted in this light. Also, we did not separate evapora-
tion and transpiration; the explicit representation of

bare-soil evaporation will require a reassessment of

adequate spatial resolution, as this process occurs at the

soil surface. Infiltration dynamics were simplified by

representing the events as instantaneous piston flow. In

reality, soil-moisture redistribution will happen over

time; consequently, our model reduces the spatial het-

erogeneity in soil moisture that would be encountered
under field conditions. This leads to overpredictions of

uptake immediately following a rain event. Because soil-

moisture redistribution is rapid for this sandy soil and

our results are interpreted at a daily time scale, the

simplification of the infiltration dynamics does not have

a significant impact on our results or conclusions. For

other, less permeable soils, however, the timing of soil-

moisture redistribution may be important, as might
runoff. In this work, plant uptake was represented with a

Type I model in which evapotranspiration was driven by

a potential difference between the soil and the plant. Our

results can be extended to Type II models, however, by

recognizing that such representations are nearly equiv-

alent to Type I models in which the plant has no ability

to compensate for spatially varying soil moisture––local

uptake is solely a function of local soil moisture. Thus,
with a Type II representation, variations in model res-

olution will have even larger effects on predictions of

vegetation health.

The results presented here highlight the importance of

spatial scale and point to a couple of dimensionless

parameters that can be used to determine appropriate

model resolution. To extend the generality of these

findings, future work will consider a range of ecosystems
(such as the steppes of Colorado and Texas scrublands),

increased process, complexity (such as diurnal and sea-

sonal variation in evapotranspiration forcing, root
growth, soil heterogeneity, and lateral inflows), and

additional output variables of interest (such as the par-

titioning of water among evaporation, transpiration,

and drainage). Doing so will test the applicability of the

parameters defined here under a wider range of condi-
tions, and may lead to the development of new dimen-

sionless groups.
5. Conclusions

The work presented here elucidates the effect of ver-

tical resolution on predictions of transpiration. In water-
limited ecosystems, intermittent rainfall may only par-

tially rewet the root zone. Because of this and the non-

linear nature of the root-water uptake function, the

choice of model resolution can significantly impact

predictions of plant health. An ability to determine

appropriate model resolution a priori would greatly

benefit ecohydrologic studies. The results presented here

demonstrate that dimensionless groups of characteristic
parameters can be used for this purpose. In particular,

we show that ratios of characteristic spatial and tem-

poral scales are reasonable indicators of appropriate

vertical resolution for the prediction of transpiration in

water-limited ecosystems.
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