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An ecohydrologic model for a shallow groundwater urban
environment
Sam Arden, Xin (Cissy) Ma and Mark Brown

ABSTRACT
The urban environment is a patchwork of natural and artiﬁcial surfaces that results in complex
interactions with and impacts to natural hydrologic cycles. Evapotranspiration is a major hydrologic
ﬂow that is often altered through urbanization, although the mechanisms of change are sometimes
difﬁcult to tease out due to difﬁculty in effectively simulating soil–plant–atmosphere interactions.
This paper introduces a simpliﬁed yet realistic model that is a combination of existing surface runoff
and ecohydrology models designed to increase the quantitative understanding of complex urban
hydrologic processes. Results demonstrate that the model is capable of simulating the long-term
variability of major hydrologic ﬂuxes as a function of impervious surface, temperature, water table
elevation, canopy interception, soil characteristics, precipitation and complex mechanisms of plant
water uptake. These understandings have potential implications for holistic urban water system
management.
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INTRODUCTION
The urban environment is a heterogeneous patchwork of
natural and artiﬁcial surfaces that results in complex interactions with and impacts to the hydrologic cycle
(Grimmond & Oke ; Arnfield ). For example,
urbanization replaces vegetated surfaces with impervious
built surfaces, altering natural processes such as evaporative
cooling, rainwater interception, storage and inﬁltration functions (Gill et al. ). When urbanization occurs in areas
where groundwater plays a key role in hydrologic and ecosystem function, understanding the dynamic interactions
between precipitation, soil water content, vegetation and
the built environment is a critical aspect of surface and
groundwater resource management. Currently, there are
few process-based models that can effectively simulate the
soil–plant–atmosphere system (Soylu et al. ), particularly in an urban setting.
Due to these complex interactions, one component
of the hydrologic budget that is particularly difﬁcult
to characterize is evapotranspiration (ET), or the
combination of evaporation and vegetation-mediated transpiration. Despite the presence of non-evaporative
surfaces, ET remains a signiﬁcant component of the
doi: 10.2166/wst.2014.299
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urban water budget (Grimmond & Oke ; Boggs &
Sun ). Changes in ET due to urbanization result in
numerous direct and indirect environmental impacts,
including downstream water quality impacts (Carpenter
et al. ) and increased ambient temperatures resulting
in the urban heat island effect (UHI) (Taha ; Arnfield
; Ban-Weiss et al. ).
Not properly accounting for soil–plant–atmosphere
interactions can lead to incorrect estimates of land surface
hydrologic ﬂuxes (Yeh & Eltahir ; Maxwell & Kollet
), including ET. In shallow groundwater environments,
soil moisture can be an important source of water for plants
(Rodriguez-Iturbe et al. ; Lowry & Loheide ), and
can maintain transpiration during dry times (Soylu et al.
). This subsidy can come from both saturated and unsaturated zones of the soil column, and is a function of soil
moisture, soil properties and plant physiology (Orellana
et al. ). However, detailed understanding of the partitioning of transpiration between saturated and unsaturated
zones is limited and requires development of integrated
models able to link hydrology, ecology and geomorphology
(Orellana et al. ).
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Existing models designed to simulate soil–plant–atmosphere interactions can be grouped into categories of
variably saturated, saturated, fully distributed and lumped
models. Orellana et al. () provide a review of such
models, highlighting strengths and weaknesses of each.
Although all approaches have their merits, lumped models
are identiﬁed as a less detailed and more theoretical
approach designed to understand the key processes linking
soil, vegetation and climate variability using a reduced
number of parameters. It is recognized that understanding
these processes is a fundamental requirement of hydrology
and ecology (Rodriguez-Iturbe et al. ). Without such
holistic and fundamental understanding, it will be difﬁcult
to develop effective and sustainable urban water management strategies (Odum & Barrett ; US EPA , ).
Recent works in the ecohydrology ﬁeld have applied a
framework ﬁrst developed by Rodriguez-Iturbe et al. ()
to study the interactions between precipitation, soil water
content and vegetation in both arid ecosystems (RodriguezIturbe & Porporato ) and humid groundwaterdependent ecosystems (Laio et al. ). In comparison
to variably saturated, saturated or fully distributed and
coupled hydrologic models, the lumped model framework
developed by Rodriguez-Iturbe et al. () and further
reﬁned by Laio et al. () allows for clear interpretation
of the interactions between groundwater, soil moisture,
vegetation and precipitation variability using a simple yet
realistic and mathematically tractable approach (Orellana
et al. ). Although successfully applied in the Everglades,
Florida, to reproduce water table ﬂuctuations (Pumo et al.
; Tamea et al. ), the framework has not been applied
to the urban system.
This paper is intended to introduce and show the basic
capabilities of a physically-based lumped model designed
to simulate natural soil–plant–atmosphere interactions in
an urban setting inﬂuenced by shallow groundwater tables.
By using a spatially simple yet ecohydrologically realistic
model, a better understanding of the complex interactions
between natural and built systems can be provided, which
can lead to more effective urban water management.
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et al. ) and water table (Laio et al. ) models to investigate the effects of urbanization under conditions of an
idealized landscape. Following Laio et al. () a simpliﬁed
plot of unit area (horizontal area of interest on the order of
1–100 m2) was assumed, which is also applicable to the
household or plot scale. Topographical variation was
assumed to be negligible, soil composition was assumed to
be vertically and horizontally homogeneous, and vegetation
cover on vegetated areas was assumed to be spatially uniform. Three types of soil (sand, loamy sand and loam) as
well as three types of vegetation cover (grass, shrub and
tree) were used as inputs into the model to show the effects
of urbanization given a range of environmental conditions.
The model was designed to run at a daily time-step to capture relevant hydrologic ﬂuxes with simulation periods of
100 years to allow for more precise characterization of
long-term trends.
Climate
Daily rainfall and potential evapotranspiration (PET) were
deﬁned for the model and assumed to be spatially uniform.
Following Rodriguez-Iturbe et al. (), daily rainfall was
modeled as a stochastic Poisson process, P(λ, α), where
the interval between individual rainfall events follows a
Poisson distribution of frequency λ and the depth of individual rainfall events follows an exponential probability
distribution of mean depth α. This paper uses data from
North Central Florida (Florida Automated Weather
Network; http://fawn.ifas.uﬂ.edu, Station: Alachua) to constrain the results within locally realistic climate conditions.
Based on data from 2003–2012, average annual rainfall
was 1.27 m, α was determined to be approximately
0.011 m and a value of 0.60 for λ was back-calculated. To
account for seasonal variability, monthly rainfall averages
were determined and α was adjusted accordingly, resulting
in values of α ranging from 0.041 m in November to
0.22 m in June. PET was determined using the Priestley
Taylor method (Douglas et al. ), which deﬁnes
daily PET as a function of daily solar radiation, mean
temperature, minimum temperature and a number of
environmental constants. Daily temperature and radiation
data were obtained from the above-mentioned weather
station, and resulted in an average annual PET of 1.72 m.

Model description
Surface runoff, interception and inﬁltration
A one-dimensional stochastic model was created by integrating existing runoff (Soil Conservation Service (SC) curve
number (CN) method; USDA ), soil moisture (Laio
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In an urban environment, the amount of inﬁltration to the
soil column depends ﬁrst on the initial abstraction and
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runoff characteristics of the landscape, which are both a
function of vegetation type and land use cover. Surface
runoff (R) was calculated using the SCS CN method,
which provides a simpliﬁed set of equations for characterizing runoff from small urbanizing watersheds (USDA ).
Curve numbers were selected from the TR-55 manual
assuming fair conditions and C-group soils, yielding a CN
of 73, 70, and 79 for tree, shrub and grass covers, respectively (USDA ). Antecedent moisture conditions were
not applied, as soil moisture was explicitly modeled and
allowed for direct calculation of increased inﬁltration
capacity during dry conditions and increased runoff generation during saturated conditions.
Once surface runoff was partitioned from precipitation,
the portion remaining on the landscape (the initial abstraction term from the CN equation) was further subdivided
into interception and inﬁltration. Canopy interception (Ic),
or the portion of intercepted precipitation that evaporates
without reaching the soil (Klaassen et al. ), can account
for a signiﬁcant fraction of the precipitation on forests. An Ic
value of 1.6 mm was applied to the tree vegetation cover,
which is representative of mixed hardwood forest stands
of the southeastern USA (Bryant et al. ). In the model,
this term serves as a temporary storage that must be ﬁlled
before inﬁltration occurs, and evaporated before it can be
ﬁlled again (provided there is sufﬁcient evaporative
demand, or PET). To account for the difference in leaf coverage, Ic for shrub cover was set to half of tree cover (0.8 mm)
and grass Ic was assumed to be negligible (0 mm).

Figure 1

|

Schematic of soil column and model framework (adapted from Laio et al. 2009).
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Depressional storage was not included in this application,
although can be added as an additional interception term
and used as a sort of calibration parameter to help account
for topographical variation and variation in inﬁltration rates
due to vegetation cover.
For simulations testing the effects of impervious surface
cover, a unit area was assumed for each simulation and a
portion of that area was assigned a CN of 100. Any precipitation falling on this impervious surface was then directed to
the vegetated portion of the unit area (assumption of 0%
directly connected impervious area, or DCIA) and incorporated into the SCS runoff equation as follows:
Rimp ¼ P  %imp

(1)

Pveg ¼ P þ Rimp

(2)

where Rimp is the runoff generated from the impervious surface, P is precipitation and Pveg is the adjusted precipitation
amount falling on the vegetated surface that is used as input
to the SCS runoff equation.

Soil moisture in the low moisture zone
Subsurface water table and soil moisture were modeled following a framework proposed by Laio et al. () and Laio
et al. (), respectively, which divides the soil column into
three zones according to local water content (Figure 1).
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Starting from the bottom is the saturated zone (S), where all
soil pore space is ﬁlled with water (i.e. soil moisture, s ¼ 1).
The upper boundary of the saturated zone (denoted as y) is
deﬁned as the water table depth. This is calculated as the
sum of the saturated soil surface at zero pressure (denoted
as y0 in Figure 1) plus the negative soil matric potential
(Ψs). Above the saturated zone is the high moisture unsaturated zone (HM), where soil moisture is greater than ﬁeld
capacity (sfc) but less than saturation (i.e. sfc  s < 1).
Lastly is the low moisture unsaturated zone (LM) where
soil moisture is less than ﬁeld capacity (i.e. s < sfc). The delineation between the HM and LM zones is denoted as h.
Following Laio et al. (), the LM zone only develops
when y < yc, where yc is a critical depth and is a function
of soil properties and vegetation rooting depth. A further
key distinction between the two zones is that the HM
zone is characterized by large values of hydraulic conductivity (assumption of ‘instantaneous’ water transmission on
the daily scale) while in the LM zone the hydraulic conductivity is assumed to be negligible, yet large enough to allow
for uniform redistribution of soil moisture at the daily time
scale.
The LM zone was modeled separately from the HM and
saturated zones, as recharge to the lower zones is a function
of LM zone soil moisture; when s > sfc in the LM zone,
excess precipitation recharges to the HM zone. In effect,
the LM zone acts as a ﬁltering reservoir above the HM
zone that must be ﬁlled (s > sfc) before precipitation can
recharge to the zones below. Accordingly, a simple water
balance model was developed similar to Laio et al. ()
to calculate daily soil moisture in the LM zone
stþ1 ¼ st þ

ds
dt

Inf ¼ Pveg  Ic  R

 nh


ds
¼ Pveg  Ic  R  ETLM  Re
dt

(3)

(4)

(5)

where Inf is the amount of adjusted precipitation that is able
to inﬁltrate into the low moisture zone of the vegetated area,
n is soil porosity, R is runoff, ETLM is the ET from the LM
zone and Re is recharge, or the amount of incoming water
that cannot be stored in the LM zone and recharges to the
HM zone. Following the assumption that when soil moisture
is greater than ﬁeld capacity (s > sfc) conductivities are large
enough to allow for instantaneous water distribution at the
daily time scale, LM storage is calculated as –nh(sfc  s)
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and any excess incoming ﬂow is immediately routed to the
HM zone.
ET from the LM zone is calculated as a function of soil
moisture, remaining evaporative demand (i.e. the portion of
PET not consumed by initial abstraction, in this case Ic), and
theoretical plant uptake dynamics. Assuming ETLM
decreases linearly from (PET  Ic) at s ¼ sfc to 0 when soil
moisture reaches the wilting point (sw) (Laio et al. ),
ETLM was modeled as
ETLM ¼ ðPET  Ic Þ

ðs  sw Þ
ðsfc  sw Þ

(6)

Shallow groundwater table
The shallow groundwater table was simulated following
Laio et al. (), where a water balance is generated
around the water table surface (y) and the boundary
between the HM and LM zones (h) is calculated as a function of y and yc. The water balance was calculated as
ytþ1 ¼ yt þ

β

dy
dt

dy
¼ Re  Fl  ETHM
dt

(7)

(8)

where β is speciﬁc yield, Fl is lateral groundwater ﬂow into
(negative) or out of (positive) the system, and ETHM is the
ET ﬂux from the HM and saturated zones. Speciﬁc yield
(β) was modeled as a function of soil properties and water
depth following Laio et al. ().
Lateral ﬂow into or out of the system was calculated
assuming there was a constant water surface at elevation
y0 some distance, dL, away from the system (see Figure 1).
Because the model is one-dimensional, ﬂow was calculated
using a modiﬁed Darcy’s equation
Fl ¼ ks

ðyo  y0 Þ
dL

(9)

where ks is the saturated hydraulic conductivity (see
Table 1). A value of 1,000 m was assumed for dL for all
simulations, with the intention of simulating an urban
environment with an artiﬁcially imposed surface water
feature at some reasonable distance from the plot scale
(stormwater pond, drainage ditch, etc.).
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Model soil input parametersa

Parameter

Sand

Loamy sand

Loam

ks (m/day)

15.2

13.5

0.6

Ψs (m)

0.12

0.09

0.48

sfc (m/m)

0.44

0.44

0.70

sw (m/m)

0.17

0.18

0.34

n (m/m)

0.40

0.41

0.45

a

Clapp & Hornberger (1978). ks is saturated hydraulic conductivity, Ψs is saturated soil

matric potential, sfc is soil moisture content at ﬁeld capacity, sw is soil moisture content
at wilting point and n is soil porosity.

Based on the remaining evaporative demand
(PET  Ic  ETLM), ET from the HM and saturated zones
was calculated as the sum of root uptake (U) and exﬁltration
(Ex) (see Laio et al. () for additional discussion)
ETHM ¼ ðPET  Ic  ETLM Þeh=b

(10)

where b is the average rooting depth. The derivations of the
governing equations assume that root biomass is represented
by an exponential distribution of form rðzÞ ¼ (1=b)ez=b ,
which has been reported and used by other authors (e.g.
Schenk & Jackson ; Laio ). The total ET ﬂux can
then be calculated as Ic þ ETLM þ ETHM.. For the model
simulations presented next, it was assumed that the tree vegetation cover had a mean rooting depth of 40 cm, which is
representative of ﬂatwoods ecosystems typically found in
north Florida (Van Rees & Comerford ). In order to
compare the effects of typical urban vegetation cover on
ET ﬂuxes, it was assumed that the mean rooting depth of
the grass cover was 10 cm. Although turfgrass root distributions have been rarely quantiﬁed in the literature, it has
been documented that grasses in non-arid environments

Figure 2
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typically have shallower roots than trees (Zhang et al. ;
Jackson et al. ). Furthermore, it has been suggested
that land conversions from tall canopies (e.g. natural
forest) to short canopies decreases maximum root depth
(Moore & Heilman ). For comparative purposes, it was
assumed that the mean rooting depth of the shrub cover
was midway between tree and grass, or 25 cm.
The model was run in Microsoft Excel for a variety of
inputs to show the relative effect of factors such as soil, vegetation cover, water table elevation, temperature and
impervious surface cover on ET ﬂuxes. To test the effects
of groundwater, water table elevations (y0) were varied
from 0.5 to 3.0 m. To test the effects of the UHI, temperature inputs for daily PET calculations were raised at 2 C
increments to a maximum of 10 C; the lower bound being
consistent with numerous observations, the upper bound
being representative of a maximum increase discussed in
Shepherd (). To test the effects of impervious surface
cover, the percent of the plot covered with impervious surface was varied from 0 to 50%, under conditions of 0%
DCIA and 100% DCIA to show the mitigating effects that
could be provided by directing impervious surface runoff
to vegetated surfaces.
W

W

RESULTS AND DISCUSSION
Vegetation and soil type
As a ﬁrst step the model was run assuming a shallow
groundwater table of 2 m (y0 ¼ 2) and 0% impervious
surface cover. The results are given in Figure 2, which
shows the effect of soil type and vegetation cover on total
average annual ET ﬂux (calculated as Ic þ ETLM þ ETHM).

Average annual ET by vegetation cover and soil type. ET was composed of canopy interception (Ic), ET from the low moisture zone (ETLM) and ET from the high moisture zone
(ETHM). Water table elevation (y0) ¼ 2.0 m.
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As can be seen from Figure 2, vegetation with a greater
canopy coverage and deeper rooting depth (e.g. tree) maintains a greater ET ﬂux throughout the year, which is
consistent with results of numerous paired catchment studies
(Brown et al. ). In addition to vegetation cover, the model
demonstrates the importance of soil types on ET (Chen et al.
), as changes in annual ET are more pronounced for
loamy sand and sand soils when vegetation is varied.
Figure 2 also shows the partitioning of total ET to the
three components – canopy interception (Ic), ET from the
low moisture/unsaturated zone (ETLM) and ET from the
high moisture/saturated zone (ETHM). In general, the moisture contribution to ET from the unsaturated zone (ETLM) is
the greatest across soil and vegetation type, stressing the
importance of properly characterizing unsaturated soil
moisture dynamics, as contributions to plant transpiration
from this zone can be signiﬁcant (Soylu et al. ). Although
variably saturated models such as HYDRUS (Simunek et al.
) have been used to simulate soil moisture–plant interactions, their root uptake term generally do not take into
account the realistic distribution of root biomass (i.e. exponential decay). This drawback was speciﬁcally identiﬁed
by Shah et al. () who used HYDRUS to show that the
decline in groundwater-dependent plant transpiration with
declining water tables was better represented by an exponential decay function, not a linear decay function as is
commonly used in similar models (Orellana et al. ).

Water table elevation
Figure 3(a) shows the effect of various water table depths on
annual ET/PET for loamy sand soils. The results show that
when groundwater tables are shallow, water limitation of
both deep and shallow rooting vegetation may be reduced,
as adjacent water features can supplement a portion of the
water required to maintain high ET rates during dry periods.
As water tables decrease, simulation results suggest that ET
rates from shallow-rooted vegetation decrease nonlinearly
more than that from deeper rooted vegetation, as the shallow roots are less able to access deeper sources of water
and capillary ﬂuxes are not able to satisfy plant demand.
This implies that as water tables decrease, trees may be
more effective than grass at maintaining ET ﬂuxes during
dry periods (counteracting UHI effects) and may reduce
annual runoff rates as more incoming precipitation is ultimately routed to ET (Booth et al. ; Brown et al. ).
The idea that vegetation type exerts greater control on
annual ET under water-limited conditions is also consistent
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(a) Average annual ET/PET for a range of shallow groundwater table (y0)
conditions. Simulation results for loamy sand soil type. (b) Average annual
ET/PET for a range of ambient temperature conditions. PET was modiﬁed
through increases in both average and minimum temperature inputs for
the ranges given. Simulation results for loamy sand soil type. Water
table elevation (y0) ¼ 2.0 m. (c) Average annual ET/PET for a range of
impervious surface coverage conditions. Results shown for 0% and 100%
DCIA. Simulation results for loamy sand soil type. Water table elevation
(y0) ¼ 2.0 m.
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with previous research (Gill et al. ; House-Peters &
Chang ; Moore & Heilman ).
Temperature (UHI)
Results shown in Figure 3(b) suggest that increases in ambient temperature will increase ET ﬂuxes from vegetated
surfaces, so long as water is not limiting. Results suggest
that for every 1 C increase, ET/PET will increase by
approximately 1%, and effects appear to be similar for all
vegetation types. Although not a large increase, when considered in the context of the complex urban environment
this result may point to several more critical consequences.
First, shallow-rooted vegetation such as grass may deplete
shallow soil moisture stores more rapidly, requiring
additional water inputs (irrigation), leading to increased
water consumption. Second, if increases in PET occur without concurrent increases in water supply, the amount of
incoming radiation converted to sensible heat may increase
(through a decrease in latent heat), representing a positive
feedback loop that may further exacerbate UHI effects.
W
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present in an urban environment using a novel combination of simple yet realistic surface runoff and
ecohydrologic models. Although this paper focuses on
the nuances of soil–plant–atmosphere interactions vis-àvis ET, the model is capable of simulating the long-term
variability of major hydrologic ﬂuxes as a function of
impervious surface, temperature, water table elevation,
canopy interception, soil characteristics, precipitation
and complex mechanisms of plant water uptake. Such an
integrated yet relatively simple model is essential to
improving our fundamental understanding of urban hydrologic processes and to further develop more effective
urban water management strategies using a holistic
approach. Although the general results presented are by
no means surprising, this paper was intended to demonstrate the types of problems this model can potentially
address. Ultimately, the understanding of these interactions in the model can complement other commonly
used urban land surface models such as the EPA Storm
Water Management Model. Future studies are needed to
validate the model using empirical data as well as to provide insight into more sustainable urban water systems.

Impervious surface cover
A ﬁnal but signiﬁcant component of urban areas assessed in
this paper is impervious cover. The results presented in
Figure 3(c) show that for cases of 0% DCIA, as impervious
surface increases, the plot-scale (i.e. ET ﬂux normalized to
impervious þ vegetated area) ET does not decrease at a 1:1
rate with the concurrent decrease in vegetated area. For
example, at 50% impervious surface under 0% DCIA, the
plot-scale ET/PET ﬂux decreases 17, 7 and 8% for grass,
shrub and tree covers, respectively. Compared to 100%
DCIA (i.e. roof runoff ﬂows directly off-site), at 50% impervious surface cover the plot-scale ET/PET ﬂux would
decrease 50%. This is because under 0% DCIA conditions,
water generated on-site from impervious surfaces is used
as a supplemental hydrologic input to the vegetated areas,
which increases the annual ET rate from the vegetated surface through increased water table elevations and available
soil moisture. Although this is somewhat intuitive, it highlights the ability of the model to capture complex
feedbacks between urban and natural systems.

CONCLUSION
This paper has introduced a model designed to increase
the quantitative understanding of the complex dynamics
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